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Zusammenfassung 

Die Glykokalyx ist eine dichte Schicht an der Zelloberfläche, die sich aus komplexen 

Kohlenhydratstrukturen  zusammensetzt. Qualitative und quantitative Veränderungen des 

Glykosylierungsmusters der Zelloberfläche können genutzt werden, um bestimmte 

Stammzellpopulationen zu identifizieren, um die Differenzierungs einer Stammzelle (SZ) zu 

verfolgen sowie den Verlust des SZ-Status festzustellen, was von großer Bedeutung auf dem 

Gebiet der regenerativen Medizin sowie des Tissue Engineerings ist.  

In der vorliegenden Arbeit wurde eine einfache, schnelle, reproduzierbare und sensitive 

Methode zur Charakterisierung des N-Glykosylierungsprofils der Zelloberfläche etabliert und 

optimiert. Die häufig genutze Methode zur Analyse der N-Glykosylierung von Zellen besteht 

aus der Isolierung von Membranglykoproteinen, der einer enzymatischen N-

Glykanfreisetzung folgt. Jedoch ist bei Anwendung dieser Methode der Anteil der N-Glykane 

vom High-Mannose-Typ relativ hoch, wobei diese vorwiegend aus intrazellulären Proteinen 

des endoplasmatischen Retikulums (ER) stammen können. Für die neu etablierte Methode, 

die direkt Glykopeptide der Zelloberfläche freisetzt, konnte mittels MALDI-TOF-MS eine 

Erniedrigung des Anteils an N-Glykanen vom High-Mannose-Typ von 90 % auf 10 % 

bestätigt werden. Zudem konnte die Sensitivität der Detektion sowie Quantifizierung der N-

Glykane vom Komplex-Typ stark verbessert werden. Die Selektivität der neuen Methode 

wurde am Beispiel der Zelllinien HEK 293, CHO-K1, AGE1.HN und Hep G2 getestet. Die 

Ergebnisse zeigten, dass die N-Glykosylierung der Zelloberfläche der untersuchten Zelllinien 

strukturell die Hauptmerkmale der Glykoproteine aufwiesen, welche rekombinant in ihnen 

produziert werden.   

Unter Verwendung der neu etablierten Methode, wurde das N-Glykosylierungsmuster der 

Zelloberfläche von aus Knochenmark isolierten humanen mesenchymalen Stammzellen 

(MSZn) und den aus ihnen adipogen, chondrogen sowie osteogen differenzierten Zellen 

mittels MALDI-TOF-MS und CE-LIF untersucht. Darüberhinaus wurden zur Bestätigung der 

gefundenen Strukturen Exoglykosidaseverdaus des Gesamt-N-Glykanpools sowie 

Fragmentierungen der N-Glykansignale über MALDI-TOF/TOF-MS Analysen durchgeführt. 

Analog wurde verfahren, um das N-Glykosylierungsmuster der Zelloberfläche von humanen 

embryonalen Stammzellen (ESZn) vor und nach ihrer Differenzierung in Hepatozyten-

ähnliche Zellen zu untersuchen.    

Die Ergebnisse zeigten, dass das N-Glykom von adipogen differenzierten MSZn im Vergleich 

zu undifferenzierten MSZn eine deutlich geringere Fucosylierung sowie Antennarität 

aufweist. Aufgrund eines signifikant erhöhten Anteils werden die N-Glykane H6N5F1 und 

H7N6F1 als potentielle Glykan-basierte Stammzellmarker für undifferenzierte MSZn sowie 

H3N4F1 und H5N4F3 für adipogen differenzierte MSZn vorgeschlagen.        
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Das N-Glykosylierungsprofil der Zelloberfläche von chondrogen differenzierten MSZn vor 

und nach Isolierung aus ihrer extrazellularen Matrix (EZM) wurde untersucht und mit dem 

Profil undifferenzierter MSZn verglichen. Die Ergebnisse zeigten einen erhöhten Anteil von 

High-Mannose-Typ Strukturen sowie einen geringeren Anteil von Komplex-Typ N-Glykanen 

in chondrogen differenzierten MSZn mit EZM. Im Falle des Nichtvorhandenseins der EZM 

wird die Differenzierung von einem erhöhten Anteil biantennärer N-Glykane begleitet. Im 

Vergleich zu den undifferenzierten MSZn wies das N-Glykanprofil chondrogen differenzierter 

MSZn eine geringere Antennarität auf. Es wurden N-Glykane mit Fucosen (Fuc) detektiert, 

die am N-Acetylglucosamin des reduzierenden Endes der Kernstruktur (core-Fucosylierung) 

oder an den Antennen gebunden vorlagen (LewisX Epitope). Die triantennären N-Glykane 

H6N5F1 und S1H6N5F1 sowie tetraantennären Strukturen H7N6F1, S1H7N6F1 und 

S2H7N6F1 werden als potentielle Glykan-basierte Biomarker für undifferenzierte MSZn 

vorgeschlagen. Zudem werden die biantennären N-Glykane S1H5N4F2 und S2H5N4F1 als 

potentielle Glykan-basierte Biomarker für chondrogen differenzierte MSZn vorgeschlagen, 

die aus ihrer EZM isoliert waren. Die biantennären Strukturen H3N4F1, H4N4F1 und 

H4N4F2 werden als Glykan-basierte Biomarker für chondrogen differenzierte MSZn mit EZM 

vorgeschlagen. 

Die osteogene Differenzierung von MSZn wurde begleitet von einem erhöhten Anteil 

biantennärer N-Glykane. Zudem war die Antennarität der N-Glykosylierung der 

Zelloberfläche osteogen differenzierter MSZn geringer. Der Anteil fucosylierter Strukturen 

war nach der Differenzierung erhöht und bestand hauptsächlich aus core-fucosylierten N-

Glykanen. Als potentielle Glykan-basierte Biomarker für osteogen differenzierte MSZn 

werden die biantennären Strukturen H4N4F2, H5N4, H5N4F1, S1H5N4 und S1H5N4F1 

vorgeschlagen. 

Das N-Glykosylierungsprofil undifferenzierter ESZn und den aus ihnen differenzierten 

Hepatozyten-ähnlichen Zellen war signifikant unterschiedlich. ESZn enthielten einen höheren 

Anteil an N-Glykanen vom High-Mannose-Typ wohingegen N-Glykane vom Komplex-Typ, 

wie zum Beispiel bi- und triantennäre Strukturen, dominant vertreten waren in Hepatozyten-

ähnlichen Zellen. Zudem waren in den Hepatozyten-ähnlichen Zellen vollgalactosylierte 

Strukturen viel häufiger vertreten als in undifferenzierten ESZn. Das GalNAc Epitop konnte 

als strukturell charakteristisch in Hepatozyten-ähnliche Zellen nachgewiesen werden. 

Basierend auf den Ergebnissen wurden die High-Mannose-Typ N-Glykane H6-9N2 und die 

Komplex-Typ N-Glykane H4N4F1 und H3N5F1 als potentielle Glykan-basierte Biomarker für 

humane ESZn vorgeschlagen. Die biantennären N-Glykane H5N4, H5N4F1, H5N4F2, 

S1H5N4, S1H5N4F1 und S2H5N4F2 sowie die triantennären Strukturen H6N5F1 und 

S1H6N5F1 wurden als potentielle Biomarker für Hepatozyten-ähnliche Zellen vorgeschlagen.   
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Abstract 

The glycocalyx is a dense cell surface layer composed of complex carbohydrate structures. 

Qualitative and quantitative changes of the cell surface N-glycosylation pattern can be used 

to identify stem cell (SC) populations, to monitor SC differentiation as well as the loss of the 

SC status, which is of high relevance in the field of regenerative medicine and tissue 

engineering.  

In this study, a simple, rapid, reproducible and sensitive method to profile cell surface N-

glycosylation was established and optimised. The common procedure involves the isolation 

of membrane (glyco)proteins, which is then followed by an enzymatic N-glycan release. 

However, this method yields a major proportion of high-mannose N-glycans that may stem 

from intracellular proteins derived from the endoplasmic reticulum (ER). With the new 

method, that directly releases cell surface (glyco)peptides, a decrease of the amount of high-

mannose N-glycans from 90 % to 10 % was verified using MALDI-TOF-MS. At the same 

time, the detection sensitivity and quantification of complex-type N-glycans was drastically 

improved. The selectivity of the new method was tested by applying it to the cell lines HEK 

293, CHO-K1, AGE1.HN and Hep G2. The data revealed that the cell surface N-

glycosylation of these cells displays the main glycan features that are found on recombinant 

glycoproteins produced from these cell lines.  

Using the new method, the cell surface N-glycosylation pattern of human bone marrow 

mesenchymal stem cells (MSCs) and their adipogenically, chondrogenically as well as 

osteogenically differentiated progeny was investigated and verified using MALDI-TOF-MS 

and CE-LIF in combination with exoglycosidase digestions and MALDI-TOF/TOF 

fragmentation analysis. The same was done to profile the cell surface N-glycosylation pattern 

of human embryonic stem cells (ESCs) before and after their differentiation into hepatocyte-

like cells.  

The results showed that the N-glycome of adipogenically differentiated MSCs was clearly 

less fucosylated and branched than the one of undifferentiated MSCs. Due to their 

significantly increased amount, N-glycans like H6N5F1 and H7N6F1 are proposed as 

candidate MSC markers for undifferentiated MSCs and N-glycans like H3N4F1 and H5N4F3 

as potential markers for adipogenically differentiated MSCs.  

The N-glycosylation profile of chondrogenically differentiated MSCs was investigated before 

and after isolation from their extracellular matrix (ECM) and compared to the profile of 

undifferentiated MSCs. The data revealed that they contained more high-mannose and less 

complex N-glycans when their ECM was present. Differentiation was accompanied by an 

increased amount of biantennary N-glycans when the ECM was absent. Cell surface N-

glycosylation of chondrogenically differentiated MSCs was generally less branched than the 
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one of undifferentiated MSCs. N-glycans were found to contain core-linked fucose (Fuc) as 

well as LewisX epitopes. The triantennary N-glycans H6N5F1 and S1H6N5F1 as well as 

tetraantennary structures H7N6F1, S1H7N6F1 and S2H7N6F1 were proposed as glycan-

based biomarkers for undifferentiated MSCs. The biantennary structures S1H5N4F2 and 

S2H5N4F1 are proposed as glycan-based biomarkers for chondrogenically differentiated 

cells without ECM and the biantennary N-glycans H3N4F1, H4N4F1 and H4N4F2 for 

chondrogenically differentiated cells with ECM.  

Osteogenic differentiation of MSCs was accompanied by an increased amount of 

biantennary structures. In addition, cell surface N-glycosylation was less branched in 

osteogenically differentiated MSCs. Furthermore, the amount of fucosylated structures 

increased with differentiation and contained mainly core-linked Fuc residues. The 

biantennary structures H4N4F2, H5N4, H5N4F1, S1H5N4 and S1H5N4F1 were proposed as 

glycan-based biomarkers for osteogenically differentiated cells.  

The N-glycosylation profiles of undifferentiated ESCs and hepatocyte-like cells were 

qualitatively and quantitatively significantly different. ESCs contained a high amount of high-

mannose N-glycans. In contrast, complex-type N-glycans such as biantennary and 

triantennary N-glycans were dominant in hepatocyte-like cells and fully-galactosylated 

structures were much more abundant than in undifferentiated ESCs. In addition, the GalNAc 

epitope was detected in hepatocyte-like cells. High-mannose-type N-glycans of the form H6-

9N2 and the complex-type N-glycans H4N4F1 as well as H3N5F1 were proposed as glycan-

based biomarkers for human undifferentiated ESCs. The biantennary N-glycans H5N4, 

H5N4F1, H5N4F2, S1H5N4, S1H5N4F1 and S2H5N4F2 as well as the triantennary 

structures H6N5F1 and S1H6N5F1 were proposed as glycan-based biomarkers for 

hepatocyte-like cells.  
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1 Introduction 

1.1 Stem cells 

Stem cells (SCs) are basically unspecialised cells and defined functionally as cells that have 

the ability to self-renew as well as to generate differentiated cells (Fig.1.1) (1, 2). Self-

renewal is the process in which a SC generates daughter cells identical to their mother. 

During differentiation the SCs are capable of producing progeny with more restricted 

potential (more specialised cells) (3).  

SCs are identified and named according to the function of their descendants or their place in 

development. The diversity of differentiated descendants that vary among SCs is dependent 

on their potency to generate specific cell types. The potency of a SC is categorised into 

totipotent, pluripotent, multipotent, omnipotent and unipotent. Totipotent SCs are able to give 

rise to all cell types including the embryonic membranes such as trophectoderm (e.g. the 

zygote). Pluripotent SCs are able to differentiate into almost all cell types of the three germ 

layers (e.g. embryonic SCs).  Multipotent SCs can generate multiple types of differentiated 

cells, which possess distinct morphologies and gene expression patterns (e.g. hematopoietic 

SCs). Omnipotent SCs are able to give rise to a more restricted subset of cell lineages than 

multipotent SCs (e.g. adult myeloid SCs) and unipotent SCs are able to generate only one 

mature cell type (e.g. adult muscle SCs).    

 

 

Fig. 1.1. Graphical illustration of the ability of stem cells to self-renew (generation of identical daughter 

cells) as well as to differentiate into progeny with more restricted potential. 

 

Due to their restoration ability, human SCs offer a powerful source for the application in 

future regenerative medicine, whereupon the main goal of research is to find methods to 
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repair and regenerate diseased or damaged tissue and organs, and to prevent diseases from 

occurring. However, research with human pluripotent embryonic stem cells (ESCs) faces 

complex ethical and technical issues. Hence, adult multipotent SCs are a remarkable 

alternative to fulfill the therapeutic expectations (4, 5). 

 

1.1.1 Embryonic stem cells 

Mouse and human embryonic stem cells (ESCs) are derived from the inner cell mass of 

embryos after the formation of a cystic blastocyst (Fig.1.2) (2). This was shown more than 30 

years ago for mouse ESCs (6, 7). This cell population is capable of producing the epiblast (a 

tissue type found in the blastocyst, which is able to give rise to all three germ layers through 

gastrulation) and all adult tissues, explaining the developmental plasticity of ESCs.  

 

 

Fig. 1.2. Hierarchy of stem cells. Zygote and early cell division stages till the morula stage are 

totipotent, since they can generate a complex organism. At the blastocyst stage, the cells of the inner 

cell mass (ICM) are able to build up all three primary germ layers; endoderm, mesoderm and 

ectoderm as well as the primordial germ cells (PGC), which are the founder cells of male and female 

gametes. Multipotent stem and progenitor cells exist in tissues and organs of adult tissues and are 

responsible for the replacement of lost or injured cells. Embryonic stem cells (ESCs) are derived from 

the ICM of the blastocyst, and have the developmental capacity to differentiate in vitro into cells of all 

three somatic cell lineages (endoderm, mesoderm and ectoderm) as well as into male and female 

germ cells.      
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In vitro, ESCs appear to be equivalent to the epiblast, due to their ability to contribute to the 

formation of all somatic lineages (8). By the time the zygote has reached the blastocyst stage 

whereupon the developmental potential of certain cells has been restricted. The outer cells of 

the embryo have begun to differentiate to form trophectoderm, which contains embryonic 

trophoblast SCs with the ability to generate all cell types of the trophectoderm lineage (8).  

At the egg cylinder stage of embryonic development, which is embryonic day 6.5 in mice, a 

cell population near the epiblast can be identified as primordial germ cells (PGCs). These 

cells are subsequently excluded from somatic specification or restriction (9). When cultured 

with suitable factors in vitro, they can produce embryonic germ cells (EGCs) (8). EGCs 

possess many common characteristics as ESCs with respect to their differentiation potential 

and their contribution to the germ line (8). 

The property of ESCs to develop into all three primary germ layer derivatives, namely 

ectoderm, mesoderm and endoderm, and their almost unlimited proliferation capacity is 

achieved by a high telomerase activity in the cell lines over approximately 300 population 

doublings (10). In addition, ESCs express characteristic stem cell markers such as stage 

specific embryonic antigen (SSEA) 3 and 4, octamer binding transcription factor (Oct) 3/4, 

sex determining region Y (SRY)-box 2 (Sox2) and Rex-1, also referred to as zinc-finger 

protein 42, or nanog, which are down-regulated upon differentiation (11). SSEA3 and SSEA4 

are globoseries glycolipids located on the cell surface and sensitive markers of the 

undifferentiated state of human ESCs (11). Oct 4 as well as nanog are located in the nucleus 

and are pluripotency associated transcription factors (11). Sox2 is also a transcription factor 

and maintain or protect self-renewal as well as the pluripotent state of ESCs (12).  

Besides stem cell markers, that ensure pluripotency of ESCs, it is necessary to confirm their 

ability to differentiate into all germ layers. This is achieved by in vitro differentiation into 

embryoid bodies (13, 14) and/ or by testing the in vivo teratoma formation of ESCs in 

immunodeficient mice (15, 16).  

In this study, the cell surface N-glycosylation of ESCs and thereof differentiated hepatic cells 

was analysed. Hepatocytes constitue the primary cells of the liver and are essential for many 

crucial functions such as metabolizing dietary molecules, detoxifying compounds and 

glycogen storage. Patients with acute hepatic failure or end-stage liver disease have to be 

treated by transplantation of the liver or hepatocytes (17). The transplantation of hepatocytes 

has shown to be efficient, but the availability of human hepatocytes is limited. Thus, human 

ESCs have been proposed as an appropriate alternative source of hepatocytes for 

transplantation (11). Due to their ability to proliferate indefinitely in culture, ESCs are an 

unlimited source of cells. In addition, the differentiation of ESCs into hepatocytes may be 

helpful to study the processes involved in embryonic development of the liver. Furthermore, 
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the understanding of the developmental processes may play a key role for the diagnosis and 

treatment of liver-associated congenital pathologies (11).        

 

1.1.2 Adult stem cells 

Application of pluripotent cells, such as ESCs or induced pluripotent progenitor cells faces 

complex difficulties like the formation of teratoma. Multipotent stem and progenitor cells are 

therefore a remarkable alternative to fulfill the therapeutic expectations (18). Most of the adult 

SCs are multipotent. Thus they are able to differentiate into multiple cell types that are 

restricted to a given tissue.  

Adult SCs are generated during development beyond the stage of gastrulation. During the 

gastrulation process, pluripotent SCs become mesoderm, endoderm and ectoderm. 

Afterwards tissue-specific decisions according to the fate of the SC are made. Thus, adult 

SCs have lost their pluripotency and adopt tissue-specific and restricted differentiation 

abilities (19).  

Adults SCs are found in a number of tissues and are capable of differentiating into a multiple 

number of other cell types. The term “adult SCs” is not always correct, because these cells 

are also found in infants, in umbilical cord and placenta. Thus, other terms have been 

proposed as tissue SCs, somatic SCs or post-natal SCs.  

Adult SCs are involved in the growth of the organism by increasing the dimension of the 

organs. Their main role is to renew cells and/ or to regenerate cells of damaged tissues, 

which takes place in tissues and organs by adult SC depots. They are able of responding to 

different physiological and pathological tissue requests due to their very dynamic proliferative 

and differentiative plasticity. In adult organisms, numerous types of multipotent SCs are able 

to trans-differentiate, to fuse with other cells as well as to promote new genetic 

reprogramming processes (20). Adult SCs have been isolated from numerous adult tissues 

such as umbilical cord and other non-embryonic sources (such as bone marrow, muscle, 

peripheral blood, skin, brain, liver) (5).           

 

1.1.2.1 Mesenchymal stem cells 

Bone marrow contains at least two SC populations. Besides the hematopoietic stem cells 

(HSCs), which differentiate into blood cell progeny, mesenchymal stem cells (MSCs) are also 

present in bone marrow. MSCs provide support for hematopoietic and other cells in the 

marrow. The bone marrow is a complex tissue and comprises numerous cell types. It 

maintains the undifferentiated state of HSCs and MSCs and supports differentiation of 

different SCs (21). Bone marrow MSCs, presently also referred to as mesenchymal stromal 

cells, are non-hematopoietic adult multipotent cells (22). Flow cytometry using different 



INTRODUCTION 
 

22 
 

surface markers revealed that the expanded bone marrow MSCs population is >98 % 

homogeneous (22).  

MSCs are easy to isolate and expand and develop in vitro as well as in vivo  into a variety of 

tissues including fat, bone and cartilage (22). In addition, human MSCs have been shown to 

differentiate into neuronal cells (23). MSCs are also able to migrate to diseased organs, they 

possess strong immunosuppressive properties and they secrete regenerative factors (24-26). 

Therefore, MSCs are of great interest for application in cell-based therapies. In clinical 

therapies they are administered to patients with hematological pathologies, cardiovascular 

diseases, osteogenesis imperfecta, musculoskeletal disorders, lung diseases and diabetes 

(27).  

The primary source of mesenchymal stem cells is bone marrow, but adipose tissue, 

synovium, periosteum, amniotic fluid, placenta and umbilical cord blood also contain MSCs 

and can therefore be used as alternative cell sources (28).  

However, all known MSC markers, among them the most prominent ones like the cell 

surface proteins CD73 (5'-nucleotidase), CD90 (thy-1), CD105 (endoglin), CD166 (alcam) 

(22) and Stro-1 (29), are not specific. For instance, MSCs are usually identified as colony-

forming unit-fibroblasts and Stro-1 negative cells are not capable of forming colonies (30). In 

contrast, Stro-1 positive cells are capable to become hematopoietic stem cell-supporting 

fibroblasts, smooth muscle cells, adipocytes, osteoblasts and chondrocytes, which support 

the functional role of MSCs. In addition, Stro-1 is not only expressed from MSCs and its 

expression is gradually lost during culture. Several other useful but unspecific markers for 

MSCs and their differentiated progeny have been identified in molecular profiling approaches 

for example focusing on the adipogenic lineage (31).   

 

1.1.3 Embryonic and mesenchymal stem cells in regenerative medicine and 

tissue engineering 

SCs are of great interest in regenerative medicine, since their properties makes them ideal to 

replace defective body parts by in vivo infusion or by the creation of bioartificial tissues. 

However, at the moment, they are extensively used to study self-renewal and differentiation 

(19). The pluripotent potential and unlimited availability of human ESCs makes them an 

appropriate candidate for diverse cell replacement therapies and organ transplantation 

programs. ESC-based therapies are of significant interest for the treatment of diseases in 

which a single cell type is destroyed or lost its function.  

The potential of ESCs have been studied in neurodevelopmental biology with the aim to treat 

neurological defects caused by degeneration of neural lineages. Studies discuss the 

potential of neurons derived from human ESCs in the treatment of Parkinson’s (32-36) and 
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Alzheimer’s (37), where for example ESCs are described as a source of neurons to replace 

the degenerating nerve cells in Parkinson disease looming [32]. Application of ESCs 

research is of great interest in the field of degenerative liver disease due to the fact that the 

ability to regenerate liver tissue without transplanting donor organs would be a step forward 

in the treatment of severe diseases such as cirrhosis (38, 39). Similarly, studies with ESC-

based techniques for heart repair have been encouraging, too. Cardiomyocytes derived from 

human ESCs were efficiently integrated into the heart of pigs. In addition, the implantation of 

ESCs into injured myocardium led to an improvement of contractility and reduction of 

myocardial wall thinning (39, 40).  

Many studies deal with differentiation of SCs into pancreatic tissue with the aim to establish a 

cell replacement therapy for type 1 diabetes mellitus. Recent studies demonstrated the use 

of mouse and human ESCs to produce insulin secreting cells (39). However, it was shown 

that in vitro derived cells release insulin not only due to de novo synthesis but also because 

of an uptake from the medium (39, 41). Furthermore, the differentiation of ESCs into diverse 

types of blood cells is relatively well established. They were successfully differentiated into 

hematopoietic progenitor cells and were shown to be able to engraft in sheep. In addition, 

ESCs were directed to differentiation into CD34+ cells with genotypic and phenotypic 

similarities to hematopoietic SC, into B cells, natural killer cells, macrophages, granulocytes 

and functional T lymphocytes, making them very appropriate for replacement and 

regeneration of diverse blood cell types (39, 42).  

The applications of ESCs in regenerative therapies are versatile; however their use faces two 

main problems; their haphazard differentiation and ability to give rise to tumor cells as well as 

the possible rejection of ESC-derived tissue graft by the immune system. Therefore, clinical 

transplantation remains unsafe (39). Multipotent stem and progenitor cells are therefore a 

better alternative to fulfill the therapeutic expectations (18).  

Multipotent MSCs are of great interest in the field of cell-based therapy. They may be used in 

bone regeneration. Studies revealed that culture-expanded marrow MSCs are capable of 

regenerating structurally sound bone (19). In cartilage repair, chondrocytes have been used 

to repair large cartilage defects; however it is difficult to integrate the tissue with that of the 

host. In this case, hyaluronan scaffolds were shown to facilitate the integration due to the 

high content of hyaluronan in the embryonic mesenchyme of precartilaginous tissues (19, 

43). MSCs can help in marrow regeneration, since injected MSCs are able to migrate back to 

the bone marrow to refabricate injured marrow stroma (19). MSCs were successfully injected 

into a mouse muscle, where they differentiated into skeletal myoblasts, then fused with the 

host myotubes and induced synthesis and distribution of dystrophin (sub-membrane 

cytoskeletal protein found in the muscle fiber membrane) (44, 45). Thus, MSCs are an 

important tool in the field of muscle regeneration.  
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Moreover, MSCs and their adipogenically differentiated progeny also play a role in the 

regenerative treatment of burn and tumor patients and in cosmetic surgery (46). In addition, 

they have been induced into the adipocyte pathway and thereby were shown to accumulate 

fat droplets (19). Furthermore, MSCs were used for repair of tendons (19). They may be 

used in a variety of gene therapy applications (polysaccharide storage diseases, 

osteogenesis imperfect) and are clinically relevant as growth factor pumps in neural 

environments, where they can facilitate axonal reconnection and neuronal stem cell (NSC) 

growth, migration and differentiation (19). Thus, MSCs have great potential to be used in 

tissue engineered regeneration and repair of a variety of tissues.  

 

1.2 Glycosylation 

Protein glycosylation is besides phosphorylation and sulfation one of the most common post-

translational protein modifications. Glycans are often covalently attached to proteins or lipids 

and constitute a significant amount of the mass in glycoconjugates, in which they are able to 

influence intramolecular and intermolecular functions (47, 48). Consequently, they play a 

crucial role in various key biological processes such as cell adhesion, molecular trafficking 

and clearance, receptor activation, signal transduction and endocytosis (48).  

In contrast to DNA, RNA and proteins, glycans are able to form complex branched 

structures. Therefore glycans possess great structural diversity. Despite the theoretically 

huge structural diversity of glycans (49), only the monosaccharides N-acetylglucosamine 

(GlcNAc), N-acetylgalactosamine (GalNAc), mannose (Man), galactose (Gal), N-

avetylneuraminic acid (Neu5Ac) and Fuc are typically found in human systems (50).  

In general, protein-bond glycans are classified into two main groups, namely the N- and O-

glycans. N-glycosylation is a protein cotranslational modification occurring on asparagine 

(Asn) residues of the consensus sequence Asn-X-Ser/Thr, where X may be any amino acid 

except proline (Pro) (51-53). In O-glycans the carbohydrate moiety is connected via GalNAc 

to a serin (Ser)- or threonine (Thr) residue of the protein chain. In addition to N- and O-

glycosylation, the C-mannosylation is another type of glycosylation, in which one α-Man is 

bond to the first tryptophan (Trp) residue of the consensus sequence Trp-X-X-Trp (51, 54).  

Protein N-glycosylation takes place in the endoplasmic reticulum as well as in the Golgi 

apparatus, where the extent and type of glycosylation is determined by the cell type and 

species (47, 51, 55). N-glycans share a common branched core structure that consists of 

three Man residues and two GlcNAc units of the form Manα1-6(Manα1-3)Manβ1-4GlcNAcβ1-

4GlcNAcβ1-Asn (56). In addition, so-called antennae may be bond to the terminal Man 

residues of the core structure. In contrast to N-glycans, O-glycans are smaller and less 

branched and share no common core structure. Their synthesis starts in the cis-Golgi and is 
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a post-translational process (57). N- and O-glycans are characterised by a wide structural 

diversity, which is due to the saccharide type, sequence, position, linkage type as well as the 

degree of branching.  

Glycans are able to increase the solubility of the protein in aqueous media, to maintain 

correct folding and orientation of the protein, to protect the protein from proteolysis and to 

regulate its functions (58-60). The structures of oligosaccharides found on many cell surface 

glycoproteins significantly change upon the occurrence of inner or outer cellular 

environmental modifications such as cell development and differentiation, inflammation, 

malignant transformations, tumor progression and metastasis (47, 55, 61-64). Structural 

changes are caused by altered expressions of glycosyltransferases, which may modulate 

cellular functions (64-66). Structural alterations have been described in several diseases 

such as cancer, where the glycan epitopes sialyl-Lewisx and sialyl-Lewisa represent epitope 

markers for tumor progression (67-69).  

Complex glycan structures cover all cellular surfaces to form a dense layer named glycocalyx 

and are therefore involved in many aspects of stem cell biology and technology. As an 

example, the profileration or differentiation of a SC into specific cell types requires a complex 

and glycan-dependent modulation of signal molecules (26) (see section 1.2.4). In addition, 

cell surface glycans are ideal biomarker candidates due to their prominent cell-surface 

position and cell lineage-specific nature (70).  

 

1.2.1 Glycocalyx 

Carbohydrates are referred to as glycans that are covalently linked to membrane proteins or 

lipids and form a dense glycocalyx on the extracellular side of the surface of all cells found in 

multicellular animals, including SCs. Cell surface glycans are optimally positioned to help the 

cell to communicate with its extracellular environment and are the main components of the 

glycocalyx (71, 72). Since they form the outermost layer of the cell, cell surface glycans act 

as recognition elements and binding sites. Thus, they are the first molecules that are 

encountered by antibodies, hormones, viruses, bacteria, toxins and other cells. In addition to 

their receptor function, glycans play an important role in regulating the immune response 

since the majority of cell surface receptor proteins involved in antigen recognition by T cells 

are glycosylated. Therefore, glycosylation ensures correct functioning of receptor proteins by 

stabilising their conformation, regulating their cell-surface clustering, and increasing protease 

resistance (73). Moreover, cell surface glycans are capable of orienting the binding faces of 

cells to facilitate cell adhesion and they can prevent non-specific protein-protein interactions 

(74, 75). Besides the fact that glycans are involved in the regulation and control of protein 
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folding and trafficking, cell surface glycans play important roles in the interaction of SCs with 

their niche and are able to modulate the growth and differentiation of SCs in vitro (76, 77). 

 

Fig. 1.3. Transmission electron micrograph shows the presence of a 200 nm-thick layer coating the 

surface of the human glomerular endothelial cells (CiGEnC). This layer was enhanced by Alcian blue 

staining and represents the glycocalyx (78).  

 

The endothelial glycocalyx (Fig. 1.3) was already described before 75 years as a layer of the 

endothelian cells composed of proteoglycans, glycosaminoglycans and glycoproteins (79). It 

was thought that this layer was only a few nanometers thick (80). In the last years studies 

revealed that the glycocalyx has a thickness of about 0.5 µm and plays besides the function 

as a vascular barrier also many physiological roles (81-83). The glycocalyx forms together 

with attached plasma proteins a cell surface layer named the endothelial surface layer (ESL), 

which possess a height of about 1 µm and is often thicker than the endothelian cells itself 

(84, 85). Changes of the endothelian glycocalyx are clinically relevant because the decrease 

of the glycocalyx thickness results in an increased permeability of the vessel wall for 

macromolecules (81, 82, 86). In addition, the glycocalyx plays important roles in different 

diseases such as diabetes (87), sepsis (88), arteriosclerosis (49) and metastatic cancer (89).    

                 

1.2.2 N-Glycosylation 

N-Glycans are attached via a GlcNAc residue through a β-glycosidic bond to a nitrogen atom 

of an Asn residue of a polypeptide. N-glycans are divided into three subgroups (Fig.1.4), 

namely the high-mannose-type, the complex-type and the hybrid-type N-glycans (90, 91). All 

three subgroups have a common core structure, consisting of two GlcNAc and three Man 

residues. In the high-mannose-type N-glycans, additional Man units are added to the 

pentasaccharide core whereas in the complex-type N-glycans different combinations of 

GlcNAc, Gal, Neu5Ac and Fuc are added to the terminal Man units of the core.  

Depending on the number of GlcNAc units bond to the three mannosyl residues of the core, 

the resulting glycan is named for example mono-, bi-, tri- or tetraantennary N-glycan (92, 93). 
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The terminal GlcNAc residues can carry Gal units resulting in galactosylated N-glycans. The 

GlcNAc of the antennae, the reducing GlcNAc of the core structure and the Gal can be 

fucosylated with Fuc units. The structural diversity of the complex N-glycans may be 

expanded through possible sialylation of the Gal units. The third subgroup, the hybrid-type N-

glycans, possess characteristics of both, high-mannose- and complex-type N-glycans (90). 

Complex-type N-glycans can carry a bisecting GlcNAc residue, which is attached to the β(1-

4)-linked Man of the core. Although the structural diversity of N-glycans is tremendous, the 

resulting oligosaccharide structure is dependent on the cell type and its stage of 

development, on the availability of monosaccharides as well as pathological changes (94). 

 

 

Fig. 1.4. The three subgroups found in N-glycans. The core structure consists of three mannose and 

two N-acetylglucosamine units. In the high-mannose-type additional mannose units are added, 

whereas in the complex-type N-acetylglucosamine, galactose, fucose and sialic acids form the 

antennae. The hybrid-type possesses characteristics of the two other subgroups. Blue square 

represents N-acetylglucosamine, green circle mannose, yellow circle galactose, red triangle fucose 

and pink diamond N-acetylneuraminic acid.    

 

The biosynthesis of N-glycans starts in the cytosolic ER with the transfer of a preassembled 

lipid-linked oligosaccharide to the polypeptide (Fig.1.5). The lipid-linked oligosaccharide is 

synthesised on the membrane-bond dolichol phosphate (Dol-PP) starting with the transfer of 

GlcNAc-P from UDP-GlcNAc to form dolichol pyrophosphate-N-acetylglucosamine (Dol-PP-

GlcNAc), which is catalysed by the enzyme GlcNAc-1-phosphotransferase. Afterwards one 

additional GlcNAc and five Man units were stepwisely transferred from UDP-GlcNAc and 

GDP-Man to Dol-PP-GlcNAc with the help of specific glycosyltransferases to yield 

Man5GlcNAc2-PP-Dol (52, 53). This precursor is then translocated to the ER lumen through a 

flippase. Then the transfer of four Man units through Dol-P-Man and three glucose (Glc) units 

through Dol-P-Glc to the precursor Man5GlcNAc2-PP-Dol takes place to form the mature N-
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glycan precursor Glc3Man9GlcNAc2-PP-Dol. This dolichol-bond N-glycan precursor is then 

cotranslationally transferred to the Asn residues of the nascent protein. The transfer of 

Glc3Man9GlcNAc2 to nascent proteins is catalysed by the oligosacharyltransferase complex 

(OST complex) in the membrane of the ER. At first the OST complex binds 

Glc3Man9GlcNAc2-PP-Dol then transfers this glycan en bloc to nascent proteins by cleavage 

of the GlcNAc-P-bond (52, 53).  

The transfer of the N-glycan precursor to the side chain of Asn requires the formation of a 

loop by the polypeptide chain in order to bring the hydroxyl group of the neighboring Ser or 

Thr near to the amide group of the Asn. This enhances the nucleophilicity of the amide and 

enables the formation of the N-glycosidic bond between the N-glycan precursor and the Asn 

residue. Pro would prevent the formation of such a loop; hence the X in the consensus 

sequence Asn-X-Ser/Thr can’t be Pro (95).  

 

 

Fig. 1.5. Synthesis of dolichol-PP-GlcNAc2Man9Glc3. Dolichol (red squiggle) phosphate (Dol-P) 

located on the cytoplasmic face of the ER membrane receives GlcNAc-1-P from UDP-GlcNAc in the 

cytoplasm. The resulting Dol-PP-GlcNAc is extended to Dol-PP-GlcNAc2Man5 and further transported 

across the ER membrane to the lumenal side. Then four mannose residues are added from Dol-P-

Man and three glucose residues from Dol-P-Glc. Dol-P-Man and Dol-P-Glc are also made on the 

cytoplasmic face of the ER and “flipped” onto the lumenal face (53).   



INTRODUCTION 
 

29 
 

In the next steps, the N-glycan precursor, which is linked to the Asn residue, undergoes first 

extensive trimming then elongation reactions (Fig.1.6). First, the Glc units are sequentially 

cleaved in the ER lumen by α-glucosidase-I and –II. The terminal α(1-2)-linked Man unit is 

cleaved by α-mannosidase I and the glycoprotein exits the ER (95). The trimming of Glc and 

Man units is associated with the folding of the glycoprotein, which is supported by the lectins 

calnexin and calreticulin.  

 

 

Fig. 1.6. N-glycan processing and maturation. The mature Dol-PP-glycans are transferred to Asn-X-

Ser/Thr sequons during protein synthesis. 1/ 2: α-glucosidases I and II, 3/ 4/ 5/ 6: α(1-2)-

mannosidases I/ IA/ IB/ IC, 7/ 8: α(1-3/6)-mannosidase II, red oval: mature and folded protein (53).    
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These lectins determine whether the glycoprotein will enter the Golgi apparatus, which is the 

case when it is correctly folded (96). Further trimming of the protein-bond oligosaccharide 

Man8GlcNAc2 takes place in the cis-Golgi. The α(1-2)-linked Man units are cleaved by the 

α(1-2)-mannosidases IA, IB and IC (95). The resulting protein-bond oligosaccharide 

Man5GlcNAc2 is an important glycan precursor, which will be modified to hybrid-type and 

complex-type N-glycans. Some of the N-glycan precursors will not be modified (52, 53). In 

this case mature glycoproteins bearing high-mannose N-glycans of the form Man5-9GlcNAc2 

will be generated. The biosynthesis of hybrid and complex N-glycans continues in the 

medial-Golgi. A N-acetylglucosminyltransferase-I called GlcNAcT-I transfers GlcNAc to the 

C2 carbon atom of α(1-3)-linked Man of the core structure of the precursor Man5GlcNAc2 (52, 

53). At this point hybrid-type N-glycans can be generated and further modification will lead to 

complex-type N-glycans. In case of complex-type N-glycans the terminal α(1-3)- and α(1-6)-

linked Man is cleaved by α-mannosidase II in the medial-Golgi. The resulting 

GlcNAcMan3GlcNAc2 is then further elongated through action of GlcNAcT-II, which will 

transfer one additional GlcNAc unit to the C2 carbon atom of α(1-6)-linked Man of the core 

structure (52, 53). Thereby the precursor of biantennary complex-type N-glycans is 

generated. Additional antennae are formed through addition of GlcNAc to the α(1-6)- and 

α(1-3)-linked Man residues of the core, which will give rise to tri- and tetraantennary 

complex-type N-glycans. In addition, further modification with addition of Fuc, Gal and sialic 

acid units will take place in the trans-Golgi (90, 95). Differences in N-glycan structures are 

due to cell type-specific expression patterns of glycosylation enzymes but are also 

dependent on the glycoproteins themselves. 

 

1.2.3 O-Glycosylation 

O-linked glycans (O-glycans) are α-glycosidically linked to the oxygen atom of Ser or Thr 

residues through GalNAc. In addition, O-glycans are also found on hydroxyl groups of 

hydroxyproline and hydroxylysine residues. In contrast to N-glycosylation, O-glycan 

biosynthesis is a post-translational process and no general consensus sequence has been 

identified so far. However, a series of general rules have been proposed and an algorithm 

has been developed to predict O-glycosylation sites (97). In addition, only Ser and Thr 

residues that are exposed on the surface of the molecule will be glycosylated, suggesting the 

conformational role of the protein (52, 98). The most abundant O-glycosidic linkage is the 

mucin-type GalNAc-α-Ser/Thr, which is found in mucins. Mucins are glycoproteins with a 

high molecular weight (> 200 kDa) whereby the carbohydrates constitue about 50-80 % of 

the molecular weight. Mucin-type O-glycosylation is divided into eight different core 

structures (Table 1.1) (53).  
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The biosynthesis of O-glycans starts in the Golgi-apparatus. Monosaccharides are 

stepwisely added to the protein. The transfer of the first monosaccharide GalNAc to Ser and 

Thr residues in mucin-type O-glycans takes place in the cis-Golgi (99, 100). This step is 

catalysed by a family of about 20 ppGaNTases (52). These transferases specifically detect 

acceptor Ser or Thr residues in the protein and whether they are already substituted by 

GalNAc or not. Then addition of GlcNAc or/ and Gal results in the generation of one of the 

eight possible core structures which will then be sialylated and/ or fucosylated or further 

extended with monosaccharides  (GlcNAc, Gal, Man, Glc) to form linear or branched O-

glycans. O-glycans may exist as mono- or disaccharides to form small structures but they 

can be extended to much more complex structures through the addition of polylactosamine 

sequence Galβ(1-4)GlcNAcβ(1-3)Gal. In addition, sulfation of Gal, GlcNAc and GalNAc and 

O-acetylation of sialic acids are possible events in O-glycans (52). 

 

core-type Structure 

core 1 Gal(β1-3)GalNAc-α-Ser/Thr 

core 2 GlcNAc(β1-6)[Galβ1-3]GalNAc-α-Ser/Thr 

core 3 GlcNAc(β1-3)GalNAc-α-Ser/Thr 

core 4 GlcNAc(β1-6)[GlcNAc(β1-3)]GalNAc-α-Ser/Thr 

core 5 GalNAc(α1-3)GalNAc-α-Ser/Thr 

core 6 GlcNAc(β1-6)GalNAc-α-Ser/Thr 

core 7 GalNAc(α1-6)GalNAc-α-Ser/Thr 

core 8 Gal(α1-3)GalNAc-α-Ser/Thr 

 

Table 1.1. Core structures of mucin-type O-glycans. Their structure starts with a GalNAc unit that is α-

linked to Ser or Thr. 

 

Further O-glycosidically linked glycans are known such as O-β-GlcNAc, O-Man, O-Fuc or O-

Glc (51). The GlcNAc-β-Ser/Thr O-glycosylation is typically found in nuclear and cytoplasmic 

proteins and is not modified with further monosaccharides (51, 101).  

The functions of protein-linked O-glycans are diverse. O-glycans play crucial roles in 

recognition phenomena such as cell growth and proliferation, cell fate determination, 

differentiation, glycoprotein clearance and trafficking, immunological recognition, signaling 

pathways and regulation of proteolysis. In addition, they stabilise the conformation of the 

protein, their tertiary and quarternary structure and they confer protease and heat resistance 

(52). 
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1.2.4 Function of glycans in stem cells and stem cell markers 

The unique characteristics of SCs to self-renew through cell division as well as to generate a 

progeny of specialised cells make them ideal in the field of tissue formation, regeneration 

and repair. The optimal position of glycans at the cell surface grants them important roles in 

the control of stem cell maintenance, proliferation and differentiation. The fibroblast growth 

factor (FGF) is responsible for regulation of growth and differentiation factors in stem cells. 

