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Abstract 

Glycan structure elucidation, either on released oligosaccharides or still attached 

to proteins/peptides, remains a challenging task mostly due to the complexity 

embedded in these key molecules. Uncovering the functional relevance of 

glycosylation in biological systems can be used for disease diagnosis and 

treatment. The aim of this work was to develop highly sensitive and selective 

clinical glycomics and glycoproteomics tools. 

A method for the extraction of N- and O-glycans from histopathological tissue 

sections (formalin-fixed & paraffin-embedded and/or Hematoxylin & Eosin 

stained) was developed. The use of laser capture microdissection provided the 

opportunity to gain spatial insights into the glyco-epitope distribution in 

hepatocellular carcinoma and surrounding non-tumor tissue from as low as a few 

thousand cells. For the first time detailed linkage information on structural 

isomers (e.g. 2,3 vs. 2,6 linked sialic acids) and important glycan epitopes (e.g. 

such as Lewis X) could be determined from minimal amounts of clinical tissue 

specimens. This developed approach represents an enormous step forward in 

the quest to identify disease specific glycan signatures. 

For the glycoproteomic investigations defined glycopeptide standards were 

synthesized. These were employed to systematically investigate glycopeptide 

fragmentation in quadrupole-time-of-flight mass spectrometer to improve the 

information content of tandem MS data for software-assisted glycopeptide 

analysis. Optimal analysis conditions were used in a glycoproteomic investigation 

of the entire set of human immunoglobulins. 

The glycopeptide standards were also key compounds to explore the potential of 

ion mobility mass spectrometry (IM-MS) for providing glycan structure 

information from isobaric glycopeptides. IM-MS was able to differentiate N-

glycopeptide positions isomers. Even more importantly, IM-MS could be used to 
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differentiate -6 from -3 sialic acid (NeuAc) linkage isomers. This was 

achieved by IM-MS separation of oxonium ions (NeuAc-Gal-GlcNAc; 657 m/z) 

generated by collision induced dissociation of isolated precursor ions but not on 

the level of intact glycopeptides. Using this technology for the first time NeuAc 

linkages can be studied in a site-specific manner within a single experiment. In 

future this capacity will provide novel insights on the role of sialic acid in health 

and disease. 
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Zusammenfassung 

Die detaillierte Charakterisierung von Glykanen, in gelöster Form oder in 

Verbindung mit Proteinen/Peptiden, stellt aufgrund der ihnen innewohnenden 

umfassenden Komplexität eine enorme Herausforderung dar. Die Aufklärung 

ihrer biologischen Funktionen ist für den Kampf gegen Krankheiten von 

entscheidender Bedeutung. Das Ziel dieser Arbeit war die Entwicklung von 

hochsensitiven und selektiven Methoden zur Anwendung in der klinischen 

Glykomik und Glykoproteomik.  

Es wurde eine Methode für die Extraktion von N- und O-glykanen aus klinischen 

Gewebeproben (Formalin-fixiert & Paraffin-eingebettet und/oder Hematoxilin & 

Eosin gefärbt) entwickelt.  Mit Hilfe von Laser-Mikrodissektionen war es zudem 

möglich räumliche Glykanprofile von Gewebestücken von nur wenigen tausend 

Zellen (Leberzellkarzinom) und angrenzenden Bereichen zu erstellen. Zum ersten 

Mal konnten detaillierte Informationen über Glykan-Isomere (z.B. 2,3 und 2,6 

verknüpfte Sialinsäuren) und wichtige Epitope (z.B. Lewis X) von kleinsten 

Mengen klinischen Materials gewonnen werden. Daher stellt diese Methode ein 

wertvolles Werkzeug bei der Suche nach geeigneten Glykan Biomarkern dar. 

Für die glykoproteomischen Arbeiten wurden definierte Glykopeptidstandards 

hergestellt. Diese wurden dann benutzt um systematisch deren Fragmentierung  

in Quadrupol-Flugzeitmassenspektrometern zu untersuchen und  den 

Informationsgehalt der entstandenen Fragment-Ion-Spektren für eine bessere 

computer-assistierte Datenanalyse zu erhöhen. Die optimalen Parameter wurden 

dann u.a. mittels diverser humaner Immunglobuline validiert.  

Die synthetischen Glykopeptide wurden weiterhin verwendet, um das Potential 

der Ionen-Mobilitäts-Massenspektrometrie zur Glykopeptid Charakterisierung zu 

untersuchen. Es hat sich gezeigt, dass die untersuchten N-glykopeptid-

Positionsisomere mittels der Methode unterscheidbar waren. Weiterhin konnten 
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isobare Glykopeptide, welche nur in ihrer terminalen Sialinsäureverknüpfung

variierten - -3), auf Fragment-Ebene unterschieden werden. Dies 

geschah an Hand von Oxonium-Ionen (NeuAc-Gal-GlcNAc; m/z 657), welche 

zuvor durch kollisionsinduzierte Dissoziation der Vorläuferionen generiert 

wurden. Zukünftig ermöglicht die Methode die Bestimmung von 

Sialinsäureverknüpfungen auf Glykopeptiden in einem Experiment, was die 

Untersuchung von Sialiansäuren in einem bestimmten biologischen Kontext sehr 

vereinfachen wird.   
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Introduction 1 

1 Introduction 

Sugars are omnipresent. In fact, the polysaccharides cellulose1 and chitin2 are the 

two most abundant biopolymers on earth. Carbohydrates, proteins, nucleic acids 

and lipids  the four major biomolecule classes of life  have been studied by 

researchers for over a century. Historically, carbohydrates were mainly 

associated with sugar metabolism, energy transport/storage (e.g. starch, 

glycogen) and structural integrity of cell walls (e.g. cellulose, chitin). 

Furthermore, sugars such as ribose and deoxyribose are important components 

of nucleic acids, the fundamental building blocks of the genetic code.

More recently carbohydrates have also been identified to play essential roles in a 

variety of biological processes within single cells but also in multicellular 

organisms. Their distinct monosaccharides are connected via glycosidic linkages 

to form glycans. The term is often utilized synonymously with oligosaccharide 

(actually 2-20 monosaccharide units) or carbohydrate. Covalently attached to 

proteins and lipids (then referred to as glycoconjugates), they have been 

identified to extend the functionalities of their carriers. Glycoproteins and 

glycolipids incorporated in the plasma membrane of cells form most of the 

dense, complex layer surrounding the outer membrane of cells. This layer, called 

the glycocalyx, represents the interface for cell-cell communication and serves as 

identification tag for other cells but also as protection at the same time. It also 

represents the first area of contact when dealing with pathogenic intruders. In 

other words, the glycocalyx is a major zone of interaction where glycans 

significantly contribute to the communication between different parties (cells, 

host and pathogens, etc.). is, however, also 

exploited by viruses, bacteria and parasites that decorate their outer surfaces 

with sugar coats for different purposes such as invasion or protection against the 

immune system. Furthermore, glycosylation alterations on structural as well as 

quantitative level are often observed in diseases such as cancer and chronic 
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inflammation3, 4. Glycans are very complex biomolecules and constructed by 

monosaccharides that are typically not used by cells as an energy source. This 

favors their use as an universal communication tool across organisms and 

species5. 

In order to understand the glycan language, the varying parts that reflect the 

letters, words and grammar need to be studied. Glycans come in different 

conjugated forms such as glycoproteins, glycolipids, proteoglycans, but also as 

free oligosaccharides (e.g. in human milk). Understanding their function also 

requires knowledge on glycan binding proteins such as lectins as well as 

glycosyltransferases and glycosidases that are mandatory for glycan biosynthesis 

and degradation. The research field of glycobiology is still in its infancy compared 

to proteomics (study of the entire protein pool of one single biological source) 

and genomics (study of the complete set of nucleic acids), probably because 

glycans belong to the most diverse molecules among the known biopolymers6, 7. 

They consist of several monosaccharides and are joined through different 

linkages in a non-linear, non-template driven fashion (unlike proteins and nucleic 

acids), which makes prediction of glycan structures virtually impossible.  

Non-template glycan biosynthesis is influenced by external factors such as diet 

and the physiological conditions at a given time point. Moreover, the assembly is 

also affected by the temporal actions of specific glycan processing enzymes 

(proteins) in a spatial-depending manner (cell, tissue, etc.), which makes glycans 

also a valuable messenger for the global genetic and proteomic status of cells. 

These dynamics makes glycosylation an ingesting disease research target since 

pathological conditions could be earlier detected, which provides more time for 

disease treatment 5, 8, 9. 

1.1 Glycan Structure Diversity: Monosaccharides and Linkages  

Glycans diversity arises from the complexity already implemented in their 

smallest units: monosaccharides. The abundance of monosaccharide building 
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blocks incorporated in glycan structures varies and mainly dependents on the 

type of the investigated glycan and studied organism10-12.  

Mammalians use a set of different monosaccharides to assemble larger glycans 

(Figure 1). Cyclic monosaccharides, usually formed in solution and in equilibrium 

with the acyclic forms, cannot only exist as pyranose (six-membered ring) but 

also as furanose structures (five-membered ring). Furthermore, once the ring is 

closed the hydroxyl group at the anomeric carbon has a specific orientation and 

can be either in position, which in solution are constantly transformed 

from one state to another through the acyclic form (Figure 2). In contrast to 

amino acids or nucleic acids, monosaccharides, such as a single aldohexose, 

contain four chiral centers (CHOH groups) that can all be used to link onto the 

reducing end of another monosaccharide. In larger structures those aspects can 

result in a tremendous glycan complexity. During glycosidic bond formation the 

hydroxyl group at the anomeric carbon becomes permanently fixed in either of 

the two positions ( ). Furthermore, each monosaccharide can be involved in 

more than one glycosidic linkage via its hydroxyl groups (Figure 3). Consequently, 

this can lead to highly complex, branched structures that differ significantly in 

their biological features10, 11. The diversity created through variations in linkage 

stereochemistry, regiochemistry, branching and monosaccharides can be further 

modulated by substituting mainly amino or hydroxyl groups with modifications 

such as sulfation, methylation, acylation and phosphorylation 10, 13.  
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Figure 1: Common mammalian monosaccharide building blocks and respective symbol nomenclature. 
Abbreviations and symbols will be used throughout this work and are based on Varki et al.14 (Essentials of 
Glycobiology Editors). 

 

Figure 2: Transition of acyclic D-glucose to its cyclic forms. During this process either pyranose or furanose 
are observed. 
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Figure 3: Complexity embedded in carbohydrates. The diversity of larger glycan structures is due to the 
connected monosaccharides (e.g. Glc vs. Gal, both differ only in one hydroxyl group orientation at the C4-
postion), the hydroxyl group invol  stereochemistry of the 
glycosidic bond  

1.2 Glycosylation 

Glycosylations are abundant post translational modifications with a huge 

biological relevance and are found on several glycoconjugates (Figure 4). The 

covalent attachment of glycans to proteins and lipids extends the functional 

repertoire of their carries. Attached to proteins several types of glycosylation are 

differentiated based on the atom the glycan is connected to. It can be attached 

to the side chain amide nitrogen of Asn residues (N-glycans), to the side chain 

oxygen of mostly Ser/Thr residues (O-glycans) or in rarer cases (e.g. collagen) to 

hydroxylysines (Hyl). Linkages to the carbon atom of Trp (C-glycosidic bond) are 

less common and the biological relevance of C-glycosylation still needs to be 

identified10. S-glycosidic bonds15 between sulfur atoms of Cys residues have been 

reported in bacteria, but are extremely rare. Furthermore, various other types of 

glycan linkages to amino acid side chains have been described in principle, 

however the eukaryotic N- and O-glycosylation are the best studied10, 16.  
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N-glycans share a common pentasaccharide core as the initial N-glycan precursor 

biosynthesis is well conserved among eukaryotic species. This highly facilitates 

structure analysis by mass spectrometric methods. Depending on the various 

extensions/modifications of this core pentasaccharide N-glycans are further 

classified into high mannose, hybrid and complex-type structures (Figure 5). 

O-glycans are a more diverse group but also share certain common core motifs. 

Glycans starting with a GalNAc attached to the protein are termed mucin-type O-

glycans. Over 20 different types of GalNAc transferases are known in the human 

genome to catalyze that reaction17. This initial GalNAc residue may be extended 

by different transferases to form eight different core structures, before the 

glycans can be further elongated. The assembly of O-glycans can also start with 

other sugars such as Gal (e.g. in collagen), Glc and Fuc residues. The latter ones 

have been first identified on epidermal growth factor-like domains in membrane 

proteins. Other sugars that can directly be attached to amino acid side chains in 

proteins are Xyl (see proteoglycans), Man or GlcNAc residues. Starting motifs 

with Man residues are common in yeasts but to date have only been identified in 

mammals on -dystroglycan. O-linked GlcNAc (O-

GlcNAc) glycosylation is distinct from the other forms of protein glycosylation. It 

exclusively targets proteins of the nucleus and cytoplasm and is highly dynamic. 

Linked to Ser or Thr it carries only a single monosaccharide (termed as 

monoglycosylation) and functionally shares more similarities to phosphorylation 

rather than glycosylation10, 16, 18.  

Proteoglycans have been designated their own category since the protein 

backbone carries linear glycans of much larger dimension (up to thousands 

monosaccharides5) and biosynthetically, as well as functionally, they differ 

substantially from N- and O-glycans. The large, often sulfated carbohydrate 

structures on proteoglycans are called glycosaminoglycans (GAGs). Proteins can 

carry GAGs as well as N- and O-glycans. Some GAGs, such as hyaluron do exist in 
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free form and are not covalently attached to a protein or lipid. GAGs are 

connected to proteins via O-glycosidic linkages to Ser via an initial Xyl residue, 

which is part of a tetrasaccharide core sequence. This tetrasaccharide core is 

subsequently extended by disaccharide repeating units (basis for further 

classifications) to form linear polymer chains, similar to free polysaccharides. N-

glycosidic linkages on proteoglycan (e.g. some N-asparaginyl-linked keratan 

sulfates19) constructs are also possible10, 20, 21.  

GAGs can provide a binding reservoir for growth factors (e.g. transforming 

growth factor- and anti-coagulation agents (e.g. anti-thrombin) or pathogens5, 

21 . They can also generate chemokine gradients which influence the infiltration 

of neutrophils21. Furthermore, proteoglycans also play a role in developmental21 

(e.g. inhibition of neuronal attachment and neurite outgrowth) and physiological 

processes (e.g. regulation of cartilage development, growth and homeostasis)5, 

21.  

Glycolipids form another major class of glycoconjugates that is subdivided into 

glycoglycerolipids, glycosphingolipids and glycosylphosphatidylinositols (GPIs). 

This differentiation is based on their hydrophobic lipid tail that is incorporated 

into membranes. Glycosphingolipids are the largest group among the glycolipids 

and make up the majority of glycans in the vertebrate brain10. Glc, and to a lesser 

extent Gal, residues are linked to the primary hydroxyl group of a ceramide. 

Both, Glc and Gal can be further extended to form neutral or acidic glycolipid 

structures. Glycolipids are heavily involved in signaling events and influence the 

structure of the plasma membrane by initiating receptor clustering (e.g. lipid 

rafts/micro-domains) and therefore influence their distribution. The dynamic 

spatial distribution can also facilitate multivalent binding events of glycans to 

their respective receptors5, 22. Glycolipids can also serve as ligands for pathogens 

(e.g. Simian virus) and toxins (e.g. cholera toxin)22. 
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GPIs fulfil a special role among the glycolipids and their currently known main 

function is to anchor proteins via a glycan bridge and a lipid tail into the outer 

leaflet of the plasma membrane. The process is also sometimes referred to as 

glypiation. GPI anchors have a diverse structure, especially in protozoa, but share 

a common glycan core. A phosphatidylinositol is bound to a GlcN followed by 

three Man residues. The last Man is then in turn linked through an ethanolamine 

phosphate to the C-terminus of a protein10, 23, 24. In eukaryotes they are thought 

to influence the physical localization25 of proteins. Furthermore, they enable a 

clear separation of attached proteins to integrated plasma membrane proteins 

and allow high protein packing. They also seem to be involved in defense 

mechanisms against the host immune system in certain protozoa25. 

Figure 4: Common glycoconjugates found in mammalian cells. Glycans are attached in various ways to 
several biomolecules to form macromolecules such as glycoproteins, proteoglycans, glycolipids and GPI-
anchored proteins. Common core structures/starting units of the glycan portion of the respective 
glycoconjugate are shown with orange background. Variations in N-glycan processing produce high 
mannose (HM), hybrid (H) and complex-type (C) structures. Note that not all core elements known for O-
glycans are shown and that it has been reported that O-glycans can also be attached to Tyr in some cases26. 
O-glycans starting with Fuc or Glc residues are less common and can be found in extracellular domains of 
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Notch receptors. GAGs are also mainly attached via O-glycosidic linkages to Xyl residues but can also exist in 
free form (*). HA: Hyaluronic acid, CS: Chondroitin sulfate, HS: Heparan sulfate.  

In the following paragraphs only N- and mucin-type O-glycans are described in 

more detail as they have been a major research focus of the work described in 

this thesis. 

