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Abstract

One of the most common post-translational modifications of proteins is glycosylation. This modification
enzymatically attaches a sugar chain, called glycan, to a protein. Glycosylated proteins represent around
45% of the proteins in the eukaryotic domain and about 60% of the proteins secreted to the human blood
plasma. Regarding their biosynthesis, glycoproteins have a genetically determined component (the
protein) and a variable component (the glycan). The biosynthesis of the latter is highly influenced by
biological and environmental factors. There are three protein glycosylation types named N-, O- and
C-glycosylation, of which N-glycosylation is the most frequent type. N-linked glycans are more extended
than O- and C-glycans, can show various compositions, and are attached to a conserved sequon (Asn-X-
Ser/Thr, where X is any amino acid except Pro). As a result, the structural diversity of N-glycans is
extraordinary and the number of N-glycosylation sites per protein is variable. Thus, protein N-glycosylation

increases significantly the proteoform heterogeneity of a biological system.

While the analysis of individual N-glycans generates meaningful information, only the site-specific analysis
of N-glycans can reveal their micro-heterogeneity per protein N-glycosylation site. Further, the
characterization of site-specific N-glycosylation changes across human traits can provide critical insights,
for example about a pathological state. Mass spectrometry (MS) is the preferred tool to achieve the site-
specific elucidation of N-glycans via bottom-up glycoproteomics. The two typical approaches for bottom-
up glycoproteomics are matrix-assisted laser desorption/ionization time-of-flight tandem mass
spectrometry (MALDI-TOF-MS/MS) and liquid chromatography with tandem mass spectrometry (LC-
MS/MS). While MALDI-TOF-MS/MS is a high-throughput technology, LC-MS/MS is convenient for analysis
of complex protein mixtures. The application of an adequate sample preparation method and the data
analysis workflow is essential for the correct site-specific elucidation of N-glycans of a complex protein

sample, such as human blood plasma.

Human blood plasma or serum is a fluid that networks organs and tissues. In-depth exploration of the
composition of human blood glycoproteins is important, as the relation between alterations of
N-glycosylation in health and disease has been demonstrated in many instances, such as autoimmune
diseases, cancer, congenital disorders, and neurodegenerative disorders. Several strategies have been
developed for the site-specific N-glycan characterization of human blood plasma proteins. The primary
scope is to use the low-abundant glycoproteome as a source of therapeutic, prognostic, or diagnostic
biomolecules for treatment decision-making. However, due to various limitations, analytics struggles to

identify the low-abundant human blood plasma N-glycoproteome.



In this thesis, a sample preparation workflow was established and applied on a standard human blood
plasma sample (pool of normal citrated plasma of at least 20 donors) followed by a newly developed data
analysis workflow, to achieve in-depth N-glycoproteomic analysis of the low-abundant human blood
plasma glycoproteome. The established sample preparation workflow features two fractionation
strategies for expanding the detection range: first, high-abundant protein depletion and second, a protein
fractionation by molecular weight. Next, protein fractions are digested to obtain (glyco-)peptides, and the
glycopeptides enriched to enhance the chance for their identification. Two high-resolution MS methods
are applied for data collection, featuring different collision fragmentation energies. The stepped
fragmentation energy gives glycan and peptide composition information, while the low fragmentation
energy provides additional structural information. This MS-based measurement strategy follows
methodologies previously established in this research group. The developed data analysis workflow
comprises three phases: validation, integration of structural features, and re-annotation. First, data
validation, based on a newly proposed decision tree, evaluates the coherence between the observed
evidence and the proposed glycopeptide spectra match (gPSM). Second, the integration of structural
features incorporates N-glycan information observed in the MS spectra acquired at a low fragmentation
energy and enables the revision of incorrect gPSM. Finally, the data analysis focuses on re-annotating

incorrect gPSMs.

Application of this sample preparation workflow not only allows the identification of a high number of
N-glycan compositions per N-glycosylation site, but also a significant expansion of the detection range of
human blood plasma glycoproteins. While the analysis of untreated blood plasma allowed only the
detection of glycoproteins in the range from 1-10°to 1-10° pg/mL, the lower observed protein
concentration is 6:10% pg/mL with the newly established sample preparation method. In a few instances
even the detection of glycoproteins at a lower abundance, like the identification of N-glycopeptides
derived from cysteine-rich secretory protein LCCL domain-containing 1 (8.2 pg/mL), was achieved. After
data validation, a total of 7,867 gPSMs were classified and condensed to 1,929 N-glycopeptides referring
to 942 different N-glycosylation sites that belong to 805 human glycoproteins. Moreover, the data analysis
workflow uncovers frequent pitfalls causing incorrect gPSM assignment, such as the identification of two
fucoses instead of one neuraminic acid (NeuAc), which needs attention in further method development.
By the integration of MS spectra acquired at low fragmentation energy, rare structures (e.g., N-glycans
holding sialic acid-N-acetylhexosamine linkage on one antenna plus an extended N-acetyllactosamine at
the second antenna), are additionally identified. Other example of incorrectly annotated gPSMs, which
were successfully re-annotated using the developed workflow, are N-glycopeptides bearing three rare
N-glycan building blocks (presumably monosaccharides as rare capping sugars). Based on mass accuracy it

can be inferred that one of these unknown capping sugars is likely glucuronic acid. However, the two other
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rare N-glycan building blocks, detected on human prothrombin N-glycans attached to the N121 site, are
still unknown. The presence of these rare N-glycan building blocks has been overlooked in earlier studies.

Overall, most of the rare N-glycans identified are reported here for the first time.

The developed in-depth N-glycoproteomic approach was also applied for the analysis of human serum IgA,
a clinically relevant glycoprotein, in order to identify rare N-glycans. Several of these rare N-glycans were
reported by glycomic analyses but overlooked using glycoproteomic methods, which hinders the
understanding of their role in IgA N-glycosylation. Using the developed strategies, the site-specific
identification of sulfated and other rare N-glycans, such as O-acetylated ones, was performed.
Optimization of the data analysis setup was conducted with fractionated IgA, and also analyzing two
commercial IgA samples with a simple and universal sample preparation method. A key finding of the
optimized IgA glycoproteomic analysis is the identification of seven sulfated and four O-acetylated
sialylated N-glycans, which includes seven N-glycans not reported before by glycomic analyses. In total
eleven rare IgA N-glycans were identified for the first time in a site-specific manner for human serum IgA.
Also, this study achieved a micro-heterogeneity analysis of IgA N-glycosylation that now includes
O-acetylated and sulfated N-glycans. This analysis reflected that sulfated N-glycans are predominantly at
the IgA tailpiece site, while O-acetylated N-glycans are detected ten times less abundant than sulfated
N-glycans. In addition, the MS data obtained from the two IgA samples were also screened for other
modifications using oxonium marker ions observed with the in-depth N-glycoproteomic analysis of human
blood plasma. This allowed the site-specific identification of rare N-glycans bearing hexuronic acid (likely

glucuronic acid) as capping attached to contaminating proteins in both commercial IgA samples.

In summary, the developed workflow is suitable for expanding our tools to describe the N-glycosylation
micro-heterogeneity by the identification of rare N-glycans, elucidation of N-glycan structural features,
and detection of glycoproteins in the middle- to low-concentration range of blood plasma proteins. In the
future, key features of the data analysis workflow can be transferred to glycoproteomics software tools to
generate a more accurate interpretation of MS-based N-glycoproteomic measurements. To broaden the
possibilities for glycoproteomics research, the workflow presented can be adapted to better characterize
other biological samples, such as glycoproteins isolated from different organisms or other body fluids, such

as urine, milk, saliva, or mucosal secretions.
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Kurzfassung

Eine der haufigsten posttranslationalen Modifikationen von Proteinen ist die Glykosylierung. Bei dieser
Modifikation wird enzymatisch eine Zuckerkette, Glykan genannt, an ein Protein angehangt. Glykosylierte
Proteine machen etwa 45 % der Proteine im eukaryotischen Bereich und etwa 60 % der in das menschliche
Blutplasma ausgeschiedenen Proteine aus. Was ihre Biosynthese betrifft, so haben Glykoproteine eine
genetisch festgelegte Komponente (das Protein) und eine variable Komponente (das Glykan). Die
Biosynthese des letzteren wird in hohem Mal3e durch biologische und Umweltfaktoren beeinflusst. Es gibt
drei Arten der Proteinglykosylierung, die N-, O- und C-Glykosylierung, von denen die N-Glykosylierung die
haufigste ist. N-gebundene Glykane sind langer als O- und C-Glykane, koénnen verschiedene
Zusammensetzungen aufweisen und sind an eine konservierte Sequenz (Asn-X-Ser/Thr, wobei X eine
beliebige Aminosaure auller Pro ist) gebunden. Infolgedessen ist die strukturelle Vielfalt der N-Glykane
auBergewodhnlich und die Anzahl der N-Glykosylierungsstellen pro Protein variabel. Somit erhéht die
N-Glykosylierung von Proteinen die Heterogenitdt der Proteoformen in einem biologischen System
erheblich.

Wahrend die Analyse einzelner N-Glykane aussagekraftige Informationen liefert, kann nur die
ortsspezifische Analyse von N-Glykanen deren Mikroheterogenitat pro Protein-N-Glykosylierungsstelle
aufdecken. Dariiber hinaus kann die Charakterisierung ortsspezifischer N-Glykosylierungsveranderungen
bei menschlichen Merkmalen entscheidende Erkenntnisse liefern, z. B. (iber einen pathologischen
Zustand. Die Massenspektrometrie (MS) ist das bevorzugte Instrument, um die ortsspezifische Aufklarung
von N-Glykanen durch Bottom-up-Glykoproteomik zu erreichen. Die beiden typischen Ansatze fiir die
Bottom-up-Glykoproteomik sind die Matrix-Assisted Laser Desorption/lonization Time-of-Flight Tandem-
Massenspektrometrie (MALDI-TOF-MS/MS) und die Flussigkeitschromatographie mit Tandem-
Massenspektrometrie (LC-MS/MS). Wahrend die MALDI-TOF-MS/MS eine Hochdurchsatztechnologie ist,
eignet sich die LC-MS/MS flr die Analyse komplexer Proteingemische. Die Anwendung einer geeigneten
Probenvorbereitungsmethode und des Datenanalyse-Prozesses ist fiir die korrekte ortsspezifische
Aufklarung von N-Glykanen einer komplexen Proteinprobe, wie z. B. menschliches Blutplasma, von

wesentlicher Bedeutung.

Das menschliche Blutplasma oder Serum ist eine Flissigkeit, die Organe und Gewebe vernetzt. Eine
eingehende Untersuchung der Zusammensetzung menschlicher Blutglykoproteine ist wichtig, da der
Zusammenhang zwischen Verdanderungen der N-Glykosylierung in Gesundheit und Krankheit in vielen
Fallen nachgewiesen wurde, z. B. bei Autoimmunerkrankungen, Krebs, angeborenen Stérungen und
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neurodegenerativen Erkrankungen. Fiir die ortsspezifische Charakterisierung von N-Glykanen in
menschlichen Blutplasmaproteinen wurden mehrere Strategien entwickelt. Das Hauptziel besteht darin,
die Minoriat des Glykoproteoms als Quelle fiir therapeutische, prognostische oder diagnostische
Biomolekile zur Entscheidungsfindung bei der Behandlung zu nutzen. Aufgrund verschiedener
Einschrankungen hat die Analytik jedoch Schwierigkeiten, das schwach vorhandene N-Glykoproteom des

menschlichen Blutplasmas zu identifizieren.

In dieser Arbeit wurde ein Arbeitsablauf flr die Probenvorbereitung etabliert und auf eine Standard-
Humanblutplasmaprobe (Pool aus normalem Zitratplasma von mindestens 20 Spendern) angewandt,
gefolgt von einem neu entwickelten Arbeitsablauf fiir die Datenanalyse, um eine eingehende
N-Glykoproteomanalyse der Minoritdt der Glykoproteoms des menschlichen Blutplasmas durchzufiihren.
Der etablierte Arbeitsablauf zur Probenvorbereitung umfasst zwei Fraktionierungsstrategien zur
Erweiterung des Nachweisbereichs: erstens die Abreicherung von Proteinen mit hohem Vorkommen und
zweitens eine Proteinfraktionierung nach Molekulargewicht. AnschlieRend werden die Proteinfraktionen
verdaut, um (Glyko-)Peptide zu erhalten, sowie die Glykopeptide angereichert, um die Chancen fir ihre
Identifizierung zu erhoéhen. Zur Datenerfassung werden zwei hochauflésende MS-Methoden mit
unterschiedlichen Kollisionsfragmentierungsenergien eingesetzt. Die gestufte Fragmentierungsenergie
liefert Informationen (iber die Glykan- und Peptidzusammensetzung, wahrend die niedrige
Fragmentierungsenergie zusatzliche Strukturinformationen liefert. Diese MS-basierte Messstrategie folgt
den in dieser Forschungsgruppe bereits etablierten Methoden. Der entwickelte Datenanalyse-Prozess
umfasst drei Phasen: Validierung, Integration von Strukturmerkmalen und Neuannotation. Erstens
bewertet die Datenvalidierung auf der Grundlage eines neu vorgeschlagenen Entscheidungsbaums die
Kohdrenz zwischen dem beobachteten Nachweis und der vorgeschlagenen Glykopeptid-Spektren-
Ubereinstimmung (gPSM). Zweitens werden durch die Integration von Strukturmerkmalen N-Glykan-
Informationen aus MS-Spektren mit niedriger Fragmentierungsenergie berlicksichtigt, was die
Uberarbeitung eines falschen gPSM erméglicht. SchlieBlich konzentriert sich die Datenanalyse auf die

Neuannotation falscher gPSMs.

Die Anwendung dieses Probenvorbereitungs-verfahrens ermdéglicht nicht nur die Identifizierung einer
hohen Anzahl von N-Glykan-Zusammensetzungen pro N-Glykosylierungsstelle, sondern auch eine
deutliche Erweiterung des Nachweisbereichs von Glykoproteinen aus menschlichem Blutplasma. Wahrend
die Analyse von unbehandeltem Blutplasma nur den Nachweis von Glykoproteinen im Bereich von 1-10°
bis 1-10° pg/mL erlaubte, liegt die niedrigere beobachtete Proteinkonzentration mit der neu etablierten
Probenvorbereitung bei 6:10° pg/mL. In einigen wenigen Fillen gelang sogar der Nachweis von
Glykoproteinen mit geringerer Haufigkeit, wie z. B. die Identifizierung von N-Glykopeptiden aus dem
cysteinreichen sekretorischen Protein LCCL domain-containing 1 (8,2 pg/mL). Nach der Datenvalidierung
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wurden insgesamt 7.867 gPSMs klassifiziert und zu 1.929 N-Glykopeptiden verdichtet, die sich auf 942
verschiedene N-Glykosylierungsstellen beziehen, die zu 805 menschlichen Glykoproteinen gehéren.
Dartiber hinaus deckt der Datenanalyse-Prozess haufige Fallstricke auf, die zu einer falschen gPSM-
Zuordnung fiihren, wie z. B. die Identifizierung von zwei Fucosen anstelle von einem Neuraminsdure
(NeuAc), was bei der weiteren Methodenentwicklung beachtet werden muss. Durch die Integration von
MS-Spektren, die bei niedriger Fragmentierungsenergie aufgenommen wurden, werden zusatzlich seltene
Strukturen (z. B. N-Glykane mit Sialinsdure-N-Acetylhexosamin-Bindung an einer Antenne und einem
verlangerten N-Acetyllactosamin an der zweiten Antenne) identifiziert. So konnten beispielsweise
Glykopeptide mit drei seltenen N-Glykan-Bausteinen (als Capping-Zucker) als falsch zugeordnete gPSMs
erkannt und erfolgreich neu annotiert werden. Anhand der Massengenauigkeit kann gefolgert werden,
dass es sich bei einem dieser unbekannten Capping-Zucker wahrscheinlich um Glucuronsaure handelt. Die
beiden anderen seltenen N-Glykan-Bausteine, die auf menschlichen Prothrombin-N-Glykanen an der
N121-Stelle nachgewiesen wurden, sind jedoch noch unbekannt. Insgesamt werden die meisten der

seltenen N-Glykane, die identifiziert wurden, hier zum ersten Mal beschrieben.

Der entwickelte detaillierte N-Glykoproteom-Ansatz wurde auch fiir die Analyse von Humanserum-IgA
angewandt, um seltene N-Glykane zu identifizieren. Mehrere dieser seltenen N-Glykane wurden durch
glykomische Analysen entdeckt, aber mit glykoproteomischen Methoden lbersehen, was das Verstandnis
ihrer Rolle bei der N-Glykosylierung von IgA erschwert. Mit den entwickelten Strategien wurde die
ortsspezifische Identifizierung von sulfatierten und anderen seltenen N-Glykanen, wie z. B. O-acetylierten,
durchgefiihrt. Die Optimierung der Datenanalyse erfolgte mit fraktioniertem IgA und der Analyse von zwei
kommerziellen IgA-Proben mit einer einfachen und universellen Probenvorbereitungsmethode. Ein
zentrales Ergebnis der optimierten IgA-Glykoproteomanalyse ist die Identifizierung von sieben sulfatierten
und vier O-acetylierten sialylierten N-Glykanen, darunter sieben N-Glykane, die bisher noch nicht durch
glykomische Analysen erfasst wurden. Insgesamt wurden elf seltene IgA-N-Glykane zum ersten Mal
ortsspezifisch flir menschliches Serum-IgA identifiziert. AuRerdem wurde in dieser Studie eine
Mikroheterogenitdtsanalyse der IgA-N-Glykosylierung durchgefiihrt, die nun auch O-acetylierte und
sulfatierte N-Glykane umfasst. Diese Analyse spiegelt wider, dass sulfatierte N-Glykane (iberwiegend an
der IgA-Endstiick-Region vorkommen, wahrend O-acetylierte N-Glykane zehnmal seltener nachgewiesen
werden als sulfatierte N-Glykane. Dariber hinaus wurden die MS-Daten der beiden IgA-Proben mit Hilfe
von Oxonium-Marker-lonen, die bei der eingehenden N-Glykoproteomanalyse von menschlichem
Blutplasma beobachtet wurden, auch auf andere Modifikationen untersucht. Dies ermdglichte die
ortsspezifische Identifizierung seltener N-Glykane mit Hexuronsaure (wahrscheinlich Glucuronsaure) als

Capping, die an kontaminierende Proteine in beiden kommerziellen IgA-Proben gebunden sind.



Zusammenfassend lasst sich sagen, dass der entwickelte Arbeitsablauf geeignet ist, unsere Werkzeuge zur
Beschreibung der N-Glykosylierung-Mikroheterogenitat durch die Identifizierung seltener N-Glykane, die
Aufklarung von N-Glykan-Strukturmerkmalen und den Nachweis von Glykoproteinen im mittleren bis
niedrigen Konzentrationsbereich von Blutplasmaproteinen zu erweitern. In Zukunft kdnnen die
wichtigsten Merkmale des Datenanalyse-Prozesses auf Software-Tools fiir die Glykoproteomik tibertragen
werden, um eine genauere Interpretation von MS-basierten N-Glykoproteom-Messungen zu ermdoglichen.
Um die Moglichkeiten der Glykoproteomforschung zu erweitern, kann der vorgestellte Arbeitsablauf
angepasst werden, um andere biologische Proben besser zu charakterisieren, z. B. Glykoproteine, die aus
verschiedenen Organismen oder anderen Korperflissigkeiten wie Urin, Milch, Speichel oder

Schleimhautsekreten isoliert wurden.
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Introduction

This thesis emerged from the program “Innovative Training in Methods for Future Data (IMforFUTURE),”
a Marie Sktodowska-Curie Innovative Training Network. This program aimed to develop methods, produce
datasets and apply integrative data analyses that contribute to comprehending biological processes
influencing diseases and aging. IMforFUTURE funded an interdisciplinary consortium of experts in data
analysis and multiple omics such as glycomics, glycoproteomics, epigenomics, and genomics. This
consortium included glyXera GmbH, an industry partner specialized in glycomics. The collaboration was
extended to the Bioprocess engineering department of the Max Planck Institute (MPI) for Dynamics of
Complex Technical Systems, where the Bio/Process-Analytics team specializes in developing methods for
analyzing protein glycosylation. All this motivated the establishment of a workflow that serves the
purposes of an in-depth N-glycoproteomic analysis of human blood plasma and the production of new

datasets.

Conducting an in-depth N-glycoproteomic analysis on low-abundant human blood plasma proteins is
advantageous for several reasons. First, glycans (carbohydrate chains) are cellular building blocks as
essential as proteins, lipids, and nucleic acids. The importance of glycans as a macromolecular component
of cells was recognized since it is impossible to understand the origin of many diseases (e.g. inflammatory
bowel disease, IgA nephropathy, and rheumatoid arthritis) without considering glycans in a site-specific
manner [1, 2]. Alterations of N-glycosylation in human proteins have been observed not only on various
diseases [3-8], but also through physiological conditions, such as pregnancy and aging, by analyzing blood
plasma or serum samples [7, 9-11]. Second, the analysis of N-glycans offers extensive information not only
exclusive from N-glycosylation but also general to glycoconjugates biosynthesis, and their site-specific
identification is less challenging than for the other glycan types. Third, proteins have multiple functions
and, within a complex organism, several are present in a tissue-specific manner. Tissue specific proteins
can be identified in the low-abundance concentration range in human blood plasma. In addition, although
proteins are derived from a nucleic acid-based template, the proper folding and function of several
proteins depend on the linkage of one or more N-glycans. It is known that N-glycosylation is present in
around 45% of the proteins from the eukaryotic domain and it is crucial for several biological functions
(e.g., cell interactions and development) [12]. Thus, beneficial for diagnostics and therapeutics, the low-
abundant glycoproteome could reveal information associated with pathological processes in cell tissues

or an impaired metabolism at an early stage of the disease [5, 13].



1. Introduction

One challenging feature of glycosylation is that this complex post-translational process is non-template-
based. The enormous diversity of N-glycan structures attached to a protein was quoted for the first time
as glycan heterogeneity in 1961 [14, 15]. This implies that if one protein has four N-glycosylation sites and
ten different N-glycans may be attached to each site, then 10,000 different protein glycoforms may be
observed. This number of combinations is narrowed down by the intracellular microenvironment, protein
structure, enzyme gene expression, and other factors [16-23]. An introduction to protein glycosylation,
N-glycan biosynthesis, and the structural diversity of N-glycans in humans is presented in chapter 2,
section 2.1. Another challenge arises when studying low-abundant glycoproteins from human blood
plasma. Blood is a widespread circulatory fluid that networks organs and tissues, a high diversity of
proteins is present in the blood plasma [24]. However, the blood plasma proteins are spread in a
concentration range of at least ten orders of magnitude [24-26]. Previous studies have shown that tissue-
leakage proteins exist in the low-concentration range of blood plasma proteins [27]. In addition, probably
also at low levels within the N-glycosylation profile of proteins, some rare N-glycan structures are not well
described in a site-specific manner [28, 29]. All in all, the study of the low-abundant glycoproteome from
blood plasma is not only hindered by proteins of higher abundance but also by the number of glycoforms

per protein [30].

To reduce suppression of precursor ions signals from low-abundant glycopeptides, the steps of a sample
preparation workflow must include protein or peptide fractionation and a bottom-up mass spectrometry
(MS) approach using a high-performance mass spectrometric acquisition [31]. Then, to conduct an
N-glycoproteomic data analysis, a software-assisted search is necessary to automate the site-specific
identification of N-glycans, followed by a data validation process. In chapter 2, section 2.2. a summary of
the current analytical methods for studying N-glycosylation from human blood plasma proteins shows
their advantages and disadvantages. This will strengthen the rationalization behind developing innovative
in-depth glycoproteomic technologies, such as the workflow established in this thesis. Finally, the
section 2.3. will explain the importance of studying alterations of N-glycosylation in normal physiological
states and pathologies that show increasing trends of global incidence without adequate treatments. An
overview of the diagnosis, disease development, and treatment of congenital disorders of glycosylation
(CDG) [32-34], and other prevalent diseases like autoimmune diseases (AID) [35-41], cancer [5, 13, 42],
and Alzheimer’s disease (AD ) [43], are given to contextualize the potential contribution of further research
in the field of glycoproteomics. Thus, chapter 2 provides concepts and arguments for the contextualization

of the subject matter of this thesis.

The first objective of this thesis was to develop a workflow for the in-depth N-glycoproteomic analysis of

human blood plasma proteins, which must achieve the characterization of intact N-glycopeptides and the
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site-specific identification of N-glycans within the low-abundant N-glycoproteome of human blood plasma.
For this purpose, the N-glycoproteomic workflow had to overcome two drawbacks: detecting the low-
abundant blood plasma proteome and reliably describing the structure of N-glycans on a protein
N-glycosylation site manner using MS. Therefore, after screening various fractionation approaches, the
first drawback was counterbalanced by establishing a sample preparation workflow that features the
depletion of fourteen high-abundant blood plasma proteins followed by the fractionation of the depleted
fraction via a GELFrEE® system. The sample preparation workflow had to incorporate proteolytic digestion
and an improved glycopeptide enrichment to adapt the samples for MS analysis. Applied for the
fragmentation of intact glycopeptides, the two MS-based measurements implemented are differentiated
by the normalized collisional energies (NCE) used: stepped (NCE 20, 35, 50%) and fixed low (NCE 20%). The
second drawback was overcome with a data analysis workflow that includes the application of a decision
tree for data validation and integrating both MS measurements to augment the description of intact
N-glycopeptides. Thus, the workflow for the in-depth N-glycoproteomic analysis of human blood plasma
proteins include a sample preparation and a data analysis workflow. The methodology describing both

workflows is presented in chapter 3.

Significant gains resulted by applying the established N-glycoproteomic workflow to a blood plasma
standard sample. First, more glycoproteins about the middle- down to low-abundant blood plasma
concentration range were detected. Second, rare N-glycans (e.g., glucuronidated, sulfated,
phosphorylated, and other rare N-glycan building blocks), corresponding to glycoproteins within the
middle-abundant concentration range, were identified. Their N-glycan structures were partially described.
Third, rare N-glycan structures were elucidated via the integration of data from two previously established
fragmentation methods. The integrated data revealed the presence of an N-glycan structure featuring a
rare glycosidic linkage between a sialic acid and an N-acetylhexosamine (HexNAc), which is assumed to be
nonexistent in human N-glycans. Fourth, the data analysis workflow identified potential improvements for
glycoproteomic software design and data validation strategies. These results are presented and discussed

in chapter 4.

The second objective of this thesis was to use the developed N-glycoproteomic workflow for the site-
specific identification of a protein N-glycosylation feature that has been difficult to describe by current
glycoproteomic approaches. This is the case for N-glycans bearing sulfated HexNAc in human serum
immunoglobulin A (IgA), a human serum glycoprotein of therapeutic interest. Sulfated N-glycans from
mammalian IgA were detected for the first time by Boisgard et al., and only after 20 years this was
confirmed in N-glycans released from human serum IgA by glycomic analyses conducted in our group [28,

44, 45]. However, current N-glycoproteomics experiments have not yet detected glycopeptides bearing
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sulfated N-glycans in IgA. Hence, sulfated N-glycans have not been assigned to specific N-glycosylation
site(s). Motivated by this challenge, the newly developed in-depth N-glycoproteomic workflow was
applied to identify intact sulfated N-glycopeptides derived from human IgA. Then, the data analysis
workflow was optimized. This optimization enabled the site-specific identification of a sulfated N-glycan
previously observed in our group and revealed other N-glycan compositions on IgA holding sulfated
HexNAc. After this first identification of sulfated N-glycopeptides, two commercial IgA samples were
analyzed using a more straightforward sample preparation but applying the optimized N-glycoproteomic
data analysis workflow. The application of the new data analysis workflow was extended to the search for
other rare N-glycans. It was identified that N-glycosylation sites IgA bear O-acetylated sialic acid at several
sites and that contaminant glycoproteins bear N-glycans with terminal glucuronic acid. In addition, the
low-abundant N-glycopeptides bearing sulfated HexNAc were reproducibly identified primarily at the
tailpiece N-glycosylation site of IgA. This outcome demonstrated that our newly developed
N-glycoproteomic workflow is adaptable to other samples and enables the detection of these difficult-to-

identify N-glycopeptides. These results are presented in chapter 5.

In summary, the application of the developed workflow for in-depth N-glycoproteomic analysis enables
explorative studies, supports the comprehensive identification of low-abundant N-glycopeptides, and
allows the site-specific N-glycan identification using the oxonium ion-guided interpretation of spectra
without prior knowledge of the peptide sequence. It is essential to recognize the technical challenges of
this workflow, which are the costly resources required, the long time needed for implementation,
including data interpretation, and the bioinformatics resources necessary to handle the enormous amount
of MS data to be analyzed. Nevertheless, the datasets produced by our N-glycoproteomic workflow include
the observation of data derived from the low-abundant glycoproteome. Thus, our data is rich in
glycopeptides rarely evaluated during screening biomarkers or therapeutic options. The final goal of the
IMforFUTURE project is to apply this workflow to the production of datasets from a clinical cohort of
interest. At the time of writing this thesis, this goal remains a prospect. On a prospective basis, generating
such valuable datasets could contribute to understanding pathophysiological processes related to

autoimmune disease and improving diagnostic and therapeutic tools.



2 Theoretical background

Glycosylation is a post-translational modification in which a carbohydrate side chain is enzymatically linked
to an aglycone — e.g., a nascent protein or lipid [46]. As Figure 2.1 shows, this modification results in

different types of molecules like glycoproteins, proteoglycans and glycosphingolipids.
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Figure 2.1. Diversity of glycoconjugates in animal cells. Modified from Varki and Kornfeld [47]. The oligosaccharides linked to lipids
result in two subclasses, glycosphingolipids and glycosylphosphatidylinositol (GPI). Glycosphingolipids have two components a
ceramide lipid and a glycan that can be relatively diverse [48]. GPI is more complex and has three components: 1) a lipid linked
with a phosphate group to an inositol sugar (phosphatidylinositol moiety), 2) a conserved carbohydrate of four monosaccharides,
and 3) an ethanolamine phosphate moiety [49]. The last moiety serves as a bridge for attaching GPI to the C-terminal domain of a
protein, which is anchored to the cell membrane. Hyaluronan is a secreted long carbohydrate chain with approximately 80 non-
sulfated monosaccharides that belongs to the glycosaminoglycans (GAGs) subclass [50]. In general, GAGs are composed of
repeated disaccharide units (an amino sugar and a uronic acid), which can be modified with sulfation (e.g., heparan sulfate). When
GAGs are covalently attached to a protein, the resulting glycoconjugate is named proteoglycan. GAGs and proteoglycans are a
major constituent of the extracellular matrix [50]. Finally, glycoproteins are proteins carrying O-, C-, or N-linked glycans attached
to serine/threonine, tryptophan, or asparagine, respectively.
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2.1. Glycosylation

Carbohydrates associated with a protein, now called glycans, were chemically detected for the first time
on ovalbumin in 1893, but this discovery was confirmed only in 1938 by Neuberger [13, 14]. Glycans can
be attached to proteins with three linkages. Depending on the amino acid atom with which the first sugar
is covalently attached it might result in N-, C-, or O-linked glycans [51-54]. N-linked glycans are covalently
bonded through a B-linkage to the nitrogen from an asparagine side chain. N-glycosylation occurs
specifically at the protein sequence: Asn-X-Ser/Thr (being X any amino acid except Pro) [55].
N-glycosylation is the aim of this thesis and the following sections in this chapter will describe it further.
In regard to C-linked glycans, only C-linked mannose is known [56]. C-mannosylation occurs when a
mannose is covalently attached in an a-linkage to the indole carbon of a tryptophan belonging to the
amino acid sequence: Trp-X-X-Trp/Cys (where X is any amino acid) [57]. O-glycans are covalently bonded
to the oxygen of a serine/threonine’s hydroxyl group of a nascent protein [56]. O-glycosylation, in contrast
to the other glycosylation types, occurs in an unpredictable fashion, resulting in multiple and consecutive
O-glycosylation sites [58]. In humans, the subclasses of O-glycans include O-fucose, O-glucose, O-mannose,
O-linked N-acetyl glucosamine (O-GlcNAc), and O-linked N-acetyl galactosamine (O-GalNAc)—named after
the first sugar O-linked to the protein [56]. The most common O-glycosylation is the a-linked O-GalNAc,
which frequently generates mucin type glycans. Due to the unpredictable position of O-glycans and
challenging characterization of C-mannosylated proteins, the study of O- and C-glycosylation is preferred

yet on targeted proteins and not in complex samples.

Widespread in all life domains, the biosynthesis of glycoconjugates in eukaryotic cells diverges significantly
from bacteria and archaea [58, 59]. While in bacteria, glycosylation is necessary for pathogenesis but not
development, in eukaryotic cells, it is crucial for cell development, regulatory processes, and protein
folding, etc. [60]. However, the complex biosynthesis pathway of these oligosaccharides in eukaryotic
organisms still presents a tremendous diversity among plants, fungi, and animals and even diverges
between animal cells [46, 58, 59]. Thus, defining the organism to study and its associated glycosylation
features (e.g., N-glycan building blocks) is an initial step when analyzing its N-glycans. As the scope of this
thesis is the analysis of N-glycosylation in human blood plasma proteins, specific details of protein

N-glycosylation in humans are introduced in the following section.

2.1.1. Protein N-glycosylation in humans

The eight most common building blocks of human N-glycans plus three molecules that add post-

glycosylation modifications are displayed in Table 2.1, together with the corresponding nucleotide sugar
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donors used as a substrate of the glycan biosynthesis [61, 62]. These N-glycan building blocks are
condensed into five groups by their chemical formula: N-acetylhexosamines, hexoses, deoxyhexoses,
uronic acids, and nonulosonic acids. Uronic acids are acidic sugars holding a carboxylic acid at 6-carbon,
which are usually derived from hexoses and known as hexuronic acids (HexA) [47]. One typical example of
an hexuronic acid is glucuronic acid (GIcA), an elementary building block of GAGs but also reported in
N-glycans of the nervous system [50, 63]. Nonulosonic acids are a class of complex 9-carbon backbone
monosaccharides that carry diverse chemical groups on the side chains (i.e., one carboxylic acid and one
or multiple acetylated amino groups) and even modifications such as sulfation or methylation [64]. The
most common nonulosonic acid in humans is 5-N-acetyl-neuraminic acid with a characteristic N-acetyl
group at the 5-carbon (Neu5Ac) — referred as NeuAc in this thesis. Frequently, this terminology appears in
the identification of N-glycans by MS, as only mass-to-charge ratios (m/z) and not molecular configurations

are detected via MS.

Table 2.1. Typical N-glycan building blocks in humans.

N-glycan building block Abbreviation | Nucleotide sugar Elemental composition | Theoretical Mass | Symbol
donor (dehydrated) (Da)
N-acetylglucosamine! GIcNAc UDP-GIcNAc C8H1305N 203.0794 [ |
N-acetylgalactosamine ! GalNAc UDP-GalNAc C8H1305N 203.0794 L]
Galactose 2 Gal UDP-Gal C6H1005 162.0528 O
Mannose 2 Man GDP-Man C6H1005 162.0528 )
Glucose ? Glc UDP-Glc C6H1005 162.0528 [ ]
Neuraminic acid 3 NeuAc CMP-NeuAc C11H1708N 291.0954 <
Fucose* Fuc GDP-Fuc C6H1004 146.0579 <
Glucuronic acid > GlcA UDP-GIcA C6H806 176.0321 4
Phosphorylation Phospho GIcNAc-1-P H103P 79.9663 P
Sulfation Sulfo PAPS 03S 79.9568 S
Acetylation Acetyl Ac-CoA C2H201 42.0106 Ac

PAPS: 3’-Phosphoadenosine-5’-phosphosulfate, Ac-CoA: acetyl-coenzyme A, UDP: Uridine diphosphate, CMP: cytidine
monophosphate, GDP: guanidine diphosphate. The numbers in superscripts identify the five groups of N-glycan
building blocks. 1: N-acetylhexosamine (HexNAc), 2: Hexose (Hex), 3: Nonulosonic acid, 4: Deoxyhexose (dhex), and
5: Uronic acid.

