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Abstract

Protein glycosylation, namely the covalent attachment of monosaccharide chains called
glycans to the protein backbone, is the most frequent and structurally diverse post-
translational modification. This enzymatic process is not directly encoded in the genome,
but is the result of the activity of hundreds of enzymes that catalyze and regulate the at-
tachment and removal of monosaccharides on proteins in a concerted fashion. Alternative
glycosylation, namely the presence of different glycan structures on a given glycosyla-
tion site on a protein, can have substantial effects on the protein structure and function,
sometimes completely reverting its activity. Moreover, the final glycosylation state of any
protein or cell heavily depends on the physiological and environmental conditions of the
organism, and alterations in glycosylation profiles of many proteins have been described

for a variety of human diseases.

Due to the overall complexity of the glycosylation process and the absence of a genetic
template to manipulate, a proper in vivo investigation of the underlying molecular mecha-
nisms is, to this day, experimentally infeasible. Current technologies allow to establish the
in vitro substrate specificities of all major glycosylation enzymes, although their in vivo
cell-, protein-, or site-specific activities cannot be predicted with this approach. Current
measurement technologies are able to measure glycans in large population cohorts, either
from isolated proteins or from a mixture of proteins, enabling systematic statistical data
analysis, which can help gain insight into the regulation of protein glycosylation in absence

of direct experimental evidence.

In this doctoral thesis, I investigate large-scale glycomics datasets to elucidate the molec-
ular mechanisms of glycan synthesis. My main aims are: (i) inferring new biochemical
reactions taking part in glycan synthesis; (ii) predicting the structural details of glycans
from mass spectrometry measurements; (iii) establishing the best preprocessing strategy
for glycomics data; (iv) optimizing the inference of correlation networks. Each of these

points is addressed in a specific project.
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First, we estimate a partial correlation network, or Gaussian Graphical Model (GGM),
from four large-scale Immunoglobulin G (IgG) glycomics cohorts. Here, only glycans from
a specific glycosylation site, on a specific protein from human plasma are quantified. We
demonstrate that statistically significant partial correlations among glycan pairs mostly
represent known glycosylation synthesis reactions. Our analysis also shows evidence of
previously unknown substrate specificities for two glycosylation enzymes, which would
allow additional steps in the glycan synthesis pathway. We validate our predictions using
data from a GWAS and results from three in vitro experiments. Our findings demonstrate
that GGMs are able to recover single biochemical steps in glycosylation pathways and can

drive the discovery of new synthesis steps.

Second, we consider a mixture glycomics dataset, where glycans from all proteins in hu-
man plasma are quantified via Mass Spectrometry (MS). This platform allows to identify
molecular masses, which could correspond to different glycan structures. We intersect the
data-driven GGM with the prior knowledge available on the synthesis pathway to infer the
most abundant structure contributing to each measured molecular mass. Our predictions
are validated with previously published datasets and demonstrate high accuracy. This
approach could contribute to the characterization of complex glycomics datasets thereby
help in reducing the cost of additional fragmentation experiments for the identification of

glycan structural features.

Third, we exploit the strong relationship between GGMs and glycosylation pathways to
evaluate different preprocessing strategies for glycomics data. We quantify the quality
of any given normalization through the ability of the corresponding data-driven GGM
to reconstruct known biochemical synthesis steps. This is an innovative approach to the
problem of normalization evaluation, as it is based on a biological quality measure rather
than on purely statistical criteria. We consider six glycomics datasets and three different
measurements platforms. We are able to identify an optimal preprocessing strategy that

holds for any of the considered glycomics platform and data type.

Finally, we use the overlap between GGM and glycosylation pathways to address a major
problem in correlation network inference, namely the determination of a biologically mean-
ingful correlation cutoff. That is, we search for the cutoff that produced the network that
best reproduces known molecular interactions. We show that even a coarse, incomplete,
or partly incorrect prior knowledge is suitable for this approach, as long as a sufficient
amount of correct information is included. We first prove the validity of the approach
on glycomics measurements, for which we have a well-characterized, supposedly complete
biochemical synthesis pathway. We then apply the algorithm to urine metabolomics and

TCGA RNA-sequencing data, where our method is able to identify an optimal network
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and to outperform regular statistical cutoffs.