1.2.1 N-glycans 

N-glycans have been named that way since the glycan is attached via an amide 

linkage to the nitrogen of the amino acid side chain of Asn. However, not every 

Asn in a protein sequence can carry an N-glycan. N-glycosylation usually occurs 

at the consensus sequence of N-X-S/T, whereas X can be any amino acid except 

Pro. Less commonly, other motives such as N-X-C27, 28 or N-X-V27, 28 can be 

glycosylated. Also N-G motives have been postulated, however it is still not clear 

whether they are real glycosylation motives or just a deamidation artefact of the 

sample preparation27, 29 16. To date, however, no clear evidence for glycosylation 

of an N-G motive has been brought forward. Due to a universal biosynthetic 

pathway, N-glycans possess a common pentasaccharide core structure that is 

formed by two GlcNAc and three Man residues. Based on the extension made to 

this core element N-glycans are further differentiated. High mannose 

(oligomannose) structures only carry Man residues attached to the core element. 

Complex-type structures exhibit Gal, GlcNAc and Fuc residues, as well as sialic 

acids as the major components on the outer antenna. Hybrid structures are a 

mixed form where one antenna retained high mannose type features while the 

other has already been processed to exhibit complex type epitopes (Figure 5)10, 

16. Another category are paucimannose structures30, which are truncated core 

structures. They are a common feature of insect and plant glycans but have 

recently also attracted more attention in human glycosylation studies10, 31, 32.  



Introduction 10 

Figure 5: Examples of human N-glycosylation. The three major types of N-glycosylation are differentiated: 
High mannose, hybrid and complex-type structures (black box) share a common pentasaccharide core (red 
dashed line), which may be extended to form larger structures. Paucimannosic structures resemble 
truncated glycan versions30. Certain architectural elements for glycans are also illustrated. Extensions on the 
Man residues linked either - -3 position in biantennary structures are referred to as 6-arm and 3-
arm, respectively. Additional attachment of GlcNAc residues to the outer Man residues can produce up to 
five33 antennas. A GlcNAc residue attached to the base of the trimannosyl element is called bisecting 
GlcNAc. 4GlcNAc are termed N-acetyllactosamine (LacNAc). Fuc residues in 
antennas are important elements in binding motifs (see also Figure 8b). Fuc attached to the first GlcNAc of 
the core are referred to as core-fucose residues. Other monosaccharides constituting important elements in 
binding motifs (Figure 8b) and as terminal sugars on the non-reducing end are sialic acids such as NeuAc. In 
humans the residues are most commonly linked in - -6 linkage10, 16, 33. 

1.2.1.1 N-glycan Biosynthesis 

The biosynthesis of glycans does not follow any template and depends on 

various factors such as organism, cell type, protein trafficking and localization10. 

Furthermore, the relative abundance of donors and acceptors as well as 

coordinated efforts of enzymes such as glycosyltransferases and glycosidases as 

well as their catalytic preferences influence glycan biosynthesis. Thus, not all 

glycoproteins assembled in this process are identical, giving every mature 

glycoprotein potentially slightly different characteristics. Glycans attached to the 

very same site within a polypeptide chain can vary (micro-heterogeneity) as well 

as the sites occupied by glycans (macro-heterogeneity)10, 16.  

N-glycan biosynthesis starts in contrast to the one of O-glycans as a 

co-translational process. It can be divided into three stages and happens in the 

endoplasmic reticulum (ER) and the Golgi apparatus (Figure 6-8):  
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1) Formation of an oligosaccharide/dolicholpyrophosphate (Dol-P) precursor.

N-glycan biosynthesis is initiated on the cytoplasmic side of the ER with the

attachment of a uridine diphosphate- (UDP)-GlcNAc residue to the 

membrane-anchored lipid-like molecule dolichol phosphate. Via the stepwise 

addition of several nucleotide activated monosaccharide building blocks 

(Man) catalyzed by specific glycosyltransferases an Man5GlcNAc2 

intermediate oligosaccharide structure is formed on the lipid carrier. This 

whole construct is enzymatically re-  

by a flippase. Subsequently four Man residues are sequentially added, 

followed by three Glc residues to form the donor Glc3Man9GlcNAc2 N-glycan 

precursor that is the substrate for the next steps of protein N-glycosylation. 

The activated monosaccharide building blocks are all synthesized in the 

cytosol and need to be actively transported into the lumen of the ER. The ER, 

however, does not use specific transporter proteins for sugar nucleotide 

transport but imports these substrates after they are linked to a lipid anchor 

on the cytosol side before they are also flipped into the lumen 10, 16, 34-37. 

2) En bloc-transfer of the oligosaccharide precursor. The entire

Glc3Man9GlcNAc2 glycan is transferred co-translationally from the lipid donor

to defined Asn residues of nascent polypeptide chains by the

oligosaccharyltransferase (OST) enzyme complex while the protein is still

being synthesis by the ribosome and imported into the ER by the translocon

(see Figure 6 for details)10, 16, 35-38. Thus the initial steps of N-glycosylation are,

strictly spoken, co-translational.

3) Further glycan processing occurs in the ER and Golgi cisternae. Following the

successful glycosylation of the protein chain glucosidases remove the

terminal Glc units from the Glc3Man9GlcNAc2 N-glycan and enable the freshly

synthesized glycoprotein to enter the calnexin/calreticulin cycle, where

correct folding through lectin chaperones is catalyzed. Through an interplay



Introduction 12 

of de- and re-glucosylation the glycosylated polypeptide chains can re-enter 

the cycle but eventually get degraded in the proteasome when correct 

folding is not achieved (Figure 7)10, 16, 33-38. 

Subject to correct glycoprotein folding further N-glycan processing takes 

place in the Golgi apparatus, where different steps are carried out in the 

different Golgi compartments, also known as cis, medial and trans cisternae. 

In contrast, the ER sugar nucleotide donors are transported via selective 

transporters embedded in the Golgi membrane. The exact processes in the 

Golgi are still under debate16 but they result in the formation of the above 

described hybrid and complex-type structures that can contain several 

capping motifs (for further details refer to Figure 8). 
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Figure 6: Early biosynthetic steps within the N-glycosylation pathway. The production of the oligosaccharide 
precursor Glc3Man9GlcNAc2 is shown starting from a membrane-linked, cytoplasmic-oriented 
dolicholpyrophosphate via a Man5GlcNAc2 intermediate that is synthesized by specific glycosyltransferases. 
The intermediate is then flipped inside the lumen of the ER for further extension by transferases using the 
substrates Dol-P-Glc and Dol-P-Man. The substrates are synthesized in the cytosol and then transported into 
the lumen. The dolicholpyrophosphate-linked Glc3Man9GlcNAc2 precursor, which is highly conserved in all 
studied eukaryotic species, is transferred to a nascent polypeptide chain by the key OST enzyme complex10, 

16, 34-37. Besides a typical acceptor sequence motif (e.g. N-X-S/T), other factors also influence proteins N-
glycosylation16, 39, 40, such as the sequon surrounding amino acids and the specific location of the potential 
attachment site within the polypeptide chain10, 16, 35-37. Adapted from Varki et al.10
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Figure 7: ER located N-glycan biosynthesis. After the oligosaccharide transfer to the nascent or partially 
folded polypeptide chains, the glycan part is trimmed by various enzymes in the ER. Two Glc residues are 
removed through the actions of glycosidase I and II resulting in a GlcMan9GlcNAc2 intermediate, an 
important ligand for the chaperone elements calnexin (membrane-bound) and calreticulin (soluble). Both 
support the correct folding of polypeptide structures in combination with recruited ERp57, a thiol 
oxireductase, which is responsible for disulfide bond formation. Removal of the last inner most Glc residue 
(glucosidase II), its reintroduction by UDP-Glc:glycoprotein glucosyltransferase1 (UGT1), as well as the 

-2 linked Man residues (ER- -2-mannosidases [ERMan1] and others) 
determine the time window given to proteins to adopt to their proper three-dimensional (3-D) structure. 
Folding-defective polypeptides enter the proteasomal degradation pathway, but once they pass the quality 
checkpoints, correctly folded counterparts are distributed to their intra and extra cellular destinations, 

2Man (ERMan1) from the central arm to yield Man8GlcNAc2
10, 

16, 33. 
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Figure 8: Golgi complex-located N-glycan biosynthesis. A) Pathways. The ER-derived Man8GlcNAc2 structure 
is processed by Man-I in the cis- 2Man residues to yield the key intermediate 
Man5GlcNAc2. Trimming is not always complete resulting in High mannose N-glycans on mature proteins, 
which can also arise from alternative routes (e.g. mannose 6-phosphate pathway for lysosomal enzymes). By 
consecutive action of N-acetylglucosaminyltransferase-I (GnT-I), Man-II and GnT-II hybrid and complex-type 
structures can be synthesized. Resulting structures might or might not be modified by -6-
fucosyltransferase (FUT8). In addition, the GnT-I product is also a substrate for GnT-III (*can act also later), 
which leads to bisected structures. Additional GlcNAc modifications to initiate branching can also occur. 

1-4-galactosyltransferase [GalT]), further GlcNAc residues (e.g. to form 
LacNAc motifs), sulfate and N- -6-sialyltransferase [ST6]) direct the pathway to 
complex-type structures10, 16, 33, 38. The color gradient depictures the compartmentalization of the Golgi 
complex. Note that enzyme locations are only rough and that there is evidence that sequentially acting 
medial- and trans-Golgi enzymes transit as complexes (homo- and heteromers) through the Golgi 
environment in a pH-driven manner41, 42. Numbers on sugar residues indicate the order in which they are 
removed by the respective enzymes. Dashed arrows illustrate alternative pathways for hybrid structures 
assembled downstream the cis Golgi compartment. B) Selection of terminal oligosaccharide structures and 
Lewis antigens. 

1.2.2 O-glycans 

O-glycosylation is a modification occurring on the side chain hydroxyl-oxygen of 

mainly Ser and Thr, but in rare cases also on Tyr26 and frequently in collagen on 

Hyl, with a carbohydrate via a glycosidic bond. In contrast to N-glycans, there is 

no universal consensus sequence motif known and potential glycosylation sites 

might be located in close proximity to each other. These aspects can impede the 
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analysis of those structures. However, O-glycans usually exhibit less antennas 

and mucin-type O-glycosylation does not contain Man residues5.  

Mucin-type oligosaccharides represent the best studied O-glycan type in 

mammals. They are characterized by an -linked GalNAc residue attached to 

mainly exposed amino acid residues of Ser/Thr in Ser/Thr/Pro rich regions, 

depending on the specificity of the GalNAc-Transferases responsible for their 

attachment16, 17, 43-45.  

O-GalNAc glycans are commonly found on large glycoproteins secreted on

epithelia (mucins) but also in other body fluids (e.g. saliva, synovial fluid46) and 

occur also on other proteins. To date, eight core structure motifs (Figure 9) have 

been described that build the basis for further elongation43, 47. 

Figure 9: Core structure motifs of mucin O-glycans. 

1.2.2.1 Biosynthesis of Mucin-type O-glycans 

Mucin-type O-glycan synthesis (Figure 10) is initiated by polypeptide-N-

acetylgalactosaminyltransferases (ppGNTs), a family of about 20 enzymes 

located in the ER/cis Golgi that catalyze the attachment of a GalNAc to newly 

synthesized glycoproteins. The motif present on the glycoproteins after this 

initial step is called Tn antigen, due to its association with cancer and other 
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diseases. Sequential addition of a Gal residue in 1-3 linkage gives rise to the T 

antigen (Core 1) structure. The Tn and T antigen are precursors for other core 

structures which can then become further prolonged while attached to proteins 

during their transition through the Golgi complex (for details see Figure 10)17, 33, 

43, 47, 48.  

Figure 10: Common mucin-type O-glycan biosynthetic pathways in the ER and Golgi complex (exemplified 
for core 1 4). The synthesis starts with the action of the ppGNT enzyme family, whose subcellular 
localization determines GalNAc residue attachment and O-glycosylation densities. The Tn antigen motif then 
gets processed by C1GalT-1 (T synthase) after its activation by Cosmc, an ER located chaperone. Further 
GlcNAc residue addition to the so called T antigen by C2GnT1/3 yields the core 2 structure. Core 1 and the 
Tn antigen can be further extended using sialic acid building blocks, to form the sialyl T and sialyl Tn antigen 
by the action of ST3Gal or ST6GalNAc, respectively17, 43, 47, 48. Alternatively, the Tn antigen can also be 
processed by 3GnT to give rise to the core 3 structure and downstream to the core 4 structure (C2GnT2). 
Further extension of all core structures (e.g. to from the already mentioned Lewis type antigens, the H-
epitope or others of the AB0(H) blood groups) are realized by an array of glycosyltransferases and elongated 
structures can additionally be modified further by sulfation, methylation or acetylation17, 33, 47, 48. The color 
gradient depicts the compartmentalization of the Golgi complex (assignment of glycosylation locations is 
only rough). Note that the position of nucleotide sugar transporters is simplified and does not reflect the 
exact position within the Golgi complex. 
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1.2.3 Glycosylation in Health and Disease

Protein N- and O-glycans are common posttranslational modifications that 

expend proteome diversity. The majority of membrane and secreted proteins 

carries these modifications or are at least predicted to do so10, 49-51.  

N-glycans play an essential role in the quality control mechanisms of protein 

folding as they support correct folding through presenting binding epitopes for 

lectin chaperones in the ER (see also Figure 6/7). They also influence transit, 

selective targeting and finally secretion of glycoproteins (trafficking) in processes 

occurring within the Golgi complex16, 35, 37.  

The covalent attachment of oligosaccharide to proteins can also influence the 

stability of their carriers through modulating physico-chemical properties49, 52 

(e.g. pH denaturation, thermolysis, solubility, , susceptibility to proteolytic 

degradation49, 52 and the circulatory half-lives/serum clearance52, 53. The 

enzymatic degradation of glycoproteins can be hindered due to a protecting 

effect (steric hindrance) mediated by glycans around the peptide backbone near 

a site of glycosylation52.  acids expose underlying 

epitopes such as Gal residues, indicating the need for recycling5 of the respective 

glycoproteins, which are then sorted out by receptors in the liver and other 

organs54. That mechanism can decrease the abundance of partially desialylated 

coagulation determinates such as Von Willebrand factor generated during 

sepsis54. 

The structural integrity and organization of tissues also depends partially on 

glycans, mostly on proteoglycans. Their possibility to absorb large amounts of 

water makes them crucial factors required to form gels and mucus within the 

body. Mucins in particular also serve as physical barriers that prevent bacterial 

invasions55, 56. Glycoconjugates can also be involved in storage of important 

biological molecules (e.g. growth factors) in the extracellular matrix57 (see also 

1.2, proteoglycans).  
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The ability of glycans to initiate binding events with other proteins such as lectins 

has been identified to play fundamental roles mediating biological processes at 

the glycocalyx interface, such as cell-cell/ cell-matrix interactions57-59, receptor 

recognition (signal transduction)3, 57, 60, 61, endocytosis3, immune modulation57, 61-

63 and fertilization64.  

In this context the important role of glycan-binding proteins must be 

emphasized. The major classes of animal carbohydrate-binding proteins, which 

themselves have no enzymatic activity but bind their substrates in a highly 

specific manner are galectins and lectins (C-, P-, I-type [including siglecs]). 

Another important subclass belonging to the C-type lectin family is the selectin 

group (P-, E-and L-type). All mentioned proteins are mainly classified based on 

sequence and structural homology10 and bind diverse glyco-epitopes.  

Galectins are usually soluble, secreted proteins and can be further distinguished 

based on their architecture (amino acid sequence of their carbohydrate-

recognition domain) into proto-, chimera- and tandem repeat-type galectins7, 10, 

65. Sialic acid-binding immunoglobulin (Ig)-like lectins are called Siglecs and 

belong to Ig superfamily class of I-type lectins. They are known to discriminate 

between - - -8 linked sialic acids10, 65. C-type lectins bind their 

substrates in a Ca2+-dependent-manner and are like siglecs usually membrane-

bound7, 10, 65. Selectins belong to the group of C-type lectins since they share the 

respective domain but can be further differentiated based on their cellular 

location. The three subsets of selectins can be found on platelets and endothelial 

cells (P-selectin), endothelial cells (E-selectin) and lymphocytes (L-selectin)10, 66. 

P-type lectins recognize Man-6-Phosphate and are crucial for the correct sorting 

of lysosomal proteins10. 

Lectins and their ligands play important roles within multicellular organisms. 

Leukocyte rolling67 is a fundamental biological event where circulating immune 

cells adhere to a damaged or activated endothelium through an interaction 
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involving sialic-acid-motif-recognizing (e.g. sialyl Lewis X) proteins (P-, E-and L-

selectin). Without this interaction, leucocytes would be unable to target the 

areas where they are required to fulfill their duties.  

In the case of Ig the presence of a particular single high mannose glycan 

on a specific site of the protein (Asn 394) is crucial for cross-linking mast cells, an 

initiating event in anaphylaxis68. Furthermore, glycans, especially sialic acids, 

often serve as binding partners for several pathogens, including bacteria and 

viruses (e.g. influenza virus A, B and C)69 but are also used by the host to prevent 

infections or by pathogens to evade detection by the immune system70.  

Quantitative and qualitative glycosylation changes are often linked to severe 

inherited genetic disorders such as congenital disorders of glycosylation (CDG)71 

or acquired syndromes such inflammatory diseases3, 72, 73, autoimmunity74 and 

cancer74-78.  

