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Introduction

1Chapter 1

The research described in this thesis focuses on the study of the glycosylated 
whey proteins of bovine milk. In order to define the research questions and to 
discuss the results obtained, literature of relevant fields was reviewed. In this 
introductory chapter, the different topics addressed in this thesis are introduced. 
This information provides a useful reference and background to the experimental 
chapters.

The first part of the introduction describes the definition and structures of 
carbohydrates (glycans), protein glycosylation and the synthesis of N-linked 
glycans, and a selection of their functions. Part 2 describes milk topics, its 
synthesis, composition, production and use. In addition, the effects of genetic 
and non-genetic factors on milk and protein glycosylation are discussed.

The third part focuses on the analysis of milk protein glycosylation, from 
basic sample analysis, to separation techniques and advanced tools for glycan 
structural analysis. Part 4 provides an introduction to the evaluation of the 
functional characteristics of glycoproteins and glycans by pattern recognition 
receptor studies.

Finally, the aims of this study and a brief outline of the experimental chapters 
are provided. 

Introduction
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1 Part 1: Carbohydrates and glycosylation

Definition and structure of carbohydrates 
Carbohydrates are composed out of carbon (C), hydrogen (H) and oxygen (O), 
which were historically described as being “hydrates of carbon” with a typical 
ratio of Cn(H2O)n. A more accurate description of carbohydrates is that they 
are polyhydroxylated organic substances (Kamerling, 2007a). Carbohydrate 
structures possess a carbonyl group and can in some cases be modified with 
additional functional groups, such as acetyl groups and carboxylic acids (Fig. 1).

 

 
Figure 1. Common functional groups occurring in carbohydrate structures.

When the carbonyl group is located at the end of the chain, the sugar is an 
aldose; when the carbonyl group is located at another position in the chain, it is 
a ketose (Kamerling, 2007a). For example, glucose is an aldose, while fructose is 
a ketose (Fig. 2). 

Figure 2. Common depictions and terms for monosaccharides and their analysis. Pentoses and 
hexoses can occur in open (left) and closed (right) form.

The simplest form of a carbohydrate is a monosaccharide structure, which can 
be further divided into groups based on the number of carbon atoms in the 
structure. For example, structures with two carbons are dioses, with three carbons 
trioses. The most common forms of monosaccharides found in oligosaccharide 
structures are pentoses (5 carbons) and hexoses (6 carbons) (Fig. 3). 
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Figure 3. Structures of monosaccharides observed in mammalian glycosylation and their symbolic 
representations.

Pentoses and hexoses can be present in an open (acyclic, linear) form, as well as 
well as in a closed (cyclic, ring) form (Fig. 2) (Ferrier & Overend, 1959). The ring 
is formed by a reaction between the aldehyde at C-1 and the C-5 atom of the 
molecule (Fig. 2), or the ketone at C-2 with the C-5 for ketoses. Both forms exist in 
equilibrium, with the cyclic form being dominant at pH 7. They contain a number 
of stereogenic (chiral) carbon atoms, with the carbon located at the 5-position 
determining whether a monosaccharide is in its D- or L-conformation (Kamerling, 
2007a) (Fig. 2). Most mammalian monosaccharides exist in the D- form, with the 
exception of fucose. In an open form, the aldehyde of aldoses can act as a reducing 
agent. Aldoses are therefore also referred to as reducing sugars. Upon ring closure, 
a chiral center is created, with the group at the C-1 either pointing up, or down. 
These differences are specified as α, or β- configurations (Fig. 4). 

Oligosaccharides constitute chains of 2-20 monosaccharides. They are linked 
together by glycosidic bonds between individual monosaccharides (Seeberger, 
2017). Bonds are defined by the numbers of the carbon atoms which are connected 
by a glycosidic linkage, for example, between carbon atoms 1 and 4 (Fig. 4). 



Chapter 1

14

1

Figure 4. Glycosidic linkages in 1,4 conformation, for lactose (β-linkage) and maltose (α-linkage).