The first fibroblast growth factor was isolated and characterised over 30 years ago (102). 

Since that time the FGF family was shown to comprise a family of 22 molecules in mammals 

(103), which is involved in numerous processes such as proliferation, differentiation, cell 

migration, tissue repair, wound healing, as well as tumor angiogenesis. FGF-2 plays crucial 

roles in the regulation of self-renewal and proliferation of SCs. Thereby FGFs bind to high-

affinity FGF receptors as well as to lower-affinity to heparan sulfate proteoglycans at the cell 

surface. The binding-affinitiy of FGF is regulated by the substitution profile such as sulfation 

(52, 70).  

Proteoglycans are a family of molecules consisting of a core protein (aggregan, glypican, 

perlecan or syndecan) to which long chains of repeating sulfated disaccharide units are bond 

such as heparan sulfate. Proteoglycans are either secreted molecules or found on the cell 

surface. Besides proteoglycans, Cystatin C was shown to modulate the mitogenic properties 

of FGF-2 signalling in neural SCs. Cystatin C is a secreted N-glycosylated polypeptide and 

acts as a cysteine proteinase inhibitor (104). Studies in rats revealed that the single N-

glycosylation site of Cystatin C plays crucial roles in its autocrine/ paracrine cell signaling 

effect (105). 

The Wnt proteins are growth and differentiation factors and secreted glycoproteins in the 

extracellular matrix (ECM). They induce intracellular signaling through binding to heparan 

sulfate proteoglycans (70).   

In addition, Notch is a large transmembrane glycoprotein which is essential in stem cell fate 

determination. The signaling event of Notch is dependent on the glycosylation of its 

extracellular epidermal growth factor (EGF) domains, which can bear numerous N-linked as 

well as O-linked glycans. The two following glycan modifications are essential in the Notch 

signaling pathway; one describes the addition of fucose by O-fucosyltransferase enzyme to 

the hydroxy groups of Ser or Thr residues in specific Notch EGF repeats (106). The glycan is 

then further elongated by addition of a GlcNAc residue (107). These glycan modifications 

were demonstrated to modulate Notch binding to its ligands (108), which automatically 

makes them participitating in cell fate determination.  

Both carbohydrate specific antibodies and lectins were used for the analysis of stem cell 

surface N-glycans and showed that each SC type possess a distinct glycan decoration at the 
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cell surface (70). Thus, the cell-specific glycosylation is a potential appropriate tool for SC 

lineage characterisation and beneficial for applications in regenerative medicine.     

Most of the known molecular markers of cells are cell surface proteins or lipids. In addition to 

proteins and lipids, carbohydrates are the next major class of cellular macromolecules and 

are at the same time abundant components of the cell surface. Indeed, many stem cell 

markers possess a crucial carbohydrate epitope, which is involved in many aspects of stem 

cell biology such as proliferation and differentiation (77). Moreover, the cell surface position 

and lineage-specific nature of glycans makes them ideal to identify and isolate specific cell 

types (77).  

Several studies revealed stem cell markers mainly for embryonic, hematopoietic and neural 

SCs that are identified through their carbohydrate antigens (109-111). For instance, the 

stage-specific embryonic antigen (SSEA) glycolipids SSEA-3 and SSEA-4, which are 

typically used as embryonic stem cell markers, were originally identified through monoclonal 

antibodies recognising carbohydrate epitopes that are part of globoseries glycosphingolipids 

(77, 111). In addition to that, the tumor-rejectin antigens (TRA) are a family of ESC markers. 

They have been shown to recognise a keratan-sulfated proteoglycan in neuraminidase-

sensitive (TRA-1-60) and neuraminidase-insensitive (TRA-1-82) fashion (112).   

PSA-NCAM (polysialylated neuronal cell adhesion molecule) is considered to be a neural cell 

surface stem cell marker, which is modified with a linear homopolymer consisting of α(2-8)-

linked sialic acid molecules and is mainly expressed in the developing nervous system (113, 

114). CD34 is a type 1 transmembrane sialomucin and a glycan marker of human 

hematopoietic SCs. It is heavily glycosylated and clinically relevant since it is extensively 

used to separate bone marrow cells for transplantation (70). CD133 is a stem cell marker 

used for the identification and purification of human neural SCs. It is a five-transmembrane-

domain cell surface glycoprotein and also called prominin-1 (70).    

 

1.3  Profiling of cell surface glycosylation 

1.3.1 Lectin staining of the cell surface 

Due to the great structural diversity of glycans, glycan profiling with antibodies is difficult 

since it is impossible to generate antiglycan antibodies against each epitope. Glycoproteins, 

glycolipids and glycosaminoglycans of mammalian and non-mammalian origin comprise 

together more than 104 structures when bacterial glycans such as those from 

lipopolysaccharides are not included (52). Thus, the size of the glycome is tremendous. In 

addition to that, glycan structures are influenced by the structures of the protein or lipid 

backbone as well as by their own density and their position on the cell surface.  
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Lectins are a good alternative since they can discriminate between diverse structures 

through lectin-glycan interaction machineries. Lectins are mostly obtained from plants and 

are proteins that recognise and bind to glycans in a specific manner without modifying its 

structure. For example, they have been successfully used for glycan profiling as well as to 

study bioactivity and biomarker status of cells (115). Lectins are widely used in combination 

with common techniques like flow cytometry, western blottings, microarrays and 

immunohistochemistry to study cell surface glycan structures (55, 116).  

Lectin microarrays, which use a combination of multiple lectins having different specificities, 

can also be used for glycan profiling. The main advantage is that glycan release is not 

necessary prior to use (117-119). In addition, the method can be applied to purified glycan 

samples such as glycoproteins or even to crude samples that contain diverse 

glycoconjugates such as cell lysates or body fluids (120, 121). Structural analysis can be 

directly obtained from the resulting signal pattern on the lectin microarray, which is very 

useful for quality control of glycoprotein products such as antibody drugs or in the analysis of 

clinical samples with respect to glycan-related biomarkers. A disadvantage of lectin 

microarrays is the washing step, which is required to remove unbond fluorescence material. 

The affinity between lectin and glycan is weak (in terms of Kd, 10-4 to 10-7 M) in comparison to 

antigen-antibody interaction (10-6 to 10-9 M). As a result, the lectin-glycan complex dissociates 

easily during the washing process of the microarray and thus leads to a significant reduction 

of the signal intensity (52).  

The interaction between lectins and glycans is usually analysed by frontal affinity 

chromatography (FAC) which is a quantitative method used to determine affinity constants. 

The lectin is immobilised on an affinity support and the glycan sample is added to the 

immobilised lectin. If the glycan binds to the immobilised lectin, the elution will be decelerated 

and the binding specificity of the lectin can be determined (52). Another technique is 

fluorescence-activated cell sorting (FACS), a flow cytometric approach, that enables sorting 

of cells based on their specific fluorescent characteristic.  

Besides plants, lectins are also found in bacterias, viruses as well as animals or humans. 

The following plant lectins are typically used to study glycosylation: Canavalia ensiformis 

(ConA recognises Man and Glc), Artocarpus integrifolia (JAC, recognises Gal and GalNAc) 

or Griffonia simplicifolia II (GSA II recognises GlcNAc) (52). However, lectins possess limited 

specificity which may hinder accurate profiling and can lead to the loss of important structural 

information. 
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1.3.2 Cell membrane extraction 

A frequent method used to analyse the N-glycome of cells is membrane (glyco)protein 

isolation followed by denaturation and/ or tryptic digestion of the (glyco)proteins and an 

enzymatic release of the N-glycans (122-125). In order to extract cell membrane 

(glyco)proteins cells have to be lysed for example by mechanical disruption. Cell lysis is the 

first step used in cell fractionation, isolation of organelles and protein extraction and 

purification. Cell lysis has to be applied after addition of protease inhibitors in order to 

prevent proteolysis. Several methods are possible, such as liquid homogenisation, 

sonication, freeze and thaw cyles or manual grinding. Sonication is achieved by a sonicator, 

in which high frequency sound waves shear the cells resulting in cell lysis. The application of 

repeated freeze and thaw cycles disrupt the cells through ice crystal formation. In the manual 

grinding, mortar and pestle are used to grind cells in liquid nitrogen. In this study, cell lysis 

was performed by a combination of the freezing/ thawing method and liquid homogenisation. 

In the liquid homogenisation method, which is the most widely used cell disruption technique 

for cultured cells, a French Press, a potter or a homogeniser is used to force the cells 

through a narrow space. Thereby, the cells are in suspension and cell membranes are 

sheared. This can also be achieved by passing the cell suspension through a syringe with a 

narrow needle.  

After cell lysis, membrane (glyco)proteins have to be separated from cell debris and 

organelles. One very simple method to enrich (glyco)proteins from cell lysates is 

(ultra)centrifugation using sequentially increasing centrifugal forces which enables separation 

of cellular (glyco)proteins from cell debris as well as from membranes, mitochondria, nuclei 

or other cell organelles. In the first centrifugation steps, which are performed at low 

centrifugal forces, the heaviest fragments such as cell organelles are removed and soluble 

(glyco)proteins remain in the supernatant. In the last centrifugation step the centrifugal force 

is the highest and results in the formation of a pellet which includes membrane 

(glyco)proteins but also (glyco)lipids.  

This pellet is soluble in water and (glyco)proteins can then be precipitated through the 

addition of a combination of organic solvents such as chloroform and methanol, in which 

(glyco)lipids are soluble. (Glyco)lipids can be extracted from the (glyco)proteins using an 

organic solvent such as ethanol in which the hydrophobic membrane (glyco)proteins are 

insoluble. Due to the hydrophobic character of membrane proteins, non-ionic detergents 

such as sodium dodecyl sulfate (SDS) are required for their solubilisation to induce the 

formation of protein-detergent micelle complexes. In addition, solubilisation can be facilitated 

with sonication. Once (glyco)proteins are in solution, they can be denaturated and/ or 
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tryptically digested to facilitate subsequent glycan release. N-glycans are classically released 

with peptide-N4-(N-acetyl-β-D-glucosaminyl)-asparagin amidase F (PNGase F).   

However, the protocol of membrane (glyco)protein isolation requires many time-consuming 

steps and the resulting N-glycan pool contains intra- and extracellular proteins. In addition, it 

was found that the N-glycans obtained by this method have a high proportion of high-

mannoses, which may originate from intracellular proteins derived from the ER (122, 124, 

126). This hinders accurate detection and quantification of the complex-type N-glycans. We 

recently developed a protocol to overcome the problem of complex-type N-glycan 

quantification using Endo H to detach and isolate high-mannose and hybrid-type N-glycans 

(127) (section 2.2.1). Complex-type N-glycans were subsequently released by PNGase F 

digestion. This protocol resulted in improved detection and quantification of the complex     

N-glycans in the investigation of the change in N-glycome during mesenchymal SC 

differentiation (127). 

 

1.3.3 Release of N- and O-glycans 

In order to investigate the structures of glycans, they have to be detached from the protein 

through cleavage of the glycosidic bond between the glycan and polypeptide. One method is 

the enzymatic deglycosylation, where several glycosidases stemming from bacteria and 

plants are used (51). A frequently used glycosidase is PNGase F, also known as N-

glycanase. PNGase F was first isolated from the bacteria Flavobacterium meningosepticum 

but is commercially available as a recombinant protein expressed in Escherichia coli. Three 

acidic amino acid, two glutamic acid residues as well as one aspartic acid (Asp) residue are 

involved in the catalytic activity of the enzyme and are located in a cleft between the two 

domains of the protein (128). PNGase F cleaves the β-glycosidic amide bond between the 

Asn side chain and the first GlcNAc unit of the N-glycan (GlcNAc-Asn), whereupon the Asn 

residue is converted into Asp (128, 129). This results in the generation of the 1-amino-

oligosaccharide-intermediate, which will hydrolyses to ammonia and the free intact 

oligosaccharide (128).  

Denaturation of the glycoprotein prior to the PNGase F-digestion increases the efficiency of 

the carbohydrate cleavage and requires significant lower amounts of the enzyme (128, 130). 

PNGase F possesses high substrate specificity and is able to cleave complex di-, tri- and 

tetraantennary carbohydrate structures, which may be polysialylated, sulfated or 

phosphorylated (128-131). In addition, the enzyme is able to cleave N-glycans of the high-

mannose- and hybrid-type (132). However, some N-glycosylation sites in native structures of 

protein are inaccessible (129). PNGase F is able to cleave α(1,6)-fucosylated N-glycans 

whereas it is not able to release N-glycans having α(1,3)-linked core-Fuc residues (128, 
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133). In this case PNGase A, which was first discovered in almonds, is used to cleave α(1,3)-

fucosylated N-glycans. In addition, PNGase A can detach N-glycans of the high-mannose, 

hybrid- as well as complex-type (128, 133).  

 

O
RO

HO
NHAc

H
N

OH

C

O

H2
C CH

C

NH

O PNGase F O
RO

HO
NHAc

NH2

OH

C

O

H2
C CH

C

NH

O

HO

H2O-NH3

O
RO

HO
NHAc

OH

OH
 

Scheme 1.1: General scheme of the enzymatic deglycosylation of a N-glycan by PNGase F. The 

enzymatic cleavage takes place when the GlcNAc-Asn region is accessible for the active side of 

PNGase F (129). In addition, the oligosaccharide has to consist of at least two GlcNAc units, which 

are β(1-4)-linked to each other and attached at the Asn residue of the peptide. In addition the peptide 

backbone plays important structural roles, since the carboxyl as well as the amine group of the Asn 

have to be part of the peptide bond (128, 130).  

 

In contrast to PNGase F, the endo-β-N-acetylglucosaminidases H, L, D and F cleave the 

bond between the GlcNAc-β1,4-GlcNAc disaccharide of the core structure leaving one 

GlcNAc at the Asn residue of the peptide (134). Alternatively, N-glycans are chemically 

cleaved by hydrazinolysis but this leads also to a side reaction in which N-acetyl groups of 

the glycan are deacetylated and have to be reacetylated afterwards.  

There is no universal enzyme that cleaves O-glycans due to their numerous core-structures. 

O-glycans are detached from the protein backbone by β-elimination using chemical bases 

(135, 136). Many soft bases are used such as ammonia, methylamine, ethylamine and 

dimethylamine but degradation of the protein moiety is possible (136).                                   

 

1.3.4 MALDI-TOF-MS  

Matrix Assisted Laser Desorption/Ionization-time-of-flight mass spectrometry (MALDI-TOF-

MS) is a popular mass spectrometry technique, for which samples are mixed with a UV-

absorbing auxiliary compound named matrix and cocrystallised on a ground steel target. For 

the analysis of glycans the matrices 2,5-dihydroxybenzoic acid (DHB) or arabinosazone are 

often classically used. The laser beam reaches the matrix crystals and triggers acceleration 

of the ions under vacuum in an electric field, which are then detected after a flight route. 
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Because of the pulsed ion generation, a TOF-analysator is used for mass analysis. Ions are 

accelerated towards the detector with the same amount of kinetic energy. Ions with the same 

energy but different masses possess different speeds and reach the detector at different 

times. Thus, each molecule produces its own signal (129). The ionised species are mainly 

single charged molecule ions such as [M+H]+, [M+Na]+ and [M+K]+. 

MALDI-TOF-MS is able to detect and characterise biomolecules such as proteins, peptides, 

lipids, oligosaccharides and oligo-nucleotides. At the same time it is a very sensitive method, 

which enables analysis of low sample amounts (10-15 bis 10-18 mol) with very high accuracy. 

The advantages of this method are the short measuring time and the small sample 

consumption. In addition, a high mass range can be covered.  

Collision induces dissociation (CID) fragmentation is a method used in MALDI-TOF-MS, 

which allows detailed analysis of the sequence and linkage-type of the monosaccharides in 

glycans (137). Through high-energy collision-induced activation, specific ion fragments are 

generated, which deliver important informations about the degree of branching, the 

substitution and a hint about the linkage-type of monosaccharides (138).          

 

1.3.5 CE-LIF 

Capillary electrophoresis (CE) is an analytical separation technique, which uses a thin 

capillary (20-200 µm inner diameter) to separate small and large molecules with high 

efficiency. The separation of the molecules occurs through the application of high voltages, 

which induce an electroosmotic flow (EOF) of the buffer solution inside the capillary.  

The phenomenon of electroosmosis plays crucial roles in CE and is caused by the charge 

found on the surface of the capillary wall. Fused silica-capillaries, which possess ionisable 

silanol groups are used for CE analysis. The capillary is in contact with the buffer and its pH 

value determines the degree of ionization. The EOF is defined through the following 

equation, in which ε is the dielectric constant, η the viscosity of the buffer and ζ the zeta-

potential. The zeta-potential is measured on the moving surface near to the solid-liquid 

barrier. Positively charged ions of the buffer are attracted by the negatively charged silanol 

groups of the capillary wall resulting in an electric double layer.          
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When a voltage is applied along the capillary, cations of the double layer start to migrate to 

the cathode and thereby transporting water molecules. This results in a flow of the buffer 

solution in direction to the negatively charged electrode. The EOF is dependent on the pH 
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value, temperature, concentration of the electrolyte as well as on the electrophoretic mobility 

of the ions. The latter represents the migration speed of the ions, which is dependent on their 

charge, shape, effective size, temperature, pH value, solvent system and from the strength of 

the electric field. Thus, ions with different electrophoretic mobilities can be separated from 

each other.  

The CE instrument is easy to handle, efficient and can be automated for precise and 

quantitative analyses. In addition, small sample amounts and volumina (nl) as well as low 

amounts of reagents are required. Therefore, CE is an adequate method for the analysis of 

oligosaccharides and oligosaccharide mixtures. Moreover, CE is capable to separate and 

distinguish between carbohydrate isomers (139-141). 

For structural analyses of carbohydrates, the instrumental set-up of the CE consits of a 

fused-silica capillary with a detector window, an adjustable high-voltage source, two 

electrodes, two buffer reservoirs and an UV-detector. The silica capillary is coated with 

polyvinyl alcohol and minimizes on the one hand the EOF and at the other hand reactions 

between the sample and the capillary wall. The ends of the capillary reside in the buffer 

reservoirs and the optical dectetor window is connected with the detector. After the capillary 

is rinsed with the buffer, the sample is electrokinetically injected or through application of 

pressure. Both capillary ends reside in the buffer and a voltage of about 30 kV will be 

applied. The sample components will migrate with different speed in the electrical field in 

direction to the capillary outlet and will cross the detector as well as the detector window 

enabling qualitative and quantitative analysis.  

The detection of the analyte can be achieved through UV-absorption or laser-induced 

fluorescence (LIF), which requires labeling with an appropriate fluorophore. The triply 

charged fluorophore 8-aminopyrene-1,3,6-trisulfonic acid (APTS, λexc= 488 nm, λem= 520 nm) 

is widely used for carbohydrate analysis performed with CE-LIF (139, 140). It allows the 

detection of glycans in low attomole range (142).  

The labeling of the glycans occurs through reductive amination at the reductive end of the 

carbohydrate. The mechanism of reductive amination through which the carbohydrate is 

converted to a glycamin is depicted in Scheme 1.2. The labeling proceeds via two steps. 

First the oligosaccharide (1) and the primary amine (2) form compound 3 by a condensation 

reaction. Then 3 is reduced by sodium cyanoborohydride (130). Stoichiometrically one APTS 

molecule binds to each oligosaccharide molecule, resulting in a second order reaction (141). 

The reaction of APTS-labeling through reductive amination is complete when APTS is 

applied with excess (142). Studies revealed that APTS is an excellent fluorophore, which 

enables the separation of neutral carbohydrates trough CE (139, 142). However, APTS is not 

suitable for analysis of sialylated carbohydrates because the increasing negative charge 

http://dict.leo.org/ende/index_de.html#/search=stoichiometric&searchLoc=0&resultOrder=basic&multiwordShowSingle=on
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causes a strong increase in migration speed (139). The use of an internal standard such as 

maltose, enables quantitative analysis.                                        
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Scheme 1.2: Reductive amination of oligosaccharides using 8-aminopyrene-1,3,6-trisulfonic acid 

(APTS). The reductive amination proceeds via two steps; a condensation reaction between the 

oligosaccharide and the primary amine followed by a reduction using sodium cyanoborohydride. 
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1.4 Aim of the work 

Due to the unique characteristics of stem cells (SCs) to self-renew as well as to differentiate 

into specialised cells with more restricted potential, they are of great interest in the field of 

regenerative medicine and tissue engineering.  

In order to apply SCs therapeutically, they first have to be isolated and well characterised as 

pure cell populations thereby confirming their SC status. In addition, the process of 

differentiation has to be monitored to determine their differentiation status as well as to 

exclude teratoma formation of embryonic SCs (ESCs). This can be achieved by controlling 

their morphology, immunohistochemistry in combination with FACS analysis, cell staining 

and/ or quantitative real time PCR. Some of these methods are not reliable enough, time-

comsuming or require the use of high cell amounts, which will increase the costs drastically. 

Thus, it is of utmost importance to find reliable SC biomarkers that can identify SC 

populations and their differentiated progeny fast and accurately.  

The glycocalyx is a dense cell surface layer, which is composed of glycans with great 

structural diversity. These glycans are connected to proteins or lipids through a post- or 

cotranslational process, which is called glycosylation. Cell surface glycosylation varies in 

different cell-types as well as species and is sensitive towards biological processes such as 

differentiation. Cell surface glycans may therefore serve as a powerful tool for the 

identification and isolation (quality control) of SCs and hold great potential to be used as SC 

biomarkers.  

The main goal of this study is to determine glycan-based biomarkers for mesenchymal SCs 

(MSCs) and ESCs and their differentiated progeny. Therefore, the aim is to investigate the 

cell surface N-glycosylation pattern of MSCs and its quantitative and qualitative changes 

during adipogenic, chondrogenic and osteogenic differentiation as well as the cell surface N-

glycosylation of ESCs and its alteration during hepatogenic differentiation into hepatocyte-

like cells.  

To fulfill these tasks, a rapid and reproducible protocol to analyse cell surface N-glycosylation 

has to be established and optimised. Qualitative and quantitative changes of N-glycan 

structures during SC differentiation will be analysed using MALDI-TOF mass spectrometry 

and CE-LIF. Verification of N-glycans will be done using mass spectrometric fragmentation 

(MALDI-TOF/TOF-MS) and exoglycosidase digestion experiments.                 
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2 Results  

2.1 Design and optimisation of a rapid analysis method to profile cell surface 

N-glycosylation of living cells 

2.1.1 Analysis of cell surface N-glycosylation using the cell membrane 

preparation protocol  

The conventional protocol used to investigate the N-glycome of a cell line is the isolation of 

its cell membrane by cell lysis followed by purification of membrane proteins (see 1.3.2). 

First, this protocol was used to characterise the N-glycosylation pattern of HEK 293 cells. 

Thus, about 4x106 HEK 293 cells were used to investigate the N-glycome by the 

conventional membrane preparation protocol used in our laboratory. Using this protocol, 

membrane (glyco)proteins were isolated from cell lysates by membrane extraction after three 

centrifugation steps and a lipid separation step. Afterwards, the resulting pellet was 

redissolved in phosphate buffer containing the detergents Nonidet P-40 and SDS to ensure 

solubilisation (see 1.3.2 and 4.5.1). Membrane glycoproteins were subsequently digested 

with trypsin and N-glycans were then released using peptide-N4-(N-acetyl-β-glucosaminyl) 

asparagine amidase F (PNGase F). After purification using reversed-phase C18 and 

carbograph cartridges, N-glycans were permethylated prior to MALDI-TOF-MS to neutralise 

the negative charge of sialic acids. This allows the simultaneous detection of both acidic and 

neutral N-glycans in the positive-ionization mode of MALDI-TOF-MS.(126, 143) A 

representative MALDI-TOF mass spectrum is shown in Fig. 2.2 A and the relative 

abundances are presented in Table 1 (see appendix). The mass spectrometric data revealed 

about 80 different N-glycan structures; the most abundant N-glycan fraction was the high-

mannose-type, which comprised about 83 % of the N-glycan pool. Next, the complex-type N-

glycans represented 15 % of the N-glycan pool and trace amounts of hybrid-type N-glycans 

(2 %) were detected as well. Complex-type N-glycans predominantly bore two antennae, 

however, tri- and tetraantennary complex N-glycans were detected as well. Moreover, 

complex-type N-glycans were found to contain 0-3 Fuc residues, in which at least one of 

them was connected to the reducing GlcNAc of the core structure. In most of the cases N-

glycans were only partially sialylated. The high amount of high-mannose N-glycans obtained 

by the membrane preparation protocol prevents accurate detection and precise quantification 

of complex-type N-glycans that contain important structural informations about the degree of 

antennarity, fucosylation and sialylation. Therefore, a new method was established, that 

fullfill these criteria and at the same time is able to profile only cell surface glycosylation.  
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2.1.2 Analysis of cell surface N-glycosylation using the new method that 

releases only cell surface N-glycans from living cells 

With the aim of releasing only cell surface N-glycans, living HEK 293 cells were treated with 

trypsin in order to digest solely cell surface (glyco)proteins. The methodical steps of the new 

approach were depicted in Fig. 2.1. About 4x106 cells were harvested and washed three 

times with phosphate buffered saline (PBS). Afterwards, the cell pellet was resuspended in 

500 µl of a freshly prepared 2.5 mg/mL trypsin solution in PBS. This trypsin concentration is 

usually used to detach adherent cells from cell culture dishes. The trypsin digestion was 

carried out for 15 min at 37 °C under slight agitation. For the cell lines used in this study, it 

was found that lower trypsin concentrations showed less efficiency regarding N-glycan yield: 

N-glycans of higher molecular weights were gradually lost with decreasing trypsin 

concentrations. After tryptic digestion, the sample was centrifuged and the supernatant, 

which contains cell surface (glyco)peptides, was separated from the pellet. N-glycans were 

released from glycopeptides using PNGase F, purified using reversed-phase C18 then 

carbograph cartridges and permethylated prior to mass spectrometry. N-glycans were 

measured by MALDI-TOF-MS in the positive ionization mode. A representative mass 

spectrum of cell surface N-glycans of HEK 293 is shown in Fig. 2.2 B and the relative 

abundance of each detected structure is summarised in Table 1 (see appendix).  

 

 

FIG. 2.1. Approach of direct digestion of cell surface (glyco)proteins on living cells. Cell surface 

(glyco)peptides were directly released from HEK-293 cells using trypsin and were separated from the 

cells by centrifugation. N-glycans were enzymatically cleaved from tryptic glycopeptides with PNGase 

F, permethylated and measured by MALDI-TOF-MS. 
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FIG. 2.2. MALDI-TOF-MS of PNGase F-released N-glycans from HEK 293 cells. (Glyco)proteins were 

isolated from HEK 293 using membrane extraction (A) or cell surface glycoproteins were directly 

tryptic digested from the cells (B). N-glycans were enzymatically cleaved from tryptic glycopeptides 

with PNGase F, permethylated and measured by MALDI-TOF-MS. A representative mass spectrum of 

PNGase F-released N-glycans of HEK 293 is shown together with the 60 most abundant structures.    

* Polyhexose contaminations are negligible. Blue square represents N-acetylglucosamine, yellow 

square N-acetylgalactosamine, white square N-acetylhexosamine, green circle mannose, yellow circle 

galactose, red triangle fucose, white diamond N-glycolylneuraminic acid and pink diamond N-

acetylneuraminic acid. 
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In total, 95 different N-glycan signals were detected. The relative amount of high-mannose N-

glycans dropped drastically to 14 % when compared with the amount found in the N-glycan 

profile of HEK 293 derived from membrane extraction method. In contrast, the amount of 

complex N-glycans increased to 85 % and the amount of hybrid-type N-glycans remained 

almost the same (1 %). High-mannose N-glycans of the composition H3-9N2 were detected. 

Biantennary N-glycans were the most abundant complex-type structures (70 %), but tri- and 

tetraantennary N-glycans were detected as well. Regarding fucosylation, fucosylated 

biantennary N-glycans represented about 60 % of the N-glycan pool and carried 0-3 Fuc 

residues. In addition, biantennary N-glycans were predominantly partially sialylated with 0-2 

Neu5Ac units. Triantennary N-glycans comprised about 10 % of the N-glycan pool and 

contained 0-3 Fuc as well as 0-3 Neu5Ac residues. About 4 % of the N-glycan pool were 

tetraantennary N-glycans and were all fucosylated (1-2 Fuc). Neutral as well as sialylated or/ 

and fucosylated hybrid-type N-glycans were detected.  

With the new method the cell surface N-glycosylation profile of HEK 293 contained the 

following 25 additional signals, which were assigned to complex-type structures and 

accounted for about 7 % of the N-glycan pool: S1H4N4 (m/z 2226.8), H6N4 (m/z 2273.8), 

S1H4N4F1 (m/z 2400.9), S1H4N5 (m/z 2471.9), H3N6F2 (m/z 2499.9), H4N6F1 (m/z 

2529.9), H4N5F3 (m/z 2632.9), S1H5N5 (m/z 2676.1), S1H3N6F1 (m/z 2687.1), H5N6F1 

(m/z 2734.1), H5N5F3 (m/z 2837.1), S1H3N6F2 (m/z 2861.1), H5N6F2 (m/z 2908.1), 

S2H4N5F1 (m/z 3007.1), S1H5N5F2 (m/z 3024.1), S2H5N5 (m/z 3037.1), S2H3N6F1 (m/z 

3048.1), H6N6F2 (m/z 3112.1), S1H5N6F2 (m/z 3269.1), S2H5N6F1 (m/z 3457.1), 

S1H6N6F2 (m/z 3474.1), S2H6N6F1 (m/z 3661.1), S1H7N7F1 (m/z 3749.1), S4H6N5 (m/z 

3964.2) and S3H7N6F2 (m/z 4400.4). These signals were absent when the membrane 

preparation method was applied.  

These results demonstrated that the new method led to an improved detection and therefore 

a better quantification of complex-type N-glycans, when compared with the membrane 

preparation method.  

 

2.1.3 Reproducibility of the new method   

To test the reproducibility of the new method, the cell surface protocol was repeated three 

and the membrane extraction protocol four times and the mean relative abundances were 

compared. Fig. 2.3 presents the relative amounts of the 27 most abundant structures found 

in the N-glycosylation profile of HEK 293 cells when membrane glycoproteins (black) and cell 

surface glycoproteins (grey) were digested. A high reproducibility of both N-glycan profiles 

was obtained as can be judged from the small deviations obtained within the observed 

glycan profiles. The N-glycan distribution was significantly different in the methods employed, 
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however, little variation was observed among biological replicates. Thus, the cell surface 

protocol is as reproducible as the membrane preparation protocol.  

 

FIG. 2.3. Reproducibility of N-glycan isolation using membrane glycoprotein extraction (black) and 

direct digestion of cell surface glycoproteins (grey). The average relative intensity of the 27 most 

abundant structures from MALDI-TOF-MS are shown (n=4). Blue square represents N-

acetylglucosamine, yellow square N-acetylgalactosamine, white square N-acetylhexosamine, green 

circle mannose, yellow circle galactose, red triangle fucose, white diamond N-glycolylneuraminic acid 

and pink diamond N-acetylneuraminic acid.  

 

2.1.4 Analysis of the N-glycome by membrane preparation protocol after cell 

surface digestion of living cells with trypsin 

The N-glycosylation profile of HEK 293 obtained from tryptic cell surface digestion of living 

cells comprised about 85 % of complex N-glycans, indicating that digestion was 

predominantly occurred on cell surface proteins. In order to confirm this assumption, cell 

surface (glyco)proteins were digested by trypsin. Then the pellet was separated from the 

supernatant that contained the (glyco)peptides, washed three times with PBS and after a 

freeze and thawing step, the membrane extraction protocol was applied. The isolated 

membrane (glyco)proteins were subsequently digested with trypsin and N-glycans were 

released using PNGase F. Released N-glycans were purified, permethylated and then 

measured by means of MALDI-TOF-MS. A representative MALDI-TOF mass spectrum is 

shown in Fig.2.4. High-mannose N-glycans comprised 94 % of the measured signals and 

were detected in the form H5-9N2 (m/z 1579.6, 1783.7, 1987.7, 2191.8 and 2395.9). In 
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addition, two hybrid-type N-glycans S1H5N3 (m/z 2185.8) and S1H6N3 (m/z 2389.9) were 

detected and comprised 1 % of the N-glycan pool.  

 

FIG. 2.4. MALDI-TOF-MS of N-glycans obtained using the membrane extraction protocol in the pellet 

obtained after cell surface tryptic digestion of HEK 293 cells. Cell surface (glyco)proteins were directly 

released from living HEK 293 cells using trypsin. The supernatant containing cell surface 

(glyco)peptides was separated from the pellet and the pellet was washed three times with PBS 

followed by a (glyco)protein isolation using membrane extraction. (Glyco)proteins were digested with 

trypsin and N-glycans were enzymatically cleaved with PNGase F, permethylated and measured by 

MALDI-TOF-MS. ⃰ Polyhexose contaminations are negligible.  Non-identified signal. Blue square 

represents N-acetylglucosamine, yellow square N-acetylgalactosamine, white square N-

acetylhexosamine, green circle mannose, yellow circle galactose, red triangle fucose, white diamond 

N-glycolylneuraminic acid and pink diamond N-acetylneuraminic acid. 

 

The remaining 5 % of detected N-glycan signals were complex N-glycans (m/z 2243.8, 

2284.8, 2430.9, 2458.9, 2604.9, 2779.1, 2850.1, 2966.1, 3054.1, 3416.1, 3776.2, 3864.2, 

4226.3, 4587.4 and 4675.4). From these results it can be judged that intracellular N-glycans 

were mainly of high-mannose type and originate very probably from the ER, where the 

biosynthesis of N-glycans occurs. Previous studies by An et al. [121] confirmed enrichment 

of plasma proteins but also contamination from ER and other membranes by proteomic 

analysis, which indicates that N-glycans derived from the ER were included in the N-glycan 

pool of glycoproteins obtained from the membrane preparation method as well. They are 

very likely to be the major source of high-mannose-type N-glycans in the N-glycome of cells. 

The use of the new established method resulted mainly in complex-type sructures, which 

indicates the absence of nascent glycoproteins from the ER.   
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2.1.5 Cell surface N-glycosylation of AGE1.HN, CHO-K1 and Hep G2 cells 

The sensitivity of new method was tested by applying it to the cell lines AGE1.HN (human 

neuronal cell line), CHO-K1 (chinese hamster ovary cell line) and Hep G2 (human liver 

hepatocellular carcinoma cell line). A representative MALDI-TOF mass spectrum of the cell 

surface N-glycosylation profile of each cell line is shown in Fig. 2.5 and the relative 

abundances of each detected N-glycan signal are listed in Table 1 (see appendix). About 85 

different N-glycan signals were detected in the MALDI-TOF-MS spectrum of AGE1.HN cells. 

AGE1.HN N-glycans have a higher degree of fucosylation, when compared with HEK 293. 

About 43 % of the N-glycan pool was comprised by biantennary fucosylated N-glycans, 

which beared 1 to 3 Fuc residues. In addition, the antennarity was higher in AGE1.HN cells 

due to the fact that tetra- and triantennary fucosylated N-glycans (1-5 Fuc, 1-4 Fuc, 

respectively) comprised together 18 % of the total relative intensity, and 14% in HEK 293. 

The high-mannose N-glycan fraction comprised together about 18 % of the cell surface N-

glycosylation profile and contained N-glycans with the composition H4-9N2. A minor amount 

of about 4 % of hybrid N-glycans was detected as well and contained neutral, monosialylated 

and/ or monofucosylated structures. The structures and relative amounts of hybrid N-glycans 

detected were almost similar in HEK 293, CHO-K1, AGE1.HN and Hep G2 cells. 

Cell surface N-glycans of CHO-K1 cells contained a significant higher amount of high-

mannose N-glycans of the form H4-9N2 (about 42 %), when compared to the three other cell 

lines. However, complex-type N-glycans comprised about 55 % of the N-glycan pool of CHO-

K1 cells. The main part of the complex-type N-glycans found in CHO-K1 cells were 

biantennary monofucosylated structures, however, a minor amount of bifucosylated 

structures was detected as well. In addition, tri- and tetraantennary N-glycans were present, 

which comprised together about 5 %. Most of the complex N-glycans detected in CHO-K1 

cells were present as asialylated or monosialylated structures but some fully sialylated 

triantennary N-glycans were detected as well. Sialylated N-glycans beared mostly Neu5Ac 

residues but also N-glycolylneuraminic (Neu5Gc) acid was present in the N-glycan pool of 

CHO-K1. The Neu5Gc-containing N-glycans represented together about 3 % of the N-glycan 

pool. These structures were verified by MALDI-TOF/TOF (see 2.1.7).     

Cell surface N-glycosylation profiling of Hep G2 revealed about 114 different N-glycan 

signals by MALDI-TOF-MS. About 82 % of the detected structures were of the complex-type 

where biantennary N-glycans represented the majority of the N-glycan pool (55 %). 

Biantennary N-glycans were mostly fucosylated (1-3 Fuc) but non-fucosylated biantennary N-

glycans were detected as well. The most abundant biantennary complex-type N-glycans 

found in Hep G2 were mono- or disialylated structures. Triantennary N-glycans constituted 

together 6 % of the signals and contained 0-3 Fuc residues and 0-4 terminal Neu5Ac units.  
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FIG. 2.5. MALDI-TOF-MS of PNGase F-released N-glycans from HEK 293 (A), CHO (B), AGE1.HN 

(C) and HEP G2 cells (D). Cell surface glycoproteins were directly digested from the cells. N-glycans 

were enzymatically cleaved from glycopeptides with PNGase F, permethylated and measured by 

MALDI-TOF-MS. A representative mass spectrum of PNGase F-released N-glycans of the four 

different cell types is shown together with the most abundant structures. * Polyhexose contaminations 

are negligible. Non-identified peaks. Blue square represents N-acetylglucosamine, yellow square N-

acetylgalactosamine, white square N-acetylhexosamine, green circle mannose, yellow circle 

galactose, red triangle fucose, white diamond N-glycolylneuraminic acid and pink diamond N-

acetylneuraminic acid. 

 

The amount of tetraantennary and larger N-glycans was about 16 % in Hep G2 cells and 

therefore much higher than in all the other cell lines, including AGE1.HN cells. High-mannose 

N-glycans of the form H4-9N2 were detected as well. In addition, two high-mannose 
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structures were also found to be present as monofucosylated species in Hep G2 cells, 

namely H4N2F1 and H5N2F1. 

 

2.1.6 CE-LIF analysis of cell surface N-glycosylation of HEK 293, AGE1.HN, 

CHO-K1 and Hep G2 cells 

About 40 % of the N-glycan pool was analysed by means of CE-LIF in order to confirm the 

structures found by MALDI-TOF-MS. Prior to the measurement, the N-glycans were labeled 

with APTS and chemically desialylated by acetic acid hydrolysis, in order to convert the 

charged sialylated N-glycans into neutral molecules, and thus making separation 

independent from the charge of Neu5Ac. N-Glycans were then desalted on self-made 

graphite micro-columns and then subjected to CE-LIF analysis. Representative CE-LIF 

electropherograms of PNGase F-released N-glycans of HEK 293, CHO-K1, AGE1.HN and 

HEP G2 cells are presented in Fig.2.6 A, B, C and D, where migration times were converted 

into glucose units (GU). N-glycans were assigned with the help of a standard table generated 

in our laboratory using N-glycan release from reference glycoproteins. In addition, MALDI-

TOF-MS spectra of the desialylated N-glycan pools were used to assign the structures. The 

main structures were assigned to the electropherogram signals and will be presented in the 

next parahraphs. 

In HEK 293 the high-mannose N-glycans H5N2 (6.7 GU), H6N2 (7.5 GU) and H8N2 (9.3 GU) 

were detected. The biantennary N-glycans H5N4 (8.9 GU) and H5N4F1 (9.8 GU) 

represented the majority of the N-glycan pool. In addition, triantennary N-glycans migrated 

between 10 and 12 GU. The tetraantennary structures H7N6 (13.0 GU) and H7N6F1 (13.8 

GU) were assigned in the electropherogram as well. In addition, larger N-glycans such as 

H7N6F2, H7N7F1 and H8N7F1 were detected between 14.0 and 19.0 GU. The CE-LIF 

electropherogram of HEK 293 cell surface N-glycans confirmed the mass spectrometric data 

qualitatively and quantitatively.    

CE-LIF analysis of CHO-K1 cell surface N-glycans revealed that the biantennary structures 

H5N4 (8.9 GU) and H5N4F1 (9.8 GU) comprised the main part of the N-glycan pool, followed 

by the triantennary N-glycans H6N5 (11.0 GU) and H6N5F1 (12.0 GU) and tetraantennary 

fucosylated structure H7N6F1 (13.8 GU). Furthermore, the core-fucosylated tetraantennary 

N-glycan with additionally one N-acetyllactosamine (LacNAc) unit (H8N7F1) was detected at 

16.8 GU. In addition, the high-mannose structures H5N2 (6.7 GU), H6N2 (7.5 GU), H8N2 

(9.3 GU) and H9N2 (10.5 GU) were detected.  

In AGE1.HN the CE-LIF data revealed the presence of high-mannose structures H5N2 (6.7 

GU), H6N2 (7.5 GU) and H8N2 (9.3 GU) as well as complex biantennary N-glycans H5N4 

(8.9 GU) and H5N4F1 (9.8 GU). Complex N-glycans with more than one Fuc residue were 
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present as well (H5N4F2 at 10.6 GU, H7N6F2 at 14.2 GU, H7N6F3 at 15.5 GU, H7N6F4 at 

16.8 GU and H7N6F5 at 19.5 GU).  

In HEP G2 cells high-mannose N-glycans (H5N2 at 6.7 GU, H6N2 7.5 GU) were detected 

but the complex biantennary N-glycans H5N4 (8.9 GU) and H5N4F1 (9.8 GU) comprised the 

major part of the N-glycan pool. In addition, triantennary N-glycans H6N5 (11.0 GU), H6N5F1 

(12.0 GU) and H6N5F2 (12.9 GU) as well as the tetraantennary fucosylated structures 

H7N6F1 (13.8 GU) and H7N6F2 (14.2 GU) were detected.  

The overall distribution of the N-glycans of the different cell lines is very similar to the one 

found with MALDI-TOF-MS. Consequently, the CE-LIF electropherograms confirmed the 

mass spectrometric N-glycosylation data of all four cell lines qualitatively and quantitatively. 

 

 

FIG. 2.6. CE-LIF electropherograms of PNGase F-released and desialylated N-glycans from HEK 293 

(A), CHO-K1 (B), AGE1.HN (C) and HEP G2 cells (D). Cell surface glycoproteins were directly tryptic 

digested from the cells. N-glycans were enzymatically cleaved from tryptic glycopeptides with PNGase 

F, desialylated and measured by CE-LIF. * Polyhexose contaminations are negligible. Blue square 

represents N-acetylglucosamine, yellow square N-acetylgalactosamine, white square N-

acetylhexosamine, green circle mannose, yellow circle galactose, red triangle fucose, white diamond 

N-glycolylneuraminic acid and pink diamond N-acetylneuraminic acid. 
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2.1.7 Verification of identified N-glycan structures from HEK 293, AGE1.HN, 

CHO-K1 and Hep G2 cells with MALDI-TOF/TOF sequencing and 

exoglycosidase digestions     

Verification of the identified N-glycan structures was done with specific exoglycosidases (see 

exoglycosidase digestion Tables 1, 2, 3 and 4) in combination with MALDI-TOF/TOF-MS 

fragmentation analysis that was performed in the positive-ionisation mode. Representative 

MALDI-TOF/TOF mass spectra were selected from each cell line and are shown in Fig. 2.7. 