Taken together, we demonstrate that GGMs are able to reconstruct biochemical pathways
of glycan synthesis from large scale glycomics data, as well as to predict true but unknown
enzymatic steps. Moreover, GGMs and prior knowledge can be successfully exploited to
infer glycan structural features from mass spectrometry measurements, and to optimize
glycomics data preprocessing and GGM estimation. In conclusion, this thesis provided
new insights into protein glycosylation, as well as new statistical tools for the analysis and

interpretation of glycomics data.






Zusammenfassung

Die Proteinglykosylierung - die kovalente Bindung von Monosaccharidketten (Glykane) an
das Proteinriickgrat - ist die haufigste und strukturell facettenreichste post-translationale
Modifikation. Dieser enzymatische Prozess ist nicht direkt im Genom kodiert, sondern ist
das Ergebnis der Aktivitdten von Hunderten von Enzymen, die die Bindung und Spal-
tung der Monosaccharide von Proteinen katalysieren und regulieren. Alternative Glyko-
sylierung, die Anwesenheit von verschiedenen Glykanstrukturen an einer gegebenen Glyko-
sylierungsstelle eines Proteins, kann wesentliche Auswirkungen auf die Proteinstruktur
und -funktion haben; beispielsweise kann die Funktionalitit eines Proteins vollkommen
verandert oder sogar umgekehrt werden. Auflerdem héngt der Endglykosylierungszus-
tand eines Proteins oder einer Zelle stark von den physiologischen Bedingungen und den
Umweltfaktoren des Organismus ab. Verdanderungen der Glykosylierungsprofile vieler Pro-

teine wurden bereits mit einer Vielzahl von menschlichen Erkrankungen assoziiert.

Aufgrund der Komplexitdt des Glykosylierungsprozesses und der Abwesenheit einer ma-
nipulierbaren genetischen Komponente ist eine tiefgehende In-vivo-Untersuchung der zu-
grundeliegenden molekularen Mechanismen bis heute experimentell nicht durchfiithrbar.
Aktuelle Technologien erlauben es, die In-vitro-Substratspezifitdten aller wichtigen Glyko-
sylierungsenzyme zu bestimmen, allerdings konnen daraus keine Vorhersagen beziiglich
ihrer In-vivo zell-, protein- oder ortsspezifischen Aktivitdten gemacht werden. Einen
Schritt in Richtung Verstandnis der Regulierung und Funktionalitdt nativer Glykopro-
teine ohne direkte experimentelle Beweise bieten gegenwértige Messtechnologien, die in
der Lage sind, Glykane in groflien Populationskohorten entweder aus isolierten Proteinen
oder aus einer Mischung von Proteinen zu messen, was eine systematische, statistische

Datenanalyse ermdoglicht.

In dieser Dissertation untersuche ich large-scale Glycomics-Datensétze, um die moleku-
laren Mechanismen der Glykansynthese zu untersuchen. Meine Hauptziele sind: (i) Er-
schliefen neuer biochemischer Reaktionen, die an der Glykansynthese beteiligt sind; (ii)

Vorhersagen der strukturellen Details von Glykanen aus Massenspektrometrie-Messungen;
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(iii) Untersuchen von geeigneten Preprocessing-Strategien fiir MS-basierte Glycomics-
Daten; (iv) Optimierung der Inferenz von Korrelationsnetzwerken. Jeder dieser Punkte

wird in einem der nachfolgenden Projekte beschrieben.

Um neue biochemische Reaktionen in der Glykansynthese zu identifizieren, generieren wir
ein partielles Korrelationsnetzwerk, oder Gaussian Graphical Model (GGM), basierend
auf vier groen Immunglobulin G (IgG) Glycomics Kohorten. In diesen Kohorten wurden
nur Glykane von einer spezifischen Glykosylierungsstelle an einem spezifischen Protein im
menschlichen Plasma quantifiziert. Wir zeigen, dass statistisch signifikante partielle Ko-
rrelationen zwischen Glykanpaaren meist bekannte Reaktionen aus der Glykansynthese
darstellen. Unsere Analyse gibt auch Hinweise auf bisher unbekannte Substratspezi-
fitdten fiir zwei Glykosylierungsenzyme, die den bisherigen Glykansyntheseweg um zwei
zusétzliche Schritte erweitern wiirden. Wir validieren unsere Vorhersagen mit Daten aus
einem GWAS und Ergebnissen von drei In-vitro-Experimenten. Unsere Resultate zeigen,
dass GGMs in der Lage sind, einzelne biochemische Schritte in Glykosylierungswegen zu

rekonstruieren und neue Syntheseschritte zu identifizieren.