1.2.3.1 Protein Glycosylation in Cancer 

Tumor development and progression are of particular interest to scientists not 

only because of the large patient numbers79 but also due to widespread evidence 

that altered glycosylation has functional consequences for survival, invasion and 

metastasis. Tumor-associated glycosylation changes are in general characterized 

-6 GlcNAc branching, poly LacNAc residues, changes in 

sialylation and fucosylation. Often it is accompanied with elevated expression of 

Lewis type antigens but can also result in truncated glycans (e.g. Tn antigen). The 

appearance of new structures is rarely observed and changes often affect the 

relative abundance of individual structures. However, due to their importance in 

cancer development and progression, together with their shedding  by tumor 

cells (e.g. into the circulation), changes in glycosylation are considered to be 

potential biomarkers that can be exploited for diagnostic purposes33, 75, 76, 80, 81.  



Introduction 21 

Tumor cells use various mechanisms to evade the immune system, therapies or

to compensate for their changed metabolic needs. It has been demonstrated 

that increased O-GlcNAcylation is associated with cancer, modulating tumor cell 

signaling82. Another example is associated to the tumor cells' requirements for 

larger amounts of nutrients, usually expressed by an increased blood vessel 

formation around tumor tissue mediated through vascular endothelial growth 

factor (VEGF). Some tumors counteract the available antibody based therapy to 

block VEGF signaling through a prevention of the VEGF interaction with its 

receptor. Abnormal tissues change their VEGF receptor glycosylation pattern 

towards -6GlcNAc branched N-glycans carrying low levels of -6 linked 

sialic acid residues along with an increased secretion of galectin-1. Thus, 

mimicking a binding of VEGF (replaced now by galectin) to its receptor and 

eventually triggering VEGF-like signaling77. 

Glycans play essential roles in maintaining body functions. Protein glycosylation 

also changes in pathological events, often in a rapid and dynamic manner. 

Changes can be based on the metabolism, microenvironment and different 

expression levels for glycoprocessing enzymes and/or sugar nucleotide donors 

among others. As a result, glycans have drawn attention as potential biomarker 

candidates over the last few years8, 9, 83. 

Most of the cancer biomarkers available today are glycoproteins, although very 

few are in clinical use. The entire characterization of a complex pool of 

glycoproteins using current technologies often requires a choice of focus on 

either of the chemical distinctive parts of this biomolecule. Furthermore, often 

low abundance proteins cannot be reliably detected in the presence of a 

complex matrix background where other (glyco)proteins are also present in 

several orders of magnitude larger concentration. Furthermore, altered glycan 

features are not always specific for one single disease state but could be the 

result of various causes, hampering marker selectivity. Additionally, inter-patient 



Introduction 22 

variability poses additional challenges that need to be understood to translate 

glycosylation patterns into clinically valid biomarkers. However, several glycan 

biomarkers have been described over the last few years and are summarized in 

Table 1. Many of these do not function as a sole marker but are often used as 

companion biomarkers8, 83, 84. Thus, understanding the role glycans and 

glycoproteins play in complex biological and pathological processes is vital and 

requires sophisticated methods for their analysis (see 1.3). 

Table 1: Glycan biomarkers for cancer diagnosis. Modified from Svarosky et al.83 

Cancer type Protein Glycan biomarkers 
(associated glycan alterations)

Breast MUC1 
(carbohydrate-
antigen 15-3) 

Expression of truncated Tn, sialy-Tn -
2-3-  

 Total serum 
glycome 

sialylation, higher levels of sialyl Lewis X, 
significant changes in fucosylation, 

agalactosylated biantennary glycans
Colorectal -haptoglobin fucosylation 

 Carcinoembryonic 
antigen and 
carbohydrate-
antigen 19-9 

High mannose  structures (Hex5-9HexNAc2); 
complex-type glycans (e.g. Hex3-7HexNac4-
7Fuc0-2NeuAc0-4) 

Liver -1-antitrypsin, 
-fetoprotein 

1-6) fucose 

Lung -haptoglobin Expression of sialyl Lewis X, monoantennary 
glycans, sialylation 

 Total serum 
glycome 

sialyl Lewis X, biantennary core-
fucosylated glycans 

Prostate -haptoglobin fucosylation, sialylation, monosialyl tri-
antennary structures 

 Prostate specific 
antigen 

-3 sialic acid and core fucosylation; 
- -N-

acetylgalactosaminylation 
 Serum 

glycoproteins 
Changes in high mannose and fucosylated 
biantennary complex N-linked glycans 

Stomach Total serum 
glycome 

sialyl Lewis X 

 IgGs core-fucosylated agalactosyl biantennary 
glycans 
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The used biological starting material for biomarker discovery studies can already 

impact the outcome. Therefore, the choice of the right sample sources needs to 

be considered before analyses.  

1.2.3.2 Formalin-fixed and Paraffin-embedded Specimens as Sample Source 

In the investigation of patient tissue specimens, analyses of biomolecules from 

fresh or frozen samples, have been carried out for years. Recently, formalin-fixed 

and paraffin-embedded (FFPE) tissue samples have received more attention 

since they offer unique advantages. FFPE specimens are widely used in clinics by 

pathologists around the globe along with dyeing procedures such as 

haematoxylin and eosin (H&E) staining85-87. They allow long-term preservation 

(through cross-linking of proteins and macromolecules) of tissue, visualization 

and diagnosis of potential diseases. Consequently, samples are routinely 

obtained in high numbers and are usually linked to additional data such as 

patient, treatment and outcome information that are opening up the chance for 

retro-perspective biomarker studies85, 86, 88. Tissue amounts taken during biopsies 

from healthy or early disease state patients are small and cannot be increased 

significantly but are valuable sources required for diagnostic and prognostic 

biomarker research89. FFPE tissue can be handled at room temperature and can 

be further partitioned, minimizing the risk of contaminations/interference with 

other cell types or tissue other than the subject of interest89, 90. Laser-capture 

microdissection (LCM) of FFPE tissue has recently also been shown to be 

particularly useful for cell population specific enrichments90 strengthening 

disease signature studies and investigating tissue microenvironment. 

The proteomic analysis of FFPE tissue is connected with certain shortcomings 

such as protein modifications which hamper identification and reduced 

proteolytic digestion, but many of these shortcomings can be circumvented85, 86. 

In general, FFPE samples can be used as a sample source as long as analytes of 

interest can be extracted and show no interfering modifications and/or 
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degradation. FFPE tissue analysis has also been successfully demonstrated for 

various analytes including but not only restricted to proteins86 nucleic acids91, 92 

and glycans93, 94 (from large amounts). Latter analyses often focus only on either 

N- or O-glycans. 

1.3 Methods to Study Glycans and Glycoproteins 

Glycans play important roles in biological and disease-related events, yet a full 

understanding of their functions remains to be discovered. The dynamic nature 

of glycan expression, combined with its non-template based biosynthesis drives 

the need to develop sophisticated analytical tools for their sequencing. These 

attempts are hampered by the fact that protein oligosaccharide moieties can 

include several structural isomers for a single monosaccharide composition. The 

challenge to analyze the glycan portion becomes even more difficult if 

simultaneously the entire information is required about a specific glycoprotein. 

Not all potential glycosylation sites within a protein are necessarily occupied and 

each individual molecule of the same protein can carry different glycans at a 

single site of glycosylation, resulting in an array of different glycan structures that 

can be present at a specific site in the entire protein pool95.  

O-glycan attachment sites are particularly challenging to analyze, since O-glycans 

are not attached to amino acids, part of a consensus peptide sequence47 and 

numerous glycosylation sites can be located in very close proximity, giving rise to 

multiple glycosylated glycopeptides96 that are obtained after protease 

treatment. Additionally, there is no enzyme known that has the ability to release 

all O-glycans from their carriers and the chemical release procedures come with 

various disadvantages. -elimination, which is usually done under 

reductive conditions to prevent peeling, the aldehyde group of the reducing-end 

GalNAc is converted to the alditol (reduced) form of the sugar. This is a problem 

for all analytical methods using chromophores or fluorophores for labeling the 

reducing end aldehyde form to be able to analyze trace amounts of glycans97. 
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Hydrazinolysis is another method to release glycans, but the needed chemical is 

highly toxic and the procedure causes certain acetyl groups to detach from the 

sugar. Therefore, a re-N-acetylation step is needed98.  

Glycan structure elucidation is usually facilitated when they are released from 

their carrier proteins and can be accomplished by several techniques such as but 

not limited to nuclear magnetic resonance (NMR)99-101, capillary gel 

electrophoresis with laser-induced fluorescence detection (CGE-LIF )102, 103 or 

mass spectrometry (MS)102, 104, 105. There is no universally applicable technique 

and the optimal technique for a given experiment depends on the required 

depth of information and the questions that need to be answered. Certain 

aspects of selected techniques are presented in Table 2.  

Table 2: Comparison of methods for glycomic/glycoproteomic analyses, adapted from Huffman et al.106, 
Vanderschaeghe et al.107 and Etxebarria et al.84 

Method Benefits Drawbacks Comments 
UPLC-FLR Sensitive*, high resolution, 

broad dynamic range 
Medium throughput,  Can be coupled

to MS 

 Good isomer separation 
(neutral and charged 
glycans analyzed 
simultaneously) 

Labeling required, 
retention time 
database needed 

 

 Very good relative 
quantification 
(reproducible retention 
times) 

  

CGE-LIF Very sensitive (fmol range), 
very high resolution, broad 
dynamic range 

Labeling required, 
retention time 
database needed 

Coupling with MS 
not 
straightforward

 Very good isomer 
separation, very high-
throughput, small sample 
volume,  

good relative 
quantification 

Variable retention 
times possible (might 
be circumvented by 
using suitable internal 
standard) 
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HPAEC-PAD Sensitive (nmol-pmol), 
broad dynamic range, label 
free,  isomer separation 

Time consuming, signal 
dependent on glycan 
nature, standards 
required 

Less sensitive 
than UPLC, no 
coupling with MS 
(high salt 
content) 

MALDI-TOF-
MS 

Sensitive (pmol-fmol), very 
high resolution, very high-
throughput 

No isomer separation, 
isomer differentiation 
limited  

 

 Label free, no database 
needed 

Sensitive to 
contaminations (less 
than ESI), medium 
relative quantification 
(loss of labile residues 
possible, ionization 
issues) 

Sialic acids 
usually require 
special treatment 

LC-ESI-MS Sensitive (pmol-fmol), very 
high resolution, good 
isomer separation, soft 
technique 

Medium throughput, 
sensitive to 
contaminants 

 

 Good relative 
quantification, label free, 
no retention time database 
needed (but beneficial) 

Complex data output, 
currently limited 
options for automation 

 

Microarrays 

(Lectin) 

 

High throughput, multiplex 
format, parallel detection 

pmol-fmol range 

Relatively low 
sensitivity, no full 
structural assignment, 
no sufficiently well-
characterized lectins 
available 

 

 Screen of crude samples 
including cells and tissue 
(no glycan removal 
necessary) 

Weak interactions 
might be missed, 
reproducibility  issues 

 

 Functional information 
might be gained 

Label required  

UPLC-FLR: Ultraperformance liquid chromatography with fluorescence detection; HPAE-PAD: High-
performance anion-exchange chromatography with pulsed amperometric detection; MALDI-TOF-MS: 
Matrix-assisted laser desorption/ionization time of flight MS; LC-ESI-MS: Liquid chromatography 
electrospray ionization MS. * Sensitivity depends on used label. 
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However, not all techniques and aspects of glycan and glycoprotein analyses can 

be covered here and the following paragraphs are focusing on topics associate 

with MS-based analytical approaches that have been a major focus in this thesis. 

1.3.1 Mass Spectrometry-based Techniques 

A typical mass spectrometer consists of an ion source, a mass analyzer (e.g. 

quadrupole, ion trap) and a detector (e.g. electron multiplier). The most common 

types of ionization used nowadays are ESI and MALDI, which can produce net 

positive or net negative charged ions depending on the polarity of the applied 

voltage. Beside the mass-to-charge (m/z) ratio of a compound it is also possible 

to obtain information on the molecular structure of an analyte by specific 

fragmentation experiments that can be carried out within the instrument. The 

fragmentation approach (also called tandem MS or MS/MS) gives rise to a very 

informative fragment or product-ion spectra that, for example in the case of a 

peptide, allow conclusions on its amino acid sequence. This technique has been 

crucial for proteomics as we know it today. In that context collision-induced 

dissociation ([CID], see 1.3.1.1) has become the most widespread dissociation 

method used97, 104, 108. 

MS has become a versatile tool for glycoprotein characterization and is unique in 

terms of sensitivity, robustness and structure determination for high-throughput 

techniques. Due to the complex nature of glycans and the limitations of currently 

available analysis techniques a certain reduction of complexity is often required 

to achieve best results.  

Depending on the scientific question the focus can be on the analysis of released 

glycans, on non-glycosylated peptide species including proteolysis products and 

enzymatically deglycosylated peptides or on intact glycopeptides (Figure 11). 

One of the first steps in MS-based techniques is usually the enrichment of 

glycoproteins via affinity or physicochemical properties-exploding strategies, 

such as lectine or hydrophilic interaction liquid chromatography (HILIC), 
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respectively. In most cases the enriched protein will be subjected to digestion 

with specific proteases, and alternatively glycans can also be released from their 

carrier proteins (see also 1.3.2). The combination with separation techniques 

such as reserved-phased high-performance liquid chromatography (RP HPLC), 

HILIC or porous graphitized carbon (PGC)-LC, in combination with different 

instrument types, ionizations techniques and fragmentation strategies MS has 

developed to be a powerful and indispensable analytical tool for life sciences. 

However, to date none of the approaches alone is able to provide all information 

important for detailed molecular characterization and understanding of protein 

glycosylation97, 109.  

Figure 11: Schematic overview of glycoprotein characterization approaches. Different techniques (glycomics, 
proteomics and glycoproteomics) can be employed separately or in combination for glycoprotein 
characterization with numerous further methodical diversifications (e.g. use of various enrichment 
techniques [on protein/peptide level], labelling strategies, proteolysis, LC-separations, mass spectrometers, 
ionizations types, dissociation procedures etc.). Adapted from Kolli et al.109 
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1.3.1.1 Fragmentation Techniques

In CID, the translational energy a precursor acquires through collisions with a 

buffer gas is converted into internal energy causing the molecule to fragment. In 

- -1-102 eV, the precursor 

-

CID (103-104 eV) one impact might be enough to surpass the dissociation 

threshold. Besides CID there are also other fragmentation techniques available 

that use different mechanisms for molecule dissociation. In electron transfer 

dissociation (ETD) peptide bond rupture occurs after the transfer of low-energy 

electrons onto multiple charged precursors. Analyte cations and the negatively 

charged reagent anions such as fluoranthene, generated by chemical ionization 

in a methane atmosphere, undergo gas-phase ion/ion reactions and need an 

appropriate delivery into the same space in time10, 95, 97.  

Interestingly, in glycopeptide fragmentation CID favors fragmentation of the 

carbohydrate moiety, producing so called B- and Y-type ions, but no or little 

peptide backbone fragments that would be informative on the peptide 

sequence. The opposite is happening when ETD fragmentation is applied, giving 

preferably rise to c- and z -type peptide ions that are generated by N-

scission while remaining the glycan intact, allowing unambiguous identification 

of oligosaccharide attachment sites95, 97. For ease of description and 

interpretation of product-ion spectra arising from peptide110-112 and glycan113 

precursors certain ion nomenclatures have been introduced (Figure 12).
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Figure 12: Fragmentation nomenclatures. A) Carbohydrates. Series of X, Y and Z ions describe fragments 
retaining the charge on the reducing terminus and are numbered starting also from the reducing end. Series 
of A, B and C ions are numbered starting at the non-reducing terminus; where also the charge is retained. A 
and X ions refer to cross-ring fragments, whereas B, C, Y and Z can be observed only with cleavage of the 
glyosidic bond. Superscript numbers indicate bond cleavages for cross-ring fragments. B) Peptides. Ions that 
retain the charge at the amino-terminal part are called either a, b or c ions. If the charge is retained at the 
carboxy-terminal then fragment ions are classified either x, y or z. Subscript numbers refer to the number of 
R groups these ions contain; for a, b and c ions the labelling starts at the amino terminus and for x, y and z 
ions at the carboxyl terminus. For glycopeptide fragmentation description both nomenclatures are 
combined. For differentiation between peptide and glycan fragments, all peptide fragments are marked in 
lower case letters and all glycan fragments are marked in upper case letters. Note: In glycopeptide 
fragmentation Y-type ions refer to the glycan fragments which are still attached to the peptide backbone. 

1.3.1.2 Ion Mobility-Mass Spectrometry  

Ion mobility based separation techniques are one relatively new development 

that has been introduced into mass spectrometry instruments. It provides an 

additional level of separation prior to the mass spectrometric analyses that is 
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based on the charge, size and shape of an analyte while traversing through a 

gas-filled ion mobility cell (Figure 13). This allows separation of isomeric/isobaric 

structures and thus individual detection and analysis by the mass spectrometric 

detector that otherwise might not be separable for the mass analyzer alone. In 

ion mobility-mass spectrometry (IM-MS) condensed ions undergo less collision 

with the inert neutral buffer gas compared to molecules that adopt a more 

extended shape in the gas phase. The mobility of an ion is related to the 

biophysical properties and overall shape of the molecule. The drift behavior can 

in turn be used to determine collision cross sections (CCSs), an instrument 

independent value114. 