However, it is important to note that MALDI-TOF/TOF fragmentation was performed 

systematically for all detected signals before or after desialylation in order to confirm the 

proposed structures. The results of the most abundant signals are presented in this section. 

Digestion of N-glycans was performed consecutively with several enzymes in the following 

order: Arthrobacter ureafaciens neuraminidase, β(1–4) galactosidase from Streptococcus 

pneumoniae, almond meal α(1–3,4) fucosidase, β(1–4) galactosidase from Streptococcus 

pneumonia and bovine kidney α(1–2,3,4,6) fucosidase. The presence of Lewisx core-

fucosylated structures was shown using the following sequence of digestions: β(1–4) 

galactosidase, α(1–3,4) fucosidase, β(1–4) galactosidase, and bovine kidney α(1–2,3,4,6) 

fucosidase. A representative example of exoglycosidase digestions is presented in Fig.2.9 

for the cell surface N-glycans of HEK 293 cells.  

 

 

FIG. 2.7. MALDI-TOF/TOF mass spectra selected from each cell line; H4N5F1 (m/z 2284.8) for HEK 

293 (A), G1H5N4F1 (m/z 2634.9) for CHO (B), H7N6F4 (m/z 3665.1) for AGE1.HN (C) and H8N7F1 

(m/z 3592.1) for HEP G2 (D). Blue square represents N-acetylglucosamine, green circle mannose, 

yellow circle galactose, red triangle fucose and pink diamond N-acetylneuraminic acid. 
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Treatment of the N-glycan pool with neuraminidase resulted in the cleavage of all terminal 

sialic acid residues and therefore a shift of these structures to lower mass range (Fig.2.9 A). 

Exoglycosidase digestions revealed that the HEK 293 N-glycan signals with the composition 

H4N4F2 (m/z 2213.8), H5N4F2 (m/z 2417.9), H5N5F2 (m/z 2663.1), S1H5N4F2 (m/z 

2779.1), S1H5N5F2 (m/z 3024.1), S1H6N5F2 (m/z 3228.1), S2H6N5F2 (m/z 3590.1), 

S2H7N6F2 (m/z 4039.2) and S3H7N6F2 (m/z 4400.4) contained LewisX epitopes (see 

exoglycosidase digestion Table 1). β(1–4) Galactosidase digestion of these signals was not 

complete (Fig.2.9 B) but further digestion with α(1–3,4) fucosidase resulted in a shift (Fig.2.9 

C), indicating the presence of a Lewisx antenna. β(1–4) Galactosidase is not able to digest 

β(1–4)-linked Gal in fucosylated antennae suggesting the presence of Lewisx motives in the 

respective structures. In addition, some galactosylated structures remained after β(1–4) 

galactosidase (Fig.2.9 B) but were digested after following addition of a second aliquot of 

β(1–4) galactosidase (Fig.2.9 D). Exoglycosidase digestion with α(1–3,4) fucosidase led to 

the removal of all antennary Fuc residues and subsequent β(1–4) galactosidase digestion 

resulted in the cleavage of all remaining β(1–4)-linked Gal residues (Fig.2.9 D), indicating 

that Fuc residues were α(1-3)-linked to GlcNAc residues of the antennae and the presence of 

LewisX. Therefore, only α(1-6)-linked Fuc residues remained on N-glycans. These core-

fucosylated structures were digested with bovine kidney α(1–2,3,4,6) fucosidase (Fig.2.9 E) 

and shifted to lower mass range, which revealed the presence of Fuc residues linked to the 

reducing GlcNAc of the core. In addition, the presence of core α(1-6)-linked Fuc was 

corroborated by two MALDI-TOF/TOF fragment ions at m/z 474.0 (F1N1) and m/z 719.2 

(F1N2) that were found in the respective MALDI-TOF/TOF mass spectra.  

Furthermore fragmentation of desialylated N-glycans was performed after derivatisation with 

2AB in order to confirm the presence of α(1,6)-linked core-Fuc. Derivatisation with 2AB 

occurs only at the reducing GlcNAc residue of the core structure. A representative MALDI-

TOF/TOF mass spectrum of 2AB-H5N4F2 (m/z 2580.1) of AGE1.HN cells is shown in Fig.2.8 

in which the diagnostic fragment ion 2AB-N1F1 (m/z 636.1) revealed fucosylation of the 

reducing GlcNAc of the core.  

MADLI-TOF/TOF fragmentation analysis and exoglycosidase digestions were likewise used 

to analyse cell surface N-glycans of CHO-K1, AGE1.HN and Hep G2 cells. Exoglycosidase 

digestions (exoglycosidase digestion Tables 2, 3 and 4) revealed Lewisx epitopes in CHO-K1 

cells (H5N4F2 m/z 2417.9 and S1H5N4F2 m/z 2779.1), in Hep G2 cells (H4N4F2 m/z 

2213.8, H5N4F2 m/z 2417.9, S1H4N4F2 m/z 2574.9, S1H5N4F2 m/z 2779.1, S1H4N5F2 

m/z 2820.1, H6N5F2 m/z 2867.1, S1H5N5F2 m/z 3024.1, S2H5N4F2 m/z 3140.1, 

S1H6N5F2 m/z 3228.1, S2H5N5F2 m/z 3385.1, S1H6N5F3 m/z 3403.1, S1H6N6F2 m/z 

3474.1, S2H6N5F2 m/z 3590.1, S1H7N6F2 m/z 3678.1, S2H6N5F3 m/z 3763.2, S1H7N6F3 

m/z 3852.2, S3H6N5F2 m/z 3951.2, S2H7N6F2 m/z 4039.2, S3H6N5F3 m/z 4125.3, 
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S2H7N6F3 m/z 4213.3, S3H7N6F2 m/z 4400.4, S3H7N6F3 m/z 4574.4, S4H7N6F2 m/z 

4761.5, S4H7N6F3 m/z 4935.6 and S1G3H7N6F3 m/z 5025.6) and in AGE1.HN cells 

(H5N4F2 m/z 2417.9, H5N4F3 m/z 2591.9, S1H5N4F2 m/z 2779.1, H6N5F2 m/z 2867.1, 

H6N5F3 m/z 3041.1, H6N5F4 m/z 3215.1, S1H6N5F2 m/z 3228.1, S1H6N5F3 m/z 3403.1, 

H7N6F3 m/z 3491.1, S2H6N5F2 m/z 3590.1, H7N6F4 m/z 3665.1, S1H7N6F2 m/z 3678.1, 

H7N6F5 m/z 3839.2, S1H7N6F3 m/z 3852.2, S1H7N6F4 m/z 4026.2, S2H7N6F2 m/z 

4039.2, S2H7N6F3 m/z 4213.3 and S3H7N6F2 m/z 4400.4). Core-fucosylated N-glycans 

were confirmed using MALDI-TOF/TOF-MS, which revealed the presence of the diagnostic 

fragment ions F1N1 (m/z 474.0) and F1N2 (m/z 719.2).  

The presence of GalNAc residues in HEK 293 cells was verified in the structures H3N5F1 

(m/z 2080.8), H4N5F1 (m/z 2284.8), H3N6F1 (m/z 2325.8) and H3N6F2 (m/z 2499.9) due to 

the presence of the diagnostic fragment ion N2 (m/z 527.1). In addition, the diagnostic 

fragment ions at m/z 642.2 (N1S1) or m/z 1096.3 (H1N2S1), that were detected in the 

MALDI-TOF/TOF-MS spectra of S1H4N5F1 (m/z 2645.9), S2H4N5F1 (m/z 3007.1) and 

S2H5N6F1 (m/z 3457.1) revealed that the GalNAc in these structures was capped by a 

terminal Neu5Ac residue. The GalNAc-GlcNAc motif was also found in the structures 

H4N5F1 (m/z 2284.8), H3N6F1 (m/z 2325.8) and S2H4N5F1 (m/z 3007.1) of Hep G2 cells.  

 

 

FIG. 2.8. MALDI-TOF/TOF mass spectrum of (m/z 2580.1) derived from AGE1.HN. Cell surface 

(glyco)peptides were directly released with trypsin, subjected to PNGase F digestion and N-glycans 

were purified and desalted. The N-glycans were then derivatised with 2-aminobenzamide (2AB) at 

their reductive end. Blue square represents N-acetylglucosamine, green circle mannose, yellow circle 

galactose, red triangle fucose and pink diamond N-acetylneuraminic acid.  

 

MALDI-TOF/TOF fragmentation of the signal at m/z 1824.7 (H5N3) in HEK 293 cells 

revealed the presence of two isomeric hybrid structures of which one possesses a 



RESULTS 

55 
 

galactosylated antenna as shown by the diagnostic fragment ions H1N1 (m/z 472.0), 

H1N1H1 (m/z 708.2) and N1H3 (m/z 897.2). The second isomer is not galactosylated but 

bears an additional Man instead, which was confirmed by a diagnostic fragment ion at m/z 

693.2 (H2N1). In addition, β(1-4) galactosidase digestion was partially sensitive to the signal, 

which supports the finding that H5N3 (m/z 1824.7) is a mixture of two hybrid N-glycans. The 

same results were obtained for H5N3 (m/z 1824.7) in CHO-K1 and AGE1.HN but in CHO-K1 

additionally a diagnostic fragment ion H1N1H1 (m/z 690.2) was detected, which proved the 

presence of the galactosylated antenna. MALDI-TOF/TOF fragmentation of the N-glycan 

signal H3N5F1 at m/z 2080.8 in HEK 293 cells revealed two isomeric structures as well; one 

was the triantennary N-glycan (diagnostic fragment ion m/z 851.2) and the second a 

biantennary N-glycan bearing the GalNAc-GlcNAc motif as already mentioned above. 

MALDI-TOF/TOF fragmentation of signals from CHO-K1 cells revealed that H6N4 (m/z 

2273.8), H6N4F1 (m/z 2447.9), S1H6N4F1 (m/z 2809.1), H7N5F1 (m/z 2897.1), S2H7N5F1 

(m/z 3619.1) and S2H8N6F1 (m/z 4069.3) were structures of the form SxHy+2Ny and 

contained a digalactosylated antenna. This was supported by the fragment ions H2 (m/z 

463.0), H1N1 (m/z 472.0), N1H2 (m/z 690.2) and H1H2 (m/z 708.2). The same was found for 

the signal H6N4F1 (m/z 2447.9) in Hep G2 cells. 

MALDI-TOF/TOF fragmentation revealed that six N-glycans in CHO-K1 cells contained 

Neu5Gc, namely G1H5N4 (m/z 2460.9), S1G1H4N4 (m/z 2617.9), G1H5N4F1 (m/z 2634.9), 

S1G1H5N4F1 (m/z 2996.1), G2H5N4F1 (m/z 3026.1) and G1H6N5F1 (m/z 3084.1). The 

diagnostic fragment ion N1H1G1 (m/z 877.2) proved that an antenna is sialylated with 

Neu5Gc. In Hep G2 cells, the two signals G1H5N4 (m/z 2460.9) and G1H5N4F1 (m/z 

2634.9) were found to contain Neu5Gc, which was supported by the diagnostic fragment ion 

N1H1G1 (m/z 877.3).  

The structures of the composition H6N6F1 (2938.1), H7N6F1 (3142.1), S1H6N6F1 (3299.1), 

S1H7N6F1 (3504.1), S2H6N6F1 (3661.1), S2H7N6F1 (3864.2), S2H8N7F3 (m/z 4662.4), 

S2H8N7F1 (4314.3), S2H8N7F3 (4662.4), S3H8N7F1 (4675.4) and S3H8N7F2 (4849.5) 

contained at least one LacNAc antenna. This was supported by the fragmentation results of 

their desialylated forms, which revealed a diagnostic fragment ion H2N2 at m/z 935.2. The 

LacNAc-containing signals of the desialylated N-glycan pool were mainly tri- and 

tetraantennary N-glycans such as H6N6F1, H7N6F1, H8N7F1, H8N7F2 and H8N7F3. In 

addition, some LacNAc-signals were detected in the desialylated N-glycan pool of HEK 293 

(H6N7F1 and H8N7F1) and CHO-K1 (H6N5F1, H7N6 and H8N7F1) that were verified via the 

diagnostic fragment ion H2N2 at m/z 935.2.        
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FIG. 2.9. Exoglycosidase digestions of PNGase F-released N-glycans derived from HEK 293 cells. 

Cell surface (glyco)peptides were directly released with trypsin, subjected to PNGase F digestion and 

N-glycans were purified and desalted. N: Arthrobacter ureafaciens neuraminidase, G4: β(1–4) 

galactosidase from Streptococcus pneumoniae, F3-4: almond meal α(1–3,4) fucosidase, F: Bovine 

kidney α(1-2,3,4,6) fucosidase. * Polyhexose contaminations are negligible. Non identified peaks.  

 

2.1.8 Verification of Neu5Gc in N-glycans from CHO-K1 cells using HPLC 

The presence of Neu5Gc was further verified using RP-HPLC. Sialic acids were hydrolysed 

using acetic acid and labeled with 1,2-diamino-4,5-methylendioxybenzene (DMB). Samples 

were then analysed using RP-HPLC. The chromatograms revealed the presence of Neu5Gc 

in CHO-K1 as well as in traces in HEKwt and Hep G2 (Fig.2.10). In addition, MALDI-TOF-MS 

data revealed that the relative amount of N-glycans bearing Neu5Gc was about 0.1 % in 

HEK 293 and 0.6 % in Hep G2 and therefore represent trace amounts compared to Neu5Ac 

(58 % in HEK 293, 25 % in CHO-K1 and 71 % in HEP G2). The abundance of Neu5Gc 

calculated from MALDI-TOF-MS data of CHO-K1 was higher (4 %). The observed 

xenoantigen contamination in HEKwt and Hep G2 most likely originated from the animal-

derived components in the cell culture media as has been already reported (144, 145). 

 

 

FIG. 2.10. Verification of Neu5Gc by RP-HPLC. Cell surface (glyco)peptides were released from CHO-

K1, HEK 293 and HEP G2 cells using trypsin, subjected to PNGase F digestion and N-glycans were 

purified and desalted. Sialic acids were hydrolysed with acetic acid, labeled with DMB and subjected 

to RP-HPLC analysis. A standard which contains KDN, Neu5Gc and Neu5Ac was used to assign the 

signal peaks.      



RESULTS 

58 
 

2.2 N-Glycosylation profile of mesenchymal stem cells and its changes during 

adipogenic, chondrogenic and osteogenic differentiation 

2.2.1 N-Glycosylation profile of undifferentiated and adipogenically 

differentiated human bone marrow mesenchymal stem cells  

2.2.1.1 Analysis strategy for N-glycans derived from undifferentiated and 

adipogenically differentiated human bone marrow mesenchymal stem cells   

MSCs were differentiated into adipogenic, chondrogenic and osteogenic direction by the 

working group of Dr. Jochen Ringe (Charité-Universitätsmedizin Berlin, BCRT, Labor für 

Tissue Engineering/ Klinik für Rheumatologie). The N-glycome of undifferentiated and 

adipogenically differentiated human bone marrow-derived MSCs (n=3 donors) was 

investigated and compared. First, membrane glycoproteins of the respective cell pellets were 

isolated by membrane extraction. In order to ensure a high efficiency of the endoglycosidase 

digestion, membrane glycoproteins were trypsinised prior to the N-glycan release. 

Afterwards, high-mannose- and hybrid-type N-glycans were enzymatically released with 

endo-β-N-acetylglucosaminidase H (Endo H). The resulting free N-glycans were isolated 

from the rest of the sample by C18 solid phase extraction, which enabled separation of the 

N-glycan fraction (high-mannose- and hybrid-type N-glycans) and glycopeptide fraction. The 

glycopeptide fraction was further treated with peptide-N4-(N-acetyl-β-glucosaminyl) 

asparagine amidase F (PNGase F) to release the remaining complex-type N-glycans. High-

mannose N-glycans usually represent the majority of the N-glycan pool of cell membrane 

(glyco)proteins (see section 2.1) and therefore the approach of Endo H digestion followed by 

PNGase F digestion was chosen to ensure an improved the detection and thus quantification 

of complex-type N-glycans. The Endo H and PNGase F digests were purified, permethylated 

and analysed separately in the positive ionization mode of MALDI-TOF-MS (146, 147). The 

N-glycan signals that were identified by MALDI-TOF-MS were verified by exoglycosidase 

digestions and by MALDI-TOF/TOF fragmentation.  

 

2.2.1.2 N-glycome of mesenchymal stem cells and its changes during 

adipogenic differentiation 

Endo H is able to cleave only asparagine-linked high-mannose- and hybrid-type N-glycans 

specifically between the two N-acetyglucosamine (GlcNAc) subunits of the chitobiose core. 

The resulting Endo H-released N-glycans were purified using reversed-phase C18 and 

carbograph cartridges, permethylated and measured by means of MALDI-TOF-MS. A 

representative mass spectrum of Endo H-released N-glycans of undifferentiated and day 15 

adipogenically differentiated MSCs is shown in Fig. 2.11 A and C. Mean relative abundances 
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were calculated from three different biological replicates and are presented in Fig. 2.11 B and 

Table 2 (see appendix). The results revealed that the N-glycan profiles of the three different 

MSC donors were highly similar, which is supported by the small deviations observed 

between the glycan profiles (Fig. 2.11 B). Asterisks indicate statistical significant differences 

between the two sample groups undifferentiated MSCs and 15 days adipogenically 

differentiated MSCs according to Mann-Whitney U test (p≤0.05).  

MALDI-TOF-MS profiling revealed the presence of 12 high-mannose- and hybrid-type N-

glycan structures of which seven are of high-mannose-type with the composition H3-9N1 

(m/z 926.4, 1130.5, 1334.6, 1538.7, 1742.8, 1946.9 and 2151.0, respectively). The relative 

amount of overall high-mannose-type N-glycans was 5.7 % higher in day 15 adipogenically 

differentiated MSCs when compared to undifferentiated MSCs. One important difference was 

that smaller high-mannose-type N-glycans such as H5N1 (mz 1334.6) and H6N1 (mz 

1538.7) were particularly overexpressed in day 5 and day 15 adipogenically differentiated 

MSCs. Their relative amount was 14 % for H5N1 and 26 % for H6N1 in day 15 

adipogenically differentiated MSCs (p<0.05), which was an increase of 7 %, respectively. In 

contrast, larger high-mannose structures such as H9N1 (mz 2151.0) were significantly 

decreased by more than 9 % in day 15 of adipogenically differentiated cells. In addition, the 

four hybrid-type N-glycans H5N2 (m/z 1579.7), H6N2 (m/z 1783.8), S1H5N2 (m/z 1940.9) 

and S1H6N2 (m/z 2145.0) constituted 2.4 % of the total N-glycome of day 15 adipogenically 

differentiated MSCs and decreased in relative amount during adipogenic differentiation. They 

were found to be 5 % underexpressed in day 15 adipogenically differentiated MSCs when 

compared to undifferentiated MSCs. The changes in relative amount of neutral hybrid-type 

N-glycans H5N2 (m/z 1579.7) and H6N2 (m/z 1783.8) were statistically significant during the 

process of adipogenic differentiation. 

Furthermore, a glycan of the composition H10N1 was detected at m/z 2355.1 but in trace 

amounts. This structure was verified as the monoglucosylated precursor H10N1 high-

mannose-type N-glycan that has been also reported in human blood serum by Frisch et al. 

(148). In general, the differences of the average relative amounts of Endo H-released N-

glycans of undifferentiated and adipogenically differentiated MSCs (5 days or 15 days) were 

larger than those of day 5 and day 15 adipogenically differentiated MSCs (Fig. 2.11 B, Table 

2). In contrast, the mass spectra of all the three groups were qualitatively almost similar but 

quantitatively different. As shown in the next paragraph, this was also the case for PNGase 

F-released N-glycans (Fig. 2.13 A and B, Table 3). 
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FIG. 2.11. MALDI-TOF-MS of Endo H-released N-glycans. Glycoproteins were isolated from 

undifferentiated and adipogenically differentiated MSCs (A) using membrane extraction. N-glycans of 

high-mannose- and hybrid-type were then enzymatically cleaved with Endo H, permethylated and 

measured by MALDI-TOF-MS. A representative mass spectrum of Endo H-released N-glycans of 

undifferentiated (A) and adipogenically differentiated human MSCs (C). The average relative amounts 

of all Endo H-released N-glycans of undifferentiated human MSCs (black) and adipogenically 

differentiated MSCs (A) at day 5 (dark grey) and day 15 (light grey) derived from three different 

preparations (n=3) are presented in (B). Statistical significant difference between the two sample 

groups undifferentiated MSCs and 15 days adipogenically differentiated MSCs was assessed using 

Mann-Whitney U test (*p≤0.05) and is marked with a star in (B). Blue square represents N-

acetylglucosamine, green circle mannose, yellow circle galactose, red triangle fucose and pink 

diamond N-acetylneuraminic acid. H: hexose, N: N-acetylhexosamine, F: deoxyhexose, S: N-

acetylneuraminic acid. * Polyhexose contaminations are negligible. 

 

In order to release the remaining complex-type N-glycans, Endo H-digested glycopeptides 

were subjected to PNGase F-digestion. The resulting mass spectrum of the N-glycosylation 

profile of human undifferentiated and day 15 adipogenically differentiated MSCs after N-

glycan purification and derivatisation is presented exemplary in Fig. 2.12 A and B. It was 

possible to detect 100 different N-glycan signals with MALDI-TOF-MS (Table 3, see 

appendix). The relative abundance of the 48 most abundant N-glycans is presented in Fig. 

2.13 A and B in order to compare the most significant changes. It is important to note that a 

small amount of hybrid- and high-mannose-type N-glycans, 3 % and 2 % respectively, was 

detected in the pool of PNGase F-released N-glycans. This indicates that Endo H-digestion 

of the corresponding glycopeptides was about 95 % complete. It is probably that a low 
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portion of the Endo H-derived N-glycans remained bond to the C18 column and thus eluted 

in the glycopeptide fraction that was then treated with PNGase F, since some of the detected 

structures of the PNGase F-released fraction were carrying just one core GlcNAc. 

The mass spectrometric data revealed that fucosylated bi-, tri- and tetraantennary complex-

type N-glycans were predominantly found in the N-glycan profiles of undifferentiated MSCs 

and day 5 and day 15 adipogenically differentiated MSCs.  

Evaluation of fucosylation. Monofucosylation was the most abundant type of fucosylation 

found in undifferentiated MSCs and their adipogenic counterparts. In addition, 

monofucosylated structures were exclusively fucosylated at the reducing GlcNAc residue of 

the core stucture. A key feature of day 5 and day 15 adipogenically differentiated MSCs was 

the increased abundance of biantennary N-glycans such as the fucosylated N-glycans 

H3N4F1 (m/z 1835.9), H5N4F3 (m/z 2592.3), S1H5N4F1 (m/z 2605.3) and S2H5N4F1 (m/z 

2966.4) but also the non-fucosylated N-glycans S1H5N4 (m/z 2431.2) and S2H5N4 (m/z 

2792.3). In addition, the relative amounts of the biantennary fucosylated N-glycans H3N4F1, 

H5N4F3 and S2H5N4F1 were significantly increased in day 15 adipogenically differentiated 

MSCs.  

Evaluation of antennarity. Triantennary N-glycans were less abundant in day 5 and day 15 

adipogenically differentiated cells when compared with undifferentiated MSCs. In addition, 

the amount of fucosylated triantennary structures like H6N5F1 (m/z 2693.3) and S1H6N5F1 

(m/z 3054.5) were also decreased in the N-glycome of day 5 and day 15 adipogenically 

differentiated MSCs. Statistical analysis revealed that the N-glycans H6N5F1 (m/z 2693.3) 

and S1H6N5 (m/z 2880.4) were significantly underexpressed in day 15 adipogenically 

differentiated cells when compared to undifferentiated MSCs. The mass spectrometric data 

revealed that the amount of tetraantennary N-glycans was also decreased in the N-glycome 

of day 5 and day 15 adipogenically differentiated cells. It is important to note that fucosylated 

tetraantennary structures were at least 10 % less abundant in day 15 adipogenically 

differentiated MSCs than in undifferentiated MSCs. Fully galactosylated N-glycans such as 

H7N6F1 (m/z 3142.5), S1H7N6F1 (m/z 3503.7) and S2H7N6F1 (m/z 3864.9) were more 

enriched in undifferentiated MSCs. Statistical analysis revealed that the N-glycans H7N6F1 

(m/z 3142.5), S1H7N6 (m/z 3329.6) and S1H7N6F1 (m/z 3503.7) were significantly 

underexpressed in 15 days adipogenically differentiated MSCs. Remarkably, N-glycans 

bearing the poly-LacNAc epitope such as H6N5 (m/z 2519.2), H6N5F1 (m/z 2693.3), 

H7N6F1 (m/z 3142.5) and S1H7N6F1 (m/z 3503.7) were predominantly found in human 

MSCs and were very minor in amount in adipogenically differentiated MSCs. 
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FIG. 2.12. MALDI-TOF-MS of PNGase F-released complex-type N-glycans. Glycoproteins were 

isolated from undifferentiated and adipogenically differentiated MSCs. After isolation of high-mannose- 

and hybrid-type N-glycans by Endo H digestion, digested glycopeptides were subjected to PNGase F 

digestion to release complex-type N-glycans, permethylated and measured by MALDI-TOF-MS. A 

representative mass spectrum of PNGase F-released N-glycans of undifferentiated human MSCs (A) 

and day 15 adipogenically differentiated human MSCs (B) is shown together with the 70 most 

abundant structures. Blue square represents N-acetylglucosamine, green circle mannose, yellow 

circle galactose, red triangle fucose and pink diamond N-acetylneuraminic acid. * Polyhexose 

contaminations are negligible. Non identified peaks. 
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FIG. 2.13. Quantification of PNGase F-released N-glycans with MALDI-TOF-MS. (A) The average 

relative amounts of the 48 most abundant PNGase F-released N-glycans of undifferentiated human 

MSCs (black) and adipogenically differentiated MSCs (A) at day 5 (dark grey) and day 15 (light grey) 

derived from three different preparations (n=3), (B) grouped according to their N-glycan type, 

antennarity and fucosylation. Statistical significant difference between the two sample groups 

undifferentiated MSCs and 15 days adipogenically differentiated MSCs was assessed using Mann-

Whitney U test (*p≤0.05) and is marked with a star in (B). Blue square represents N-

acetylglucosamine, green circle mannose, yellow circle galactose, red triangle fucose and pink 

diamond N-acetylneuraminic acid. H: hexose, N: N-acetylhexosamine, F: deoxyhexose, S: N-

acetylneuraminic acid.  
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Evaluation of sialylation. Quantification of the mass spectrometric data revealed that more 

than 50 % of the PNGase F-released N-glycans of undifferentiated MSCs were found to be 

sialylated. They were mainly detected as monosialylated species although di-, tri- and 

tetrasialylated N-glycans were verified as well. These results revealed that N-glycans bearing 

Neu5Ac were mostly partially sialylated and minority of them were present as fully sialylated 

structures. As the antennarity increased, the presence of fully sialylated structures 

decreased. In addition, the amount of sialylated N-glycans was 16.5 % higher in day 15 

adipogenically differentiated MSCs when compared with undifferentiated MSCs. This was 

mainly due to the increased amount of sialylated biantennary structures, such as S1H5N4F1 

(m/z 2605.3) and S2H5N4F1 (m/z 2966.4) in day 5 and day 15 adipogenically differentiated 

MSCs. 

 

2.2.1.3 CE-LIF analysis of N-glycans from undifferentiated and adipogenically 

differentiated human bone marrow mesenchymal stem cells  

In order to confirm the MALDI-TOF-MS results, 40 % of the N-glycan pool obtained after 

Endo H digestion was analysed by means of CE-LIF. Prior to that, the N-glycans were 

labeled with APTS and chemically desialylated by acetic acid hydrolysis in order to convert 

the charged hybrid N-glycans S1H5N2 and S1H6N2 into neutral molecules, and thus making 

separation independent from the charge of Neu5Ac. The N-glycans were then desalted on 

self-made graphite micro-columns and then subjected to CE-LIF analysis. A representative 

electropherogram of Endo H-released N-glycans of undifferentiated and day 15 

adipogenically differentiated MSCs is shown in Fig. 2.14 A and B. N-glycans were assigned 

with the help of a standard table generated in our laboratory using N-glycans release from 

reference glycoproteins. In addition, MALDI-TOF-MS spectra of the desialylated N-glycan 

pools were used to assign the structures. APTS-labeled N-glycans were sequentially 

digested with exoglycosidases to confirm the migration times in the electropherograms. The 

overall distribution of the N-glycans is very similar to the one found in the MALDI-TOF mass 

spectrum. The high-mannose-type N-glycans comprised together the highest amount of total 

Endo H-released N-glycans of human MSC. The most abundant structure is H8N1 (7.0 to 7.7 

GU) followed by H9N1 (8.3 GU) and H6N1 (5.9 GU). The N-glycan H7N1 migrates at a 

retention time between 6.4 and 6.9 GU forming three isomers of which the first isomer co-

migrates together with the hybrid structure H5N2 (6.6 GU) (149). H8N1 (7.0 to 7.7 GU) forms 

three isomeric structures as well whereat the first isomer co-migrates together with the hybrid 

structure H6N2 (7.2 GU) (149). In addition, the high-mannose-type N-glycan H5N1 (4.8 GU) 

and the monoglucosylated structure H10N1 (9.4 GU) were detected with CE-LIF (149). Thus, 

the CE-LIF electropherogram confirms the mass spectrometric data.  
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40 % of the N-glycan pool after PNGase F-digestion was prepared as described above for 

Endo H-released N-glycans and subjected to CE-LIF analysis. A representative 

electropherogram of undifferentiated and day 15 adipogenically differentiated MSCs is shown 

in Fig. 2.15 A and B. It was possible to assign the 15 most abundant structures.  

 

 

FIG. 2.14. CE-LIF electropherograms of Endo H-released and desialylated N-glycans from 

undifferentiated human MSCs (A) and day 15 adipogenically differentiated human MSCs (B). 

Glycoproteins were isolated using membrane extraction. N-glycans of high-mannose- and hybrid-type 

were then enzymatically cleaved with Endo H, desialylated and measured by CE-LIF. Blue square 

represents N-acetylglucosamine, yellow square N-acetylgalactosamine, white square N-

acetylhexosamine, green circle mannose, yellow circle galactose, red triangle fucose, white diamond 

N-glycolylneuraminic acid and pink diamond N-acetylneuraminic acid. 

 

Briefly, CE-LIF revealed that the biantennary fucosylated structure H5N4F1 (9.8 GU) was the 

most abundant in the N-glycosylation profile of MSCs, followed by the triantennary 

fucosylated N-glycan H6N5F1 (11.7 and 12.0 GU) and tetraantennary fucosylated structure 

H7N6F1 (13.8 GU). Thus, fucosylated structures comprised together the main part of the 

profile as can be seen from the peak height of the detected N-glycan signals. In addition, the 

same non-fucosylated species were detected in the same order according to their 

abundance (H5N4 at 8.9 GU, H6N5 at 10.8 and 11.0 GU and H7N6 at 13.0 GU). The 

triantennary N-glycans H6N5F1 (11.7 and 12.0 GU) and H6N5 (10.8 and 11.0 GU) were 

detected as isomeric structures that differ in the linkage of the GlcNAc of the third antennae; 

the β1,6-GlcNAc isomer migrates 0.25 GU faster than the β1,4-GlcNAc isomer (150). 

Furthermore, tetraantennary N-glycans with additionally one and two LacNAc units were 



RESULTS 

66 
 

detected as fucosylated (H8N7F1 at 16.5 GU and H9N8F1 at 19.3 GU) and to a minor extent 

as non-fucosylated species (H8N7 at 15.9 GU and H9N8 at 18.8 GU). The overall distribution 

was very similar to the one found by mass spectrometric profiling. Consequently, the CE-LIF 

electropherograms confirm the MALDI-TOF mass spectrometric data. 

 

 

FIG. 2.15. CE-LIF electropherograms of PNGase F-released and desialylated complex-type N-glycans 

from undifferentiated human MSCs (A) and day 15 adipogenically differentiated human MSCs (B). 

Glycoproteins were isolated using membrane extraction. After isolation of high-mannose- and hybrid-

type N-glycans by Endo H digestion, digested glycopeptides were subjected to PNGase F digestion to 

release complex-type N-glycans, desialylated and measured by CE-LIF. Blue square represents N-

acetylglucosamine, yellow square N-acetylgalactosamine, white square N-acetylhexosamine, green 

circle mannose, yellow circle galactose, red triangle fucose, white diamond N-glycolylneuraminic acid 

and pink diamond N-acetylneuraminic acid. 

 

2.2.1.4 Verification of identified N-glycan structures from undifferentiated and 

adipogenically differentiated mesenchymal stem cells with MALDI-TOF/TOF 

sequencing and exoglycosidase digestions 

Verification of the most abundant N-glycan structures was done using specific 

exoglycosidases (see exoglycosidase digestion Tables 5 and 6) in combination with MALDI-

TOF/TOF-MS fragmentation. A representative MALDI-TOF/TOF mass spectrum of m/z 

2605.3 of the composition S1H5N4F1 derived from human MSCs and of m/z 2635.3 of the 

composition S1H6N4 derived from day 15 adipogenically differentiated MSCs is presented in 

Fig. 2.16 A and B. Digestions were done with different exoglycosidases using the following 
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sequence of digestion: A. ureafaciens neuraminidase, β(1-4) galactosidase from S. 

pneumoniae, β-N-acetylhexosaminidase recombinant from S. pneumoniae and expressed in 

E. coli, α-mannosidase from C. ensiformis (for Endo H-released N-glycans) and A. 

ureafaciens neuraminidase, bovine testes β-galactosidase, β-N-acetylhexosaminidase 

recombinant from S. pneumoniae expressed in E. coli and bovine kidney α(1-2,3,4,6) 

fucosidase (for PNGase F-released N-glycans). 

In order to confirm the presence of sialylated antennae, Endo H-released N-glycans were 

digested using neuraminidase (see exoglycosidase digestion Table 5). After digestion, the 

mass spectrometric data revealed that the two peaks of the composition S1H5N2 (m/z 

1940.9) and S2H6N2 (m/z 2145.0) shifted to H5N2 (m/z 1579.7) and H6N2 (m/z 1783.8) 

respectively. In addition, they further shifted after β(1-4)-galactosidase treatment and 

subsequent β-N-acetylhexosaminidase digestion. Thus, the presence of hybrid-type 

structures at m/z 1579.7 and m/z 1783.8 and of a sialylated antenna in S1H5N2 (m/z 1940.9) 

and S2H6N2 (m/z 2145.0) were confirmed. In addition, a diagnostic fragment ion S1H1N1 at 

m/z 847.2 was detected and confirmed the sialylated antenna in S1H5N2 (m/z 1940.9) and 

S2H6N2 (m/z 2145.0). The structures H5N2 (m/z 1579.7) and H6N2 (m/z 1783.8) were 

assigned to hybrid-type structures due to the presence of a signal at m/z 486.0 (H1N1). The 

rest of the signals that remained after β-N-acetylhexosaminidase digestion disappeared from 

the MALDI-TOF mass spectrum after α-mannosidase digestion, showing that they contain 

Man residues. However, a signal at m/z 1334.6 corresponding to H5N1, which is a digestion 

product of H10N1 (m/z 2355.1), remained after α-mannosidase digestion. Therefore, H10N1 

(m/z 2355.1) was assigned to the monoglucosylated N-glycan precursor Glc1Man9GlcNAc1, 

which was also verified with fragmentation analysis. MALDI-TOF/TOF-MS of H10N1 

revealed a monoglucosylated antenna that was confirmed by the presence of the diagnostic 

fragment ions H4 at m/z 852.5 and H3 at m/z 649 and indicated the presence of an antenna 

bearing four hexoses.  

PNGase F-released N-glycans were digested with neuraminidase (see exoglycosidase 

digestion Table 6) in order to prove the presence of sialylated antennae. Further digestion 

with β-galactosidase and β-N-acetylhexosaminidase led to a shift of Gal- and GlcNAc-

containing structures and proved their presence in the N-glycan pool. The two structures 

H3N2 (m/z 1171.6) and H3N2F1 (m/z 1345.6) did not shift after digestion with β-N-

acetylhexosaminidase, indicating that the fucosylated N-glycans of the pool bear one α(1-6)-

linked Fuc at the reducing GlcNAc of the core residue. In addition, core-fucosylation was 

confirmed by the diagnostic fragment ions N1F1 at m/z 474.0 and N2F1 at m/z 719.2 for 

instance in the biantennary N-glycans H5N4F1 (m/z 2244.1) and S1H5N4F1 (m/z 2605.3) 

(Fig.2.16) in undifferentiated MSCs and adipogenically differentiated MSCs. The presence of 

sialylated antennae in S1H5N4F1 (m/z 2605.3), S2H5N4F1 (m/z 2966.4), S1H6N5F1 (m/z 
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3054.5), S2H6N5F1 (m/z 3415.7), S1H7N6F1 (m/z 3503.7), S3H6N5F1 (m/z 3776.8), 

S2H7N6F1 (m/z 3864.9) and S3H7N6F1 (m/z 4226.1) were confirmed by the diagnostic 

fragment ions S1H1N1 at m/z 847.2 and S1H2N1 at m/z 620.1.  

 

 

FIG. 2.16. MALDI-TOF/TOF mass spectrum of m/z 2605.3 of the composition S1H5N4F1 derived from 

human MSCs (A) and of m/z 2635.3 of the composition S1H6N4 derived from day 15 adipogenically 

differentiated MSCs (B). Blue square represents N-acetylglucosamine, green circle mannose, yellow 

circle galactose, red triangle fucose and pink diamond N-acetylneuraminic acid.  

 

The signal at m/z 2461.2 corresponds to the structure G1H5N4, which contained one N-

glycolyneuraminic acid residue but was only found as a trace. This structure was also 
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observed in a previous study by Heiskanen et al. (151) in human MSCs and is most likely 

stemming from the cell culture media that is displaced with animal-derived components such 

as fetal calf serum (FCS) (144, 152).  

Exoglycosidase digestions revealed that the N-glycan structures H6N4 (m/z 2274.1) and 

H7N5 (m/z 2723.3) correspond to a trigalactosylated biantennary N-glycan and a 

tetragalactosylated triantennary N-glycan, respectively, since their signals remained after 

neuraminidase digestion. This was supported by the fragment ions H2 (m/z 463.0), H1N1 

(m/z 472.0), N1H2 (m/z 690.2) and H1H2 (m/z 708.2). From these results it was concluded 

that the signals at m/z 2274.1, m/z 2635.3, m/z 2996.4, m/z 3084.5, m/z 3445.7, m/z 3806.8 

and m/z 3894.9 corresponded to structures of the form SxHy+2Ny. 

The LacNAc motif was verified in the structures H5N5F1 (m/z 2489.2), H6N5 (m/z 2519.2), 

H6N5F1 (m/z 2693.3), S1H5N5F1 (m/z 2850.4), S1H6N5 (m/z 2880.4), S1H6N5F1 (m/z 

3054.5), H7N6F1 (m/z 3142.5), S1H7N6 (m/z 3329.6), S2H6N5F1 (m/z 3415.7), 

S1G1H6N5F1 (m/z 3445.7), S1H7N6F1 (m/z 3503.7), H8N7F1 (m/z 3591.7), S2H7N6F1 

(m/z 3864.9), S1H8N7F1 (m/z 3952.9), S3H7N6F1 (m/z 4226.1) and S2H8N7F1 (m/z 

4314.1) using MALDI-TOF/TOF fragmentation analysis. The presence of the diagnostic 

fragment ion H2N2 at m/z 935.2 revealed the poly-LacNAc epitope in these structures. 

However, the diagnostic fragment ion that indicates the presence of poly-LacNAc was 

predominantly found in N-glycans of undifferentiated human MSCs and was minimal in day 

15 adipogenically differentiated cells. Poly-LacNAc-containing N-glycans like H8N7F1 (m/z 

3591.7), S1H8N7F1 (m/z 3952.9) and S2H8N7F1 (m/z 4314.1) were also found to be core-

fucosylated (diagnostic fragment ions N1F1 at m/z 474.0 and N2F1 at m/z 719.2) and the 

sialylated antenna in S1H8N7F1 (m/z 3952.9) and S2H8N7F1 (m/z 4314.1) was confirmed 

by two diagnostic fragment ions, namely S1H1N1 at m/z 847.2 and S1H1 at m/z 620.1. 

 

2.2.1.5 Gene expression analysis of undifferentiated and adipogenically 

differentiated human bone marrow mesenchymal stem cells 

Microarray gene expression was performed by Mujib Ullah (M. Phil), who is member of the 

working group of our co-operation partner Dr. Jochen Ringe (Tissue Engineering Laboratory 

& BCRT). On molecular level the process of sialylation and fucosylation was confirmed by 

the gene expression of ST3GAL1 (ST3 beta-galactoside alpha-2,3-sialyltransferase 1) and 

FUT8 (fucosyltransferase 8 (alpha (1,6) fucosyltransferase)). The expression of these two 

genes were selected from already submitted microarray gene data (GEO; ID: GSE36923) for 

similar adipogenic cultures.  In adipogenic differentiated cells, the expression of ST3GAL1 

was upregulated and FUT8 downregulated compared to MSC (Fig.2.17). On gene level, the 

expression of ST3GAL1 and FUT8 favors the process of α(2-3)-sialyation and α(1-6)-
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fucosylation. According to MALDI-TOF mass spectrometric data, sialylation in adipogenic 

differentiated cells was increased and core-fucosylation was decreased in case of tri- and 

tetraantennary N-glycans. Thus, the gene expression data confirmed the MALDI-TOF-MS 

data. 

 

 

Fig. 2.17. Microarray gene expression confirmed the expression of ST3GAL1 and FUT8 in 

undifferentiated and day 15 adipogenically differentiated MSCs. Data were expressed as mean and 

standard error of mean (SEM). The student t-test was performed to evaluate the expressed genes for 

their statistical significance, (** p < 0.01). NS: not significant. ST3GAL1: ST3 beta-galactoside (alpha-

2,3-sialyltransferase 1), FUT8: fucosyltransferase 8 (alpha (1,6) fucosyltransferase).    

 

2.2.2 N-Glycosylation profile of undifferentiated and chondrogenically 

differentiated human bone marrow mesenchymal stem cells  

2.2.2.1 N-Glycome of mesenchymal stem cells and its changes during 

chondrogenic differentiation 

It was an aim to investigate the N-glycosylation profile of MSCs during chondrogenic 

differentiation. The chondrogenically differentiated MSCs were isolated from their 

extracellular matrix (ECM) prior to N-glycan analysis, in order to obtain the N-glycosylation 

pattern of the pure cells without any contaminations from extracellular proteins of the ECM. 