Im zweiten Teilprojekt zielen wir darauf ab, Glykan-Strukturen basierend auf MS-Daten
genauer vorherzusagen. Hierzu verwenden wir einen gemischten Glycomics-Datensatz,
in dem Glykane aus allen Proteinen im menschlichen Plasma mittels Massenspektrome-
trie (MS) quantifiziert werden. Diese Plattform ermdglicht es, molekulare Massen zu
identifizieren, die verschiedenen Glykanstrukturen entsprechen konnten. Wir iiberlap-
pen das datengesteuerte GGM mit dem experimentell-basierten Syntheseweg, um auf die
am haufigsten vorkommende Struktur zu schlieflen, die zu jeder gemessenen molekularen
Masse beitragt. Unsere Vorhersagen werden mit zuvor veroffentlichten Datensétzen vali-
diert und zeigen eine hohe Sensitivitdt. Dieser Ansatz konnte zur Charakterisierung von
komplexen Glycomics-Datensétzen beitragen und somit die Kosten zuséatzlicher Fragmen-
tierungsexperimente zur Identifizierung von Strukturmerkmalen von Glykanen erheblich

senken.

Im dritten Teilprojekt nutzen wir die enge Beziehung zwischen statistischen GGMs und ex-
perimentell identifizierten Glykosylierungswegen, um verschiedene Preprocessing-SchritteD
fiir Glycomics-Daten zu analysieren. Dazu evaluieren wir die Qualitit einer gegebenen
Normalisierungsmethode anhand der Fahigkeit des daraus resultierenden datengetriebe-
nen GGMs, bekannte biochemische Syntheseschritte zu rekonstruieren. Dies ist ein inno-
vativer Ansatz fiir das Problem der Bewertung von Normalisierungsmethoden, da er auf
einem biologischen Qualitdtsmafl statt auf rein statistischen Kriterien beruht. Unter Be-
trachtung von sechs Glycomics-Datensétzen und drei verschiedene Messplattformen sind

wir in der Lage, eine optimale Preprocessing-Strategie zu bestimmen, die fiir jede der
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betrachteten Glycomics-Plattformen und -Datentypen gilt

SchlieBlich verwenden wir die Uberlappung zwischen GGM und Glykosylierungswegen,
um ein Hauptproblem in der Korrelationsnetzwerk-Inferenz anzugehen: die Bestimmung
einer biologisch sinnvollen Korrelationsgrenze. Das heifit, wir suchen nach dem Cutoff,
der das Netzwerk generiert, das die bekannten Glykosylierungswege (biologische Regerenz)
am besten reproduziert. Wir zeigen, dass auch eine grobe, unvollstindige oder teilweise
inkorrekte Referenz fiir diesen Ansatz geeignet ist, solange eine ausreichende Menge an
korrekter Information enthalten ist. Wir beweisen zunéchst die Giiltigkeit des Ansatzes
fiir Glycomics-Messungen, fiir die wir einen gut charakterisierten, vermutlich vollstdndigen
biochemischen Syntheseweg haben. Wir wenden den Algorithmus dann auf Metabolomics-
Messungen von Urin-Proben und TCGA-RNA-Sequenzierungsdaten an, wobei unsere Meth-
ode in der Lage ist, ein optimales Netzwerk zu identifizieren und iibliche statistische Cutoffs

zu ubertreffen.

Zusammenfassend demonstrieren wir, dass GGMs in der Lage sind, biochemische Wege
der Glykan-Synthese aus Glycomics-Daten in groflem Mafistab zu rekonstruieren, sowie
echte, aber unbekannte enzymatische Schritte vorherzusagen. Dariiber hinaus kénnen
GGMs und experimentelles Vorwissen erfolgreich genutzt werden, um Strukturmerkmale
von Glykanen aus Massenspektrometrie-Messungen abzuleiten und das Preprocessing von
Glycomics-MEssungen sowie GGM-Schétzung zu optimieren. Zusammenfassend liefert
diese Arbeit neue Einblicke in die Proteinglykosylierung sowie neue statistische Werkzeuge

fiir die Analyse und Interpretation von Glycomics-Daten.
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Chapter 1

Introduction

In this chapter, we first illustrate the basic concepts of glycobiology, we then describe
the most common technologies for data acquisition and we present the data analysis
approaches exploited in this work. We conclude the chapter introducing the research

questions addressed here, as well as a summary of the content of this thesis.