IM-MS has already been successfully employed to characterize isomeric 

carbohydrates and glycoconjugates and provided extensive structural insights, 

including linkage and anomeric information115-119 and is a very promising 

technique suited for the in-depth analysis of complex glycoconjugates. 

Interestingly, in certain instrument settings ions can be fragmented before and 

after the mobility cell allowing either mobility separation of the parent or 

fragment ions. 

Figure 13: Ion separation occurring in an ion mobility cell. Ionized molecules travel along an electric field 
through a gas filled cell where they are separated. Separation is based on their charge, shape and size. 
Molecules with a more compact structure leave the cell faster. *Depending on the type of instrumentation 
ions can also be fragmented before and/or after the ion mobility cell, providing additional possibility for 
glycoconjugate analyses. 
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1.3.2 Glycan Analysis

Analysis of protein bound glycans usually includes their release from the protein 

backbone. This can be achieved by either enzymatic or chemical techniques. 

Often the released glycans are subjected to chemical derivatization (e.g. with the 

fluorescent tag 2-aminobenzamide or permethylation) or modification (e.g. 

reduction) of the released glycans. Labeling and/or modification of glycans can 

be done to increase the detection sensitivity, stabilizing analytes or reduce signal 

complexity. Although this approach allows an in-depth structural oligosaccharide 

analysis any information about the site of attachment to the protein, as well as 

the protein the glycan is derived from, is lost unless single purified proteins are 

analyzed98, 120.  

Specific enzymes exhibiting broad sensitivity towards the majority of known N-

glycans are available for their release. Peptide-N-Glycosidase F is the most 

prominent enzyme applied for this purpose. It cleaves all N-glycans between the 

reducing-terminal GlcNAc residue and the Asn residues of glycoproteins unless 

-3 linked core fucose. N-glycans carrying this modification can be 

enzymatically released using PNGase A, which is of particular importance if non-

mammalian species are studied10. Nevertheless, as this modification is not 

present in mammals PNGase F is usually the enzyme of choice for the analysis of 

mammalian glycoproteins. Next to these entire glycan releasing enzymes specific 

exoglycosidases are valuable tools that release monosaccharides from the non-

reducing end of glycans. They are of particular interest for oligosaccharide 

sequencing purposes.  

To date no broad-specific enzyme has been characterized that is able to release 

all types of O-glycan structures from glycoproteins. Thus, researchers usually 

-elimination or hydrazinolysis98, 120 

to release O-glycans from the respective proteins. Once glycans are released, 

various other analysis and separation techniques are frequently combined with 
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mass spectrometric detection for comprehensive glycan sequencing. Liquid 

chromatography is the most frequently coupled separation technique that is 

combined with MS98, 102, 104. Different stationary phases such as HILIC98, 102, 121 and 

PGC46, 102, 105, 122 can be online coupled with MS detection for the released 

glycans. 

1.3.2.1 Porous Graphitized Carbon-Liquid Chromatography 

Two properties of PGC are believed to influence the chromatographic behavior 

of analytes: 1) The planarity of the PGC surface and 2) PGC's sensitivity to the 

electronic density of the solutes.  

The 3-D structure of a solute, its flexibility and ability to adapt to a planar 

conformation, influences its interaction and thus retention by PGC. The planarity 

possibly promotes solute-adsorbent contacts and affects the extent of dispersive 

interactions. Besides the steric aspects, electrostatic interactions also influence 

analyte retention. One explanation is based on the delocalized electrons in the 

graphite ribbons and the consequential high potential for polarizability at the 

surface, if polar compounds approach. The phenomenon is affected by the 

distance of the analyte to the surface and likely by the 3-D orientation of the 

polar functional groups. Another theory explains the phenomenon by electronic 

repartition, giving rise to an electron excess (negative charge) near the edges of 

graphite planes and an electron-deficient area in the center (positive to close to 

neutral charge)123.  

However, PGC is a superior material for separation of isobaric glycans, even if the 

molecular interactions are not fully understood46, 105, 124. The absolute retention 

times of carbohydrates in PGC-LC are difficult to predict but are subjected to 

certain rules. In general, the higher the numbers of monosaccharides, antenna 

and negatively charged residues within a glycan, the stronger these glycans are 

retained by the PGC stationary phase. Core fucosylation also results in later 

elution times compared to non-fucosylated and antenna-fucosylated 
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analogues125. Furthermore, NeuAc linkage isomers can be well separated. -

-sialylated counterparts, whereas 

topology isomers (same sialic acid on different antenna/arm) elute close to each 

other124, 126 . The chromatographic behavior of glycans is also influenced by the 

presence or absence of a bisected GlcNAc. Bisected N-glycans elute earlier 

compared to more branched structures46. Noteworthy, higher column 

temperatures also increase the retention of oligosaccharides124. 

1.3.2.2 Negative-ion Mode  

Positively or negatively charged ions can be generated for subsequent analysis by 

mass spectrometric techniques. The combination of PGC-LC with tandem MS of 

negatively charged ions provides in-depth structural information, in particular on 

released glycans122. Product-ion spectra obtained by CID of negatively 

charged-ions contain detailed information on the structure of reduced glycans. 

Similar as described for the fragmentation of peptides, the different fragment 

ions are assigned to specific ion series that are assigned based on whether the 

ions are derived from the reducing or non-reducing end. Thus, these ions are 

assigned as B- and Y-type ions, but can also contain so called C-type glycosidic 

and A-type cross-ring fragments (Figure 12A). Antenna-specific D-type ions 

(reflect 6 antenna) and E-type ions (reflect 3 antenna) are also observed and are 

highly informative for glycan structure interpretation. The withdrawal of a 

proton from hydroxyl groups or acidic functions of a carbohydrate structure gives 

rise to those diagnostic fragments usually absent or with very low abundance 

when analyzed in positive-ion mode127-130. The typical fragments arising from 

glycan fragmentation in negative-ion mode can be used to elucidate N-120, 127-135 

and O-glycans135-138 structures. 

1.3.3 Mass Spectrometric Glycopeptide Analysis 

Different analytical approaches need to be combined to gain a maximum of 

information on the primary structure of glycoproteins. In ideal glycoproteomics 
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studies proteins are identified based on the amino acid sequence information, 

along with the characterization of the attached glycans in a site specific manner. 

One approach to acquire combined information on glycans and proteins is the 

analysis of the attached glycans directly on the proteins (top down approach) or 

proteolytically generated peptides (bottom-up approach) without their prior 

release46, 97 (see also Figure 11). Due to the diverse chemical properties of the 

peptide and the glycan moieties of glycopeptides the simultaneous and detailed 

molecular characterization of both parts comes with additional challenges but 

holds the possibility to also obtain site-specific information. In mass 

spectrometry one obstacle is to obtain good quality product-ion spectra that 

provide useful information on both moieties within a single tandem MS 

experiment97, 139. The benefits of a comprehensive glycopeptide approach is that 

the obtained additional information can be beneficial to increase the sensitivity 

and selectivity of glycoprotein biomarker candidates8, 140, 83. 

Liver dysfunctions such as liver fibrosis, cirrhosis and hepatocellular carcinoma 

(HCC) are also characterized by distinguished glycan profiles of serum proteins. In 

HCC it has - -

-fetoprotein itself into 

account8, 118, 141. This example clearly shows the importance to include glycomics 

data in systems biology studies to gain comprehensive insights in biological 

functions and dysfunctions46, 140. 

A thorough glycopeptide characterization includes the exploration of the amino 

acid sequence for subsequent protein identification but also the extensive 

elucidation of the carbohydrate structure along with its site of attachment. 

Conventional CID experiments yield carbohydrate B- and Y-type ions (Figure 12A) 

by rapture of the glycosidic bonds between monosaccharide units. Within a 

glycopeptide the energy barriers to produce sufficient peptide b- and y-type ions 

(Figure 12B) are higher, resulting in a very low abundance (if at all) of those ions 
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in glycopeptide fragment spectra97, 139, 142, 143. These fragments, however, are 

necessary for unambiguous protein identification and thus one option to extract 

a maximum of information of just product ions spectra is to optimize 

glycopeptide fragmentation conditions so that B- and Y-, but also b- and y-ions 

are generated in sufficient intensity. 

Numerous approaches have been described for the structural characterization of 

glycopeptides using mass spectrometry, and a comprehensive overview can be 

found in the excellent reviews by Wuhrer et al.139 and Alley et al.97.

1.3.3.1 Glycopeptides as Versatile Tools  

Model proteins and standards are crucial tools for method development and 

optimization of mass spectrometric techniques. Based on such standards 

structural characterization of glycopeptides can be improved and novel 

technologies developed143-145. However, preparation of sufficient amounts of 

glycopeptides from model glycoproteins is not an easy task and might not always 

provide the optimal compounds depending on the particular questions that need 

to be answered. Glycopeptides with defined peptide sequence, carrying large 

oligosaccharides such as sialylated, complex-type N-glycans are also not 

commercially available. Only a handful of groups synthesize them routinely. As 

the production of synthetic N-glycopeptides was one central theme of this thesis 

the following passage briefly describes the most important aspects of their 

synthesis.  

Glycopeptide synthesis 

Depending on the glycopeptide intended to be synthesized (peptide/glycan 

sequence) the process encompasses chemical, enzymatic, and molecular 

biological approaches used in combination or independently to produce these 

model compounds. In principle, two general strategies have been described: the 

stepwise synthesis and the convergent synthesis (Figure 14). In solid phase 
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peptide synthesis (SPPS) traditionally the tert-butyloxycarbonyl (Boc) and the 

fluorenylmethyloxycarbonyl (Fmoc) methodologies are the ones most often 

used. In glycopeptide synthesis the Fmoc-based strategy (Figure 15) is favored 

due to the acid instability of glycosidic linkages. During this procedure hydroxyl 

groups of the carbohydrate portion are protected via acetyl or benzyl (Bn) 

groups146-149.  

 

Figure 14: Principle of glycopeptide synthesis strategies. A) Stepwise synthesis of glycopeptides. In this 
linear assembly a glycosylamino acid is used directly in SPPS. The pre-formed glycosylamino acid may consist 
of a single monosaccharide, a disaccharide or  The structures can then be 
further modulated after SPPS. B) Convergent synthesis of glycopeptides. In this approach the complete 
peptide backbone is first synthesized either incorporated with a GlcNAc (B1) or as pure peptide backbone 
(B2). In the first coupling approach the amino sugar is elongated enzymatically (e.g. Endo- -N-
acetylglucosaminidase family) by en bloc transfer of a large oligosaccharide. For the second coupling 
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incorporated with an orthogonal protecting 
group; enabling the selective deprotection only at this side chain function. The remaining protection groups 
stay intact until the final deprotection. In this protocol a glycosylamine is then merged to the peptide 
backbone. Following conjugation, glycan structures may be further modulated by glycosidases and/or 
glycosyltransferases. *Only representative. 

The synthesis strategy used by Yamamoto et al.150 to produce a glycopeptide 

carrying a complex-type biantennary, sialylated N-glycan is particular appealing, 

since the total synthesis of the glycan moiety can be avoided. As it was also used 

in this work this approach is briefly described151, 152.  

 

Figure 15: Fmoc-based solid phase peptide synthesis. For the synthesis protected amino acids (N-terminus 
and side chains) are used after activation. They are coupled to the Fmoc deprotected N-terminus of amino 
acids, already attached to other amino acids or via a linker to a resin. The cycle of Fmoc deprotection, 
activation and coupling goes on until the last amino acid of the polypeptide chain is connected. Final 
deprotection and cleavage from the solid support are performed simultaneously using acidic conditions 
yielding the desired unprotected polypeptide chain. 

The whole workflow can be roughly divided into three parts: 1) The isolation of a 

glycan containing building block; 2) the protection of vulnerable functional 
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groups and 3) the SPPS that is performed in a stepwise manner using the fully 

protected building block (Figure 16).  

After isolation of the sialylglycopeptide from chicken egg yolks, the six amino 

acid containing peptide backbone (NH2-Lys-Val-Ala-Asn-Lys-Thr-COOH) is fully 

digested by pronase E (actinase E) to obtain a single Asn residue carrying the 

glycan moiety. Subsequently the amine function is Fmoc protected, followed by a 

benzyl protection of the carboxylic acid groups present on the sialic acids using a 

selective esterification approach. The fully protected building block can now be 

incorporated into any peptide sequence using standard SPPS. Once the peptide is 

fully synthesized it is cleaved from the resin by trifluoroacetic acid (TFA) and the 

benzyl esters are hydrolyzed by sodium hydroxide treatment to yield the desired 

unprotected glycopeptide.  

Figure 16: Chemical synthesis of sialylglycopeptides. The procedure can be divided into three parts: 1) 
Preparation of the unprotected, biantennary sialylglycopeptide starting from egg yolk. 2) Sequential 
introduction of the Fmoc and the Bn protection groups. 3) SPPS in a stepwise manner (see also Figure 14A) 
using the biantennary building block, followed by final deprotection steps. DMF: Dimethylformamide, BnBr: 
Benzyl bromide, TEA: Triethylamine, Fmoc-OSu: Fluorenylmethoxycarbonyl succinimide. 
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1.4 Objective

1.) Development of a novel, highly sensitive and selective workflow for N- 

and O-glycomics from formalin-fixed and paraffin-embedded (FFPE) 

clinical tissue specimens. 

Here we explored the limits of N-and O-glycan profiling from minimal 

amounts of FFPE tissue using a porous graphitized carbon LC-MS 

approach. In the course of the investigation we wanted to answer the 

questions; 1) whether clinical FFPE tissue sections can be used for glycan 

biomarker discovery studies; 2) whether common staining protocols are 

consistent with the profiling approach; and 3) whether micro-dissected 

tissue with very low cell numbers can be used and add any value to the 

profiling approach.  

2.) Production of well-characterized glycopeptide standards of known 

structure and quantities for validation and development of novel mass 

spectrometric glycoproteomics techniques. Information embedded in 

glycopetides was aimed to be unraveled by establishing new variants of 

mass spectrometric methods. 

3.) Use of synthetic glycopeptides to develop novel mass spectrometry-

based glycoproteomic techniques. 

a) Simultaneous glycan and peptide sequencing by optimizing collision-

induced dissociation parameters in one single tandem MS experiment 

using a Quadrupole-Time of Flight instrument. It was intended to 

increase product-ion spectra quality with this approach to facilitate 

consecutive software-assisted data analysis and pave the way for 

complex biomolecule analysis using the established settings.  

b) Investigation of the potential of ion mobility-mass spectrometry in 

distinguishing glycopeptide position isomers and N-Acetylneuraminic 

acid linkage isomers of glycopeptides.  



Collection of Selected Scientific Publications 41 

2 Collection of Selected Scientific Publications 

2.1 Unlocking Cancer Glycomes from Histopathological Formalin-fixed 

and Paraffin-embedded (FFPE) Tissue Microdissections

2.1.1 Abstract 

N- and O-glycans are attractive clinical biomarkers as glycosylation changes in 

response to diseases. The limited availability of defined clinical specimens 

impedes glyco-biomarker identification and validation in large patient cohorts. 

Formalin-fixed paraffin-embedded (FFPE) clinical specimens are the common 

form of sample preservation in clinical pathology, but qualitative and 

quantitative N- and O-glycomics of such samples has not been feasible to date. 

Here, we report a highly sensitive and glycan isomer selective method for 

simultaneous N- and O-glycomics from histopathological slides. As few as 2,000 

cells isolated from FFPE tissue sections by laser capture microdissection were 

sufficient for in-depth histopathology-glycomics using porous graphitized carbon 

nanoLC ESI-MS/MS. N- and O-glycan profiles were similar between unstained and 

hematoxylin and eosin stained FFPE samples but differed slightly compared to 

fresh tissue. This method provides the key to unlock glyco-biomarker information 

from FFPE histopathological tissues archived in pathology laboratories 

worldwide  

2.1.2 Personal Project Contribution 

In this project I developed, optimized and validated a highly sensitive clinical 

glycomics approach that now allows extraction and in-depth structural analysis 

of N-and O-glycans from very low amounts of cells isolated from FFPE-preserved 

clinical tissue specimens. Initial work was done on mouse tissue (not included in 

the paper). In addition, I was responsible for data organization and lead 

manuscript and figure preparation. Statistical analysis was supported by Falko 

Schirmeister. The liver specimens used in this project were prepared by my 
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collaboration partners (mainly Dr. Petra Kora ) including FFPE tissue, staining 

(H&E) and laser capture microdissection.  

2.2  The Art of Destruction: Optimizing Collision Energies in Quadrupole-

Time of Flight (Q-TOF) Instruments for Glycopeptide-Based 

Glycoproteomics. 

2.2.1 Abstract  

In-depth site-specific investigations of protein glycosylation are the basis for 

understanding the biological function of glycoproteins. Mass spectrometry-based 

N- and O-glycopeptide analyses enable determination of the glycosylation site, 

site occupancy, as well as glycan varieties present on a particular site. However, 

the depth of information is highly dependent on the applied analytical tools, 

including glycopeptide fragmentation regimes and automated data analysis. 