The protein N-glycosidic bond occurs between the amide nitrogen of the L-asparagine side chain and the
reducing end of an N-acetyl-B-D-glucosamine [65]. Structurally stable, a glycosidic bond is a linkage
between the reducing end of an (oligo) saccharide and the hydroxyl group of a C-atom in another sugar
(or amide nitrogen). The reducing end of a sugar moiety consists of an anomeric carbon (typically carbon
1) holding a hydroxyl group in either a or B anomeric configurations (down axial orientation or up
equatorial direction, respectively) [65]. As shown in Figure 2.2, the nomenclature of the glycosidic linkages
is described by the anomeric conformation (a- and B-glycosidic linkage) and the numbers of both the
anomeric carbon and the C-atom of the linked sugar (e.g., B1-2, B1-4)[65]. The composition and glycosidic

bonds between the initial five saccharides of the N-glycan are always conserved. This N-glycan-core

7



2. Theoretical Background

structure comprises two GlcNAc followed by one mannose that links two branching mannoses: one on the
C3 and another on the C6 of the first mannose [53]. After the core-structure, the glycosidic bonds in the
branches (so called antennae) of the N-glycan present more diversity. Depending on the monosaccharide
composition of the antennae, the N-glycan is classified into three main groups: complex-, hybrid-, and

oligomannose-type N-glycan. Their biosynthesis is briefly explained below.
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Figure 2.2. Protein N-glycosylation. A) Detailed description of the chemical structure of a complex-type N-glycan. The glycosidic
bonds between each N-glycan building block are described in gray boxes near the linkages. Blue arcs illustrate the two linkage-
types: glycosidic bonds (linkage between monosaccharides highlighted in light beige) and N-linkage to the nitrogen of an
asparagine side chain. Wiggle black lines indicate a continuation of the protein amino acid chain. B) Primary elements of protein
N-glycosylation. N-glycosylation site: Asn-X-Thr/Ser amino acid sequence. Adapted from van Kooyk and Rabinovich [66].

As displayed in Figure 2.3, N-glycosylation starts in the endoplasmic reticulum (ER), where a precursor
N-glycan chain, composed of two GIcNAc, nine mannoses, and three glucoses, is transferred from a lipid
(dolichol phosphate) to a nascent protein [53]. Further N-glycan processing in the ER enables a protein-
folding quality control dependent on glucose removal during protein translation. The glycoprotein folding
process ends with an attached N-glycan of two GIcNAc and eight mannoses. Then, the glycoprotein is
exported to the cytoplasm (as oligomannose-type N-glycan) or the Golgi apparatus. The mannosylated
N-glycan is trimmed and modified by glycosidases and glycosyltransferases anchored along specific Golgi
cisternae (cis-, medial-, and trans-Golgi). For example, the N-acetylglucosaminyltransferase 1 (MGAT1)
anchored in the medial-Golgi transfers to the N-glycan one branching GIcNAc. This allows the synthesis of
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hybrid-type N-glycans and the activity of a-mannosidase Il enzymes, which enable the formation of
complex-type N-glycans. Other examples are galactosyltransferases and sialyltransferases, located in the

trans-Golgi, which diversify further in hybrid- and complex-type N-glycans.
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mannosidase remove three glucose and one terminal mannose as a signal of correct protein folding. Misfolded proteins are
processed by ER degradation-enhancing a-mannosidase I-like proteins (EDEMs) and then directed to degradation in the cytoplasm
by the lectin OS9. The Golgi apparatus is represented below the ER with three cisternae: cis-Golgi, medial-Golgi, and trans-Golgi.
After the correct protein folding, several proteins carrying N-glycan(s) with eight or nine mannoses can be transported to the cis-
Golgi, where additional mannoses can be removed. In the medial-Golgi, the MGAT1 transfers the first GIcNAc at the C-6 Mannose
of the Man5GIcNAc2, producing hybrid N-glycans. a-Mannosidase Il removes two terminal mannoses at the C-3 Mannose, which
is the substrate for the N-acetylglucosaminyltransferase MGAT2 to produce the N-glycan GIcNAc2Man3GIcNAc2. The biantennary
N-glycan is further modeled by adding fucose, galactose, and neuraminic acid to produce complex-type N-glycans. Bisecting
GIcNAc, additional antennae, different capping sugars, antennae or core fucosylation, sulfation, and polyLacNAc extensions can
occur on the complex type N-glycans. Many of these processes can be blocked by the Lec transcription factors. In the case of
lysosomal hydrolase proteins, the N-glycans are decorated by GIcNAc-1-P at C-6 of Man residues in the cis-Golgi. The GIcNAc is
cleaved in the trans-Golgi by a phosphodiester N-acetylglucosaminidase (NAGPA), and the phosphorylated mannoses are
recognized by Man-6-P receptor, which transports this protein to lysosomal vesicles. The arrows indicate the regular processes,
movements, and enzymatic reactions. The activated sugars UDP-Glucose, UDP-GIcNAc, UDP-Galactose, GDP-Fucose, and CMP-
Neuraminic acid are represented with respective letters, and the sugars are symbolized with the respective figures and colors.

In summary, oligomannose-type N-glycans, secreted by the ER or the cis-Golgi, bear branches extended
by mannose units. As shown in Figure 2.3, the complex- and hybrid-type N-glycan structures must transit
at least until the medial-Golgi. Complex-type N-glycans typically end up with the maximum maturation by
reaching the trans-Golgi, where the N-glycan antennae are elongated with capping, galactose, and sialic
acid or more antennae (generated through branching GIcNAc). Hybrid-type N-glycan structure combines
an oligomannose-type branch on the C6-linked mannose and a complex-type branch on the C3-linked
mannose. Complex- and hybrid-type N-glycans may also present fucose linked primarily on the core
GlcNAc and less frequently on the antenna galactose or GIcNAc. A high diversity in glycosidic bonds is
characteristic of complex and hybrid N-glycans. However, the possible combinations for an N-glycan
structure can be narrowed down by considering the human N-glycan biosynthetic pathways. For example,
proper from humans, the N-glycan in the core-structure might have a glycosidic linkage between one

fucose and the first GIcNAc in an al1-6 linkage but not al1-3, the last is proper of insect cells [59].

Other processes that can modify the hydroxyl groups from N-glycans are phosphorylation, acetylation, and
sulfation [46]. Mannose phosphorylation occurs in the cis-Golgi by the transference of GIcNAc-1-P (from
UDP-GIcNAC) to the carbon six (C6) of a Man by a phosphotransferase [67]. Then the GIcNAc is removed
by a phosphodiester glycosidase in the trans-Golgi, producing N-glycans bearing Man6P [53]. O-acetylation
of sialic acids occurs most commonly at C7 and C9 [64]. The sugar nucleotide donor CMP-Neu5Ac receives
an acetyl group from acetyl-CoA by an O-acetyltransferase (e.g., CASD1) in the trans-Golgi [64]. Regarding
sulfated glycans, sulfate groups modify GIcNAc, Gal, GalNAc, and GIcA, primarily [68]. These sulfated
monosaccharides are typical of GAGs and atypical of N-glycans [68]. Sulfation of the epitope sialyl Lewis X,
present in N-glycans, is carried in the trans-Golgi by the carbohydrate sulfotransferase 1 (CHST1) at the C6
of Gal or by CHST2 at the C6 of GIcNAc [53, 69]. Sulfation at the C4 of terminal GalNAc is found in N-glycans
linked to glycoprotein hormones. Typical of brain O- and N-glycans, sulfation at the C3 of GIcA from the
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human neutrophil killer carbohydrate (HNK-1) is catalyzed by the CHST10 [69]. The transference of GIcA
to Gal is catalyzed by the glucuronyltransferases GIcAT-P (B3GAT1) and GIcAT-S (B3GAT2)—based on mice
experiments, GICAT-P and GIcAT-S activity is selective from brain and kidney, respectively [70-72].

N-glycan maturation is multifactorial and, so far, unpredictable. The synthesis of this N-linked
oligosaccharide depends on several variables. The influence power of each variable differs for each protein
and N-glycosylation site. The first variable is the protein structure and the position of each site on the
protein [73]. Second, N-glycan expression is influenced by the homeostasis in the Golgi.
The activity of enzymes and trafficking molecules in the Golgi is affected by the pH, oxidative potential,
and CI, Ca?*, Mn%, and K* ions balance [17]. For example, hypoxia inhibits the hetero-dimerization of
sialyltransferases with galactosyltransferases [18]. Third, N-glycan structure is directly affected by the
expression levels of glycosyltransferases and glycosidases, which are regulated by genetics, epigenetics,
and transcriptomics (including regulatory microRNAs) [19-21]. Fourth, enzyme-substrate availability
modifies the type of N-glycan structures synthesized. This was specially studied in the production of
recombinant glycoproteins where deficiencies in the medium formulation impair the availability of
nucleotide sugar donors [74]. Another example is shown by the severe effect of the congenital disorders
of glycosylation of which the synthesis of an activated sugar (e.g., GDP-fucose) is scarce [3]. Fifth,
N-glycosylation will be affected by the impaired function and expression of other essential Golgi
component proteins such as cargo proteins, ion pumps, ion channels, chaperons, and trafficking molecules
[17, 22, 23]. This explains how the complexity of an N-glycosylation profile captures the microenvironment
in a cell, tissue, organism, or cohort at a defined time point. However, although N-glycan synthesis is
unpredictable, each N-glycosylation site displays a consistent distribution of N-glycan structures if the
environment remains constant (in a steady state). Thus, when multiple environments are compared, e.g.,
suspension vs adherent cells, alterations of N-glycosylation display not only differences among any of the
variables mentioned above but also opportunities for modulating protein N-glycosylation [75]. Especial
microenvironments are also reflected during health and disease, e.g., differences in the N-glycosylation of
anti-citrullinated protein antibodies (ACPA) and not simultaneously detected in the total serum IgG at the
onset of rheumatoid arthritis [76]. This thesis aims to enable and expand the extraction of site-specific and
structural N-glycosylation data from human blood plasma proteins with a special interest in including the

low-abundant protein glycoforms.

2.1.2. The wide variability of N-glycan structures

Expression of a protein-coding gene will always result in the same polypeptide sequence. If the polypeptide
sequence is N-glycosylated, the N-glycan structure gives the protein a different structural form called

“glycoform.” While one N-glycosylation site can receive different N-glycans, one protein can also have
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multiple glycosylation sites [77]. This results in a complex mix of protein glycoforms that can be described
at two levels of diversity: micro-heterogeneity (variability of N-glycans per site) and macro-heterogeneity
(variability of protein sites occupied with N-glycans). Estimations indicate that N-glycosylation occurs at
approximately 66% of the predicted sites with an occupational preference for N-glycosylation sites
surrounded by hydrophobic amino acids [77, 78]. Studies related to protein macro-heterogeneity show
that N-glycosylation tends to occur in the proximity of turns and bends of the protein secondary structure,

leading to a decrease in the protein folding freedom and, thus, controlling its structural stability [78, 79].

Multiple N-glycosylation sites on a protein might play different roles. For example, human diamine
oxidase, a key enzyme for histamine catabolism, has four N-glycosylation sites. Essential for dimer
formation, the N-glycosylation sites N538 and N745 of diamine oxidase bear complex-type N-glycans. In
contrast, bearing oligomannose-type N-glycans, the sites N168 and N110 are critical for protein folding
and expression [16]. This demonstrates the crucial site-specific function of the micro-heterogeneity of
N-glycosylation, encouraging the analysis of protein N-glycosylation. Nonetheless, to describe the micro-
heterogeneity of N-glycosylation, it is first essential to understand the structural complexity levels of an

N-glycan, depicted in Figure 2.4.

Considering the symbology presented in Figure 2.4.A, the five N-glycan structural complexity levels that

increase conformational diversity (Figure 2.4.B.) are described as follows:

e Composition: the number and variety of monosaccharides linked
e Post-glycosylational modifications: additional chemical groups linked to the monosaccharides

e Branching: the not linear but tridimensional structure given by the branching nodes

Connectivity: the specific order of the monosaccharides connected by glycosidic bonds

Anomeric configuration: the orientation of the OH groups that formed the glycosidic linkages

Shown in Figure 2.4.C, the levels of structural complexity significantly expand the diversity of the main
N-glycan groups [46]. For example, phosphorylation and the number of mannoses can diversify the
oligomannose-type N-glycans. In hybrid-type N-glycans at least one of the antennae can vary by the
number and linkages of other monosaccharides like fucose, sialic acid, and the presence of modifications
such as sulfation. The structural diversity increases for human complex-type N-glycans because, in addition
to the previous complexities, multiple antennae, various fucose positions, sialic acid O-acetylation,
bisecting GIcNAc, elongations of N-acetyllactosamine units (LacNAc), and other special modifications, are

possible at any of both branching mannoses.
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Hard for deciphering via MS are a share of N-glycan structural features that belong to isomeric structural
fragments—molecules with the same chemical formula but different spatial arrangement [80]. As

displayed in Figure 2.4.D, the types of features that lead to isomerism in N-glycans are:

e |someric glycosidic linkage (e.g., a2-3 or a2-6 NeuAc)
e Isomeric composition (e.g., monosaccharides GIcNAc or GalNAc, Gal and Man)
e Isomeric branching (e.g., a bisecting GIcNAc or a third antenna-GIcNAc bound to C6- or C3-Man)

e |someric anomeric configuration (linkage oriented in a or B anomeric position)

The interpretation of glycoproteomic data (collected via MS) is to some extent simplified by allowing
assumptions referred to the biosynthetic pathways and glycosyltransferases (genes) expression that
generally participate in the biosynthesis of N-glycans in mammalian cells or, even more specifically, in
human cells [59, 81]. However, several isomeric glycosidic bonds are displayed in human N-glycans, and

their relevance is demonstrated by the vast diversity of glycan-binding proteins known as lectins.
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Discovered in 1888, lectins bind specific glycan epitopes (glycoepitopes) and are further classified by their
carbohydrate-recognition domains [82]. For example, galectins (or S-type lectins) recognize glycans
carrying B-galactose, P-type lectins are specific to mannose 6-phosphate containing glycans, and siglecs
(I-type lectins) have affinity towards sialylated glycans [82, 83]. The interactions through these glycan-
binding molecules establish a complex “communication process” within an organism, where the influence
of each N-glycan at each N-glycosylation site is essential for a biological function [84, 85]. For instance,
L-selectin is a transmembrane lectin protein of leukocytes that works as cell-adhesion molecule [86].
Studies estimate the expression of 50,000 to 70,000 L-selectins per leukocyte plasma membrane [87, 88].
The dominant ligand of this lectin is the sulfated sialyl Lewis x structure, present on O- and N-glycans of
some proteins [86]. Different analytical approaches allow researchers to describe N-glycan structures that
are valuable for industry and medicine [89]. The selection of the analytical approach depends on the
targeted aim, sample complexity, and accessibility of the resources required, as it will be discussed in the

following section.
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2.2.  Analysis of N-glycosylation of proteins in human blood plasma

The methods applied to characterize the N-glycosylation profile of proteins are shown in Figure 2.5 [65].

The study of protein N-glycosylation can be performed on three levels: |) glycoprotein, 1l) N-glycopeptide,

or lll) N-glycans.
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Figure 2.5. Methodologies for the analysis of glycoproteins. Modified from Lottspeich and Engels [65]. SDS-PAGE: sodium dodecy!
sulfate-polyacrylamide gel electrophoresis, IEF: Isoelectric focusing, LC: Liquid chromatography, HILIC: Hydrophilic interaction
liquid chromatography, SPE: solid-phase extraction, RP: Reversed phase, ESI: Electrospray ionization, OT-OT-MS/MS: orbitrap
tandem mass spectrometry, PNGaseF: peptide-N-Glycosidase F, MALDI: matrix-assisted laser desorption/ionization, TOF: time-of-
flight, MS: mass spectrometry, HPAEC: High-performance anion-exchange chromatography, PAD: Pulsed amperometric detector,
APTS: aminopyrene trisulfonate, CE: capillary electrophoresis, xCGE: multiplexed capillary gel electrophoresis, LIF: laser-induced
fluorescence detection, FLD: fluorescence detector, UVD: Ultraviolet light detector, H-NMR: Nuclear magnetic resonance (based

on hydrogen atoms).

4’[ Optionally in conjunction with sequential exoglycosidase digestion }
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2.2.1. Approaches for the study of glycoproteins

The analysis of protein N-glycosylation includes methods for sample preparation, separation, and
detection [90]. On the one hand, the research on intact glycoproteins is typically conducted on isolated
pre-characterized proteins (e.g., a monoclonal antibody (mAb) [91]) and shows a distribution of protein
glycoforms. Standard methodologies are gel electrophoresis (to evaluate mass or isoelectric point) or a
more complex top-down mass spectrometry analysis, for example, to assess the antibody-drug
conjugation rate [92]. On the other hand, analysis of released N-glycans (glycomic analysis) can provide an
in-depth structural description of the N-glycan and a reliable relative quantification [90, 91]. A
disadvantage of glycomic research is that once N-glycans are released, information about their linkage to
each N-glycosylation site in a protein (micro-heterogeneity) is lost. Compared with these two approaches,
only the analyses on intact N-glycopeptides (bottom-up N-glycoproteomic analysis) can deliver
information about the N-glycan and the carrier N-glycosylation sites on the protein. In a bottom-up
analysis, the protein identity is inferred from the peptides detected via MS analysis after a proteolytic
digestion [93]. When this analysis is applied to a (glyco-)protein mixture is named shotgun
(glyco-)proteomics [93], and both the unmodified peptides and glycopeptides (“(glyco-)peptides”) are
preferably characterized via high-performance liquid chromatography with tandem mass spectrometry
analysis (LC-MS/MS) [94]. Dedicated MS fragmentation methods, incorporated through two-step MS
techniques (MS/MS), can facilitate the interpretation of the composition and branching of N-glycans

present in intact glycopeptides, with limitations regarding structural description.

To explain the reasoning behind the selection of the methods applied in this thesis, a brief description of
blood plasma and the analytical techniques frequently applied to the analysis of protein N-glycosylation in

this sample will be presented.

2.2.2. Human blood plasma

Human blood is a fluid that connects organs and tissues along the human body, transporting oxygen,
nutrients, signaling molecules, etc., as part of its physiological function [95]. As shown in Figure 2.6, blood
plasma proteins are distributed in a concentration range of more than ten orders of magnitude [24, 25,
96]. The complexity of the blood plasma protein mixture is high since hundreds of different proteins
circulate in the whole concentration range [96]. During its circulation, the blood plasma also collects
diverse glycoproteins, including tissue leakage proteins [24, 95]. Found in the low concentration range in
blood plasma, the tissue leakage glycoproteins are potential biomarker candidates due to their organ
specificity and intracellular microenvironmental changes reflected in the biosynthesis of the N-glycans

attached [5, 17-23, 73, 96]. However, exploring the low-abundant blood plasma glycoproteins is masked
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by the high-abundant proteins whose concentration is several thousand times higher than the tissue
leakage proteins (Figure 2.6). Detection of tissue leakage proteins is also hindered by the highly diverse
set of blood plasma proteins from the middle- to low-abundance range and their multiple glycoforms [77].
Thus, a sample preparation workflow to access low-abundant blood plasma glycoproteins must include
appropriate sample fractionation methods [97]. In the case of site-specific N-glycan identification, MS
methods and the data analysis workflow must allow the recording and processing of large lists of
N-glycoproteomic data to cover the complexity of the protein mixture in the middle- to low-abundant
range [98]. In the section below (section 2.2.3), a comparison of approaches, used for analyzing the
N-glycosylation of human blood plasma proteins, is given. Next, methods selected for conducting this

thesis are described (section 2.2.4).
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Figure 2.6. Distribution of blood plasma proteins over a concentration range of more than ten orders of magnitude. The brown
dotted line indicates the concentration threshold from a few proteins of the acute phase [25]. The red dashed line indicates the
approximate concentration of the biomarker a-fetoprotein referred to by Kirwan et al. [5]. Plot modified from Geyer et al. [96]
Blood plasma protein concentrations reported by Nanjappa et al. [25].

2.2.3. Standard methods applied for analyzing the N-glycosylation of blood plasma proteins

Methodologies for the high-throughput study of blood plasma protein N-glycans involve primarily lectin
microarray, hydrophilic-interaction ultra-high performance liquid chromatography with fluorescence

detection (HILIC-UHPLC-FLD), multiplexed capillary gel electrophoresis with laser-induced fluorescence
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detection (XCGE-LIF), and matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF-MS) [8, 9, 99-101]. These methodologies are included in the MIRAGE guidelines (“Minimum
Information Required for A Glycomics Experiment”), which frame the best practices for reporting
experiments on released glycans [102-105]. As Figure 2.5 shows, glycomic analyses can be combined with
different preparative and separative methods according to the investigative purpose. These methods have
been effectively applied to cohort vs control studies. For example, the performance of HILIC-UHPLC-FLD,
XCGE-LIF, and MALDI-TOF-MS methods was compared for investigation on protein N-glycosylation changes
in human blood plasma between women with rheumatoid arthritis and healthy controls [9]. Results
suggested that, despite slight differences in the relative quantification of the N-glycans given by each
method, they agree in most of the N-glycosylation changes. For example, all techniques demonstrated
that during pregnancy agalactosylated core-fucosylated N-glycans decrease while the tri-antennary
antenna-fucosylated and the mono-galactosylated core-fucosylated N-glycans increase in both healthy
and patients. Also, all methods demonstrated that galactosylation increases during pregnancy and
decreases after birth in both patients and healthy women. This study also reflected favorable features of
each method. For instance, MALDI-TOF-MS combined with sialic acid derivatization (an optional
preparative method) showed advantages regarding the characterization of sialylated N-glycans and large
structures such as tri- or tetra-sialylated [106]. The drawback of the MS techniques is the uncertainty of
changes on the N-glycan arms (changes on al-6 arm or al-3 arm) and the problematic identification of
glycosidic bonds. In contrast, HILIC-UHPLC-FLD and xCGE-LIF can elucidate these structural features. The
annotation of glycosidic bonds in an N-glycan structure detected through HILIC-UHPLC-FLD or xCGE-LIF
relies on standards or sequential enzymatic degradation [90]. Unanticipated N-glycan structures can be
explored by combining additional preparative methods, yet it requires more resources and analysis time
[45, 106].

Alternatively, lectin microarrays use the affinity of glycoepitopes for a well-defined collection of lectins
(glycan-binding proteins) fixed on micro-slides [91]. Compared to the methods mentioned above, lectins
can have narrow or broader epitope specificity and sometimes bind in a non-linear range; thus, their
qualitative and quantitative results are displayed differently [90]. Nonetheless, lectin microarrays can
detect not only N-glycans but also O-glycans available on the protein surface and provide hints on the total
glycome phenotype of the analyzed protein sample. Compared to MS, lectin assays can only recognize
glycoepitopes represented in the microarray. Therefore, it is not preferable as an explorative method for
identifying rare or unanticipated N-glycan structures; in this aspect, MS techniques represent an

advantage.

Bottom-up N-glycoproteomic analysis on blood plasma samples has also been applied for cohort and case-
control studies. The two major mass spectrometric approaches are MALDI-TOF-MS/MS and LC-MS/MS
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[94]. In tandem mass spectrometry methods, a precursor ion is directed from a first scan (MS?) to a second
analysis, in which the selected precursor ion is fragmented [91]. Then, the generated fragment ions are
detected in a second scan (MS/MS also named MS?), which facilitates the annotation of the precursor ion.
MALDI-TOF-MS/MS is high-throughput and suitable for targeted (or pure) proteins, while LC-MS/MS is
usually not high-throughput and suitable for complex protein mixtures [94]. Both methodologies can
achieve the site-specific description of the N-glycans and the identification of diverse glycoproteins [91,
94]. For reporting on N-glycoproteomics experiments, the guidelines for proteomic analysis, published by

the HUPO project, must be incorporated in addition to the MIRAGE guidelines [107, 108].

Although both glycomic and glycoproteomic analysis have been applied for biomarker discovery, it has
been reported that glycoproteomic analysis can achieve the identification of more specific biomarkers, not
only to identify a disease but also the level of damage within a particular organ [5, 109, 110]. Nevertheless,
identifying specific biomarker candidates in blood plasma or serum requires expanding the detection of
glycoproteins towards the middle to low protein concentration range (in-depth N-glycoproteomic
analysis). In an early clinical discovery stage, in-depth glycoproteomic analysis is convenient. Subsequently,
high-throughput methods are suitable when targeted biomarker candidates have to be evaluated in a
broader cohort or case-control population study. To do an in-depth glycoproteomic analysis, available
sample preparation strategies integrate dedicated protein fractionation techniques, such as
immunodepletion of high-abundant blood plasma proteins, and help to reduce the complexity of the

protein mixture [97].

2.2.4. In-depth analysis of the low-abundant N-glycoproteome
2.2.4.1. Sample preparation for low-abundant blood plasma proteins

The interest in detecting the low-abundant proteins has driven the development of strategies for
conducting in-depth N-glycoproteomic analysis. Figure 2.5 displays a path highlighted in blue, that shows
the general steps of a workflow for the in-depth bottom-up N-glycoproteomic analysis of a complex
protein mixture applied hereby. It includes the following steps: 1) protein fractionation, 1) proteolytic
digestion, Ill) glycopeptide enrichment, 1IV) sample separation and analysis via LC-MS/MS, and VI)

glycoproteomic data evaluation.

Sample preparation workflows for in-depth analysis of blood plasma integrate one or more fractionation
method(s) on the protein or peptide level or a combination of both. Typical methods use immunoaffinity-
based columns for depleting 2—14 high-abundant proteins (e.g., albumin, IgG, fibrinogen) [30, 31], protein
fractionation by molecular weight [31], and fractionation on peptide level by high pH reversed-phase or

by size exclusion chromatography [111-113]. Although a sample preparation workflow designed with three
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fractionation steps results in a high sensitivity, it is costly and complicated for clinical use [114]. Kaur et al.
compared eight combinations of fractionation strategies [31]. The first fractionation via low-abundance
enrichment proteins or depletion of 6 or 14 high-abundant proteins. Then, a second protein or peptide
fractionation via sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) or via reversed-
phase chromatography, respectively. The study demonstrated that all the sample preparation workflows
tested obtained comparable protein identification numbers. However, strategies using SDS-PAGE
combined with high-abundant protein depletion provided data with deeper proteome coverage and
preserved quantitative attributes. Furthermore, the study concluded that gel-based approaches are

inexpensive, time-saving, and more straightforward.

Peptides are typically generated by proteolytic digestion either in-solution or via filter-aided sample
preparation (FASP) [115, 116]. Although both approaches achieve comparable results, FASP can simplify
the sample preparation workflow, as it allows the removal of salts or detergents present in the initial
protein fraction [117]. Hoffmann et al. created an adapted version of the FASP protocol using ammonium
bicarbonate as the final enzyme buffer, which enabled eluting the final peptide digest and removing salts
by evaporation [118]. Protein digestion is typically performed using trypsin, which cleaves at the carboxyl
side of Lys or Arg. This highly specific endopeptidase simplifies the in-silico prediction of the peptide
sequences generated. Some studies add a second protease (e.g., endoproteinase Lys-C or Glu-C) to reduce
the length of some tryptic-digested peptides and improve protein coverage [75, 118, 119]. However, this

might increase the cost and time of a sample preparation workflow.

Glycopeptides in the final peptide digest represent a lower share compared to unmodified peptides,
causing their detection to be suppressed during LC-MS/MS. Therefore, a glycopeptide enrichment
becomes substantial for an N-glycoproteomic analysis. Methods for enrichment can be classified into two
groups: glycoepitope-binding methods (using lectin, antibodies, aptamers) and physicochemical methods
(hydrophilicity, size, charge, or electrostatic interaction) [120]. Glycoepitope-binding methods are suitable
for targeted glycans, whereas physicochemical processes can separate a heterogeneous mixture of
N-glycan structures. Well-established methods implement hydrophilic interaction liquid chromatography
(HILIC) using variable stationary phases (e.g. cotton, coated silica microspheres, zwitterionic sulfobetaine
bonded phases, and cellulose), and different organic solvents (e.g., acetonitrile, isopropanol, methanol,
and ethanol) [121-126]. Although the drawback of HILIC is the co-elution of non-glycosylated peptides,
which suppress the signal from the glycopeptides in the enriched fraction, HILIC is preferred in explorative
analyses for several reasons [123]. First, glycopeptides bearing a widespread distribution of N-glycan
structures are unbiasedly enriched. Second, (glyco-)peptides can be recovered without any effect or
modification, allowing further analysis. Finally, methods such as cotton hydrophilic interaction liquid
chromatography solid-phase extraction (cotton-HILIC-SPE) are high-throughput, accessible, simple, and
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compatible with the orthogonal LC-MS/MS analysis [124, 127]. Typically, cotton-HILIC-SPE glycopeptide
enrichment include three steps: loading, wash, and elution. The loading fraction has the highest ratio of
peptides, and the elution fraction contains the highest ratio of N-glycopeptides (more hydrophilic

molecules).

2.2.4.2. Liquid chromatography coupled to electrospray ionization with tandem mass spectrometry for

N-glycoproteomics

A nanoscale liquid chromatography (nanolLC) coupled to electrospray ionization (ESI) with tandem mass
spectrometry (LC-ESI-MS/MS) is crucial for maximizing the analysis range and reducing the complexity of
the glycopeptide-enriched fraction. The most universally applied stationary phase, in both proteomic and
glycoproteomic analysis, is the reversed-phase (RP) stationary phase (e.g., C18 matrix), as the separation
depends mainly on the interaction between the peptide moiety and the hydrophobic stationary phase [93,
111-113, 128, 129]. As a result, the separation displays smaller distributions of a peptide sequence holding
variable N-glycan structures [128]. Other stationary phases such as a HILIC, normal-phase, or a mixture of
reverse-phase and porous graphitized carbon (PGC) have been applied in some N-glycoproteomic analyses
for dedicated purposes [130-132].

Throughout the nanoRP-LC elution time, the coupled MS instrument continuously acquires several spectral
collections of two sequential scans, MS! and MS? [91]. An MS! spectrum records several precursor ions
(ionized N-glycopeptides and other molecules) at a time. Then, the most abundant precursor ions from an
MS! are sequentially isolated and individually fragmented to generate an MS? spectrum. It, therefore,
results in a two-step MS, also called the MS/MS technique. The continuous acquisitions between MS* and
MS? scans occur fast; however, this speed is different between the state of the art of the MS instrument.
For example, orbitrap Elite-Velos has a scan speed of 4 Hz; orbitrap Q Exactive, 12 Hz; and orbitrap Eclipse,
40 Hz [133, 134]. This significantly impacts the total number of MS! and MS? scans collected per nanoRP-
LC-ESI-MS/MS run [133]. The outcome of these instruments is used as the input data for N-glycoproteomic

data analysis.

Several features can maximize the identification of the N-glycopeptides via MS methods [94, 118]. First,
high-resolution mass analyzers (e.g., orbitrap) benefit the interpretation of N-glycopeptides due to the
high mass accuracy of the detected ions [135]. High mass accuracy is critical to discriminate between
fragment ions derived from the glycan and peptide moiety. Second, each fragmentation method yields
distributions of fragment ions with diverse m/z size, allowing to depict the peptide sequence, and the
N-glycan structure to some extent [135, 136]. Fragmentation of the ionized intact N-glycopeptide can be
induced through different MS/MS dissociation methods, such as collision-induced dissociation (CID),

higher-energy collision dissociation (HCD), electron transfer dissociation (ETD), or electron-
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transfer/higher-energy collision dissociation (EThcD) [136-138]. Third, for collision energy modulated
dissociation methods, the fragmentation pattern of the N-glycan and peptide moiety depends on the
fragmentation kinetic energy applied [135]. For example, lower collisional energies generate lager
fragment ions than higher collisional energies [118, 139]. Larger N-glycopeptide fragment ions can better
depict the branching structures on the N-glycan [118, 139]. Stepped collisional energies (NCE 35 + 15% or
NCE 30 + 10%) applied to intact N-glycopeptide ions effectively dissociate the amino acid sequence and
the N-linked monosaccharide chain into smaller units [118, 136, 137]. This provides higher certainty on

both peptide and N-glycan composition.

Mass spectrometric methods for N-glycoproteomics focus on generating MS? spectra rich in m/z fragment
ions of the peptide and N-glycan, as shown in Figure 2.7. The primary ions observed by N-glycopeptide
fragmentation using CID or HCD methods are the B and Y ions [118, 135, 140]. These fragments derive
from cleavages of the glycosidic bonds and not from divisions of the peptide bonds that produce “b and y
ions.” This terminology for carbohydrate fragmentation was established by Domon and Costello in 1988
[140]. Also called oxonium ions, the B; ions fragments present the terminal (non-reducing end)
oligosaccharide unit. The opposite Y; fragment ions contain the reducing oligosaccharide unit attached to
the peptide (aglycone)-the subscripts specify the cleavage position relative to the corresponding terminal
end [140]. At higher collisional energies (e.g., stepped NCE), cascade fragmentation events occur, resulting
in b and y ions but also sugar ring fragmentations (Figure 2.7) [135, 140]. For example, N-glycopeptide
fragmentation typically generates a Y ion composed of the peptide plus the innermost HexNAc-ring

fragment [MpeptidetH +%2X HexNAc]* [118, 141-143].

Isomeric N-glycan structures are the most challenging structural features to discern via MS methods.
Technology in this field continuously developed towards a sufficient full structural description of N-glycan
structures [129]. Recent strategies propose the use of hybrid fragmentation methods (e.g., EThcD), the
application of multiple fragmentation kinetic energies on the same precursor ion (e.g., integrating both
HCD NCE stepped and HCD NCE 20 fragmentations [118]), or the use of ion mobility as part of fragment
ion identification [136, 137, 144]. Demonstrated for blood plasma and other protein samples, MS/MS
dissociation methods integrating both HCD NCE stepped and NCE 20 increase the identification and
description of intact N-glycopeptides as demonstrated by Hoffmann et al., Sanda et al., and Shen et al.

[118, 139, 145]. Thus, both HCD type of MS/MS dissociation methods were applied in this thesis.
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Figure 2.7. Fragmentation of a complex-type N-glycopeptide. Primary reactions and selected subsequent fragmentation reactions
are shown. Mechanism displayed only with illustrative purposes. Modified from Vekey et al. [135].

2.2.4.3. N-glycoproteomic data analysis

An in-depth screening and identification of N-glycopeptides aims to understand N-glycosylation changes

occurring in living organisms. However, the information generated by MS/MS measurements contain

thousands of spectra derived and non-derived from N-glycopeptides. Hence, an automated screening,

matching, selection, and validation of the correct N-glycan moiety and carrier peptide must be performed

to support the interpretation of the MS/MS data [146]. Input elements required for a software-assisted

N-glycoproteomic search are:

e Sample preparation parameters, e.g., protease, alkylation of reduced disulfide bonds

e MS instrument and MS/MS method parameters, e.g., mass analyzer, mass tolerance

e Glycan database, e.g., the 182 human N-glycans Byonic™ database
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e Protein database, e.g., human proteome from UniProtkB
e Peptide modifications, e.g., methionine oxidation, asparagine, or glutamine deamidation
e A high-performance (N-glyco-)peptide spectra matching algorithm

e Avalidation tool

N-glycoproteomic searches aim to “reconstruct” the collection of protein glycoforms of the sample.
Therefore, a software-assisted N-glycoproteomic search must generate multiple glycopeptide spectrum
matches (gPSM) that represent all variable N-glycan structures attached to each N-glycosylation site of a
protein for all glycoproteins present in the sample. A high protein coverage and a reliable identification of
each N-glycopeptide are necessary to achieve a complete macro- and micro-heterogeneity description of
the protein N-glycosylation [146]. Due to these challenges, N-glycoproteomic analyses were limited to de-
glycosylated peptides in the past [120, 146]. Nowadays, tremendous progress has been made in the field,
as several software tools enable the identification of intact N-glycopeptides [147, 148]. For instance, the
software glyXtoolMS, developed by Pioch et al, identifies O- and N-glycopeptides relaying on the
conserved N-glycopeptide fragmentation pattern and oxonium ions [149]. Even so, the “reconstruction”
of all protein glycoforms present in a sample remains challenging and is prone to distortion. The relatively
low accuracy of glycopeptide spectrum matching software was demonstrated by comparing the outcome
of different bioinformatics glycoproteomic analyses of blood plasma and the SARS-CoV-2 spike protein
[148, 150]. The comparison showed that a significant fraction of the data resulted in variable (likely
misinterpreted) N-glycopeptide identifications between software tools, including a considerable variability
in the number of total spectra interpreted. In addition, studies suggested that the main drawbacks in
achieving accurate results are the scoring algorithms and the settings used for the false discovery rate
(FDR) validation methods [148, 150, 151]. This strongly indicates that manual validation, specific-
N-glycopeptide searches, and searches conditional to selected oxonium ions are still necessary to check
for the reliability of gPSM produced by the software [151]. Several of these considerations were
implemented in glyXtoolMS software, making it possible to match peptide moieties more precisely,
visualize the O- or N-glycan structure and even discriminate among some isomeric structures, as
demonstrated by Hoffmann et al. [118, 149]. However, manual validation was still required for MS? spectra

that lack information for its correct interpretation, which often occurs with complex samples.