1.1 Glycobiology

Glycosylation is the enzymatic process that covalently binds sugar chains, called glycans, to
proteins and lipids. Glycosylated molecules are referred to as glycoproteins and glycolipids,

or glycoconjugates in general. This thesis will focus on protein glycosylation exclusively.

It is estimated that at least 50% of all human proteins are glycosylated [1], most of
which are found on the extracellular surface of the plasma cell membrane or as secreted
proteins [2]. The proportion to which glycans contribute to the overall mass of their
glycoconjugate can vary greatly, but in many cases they constitute a substantial portion.
For example, the glycans bound to the major glycoprotein on human erythrocyte cell
membranes have been estimated to contribute to the total molecular weight for more than
50% [3]. Moreover, the surface of all cells is covered with a dense layer of glycans, referred
to as glycocalyz. This glycocalyx is a feature of all cells, with no known exception. It is
worth noting that nature was able to create human cells without a nucleus (for example
corneocytes), but none without a sugar coating. Despite this prominent feature, the role
and effect of glycosylation is often ignored when describing the plasma membrane of cells,
where glycans are depicted as trees sparsely decorating the mostly flat surface of the lipid

bilayer (Figure 1.1A). In reality, the glycocalyx is an extremely dense layer that can be
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over ten times as thick as the plasma membrane itself (Figure 1.1B). This is just one
of the many examples that illustrate the relevance of glycans, which have by now been

recognized to take part in virtually all biological processes [4].

B
hydrophilic (polar) head )
; of phosphoipid  EroPhobic Glycocalyx
Sugar side chain\g, o Y fatty acid tail (Up to 140 nm) e, « &
- of phosphelipid : s 3‘ 3 e
L AN b

: ?J 2

Plasma membrane

integral (intrinsic) proteins peripheral (extrinsic) protein c:»mgi, of Hapiscr: Latts, UCLA (Ca . 1 0 nm )

Figure 1.1: Glycocalyx. A Typical textbook image of the plasma membrane. In this picture,
glycans appear sparsely on the surface of the lipid bilayer. Taken from the Encyclopedia Britannica
[5]. B Electron microscopy image of a human erythrocyte. The cell is densely covered by a thick
layer of glycans, referred to as glycocalyx. The glycocalyx can be up to 140 nm thick, more than
ten times the thickness of the plasma membrane (typically ca. 10 nm), which is barely visible in
the image. Adapted from Voet and Voet, Biochemistry [6].

In this section, we will introduce some general concepts of protein glycosylation, starting
from the description of the basic building blocks of vertebrate glycans and their synthesis,
highlighting then the role of glycans in modulating protein functions and interactions, and

concluding with an overview of the documented involvement of glycans in human diseases.

1.1.1 Glycan building blocks and linkage

There are nine basic monosaccharides found in vertebrate glycoconjugates [7] (Figure 1.2),
although a variety of other monosaccharides exist in other species [8]. The most common
constituents of vertebrate glycans are hexoses, six-carbons sugars, which are found on
glycoconjugates in three forms: Glucose (Glc), Galactose (Gal), and Mannose (Man).
These sugars are all epimers, i.e., they are made by the same atoms and differ only
in the configuration. The same holds for the two hexosamines N-Acetylglucosamine
(GlcNAc) and N-Acetylgalactosamine (GalNAc), where the 2-hydroxyl group of the
corresponding hexose is substituted by an acetylated amino group. Glucuronic acid
(GlcA) is made from oxidation to a carboxyl group of the C6 atom of glucose, while the
removal of the C6 atom of glucose generates the pentose Xylose (Xyl). Fucose (Fuc) is
created by the loss of the 6-hydroxyl group from galactose, but it is found in a different
configuration (L instead of D, as for all other monosaccharides). The last known building

block is a sialic acid called N-Acetylneuraminate (Neu5Ac), a negatively charged nine-



1.1. GLYCOBIOLOGY 3

carbon sugar acid. In this thesis, we will encounter seven of these nine monosaccharides

(gray boxes in Figure 1.2).
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Figure 1.2: Common monosaccharides found in human glycoconjugates. A colored shape is associ-
ated to each monosaccharide, and this symbolic nomenclature, defined according to the Consortium
for Functional Glycomics (CFG) [9], will be used to represent glycan structures throughout this
thesis. Gray boxes represent monosaccharides that will be discussed in this work.