Here, we used a small set of synthetic disialylated, biantennary N-glycopeptides 

to systematically tune Q-TOF instrument parameters towards optimal energy 

stepping collision induced dissociation (CID) of glycopeptides. A linear 

dependency of m/z-ratio and optimal fragmentation energy was found, showing 

that with increasing m/z-ratio, more energy is required for glycopeptide 

fragmentation. Based on these optimized fragmentation parameters, a method 

combining lower- and higher-energy CID was developed, allowing the online 

acquisition of glycan and peptide-specific fragments within a single tandem MS 

experiment. We validated this method analyzing a set of human 

immunoglobulins (IgA1+2, sIgA, IgG1+2, IgE, IgD, IgM) as well as bovine fetuin. 

These optimized fragmentation parameters also enabled software-assisted 

glycopeptide assignment of both N- and O-glycopeptides including information 

about the most abundant glycan compositions, peptide sequence and putative 

structures. Twenty-six out of 30 N-glycopeptides and four out of five O-

glycopeptides carrying >110 different glycoforms could be identified by this 

optimized LC-ESI tandem MS method with minimal user input. The Q-TOF based 
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glycopeptide analysis platform presented here opens the way to a range of 

different applications in glycoproteomics research as well as biopharmaceutical 

development and quality control. 96 

 
Figure 17: The Art of Destruction: Optimizing Collision Energies in Quadrupole-Time 
of Flight (Q-TOF) Instruments for Glycopeptide-Based Glycoproteomics 96. 

2.2.2 Personal Project Contribution 

For this scientific work I first extracted large amount of building blocks from 

natural sources using established protocols151, 153, 154. Briefly, a hexapeptide 

carrying a disialylated, biantennary N-glycan was enriched from chicken egg yolk 

and subsequently proteolytically digested to a single asparagine carrying the 

glycan moiety. Subsequently, protection of the amino acid's N-terminus was 

achieved using a Fmoc group and the sialic acid residues were selectively 

protected by esterification through BnBr. In the course of this work the 

hexapeptide extraction procedures were also optimized to achieve higher yields. 

However, these steps were not included in the final manuscript. The fully 

protected building block was used to synthesize defined glycopeptides by SPPS. 

Intermediates as well as the final products were checked by various analytical 
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I also performed the laboratory work necessary for the preparation of Ig samples 

and partially (sodium dodecyl sulfate polyacrylamide gel electrophoresis [SDS-

PAGE] onwards) for the human colon samples. The optimization of Q-TOF 

fragmentation conditions using the glycopeptides and samples I prepared was 

done in direct collaboration with partners at Bruker in Bremen. 

Data analysis of the Ig sample set using the ProteinScape 4.0 (Bruker) data 

analysis software was mainly done by the author with some support by my 

colleagues Kathrin Stavenhagen and Dr. Kolarich. 

The author participated in the discussion and conception of the study, wrote 

great parts of the manuscript and designed and edited multiple figures.  

2.3 Distinguishing N-Acetylneuraminic Acid Linkage Isomers on 

Glycopeptides by Ion Mobility-Mass Spectrometry 

2.3.1 Abstract 

 represents a major 

challenge for mass spectrometry-based characterisation techniques. Here we 

show that the regiochemistry of the most common N-acetylneuraminic acid 

linkages of N-glycans can be identified in a site-specific manner from individual 

glycopeptides using ion mobility-mass spectrometry analysis of diagnostic 
155 

 



Collection of Selected Scientific Publications 45 

Figure 18: Distinguishing N-Acetylneuraminic Acid Linkage Isomers on Glycopeptides 
by Ion Mobility-Mass Spectrometry 155. 

2.3.2 Personal Project Contribution 

For this study I used the glycosylated Asn-building blocks to produce a synthetic 

N-glycopeptide library similar to the one described in chapter 2.2.2. The 

glycopeptide library was, however, further extended by additional glycopeptides. 

Furthermore, the glycan moiety was also enzymatically modified by my 

exhibiting 

different linkage isomers as well as different glycan epitopes. In the final 

manuscript not all produced glycopeptides were included as the focus was on 

differentiation of sialic acid linkage isomers. 

1-protease inhibitor using SDS-

PAGE, subsequent in-gel tryptic digestion and glycopeptide enrichment via 

offline HILIC (including a procedure optimization). The synthetic and enriched 

glycopeptides were analyzed by my cooperation partner Johanna Hofmann from 

 

Finally, the manuscript was developed in a co-authorship manner, with extensive 

contributions in writing and figure design from both parties.  
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3 Discussion 

3.1  Glycomics from Formalin-fixed and Paraffin-embedded Tissue 

The ability to use FFPE-preserved tissues for glyco-biomarker studies opens 

numerous novel opportunities to investigate disease associated glycosylation 

patterns directly from tissues. FFPE tissue preservation is a routine procedure in 

clinics around the world and also provides the opportunity for long-term storage 

of sufficient numbers of patient samples. These specimens are usually also 

associated with comprehensive patient, treatment and outcome information. As 

long as analytes of interest are preserved during FFPE tissue preparation, 

specimens can be used for retro-perspective studies. Moreover, small amounts 

of tissue can be analyzed after further partitioning, minimizing the risk of 

contaminations with surrounding tissue and cells, which can hamper the 

detection of specific markers85, 86, 90. 

Protein glycosylation plays a crucial role for biological functions in healthy cells 

and has also been reported to change in disease. The protein glycosylation 

patterns are complex and influenced by many factors that are not directly 

encoded via the genetic code. Therefore, disease specific alterations in 

glycosylation patterns can be more prominent than changes in the proteome as 

single changes can affect numerous proteins of a cell. Thus their molecular 

characterization is vital for a better understanding of biological and pathological 

processes within organisms5, 8. Released from their protein carriers they can be 

analyzed by different methodologies such as MS, LC or combinations of these to 

reveal structural information. Such glycan structure information is gathered by 

glycomics studies97, 102, 139.  

In a study by Isailovic118 and co-workers they compared the serum N-glycome of 

28 liver cirrhosis and 25 liver cancer (HCC) patients to the one obtained from 

healthy individuals after permethylation of the released glycans. In their ESI-IM-

MS approach they just identified 17 glycans that were present across all samples, 
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which is a relatively low number owing to the high-throughput set up they used. 

However, using nine glycan structures they were able to distinguish patients 

suffering from HCC from healthy individuals and the liver cirrhosis group. Most of 

the glycan structures were of the sialylated complex-type (6) and carried three 

(3) or two antenna (5). Interestingly, also a mannosylated structure (Man5) was 

among the nine distinguishing glycans.    

Although serum N-glycan profiling can in principle deliver disease markers, 

analyses of disease tissue can provide a more direct view on the molecular 

mechanisms occurring in affected tissues. Turiak and colleagues156 used murine 

FFPE liver tissue for N-glycan characterization and reported 14 compositions. For 

these analyses they used six sequential tissue slides (10 µm thick) with a total 

area of around 2 mm2 each (~0.12 mm3 tissue volume). Despite the labor-

intensive workflow spatial data, at least for N-glycans, appeared obtainable. 

Spatial glycan data can also be acquired using a MALDI-imaging technique. 

Powers et al.157 investigated 16 cases of liver cancer by MALDI-imaging and 

identified 26 N-glycan compositions. Although MALDI-imaging is a powerful tool 

to deliver N-glycan profiles with spatial distribution information starting from 

minor amounts of specimens including FFPE tissue, this method has certain 

limitations. Sialic acids of native glycans are generally labile during MALDI 

ionization due to in-source fragmentation or post-source decay processes102. 

This, however, can be compensated by including additional derivatization steps 

for stabilizing these labile moieties. Moreover, Fuc residues have been reported 

to migrate while tandem MS applications (mainly seen in positive-ion mode). 

Also isomer differentiation is not readily achieved by this technique since they 

cannot be resolved by traditional tandem MS techniques. The analysis of low-

mass analytes (m/z <500 Da) is also challenging due to abundant matrix 

signals102, 120, 126 and the presence of residual polymer from paraffin blocks can 

interfere with glycan measurements157. Another drawback is that the MALDI-
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imaging approach can currently not be extended to the analysis of O-glycans due 

to the lack of suitable techniques to release these from the proteins without 

destroying the tissue and thus spatial resolution.158 

Obtaining glycomics data from minute amounts of biological starting material 

remains a challenging task. This becomes even more prominent when O-glycans 

are the object of interest. In one of the first reports describing glycan analyses 

from FFPE tissues N- and O-glycans could be obtained from FFPE specimens, 

however milligram amounts of material were required. In addition, the yield of 

O-glycans was poor and the overall structural information was very limited93. 

Satomaa et al. 159 reported the release of protein-linked glycans via a 

-elimination approach (harboring the danger of possible peeling 

reactions160) from at least 1 mm3 of tissue. Using an MALDI-TOF-MS approach 

and exoglycosidase sequencing they were able to detect differences between 

tumor and healthy tissue. However, they did not present any O-glycan data. 

More recently Furukawa and colleagues94 reported an O-glycomics MALDI-TOF-

MS approach using microwave- -elimination in the presence of 

pyrazolone analogues prior analysis. The method is able to deliver profiles from 

FFPE material equal to four sections (10 µm thick, unspecified surface area) or 

106 cells in case other sample sources were used. Miura et al.161 used a similar 

approach but had considerable amounts of N-glycan contaminants.  

Although the extraction of protein bound oligosaccharides from FFPE tissue has 

in principle been demonstrated all these methods still suffer from certain 

drawbacks when biomarker screening starting from low amounts of clinical 

material is envisaged. Behind that background we developed a method for 

simultaneous profiling of N-and O-glycans with highest possible sensitivity from 

FFPE tissues, allowing now to analyze a low number of cells (1,000 - 5,000) that 

can also be obtained by LCM to increase the information on the spatial tissue 
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distribution of the glycans. The protocol is robust, enables reliable extraction of 

even labile structures (e.g. sialic acids and/or Fuc residues) and in-depth 

glycomics including differentiation and quantitation of glycan isomers.  

In the entire study 86 N-glycan and 12 O-glycan structures were detected. The 

approach developed during my PhD works allowed us to obtain glycan profiles 

from almost 2 orders of magnitude less FFPE tissue (0,045 mm3) and even 

principle profiles could be determined from low as 1,000 cells isolated by LCM. 

Sections prepared according to standard pathological procedures, including 

staining (H&E), were evaluated to be suitable for glycome analysis. In a proof of 

principle study clear differences in N- and O-glycan patters could be detected 

between tumor (HCC) and surrounding non-tumor tissue.  

As this study was a proof of principle study a statistically relevant number of 

individual patients was not included that would have allowed making conclusions 

on HCC associated glycosylation. Interestingly, Isailovic118 identified the high 

mannose structure Hex5HexNAc2 (derived from serum proteins) with the most 

impact on the separation of samples of patients and healthy individuals. This 

very same structure was also found to be significantly increased in tumor tissue 

during our investigation, possibly due to the fact that tissue glycans enter the 

blood stream eventually. However, even with some correlations seen in both 

studies, it is possible that glycan changes picked up by serum analysis as 

conducted by Isailovic are not reflecting the same changes occurring directly in 

the tissue of interest.  

Our results are also consistent with the findings reported from the MALDI-

imaging approach mentioned earlier by Powers and colleagues157 even for the 

small number of samples investigated. From the 26 N-glycan compositions 

detected in their study, 15 overlapped with the 44 compositions found in our 

study. This probably reflects inter-personal variations. The approach developed 

during my PhD, however, can in future studies be applied to investigate a larger 
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sample cohort to evaluate inter-person variability and validate HCC specific 

glycan signatures. 

The developed method was extensively validated. With this capacity in hand it is 

now possible to obtain in-depth N-and O-glycan profiles from clinical FFPE tissue 

as low as a few thousand cells. Furthermore, it could be shown that routine 

staining procedures (H&E) did not affect analysis. In combination with LCM, the 

obtained glycomic profiles can also be correlated with histopathologically visible 

tissue features. This approach provides a valuable tool to the medical and 

glycobiology community allowing glycan profiling of enriched (potentially pure) 

cell population, increasing the chance to identify glycan biomarker signatures. As 

the starting material is FFPE-preserved tissue, this method is of course not 

limited to hepatic tissue but can be applied to analyze any biopsy material. The 

logical next steps include the collection of well-defined sample cohorts and the 

identification of disease associated glycosylation signatures that in future might 

provide the next generation of disease markers for personalized medicine.  
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3.2 Synthetic Glycopeptide Standards are Unique Tools for 

Glycoproteomic Method Development and Validation 

The major challenge in glycoproteomic studies is the simultaneous acquisition of 

data that allows determination of the peptide sequence and provides 

information on the attached glycan structure. This becomes even trickier if 

knowledge on the monosaccharide connectivity is to be acquired in a site-

specific manner. Glycopeptide analysis is further hindered by the higher 

background of non-glycosylated peptides in the proteolytic (glyco-)peptide 

mixture; decreased ionization efficiencies when compared to non-glycosylated 

counterparts162; the degree of occupancy of individual glycosylation sites as well 

as glycan variety present at a single site. In particular the latter increases the 

number of glycopeptide molecules exhibiting the same peptide sequence, which 

in itself already results in reduced signal intensities163.  

A typical glycoproteomic workflow usually includes the following crucial steps: 

enrichment on protein and/or peptide level, proteolysis (for peptide analysis), 

multidimensional peptide separation, tandem mass-spectrometric analysis and 

software-assisted data interpretation97. Structural information on the glycan 

moiety can only be obtained to a certain degree by this typical approach and is 

lagging far behind from what is possible when released glycans are analysed (e.g. 

by PGC-LC ESI/MSMS)97, 139, 163. Beside the technical limitations and issues related 

to the physico-chemical characteristics of glycopeptides, software tools for mass 

spectrometric glycopeptide data analysis are also by far not as advanced, in 

particular when compared to what is already available and possible for pure 

proteomic data164, 165. Essential aspects in a glycoproteomic workflow important 

for improving in-depth glycopeptide analysis are focusing on the generation of 

more informative data within a mass spectrometer. This facilitates the work of 

software algorithms in the automated analyses of glycopeptide product-ion 

spectra.  
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For this purpose Alley et al.143 used tryptic (glyco-)peptides derived from various 

glycoproteins, including ribonuclease B, fetuin, horseradish peroxidase, and 

haptoglobin. They focused mainly on the optimization of ETD conditions for 

peptide backbone fragmentation, which provides the opportunity to preserve a 

PTM on the site of modification. This enables the unambiguous identification of 

the sites of attachment. Upon ETD fragmentation the glycan moieties remain 

intact, whereas in CID preferential cleavage of the glycosidic bonds through low 

energy pathways is observed. Although this CID / ETD combination approach in 

principle demonstrated the potential for characterization of model glycoproteins 

in one single tandem MS experiment, the authors also noted some limitations. 

ETD fragmentation efficiency is known to be rather low (~20% for the 

glycopeptides investigated in this particular study) and favors multiple 

protonated precursors 166. Moreover, ETD appears to be limited to a certain 

m/z range (just suitable for precursors below m/z 1400 in the chosen example). 

Thus the authors did not observe any peptide backbone fragmentation for the 

fetuin-derived glycopeptide RPTGEVYDIEIDTLETTCHVLDPTPLANCSVR carrying a 

trisialyated, triantennary complex glycan (m/z 1634).  

Likewise, Darula et al. 167 characterized tryptic O-glycopeptides from bovine 

serum after lectin enrichment (Jacalin) using CID and ETD. They also reported 

insufficient ETD fragmentation for precursors above m/z ~ 850. Interestingly, 

they tried to incorporate computational tools for data analysis, an aspect usually 

neglected in studies to improve glycopeptide identification by optimizing mass 

spectrometric processes. Data interpretation was facilitated but still required 

considerable degree of manual input. Prior knowledge on carbohydrate size and 

composition was necessary before database searches were initiated and could 

not be automatically extracted from the data. The approach was also just 

applicable for simple O-linked carbohydrate structures.  



Discussion 53 

Using complementary fragmentation techniques is one way to obtain 

glycopeptide structure information. CID, when tuned properly, also bears the 

potential to generate more informative structural data when different 

fragmentation energy levels are employed. Jebanathirajah et al.144 used tryptic 

(glyco-)peptides derived from urokinase plasminogen activator receptor to tune 

oxonium ions such as Hex+ at m/z 163.060, HexNAc+ at m/z 204.084 and 

HexHexNAc+ at m/z 366.139) to screen for glycopeptides present in mixtures 

with mainly non-glycosylated peptides.  

Irungu et al. 168 fragmented the virus-envelope-glycoprotein-derived 

glycopeptide SNITGLLLTR carrying a GlcNAc2Man9 N-glycan by low-energy CID 

(ESI-MS/MS) and high-energy CID (MALDI-TOF/TOF MS) using different 

platforms. They demonstrated nicely the benefits of combining information of 

product-ion spectra generated by different collision energy levels. The high-

energy processes yielded a peptide sequence, with minimal glycan moiety 

information, whereas for the low-energy processes mainly carbohydrate 

fragments and peptide + HexNAc fragments were observed. It should be pointed 

out, even when the results are in agreement with other findings, the different 

energy level used for CID are not the only parameters that influence 

glycopeptide fragmentation. Also charge state, charge carrier and overall 

composition have a major impact on which fragments are produced95. Although 

the study provided researchers with valuable glycoprotein information it was 

also apparent that data interpretation was labor-intensive. MS data analysis was 

mainly done manually and just supported by the web-based tool GlycoPep ID 

was also necessary to manually validate and verify all potential glycopeptide 

compositions suggested by the software.  
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Certain instrument configurations allow a higher-energy collisional dissociation 

(HCD), resulting in some desired peptide b- and y-ions as well as diagnostic 

oxonium ions, but on extend of glycopeptide Y-type ion series (glycan fragments 

still attached to the peptide). This diminishes site specific glycan 

characterization169.  