In addition, the accuracy of input elements for glycoproteomic searches influences the identification of
the intact N-glycopeptides. To maximize the yield of N-glycopeptide identifications, it is necessary to
investigate the adequate entry parameters, databases, and matching algorithms [148]. For example,
although a N-glycoproteomic search using the typical database of human blood plasma N-glycans would
generate several correct N-glycopeptide identifications [125, 137, 152], unpredictable changes in protein

sequence or N-glycan building blocks could be overlooked. In this regard, dedicated glycomic studies have
24



2. Theoretical Background

identified N-glycans modified by sulfation, acetylation, or phosphorylation and composed with glucuronic
acid in the blood plasma [29, 44, 45, 153-155]. However, these N-glycan compositions are frequently not
represented in the typical N-glycan database entry from N-glycoproteomic analysis. Different strategies,
such as diagnostic oxonium marker ions, MS? filter layouts, and searches setting a mass range to search
for unknown modifications (wildcard search) can assist in identifying rare N-glycans [75, 118, 149, 156].
Using a combination of these glycoproteomic strategies, the identification of some rare N-glycan

structures in blood plasma proteins was carried out in this thesis.

2.3. Role of N-glycosylation in normal human physiology and
pathophysiology

The analysis of site-specific N-glycosylation changes is mainly applicable in two areas. First, in the clinical
research the identification of N-glycosylation features related to health and disease (so called
“carbohydrate-based biomarkers” or its portmanteau “glycobiomarkers”) is required [35, 38-41, 157-161].
Second, in the biopharmaceutical industry, monitoring glycosylation is a critical quality attribute in batch-
to-batch production of recombinant proteins [162]. As this thesis focuses on the in-depth
N-glycoproteomic analysis of human blood plasma, the following section describes some examples of the
impact of N-glycosylation on health and disease, along with the development of treatment and diagnostic

methods.

2.3.1. Normal physiology

The N-glycosylation changes during processes in the normal physiological state [3-8]. Aging, hormonal
changes, pregnancy, and dietary habits are normal physiological processes that reflect shifts in the
N-glycosylation profile of human proteins [7, 8, 163, 164]. Knezevic et al. evaluated N-glycans released
from blood plasma protein samples from 1,914 men and women of different ages and pathophysiological
states between 2003, 2004, and 2007 [164]. They found significant N-glycosylation differences related to
gender, age, and hormonal changes, rather than pathologies. For example, reduction of antennary
fucosylated N-glycans in aging women, while an increment of these structures in men. Due to the lifespan
in which this change was observed, this difference was associated with pre- and post-menopausal stages
in women's physiology. Posterior studies on aging and N-glycosylation changes focused on
immunoglobulin G (IgG) [10, 11]. In healthy individuals, the N-glycosylation of the high-abundant blood
plasma revealed a reproducible correlation curve between the relative abundance of 1gG agalactosylated

N-glycans and chronological age. The levels of these N-glycans reduce in middle age and increase again in
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old age of life [10, 11]. This shows the benefit of a comprehensive protein site-specific N-glycosylation

analysis.

Another physiological process with a significant impact on N-glycosylation is pregnancy. Bondt et al.
performed an N-glycoproteomic analysis of IgG and IgA purified from the blood plasma of healthy women
before, during, and after pregnancy [6, 7, 165]. The results showed that, during pregnancy, there is an
increase in levels of bisected N-glycans on both IgA N-glycosylation sites (N144 and N340) and IgG (N297).
Site-specific N-glycosylation analysis showed that fucosylation decreased during pregnancy and increased
after delivery, uniquely at the N340 site in IgA. While the opposite holds true for triantennary N-glycans.
Furthermore, sialylation increases during pregnancy on both immunoglobulins but only on the N144 site
in IgA. This site is sometimes considered an analog to the 1gG N-glycosylation site N297, an effector

function modulator.

The role of N-glycosylation on the effector function of IgG has been exhaustively investigated. First, core-
fucosylation diminished binding affinity for the low affinity immunoglobulin gamma Fc receptor llla
(FcyRINIA) and lowered the antibody-dependent cellular cytotoxicity [166]. Second, terminal galactosylated
N-glycans showed an anti-inflammatory effect on women with rheumatoid arthritis during pregnancy [6].
Galactosylation was recently demonstrated to increase binding affinity for the first complement
component (C1lq) [167]. Clq is a protein complex involved in several mechanisms in the immune system,
such as the classical complement pathway activation [168], immune cells function regulation, and
recognizing self and non-self-ligands [169]. Third, agalactosylated, asialylated, and afucosylated N-glycans
of antibodies specific to the HIV virus are associated with reduced virus replication [170]. Fourth,
sialylation increased the anti-inflammatory activity of antibodies, although the Fc-mechanisms are not well

understood so far [171].

2.3.2.  Human immunoglobulin A: a potential therapeutic glycoprotein

Human IgA, investigated in this thesis (chapter 5), has enormous therapeutic potential due to its antiviral
potency, mechanisms for eliminating tumor cells, and ability to modulate inflammatory and autoimmune
diseases [172-174]. It performs a significant function in the immune mechanisms against mucosal
infections, microbiota regulation, and neonatal immunization (Figure 2.8) [175-177]. IgA is the primary
secretory immunoglobulin in the mucosa and the second most abundant immunoglobulin in the serum
[178, 179]. There are two IgA subclasses in humans, IgAl and IgA2, which (IgA1:1gA2) ratio in serum is
89:11 [178]. Both subclasses have variants with amino acid substitutions (e.g., IgA2 M319L related to
UniProtkB P01877 and PODOX2). In addition, IgA2 is expressed in three genetically controlled
polymorphisms, the allotypes m1, m2, and n [180-182]. Compared to IgA2, the amino acid sequence of
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IgA1 has an O-glycosylated hinge region that lengthens the sequence by 13 amino acids (UniProtKB
P01876) [178]. Structurally, IgA1 and IgA2 can be arranged as dimers or monomers. IgA secreted into
mucosal tissues (intestinal, nasal, and oral tissues) is dimerized using a joining-chain (J-chain) [178]. Then,
it is carried through the epithelial barriers by binding to the polymeric immunoglobulin receptor (plgR) —
this receptor is the precursor of the secretory component required to form secretory IgA [178]. In mucosal
tissues, 87% to 97% of IgA is present as a dimer [179]. In contrast, in the blood only 1% to 15% of the IgA
exists as dimer [179]. Compared to IgG, the IgA subclasses are richer in N-glycosylation sites in the Fc and
the Fab region. The two N-glycosylation sites in IgA1 are homologous to the ones in IgA2 Fc region, N144-
IgA1/N131-I1gA2 (on the Cy2 domain) and N340-1gA1/N327-1gA2m1/n (on the C-terminal tailpiece at Cy3
domain) — the IgA2m, shares no homology at the tailpiece sequence [178, 182]. IgA2 has an additional
N-glycosylation site on the Cy2 domain (N205) and a fourth site, N47, at the Cyl Fab region. A fifth
N-glycosylation site (N92) exists only in the IgA2 allotypes m2 and n on the Fab region [178, 182].

IgA displays N-glycan remodeling as an effect of physiological and pathophysiological processes [165, 183].
In contrast to I1gG, the most abundant serum IgA N-glycans in healthy donors are the mono- or di-sialylated
bisected and non-bisected di-antennary complex-type N-glycans [7, 110, 152, 184]. Core-fucosylated
sialylated complex-type N-glycans are characteristic at the tailpiece N-glycosylation site and not at the Cy2
site (N144-1gA1/N131-1gA2) [7, 110, 152]. Studies reveal that the N-glycosylation profile of IgA2 has a
higher abundance of hybrid- and oligomannose-type N-glycans than IgAl [152, 184]. A brief overlook of
the relationship between IgA effector functions and IgA N-glycosylation can be observed in Figure 2.8. A

more comprehensive description is given in chapter 5.

The presence of sulfated N-glycans in IgA and other glycoproteins has been overlooked due to its
challenging detection via established glycomic and glycoproteomic methods [185]. Recently, the detection
of sulfated N-glycans via glycomic analyses was reported; however, their location within the many IgA
N-glycosylation sites was not described [28, 44, 45, 154, 186, 187]. This was a reason to include in this
thesis corresponding investigations for the site-specific identification of IgA rare N-glycans. Chapter 5 will
focus on applying the developed in-depth N-glycoproteomic workflow to the site-specific N-glycosylation
analysis of IgA. With this, sulfated and other rare N-glycans could be considered when profiling human IgA

N-glycosylation.
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Figure 2.8. IgA functions in the immune system influenced by N-glycosylation. In the mucosa IgA N-glycosylation modulates dimer
assembly in IgA1 [188], its critical for binding to complement C3 protein[188], in addition sialylation enhances its anti-viral
neutralizing activity by binding to sialic-acid binding viruses (indicated with an asterisk *) [172]. In the blood IgA N-glycosylation
affects the serum half-life of IgA1[189]. Specifically, N-glycosylation at IgA1 Fc domains modulates the anti-inflammatory activity
[174, 184], and IgA2 N-glycosylation influences its clearance from blood[189]. Glycosylation with HexNAc sulfation is shown only
as an example of a future study aim.

2.3.3. Pathophysiology

The investigation of N-glycosylation changes concerning pathophysiological states evolved by applying
glycomic and glycoproteomic analytical techniques on longitudinal studies and model organisms [100].
CDG, autoimmune diseases, cancer, and neurodegenerative disorders are pathologies associated with
alterations of the protein N-glycosylation [190]. The “global burden of disease study” shows a dramatic
increase in the incidence rate of pathologies over the last 20 years [191-193]. Figure 2.9 displays the global

expansion of neurodegenerative disorders such as Alzheimer’s disease.
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Figure 2.9. Comparison of incidence rate in 1999 versus 2019 for Alzheimer's disease and other dementias as cause of death or
injury. All ages and both sexes are included. The circle indicates the number of new cases in Germany. Taken from the Institute for
Health Metrics and Evaluation (IHME) [192].

The sixth cause of death in the world, the “tracheal, bronchus, and lung cancer,” is also raising [194]. A
more particular case is the number of new patients with pancreatic cancer. As the map in Figure 2.10
shows, the incidence rate in Germany and Finland, from 1999 to 2019, was more prominent than in other
countries — from 18.12 and 17.01 per 100,000 in 1999 to 27.05 and 26.86 per 100,000 during 2019 in

Germany and Finland, respectively [195].
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Figure 2.10. Comparison of incidence rate in 1999 versus 2019 for pancreatic cancer as a cause of death or injury. All ages and
both sexes are included. The circle indicates the number of new cases in Germany. Taken from the IHME [195].

The rising risk of developing these non-communicable diseases and the low quality of life during disease
progression foster the research on biomarkers for early diagnostic and drugs or therapeutic methods. Non-
invasive and accessible diagnostic procedures with appropriate sensitivity and specificity at early disease
stages are rare, even for frequent diseases such as cancer, Alzheimer’s disease, and autoimmune diseases
[196-198]. In addition, the method developed in this thesis can contribute to identify protein site-specific
N-glycosylation features within the low abundant N-glycoproteome, which could be tested as potential

biomarkers helpful in clinical decision-making or could support the design of biopharmaceuticals.
2.3.3.1. Autoimmune diseases

An autoimmune disease arises when the immune system loses the ability to differentiate between self and
non-self (or foreign) antigen [199]. This ability is known as self-tolerance, and it is integrated by the central
tolerance (clearance of autoreactive lymphocytes) and peripheral tolerance (suppression of non-cleared
autoreactive lymphocytes released to tissues) [199]. These disorders are heterogeneous as they can affect
any self-antigen (cell, tissue, organ, or system). Their causes are multiple, e.g., genetic, epigenetic,
hormonal, exposure to chemicals or infections, etc. [199]. The worldwide comparison of the incidence of
an autoimmune disease such as rheumatoid arthritis is shown in Figure 2.11. The map displays an
increment in the frequency of new cases between 1999 and 2019, especially in western countries [193].

Diagnosis is complex and cannot be accomplished with a single test; for example, the AIDs diagnostic yield
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employing gene sequencing techniques is 15% using ten genes and 23% using 502 genes[200]. Several
tests are necessary for diagnosis, such as immunoglobulin and complement serum protein levels,
serological screening for antibodies against self-antigens, and, to measure disease activity, levels of
inflammatory markers (e.g., erythrocyte sedimentation rate and C-reactive protein) [201]. Thus, the
patient experiences a long diagnostic process while the disease continues to worsen [198]. Even after a

successful diagnosis, the path toward treatment is uncertain.
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Figure 2.11. Comparison of incidence rate in 1999 versus 2019 for rheumatoid arthritis as cause of death or injury. All ages and
both sexes are included. The circle indicates the number of new cases in Germany. Taken from the IHME[193].

Research is progressing to comprehend the onset and modulation of AIDs. The glycoanalytic field has
demonstrated that aberrant N-glycosylation at the IgG Fc region is associated with different autoimmune
diseases, such as rheumatoid arthritis, ulcerative colitis, multiple sclerosis, systemic lupus erythematosus,
and autoimmune thyroid disease [6, 35, 38-41, 157-159, 202]. Figure 2.12 displays the alterations of
N-glycosylation observed for each disease compared to healthy control groups [36, 37]. As explained
before (section 2.3.1.), the effector functions of IgG are modulated by N-glycosylation [6, 166-171].
Rheumatoid arthritis is probably one of the most studied AIDs in terms of the influence of alterations in
IgG N-glycosylation and disease activity. Early studies show a significant decrease in galactosylated
N-glycans of serum IgG correlating with higher disease activity symptoms [11]. Later, it was demonstrated
that a reduction in galactosylated N-glycans only from the anti-citrullinated protein antibodies (ACPA )

starts one year before diagnosis of rheumatoid arthritis [76]. The ACPA are autoantibodies (mainly 1gG1)
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commonly detected in patients with rheumatoid arthritis [76]. More studies are needed to clarify the
causality of the disease. However, the early-altered ACPA-IgG1 N-glycosylation suggests an intracellular

microenvironmental change that may play a role in the development of systemic inflammation.
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Figure 2.12. Examples about N-glycans displayed in human serum IgG in different AIDs. Arrows indicate a higher or lower value
relative to the healthy levels of the corresponding N-glycosylation feature [35-41]. Adapted from Zabczynska et al. [157].

Moreover, the pronounced incidence of rheumatoid arthritis cases during menopause was associated with
a decreased estrogen content in serum [203]. The study demonstrated that estrogen levels were related
to the abundance of galactosylated and sialylated serum IgG N-glycans and that estrogen therapy
increased the quantity of sialylated N-glycans in total serum IgG. This therapy reduced disease activity. The
anti-inflammatory effect of sialylated IgG N-glycans has been used by replacing their immunoglobulins
with intravenous immunoglobulins (IVIG) purified from healthy donors, as a therapeutic strategy in
patients with other AIDs [204]. However, the production of IVIG is donor-dependent, and the demand is
often higher than its production capacity. Other strategies are being developed to increase
immunoglobulins' production, such as recombinant production of sialylated monoclonal antibodies,

controlling the glycosylation profile required [37].

Cell surface N-glycans and the N-glycan receptors are not only involved in modulating cell proliferation,
cell differentiation, and pathogen destruction mechanisms but also in recognition mechanisms involving

self and non-self antigens [84, 205]. For example, the abundance of branched N-glycans on the CD25
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protein positively influences T cell'simmune tolerance [206]. Changes in the N-glycosylation of cell-surface
receptors on immune cells occur during AlDs in damaged tissue or infection [205]. For instance, in inflamed
rheumatic joints, the synovial fibroblast cells are observed to gain an aggressive pro-inflammatory
phenotype [202, 207]. This phenotype is described as the cell-surface N-glycans displaying less sialylated
N-glycans; the level of sialylation correlates with disease stages in rheumatoid arthritis or remission [207].
Synovial fibroblast cells support the nutrition and structure of joints in a normal physiological state [202].
Shifts in N-glycosylation of the plasma cells' surface proteins can upregulate pro-inflammatory reactions,
which are especially harmful during autoimmune diseases [205]. This demonstrates the critical role of
research about alterations of N-glycosylation and encourages including glycobiology in human medicine

and the relevance of its analysis.
2.3.3.2. Congenital disorders of glycosylation (CDG)

CDG are innate abnormalities of metabolism caused by genetic defects affecting the expression of proteins
involved in the glycosylation pathway [208]. The number of congenital disabilities has decreased in the
last 20 years [209]. However, the specific share of CDG worldwide needs to be better researched. The
prevalence of CDG in Europe was 0.1-0.5 per 100,000 by 2018 [210]. By October 2021, worldwide scientific
publications about CDG patients showed that the typical first diagnostic method is isoelectric focusing
either of serum transferrin or serum apolipoprotein C-lll [208]. This method enables the diagnostic of a
CDG type | or type Il. A transferrin type 1 pattern (reduction of tetra-sialotransferrin and augment of di-
and asialotransferrin) indicates a CDG- |, genetic defects affecting the glycan transference to the aglycone.
A type 2 pattern (increase of tri- and mono- sialotransferrin) suggests CDG type Il, disabilities affecting
glycan remodeling [208, 210]. Yet, it mainly detects N-glycosylation defects related to the absence of
N-glycosylation or sialylation, not O-glycosylation or fucosylation defects. Although, isoelectric focusing
methods using serum apolipoprotein C-lll were applied for identification of O-glycosylation defects,
glycosylation traits are only barely characterized [210]. To obtain accurate information for diagnosing a
CDG type | or type Il, it is necessary to integrate both glycomic/glycoproteomic analysis and
exome/genome sequencing, as demonstrated by Rapp and co-workers [32-34]. The most frequent CDGs
are PMM2-CDG, FKTN-CDG, EXT1/EXT2, ALG6-CDG, and PIGA-CDG [208]. The research around the diverse
CDG conditions has improved our understanding of glycosylation pathways [20, 211]. Glycobiology studies
carried out by multidisciplinary teams have also identified various glycosylation deficiencies that can be
overcome by including an oral supplement or by gene therapy and improve the life quality of the individual

[3, 212, 213].
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2.3.3.3. Cancer

Tumor tissues are initially a clustered abnormal cell growth [214]. This become malign when their
excessive proliferation invades and damages other tissues until tumor cells are released into the lymphatic
or circulatory systems and initiate a second tumor (metastasis) [214]. Current cancer diagnostics via non-
invasive methods includes positron emission tomography (PET) and X-ray. However, imaging analysis relies
on screening of the tumor size with dimension is very small at early stages of cancer [215]. In contrast,
omics analyses conducted on samples obtained by liquid biopsy (e.g., blood plasma) have been
demonstrated to achieve the high sensitivity needed for an early diagnosis [196]. Over the last years, the

FDA has approved a few tests using different omics, some based on protein biomarkers [196].

During tumor progression, the observed tissue-associated N-glycans show an increment of sialylation
(especially a2-6 sialic acid), core-fucosylation, and branching [216-218]. These patterns are related to the
activation of cell growth mechanisms for tumor progression and development, and are often named

III

“oncofetal” [219, 220]. Glycomic or glycoproteomic analysis shows promising molecular candidates [221,
222]. Kontro et al. compared pancreatic cancer patients, acute pancreatitis vs healthy controls, identifying
changes in the abundance of sialylated N-glycopeptides from acute-phase proteins (e.g., IgG, transferrin,
haptoglobin) [222]. However, the clinical experience in proteomics and glycomics or glycoproteomics
based on acute-phase proteins have shown a high risk of obtaining false positives (low specificity) [223].
Acute-phase proteins, such as IgG, transferrin, and haptoglobin, are commonly high-abundant proteins in
blood plasma [25]. The precise identification of a tissue-specific disease can improve with the low-
abundant glycoproteins. This was observed with the serological a-fetoprotein, whose fucosylation level
allows the detection of hepatocellular carcinoma [5, 13, 42]. In the blood serum of patients with

hepatocellular carcinoma, o-fetoprotein has a concentration of approximately 20 ng/mL [5]. This

demonstrates the potential of in-depth N-glycoproteomic analysis for biomarker discovery.
2.3.3.4. Alzheimer’s disease (AD)

AD starts with a combination of pathogenic factors in the brain, including neurotransmitter disruption,
accumulation of toxic aggregates of amyloid-B (af), oxidative stress, neuroinflammation, and other
aspects [224]. Interestingly, the disease starts many years before the individual manifests mild cognitive
impairment [197]. Neuropsychological tests allow a diagnostic up to eight years before disease
development [197]. Nonetheless, the study of alterations of N-glycosylation in AD can contribute to the
understanding of pathological molecular mechanisms, for example, regarding predictors of disease
worsening. A significant alteration of glycosylation in the brain with AD was shown by glycans holding the

glycoepitope HNK-1 [225]. This is a trisaccharide typically sulfated and described as SO4-3GlcAB1-3GalB1-
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4GlcNAc. The study from Garcia-Ayllon et al. implemented an antiHNK-1 monoclonal antibody to evaluate
the level of glycoproteins bearing glycans with HNK-1 [225]. A significant reduction of HNK-1-carrying
glycoproteins in AD patients was detected. In this study, it remained unclear if this glycan structure belongs
to O-glycans, N-glycans, or both. Nonetheless, this study presumed that the level of glycoproteins carrying
HNK-1 is potentially related to the abundance of B-amyloid glycoproteins and not to the expression of

glycosyltransferases involved in the synthesis of this sulfated glucuronidated trisaccharide.

N-glycan structures holding HNK-1 glycoepitope are rarely identified in blood plasma due to their minor
abundance [29, 153]. Thus, in-depth N-glycoproteomic analysis can support the identification of these rare
N-glycans in blood plasma proteins. Furthermore, N-glycoproteomic methods that detect N-glycans
carrying HNK-1 in blood plasma glycoproteins can be assessed as a non-invasive tool for monitoring the

onset and progression of neurological diseases such as AD.
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3

Materials and Methods

Information on the experimental methods applied for studies described in chapters 4 and 5 are presented

here. Please note that parts of this section are taken from the original publications Zuniga-Banuelos et al.

2023, 2025a and Zuniga-Banuelos et al. 2024, 2025b [226-229].
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Figure 3.1. Sample preparation workflow and measurement. (A)Blood plasma/serum sample. (B) Immunoaffinity depletion of top
14 high-abundant blood plasma proteins. (C) Separation of blood plasma-depleted fraction by molecular weight through the
GELFREE® system. Collection of 12 fractions. (D) Tryptic digestion via filter-aided sample preparation (FASP) (E) Glycopeptide
enrichment via cotton hydrophilic interaction liquid chromatography solid-phase extraction (HILIC-SPE). Collection of four HILIC
fractions per protein fraction (loading, wash, elution 1 and 2). (F) Data acquisition through reverse-phase liquid chromatography
electrospray ionization tandem mass spectrometry using orbitrap for precursor and fragment ions. (G) Two MS? analyses of each
glycopeptide-enriched fraction: higher-energy collision dissociation (HCD) step and low. Image created with BioRender.com
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3.1. Reagents, human blood plasma, and IgA samples

The reagents applied were MS grade or the highest purity available. Milli-Q water suitable for LC-MS
analysis was freshly obtained from a Millipore Milli-Q® Advantage A10 system (18,2 MQxcm, <5 ppb)
equipped with a LC-Pak® Polisher filter unit (#LCPAKO001) purchased from Merck Millipore (Darmstadt,
Germany). Acetonitrile (ACN, #A955-212) was purchased from Fisher Scientific (Schwerte, Germany).
Ammonium bicarbonate (ABC, #09830), 2,2,2-trifluoroethanol (TFE, #808259), potassium chloride (KCl,
#104935), potassium phosphate dibasic (K;HPO,, #104873), sodium phosphate dibasic (Na;HPO4,
#106585), formic acid (FA, #56302), DL-dithiothreitol (DTT, #D5545), iodoacetamide (IAA, #11149), calcium
chloride (CaCl,, #A4689), and sodium dodecyl sulfate (SDS, #75746) were purchased from Merck
(Darmstadt, Germany). Sodium chloride (NaCl, #P029.3) was purchased from Carl Roth (Karlsruhe,
Germany). Trifluoroacetic acid (TFA, #28904) was purchased from Fisher Scientific (Schwerte, Germany).

Sequencing grade modified trypsin was purchased from Promega (#V5111, Madison, WI, USA).

A normal human blood plasma (HBP) sample was used to develop and evaluate the in-depth
N-glycoproteomic workflow presented in chapter 4. Acquired from Affinity Biologicals, the HBP sample is
a pool of normal citrated plasma of at least 20 donors (VisuConTM-F Frozen normal control plasma,

FRNCP0105, Ancaster, ON, Canada).

Human IgA purified from normal blood serum was analyzed in chapter 5. Two commercial samples of IgA
were purchased from two suppliers. The supplier 1 was Sigma-Aldrich (14036-1MG, St. Louis, MO, USA),
and supplier 2 was Athens Research & Technology (16-16-090701, Athens, Georgia, USA).

3.2.  Workflow for in-depth N-glycoproteomic analysis

3.2.1. Depletion of the top-14 high-abundant blood plasma proteins

The steps applied in the sample preparation workflow are depicted in Figure 3.1. The top 14 high-abundant
blood plasma proteins (HAP) were depleted using single-use High Select™ Top 14 Abundant Protein
Depletion Midi Spin Columns (#A36371, Thermo Fisher Scientific, IL, USA). These top proteins included
albumin, IgA, IgM, IgD, IgE, 1gG (kappa and lambda light chains), a-1-antitrypsin, a-1-acid glycoprotein,
a-2-macroglobulin, apolipoprotein Al, fibrinogen, haptoglobin, and transferrin. Four immunoaffinity
columns were equilibrated at room temperature by end-over-end agitation at 13 rpm (MultiBio RS-24,
BIOSAN, Riga, Latvia) 1 h before sample application. Each column was loaded with 70 pL of untreated

blood plasma. The columns were incubated for 15 min with end-over-end agitation at 13 rpm. The bottom
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of the column was opened to collect the flow-through by centrifugation at 1,000 x g for 1 min (Heraeus
Multifuge X 1R centrifuge, Thermo Fisher Scientific, Osterode, Germany). This instrument was used for all
centrifugation steps. The slurry was resuspended by adding 1 mL PBS (8 g/L NaCl(g), 0.2 g/L KCl(g), 0.2 g/L
K2HPO4(aq), 1.15 g/L Na;HPOy(aq) pH adjusted to 7.4). The flow-through was recovered in the same tube by
centrifuging at 1,000 x g for 1 min. The flow-through from four columns was pooled and referred to as
“top 14-HAP depleted sample”. To avoid protein precipitation during the subsequent desalting process,
SDS detergent to a final concentration of 0.01% (v/v) was added to the top 14-HAP depleted sample. This
protein sample was concentrated ten times using a 3 kDa Amicon Ultra 15 mL device (#HUFC900396, Merck,
County Cork, Ireland) at 3,000 x g 80 min. The initial concentration of NaCl in PBS (130 mM) was reduced
to a concentration below 0.7 mM NaCl by two centrifugation steps of 3,000 x g for 60 min, adding 10 mL
water and one last centrifugation step of 3,000 x g for 30 min, adding 3 mL water. The sample volume was
reduced to approximately 400 pL using a rotational vacuum concentrator (RVC 2-33 CO plus, Christ,
Osterode am Harz, Germany) at 1 °C, 0.1 mbar, approximately 2 h. This instrument was used for all drying
steps within the sample preparation workflow. The protein sample was quantified by a Pierce™ BCA

Protein Assay Kit (#23225, Thermo Fisher Scientific, IL, USA) and stored at -80°C.

3.2.2. GELFrEE® system fractionation
3.2.2.1. Depleted blood plasma fractionation

Protein fractionation by molecular weight was conducted through an eight-channel GELFrEE® 8100
Fractionation System (GELFrEE® 8100 Fractionation System, Abcam, Cambridge, UK). The cartridge (8%
Cartridge Kit #42103, Abcam, Cambridge, UK) was prepared according to the manufacturer's instructions.
Once desalted and concentrated, an amount of 800 pg of protein from the “top 14-HAP depleted sample”
was taken for sample preparation. The taken volume was adjusted to 448 L with water. Then, GELFrEE®
acetate sample buffer (120 pL) and 32 pL of 1 M DTT(,q) were added. The sample mixture was heated at
50 °C for 10 min. The total sample volume was divided by four, loading 200 ug protein sample in each
cartridge channel (150 pL). The electrophoresis method was programmed to generate 12 fractions. The
electrophoresis loading step started at 50 V and continued for 16 min. Then, 12 fractions were collected
in the following 152.5 min. The amount of protein per fraction was determined by a Pierce™ BCA Protein

Assay (Thermo Fisher Scientific).
3.2.2.2. IgA fractionation

One cartridge (8% Cartridge Kit, #42103, Abcam, Cambridge, UK) was set on the GELFrEE® 8100

fractionation system with HEPES 1X running buffer according to the manufacturer's instructions. Four
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chambers were loaded with an IgA sample (25 puL/chamber equivalent to 25 pug of protein) in reducing and
denaturing conditions (described for sample preparation in section 3.2.2.1). The electrophoresis was
programmed to generate 12 fractions by controlling time and voltage and conducted according to the
manufacturer's instructions. The fractions were stored at -20 °C. The 12 protein fractions were screened
via SDS-PAGE 8-16% Tris-Glycine gel (Novex™ Tris-Glycine Protein Mini Gel 8-16%, XP08165BOX, Thermo
Fisher Scientific, CA, USA). The first fraction showed a protein band of around 25k Da (IgA L-fraction).
Fractions 7-9 were pooled since a band between 60 and 70 kDa was consistently observed (IgA H-fraction).

The fractions 2—-6 and 10-12 were discarded since no protein band was observed.

3.2.3. Proteolytic digestion
3.2.3.1. Blood plasma-derived samples

Tryptic digestion was performed using the FASP method [117], as described by Hoffmann et al. [118]. This
digestion protocol was applied to the fractionated top 14-HAP depleted sample, the untreated blood
plasma, and the top 14-HAP depleted sample using 60 pg of protein. For all filtration steps, 10 kDa
Nanosep® Omega filters (OD010C35, Pall®, Puerto Rico) were used. The reagents, 0.4 M DTT and 0.55 M
IAA were dissolved immediately before use in 50 mM ABC,q) buffer pH 7.8 (ABC buffer) and, then, diluted
10 times in urea buffer (8 M Urea;q) and 100 mM Tris-HCl(.q) pH 8.5) to obtain 40 mM DTT and 55 mM IAA.
The filters were shaken and centrifuged at 14,000 x g for 10 min after each washing step. From each
fraction derived from the GELFrEE®system, an amount of 60 pg of protein was loaded onto the filter and
washed twice with 200 pL urea buffer. Then, a volume of 100 uL 40 mM DTT was added and incubated for
20 min at 56 °C and 300 rpm on a ThermoMixer C (Eppendorf, Hamburg, Germany). After centrifugation
at 14,000 x g for 10 min, 100 pL of 55 mM IAA was added. The sample was incubated for 20 min in the
dark, at room temperature and 300 rpm. Once reduced and carbamidomethylated, the protein sample
was washed three times with 100 pL urea buffer and three times with 100 uL ABC buffer. Trypsin was
added at a ratio of 1:60 (mg enzyme: mg protein sample) in a final volume of 100 uL 50 mM ABC(.q) +
5% (v/v) ACN + 1 mM CaClq). The sample was incubated overnight at 37 °C and 300 rpm (incubator
Titramax 1000, Heidolph, Schwabach, Germany). The digest was recovered and collected by centrifugation
(10,000 x g for 15 min). The membrane was washed once with 50 uL of 50 mM ABCsq) + 5% (v/v) ACN and
once with 50 pL water. The flow-through was kept and combined with the digest. The digest was divided
into aliquots with 20 ug of peptides. The digests were dried using the rotational vacuum concentrator

(0.01 mbar, ca. 3 h, 1°C, parameters applied for all drying steps) and stored at -20 °C.
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3.2.3.2. IgA derived samples

The proteolytic digestion of the IgA samples and fractions was conducted as described in section 3.2.3.1.
Only half of the volume of both IgA fractions (L- and H-) was required for proteolytic digestion (the other
half was stored for future experiments). In addition, an amount of 100 pg of each IgA commercial sample
(from supplier 1 and supplier 2, separately) was digested without prior protein fractionation. The trypsin
per protein ratio and incubation conditions were described in section 3.2.3.1. The digests were dried in a

rotational vacuum concentrator and stored at -20 °C.

3.2.4. Glycopeptide enrichment
3.2.4.1. Blood plasma-derived samples

Glycopeptide enrichment via cotton-HILIC-SPE was based on a protocol from Selman et al. [124]. Cotton
tips were produced in-house by introducing a 3 mm long mercerized cotton thread at the bottom of 250 pL
Rainin tips (Pipette Tips RT LTS 250uL SX 768A/8 Mettler Toledo, CA, USA). The washing solution (85% (v/v)
ACN(aq) 0.1% (v/v) TFAsq)) and first-elution solution (78% (v/v) ACN(q) 0.1% (v/v) TFA(q) were prepared
immediately before use. For each GELFrEE fraction, an amount of 20 ug of lyophilized tryptic digest was
solubilized in 50 pL 85% (v/v) ACNq). The thread-filled tips were cleaned thrice by pipetting 100 uL water
and disposing of the volume. The tips were equilibrated by pipetting five times 100 pL washing-solution.
The peptide sample was loaded into the cotton-tips by slowly pipetting the liquid 20 times up and down.
The liquid from the loading step was discharged in a clean tube and kept (loading fraction). The tips were
washed thrice by pipetting 100 uL washing solution into a clean tube (wash fraction). The elution 1 fraction
was recovered by pipetting three times 100 pL first-elution solution into a clean tube. The elution 2
fraction was recovered by pipetting six times 100 pL H,O into a clean tube. The four fractions were dried
in a vacuum and stored at -20 °C. This Cotton-HILIC-SPE protocol was also applied to 20 pg of tryptic
peptides from the untreated blood plasma and the top 14-HAP depleted sample. The HILIC fractions were
solubilized in 20 pL 2% (v/v) ACN(q) 0.1% (v/v) TFA(q on the day of injection. Four microliters of sample
were injected per LC- MS/MS run.

3.2.4.2. 1gA derived samples

The total amount of tryptic digest from the IgA L- and H-fractions was resuspended in 20 pL 85% (v/v)
ACNaq). The tryptic peptides from the two unfractionated IgA samples (from suppliers 1 and 2) were
resuspended in 100 pL 85% (v/v) ACN(q). For each unfractionated sample, the glycopeptide enrichment

was conducted by four replicates using 20 pL of tryptic digest each time. The tryptic digest volume taken
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(20 pL) was adjusted to 50 uL with 85% (v/v) ACN.q for all cases, and the cotton-HILIC-SPE protocol
described in section 3.2.4.1. was conducted. In the end, four HILIC-fractions were collected for each case:
loading, wash, elution 1, and elution 2. Loading and wash fractions were pooled since both contain mostly
unmodified peptides. All HILIC-fractions were dried, stored at -20 °C, and resuspended in 10 pL water on
the injection day. Three microliters of sample were injected per LC-MS/MS run (described in section

3.2.6.1.).