In glycans, monosaccharides are linked together via a glycosidic bond, which is formed
between the C1 carbon, also known as anomeric carbon, of one building block and the
hydroxyl group (OH) of the other. This same chemical bond can also be created between
a glycan and a protein, if the latter is a hydroxyl amino acid, such as serine (Ser) or
threonine (Thr) (see Subsection 1.1.2). The glycosidic linkage can occur in either « or 8

stereoisomeric form (Figure 1.3).

Hexoses have four hydroxyl groups attached to the ring carbons, so each one of these



4 CHAPTER 1. INTRODUCTION

OH B1,4 Gly
6
o
HO s
HO —7 l_o
OH 6
HO % o
HO T~ oH
3

OH

cosidic bond

Glcal-4Glc GlcB1-4Glc
(maltose) (gentiobiose)

Figure 1.3: Glycosidic bond.

monosaccharide can have up to four glycosidic linkage sites, each with two linkage stereoiso-
mers. This means that, given two hexoses, they can produce eight different disaccharides.
If we consider three different hexoses, we can have up to 384 combinations!. This is a com-
pletely different level of complexity in comparison to other macromolecules, like DNA and
proteins, where three different nucleotides or amino acids can only produce six different

trimers.

Given that we have nine basic monosaccharides, N-glycans typically include between ten
and twenty monosaccharides each as well as branching points (see Figure 1.6), the space
of possible configurations explodes into an untreatable number. However, only a few
thousands of different glycan structures have so far been discovered in biological systems

[7,10], which strongly indicates that glycan synthesis is highly regulated at a cellular level.

1.1.2 Biosynthesis

Principles of glycan biosynthesis All glycans are the product of chemical reactions
catalyzed by enzymes that add (glycosyltransferases) or remove (glycosidases) single mo-
nosaccharides. Most glycosylation reactions use activated forms of monosaccharides as
donors (typically nucleotide sugars [11]), where different monosaccharides require different
nucleotides (Figure 1.4). Glycosyltransferases have a high specificity for sugar donor and
acceptor and their activity is usually also specific to the glycosylation site and substrate
configuration [12]. Because of this strict specificity, most glycosyltransferases can only add
one type of monosaccharide in a specific linkage configuration [12], and often different en-
zymes are necessary to catalyze the same reaction on different substrates and proteins [13].
To generate all the diverse glycan structures observed in human glycoconjugates, roughly

250 different glycosyltransferases are estimated to be coded in the genome [14]. Glycosi-

In a sequence of three hexoses we have two glycosidic bonds with two linkage possibilities each. The
hexoses can be chosen from three different molecules (Glucose, Mannose, Galactose) and each pair of
hexoses leads to eight different combinations. Therefore, for any sequence of three hexoses, the total
number of possible combinations becomes 8 -8 (3-2-1) = 384.
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dases have similar specificity properties, with approximately 100 different enzymes coded

in the human genome [15,16].

Nucleotide Glycan monosaccharides UDP-Galactose

Uridine Diphosphate (UDP) ‘ O - D i} é o fk””
Guanine Diphosphate (GDP) O > . ° R T lN/J\o

Cysteine Monosphate (CMP) ‘ oH

Nucleotide Sugar Sugar Acceptor Nucleotide Phosphate Glycosylated Acceptor

UDP—O 4 -—R Glycosyltranferase UDP 4 O—.—R +H20

Glycosylated Acceptor Free Sugar  Sugar Acceptor

O_._R + HZO Glycosidase O + .—R

Figure 1.4: Activated sugars and example reactions of glycosylation. Glycosyltransferases need
nucleotide sugars as donors. Different monosaccharides need different nucleotides: Man and Fuc
need GDP, Neu5Ac needs CMP, and all others need UDP. During a typical glycosylation reaction,
a glycosyltransferases catalyzes the attachment or removal of a monosaccharide to or from an
N-glycan (R).

Glycan synthesis pathways Glycans found on proteins are usually classified in two

major classes, according to how they are linked to the protein backbone:

1. N-linked glycans: are linked to the amide nitrogen atom of the side chain of
an asparagine (Asn) in the motif Asn-X-Ser/Thr, where X must not be proline
(Pro) [17]. In animal cells, the monosaccharide linked to the asparagine residue is

almost exclusively GlcNAc [18].
2. O-linked glycans: are linked to the oxygen atom of a serine (Ser) or threonine

(Thr) residue in a polypeptide. In this case the connecting monosaccharide is often
a GalNAc [19].