The configurations α- or β- of the linked monosaccharides also specify the linkage 
type, α- or β- of the glycosidic bond. Linked sugars, with the exception of the 
monosaccharide located at the end of the chain that possesses the hemiacetal 
group, can no longer open and close. Therefore, in an oligosaccharide, a single 
reducing end is present. The prefix “glyco” is used for the definition of structures 
that contain or describe carbohydrates, as in glycoprofile or glycoprotein. The 
combination of a protein (or lipid) and a carbohydrate structure is called a 
glycoconjugate. While the carbohydrate portion of a glycoconjugate is defined 
as a glycan, the term “glycan” can also be used for other (non-protein bound)  
poly- and oligosaccharide structures (Varki & Kornfeld, 2017). The glycans that are 
expressed in glycoconjugates differ greatly between vertebrates, invertebrates 
and eukaryotes (Marth & Grewal, 2008).

Glycan types and representative structures
Carbohydrates can be either present in a free form (for example lactose in 
milk) or in a glycoconjugate form. Glycans participating in glycoconjugates 
can be classified into different categories: N-linked, O-linked (e.g. mucin-type, 
glycosaminoglycans and others), C-linked mannosylation, glycolipids and 
hyaluronic acid, of which the first three are involved in protein glycosylation 
(Moremen	 et	 al., 2012; Vliegenthart & Casset, 1998). Hyaluronic acid, while 
belonging to the family of glycosaminoglycans, is not connected to a lipid or 
protein, but is present in extracellular matrices. In that location it can play a 
role in immune response by interaction with Toll-like receptors (Termeer	et	al., 
2002). N-linked glycans are attached through an amide linkage to asparagine 
(Asn) side chains of the protein structure. O-linked glycans can be attached in a 
more diverse manner, of which linkage to a serine or threonine residue is most 
common (Moremen	et	al., 2012).

O-glycans can be divided into different classes based on the initial monosaccharide 
that is included in their structure. Glycans that are built on an initial GalNAc 
glycan (Fig. 3) are known as mucin O-glycans and are the most common (Tian 
& Ten Hagen, 2009). The initial GalNAc can be built upon to create a total of 8 
different core structures for the mucin type O-glycans (Fig. 5). Other types are 
O-α-fucose or O-β-glucose glycans, which are involved in cell receptor signaling, 
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1and O-GlcNAc glycans, which are single GlcNAc modifications which take place 
outside of the ER and Golgi (Haltiwanger	et	al., 2017). O-GlcNAc modifications 
can occur on any Ser/Thr residue, but is almost always linked to sites that are 
also involved in Ser/Thr-O-phosphorylation. The functions of O-GlcNAc are 
diverse and includes the prevention of O-phosphorylation and thereby affecting 
proteins involved in signaling pathways, as well as gene transcription and protein 
structure and stability (Zachara	et	al., 2017). 

Figure 5. Example structures of N-glycans (top) and O-glycans (bottom) and their glycosidic linkages. 
N-linked structures share a common core, while for the mucin type O-glycans 8 core classes have 
been identified. Glycans are linked to the protein backbone by asparagine (N, N-linked), serine 
(S, O-linked) or threonine (T, O-linked). Adapted from (Hossler	et	al., 2009). For a legend of the 
monosaccharides, see Figure 3.
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1 Glycosaminoglycans, while also linked to serine or threonine residues, are not 
strictly classified as O-glycans, possessing a different structure and synthetic 
pathway (Esko & Selleck, 2002).

N-glycans can be divided into three distinct categories: Oligomannose (sometimes 
also described as high mannose), hybrid and complex types, depending on which 
modifications have taken place. All three types start with the common core 
structure consisting of two GlcNAc and three mannoses (GlcNAc2Man3) upon 
which the rest of the glycan is built with additional monosaccharides. These 
additional monosaccharides form “branches”, also known as antennae, which 
can have a diverse composition, depending on the glycan type. Oligomannose 
structures have undergone minimal processing in the Golgi from the base glycan 
structure (GlcNAc2Man9; Fig. 5; Fig. 6) and consist of the glycan core structure, 
with mannose antennae. Complex-type structures have undergone digestion 
(trimming) by mannosidases in the Golgi and are then reconstructed with diverse 
structures, starting with a GlcNAc at the base of each antenna. Hybrid structures 
contain at least one mannose containing antenna, where the other antennae are 
of a complex-type (Fig. 5).