3.2.5. Glycoproteomic analysis of human blood plasma-derived samples
3.2.5.1. nano RP-LC-ESI-OT-OT-MS/MS data-dependent acquisition

Nano-reversed-phase liquid chromatography electrospray ionization orbitrap tandem mass spectrometry
(nanoRP-LC-ESI-OT-OT-MS/MS) was performed using a Dionex UltiMate 3000 RSLChano system (UHPLC,
Thermo Fisher Scentific, Germering, Germany) coupled online to an Orbitrap Elite Hybrid lon Trap-Orbitrap
Mass Spectrometer (Thermo Fisher Scientific, Bremen, Germany). The UHPLC system was equipped with
a C18 trap column (length 2 cm, particle size 5 um, pore size 100 A, inner diameter 100 pm, Acclaim
PepMap™ 100, #164199 Thermo Fisher Scientific, Lithuania) and a C18 separation column (length 25 cm,
pore size 100 A, particle size 2 um, inner diameter 75 um, Acclaim PepMap™ RSLC nanoViper #164941,
Thermo Fisher Scientific, Lithuania). For the separation gradient, the nano pump mobile phase A (2% (v/v)
ACN(aq), 0.1% (v/v) FA(.q) and mobile phase B (80% (v/v) ACNiaq), 10% (v/Vv) TFE(q), 0.1% (v/v) FA(q) Were
controlled at a flow rate of 300 nL/min at 40 °C. Then, 5 min after the sample injection, the loading pump
mobile phase A (2% (v/v) ACN(q) 0.05% (v/v) TFA(q), flow rate 7 uL/min) switched the port valve to 1-2,
connecting trap and separation column. The following separation gradient was set: 4% B (0—-4 min); 4-35%

(4-66 min); 35-90% (6668 min); 90% (6874 min); 90—4% in (7476 min); 4% (76—100 min).

The orbitrap mass analyzer (OT-OT- MS/MS) acquired precursor and fragment ion scans. Each sample was
measured twice to obtain data on the glycopeptides fragmented at two HCD regimes: HCD.low with fixed
NCE of 20 and HCD.step with stepped NCE of 35 (width 15%, two steps), as described by Hoffmann et al.
[118]. Both data-dependent scan methods were acquired in positive mode, selecting the top 5 peaks with
10 sec dynamic exclusion, scan range 350—2000 m/z, and isolation width 4 m/z. Orbitrap mass analyzer
was used for precursor ion scan (MS?) and fragment ion scan (MS?), selecting 30,000 and 15,000 resolution

for each scan, respectively.
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3.2.5.2. Data analysis
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Figure 3.2. Human blood plasma N-glycoproteomic data analysis workflow. The intact N-glycopeptides, present in 24 glycopeptide-
enriched fractions (12 x Elution-1 + 12 x Elution-2) were analyzed by LC-MS/MS using both fragmentation energies, HCD.step and
HCD.low. (A) The spectra file acquired at each fragmentation regime was searched for N-glycopeptides using Byonic™ software.
(B) All individual searches corresponding to the same fragmentation energy were combined using Byologic™. After this step, two
large N-glycopeptide identification lists were produced: the HCD.step-HBP list and the HCD.low-HBP list. (C) The N-glycopeptides
in the HCD.step-HBP list were manually validated to confirm the peptide and N-glycan composition assigned by the software. (D)
The N-glycopeptide-identifications confirmed were imported into the HCD.low-HBP list to substitute corresponding precursor ions
potentially incorrectly identified, using their mass and retention time. (E) Features annotated in the HCD.step-HBP list were
transferred to the HCD.low-HBP list, and an additional revision for N-glycan structural evidence was conducted in the HCD.low-
HBP list. (F) A second Byonic™ search focused on the new features identified was triggered. (G) Finally, a second HCD.step-HBP list
containing corrected N-glycopeptide identifications was generated using Byologic™—image created with BioRender.com.

The HCD.step measurements of the HILIC-fractions (loading, wash, elution 1 and elution 2) derived from
the three samples, untreated blood plasma, the top 14-HAP depleted sample, and the fractionated top 14-
HAP depleted sample, were searched for proteins through the human UniprotKB/SwissProt database
(v2021-11-30, 20,306 canonical sequences) using Proteome Discoverer™ (version 2.5.0.400, Thermo
Fisher Scientific, Bremen, Germany). The parameters applied to the search engines Sequest HT and Mascot
were set as follows: full specific tryptic digestion, two missed cleavages allowed, precursor and fragment
mass tolerance: 10 ppm and 0.02 Da, respectively. Deamidation (N, Q), oxidation (M), and acetylation

(protein N-Terminus) were established as dynamic modifications, and carbamidomethylation (C) as static
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modification. The percolator algorithm was applied for peptide validation, and 1% FDR on peptide level

was used.

The workflow of glycoproteomic data analysis is depicted in Figure 3.2. The Byonic™ search engine (v4.2.10
by Protein Metrics, Cupertino, CA, USA) was used to search for N-glycopeptides in the HCD.step and
HCD.low measurements (Figure 3.2. steps Al and A2). HCD.step generates abundant peptide fragment
ions (a, b, y) and some fragments from the peptide-linked glycan moiety (Y ions). This fragmentation
energy generates the following four characteristic N-glycopeptide Y ions: (I) [MpepticetH -NHs]*, (l1)
[MpeptidetH]*, (1) [Mpeptige+H +%2X HexNAc]* and (IV) [MpeptidetH +HexNAc]* (where NH3=17.0265 Da, %X
HexNAc=83.0371 Da; and HexNAc=203.0794 Da) [118, 141-143]. The HCD.low MS? spectra are rich in
glycan fragment ions and Y ions with a more extended portion of the N-glycan attached to the peptide,
which allows N-glycan structure interpretation. The following parameters were applied in Byonic™:
specific tryptic digestion, maximum two missed cleavages, carbamidomethylation (C) as fixed peptide
modification, and oxidation (M) as common-1 modification, deamidation (N), and pyro Glu/GlIn (E) as rare-
1 dynamic modifications. Precursor and fragment mass tolerance was set to 10 ppm and 20 ppm,
respectively. The recalibration lock mass was 445.1201 m/z [230, 231]. Fragmentation-type was set to
QTOF/HCD. The human canonical proteome UniProtKB/Swiss-Prot database (20,396 reviewed sequences
downloaded in May 2021) was applied for protein identification [232]. A customized N-glycan database of
288 compositions was used for N-glycan identification [226]. During the Byonic™ search, no decoy search
was performed, and there were no cuts on protein FDR. The N-glycoproteomic analysis of untreated blood
plasma and top 14-HAP depleted sample (HCD.step acquisitions) was conducted using the same

parameters.

The database with 288 entries of N-glycan compositions resulted from combining the “182 N-glycan
Byonic™ database” with reported compositions, including multiple fucoses and compositions of
phosphorylated or sulfated N-glycans deduced through a diagnostic search [226]. The diagnostic search
focused on identifying fragment ions derived from phosphorylated or sulfated N-glycans and deducing the
composition of such N-glycans. To perform the diagnostic search, two layout filters were created in
Thermo Xcalibur Qual Browser (Version 2.2, Thermo Fisher Scientific, Bremen, Germany) software. The
layouts were applied on each HCD.step file to filter MS? spectra containing oxonium marker ions of sulfated
N-glycans HexNAc;Sulfo; [M+H]* (Supplementary Figure A.1.1 Appendix) or HexNAc;Hex;Sulfo; [M+H]* or
phosphorylated N-glycans Hex;Phospho: [M+H]* or Hex,Phospho: [M+H]* (Supplementary Figure A.1.2
Appendix). In the filtered MS? spectra, the presumable peptide mass was determined by detecting the four
characteristic Y ions (I-1V). Then, the corresponding N-glycan mass was calculated by subtracting the

peptide mass from the precursor ion mass. The sulfated and phosphorylated N-glycan compositions were
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deduced using the GlycoMod tool from expasy.org [233]. The sulfated and phosphorylated N-glycans

compositions were appended to the N-glycan database.

The search results derived from HCD.low and HCD.step acquisitions were imported into Byologic™ (v4.4-
74-g75311a1df5 x64, Protein Metrics, Cupertino, CA, USA) in two sets (Figure 3.2. steps B1 and B2). The
searches corresponding to HCD.step acquisitions generated one Byologic™ file (HCD.step-HBP), and the
ones corresponding to HCD.low acquisitions generated a second Byologic™ file (HCD.low-HBP). For
validation of N-glycopeptides identifications, a decision tree was established. Figure 3.2, in step C, refers
to the manual validation step of the N-glycopeptides detected. As HCD.step typically generates the
characteristic Y ions (I-1V), the validation was performed only on the list in the Byologic™ file HCD.step-HBP.
The validated N-glycopeptide identifications in the HCD.step-HBP list were transferred to the HCD.low-HBP
list (also a Byologic™ file) to substitute the corresponding correct precursor ion identifications in the
HCD.low-HBP list (Figure 3.2. step D). This substitution was performed using the Peptide Manager Byonic™
function. The validated N-glycopeptide identifications in the HCD.step-HBP list were exported using the
“Export in-silico to CSV” option. Then, the CSV file was imported into the HCD.low-HBP list through the
Peptide Manager “Intersect CSV” function. The parameters set for intersecting the corresponding
N-glycopeptides were precursor mass error (10 ppm) and retention time error (5 minutes). After
substituting the correct gPSMs in the HCDlow-HBP list, the N-glycopeptide identifications were manually

reviewed to annotate additional N-glycan structural information (Figure 3.2. step E).

Rare N-glycan compositions were identified during N-glycopeptide validation (Figure 3.2. step F). This
relates to three N-glycan building block (supposedly monosaccharide masses) not included in the first
N-glycan database. To find the gPSMs for such identifications, the Byonic™ wildcard search function was
applied [156]. This function allows adding a delta mass within a user-specified range. The mass ranges
searched here were: 176, 245, and 259 [+1 Da]. These ranges were narrowed to the delta masses deduced
during the validation (176.0314 Da, 245.0524 Da, and 259.0672 Da). One specific wildcard search was
applied for each delta mass to all the HCD.step files [226]. To reduce the search space, MS/MS filtering
function was used, allowing MS? spectra containing at least two of the following masses: HexNAciHex;
[M+H]*/366.1395, HexNAc: [M+H]*/204.0867, HexNAc: [M-H,0+H]*/186.0761 or NeuAc: [M-
H,0+H]*/274.0921, mass tolerance 0.02 Da. In the wildcard search, the delta mass is assigned to the glycan
modification, and not the peptide sequence by setting the parameter restrict to residues to “g” (where “g”
means glycan). For both wildcard searches, the same parameters as the first Byonic™ search were applied:
specific tryptic digestion, maximum 2 missed cleavages, carbamidomethylation (C) as fixed peptide
modification, and oxidation (M) as common-1 modification, deamidation (N) and pyro Glu/GlIn (E) as rare-

1 dynamic modifications. Precursor and fragment mass tolerance was 10 ppm and 20 ppm, respectively.
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The recalibration lock mass was 445.1201 m/z. Fragmentation-type set to “QTOF/HCD.” A shorter protein
sequence list and N-glycan composition list, including only the elements in the “True”-validated
N-glycopeptide results, were applied to speed up the search. The identifications resulting from all wildcard

searches were integrated into the list HCD.step-HBP in Byologic™ (Figure 3.2., step G).

3.2.6. Glycoproteomic analysis of human IgA samples
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Figure 3.3. Experimental design for the site-specific identification of sulfated and other rare N-glycans in IgA. (A) First approach
for the site-specific identification of sulfated N-glycans on fractionated human serum IgA. (B) Second approach via the analysis of
unfractionated human serum IgA samples. Asterisk (*) indicates the application of additional strategies that can expand the N-
glycoproteomic analysis of IgA. Nano-RP-LC-ESI-OT-OT-M/MS: Nano-reversed-phase liquid chromatography electrospray-
ionization orbitrap tandem mass spectrometric measurement for precursor and fragment ions.

3.2.6.1. nano RP-LC-ESI-OT-OT-MS/MS data-dependent acquisition

NanoRP-LC-ESI-OT-OT-MS/MS was conducted using a Dionex UltiMate 3000 RSLCnano system coupled to
an Orbitrap Eclipse Tribrid Mass Spectrometer (Thermo Fisher Scientific, Dreieich, Germany). A C18 trap
column (length 2 cm, pore size 100 A, particle size 5 um, inner diameter 100 um, Acclaim PepMap™ 100,
#164199 Thermo Fisher Scientific, Lithuania), together with a C18 separation column (length 25 cm, pore
size 100 A, inner diameter 75 um, particle size 2 pm, Acclaim PepMap™ RSLC nanoViper #164941, Thermo
Fisher Scientific, Lithuania) were used for sample separation in the UHPLC system. For the run, 3 ulL of the
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sample was injected isocratically using the loading pump (100% mobile phase A: 0.1% (v/v) FAq) and a
flow rate of 7 uL/min. Five minutes after injection, the trap column was switched in line with the
separation column. The nano pump was operated at a flow rate of 300 nL/min at 40 °C using mobile phase
A (0.1% (v/v) FA@aq) and mobile phase B (80% (v/v) ACN(q + 0.1% (v/v) FAq). The following separation
gradient was established: 5% B (0—5 min); 5-31% (5—-35 min); 31-44% (35—-40 min); 44—95% (40—-41 min);
95% (41-46 min); 95-5% (46—47 min); 5% (47—60 min). The ion source spray voltage was set to 2.55 kV,

and the temperature of the ion transfer tube was set to 275 °C.

Mass spectrometric data acquisition of precursor and fragment ion spectra was conducted with an
Orbitrap Eclipse Tribrid mass spectrometer. Resembling the MS acquisitions performed by Hoffmann et al,
our MS method applied HCD fragmentation with stepped NCE [118]. The technique was called HCD.step
(as in section 3.2.5.1.). Precursor ion scans were performed in positive ion mode using a scan range of m/z
350 to 1,500. The automatic gain control (AGC) target was set to “standard” with a resolution of 120,000
and a maximum injection time of 50 ms. The data-dependent acquisition mode was set to a 1.5 sec cycle
time between precursor spectrum acquisitions. Dynamic exclusion was set as follows: exclusion duration
to 10 sec, repeat count one, and mass tolerance of 10 ppm. Data-dependent fragment ion scans (MS?)

IM

were acquired performing HCD.step at a resolution of 60,000, scan range set to “normal” and isolation
window set to m/z 1.6. In the case of detecting sulfated N-glycopeptides, an additional HCD fragmentation
event was triggered by the detection of at least two out of the three selected oxonium marker ions
(HexNAciHex; [M+H]*/ 366.1395, HexNAc;Sulfo; [M+H]*/ 284.0435, HexNAc;Hex;Sulfo;
[M+H]*/ 446.0963) with mass accuracy of 10 ppm. HCD fragmentation with a fixed NCE of 20 “HCD.low”
was applied at a resolution of 60,000 with a scan range set to “normal” and an isolation window of m/z 1.6.
As a result of the different modified fragmentation regimes, HCD.low fragment ion scans complemented

the information content of the HCD.step spectra derived from the sulfated N-glycopeptides [118].
3.2.6.2. Data analysis on the fractionated IgA sample

Oxonium-ion guided detection of MS? spectra containing sulfated HexNAc and identification of N-glycan

compositions

The MS? spectra were screened for HexNAc-sulfated oxonium marker ions (HexNAc;Sulfo,
[M+H]*/ 284.0435 and Hex;HexNAc;Sulfo; [M+H]*/ 446.0963) using a scan filter in Thermo Xcalibur Qual
Browser software (Version 2.2, Thermo Fisher Scientific, Bremen, Germany) as described in section 3.2.5.2
and display in Supplementary Figure A.1.1 (Appendix). The mass of the sulfated N-glycan moieties was
estimated for each MS? scan by subtracting the observed peptide mass from the precursor mass. The

putative peptide mass was determined using the conserved four characteristic N-glycopeptide Y ions
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described in section 3.2.5.2. and also by Hoffmann et al. [118]. The putative peptide and N-glycan masses
list for the selected MS? spectra is presented in Supplementary Table A.2.1 (Appendix). The compositions
of the sulfated N-glycans were predicted by entering the estimated mass of the sulfated N-glycan moiety

in the open-source GlycoMod tool from Expasy.org [233].
N-Glycoproteomic and proteomic data analysis of the IgA heavy chain fraction

The first data analysis (Figure 3.3A) focused on identifying N-glycopeptides bearing sulfated N-glycans in
the HILIC-fractions derived from the IgA H-fraction (fraction showing evidence for sulfated N-glycans). The
data analysis included three steps: 1) identification of N-glycopeptides harboring sulfated N-glycans, 2)
identification of N-glycopeptides harboring common N-glycans, and 3) identification of non-glycopeptides
(proteomic search). To explain the HCD.step MS? spectra containing sulfated N-glycans, multiple
glycoproteomic analyses were performed using the Byonic™ search engine (v4.4.2 by Protein Metrics,
Cupertino, CA, USA). Supplementary Table A.2.2 (Appendix) describes the parameters for all searches
applied in the three steps. Four protein sequences were primarily used on the N-glycoproteomic searches:
IgA1l and IgA2 heavy constant chains, J-chain, and plgR. Both the proteomic and N-glycoproteomic
(“(N-glyco-)proteomic”) searches were conducted with the Byonic™ search engine. The results from the
three searches and all raw files were imported in Byologic™ (v4.6-37-gda29558119 x64, Protein Metrics,
Cupertino, CA, USA) to create one (N-glyco-)peptide identification list, which was manually validated. The
software-search parameters related to the identification of sulfated N-glycans were applied on the

subsequent analysis of IgA samples (Figure 3.3B).
3.2.6.3. Data analysis on two IgA commercial samples

The data analysis of the second approach displayed also in Figure 3.4A integrated not only information
acquired from the first approach but also from additional strategies used for expanding the elucidation of

IgA micro-heterogeneity and including other rare N-glycans (Figure 3.4.B).
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Figure 3.4. Expanding the N-glycoproteomic analysis of human serum IgA by applying multiple strategies. (A) Analysis of
unfractionated human serum IgA of two commercial suppliers where common and rare N-glycans are integrated. (B) Strategies to
determine the software search parameters for maximizing the identification of rare N-glycopeptides. Nano-RP-LC-ESI-OT-OT-
M/MS: nano-reversed phase-liquid chromatography with electrospray-ionization coupled orbitrap tandem mass spectrometric
measurement for precursor and fragment ions. gPSM: glycopeptide spectra match.

Expanding the detection of rare N-glycans and identification of N-glycan compositions

As shown in Figure 3.4B, the two strategies relying on the characteristic oxonium marker ions were
iteratively applied for the identification of new N-glycan compositions in acquired glycopeptide MS?
spectra. The HexNAc-sulfated oxonium marker ions applied here were: HexNAc:Sulfo; [M+H]*/ 284.0435
and Hex;HexNAc;Sulfo; [M+H]*/ 446.0963, while the NeuAc O-acetylated oxonium marker ions used here
were: NeuAciAci [M-H,O+H]*/ 316.1027 and HexNAci;HexiNeuAciAcy [M+H]*/ 699.2455). As mentioned
before, the first strategy is based on estimating the mass of the unknown N-glycan moiety and predict the
possible composition (based on oxonium ions observed) with the open source GlycoMod tool from
expasy.org [233]. The mass of the unknown N-glycan moieties was estimated for each MS? scan by
subtracting the observed putative peptide mass from the precursor mass. The second strategy implements
both, glycan “wildcard” search and MS/MS filter Byonic™ functions [156]. This set up selectively conducts
a glycoproteomic wildcard search on MS? spectra containing a defined set of oxonium marker ions. The
wildcard search adds masses equivalent to a specific N-glycan modification (e.g., sulfate or acetyl group

mass) to a set of common N-glycans and not to the peptide moiety.
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Another goal of this work was screening for MS? scans containing other rare N-glycans present in the IgA
samples, using the oxonium marker ions described in the next chapter (Table 4.2). As a result,
N-glycopeptides presenting the oxonium ion HexNAc;Hex;HexA; [M+H]* / 542.1716, where HexA is
typically glucuronic acid in human N-glycans, were also detected. The correct N-glycan compositions were

identified by means of the strategies presented above.
N-Glycoproteomic and proteomic data analysis

The expanded data analysis (Figure 3.4) focused on the technical replicates from the two IgA samples (two
suppliers) not fractionated by the GELFrEE® system. Both proteomic and N-glycoproteomic searches
included the LC-MS/MS raw data from all HILIC-fractions (loading + wash, elution 1, and elution 2). One
proteomic and eight glycoproteomic searches were conducted for each sample using the Byonic™ search
engine. The proteomic search was set using the human canonical proteome UniprotKB (June 2022, 20386
canonical sequences). Then, the proteomic search generated a focused protein database, applied to the
N-glycoproteomic searches. The parameters set for the (N-glyco-)proteomic searches per supplier sample
are shown in Supplementary Table A.2.3 (Appendix). There, it is also described that four dedicated
N-glycoproteomic searches supported the identification of N-glycopeptides: 1) N-glycan compositions with
common N-glycans, 2) N-glycan compositions with HexNAc sulfation, 3) N-glycans compositions with
O-acetylated sialic acid, and 4) N-glycan compositions with glucuronic acid. Four additional searches per
sample focused on the identification of N-glycopeptides from truncated variants of the IgAl- and IgA2-
tailpiece. Each dedicated N-glycoproteomic search was strictly conditionate by the presence of the
oxonium marker ion characteristic of the N-glycan composition groups searched by using the MS/MS filter
Byonic™ function. The results from the 18 searches were imported and combined in Byologic™ software,
to create one (N-glyco-)peptide identification list. All N-glycopeptide identifications with a “Byonic™ MS?
search score” above 100 were manually validated (as described in the subsequent section 4.2.2) and
considered for further analyses. The non-glycopeptide identifications with a “Byonic™ MS? search score”
above 100 were also trusted and considered for further analyses without manual validation. In this
glycoproteomic analysis, gPSM (glycopeptide-spectrum match) presenting rare N-glycan compositions

were accepted as “True” only if their corresponding oxonium marker ions were present in the MS? spectra.

To account for the instability of sulfated fragment ions and the effect of conditioning the identification of
sulfated N-glycopeptides on the detection of sulfated oxonium ions, another glycoproteomic data analysis
was performed on the MS/MS raw data of all HILIC-fractions from both samples. The analysis included
only the searches for sulfated N-glycopeptides described in Supplementary Table A.2.3 (Appendix), but
without setting HexNAc-sulfated oxonium ions (HexNAc;Sulfo; [M+H]* and Hex;HexNAc;Sulfo; [M+H]*) in

the MS/MS filter Byonic™ function. The resulting N-glycopeptide identification lists were integrated in
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Byologic™, manually validated. In this particular glycoproteomic analysis, gPSM lacking HexNAc-sulfated
oxonium marker ions but correctly matching common oxonium ions, peptide b and y ions, and the
conserved peptide fragmentation pattern were set as “True”, and considered for further comparative

analyses.
Relative quantification of (N-glyco-)proteomic data

The relative abundance of IgA1 and IgA2 was calculated for all technical replicates of the IgA samples from
both suppliers by including the LC-MS/MS raw files obtained from all HILIC-fractions. Label-free
quantification was conducted within a single proteomic analysis using Proteome Discoverer ™ (version
2.5.0.400, Thermo Fisher Scientific, Bremen, Germany). The software setup allowed the classification of
the files by the supplier and technical replicates before the analysis. The search engines Sequest HT
(Proteome Discoverer ™ 2.5.0.400, Thermo Fisher Scientific, Bremen, Germany) and Mascot (version 2.6,
Matrix Science, London, UK) were set using the human protein database SwissProt/UniprotkKB (20,315
canonical sequences, v2022-06-14), full specific tryptic digestion, two missed cleavages allowed, precursor
and fragment mass tolerance: 10 ppm and 0.02 Da respectively. The following dynamic modifications were
set: deamidation (N, Q), oxidation (M), and acetyl (protein N-Terminus). Carbamidomethylation (C) was
selected as a static modification. The algorithm percolator was applied for peptide validation, allowing
1% FDR on peptide level. Minora feature detector node, included in the processing workflow, enabled
detecting and grouping peptide signals for the HILIC-fractions that belong to each technical replicate. The
label-free quantification in the consensus workflow integrated the nodes feature mapped and precursor

ions quantifier, considering “unique+razor” peptides with all other parameters set as default.

The proteomic data derived from Proteome Discoverer ™ was processed with Microsoft Excel (2016). The
relative abundance of IgA subclasses per replicate was calculated by normalizing the integrated peak area
of each representative IgAl- or IgA2-peptide (“NFPPSQDASGDLYTTSSQLTLPATQCLAGK” or
“NFPPSQDASGDLYTTSSQLTLPATQCPDGK,” respectively) including variants due to missed cleavages and
chemical modifications by the total integrated peak area of both peptides. The values of the technical

replicates were averaged for each supplier sample.

Label-free quantification was also done on the validated (N-glyco-)peptide list from the second Byonic™
data analysis. The (N-glyco-)proteomic data combined in Byologic™ software was processed with
Microsoft Excel (Professional Plus 2021) for relative quantification of N-glycan compositions per site
(micro-heterogeneity). The (N-glyco-)peptides were classified by N-glycosylation site peptide sequence
homology within the identified IgA sequences (P01876, P01877, and PODOX2 Uniprot June 2022), and then

grouped by N-glycan compositions (neglecting differences caused by peptide modifications and missed
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cleavages). The N-glycan compositions were quantified if at least three technical replicates showed values
from valid N-glycopeptide identifications. The abundance of each N-glycan composition was normalized
by the total area under the curve (AUC) values of the extracted ion chromatograms (XIC) of all N-glycan
compositions found per the corresponding N-glycosylation site. The values of the technical replicate were

averaged for each supplier sample.
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Please note that parts of this section are taken from the original publication Zuniga-Banuelos et al. 2023

and 2025a [226, 228].
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Figure 4.1. Exploring the low-abundant blood plasma glycoproteome. The N-glycan compositions detected by the developed

in-depth N-glycoproteomic workflow are shown on the right. The dotted brown line indicates the range of proteins detected.
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4. In-depth analysis of the low-abundant N-glycoproteome of human blood plasma

4.1. Introduction

Approximately 60% of the proteins reported as secreted to blood by the Human Protein Atlas [234, 235]
are described as potentially glycosylated in the UniProtKB database [236, 237]. Growing evidence of the
contribution of glycosylation to precision medicine enables the development of advanced glycan detection
tools [238]. Further, technologies are evolving towards generating non-invasive early diagnostic platforms,
which benefit from the elucidation of site-specific N-glycan features from the low-abundant
glycoproteome. Nevertheless, advanced workflows are required first to extend the site-specific N-glycan
identification to the lower abundance ranges. Clinical studies have revealed alterations in the
N-glycosylation of human blood plasma proteins due to physiological and pathophysiological changes [6,
239, 240]. Glycoproteomic analysis via LC-MS/MS is the core technology for detecting such alterations of
the N-glycosylation in blood plasma proteins in a site-specific manner [98]. In recent years, explorative
large-scale glycopeptide-centered N-glycoproteomic studies on human plasma proteins, like IgG, enabled
the identification of glycoforms that could serve as potential biomarkers or therapeutic targets [5, 6, 241,
242]. Several examples related to serum IgG were presented in section 2.3.3.1. Due to their organ
specificity, promising blood plasma biomarker candidates are tissue-leakage proteins or signaling

molecules [5].

Nevertheless, limitations related to the analysis of blood plasma and MS-based N-glycopeptide
identification still impede the full diagnostic potential of N-glycoproteomic analyses. Firstly, the average
concentration of tissue-leakage proteins in blood plasma is 1:10°-1-107 times lower than the albumin
concentration (35-50 mg/mL), the major blood plasma protein [24]. Due to the challenging concentration
range, established workflows for blood plasma (glyco-)proteomics frequently include both a high-
abundant protein depletion step and a fractionation step either on the peptide or protein level [30, 31]. A
second constraint is that current MS-based workflows for intact N-glycopeptide identification give only a
limited description of N-glycan structural information and an incomplete deduction of the input spectra.
An example of these limitations' effect is glucuronidated N-glycans, detected in blood plasma via glycomics
experiments but not yet reported through N-glycoproteomic analysis [29, 153]. This results in differences
between glycoforms identified by glycomics and glycoproteomics analysis and points out the necessity to

improve MS-based workflows for accurately describing the N-glycoproteome [129].

As explained in chapter 2.2.4., to conduct an optimal N-glycoproteomic search on a given LC-MS/MS
dataset, the input search parameters (N-glycan list, protein list, modifications, etc.) must describe the
characteristics of the different N-glycopeptides present in the sample. Furthermore, factors that neglect

the existence of rare N-glycans (such as terminal glucuronic acid) and ignore post-glycosylational N-glycan
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modifications such as sulfation, phosphorylation, and acetylation can lead to an inaccurate and inadequate
description of the N-glycoproteome. To date, N-glycoproteomic data analyses tend to yield variable
N-glycan and glycoprotein identifications when different N-glycopeptide search strategies and
bioinformatics tools are applied and compared [148, 150]. The study from Kawahara et al. proposes that
the main bottlenecks for obtaining precise results are the scoring algorithms and validation filters for gPSM
[148]. Even though advanced FDR validation methods might improve the quality of gPSM, only a few
software programs have demonstrated more efficient FDR validation methods after a controlled search
[113, 243]. Thus, manual validation is still necessary for finding and reprocessing missed matches during

an in-depth N-glycoproteomic data analysis, as was also concluded by Lee et al. [151].

Defining the N-glycan structure is another desired but underdeveloped aspect of the N-glycoproteomic
analysis. The fragmentation of N-glycopeptides is favored by applying HCD-base methods, while for
O-glycopeptides, EThcD-based methods are more useful [136]. In addition, diverse combinations of
collisional energies used during fragmentation spectra acquisitions reflect specific advantages towards
describing a glycopeptide (see chapter 2, section 2.2.4.2.) [131, 135]. A prominent setup is the HCD spectra
acquired with a set of increasing NCE (e.g., 20, 35, and 50) [118]. As mentioned above HCD fragmentation
with stepped energy is more efficient since it simultaneously generates information corresponding to both

the peptide and N-glycan composition [118, 244].

In comparison, HCD spectra acquired at low NCE (e.g., fixed NCE 20) are rich in N-glycan structural
information [118, 139]. As described in section 2.1.2., the N-glycan structure holds isomeric glycosidic
bonds, compositions, anomeric configuration, and branches. By acquiring MS? spectra with HCD at both
NCE, the wide variety of B and Y ions supports the differentiation of isomeric N-glycan branching structures
at high confidence, as recently demonstrated by Hoffmann et al. and Shen et al. [118, 145]. Thus, it
narrows, to some extent, the possible N-glycan structures associated with a determined N-glycan
composition, for example, for distinguishing antenna or core fucose, bisecting HexNAc and diLacNAc [118].
Furthermore, detecting N-glycan structures holding post-glycosylational modifications, such as
phosphorylation and sulfation, is critical for understanding glycoprotein-receptor interactions [67, 89, 245-
249]. Detecting these rare N-glycan compositions and structures is an explorative task that can only be
accomplished by manual annotation of N-glycan fragment ions, especially oxonium ion signals

corresponding to rare or unknown N-glycan building blocks (e.g., glucuronic acid).

A preceding study in our group demonstrated the effectiveness of in-depth glycoproteomic analyses in
maximizing the site-specific structural elucidation of N-glycans [118]. Furthermore, our prior established
glycomic methods demonstrated reliability in the identification and characterization of rare N-glycans [45].

For example, the identification of a sulfated N-glycan [45], further described using a highly selective
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sulfatase [44], prompts the search for rare N-glycans in the field of N-glycoproteomics. Thus, building on
our previous work, it was integrated here a sample preparation workflow and further developed a data
analysis workflow that allows in depth N-glycoproteomic analysis of human blood plasma. The present
chapter reports the results of applying the workflow for an in-depth N-glycoproteomic analysis (depicted
in section 3.2.) on a normal human blood plasma sample. As displayed in Figure 4.1, the preparative
workflow not only enables the detection of glycoproteins within a concentration range of 7 orders of
magnitude but also well characterizes the micro-heterogeneity of their N-glycans. The intact
N-glycopeptide LC-MS/MS-based analysis, applied here, includes the acquisition of spectra using HCD.step
and HCD.low fragmentation energies, which supports the differentiation of certain isomeric N-glycan
branching structures. To conduct an in-depth exploration, manual validation was performed based on a
newly developed decision tree. After the validation, a total of 1929 N-glycopeptides was identified, some
of which bear N-glycan modifications such as sulfation and phosphorylation. Correcting invalid or partially
valid N-glycopeptide identifications by de novo N-glycan sequencing disclosed rare N-glycan building
blocks (like glucuronic acid). The insights and improvements gained will support further glycoproteomic
software development and are crucial for future N-glycoproteomic studies aiming not only to explore
biomarker candidates in human blood plasma, but also to evaluate therapeutic proteins and biological

models.

4.2. Results

During in-depth N-glycoproteomic analysis of human blood plasma proteins, one encounters two leading
causes of complexity. First, a few high-abundant proteins suppress the signal of hundreds of proteins
present at lower abundance. Second, the heterogeneous and unpredictable nature of protein
N-glycosylation requires sufficient evidence to describe the N-glycan structure and its position in a
particular protein. In this study, a sample preparation and glycoproteomic data analysis workflow were
established to reach the very low-abundant glycoproteome. Furthermore, it allowed the detection and
site-specific description of rare N-glycan compositions and the identification of structural features linked

to blood plasma glycoproteins with high confidence, as it will be substantiated in the following sections.
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4.2.1. Exploring blood plasma (glyco-)proteins at low concentration range and N-glycan

micro-heterogeneity

To evaluate the performance of the established preparative workflow for identifying middle- and low-
abundant human blood plasma proteins, proteomic data analysis was conducted using Proteome
Discoverer ™ (see section 3.2.5.2.). The sample preparation workflow is presented in Figure 3.1, and its
description is provided in Materials and Methods (chapter 3). The number of proteins identified was
compared for each step of the sample preparation workflow (acceptance criterion: 2 two unique peptides
per protein). The protein identifications were linked to the blood plasma concentrations reported in the
Plasma Proteome Database (PPD) using the visProteomics R package [25, 250]. As presented in Figure
4.2A, the concentration of most of the proteins observed by analyzing the untreated blood plasma ranges
from 1-10° down to 1-108 pg/mL. After depleting the top 14-HAP, the detected protein concentration range
was extended now from 1-10° to 3-10° pg/mL. However, by integrating top 14-HAP depletion and protein
molecular weight fractionation, the concentration range of the proteins identified could be further
extended, and the detection limit further lowered, reaching now from 1-10° down to 6-10° pg/mL.
Moreover, in a few cases detecting glycoproteins were detected at lower abundances, like the cysteine-
rich secretory protein 3 (6.31 pg/mL) [25]. The list of proteins identified after each fractionation step is
shown in Supplementary Tables A.1.1 to A.1.3 (Appendix).
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Figure 4.2. Gain achieved by applying the established sample preparation workflow. (A) Concentration range of the proteins
identified after a proteomic analysis of the sample at each step of the preparative workflow (B) Measurement of micro-
heterogeneity of glycosylation for zinc-a-2-glycoprotein (P25311) after a glycoproteomic analysis at each step of the preparative
workflow.