Four different MSC preparations isolated from four different donors were used for the 

chondrogenic differentiation in order to obtain four biological replicates. The N-glycosylation 

profile of undifferentiated, early time point (day 5) and late time point (day 28) 

chondrogenically differentiated MSCs was investigated to monitor the changes of the N-

glycosylation pattern during differentiation. The different cell samples were harvested and 

washed three times with PBS. Cell surface (glyco)proteins were digested with trypsin yielding 

to glycopeptides that were subjected to PNGase F-digestion. The released N-glycans were 

purified, desalted and derivatised. 60 % of the N-glycan pool was permethylated and 

measured by means of MALDI-TOF-MS. The rest of the N-glycan pool was labeled with the 

fluorophore APTS in order to detect the N-glycans by laser induced fluorescence detection 

through capillary electrophoresis. A representative mass spectrum of the resulting N-
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glycosylation profile of human undifferentiated and day 28 chondrogenically differentiated 

MSCs is shown in Fig.2.18 A and B. About 85 different N-glycan signals were detected with 

MALDI-TOF-MS (Table 4).  

 

 

FIG. 2.18. MALDI-TOF-MS of PNGase F-released N-glycans of undifferentiated and chondrogenically 

differentiated human MSCs. Day 28 chondrogenically differentiated MSCs were isolated from their 

ECM prior to N-glycan analysis. Cell surface glycoproteins were directly digested from the cells with 

trypsin. N-glycans were enzymatically cleaved from glycopeptides with PNGase F, permethylated and 

measured by MALDI-TOF-MS. A representative mass spectrum of PNGase F-released N-glycans of 

undifferentiated (A) and chondrogenically differentiated human MSCs (B) is shown together with the 

30 most abundant structures. Blue square represents N-acetylglucosamine, green circle mannose, 

yellow circle galactose, red triangle fucose and pink diamond N-acetylneuraminic acid.  



RESULTS 

72 
 

The relative abundances of the 40 most abundant N-glycans derived from four (MSCs) and 

three (chondrogenically differentiated MSCs) different preparations are presented in Fig. 2.19 

A and B. The diagrams represent the mean relative abundances of N-glycans from the 

different biological replicates. The N-glycan profiles of the different MSCs and 

chondrogenically differentiated cells analysed were highly similar, as can be determined from 

the small deviations within the observed glycan profiles.  

Mass spectrometric profiling revealed that fucosylated biantennary complex-type N-glycans 

dominated the N-glycan profiles of undifferentiated MSCs and day 5 as well as day 28 of 

chondrogenically differentiated MSCs. The second major group was triantennary fucosylated 

structures. However, tetraantennary N-glycans were detected as well. High-mannose and 

hybrid type N-glycans were also detected. The amount of high-mannose N-glycans 

decreased by 11 % after day 5 of chondrogenic differentiation and increased again by 6 % 

after day 28. The high-mannose N-glycan H7N2 (m/z 1987.9) was found to be significantly 

underexpressed in day 28 of chondrogenic differentiated MSCs. Hybrid-type N-glycans were 

much less abundant than complex and high-mannose N-glycans and their amount stayed 

almost the same with chondrogenic differentiation. Neutral, sialylated as well as fucosylated 

hybrid N-glycans were detected in undifferentiated and day 5 and day 28 chondrogenically 

differentiated MSCs.  

Evaluation of fucosylation. The amount of fucosylated N-glycans in day 5 chondrogenically 

differentiated cells was about 12 % higher than in MSCs but decreased again in day 28 

chondrogenically differentiated cells by 8 %. In all, fucosylation increased just little after 

chondrogenic differentiation (3 %). The overall amount of mono- or biantennary fucosylated 

complex N-glycan increased. Some of these fucosylated N-glycans showed a significant 

increase after day 28 of chondrogenic differentiation such as H3N2F1 (m/z 1345.6), 

S1H4N3F1 (m/z 2156.0), S2H5N4F1 (m/z 2966.4) and S3H6N5F1 (m/z 3776.8). In contrast, 

the amount of the two biantennary fucosylated N-glycans H5N4F1 (m/z 2244.1) and 

S1H5N4F1 (m/z 2605.3) increased after day 5 of chondrogenic differentiation and decreased 

after day 28 of chondrogenic differentiation to a relative amount less than in undifferentiated 

MSCs. On the other hand, the overall amount of tri- and tetraantennary fucosylated 

structures decreased such as H6N5F1 (m/z 2693.3), S1H6N5F1 (m/z 3054.5), H7N6F1 (m/z 

3142.5) and S1H7N6F1 (m/z 3503.7), which showed a significant decrease in day 28 of 

chondrogenically differentiated cells. Fucosylated structures were predominantly 

monofucosylated at the reducing GlcNAc residue. Besides, difucosylated N-glycans such as 

H4N4F2 (m/z 2214.1), H5N4F2 (m/z 2418.2) and S1H5N4F2 (m/z 2779.3) were found in 

undifferentiated and day 5 as well as in day 28 chondrogenically differentiated MSCs. 

Evaluation of antennarity. The overall amount of N-glycans bearing one or two antennae 

increased in day 5 and day 28 chondrogenically differentiated MSCs. For example, the N-
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glycans S1H4N3F1 (m/z 2156.0), S1H5N4F2 (m/z 2779.3) and S2H5N4F1 (m/z 2966.4) 

were significantly increased in day 28 chondrogenically differentiated cells. In contrast, the 

amount of N-glycans with three or four antennae decreased by about 7 %. The most 

abundant structures found in this group, showed a significant decrease after day 28 of 

chondrogenic differentiation such as triantennary N-glycans H3N5F1 (m/z 2081.0), H6N5F1 

(m/z 2693.3), S1H6N5F1 (m/z 3054.5) and S3H6N5F1 (m/z 3776.8) as well as 

tetraantennary N-glycans H7N6F1 (m/z 3142.5), S1H7N6F1 (m/z 3503.7) and S2H7N6F1 

(m/z 3864.9). Remarkably, the amount of fucosylated tetraantennary structures decreases 

from 4.4 to 0.6 % in day 28 of chondrogenically differentiated MSCs. Poly-LacNAc N-glycans 

were found in MSCs and chondrogenically differentiated cells such as H6N5F1 (m/z 2693.3), 

H7N6F1 (m/z 3142.5) and S2H7N6F1 (m/z 3864.9) in MSCs as well as S1H6N5F1 (m/z 

3054.5) and S2H7N6F1 (m/z 3864.9) in chondrogenically differentiated MSCs. However, the 

poly-LacNAc signals were decreased in relative amount in day 28 of chondrogenically 

differentiated cells. 

Evaluation of sialylation. Approximately half of the N-glycan structures were found to be 

sialylated. The overall amount of sialylated N-glycans increases by 6 % after day 28 of 

chondrogenic differentiation. Sialylated N-glycans were predominantly monosialylated 

although di-, tri- and tetrasialylated N-glycans were present as well. One third of the 

structures were found to be fully sialylated and the rest of the structures were just partially 

sialylated. In addition, the presence of fully sialylated structures decreased with increased 

antennarity.       
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FIG. 2.19. Quantification of PNGase F-released N-glycans with MALDI-TOF-MS. (A) The average 

relative amounts of the 40 most abundant PNGase F-released N-glycans of undifferentiated human 

MSCs (black) and chondrogenically differentiated MSCs (C) at day 5 (dark grey) and day 28 (light 

grey) derived from four (MSCs, n=4) and three (chondrogenically differentiated MSCs, n=3) different 

preparations, (B) grouped according to their N-glycan type, antennarity and fucosylation. Day 5 and 28 

chondrogenically differentiated MSCs were isolated from their ECM prior to N-glycan analysis. 

Statistical significant difference between the two sample groups undifferentiated MSCs and 28 days 

chondrogenically differentiated MSCs was assessed using Mann-Whitney U test (*p≤0.05) and is 

marked with a star in (B). Blue square represents N-acetylglucosamine, green circle mannose, yellow 
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circle galactose, red triangle fucose and pink diamond N-acetylneuraminic acid. H: hexose, N: N-

acetylhexosamine, F: deoxyhexose, S: N-acetylneuraminic acid.        

 

2.2.2.2 CE-LIF analysis of N-glycans from undifferentiated and 

chondrogenically differentiated human bone marrow mesenchymal stem cells 

About 40 % of the N-glycan pool was analysed by means of CE-LIF in order to confirm the 

structure found by MALDI-TOF-MS. To this end, N-glycans were labeled with APTS and 

chemically desialylated by acetic acid hydrolysis, in order to convert the charged sialylated 

N-glycans into neutral molecules, and thus making separation independent from the charge 

of Neu5Ac. N-Glycans were then desalted on self-made graphite micro-columns and then 

subjected to CE-LIF analysis. Representative electropherograms of PNGase F-released N-

glycans of undifferentiated and day 5 as well as day 28 chondrogenically differentiated MSCs 

without ECM are presented in Fig.2.23 A, B and D. N-glycans were assigned with the help of 

a standard table generated in our laboratory using N-glycans release from reference 

glycoproteins. In addition, MALDI-TOF-MS spectra of the desialylated N-glycan pools were 

used to assign the structures. The main structures were assigned to the electropherogram 

signals. In undifferentiated MSCs (Fig.2.23 A) the biantennary structures H5N4 (8.9 GU) and 

H5N4F1 (9.8 GU) comprised together the main part of the N-glycosylation profile, followed by 

the triantennary N-glycans H6N5 (11.0 GU) and H6N5F1 (12.0 GU) and tetraantennary 

fucosylated structure H7N6F1 (13.7 GU). High-mannose N-glycans such as H5N2 (GU) and 

H6N2 (GU) were detected as well. The relative amount of the biantennary structures H5N4 

(8.9 GU) and H5N4F1 (9.8 GU) increased in day 5 and day 28 of chondrogenically 

differentiated cells without ECM (Fig.2.23 B and D) as can be seen from the peak height of 

the detected N-glycan signals. In contrast, the relative amount of the tri- and tetraantennary 

structures decreased drastically. Very similar distributions of the structures and changes 

during differentiation were obtained from the MALDI-TOF-MS data. Consequently, the CE-

LIF electropherograms confirmed the mass spectrometric profiling. 

 

2.2.2.3 Verification of the identified N-glycan structures in undifferentiated and 

chondrogenically differentiated mesenchymal stem cells with MALDI-TOF/TOF 

sequencing and exoglycosidase digestions 

Verification of the most abundant N-glycan structures was done using specific 

exoglycosidases (see exoglycosidase digestion Table 7) in combination with MALDI-

TOF/TOF-MS fragmentation that was performed in the positive-ion mode. A representative 

MALDI-TOF/TOF mass spectrum is presented in Fig. 2.20 A and B for the N-glycan signal 
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m/z 3142.5 of the composition H7N6F1 derived from human MSCs and of m/z 2418.2 of the 

composition H5N4F2 derived from day 28 chondrogenically differentiated MSCs. PNGase F-

released N-glycans from undifferentiated and chondrogenically differentiated MSCs were 

consecutively digested using the following sequence of digestion: neuraminidase, β(1–4) 

galactosidase, almond meal α(1–3,4) fucosidase, again β(1–4) galactosidase, bovine kidney 

α(1–2,3,4,6) fucosidase and α-mannosidase in order to unravel the presence LewisX 

epitopes and core-fucosylated structures.  

All sialylated N-glycans shifted after digestion with neuraminidase and no sialylated 

structures were detected any longer. All galactosylated N-glycans, except from LewisX-

containing structures, were digested after addition of β(1–4) galactosidase showing that all 

Gal residues are linked in α(1-4)-fashion to GlcNAc. Bifucosylated N-glycans such as 

H5N4F2 (m/z 2418.2), S1H5N4F2 (m/z 2779.3) and S1H6N5F2 (m/z 3228.6) were shown to 

contain one LewisX epitope because one fucosylated antennae containing a Gal residue 

remained after digestion with β(1–4) galactosidase and shifted after addition of α(1–3,4) 

fucosidase and β(1–4) galactosidase. Fucosylated structures shifted after addition of bovine 

kidney α(1–2,3,4,6) fucosidase, indicating that fucosylated N-glycans contained at least one 

core-Fuc that is α(1-6)-linked to the reducing GlcNAc residue. The presence of Man residues 

in high-mannose and hybrid type N-glycans was confirmed by α-mannosidase treatment. In 

addition, the detection of the diagnostic fragment ions N1F1 at m/z 474.0 and N2F1 at m/z 

719.2 proved core-fucosylation for instance in the N-glycans H4N4F1 (m/z 2040.0), 

S1H4N3F1 (m/z 2156.0), H5N4F1 (m/z 2244.1), S1H5N4F1 (m/z 2605.3), H6N5F1 (m/z 

2693.3), S1H5N4F2 (m/z 2779.3), S2H5N4F1 (m/z 2966.4), S1H6N5F1 (m/z 3054.5), 

S2H6N5F1 (m/z 3415.7) and S3H6N5F1 (m/z 3776.8) in undifferentiated and 

chondrogenically differentiated MSCs. The diagnostic fragment ions S1H1N1 at m/z 847.2 

and S1H1 at m/z 620.1 confirmed the presence of a sialylated antenna in S1H5N4 (m/z 

2431.2), S1H5N4F1 (m/z 2605.3) (Fig. 6), S2H5N4 (m/z 2792.3), S2H5N4F1 (m/z 2966.4), 

S1H6N5F1 (m/z 3054.5), S2H6N5F1 (m/z 3415.7), S1H7N6F1 (m/z 3503.7), S3H6N5 (m/z 

3602.7), S3H6N5F1 (m/z 3776.8), S2H7N6F1 (m/z 3864.9), S3H7N6F1 (m/z 4226.1) and 

S4H7N6F1 (m/z 4587.3).  

According to mass calculations, the N-glycan signals G1H5N4 (m/z 2461.2), G1H5N4F1 (m/z 

2635.3), S1G1H5N4 (m/z 2822.4), S1G1H5N4F1 (m/z 2996.4) and G2H5N4F1 (m/z 3026.4) 

contained a Neu5Gc residue, which was verified by the diagnostic fragment ion G1H1N1 

(m/z 877.2) for the N-glycan signals G1H5N4 (m/z 2461.2), G1H5N4F1 (m/z 2635.3), 

S1G1H5N4 (m/z 2822.4) and S1G1H5N4F1 (m/z 2996.4). However, the signal at m/z 2635.3 

was found to correspond to a mix of two different structures, namely S1H6N4 and 

G1H5N4F1. Beside the Neu5Gc-containing N-glycan, the second structure contained an 

antenna with two Gal residues that are connected in linear fashion to each other as well as a 
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sialylated antenna. That was supported by the diagnostic fragment ions H2 m/z 463.0 and 

S1H1N1 m/z 847.2. Neu5Gc signals, such as G1H5N4 at m/z 2461.2 were also observed in 

previous studies (127, 151) as traces in MSCs. The Neu5Gc contamination is most likely 

stemming from cell culture media that contain animal-derived components (144, 152).  

The signals at m/z 1620.8, 1794.9 and 1824.9 may present two different N-glycan isomeric 

structures, one may contain a galactosylated and the other one a non-galactosylated 

antenna (see exoglycosidase digestion Table 7).   

 

 

FIG. 2.20. MALDI-TOF/TOF mass spectrum of m/z 3142.5 of the composition H7N6F1 derived from 

human MSCs (A) and of m/z 2418.2 of the composition H5N4F2 derived from day 28 chondrogenically 

differentiated MSCs (B). Blue square represents N-acetylglucosamine, green circle mannose, yellow 

circle galactose, red triangle fucose and pink diamond N-acetylneuraminic acid.  
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MALDI-TOF/TOF fragmentation revealed that both isomeric forms were present in 

undifferentiated as well as day 28 chondrogenically differentiated MSCs, which was 

supported by the diagnostic fragment ions H1N1H1 m/z 690.1 and m/z 708.2 in case of the 

galactosylated N-glycan and by H2 m/z 445.0 and/ or N1H3 m/z 866.2 in case of the non-

galactosylated structure. In contrast, the structures H5N3F1 (m/z 1999.0), H6N3 (m/z 

2029.0) and H6N3F1 (m/z 2203.0) were identified as galactosylated hybrid-type N-glycans 

and this was verified by the fragment ion H1N1H1 at m/z 690.1 and m/z 708.2. In addition, 

this signals were sensitive to β(1-4) galactosidase.  

The LacNAc motif was found in H6N5F1 (m/z 2693.3), H7N6F1 (m/z 3142.5) and S2H7N6F1 

(m/z 3864.9) in undifferentiated MSCs as well as S1H6N5F1 (m/z 3054.5) and S2H7N6F1 

(m/z 3864.9) in day 28 of chondrogenically differentiated MSCs. The presence of poly-

LacNAc in these structures was verified by the diagnostic fragment ion H2N2 at m/z 935.2.  

 

2.2.2.4 N-glycosylation profile of chondrogenically differentiated mesenchymal 

stem cells with their extracellular matrix (ECM) 

In the previous paragraphs, the cell surface N-glycosylation profile of undifferentiated MSCs 

was presented and compared to the one of chondrogenically differentiated MSCs, which 

were isolated from their ECM prior to N-glycan analysis. In order to examine the influence of 

the ECM on the N-glycosylation profile of chondrogenically differentiated MSCs, day 5 and 

day 28 chondrogenically differentiated MSCs were harvested together with their ECM, 

washed three times with PBS and cell surface (glyco)proteins were digested with trypsin. N-

glycans were then released with PNGase F, purified, desalted and derivatised. 60 % of the 

N-glycan pool was permethylated and measured by means of MALDI-TOF-MS and the rest 

was labeled with APTS for CE-LIF analysis (Fig.2.23 A, C and E). A representative mass 

spectrum of the resulting N-glycosylation profile of human undifferentiated and day 28 

chondrogenically differentiated MSCs with ECM is shown in Fig.2.21 A and B. About 85 

different N-glycan signals were detected with MALDI-TOF-MS (Table 4, see appendix). The 

mean averages of the relative abundances of the 40 most abundant N-glycans are presented 

in Fig. 2.22 A and B and were calculated from four different biological replicates (n=4). The 

cell surface N-glycosylation profile of undifferentiated MSCs was already described in detail 

in the previous paragraphs and will be compared with the profile of chondrogenically 

differentiated cells with their ECM in this section.  
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FIG. 2.21. MALDI-TOF-MS of PNGase F-released N-glycans of undifferentiated and day 28 

chondrogenically differentiated MSCs. Day 28 chondrogenically differentiated MSCs were harvested 

with their ECM prior to N-glycan analysis. Cell surface glycoproteins were directly digested from the 

cells with trypsin. N-glycans were enzymatically cleaved from glycopeptides with PNGase F, 

permethylated and measured by MALDI-TOF-MS. A representative mass spectrum of PNGase F-

released N-glycans of undifferentiated (A) and chondrogenically differentiated human MSCs (B) is 

shown together with the 30 most abundant structures. Blue square represents N-acetylglucosamine, 

green circle mannose, yellow circle galactose, red triangle fucose and pink diamond N-

acetylneuraminic acid.  

 

The mass spectrometric data revealed that the amount of high-mannose N-glycans 

increased drastically from 17 % in MSCs to 48 % in day 28 of chondrogenically differentiated 

cells with ECM. However, the increase was already observed in day 5 chondrogenically 
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differentiated cells with ECM, in which high-mannose N-glycans comprised about 43 % of the 

N-glycan pool. The increase of the high-mannose N-glycans H4N2 (m/z 1375.6), H5N2 (m/z 

1579.7), H6N2 (m/z 1783.8), H8N2 (m/z 2192.0) and H9N2 (m/z 2396.1) was statistically 

significant.  

The amount of hybrid-type N-glycans remained almost the same (about 2 %). Hybrid-type N-

glycans were much less abundant than complex and high-mannose N-glycans and they 

stayed constant with chondrogenic differentiation. Neutral, sialylated as well as fucosylated 

hybrid N-glycans were detected in undifferentiated, day 5 and day 28 chondrogenically 

differentiated MSCs with ECM.  

As the amount of high-mannose N-glycans increased drastically, the overall amount of 

complex N-glycans decreased from 80 % in MSCs to 48 % in day 28 of chondrogenically 

differentiated MSCs. Fucosylated tri- and tetraantennary N-glycans decreased in their 

relative amount by about 4 %, respectively. The decrease was statistically significant for 

fucosylated triantennary structures H6N5F1 (m/z 2693.3), S1H6N5F1 (m/z 3054.5) and 

S2H6N5F1 (m/z 3415.7) as well as tetraantennary N-glycans H7N6F1 (m/z 3142.5), 

S1H7N6F1 (m/z 3503.7), S2H7N6F1 (m/z 3864.9) and S3H7N6F1 (m/z 4226.1). However, 

the fucosylated triantennary structure H3N5F1 (m/z 2081.0) was absent in the profile of 

MSCs and present in day 5 and day 28 chondrogenically differentiated cells with an 

abundance of about 2 %. The relative amount of biantennary fucosylated N-glycans 

decreased dramatically from 61 % in MSCs to 30 % in day 28 chondrogenically differentiated 

cells with ECM. The decrease was significant for the structures H5N4F1 (m/z 2244.1), 

S1H5N4F1 (m/z 2605.3) and S2H5N4F1 (m/z 2966.4). In contrast, the fucosylated 

biantennary N-glycans H3N4F1 (m/z 1835.9), H4N4F1 (m/z 2040.0) and H4N4F2 (m/z 

2214.1) showed a significant increase in relative amount in day 28 chondrogenically 

differentiated cells with ECM. Monoantennary complex N-glycans increased drastically in 

relative amount from 1 % in MSCs to 10 % in day 28 chondrogenically differentiated cells. 

The increase of the structures H3N2F1 (m/z 1345.6) and H3N3F1 (m/z 1590.8) was 

statistically significant. In addition, sialylation decreased drastically from 57 % in 

undifferentiated MSCs to 12 % in day 28 chondrogenically differentiated cells.  
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FIG. 2.22. Quantification of PNGase F-released N-glycans with MALDI-TOF-MS. (A) The average 

relative amounts of the 40 most abundant PNGase F-released N-glycans of undifferentiated human 

MSCs (black) and chondrogenically differentiated MSCs (C) at day 5 (dark grey) and day 28 (light 

grey) derived from four different preparations (n=4), (B) grouped according to their N-glycan type, 

antennarity and fucosylation. Day 5 and 28 chondrogenically differentiated MSCs were harvested with 

their ECM prior to N-glycan analysis. Statistical significance between the two sample groups 

undifferentiated MSCs and 28 days chondrogenically differentiated MSCs was assessed using Mann-

Whitney U test (*p≤0.05) and is marked with a star in (B). Blue square represents N-

acetylglucosamine, green circle mannose, yellow circle galactose, red triangle fucose and pink 
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diamond N-acetylneuraminic acid. H: hexose, N: N-acetylhexosamine, F: deoxyhexose, S: N-

acetylneuraminic acid.   

 

2.2.2.5 CE-LIF analysis of N-glycans from undifferentiated and 

chondrogenically differentiated mesenchymal stem cells with their extracellular 

matrix (ECM) 

N-glycans of undifferentiated and day 5 as well as day 28 chondrogenically differentiated 

MSCs with ECM were subjected to CE-LIF analysis (Fig.2.23 A, C and E). 

 

 

FIG. 2.23. CE-LIF electropherograms of PNGase F-released and desialylated complex-type N-glycans 

from undifferentiated (A), day 5 (B) as well as day 28 (D) chondrogenically differentiated human MSCs 

without ECM and day 5 (C) as well as day 28 (E) chondrogenically differentiated human MSCs with 

ECM. Cells were digested with trypsin in order to release cell surface (glyco)peptides. (Glyco)peptides 

were subjected to PNGase F digestion to release N-glycans, desialylated and measured by CE-LIF. 

Blue square represents N-acetylglucosamine, yellow square N-acetylgalactosamine, white square N-

acetylhexosamine, green circle mannose, yellow circle galactose, red triangle fucose, white diamond 

N-glycolylneuraminic acid and pink diamond N-acetylneuraminic acid. 
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The relative abundances of complex-type N-glycans such as the triantennary fucosylated N-

glycan H6N5F1 (12.0 GU) and tetraantennary fucosylated structure H7N6F1 (13.8 GU) 

decreased in day 28 of chondrogenically differentiated cells with ECM (Fig.2.23 E). In 

contrast, the amount of high-mannose N-glycans (6.7 – 10.5 GU) increased drastically after 

day 28 of chondrogenic differentiation in presence of ECM. Very similar distributions of the 

structures and changes during differentiation were obtained from the MALDI-TOF-MS data. 

Consequently, the CE-LIF electropherograms confirmed the mass spectrometric profiling. 

 

2.2.3 N-Glycosylation profile of undifferentiated and osteogenically 

differentiated human bone marrow mesenchymal stem cells  

2.2.3.1 N-Glycome of mesenchymal stem cells and its changes during 

osteogenic differentiation 

Besides the adipogenic and chondrogenic potential of human bone marrow MSCs, they have 

the ability to differentiate into osteogenic direction. In the following paragraph, the N-

glycosylation profile of undifferentiated and day 5 as well as day 28 osteogenically 

differentiated MSCs will be presented and compared. Early and late time stage 

osteogenically differentiated MSCs were isolated from their extracellular matrix in order to 

obtain the N-glycosylation profile of the pure cells. The procedure for N-glycan isolation and 

analysis was analogous to the one used for the chondrogenic differentiated MSCs. Briefly, 

MSCs and early time stage (day 5) as well as late time stage (day 28) osteogenically 

differentiated cells were harvested and washed three times with PBS. Cell surface 

(glyco)proteins were digested with trypsin yielding to glycopeptides that were subjected to 

PNGase F-digestion. Released N-glycans were purified, desalted and derivatised. 60 % of 

the N-glycan pool was permethylated and measured by means of MALDI-TOF-MS. The rest 

of the N-glycan pool was labeled with the fluorophore APTS in order to detect the N-glycans 

by laser induced fluorescence detection through capillary electrophoresis (CE-LIF).                                                                                                                                                                                

A representative mass spectrum of the resulting N-glycosylation profile of human 

undifferentiated and day 28 osteogenically differentiated MSCs is shown in Fig. 2.24 A and 

B. More than 100 different N-glycan signals were detected with MALDI-TOF-MS (Table 5, 

see appendix). The mean relative abundances of the 35 most abundant N-glycan signals 

calculated from three different biological replicates are presented in Fig. 2.25 A and B. Some 

samples were contaminated with N-glycans from cell culture medium, which were marked 

with a loop (Fig. 2.24) and excluded from the quantification presented in Fig. 2.25. The N-

glycan profiles of the different MSCs and osteogenically differentiated cells analysed were 

highly similar, as can be determined from the small deviations within the observed glycan 

profiles. High-mannose N-glycans comprised about 16 % of the N-glycan pool of MSCs. The 
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overall amount of high-mannose N-glycans decreased in day 5 as well as day 28 of 

osteogenic differentiation by about 7 % and 5 %, respectively. In addition, the high-mannose 

structures H7N2 (m/z 1987.9) and H8N2 (m/z 2192.0) were significantly decreased in day 28 

of osteogenically differentiated MSCs.  

Moreover the amount of hybrid-type N-glycans remained almost the same (about 5 %). 

Neutral, sialylated as well as fucosylated hybrid N-glycans were detected in undifferentiated 

and day 5 and day 28 osteogenically differentiated MSCs.  

Complex N-glycans comprised the major amount of the N-glycan pool of undifferentiated and 

day 5 as well as day 28 of osteogenically differentiated MSCs. The overall amount in MSCs 

was about 58 %, increased by 14 % in day 5 of osteogenic differentiation and decreased 

again by 5 % at day 28 of osteogenic differentiation.  

Evaluation of antennarity. Biantennary complex N-glycans comprised about 7 % of the N-

glycan pool of MSCs and no significant change was observed during osteogenic 

differentiation. In contrast, the amount of biantennary fucosylated structures increased 

dramatically from 30 % in MSCs to 44 % in day 5 and 49 % in day 28 of osteogenically 

differentiated MSCs. In addition, the structures H4N4F1 (m/z 2040.0), H5N4F1 (m/z 2244.1) 

and S1H5N4F1 (m/z 2605.3) were significantly increase after day 28 of osteogenic 

differentiation of MSCs. In contrast, the amount of larger complex-type N-glycans decreased 

during osteogenic differentiation of MSCs. The overall amount of triantennary fucosylated N-

glycans decreased by 3 % in day 28 of osteogenically differentiated cells and the structures 

H6N5F1 (m/z 2693.3), S1H6N5 (m/z 2880.4), S1H6N5F1 (m/z 3054.5), S2H6N5F1 (m/z 

3415.7) as well as S3H6N5F1 (m/z 3776.8) showed statistically significant decreases. The 

amount of tetraantennary fucosylated N-glycans decreased from 7 % in MSCs to 1 % in day 

28 of osteogenically differentiated cells and the most abundant structures H7N6F1 (m/z 

3142.5), S1H7N6F1 (m/z 3503.7), S2H7N6F1 (m/z 3864.9), S3H7N6F1 (m/z 4226.1) and 

S4H7N6F1 (m/z 4587.1) were significantly decreased after osteogenic differentiation. N-

glycans with more than four antennae such as H7N8F1 (m/z 3632.8) and S1H8N7F2 (m/z 

4128.0) were also present but comprised just a minor amount in undifferentiated and 

osteogenically differentiated MSCs (about 2 %). Consequently, the antennarity decreased 

after osteogenic differentiation of MSCs; the amount of biantennary N-glycans increased and 

the amount of tri- and tetraantennary decreased.  

Evaluation of sialylation. The amount of sialylated structures was almost equal in 

undifferentiated MSCs and day 28 osteogenically differentiated cells and comprised about 35 

% of the N-glycan pool. The most abundant sialylated structures were monosialylated but 

fully sialylated N-glycans were detected as well. 
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FIG. 2.24. MALDI-TOF-MS of PNGase F-released N-glycans of undifferentiated and osteogenically 

differentiated MSCs. Day 28 osteogenically differentiated MSCs were isolated from their ECM prior to 

N-glycan analysis. Cell surface glycoproteins were directly digested from the cells with trypsin. N-

glycans were enzymatically cleaved from glycopeptides with PNGase F, permethylated and measured 

by MALDI-TOF-MS. A representative mass spectrum of PNGase F-released N-glycans of 

undifferentiated (A) and osteogenically differentiated human MSCs (B) is shown together with the 35 

most abundant structures. Blue square represents N-acetylglucosamine, green circle mannose, yellow 

circle galactose, red triangle fucose and pink diamond N-acetylneuraminic acid. * Polyhexose 

contaminations are negligible. Non identified peaks.  Cell culture contaminations. 
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FIG. 2.25. Quantification of PNGase F-released N-glycans with MALDI-TOF-MS. (A) The average 

relative amounts of the 35 most abundant PNGase F-released N-glycans of undifferentiated human 

MSCs (black) and osteogenically differentiated MSCs (O) at day 5 (dark grey) and day 28 (light grey) 

derived from three different preparations (n=3), (B) grouped according to their N-glycan type, 

antennarity and fucosylation. Day 5 and 28 osteogenically differentiated MSCs were isolated from their 

ECM prior to N-glycan analysis. Statistical significant difference between the two sample groups 

undifferentiated MSCs and 28 days osteogenically differentiated MSCs was assessed using Mann-

Whitney U test (*p≤0.05) and is marked with a star in (B). Blue square represents N-
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acetylglucosamine, green circle mannose, yellow circle galactose, red triangle fucose and pink 

diamond N-acetylneuraminic acid. H: hexose, N: N-acetylhexosamine, F: deoxyhexose, S: N-

acetylneuraminic acid.   

 

Evaluation of fucosylation. The most abundant fucosylated structures were monofucosylated 

at the reducing GlcNAc of the core structure (see 2.2.3.3). Some N-glycans bore two Fuc 

residues, namely H5N4F2 (m/z 2418.2), S1H5N4F2 (m/z 2779.3) and S1H8N7F2 (m/z 

4128.0). Overall fucosylation increased from 53 % in MSCs to 61 % in day 28 of 

osteogenically differentiated cells. This was mainly affected by the significant increase of 

fucosylated biantennary N-glycans.    

 

2.2.3.2 CE-LIF analysis of N-glycans from undifferentiated and osteogenically 

differentiated human bone marrow mesenchymal stem cells  

About 40 % of the N-glycan pool was analysed by means of CE-LIF, in order to confirm the 

structures found by MALDI-TOF-MS.  

 

 

FIG. 2.26. CE-LIF electropherograms of PNGase F-released and desialylated N-glycans from 

undifferentiated (A), day 5 (B) as well as day 28 (C) osteogenically differentiated human MSCs without 

ECM. Cells were digested with trypsin in order to release cell surface (glyco)peptides. (Glyco)peptides 

were subjected to PNGase F digestion to release N-glycans, desialylated and measured by CE-LIF. 

Blue square represents N-acetylglucosamine, yellow square N-acetylgalactosamine, white square    

N-acetylhexosamine, green circle mannose, yellow circle galactose, red triangle fucose, white 

diamond N-glycolylneuraminic acid and pink diamond N-acetylneuraminic acid.  Cell culture 

contaminations. 
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Representative electropherograms of PNGAse F-released N-glycans of undifferentiated and 

day 5 as well as day 28 osteogenically differentiated MSCs without ECM are presented in 

Fig.2.26 A, B and C.  

N-glycans were assigned with the help of a standard table generated in our laboratory using 

N-glycans release from reference glycoproteins. In addition, MALDI-TOF-MS spectra of the 

desialylated N-glycan pools were used to assign the structures. The overall distribution of the 

N-glycans was very similar to the one found in the MALDI-TOF mass spectra. The main 

structures were assigned to the electropherogram signals. In undifferentiated MSCs (Fig.2.26 

A) the biantennary structures H5N4 (8.9 GU) and H5N4F1 (9.8 GU) comprised together the 

main part of the N-glycosylation profile, followed by the triantennary N-glycan H6N5F1 (12.0 

GU) and tetraantennary fucosylated structure H7N6F1 (13.8 GU). The relative amount of the 

tri- and tetraantennary structures decreased in day 28 of osteogenically differentiated cells 

when compared with day 5 of osteogenic differentiation (Fig.2.26 B and C). The same 

distribution of the main structures was obtained from MALDI-TOF-MS data, which 

consequently was confirmed by the CE-LIF electropherograms. 

 

2.2.3.3 Verification of identified N-glycan structures from undifferentiated and 

osteogenically differentiated mesenchymal stem cells with MALDI-TOF/TOF 

sequencing and exoglycosidase digestions 

Verification of the most abundant N-glycan structures was done using MALDI-TOF/TOF-MS 

fragmentation that was performed in the positive-ion mode. A representative MALDI-

TOF/TOF mass spectrum is presented in Fig. 2.27 A and B for the N-glycan signal m/z 

2693.3 of the composition H6N5F1 derived from human MSCs and of m/z 2244.1 of the 

composition H5N4F1 derived from day 28 of osteogenically differentiated MSCs. The 

diagnostic fragment ions N1F1 at m/z 474.0, N2F1 at m/z 701.2 and/ or N2F1 at m/z 719.2 

revealed core-fucosylation for instance in the N-glycans H5N3F1 (m/z 1999.0), H4N4F1 (m/z 

2040.0), H5N4F1 (m/z 2244.1), H3N6F1 (m/z 2326.1), S1H5N4F1 (m/z 2605.3), H6N5F1 

(m/z 2693.3), S2H5N4F1 (m/z 2966.4), S1H6N5F1 (m/z 3054.5), S2H6N5F1 (m/z 3415.7), 

S1H7N6F1 (m/z 3503.7) and S3H6N5F1 (m/z 3776.8) in undifferentiated and 

chondrogenically differentiated MSCs. The diagnostic fragment ions S1H1N1 at m/z 847.2 

and/ or S1H2N1 at m/z 620.1 confirmed the presence of a sialylated antenna in S1H5N4 

(m/z 2431.2), S1H5N4F1 (m/z 2605.3), S1H6N4 (m/z 2635.3), S1H6N4F1 (m/z 2809.3), 

S2H5N4F1 (m/z 2966.4), S1H6N5F1 (m/z 3054.5), S2H6N5F1 (m/z 3415.7), S1H7N6F1 

(m/z 3503.7) and S3H6N5F1 (m/z 3776.8).  
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FIG. 2.27. MALDI-TOF/TOF mass spectrum of m/z 2693.3 of the composition H6N5F1 derived from 

human MSCs (A) and of m/z 2244.1 of the composition H5N4F1 derived from day 28 osteogenically 

differentiated MSCs (B). Blue square represents N-acetylglucosamine, green circle mannose, yellow 

circle galactose, red triangle fucose and pink diamond N-acetylneuraminic acid.  

 

The two bifucosylated structures H5N4F2 (m/z 2418.2) and S1H5N4F2 (m/z 2779.3) 

contained one Fuc that is linked to the reducing GlcNAc of the core and one Fuc residue that 

is linked to a GlcNAc residue of one of the antenna. The diagnostic fragment ions N1F1 at 

m/z 474.0, N2F1 at m/z 701.2 and/ or N2F1 at m/z 719.2 revealed the core-linked Fuc and 

the diagnostic fragment ion H1N1F1 at m/z 660.1 the antennary-linked Fuc. Most probably, 

the two bifucosylated structures contain the LewisX epitope.  
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According to mass calculation the N-glycan signals G1H4N4 (m/z 2258.1), G1H5N4 (m/z 

2461.2), S1G1H5N4 (m/z 2822.4) and S1G1H5N4F1 (m/z 2996.4) contain a Neu5Gc 

residue, which could not be verified by the MALDI-TOF/TOF fragmentation due to the low 

signal intensities of the peaks. However, the signal m/z 2635.3 was found to correspond to 

two different isomers, namely S1H6N4 and G1H5N4F1. Beside the Neu5Gc-containing N-

glycan, which was verified by the diagnostic ion fragment N1H1G1 (m/z 877.2), the second 

structure contains an antenna with two Gal units that are connected to each other in linear 

fashion and a sialylated antenna, which was supported by the diagnostic ion fragment H2 

m/z 463.0 and N1H1S1 m/z 847.2. Neu5Gc signals, such as G1H5N4 at m/z 2461.2 were 

also observed in previous studies (127, 151) in MSCs, but these glycans were only found as 

traces. The Neu5Gc contamination is most likely stemming from cell culture media that 

contain animal-derived components (144, 152).  

The signals m/z 1824.9 and m/z 1999.0 may present two different hybrid N-glycan structures, 

either one with a galactosylated antenna or a non-galactosylated one. MALDI-TOF/TOF 

fragmentation revealed that they present two isomeric structures in day 28 of osteogenically 

differentiated MSCs, which was supported by the diagnostic fragment ions H1N1 at m/z 

471.0. H2N1 and/ or m/z 708.2 in case of the galactosylated N-glycan and by H3 at m/z 

648.1 and/ or H2N2 at m/z 938.2 in case of the non-galactosylated structure. In contrast, the 

structure H6N3 (m/z 2029.0) was identified as galactosylated hybrid-type N-glycan and this 

was verified by the fragment ions H1N1 at m/z 471.0 and m/z 708.2 as well as H3 at m/z 

667.1.  

The LacNAc motif was found in the structures H6N5F1 (m/z 2693.3), S1H6N5 (m/z 2880.4) 

and H7N6F1 (m/z 3142.5) in undifferentiated MSCs as well as in day 28 of osteogenically 

differentiated MSCs. The presence of poly-LacNAc in these structures was verified by the 

diagnostic fragment ion H2N2 at m/z 935.2.  

 

2.2.3.4 N-glycosylation profile of osteogenically differentiated MSCs with their 

extracellular matrix (ECM) 

The results obtained from chondrogenic differentiation of MSCs revealed that the ECM, 

which is secreted by the chondrogenically differentiated cells and typically found in 

connective tissues such as fibroblasts, bone, tendon and cartilage, seems to influence the N-

glycosylation pattern of these cells. The N-glycosylation pattern of chondrogenically 

differentiated MSCs isolated from their ECM was significantly different from the one obtained 

from the same cells inclusively their ECM. Thus, the N-glycosylation pattern of day 5 

osteogenically differentiated cells without ECM was investigated, presented in the previous 

section, and compared with the profile obtained from the same cells inclusively their ECM. A 
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representative mass spectrum of the resulting N-glycosylation profile of day 5 osteogenically 

differentiated MSCs with and without ECM is shown in Fig. 2.28 A and B. More than 100 

different N-glycan signals were detected with MALDI-TOF-MS in day 5 osteogenically 

differentiated MSCs. The MALDI-TOF mass spectra showed some little quantitative 

differences in the N-glycosylation profile of day 5 osteogenically differentiated MSCs with and 

without ECM. The relative abundances of the 32 most abundant N-glycans derived from 

three different biological replicates are presented in Fig. 2.29 A and B. Some samples were 

contaminated with N-glycans from cell culture medium, which were marked with a loop (Fig. 

2.28) and excluded from the quantification shown in Fig. 2.29. The main differences obtained 

from this data were that day 5 osteogenically differentiated MSCs with ECM contained less 

triantennary fucosylated N-glycans (about 4 %) and more biantennary fucosylated as well as 

tetraantennary fucosylated structures (3 % and 1 %, respectively) when compared with day 5 

osteogenically differentiated cells without ECM. The overall amount of complex-type N-

glycans as well as the amount of fucosylated structures was the same in day 5 

osteogenically differentiated cells with and without ECM.  

Sialylation was about 10 % lower in day 5 osteogenically differentiated MSCs with ECM. 

Based on these results the ECM seems to influence the N-glycosylation pattern of 

osteogenically differentiated cells mainly with respect to the sialylation. Antennarity and 

fucosylation stayed constant in day 5 osteogenically differentiated cells with and without 

ECM.   
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FIG. 2.28. MALDI-TOF-MS of PNGase F-released N-glycans of day 5 osteogenically differentiated 

MSCs. A representative mass spectrum of PNGase F-released N-glycans of day 5 osteogenically 

differentiated MSCs with ECM (A) and day 5 osteogenically differentiated MSCs without ECM (B) is 

shown together with the 40 most abundant structures. Cell surface glycoproteins were directly 

digested from the cells with trypsin. N-glycans were enzymatically cleaved from glycopeptides with 

PNGase F, permethylated and measured by MALDI-TOF-MS. Blue square represents N-

acetylglucosamine, green circle mannose, yellow circle galactose, red triangle fucose and pink 

diamond N-acetylneuraminic acid. * Polyhexose contaminations are negligible. Non identified 

peaks.  Cell culture contaminations. 
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FIG. 2.29. Quantification of PNGase F-released N-glycans with MALDI-TOF-MS. (A) The average 

relative amounts of the 40 most abundant PNGase F-released N-glycans of undifferentiated human 

MSCs (black) and of day 5 osteogenically differentiated MSCs (O) with ECM (dark grey) and without 

ECM (light grey) derived from four (MSCs, n=4) and three (osteogenically differentiated MSCs, n=3) 

different preparations, (B) grouped according to their N-glycan type, antennarity and fucosylation. Blue 

square represents N-acetylglucosamine, green circle mannose, yellow circle galactose, red triangle 

fucose and pink diamond N-acetylneuraminic acid. H: hexose, N: N-acetylhexosamine, F: 

deoxyhexose, S: N-acetylneuraminic acid.   
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2.2.4 Glycan-based biomarkers of adipogenically, chondrogenically and 

osteogenically differentiated mesenchymal stem cells 

PNGase F-released N-glycans of MSCs and their adipogenic, chondrogenic and osteogenic 

counterparts were characterised with MALDI-TOF-MS and CE-LIF and the relative 

abundance of each detected N-glycan signal was further quantified using MALDI-TOF-MS. 