Other than their linkage to the protein, N- and O-glycans differ significantly in their
synthesis processes and hence in their structures. While O-linked glycans are synthesized
by adding monosaccharides one at a time directly on the protein, the biosynthetic pathway
of N-linked glycans is more complex, and can be divided into three spatially separated

stages:

1. Formation of a lipid-linked precursor oligosaccharide. A characteristic 14-monosac-
charide-chain (Gle2Man9GlcNAc2) highly conserved across species [20], is built onto
a dolichol molecule in the Endoplasmatic Reticulum (ER) (Figure 1.5A).
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2. En bloc transfer of the oligosaccharide to the protein. The precursor is co-translatio-

nally transferred en bloc to the protein during folding (Figure 1.5B, black oval).
3. Processing of the oligosaccharide on the protein. The protein travels through the

Golgi apparatus, where glycosyltransferases and glycosidases further modify the at-
tached glycan (Figure 1.5B). In the cis-Golgi, the glycan is first trimmed to produce
Man5GlcNAc2. Glycans escaping this trimming will result in high mannose glycan
structures (Figure 1.6, left). Structures processed to Man5GalNAc2 can be further
modified to produce hybrid and truncated structures (Figure 1.6, center). In the me-
dial-Golgi, the GlcNAc of the first antenna is added to Man5GlcNAc2. This allows
further trimming of the mannoses and the initiation of the formation of branching.
In the trans-Golgi, the structures are extended into complex glycans (Figure 1.6,
right).

1.1.3 Regulation

For glycosylation there is no direct genetic template, and it is estimated that roughly
2% of the human genome encodes proteins involved in glycan biosynthesis, degradation
or transport [21]. The final glycosylation state of a protein or cell is therefore determined
by numerous factors, including (i) the availability of nucleotide sugar donors in the ER
and Golgi apparatus, and (ii) the expression, activity and localization of the glycosylation
enzymes, which often compete for the same substrates and can be site-, protein- and
tissue-specific. Moreover, protein glycosylation is a highly dynamic process that quickly
adapts to changes in the surrounding environment [22], and hence the same protein or cell

can express very different glycosylation profiles in response to different stimuli.

For all these reasons, the final glycosylation state of a given site on a given protein syn-
thesized by a particular cell type is not unique, and, to the contrary, all glycosylation sites
exhibit a variety of different attached glycan structures. The extent of this effect, known
as microheterogeneity, varies considerably from one glycosylation site to another and from
glycoprotein to glycoprotein, and in some cases it can have prominent consequences on
the protein function. For example, different glycans attached to the Fc region of Immu-
noglobulin G can have opposite effects, i.e., leading to pro- or anti-inflammatory protein

activity (see Section 1.1.6 for a more detailed description).

Although the general mechanism of protein N-glycosylation is quite well established, the
investigation of the site-, protein-, or cell-specific pathways of glycosylation in wvivo is,
to this day, experimentally infeasible due to the enormous complexity of the process. In
vitro experiments have allowed to identify the substrate specificities of all major glycosyl-
transferases [23] and localization experiments on cell lines have helped in determining the

localization of many enzymes within the ER and Golgi-apparatus [24-28|.
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of the lipid-linked oligosaccharide.
further processing.
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Monosaccharides

I N-Acetylglucoseamine . Mannose } Fucose Q Galactose ‘ Sialic Acid

N-glycan structures

High Hybrid Truncated Complex
mannose

Figure 1.6: Common N-glycan structures.

However, given that glycosylation is highly site-, protein- and cell-specific, it is possi-
ble that results obtained on a particular cell type or protein do not generalize well to
other systems. For example, the in vitro specificities of glycosylation enzymes might not
correctly represent the in vivo ability of a given glycosyltransferase to act on specific pro-
teins. A valuable tool to investigate both the synthesis and the function of protein glycans
is the analysis of mice where one or more glycosyltransferase genes have been knocked
out [29,30]. However, given that glycosylation is highly site-, protein- and cell-specific, it
is possible that results obtained on a particular cell type or protein do not generalize well
to other systems. For example, the in vitro specificities of glycosylation enzymes might
not correctly represent the in vivo ability of a given glycosyltransferase to act on specific
proteins. A valuable tool to investigate both the synthesis and the function of protein
glycans is the analysis of mice where one or more glycosyltransferase genes have been
knocked out [29,30].