Compared to the analysis of untreated blood plasma or the top 14-HAP depleted sample, the established
sample preparation workflow also resulted in a significant improvement regarding the detection of more
glycoproteins, glycopeptides and the measurement of micro-heterogeneity of glycosylation as displayed
in Supplementary Figure A.1.3 (Appendix). Exemplarily, in Figure 4.2B, N-glycan compositions detected on

each specific zinc-a-2 glycoprotein site are compared at each workflow step. For instance, as Table 4.1.
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details, site N128, displayed ten times more N-glycan compositions after the top 14-HAP depletion than
the direct analysis of blood plasma. When combining top 14-HAP depletion with protein molecular-weight
fractionation, even 20 times more N-glycan compositions were achieved. Therefore, the preparative
workflow effectively boosts the detection of a large variety of N-glycans at each site. A detailed list of the
N-glycopeptides identified after each workflow step is shown in Supplementary Tables A.1.4 to A.1.6
(Appendix). An overview of the N-glycopeptide identification, after the in-depth N-glycoproteomic
analysis, is displayed in the Supplementary Figure A.1.4 (Appendix). The plot shows that the most
dominant N-glycan attached to blood plasma glycoproteins is a di-antennary complex-type N-glycan
disialylated and non-fucosylated.

Table 4.1. Micro-heterogeneity of N-glycosylation observed in zinc-a-2-glycoprotein (P25311) after each step of the sample
preparation workflow.

Step of the workflow Site Type N-glycan
112 Complex HexNAc(4)Hex(5)NeuAc(2)
Untreated blood plasma
128 Complex HexNAc(4)Hex(5)NeuAc(2)
109 Complex-Fucosylated HexNAc(4)Hex(5)Fuc(1)NeuAc(2)
Complex HexNAc(4)Hex(5)NeuAc(2)
Top 14-HAP depleted 112 Complex HexNAc(4)Hex(5)NeuAc(2)
128 Complex HexNAc(4)Hex(5)NeuAc(2)
Complex-Fucosylated HexNAc(4)Hex(5)Fuc(1)NeuAc(2)
Hybrid-Phosphorylated HexNAc(3)Hex(7)NeuAc(1)Phospho(1)

HexNAc(4)Hex(5)NeuAc(2)
HexNAc(4)Hex(5)NeuAc(2)

Complex HexNAc(4)Hex(5)
HexNAc(4)Hex(5)NeuAc(1)
HexNAc(4)Hex(4)NeuAc(1)
HexNAc(4)Hex(6)NeuAc(1)

Complex-Sulfated HexNAc(4)Hex(5)NeuAc(2)Sulfo(1)
HexNAc(5)Hex(6)NeuAc(3)
Top 14-HAP plus Complex- HexNAC(5)Hex(6)NeuAc(2)
protein molecular 128 Multiantennae

HexNAc(5)Hex(6)NeuAc(1)
HexNAc(5)Hex(6)Fuc(1)NeuAc(3)
Complex- HexNAc(5)Hex(5)Fuc(1)NeuAc(1)
MEEZ:»&EEZE_ HexNAc(5)Hex(6)Fuc(2)NeuAc(2)
HexNAc(5)Hex(7)Fuc(1)NeuAc(2)
HexNAc(5)Hex(6)Fuc(1)NeuAc(2)
HexNAc(4)Hex(5)Fuc(3)NeuAc(1)

weight fractionation

Complex-Fucosylated HexNAc(4)Hex(5)Fuc(1)NeuAc(1)
HexNAc(4)Hex(4)Fuc(1)NeuAc(2)
HexNAc(4)Hex(5)Fuc(1)NeuAc(2)
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HexNAc(4)Hex(5)Fuc(2)NeuAc(1)

Hybrid-Phosphorylated

HexNAc(3)Hex(7)NeuAc(1)Phospho(1)

Complex

HexNAc(4)Hex(5)NeuAc(2)

HexNAc(4)Hex(5)NeuAc(1)

HexNAc(4)Hex(5)Fuc(2)NeuAc(1)

112 Complex-Fucosylated
HexNAc(4)Hex(5)Fuc(1)NeuAc(2)
Complex-Sulfated HexNAc(4)Hex(5)NeuAc(2)Sulfo(1)
Complex-
Multiantennae HexNAc(5)Hex(6)NeuAc(3)
Hybrid-Phosphorylated HexNAc(3)Hex(7)NeuAc(1)Phospho(1)
HexNAc(4)Hex(5)NeuAc(2)
Complex
HexNAc(4)Hex(5)NeuAc(1)
109

HexNAc(4)Hex(5)Fuc(3)NeuAc(1)
HexNAc(4)Hex(5)Fuc(2)NeuAc(1)
HexNAc(4)Hex(5)Fuc(1)NeuAc(2)

Complex-Fucosylated

Overall, by comparing the (glyco-)proteomic results after each step of the preparative workflow, it is
evident that the preparative workflow applied is expanding the range for identification of blood plasma
(glyco-)proteins from middle to very low-concentration range and enabling a deeper description of the

micro-heterogeneity of N-glycosylation.

4.2.2. Development of a data analysis workflow for the identification of intact

N-glycopeptides

The dedicated data analysis workflow was developed and applied to validate the data generated by in-
depth N-glycoproteomic LC-MS/MS analysis (see Figure 3.2. and section 3.2.5.2.). The workflow relies on
revising two N-glycopeptide lists grouped by the fragmentation energy applied: HCD.step and HCD.low.
The first part of the workflow uses HCD.step spectra to confirm the correctness of the peptide sequence
and the N-glycan composition within the gPSM suggested by Byonic™. HCD.low fragment ion spectra are
used to verify the proposed N-glycan composition in the second part of the data analysis workflow.
Information about the N-glycan structure is manually added to clarify, for example, if fucose is linked to
the core or the antenna of an N-glycan. After acknowledging errors, such as missed N-glycan compositions,
the third part of the workflow focuses on correcting gPSM that were classified as uncertain identifications

by N-glycan de novo sequencing or performing additional glycoproteomic searches.

The first part of the data analysis workflow was conducted according to the proposed decision tree shown
in Figure 4.3A. With this decision strategy, a total of 7,867 gPSM were classified into three main categories:

“True,” “Uncertain,” and “False.” A “True” gPSM has evidence on three aspects: 1) it is an N-glycopeptide,
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2) the mass of the peptide moiety is consistent with the Y ion [Mgeptice+H]*, and 3) the oxonium ions
observed are coherent with the N-glycan composition suggested. An “Uncertain” gPSM meets the first
requirement but fails in (2) or (3) or both. A “False” gPSM does not fulfill the first requirement since it
corresponds to a non-glycosylated peptide or an O-glycopeptide. The latter is recognized by the ratio
between the intensity of HexNAc: [M-H,O+H]* and HexNAc: [M+H]* oxonium ions [118]. In an
N-glycopeptide-derived MS? spectrum (HCD.step), the intensity of HexNAc: [M+H]*/204.0867 will be
between three to ten times the intensity of HexNAc; [M-H,0+H]*/186.0761 [118]. As described in

Figure 4.3A, each main category acquires a more specific classification according to the evidence observed.

Examples with a detailed description of each subcategory are displayed in Supplementary Figures A.1.5 to
A.1.15 (Appendix). For example, the MS? spectra from a gPSM classified as “True-Evidence” contain at least
three characteristic Y ions and oxonium ions consistent with the N-glycan composition presented in the
gPSM; yet, the MS? spectra might lack peptide b and y ions. The category “Uncertain-change glycopeptide”
is also an N-glycopeptide identification; however, the mass of the characteristic Y ions disagrees with the

one expected from the gPSM suggested by the software.
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4.2.3. Validated N-glycopeptide identifications in human blood plasma

Figure 4.3B shows the results of the manual validation of the HCD.step-HBP list. The “False” cases (non-
N-glycopeptides) represent only 11% of the dataset. The results from the validation of HCD.step-HBP are
listed in Supplementary Table A.1.6 (Appendix). From the total of 7,867 gPSMs, 2263 were correct
concerning peptide and N-glycan composition (27.9% of the total gPSMs). The entire “True” gPSMs are
spread across four subcategories: 909 “True matches with outstanding evidence” (T-EQ), 773 “True
matches with evidence” (T-E), 500 “True matches with evidence and alternative identifications” (T-EA) and
81 “True matches with evidence related to other matches from the same peptide sequence” (T-EVR). One-
third of the total identifications correspond to “Uncertain-no-evidence” identifications, in which gPSM
feature MS? spectra with a poor number of fragment ions. Another 17% of all gPSMs are incorrect matches
(category “Uncertain-change N-glycan and peptide”), which MS? spectra might require different
glycoproteomic searches. Some “Uncertain-N-glycan and peptide” were corrected by comparing their MS?
spectra with the ones from “True” gPSM with similar precursor ion mass or retention time. Thus, 656
manually corrected gPSM resulted in the “Quasi-true corrected gPSM” subcategory. Other “Quasi-true”
categories, “Change glycan” and “Double site,” represent only 0.6% of the total gPSMs and are cases in
which the peptide moiety is correct, but the N-glycan cannot be confirmed. Figure 4.3C shows 942
different N-glycosites belonging to 805 human glycoproteins were found. Focusing on the different
glycoforms per glycosylation site, the total number of gPSM is condensed to 1,929 by disregarding the

peptide modifications or missed cleavages (Figure 4.3C).

4.2.4. Annotating structural features of bisecting, fucosylated, and LacNAc extended

N-glycans using HCD.low spectra

Only the 2263 “True” gPSM were applied in the second part of the workflow to annotate N-glycan
structural information in the HCD.low-HBP list (Supplementary Table A1.7 Appendix). N-glycan structural
evidence was screened in the HCD.low spectra corresponding to the validated gPSM using the N-glycan
marker ions listed in Table 4.2 [4, 118, 139, 251, 252]. This table considers Y ions in different charge states
(z=1-3*). This is the second part of the data analysis workflow depicted in Figure 3.2., which enables the
differentiation between antenna and core fucose, multi-antennary N-glycans and repeated LacNAc units,
or antenna HexNAc and bisecting HexNAc [118]. For instance, detecting the Y-ion peptide+HexNAcsHex:
ion suggests a bisecting N-glycan. In total, 16 bisected N-glycopeptides were identified in 11 glycoproteins.
Most of these bisected N-glycans are linked to the proteins IgA2 (heavy chain), 1gG1 (heavy chain), 1gG2
(heavy chain), and synaptojanin-1. In the case of a LacNAc repeat unit, the observation of the oxonium-

ion HexNAc,Hex,NeuAc; (B-ion [M+H]+/1022.3671) was detected and annotated in the HCD.low-HBP list.
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It has been reported that HexNAc;Hex,NeuAc; oxonium ion is not present in MS? spectra derived from
complex-type N-glycans fragmented at low collision energy, hence providing high specificity towards
identifying diLacNAc structures [139]. Of note, the oxonium ion HexNAc;Hex, (B-ion [M+H]+/731.2717)
was not applied because this fragment ion is also generated by complex-type and bisected N-glycans.
Therefore, the identification of non-sialylated LacNAc repeat units was not included. It was found that
apolipoprotein D harbors three different N-glycans with a sialylated LacNAc repeat unit at glycosylation
site N65, the protein with the highest frequency of this type of N-glycan. Three additional N-glycopeptides

belonging to kininogen-1, B-2-glycoprotein 1, and kallistatin were also found to have LacNAc repeat units.

Table 4.2. N-Glycan-derived marker ions. B and Y ions applied in this study

Elemental composition

N-glycan building block (dehydrated) Theoretical mass (Da) Symbol

2y HexNAc C4H5NO 83.0371 J

HexNAc C8H1305N 203.0794 [

Hex C6H1005 162.0528 @)

NeuAc C11H1708N 291.0954 ®

Fuc C6H1004 146.0579 <«

GlcA C6H806 176.0321 &
Phosphorylation H103P 79.9663 P

Sulfation 03S 79.9568 S

Structural feature Marker ion Theoretical mass [+|.|+] Symbol

Bisecting-HexNAc

Bisecting-HexNAc (core fucose)

Antenna fucose

Sialylated antenna fucose

Core fucose

Peptide-HexNAc3Hex1
Peptide-HexNAc3Hex2
Peptide-HexNAcsHexlFuc1
Peptide—HexNAcaHeszuc1
HexNAclHexlFuc1
HexNAclHexlFuclNeuAc1
Peptide-HexNAchuc1
Peptide—HexNAczFuc1
Peptide—HexNAczHexlFucl
Peptide-HexNAczHeszuc1

M tide + 771.2909
M e + 933.3438

M3 e +917.3488
M e +1079.4017

512.1974
803.2928

M ébtide + 349.1373
M ébtiqe + 552.2167

M éptide + 714.2695
M éptige + 876.3223

1

Sialylated LACNAC repeated unit HexNAc,Hex NeuAc, 1022.3671
o HexNAclHexlNeuAc2 948.3303

Two sialic acids per antenna HexNAC NeuAc, 4951821

Glucuronidated antenna HexNAc Hex HexA, 542.1716

N-glycan building block 245-Da antenna HexNAc, Hex 245, 611.1899 (observed)

N-glycan building block 259-Da antenna HexNAc Hex 259, 625.2049 (observed)
Hex,Phospho, 243.0264 or

Hexose phosphorylation Hex Phospho, 405.0793 eo-eor
Hex,Phospho, 567.1320 oo
HexNAc_Sulfo

HexNAc sulfation HexNAciSquoiHex1 iiggggg :-SI}S

*To facilitate the annotation glucuronic acid is represented as the type of hexuronic acid assumed to exist in the N-glycan.
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In the HCD.step-HBP list, 679 unique fucosylated N-glycopeptides were further reviewed for deducing the
position of fucose in the respective N-glycans (Supplementary Table A.1.6 Appendix). The presence of the
following marker ions was registered in the HCD.step and HCD.low-HBP lists: for core-fucose,
peptide+HexNAciFuc, [M+H]* (Y-ion); and for antenna fucose, HexNAc;Hex;Fuci[M+H]* (oxonium ion, B-
ion). All in all, a total of 350 unique fucosylated N-glycopeptides having MS? spectra with either a core or
an antenna fucose marker ion (Supplementary Table A.1.8 Appendix). Ambiguous cases occurred when
only one fucose was suggested in the N-glycopeptide identification and both classes of marker ions,
antenna- and core-fucose, were observed. Since fucose transfer (fucose rearrangement) in the gas phase
can occur from core to antenna, generating “false” antenna fucose marker ions [253], the N-glycopeptides,
including one fucose but presenting both antenna- and core-fucose ion were set as “core- or antenna-
fucose”. In the case of N-glycan compositions with more than one fucose showing both antenna- and core-
fucose ions, both core and antenna fucosylation were granted. Only antenna fucosylation was accepted
for N-glycopeptides where core-fucose ions were not observed, but antenna-fucose ion was detected. As
a result, 86 ambiguous core- or antenna-monofucosylated N-glycopeptides, 156 core-monofucosylated
N-glycopeptides, 47 core- and antenna-fucosylated N-glycopeptides, and 61 N-glycopeptides presenting
only one or more antenna-fucose were found. The proteins with the highest frequency on antenna-
fucosylation are zinc-a-2-glycoprotein, a-2-HS-glycoprotein, [-2-glycoprotein 1, clusterin, and

ceruloplasmin.

In Figure 4.4, all gPSM, including fucose(s) in the N-glycan composition, were plotted to investigate the
frequency of fucosylated N-glycopeptides with and without fucose marker ion evidence. Many
difucosylated gPSMs, which lack any fucose ion, were observed to present complex-type di-antennary

monosialylated or tri-antennary disialylated N-glycans.
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Figure 4.4. Evaluation of the evidence present in fucose-containing gPSMs. Distribution of all gPSMs that include fucose identified
by Byonic™ software in both HCD.step and HCD.low-HBP lists (with and without fucose ion evidence observed).
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A prominent example of difucosylated gPSMs is shown in Figure 4.5A, where no antenna-fucose oxonium
ions are observed in the annotation done by the software. By analyzing the isotopic pattern of the triply
charged precursor of this example (Figure 4.5B), it is observed an initial isotopic peak with an m/z
difference of 0.3331 concerning the monoisotopic peak assigned by the software. This presumes that the
mass of the precursor ion deduced by the software is one dalton larger than the real mass of such a
precursor ion (Am/z=0.3331, z=3, Am=0.9993 Da). Then, the mass difference between assigning 2xFucoses
instead of 1xNeuAc is one dalton (2xFucose=292.1158 Da, 1xNeuAc=291.0954 Da, A +1.0204 Da). Hence,
it was hypothesized that the software misrepresented the MS! isotopic pattern since it must start from a
previous isotopic peak (Figure 4.5D). This would explain the mass difference of one dalton, which leads to
assigning incorrectly two fucoses instead of one neuraminic acid. To confirm this, Figure 4.5C shows the
manual de novo sequencing of the N-glycan composition reflected in the HCD.low spectrum from this
precursor ion. As fucose ion evidence was not observed, neutral losses corresponding to fucose were
searched. The result shows only a delta mass corresponding to a doubly charged NeuAc and a neutral loss
from a second NeuAc at the end of the m/z range. This demonstrates that this N-glycan contains two
NeuAc instead of one NeuAc and two fucoses. Other examples in which the potential real monoisotopic
peak of the precursor ion is ignored in gPSM with multiple fucoses are shown in Supplementary Figures
A.1.16 and A.1.17 (Appendix).
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4. In-depth analysis of the low-abundant N-glycoproteome of human blood plasma

4.2.5. Detection of sulfated and phosphorylated N-glycopeptides in common human blood

plasma glycoproteins

N-Glycopeptides with sulfated and phosphorylated N-glycans are difficult to detect and locate due to their
low abundance and unstable behavior during MS analysis [29, 185]. Therefore, a dedicated diagnostic
search using Thermo Xcalibur Qual Browser was performed, as described in section 3.2.5.2. from chapter
3. Two layout-filters, shown in Supplementary Figures A.1.1 and A.1.2. (Appendix), were applied to detect
N-glycopeptides with phosphorylated and sulfated N-glycan compositions in the human blood plasma. As
a result, a collection of all possible phosphorylated and sulfated N-glycan compositions was added to the
Byonic™ N-glycan composition database. This database was then used for all N-glycopeptide searches.
Additionally, during manual validation, both the HCD.step- and HCD.low-HBP lists were revised concerning
marker ions related to sulfation or phosphorylation. The example of Figure 4.6 shows that the HCD.low
MS? spectrum of a sulfated N-glycopeptide identification contained the HexNAciHex;Sulfo; [M+H]*
oxonium marker ion, while the HCD.step MS? spectrum of the same N-glycopeptide displays the
HexNAc;Sulfo; [M+H]* oxonium marker ion. The annotation displayed by Byonic™ software is shown in
Supplementary Figure A.1.18 (Appendix). Interestingly, in none of the acquired MS? spectra, the Hex;Sulfo;
[M+H]* oxonium ion was detected. With regard to phosphorylated N-glycopeptides (Figure 4.7), the
HCD.low MS? spectrum mainly shows the HexiPhospho: [M+H]* and Hex,Phospho: [M+H]* oxonium
marker ions, while the HCD.step MS? spectra dominantly produce the Hex;Phospho; [M+H]* oxonium
marker ion. The software annotation is shown in the Supplementary Figure A.1.19 (Appendix). Among the
N-glycopeptide identifications from the HCD.step-HBP list, 65 contain sulfated N-glycans. Still, only 10 of
them contain sulfation marker ions (Supplementary Table A.1.9 Appendix). In the HCD.step-HBP list, 15
N-glycopeptides presented phosphorylated N-glycans, and in contrast to the sulfated N-glycopeptides, all
the MS? spectra contain marker ion(s) for phosphorylated hexose (Supplementary Table A.1.10 Appendix).

Figures 4.6 and 4.7 show that via de novo sequencing of the HCD.low MS? spectra, sulfation was detected
on the antenna-HexNAc, and phosphorylation after the fourth mannose of the hybrid-type N-glycan. In
the lists of validated gPSMs containing sulfation or phosphorylation (Supplementary Tables A.1.9 and
A.1.10 Appendix), it is observed that the sulfated N-glycan compositions are related to complex-type
N-glycans, while phosphorylated N-glycans are related to hybrid-type or oligomannose-type N-glycan. The
N-glycosylation micro-heterogeneity of some proteins, like ceruloplasmin, hemopexin, heparin cofactor 2,
and zinc a-2-glycoprotein, reflected several N-glycosylation sites harboring a sulfated N-glycan
(Supplementary Table A.1.9 Appendix). The proteins ceruloplasmin, hemopexin and zinc a-2-glycoprotein

also contained a higher frequency of phosphorylated N-glycans (Supplementary Table A.1.10 Appendix).
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Figure 4.6. Annotation of fragment ions released from sulfated N-glycopeptide. (A) HCD.low fragment ion spectrum showing sulfation position. (B) HCD.step fragment ion spectrum
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4. In-depth analysis of the low-abundant N-glycoproteome of human blood plasma

Glycoproteomic analysis of the untreated blood plasma did not allow the detection of phosphorylated nor
sulfated N-glycopeptides at all (Supplementary Figure A.1.20 Appendix). After analyzing the top 14-HAP
depleted sample, one sulfated N-glycan attached to N762 from ceruloplasmin and one phosphorylated
hybrid N-glycan linked to N187 of hemopexin were detected. In contrast, by combining the immunoaffinity
depletion of top 14-HAP plus the fractionation by protein molecular weight, the established sample
preparation workflow enabled the detection of phosphorylated N-glycans in 11 glycoproteins and sulfated
N-glycans in 54 glycoproteins. Moreover, it allowed the identification of a phosphorylated N-glycan in
cysteine-rich secretory protein LCCL domain-containing 1, a very-low abundant protein, whose
concentration in blood plasma reported by the Human Protein Atlas Database and Protein Abundance
Database (PaxDB) is 8.2 pg/mL and 0.033 ppm, respectively [26, 254, 255]. Even though sulfated
N-glycopeptides tend to lose the sulfated marker ions due to their lability, ten glycoproteins holding
HexNAc-sulfated N-glycans were confirmed. This demonstrates the power of the preparative workflow for

the site-specific identification of modified N-glycans.

4.2.6. Rare N-glycans in human blood plasma proteins

As displayed in Figure 4.8, three rare N-glycan building blocks with the masses 176.0314 Da, 245.0524 Da,
and 259.0672 Da were found by de novo sequencing of HCD.low MS? spectra of previously incorrect gPSM
(see section 3.2.5.2). As described in the following paragraphs, it is hypothesized that the first mass
corresponds to glucuronic acid, while the two last possibly resemble other types of acidic sugar. All the
identifications with these masses show complex di-antennary monosialylated N-glycans. While one
antenna is capped by NeuAc, the second one is capped by any rare N-glycan building blocks (Figure 4.8).
This is supported by the presence of the oxonium ions generated in each case: Hex;HexNAc;+176.0314
[M+H]*/542.1694, Hex;HexNAc1+245.0524 [M+H]*/611.1899, and Hex;HexNAc;+259.0672
[M+H]*/625.2049. Furthermore, site-specific identification of these N-glycans revealed their occupancy on

N121 from prothrombin (Supplementary Figure A.1.21 Appendix).
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MS? spectra from glycopeptide bearing typical and rare N-glycans
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Figure 4.8. Annotation of fragment ions released from typical and rare N-glycans attached to N121 (peptide GHVNITR). The rare
N-glycans appear on a gray background.

The composition of the oxonium ion Hex;HexNAc;HexA; [M+H]* (542.1716 [M+H]*) matches the observed
m/z 542.1694 [M+H]* with a mass error of -4.06 ppm. In contrast, if the existence of a methylated hexose
instead of a HexA is considered, the m/z of the oxonium ion expected would be 542.2076 [M+H]*, which
returns an error difference of 67 ppm when comparing with the observed mass. Moreover, the mass of
the elemental composition of HexA (C6H806 after water loss) is 176.0321 Da, and the observed neutral
mass is 176.0314 Da. This results in an error of -3.98 ppm between both masses, which favors the
hypothesis that hexuronic acid is the first N-glycan building block identified. Specifically, it is assumed that
the type of HexA present is GIcA since the ion HexiHexNAc:GIcA;: [M+H]* has been reported as a fragment
derived from 3-sulfonated glucuronidated N-glycans, holding the glycoepitope HNK-1, common for human

brain glycans [251]. Here, the existence of the sulfated HNK-1 glycoepitope is rejected since no fragment
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ion nor neutral loss representing GIcA sulfation was detected. To identify other proteins harboring
glucuronidated N-glycans, a new Byonic™ wildcard search was performed (as detailed in Materials and
Methods). As a result, ten glucuronidated N-glycopeptides derived from B-2-glycoprotein 1, a-2-HS-
glycoprotein, kallikrein, histidine-rich glycoprotein, prothrombin, hemopexin, and complement factor H
were identified (Supplementary Table A.1.11 Appendix). No glucuronidated N-glycopeptides were
detected by analyzing the untreated human blood plasma (Supplementary Figure A.1.20 Appendix). After
analyzing the top 14 HAP-depleted samples only the N-glycosylation site N453 from hemopexin was found
to harbor a glucuronidated complex N-glycan. These comparisons demonstrate that the here established

sample preparation workflow supports identifying considerably rare N-glycopeptides.

The terminal N-glycan building blocks 245.0524 and 259.0672 Da have not been described so far. Assuming
that these molecules might be a variant of sialic acid (the typical capping sugar), the molecules were
searched in PubChem, proposing their hydrated masses (263.20 and 277.23 Da, respectively). The
candidates with the highest similarity to Neu5Ac (C11H19NO9, 309.27 Da [256]) were selected and
submitted to CFM-ID 4.0, an online tool to predict fragment ion spectra [257]. The software predicted the
fragment ion spectrum using NCE 10 and 20 V (NCE 20 V applied here for HCD.low measurements). After
comparing the predicted and the average observed fragment ions, the two candidate molecules shown in
Supplementary Figure A.1.21 (Appendix) were selected. The first candidate (C9H13NOS8, 263.0641 Da
[258]) theoretically generates the B ions 246.0608 [M+H]* and 228.0503 [M+H-H,0]*, which are also
observed in the MS? spectra that contains the building block “245 Da” (oxonium ions 246.0596 and
228.0490 [M+H]*). This results in an error of -4.99 ppm and -5.53 ppm, respectively. The second candidate
(C10H15N08, 277.0798 Da [259]) produces the oxonium ions 260.0765 [M+H]* and 242.0659 [M+H-H,0]".
These B ions are observed in the MS? spectra where the mass “259 Da” is present (oxonium ions 260.0755
and 242.0643 [M+H]*). Comparing the error between the theoretical and observed fragment ions m/z for
the second candidate, the error results in -3.77 ppm and -6.65 ppm, respectively. The low error supports
the hypothesis that the N-glycan building blocks found might be two molecules similar to NeuAc, such as
the ones presented in Supplementary Figure A.1.22 (in Appendix, molecules drawn in PubChem Sketcher
[260]). Both N-glycan building blocks were only found on N121 of prothrombin (Supplementary Figure
A.1.21 and Supplementary Table A.1.12 Appendix) and have not been reported in this nor other proteins

before.

During manual annotation of N-glycan structural features in the HCD.low-HBP list, disialo-antennary
N-glycan structures were found, as shown in Figure 4.9. The surprising presence of one antenna holding
two sialic acids was evident by the B ion HexNAciHexiNeuAc, [M+H]*/948.3303. Typically, sialic acid is
linked to galactose, while the second sialic acid might be linked to this first sialic acid or the antenna-
HexNAc. In order to describe this disialo-antennary structure, the MS? HCD.low spectra from two
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N-glycopeptides, corresponding to N762 ceruloplasmin and N65 apolipoprotein D, were de novo
sequenced. In both MS? spectra, the linkage of sialic acid to the HexNAc is demonstrated by the presence
of the peptide-HexNAcsHexsNeuAc; or the peptide-HexNAcsHexsNeuAc, fragment ions ([M+H]** or
[M+H]?*). In addition, the fragment ion spectra from apolipoprotein D show the oxonium marker ion
HexNAci:NeuAc; [M+H]*, supporting the existence of the unexpected HexNAc-NeuAc linkage. Ten proteins
presented a disialo-antennary N-glycan structure, including ceruloplasmin, a-1-antichymotripsin,
apolipoprotein D, and B-2-glycoprotein 1. All the N-glycopeptides presenting disialo-antennary N-glycans
have the compositions: HexNAc(5)Hex(6)NeuAc(3) or HexNAc(5)Hex(6)Fuc(1)NeuAc(3).

Interestingly, Figure 4.9 also includes the N-glycan structure of a disialo-antennary N-glycan attached to B-
2-glycoprotein 1. This N-glycopeptide not only shows one disialo-antenna but also a LacNAc repeat unit
on the other antenna. The oxonium mentioned above marker ions are absent in the HCD.step fragment
ion spectra annotated by the software and displayed in Supplementary Figure A.1.23 (Appendix). This
demonstrates that only by including HCD.low fragmentation more N-glycan features are collected to

detect relevant glycoepitopes.

73



4.

In-depth analysis of the low-abundant N-glycoproteome of human blood plasma

8000

»
°
wn C
So geg
© [CE=ERs]
N4 >=0T 22 g
Zo 0 5 oY
9 Q90 g 2 4
o SRR o2
< ECC © o X
- 252 E55%
® & > G =
oom 4 2>5 >510v 2
ool om 5 sPzawed
© *0 vEQ T L 5o
om o @ aro FI 22
Qﬂ & - _ A A ] m
,ﬁ T Q/ﬁ @ e
M 1 o
o -8
3 3 5 SEEE——— roweoser —— O
8 8 :
g S s [ N 2
2 —» S9EE'896T L
a 2 P " S » 9STZ'TI6T{ S
o a 2 FS
T [} < -
o o X o c
g =E] 5= §
< 23 MNVllﬁlllv 81TE 88T — 2
4
g — e - TSI o 1892°8T8T < ©
3 5] onm— 1 S
@ ]
Te62°€28T o =
L8 1 S - - - —"  EpOT'S9LT
g I
_ - == zarzo8LT
I|m/. IS —» B00LLELE
- -\ 9.52°2rLT — L
@ evLL08LT . =
© o - eeRT I o . ] o o - TW9VEITH o
1 8 - esrzsosr— S riy o - ]
S & o 6T9T'8Y9T
* fa) -
— ) [=
‘o " yovooreT o Ol"Vl-ﬁu - = oreL0v9T *C 18
= . o A _ . TZy9ZesT —
L w L m
=t "V.lﬁl
G8£9'GLST — S~ ~ 1
o 9002°68ST °
-~ zvesessT— -~ + 6662TEST ——] ) @ - 0809TOSH 3
- o o ¢ -
@ 48 =
o R e RS e rzeto LT 4 = mmmmmmwm.wmii
———— - ££855VT —| o
6022 VEVT ) @ - - - - 9.000T+ Q
o ]9 9 -
- i
O EEE - > £880°€6ET— == zrozoger — & 9590'95€T
SSYO9LET
7 -~~~ — > 6265°SSET M., VSE06IET————— o
" 68V LEET—] LS
— Q X o
I"W-.I\ﬁn ||||| > SRoEErTL S : MNVIHQJ oo Nﬁwmﬁoo.mmﬂ +3 -
< emm{® -F------- he 33 l”l-m. - — - PTISYSETH
‘“”VI-D. -~ — — > PLYS'8SZT— -
@ 1=
LS
S mEE-------- > e88s VT | S oy eTi o
FRQ FQ 8LLY'ELTT ——
1 Sopmm@ - -
[ T = BETSTOTT — =
0‘=|E| ||||| > 298Y'62TT @ — . 69Z8'9ETT — S
o | 4 -
s 3 - »oTrseTIT — Q Jwzstsor] =
4 =@ = S N
N £
7 I"V-ﬁu __. oetgecor4 E SOMOM E89E20T] o
18 18 QSEBE- - - - T606066 75
E S
-y - - - - - > vZZrL96 SO Scesre
an STEE'8Y6 —] 2“ [EE]
1o
- g FO
000 = o YOO 9eeeess I &
WEOOC 882€'868 § szeeees | §
B - - - vessses
@ - - 199888
_ SO £287618
SOMO) 5262618 + SOMO T8 o o OO \m
o e < r8 I3)
N 1 N N 0C 6,92 TEL
R A BE - - SToETRL 3 ooum .
Pl OOEM £0:2TEL Q OOMM 2892 1EL ® - - sEwe | g
™ L8 o LS o ~
© ~ N ~ < otezise
< v o ~ ™
o 5282259 = SE£2°259 Q om
o & ool T & ol & °
g E 1S E lg = K
s W GW _nl.._ © QAJ m 4
w o 4 v
3 2 OEmm vviTess mw £ W m
39 ;‘ ) o 9 - ) &5 2 5681'825 —]
E oom weress - & @ OOM Te6T82s | Q9 o
g a 1o o Qo A LS
= — 6T8T'S6Y — BL — re o2 I3
Qo T 0 © m ™ B
T 5 \ fack P ey
L < @O ovstrsy 4 I & @O sestvsy o @O gzsTrsy
= 5 o > a S
] L9
&= g8 =2 lg T2 ]
) Ses Y 5@ 2LET'998
o x 8.ET°99€ & X veeT9ee S % on
£8 on st Om 52
o T m T m. T
L= = =
o |ga @ lg 90 . L8
s 2 @ crorze E %IM g @ ototTee 8 52 @ 6001262 ™
8> Q, zT60VLZ 5 8= vieovie iy ANn Q, €060°7.2
3 23 ER 1 %% e
23 3z ¢ 1o 8% s
S c M sssovoz = W rosovoe — 18 @ ¢ W £S80V0C ————+ o
£ g 2 . 0020087 = NE 8§ 2 » 600 4N £ @ = > LpL0'98T 4 N
g > ev90'gor — B > F 0590'89T —— U > ‘H 590897 —
o u o % = o® 508
e | et 3 ]
&= 6£50°8ET &= LvSO°'BET g2 ZvS0'8ET
= o =)
= . . . . S
o o o o o o o (== o o o o o
8 8 <] 8 2 g 3 S =] S S
@ 53 39 N < = ) =3 Q I Q
Ansua o - - 3 % & 1
Hsusl Ausuaiuj
Aisuayu|

MO| @DH @ ulaioJoddijody

MO| @DH ulwsejdojnia)

MO| DH T ul9104d02A|3-z-e199

Figure 4.9. N-Glycan de novo sequencing of N-glycopeptides with disialo-antennary N-glycan structure confirming HexNAc-NeuAc linkage.
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4. In-depth analysis of the low-abundant N-glycoproteome of human blood plasma

4.3. Discussion

This part of the thesis describes the established and implemented a workflow for sample preparation and
data analysis to conduct an in-depth analysis of the blood plasma intact N-glycopeptides. The internal
steps in the workflows are connected as follows: 1) conducting blood plasma top 14-HAP depletion
followed by a fractionation based on protein molecular weight, tryptic digestion and intact glycopeptide
enrichment, 2) measuring glycopeptide enriched fractions twice by nanoLC-ESI OT-OT MS/MS HCD.low
and HCD.step fragmentation methods, 3) searching for N-glycopeptides using software, 4) manually
validating N-glycopeptides using the newly developed decision tree, 5) manually annotating structural
N-glycan features using HCD.low fragment ion spectra and 6) conducting particular glycoproteomic

searches to incorporate missed rare N-glycan compositions.

4.3.1. Gain of the developed in-depth N-glycoproteomic analysis on human blood plasma

The main achievement of this in-depth analysis is the capacity to delve even deeper into the N-glycan
micro-heterogeneity along with a significantly extended protein concentration range (10°-10° pg/mL).
Even reaching the detection of low-abundant glycans like phosphorylated N-glycans in very low-abundant
proteins such as cysteine-rich secretory protein LCCL domain-containing 1 (8.2 pg/mL) [254, 255]. Another
example is the reliable identification of sulfated N-glycans in middle-abundant proteins (e.g., extracellular
matrix protein 1, 0.78 pg/mL [25]) through the detection of sulfated fragment ions, typically hard-to-
acquire [185].The manual validation of all unique N-glycopeptide identifications, computed by Byonic™,
led to the detection of glucuronidated and other rare N-glycans attached to blood plasma proteins
expressed in the liver. Finally, the manual annotation of N-glycan structural features revealed the
advantages of HCD.low spectra for recognizing relevant structures or glycoepitopes. After searching
through GlyCosmos, UniCarb, and GlyConnect databases [261-263], it was concluded that there is not yet
a site-specific description of the glycoproteins harboring some of the sulfated, phosphorylated,
glucuronidated, and disialylated-antenna N-glycan structures as identified in our study (Supplementary
Tables A.1.13 and A.1.14 Appendix) [154, 264-267]. Then, by performing a proteomic analysis on all
fractions after N-glycopeptide enrichment (FDR <1%), it was demonstrated an expanded detection limit of
blood plasma proteins within a concentration range from 1-10° down to 1-10° pg/mL. This evaluation not
only demonstrates that our workflow is comparable to other in-depth proteomic workflows [111, 113] but
also that it has significant advantages for glycoproteomics in blood plasma. In contrast, the study from
Wessels et al. presented a strategy for diagnosing congenital disorders of glycosylation (CDG) via the direct
glycoproteomic analysis of untreated blood plasma [268]. Their method resulted in the site-specific profile

of 34 proteins, which satisfied the evaluation of the CDG cases selected. Our workflow offers an alternative
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for evaluating site-specific profiles of low-abundant proteins and other N-glycan types, like rare N-glycan
structures that might be involved in different CDGs. So far, structural N-glycan details require glycomics or
exoglycosidases and lectins. However, here it was shown a new avenue for moving towards structural
glycoproteomics. This study aimed to address the limitations and pitfalls caused by the blind spots existing
during an N-glycoproteomic analysis. By acknowledging these aspects, glycoproteomic bioinformatics

tools can be refined to obtain more accurate and comprehensive results.