The relative intensity for each detected glycan signal has been calculated and represents the 

percentage of total glycan profile, which has been given a value of 100 %. We and others 

have found that the percentages determined in this way are suitable for relative quantification 

of single glycan structures and thus comparison of changes in glycan profiles especially 

between closely related samples that are treated similarly (153-156). In addition, mean 

relative abundances were calculated from three different biological replicates. Statistical 

significant differences in relative abundance of N-glycans between the sample groups 

undifferentiated MSCs and day 15 adipogenically, day 28 chondrogenically or day 28 

osteogenically differentiated cells were assessed using Mann-Whitney U test (*p≤0.05).  

 

 

FIG. 2.30A Glycan-based biomarkers of undifferentiated and day 15 adipogenically differentiated 

MSCs. Statistical significance between the two sample groups undifferentiated MSCs and 15 days 

adipogenically differentiated MSCs was assessed using Mann-Whitney U test (*p≤0.05). Based on the 

test, the listed N-glycans were significantly overexpressed. 

 

The N-glycans, which were significantly increased in undifferentiated MSCs and day 15 

adipogenically differentiated cells are depicted in Fig.2.30A. In MSCs potential glycan-based 

biomarkers were mainly of complex-type and contained three to four antennae (m/z 2519.2, 
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2880.4, 3142.5, 3329.6 and 3503.7). In addition, two hybrid N-glycans and the high-mannose 

structure Man9 were statistically significant in MSCs (m/z 1579.7, 1783.8 and 2151.0, 

respectively). In contrast, glycan-based complex-type biomarkers of day 15 adipogenically 

differentiated cells possess maximum two antennae and at least one Fuc (m/z 1590.8, 

1835.9, 2418.2, 2592.3 and 2966.4). Two were of high-mannose type (m/z 1334.6 Man5 and 

1538.7 Man6).         

Potential glycan-based biomarkers of undifferentiated and day 28 chondrogenically 

differentiated cells without their ECM are presented in Fig.30B. Complex-type N-glycan 

structures that were significantly increased in MSCs possess three to four antennae and 

were all core-fucosylated (m/z 2693.3, 3054.5, 3142.5, 3503.7 and 3864.9). One statistically 

significant structure was of the high-mannose N-glycan Man7 (m/z 1987.9). In contrast, 

significantly increased N-glycans of day 28 chondrogenically differentiated cells have one to 

two antennae (m/z 2156.0, 2779.3 and 2966.4), however, one triantennary and trisialylated 

structure m/z 3776.8 was determined as potential glycan-based biomarker as well. 

Significantly increased complex-type N-glycans of MSCs when compared to day 28 

chondrogenically differentiated cells without ECM were also statistically significant when 

compared to day 28 chondrogenically differentiated cells with ECM (Fig. 2.30B). Glycan-

based biomarkers determined for undifferentiated MSCs when compared to the sample 

group day 28 chondrogenically differentiated cells with ECM were all of complex-type, bi-, tri 

or tetraantennary and core-fucosylated (Fig. 2.30B). Most of them were sialylated and all of 

them were fully galactosylated structures.        
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FIG. 2.30B Glycan-based biomarkers of undifferentiated and day 28 chondrogenically differentiated 

MSCs without and with their ECM. Statistical significance between the two sample groups 

undifferentiated MSCs and 28 days chondrogenically differentiated MSCs was assessed using Mann-

Whitney U test (*p≤0.05). Based on the test, the listed N-glycans were significantly overexpressed.    

 

In comparison, glycan-based biomarkers determined for day 28 chondrogenically 

differentiated cells with ECM possess just zero, one or two antennae and at least one Fuc 

that is attached to the reducing GlcNAc of the core (m/z 1345.6, 1590.8, 1835.9, 2040.0, 

2081.0 and 2214.1). Four of the complex-type structures were agalactosylated and two of 
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them were partially galactosylated. In addition, the high-mannose structures Man5 (m/z 

1579.7), Man6 (m/z 1783.8), Man8 (m/z 2192.0) and Man9 (m/z 2396.1) were significantly 

increased in day 28 chondrogenically differentiated cells with ECM. 

 

 

FIG. 2.30C Glycan-based biomarkers of undifferentiated and day 28 osteogenically differentiated 

MSCs. Statistical significant difference between the two sample groups undifferentiated MSCs and 28 

days osteogenically differentiated MSCs was assessed using Mann-Whitney U test (*p≤0.05). Based 

on the test, the listed N-glycans were significantly overexpressed.  

 

Glycan-based biomarkers that were determined for MSCs when compared to day 28 

osteogenically differentiated cells contained three to five antennae and were fucosylated and/ 

or sialylated (Fig. 2.30C). In addition, the two high-mannose N-glycans Man7 (m/z 1987.9) 

and Man8 (m/z 2192.0) were statistically significant in undifferentiated MSCs. N-glycans that 

were significantly increased in day 28 osteogenically differentiated cells without ECM were 
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exclusively complex-type, biantennary and galactosylated (m/z 2040.0, 2070.0, 2244.1, 

2431.2 and 2605.3). Some of them contained a core-fucose and were sialylated.  

In conclusion, N-glycan structures that were determined as glycan-based biomarkers for 

undifferentiated MSCs were mainly complex-type structures with three to five antennae. This 

was not the case when MSCs were differentiated into adipogenic, chondrogenic or 

osteogenic cells, in which statistically significant complex-type structures bore mostly just 

one or two antennae.   

 

2.3 N-Glycosylation profile of mesenchymal stem cells depends on the passage 

number  

As already mentioned in the introduction, the cell surface of SCs is covered with a dense 

layer, which is composed of complex glycans and they are the main components of the 

glycocalyx (60, 108). Different cell types express different glycan signatures making the 

carbohydrate structures, which are embedded in the glycocalyx, characteristic markers for a 

particular cell type. In this paragraph the stability of the cell surface N-glycosylation pattern of 

MSCs with regard to the passage number will be presented. The N-glycosylation profile 

presented in the previous sections was obtained from MSCs of the passage three, which will 

be compared with passage eight MSCs. A representative MALDI-TOF mass spectrum of 

MSCs of passage three and eight are presented in Fig.2.31 A and B, respectively. More than 

90 different N-glycan signals were detected with MALDI-TOF-MS in undifferentiated MSCs of 

the passage three and eight. Based on the mass spectra it can be concluded that the N-

glycosylation profiles were qualitatively very similar but some quantitative differences in the 

high-mannose and complex N-glycans existed. The relative abundances of the 50 most 

abundant N-glycans derived from four (passage three) and three (passage eight) different 

biological replicates are presented in Fig. 2.32. The high-mannose N-glycans H5N2 (m/z 

1579.7), H8N2 (m/z 2192.0) and H9N2 (m/z 2396.1) were together increased by 6 % in 

passage eight MSCs. The complex-type N-glycans H5N4 (m/z 2070.0), H5N4F2 (m/z 

2418.2) and S1H5N4 (m/z 2431.2) were increased in passage eight MSCs by about 7 %. In 

contrast, the complex-type N-glycans H5N4F1 (m/z 2244.1), S1H5N4F1 (m/z 2605.3), 

S2H5N4F1 (m/z 2966.4), S1H6N5F1 (m/z 3054.5), S2H6N5F1 (m/z 3415.7) and S1H7N6F1 

(m/z 3503.7) were dramatically decreased in passage 8 MSCs by about 42 %. These results 

show that the passage number influenced the N-glycosylation profile of MSCs dramatically.  
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FIG. 2.31. MALDI-TOF-MS of PNGase F-released N-glycans of undifferentiated MSCs at different 

passages. A representative mass spectrum of undifferentiated MSCs at passage 3 (A) and passage 8 

(B) is shown together with the 40 most abundant structures. Cell surface glycoproteins were directly 

digested from the cells with trypsin. N-glycans were enzymatically cleaved from glycopeptides with 

PNGase F, permethylated and measured by MALDI-TOF-MS. Blue square represents N-

acetylglucosamine, green circle mannose, yellow circle galactose, red triangle fucose and pink 

diamond N-acetylneuraminic acid. * Polyhexose contaminations are negligible. Non identified 

peaks. 
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FIG. 2.32. Quantification of PNGase F-released N-glycans of MSCs with MALDI-TOF-MS. The 

average relative amounts of the 50 most abundant PNGase F-released N-glycans of undifferentiated 

human MSCs at passage 3 (black) and passage 8 (dark grey) derived from four (passage 3, n=4) and 

three (passage 8, n=3) different preparations. Blue square represents N-acetylglucosamine, green 

circle mannose, yellow circle galactose, red triangle fucose and pink diamond N-acetylneuraminic 

acid. H: hexose, N: N-acetylhexosamine, F: deoxyhexose, S: N-acetylneuraminic acid.   

 

2.4 N-Glycosylation profile of chondrogenic dedifferentiated cells 

The primary source of MSCs is bone marrow, but adipose tissue, synovium, periosteum, 

amniotic fluid, placenta and umbilical cord blood also contain MSCs and can therefore be 

used as alternative cell sources (157). Another possibility to obtain MSCs is the process of 

dedifferentiation, which describes a return of differentiated cells to an earlier stage with an 

extended differentiation potential. Studies by Woodbury et al. and Li et al. described the 

ability of MSC-derived neurons to revert back to MSC morphology (158, 159). But it was 

unknown whether these dedifferentiated MSCs were similar to MSCs. The process of 

dedifferentiation is an alternative way to assess SCs in a more simple and rapid way and is 

of great interest in the field of regenerative SC therapy. The glycosylation status of the cell 

can be used to determine its differentiation state. In the following section the N-glycosylation 

profile of undifferentiated MSCs will be compared to the one of chondrogenically 

dedifferentiated as well as chondrogenically differentiated cells to determine similarities or 

differences. A representative MALDI-TOF mass spectrum of undifferentiated MSCs and 

chondrogenically dedifferentiated cells are presented in Fig.2.33 A and B, respectively. More 

than 100 different N-glycan signals were detected with MALDI-TOF-MS in undifferentiated 

MSCs and chondrogenically dedifferentiated cells. The relative abundances of the 40 most 
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abundant N-glycans derived from four (undifferentiated MSCs and chondrogenically 

dedifferentiated cells) and three (chondrogenically differentiated MSCs) biological replicates 

are presented in Fig.2.34. Dedifferentiation of chondrogenically differentiated cells 

theoretically gives rise to MSCs with a similar N-glycosylation profile as found for 

undifferentiated MSCs. In fact, the N-glycosylation profiles of undifferentiated MSCs and 

chondrogenically dedifferentiated cells exhibited many similarities but differences were 

detected as well. Complex-type and high-mannose structures that were very similar in 

quantities were H5N2 (m/z 1579.7), H6N2 (m/z 1783.8), H7N2 (m/z 1987.9), S1H5N4 (m/z 

2431.2), H6N5F1 (m/z 2693.3), H7N6F1 (m/z 3142.5), S2H6N5F1 (m/z 3415.7), S1H7N6F1 

(m/z 3503.7) and S2H7N6F1 (m/z 3864.9) and accounted together 24 % in MSCs and 27 % 

in chondrogenically dedifferentiated cells. The presence of these structures with very similar 

relative amounts in undifferentiated MSCs and chondrogenically dedifferentiated cells 

indicated that the dedifferentiated cells possess a stem cell-like N-glycosylation pattern. On 

the other hand, some complex- and high-mannose-type N-glycans were quite different in 

quantities such as H5N4 (m/z 2070.0), H8N2 (m/z 2192.0), H5N4F1 (m/z 2244.1), H9N2 

(m/z 2396.1), H6N5 (m/z 2519.2) and S1H5N4F1 (m/z 2605.3), which accounted together 59 

% in MSCs and 39 % in chondrogenically dedifferentiated cells. In addition, some structures 

such as H3N4 (m/z 1661.8), H3N5F1 (m/z 2081.0), H5N3F1 (m/z 2173.0), H3N6F1 (m/z 

2326.1), S1H4N5 (m/z 2472.2), H7N4 (m/z 2478.2), H6N5 (m/z 2519.2), S1H5N5 (m/z 

2676.3), S1H6N6F1 (m/z 3299.6), H7N8F1 (m/z 3632.8), S1H8N7F1 (m/z 3952.9) and 

S3H8N7F1 (m/z 4676.1) were present as traces in chondrogenically dedifferentiated cells but 

not in undifferentiated MSCs and accounted together 9 %. Thus, the differences in the N-

glycosylation profiles of MSCs and chondrogenically dedifferentiated cells were quantitative 

but qualitative as well.  



RESULTS 

102 
 

 

FIG. 2.33. MALDI-TOF-MS of PNGase F-released N-glycans. A representative mass spectrum of 

undifferentiated MSCs (A) and chondrogenic dedifferentiated MSCs (B) is shown together with the 55 

most abundant structures. Cell surface glycoproteins were directly digested from the cells with trypsin. 

N-glycans were enzymatically cleaved from glycopeptides with PNGase F, permethylated and 

measured by MALDI-TOF-MS. Blue square represents N-acetylglucosamine, green circle mannose, 

yellow circle galactose, red triangle fucose and pink diamond N-acetylneuraminic acid. * Polyhexose 

contaminations are negligible. Non identified peaks.  Cell culture contaminations. 

 

The N-glycosylation pattern of chondrogenically dedifferentiated cells and day 28 

chondrogenically differentiated MSCs possess many similarities such as in the structures 

H5N2 (m/z 1579.7), H5N4F1 (m/z 2244.1), H5N4F2 (m/z 2418.2), S1H5N4 (m/z 2431.2), 

S1H6N5F1 (m/z 3054.5) and S2H6N5F1 (m/z 3415.7), which had the same relative 
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abundances and accounted together about 24 % in chondrogenically dedifferentiated cells 

and 25 % in chondrogenically differentiated MSCs. These results indicated that the 

chondrogenically dedifferentiated cells were still in a chondrogenic-like differentiation stage. 

The N-glycosylation profile of chondrogenically dedifferentiated cells possesses partial 

similarities with undifferentiated MSCs and at the same time with chondrogenically 

differentiated MSCs. The cells may be in a stage between undifferentiated MSCs and 

chondrogenically differentiated MSCs. Finally this example showed that the N-glycosylation 

profile can be used as an indicator of the differentiation stage for quality control of SCs.  

      

 

FIG. 2.34. Quantification of PNGase F-released N-glycans with MALDI-TOF-MS. The average relative 

amounts of the 44 most abundant PNGase F-released N-glycans of undifferentiated human MSCs 

(black), day 35 chondrogenic dedifferentiated cells (dark grey) and day 28 chondrogenically 

differentiated MSCs (light grey) derived from four (MSC and day 35 chondrogenic dedifferentiated 

cells, n=4) and three (day 29 chondrogenically differentiated MSCs, n=3) different preparations. Blue 

square represents N-acetylglucosamine, green circle mannose, yellow circle galactose, red triangle 

fucose and pink diamond N-acetylneuraminic acid. H: hexose, N: N-acetylhexosamine, F: 

deoxyhexose, S: N-acetylneuraminic acid. 
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2.5 N-Glycosylation Profile of Undifferentiated ESCs and its changes during 

endoderm differentiation into hepatocyte-like cells  

2.5.1 N-Glycosylation Profile of ESCs before and after differentiation into 

hepatocyte-like cells  

ESCs were differentiated into hepatocyte-like cells by the working group of Dr. Katrin 

Zeilinger (Charité-Universitätsmedizin Berlin, BCRT, Biomedizinisches Forschungszentrum). 

The cell surface N-glycosylation profile of undifferentiated human ESCs was investigated by 

MALDI-TOF-MS to identify the cell surface structures typical for ESCs. Seven different ESC 

preparations were used for the hepatogenic differentiation in order to obtain seven biological 

replicates. The N-glycosylation profile of undifferentiated, early time point (definitive 

endoderm) and late time point (hepatocyte-like cells) hepatogenically differentiated ESCs 

was investigated to monitor the changes of the N-glycosylation pattern during hepatogenic 

differentiation. The different cell samples were harvested and washed three times with PBS. 

Cell surface (glyco)proteins were digested with trypsin yielding to glycopeptides that were 

subjected to PNGase F-digestion. The released N-glycans were purified, desalted and 

derivatised. 60 % of the N-glycan pool was permethylated and measured by means of 

MALDI-TOF-MS. The rest of the N-glycan pool was labeled with the fluorophore APTS in 

order to detect the N-glycans by laser induced fluorescence detection through capillary 

electrophoresis. The N-glycosylation pattern of ESCs was compared to the one of definitive 

endoderm cells and hepatocyte-like cells that were obtained from differentiation of ESCs. A 

representative MALDI-TOF mass spectrum is presented in Fig.2.35 A and B.  

High-mannose N-glycans comprised about 39 % of the N-glycan pool of ESCs, which had 

the form H4-9N2. The mass spectra revealed bi-, tri- and tetraantennary complex N-glycans. 

Fucosylated structures were predominantly monofucosylated but minor amounts of bi- and 

trifucosylated N-glycans were detected as well. The main part of the sialylated N-glycans 

were monosialylated and a minor part was bearing two or three terminal N-acetly neuraminic 

acid residues (Neu5Ac).  

Some complex N-glycans were fully galactosylated such as H5N4F1 (m/z 2244.1), S1H5N4 

(m/z 2431.2), S1H5N4F1 (m/z 2605.3), H6N5F1 (m/z 2693.3), H7N6F1 (m/z 3142.5) and 

S1H7N6 (m/z 3330.6). In contrast, the N-glycans H3N4 (m/z 1661.7), H3N4F1 (m/z 1835.7), 

H4N4F1 (m/z 2040.0), H3N5F1 (m/z 2081.0), H4N5F1 (m/z 2285.1), H5N5F1 (m/z 2489.2), 

H4N6F1 (m/z 2530.2), H5N6F1 (m/z 2734.3) and H6N6F1 (m/z 2938.4) were just partially 

galactosylated.  
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FIG. 2.35. MALDI-TOF-MS of PNGase F-released N-glycans. A representative mass spectrum of 

undifferentiated ESCs (A) and hepatocyte-like cells (B) is shown together with the 40 most abundant 

structures. Cell surface glycoproteins were directly digested from the cells with trypsin. N-glycans were 

enzymatically cleaved from glycopeptides with PNGase F, permethylated and measured by MALDI-

TOF-MS. Blue square represents N-acetylglucosamine, green circle mannose, yellow circle galactose, 

red triangle fucose and pink diamond N-acetylneuraminic acid. * Polyhexose contaminations are 

negligible.  

 

In hepatocyte-like cells, that were differentiated from ESCs, the high-mannose structures H4-

9N2 were detected as well. Complex N-glycans were predominantly biantennary, followed by 

tri- and tetraantennary N-glycans as well as tetraantennary structures with one additional 

LacNAc chain. The major amount of complex N-glycans in hepatocyte-like cells was fully 
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galactosylated. Fucosylated N-glycans were mono- or bifucosylated and just partially 

sialylated with Neu5Ac. The relative abundances of the 30 most abundant N-glycans derived 

from seven (undifferentiated ESCs), four (definitive endoderm cells) and eight (hepatocyte-

like cells) different biological replicates are presented in Fig.2.36 and the relative abundance 

of all detected signals were listed in table 6 (see appendix). 

The amount of high-mannose structures were dramatically decreased from 39 % in ESCs to 

18 % in hepatocyte-like cells. In addition, the high-mannose structures H6N2 (m/z 1783.7), 

H7N2 (m/z 1987.7), H8N2 (m/z 2191.8) and H9N2 (m/z 2396.1) were significantly decreased 

in hepatocyte-like cells.  

Hybrid N-glycans were present as well but were minor in amount. It was possible to detect 

neutral and fucosylated hybrid-type structures in ESCs as well as in hepatocyte-like cells. In 

addition, sialylated hybrid N-glycans were present in hepatocyte-like cells. The amount of 

hybrid N-glycans was very low (about 3 % in ESCs) although the structures H4N3F1 (m/z 

1794.9) and H5N3F1 (m/z 1999.0) were significantly decreased in hepatocyte-like cells.  

The amount of biantennary N-glycans inceased drastically from 11 % in ESCs to 49 % in 

hepatocyte-like cells and comprised the main part of complex-type N-glycans. Especially the 

fucosylated biantennary N-glycans were significantly more present in hepatocyte-like cells. 

The biantennary structures H5N4 (m/z 2069.8), S1H5N4 (m/z 2431.2) and fucosylated 

biantennary N-glycans H5N4F1 (m/z 2244.1), H5N4F2 (m/z 2418.2), S1H5N4F1 (m/z 

2605.3) as well as S2H5N4F1 (m/z 2966.4) were significantly increased in hepatocyte-like 

cells. In addition, triantennary fucosylated N-glycans were increased in hepatocyte-like cells 

in which the N-glycans H6N5F1 and S1H6N5F1 were statistically significant.  
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FIG. 2.36. Quantification of PNGase F-released N-glycans with MALDI-TOF-MS. The average relative 

amounts of the 30 most abundant PNGase F-released N-glycans of undifferentiated human ESCs 

(black), definitive endoderm cells (dark grey) and hepatocyte-like cells (light grey) derived from seven 

(ESCs and hepatocyte-like cells, n=7) and four (definitive endoderm cells, n=4) different preparations. 

Statistical significant difference between the two sample groups undifferentiated ESCs and 

hepatocyte-like cells was assessed using Mann-Whitney U test (*p≤0.05) and is marked with a star in 

(B). Blue square represents N-acetylglucosamine, green circle mannose, yellow circle galactose, red 

triangle fucose and pink diamond N-acetylneuraminic acid. H: hexose, N: N-acetylhexosamine, F: 

deoxyhexose, S: N-acetylneuraminic acid.           
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2.5.2 CE-LIF analysis of N-glycans from undifferentiated embryonic stem cells 

and hepatocyte-like cells 

About 40 % of the N-glycan pool was analysed by means of CE-LIF, in order to confirm the 

structures found by MALDI-TOF-MS. Representative electropherograms of PNGAse F-

released N-glycans of undifferentiated ESCs and hepatocyte-like cells are presented in 

Fig.2.37 A and B. N-Glycans were assigned with the help of a standard table generated in 

our laboratory using N-glycans release from reference glycoproteins. In addition, MALDI-

TOF-MS spectra of the desialylated N-glycan pools were used to assign the structures. The 

main structures were assigned to the electropherogram signals. In undifferentiated ESCs 

(Fig.2.37 A) high-mannose structures such as H5N2 (6.7 GU), H6N2 (7.5 GU) and H8N2 (9.3 

GU) were detected. In addition, the biantennary structures H3N4F1 (7.6 GU), H5N4F1 (9.8 

GU) and H5N5F1 (10.4 GU) were assigned to the electropherogram. Furthermore the 

partially galactosylated tetraantennary N-glycans H4N6F1 (10.9 GU), H5N6F1 (12.0 GU) and 

H6N6F1 (12.8 GU) as well as the fully galactosylated tetraantennary fucosylated structure 

H7N6F1 (13.8 GU) were detected.  

 

FIG. 2.37. CE-LIF electropherograms of PNGase F-released and desialylated N-glycans from 

undifferentiated ESCs (A) and hepatocyte-like cells (B). Cells were digested with trypsin in order to 

release cell surface (glyco)peptides. (Glyco)peptides were subjected to PNGase F digestion to release 

N-glycans, desialylated and measured by CE-LIF. Blue square represents N-acetylglucosamine, 

yellow square N-acetylgalactosamine, white square N-acetylhexosamine, green circle mannose, 

yellow circle galactose, red triangle fucose, white diamond N-glycolylneuraminic acid and pink 

diamond N-acetylneuraminic acid. * Polyhexose contaminations are negligible.   
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In hepatocyte-like cells (Fig.2.37 B) the biantennary N-glycans H4N4F1 (8.5 GU), H5N4 (8.9 

GU), H4N5F1 (9.2 GU), H5N4F1 (9.8 GU), H5N5F1 (10.2 GU) and H5N4F2 (10.5 GU) 

comprised the major part of complex N-glycans followed by triantennary structures such as 

H6N5F1 (12.0 GU) and tetraantennary N-glycan H7N6F1 (13.8 GU). High-mannose N-

glycans such as H5N2 (6.7 GU), H6N2 (7.5 GU) and H8N2 (9.3 GU) were detected as well. 

Very similar distributions of the structures and changes during differentiation were obtained 

from the MALDI-TOF-MS data. Consequently, the CE-LIF electropherograms confirmed the 

mass spectrometric profiling. 

 

2.5.3 Verification of identified N-glycan structures from undifferentiated 

embryonic stem cells and hepatocyte-like cells with MALDI-TOF/TOF 

sequencing and exoglycosidase digestions 

Verification of the most abundant N-glycan structures was done using specific 

exoglycosidases (see exoglycosidase digestion Table 8) in combination with MALDI-

TOF/TOF-MS fragmentation that was performed in the positive-ion mode. A representative 

MALDI-TOF/TOF mass spectrum is presented in Fig. 2.38 A and B for the N-glycan signal 

m/z 2938.4 of the composition H6N6F1 derived from human ESCs and of m/z 2285.0 of the 

composition H4N5F1 derived from hepatocyte-like cells. PNGase F-released N-glycans from 

hepatocyte-like cells were consecutively digested using the following sequence of digestion: 

neuraminidase, β(1–4) galactosidase, almond meal α(1–3,4) fucosidase, again β(1–4) 

galactosidase, bovine kidney α(1–2,3,4,6) fucosidase and α-mannosidase in order to unravel 

the presence LewisX epitopes and core-fucosylated structures.  

All sialylated N-glycans shifted after digestion with neuraminidase and no sialylated 

structures were detected any longer. The diagnostic fragment ions S1H1N1 at m/z 847.2 and 

S1H2N1 at m/z 620.1 confirmed the presence of a sialylated antenna in S1H5N4F1 (m/z 

2605.3), S1H5N4F2 (m/z 2779.3), S1H5N5F1 (m/z 2850.4), S2H5N4F1 (m/z 2966.4), 

S1H6N5F1 (m/z 3054.5), S2H6N5F1 (m/z 3415.7), S1H7N6F1 (m/z 3503.7) and S2H7N6F1 

(m/z 3864.9) of hepatocyte-like cells.  

Almost all N-glycans containing Gal residues were digested after addition of β(1–4) 

galactosidase showing that almost all Gal residues were linked in α(1-4)-fashion to GlcNAc.  

Bifucosylated N-glycans of hepatocyte-like cells such as H4N4F2 (m/z 2214.1), H5N4F2 (m/z 

2418.2), H4N5F2 (m/z 2459.2), H5N5F2 (m/z 2663.3), S1H5N4F2 (m/z 2779.3) and 

S1H6N5F2 (m/z 3228.6) were shown to contain one LewisX epitope since after digestion with 

β(1–4) galactosidase one fucosylated antennae containing a Gal residue remained and this 

structure shifted after addition of α(1–3,4) fucosidase and β(1–4) galactosidase. In addition, 

the diagnostic fragment ion H1N1F1 (m/z 660.1) revealed the presence of a fucosylated 
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antennae in hepatocyte-like cells and therefore confirmed the exoglycosidase results. Most 

of the fucosylated structures shifted after addition of bovine kidney α(1–2,3,4,6) fucosidase, 

indicating that fucosylated N-glycans contained at least one core-Fuc that is α(1-6)-linked to 

the reducing GlcNAc residue. In addition, the detection of the diagnostic fragment ions N1F1 

at m/z 474.0 and N2F1 at m/z 719.2 proved core-fucosylation for instance in the N-glycans 

H4N4F1 (m/z 2040.0), H5N4F1 (m/z 2244.1), S1H5N4F1 (m/z 2605.3), H6N5F1 (m/z 

2693.3), S1H5N4F2 (m/z 2779.3), S2H5N4F1 (m/z 2966.4), S1H6N5F1 (m/z 3054.5) and 

S2H6N5F1 (m/z 3415.7).   

 

 

FIG. 2.38. MALDI-TOF/TOF mass spectrum of m/z 2938.4 of the composition H6N6F1 derived from 

human ESCs (A) and of m/z 2285.0 of the composition H4N5F1 derived from hepatocyte-like cells (B). 

Blue square represents N-acetylglucosamine, green circle mannose, yellow circle galactose, red 

triangle fucose and pink diamond N-acetylneuraminic acid.  
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All high-mannose- and hybrid-type signals were sensitive to α-mannosidase treatment, which 

confirms the presence of Man residues in high-mannose and hybrid type N-glycans.  

The signals m/z 1794.9, 1865.9 and 1824.9 in hepatocyte-like cells may present two different 

N-glycan structures, either one with a galactosylated antenna or a non-galactosylated one. 

MALDI-TOF/TOF fragmentation revealed that they present a mix of these two structures in 

hepatocyte-like cells, which was supported by the diagnostic fragment ions H1N1 m/z 472.0, 

H1N1 m/z 485.0 and/ or m/z 708.2 in case of the galactosylated N-glycan and by H2 m/z 

445.0, H2N1 m/z 648.1 and/ or H3N1 m/z 866.2 in case of the non-galactosylated one. In 

contrast, the structures H4N3 (m/z 1620.8), H5N3F1 (m/z 1999.0) and H6N3 (m/z 2029.0) 

were identified as galactosylated complex or hybrid-type N-glycans in hepatocyte-like cells 

and this was verified by the fragment ions H2N1 m/z 690.1 and/ or m/z 708.2. In addition, 

this signals were sensitive to β(1-4) galactosidase.                                                         

MALDI-TOF/TOF fragmentation of H6N4F1 (m/z 2448.2) revealed the presence of a 

digalactosylated antenna in ESCs. This was supported by the fragment ion H2N1 (m/z 

690.2).                                                                                                                                        

In hepatocyte-like cells, the structure H4N5F1 (m/z 2285.1) was found to contain GalNAc, 

which was verified by the diagnostic fragment ion N2 (m/z 527.1) (Fig. 2.38 B). Due to the 

high intensity of H5N4F1 (m/z 2244.1) and close position to H4N5F1 (m/z 2285.1), a 

relatively high signal was observed for H1N1 (m/z 486.0) when compared to the signal N2 

(m/z 527.1) (Fig. 2.38 B).       

 

2.5.4 Glycan-based biomarkers of undifferentiated embryonic stem cells and 

hepatocyte-like cells 

As described for MSCs and their adipogenic, chondrogenic and osteogenic progeny, cell 

surface N-glycans of undifferentiated ESCs, definitive endoderm cells as well as hepatocyte-

like cells that were obtained from differentiation of ESCs were qualified and quantified by 

MALDI-TOF-MS. The relative amounts of N-glycan structures found in the two sample 

groups ESCs and hepatocyte-like cells were compared and statistically evaluated using the 

Mann-Whitney U test (*p≤0.05). Four high-mannose N-glycans were significantly increased 

in ESCs, namely Man6, Man7, Man8 and Man9 (m/z 1783.8, 1987.9, 2192.0, 2396.1, 

respectively). The two hybrid-type structures H4N3F1 (m/z 1794.9) and H5N3F1 (m/z 

1999.0) were also statistically significant in ESCs. In addition, the complex N-glycans 

H4N4F1 (m/z 2040.0) and H3N5F1 (m/z 2081.0) were significantly increased in ESCs. In 

contrast, one high-mannose N-glycan Man5 (m/z 1579.7) and eight complex-type structures 

were significantly overexpressed in hepatocyte-like cells when compared to undifferentiated 

ESCs. Six of them were biantennary (m/z 2070.0, 2244.1, 2418.2, 2431.2, 2605.3, 2966.4) 
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and two of them triantennary N-glycans (m/z 2693.3, 3054.5). Most of these structures were 

core-fucosylated and half of them sialylated.         

 

 

FIG. 2.39 Glycan-based biomarkers of undifferentiated ESCs and hepatocyte-like cells. Statistical 

significant difference between the two sample groups undifferentiated ESCs and hepatocyte-like cells 

was assessed using Mann-Whitney U test (*p≤0.05). Based on the test, the listed N-glycans were 

significantly overexpressed 
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3. Discussion    

The dense layer composed of complex carbohydrate structures found on the cell surface, 

which is called glycocalyx, is cell lineage-specific and very sensitive towards biological 

processes such as differentiation. Thus, cell surface glycan structures present a powerful 

and diverse tool in the field of glycan-based biomarker discovery. Qualitative and quantitative 

changes of the cell surface glycosylation pattern can be used in the field of regenerative 

medicine to identify certain SC populations, to monitor SC differentiation as well as the loss 

of the SC behaviour. This study aimed at investigating the cell surface N-glycosylation 

decoration of SCs before and during differentiation into more specialised cells and therefore 

the first goal was to establish a rapid and sensitive method which allows the elucidation of 

the N-glycan structures that are embedded in the glycocalyx.        

 

3.1 Rapid analysis of cell surface N-glycosylation of living cells 

Located on the cell surface, N-glycans play important roles in various processes as they are 

directly involved in cell-cell or cell-protein interactions that trigger various biological 

responses. Thus, it is of paramount importance to have robust analytical methods to 

characterise them.  

The classical cell membrane extraction protocol, which is used in many laboratories 

produces high levels of high-mannose N-glycans (122, 124) that stem from both membrane 

glycoproteins as well as glycoproteins from the ER. An et al. (122) confirmed with proteomic 

analysis the presence of plasma membrane proteins but also contamination from 

endoplasmatic reticulum (ER) and other membranes when membrane extraction was 

applied, showing that N-glycans derived from the ER were included in the analysis of SCs N-

glycome as well (122). In addition, Nakano et al. (124) isolated cell membrane proteins, 

which were dotted on polyvinylidene difluoride membrane prior to PNGase F digestion with 

the aim to characterise glycome alterations of human T-cell acute lymphoblastic leukemia. 

Although their study revealed the presence of high-mannose N-glycans as well as bi-, tri- and 

tetraantennary N-glycans (124), they obtained a high proportion of high-mannose type N-

glycans on the cell membrane glycoproteins.  

Such a high proportion of high-mannose N-glycans prevents a good detection and 

quantification of complex-type N-glycans. We recently published a protocol that overcomes 

this problem (127) using Endo H, which specifically cleaves high-mannose and hybrid-type 

N-glycans. Endo H-digested glycopeptides were isolated and then treated with PNGase F to 

release complex-type N-glycans. This protocol enabled the separation of the high abundant 

high-mannose N-glycans from complex-type N-glycans, which yielded in an improved 
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detection and quantification of complex-type N-glycans (127). The disadvantages of this 

method are that it is time-consuming and requires many steps.  

Therefore, the aim was to develop a simple and reproducible protocol to analyse cell surface 

N-glycosylation. With the new established method the amount of high-mannose N-glycans 

had decreased from 90 % to 10 %. At the same time, the detection of complex-type N-

glycans was drastically improved when compared to the membrane preparation method. 

With the new protocol, it was possible to detect 94 different N-glycan structures in HEK 293 

cells. In addition, more than 20 of them were complex N-glycans that were not present in the 

N-glycan pool of HEK 293 cells when the membrane preparation method was applied. It was 

possible to detect nearly twice the number of structures as Nakano et al. (124) and Reinke et 

al. (126) who both used membrane extraction to isolate glyco(proteins). In addition, the 

abundance of high-mannose N-glycans found in HEK 293T cells in the study of Reinke et al. 

was remarkably high (126). Thus, the newly established method is more suitable for cell 

surface glycosylation profiling due to the fact that a higher number of complex-type N-

glycans were present and their detection is enhanced. 

The new approach requires about 4x106 cells to obtain a cell surface N-glycosylation profile 

without loss of N-glycan structures. When compared with the amounts used by other groups 

for cell membrane extraction, namely from 50 to 100x106 cells, the cell number used with the 

new method was much lower (122-124). In addition, the new approach is not time-consuming 

when compared with the membrane preparation protocol. It was possible to obtain cell 

surface glycopeptides in about an hour starting from the cell pellet instead of two working 

days with the cell membrane extraction protocol. This time is comparable with the time 

required by Nakano et al. and An et al. to isolate and denature membrane proteins (122, 

124). Mi et al. (123) described an even more complex and time-consuming method to obtain 

glycopeptides from cell membranes. Besides the increased preparation time, the costs for N-

glycan analysis through cell membrane extraction were higher since additional consumables 

and centrifugation steps were required.  

The new method was applied to profile and compare the cell surface N-glycosylation profile 

of HEK 293, CHO-K1, AGE1.HN and Hep G2 cells. In addition, it was an aim to test the 

selectivity of the method towards different cell lines. Exoglycosidase digestions and MALDI-

TOF/TOF fragmentation revealed the presence of core-fucosylated N-glycans and the 

GlcNAc-GalNAc motif in HEK 293 cells. These results confirmed previous studies of Reinke 

et al. (160), which reported the high expression level of the glycosyltransferase FucT-VIII and 

a high content of core-fucose in HEK 293T cells. In addition, studies on L-selectin and 

human protein C expressed in HEK 293 cells revealed that they contained the GalNAc motif 

(161) (143), which supports the assumption that the HEK 293 cell line specifically produces 

GalNAc epitopes in glycans.  
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In the N-glycome of CHO-K1 cells the presence of core-fucosylated N-glycans as well as 

traces of the antigenic Neu5Gc was found. These findings can be supported by literature 

published on the N-glycome of recombinant glycoproteins expressed in CHO-K1 cells (60, 

92), namely anti-HER2 monoclonal antibodies (162), human plasminogen activator (57), 

human alpha-1-antitrypsin (A1AT) (163) and human erythropoietin (164). 

AGE1.HN cells typically contained a high degree of core and antennary fucosylated N-

glycans, which is in line with previous findings on recombinant A1AT (165). A1AT expressed 

in AGE1.HN contained core-fucosylated di-, tri and tetraantennary N-glycans and up to four 

Fuc residues were found on triantennary structures (165). Moreover, studies of Rudd et al. 

and Stimson et al. support our findings that core-fucosylation and Lewisx epitopes are 

characteristic epitopes in neuronal N-glycosylation (166, 167). Their studies revealed the 

presence of the two mentioned types of Fuc linkages in N-glycans of the prion protein in mice 

and hamsters (166, 167). 

Core-fucosylation was found to be characteristic for Hep G2 cells. These findings can be 

supported by studies on hepatoma cell glycoprotein glycosylation, in which α(1-6)-linked 

core-Fuc has been reported on α-fetoprotein and transferrin (168, 169). In parallel, Noda et 

al. successfully demonstrated that the α(1-6)-fucosyltransferase gene was expressed at high 

levels in hepatomas of rat models and hepatoma cell lines (170). Taken togehther, core-

fucosylation seems to be a singular trait of Hep G2 cells. In addition to that, the presence of 

the GlcNAc-GalNAc motive in Hep G2 cells was verified, which was reported in glycans 

derived from hepatoma by Johnson et al. (171), namely on alpha-fetoprotein O-glycans of 

hepatocellular carcinoma patients.  

Altogether, the cell surface N-glycome of the four cell lines studied here, namely HEK293, 

CHO-K1, AGE1.HN and Hep G2, possesses the same features which were previously 

described in the N-glycome found on recombinant proteins produced in these cell lines. 

It was possible to establish a new glycomics method, which is able to profile specific cell 

surface N-glycosylation of living cells and at the same time is fast, robust, sensitive and 

reproducible. In addition, with the new method an increased number and amount of complex 

type N-glycans was detected. Characterisation of cell surface N-glycan structures generates 

informations, which are of great importance as they can directly predict the N-glycan profiles 

of recombinant glycoproteins and is of relevance to glycobiotechnologists. Furthermore, cell 

surface glycosylation profiling may be of help in glycomedicine, especially in the fields of 

biomarker discovery.  
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3.2 N-Glycosylation profile of undifferentiated and adipogenically, 

chondrogenically and osteogenically differentiated human bone marrow 

mesenchymal stem cells  

In this study, MSCs were differentiated into adipogenic, chondrogenic and osteogenic 

direction by the working group of Dr. Jochen Ringe (Charité-Universitätsmedizin Berlin, 

BCRT, Labor für Tissue Engineering/ Klinik für Rheumatologie). For practical reasons, such 

as to verify homogeneous MSC cultures or to monitor the quality and progress of MSC 

differentiation during repair tissue formation, and to fulfill regulatory issues like therapy 

approval, knowledge of biomarkers describing MSCs and their development stages is of 

utmost importance. However, all known MSC markers, among them the most prominent 

ones like the cell surface proteins CD73 (5'-nucleotidase), CD90 (thy-1), CD105 (endoglin), 

CD166 (alcam) (172) and Stro-1 (173) are not specific. For instance, MSCs are usually 

identified as colony-forming unit-fibroblasts and Stro-1 negative cells are not capable of 

forming colonies (174). In contrast, Stro-1 positive cells are capable to become 

hematopoietic stem cell-supporting fibroblasts, smooth muscle cells, adipocytes, osteoblasts 

and chondrocytes, which support the functional role of MSCs. In addition, Stro-1 is not only 

expressed from MSCs and its expression is gradually lost during culture. Several other useful 

but unspecific markers for MSCs and their differentiated progeny have been identified in 

molecular profiling approaches for example focusing on the adipogenic lineage (175). 

Knowledge of markers for precise labeling and tracking of those cells would therefore 

strongly enhance their importance in regenerative medicine. 

 

3.2.1 Adipogenic differentiation of human mesenchymal stem cells 

With the aim to find glycan-based stage specific markers for undifferentiated and 

adipogenically differentiated MSCs, the N-glycosylation profile of human bone marrow-

derived MSCs during adipogenic differentiation was investigated on qualitative and 

quantitative level. To our knowledge, this study describes the first report on the N-glycome of 

early (day 5) and late (day 15) adipogenically differentiated MSCs (127). 

Adipogenesis of MSCs was performed using a standardised and reproducible assay, which 

induces stimulation of MSCs for up to 15 days using an adipogenic cocktail consisting of 

insulin, dexamethasone, indomethacin and 3-isobutyl-1-methylxanthine (172, 175). 