This can partially be compensated by using HCD in combination with ETD170 (e.g. 

HCD product ion-triggered ETD), however the issues associated with ETD 

fragmentation, as discussed above, remain. In order to make this approach 

realistically applicable the authors pointed out that development of suitable 

software tools is also urgently required. 

Recently, Zeng et al.171 reported also an integrated approach for characterization 

of glycopeptide microheterogeneity by combining HCD- and CID-MS/MS and MS3 

for the analysis of HILIC-enriched glycopeptides derived from standard 

glycoproteins. Here, HCD and CID-MS/MS spectra provide information about the 

glycan moiety and the Y1 ions (peptide backbone with HexNAc attached). The Y1-

ions could then also be selected in a data-dependent manner based on intensity 

for subsequent MS3 analysis to allow peptide backbone identification. However, 

for the HCD-MS3 set up a second LC run was necessary due to the fact that longer 

duty cycles were required for data acquisition, which was incompatible with a 

combined HCD- and CID-MS/MS set up.  

In conclusion, in the past years researchers have invested a lot of effort to 

determine glycopeptide structures in great detail. Although in glycoproteomics 

great progress has been made in analytical (optimized parameters) and 

computational aspects, data analysis still remains a major bottleneck and lags 

behind the possibilities available for other omics branches such as proteomics. 

According to recently published reports164, 165 reviewing software solutions for 

glycoproteomics approaches there is not a single tool available that combines all 

the functions required for automated data analysis under one umbrella. 
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Important software features required for large scale glycoproteomics studies 

include the structural elucidation of N- and O-glycopeptides, automated use of 

MS/MS data, incorporated search engines with scoring (ranking) algorithms to 

evaluate putative structures, abilities for batch inputs, the ability for parallel 

detection of non-glycosylated peptides and their matching to known protein 

sequences by database searches. 

3.2.1 Simultaneous Glycan and Peptide Sequencing by Optimizing 

Collision-induced Dissociation Parameters 

Systematic tuning of Q-TOF collision energy parameters was achieved using well-

defined synthetic glycopeptides and enabled acquisition of a maximum of 

information on site-specific structure information from N- and O- glycopeptides 

within a single tandem MS experiment96. The optimal collision energy 

parameters showed a linear dependency to precursor m/z values (charge state 

independent). The optimized procedure provided very good quality tandem MS 

spectra which facilitated their use in subsequent software-assisted data analysis 

with minimal user input. This step in particular is often regarded as a bottleneck 

in glycoproteomics studies164, 165. Using a sample set derived from different Igs 

(IgA, sIgA, IgG, IgE, IgM, IgD) in the optimized LC-MS set up this approach was 

validated to be suitable for large scale proteomics analyses. 

In the course of the study it became clear that the unambiguous detection of the 

oligosaccharide attachment site is hindered if a tryptic glycopeptide contained 

more than one potential site of glycosylation, which is frequently found for O-

glycopeptides. The obvious next steps include the combination of the collision 

energy stepping CID approach with ETD. If an ETD experiment could only be 

triggered once certain reporter ions are observed, it could facilitate acquiring site 

specific peptide- and glycan sequence information while saving analysis time.  

To date the amount of information that can be obtained on glycan structures by 

glycoproteomics studies cannot be compared to what is being achieved by 
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dedicated glycomics approaches105. The synthetic N-glycopeptide libraries 

produced in the course of this thesis could also be used in future to investigate 

whether the collision energy stepping approach can be applied in negative-ion 

mode to produce more informative carbohydrate fragments120, 127. 

In this context, Nishikaze et al. 172 analyzed singly-deprotonated N-linked 

glycopeptides by low-energy CID and demonstrated that valuable information 

regarding the oligosaccharide moiety could be directly obtained, including 

definition of certain structural glycan features. They also observed peptide 

backbone cleavage indicated by b- and y- but also c- and z- type ions. However, 

they noted that the glycan fragmentation was largely depending on the amino 

acid sequence (especially the length) and/or composition. Nonetheless, the study 

illustrates the potential of negative-ion glycopeptide fragmentation for deeper 

structure characterization within a single experiment. This could in future 

possibly be exploited by combinatorial approaches including collision energy 

stepping CID.  

Despite the achievements made in the MS field to obtain in-depth information 

on glycopeptide structure characterization of the glycan, moiety beyond 

composition remains challenging. This data is often accessed through tandem MS 

analyses and/or exoglycosidase sequencing120 of released glycans. Until recently 

the determination of the 3-D stereochemical assembly of glycoconjugates, 

including monosaccharide linkages was not possible using mass spectrometry as 

the only tool. That task becomes even more challenging when the glycans are 

attached to the protein/peptide backbone.  

3.2.2 Ion Mobility-Mass Spectrometry for Glycopeptide Characterization

With the recent introduction of an ion mobility cell into a MS instrument 

platform a novel analytical technology has become available providing novel 

opportunities for the gas phase structure analysis of biomolecules. Researchers 

have used IM-MS to analyze isomeric/isobaric glycoconjugates such as glycans, 
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glycolipids, GAGs, glycoproteins and glycopeptides. A comprehensive overview 

on the current state of the art is provided by a recent review from Gary et al.119. 

The analysis of carbohydrates with this technology has been a major focus in 

many studies using this promising new approach. Hofmann et al.116 

demonstrated that the identification of carbohydrate anomers (stereoisomers) 

and linkage-isomers (regioisomers) attached to a linker is possible using IM-MS, 

whereas the deprotonated ions and chloride adducts showed the largest CCS 

differences. In the context of glycopeptide characterization only few publications 

are available. Li et al.173 used IM-MS to analyze tryptic glycopeptides derived 

-1-acid glycoprotein and antithrombin III, showing that some 

isomeric compounds could be separated by their drift times, but the vast 

majority of molecules did not show any reasonable separation by IM-MS. Creese 

et al. 174 separated and identified (through reporter ions generated by ETD) two 

isomeric O-linked glycopeptides only differing in the site of attachment for the 

GalNAc residue. In similar fashion, Both et al. 175 measured isomeric 

glycopeptides carrying only a single monosaccharide and showed that to some 

extent separation and identification was possible with these compositional 

isomers. Based on their drift times peptides carrying GlcNAc or GalNAc separated 

better compared to anomeric linkage/compositional isomeric (peptides carrying 

- -GlcNAc). It should be noted that drift time differences were only 

moderate and glycopeptide assignment based on arrival time distribution was 

- -GalNAc) 

could also not be separated. In the same work a mixture of isomeric 

- -GalNAc at several potential 

glycosylation sites could only be partially separated by ion mobility, but their 

monosaccharide CID product-ions were distinguishable.  

To further investigate the promising potential of IM-MS to be used for 

glycopeptide structure elucidation we used a set of well-defined synthetic 

glycopeptides155. The library consisted of glycopeptides (YGNVNETQNNSFK) with 
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-6 disialylated, biantennary N-glycan occupying either one of the 

glycosylation sites (bold) either near the N- or C-terminus (position isomers). It 

also included glycopeptides carrying the glycan structure mentioned above at the 

very same site within the amino acid sequence (EVFVHPNYSK), but with the 

terminal NeuAc residues linke -3- -6 position (linkage isomers). 

The gained knowledge was then applied to identify NeuAc linkage isomers within 

a classical glycoproteomics experiment on tryptically digested, offline HILIC-

-proteinase inhibitor. 

Similar to the results published by Creese et al.174 the two regioisomers could be 

separated based on their drift times, however only when present as quadruply 

deprotonated ions, indicating a different shape in the gas phase was just 

adopted in this particular charge state. The investigated linkage isomers could 

not be separated under the conditions tested. These results are in accordance 

with earlier ones reported by Both et al.175 -GlcNAc- and 

-GlcNAc glycopeptides (anomeric linkage isomers) were undistinguishable by 

their IM-MS setup. It seems that the variation of only a single monosaccharide 

differently attached to its adjacent sugar does not influence the drift behavior of 

an entire glycopeptide molecule significantly enough to adopt a different gas 

phase structure that would allow separation by IM-MS. A possible effect appears 

to be -glycan portion of the molecule. 

However, in our work we could show that when the molecule was fragmented 

into smaller building blocks by CID prior the IM cell, distinctive drift times for a 

NeuAc-Gal-GlcNAc oxonium ion (m/z 657) were detected supporting the results 

of Both et al.175 and Hofmann et al.116. This data shows that oligosaccharide-only 

fragments with distinct linkages can be separated using IM-MS when fragments 

consist of a small number (~ up to five) of monosaccharides. 

The most valuable outcome of this study was that different isobaric 

glycopeptides generated after tryptic proteolysis could be clearly distinguished 
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based on their oligosaccharide product-ions carrying different sialic acids 

- -3 NeuAc). As sialic acids are key molecules of intercellular 

interactions the ability to differentiate these sialic acid linkages in a site specific 

manner directly on glycopeptides will be of great importance to study the role of 

site specific glycosylation in biological processes176, 177. In future this approach 

will be applied within an online LC set up to investigate more complex samples 

and to overcome some challenges faced in monosaccharide linkage 

determination of glycopeptides. Shortly after our study was published Guttmann 

et al.178 also published a report that confirmed our results on entirely different 

glycoproteins, emphasizing that the developed method is broadly applicable for 

in-depth glycoproteomic investigations.  

Recently Chen et al. 179 also published an approach aiming to identify NeuAc 

linkages of glycopeptides using a pseudo-MS3 ion trap set up. However, the 

provided information and data is limited and does not allow conclusions on 

numerous experimental conditions. Enzyme and glycoprotein sources as well as 

certain methodical procedures (e.g. proteolytic digests, PGC-LC set up, glycan 

purification) have not been reported. It is also in most cases not clear which 

glycopeptides were actually analyzed since no sequence information, m/z values 

or MS spectra are shown, questioning the results and conclusions reported. 
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Abstract 

N- and O-glycans are attractive clinical biomarkers as glycosylation changes in 

response to diseases. The limited availability of defined clinical specimens impedes 

glyco-biomarker identification and validation in large patient cohorts. Formalin-fixed 

paraffin-embedded (FFPE) clinical specimens are the common form of sample 

preservation in clinical pathology, but qualitative and quantitative N- and O-glycomics 

of such samples has not been feasible to date. Here, we report a highly sensitive 

and glycan isomer selective method for simultaneous N- and O-glycomics from 

histopathological slides. As few as 2,000 cells isolated from FFPE tissue sections by 

laser capture microdissection were sufficient for in-depth histopathology-glycomics 

using porous graphitized carbon nanoLC ESI-MS/MS. N- and O-glycan profiles were 

similar between unstained and hematoxylin and eosin stained FFPE samples but 

differed slightly compared to fresh tissue. This method provides the key to unlock 

glyco-biomarker information from FFPE histopathological tissues archived in 

pathology laboratories worldwide. 
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Introduction 

Cell surface and body fluid proteins are extensively decorated with specific glycans 

(1). Glycoproteins and glycolipids are part of the plasma membrane glycocalyx, the 

first interface for intercellular interactions (2). As such, the glycome and 

glycoproteome are key elements of cellular communication (3, 4). In many disease 

states biological processes change to express different glycans and glycoproteins on 

the cell surface (5, 6). Dynamic changes of the glycome are a result of age, an 

organism's physiological state (homeostasis or disease) and various other 

environmental or intrinsic factors (7-9). As glycans integrate environmental and 

indirectly genetic factors and are closely associated with complex diseases, they 

have been established as predictive and prognostic markers for diseases such as 

cancer and chronic inflammation (6, 10-13). 

Most efforts to identify glyco-biomarkers focused on body fluids due to the ease of 

accessibility (6, 14, 15). To better understand the molecular events responsible for 

disease onset and progression, analysis of specific glycosylation signatures directly 

from tissue specimens is fundamental (16-18). However, tissues are often highly 

heterogeneous mixtures of different cell types that hamper the detection of specific 

markers. The collection of significant numbers of well-defined clinical tissue 

specimens for high quality biomarker research is challenging due to ethical and 

technical obstacles. 

A widely applied standard pathology procedure is the preservation of tissue samples 

by formalin fixation followed by subsequent paraffin-embedding (FFPE), along with 

e.g. hematoxylin and eosin (H&E) staining (19) for tumor diagnosis and long-term 

conservation. Many FFPE preserved tissue specimens are available in clinical 
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centers around the world and are often associated with comprehensive clinical data 

sets. FFPE tissues can be handled at ambient temperatures and various dissection 

methods such as laser capture microdissection can be applied in order to minimize 

contaminations by other tissues and/or cells. This makes them a highly valuable 

source for any disease related research, biomarker discovery or retrospective 

studies, as long as the compounds of interest are qualitatively and quantitatively 

preserved and can likewise be extracted for further analyses (20-22).  

Proteins (20, 21, 23-25) or nucleic acids (23, 26, 27) are now frequently recovered 

from FFPE specimens even though they can be modified and/or degraded during the 

conservation process. The analysis of metabolites (28), glycosaminoglycans (29), as 

well as N- (25, 30-33) and O-glycans (32-34) has been described. To date, all 

analyses aimed at comprehensive clinical tissue N- and O-glycomics i) suffered from 

poor sensitivity (32), ii) could not be applied to both N- and O-glycans (25, 30, 31, 

34), iii) fall short of reliable O-glycan extraction (33), iv) suffered from the 

differentiation of isobaric N- and O-glycans(30, 32, 33) or reliable analysis of intact 

sialylated glycans (30, 31). Thus, a robust method for the sensitive and selective 

extraction and in-depth analysis of FFPE tissue derived N- and O-glycans is 

required. 

Here we present a highly sensitive approach to individually and sequentially extract 

and analyze structurally preserved N- and O-glycans from as few as 1,000 cells 

isolated from FFPE tissue specimens. Laser capture microdissection (LCM) ensures 

contact free picking-up of cell groups or even a single cell for easy subsequent 

manipulation. LCM isolated tissues were analyzed along with whole tissue sections 

using porous graphitized carbon (PGC) nano scale liquid chromatography (nanoLC) 

coupled with online ESI tandem mass spectrometric (MS/MS) detection (35, 36). In-
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depth glycan structure information on fucose and sialic acid linkages was obtained 

within a single experiment providing a maximum of information from a minimal 

amount of clinical material. This PGC nanoLC-ESI MS/MS based glycomics 

approach applied onto LCM-isolated cells derived from FFPE tissue specimens is 

opening novel avenues for investigating the role of protein glycosylation in health 

and disease. 

 

Experimental Procedures 

If not otherwise stated all materials were purchased in the highest possible quality 

from Sigma-Aldrich (St. Louis, MO, USA). Peptide-N-Glycosidase F (PNGase F) was 

obtained from Roche Diagnostics GmbH (Mannheim, Germany). Water was used 

after purification with a Milli Q-8 direct system (Merck KGaA, Darmstadt, Germany). 

Chloroform was from VWR international (Fontenay-sous-Bois, France). Human liver 

tissue was derived from three different patients suffering from liver cirrhosis or 

hepatocellular carcinoma obtaining a liver transplant according to the Milan criteria. 

This study was approved by the Ethics committee of "Klinieka Bolnica Merkur" For 

reporting the glycomics experiments the MIRAGE guidelines are followed (37). 

Formalin fixation and paraffin-embedding 

Liver tissue was divided into several parts and either immediately frozen at -80°C or 

fixed with formalin (Formalin solution, neutral buffered, 10%, Biognost) and 

embedded in paraffin (Paraffin wax, Sakura) following routine procedures. Briefly, 

tissue went through 10% formalin (24 h), 70% ethanol (2 x 1 h), 95% ethanol (2 x 

1 h), absolute ethanol (2 x 1 h), xylene (2 x 1 h at 37°C) and liquid paraffin (3 x 1 h at 
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60°C). Paraffin tissue blocks were cut into 2-10 µm thick sections using a standard 

sliding manual microtome (Microm). 2-4 µm thick sections were mounted onto glass 

slides (Microscope slides, Vitrognost). H&E staining was done according to routine 

protocols (19). After deparaffinization with xylene, and rehydration through 

decreasing series of ethanol, slides were washed and hematoxylin was applied. After 

subsequent washes and eosin treatment slides were dehydrated with increasing 

ethanol series and briefly air-dried. The specimens were used within 3 months after 

initial preparation. 

Laser capture microdissection 

Laser capture microdissection was done as follows: stained sections mounted on 

membrane slides (MembraneSlide 1.0 PEN, Carl Zeiss Microscopy) were analyzed 

under the microscope which is part of a laser microdissection system (Palm Zeiss 

MicroBeam, Axiovert 200M with PALM RoboSoftware, Carl Zeiss Microscopy) and 

selected cells were counted, marked and cut using PALM RoboSoftware according 

to manufacturer’s manual.  