However, even in the very early stages of development, severe alterations to the normal
glycosylation of proteins is fatal to the organism [31], and hence a systematic analysis

approach is again infeasible.

In conclusion, although indications of the specificities and activities of enzymes involved in
protein glycosylation can be derived from in vitro assays and model systems, a proper in

vivo validation on the site-, protein- and cell-specific activities of these enzymes is lacking.

To overcome this enpasse, we generated hypotheses on site- and protein-specific synthesis
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pathway from the analysis of population omics data. This type of approach has proven
to be a powerful tool, in particular in the field of metabolomics [32]. In this thesis, we
tackled the problem of determining protein- and site- specific glycosylation pathways by
analyzing four large-scale glycomics cohorts (Research question I, Section 1.4). In the
project described in Chapter 3, we were able to identify known biochemical steps, as well

as validate new ones with in vitro experiments.

1.1.4 Function

Given their ubiquitous and diverse nature, it is not surprising that glycan functions are
diverse, and their effect on the activity of the protein they are bound to can vary from
very subtle to critical for the development, growth and survival of an organism [31]. It is
therefore difficult to establish a general structure-function relationship for glycans, con-
sidering that (a) there is no direct genetic template, (b) each protein can have multiple
glycosylation sites with different structures attached, and (c) the same structure on dif-
ferent proteins can have different functions. The analysis of specific glycan structures on
specific proteins has nevertheless allowed to establish so far five main glycan functions [2],
which can be classified into two broad categories, according to whether they affect the

carrying protein (intrinsic), or mediate the interaction with other molecules (extrinsic):

e Providing structural components

(cell walls, extracellular matrix) o )
Intrinsic Functions

Modifying protein properties
(stability, solubility)

Directing glycoconjugates trafficking

(intra- and extra-cellular)

Mediating and modulating signaling o )
. Extrinsic Functions
(intra- and extra-cellular)
Self identification

(immune response)

J

N-linked glycosylation can, for example, affect protein conformation, solubility, signaling,
antigenicity and protein-protein interactions. A concrete example of the prominence of

these effects is given in Section 1.1.6.

1.1.5 Relevance in human physiology and disease

In a report aimed at articulating ”a unified vision for the field on glycoscience and gly-
comics”, the National Academy of Science (USA) recognized in 2012 that glycans are
directly involved in the pathophysiology of every major disease [4]. Although for
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most diseases the molecular mechanisms are still unknown, changes in the glycosylation
profiles of proteins and cells have been observed in a fast increasing number of pathologies,
including but not limited to: Congenital Disorders of Glycosylation (CDG) [33], cardiovas-
cular diseases [34,35], Alzheimer’s disease [36-38], rheumatoid arthritis [39], inflammatory
bowel disease [40], lupus [41], diabetes [42-45], HIV [46-48], and cancer [49-54]. Moreover,
since glycosylation adapts quickly to reflect changes in the cell state, glycans and glycan-
binding-proteins (GBPs) are being investigated more frequently as possible drug targets,
in particular for HIV [55-58] and different types of cancer [59,60]. Despite this, many
branches of the biological sciences still ignore the presence of glycans when describing

disease etiologies and mechanisms.

Since providing an exhaustive list of glycans’ involvement in the development and progres-
sion of diseases is out of the scope of this thesis, we describe in this section two concrete
examples that illustrate how understanding the molecular mechanism of glycosylation and

protein-glycan interactions can improve medical procedures and treatment of diseases.

ABO blood groups. Probably one of the most important discoveries in the history
of glycobiology, the identification of different groups in human blood dates back to the
beginning of the 20th century [61] and allowed the development of the blood transfusion,
a widely used procedure in modern medicine. The ABO blood groups are controlled by
a single gene (the ABO gene), which can have three alleles (i, I* and I?), each of which
codes for a different glycosyltranferase. These glycosyltransferases act on the terminal
part of the glycans attached to several proteins and lipids on the surface of erythrocytes.
As a consequence, depending on which allele is expressed, these cells will exhibit different

glycan structures on their glycocalyx.
H antigen A antigen B antigen
R R R

Allele i #
Figure 1.7: ABO blood groups antigens on N-glycans (R).