Afterwards cell membrane (glyco)proteins were isolated by membrane extraction and N-

glycans were enzymatically released, purified and analysed by means of MALDI-TOF-MS. In 

addition, structural verification was performed with exoglycosidase digestions and MALDI-

TOF/TOF fragmentation analysis.  
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Several high-mannose-type N-glycans were detected in human MSCs and their 

adipogenically differentiated progeny and dominated in the N-glycan profile of Endo H-

released N-glycans. However, the amount of high-mannose N-glycans increased with 

differentiation resulting in a higher amount in adipogenically differentiated MSCs. Mainly 

small high-mannose-type N-glycans containing three to six Man residues were found to be 

overexpressed in adipogenically differentiated cells. This is also described in literature, in 

which studies revealed that besides human MSCs and their osteogenically counterparts 

(151), human embryonic (176) and hematopoietic stem and progenitor cells (177) contain 

high amounts of high-mannose-type N-glycans on their cell surface. Quantification with 

MALDI-TOF-MS revealed that short high-mannose-type N-glycans such as H5N1 and H6N1 

were significantly enriched in adipogenically differentiated MSCs, while larger high-mannose-

type N-glycan such as H9N1 was significantly underexpressed in adipogenically 

differentiated MSCs. Studies by Heiskanen et al. revealed that high-mannose-type N-glycans 

dominated the N-glycan profile of undifferentiated MSCs in comparison to their 

osteogenically differentiated counterparts, whereas N-glycans with more than six Man 

residues were enriched in osteogenically differentiated cells (151). In addition, Heiskanen et 

al. showed that smaller high-mannose-type N-glycans were increased in relative abundance 

in osteogenically differentiated MSCs (151). Thus, our data are in line with the studies of 

Heiskanen et al.; high-mannose-type N-glycans containing at least seven Man residues were 

more abundant in undifferentiated MSCs and seem to be a characteristic feature for 

undifferentiated human MSCs and less characteristic for osteogenically or adipogenically 

differentiated cells.  

The monoglucosylated high-mannose-type N-glycan H10N1 was detected predominantly in 

undifferentiated MSCs, which is known to be a characteristic feature of improperly folded 

nascent glycoproteins in the endoplasmic reticulum. Glycoprotein precursors containing a 

monoglucosylated glycan moiety remain in the ER until proper folding is achieved within the 

calnexin/ calreticulin cycle (178). The monoglucosylated H10N1 high-mannose-type N-glycan 

was detected in human embryonic SCs as well (179) and may therefore be a typical feature 

of SCs. 

Beside high-mannose N-glycans, hybrid-type N-glycans were detected as well but they were 

much less abundant when compared with the two other types of N-glycosylation. However, 

hybrid-type N-glycans were present in undifferentiated and adipogenically differentiated 

MSCs. Neutral, sialylated as well as fucosylated hybrid-type N-glycans were detected and 

quantification using MALDI-TOF-MS revealed that the two neutral hybrid-type N-glycans 

H5N2 and H6N2 were significantly overexpressed in undifferentiated MSCs. The opposite 

was described by studies from Heiskanen et al. which revealed that neutral hybrid-type N-

glycans were more abundant in osteogenically differentiated MSCs (151). These differences 
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may arise from the fact, that MSCs were differentiated into osteogenic direction but also from 

the different digestion protocols, which consisted in our case of a tryptic digestion step 

followed by endoglycosidase digestion of the resulting (glyco)peptides. Tryptic digestion of 

(glyco)proteins improves the accessibility of endoglycosidases to the reducing end of 

glycans. However, Heiskanen et al. (151) did not describe how PNGase F digestion of 

(glyco)proteins was performed and therefore comparison is not possible.  

The mass spectrometric quantification data revealed a decrease in fucosylation and 

branching of complex-type N-glycans in adipogenically differentiated MSCs. The biantennary 

fucosylated N-glycans H3N4F1, H5N4F3 and S2H5N4F1 were significantly increased in 15 

days adipogenically differentiated MSCs, while triantennary N-glycans H6N5F1 and S1H6N5 

as well as tetraantennary structures H7N6F1, S1H7N6 and S1H7N6F1 were significantly 

enriched in undifferentiated human MSCs when compared to adipogenically differentiated 

MSCs. These results are in line with the studies did by Morad et al. (180), which revealed a 

decreased level of antennarity of complex-type N-glycans, namely of tri- and tetraantennary 

structures, in adipogenically differentiated MSCs. This was proven using lectin staining of 

membrane extracts. Morad et al. showed also that the level of these structures was 

increased in osteogenically differentiated MSCs (180). Thus, according to the studies of 

Morad et al., the level of antennarity was decreasing during adipogenic differentiation and 

increasing during osteogenic differentiation of MSCs (180). While in our study N-glycans 

were analysed using MALDI-TOF-MS and CE-LIF, Morad et al. performed glycoanalysis of 

membrane proteins using lectin microarrays, showing that utilisation of different methods 

lead to similar results (180). In contrast, the studies of Heiskanen et al. described that the 

acidic N-glycan profile of MSCs contained an increased amount of the larger complex-type 

N-glycans (five GlcNAc or more) and of N-glycans with two or more Fuc residues when 

compared to osteogenically differentiated cells (151). Our mass spectrometric data revealed 

that fucosylated N-glycans bore at least one core-linked Fuc. In addition, the most abundant 

fucosylated N-glycans were monofucosylated with an α(1-6)-linked Fuc, which is bond to the 

Asn-linked GlcNAc residue of the N-glycan core. 

Quantification of the mass spectrometric data showed that the overall sialylation was 

increased in adipogenically differentiated MSCs. In comparison, Heiskanen et al. found that 

complex-type N-glycans lacking Neu5Ac were enriched in osteogenically differentiated MSCs 

(151), showing that sialylation is increased in undifferentiated MSCs. Increase or decrease of 

the overall sialylation may be therefore influenced by the different routes of MSC 

differentiation, namely adipogenic or osteogenic differentiation. 

The linear poly-LacNAc epitope was predominantly found in undifferentiated MSCs, which 

has been previously reported by Heiskanen et al. (151). Thus, linear poly-LacNAc may be a 

characteristic feature of undifferentiated MSCs. Literature describes the presence of high-
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molecular weight poly-LacNAcs in human embryonal carcinoma cells, where they are 

supposed to play roles in the interactions on the same membrane. In addition, large 

branched poly-LacNAc, which are expressed in mouse embryonic SCs and early embryonic 

cells, are ssumed to participate in cell survival by increasing the interaction of membrane 

molecules within the membrane (111). It has been also described that poly-LacNAcs can 

change their structure from linear chains in fetal blood cells into branched chains in the adult 

(181). Poly-LacNAc epitopes are able to interact with lectins in a multivalent fashion, such as 

with β-galactoside binding lectins. β-Galactoside binding lectins are galectins, which are 

known to be involved in many cell adhesion and signaling phenomena. Studies revealed that 

they have a higher affinity for poly-LacNAcs than for single LacNAc units, suggesting that the 

function of LacNAc epitopes is influenced by their structure (151, 182-184). 

The overall distribution of N-glycans found in undifferentiated as well as adipogenically 

differentiated MSCs based on mass spectrometric profiling was confirmed with CE-LIF 

analysis. The main advantage of CE-LIF when compared with MALDI-TOF-MS is its ability to 

discriminate between isomeric structures, which appear in MALDI-TOF-MS as a single peak. 

Since CE-LIF seperates the molecules according to their size, shape and charge, isomers 

will be detected at different migration times. In our laboratory a list of N-glycan structures 

isolated from standard glycoproteins was genereated and the migration time based on 

sequencial exoglycosidase experiments and fractionation of single N-glycan structures with 

HPAEC-PAD in combination with MALDI-TOF-MS and CE-LIF analysis was assigned. It was 

possible to identify the Man7 as well as Man8 N-glycans as isomeric structures. The terminal 

Man residues may be connected in three different ways to Man6GlcNAc2. The three isomers 

of Man7 and Man8 were already verified by studies from Frisch et al. (149) using HPAEC-

PAD fractionation of each high-mannose N-glycan released from human blood serum and 

subsequent measurements by MALDI-TOF-MS and CE-LIF that revealed the migration times 

of each structure. In addition, based on studies in our laboratory it was possible to assign the 

two isomers of complex-type triantennary N-glycan Gal3Man3GlcNAc5 in MSCs and 

adipogenically differentiated cells in which the third antennae maybe linked in β(1-4)- or β(1-

6)-fashion to the Man of the core structure. Lectin experiments by Cummings et al. (85) and 

enzyme digestions by Yamashita et al. (84) confirmed the difference between the two 

triantennary isomers. The triantennary N-glycan with the β(1-4)-linked antennae has a higher 

migration time than the one with the β(1-6)-linked antennae since the latter one needs less 

space and can therefore migrate faster. In MSCs the peak of the β(1-6)-isomer was higher 

than the peak signal for the β(1-4)-isomer. Studies in our laboratory revealed the same 

isomeric distribution of triantennary N-glycan of alpha-1 antitrypsin (A1AT) expressed in 

HEK-293 cells as well as literature dealing with recombinant proteins expressed in CHO cells 

(86, 87). In both cases, the amount of the β(1-6)-isomer dominated.  
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Based on the results and statistical analysis, the biantennary structures H5N4F2, H5N4F3 

and S2H5N4F1 as well as the high-mannose N-glycans Man5 and Man6 were proposed as 

potential glycan-based biomarkers for adipogenically differentiated cells. These potential 

glycan-based biomarkers were significantly overexpressed in day 15 of adipogenically 

differentiated MSCs and may be used to monitor the loss of the SC status of MSCs.    

 

3.2.2 Chondrogenic differentiation of human mesenchymal stem cells 

The cell surface N-glycosylation profile of undifferentiated MSC and chondrogenically 

differentiated cells was investigated and compared on qualitative and quantitative level. In 

addition, early (day 5) and late (day 28) time point chondrogenically differentiated MSCs 

were subjected to N-glycan analysis before and after isolation from their ECM to clarify the 

impact of ECM on the N-glycosylation profile of chondrogenically differentiated MSCs. 

Chondrogenic differentiation of MSCs revealed a significantly increased amount of high-

mannose N-glycans in day 5 as well as day 28 of chondrogenically differentiated MSCs. This 

was not the case, when chondrogenically differentiated cells were isolated from ECM prior to 

N-glycan analysis. In contrast, the abundance of high-mannose N-glycans was lower when 

the ECM was absent. Toegel et al. (185) studied the carbohydrate structures of the 

glycocalyx of primary human chondrocytes using a panel of lectins. N-linked glycans were 

profiled by L. culinaris agglutinin and S. nigra agglutinin, which identified the expression of 

high-mannose-type N-glycans and terminal sialyl-α(2-6)Gal epitopes, respectively (185). This 

supported the presence of high-mannose and sialylated N-glycans in primary chondrocytes. 

Furthermore, Toegel et al. (185) did the same lectin staining experiments on primary 

chondrocytes derived from patients with osteoarthritis (OA). Osteoarthritis is a disease which 

is accompanied by a breakdown of the cartilage matrix (extracellular matrix of chondrocytes). 

Interestingly, their studies revealed that chondrocytes from OA patients contained 

significantly increased amount of high-mannose N-glycans, when compared to normal 

primary chondrocytes (185). In addition, previous studies by Bernard et al. revealed that 

chondrocytes produce mature glycoproteins such as fibronectin bearing just high-mannose 

or hybrid N-glycans when compared to fibroblast fibronectin that bears just complex-type N-

glycans (186). Pabst et al. studied the N-glycosylation of primary human chondrocytes and 

showed a very similar distribution of N-glycans, with high peak intensities of high-mannose 

N-glycans such as Man8 and Man9 (187). In all, this indicates a relationship between 

chondrocytes and the relatively high high-mannose N-glycan level, which is very probably 

influenced by the components of the ECM. In addition, the amount of complex N-glycans was 

drastically decreased after chondrogenic differentiation when the ECM was present; 

particularly biantennary N-glycans. In contrast, when the ECM was absent, the amount of 
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biantennary structures increased after differentiation. Larger complex N-glycans, such as 

triantennary structures decreased after differentiation into chondrogenic cells in both cases, 

when N-glycan analysis was done with and without their ECM. Furthermore small complex-

type monoantennary structures increased with differentiation. Yang et al. (188) studied the 

biosynthetic pathway of glycoproteins in cultured human chondrocytes from OA patients and 

found that they have potential to synthesise biantennary N-glycans, which was verified by he 

presence of β4Gal-transferase. The latter is able to extend the two terminal GlcNAc residues 

to form complex-type antennae (188). However, their studies revealed also that the activities 

of GlcNAc-transferases III and V were below detectable levels (188), suggesting the 

significantly lower amount of tri- and tetraantennary structures in human chondrocytes. In 

addition, these results are in line with studies by Richard et al. (189) who have investigated 

glycosyltransferase activities in chondrocytes from patients with OA and normal human 

cartilage.  

Sialylation was more abundant in day 28 chondrogenically differentiated cells when ECM 

was absent but decreased drastically when ECM was present. Toegel et al. (185) showed 

that primary chondrocytes of OA patients contained increased amounts of terminally 

sialylated N-glycans when compared to normal primary chondrocytes, which was verified by 

lectin staining of the glycocalyx. Thus, it is very probably that sialylation of the glycocalyx is 

influenced by components of the ECM. In addition, literature revealed that the negative 

charge on sialic acids of cell surface glycans most  probably contribute to anti-adhesive 

properties of glycoproteins (190, 191), which can be explained by the role of leukosialin in 

cell adhesion. Leukosialin (CD34) is a sialoglycoprotein, which is expressed in leucocytes 

and there avoids aggregation of leukocytes as well as non-specific attachment to endothelial 

cells (190, 191). Fuc was mainly connected to the reducing GlcNAc of the core but LewisX 

epitopes were verified as well. Heiskanen et al. [10] revealed the presence of sialyl-LewisX 

epitopes on human MSCs and on osteogenically differentiated cells derived from them. 

Sialyl-LewisX is known to mediate fucosylation-dependent homing of MSCs into bone marrow 

[70]. In addition, Rosen et al. discovered the significant role of fucosylated and sulfated 

glycans in the process of adhesion of lymphocytes to endothelial cells, where they are found 

to be the best inhibitors for this interaction (192). Our studies confirmed the data from Pabst 

et al., who studied the N-glycosylation of primary chondrocytes and revealed the presence of 

biantennary structures as the main group, followed by triantennary complex N-glycans (187). 

However, they realeased the N-glycans from proteins in-gel after a cell lysis and precipitation 

step and applied LC-ESI-MS anaylsis. Therefore their results slightly differ from ours (187). 

In undifferentiated MSCs and day 28 chondrogenically differentiated cells without ECM the 

LacNAc epitope was verified.  
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Based on these results the triantennary N-glycans H6N5F1 and S1H6N5F1 as well as 

tetraantennary structures H7N6F1, S1H7N6F1 and S2H7N6F1 were proposed as glycan-

based biomarkers for undifferentiated MSCs. In addition, the biantennary structures 

S1H5N4F2 and S2H5N4F1 were proposed as potential glycan-based biomarkers for day 28 

chondrogenically differentiated cells without ECM and the biantennary N-glycans H3N4F1, 

H4N4F1 and H4N4F2 as glycan-based biomarkers for day 28 chondrogenically differentiated 

cells with ECM. These potential glycan-based biomarkers were significantly overexpressed in 

the respective cells and may be used to monitor the loss of the SC status of MSCs and to 

discriminate between undifferentiated MSCs and their chondrogenic counterparts.    

 

3.2.3 Osteogenic differentiation of human mesenchymal stem cells 

MSCs were differentiated into osteogenic cells and cell surface N-glycosylation was 

investigated before and after early (day 5) and late (day 28) time point of osteogenic 

differentiation and subsequent isolation from their ECM. The mass spectrometric data 

revealed that biantennary fucosylated N-glycans increased drastically and larger complex N-

glycans such as tri- and tetraantennary structures decreased in relative amount. In 

comparison, Heiskanen et al. reported that the acidic N-glycan profile of MSCs contained 

relatively more of the larger complex-type N-glycans (five GlcNAc or more) [10] which 

supports our findings, that small complex N-glycans are more abundant in osteogenically 

differentiated cells. In addition, Morad et al. (180) studied N-glycosylation of protein 

membrane extracts derived from MSCs before and after osteogenic induction by lectin 

microarrays. In contrast, their studies revealed that the level of antennarity in osteogenic 

MSCs is higher than that of the undifferentiated MSC population [43] which is not the case in 

our study and the one of Heiskanen et al. [10]. The different results may stem from the 

application of different glycan preparation methods as well as different N-glycan profiling 

techniques. In our study, cell surface (glyco)proteins were directly digested with trypsin and 

N-glycans were enzymatically released with PNGase F, but Morad et al. used protein 

membrane extracts and applied lectin microarrays to study the N-glycosylation [43]. Protein 

membrane extracts include intracellular (glyco)proteins as well, which may affect the N-

glycosylation pattern. Furthermore the use of lectins instead of mass spectrometric profiling 

may influence the results qualitatively, since the specificity of lectins and antibodies are 

limited, which might lead to the loss of important structural information. In contrast, MALDI-

TOF-MS, which is used here to profile cell surface N-glycosylation is a powerful tool to study 

the N-glycosylation of cells more accurately. Sialylation was slightly decreasd which supports 

the findings of Heiskanen et al. [10], which revealed that complex-type N-glycans lacking 

Neu5Ac were enriched in osteogenically differentiated MSCs (151). In addition, they used   
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1H NMR to verify the mass spectrometric data and thereby revealed that both α(2-6)- and 

α(2-3)-linked sialic acids but quantitation showed that α(2-3)-linked sialic acid was the 

predominant linkage type [10]. Takahata et al. (193) studied the changes in sialylation during 

osteoclast differentiation and its effect on differentiation. Their studies revealed that sialic 

acid is expressed in osteoclast precursors and then accumulates on the cell surface after 

RANKL (osteoclast differentiation factor) stimulation. In addition, cleavage of terminal sialic 

acids from cell surface glycoconjugates resulted in strong inhibition of osteoclast 

differentiation, which indicates that cell surface sialylation is involved in the osteoclast 

differentiation process (193). Fucosylation was increased in day 28 osteogenically 

differentiated cells. Fuc residues were mainly linked to the reducing GlcNAc of the core. In 

comparison, studies by Heiskanen et al. revealed that MSCs contained more N-glycans with 

two or more Fuc residues when compared to their osteogenically counterparts (151). In 

addition, the LacNAc motif was verified in bi- and triantennary N-glycans of undifferentiated 

MSCs and day 28 osteogenically differentiated cells and has been previously reported in 

undifferentiated MSCs (151). In addition the studies by Heiskanen et al. [10] revealed the 

abundance of sulfate or phosphate ester modifications of complex and hybrid N-glycans from 

osteogenically differentiated cells. However measurements of the N-glycan pool of 

undifferentiated as well as osteogenically differentiated cells in the negative ionization mode 

of MALDI-TOF-MS revealed no signals for sulfate or phosphate modifications. The amount of 

high-mannose N-glycans decreased during osteogenic differentiation of MSCs. High-

mannose type N-glycans are known to mediate osteoclast cell-cell fusion (194, 195).    

To sum up, the biantennary structures H4N4F1, H5N4, H5N4F1, S1H5N4 and S1H5N4F1 

were proposed as glycan-based biomarkers for osteogenically differentiated cells, which 

were significantly overexpressed in these cells and may be used to discriminate between 

undifferentiated MSCs and their osteogenically differentiated counterparts 

 

3.3 N-Glycosylation profile of undifferentiated embryonic stem cells and 

hepatocyte-like cells 

In this study, ESCs were differentiated into hepatocyte-like cells by the working group of Dr. 

Katrin Zeilinger (Charité-Universitätsmedizin Berlin, BCRT, Biomedizinisches 

Forschungszentrum). Human ESCs aggregate to form spheroid clumps of cells named 

embryoid bodies (EBs) when grown in suspension (14). The cells within the EBs express 

molecular markers that are specific for the three embryonic germ layers. EBs mature through 

the process of spontaneous differentiation and express molecular markers that are specific 

for differentiated cells. Dissociation of EBs and further plating differentiated cells as a 

monolayer has revealed many cell lineages (11). In addition, numerous growth factors are 
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used to facilitate the differentiation of human ESCs into specific cell types (196). Lavon et al. 

demonstrated that human ESCs are able to spontaneously differentiate into hepatic-like cells 

(197). In this study, N-glycosylation analysis was done for undifferentiated ESCs, definitive 

endoderm cells (early time point of differentiation) and hepatocyte-like cells (late time point of 

differentiation). The N-glycosylation pattern was profiled with MALDI-TOF-MS and each N-

glycan structure was quantified. The cell-surface N-glycosylation of ESCs and hepatocyte-

like cells were qualitatively and quantitatively significantly different from each other. ESCs 

had a high degree of high-mannose N-glycans, as judged from mass spectrometric data. 

Satoma et al. (156) studied the N-glycome of ESCs by MALDI-TOF-MS and their studies 

revealed that the five most abundant signals of the neutral N-glycan fraction were the high-

mannose structures Man5, Man6, Man7, Man8 and Man9, which dominated the profile. 

However, Satoma et al. [15] did not specify how they prepared the cells prior to N-glycan 

detachment with PNGase F but it is very probably that they used membrane extracts of the 

cells. This would mean, that intracellular (glyco)proteins were included in the samples as well 

and this maybe the source of the high content of high-mannose N-glycans as discussed in 

section 3.1. In addition, Wearne et al. (198) used lectins to study the cell surface 

glycosylation of ESCs and day 12 Embryoid bodies (EBs) and revealed the presence of 

terminal and internally linked α-D-mannopyranosyl groups which indicated the presence of 

high-mannose structures. Furthermore An et al. (199) showed using mass spectrometry that 

cell membrane isolated from human embryonic SCs have high levels high-mannose N-

glycans and that they present the most abundant glycans. In addition, they applied lectin 

staining to prove that the high-mannose structures are part of the cell surface glycosylation of 

ESCs [59].  

Taken our results and the data from literature together, it is very probably that the high 

content of high-mannose N-glycans is characteristic for undifferentiated ESCs. In addition, 

the monoglucosylated H10N1 high-mannose-type N-glycan was detected in ESCs and it 

disappeared in hepatocyte-like cells. Others showed that the monoglucosylated H10N1 high-

mannose-type N-glycan was found to be in human embryonic SCs as well (179). The 

presence of the monoglucosylated H10N1 may therefore be a typical feature of 

undifferentiated SCs. Studies have suggested that high-mannose N-glycans mediate cell-cell 

fusion, sperm-egg fusion, myoblast fusion and osteoclast formation (79, 80). Therefore, it is 

assumed that high-mannose N-glycans on human ESCs play a role in cellular binding and 

recognition. Studies have revealed that high-mannose N-glycans are predominantly on the 

cell surface of tumor cells when compared with normal cells (81, 82). To unravel the role of 

high-mannose glycans on ESCs may be helpful in the field of cancer biology, since tumor 

and SCs have some similar characteristics, such as the ablity to self-renew, the expression 

of cell surface markers and the activation of signaling pathways (200).  
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N-glycans of human ESCs were predominantly neutral structures, a minor amount of 

sialylated N-glycans was detected as well. These findings are in line with the studies of 

Satoma et al. which revealed that neutral N-glycans comprised approximately two thirds of 

the pool of human ESCs [15]. Differentiation of ESCs into hepatocyte-like cells resulted in a 

completely different cell surface N-glycosylation pattern, which was qualitatively and 

quantitatively altered indicating a relationship between differentiation and cell surface N-

glycosylation. Our results revealed that differentiation of ESCs into hepatocyte-like cells was 

accompanied by a siginificantly increased amount of biantennary complex-type N-glycans 

with and without Fuc residues as well as triantennary fucosylated structures. In addition, 

some complex N-glycans in ESCs were partially galactosylated but fully galactosylated 

structures were present as well. Exoglycosidase experiments and fragmentation analysis 

revealed the presence of LewisX epitopes in hepatocyte-like cells. In addition, core-

fucosylation was verified in ESCs and hepatocyte-like cells. Studies by Satoma et al. [15] 

proved that the most common fucosylation was the α(1-6)-fucosylation, which was verified by 

NMR profiling. In addition, exoglycosidase experiments by Satoma et al. [15] indicated the 

presence of LewisX epitopes in ESCs. However, due to the low sample amount and intensity 

of the bifucosylated signals in the mass spectra of ESCs, it was not possible to sequence the 

structures enzymatically in our study.  

According to our knowledge, N-glycosylation of hepatocytes derived from differentiation of 

ESCs is not reported in the literature but N-glycosylation studies dealing with the 

glycoproteins α-fetoprotein and transferrin expressed in hepatoma cells revealed α(1-6)-

linked core-Fuc, suggesting that core-Fuc is a characteristic future of hepatogenic cell lines 

(168, 169). In addition, N-glycan analysis of culture medium of chicken embryo hepatocytes 

revealed complex-type biantennary N-glycans with α(1-6)-linked Fuc (83). Moreover Noda et 

al. demonstrated that the α(1-6)-fucosyltransferase gene is highly expressed in hepatomas of 

rat models and hepatoma cell lines [39]. The GalNAc-GlcNAc motif was detected in 

hepatocyte-like cells. O-glycans of alpha-fetoprotein derived from hepatoma was shown to 

bear GalNAc as well (171), suggesting the specificity of the GalNAc epitope in hepatoma 

cells.  

To sum up, the biantennary N-glycans H5N4, H5N4F1, H5N4F2, S1H5N4, S1H5N4F1 and 

S2H5N4F2 as well as the triantennary structures H6N5F1 and S1H6N5F1 were proposed as 

potential glycan-based biomarkers for hepatocyte-like cells and maybe used to monitor the 

loss of the SC status of ESCs and to discriminate between ESCs and hepatocyte-like cells.  
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3.4  Conclusion  

In conclusion, several studies revealed that the glycosylation of SCs, such as pluripotent 

embryonic (176, 179, 201, 202) or multipotent adult SCs (151, 177), is changing during the 

process of differentiation. Most of these studies rely on staining of carbohydrates with lectins 

and antibodies in combination with techniques like FACS, western blotting, microarray and 

immunohistochemistry (203, 204). However, the specificity of lectins and antibodies is 

limited, which might lead to the loss of important structural information. MALDI-TOF-MS is a 

powerful tool to study the N-glycome of SCs and to search for differentiation associated 

glycan structures (144, 177). The N-glycosylation pattern of bone marrow MSCs and their 

adipogenically, chondrogenically as well as osteogenically differentiated progeny was 

investigated and verified with MALDI-TOF-MS in combination with exoglycosidase 

digestions. In addition, the cell surface N-glycosylation pattern of human ESCs before and 

after their differentiation into hepatocyte-like cells was profiled. The results showed that the 

N-glycome of adipogenically differentiated human MSCs was clearly less fucosylated and 

branched than the one of undifferentiated human MSCs. N-glycans like H6N5F1 and 

H7N6F1 were proposed as candidate MSC markers for undifferentiated MSCs and N-

glycans like H3N4F1 and H5N4F3 as potential markers for adipogenically differentiated 

MSCs. In addition, N-glycans that are potential candidate markers to discriminate between 5 

days and 15 days adipogenically differentiated MSCs were found. In the context of soft tissue 

engineering, markers are important to verify culture homogeneity of MSCs and their 

adipogenically differentiated progeny, to monitor the progress of MSC development during 

adipogenesis and to analyse quality parameter like cell distribution in new formed adipose 

tissue.   

The N-glycosylation profile of chondrogenically differentiated MSCs contained more high-

mannose and less complex N-glycans when the ECM was present. Differentiation was 

accompanied with an increased amount of biantennary N-glycans when the ECM was 

absent. In both cases, cell surface N-glycosylation of chondrogenically differentiated cells 

was less branched than the one of undifferentiated MSCs. N-glycans were found to contain 

core-linked Fuc as well as LewisX epitopes. The triantennary N-glycans H6N5F1 and 

S1H6N5F1 as well as tetraantennary structures H7N6F1, S1H7N6F1 and S2H7N6F1 were 

proposed as glycan-based biomarkers for undifferentiated MSCs. In addition, the biantennary 

structures S1H5N4F2 and S2H5N4F1 were proposed as potential glycan-based biomarkers 

for day 28 chondrogenically differentiated cells without ECM and the biantennary N-glycans 

H3N4F1, H4N4F1 and H4N4F2 as glycan-based biomarkers for day 28 chondrogenically 

differentiated cells with ECM.  
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Osteogenic differentiation of MSCs was accompanied by an increased amount of 

biantennary structures. In addition, cell surface N-glycosylation was less branched in 

differentiated MSCs. In contrast, the amount of fucosylated structures increased which 

contained mainly core-linked Fuc. The biantennary structures H4N4F2, H5N4, H5N4F1, 

S1H5N4 and S1H5N4F1 were proposed as potential glycan-based biomarkers for 

osteogenically differentiated cells.  

These results are essential to study the process of osteogenic and chondrogenic 

differentiation and the function of N-glycans during these events. Glycan-based biomarkers 

may help to identify the differentiation status of MSCs in the field of regenerative medicine as 

well as to identify and isolate pure MSCs populations.  

ESCs were differentiated into hepatocyte-like cells. The N-glycosylation profiles were 

qualitatively and quantitatively significantly different. ESCs contained a high amount of high-

mannose N-glycans. In contrast, complex-type N-glycans such as biantennary and 

triantennary N-glycans were dominant in hepatocyte-like cells and fully-galactosylated 

structures were much more abundant than in undifferentiated ESCs. In addition, the GalNAc 

epitope was detected in hepatocyte-like cells. The biantennary N-glycans H5N4, H5N4F1, 

H5N4F2, S1H5N4, S1H5N4F1 and S2H5N4F2 as well as the triantennary structures 

H6N5F1 and S1H6N5F1 were proposed as potential glycan-based biomarkers for 

hepatocyte-like cells. These results may help to study the mechanisms essential for human 

development as well as the participation of N-glycans during this event.  

Mass spectrometry is a useful tool to gain the exact structural information on glycosylation 

but one main disadvantage is that it requires lot of material to be used in the frame of routine 

quality control. Therefore, in future studies, it is an aim to generate specific antibodies that 

detect development stage specific N-glycans. In addition the obtained mass spectrometry 

results could be translated into a lectin assay, which allows an easier detection of N-glycans. 

Potential candidates are Phaseolus vulgaris Leukoagglutinin and Datura stramonium 

Agglutinin as they recognise specifically galactosylated tri- and tetraantennary N-glycans. 

Moreover, the next step to identify SC biomarkers is to investigate the proteins carrying the 

identified glycan-based biomarkers. This can be achieved by searching for the core peptides 

bearing a N-glycosylation site with the respective N-glycan structure for example by liquid 

chromatography coupled to a mass spectrometer (LC-ESI-MS). The nanoLC-ESI-MS 

technique requires small sample amounts and enables a chromatographic separation of 

peptides followed by mass detection, which is essential to unravel the target glycopeptides. 

To conclude, our results show that the shift of cell surface N-glycosylation during 

differentiation is a powerful SCs biomarker.  
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4 Material and Methods 

4.1 Devices 

4.1.1 Electrophoresis  

 Blot-apparatus Mini Trans-Blot (Bio-Rad, München, Germany) 

 Gel-scanner GS-800, Calibrated Densitometer (Bio-Rad, München, Germany) 

 Gel-dryer mgD-5040 (VWR, Darmstadt, Germany) 

 Power supply PowerPac TM 30000 (Bio-Rad, München, Germany) 

 Vertical-electrophoresis system, Mini-Protean 3 System, Multi-Casting Chamber  

(Bio-Rad, München, Germany) 

 

4.1.2 Cell culture  

 Gas incubator CB (Binder, Tuttlingen, Germany) 

 Incubator shaker Certomat BS-1 (Sartorius, Göttingen, Germany) 

 Light microscope Leica DMIL (Leica, Wetzlar, Germany) 

 Membrane vaccum pump (Vacuubrand, Wertheim, Germany) 

 Sterile work bench HERAsafe KS 12 (Heraus, Hanau, Germany) 

 

4.1.3 Centrifuges 

 Mini-fuge (VWR, Darmstadt, Germany) 

 Table-centrifuge 5402 (Eppendorf, Hamburg, Germany) 

 Ultra-centrifuge J2-21 (Beckman Coulter, Fullerton, USA) 

 Vacuum-centrifuge CentriVac (Heraus, Hanau, Germany) 

 Vacuum-centrifuge Univapo 150 ECH (Uniequip, Planegg, Germany) 

 Cell-centrifuge Multifuge 3S-R (Heraus, Hanau, Germany) 

 

4.1.4 Other devices 

 Analysis scale (Sartorius, Göttingen, Germany) 

 Dionex ISC-3000 (Dionex, Idstein, Germany) 

 Heat block Digi-Block (Laboratory Devices Inc., USA) 

 Horizontal mixer Unimax 1000 (Heidolph Instruments GmbH, Schwabach, Germany) 

 Incubation hood Unimax 1010 (Heidolph, Kelheim, Germany) 

 Incubator 1000 (Dionex, Idstein, Germany) 
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 Cooling trap Unicryo MC2 x 21-60 °C (Uniequip, Planegg, Germany) 

 Laser-induced capillary electrophoresis CE-LIF P/ACETM MDQ System  

(Beckman Coulter, Fullerton, CA, USA) 

 MALDI-TOF/TOF mass spectrometer Ultraflex III with a smartbeam-II TM Laser 

(Bruker Daltonics, Bremen, Germany) 

 Microplate photometer Infinite M200 (Tecan, Männedorf, Switzerland) 

 pH meter pH211 (Hanna Instruments, Kehl am Rhein, Germany) 

 Vacuum concentrator (Heraeus, Düsseldorf, Germany) 

 Thermomixer comfort (Eppendorf, Hamburg, Germany) 

 Ultrasonic bath, Sonorex TK52 (Bandelin, Berlin, Germany) 

 Vacuum pump (Vacuubrand, Wertheim, Germany) 

 Vortex Genie 2 (Scientific Industries, Bohemia, USA) 

 Water preparation system MilliQ Plus (Millipore, Neu-Ilsenburg, Germany) 

 HPLC, Summit HPLC (Dionex, Idstein, Germany) 

 

4.2 Consumables 

4.2.1 Chemicals 

 1,4-Dithioerythriol (DTE) (Sigma-Aldrich, Steinheim, Germany) 

 super 2,5-Dihydroxybenzoic acid (sDHB) (Sigma-Aldrich, Steinheim, Germany) 

 2-Aminobenzamid (2AB) (Sigma-Aldrich, Steinheim, Germany) 

 2-Mercaptoethanol (Roth, Kalrsruhe, Germany) 

 6-Aza-2-thiothymin (ATT) (Sigma-Aldrich, Steinheim, Germany) 

 8-Aminopyrene-1,3,6-trisulfonic acid trisodium salt (APTS) (Sigma-Aldrich, Steinheim,                                          

Germany) 

 α-Cyano-4-hydroxycinnamic acid (ACCA) (Sigma-Aldrich, Steinheim, Germany) 

 Acetonitrile (ACN) (VWR, Darmstadt, Germany) 

 Acetone (Sigma-Aldrich, Steinheim, Germany) 

 Acetic acid (Roth, Karlsruhe, Germany) 

 Acrylamide-bisacrylamide solution 30 % (37,5:1) (Merck, Darmstadt, Germany) 

 Ammonia solution >25 % (Merck, Darmstadt, Germany) 

 Ammonium persulfate (APS) (Bio-Rad, München, Germany) 

 Bisacrylamide (AppliChem, Darmstadt, Germany) 

 Bromophenol blue (AppliChem, Darmstadt, Germany) 

 Calcium chloride (Roth, Karlsruhe, Germany) 
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 Chloroform (Merck, Darmsadt, Germany) 

 Coomassie Biosafe (Bio-Rad, München, Germany) 

 Dimethyl sulfoxide (DMSO) (Sigma-Aldrich, Steinheim, Germany) 

 Formic acid (FA) (Sigma-Aldrich, Steinheim, Germany) 

 Glucose (Fluka, Sigma, Steinheim, Germany) 

 Glycerine (Glycerol) (Fluka, Buchs, Switzerland) 

 Iodacetamide (Sigma-Aldrich, Steinheim, Germany) 

 Potassium chloride (Roth, Karlsruhe, Germany) 

 Methyl iodide (Sigma-Aldrich, Steinheim, Germany) 

 Potasium acetate (Sigma-Aldrich, Steinheim, Germany) 

 Potassium hydrogenphosphate (Merck, Darmstadt, Germany) 

 Potassium hydroxide pads (Merck, Darmsadt, Germany) 

 Sodium dodecylsulfate (SDS) (Serva, Heidelberg, Germany) 

 Sodium hydroxide (Sigma-Aldrich, Steinheim, Germany) 

 Sodium cyanoborohydride (Fluka/ Sigma-Aldrich, Steinheim, Germany) 

 N,N,N’,N’-Tetramethylethylenediamine (TEMED) (Merck, Darmstadt, Germany) 

 Nonidet P-40 (Roche, Mannheim, Germany) 

 Polyethylenoxid (PEO), molecular weight ~300 kDa (Sigma-Aldrich, Steinheim, 

Germany) 

 Tetrahydrofuran (THF) (Sigma-Aldrich, Steinheim, Germany) 

 Trifluoroacetic acid (TFA) (Merck, Darmstadt, Germany) 

 TRIS (Base) (Roth, Karlsruhe, Germany) 

 Trypan blue (Biochrom, Berlin, Germany) 

 

4.2.2 Enzymes 

 Endo H from Escherichia coli (Roche, Mannheim, Germany) 

 PNGase F from Flavobacterium meningosepticum (Roche, Mannheim, Germany)  

 Trypsin from bovine pancreas (Sigma-Aldrich, Steinheim, Germany) 

 Arthrobacter ureafaciens neuraminidase (Roche Applied Science, Indianapolis, IN, 

USA)  

 β(1-4) galactosidase from Streptococcus pneumoniae (Prozyme, CA, USA) 

 β-N-acetylhexosaminidase recombinant from S. pneumoniae and expressed in E. coli            

(Prozyme, CA, USA) 

 α-mannosidase from Canavalia ensiformis (Jack bean, Sigma-Aldrich, Germany) 

 Bovine testes β-galactosidase (Prozyme, CA, USA) 
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 Bovine kidney α(1-2,3,4,6) fucosidase (Prozyme, CA, USA) 

 β(1–3,6) galactosidase from Xanthomonas manihotis (Prozyme, CA, USA)  

 Almond meal α(1–3,4) fucosidase (Prozyme, CA, USA) 

 

4.2.3 Standards 

 RNAse B from bovine Pancreas (Sigma-Aldrich, Steinheim, Germany) 

 Dextran hydrolysate (DH) (Oxford, UK) 

 Protein standard Precision Plus All Blue (Bio-Rad, München, Germany) 

 Internal maltose standard (Sigma-Aldrich, Steinheim, Germany) 

 

4.2.4 Other consumables 

 BCA protein assay (VWR, Darmstadt, Germany) 

 C18 Reversed-Phase Extra-Clean Column (Grace Alltech, Deerfield, IL, USA) 

 Carbograph Extra-Clean Column (Grace Alltech, Deerfield, IL, USA) 

 Calbiosorb Adsorbent (Calbiochem, Darmstadt, Germany) 

 Filter tips (Greiner Bio-One, Frickenhausen, Germany) 

 Sterilfilter 0.2 µm (VWR, Darmstadt, Germany) 

 

4.2.5 Cell culture 

 Dulbecco’s Modified Eagle Medium (DMEM) (PAA, Pasching, Austria) 

 Hams F12 (PAA, Pasching, Austria) 

 RPMI (PAA, Pasching, Austria)   

 L-glutamine (PAA, Pasching, Austria) 

 Sodium pyruvate (PAA, Pasching, Austria)   

 Phosphate-buffered saline (PBS) (PAA, Pasching, Austria)  

 Penicillin (Biochrom AG, Berlin, Germany) 

 Streptomycin (Biochrom AG, Berlin, Germany) 

 Collagen A (Biochrom AG, Berlin, Germany)  

 Fetal calf serum (FCS) (Biochrom AG, Berlin, Germany) 

 Adenovirus Expression Medium (AEM) (Gibco, California, USA)  

 Dimethyl sulfoxide (DMSO) (AppliChem, Darmstadt, Germany) 

 Trypan blue (Biochrom AG, Berlin, Germany) 

 Trypsin-EDTA (PAA, Pasching, Austria) 
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4.2.6 Cell lines 

HEK-293, CHO-K1 and Hep G2 and cells were purchased from DSMZ (Braunschweig, 

Germany). AGE1.HN cells were a generous gift from ProBioGen AG (Berlin, Germany). 

MSCs were differentiated into adipogenic, chondrogenic and osteogenic direction by the 

working group of Dr. Jochen Ringe (Charité-Universitätsmedizin Berlin, BCRT, Labor für 

Tissue Engineering/ Klinik für Rheumatologie). ESCs were differentiated into hepatocyte-like 

cells by the working group of Dr. Katrin Zeilinger (Charité-Universitätsmedizin Berlin, BCRT, 

Biomedizinisches Forschungszentrum).     

 

4.3  Cell biological methods 

Cultivation of eukaryotic cells was done in a culture incubator at a temperature of 37 °C 

under 5 % CO2 and 95 % humidity. All steps were done under a sterile bench. All materials 

used were sterile packed or sterilised prior to use at 120 °C for 20 min in water vapor. Cell 

counting was done in a neubauer-counting chamber and vitality was tested using trypan blue 

staining. 

 

4.4 Cell culture 

4.4.1  Cell culture of HEK 293, CHO-K1, AGE1.HN and Hep G2 

HEK 293 cells were cultivated in Dulbecco's Modified Eagle's Medium (DMEM) containing 

glucose (4.5 g/l), 10 % fetal calf serum (FCS), penicillin (100 U/mL), streptomycin (100 

µg/mL), L-glutamine (200 mM) and sodium pyruvate (1 mM). AGE1.HN cells were cultured in 

adenovirus expression medium (AEM) containing penicillin (100 U/mL), streptomycin (100 

µg/mL) and L-glutamine (2 mM). CHO-K1 cells were cultured in Ham’s F12 containing 10 % 

FCS, penicillin (100 U/mL), streptomycin (100 µg/mL) and sodium pyruvate (1 mM). Hep G2 

cells were cultured in RPMI containing 10 % FCS, penicillin (100 U/mL), streptomycin (100 

µg/mL), L-glutamine (2 mM), sodium pyruvate (1 mM) and 0.32 % glucose. The adherent cell 

lines HEK 293, CHO-K1 and Hep G2 were cultured in 60.1 cm2 dishes. Cell culture dishes 

used for Hep G2 cultivation were first incubated with 5 mL of 10 % collagen A in phosphate 

buffered saline (PBS) containing CaCl2 (9 mM) and MgCl2 (5 mM) for 30 min at 4 °C. They 

were subsequently washed twice with PBS and plated with Hep G2 cells. AGE1.HN 

suspension cells were cultured in 250 mL flasks. The medium was changed twice per week 

and adherent cell lines (HEK 293, CHO-K1 and Hep G2) were cultured until about 90 % 

confluence was reached. 
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4.4.2  Generation of cryocultures 

For cell storage, about 5 x 106 cells were pelleted from the exponential growth phase by 

centrifugation (5 min, 900 rpm) and stored in 1 ml freezing media (90 % FCS, 10 % DMSO). 

Freezing was performed gradually (-20 °C, -80 °C, liquid nitrogen). Cell thawing was done at 

room temperature, after which cells were placed in 10 ml media, centrifuged (5 min, 900 rpm) 

and resuspended in medium.      