Laser pressure catapulting method was performed using the protocol described in 

the manufacturer’s manual and isolated tissue parts were collected in adhesive caps 

of 500 µL collection tubes (Sample AdhesiveCap 500 opaque (D) PCR Tube, Carl 

Zeiss Microscopy). 

Protein extraction/ Antigen retrieval from FFPE tissues 

Unmounted sample set  
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Protein extraction of around 50 unmounted FFPE tissue sections was done as 

described previously (21). Briefly, 2-10 µm thick FFPE sections were transferred into 

1.5 mL sample tubes, washed twice in xylene for 5 min under mild agitation, followed 

by two washes with absolute ethanol for 5 min before being allowed to dry. 

Deparaffinized and washed samples were combined and homogenized on ice in a 

0.1 M Tris-HCl, pH 8.0; 0.1 M DTT buffer using a table top Branson sonifier B-12 

sonicator (Branson Sonic Power, Danbury, CT; output control: 1.5; 3x 10-30 s). SDS 

was added to a final concentration of 4% (w/v) and samples were incubated at 99°C 

for 60 min under mild agitation and were allowed to cool down to room temperature 

afterwards. Subsequently, the samples were centrifuged for 20 min at 2,000 rcf to 

remove non-soluble material. Proteins were precipitated from supernatant according 

to the method used by Wessel and Flügge (38). Briefly, 200 µL supernatant were 

mixed with 800 µL methanol, followed by the addition of 200 µL chloroform and 

600 µL water and vigorous mixing. The samples were centrifuged at 14,000 rcf for 

5 min and the upper aqueous phase was carefully removed (the interphase 

contained precipitated proteins). Additional 600 µL methanol were added, liquids 

mixed and then centrifuged for 10 min at 14,000 rcf. The supernatant was removed 

and the final pellet was dissolved in a solution containing 6 M urea and 2 M thiourea 

prior dot blotting onto a PVDF membrane (described below) or stored at  

-20°C for further use. 

Mounted sample set 

Microscope slides carrying H&E stained and unstained FFPE tissue sections (2-

4 µm) were washed with xylene (3x 2 min) followed by absolute ethanol (3x 2 min), 

scraped off with a needle/razor blade and then transferred from the slide into a 

sample tube containing 4% SDS in 0.1 M Tris-HCl, pH 8.0 and 0.1 M DTT. The 
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suspension was sonicated on ice (see above) and then further processed as 

described for the unmounted sections. 

Laser capture microdissected sample sets 

Tubes containing unstained, already deparaffinized washed cells (~1,000; ~5,000 

and ~10,000), as well as H&E stained counter parts were incubated upside down to 

ensure capturing of microdissected samples usually located at the lid of the tube 

after the dissection procedure, for 30 min in 4% SDS in 0.1 M Tris-HCl, pH 8.0, 

0.1 M DTT. Subsequently the samples were incubated in the same buffer for 60 min 

at 99°C. Samples were then further processed as described for the unmounted 

sections. 

A second set of laser capture microdissected tissue containing approx. 2,000 cells 

per microdissection were obtained from three subsequent FFPE tissue sections of 

either hepatocellular carcinoma or surrounding non-tumor tissue. Microdissected 

samples were treated as described above.  

Frozen sample sets 

Protein extraction of frozen tissues was done as described earlier (39). Briefly, liver 

tissue blocks were homogenized on ice using a IKA “T10 basic” homogenizer 

(Staufen, Germany) in lysis buffer (pH 7.4) containing 50 mM Tris-HCl, 0.1 M sodium 

chloride, 1 mM ethylenediaminetetraacetic acid and protease inhibitor cocktail 

(Promega, Mannheim, Germany) and incubated for 20 min. The solution was then 

sonicated on ice using a tabletop Branson sonifier B-12 sonicator (Branson Sonic 

Power, Danbury, CT; output control: 1.5; 3x 10-30 s) and centrifuged at 2,000 rcf for 
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20 min at room temperature. Supernatants were spotted directly onto PVDF 

membranes (see below) or stored at -20°C. 

PVDF dot blotting and N- and O-glycan release 

Extracted proteins were dot-blotted (frozen/FFPE tissue) onto a 0.2 µm pore size 

PVDF membrane (Millipore, Tullagreen, Ireland) and N- and O-glycans were 

sequentially released as described in detail previously (35, 36).  

To assure that comparable protein amounts were used for the glycan release, 

dilutions series (1:2; 1:4; 1:8; 1:16; 1:20; 1:32) of proteins extracted from FFPE 

tissue sections (unmounted sections only) were prepared and spotted onto the 

membrane (data not shown). Spots exhibiting similar direct-blue 71 staining 

intensities compared to the fresh-frozen proteins were considered to contain 

comparable amounts of protein immobilized on the PVDF membranes and were 

used for subsequent glycan release.  

Analysis of released N- and O-glycans using porous graphitized carbon liquid 

chromatography electrospray ionization mass spectrometry 

Following a final offline carbon desalting step as described previously (35) samples 

were dissolved in 10 µL MilliQ-water and 3 µL were injected for each LC-MS run. 

The PGC nanoLC setup was as follows: a PGC precolumn (HYPERCARB 5 µm, 

30x0.32 mm, Thermo Fisher Scientific, Waltham, MA, USA) and a PGC separation 

column (HYPERCARB 3 µm, 100x0.075 mm, Thermo Fisher Scientific) were 

installed in Ultimate 3000 UHPLC system (Dionex, Germering, Germany). The 

precolumn was equilibrated in buffer A (10 mM ammonium bicarbonate) and 

released glycans were loaded onto the precolumn for 5 min at 6 µL/min flow rate 
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prior valve switching. The equilibration conditions for the separation column were 3% 

buffer B (60% ACN in 10 mM ammonium bicarbonate). After loading the released 

glycans onto the trapping column, a linear gradient was established using buffer B as 

follows: reduced N-glycans were separated using a linear gradient from 3% buffer B 

to 15.8% in one minute before increasing to 40.3% buffer B over 49 minutes. O-

glycans were analyzed using the same setup but applying a linear gradient from 2% 

to 35% buffer B over 33 min. The flow rate was set to 0.8 µL/min and the columns 

were held at a constant temperature of 40°C. The LC was directly coupled to an 

amaZon speed ETD ion trap mass spectrometer equipped with a CaptiveSpray 

source (Bruker, Bremen, Germany) for online detection of glycans in negative ion 

mode. MS spectra were acquired in UltraScan mode within an m/z range of 380 – 

1,800; smart parameter setting (SPS) was set to m/z 900; ion charge control (ICC) to 

40,000 and max. acquisition time to 200 ms.  

MS/MS spectra were generated using collision induced dissociation over an m/z 

range from 100 – 2,500 on the three most abundant precursors applying an isolation 

width of m/z 3. The fragmentation cut-off was set to 27% with 100% fragmentation 

amplitude using the Enhanced SmartFrag option from 30-120% in 32 ms. ICC was 

set to 150,000. 

Structure determination and relative glycan quantitation 

N-and O-glycan structures were identified by manual screening of spectra and 

annotated, including isomeric structure elucidation, based on PGC retention time 

(35, 40-42), negative-ion mode fragmentation behavior (43-55) and biosynthesis 

pathways known from literature (56, 57). Nomenclature is based on Varki et al. (58). 

Representative MS/MS spectra for each identified glycan structure (if applicable) can 
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be generated from the information given (m/z, intensity) in the Supplementary 

Material. Mass lists of fragment spectra were generated from raw data using 

DataAnalysis Version 4.1 (Bruker, Bremen, Germany) with an absolute intensity 

threshold of 50 (no rel. threshold used), a S/N ratio of 1 and a peak width [FWHM 

(m/z)] of 0.1. Besides manual annotation, glycan product ion spectra were assigned 

using ProteinScape 4.0 (Bruker) using the GlycomeDB database or Glycoworkbench 

2.1 (59). For ProteinScape searches, the following parameters were selected: 

Glycan type: N-glycan; Taxonomy: Homo sapiens; Derivatization: UND 

(underivatised); Reducing end: reduced; Ions: H+ up to 3 charges; Charge -: 1-3; MS 

tolerance (m/z): 0.6 Da; MS/MS tolerance (m/z): 0.6 Da; Mass type: monoisotopic; 

Fragmentation type CID: CID a b c x y z, crossrings £1, cleavages £2. Thresholds 

were set at Score: ³5%, Fragmentation coverage: ³5% and Intensity coverage: ³5%. 

ProteinScape glycan assignments were accepted if the score was ³10. All assigned 

spectra and identified peaks are listed in the supplementary material. 

Relative abundances of individual glycan structures were determined using the area 

under the curve (AUC) from the respective individual chromatographic traces 

(extracted ion chromatograms [EIC]) of the corresponding monoisotopic precursors 

using QuantAnalysis software (Version 2.1, Bruker, Bremen, Germany). The 

integration limits of all AUCs were checked and, if needed, adjusted manually. The 

sum of all detected and quantified glycan structures within a sample corresponded to 

100% and the individual relative amounts were determined from the individual AUC 

values. Relative abundances were also calculated in relation to the highest peak 

when necessary. Note that a relative abundance of 1% was set as feasible threshold 

to take structures in consideration for quantitative changes in the course of this 

study. 
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Experimental Design and Statistical Rationale 

We developed, optimized and downscaled an analytical FFPE glycomics workflow 

for N- and O-glycans using hepatic specimens obtained from patients diagnosed with 

hepatocellular carcinoma (HCC) and selected for liver transplantation. One part of 

the tissue was immediately fractionated and frozen in liquid nitrogen (in the text 

referred to as frozen tissue) whereas the other part was subsequently FFPE-

preserved (referred to as FFPE tissue). Glycans were released from proteins dot-

blotted onto a PVDF membrane after extracted from tissue. Using clinical H&E 

stained and unstained tissue sections, the entire analytical workflow was developed 

and validated, minimal sample requirements evaluated and potential unintended 

artefacts induced by FFPE preservation, staining or antigen retrieval identified. The 

protocol was further optimized for minimal amounts of FFPE tissue (1,000; 5000; 

10,000 cells), selected by LCMs. The optimized protocol was then used with 

approximately 2,000 hepatocytes from HCC tissue and surrounding non-tumor tissue 

(Figure 1).  

Statistical analyses of the relative abundances of the N- and O-glycans from different 

origins (e.g. frozen/FFPE or tumor/non-tumor) are based on a linear model. Different 

sample sources were tested for equal suitability in glycomics analyses. Samples 

from different disease states were investigated for differences in relative abundances 

of glycans. The fold changes of the relative abundance of the compared samples 

and their respective p-values were plotted in the shape of Volcano plots (see 

Supplementary Material). Oligosaccharide structures with a mean relative 

abundance of less than 0.3% were not plotted if that threshold was not reached in 

either of the compared groups. This was done for clarity and potential issues arising 

from not accurate quantitation of very small peak areas. The p-values were corrected 
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for multiple testing using the method of Benjamini and Hochberg (60). Changes in 

relative glycan abundances with a p-value of less than 0.01 were regarded to be 

statistically significant. Unsupervised hierarchical cluster analysis was applied for 

data visualization in the form of heatmaps. The logarithmic relative abundance 

values were used to calculate the Euclidean distance matrix and complete-linkage 

clustering in the sample dimension. Additionally, for plotting the values of each 

glycan structure were scaled to have mean zero and standard deviation one (Z-score 

normalization), except in Figure 4B. For Figure 2A a second stage of clustering was 

applied in the glycan dimension for each of the five main structural groups 

separately. The free software for statistical computing and graphics “R” (61) was 

used as data analysis environment. The code is available upon request.  
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Results 

Frozen and hepatic FFPE clinical tissue was used for extraction on N-and O-glycans. 

The analytical FFPE glycomics workflow was developed for whole tissue sections, 

further optimized for minimal sample amounts, including laser-derived 

microdissections, evaluated and potential unintended artefacts induced by sample 

preparation identified. Chloroform-methanol precipitation (38) prior glycoprotein 

immobilization on PVDF membranes (35) was found to be beneficial for the 

subsequent N- and O-glycan release as well as for PGC nanoLC-ESI MS/MS 

glycomics. This step removes excess SDS and other contaminant substances 

resulting in clearly reduced background contamination levels, better data quality and 

a clear sensitivity increase (data not shown). Comprehensive N- and O-glycome 

profiles were generally obtained from tissue slides down to 3 µm in thickness and a 

surface area of approximately 15 mm2. 

 

Easy cleavable glycoepitopes remain intact during preservation and extraction 

Once a highly sensitive N- and O-glycomics protocol for FFPE tissue material was 

established we compared the glycomes obtained from the different sources. The N-

glycan base peak chromatograms (BPCs) acquired from representative FFPE and 

frozen tissue specimens appeared equivalent (Supplementary Material 1a). Among 

the ten most abundant compositions nine were identical between the two sample 

sources (Figure 2B). Sialylated, complex biantennary (~66%) and fucosylated 

structures (~40%) were the most abundant N-glycans (Figure 2C, Supplementary 
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Material 1g). In total 74 different N-glycan structures (derived from 40 compositions) 

were detected in both, FFPE and frozen tissues (details in Supplementary Material 

1b). The distribution of a2,6:a2,3 linked NeuAc residues on complex N-glycans was 

roughly 2:1. Fucose residues were mainly attached to the N-glycan core (35%) with 

just ~5% of the hepatic N-glycome exhibiting Lewis type fucosylation (Figure 2C, 

Supplementary Material 1g). The same glyco-epitopes were detected in similar 

amounts in both, FFPE and frozen samples, indicating that the preservation process 

and the sample preparation required for antigen retrieval did not affect any more 

readily cleavable glycoepitopes containing sialic acid or fucose residues 

(Supplementary Material 1b). 

The hepatic O-glycome consisted of just eight different O-glycans present in six 

compositions (Figure 2D, Supplementary Material 2a). These were exclusively of the 

core 1 and core 2 type with up to two NeuAc residues. In summary, these data 

confirmed that the FFPE preservation process and the antigen retrieval did not 

introduce any qualitative changes on the detectable N- and O-glycome. 

 

Subtle quantitative glycome differences are present between frozen and FFPE 

specimens 

Quantitative changes in the glycome are a major parameter determined in any 

disease related glycomics study. Therefore, we tested whether the quantitative 

glycome was similar between frozen and FFPE specimens. The detected N-glycans 

were categorized into global structure categories (Figure 2C) and their relative 

quantitative distribution assessed by an unsupervised hierarchical cluster analysis 
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(Figure 2A). These data indicated that mostly the levels of N-glycans carrying α2,3 

linked NeuAc and/or fucose residues were slightly elevated in the FFPE tissue 

compared to frozen tissue (Figure 2A/C). In particular, complex sialylated core 

fucosylated N-glycans (e.g. IDs 30c, 33d and 35d) showed higher abundances in 

FFPE tissue samples, whereas α2,6 NeuAc carrying N-glycans were slightly 

elevated in frozen tissue (Figure 2A/C; Supplementary Material 1g/h). The 

unsupervised cluster analysis also indicated differences between frozen and FFPE 

tissue for some paucimannnosidic and complex neutral type N-glycans, however, 

further statistically relevant differences were confirmed only for structures 5b and 25 

(Figure 2A/B, see also Supplementary Figure 1). These data emphasize that a direct 

comparison between frozen and FFPE derived starting material should be avoided 

as the tissue source already results in minor, though statistically relevant glycome 

differences, which might lead to false positive results in differential studies. Despite 

these no other global trends indicating destruction or discrimination of particular 

more readily cleavable monosaccharides such as fucose or sialic acid residues were 

observed. Furthermore, no unintended chemical modifications could be detected, 

further supporting the principal usability of FFPE conserved specimens for glyco-

biomarker studies.  

Some quantitative differences between the different sample sources were also found 

for the O-glycome. The singly and doubly sialylated core 2 type structures 1a 

(Hex2HexNAc2NeuAc) and 4b (Hex2HexNAc2NeuAc2) were more prominent in FFPE 

samples while the levels of structures 7 (HexHexNAcNeuAc2) and 6b 

(HexHexNAcNeuAc) were less abundant in FFPE samples. Other structures present 

above a relative abundance of 1% did not show any detectable quantitative changes 

(Figure 2D). Based on these results we concluded that for disease signature 
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evaluation a direct comparison between frozen and FFPE tissues should be avoided 

as different starting materials obviously mimic statistically relevant signatures in 

clinical glycomics studies. 

Glass slide mounted and H&E stained tissue specimens provide suitable 

sources for clinical N- and O-glycomics 

The mounting of FFPE tissue sections onto glass slides and H&E tissue staining 

represent standard procedures in every pathology laboratory. We evaluated whether 

FFPE tissue sections that underwent these procedures are also suitable for clinical 

N- and O-glycomics. PGC nanoLC-ESI MS/MS glycomics performed on mounted 

FFPE preserved hepatic tissue sections (both, H&E stained and unstained) resulted 

in the detection of 77 N-glycan and 9 O-glycan structures, which was in good 

agreement with the results obtained for the unmounted material (Figure 3A-C, 

Supplementary Material 3a/4a). Statistics indicated a significant difference for 

paucimannose type structures between untreated and H&E stained slides (Figure 

3B), however, as these four structures amount only ~2% of relative intensity, the 

minor individual tissue section differences could also cause the detected differences. 