4.3.2. Comparison of the performance of this workflow to other studies

Recently, many studies revealed substantial information about the blood plasma N-glycoproteome based
on the analysis of intact N-glycopeptides [111-113]. These analyses not only applied multi-step sample
preparation workflows but also powerful bioinformatics tools. The most extensive study was performed
by Shu et al, achieving the identification of 1,036 N-glycosites containing 738 N-glycans, resulting in 22,677
unique N-glycopeptides derived from 526 glycoproteins using pMatchGlyco software (FDR 1%) [111]. Our
study obtained 7,867 N-glycopeptide identifications (no decoys, no cuts on FDR), from which 1,929 were
manually validated as “True” identifications, revealing 942 different N-glycosites and 805 human
glycoproteins. The higher number of N-glycopeptide identifications of Shu et al. might result from a library
of de-N-glycosylated peptide identifications created by cumulative searches, including semi-tryptic
digestion and 16 variable peptide modifications. In addition, they explored atypical N-glycosylation
consensus sequences (N-X-S/T/V/C, X£P) and an extensive N-glycan database (739 N-glycans). In contrast,
our study resulted from one standard search applying full specific tryptic digestion, four variable peptide
modifications, common N-glycosylation consensus sequence (N-X-S/T, X#P), and 288 N-glycan
compositions. Shu et al. used a pooled serum sample from 50 healthy individuals, compared to the normal
control plasma from VisuConTM-F (20 donor plasma pool) used in this project. The higher number of
donors might increase the chance of accumulating the proteins secreted in blood plasma in different
abundances. Additionally, the authors included the high-abundant protein-depleted fraction in their study.
In comparison, the analysis conducted here resulted from one blood plasma sample from which the top
14 high-abundant proteins were depleted and later discarded using a single-use immunoaffinity column.
Analysis of the high-abundant protein fraction was not in the scope of our study since N-glycosylation of
these proteins is well studied. Another important limitation in the here developed study was the relatively
long measurement time of the instrument used for acquiring data (Orbitrap Elite-Velos, scan speed 4 Hz),
compared to Orbitrap Q Exactive mass spectrometer (with three times faster scan speed of 12 Hz) used by
Shu et al. The significant difference between the performance of both instruments was demonstrated by

Sun et al. [133].
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Software and parameters for the search are other factors that can lead to different results regarding the
interpretation of N-glycopeptides. This is shown in the study from Kawahara et al., where two
glycoproteomic spectra files derived from human serum were provided to 22 expert groups in
glycoproteomics to evaluate the impact of applying different bioinformatics strategies on the identification
of intact O- and N-glycopeptides [148]. The results showed an enormous variability of glycopeptide
identifications, glycoproteins, and glycan compositions. The study attributed this inconsistency mainly to
the filters applied after the search, such as score threshold or FDR cut. Here, it was excluded a post-search
filter interference by disallowing decoys and FDR cuts. Instead, a manual validation after the
N-glycopeptide search was conducted, acknowledging that this approach could result in incorrect

identifications.

Nevertheless, the scope of the study conducted here was to identify hitches and opportunities given during
intact N-glycopeptide analysis, especially for incorrect N-glycopeptide identifications with high quality-
score and ambiguous gPSM. All the identifications were manually scrutinized, evidence supporting the
trueness of the identification was annotated, and incorrect matches were revised. Thus, a validation
subcategory related to the variability observed by Kawahara et al. was the “True evidence with
alternatives” subcategory. This subcategory lists N-glycopeptides whose alternative peptide matches are
named in the column “comments” of the table HCD.step-HBP list in Supplementary Table A.1.6 (Appendix).
In the dataset generated in this study, 35% of the “True” N-glycopeptides are classified within this
subcategory, and two common features were observed: 1) a low number of b and y ions in the MS? spectra
and 2) a low abundance of these observed proteins in blood plasma. The first issue relates to low MS?
spectra quality, associated with several factors such as precursor ions with poor ionization efficiency,
fragment ion losses, and low-abundant precursor ions. The second issue depends on the protein
concentration distribution of the sample, where low-abundant proteins are reflected as low-abundant
precursor ions in the final spectra. Regarding the second feature, Kreimer et al. propose implementing
algorithms designed for smart selection and acquisition of the typically suppressed precursor ions to
reduce the proportion of spectra with poor-quality [269]. Then, these algorithms would reduce the
proportion of spectra that lead to the variability of glycopeptide identifications by improving spectra

quality during the MS/MS measurement.

4.3.3. Observations on the validation of N-glycopeptides with multiple fucoses

Another source of variability among glycoproteomic analyses is fucosylation. After manual validation, a
high frequency of identifications presenting multiple fucose moieties without any fucose-related fragment
ion was observed. The occurrence is more elevated in di- tri- or tetra-antennary N-glycopeptides with an

incomplete number of capping sialic acid in the antennae. Kawahara et al. reported a similar observation,
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where the high frequency of N-glycopeptide identifications with multiple fucose moieties, reported by
many participants, did not correlate with the results obtained from typical N-glycomic analysis of human
blood plasma. It was observed that an incorrect detection of the isotopic pattern for the corresponding
precursor ion causes the assignment of multiple fucose moieties instead of one sialic acid. Lee et al. also
observed this problem and reported that it might be influenced by the precursor-picking default settings
[151]. Hence, special attention must be given to this phenomenon since this problem could also induce
the incorrect assignation of other not fucose-related quasi-isobaric N-glycan masses, such as
HexNAc(5)Hex(6)Fuc(1)NeuAc(3) / 3007.0580 Da and HexNAc(7)Hex(6)NeuGce(2) / 3008.0532 Da.

Determination of the fucose position on the N-glycan is an additional difficulty when deciphering the
structure of a fucosylated N-glycan. Hexose rearrangement is a reaction often found in MS where an
internal hexose migrates to a different position within the N-glycan, producing “false” N-glycan structures
[270]. Fucose rearrangement occurs in the gas phase, resulting in a fucose transfer between two antennae
or between core and — most likely — a6-Man-linked antenna (due to its flexibility) [253]. Consequently, this
reaction generates misleading fragment ions such as HexNAc;Hex;Fuc; in the MS? HCD.step spectra of only
core fucosylated N-glycopeptides. Acs et al. showed that core-fucose linkage is robust at high NCE
energies. However, Acs et al. and Wuhrer et al., also acknowledge that a transfer of fucose from the
antenna to the core can be induced since they observed the Y ion (peptide-HexNAc,HexsFuc; [M+H]*). In
the study developed here, that Y ion was not used for confirming core fucosylation but primarily the
peptide-HexNAc;Fuc; [M+H]*Y ion. Diverse studies reported that core and antenna fucose-linkage stability
improves by using NCE 20 instead of higher collisional energies, even though fragments from fucose
rearrangement might still be produced in lower abundance [118, 271]. On the one hand, in agreement
with these studies, it was observed the ambiguous generation of fucose fragment ions, e.g., the detection
of both peptide+HexNAc;Fuc; (Y-ion) and HexNAciHex;:Fuc; [M+H]* in the MS? spectra of monofucosylated
N-glycopeptides. It is assumed that core fucosylation would most likely lead to the generation of an
antenna-marker ion (instead of the opposite rearrangement). On the other hand, the adequate
chromatographic separation of antenna fucosylated and core-fucosylated labeled N-glycans on a C18
column, while it has been demonstrated [272], might not be achieved for all the glycopeptides in a complex
sample [128, 273], such as blood plasma, and the overlap of structural isomers can occur. Therefore,
coelution of isomers (antenna- and core-fucosylated peptides) cannot be ruled out as a possible situation
explaining the presence of both ions. Thus, the monofucosylated gPSMs showcasing both ions were

categorized as “core- or antenna-fucosylation”.

With regard to the reliability of the described multiple-fucosylated N-glycan structures, it is necessary to

check many details, such as Y ions, neutral losses, and the MS? isotopic pattern distribution, using the
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spectra acquired at low collisional energies. For this, manual annotation is possible but inefficient if the

validation involves an increased number of gPSMs containing fucosylated N-glycans.

4.3.4. Relevance of N-glycan structure elucidation

Over the last few years, particular emphasis has been given towards describing N-glycan structural
information and their localization within the protein [129]. Even though glycomic analysis has successfully
added to the description of structural groups in N-glycans (diLacNAc unit, sialyl Lewis X, phosphorylation,
etc.), only MS allows to determine the original position of such N-glycans precisely. Intending to integrate
N-glycan structural information using MS, Shen et al. conducted an N-glycoproteomic analysis of mouse
brain tissue using the new software “StrucGP”. By acquiring and combining two complementary
fragmentation energies (HCD.low for glycan and HCD.step for peptide moiety), this software could
interpret N-glycan structural groups on intact N-glycopeptides [145]. Similarly, information from two MS?
analyses (HCD.step and HCD.low) was coupled and manually annotated the oxonium marker ions that
support identifying special N-glycan structural features and modifications, as previously described by our
group [118]. From observing fragment ions, N-glycan isoforms such as bisecting N-glycans and repeated
LacNAc structure were identified. These identifications were searched in GlyConnect to identify their
corresponding reported information [262, 264]. The bisecting N-glycans observed in immunoglobulins
proteins and plasma protease C1 inhibitors agree with information reported in GlyConnect [262, 264].
However, no reports were found for the rest of the identified N-glycopeptides with bisecting GIcNAc
(Supplementary Table A.1.14 Appendix). Even though the N-glycosylation sites harboring LacNAc structure
have been reported in terms of N-glycan composition, evidence of sialylated diLacNAc structure was not
described before for the N-glycosylation sites identified in this work. In addition, an interesting disialo-
antennary N-glycan was observed in the N253 of B-2-glycoprotein 1. A similar N-glycan is reported for the
site N162 of this protein [264].

The disialylated-antenna structure found in our study might resemble the epitope disialyl Lewis C
NeuAca2-3GalB1-3(NeuAca2-6)GIcNAc, reported in a-2-HS-glycoprotein from bos taurus [274]. More
experiments are necessary to achieve sialic acid linkage elucidation. Based on previous reports, sialic acid
linkage (a2,3 and a2,6) determination, on intact glycopeptides, can be not only achieved through ion
mobility [275, 276], but also by triggering MS® fragmentation of the HexNAciHex;NeuAc; oxonium ion
[277, 278]. Hence, integrating MS? fragmentation of the HexNAciHexiNeuAc; and HexNAciHexiNeuAc;
oxonium ions, as part of the LC-MS/MS method, can support the structural description of this rare
N-glycan, to a certain extent. Saraswat et al. also identified sialic acid linkage to a HexNAc in an N-glycan
attached to clusterin protein [112]. At the same time, they also found nine other proteins presenting

N-glycans with linkage between two sialic acids. However, no N-glycosylation sites were in common
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between Saraswat et al. and this study. Only the protein a-1-antichymotrypsin was identified in both
studies with a disialylated antennary group in different N-glycosites [112]. The NeuAca2-3Galf1-
3(NeuAca2-6)GIcNAc epitope was also identified in isolated proteins (transferrin, o-1-antitrypsin,
Immunoglobulin G and a-1-acid glycoprotein) and the serum N-glycome from a patient with an atypical
neurological phenotype and liver adenomatosis, by Sturiale et al. [4]. The production of GIcNAc-NeuAc
linkage in human N-glycans has been studied previously [279, 280]. Although a recent study proposes that
NeuAc rearrangement at low NCE energies generates low levels of GIcNAc-NeuAc oxonium ion, additional
ions can support the presence of the here observed disialo-antennary glycoepitope [281]. However, our
work proposes the existence of this disialo-antennary N-glycan in the low-abundant normal blood plasma

N-glycoproteome, providing evidence from oxonium ions but also from Y ions.

4.3.5. Identification of glycopeptides bearing sulfated and phosphorylated N-glycans

Sulfation and phosphorylation are two post-glycosylational modifications that add a negative charge to
the N-glycan. The N-glycopeptides holding this type of glycan modifications (as well as sialylated N-glycans)
are better detected by methods that enrich anionic molecules [155, 282]. Nevertheless, the study
developed hereby showed that, while none of these modified N-glycopeptides were detected via the
analysis of the untreated human blood plasma, their detection is possible after applying a multi-step
sample preparation workflow. N-Glycopeptides featuring sulfated and phosphorylated N-glycans were
detected for proteins with reported concentrations ranging from 4.17-10% down to 1.55-10° pg/mL (PPD,
plasma proteome database) [25]. Results show that sulfated N-glycopeptides are more frequently present
than phosphorylated N-glycopeptides. However, N-glycopeptide identifications holding phosphorylated
N-glycans always showed corresponding oxonium marker ions —which was not the case for sulfated
N-glycopeptides. It seems that phosphate-containing fragment ions are more stable than sulfate-
containing fragment ions. This observation is in agreement with Zhang et al., who found that the
abundance of Hex;Phospho; [M-H,O0+H]* oxonium ions was higher than Hex;Sulfo; [M+H]" using low
fragmentation energy [283]. From the sulfated N-glycopeptide identifications observed, only 17% showed
the oxonium ion HexNAc:Sulfo; [M+H]* within their MS? spectra, probably due to the short lifetime of
sulfated fragment ions in MS analysis [185]. Recent glycomic work of our group confirmed the presence of
HexNAc sulfation in N-glycans released from a human serum immunoglobulin A (IgA) [44, 45]. Cajic et al.
established a versatile glycomic workflow that enables the isolation of any N-glycan of interest via HILIC-
HPLC-FLD (by means of a removable fluorescent dye), followed by multiple analysis (MALDI-TOF-MS and
XCGE-LIF) [45]. Employing this glycomic workflow, Cajic et al. identified a sulfated N-glycan released from
human serum IgA, for which Chuzel et al. further determined the presence of GIcNAc-6-5S04 using a highly

specific sulfatase found via functional metagenomics [44].

80



4. In-depth analysis of the low-abundant N-glycoproteome of human blood plasma

Spurious sulfated N-glycopeptide identifications might be caused by the assignation of sulfation plus two
HexNAc instead of three Hexoses (Hex3=486.1585 Da and HexNAc,Sulfo;=486.1156 Da). Shu et al. detected
phosphorylated and sulfated N-glycans in many blood plasma proteins, including some also found here. In
contrast to our studies, all the sulfated N-glycans identified in their study show hexose sulfation instead of
a HexNAc sulfation [111]. A previous study showed that N-glycans holding a sulfated-galactose (like Gal-3-
sulfate) do not generate the ion Hex;Sulfo; [M+H]*; however these sulfated N-glycans generate
HexNAc;Hex;Sulfo; [M+H]* (scarcely) and/or a sulfate neutral loss between the Y ion including galactose
and the consecutive sulfated-Gal Y ion [245]. This suggests that some of our sulfated N-glycopeptide
identifications lacking sulfated fragment ions might correspond to galactose-sulfated N-glycopeptides.
However, it is more difficult to collect this evidence for all identifications since it is required to annotate
manually the Y ions observed in each HCD.low MS? spectra. During the manual validation in the HCD.step
MS? spectra, no HexNAc;Hex;Sulfo; [M+H]" oxonium ions were detected but only HexNAc;Sulfo; [M+H]*.
After de novo sequencing in HCD.low MS? spectra, the HexNAc sulfation was confirmed in the antennae,
most likely corresponding to sulfated-6-GIcNAc (Figure 4.6). The majority of the sulfated N-glycopeptides
found here feature diantennary, mono- or di-sialylated, and sometimes core-fucosylated N-glycans with
LacNAc extensions, resembling the LacNAc sulfated glycoepitope: 6-sulfo sialyl Lewis X in its defucosylated
form. The N-glycopeptide identifications containing confirmed-sulfated N-glycans derive from
glycoproteins involved in blood coagulation, fibrinolysis, hemostasis, inflammatory response, mineral

balance, osteogenesis, complement pathway, apoptosis, and innate immunity [284].

LacNAc sulfated N-glycans have various implications in immunology. On the one hand, 6-sulfo sialyl Lewis
X (with GIcNAc-6-S0s) is a ligand for L-selectin, a cell adhesion molecule for tethering and trafficking of
lymphocytes through the peripheral nodes [89]. On the other hand, the structural isomer, 6’-sulfo sialyl
Lewis X (with Gal-6-SOs), is a primary ligand of Siglec-8. The cross-linkage between 6’-sulfo sialyl Lewis X
and Siglec-8 in mast cells induces histamine and prostaglandin D2, whereas it induces apoptosis in
eosinophils [246, 285]. A glycomic analysis performed by Yamada et al. on the serum of patients with
pancreatic cancer showed that the abundance of sulfated N-glycans is increased compared to healthy
controls [29]. The study also showed that the phosphorylated N-glycans remained stable, stressing the

importance of reliably discriminating both N-glycan modifications in pathophysiology.

Sleat et al. detected for the first time Man-6-P in high-abundant plasma glycoproteins [248]. They
calculated the relative fraction of proteins with phosphorylated N-glycans in blood plasma and compared
it with the fraction of proteins with phosphorylated N-glycans from the lysosome, concluding that
phosphorylated N-glycans in blood plasma proteins exist rather as traces. It is known that Man-6-P is
recognized by transporters (Man-6-P receptors) that carry the Man-6-P modified glycoprotein to the
lysosomes [248]. This receptor, expressed in all human cells and tissues, is not only present intracellularly
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in Golgi apparatus and endosomes but also extracellularly in cell membranes [249]. In the extracellular
context, Man-6-P receptors like CD222 are involved in protein internalization, trafficking, lysosomal
biogenesis, apoptosis, cell migration, and regulation of cell growth [249]. This suggests that interactions
between mannose-phosphorylated N-glycans and binding molecules like CD222 (a receptor from the P-

lectin family) are essential in the physiology [67, 249].

4.3.6. ldentification rare N-glycans in incorrectly-assigned gPSMs

Another N-glycan modification not regularly explored in the clinical context is glucuronidation.
N-glycopeptides containing glucuronic acid were observed after the manual curation of incorrectly
assigned N-glycopeptide identifications. The incorrect matches might have resulted from the assignation
of two NeuAc instead of two HexNAc plus one GlcA residue, which have in total the same atomic
composition (2NeuAc = 2[C11H1708N] = C22H34016N2, and 2HexNAc + 1GIcAc = 2[C8H1305N] +
1[C6H806] = C22H34016N2 = 582.1908 Da). Huffman et al. observed glucuronidated N-glycans in the
blood plasma N-glycome of different European populations [153]. Yamada et al. reported a reduced
relative abundance of glucuronidated N-glycans from the serum of patients with pancreatic cancer
compared to healthy controls [29]. Sulfated glucuronic acid is more common in brain N-glycans as a key
component of the glycoepitope HNK-1 (SOs-3GIcAB1-3GalB1-4GlcNAc). HNK-1 influences neuronal
functions like adhesion, cell recognition, migration, preferential motor-re-innervation, synaptic plasticity,
and for post-trauma regeneration in the peripheral and central nervous system [286, 287]. Laminins and
cadherin-2 are HNK-1 binding proteins [287]. Nevertheless, it is unclear if this is relevant to the biological

role of the non-sulfated HNK-1.

Two new N-glycan building blocks were identified with the masses 245.0524 and 259.0672 Da attached to
complex di-antennary monosialylated N-glycans. These masses are unrelated to the also atypical
ketodeoxynononic acid identified by Wang et al. as a capping sugar in N-glycans from Human Prostate-
Specific Antigen purified from seminal fluid [288]. None residue resembling such N-glycan building blocks
in humans were identified after literature search. A limitation of this observation is the lack of an
orthogonal method to describe the molecule structure. Interestingly, both rare-N-glycan building blocks
were found in prothrombin (glycosylation site N121). This N-glycosylation site corresponds to prothrombin

fragment region 1 (kringle-1), essential for calcium-mediated membrane-surface binding [289].

Bioinformatics tools able to provide a site-specific N-glycan description from the analysis of intact
glycopeptides emerged 12 years ago [146]. Since then, software design has moved towards improving
gPSM quality (pGlyco 2.0), visualization of results (pGlyco 2.0, glyXtoolMS, GPSeeker), and annotation of
N-glycopeptide structural features (GPSeeker, glyXtoolMS, StrucGP) [132, 145, 149, 243]. Nonetheless,
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challenges that prevent the accurate analysis of an N-glycoproteome are the lack of comprehensiveness,
ambiguity on peptide composition or glycan structure, missing structural information, and false-positives
[129]. Consequently, the detection of N-glycopeptides potentially useful as biomarkers or for therapy is
hampered. Even though manual validation is an alternative for detecting pitfalls after a glycoproteomic
search, it has discouraging aspects, such as the high time requirement and effort needed, plus the bias
caused by each data reviewer. For future developments, it would be appropriate for N-glycoproteomic
software to include an N-glycan diagnostic step plus the integration of N-glycan structural features during
glycopeptide spectra matching. Missing N-glycan compositions, lack of information, or incorrect
parameters are barriers against fully explaining an N-glycoproteomic spectra input. Our blood plasma
N-glycoproteomic analysis aimed to find N-glycopeptides eclipsed between the obscure niche of the low-
abundant N-glycoproteome and the MS? spectra neglected due to insufficient search parameters. After
manual validation, the categories “Uncertain change N-glycan and peptide” and “Uncertain glycopeptide”
addressed that 51% of total gPSMs are still unexplained, for a greater part, due to the low quality of the
fragment ion spectra. Nonetheless, it was possible to identify several previously unknown and rare
N-glycans plus various atypical N-glycan structures that are potentially useful for the design of
biotherapeutics, clinical diagnostic (biomarker discovery), or exploration of N-glycan-protein interactions

and functions.

4.4, Summary

To understand the implications of protein glycosylation for clinical diagnostics and production of
biopharmaceuticals, innovative glycoproteomic technologies are required. Recently, significant advances
were made, particularly toward structure-focused (N-glyco-)proteomic analyses. The mass spectrometric
analysis of intact N-glycopeptides using stepped collision fragmentation and glycan oxonium ion profiling
enables reliable discrimination between different N-glycan structures. Still, there are weaknesses that
current N-glycoproteomic approaches must overcome: 1) handling of incorrect identifications, 2)
identification of rare and modified N-glycans, and 3) insufficient glycoproteomic coverage, especially of
complex samples. To address these shortcomings, an innovative N-glycoproteomic workflow that aims at
providing comprehensive site-specific and structural N-glycoproteomic data on human blood plasma
glycoproteins was established. The workflow features protein depletion plus a fractionation strategy and
the use of high-resolution mass spectrometry with stepped collision fragmentation. Furthermore, by
including a new decision tree procedure developed for data validation, it was possible to significantly
improve the description of the N-glycan micro-heterogeneity. This advanced data analysis workflow allows
the reliable differentiation of ambiguous N-glycan structures like antenna- versus core-fucosylation plus

the modified and rare N-glycans such as sulfated and glucuronidated ones. This workflow, enabled the
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detection of human blood plasma glycoproteins with reported concentration within the ng/mL level. A
total of 1,929 N-glycopeptides and 942 N-glycosites derived from 805 human middle- to low-abundant
glycoproteins were identified. Overall, the presented workflow holds great potential to improve our

understanding of protein glycosylation and to foster the discovery of blood plasma biomarkers.
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5 Site-specific identification of
sulfated and O-acetylated N-glycans in

human serum IgA

Please note that parts of this section are taken from the original publication Zuniga-Banuelos et al. 2024

and 2025b [227, 229].

Human Blood Serum

Sl Sulfated HexNAc
Ac¢ O-acetylated NeuAc -
IgAl ( N-glycosylation site IgA2
*[** N-glycosylation sites in
identical peptides

N47

Figure 5.1. Description of diverse sulfated N-glycans identified by us at the N-glycosylation sites of human serum IgA1 and IgA2.
The numbers after “capital N” stands for the amino acids bearing N-glycosylation sites. The numbers after “capital S or T” represent
the amino acids bearing O-glycosylation sites.
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5. Site-specific identification of sulfated and O-acetylated N-glycans in human serum IgA

5.1. Introduction

As described in section 2.3.2., human IgA is a more heterogeneous immunoglobulin than human IgG. IgA
not only displays different structural conformations, subclasses, polymorphisms, and O-glycosylation but
also has more N-glycosylation sites [178, 179]. An overview of IgA glycosylation sites is shown in Figure 5.1.
The N-glycosylation profile varies between IgA1 and IgA2 subclasses (described in section 2.3.2.), and
N-glycosylation sites. A lectin blot analysis of each serum IgA subclass revealed that IgA2 bears fewer
sialylated, galactosylated, and bisected N-glycans and more hybrid- and oligomannose-type N-glycans than
IgA1 [184]. Furthermore, these features seem critical for the pro-inflammatory effect of and the anti-
inflammatory modulatory role of IgA2 and IgA1, respectively [184]. In addition, several studies have used
bottom-up mass spectrometry analyses to obtain a site-specific description of the serum IgA
N-glycosylation [7, 110, 152, 183, 184, 290]. However, the N-glycans observed at the N144-IgA1 and N131-
IgA2 sites (in the Cy2 domain), as well as the tailpiece sites N340-IgA1l and N327-IgA2mi/m (in the Cy3
domain), are reported to both IgA subclasses due to the identical amino acid sequences surrounding these
sites. Yet, significant differences between the N-glycosylation profile of both Cy2 and Cy3 domains were
observed. The Cy2 domain features mostly non-fucosylated hybrid-type N-glycans and di-antennary
complex-type N-glycans with terminal galactose or sialic acid. In contrast, the tailpiece typically bears core
fucosylated di- or multi-antennary complex-type N-glycans variably sialylated and bisected, as well as

oligomannose-type N-glycans.

N-glycosylation influences IgA functions (Figure 2.8). Some studies showed that N-glycans attached to the
sites in the Cy2 domain and the tailpiece (IgA1 Fc N-glycans) are irrelevant for binding to the FcaRl receptor
[290, 291]. However, other studies indicate that IgAl Fc N-glycans are relevant for binding of other
receptors involved in anti-inflammatory mechanisms [174, 184]. Closer investigations on the
N-glycosylation at the tailpiece have confirmed its high impact on different IgA functions. First,
N-glycosylation at the tailpiece is critical for binding to complement C3 protein [188]. Second, it was shown
to be essential for modulating dimer formation in IgAl [188]. Third, N-glycosylation at the tailpiece
enhances the IgA anti-viral neutralizing activity by exposing sialylated N-glycans and interacting with sialic-
acid-binding viral proteins, like influenza hemagglutinin and neuraminidase [172]. Fourth, the tailpiece site
affects the serum half-life of IgA1 [189]. Rifai et al. showed that the clearance of IgA1 from serum is slower
when N-glycans at the tailpiece are removed, whereas it remained unchanged when O-glycans are
removed [189]. Although the function of IgA2 N-glycans on the Cy1 domain (Fab region) remains unclear,
Rifai et al. suggested that the additional N-glycosylation sites on IgA2 (N47 and N92 in the C41 and N205

in Cy2) alter the rate of IgA2 clearance from the blood. These findings suggest to further characterize IgA
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N-glycosylation in terms of its micro-heterogeneity (describing the site-specific N-glycan variability) for

elucidating its role in the mechanisms modulating critical effector functions.

In addition to the complexity caused by glycosylation, IgA has a prominent abundance of N-glycans
modified by sulfation. This was detected for the first time in 1999 by Boisgard et al. in IgA from mammary
glands of rabbits, but also from to other species and tissues [28]. However, sulfation could be confirmed
for human serum IgA only 20 years later by in-depth glycomic analyses [28, 44, 45]. Identification of
sulfated N-glycans is a challenging task. In particular, in other glycomic and glycoproteomic studies
conducted on IgA, sulfated N-glycans never appeared in the identification lists [7, 110, 152, 183, 184, 290,
292]. Recently, Cajic et al. and Chuzel et al. confirmed the presence of the sulfated N-glycan FA2G2S2-S04
in human serum IgA [44, 45]. Chuzel et al. demonstrated that the sulfate group was linked to the 6-carbon
of GIcNAc (GIcNAc-6-S0.) by the application of a highly-specific sulfatase in combination with a method
developed by Cajic et al. [44]. In this method, the sulfated N-glycan FA2G2S2-SO, was released upon
cleavage of IgA N-glycans and all labeled with the removable fluorescent label 9-fluorenylmethyl
chloroformate (Fmoc) [45]. The Fmoc-labeled sulfated N-glycan was isolated by HILIC-HPLC-FLD
fractionation, identified, and characterized employing two orthogonal approaches: MALDI-TOF-MS and a
dedicated enzymatic approach combined with xCGE-LIF N-glycan analysis [45]. Cajic et al. demonstrated
that the newly discovered sulfated N-glycan, with the composition is HexNAcsHexsFuciNeuAc,Sulfos,
presents a2-6-NeuS5Ac on both antennae and GIcNAc-6-SO, on the al-3-Man arm. However, the

glycosylation sites, could not be determined yet [45].

Alagesan et al. reported other sulfated N-glycans bearing sulfated galactose, which were associated with
the heavy chains of both human IgA subclasses but the specific N-glycosylation sites could not be
determined yet [154]. These galactose-sulfated N-glycans were deposited in GlyConnect [186, 187].
Although the role of sulfated N-glycans in IgA remains largely unexplored, it is evident that they are
important since they impact cell-cell interaction and, as HexNAc-sulfated sialosides, can be a ligand for
some influenza hemagglutinin variants [293-297]. Despite their relevance, the site-specific detection of
the low-abundant sulfated N-glycans by mass spectrometry is still pending due to their even lower
abundance per glycosylation site, inadequate data analysis, and limitations associated with MS
measurements (the negative charge of sulfated sugars causes low ionization efficiency and instability of

the sulfated fragment ions) [185].

As demonstrated in chapter 4, the approach developed in the scope of this thesis allows the identification
of intact N-glycopeptides from the low-abundant N-glycoproteome, including N-glycopeptides that
feature sulfated, glucuronidated, or O-acetylated N-glycans [118, 226]. Therefore, the site-specific position

of sulfated and other rare N-glycans in IgA was investigated by means of the in-depth N-glycoproteomic
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workflow, as a first approach on the fractionated IgA chains and as a second approach on two commercially
available human serum IgA samples (without protein fractionation) as shown in Figure 3.3. Multiple
strategies to maximize rare N-glycopeptide identification were integrated in the data analysis, as
presented in Figure 3.4 (section 3.2.6.3, Materials and Methods). For the first time, the site-specific

identification of sulfated and O-acetylated N-glycans in human serum IgA was obtained.

This chapter presents that HexNAc-sulfated N-glycans are linked to the C42 domain sites N205, N131 in
IgA2 and N144 in IgA1, as well as in the tailpiece site N340 in IgA1 and N327 in IgA2m1/n. In addition to the
sulfated N-glycan FA2G252-SO, (HexNAcsHexsFuciNeuAc,Sulfo:) described by the previous N-glycomic
analyses conducted in this research group [44, 45], also other N-glycan compositions carrying sulfated
HexNAc and O-acetylated sialic acid were identified (described in sections 5.2.1. and 5.2.2.) [44, 45].
O-acetylated N-glycans have been also characterized before in our group by Cajic et al. [45], but in horse
serum. The application of the in-depth N-glycoproteomic workflow enabled the optimization of software-
parameters for the identification of sulfated and O-acetylated N-glycopeptides in IgA. Later, the
reproducible identification of these rare N-glycans was integrate into an expanded description
N-glycosylation micro-heterogeneity of IgA. It was observed that the IgA tailpiece site shows the highest
abundance of sulfated N-glycans. While O-acetylated N-glycans are present at a very low abundance. Also,
the relative abundance of sulfated and O-acetylated N-glycans substantially differs between the
commercial IgA samples. In the future, the methodology developed here will allow site-specific
examination of sulfated N-glycans in IgA extracted from other body fluids (e.g., saliva or milk) [292].
Longitudinal studies that consider the analysis of sulfated N-glycans of IgA could be beneficial to improve
the understanding of various clinical conditions such as inflammatory bowel diseases, rheumatoid arthritis,
or nephropathy [183, 298-300]. Furthermore, expanding the research of the role of sulfated and
O-acetylated N-glycans in IgA effector function can determine whether these rare N-glycans could be

relevant as a critical quality attribute (CQA) of recombinantly expressed IgA for therapeutic use.

5.2. Results

Site-specific N-glycans on the Fc region from each human IgA subclass play a particular role in the effector
function. This work focuses on the reliable site-specific identification of HexNAc-sulfated N-glycans on
human serum IgA, primarily the FA2G2S2-S0,4 N-glycan, reported via glycomic analysis [44, 45]. As a first
approach, the IgA heavy and light chains were separated (Figure 3.3), and their glycopeptide-enriched
fractions were analyzed via MS/MS with the aim of identifying the N-glycosylation site(s) harboring the
reported FA2G2S2-SO, N-glycan. An oxonium-ion-guided strategy was used to detect MS? spectra derived

from sulfated N-glycopeptides, and focused software-assisted searches were conducted iteratively. This

88



5. Site-specific identification of sulfated and O-acetylated N-glycans in human serum IgA

first approach elucidated four sulfated N-glycan compositions, including the FA2G2S2-SO4 N-glycan, and
different search parameters for peptide identification. As a second approach, the glycoproteomic data
analysis of human IgA was further expanded using two commercially available human serum IgA samples
(without fractionation, Figure 3.4). Additional search strategies were applied to maximize the
identification of rare N-glycans using not only oxonium marker ions of sulfated, and O-acetylated N-glycans
(Figure 3.4B), but also wildcard searches and screening for other rare N-glycans (e.g., glucuronidated). De
novo N-glycopeptide sequencing was conducted to report on newly discovered N-glycan compositions
using the corresponding MS? spectra. In total, this work generated a reliable site-specific identification of
thirteen rare N-glycans modified not only with sulfation but also with O-acetylation or glucuronidation,
the last only in contaminant proteins. As a result, a comprehensive comparison of micro-heterogeneity of
the N-glycosylation of these two human serum IgA samples was obtained. Figures 3.3 and 3.4 provide a

visualization of the IgA derived samples and experimental strategies.