 

4.5 Protein biochemical methods 

4.5.1 Isolation of cell membrane glycoproteins  

Approximately 4x106 cells per cell type were harvested for the isolation of cell membrane 

glycoproteins. AGE1.HN suspension cells were harvested, centrifuged for 15 min at 420 g, 

washed four times with PBS, resuspended in 100 µl PBS and stored at -80 °C until the time 

of analysis. The adherent cell lines HEK 293, CHO-K1 and Hep G2 were washed with ice-

cold PBS in the cell culture dish, suspended in PBS, centrifuged for 15 min at 420 g and 

additionally washed twice with PBS. Cells were subsequently resuspended in 100 µl PBS 

and stored at -80 °C until the time of analysis. Cell membrane extraction was performed 

according to Lieke et al. (199) with slight modifications. Briefly, cell pellets were thawed and 

suspended in 2 mL of homogenisation buffer consisting of KCl (150 mM), CaCl2 (2 mM), 

NaHCO3 (1 mM) and protease inhibitors (complete EDTA-free, Roche Applied Science, 

Mannheim, Germany). Cell lysis was then performed by 30 strokes through a syringe having 

a narrow needle, and 20 mL of NaHCO3 (1 mM) was subsequently added. The lysate was 

centrifuged at 1400 g for 30 min at 4°C and the pellet was discarded. The supernatant, which 

contains cellular membranes, was then collected and centrifuged at 48.000 g for 20 min at 

4°C. The resulting pellet, which contains glycoproteins and other membrane proteins, was 

washed three times with 300 µl of water (26.000 g, 15 min, 4°C). The pellet was 

resuspended in water, methanol and chloroform (3:8:4), and incubated for 30 min on ice in 

order to separate lipids from membrane glycoproteins. Proteins were finally precipitated by 

centrifugation at 26,000 g for 20 min at 4°C. The supernatant was discarded and proteins 

were washed twice with 400 µl of ethanol (26.000 g, 10 min, 4°C) and then resuspended in 

300 µl NaH2PO4/Na2HPO4 buffer (20 mM), pH 7.0, containing 2 % SDS and 2 % NP-40 

(Calbiochem). Detergents were removed overnight using CalbiosorbTM adsorbent beads 

(Merck; Darmstadt, Germany) and the supernatant was assayed for protein concentration by 

the bicinchoninic acid (BCA) assay (Thermo Scientific) and finally lyophilised. 
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4.5.2 Protein concentration determination by BCA assay  

The BCA (bicinchoninic acid) assay was used to determine the protein concentration of cell 

membrane (glyco)proteins. The reduction of Cu2+ takes place in basic solution through the 

side chain of cysteine (Cys), cystin, tyrosin (Tyr), Trp and the peptide bond in which the Cu+ 

ions generates with BCA a purple complex BCA (205, 206). This complex can be detected 

calorimetrically at 562 nm. 10 µl of the protein sample are mixed with 100 µl freshly prepared 

BCA reagent in a 96 well microplate and incubated for 30 min at 37 °C under slight agitation. 

The absorption is measured in a micro plate photometer at 562 nm and the protein 

concentration is determined with the help of a BSA standard curve.   

 

4.5.3 SDS polyacrylamide gel electrophoresis (SDS-PAGE) 

4.5.3.1 Preparation of stacking and separating gels 

12 % gels were prepared for protein separation accorind to Laemmli (207). First, the 

separation gel was prepared and poured between the two glass plates. The separation gel 

was composed of 4.2 ml water, 1.7 ml separation gel buffer (1.5 M Tris/ HCl pH 8.8), 0.1 ml 

10 % (w/v) SDS, 4 ml of a 30 % acrylamide/ 0.8 % bisacrylamide solution, 10 μl TEMED and 

100 μl 10 % APS. For an optimal resolving line, the layer of the resolving gel was covered 

with water. When the gel was polymerised, the water layer was discarded. The stacking gel 

was poured above the separation gel and was composed of 2.95 ml water, 1.25 ml 

separation gel buffer (0.5 M Tris/HCl pH 6.8), 50 μl 10 % (w/v) SDS, 650 μl acrylamide-

bisacrylamide (30 % turnkey solution), 5 μl TEMED and 50 μl 10 % (w/v) APS. A gel comb 

was inserted between the glass disks to create gel pockets and was taken out carefully after 

the polymerisation of the stacking gel. Gels were stored at 4 °C for maximum one week 

before being used.     

 

4.5.3.2  Sample preparation and application on the gel  

The SDS gel is positioned into the gel cassette and the gel chamber is filled with 1 x SDS 

running buffer (10 x SDS: 30.3 g/L tris, 144.1 g/L glycin, 10 g/L SDS, adjusted to 1 l with 

water). The gel pockets and the two electrodes should be thereby covered with the running 

buffer. 5 µl of SDS non reductive sample buffer (5.44 ml 1M Tris/HCl pH 6.8, 1.74 g SDS, 50 

% (v/v) glycerol, 20 ml water, 0.015 % (w/v) bromphenol blue) was added to 15 ul of each 

sample, dissolved in 1x PBS. The reductive sample buffer contained additionally 8 % (v/v) 2-

mercaptoethanol. Samples were heated at 99 °C for 5 min, cooled down to room 

temperature and centrifuged. Sample (20 µl) or protein standards (3 µl) were transferred to 
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the gel-pockets. The gel-cassette was connected to a power supply (BioRad Power PAC 

3000) and the amperage was set to 20 mA per gel. The maximum voltage was set to 200V.  

 

4.5.4 Coomassie staining 

Coomassie brilliant blue is a triphenylmethane dye, which is able to stain proteins 

unspecifically by attachment to basic side chains of amino acids within the protein. Gels were 

first washed three times with water. After discarding the water, the coomassie staining 

solution was added to the gels and shaked for 1 h at room temperature. Afterwards, the 

staining solution was discarded and the gels were shaken overnight in water.    

 

4.6 Analytical methods for glycan analysis 

4.6.1 Tryptic digestion of cell membrane (glyco)proteins 

Membrane glycoproteins were dissolved in 300 µl of NaH2PO4/ Na2HPO4 buffer (20 mM, pH 

7.0). Trypsin (20 µl, 1 µg/µl) was then added and samples were incubated for 6 h at 37 °C. A 

freshly prepared aliquot of trypsin (20 µl, 1 µg/µl) was added to the mixture and samples 

were digested overnight at 37 °C. 

 

4.6.2 Release of N-glycans from cell membrane glycoproteins by PNGase F 

After trypsin deactivation (99 °C, 5 min), 1.5 U of peptide-N4-(N-acetyl-β-glucosaminyl) 

asparagine amidase F (PNGase F) from Flavobacterium meningosepticum (Roche Applied 

Science, Mannheim, Germany) was added to the glycopeptide samples and digestions were 

performed overnight at 37 °C. Digestions were continued for 8 h at 37 °C by addition of a 

second aliquot of 1 U PNGase F. Released N-glycans were isolated from the peptide 

moieties using C18 Extract-CleanTM cartridges. N-glycans were then desalted using 

carbograph Extract-CleanTM columns and evaporated to dryness. 

 

4.6.3 Release of N-glycans from cell membrane (glyco)proteins by Endo H 

followed by PNGase F 

After trypsin deactivation (99°C, 5 min), N-glycans of high-mannose- and hybrid-type were 

detached from glycopeptides using 7 mU endo-β-N-acetylglucosaminidase H (Endo H) 

recombinantly expressed in Escherichia coli (Roche Applied Science) and digestions were 

carried out in 200 µl of 25 mM NaH2PO4/Na2HPO4 buffer at pH 5.6 and overnight at 37°C. 

Released N-glycans were isolated from the peptide moiety using C18 Extract-CleanTM 

cartridges (Alltech) and the N-glycan as well as the remaining glycopeptide fractions were 
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eluted and collected. N-Glycans were desalted with carbograph Extract-CleanTM columns 

(Alltech) and evaporated to dryness. Glycopeptides were also evaporated to dryness, 

dissolved in 300 µl of 20 mM NaH2PO4/Na2HPO4 (pH 7.0), and 1.5 U peptide-N4-(N-acetyl-β-

glucosaminyl) asparagine amidase F (PNGase F, Roche Applied Science) from 

Flavobacterium meningosepticum expressed in Escherichia coli were added to this 

glycopeptide solution for 8 h at 37°C in order to detach complex-type N-glycans. Digestions 

were continued overnight by addition of a second aliquot of 1 U PNGase F. Released N-

glycans were isolated from the peptide moieties using C18 Extract-CleanTM cartridges. N-

Glycans were then desalted using carbograph Extract-CleanTM columns and evaporated to 

dryness. 

 

4.6.4 Enzymatic release and isolation of cell surface N-glycans 

Approximately 4x106 cells were used for the digestion of cell surface (glyco)proteins. Cells 

were harvested and washed four times with PBS (15 min at 600 rpm). The resulting cell 

pellet was resuspended in 500 µl cold PBS containing trypsin (2.5 mg/mL) and shaken at 150 

rpm for 15 min at 37 °C. Samples were then centrifuged at 15000 rpm and 4 °C for 15 min, 

and the supernatant, containing cell surface glycopeptides, was separated from the pellet. 

Trypsin was then deactivated at 99 °C for 5 min. Tryptic glycopeptides were digested 

overnight at 37° C with 0.5 U of PNGase F. Released N-glycans were isolated from the 

peptide moieties using C18 Extract-CleanTM cartridges (Alltech, Deerfield, IL). N-Glycans 

were subsequently desalted using carbograph Extract-CleanTM columns (Alltech, Deerfield, 

IL) and evaporated to dryness. 

 

4.6.5 Purification of N-glycans 

4.6.5.1 Calbiosorb 

Calbiosorb was used to remove detergents that were used to solubilise membrane 

(glyco)proteins since it is able to adsorb organic compounds. Calbiosorb beads were 

carefully washed with water. Then the beads were suspended in water (beads:water = 1:2) 

and about 200 µl of the beads suspension were added to the samples. Samples were 

shaked for 5 min at room temperature and the supernatant was placed in a new vial. 

 

4.6.5.2 C18 reversed phase chromatography  

The hydrophobic stationary phase C18 is able to bind proteins and peptides reversibly. In 

contrast, free glycans don’t bind to the column material. First, samples were acidified with 1 
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% TFA to a final pH value < 4. Columns were equilibrated with 3 x 400 µl of 80 % ACN in 0.1 

% TFA followed by 0.1 % TFA in water, respectively. Samples were applied and columns 

were washed with 3 x 400 µl of 0.1 % TFA in water. The flow-through, which contained free 

glycans, was collected. When necessary, peptides were eluted from the C18 column with 3 x 

400 µl of 50 % ACN in 0.1 % TFA. Samples were either dried under vacuum (peptides) or 

further desalted on Carbograph columns (glycans).   

 

4.6.5.3 Carbograph 

Carbograph is able to bind proteins and peptides irreversibly and glycans reversibly. Thus, 

free glycans can be separated from proteins or peptides as well as desalted. Columns were 

equilibrated with 3 x 400 µl of 80 % ACN in 0.1 % TFA followed by 0.1 % TFA in water, 

respectively. Glycan samples derived from C18 purification were directly applied to the 

carbograph column. Glycan samples resulting from enzymatic digestions were acidified with 

1 % TFA to a final pH value < 4 prior to application on the carbograph column. After 

application of the samples, columns were washed with 3 x 400 µl of 0.1 % TFA in water in 

order to desalt glycans. Glycans were then eluted with 3 x 400 µl of 25 % ACN in 0.1 % TFA. 

Samples were dried under vacuum.  

 

4.6.5.4 C18 reversed phase chromatography of permethylated N-glycans 

When necessary, permethylated N-glycans were further purified with C18 reversed phase 

cartridges. The hydrophobic material is able to bind the non-polar permethylated N-glycans. 

C18 columns were equilibrated with 3 x 400 µl of methanol followed by water, respectively. 

Samples were dissolved in 200 µl methanol and applied to the column. They were then 

washed with 3 x 400 µl water followed by 10 % ACN, respectively. Glycans were eluted with 

80 % ACN and evaporated to dryness. 

 

4.6.5.5 Self-made graphite micro column 

20 µl filter tips equipped with a filter were manually filled with graphite. The chromatographic 

principle is the same as carbograph but with smaller volumes. Filter tips were placed in a 

table centrifuge and equilibrated with 3 x 40 µl of 80 % ACN in 0.1 % TFA followed by 0.1 % 

TFA, respectively. The acidified samples (pH < 4) were applied to the cartridge. After 

centrifugation, bond glycans were washed with 3 x 40 µl 0.1 % TFA and finally eluted with 3 x 

40 µl of 25 % ACN in 0.1% TFA. APTS-labeled glycans were eluted with 50 % ACN in 0.1 % 

TFA and 2AB-labeled glycans with 80 % ACN in 0.1 % TFA. Sample were evaporated to 

dryness.        
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4.6.5.6 Lyophilisation of samples 

In order to minimise the volume of samples after purification or for buffer exchange prior to 

exoglycosidase digestions, samples were dried under vacuum and centrifugation. 

 

4.6.6 Exoglycosidase digestions of N-glycans 

Exoglycosidase digestions were performed to verify the monosaccharide types and 

glycosidic linkages.  

Undifferentiated and adipogenically differentiated MSCs: High-mannose- and hybrid-type N-

glycans derived after Endo H digestion were dissolved in 50 mM sodium acetate (pH 5.0, 

Merck) and digested for 18 h at 37°C using the following exoglycosidases consecutively with 

different concentrations: 3 U/ml Arthrobacter ureafaciens neuraminidase (Roche Applied 

Science), 0.2 U/ml β(1-4) galactosidase from Streptococcus pneumoniae (Prozyme), 4 U/ml 

β-N-acetylhexosaminidase recombinant from S. pneumoniae and expressed in E. coli 

(Prozyme), and 20 U/ml α-mannosidase from Canavalia ensiformis (Jack bean) (Sigma-

Aldrich). Complex-type N-glycans were also dissolved in 50 mM sodium acetate (pH 5.0) and 

digested for 18 h at 37°C using the following exoglycosidases consecutively with different 

concentrations: 3 U/ml A. ureafaciens neuraminidase, 1 U/ml bovine testes β-galactosidase, 

6 U/ml β-N-acetylhexosaminidase recombinant from S. pneumoniae and expressed in E. coli, 

and to determine core-fucosylated structures, 2.3 U/ml bovine kidney α(1-2,3,4,6) fucosidase 

(all Prozyme). After inhibition at 95°C for 5 min, samples were permethylated and lyophilised. 

HEK 293, CHO-K1, AGE1.HN, Hep G2, undifferentiated and chondrogenically differentiated 

MSCs, hepatocyte-like cells: N-glycans, dissolved in sodium acetate (100 mM, pH 5.0), were 

digested for 18 h at 37 °C using different exoglycosidases with the following concentrations: 

3 U/mL Arthrobacter ureafaciens neuraminidase (EC 3.2.1.18, Roche Applied Science, 

Indianapolis, IN); 0.8 U/mL β(1–4) galactosidase from Streptococcus pneumoniae (GKX-

5014, Prozyme); 0.75 U/mL bovine kidney α(1–2,3,4,6) fucosidase (GKX-5006, Prozyme); 

5.4 mU/mL almond meal α(1–3,4) fucosidase (GKX-5019, Prozyme); 12 U/mL β-N-

acetylhexosaminidase, recombinant from Streptococcus pneumoniae, expressed in E. coli 

(GKX-80050, Prozyme, CA). After inhibition at 95 °C for 5 min, samples were desalted on 

self-made graphite micro-columns and lyophilised. The presence of LewisX epitopes and 

core-fucosylated structures was shown using the following sequence of digestions: β(1–4) 

galactosidase, β(1–3,6) galactosidase, α(1–3,4) fucosidase, β(1–4) galactosidase, and 

bovine kidney α(1-2,3,4,6) fucosidase. 
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4.6.7 Desialylation of N-glycans 

Dried N-glycans were dissolved in 40 µl of a acetic acid solution (0.5 M) and incubated at 80 

°C for 3 h. Desialylated N-glycans were then desalted on self-made graphite micro-columns. 

 

4.6.8 Derivatisation of N-glycans 

4.6.8.1 Permethylation 

Permethylation was performed in DMSO using sodium hydroxide and methyl iodide as 

described elsewhere (208, 209). Chloroform was then added and the chloroform phase was 

washed with water until the water phase became neutral. The chloroform phase was finally 

evaporated under reduced pressure and samples were dissolved in 75 % aqueous 

acetonitrile for MALDI-TOF measurements. Permethylated cell surface N-glycans were 

further desalted with C18 Extract-CleanTM cartridges. 

 

4.6.8.2 2AB-labeling 

2AB-labeling of N-glycans was performed as described elsewhere (58) (59). Dried N-glycans 

were incubated in 8 µl of 2-aminobenzamide / sodium cyanoborohydride (0.35 M / 1 M) in 

acetic acid-dimethyl sulfoxide (3:7 v/v) for 2 h at 65 °C. Samples were then lyophilised and 

desalted on self-made graphite micro-columns. 

 

4.6.8.3 APTS-labeling  

100 pmol of maltose was added as internal standard to each of the desialylated N-glycan 

samples, which were then dried under vacuum. APTS was dissolved in a 15 % acetic acid 

solution to give a concentration of 100 mg/ml and then diluted with THF (1:1 v/v). 8-

Aminopyrene-1,3,6-trisulfonic acid (APTS) was added in excess to the sample in order to 

achieve a complete reaction. Samples were dissolved in 3 µl of a THF / acetic acid solution 

(1:1 v/v). Then, 0.5 µl of 1M sodium cyanoborohydride solution in THF and 0.5 µl of the 

APTS solution were added to the samples and incubated at 37 °C overnight. Samples were 

then diluted with 21 µl water and stored at -20 °C.    

 

4.6.9 MALDI-TOF-MS 

N-glycans were analysed on an Ultraflex III TOF/TOF mass spectrometer (Bruker Daltonics, 

Bremen, Germany) equipped with a smartbeam-IITM laser and a LIFT-MS/MS facility. After a 

delayed extraction time of 10 ns, the ions were accelerated with a 25 kV voltage. 
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Measurements were carried out in the positive-ionization mode. External calibration was 

performed using a dextran ladder. Samples (0.5 µl) were mixed on a ground steel target in a 

1:1 ratio (v/v) with the matrix consisting of super-dihydroxybenzoic acid (10 mg/mL, Sigma-

Aldrich) dissolved in 10 % acetonitrile. The acquisition of mass spectra was done with the 

software Flex Control (version 3.0, Bruker Daltonics) and data processing and annotation 

was performed with Flex Analysis (version 3.0, Bruker Daltonics). Spectra were evaluated 

using Glyco-Peakfinder (online version, EUROCarbDB) and assigned N-glycan structures 

were built with the GlycoWorkbench software (version 1.1, EUROCarbDB) (91, 210). Mass 

tolerance for precursor ions was set to 100 ppm. Individual spectra were accepted based on 

the signal to noise ratio of each signal, which was about 10 for the signal with the smallest 

intensity and about 9000 for the signal with the highest intensity. Mass peaks with an 

intensity below 0.01 % were not considered. MALDI-TOF/TOF fragmentation was performed 

to verify the monosaccharide type and linkage. The mass tolerance for fragment ions was 

about 0.2 Da. Polyhexose contamination, when present, was negligible and excluded from 

the quantification. 

 

4.6.10 CE-LIF 

The detection of N-glycans in CE was done with laser-induced fluorescence (λexc 488, λem 

520). APTS-labeled samples (5 µl) were diluted with 20 µl of water and injected into the CE-

LIF. Separations were achieved with reversed polarity on a polyvinyl alcohol (PVA)-coated 

capillary (50 nm id, 40 cm effective length to the window, 50.2 cm total length). Glycans were 

separated in an acetate buffer (25mM, pH 4.75) with 0.4 % polyethylenoxide (PEO). The 

capillary was first rinsed for 2 min and 30 psi with buffer. Then the sample was injected (0.5 

psi, 4s) and finally separated at 30 kV and a runtime of 30 min. APTS-labeled maltose was 

used as the internal standard to normalise the detected migration times. 

 

4.6.11 Sialic acid determination using HPLC 

Enzymatically released and purified cell surface N-glycans were subjected to sialic acid 

analysis (211). Sialic acids were hydrolysed in 3 M acetic acid for 3 h at 80 °C. After the 

reaction, samples were neutralised with 25 % ammonia and then evaporated. Samples were 

dissolved in 20 µl of water. The internal standard, 2-keto-3-deoxy-nonulosonic acid (KDN), 

was added and sialic acids were specifically labeled with 1,2-diamino-4,5-methylene 

dioxybenzene (DMB, Sigma-Aldrich, St. Louis, MO) for 2.5 h at 56 °C using 100 µl of a 

solution containing 7 mM DMB, 18 mM sodium hydrosulfite, 0.75 M β-mercaptoethanol. The 

reaction products were analysed using RP-HPLC on a Gemini C18 column (4.6 mm x 250 
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mm, 5 μ, Phenomemex, Torrance, CA) by applying a gradient of water (A) and 

acetonitrile/methanol (6/4; v/v; B) at 0.5 mL/min. Elution started with 17 % B for 10 min 

followed by an increase to 35 % B in 60 min. Labeled sialic acids were monitored by 

fluorescence detection (λexc 373 nm, λem 448 nm). 

 

4.7 Statistical analysis 

Data were expressed as mean and standard error of mean. Student t-test was performed 

with SigmaStat software (Systat), to test expressed genes for their statistical significance, 

(*p<0.05, **p<0.01, ***p<0.001). Mann-Whitney U test was used to assess statistically 

significant changes of N-glycan structures during differentiation using SPSS 18.0 software 

(SPSS), (*p≤0.05). 

 

4.8 Softwares 

 32 Karat 8.0 (Beckman Coulter, Krefeld, Germany) 

 Adope Photoshop 12.0 x 32 (Adope Systems, USA) 

 Biotools 3.1 (Bruker Daltonics, Bremen, Germany) 

 CorelDraw 11 (Corel) 

 Endnote X5 (Thomson Reuters, USA) 

 ExPASy (Swiss Institut of Bioinformatics, Switzerland) 

 FlexAnalysis 3.0 (Bruker Daltonics, Bremen, Germany) 

 FlexControl 3.0 (Bruker Daltonics, Bremen, Germany) 

 GlycoPeakfinder (EuroCarbDB) 

 GlycoWorkbench 1.1 (EuroCarbDB) 

 Mascot (Matrix Science CE-LIF, London, UK) 

 Microsoft (Word and Excel, Windows) 

 Quantity One 4.6.3 (Bio-Rad, München) 
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Proposed N-glycan 
structures                                                                                                               

Cell type Proposed N-glycan 
structures                                                                                                               

Cell type 

m/z Composition 
% in 

HEK-293 
MP      CS 

% in 
CHO-

K1 

% in 
AGE1.

HN 

% in 
Hep 
G2 

m/z Composition 
% in 

HEK-293 
MP       CS 

% in 
CHO-

K1 

% in 
AGE1.

HN 

% in 
Hep 
G2 

1171.5 

 

H3N2 
 

0.73 0.50 0.07 1.86 2.47 2839.1 S1H7N4   0.03   

1345.5 

 

H3N2F1 
 

1.05 0.34 2.52 0.83 1.84 2850.1 

 

S1H5N5F1 

 

0.16 2.37 0.02  0.14 

1375.6 

 

H4N2 
 

0.43 0.14 3.03 0.54 1.06 2852.1 G2H5N4   0.05   

1416.6 

 

H3N3 
 

0.09 0.15 1.25 0.61 0.57 2861.1 

 

S1H3N6F2 

 

 0.14   0.01 

1549.6 

 

H4N2F1  0.04 0.01   0.11 2867.1 

 

H6N5F2 

 

0.04   0.09 0.01 

1579.6 
 

H5N2 
 

8.34 5.15 8.89 9.34 5.78 2880.1 
 

S1H6N5 0.20 0.24 0.20  0.30 

1590.6 
 

H3N3F1 
 

0.18 0.22 0.19 0.50 0.41 2897.1 H7N5F1 
 

  0.14   

1620.7 

 

H4N3 0.09 0.03 0.57 0.43 0.25 2908.1 H5N6F2  0.06    

1661.7 
 

H3N4 
 
 

0.12 0.05 0.07 0.16 0.06 2938.1 

 

H6N6F1 0.05 0.08   0.05 

1753.7 

 

H5N2F1 0.08 0.00   0.13 2966.1 
 

S2H5N4F1 
 

0.93 6.24 3.06 0.65 19.9
0 1783.7 

 
H6N2 
 

12.9
5 

2.83 7.28 2.70 3.08 2979.1 H5N7F1   0.06   

1794.7 
 

H4N3F1 
 

0.13 0.10 0.65 0.56 0.23 2996.1 
 

S1G1H5N4F1 
 

0.08 0.14 0.14  0.43 

1824.7 
 

H5N3 
 
 

0.15 0.21 0.73 0.65 0.18 3007.1 

 

S2H4N5F1  0.50   0.42 

1835.7 
 

H3N4F1 
 

0.42 0.62 0.59 0.67 0.17 3024.1 

 

S1H5N5F2 

 

 0.21   0.06 

1865.7 
 

H4N4 
 

0.18 0.20 0.91 0.73 0.26 3026.1 
 

G2H5N4F1 
 

  0.07  0.13 

1968.7 

 

H4N3F2    0.16  3037.1 

 

S2H5N5 

 

 0.03   0.04 

1981.7 

 

S1H4N3 

 

    0.15 3041.1 

 

H6N5F3 

 

0.04   0.34  

1987.7 
 

H7N2 
 

7.74 1.38 6.36 1.23 1.86 3048.1 

 

S2H3N6F1 

 

 0.01   0.19 

1998.7 
 

H5N3F1 
 

0.12 0.08 0.17 0.32 0.06 3054.1 
 

S1H6N5F1 0.43 1.30 0.60 0.13 0.94 

2028.8 
 

H6N3 
 

0.20 0.20 0.49 0.62 0.16 3082.1 

 

H5N6F3      

2039.8 
 

H4N4F1 
 

0.22 0.61 1.01 1.14 0.27 3084.1 

 

G1H6N5F1 / 

S1H7N5 

  0.06  0.07 

2069.8 
 

H5N4 
 

0.29 2.06 5.29 5.50 1.28 3112.1 H6N6F2  0.10    

2080.8 H3N5F1 

 

0.25 0.50 0.06 0.38 0.08 3140.1 

 

S2H5N4F2     0.52 

2155.8 

 

S1H4N3F1 

 

0.25 0.06 0.08 0.13 0.10 3142.1 H7N6F1 0.04  0.07   

2185.8 
 

S1H5N3 
 

0.43 0.18 0.13 0.36 0.34 3153.1 

 

H5N7F2     0.12 

2191.8 
 

H8N2 
 

21.6 2.34 11.87 2.79 2.84 3170.1 

 

S2H6N4F1     0.03 

2202.8 
 

H6N3F1 
 

0.10 0.01 0.09 0.33  3211.1 

 

S2H5N5F1 0.04 0.26   0.13 

2213.8 

 

H4N4F2 

 

0.09 0.40 0.19 0.28 0.05 3215.1 H6N5F4 

 

   2.75  

2215.8 

 

G1H5N3   0.01   3228.1 

 

S1H6N5F2 0.05 0.11  0.12 0.48 

2226.8 

 

S1H4N4 

 

 0.06 0.14 0.15 0.10 3241.1 
 

S2H6N5 
 

0.07 0.21 0.31  0.85 

2243.8 
 

H5N4F1 
 

0.39 6.24 12.25 10.58 2.40 3256.1 H5N6F4   0.13 0.11  

2256.8 

 

G1H4N4   0.04   3269.1 S1H5N6F2  0.06    

2273.8 

 

H6N4 

 

 0.03 0.21 0.07 0.03 3299.1 

 

S1H6N6F1 0.03 0.15   0.00 

2284.8 

 

H4N5F1 

 

0.24 3.01 0.05 0.18 0.08 3316.1 

 

H7N6F2 

 

0.01     

2314.8 
 

H5N5  
 

0.27 0.18 0.05 0.10 0.01 3329.1 

 

S1H7N6  0.03    0.06 

2325.8 

 

H3N6F1 

 

0.11 0.23 0.02 0.08 0.01 3385.1 

 

S2H5N5F2     0.00 

2359.9 

 

S1H5N3F1 

 

0.29 0.11 0.01 0.13 0.10 3403.1 

 

S1H6N5F3 

 

0.03 0.01  0.81 0.19 

2389.9 
 

S1H6N3 
 

0.53 0.18 0.16 0.31 0.40 3416.1 
 

S2H6N5F1 
 

0.30 1.51 1.26 0.04 1.21 

2395.9 
 

H9N2 
 

30.9
3 

1.83 4.67 1.70 0.94 3457.1 S2H5N6F1  0.11    

2400.9 

 

S1H4N4F1   0.18 0.08 0.30 0.19 3461.1 H6N6F4    0.09  

2417.9 
 

H5N4F2 
 

0.24 1.01 0.70 3.24 0.45 3474.1 

 

S1H6N6F2  0.07   0.03 

2430.9 
 

S1H5N4 
 

1.07 4.24 4.78 5.01 4.04 3491.1 H7N6F3    0.08  

2447.9 
 

H6N4F1 
 

  1.08 0.36 0.30 3504.1 
 

S1H7N6F1 
 

0.09 0.16 0.08  0.35 

2458.9 

 

H4N5F2 0.33 6.19    3590.1 

 

S2H6N5F2 

 

0.04 0.14  0.13 1.60 

2460.9 
 

G1H5N4   0.44  0.24 3602.1 
 

S3H6N5 
 

0.03 0.71 0.26  3.59 

2471.9 

 

S1H4N5 

 

 0.12   0.05 3620.1 S2H7N5F1   0.20   

2477.9 H7N4   0.01   3633.1 

 

H7N8F1 

 

    0.11 

2488.9 

 

H5N5F1 0.19 1.63 0.13 0.16 0.10 3661.1 S2H6N6F1  0.13    

2499.9 

 

H3N6F2  1.34    3665.1 H7N6F4    0.62  

2518.9 

 

H6N5 

 

0.11 0.11 0.17  0.01 3678.1 

 

S1H7N6F2 0.03   0.06 0.18 

2529.9 H4N6F1  0.05    3691.1 

 

S2H7N6 

 

0.04  0.02  0.07 

2546.9 

 

S2H5N3 0.09  0.03  0.11 3749.1 S1H7N7F1  0.03    

2563.9 

 

S1H6N3F1 0.10  0.03  0.06 3763.2 

 

S2H6N5F3 

 

    0.25 

2574.9 

 

S1H4N4F2 

 

    0.02 3776.2 
 

S3H6N5F1 
 

0.15 1.45 0.66  2.37 

2587.9 

 

H4N4S2      3806.2 

 

S2G1H6N5F1 

 

    0.10 

2591.9 H5N4F3 0.16 0.16  8.70 0.17 3839.2 H7N6F5 

 

   5.93  

2599.9 

 

H10N2 

 

1.03 0.02 0.02 0.02 0.01 3852.2 

 

S1H7N6F3 

 

   0.62 0.17 

2604.9 
 

S1H5N4F1 
 

2.59 18.2
18 

9.31 10.17 10.3
0 

3864.2 
 

S2H7N6F1 
 

0.22 0.67 0.15 0.01 0.44 

2632.9 H4N5F3  0.93  0.53  3951.2 

 

S3H6N5F2     3.60 

2634.9 
 

G1H5N4F1 
 

0.19 2.20 1.61 3.54 0.63 3964.2 
 

S4H6N5 
 

 0.10 0.04  0.92 

2645.9 

 

S1H4N5F1 

 

0.19 2.21   0.23 4026.2 

 

S1H7N6F4 

 

   4.74 0.01 

2652.0 

 

H7N4F1   0.24  0.12 4039.2 

 

S2H7N6F2 

 

0.02 0.12  0.23 0.67 

2663.1 

 

H5N5F2 0.08 0.72  0.12 0.06 4069.3 S2H8N6F1 
 

  0.02   

2674.1 H3N6F3 0.29   0.07 0.06 4125.3 

 

S3H6N5F3     0.14 

2676.1 S1H5N5  2.02 0.02   4213.3 

 

S2H7N6F3 

 

0.01 0.01  0.98 0.37 



APPENDIX 

156 
 

 

Table 1. The average relative amounts of all PNGase F-released N-glycans of HEK 293 from cell 

membrane preparation (MP) and cell surface (CS) as well as of CHO, AGE1.HN and HEP G2 cells (4 

repetitions for HEK 293, 3 repetitions for CHO, AGE1.HN and HEP G2). H: hexose, N: N-

acetylhexosamine, F: deoxyhexose, S: N-acetylneuraminic acid. 

 

 

 

 

 

 

 

 

 

Table 2. The average relative amounts of Endo H-released N-glycans of undifferentiated and 

adipogenically differentiated (A) human MSCs on day 5 and day 15 of differentiation derived from 

three different donors. H: hexose, N: N-acetylhexosamine, F: deoxyhexose, S: N-acetylneuraminic 

acid. 

 

 

 

 

 

2687.1 S1H3N6F1  0.21   0.04 4226.3 S3H7N6F1 0.09 1.28 0.11 0.01 0.37 
2693.1 
 

H6N 
 

0.13 0.23 0.40 0.09 0.10 4314.3 

 

S2H8N7F1   0.02  0.05 

2723.1 H7N5 

 

0.07  0.03   4400.4 

 

S3H7N6F2 

 

 0.05  0.11 0.57 

2734.1 H5N6F1  0.10    4574.4 

 

S3H7N6F3 

 

    0.51 

2779.1 

 

S1H5N4F2 

 

0.30 1.01 0.16 2.16 2.79 4587.4 

 

S4H7N6F1 

 

0.08 0.85 0.08 0.01 0.15 

2792.1 
 

S2H5N4 
 

0.19 1.37 1.41 0.41 6.84 4662.4 

 

S2H8N7F3     0.10 

2809.1 
 

S1H6N4F1 
 

  1.24 0.11 0.65 4675.4 

 

S3H8N7F1   0.03   

2820.1 

 

S1H4N5F2 0.21 5.58  0.06 0.16 4761.5 

 

S4H7N6F2     0.78 

2822.1 

 

S1G1H5N4   0.07  0.11 4849.5 

 

S3H8N7F2     0.11 

2833.1 

 

S2H4N5 

 

    0.09 4935.6 

 

S4H7N6F3     0.31 

2837.1 

 

H5N5F3  0.24  0.17 0.01        

Endo H-released N-glycans                                                              

m/z Composition % in 

MSCs 

% in A 

day 5 

% in A 

day 15 

926.4 H3N1 

 

  0.61   0.76   0.81 

1130.5 H4N1 

 

  0.20   0.34   0.49 

1334.6 H5N1 

 

  6.63 18.53 13.93 

1538.7 H6N1 

 

18.48 26.20 25.89 

1579.7 H5N2 

 

  1.65   0.87   0.61 

 

1742.8 H7N1 

 

12.14   9.61 10.62 

1783.8 H6N2 

 

  4.14   1.63   0.98 

1940.9 H5N2S1 

 

  0.51   0.33   0.20 

1946.9 H8N1 

 

27.17 22.43 28.20 

2145.0 H6N2S1 

 

  1.12   0.67   0.56 

2151.0 H9N1 

 

26.70 18.44 17.56 

2355.1 H10N1 

 

  0.63   0.20   0.14 
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Table 3. The average relative amounts of all PNGase F-released N-glycans of undifferentiated and 

adipogenically differentiated (A) human MSCs on day 5 and day 15 of differentiation derived from 

three different donors. H: hexose, N: N-acetylhexosamine, F: deoxyhexose, S: N-acetylneuraminic 

acid. 
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Table 4. The average relative amounts of all PNGase F-released N-glycans of undifferentiated and 

chondrogenically differentiated (C) human MSCs on day 5 and day 28 of differentiation. 

Chondrogenically differentiated MSCs with and without their extracellular matrix (ECM) were used for 

the analysis. Data were derived from three (C without ECM) or four (undifferentiated MSCs and C with 

ECM) different replicates. H: hexose, N: N-acetylhexosamine, F: deoxyhexose, S: N-acetylneuraminic 

acid. – ECM: without ECM, + ECM: with ECM. 
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Table 5. The average relative amounts of all PNGase F-released N-glycans of undifferentiated and 

osteogenically differentiated (O) human MSCs on day 5 and day 28 of differentiation derived from 

three different preparations. Day 5 and 28 osteogenically differentiated MSCs were isolated from their 

ECM prior to N-glycan analysis. H: hexose, N: N-acetylhexosamine, F: deoxyhexose, S: N-

acetylneuraminic acid, -ECM: without ECM. 
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Table 6. The average relative amounts of all PNGase F-released N-glycans of undifferentiated ESCs, 

definitive endoderm cells (DEC) and hepatocyte-like cells (HLC) derived from seven (ESCs and HLCs) 

and four (DECs) different preparations. H: hexose, N: N-acetylhexosamine, F: deoxyhexose, S: N-

acetylneuraminic acid.  

PNGase F-released N-glycans                                                                                                                           

m/z Composition 
% in 

ESC 

% in 

DEC 

% in 

HLC 
m/z Composition 

% in 

ESC 

% in 

DEC 

% in 

HLC 

1171.6 

 

H3N2 

 

1.49 1.64 1.08 2500.2 H3N6F2   0.01 

1345.6 

 

H3N2F1 

 

2.64 2.22 2.36 2519.2 

 

H6N5 

 

0.08  0.14 

1375.6 

 

H4N2 

 

1.23 1.52 0.72 2530.2 H4N6F1 2.93 0.79  

1416.7 

 

H3N3 

 

0.69 0.45 0.23 2547.2 S1H5N3   0.01 

1549.7 H4N2F1 1.48 0.22 0.04 2560.2 H5N6 0.11   

1579.7 

 

H5N2 

 

4.43 10.67 5.78 2592.3 

 

H5N4F3 

 

0.23 0.13 0.52 

1590.8 

 

H3N3F1 

 

0.82 0.62 0.59 2599.3 H10N2 

 

0.14 0.06  

1620.8 

 

H4N3 

 

0.57 0.20 0.34 2605.3 

 

S1H5N4F1 

 

0.70 3.84 25.23 

1661.8 

 

H3N4 

 

0.43 0.15 0.07 2635.3 

 

S1H6N4/ 

G1H5N4F1 

 

0.16 0.10 0.18 

1753.8 

 

H5N2F1 1.12 0.07 0.03 2646.3 S1H4N5F1  0.08 0.18 

1783.8 

 

H6N2 

 

9.21 14.36 3.02 2652.3 H7N4F1 0.11   

1794.9 

 

H4N3F1 

 

2.54 0.35 0.30 2663.3 H5N5F2 0.12 0.05 0.27 

1824.9 

 

H5N3 

 

 

0.45 0.19 0.31 2676.3 S1H5N5 0.07 0.06 0.07 

1835.9 

 

H3N4F1 

 

6.07 3.36 0.30 2687.3 S1H3N6F1  0.02 0.09 

1865.9 

 

H4N4 

 

0.59 0.20 0.23 2693.3 

 

H6N5F1 

 

0.71 0.29 1.40 

1968.9 

 

H4N3F2 

 

0.78  0.01 2734.3 H5N6F1 3.43 1.50 0.06 

1981.9 

 

S1H4N3 

 

  0.08 2764.3 H6N6 0.08   

1987.9 H7N2 

 

14.60 16.97 2.28 2779.3 S1H5N4F2 

 

0.19 0.53 0.44 

1999.0 

 

H5N3F1 

 

1.08 0.23 0.09 2792.3 

 

S2H5N4 

 

  0.06 

2029.0 

 

H6N3 

 

0.14 0.12 0.14 2809.3 

 

S1H6N4F1 

 

  0.01 

2040.0 

 

H4N4F1 

 

5.98 3.34 1.22 2820.3 S1H4N5F2  0.02 0.01 

2070.0 

 

H5N4 

 

0.71 0.31 1.49 2837.4 H5N5F3 0.02  0.09 

2081.0 H3N5F1 

 

1.49 0.55 0.25 2850.4 

 

S1H5N5F1 

 

 0.05 1.23 

2156.0 

 

S1H4N3F1 

 

 0.09 0.16 2866.4 

 

H6N5F2 

 

0.07  0.06 

2173.0 H5N3F2 0.06  0.01 2880.4 

 

S1H6N5 

 

0.15 0.06 0.10 

2186.0 

 

S1H5N3 

 

0.01 0.10 0.14 2921.4 S1H5N6 0.06   

2192.0 H8N2 

 

12.33 18.38 4.48 2938.4 H6N6F1 

 

2.08 0.71 0.36 

2203.0 H6N3F1 

 

0.17 0.04 0.03 2966.4 

 

S2H5N4F1 

 

0.03 0.23 0.59 

2214.1 

 

H4N4F2 

 

0.47 0.11 0.07 2979.4 H5N7F1 0.02   

2216.1 G1H5N3 0.03   3026.4 G2H5N4F1 

 

  0.01 

2227.1 

 

S1H4N4 

 

  0.06 3041.4 H6N5F3   0.02 

2244.1 

 

H5N4F1 

 

4.48 3.72 17.28 3054.5 

 

S1H6N5F1 

 

0.05 0.06 1.66 

2255.1 H3N5F2   0.01 3084.5 

 

S1H7N5 

 

0.08  0.01 

2274.1 

 

H6N4 

 

0.25 0.10 0.10 3112.5 H6N6F2 0.01  0.01 

2285.1 

 

H4N5F1 

 

2.38 1.81 3.82 3125.5 S1H6N6 0.31 0.09  

2315.1 H5N5   0.32 3142.5 

 

H7N6F1 

 

0.61 0.15 0.19 

2326.1 H3N6F1 0.73 0.20 0.02 3183.5 H6N7F1 0.06   

2330.1 S1H4N3F2 0.49   3211.5 S2H5N5F1   0.02 

2360.1 

 

S1H5N3F1 

 

 0.03 0.07 3215.5 H6N5F4   0.01 

2390.1 

 

S1H6N3 

 

  0.05 3228.6 S1H6N5F2 

 

  0.02 

2396.1 H9N2 

 

3.54 6.28 2.70 3299.6 S1H6N6F1   0.05 

2401.1 

 

S1H4N4F1 

 

  0.21 3316.6 H7N6F2 0.02   

2418.2 

 

H5N4F2 

 

0.65 0.31 1.86 3330.6 S1H7N6 0.34 0.10  

2431.2 

 

S1H5N4 

 

0.38 0.43 2.49 3346.6 H8N6F1 0.05   

2448.2 

 

H6N4F1 

     

0.55 0.12 0.06 3387.6 H7N7F1   0.03 

2459.2 H4N5F2  0.07 0.26 3416.6 S2H6N5F1 

 

  0.09 

2461.2 

 

G1H5N4 

 

0.02   3503.7 

 

S1H7N6F1 

 

  0.52 

2478.2 H7N4 0.12   3533.7 S1H8N6 0.13   

2489.2 

 

H5N5F1 

 

 

1.64 1.55 11.06 3864.9 

 

S2H7N6F1 

 

  0.02 



APPENDIX 

161 
 

 
Proposed N-glycan structure                                            Consecutive Enzymatic Digestions 

m/z Composition Proposed Structure N G4 F3,4 G4 F 

1171.5 
 

H3N2 
 

 

ud ud ud ud ud 

1345.5 
 

H3N2F1 
 

 

ud ud ud ud d 

1375.6 
 

H4N2 
 

 

ud ud ud ud ud 

1416.6 
 

H3N3 
 

 

ud ud ud ud ud 

1579.6 
 

H5N2 
 

 

ud ud ud ud ud 

1590.6 
 

H3N3F1 
 

 

ud ud ud ud d 

1620.7 
 

H4N3 
 

 

ud ud ud ud ud 

1661.7 
 

H3N4 
 

 

ud ud ud ud ud 

1783.7 
 

H6N2 
 

 

ud ud ud ud ud 

1794.7 
 

H4N3F1 
 

 

ud ud ud ud d 

1824.7 
 

H5N3 
 
 