-
-]
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Allele i produces antigens H, which translates to blood group O, allele I gives rise to
antigen and blood type A, while allele IZ creates antigen and blood type B (Figure 1.7).
Allele i is recessive, and alleles I and IZ are codominant. Therefore, blood group O needs
two 1 alleles, while the presence of both A and B alleles will give rise to both antigens (blood
type AB). Note that antigens A and B only differ for a single chemical functional group
(the N-Acetylgalactosamine in antigen A has an N-acetyle group whereas the galactose in
antigen B has a hydroxyl group, see Figure 1.2) and yet the human immune system is so
sensitive to structural differences that individuals with blood type A cannot receive blood

from a type B donor and viceversa.

Influenza virus. Influenza is still a major global health problem: more than 70 million
deaths have been attributed to the influenza pandemic of 1918 [63]. One of the most
alarming properties of influenza is that it has the ability to be transmitted across species,

for example from swine to human, as it recently happened with the strain HIN1 [64].

@& Hemagglutinin protein (HA)

T Neuraminidase protein (NA)

M A receptor Influenza virus
@ M2 protein N f
.Aman(adinc \

I NA inhibitor (NAI) drugs S}Q&r\.)

(%]

B NAls inhibit .
}" release of virions
and promote clumping
N4

B
KZ S0

Attachment
Budding virion ﬁ

Internalization
and uncoating

Amantadine disables M2
protein, preventing viral

\_\/\t h
Synthesis of viral proteins
uncoating — virus 2 \
rendered inert >
Replication of viral RNA \

Figure 1.8: Life cycle of the influenza virus. Hemagglutinins on the membrane of the virus bind
to the sialic acids on the glycocalyx of the host cell and triggers endocytosis. After viral DNA
replication, new viral particles bud off the host cell and neuraminidases cleave the sialic acids bound
to hemagglutinins, enabling the new viruses to infect other cells. Taken from Stiver (2003) [62].
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Influenza is a membrane enclosed virus and has two important proteins protruding from
its membrane: Hemagglutinin (H), a receptor for sialic acid, and Neuraminidase (N), an
enzyme that catalyzes the cleavage of sialic acid off of the host cell?. In the very first
stages of the infection, as the virus approaches the host cell, hemagglutinin attaches to
sialic acids on the host cell surface, enabling the docking of the viral particle. This triggers
the endocytosis of the viral particle into the host cell. The virus then is able to release
its native nucleic acid into the cell and initiate its replication. Eventually, new particles
will bud off the cell surface of the host cell. However, hemagglutinin keeps the newly
replicated virions bound to the surface of the host cell. In order for the virions to release
themselves and start their own cycle of replication, neuraminidases cleave off the sialic
acids bound to the hemagglutinins on the virus particles (Figure 1.8). Thanks to the in
detail understanding of the molecular mechanism of influenza infection, pharmaceutical
industries are now able to develop antiflu drugs based on synthetic compounds that mimic
the structure of sialic acid and inhibit the action of the neuraminidase, therefore limiting

the spread of the infection.

1.1.6 Immunoglobulin G

Due to their accessibility, secreted glycoproteins are the best characterized glycoconju-
gates. Among them, Immunoglobulin G (IgG) is the most abundant and investigated. It
is a large molecule of about 150 kDa made of four peptide chains: two identical heavy
chains and two identical light chains. The two heavy chains are linked to each other and
to a light chain each by disulfide bonds. The resulting tetramer has two identical halves,
which together form the typical antibody Y-shape (Figure 1.9). IgG has four isoforms or
subclasses. Like all antibodies, it is produced and secreted by B lymphocytes and has two
functional domains, namely an antigen-binding fragment (Fab), which is responsible for
recognizing antigens on foreign pathogens and infected cells, and a crystallizable fragment

(Fc), which triggers the immune response by interacting with various Fc receptors [65].

Although secreted proteins can have up to 20 different glycosylation sites, IgG only has
four main ones: one on each side of the antigen-binding portion of the protein, which
are however only actively glycosylated in 15 to 20% of the cases [66-68], and one highly
conserved glycosylation site in each heavy chain of the Fc region (at Asn 297) (Figure
1.9) [69]. While the functional effects behind Fab glycosylation are still unclear [70], Fc
glycosylation is well-characterized. From a structural point of view, glycans are mostly of
the complex type and biantennary, with the possible addition of a core fucose, namely a

fucose attached to the first GlcNAc of the glycan structure, or a bisecting GlcNAc, i.e.,

2The flu strains owe their name to the particular forms of hemagglutinin and neura<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>