The similar results obtained for essentially all N- and O-glycans from H&E stained 

and unstained tissue sections indicated that the staining method did not affect glycan 

integrity and antigen retrieval (Figure 3A-C, Supplementary Material 3a/d and Table 

4a/d). These data also clearly demonstrated that glycomics information can be 

obtained from the very same material used for pathological examinations.  

One thousand cells are sufficient for composition glycomics 
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LCM provides a unique possibility to selectively isolate areas of interest for 

subsequent glycomics studies. However, as this approach inevitable yields just small 

amounts of tissue, we evaluated the minimum number of cells required to still obtain 

a basic glycan profile. Approximately 1,000, 5,000 and 10,000 hepatocytes were 

isolated from unstained and H&E stained FFPE tissue sections for glycan profiling 

(Figure 4A/B). In order to remain comparable with the analyses described above, 

also just 1/3 of the sample was actually used for a single PGC nanoLC-ESI MS/MS 

analysis despite the low amount of starting material. 

We succeeded in obtaining basic N- and O-glycan profiles from as low as 1,000 cells 

(Figure 4A/B, Supplementary Material 3k and 4g). The detected signal intensities 

were low and just 25 out of 71 detected N-glycans met our stringent quantitation 

criteria. MS/MS based identification was successful for 20 out of 71 structures (38 

and 50 out of 71 for 5,000 and 10,000 cells, respectively, Supplementary Material 

3k), with the residual being assigned based on retention time, precursor mass and 

hepatic glycome data acquired during this project. Four out of eight O-glycans could 

also be quantified from the 1,000 cells starting material (Supplementary Material 4g). 

Even though glycan profiles were obtained from as low as 1,000 cells, this amount 

was considered to be insufficient for reliable quantitative clinical glycomics. In 

particular, lower abundant structures could not be reliably quantified when starting 

from 1,000 cells, making it very difficult to reliably detect subtle glycome changes. 

The use of higher cell numbers (≥2,000) provided in general reliable quantitative 

glycome profiling data (Figure 4A/B). These results encouraged us to further pursue 

the LCM route and validate the usability of microdissection to complement 

histopathology with glycomics using hepatic cellular carcinoma tissue sections in a 

proof of principle study. 
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Spatial insights into hepatocellular carcinoma N- and O-glycome using laser-

capture microdissection 

Associating the glycome with microscopically visible tissue features provides a key 

requirement to exactly determine disease associated glycan signatures. Tumor 

tissue micro-heterogeneity, however, represents a major obstacle in tissue 

preparation for glycan profiling as the presence of non-tumor related cells can mask 

tumor specific glycosylation features (22). LCM can help overcome this obstacle as it 

provides the possibility to specifically select tissue areas of interest that are also 

cross-validated by classical pathology diagnoses. In addition, this technique provides 

the opportunity to gain access to non-tumor tissue parts from the very same patient 

reducing the factor of individual glycosylation heterogeneity. We applied this 

technique to gain further insights into the individual glycosylation signatures of HCC. 

N- and O-glycan profiles were determined from approximately 2,000 cells isolated by 

the LCM method (Figure 5A). The glycome of non-tumor tissue was comparable to 

the ones obtained for different liver samples described above (Supplementary 

Material 10). Significant global glycome changes were observed in the isolated HCC 

cells for various N-glycans of the paucimannose and core fucosylated type, but also 

for hybrid as well as neutral and a2,6 sialylated N-glycans (Figure 5B-D). Though 

high mannose type glycans appeared unaltered as a group, the levels of individual 

structures (Man8, Man7 and Man6, IDs: 8, 7a, 6b, respectively) were significantly 

decreased, while Man5 (ID: 5b) showed an opposite trend (Figure 5C, and 

Supplementary Material 5b). The most striking changes were detected for 

paucimannosidic structures such as Hex2HexNAc2Fuc (ID: 2) and Hex3HexNAc2Fuc 

(ID: 3) and the biantennary, doubly a2,6 sialylated structure (ID: 30a, Figure 5B/C).  
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The O-glycome obtained from the very same microdissected tumor tissue specimens 

showed more complex core 2 type structures carrying Lewis X and sialyl Lewis X 

glyco-epitopes that shifted towards shorter core 1 type O-glycans in the non-

cancerous surrounding cells (Figure 5E). Similar core 2 O-glycans have previously 

been described in numerous tumor types and have been linked to increased tumor 

survival and metastasis by modulating the immune response (62, 63). As the hepatic 

O-glycome is significantly less complex compared to the N-glycome, in future O-

glycans might present a useful and simpler alternative in the context of HCC tissue 

differentiation. 

 

Discussion 

In principle glycans have been isolated from FFPE tissue sections already previously 

(31-33). Despite these earlier reports we were, however, not able to find satisfying 

answers to numerous crucial questions. I) Are all glyco-epitopes quantitatively and 

qualitatively preserved during the preservation and antigen-retrieval procedures? II) 

What is the minimum sample amount required to obtain a representative glycome? 

III) Is glycan integrity and recovery still given even after H&E staining? 

To address these questions, we developed and applied a novel PGC nanoLC-ESI 

MS/MS glycomics approach for qualitative and relative quantitative N- and O-

glycomics of clinical FFPE tissue sections and even LCM-enriched tissue 

specimens. Our results showed that unstained or H&E stained FFPE tissue sections 

represent well suited sources for clinical glycomics. In a proof of principle experiment 

we analyzed N- and O-glycans from hepatic tumor and surrounding non-tumor tissue 
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derived from the very same tissue section and patient. Using laser capture 

microdissection patient-derived individual glycome variations were reduced and the 

results provided a more precise view on the specific and individual cancer tissue 

glyco-signatures as tumor and control samples were also derived from spatially close 

areas. This approach allowed an in-depth characterization of the hepatic N- and O-

glycome from single tissue specimens including differentiation and relative 

quantitation of structure isomers (Figure 6).  

Our results clearly emphasize that similar tissue specimen treatment is imperative for 

glyco-biomarker studies. Minor though significant differences were detected when 

the glycome of frozen starting material was compared to the FFPE-derived profile. 

Inevitably the different starting conditions required different initial tissue 

homogenization and protein extraction procedures. Thus most likely specific proteins 

were lost and/or insoluble in either one of the procedures, subsequently resulting in 

the lack of specific glycoproteins. The FFPE sections were also derived from a 

spatially narrower tissue fraction compared to the frozen material, thus a differential 

spatial glycan distribution as reported previously by MALDI imaging experiments (31, 

64) could also contribute to the observed quantitative changes. Nevertheless, in the 

initial method development several larger tissue sections were combined, making 

spatial distribution differences less a likely option for the observed differences.  

Turiak et al. also reported differences in the number and relative abundances of N-

glycans released from frozen and FFPE murine liver tissue (13 vs. 14 compositions) 

(25). In their interesting integrated omics approach they identify proteins and profile 

glycosaminoglycans and N-glycans from the same FFPE-slide. Nevertheless, in their 

workflow reliable detection and quantitation of released N-glycans required six 
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sequential sections (10 µm thick, ~2 mm2 in size) to be combined, whereas we 

consistently identified 63 N-glycans and 7 O-glycans from 5,000 cells. 

In comparison to a recent N-glycan MALDI-imaging study on HCC including two 

patients overall just 17 of the reported 33 N-glycans qualitatively overlapped with our 

results (64). Whereas in our data paucimannosidic N-glycans in particular showed 

the largest differences (Figure 5B-D), Powers et al.(64) reported the largest 

differences for high mannose type and selected complex, non sialylated N-glycans. 

Due to the m/z cut-off used in their study, paucimannosidic N-glycans eluded their 

detection. Nevertheless, the observed differences are possibly also a reflection of 

individual patient variability. The unavoidable influence of this factor on such clinical 

glycomics studies is further supported by the fact that Powers et al. reported 

contradicting results for some high mannose structures in an earlier, similar study 

conducted on 16 patients (65). Whereas a decrease of Man8 in HCC tissues is 

supported by data presented in this work and by two independent reports from 

Powers et al. (65) and Nie et al. (66), the follow up study from Powers and co-

workers reported an increase in Man8 in HCC tissues (64). This example clearly 

shows that future biomarker oriented studies require both large sample cohorts and 

orthogonal approaches to differentiate individual patient glycan heterogeneity from 

possible method artefacts and real cancer signatures. This will be crucial to identify 

glycan signatures with the potential to support histopathology and also future 

personalized cancer diagnostics or therapies (6).  

The here presented liver O-glycome showed a low structure diversity. To date just 

very few data is available on the liver tissue O-glycome, and our results agree well 

with the data provided by the Consortium of functional glycomics that also reported a 
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similar low O-glycan structure diversity in human liver (see glycan structure database 

for human tissue on: www.functionalglycomics.org).  

The here presented method is generally applicable to any tissue type and opens 

novel opportunities to study protein N- and O-glycosylation including isobaric 

structure differentiation directly from histopathologically examined tissue specimens 

orthogonal to MALDI imaging techniques. Furthermore, our results unlock the 

potential of FFPE tissue as a valuable and easily accessible source for future clinical 

glyco-biomarker studies.  
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Figure Legends 

Figure 1: Overview on the FFPE-tissue workflow for clinical N- and O-

glycomics.  

Entire tissue blocks, slide-mounted tissue sections before or after H&E staining or 

micro-dissected tissue specimens provide clinical tissue sources. After antigen 

retrieval (glyco)proteins are immobilized onto PVDF membranes and N- and O-

glycans are sequentially released for porous graphitized carbon nanoLC-ESI MS/MS 

based glycomics. 

 

Figure 2: Comparison of N- and O-glycans released from unmounted FFPE 

tissue sections and matching frozen human hepatic tissue.  

A: Heat map obtained after unsupervised clustering of the detected N-glycans 

generated from various technical replicates of the two sample sources. Detected N-

glycan structures (the ten most abundant compositions are colored, see also 

Supplementary Material 7a for an overview) are represented by structure ID 

numbers on the top side of the heat map. The structure numbering refers to the 

respective IDs described in Supplementary Material 7a. Asterisks above numbers 

indicate the p-value range obtained for statistically relevant differences between the 

starting materials [≤ 0.01 (**) or ≤ 0.05 (*)]. The heat map is sorted according to 

different structure classes (dendrograms at the bottom of the heat map), whereas the 

different color boxes on the bottom provide additional structural information on the 

individual N-glycans (e.g. NeuAc or fucose linkage, presence of bisecting GlcNAc). 
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The samples cluster according to sample origin (frozen and FFPE) due to 

differences in the relative intensity of mainly a2,3/a2,6 linked NeuAc residues.  

B: Structures are depicted for the ten most abundant N-glycan compositions (red 

label). Structure 19 and 25 (purple label) were the 10th most abundant composition in 

one sample source.  

C: Category comparison of the hepatic N-glycome obtained from frozen or FFPE 

starting material. Error bars represent the standard deviation determined from 5 

technical replicates. The number of structures in each category is indicated above 

bars. 

D: Comparison of the hepatic O-glycome obtained from frozen or FFPE starting 

material. The structure numbering refers to the respective IDs described in 

Supplementary Material 8a.  

 

Figure 3: Comparison of the hepatic N- and O-glycome obtained from 

unstained and hematoxylin and eosin (H&E) stained FFPE tissue sections. 

A: Heat map obtained after unsupervised clustering of the detected N-glycans, 

sorted according to N-glycan categories. The differences in relative N-glycan 

abundances indicated by the clustering analyses between the H&E stained and 

untreated FFPE sections are smaller than the methodological and individual slide 

specific differences as indicated by the fact that no clear sample source derived 

clustering was obtained. Detected N-glycan structures are represented by structure 

ID numbers (for details see also Supplementary Material 7a) on top of the heat map. 

The heat map is sorted according to different structure classes (bottom of the heat 
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map), whereas the different color boxes on the bottom provide additional structural 

information on the individual N-glycans (e.g. NeuAc or fucose linkage, presence of 

bisecting GlcNAc). 

B: Category comparison of the hepatic N-glycome obtained from unstained (blue) or 

H&E stained (red) FFPE tissue sections. Error bars represent the standard deviation 

determined from 4 technical replicates. The number of structures in each category is 

indicated above bars. The asterisks indicate the p-value range obtained for 

statistically relevant differences between the starting materials [≤ 0.05 (*)]. 

C: Comparison of the hepatic O-glycome obtained from unstained (blue) or H&E 

stained (red) FFPE tissue sections. Error bars represent the standard deviation 

determined from the analysis of 5 technical replicates. 

 

Figure 4: N-glycome determined from hepatocytes (1,000; 5,000 and 10,000 

cells) microdissected from H&E stained FFPE tissue slides and analyzed by 

porous graphitized carbon nanoLC-ESI MS/MS glycomics. 

A: N-glycan base peak chromatograms (BPC) obtained from 1000; 5,000 and 

10,000 cells isolated from H&E stained FFPE tissue sections by laser capture 

microdissection. The intensity for all BPCs was normalized to the most intense 

sample (10,000 cells). The major N-glycan structures have been indicated at their 

respective retention time in the BPC. The asterisk indicates a non-glycan 

contamination signal. 

B: Heat map obtained after unsupervised hierarchical clustering of the N-glycans 

detected from 1,000; 5,000 and 10,000 cells compared to the ones obtained from 
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entire FFPE tissue sections and sorted according to major structure categories. 

Detected N-glycan structures are represented by structure ID numbers (for details 

see also Supplementary Material 7a) on top of the heat map. The heat map is sorted 

according to different structure classes (bottom of the heat map), whereas the 

different color boxes on the bottom provide additional structural information on the 

individual N-glycans (e.g. NeuAc or fucose linkage, presence of bisecting GlcNAc). 

Despite the fact that with lower cell numbers less N-glycans were detectable 

(indicated by the white boxes), no cell number associated clustering occurred, 

indicating that the overall profile remains comparable independent of the cell number 

and that the microdissection itself does not alter the glycan profile. 

 

Figure 5: N- and O-glycome of hepatocellular carcinoma (HCC) and non-cancer 

hepatic tissue (NC).  

A: Representative image of FFPE preserved tissue sections of HCC used for spatial 

isolation of HCC cells and surrounding non-cancerous tissue by laser capture 

microdissection. The respective areas used for the analyses are labelled as 

indicated. 

B: Overview on the N-glycan structures exhibiting the largest expression level 

changes between HCC and NC tissue including their structure IDs as listed in 

Supplementary Material 7a. The number of asterisks indicate the p-value range 

obtained for statistically relevant differences between the starting materials [≤ 0.01 

(**) or ≤ 0.05 (*)]. 

C: Heat map obtained after unsupervised hierarchical clustering of the N-glycans 

detected from ~2,000 cells of HCC and NC hepatic tissue and sorted according to 
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major structure categories. Detected N-glycan structures are represented by 

structure ID numbers (for details see also Supplementary Material 7a) on top of the 

heat map. The heat map is sorted according to different structure classes (bottom of 

the heat map), whereas the different color boxes on the bottom provide additional 

structural information on the individual N-glycans (e.g. NeuAc or fucose linkage, 

presence of bisecting GlcNAc). Based on the N-glycome, HCC and NC tissue cluster 

in distinct classes. Paucimannose type and a2,6 NeuAc carrying N-glycans show the 

highest alterations between these two tissue types. 

D: Category comparison of the HCC and NC N-glycomes. The number of structures 

in each category is indicated above bars. Error bars represent standard deviation 

determined from 3 technical replicates. 

E: Comparison of HCC and NC O-glycomes obtained from the very same material 

the N-glycomes were obtained. Sialyl Lewis X epitopes present on core 2 type O-

glycans show a significant increase in HCC tissue, whereas core 1 type O-glycan 

levels are reduced. 

 

Figure 6: Example for structure identification using porous graphitized carbon 

nano LC-ESI MS/MS.  

A: Base peak chromatogram (BPC, red trace) representing the N-glycome obtained 

from FFPE preserved hepatic tissue. Extracted ion chromatogram (EIC, black trace) 

of an example N-glycan (Hex5HexNAc4NeuAcFuc, [M-2H]2- = 1038.9 Da) that is 

present in five different structure isomers.  



 39 

B: Individual product-ion spectra of the five Hex5HexNAc4NeuAcFuc isomers 

enabling differentiation and relative quantitation of the various N-glycan isomers. 

 

Figures 

 

Figure 1: Overview on the FFPE-tissue workflow for clinical N- and O-

glycomics.  
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Figure 2: Comparison of N- and O-glycans released from unmounted FFPE 

tissue sections and matching frozen human hepatic tissue.   
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Figure 3: Comparison of the hepatic N- and O-glycome obtained from 

unstained and hematoxylin and eosin (H&E) stained FFPE tissue sections. 
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Figure 4: N-glycome determined from hepatocytes (1,000; 5,000 and 10,000 

cells) microdissected from H&E stained FFPE tissue slides and analyzed by 

porous graphitized carbon nanoLC-ESI MS/MS glycomics. 
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Figure 5: N- and O-glycome of hepatocellular carcinoma (HCC) and non-cancer 

hepatic tissue (NC).  
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Figure 6: Example for structure identification using porous graphitized carbon 

nano LC-ESI MS/MS.  
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