 

ud ud ud ud ud 

1835.7 
 

H3N4F1 
 

 

ud ud ud ud d 

1865.7 
 

H4N4 
 

  

ud d ud ud ud 

1987.7 
 

H7N2 
 

  

ud ud ud ud ud 

1998.7 
 

H5N3F1 
 

      

        

ud d ud ud d 

2028.8 
 

H6N3 
 

    

ud d ud ud ud 

2039.8 
 

H4N4F1 
 

  

ud d ud ud d 

2069.8 
 

H5N4 
 

    

ud d ud ud ud 



APPENDIX 

162 
 

2080.8 H3N5F1 

 
  

   

 
ud 

 
ud 

 
ud 

 
ud 

 
d 

2191.8 
 

H8N2 
 

 

ud ud ud ud ud 

2213.8 

 

H4N4F2 

      

ud ud d d d 

2226.8 

 

S1H4N4 

 

d d ud ud ud 

2243.8 
 

H5N4F1 
 

 

ud d ud ud d 

2284.8 

 

H4N5F1 

  

ud d ud ud d 

2314.8 
 

H5N5 
 

 

ud d ud ud ud 

2325.8 

 

H3N6F1 

     

ud ud ud ud d 

2389.9 
 

S1H6N3 
 

    

d d ud ud ud 

2395.9 
 

H9N2 
 

    

ud ud ud ud ud 

2417.9 
 

H5N4F2 
 

    

ud d d d d 

2430.9 
 

S1H5N4 
 

  

d d ud ud ud 

2458.9 

 

H4N5F2 

 
        

ud ud d d d 

2488.9 

 

H5N5F1 

    

ud d ud ud d 

2499.9 

 

H3N6F2 

 
   

ud ud d ud d 

2518.9 H6N5 

   

ud d ud ud ud 

2604.9 
 

S1H5N4F1 
 

 

d d ud ud d 
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2634.9 
 

S1H6N4 
 
 

 
 

d d ud ud ud 

2645.9 

 

S1H4N5F1 

  

d d ud ud d 

2663.1 

 

H5N5F2 

    

ud d d d d 

2674.1 

 

H3N6F3 

 

       

ud ud d ud d 

2693.1 
 

H6N5F1 
 

 

ud d ud ud d 

2779.1 

 

S1H5N4F2 

 
 

d d d d d 

2792.1 
 

S2H5N4 
 

 

d d ud ud ud 

2820.1 

 

S1H4N5F2 

 

 

 

d d d d d 

2850.1 

 

S1H5N5F1 

 
 

d d ud ud d 

2880.1 
 

S1H6N5 
 

 

d d ud ud ud 

2938.1 

 

H6N6F1 

 
 

ud d ud ud d 

2966.1 
 

S2H5N4F1 
 

 

d d ud ud d 

2996.1 
 

S1G1H5N4F1 
 

 

d d ud ud d 

3007.1 

 

S2H4N5F1 

  

d d ud ud d 

3024.1 

 

S1H5N5F2 

 

 

d d d d d 

3054.1 
 

S1H6N5F1 
 

 

d d ud ud d 
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3228.1 

 

S1H6N5F2 

 

 

d d d d d 

3241.1 
 

S2H6N5 
 

 

d d ud ud ud 

3299.1 S1H6N6F1 

 
 

d d ud ud d 

3416.1 
 

S2H6N5F1 
 

 

d d ud ud d 

3504.1 
 

S1H7N6F1 
 

 

d d ud ud d 

3590.1 

 

S2H6N5F2 

 

 

d d d d d 

3602.1 
 

S3H6N5 
 

 

d d ud ud ud 

3678.1 

 

S1H7N6F2 

 

 

d d d d d 

3776.2 
 

S3H6N5F1 
 

 

d d ud ud d 

3864.2 
 

S2H7N6F1 
 

 

d d ud ud d 

3964.2 
 

S4H6N5 
 

 

d d ud ud ud 

4039.2 

 

S2H7N6F2 

 

 

d d d d d 

4226.3 
 

S3H7N6F1 

 

d d ud ud d 

4400.4 

 

S3H7N6F2 

 

 

d d d d d 
 

4587.4 
 

S4H7N6F1 
 

 

d d ud ud d 
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Exoglycosidase digestion Table 1. Exoglycosidase digestions of PNGase F-released N-glycans 

derived from HEK 293 cells. N: Arthrobacter ureafaciens neuraminidase, G4: β(1–4) galactosidase 

from Streptococcus pneumoniae, F3,4: almond meal α(1–3,4) fucosidase , F: Bovine kidney α(1–

2,3,4,6) fucosidase. The presence of Lewis
x
 antennae was demonstrated by exoglycosidase 

digestions. The cartoons imply neither a specific glycan isomer nor allocation of the Lewis
x
 motif to a 

distinct antenna. Note that some low abundant structures were not observed in the mass spectrum 

after exoglycosidase digestion and were therefore not listed here. d: digested, ud: undigested, H: 

hexose, N: N-acetylhexosamine, F: deoxyhexose, S: N-acetylneuraminic acid, G: N-glycolylneuraminic 

acid. Blue square represents N-acetylglucosamine, yellow square N-acetylgalactosamine, white 

square N-acetylhexosamine, green circle mannose, yellow circle galactose, red triangle fucose, pink 

diamond N-acetylneuraminic acid and white diamond N-glycolylneuraminic acid. 
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Proposed N-glycan structure                                        Consecutive Enzymatic Digestions 

m/z Composition Proposed Structure N G4 F3,4 G4 F 

1171.5 
 

H3N2 
 

 

ud ud ud ud ud 

1345.5 
 

H3N2F1 
 

 

ud ud ud ud d 

1375.6 
 

H4N2 
 

 

ud ud ud ud ud 

1416.6 
 

H3N3 
 

 

ud ud ud ud ud 

1579.6 
 

H5N2 
 

 

ud ud ud ud ud 

1590.6 
 

H3N3F1 
 

 

ud ud ud ud d 

1620.7 
 

H4N3 
 

 

ud ud ud ud ud 

1661.7 
 

H3N4 
 

 

ud ud ud ud ud 

1783.7 
 

H6N2 
 

 

ud ud ud ud ud 

1794.7 
 

H4N3F1 
 

 

ud ud ud ud d 

1824.7 
 

H5N3 
 

 

ud ud ud ud ud 

1835.7 
 

H3N4F1 
 

 

ud ud ud ud d 

1865.7 
 

H4N4 
 

 

ud d ud ud ud 

1981.7 

 

S1H4N3 

 
 

d d ud ud ud 

1987.7 
 

H7N2 
 

 

ud ud ud ud ud 

1998.7 
 

H5N3F1 
 

 

ud d ud ud d 

2028.8 
 

H6N3 
 

 

ud d ud ud ud 

2039.8 
 

H4N4F1 
 

 

ud d 
 

ud ud d 

2069.8 
 

H5N4 
 

 

ud d ud ud ud 

2080.8 H3N5F1 

 
 

ud ud ud ud d 
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2191.8 
 

H8N2 
 

 

ud ud ud ud ud 

2202.8 
 

H6N3F1 
 

 

ud d ud ud d 

2226.8 

 

S1H4N4 

 

d d ud ud ud 

2243.8 
 

H5N4F1 
 

 

ud d ud ud d 

2273.8 
 

H6N4 
 

 

ud d ud ud ud 

2284.8 

 

H4N5F1 

 
 

ud d ud ud d 

2314.8 
 

H5N5 
 

 

ud d ud ud ud 

2359.9 

 

S1H5N3F1 

 
 

d d ud ud d 

2389.9 
 

S1H6N3 
 

 

d d ud ud ud 

2395.9 
 

H9N2 
 

 

ud ud ud ud ud 

2417.9 
 

H5N4F2 
 

 

ud d d d d 

2430.9 
 

S1H5N4 
 

 

d d ud ud ud 

2447.9 
 

H6N4F1 
 
  

ud d ud ud d 

2460.9 
 

G1H5N4 
 

 

d d ud ud ud 

2477.9 

 

H7N4 

 

 

ud d ud ud ud 

2488.9 

 

H5N5F1 

  

ud d ud ud d 

2518.9 

 

H6N5 

 

 

ud d ud ud ud 

2563.9 

 

S1H6N3F1 

 
 

d d ud ud d 

2604.9 
 

S1H5N4F1 
 

 

d d ud ud d 
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2634.9 
 

G1H5N4F1 
 

 
 

d d ud ud ud 

2665.1 

 

G1H6N4 

 
 

d d ud ud ud 

2676.1 

 

S1H5N5 

 

d d ud ud ud 

2693.1 
 

H6N5F1 
 

 

ud d ud ud d 
 

2779.1 S1H5N4F2 

 
 

d d d d d 

2792.1 
 

S2H5N4 
 

 

d d ud ud ud 

2809.1 
 

S1H6N4F1 
 

 

d d ud ud d 

2822.1 
 

S1G1H5N4 
 

 
 

d d ud ud ud 

2850.1 

 

S1H5N5F1 

  

d d ud ud d 

2852.1 

 

G2H5N4 

  

d d ud ud ud 

2880.1 
 

S1H6N5 
 

 

d d ud ud ud 

2897.1 
 

H7N5F1 
 

 

ud d ud ud d 

2966.1 
 

S2H5N4F1 
 

 

d d ud ud d 

2996.1 
 

S1G1H5N4F
1 
  

d d ud ud d 

3026.1 
 

G2H5N4F1 
 
  

 

d d ud ud d 

3054.1 
 

S1H6N5F1 
 

 

d d ud ud d 

3084.1 
 

G1H6N5F1 
 

 

d d ud ud d 

3142.1 

 

H7N6F1 

 

 

ud d ud ud d 
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3241.1 
 

S2H6N5 
 

 

d d ud ud ud 

3416.1 
 

S2H6N5F1 
 

 

d d ud ud d 

3504.1 
 

S1H7N6F1 
 

 

d d ud ud d 

3602.1 
 

S3H6N5 
 

 

d d ud ud ud 

3620.1 

 

S2H7N5F1 

 
 

d d ud ud d 

3691.1 

 

S2H7N6 

 

 

d d ud ud ud 

3776.2 
 

S3H6N5F1 
 

 

d d ud ud d 

3864.2 
 

S2H7N6F1 
 

 

d d ud ud d 

3964.2 
 

S4H6N5 
 

 

d d ud ud ud 

4069.3 S2H8N6F1 
 
 

 

d d ud ud d 

4226.3 
 

S3H7N6F1 

 

d d ud ud d 

4587.4 
 

S4H7N6F1 
 

 

d d ud ud d 
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Exoglycosidase digestion Table 2. Exoglycosidase digestions of PNGase F-released N-glycans 

derived from CHO cells. N: Arthrobacter ureafaciens neuraminidase, G4: β(1–4) galactosidase from 

Streptococcus pneumoniae, F3,4: almond meal α(1–3,4) fucosidase , F: Bovine kidney α(1-2,3,4,6) 

fucosidase. The presence of Lewis
x
 antennae was demonstrated by exoglycosidase digestions. The 

cartoons imply neither a specific glycan isomer nor allocation of the LewisX motif to a distinct 

antennae. Note that some low abundant structures were not observed in the mass spectrum after 

exoglycosidase digestion and were therefore not listed here. d: digested, ud: undigested, H: hexose, 

N: N-acetylhexosamine, F: deoxyhexose, S: N-acetylneuraminic acid, G: N-glycolylneuraminic acid. 

Blue square represents N-acetylglucosamine, green circle mannose, yellow circle galactose, red 

triangle fucose, pink diamond N-acetylneuraminic acid and white diamond N-glycolylneuraminic acid. 
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Proposed N-glycan structure                                        Consecutive Enzymatic Digestions 

m/z Composition Proposed Structure N G4 F3,4 G4 F 

1171.5 
 

H3N2 
 
 

 

ud ud ud ud ud 

1345.5 
 

H3N2F1 
 
  

ud ud ud ud d 

1375.6 
 

H4N2 
 
 

 

ud ud ud ud ud 

1416.6 
 

H3N3 
 

 

ud ud ud ud ud 

1579.6 
 

H5N2 
 

 

ud ud ud ud ud 

1590.6 
 

H3N3F1 
 

 

ud ud ud ud d 

1620.7 
 

H4N3 
 

 

ud ud ud ud ud 

1783.7 
 

H6N2 
 

 

ud ud ud ud ud 

1794.7 
 

H4N3F1 
 
 
 

 

ud ud ud ud d 

1824.7 
 

H5N3 
 

 

ud ud ud ud ud 

1835.7 
 

H3N4F1 
 

 

ud ud ud ud d 

1865.7 
 

H4N4 
 

 

ud d ud ud ud 

1987.7 
 

H7N2 
 

 

ud ud ud ud ud 

1998.7 
 

H5N3F1 
 

 

ud d ud ud d 

2028.8 
 

H6N3 
 

 

ud d ud ud ud 

2039.8 
 

H4N4F1 
 

 

ud d ud ud d 

2069.8 
 

H5N4 
 

 

ud d ud ud ud 
 
 

2191.8 
 

H8N2 
 

 

ud ud ud ud ud 
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2202.8 
 

H6N3F1 
 

 

ud d ud ud d 

2226.8 

 

S1H4N4 

  

d d ud ud ud 

2243.8 
 

H5N4F1 
 

 
 

ud d ud ud d 

2256.8 

 

G1H4N4 

 
 

d d ud ud ud 

2284.8 

 

H4N5F1 

 
 

ud d ud ud d 

2314.8 
 

H5N5 
 

 

ud d ud ud ud 

2359.9 

 

S1H5N3F1 

 
 

d d ud ud d 

2389.9 
 

S1H6N3 
 

 

d d ud ud ud 

2395.9 
 

H9N2 
 

 

ud ud ud ud ud 

2400.9 

 

S1H4N4F1 

  

d d ud ud d 

2417.9 
 

H5N4F2 
 

 

ud d d d d 

2430.9 
 

S1H5N4 
 

 

d d ud ud ud 

2460.9 H5N4G1 

 

d d ud ud ud 

2488.9 

 

H5N5F1 

  

ud d ud ud d 

2591.9 

 

H5N4F3 

 

 

ud ud d d d 

2604.9 
 

S1H5N4F1 
 

 

d d ud ud d 

2634.9 
 

S1H6N4 
 

 
 

d d ud ud d 

2693.1 
 

H6N5F1 
 

 

ud d ud ud d 
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2779.1 

 

S1H5N4F2 

 
 

d d d d d 

2792.1 
 

S2H5N4 
 

 

d d ud ud ud 

2867.1 

 

H6N5F2 

 

 

ud d d d d 

2966.1 
 

S2H5N4F1 
 

 

d d ud ud d 

3041.1 

 

H6N5F3 

 

ud d d d d 

3054.1 
 

S1H6N5F1 
 

 

d d ud ud d 

3215.1 

 

H6N5F4 

 

 

ud ud d d d 

3228.1 

 

S1H6N5F2 

 

 

d d d d d 

3403.1 

 

S1H6N5F3 

 

 

d d d d d 

3416.1 
 

S2H6N5F1 
 

 

d d ud ud d 

3491.1 

 

H7N6F3 

 

 

ud d d d d 

3590.1 

 

S2H6N5F2 

 

 

d d d d d 

3665.1 

 

H7N6F4 

 

 

ud d d d d 
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3678.1 

 

S1H7N6F2 

 

 

d d d d d 

3839.2 

 

 

 

H7N6F5 

 

 

ud ud d d d 

3852.2 

 

S1H7N6F3 

 

 

d d d d d 

3864.2 
 

 
S2H7N6F1 

 
  

d d ud ud d 

4026.2 

 

S1H7N6F4 

 

 

d d d d d 

4039.2 

 

S2H7N6F2 

 

 

d d d d d 

4213.3 

 

S2H7N6F3 

 

 

d d d d d 

4226.3 

 

S3H7N6F1 

 

 

d d ud ud d 

4400.4 

 

S3H7N6F2 

 

 

d d d d d 
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Exoglycosidase digestion Table 3. Exoglycosidase digestions of PNGase F-released N-glycans 

derived from AGE1.HN cells. N: Arthrobacter ureafaciens neuraminidase, G4: β(1–4) galactosidase 

from Streptococcus pneumoniae, F3,4: almond meal α(1–3,4) fucosidase , F: Bovine kidney α(1-

2,3,4,6) fucosidase. The presence of Lewis
x
 antennae was demonstrated by exoglycosidase 

digestions. The cartoons imply neither a specific glycan isomer nor allocation of the LewisX motif to a 

distinct antennae. Note that some low abundant structures were not observed in the mass spectrum 

after exoglycosidase digestion and were therefore not listed here. d: digested, ud: undigested, H: 

hexose, N: N-acetylhexosamine, F: deoxyhexose, S: N-acetylneuraminic acid, G: N-glycolylneuraminic 

acid. Blue square represents N-acetylglucosamine, green circle mannose, yellow circle galactose, red 

triangle fucose, pink diamond N-acetylneuraminic acid and white diamond N-glycolylneuraminic acid. 
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Proposed N-glycan structures                                             Consecutive Enzymatic Digestions 

m/z Composition Proposed Structure N G4 F3,4 G4 F 

1171.5 
 

H3N2 
 

 

ud ud ud ud ud 

1345.5 
 

H3N2F1 
 

 

ud ud ud ud d 

1375.6 
 

H4N2 
 

 

ud ud ud ud ud 

1416.6 
 

H3N3 
 

 

ud ud ud ud ud 

1579.6 
 

H5N2 
 

 

ud ud ud ud ud 

1590.6 
 

H3N3F1 
 

 

ud ud ud ud d 

1783.7 
 

H6N2 
 

 

ud ud ud ud ud 

1794.7 
 

H4N3F1 
 

 

ud ud ud ud d 

1824.7 
 

H5N3 
 
 

 

 

ud ud ud ud ud 

1835.7 
 

H3N4F1 
 

 

ud ud ud ud d 

1865.7 
 

H4N4 
 

 

ud ud ud ud ud 

1981.7 

 

S1H4N3 

  

d d ud ud ud 

1987.7 
 

H7N2 
 

 

ud ud ud ud ud 

1998.7 
 

H5N3F1 
 

 

ud d ud ud d 

2028.8 
 

H6N3 
 

 

ud d ud ud ud 

2039.8 
 

H4N4F1 
 

 

ud d ud ud d 
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2069.8 
 

H5N4 
 

 

ud d ud ud ud 

2080.8 H3N5F1 

 

 
 

ud ud ud ud d 

2155.8 

 

S1H4N3F1 

  

d d ud ud d 

2185.8 
 

S1H5N3 
 

 

d d ud ud ud 

2191.8 
 

H8N2 
 

 

ud ud ud ud ud 

2213.8 

 

H4N4F2 

 
 

ud ud d d d 

2226.8 

 

S1H4N4 

 
 

d d ud ud ud 

2243.8 
 

H5N4F1 
 

 

ud d ud ud d 

2314.8 
 

H5N5 
 

 

ud d ud ud ud 

2325.8 

 

H3N6F1 

  
 

ud ud ud ud d 

2359.9 

 

S1H5N3F1 

  

d d ud ud d 

2389.9 
 

S1H6N3 
 

 

d d ud ud ud 

2395.9 
 

H9N2 
 

 

ud ud ud ud ud 

2400.9 

 

S1H4N4F1 

  

d ud ud d d 

2417.9 
 

H5N4F2 
 

 

ud d d d d 

2430.9 
 

S1H5N4 
 

 

d d ud ud ud 

2460.9 
 

G1H5N4 

 

d d ud ud ud 

2488.9 H5N5F1 

 

ud d ud ud d 
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2518.9 

 

H6N5 

 

 

ud d ud ud ud 

2574.9 

 

S1H4N4F2 

 
 

d ud d d d 

2604.9 
 

S1H5N4F1 
 

 

d d ud ud d 

2634.9 
 

G1H5N4F1 
 
  

 

d d ud ud d 

2645.9 

 

S1H4N5F1 

 
 

d d ud ud d 

2663.1 

 

H5N5F2 

 

ud d d d d 

2687.1 

 

S1H3N6F1 

 
 

d ud ud ud d 

2693.1 
 

H6N5F1 
 

 

ud d ud ud d 

2779.1 

 

S1H5N4F2 

 

 

d d d d d 

2792.1 
 

S2H5N4 

 

d d ud ud ud 

2820.1 

 

S1H4N5F2 
 

 

d ud d d d 

2822.1 

 

S1G1H5N4 

 
 

d d ud ud ud 

2833.1 

 

S2H4N5 

  

d d ud ud ud 

2850.1 

 

S1H5N5F1 

 
 

d d ud ud d 

2867.1 

 

H6N5F2 

 

 

ud d d d d 
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2880.1 
 

S1H6N5 
 

 

d d ud ud ud 

2966.1 
 

S2H5N4F1 
 

 

d d ud ud d 

2996.1 
 

S1G1H5N4F1 
 

 

d d ud ud d 

3007.1 

 

S2H4N5F1 

 
 

d d ud ud d 

3024.1 

 

S1H5N5F2 

 

 

d d d d d 

3026.1 
 

G2H5N4F1 
 

 

d d ud ud d 

3037.1 

 

S2H5N5 

 
 

d d ud ud ud 

3048.1 

 

S2H3N6F1 

  

d ud ud ud d 

3054.1 
 

S1H6N5F1 
 

 

d d ud ud d 

3140.1 

 

S2H5N4F2 

 
 

d d d d d 

3170.1 

 

S1G1H5N4F2 

 
 

d d d d d 

3211.1 

 

S2H5N5F1 

 
 

d d ud ud d 

3228.1 

 

S1H6N5F2 

 

 

d d d d d 

3241.1 
 

S2H6N5 
 

 

d d ud ud ud 

3403.1 

 

S1H6N5F3 

 

 

d d d d d 

3416.1 
 

S2H6N5F1 
 

 

d d ud ud d 
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3504.1 
 

S1H7N6F1 
 

 

d d ud ud d 

3590.1 

 

S2H6N5F2 

 

 

d d d d d 

3602.1 
 

S3H6N5 
 

 

d d ud ud ud 

3678.1 

 

S1H7N6F2 

 

 

d d d d d 

3691.1 

 

S2H7N6 

 

 

d d ud ud ud 

3763.2 

 

S2H6N5F3 

 

 

d d d d d 

3776.2 
 

S3H6N5F1 
 

 

d d ud ud d 

3806.2 

 

S2G1H6N5F1 

 
 

d d ud ud d 

3852.2 

 

S1H7N6F3 

 

 

d d d d d 

3864.2 
 

S2H7N6F1 
 

 

d d ud ud d 

3951.2 

 

S3H6N5F2 

 

 

d d d d d 

3964.2 
 

S4H6N5 
 

 

d d ud ud ud 

4039.2 

 

S2H7N6F2 

 

 

d d d d d 
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.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Exoglycosidase digestion Table 4. Exoglycosidase digestions of PNGase F-released N-glycans 

derived from HEP G2 cells. N: Arthrobacter ureafaciens neuraminidase, G4: β(1–4) galactosidase 

from Streptococcus pneumoniae, F3,4: almond meal α(1–3,4) fucosidase , F: Bovine kidney α(1–

2,3,4,6) fucosidase. The presence of Lewis
x
 antennae was demonstrated by exoglycosidase 

digestions. The cartoons imply neither a specific glycan isomer nor allocation of the LewisX motif to a 

distinct antennae. Note that some low abundant structures were not observed in the mass spectrum 

after exoglycosidase digestion and were therefore not listed here. d: digested, ud: undigested, H: 

4125.3 

 

S3H6N5F3 

 

 

d d d d d 

4213.3 

 

S2H7N6F3 

 

 

d d d d d 

4226.3 
 

S3H7N6F1 

 

d d ud ud d 

4400.4 

 

S3H7N6F2 

 

 

d d d d d 

4574.4 

 

S3H7N6F3 

 

 

d d d d d 

4587.4 
 

S4H7N6F1 
 

 

d d ud ud d 

4761.5 

 

S4H7N6F2 

 

 

d d d d d 

4935.6 

 

S4H7N6F3 

 

 

d d d d d 

5025.6 

 

S1G3H7N6F3 

 

 

d d d d d 



APPENDIX 

182 
 

hexose, N: N-acetylhexosamine, F: deoxyhexose, S: N-acetylneuraminic acid, G: N-glycolylneuraminic 

acid. Blue square represents N-acetylglucosamine, yellow square N-acetylgalactosamine, white 

square N-acetylhexosamine, green circle mannose, yellow circle galactose, red triangle fucose, pink 

diamond N-acetylneuraminic acid and white diamond N-glycolylneuraminic acid. 
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Exoglycosidase digestion Table 5. Exoglycosidase digestions of Endo H-released N-glycans 

derived from undifferentiated and adipogenically differentiated bone marrow MSCs. N: Arthrobacter 

ureafaciens neuraminidase; G4: β(1-4) galactosidase from Streptococcus pneumoniae, H: β-N-

acetylhexosaminidase recombinant from Streptococcus pneumoniae, expressed in Escherichia coli, 

M: αMannosidase from Canavalia ensiformis. X denotes the presence of a peak in the MALDI-TOF 

mass spectra of the corresponding N-glycome of MSCs or adipogenically differentiated MSCs (A) day 

5 and 15 of differentiation. d: digested, ud: undigested. H: hexose, N: N-acetylhexosamine, S: N-

acetylneuraminic acid. Blue square represents N-acetylglucosamine, green circle mannose, yellow 

circle galactose, red triangle fucose and pink diamond N-acetylneuraminic acid. 

Found N-glycan structures Cell type Consecutive 
Enzymatic Digestions 

m/z Composition Proposed Structure MSC A  
day 5 

A  
day 15 

N G4 
 

H M 

926.4 H3N1 

 
 

x x x ud ud ud ud 

1130.5 H4N1 

 
 

x x x ud ud ud ud 

1334.6 H5N1 

  

x x x ud ud ud d 

1538.7 H6N1 

 
 

x x x ud ud ud d 

1579.7 H5N2 

 
 

x x x ud d d d 

1742.8 H7N1 

 
 

x x x ud ud ud d 

1783.8 H6N2 

 
 

x x x ud d d d 

1940.9 S1H5N2 

 
 

x x x d d d d 

1946.9 H8N1 

 
 

x x x ud ud ud d 

2145.0 S1H6N2 

 
 

x x x d d d d 

2151.0 H9N1 

 
 

x x x ud ud ud d 

2355.1 H10N1 

 
 

x x x ud ud ud d 
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Found N-glycan structure Cell type Consecutive 
Enzymatic Digestions 

m/z Composition Proposed Structure MSC A 
day 5 

A 
day 15 

N G 
 

H F 

1171.6 
 

H3N2 
 

 

x x x ud ud ud ud 

1334.6 

 

H5N1 

 

x x x ud ud ud ud 

1345.6 
 

H3N2F1 
 

 

x x x ud ud ud d 

1375.6 
 

H4N2 
 

 

x x x ud ud ud ud 

1416.7 
 

H3N3 
 

 

x x x ud ud d ud 

1538.7 

 

H6N1 

 

x x x ud ud ud ud 

1579.7 
 

H5N2 
 

 

x x x ud ud ud ud 

1590.8 
 

H3N3F1 
 

 

x x x ud ud d d 

1620.8 
 

H4N3 
 

 

x x x ud d d ud 

1742.8 

 

H7N1 

 
 

x x x ud ud ud ud 

1783.8 
 

H6N2 
 

 

x x x ud ud ud ud 

1794.9 
 

H4N3F1 
 

 

x x x ud d d d 

1824.9 
 

H5N3 
 
 

 

x x x ud d d ud 

1835.9 
 

H3N4F1 
 

 

x x x ud ud d d 

1865.9 
 

H4N4 
 

 

x x x ud ud d ud 

1940.9 

 

S1H5N2 

 
 

x x x d d d ud 

1946.9 

 

H8N1 

 
 

x x x ud ud ud ud 

1981.9 

 

S1H4N3 

 
 

x x x d d d ud 

1999.0 
 

H5N3F1 
 

 

x x x ud d d d 
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2040.0 
 

H4N4F1 
 

 

x x x ud d d d 

2070.0 
 

H5N4 
 

 

x x x ud d d ud 

2145.0 

 

S1H6N2 

 
 

x x x d d d ud 

2151.0 

 

H9N1 

 
 

x x x ud ud ud ud 

2156.0 

 

S1H4N3F1 

  

x x x d d d d 

2186.0 
 

S1H5N3 
 

 

x x x d d d ud 

2227.1 

 

S1H4N4 

 
 

x x x d d d ud 

2244.1 
 

H5N4F1 
 

 

x x x ud d d d 

2274.1 
 

H6N4 
 

 

x x x ud d d ud 

2360.1 

 

S1H5N3F1 

  

x x x d d d d 

2390.1 
 

S1H6N3 
 

 

x x x d d d ud 

2401.1 

 

S1H4N4F1 

  

x x x d d d d 

2431.2 
 

S1H5N4 
 

 

x x x d d d ud 

2461.2 
 

G1H5N4 
 

 

x x x d d d ud 

2489.2 

 

H5N5F1 

  

x x x ud d d d 

2519.2 

 

H6N5 

 
 

x x x ud d d ud 

2605.3 
 

S1H5N4F1 
 

 

x x x d d d d 

2635.3 
 

S1H6N4 
 

 
 

x x x d d d d 

2693.3 
 

H6N5F1 
 

 

x x x ud d d d 

2751.3 S2H6N3 

 

   x        x  d d d ud 
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2792.3 
 

S2H5N4 
 

 

x x x d d d ud 

2850.4 

 

S1H5N5F1 

  

x x x d d d d 

2880.4 
 

S1H6N5 
 

 

x x x d d d ud 

2966.4 
 

S2H5N4F1 
 

 

x x x d d d d 

2996.4 
 

S2H6N4 
 

 

x x x d d d d 

3054.5 
 

S1H6N5F1 
 

 

x x x d d d d 

3084.5 
 

H7N5S1 
 

 

x x x d d d d 

3142.5 

 

H7N6F1 

 
 

x x x ud d d d 

3329.6 
 

S1H7N6 

 

x x x d d d ud 

3415.7 S2H6N5F1 
 

 

x x x d d d d 

3445.7 
 

S2H7N5 

 

 

 

x x x d d d d 

3503.7 
 

S1H7N6F1 
 

 

x x x d d d d 

3602.7 
 

S3H6N5 
 

 

x x x d d d ud 

3690.8 

 

S2H7N6 

 

 

x x x d d d ud 

3776.8 
 

S3H6N5F1 
 

 

x x x d d d d 

3806.8 
 

S3H7N5 

 
 

x x x d d d d 

3864.9 
 

S2H7N6F1 
 

 

x x x d d d d 

3894.9 
 

S2H8N6 

 

 

x x  d d d d 
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Exoglycosidase digestion Table 6. Exoglycosidase digestions of PNGase F-released N-glycans 

derived from undifferentiated and adipogenically differentiated bone marrow MSCs. N: Arthrobacter 

ureafaciens neuraminidase, G: Bovine testes β-galactosidase, H: β-N-acetylhexosaminidase 

recombinant from Streptococcus pneumoniae, expressed in Escherichia coli, F: Bovine kidney α(1-

2,3,4,6) fucosidase. X denotes the presence of a peak in the MALDI-TOF mass spectra of the 

corresponding N-glycome of MSCs or adipogenically differentiated MSCs (A) day 5 and 15 of 

differentiation. Note that some low abundant structures were not observed in the mass spectrum after 

exoglycosidase digestion and were therefore not listed here. d: digested, ud: undigested. H: hexose, 

N: N-acetylhexosamine, F: deoxyhexose, S: N-acetylneuraminic acid. Blue square represents N-

acetylglucosamine, yellow square N-acetylgalactosamine, white square N-acetylhexosamine, green 

circle mannose, yellow circle galactose, red triangle fucose, pink diamond N-acetylneuraminic acid 

and white diamond N-glycolylneuraminic acid. 

 

 

 

 

 

 

 

 

 

 

 

 

3964.9 
 

S4H6N5 
 

 

 x x d d d ud 

4052.0 
 

S3H7N6 

 

 

x   d d d ud 

4226.1 
 

S3H7N6F1 

 

x x x d d d d 

4587.3 
 

S4H7N6F1 
 

 

x x x d d d d 
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Found N-glycan structures Cell type Consecutive Enzymatic Digestions 

m/z Composition Proposed Structure MSC C  
day 
28 

N G4 F3,4 G4 F M 

1171.6 
 

H3N2 
 

 

x x ud ud ud ud ud d 

1345.6 
 

H3N2F1 
 

 

x x ud ud ud ud d d 

1375.6 
 

H4N2 
 

 

x x 
 

ud ud ud ud ud d 

1416.7 
 

H3N3 
 

 

x x ud ud ud ud ud d 

1579.7 
 

H5N2 
 

 

x x ud ud ud ud ud d 

1590.8 
 

H3N3F1 
 

 

x x ud ud ud ud d d 

1620.8 
 

H4N3 
 

 

x x ud ud ud ud ud ud 

1783.8 
 

H6N2 
 

 

x x ud ud ud ud ud d 

1794.9 
 

H4N3F1 
 
 

 

x x ud ud ud ud d d 

1824.9 
 

H5N3 
 

 

x x ud ud ud ud ud d 

1865.9 
 

H4N4 
 

 

x x ud ud ud d ud ud 

1987.9 
 

H7N2 
 

 

x x ud ud ud ud ud d 

1999.0 
 

H5N3F1 
 

 

x x ud d ud ud d d 

2029.0 
 

H6N3 
 

 

x x ud d1 ud ud ud d 

2040.0 
 

H4N4F1 
 
  

x x ud ud ud ud d ud 

2070.0 
 

H5N4 
 

 

x x ud d ud ud ud ud 
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2081.0 H3N5F1 

 
 

 

 x ud ud ud ud d ud 

2192.0 
 

H8N2 
 

 

x x ud ud ud ud ud d 

2203.0 H6N3F1 
 

 

x x ud d ud ud d d 

2244.1 
 

H5N4F1 
 

 

x x ud d ud ud d ud 

2360.1 

 

S1H5N3F1 

 
 

x x d d ud ud d d 

2390.1 
 

S1H6N3 
 

 

x x d d ud ud ud d 

2396.1 
 

H9N2 
 

 

x x ud ud ud ud ud d 

2401.1 S1H4N4F1 
 

 

x x d ud ud ud d ud 

2418.2 
 

H5N4F2 
 

 

x x ud d d d d ud 

2431.2 
 

S1H5N4 
 

 

x x d d ud ud ud ud 

2461.2 G1H5N4 
 

 

x x d d ud ud ud ud 

2489.2 

 

H5N5F1 

  

x x ud d ud ud d1 ud 

2519.2 

 

H6N5 

 
 

 x ud d ud ud ud ud 

2605.3 
 

S1H5N4F1 
 

 

x x d d ud ud d ud 

2693.3 
 

H6N5F1 
 

 

x x ud d ud ud d ud 

2779.3 

 

S1H5N4F2 

 
 

x x d d d d d ud 

2792.3 
 

S2H5N4 
 

 

x x d d ud ud ud ud 

2822.4 S1G1H5N4 
 

 

x x d d ud ud ud ud 
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2850.4 

 

S1H5N5F1 

 
 

x x d d ud ud d ud 

2880.4 
 

S1H6N5 
 

 

x x d d ud ud ud ud 

2966.4 
 

S2H5N4F1 
 

 

x x d d ud ud d ud 

2996.4 
 

S1G1H5N4F1 
 

 

x x d d ud ud d ud 

3026.4 G2H5N4F1 
 

 

x x d d ud ud d ud 

3054.5 
 

S1H6N5F1 
 

 

x x d d ud ud d ud 

3142.5 H7N6F1 
 

 

x x ud d ud ud d ud 

3228.6 

 

S1H6N5F2 

 

 

 x d d d d d ud 

3241.6 
 

S2H6N5 
 

 

x x d d ud ud ud ud 

3415.7 
 

S2H6N5F1 
 

 

x x d d ud ud d ud 

3503.7 
 

S1H7N6F1 
 

 

x x d d ud ud d ud 

3602.7 
 

S3H6N5 
 

 

x x d d ud ud ud ud 

3776.8 
 

S3H6N5F1 
 

 

x x d d ud ud d ud 

3864.9 
 

S2H7N6F1 
 

 

x x d d ud ud d ud 

4226.1 
 

S3H7N6F1 

 

x x d d ud ud d ud 

4587.3 
 

S4H7N6F1 
 

 

x x d d ud ud d ud 



APPENDIX 

191 
 

Exoglycosidase digestion Table 7. Exoglycosidase digestions of PNGase F-released N-glycans 

derived from undifferentiated MSCs and day 28 of chondrogenically differentiated MSCs. N: 

Arthrobacter ureafaciens neuraminidase, G4: β(1–4) galactosidase from Streptococcus pneumoniae, 

F3,4: almond meal α(1–3,4) fucosidase , F: Bovine kidney α(1-2,3,4,6) fucosidase, M: αMannosidase 

from Canavalia ensiformis. The presence of LewisX antenna was established by exoglycosidase 

digestions. The cartoons imply neither a specific glycan isomer nor allocation of the LewisX motif to a 

distinct antennae. Note that some low abundant structures were not observed in the mass spectrum 

after exoglycosidase digestion and were therefore not listed here. d: digested, ud: undigested, H: 

hexose, N: N-acetylhexosamine, F: deoxyhexose, S: N-acetylneuraminic acid, G: N-glycolylneuraminic 

acid. Blue square represents N-acetylglucosamine, yellow square N-acetylgalactosamine, white 

square N-acetylhexosamine, green circle mannose, yellow circle galactose, red triangle fucose, pink 

diamond N-acetylneuraminic acid and white diamond N-glycolylneuraminic acid. 
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m/z Composition Proposed Structure N G4 F3,4 G4 F M 

1171.6 
 

H3N2 
 

 

ud ud ud  ud ud d 

1345.6 
 

H3N2F1 
 

 

ud ud ud ud d d 

1375.6 
 

H4N2 
 

 

ud ud ud ud ud d 

1416.7 
 

H3N3 
 

 

ud ud ud ud ud d 

1579.7 
 

H5N2 
 

 

ud ud ud ud ud d 

1590.8 
 

H3N3F1 
 

 

ud ud ud ud d d 

1620.8 
 

H4N3 
 

 

ud d ud ud ud d 

1661.8 
 

H3N4 
 

 

ud ud ud ud ud ud 

1783.8 
 

H6N2 
 

 

ud ud ud ud ud d 

1794.9 
 

H4N3F1 
 

 

 

ud ud ud ud d d 

1824.9 
 

H5N3 
 

 

ud ud ud ud ud d 

1835.9 
 

H3N4F1 
 

 

ud ud ud ud d ud 

1865.9 
 

H4N4 
 

 

 

ud ud ud ud ud d 

1987.9 
 

H7N2 
 

 

ud ud ud ud ud d 

1999.0 
 

H5N3F1 
 

 

ud d ud ud d d 

2029.0 
 

H6N3 
 

 

ud d ud ud ud d 

2040.0 
 

H4N4F1 
 

 

ud d ud ud d ud 

2070.0 
 

H5N4 
 

 

ud d ud ud ud ud 



APPENDIX 

193 
 

2081.0 H3N5F1 

 
 
 

ud ud ud ud d ud 

2192.0 
 

H8N2 
 

 

ud ud ud ud ud d 

2214.1 

 

H4N4F2 

 
 

ud ud d d d ud 

2227.1 

 

S1H4N4 

 
 
 

d d ud ud ud ud 

2244.1 
 

H5N4F1 
 

 

ud d ud ud d ud 

2285.1 

 

H4N5F1 

 
 

ud d d d d ud 

2315.1 
 

H5N5 
 

 

ud d ud ud ud ud 

2390.1 
 

S1H6N3 
 

 

d d ud ud ud d 

2396.1 
 

H9N2 
 

 

ud ud ud ud ud d7 

2401.1 S1H4N4F1 

  

d d ud ud d ud 

2418.2 
 

H5N4F2 
 

 

ud d d d d ud 

2431.2 
 

S1H5N4 
 

 

d d ud ud ud ud 

2459.2 

 

H4N5F2 

 

 

ud ud d d d ud 

2489.2 

 

H5N5F1 

  
 

ud d ud ud d ud 

2519.2 

 

H6N5 

 
 

ud d ud ud ud ud 

2605.3 
 

S1H5N4F1 
 

 

d d ud ud d ud 
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2646.3 

 

S1H4N5F1 

 
 

d d ud ud d ud 

2663.3 

 

H5N5F2 

 

ud d d d d ud 

2693.3 
 

H6N5F1 
 

 

ud d ud ud d ud 

2779.3 

 

S1H5N4F2 

 
 
 

d d d d d ud 

2792.3 
 

S2H5N4 
 

 

d d ud ud ud ud 

2850.4 

 

S1H5N5F1 

  

d d ud ud d ud 

2880.4 
 

S1H6N5 
 

 

d d ud ud ud ud 

2938.4 

 

H6N6F1 

 
 

ud d ud ud d ud 

2966.4 
 

S2H5N4F1 
 

 

d d ud ud d ud 

3054.5 
 

S1H6N5F1 
 

 

d d ud ud d ud 

3142.5 H7N6F1 

 

 

ud d ud ud d ud 

3228.6 

 

S1H6N5F2 

 

 

d d d d d ud 

3299.6 S1H6N6F1 

 
 

d d ud ud d ud 

3416.6 
 

S2H6N5F1 
 

 

d d ud d d ud 

3503.7 
 

S1H7N6F1 
 

 

d d ud ud d ud 

3864.9 
 

S2H7N6F1 
 

 

d d ud ud d ud 
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Exoglycosidase digestion Table 8. Exoglycosidase digestions of PNGase F-released N-glycans 

derived from hepatocyte-like cells. N: Arthrobacter ureafaciens neuraminidase, G4: β(1–4) 

galactosidase from Streptococcus pneumoniae, F3,4: almond meal α(1–3,4) fucosidase , F: Bovine 

kidney α(1-2,3,4,6) fucosidase, M: αMannosidase from Canavalia ensiformis. The presence of LewisX 

antenna was established by exoglycosidase digestions. The cartoons imply neither a specific glycan 

isomer nor allocation of the LewisX motif to a distinct antennae. Note that some low abundant 

structures were not observed in the mass spectrum after exoglycosidase digestion and were therefore 

not listed here. d: digested, ud: undigested, H: hexose, N: N-acetylhexosamine, F: deoxyhexose, S: N-

acetylneuraminic acid, G: N-glycolylneuraminic acid. Blue square represents N-acetylglucosamine, 

yellow square N-acetylgalactosamine, white square N-acetylhexosamine, green circle mannose, 

yellow circle galactose, red triangle fucose, pink diamond N-acetylneuraminic acid and white diamond 

N-glycolylneuraminic acid. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