5.2.1. Site-specific identification of FA2G2S2-S04 N-glycan in the IgA heavy chain fraction
5.2.1.1. Screening for MS? spectra containing HexNAc-sulfated oxonium marker ions

To reduce the complexity of human serum IgA, the light and heavy chains of human serum IgA were
reduced, denatured, and fractionated as mentioned in chapter 3, section 3.2.2.2. (Supplementary Figure
A.2.1 Appendix); both fractions were subsequently subjected to tryptic digestion and cotton-HILIC-SPE
glycopeptide enrichment (section 3.2.4.2). The obtained glycopeptide enriched fractions were analyzed by
MS and fragmented using stepped collisional energy. Both, precursor and fragment ions were measured
by high-resolution mass spectrometry (section 3.2.6.). The data analysis first focused on identifying
sulfated N-glycans in the MS? spectra. To this end, the MS? spectra containing HexNAc-sulfated oxonium
marker ions (“sulfo-glycopeptide spectra”) were screened (section 3.2.6.2.). These screenings revealed 32
“sulfo-glycopeptide spectra” exclusively in the glycopeptide-enriched IgA fraction (Supplementary Table
A.2.1 Appendix), apparently composed of IgA heavy chain subunits (Supplementary Figure A.2.1
Appendix). Sulfated N-glycopeptides were not found in the IgA fraction expected to contain the J- and
light-chains of IgA1 and IgA2. This screening supports the assumption that the observed sulfated N-glycans
are most likely attached to the heavy chains of the IgA subclasses [186, 187]. In addition to the sulfated
N-glycan HexNAcsHexsFuciNeuAc,Sulfo; (reportedas FA2G2S2-SQO, in previous glycomic studies conducted
in our group [44, 45]), sulfated N-glycans with other compositions were identified using the GlycoMod tool
(see section 3.2.6.2.) [233]. These new sulfated N-glycan compositions were integrated in subsequent

N-glycoproteomic searches performed on IgA samples.
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5.2.1.2. Glycoproteomic analysis focused on MS? spectra containing HexNAc-sulfated oxonium marker

ions

One hypothesis for the source of sulfated N-glycans observed in glycomic analyses was that these
N-glycans were attached to any of the N-glycosylation sites of the heavy chain constant region of serum
IgA subclasses. Another hypothesis considers that sulfated N-glycans were attached to J-chain or plgR
proteins —two proteins that form structural conformations with IgA in its dimeric form, which is reported
to be present in low abundance in the blood serum (section 2.3.2. in chapter 2) [179]. In order to evaluate
these hypotheses, the amino acid sequences of the IgA1 and IgA2 heavy chains, J-chain, and plgR were
implemented in all glycoproteomic searches focusing on the identification of the “sulfo-glycopeptide
spectra” acquired (Supplementary Table A.2.1 Appendix). This approach allowed the determination of the
optimal search settings to match all previously detected “sulfo-glycopeptide spectra.” The resulting search
parameter settings are shown in Supplementary Table A.2.2 (Appendix). The table also includes searches
to identify N-glycopeptides with common N-glycans and non-glycopeptides. The resulting N-glycopeptide
identifications were validated, as described in chapter 4 (Figure 4.3A) . The presence of HexNAc-sulfated
oxonium marker ions was confirmed in the gPSMs containing sulfated N-glycans (displayed in the

Supplementary Table A.2.4 Appendix) [226].

As summarized in Supplementary Table A.2.1 (Appendix), 29 “sulfo-glycopeptide spectra” could be
assigned to 12 different sulfated N-glycopeptides with the tailpiece site (N340-1gA1/N327-1gA2m1/m)
bearing four different sulfated N-glycan compositions. These compositions include the one describing the
FA2G2S2-SO, N-glycan plus three additional, which will be further described in section 5.2.5. Two more
“sulfo-glycopeptide spectra” were assigned to one sulfated N-glycopeptide bearing the C42 domain site
N205-1gA2m1/m2/n. One “sulfo-glycopeptide spectrum” displayed a poor number of fragment ions, and it
was not possible to identify the corresponding sulfated N-glycopeptide. Figure 5.2 shows b and y ion
evidence of a peptide bearing a sulfated N-glycan at the tailpiece, compared to an identical glycopeptide
without sulfation. It was also observed that most gPSMs with the tailpiece site N340-1gA1/N327-1gA2m1/n
harbor the sulfated N-glycan HexNAcsHexsFuciNeuAc,Sulfo;, which was structurally confirmed by de novo
sequencing using HCD.step MS? spectra (Figure 5.2A). Comparing fragment spectra of both HexNAc-
sulfated and non-sulfated N-glycan forms in Figure 5.2, the B and Y ions supporting the hypothesis of a
structural difference (in the terminal HexNAc). Further evidence was obtained from de novo sequencing
on a HCD.low scan acquired from the direct analysis of IgA and shown in Supplementary Figure A.2.2
(Appendix). This figure shows the oxonium ion HexNAc;Hex;NeuAc;Sulfo; [M+H]* confirming the position
of the sulfated HexNAc at the antenna and not the core, which agrees with the structure of the sulfated

N-glycan characterized by Cajic et al. and Chuzel et al. via glycomic analyses [44, 45].
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Overall, by analyzing the IgA heavy chain fraction, the results demonstrate that the sulfated N-glycan
FA2G2S2-S0, detected by glycomic analyses [44, 45], can be assigned to the IgA tailpiece homologous site
and the N205-IgA2 in the Cy2 domain site. While other glycoproteomic studies have only associated
galactose-sulfated N-glycans to the heavy chain region from IgA subclasses, yet without a site-specific
description [154, 186, 187], the site-specific identification of sulfated N-glycans in IgA is shown here for

the first time.
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Figure 5.2. Comparison of HCD.step fragment ion spectra derived from two N-glycopeptides (with the same peptide backbone)—one bearing a sulfated and one a non-sulfated N-glycan

at the N-glycosylation site in the tailpiece. (A) HCD.step spectrum shows B and Y ions confirming the sulfated N-glycan HexNAc(4)Hex(5)Fuc(1)NeuAc(2)Sulfo(1). B and Y ions supporting

structural evidence on sulfated N-glycans are highlighted in yellow. N-glycan building blocks with the asterisk symbol (*) are represented within Y ions assigned to the second isotope

peak. (B) HCD.step spectrum shows the B and Y ions observed in the common non-sulfated N-glycan HexNAc(4)Hex(5)Fuc(1)NeuAc(2).
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5.2.2. Expanded description of the N-glycosylation micro-heterogeneity of human serum

IgA samples

As shown in Figure 3.4, human serum IgA samples from two commercial suppliers were directly analyzed
(not fractionated by the GELFrEE® system) and strategies to maximize the identification of rare
N-glycopeptides were applied to achieve an expanded N-glycoproteomic analysis. To this end, the tryptic-
digested samples from both suppliers were enriched for glycopeptides. Technical quadruplicates were
obtained for each commercial sample by repeating the cotton-HILIC-SPE protocol four times. All HILIC-
fractions from the technical replicates (loading + wash, elution 1, and elution 2) were analyzed by nanoRP-
LC-ESI-OT-OT-MS/MS (section 3.2.6.1.). All measurements of the HILIC-fractions were included in the

subsequent proteomic and N-glycoproteomic searches.
5.2.2.1. Site-specific identification of HexNAc-sulfated N-glycans

In addition to the previously reported sulfated N-glycan, FA2G2S2-SO, [44, 45], six new N-glycan
compositions presenting HexNAc-sulfated oxonium marker ions were identified at the C42 domain and
tailpiece N-glycosylation sites of IgA. As described in chapter 3 (section 3.2.6.), the identification of the
N-glycan compositions was achieved not only from the analysis of fractionated IgA but also from the direct
analysis of human IgA samples in combination with the application of strategies to maximize the
identification of unknown N-glycan compositions with sulfation. The GlyConnect N-glycan databases
belonging to I1gA1 and IgA2 (UniProtKB entries: P01876 and P01877, respectively) were considered as a
source of sulfated N-glycan compositions (Table 5.1) [262, 264]. Next, a N-glycoproteomic analysis focused
on including HexNAc-sulfated N-glycan compositions was conducted using settings listed in Supplementary
Table A.2.3 (Appendix). The structures of the identified sulfated N-glycans were described to some extent,
through HCD.low and HCD.step fragment ion spectra. The Supplementary Figures A.2.3 to A.2.8 (Appendix)
display the manual annotation of six sulfated N-glycans, additional to the previously reported sulfated
N-glycan, FA2G2S2-SO,. These spectra revealed one HexNAc-sulfated di-fucosylated hybrid-type N-glycan,
two HexNAc-sulfated sialylated complex-type N-glycans without core fucosylation, one HexNAc-sulfated
sialylated bisected complex-type N-glycan with core fucosylation, and one HexNAc-sulfated mono-
sialylated complex-type N-glycan with core fucosylation. A sixth sialylated and core fucosylated complex-
type N-glycan holding two sulfated monosaccharides (di-sulfated) was identified (Supplementary Figure
A.2.5 Appendix); while sulfated HexNAc is evident, it was not possible to confirm the position of the second
sulfation. As Figure 5.3 shows, this work not only describes a larger list of sulfated N-glycans but also
provides a site-specific overview of IgA sulfated N-glycans for the first time. In this Figure, it is observed

that the seven sulfated N-glycan compositions were identified in both commercial IgA samples.
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Table 5.1. Cross-referenced N-glycans bearing a sulfated-sugar and O-acetylated NeuAc.

Observed in this

Evidence reported in GlyConnect

N-glycan compositions study
Evidence Evidence Protein Reference
1 HexNAc(5)Hex(5)Fuc(1)NeuAc(2)Ac(1) NeuAc acetylation No - -
2 HexNAc(5)Hex(5)Fuc(1)NeuAc(1)Ac(1) NeuAc acetylation No - -
3 HexNAc(4)Hex(5)Fuc(1)NeuAc(2)Ac(1)* NeuAc acetylation  NeuAc acetylation IgAl Hc [186]
4 HexNAc(4)Hex(5)Fuc(1)NeuAc(2)Ac(1)Sulfo(1) GlcNAc sulfation No - -
5 HexNAc(4)Hex(5)Fuc(1)NeuAc(2)Sulfo(2) GlcNAc sulfation No - -
6 HexNAc(5)Hex(5)Fuc(1)NeuAc(2)Sulfo(1) GlcNAc sulfation No - -
7 HexNAc(4)Hex(5)Fuc(1)NeuAc(2)Sulfo(1)* GlcNACc sulfation Gal sulfation IgA1 Hc, [186, 187]
IgA2 Hc
8 HexNAc(4)Hex(5)Fuc(1)NeuAc(1)Sulfo(1)* GlcNAc sulfation Gal sulfation IgAl Hc [186]
HexNAc(4)Hex(5)NeuAc(2)Sulfo(1)* GlcNAc sulfation Gal sulfation 1gA2 Hc [187]
10 HexNAc(4)Hex(5)NeuAc(1)Sulfo(1) GlcNAc sulfation No - -
11 HexNAc(4)Hex(6)Fuc(2)NeuAc(1)Sulfo(1) GlcNAc sulfation No - -
12 HexNAc(4)Hex(5)Sulfo(1) Not observed GIcNAc sulfation IgA1 Hc [186]

* N-glycan compositions found in this study and also reported in GlyConnect [154, 186, 187]. Hc: Heavy chain.
5.2.2.2. Site-specific identification of O-acetylated N-glycans

As shown in Table 5.1, one N-glycan bearing O-acetylated sialic acid and annotated as
HexNAcsHexsFuciNeuAc,Acs, has been reported to IgAl before [154, 186, 187]. Therefore, MS? scans were
screened for NeuAc O-acetylated oxonium marker ions. Once their presence was confirmed, the strategies
to maximize the identification of unknown N-glycan compositions with O-acetylated NeuAc, described in
section 3.2.6.3. were applied. Then, a specific N-glycoproteomic search, including N-glycan compositions
with O-acetylated NeuAc, was conducted using the parameters listed in Supplementary Table A.2.3
(Appendix). This resulted in the identification of the reported O-acetylated N-glycan at the site N340-
IgA1/N327-1g8A2m1/n (Supplementary Figure A.2.9 Appendix), plus three new N-glycan compositions
bearing O-acetylated NeuAc. The three additional NeuAc O-acetylated N-glycans detected were de novo

sequenced to describe them in detail (Supplementary Figures A.2.10 to A.2.12 Appendix).
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peptide sequences

As displayed in Figure 5.3, one
O-acetylated mono-sialylated N-glycan
composition bearing core fucosylation
and bisecting HexNAc was identified at
the unique IgA2 C42 domain site N205.
Then, three complex-type O-acetylated
N-glycans bearing core fucosylation were
identified at the tailpiece homologous
site. Interestingly, all of the NeuAc
O-acetylated  N-glycans were only
identified in the human serum IgA sample
from supplier 1. Surprisingly, one of the
O-acetylated N-glycans at the tailpiece
site bears also sulfated HexNAc. This very
rare N-glycan was further interpreted by
manual de novo sequencing in the
HCD.low MS? spectrum (Supplementary
Figure A.2.12A Appendix). Its HCD.low
MS? spectrum not only presents oxonium
ions of O-acetylated sialic acid; but also
HexNAc;Sulfo; [M+H]* oxonium ion and Y
ions demonstrating sulfation at the
terminal HexNAc. Moreover, the
HexNAc;Sulfo; [M+H]* oxonium ion was
also evident in the HCD.step MS?
spectrum (Supplementary Figure A.2.12B
Appendix).

Figure 5.3. Site-specific description of the here identified N-glycans carrying sulfated HexNAc and O-acetylated NeuAc in human
serum IgA. (A) Sulfated N-glycans identified in IgA1 and IgA2 homologous sites (B) Sulfated N-glycans identified in unique
N-glycosylation sites of IgA2 and NeuAc O-acetylated N-glycans identified within the entire analysis. The sample where each
N-glycan composition was identified is also indicated for IgA sample from supplier 1 and 2 in yellow and green, respectively.
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5.2.2.3. Peptide modifications detected in IgA N-glycopeptides

A key adjustment for the improvement of the N-glycopeptide search was the identification of peptide
modifications. Multiple gPSMs with the tailpiece N-glycosylation site N340-IgA1/N327-1gA2m1/m correspond
to different mass variations of the predicted tryptic peptide (Supplementary Tables A.2.4 and A.2.5
Appendix). It was found that these shifts in peptide mass were caused by up to two amino acid oxidations,
one missed cleavage, or truncated tailpiece forms. Methionine was the most frequently oxidized amino
acid, and even dioxidation was observed in later analyses. The most frequent truncated tailpiece form
lacks the C-terminal tyrosine— this tyrosine truncated tailpiece form has been previously reported [7, 290,
301]. Interestingly, several gPSM containing the tailpiece site were identified via a semi-specific tryptic
search, matching a C-terminal ragged peptides. One example is the peptide LAGKPTHVNVS.V lacking the
last 11 amino acids of the tailpiece (VVMAEVDGTCY). Studies have demonstrated that the penultimate
cysteine (Cys352) is critical for IgA dimerization and disulfide bond formation with J-chain and other
proteins [302-304]. Clarifying whether this short peptide results from an unspecific cleavage or is another

truncated tailpiece variant of the IgA subclasses requires further investigation.
5.2.2.5. Identification of rare N-glycopeptides from “contaminant” proteins

The screening for MS? scans containing rare oxonium ions was conducted using the list of oxonium marker
ions reported in chapter 4 (Table 4.2). The oxonium ion Hex;HexNAciHexA; [M+H]+, (m/z 542.1716) was
detected in the serum IgA samples from both suppliers. The experimental m/z of the oxonium ion observed
closely matches the theoretical m/z of Hex;HexNAciHexA; ion, supporting the hypothesis that a HexA is
present as capping sugar. This oxonium ion serves as an indicator of N-glycans carrying HNK-1
glycoepitope, which is present in human brain N-glycans and bears sulfated glucuronic acid [251].
Therefore, it is assumed that the type of hexuronic acid observed in our study is glucuronic acid [29, 251].
Following the strategies for maximizing the identification of unknown N-glycan compositions (described
in chapter 3, section 3.2.6.3.), two glucuronidated N-glycan compositions were identified, one of which
also contained sulfation as a modification. Then, the N-glycoproteomic search revealed that these
glucuronidated N-glycans do not belong to any N-glycosylation site of IgAl or IgA2 but to a-1-antitrypsin
(N271) and a-2-HS glycoprotein (N156) (Supplementary Table A.2.5 Appendix). To elucidate their N-glycan
structure, the N-glycopeptides were de novo sequenced (Supplementary Figures A.2.13 and A.2.14
Appendix). Although both N-glycopeptides carry di-antennary complex-type N-glycans with one sialic acid
and one glucuronic acid as capping sugars, the a-2-HS-glycoprotein N-glycopeptide showed the oxonium
ion HexiHexNAc;HexA;Sulfo; [M+H]+, thereby confirming the presence of the sulfated glycoepitope
HNK-1.

HexNAc-sulfated oxonium marker ions were also detected in gPSMs of other proteins (Supplementary
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Table A.2.5 Appendix), such as Immunoglobulin J-chain bearing HexNAc;HexsNeuAc,Sulfo; N-glycan at N71
site. Also, the sulfated N-glycan HexNAcsHexsFuciNeuAc,Sulfo;, previously reported via glycomics, was
identified on N-glycopeptides from a-2-HS-glycoprotein (N156) and complement C3 (N85), however their

gPSMs present a low number of b and y ions.
5.2.2.6. Evaluation of the relative abundance of each IgA subclass

As described in chapter 3 (section 3.2.6.3.), the relative abundance of each IgA subclass was calculated
based on the quantification of selected peptides identified by Proteome Discoverer ™. Supplementary
Table A.2.6 (Appendix) provides the peptide identification list. Around 80% of the protein sequence of IgA1
and IgA2 is homologous. Therefore, some peptides are assigned to both IgA subclasses, which can lead to
misleading results. To avoid bias caused by tryptic peptides with homologous IgA sequences (ambiguous
peptides), the non-glycopeptides “NFPPSQDASGDLYTTSSQLTLPATQCLAGK” and
“NFPPSQDASGDLYTTSSQLTLPATQCPDGK,” were selected to represent IgAl and IgA2, respectively. It was
found that the ratio between IgA1:1gA2 subclasses was 89:11 in the commercial sample from supplier 1,
which is the natural ratio in blood serum [178], and approximately 99:1 in the one from supplier 2, which
is ten times higher (Table 5.2). This abnormal ratio in the sample from supplier 2 suggests an enrichment
of IgAl, possibly as a consequence of the IgA purification process employed (e.g., immobilized jacalin

chromatography) [305].

Table 5.2. Relative abundance of IgA subclasses of each human serum IgA commercial sample.

IgA UniProtKB accession Replicates Relative abundance*
Supplier
subclass number a b c d Mean SD
1 IgAl P01876 86% 89% 90% 91% 89.0% 2.1%
1gA2 P01877, PODOX2 14% 11% 10% 9% 11.0% 2.1%
5 IgAl P01876 99.2% 98.6% 99.6% 99.4% 99.2% 0.4%
1gA2 P01877, PODOX2 0.8% 1.4% 0.4% 0.6% 0.8% 0.4%

*AUC XIC of the reference peptide of an IgA subclass/total AUC XIC of the reference peptides from both IgA subclasses identified
in each commercial sample.

5.2.2.7. Expanded N-glycoproteomic analysis of IgA: integration of common and rare N-glycans

In order to maximize the site-specific description of IgA N-glycosylation, an expanded N-glycoproteomic
analysis was performed integrating the new insights on sulfated, O-acetylated, and glucuronidated
N-glycan compositions, as well as peptide modifications. Therefore, a proteomic search and multiple
N-glycoproteomic searches were conducted featuring rare and common N-glycan compositions using

Byonic™ search engine and implementing oxonium ions MS/MS filters specific to each N-glycan
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modification (Supplementary Table A.2.3 Appendix). To include (N-glyco-)peptides from “contaminant”
proteins, the human canonical proteome UniProtkB was set as protein database for the proteomic search,
and a focused database was extracted from each sample based on the proteins identified.
(N-glyco-)peptide identifications with a “Byonic™ MS2 search score” below 100 were excluded due to their
poor quality, and the remaining N-glycopeptide identifications were manually validated, as described in
Figure 4.3. During validation, gPSM presenting rare N-glycans were accepted as “True” if their
corresponding oxonium marker ions were present in the MS? spectra. Supplementary Table A.2.5
(Appendix) shows peptides and N-glycopeptides identified within all replicates from both commercial
samples, which derive from IgA subclasses but also “contaminant” proteins. Most of the “contaminant”

N-glycopeptides belong to a-1-antitrypsin, complement C3, kininogen-1, and a-2-HS-glycoprotein.

Figure 5.4 displays a comparative relative quantification of the N-glycosylation micro-heterogeneity of the
human serum IgA samples from both suppliers. Considering that identical tryptic peptides represent the
IgA tailpiece site (N340-1gA1/N327-1gA2m1/m) and the Cy2 domain site (N144-1gA1/N131-1gA2), the micro-
heterogeneity analysis on those N-glycosylation sites is assigned to both IgA subclasses (Supplementary
Tables A.2.7 and A.2.8 Appendix). The micro-heterogeneity analysis for unique N-glycosylation sites of IgA2
is listed separately for each sample in Supplementary Tables A.2.9 and A.2.10 (Appendix).

As a first step, it was essential to confirm that this expanded N-glycoproteomic analysis reflects the typical
high abundant N-glycans reported for each N-glycosylation site of the human serum IgA subclasses [7, 110,
152, 183]. The analysis shows that while the tailpiece site (N340-1gA1/N327-IgA2m1/m) harbors core
fucosylated sialylated complex-type di- and multi-antennary N-glycans, the Cy2 domain site (N144-
IgA1/N131-IgA2) bears mostly non-fucosylated sialylated hybrid- and di-antennary complex-type
N-glycans (Figure 5.4A). Thus, N-glycans observed in other glycoproteomic analyses that included the
simultaneous analysis of both IgA subclasses [7, 110, 152, 183], were also observed within this expanded
N-glycoproteomic analysis at the corresponding sites in the C42 domain and in the tailpiece. Also, in
agreement with a preceding study, Figure 5.4B shows that N-glycosylation sites unique from the IgA2
subclass (N92-1gA2m2;n and N205-1gA2mi1/m2/n) predominantly display sialylated core-fucosylated
complex-type N-glycans, including bisecting N-glycans [152]. This demonstrates the consistency of this
analysis with other works. In regard to other N-glycosylation sites unique from the IgA2 subclass, one
N-glycopeptide representing the N47-IgA2 site with a mono-sialylated core-fucosylated complex-type
N-glycan and a few N-glycopeptides presenting complex-type N-glycans at the N327-1gA2,; were detected.

As a next step, the newly identified rare N-glycan compositions were evaluated. Three of the four
O-acetylated N-glycan compositions detected returned a peak area in more than three replicates of IgA

sample from supplier 1, and their relative abundance was estimated here for the first time. The expanded
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glycoproteomic analysis reflects that NeuAc O-acetylated complex-type N-glycans were present at a very
low relative abundance (Figure 5.4). At the tailpiece site N340-IgA1/N327-1gA2m1m, the NeuAc
O-acetylated bisected complex-type N-glycan and the non-bisected complex-type N-glycan display a total
relative abundance of 0.09% (Supplementary Table A.2.7 Appendix). At the C42 domain site N205-IgA2
(Figure 5.4B), a mono-sialylated bisected NeuAc O-acetylated complex-type N-glycan was observed with
an average relative abundance of 0.03% (Supplementary Table A.2.9 Appendix). The N-glycan bearing both
NeuAc O-acetylated and sulfated HexNAc identified at the tailpiece site appeared only in one technical

replicate of the sample from supplier 1, therefore, it was not quantified.

Figure 5.4A also shows that the sulfated N-glycan (previously reported by our group via glycomic analyses
FA2G2S2-S0O, [44, 45]) was identified with the highest abundance at the tailpiece N-glycosylation site
N340-1gA1/N327-1gA2m1/m (0.74% and 3.85% in the sample from supplier 1 and supplier 2, respectively). In
contrast, the same N-glycan was detected in a very low abundance at the C42 domain site N205-IgA2 (only
0.03% of the total N-glycans in the sample from supplier 1, Supplementary Table A.2.9 Appendix). At the
homologous site in Cy2, N144-1gA1/N131-1gA2, the samples from both suppliers presented sulfated non-
fucosylated complex-type N-glycans in a very low relative abundance (Supplementary Tables A.2.7 and
A.2.8 Appendix). In fact, only the sample from supplier 2 returned an area under the curve value for at
least three technical replicates, summing 0.05% of sulfated N-glycans at the C42 domain homologous site
(Supplementary Table A.2.8 Appendix). The di-sulfated complex-type N-glycan
HexNAc,HexsFuciNeuAc,Sulfo,, detected at the tailpiece site, shows 0.01% and 0.54% in the sample from
supplier 1 and supplier 2, respectively. Overall, while the IgA sample from supplier 2 shows the highest
relative abundance of sulfated N-glycans at the IgA1/IgA2 homologous sites, only the sample from supplier

1 presents peak area values of sulfated N-glycans that belong only to IgA2 N-glycosylation sites.
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Figure 5.4. Comparison of micro-heterogeneity of N-glycosylation identified in commercially available human serum IgA samples from two suppliers. A) Relative abundance of N-glycans
at the homologous N-glycosylation sites N340-1gA1/N327-1gA2m1/m) and N144-IgA1 / N131-IgA2. B) Relative abundance of N-glycans at the N-glycosylation sites belonging only to the
IgA2 subclasses. Results for relative quantification are shown in the Supplementary Tables A.2.7-A.2.10 (Appendix).
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5.2.2.8. Comparison of two data analysis approaches for the identification of sulfated N-glycopeptides

To address the challenge of identifying oxonium fragment ions derived from sulfated N-glycans, a second
set of N-glycopeptide searches without applying sulfated oxonium ions as part of the MS/MS filter was
conducted and manually validated. The sulfated N-glycopeptides identified included sulfated gPSM that
exhibited the presence or absence of HexNAc-sulfated oxonium ions in the MS? spectra (Supplementary
Table A.2.11 Appendix). During manual validation, the sulfated gPSM lacking HexNAc-sulfated oxonium
ions were assigned as “True” if the match was correct regarding the b and y fragment ions, the conserved
peptide fragmentation pattern, and common glycan oxonium ions (e.g. HexNAc; [M+H]*, NeuAc; [M+H]",
HexNAc;Hex; [M+H]*). Then, gPSM bearing sulfated N-glycans were classified by the presence or absence
of HexNAc-sulfated oxonium marker ions. As the homologous tailpiece site (N340-1gA1/N327-1gA2m1/n) is
the primary source of sulfated N-glycans, the relative quantification of sulfated N-glycans focused
exclusively on this site (Supplementary Table A.2.12 Appendix). The abundance of each N-glycan
composition was normalized by the total area under the curve of all N-glycan compositions found at the

homologous tailpiece site and it is displayed in Figure 5.5.
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Figure 5.5. A comparative analysis of sulfated N-glycans with and without HexNAc-sulfated oxonium ions attached to the IgA
tailpiece site in commercially available human serum IgA samples from two suppliers. (A) The sample from supplier 1. (B) The

sample from supplier 2. Sulfated N-glycopeptides were identified, manually validated, and verified for oxonium marker ions
through Byonic™. Two sulfated N-glycan structures, one with bisecting HexNAc and another mono-sialylated, appear more
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abundant in glycopeptide spectra matches when their spectra do not present oxonium marker ions of sulfated HexNAc. Asterisk
(*) indicates that oxonium-ion-based evidence refers to detection of Sulfo;HexNAc; [M+H]* or Sulfo;HexNAciHex; [M+H]* oxonium
ions.

As can be observed in Figure 5.5, there is an increase of approximately 30% in the relative abundance of
the composition HexNAcsHexsFuciNeuAc,Sulfo; (related to the reported N-glycan FA2G2S2-S0O, [44, 45])
in both samples. One of the biggest differences between the sulfated N-glycopeptide identified within
each glycoproteomic search is the presence of the sulfated bisected N-glycan
HexNAcsHexsFuciNeuAc,Sulfo;. With the relative quantification of sulfated N-glycopeptides presenting
HexNAc oxonium ions, the sulfated bisected N-glycan only appears in one of the replicates of the sample
from supplier 1, and with very low relative abundance (0.08%) in the sample from supplier 2. However, by
considering sulfated N-glycopeptides lacking HexNAc oxonium ions, this bisected N-glycan becomes the
second most predominant sulfated N-glycan in both samples, reflecting an increase of 0.63% and 3.54% in
the samples from supplier 1 and supplier 2, respectively. Although the N-glycopeptide identifications
bearing the sulfated bisected N-glycan lacking HexNAc oxonium ions are detected within independent
chromatographic peaks, the average scan time of the precursor ions representing those peaks is not
significantly different from the identifications presenting HexNAc-sulfated oxonium ions. The case is
similar for the sulfated mono-sialylated N-glycan, whose relative abundance becomes evident by including

sulfated N-glycopeptides lacking HexNAc oxonium ions.

5.3. Discussion

This investigation is the first to include in total seven HexNAc-sulfated plus four NeuAc O-acetylated
N-glycan compositions in the site-specific description and relative quantification of IgA N-glycosylation.
Overall, both commercial samples consistently showed that the primary source of HexNAc-sulfated
N-glycans is the N-glycosylation site at the IgA tailpiece (N340-IgA1/N327-1gA2mi/m). GlyConnect N-glycan
databases from IgA1 and IgA2 showed only one of the four NeuAc O-acetylated N-glycans and three of the
seven sulfated N-glycans detected here. However, these three N-glycans were reported to be modified
with galactose sulfation instead of GIcNAc sulfation [154, 186, 187]. The glycoproteomic analysis
conducted hereby does not provide any probative structural information on galactose sulfation for two
reasons. First, the oxonium marker ion Hex;Sulfo; [M+H]*, potentially generated by a sulfated galactose,
was never detected in any of the gPSMs containing sulfated N-glycans. Second, as She et al. reported,
detection of galactose sulfation in intact N-glycopeptides relies on the manual identification of Y ions
holding terminal galactose sulfation [245]. Although manual validation can pursue the identification of
galactose-sulfated N-glycans, software tools capable of comprehensive Y ions matching, can facilitate this

identification process. Therefore, this type of identification requires establishing a reliable and less time-
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consuming strategy for identifying the expected Y ions [245]. For example, the GlycanFinder software
performs de novo sequencing of N-glycopeptides and can be customized to identify peptides bearing

galactose-sulfated N-glycans [306].

The N-glycoproteomic analysis conducted without using sulfated oxonium ions as part of the MS/MS filter
revealed correct gPSM containing sulfated N-glycan compositions but lacking HexNAc-sulfated oxonium
marker ions. By considering this type of gPSM, the bisected sulfated N-glycan turned the second most
abundant N-glycan at the tailpiece site. This outcome points to a broader picture. On the one hand, it is
possible that these differences in sulfated N-glycopeptide abundances are caused by the instability of the
HexNAc-sulfated oxonium ions after fragmentation, generating MS? spectra lacking these ions [185]. On
the other hand, it is possible that different sulfation modifications coexist in the IgA sample, like galactose

sulfated N-glycans, which has also been reported in human IgA via glycomic analyses [154, 186, 187].

It was observed that the relative abundance of NeuAc O-acetylated N-glycans at the tailpiece
N-glycosylation site is at least 10 times lower than the abundance of sulfated N-glycans in the IgA tailpiece
for sample from supplier 1. Surprisingly, no O-acetylated N-glycans were detected in the sample from
supplier 2, which showed a massive depletion of IgA2 subclass—present within an IgA1:1gA2 ratio 10 times
lower than the normal ratio in human serum [178]. This ratio can be affected by the purification process
applied [305]. Differences in N-glycosylation between both IgA subclasses have been demonstrated in
preceding studies. By separation of IgA1 and IgA2 subclasses, Steffen et al. described that the total IgA2
N-glycome shows low levels of sialylated bisected N-glycans and higher levels of hybrid- and
oligomannose-type N-glycans [184]. Chandler et al. also showed by the specific glycoproteomic analysis of
IgA2, that the C42 domain site N131-IgA2 bears hybrid-type N-glycans in higher abundance than the Cy2
domain site N144 in IgAl [152]. These studies suggest that the share of hybrid-type N-glycans will be
influenced by the IgA1:1gA2 ratio, which might explain the differences observed in our analysis, between
both commercial samples. A question that also arises is to what extent the IgA1:1gA2 subclass ratio affects
the abundance of O-acetylated and sulfated N-glycans. If the substantial difference in abundance of
sulfated N-glycans observed between IgA samples is related to the IgA1:1gA2 ratio present in each sample,
this would suggest that sulfated N-glycans are selectively conserved at the tailpiece N-glycosylation site in
IgAl and not in IgA2. Nonetheless, further analyses are required to elucidate differences in the dominance

of sulfated N-glycans between the IgA subclasses.

Rare N-glycans bearing sulfated HexNAc or HNK-1 glycoepitope were detected in a few contaminant
proteins. The presence of these “contaminant” proteins in the purified IgA is probably due to
chromatographic co-elution or to stable protein-protein interactions during the purification process [305,

307, 308]. Studies showed that proteins like complement C3 and B-2-glycoprotein form circulatingimmune
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complexes with IgA subclasses in blood serum [307, 308]. Additionally, a strong interaction is controlled
by the penultimate cysteine of the IgA tailpiece, forming a disulfide bond either with albumin or a-
1-antitrypsin [304]. Therefore, it is essential to consider the contribution of N-glycans from “contaminant”

proteins in glycomic analysis.

Little is known about the role of NeuAc O-acetylated and sulfated glycans in the effector function of each
IgA subclass. On the one hand, sulfated glycoepitopes are ligands for L-selectin, and this interaction plays
a vital role in cell adhesion and trafficking of immune system cells [89, 296, 297, 309]. On the other hand,
studies that used glycan arrays demonstrated the affinity of specific influenza viruses (and also bacteria)
for sialylated glycoepitopes containing sulfated GIcNAc [293, 310, 311]. Also, NeuAc O-acetylation
influences the binding to viral neuraminidases during infection [312], and may have immunoregulatory
effects by affecting the affinity of the sialylated glycan for lectins (e.g., CD22) or bacterial sialidases [313,
314]. It has been reported that sialylated N-glycans at the IgA tailpiece play a role in neutralizing influenza
virus infection [172]. Thus, it is possible that IgA sulfated and O-acetylated N-glycans also play a crucial

role in the IgA antiviral activity, for instance, by mimicking a cell receptor-ligand used during infection.

New methods have been developed for the detailed glycomic analysis of sulfated and O-acetylated
N-glycans. As mentioned in section 5.1., Cajic et al. established and applied a technique for multiple
analyses of N-glycans employing a removable fluorescent labeling (Fmoc) [45]. Using this glycomic
workflow, they captured and exhaustively characterized O-acetylated NeuAc N-glycans (from horse serum
proteins) and the sulfated N-glycan FA2G2S2-SO, from human serum IgA. In addition, the glycomic
workflow established by Cajic et al. was combined with a highly specific sulfatase and a sulfate-dependent
hexosaminidase, characterized by Chuzel et al. [44]. Later Chuzel et al. also confirmed that this sulfatase
can act as a highly selective lectin for GIcNAc-6-SO, in the absence of calcium. Although the main limitation
of this glycomic workflow is processing time, the N-glycan structure is highly elucidated. The
glycoproteomic workflow presented in this study has, in contrast, limitations regarding structure
elucidation. Nevertheless, the site-specific description of rare N-glycan compositions, can already improve
the exploration of IgA N-glycosylation in biological or clinical studies. Considering that differences in IgA
N-glycosylation analyzed from various body fluids (e.g., serum, saliva and human milk) have been reported
[110, 292], it would be useful to apply our glycoproteomic workflow to IgA extracted from other body
fluids. Overall, more investigations are required to clarify the function of sulfated and O-acetylated
N-glycans in the protein-glycan interaction network and to evaluate if these are relevant, e.g., for IgA

production as a therapeutic or clinical practice as a diagnostic tool.
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5.4. Summary

Sulfated N-glycans of human immunoglobulin A (IgA) were recently discovered via glycomic approaches.
However, a site-specific description was pending. Certain N-glycan compositions at specific N-glycosylation
sites in IgA are crucial for microbial neutralization and effector functions. For instance, sialylated N-glycans
of the C-terminal tailpiece mediate anti-viral activity by interfering with sialic-acid-binding viruses. Sulfated
N-glycan epitopes can be ligands for viral proteins and thus play a role in the immune response. In this
study, a site-specific screening for sulfated and other rare N-glycans in two commercially available human
serum IgA samples was performed, employing an in-depth N-glycoproteomic approach previously
developed here. Evidence of complex-type and hybrid-type N-glycans carrying sulfated HexNAc attached
to the N-glycosylation sites in the tailpiece and the Cy2 domain of both IgA subclasses was found. A detailed
comparison of the N-glycosylation profiles of human serum IgA samples from two suppliers showed
HexNAc-sulfated N-glycans consistently in high abundance (at the N-glycosylation site) in the tailpiece
region. Also, complex-type N-glycan compositions bearing O-acetylated sialic acid were identified at the
tailpiece and the C42 domain sites. Surprisingly, N-glycans bearing glucuronic acid were identified in both
commercial IgA samples, but from peptides of “contaminant” glycoproteins. These findings have not been
described before for a site-specific analysis. Overall, this work provides a methodology for performing a
dedicated site-specific search for sulfated and O-acetylated N-glycans that can be easily transferred, e.g.,
to human IgA derived from mucosal tissues, milk, or saliva. The future aim of this work is to use the
explorative strategies described in this work to maximize the N-glycoproteomic analysis of other

glycoproteins of relevance, to include rare N-glycans on its site-specific N-glycosylation profile.
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6 Conclusion and Outlook

Please note that parts of this section are taken from the original publications Zuniga-Banuelos et al. 2023,

2025a and Zuniga-Banuelos et al. 2024, 2025b [226-229].
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Figure 6.1. Gain obtained with the workflow developed for the in depth-N-glycoproteomic analysis of human blood plasma
proteins.
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The objectives of this thesis were i) to establish a workflow for the in-depth N-glycoproteomic analysis of
human blood plasma proteins and ii) to apply the developed N-glycoproteomic workflow for the site-
specific characterization of an N-glycan that has been challenging via current glycoproteomic

methodologies.

This thesis addressed significant limitations of an in-depth glycoproteomic analysis in a complex sample,
such as blood plasma. These limitations can be summarized in: 1) the challenging protein concentration
range in blood plasma, 2) the high diversity of protein glycoforms, 3) the N-glycan structural complexity,
and 4) the incomplete overview of the input spectra—common parameters can reliably deduce only a part
of the gPSMs. Therefore, in the first project, a workflow for the in-depth N-glycoproteomic analysis of
human blood plasma was developed and applied. This workflow comprises fractionation of HAP-depleted
blood plasma and glycopeptide enrichment followed by two LC-MS/MS measurements using the
fragmentation energies HCD.step and HCD.low. As displayed in Figure 6.1, the devised workflow enabled
the detection of glycoproteins in a concentration range from 10° to 10%pg/mL, thus expanding the
detection range by five orders of magnitude compared to the direct analysis of blood plasma. The potential
of new N-glycoproteomic data search strategies was also explored. Validation and curation of the
N-glycoproteomic search are based on a novel gPSM decision tree to critically assess evidence of the
results of MS analyses on the peptide and N-glycan composition. This approach allowed us to reliably
elucidate structural glycan features and identify rare N-glycan compositions. This included, for instance,
the presence of glucuronic acid and two rare N-glycan building blocks (245.0524 and 259.0672 Da).
Furthermore, an atypical disialylated-antenna N-glycan structure containing a HexNAc-NeuAc linkage was
primarily detected based on the presence of the oxonium ion HexNAciNeuAc; [M+H]*. Although more
analyses are required to confirm this finding, the elucidation of a NeuAc position in those N-glycopeptides
would have been erroneously assumed to be spread on different antennae without HCD.low spectra
annotation. As presented in this thesis, other structural groups that are hard to discriminate, such as
antenna versus core fucose, diLacNAc versus multi-antennae, bisecting GIcNAc, and phosphorylation
versus sulfation, were also reliably confirmed. In contrast to previous reports, no hexose sulfation was
detected, but only HexNAc sulfation, with high certainty through oxonium marker ions. Using manual
validation, this work contributes to uncovering problems, pitfalls, and opportunities in glycoproteomics
research applied to biomarker discovery, biotherapeutic products, and biochemistry. In the future, the key
insights learned from manual validation will support the establishment of a more efficient but reliable data

analysis workflow for obtaining an accurate description of the N-glycoproteome of any sample.

The second project applied the multiple MS-based analyses reporting IgA N-glycoproteomics that
overlooked sulfated and O-acetylated N-glycans despite their previous identification by glycomic analysis
[28, 45, 186, 187]. IgA is an antibody with clinical relevance due to its multiple roles in the immune system.
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In view of the importance of this immunoglobulin and its incomplete glycoproteomic analysis, the
developed in-depth N-glycoproteomic workflow was applied. Two commercially available human IgA
samples isolated from blood serum were implemented to compare the presence of sulfated and other rare
N-glycans. Multiple search strategies were applied to maximize the identification of rare N-glycans using
fractionated and unfractionated human serum IgA. This work achieved the identification of the
N-glycosylation sites at the Cuy2 domain and tailpiece harboring the sulfated N-glycan
HexNAcsHexsFuciNeuAc,Sulfo; (FA2G2S2-S0O4), reported before only by site unspecific N-glycomic
experiments [44, 45]. Six other novel hybrid-type and complex-type HexNAc-sulfated N-glycans in IgA were
site-specifically detected for the first time. These compositions had been overlooked in previous glycomic
and glycoproteomic analyses [7, 110, 152, 183, 184, 290]. However, previously reported galactose-sulfated
N-glycans in IgA were not detected [154, 186, 187]. In addition, new N-glycan compositions holding
O-acetylated NeuAc were identified in a site-specific manner. Finally, the relative abundance of sulfated
and O-acetylated N-glycans was estimated per glycosylation site and per IgA sample. The data generated
demonstrate, for the first time, that the primary position in IgA for sulfated N-glycans is the tailpiece. It
was detected that the relative abundance of sulfated N-glycans at the tailpiece N-glycosylation site is at
least 10 times superior to the abundance of NeuAc O-acetylated N-glycans at the same site. Interestingly,
NeuAc O-acetylated N-glycans were only identified in the IgA sample with the highest abundance of IgA2
subclass. Surprisingly N-glycopeptides from contaminant proteins bearing glucuronidated N-glycans were
identified in both commercial IgA samples. The N-glycans linked to the tailpiece position of IgA play an
important role in the protection against infection by sialic-acid-binding viruses [172], for the binding to
complement C3, and in IgA dimerization [188]. Our MS-based N-glycoproteomic workflow allowed the
site-specific investigation of very low abundant N-glycopeptide forms, such as HexNAc-sulfated and NeuAc
O-acetylated N-glycans. Finally, this work also implemented an oxonium-ion-guided strategy for
determination of parameters necessary to identify the N-glycopeptides of interest in IgA. This oxonium-
ion-guided strategy can be adapted to other instances, and it should be included as part of any
glycoproteomic data analysis workflows as a diagnostic step. Particularly the integration of oxonium-ion-
guided N-glycan diagnostic in a software would support the identification of MS? spectra that require

peptide or N-glycan components not initially present in the database.

Results obtained in this thesis encourages the application of the developed workflow to other biological
samples, e.g., glycoproteins isolated from different body fluids, such as urine, milk, saliva, or mucosal
secretions. For example, its application in longitudinal studies focused on evaluating the site-specific
variation of low-abundant N-glycans in health and disease. In the future, using artificial intelligence in
glycobiology could offer new opportunities, especially for speeding up data interpretation and validation

[315]. On the one hand, the prediction of protein N-glycosylation and, on the other hand, the screening of
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its (patho-) physiological role with the integration of multiple omics. For this purpose, retrieving and
integrating all existing knowledge about protein N-glycosylation is crucial. Nevertheless, the bottleneck is
that the current glycoproteomic bioinformatics resources still need to be increased. Glycoproteomic
information linking glycosylation features to biological function must be included, and datasets from
different analytical platforms and research works should be easier to obtain [315]. Improvements in
bioinformatics resources can, therefore, significantly impact the field of glycobiology. In particular, it will
allow a deeper understanding of the role of N-glycan modifications in complex biological systems, as well

as a faster and more effective screening for glycoprotein-based therapies or biomarkers.
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A.1. In-depth analysis of the low-abundant N-glycoproteome of human blood

plasma

A.1. Tables

All supplementary tables can be found in the file “Supplementary Tables Al.xlIsx” that was uploaded to the

MPI server and to the cloud (https://nextcloud.mpi-magdeburg.mpg.de/index.php/s/X8rsEPQRAAHY7Zi).

This supplementary data is also presented in Zuniga-Banuelos et al. (2025a) [228].

A.1. Figures
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Supplementary Figure A.1.1. Oxonium ion filter applied to identify oxonium ions present in sulfated glycopeptides. Filter configured

in Thermo Xcalibur Qual Browser software.
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Supplementary Figure A.1.2. Oxonium ion filters applied to identify oxonium ions present in phosphorylated glycopeptides. Filter

configured in Thermo Xcalibur Qual Browser software.
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Supplementary Figure A.1.3. Comparison of the gain of the new workflow with respect to the identification of glycoprotein, N-glycopeptide and N-glycan compositions. (A) Number of
glycoproteins identified for each step of the sample preparation workflow. (B) Number of N-glycopeptides identified for each step of the sample preparation workflow. (C) The distribution
of N-glycan compositions per N-glycan type is shown for each workflow step. BP: Blood plasma. T14: Top 14-HAP depleted. New workflow: the here established sample preparation
workflow. The N-glycan types known as “Hybrid” and “Complex” refer to compositions including sialic acid. The N-glycan types, which compositions does not include sialic acid, are
specified as “Asialylated”.



N-Glycan  pntennge Number - Structural Full range of N-glycopeptides Number of N-Glyean  yprenpge Number  Structural Low abundant-N-glycopeptides Number of
type of fucoses features | Sialic acids type of fucoses features Sialic acids ®
High-mennose 0 I 165% | Mono-sialylation High-mannose 0 [] Mona-sialylation
Phosphorylated | 0.05% M cisialylation Phosphorylated M Di-sialylation
Hybrid o ] W Tri-sialylation Hybrid 0 155 M Trisizlylation
Phrosphorylated ] W Texra-sialylation Phosphorylated 0625 W Tetra-sialylation
1 Fucosylation M none 1 Fucosylation | W none
3 Fucosylation | 0.05% 3 Fucesylation I 0.05%
Complex pisected B Bisected ] Complex Bisected  : Bisected
2 Bisactad | 0.05% 2 Bisected [ 00s%
i o Di 0 S s
245-mass | 0.05% 245-mass ] 0.05%
259-mass | 0.05% 259-mass [ 00s%
Disizlylated & diLAchA 0.10% Disialylated &diLachAc N 0.10%
Glucurenidated l051% Glucuronidated | 0.51%
Sialylated dilacNAc | 0.05% Sialylated dilachac [ 0.05%
Sulfated | Sulfated T 05%
Sulfatad NE m Sulfated NE e
1 pntennacfuzose | 1 Antennzefuccse (2 0215
Core fucose Core fucose
Fucosylation B Fucosylation 0 ] 5
Sulfated | 0.10% Sulfatad
Sulfoted NE 1 Sutfataq e [ — - —
2 Antennas fucose | 0.10% 2 Antennae fucase [ 1 010%
Core & Antenna Fucose | 0.05% Core & Antenna Fucose [0 0.05%
Fucosylation | L Fucosylation 438%
H Antennae fucose | 0.05% E Antennae fucose [0 00s%
Core & Antenna Fucose | 0.05% Core & Antenna Fucose [T 0.05%
Core fucose 0085 Corafucase [
Fucosylation j 0.87% Fucesylation |
L g [T = 60% T ®
Disialylatedantenna | Disialylated antenna
Sialylated dilacic | Sialylated diLachic
1 Antennae fucose | | 1 Antennae fuccse
Core fuzose I Corafucase
Disialylated antenna | 0.05% Disialylated antenna
Fucosylation N Fucosylation
z Antennae fucose | 0208 2 Antennae fucose I 0.10% |
Core & Antenna Fucose | 0.05% Core & Antenns Fucose [ 0.05%
Fucosylation || Fueosylation |
3 Antennae fucose ] 3 Antennae fucase T 5%
Core & Antenna Fucose | 0.15% Core & Antenna Fucose [IDSTORIN
Core fucose | 0.05% Corafucase [ ooss
Fucosylation |0} Fucosylation e
4 Core & Antenna Fucose | 0.05% 4 Core & Antenna Fucose [ 0.05%
Fucosylation 1 Fucosylation
Tetra o n Tetra 0 ]
1 Antennae fucose | 1 Antennae fucese
Fueosylation 1 Fucosylation
2 Antennas fucose | 0055 2 Antennae fuccse
Fucosylation | Fucesylation
3 Antennae fucose | 0.05% 3 Antennae fucose
Fucosylation | Fucosylation
Multi 0 1 0.36% Multi 0
i Fucosylation | 0.05% 1 Fucosylation
lma 504 10%  15%  20%  25%  30%  35%  40% 0.0% 01%  0.2%  03%  04%  0.5%  0.6%  0.7%  0.8%

Unique N-glycopeptides

Unique N-glycopeptides

6€T

Supplementary Figure A.1.4. N-glycopeptides identified in blood plasma after in-depth N-glycoproteomic analysis. (A) Distribution of unique N-glycopeptides according to N-glycan
attached. The x-axis is in full range. (B) Closer overview of the distribution of glycopeptides bearing modified or rare N-glycans.
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Supplementary Figure A.1.5. Example of a gPSM with the features assigned for the validation category named “True Match with Outstanding Evidence.” (A) Validation category color
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Supplementary Figure A.1.6. Example of a gPSM with the features assigned for the validation category named “True Match with Evidence.” (A) Validation category color code (B)

Fragment ion spectrum annotated by Byonic™ software (C) Features description (D) Isotopic pattern.
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Supplementary Figure A.1.7. Example of a gPSM with the features assigned for the validation category named “True Match with Evidence and Alternatives.”
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color code (B) Fragment ion spectrum annotated by Byonic™ software (C) Features description (D) Isotopic pattern.
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Supplementary Figure A.1.8. Example of a gPSM with the features assigned for the validation category named as “True Match with Evidence Related to matches from the same peptide.”
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Supplementary Figure A.1.9. Example of a gPSM with the features assigned for the validation category named “Quasi-true Match Double Site.” (A) Validation category color code (B)

Fragment ion spectrum annotated by Byonic™ software (C) Features description (D) Isotopic pattern.
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Supplementary Figure A.1.10. Example of a gPSM with the features assigned for the validation category named “Quasi-true Match change glycan.” (A) Validation category color code
(B) Fragment ion spectrum annotated by Byonic™ software. (C) Features description (D) Isotopic pattern.
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Supplementary Figure A.1.11. Example of a gPSM with the features assigned for the validation category named “Quasi-true corrected Match.” (A) Validation category color code (B)
Fragment ion spectra annotated by Byonic™ software (C) Features description (D) Isotopic pattern.
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Supplementary Figure A.1.12. Example of a gPSM with the features assigned for the validation category named “Uncertain-Change glycopeptide match.” (A) Validation category color
code (B) Fragment ion spectrum annotated by Byonic™ software (C) Features description (D) Isotopic pattern.
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Fragment ion spectrum annotated by Byonic™ software (C) Features description (D) Isotopic pattern.
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Supplementary Figure A.1.16.Examples of gPSM including multiple fucose in a complex N-glycan with a potential error in the assignation of the monoisotopic peak. (A) MS1 Isotopic
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Supplementary Figure A.1.17. Additional examples of gPSM including multiple fucose in a complex N-glycans with a potential error assigning the monoisotopic peak. (A) MS? Isotopic
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distributions. Monoisotopic peaks selected by Byonic™ software (red). (B) MS? HCD.low annotation proposed by the software assigning an incorrect N-glycan. Correct precursor ion
highlighted in green.
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Supplementary Figure A.1.18. Byonic™ software annotation of fragment ions released from sulfated N-glycopeptide. (A) HCD.low fragment ion spectrum (B) HCD.step fragment ion
spectrum.
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Supplementary Figure A.1.19. Byonic™ software annotation of fragment ions released from phosphorylated N-glycopeptide. (A) HCD.low fragment ion spectrum (B) HCD.step fragment

ion spectrum.
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Supplementary Figure A.1.20. Searching for rare N-glycopeptides in untreated blood plasma and top 14-HAP depleted samples. (A) LC-MS/MS-HCD.step analysis of glycopeptide
enriched blood plasma. No evidence of sulfated, phosphorylated, or glucuronidated glycopeptide-derived MS? spectra. The signals observed in the glucuronidation marker ion filter do
not derive from glycopeptides. (B) LC-MS/MS-HCD.step analysis of glycopeptide enriched of top 14-HAP depleted blood plasma. Evidence of sulfated, phosphorylated, or glucuronidated
glycopeptide-derived MS? spectra. (C) Top 14-HAP depleted blood plasma Byonic™ search identified the N-glycopeptides holding sulfated, phosphorylated, and glucuronidated N-glycans.
The layout filters containing glycan marker ions were created in Thermo Xcalibur Qual Browser (Version 2.2, Thermo Scientific) software.
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Supplementary Figure A.1.21. Byonic™ software annotation of HCD.step fragment ion spectra containing rare N-glycans found in N121 from prothrombin (UniProtkB P00734). (A)
N-glycopeptide annotation by the software. (B) MS! Isotopic distribution of precursor ions observed through HCD.low acquisition.
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Supplementary Figure A.1.22. ESI-MS/MS prediction for two molecules proposed as the N-glycan building blocks of the rare N-glycopeptide identifications observed. (A) Predicted
molecule fragmentation with the chemical composition C9H13NO8 suggested for N-glycan building block 245 Da. The molecule found in PubChem (CID 59861591) is shown below the
spectra. (B) Predicted molecule fragmentation with the chemical composition C10H15NO8 suggested for N-glycan building block 259 Da. The molecule found in PubChem (CID 59173067)
is shown below the spectra. (C) Predicted fragmentation of Neu5Ac; the structure is shown below the spectra (PubChemCID 439197). Red triangles indicate the fragment ions observed
in the fragment ion spectra containing the rare N-glycans and sialic acid. Predicted spectra computed by CFM-ID (https.//cfmid.wishartlab.com/predict) for two collisional energies (10
eV and 20 eV) in positive ion mode, including [M+H]+ as an adduct. Molecules drawn in PubChem Sketcher [256-260)].
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Supplementary Figure A.1.23. Byonic™ software annotation of HCD.step fragment ion spectra from N-glycopeptides with disialo-antennary structure confirming HexNAc-NeuAc linkage.

Scan 3160,2=3
C7HBNOZ

Protein: Apolipoprotein D Peptide: CIQANYSLMENGK

: N-glycan: HexNAc(5)Hex(6) NeuAc(3) Precursor m/z: 1463.5598 z: 3 O et
138,0543 CIQANYSLMENGK
127878910
HexNAc
204.0857
NeuAc-18
274.9911
HefxNAC-3 3 HexNacHex
18.0648 36,1375
b2
e:\*NA‘:—yz Neuac 1730, ?682
‘ q v 7. 23" e : P HexN. 1
cenipngs| (ZIREER 1 4 %’;‘;&%@m r?ﬁwéﬁ uic st Yarea0.4088 941 a1 nzes142 12761744 1909 9810145%64@ a 1676.7450 R
1 : ! 1765 2571 PRl sl 10814807 sizgs 14299615 1610.7316  1732[7635 1933,8306
b atiu bl 1. Y .44 7 A i ) §ooooh i & 1
et : ; T : : : T : : : : :
500 miz 1000 1500
Scan 2322,2=4 « . .
an ey Protein: Ceruloplasmin Peptide: ELHHLQEQnVSNAFLDK
C7HENO2Z N-glycan: HexNAc(5)Hex(6) NeuAc(3) Precursor m/z: 1221.5053 z: 4 Fig N e
Loonid ELHHLQEQNVSNAFLDK
2 Peleled Py g d 5
HexNAc
204:0857
NeuAc-18
HeXNAC-3§  274.0909 HeyhacHex
1p8:018 366.1378
6HS 18 i
V] {! uf«
H HexNAc+2Hex HexNacHexNeuAc Pep+2He 15601836
NeuAc-36° : ep+ 52 :
003 || 256 oa o by digdipc B soatfiob8ST zs0usTsamsey? b7 1012.496Gp tHioh0RaZ + “é‘o*g‘flm*ﬂ o, 15;;95[1 5192 1903.6778
Ll ¥ Y3 P 530,529 70535031795 5923 867,305 1003,@9%1053_,49481 Pep+288.39%6_2+ i f,-pafmm&mpx oy 1640:7161 1793, 35631373 3764
(1A | T v hi i I s o N 4 v ) 1 . ki
T : r T T : T T : : : r : : T — -
500 mfz 1000 1500
Scan 3350,2=3
CTHBNOZ Protein: Beta-2-glycoprotein 1 Peptide: LGnWSAMPSCK 09876543
138,0545 N-glycan: HexNAc(S)Hex(6) NeuAc(3) Precursor m/z: 1371.1863 z: 3 LGNWSAMPSCK
HexNAc 12 J;IJEAJ a1t
204.D858
" HexNacHex
274.0911 36
HexNAcHexNeuAc
Pep+HexNAc_1+
1 260N +2Hex ¥57 HexNAC_2+ y7 v8 1233, Foplt+ 1453.5414
HAERGARR0557303 3 1080,4639 1148, 4582 250 5629 1333.6056 14368346 1543,6356  1657.7198  Pep+2iRidladse:_1+ .
: ,‘332 3882 S6SATS  1097,0072 1205, 5245]1312 296§ 1399.6140¢ 1580, sE’EﬁH”*“’A‘ M gs0 77+ m{?ﬁé,\raﬂﬁ
:

T T
1000

T
miz 1500 2000

e

d

ogsk



A.2. Site-specific identification of sulfated and 0-acetylated N-glycans in human

serum IgA

A.2. Tables

All supplementary tables can be found in the file “Supplementary Tables A2.xlIsx” that was uploaded to the

MPI server and to the cloud (https://nextcloud.mpi-magdeburg.mpg.de/index.php/s/X8rsEPQRAAHY7Zi).

This supplementary data is also presented in Zuniga-Banuelos et al. (2025b) [229].

A.2. Figures
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Supplementary Figure A.2.1. Separation of primarily light and heavy chains of human serum IgA subclasses by GELFrEE ® system.
The protein fractionation was evaluated via SDS-PAGE by loading an aliquot of each IgA fraction. MwM: Molecular weight marker.
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Supplementary Figure A.2.2. Annotated data of a glycopeptide bearing the sulfated N-glycan HexNAc(4)Hex(5)Fuc(1)NeuAc(2)Sulfo(1). (A) Description of the N-glycan moiety through
HCD.low spectrum shows B and Y ions. The oxonium marker ion SulfolHexNAc1/284.0435 [M+H]+ confirms specifically HexNAc sulfation, while the oxonium ion
SulfolHexNAc1Hex1NeuAc1/737.1931 [M+H]+ confirms specifically antenna HexNAc sulfation. (B) The Byonic™ annotation of the HCD.step spectrum refers to a tryptic peptide
containing the homologous site N340-IgA1/N327-1gA2(m1/n). The HCD.step spectrum shows the oxonium marker ions confirming HexNAc sulfation. The HCD.low and HCD.step spectra
that most extensively describe the glycoform and peptide sequence, acquired within the shortest time, were selected for representing this glycopeptide.
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Supplementary Figure A.2.3. Annotated data of a glycopeptide bearing the sulfated N-glycan HexNAc(4)Hex(5)NeuAc(1)Sulfo(1). (A) Description of the N-glycan moiety through HCD.low
spectrum shows B and Y ions confirming antenna with a sulfated HexNAc. The N-glycan icon with an asterisk symbol (*) depicts the N-glycan composition by a Y ion assigned to the
second isotope peak of the expected m/z. (B) The Byonic™ annotation of the HCD.step spectrum refers to an amino acid sequence of this N-glycopeptide containing the homologous site
N144-1gA1/N131-IgA2(m1/m2/m). The HCD.step spectrum shows the oxonium marker ions confirming HexNAc sulfation (SulfoHexNAc:/284.0437 [M+H]*). The HCD.low and HCD.step
spectra that most extensively describe the glycoform and peptide sequence, acquired within the shortest time, were selected for representing this glycopeptide.



[4)"

"~ — — single charged | Protein: human IgA1/IgA2,,,,,, heavy chain
D‘?Ulb'e;hafgsd N-glycan: HexNAc(4)Hex(5) NeuAc(2)Sulfo(1)
= = o Triple charge N-glycosylation site: N340/N327

o Peptide
A gz PRooy Houac | Precursorm/z: 1162.7277 z:4 . .
240000 & 9 g / g Scan 11134-HCD.step
a 3 7 © x
& o i
< - B @S S
S 180000+ 8 2 8
S ©a e * \ \ 1 1
s, cal = . . &
> el N 1 5
= — ® 1 \ | |
g 120000 - § .\S © 3 3 \ \ 1 1
g N8 Bse @ 5 Lo g
- g @ ! o B s o 2.4, o g 2 8 8 L S
60000 8L B S T 2 B 5 5 @g¢ &% R & g 83 e
5 o0 3 2 2 = h @ QKoo b = o SR SR
© o S & © N N © < g s N o o
re] d © N 0 @ o © © 0 N o A4 o
~ <« 9 s i z 8 8 S 8 S = S A I
‘ ’1 a8 b \ 8 < = 27 -0 A | i AR
O bl Ly by I t ; | L -~ L . I\l I I I Al |” N b n II 1 T T T L r s T Y
100 200 300 400 500 600 700 800 900 1000 / 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
m/z
”‘-;\*: 20 15 10‘."876 5‘4_}' lll
2.500e+054 2 LAGKPTHVNVSVVMAEVDGTCY
B % 12345678910 15 20
2.000e+05- £ I.f Scan 11134-HCD step
—_ 9 2 %
3 o g T
S, 1.500e+05 s 3 o
> & T E
= T ol o
@ o w5 3 . + & &
2 1000e+05{ o | | ks = ) + . o B 5
= Q = o < << P @ b} ~ ~ 3} T T N340 / N327
= 5 < [} % R L T T o T N ™
2E |2 3 5 P 22 & 2 3 < - 2 = E
< ) Bt
5.000e-+04] Blg sy ¢ E1E: 0§ 2 : 3 3 3 3
Hloe+ & &S E U | W = T ) T I T T I
= < T3 Z ER A + T + ~ ~ 3 ~
IS o €% 3 3| 2 & 3 = T o iy 2 - -
£ = = aE ¢ T T @ e @ 3 o T & & g ‘Y
I~
D.OOOE+OD':' GfLh. o], L-JI:.LI. ek B L :>.‘. l. N 8 - T . ¢ gl R R . LTI - Y PR T VI TR B B - .cr. . \T.. A PEY Y ,
500 1000 m/z 1500 2000

Supplementary Figure A.2.4. Annotated data of a glycopeptide bearing the sulfated N-glycan: HexNAc(4)Hex(5)NeuAc(2)Sulfo(1). (A) Description of the N-glycan moiety through
HCD.step spectrum shows B and Y ions confirming antenna with sulfated HexNAc. The N-glycan icon with an asterisk symbol (*) depicts the N-glycan composition by a Y ion assigned to
the second isotope peak of the expected m/z. (B) Byonic™ annotation of the HCD.step spectrum refers to an amino acid sequence of this N-glycopeptide containing the homologous site
N340-1gA1/N327-1gA2(m1/m). The HCD.step spectrum shows the oxonium marker ions confirming HexNAc sulfation (Sulfo;HexNAc1/284.0433 [M+H]*). HCD.step spectrum that most
extensively describes the glycoform and peptide sequence was selected for representing this glycopeptide.
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Supplementary Figure A.2.5. Annotated spectra of a glycopeptide bearing the sulfated N-glycan: HexNAc(4)Hex(5)Fuc(1)NeuAc(2)Sulfo(2). (A) Description of the N-glycan structure
through HCD.low spectrum shows B and Y ions confirming one sulfation linked to antenna HexNAc, while the linkage of the second sulfation cannot be fully deduced and it can be
associated to antenna HexNAc or Hex. The N-glycan icon with an asterisk symbol (*) depicts the N-glycan composition by a Y ion assigned to the second isotope peak of the expected
m/z. (B) HCD.step spectrum annotated by Byonic™ recognizes b and y ions corresponding to an amino acid sequence of this N-glycopeptide containing the homologous site N340-
IgA1/N327-1gA2(m1/m). The HCD.low spectrum shows Sulfo;HexNAc:/284.04367 [M+H]* oxonium ion, confirming HexNAc sulfation. The HCD.low and HCD.step spectra that most
extensively describe the glycoform and peptide sequence, acquired within the shortest time, were selected for representing this glycopeptide.
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Supplementary Figure A.2.6. Annotated data of a glycopeptide bearing the sulfated N-glycan: HexNAc(5)Hex(5)Fuc(1)NeuAc(2)Sulfo(1). (A) Description of bisected N-glycan structure
through HCD.low spectrum shows Y ions indicating sulfation most likely in one antenna HexNAc and not in the bisecting HexNAc. (B) The Byonic™ annotation of the HCD.step spectrum
describes that the amino acid sequence of this N-glycopeptide bearing the homologous site N340-1gA1/N327-1gA2m1/n). The HCD.step spectrum also shows the oxonium ion confirming
HexNAc sulfation (Sulfo;HexNAc1/284.0439 [M+H]*). The HCD.low and HCD.step spectra that most extensively describe the glycoform and peptide sequence, acquired within the shortest
time, were selected for representing this glycopeptide.
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Supplementary Figure A.2.7. Annotated spectra of a glycopeptide bearing the sulfated N-glycan: HexNAc(4)Hex(6)Fuc(2)NeuAc(1)Sulfo(1). (A) Description of di-fucosylated hybrid
N-glycan structure through HCD.low spectrum shows B and Y ions indicating HexNAc sulfation. The N-glycan icon with an asterisk symbol (*) depicts the N-glycan composition with a Y
ion assigned to the second isotope peak of the expected m/z. (B) Byonic™ annotation of the HCD.step spectrum shows b and y fragment ions of a peptide containing homologous site
N340-1gA1/N327-1gA2m1/n). The HCD.step spectrum shows the oxonium marker ions confirming HexNAc sulfation (Sulfo;HexNAc1/284.0433 [M+H]*). The HCD.low and HCD.step spectra
that most extensively describe the glycoform and peptide sequence, acquired within the shortest time, were selected for representing this glycopeptide.
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Supplementary Figure A.2.8. Annotated spectra of a glycopeptide bearing the sulfated N-glycan: HexNAc(4)Hex(5)Fuc(1)NeuAc(1)Sulfo(1). (A) Description of the N-glycan structure
through HCD.low spectrum shows B and Y ions confirming one sulfation linked to antenna HexNAc. The N-glycan icon with an asterisk symbol (*) depicts the N-glycan composition by a
Y ion assigned to the second isotope peak of the expected m/z. (B) HCD.step spectrum annotated by Byonic ™ recognizes b and y ions corresponding to an amino acid sequence of this
N-glycopeptide containing the homologous site N340-1gA1/N327-1gA2(m1/n). The HCD.step spectrum shows the oxonium marker ion Sulfo;HexNAc;Hex1/446.0967 [M+H]* and also
contains the oxonium ion Sulfo;HexNAc1/284.0437 [M+H]* (the label of the last ion is not displayed in the plot). The HCD.low and HCD.step spectra that most extensively describe the
glycoform and peptide sequence were selected for representing this glycopeptide.
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Supplementary Figure A.2.9. Annotated data of a glycopeptide containing NeuAc O-acetylation in the N-glycan HexNAc(4)Hex(5)Fuc(1)NeuAc(2)Ac(1). (A) Description of N-glycan
structure through HCD.low spectrum shows B and Y ions providing structural evidence on NeuAc O-acetylation (highlighted in blue). (B) Byonic™ annotation of the HCD.step spectrum
identifies b and y ions released from a peptide containing the homologous site N340-lgA1/N327-1gA2(m1/m). Oxonium marker ions confirming NeuAc O-acetylation
(Acetyl;NeuAc1/316.1027 [M-H20+H]*, AcetyliNeuAc1/334.1133 [M+H]* and HexNAciHexiAcetyl;NeuAc1/699.2454 [M+H]*).
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Supplementary Figure A.2.10. Annotated spectra of a glycopeptide containing the NeuAc O-acetylated N-glycan: HexNAc(5)Hex(5)Fuc(1)NeuAc(1)Ac(1). (A) Description of bisected
N-glycan structure through HCD.step spectrum shows B ions indicating NeuAc O-acetylation (highlighted in blue). (B) Byonic™ annotation of the HCD.step spectrum displays b and y
ions that identify an N-glycopeptide containing the site N205-IgA2(mi/mz/m). Oxonium marker ions confirming NeuAc O-acetylation (Acetyl;NeuAc:/316.1027 [M+H-H,0O]*,
AcetyliNeuAc:/334.1132 [M+H]* and HexNAciHex:AcetyliNeuAc:/699.2450 [M+H]*).
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Supplementary Figure A.2.11. Annotated data of glycopeptide containing NeuAc O-acetylation in the N-glycan HexNAc(5)Hex(5)Fuc(1)NeuAc(2)Ac(1). (A) Description of bisected
N-glycan structure through HCD.step spectrum shows B ions indicating NeuAc O-acetylation (highlighted in blue). The N-glycan icon with an asterisk symbol (*) depicts the N-glycan
composition by a Y ion assigned to the second isotope peak of the expected ion m/z. (B) Byonic™ annotation of the HCD.step spectrum identifies fragment ions released from an N-
glycopeptide containing the homologous site N340-IgA1/N327-1gA2(m1/m). Oxonium marker ions confirming NeuAc O-acetylation (Acetyl;NeuAc/316.1027 [M-H20+H]*,
AcetyliNeuAc:/334.1133 [M+H]* and HexNAciHex:AcetyliNeuAc:/699.2454 [M+H]*).
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Supplementary Figure A.2.12. Annotated data of a glycopeptide containing NeuAc O-acetylation plus HexNAc sulfation in the N-glycan: HexNAc(4)Hex(5)Fuc(1)NeuAc(2)Ac(1)Sulfo(1).
(A) Description of N-glycan structure through HCD.low spectrum shows B and Y ions providing structural evidence on NeuAc O-acetylation (highlighted in blue) and antenna sulfation
(highlighted in yellow). (B) Byonic™ annotation of the HCD.step spectrum identifies fragment ions released from an N-glycopeptide containing the homologous site N340-IgA1/N327-
IgA2(m1/m). The HCD.step spectrum also contains oxonium marker ions confirming HexNAc sulfation (Sulfoi:HexNAc1/284.0431 [M+H]*, highlighted in yellow) and NeuAc O-acetylation
(Acetyl;NeuAc1/316.1027 [M-H20+H]*, AcetyliNeuAc1/334.1133 [M+H]* and HexNAciHexiAcetyl;NeuAc1/699.2454 [M+H]*).
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Supplementary Figure A.2.13. Annotated data of a glycopeptide potentially containing HexA sulfation in the N-glycan HexNAc(4)Hex(5)NeuAc(1)HexA(1)Sulfo(1) of a contaminant
protein. Annotation of N-glycan structure through HCD.step spectrum shows B and Y ions providing structural evidence on HexA as one antenna capping sugar (fragment ions framed
in green color). The oxonium marker ion confirming HexA sulfation (HexNAc1Hex1HexA1Sulfo1/622.1295 [M+H]+, highlighted in green) resembles the glycoepitope human natural killer-
1 (HNK-1) composed of glucuronic acid. The b and y fragment ions (in blue and red color, respectively) demonstrate a tryptic peptide bearing the site N156 in a-2-HS-glycoprotein. The
N-glycopeptide was identified through Byonic™.
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Supplementary Figure A.2.14. Annotated data of a glycopeptide potentially containing HexA in the N-glycan HexNAc(4)Hex(5)NeuAc(1)HexA(1) of a contaminant protein. Annotation
of N-glycan structure through HCD.step spectrum shows B and Y ions providing structural evidence on HexA as one antenna capping sugar (fragment ions framed in green color). The
oxonium marker ion confirming HexA (HexNAc1Hex1HexA1/542.1716 [M+H]+) resembles the non-sulfated form of the human natural killer-1 glycoepitope (HNK-1). The b and y fragment
ions (in blue and red color, respectively) demonstrate a tryptic peptide bearing the site N271 in a-1-antitrypsin. The N-glycopeptide was identified through Byonic™. The N-glycan icon
with an asterisk symbol (*) depicts the N-glycan composition by a Y ion assigned to the second isotope peak of the expected ion m/z.
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