Glycan synthesis
Synthesis of glycan structures is performed in the endoplasmic reticulum (ER) and 
Golgi apparatus of a cell (Lowe & Marth, 2003). Addition of a monosaccharide 
to serine or threonine occurs in the ER for many forms of O-glycosylation 
(Luo & Haltiwanger, 2005; Wopereis	 et	 al., 2006), with the exception of the  
mucin-type O-glycans. For mucin type O-glycans, synthesis is started by the 
addition of a GalNAc, by the enzyme polypeptide α-GalNAc-transferase which 
is localized in the Golgi (Roth	 et	 al., 1994). Afterwards, further modification 
occurs during passage through the Golgi (Brockhausen, 1999; Brockhausen 
& Stanley, 2017). Mucin O-glycan synthesis therefore is defined as a post-
translational modification, while N-glycan synthesis is both co-translational and 
post-translational since addition of the N-glycan structure occurs on nascent 
proteins, while glycan maturation and modification occurs post-translationally in 
the Golgi (Ruiz-Canada	et	al., 2009). N-glycan synthesis starts in the endoplasmic 
reticulum (ER) by the production of a lipid-linked oligosaccharide (LLO) structure, 
which is composed of 2 GlcNAcs, 9 Mannoses and 3 Glucoses (Fig. 6). The carrier 
of this LLO is a dolichol diphosphate (Dol-PP), providing a membrane anchor for 
the growing structure (Abeijon & Hirschberg, 1992). Nucleotide sugars or Dol-P 
sugars are used to increase the LLO structure until it is finally attached to the 
asparagine nitrogen (Asn) of a protein structure (Burda & Aebi, 1999). Trimming 
of the glycan precursor structure is performed by glucosidases in the ER and the 
glycoconjugate is transported to the Golgi where additional modifications take 
place. 
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Figure 6. Simplified process of protein N-glycosylation and quality control. Adapted from Moremen 
et	al. (2012).
A: The polypeptide chain is translocated by the SEC61 pore. The lipid-linked oligosaccharide 
Aa.structure is transferred to the growing polypeptide chain by oligosaccharyltransferase (OST). 
B: The precursor structure is trimmed by glucosidase enzymes. Folding of the protein is mediated 
Aa.by the lectins calnexin and calreticulin which in complex with the disulphide isomerase protein 
Aa.ERp57, recognize Glc1Man9GlcNAc2 and protect it from hydrophobic aggregation.
C: Protein folding quality control is meditated by repeated trimming and re-adding of glucose, as 
Aa.well as by the recognition by the lectins and enzymes present in the Calnexin cycle.
D: The mannoses of incorrectly folded proteins are trimmed by mannosidases, followed by lectin 
Aa.recognition and disposal into the cytosol with the aid of a translocation complex, ubiquitin 
Aa.binding protein and valocin containing protein (VCP). In the cytosol, the glycans are cleaved off 
Aa.by peptide N-glycosidases (PNGase) and the protein degraded by the proteasome. 
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1 Glycan maturation: models of Golgi processing
After arrival in the Golgi, modifications are performed by trimming of the 
glycan structure by mannosidases, as well as addition of new monosaccharides 
by glycosyltransferases. Almost all of the N-glycans that traverse the Golgi are 
modified in some way, only a few oligomannose structures are unchanged 
and expressed on cell surfaces (An	 et	 al., 2012). The exact process of glycan 
maturation in the Golgi is not yet fully understood and there currently exist 
several models of glycan processing. 

The most commonly used models are the cisternal maturation and the vesicular 
transport as reviewed by Moremen	 et	 al. (2012). In the cisternal maturation 
model, the vesicles from the ER, containing the incomplete glycoproteins, 
coalesce into cis-cisternae. With the creation of additional cis-cisternae from 
the newly produced ER vesicles, the cis-cisternae are “pushed” to medial 
and trans-Golgi locations. Maturation of the cis-cisternae occurs by the 
delivery of the necessary enzymes, with the enzymes needed for early glycan 
processing (e.g. Mannosidases) are delivered early in the cis-Golgi, while the 
enzymes for advanced processing are delivered in medial and trans-Golgi (e.g. 
sialyltransferases). The completed protein is eventually secreted from the 
trans-Golgi. The vesicular transport model is based on a more stable Golgi, in 
which the different glycan processing enzymes are located in different sections 
of the Golgi. In this model, the cisternae do not shift (from cis to trans), but 
instead the incomplete glycoproteins are transported between the different 
Golgi compartments in a cis to trans manner by transport vesicles. Both these 
popular glycoprotein processing models assume that the glycan processing is 
sequential, however research has demonstrated that immature proteins quickly 
arrive at all parts of the Golgi (Patterson	et	al., 2008). The newly proposed rapid 
partitioning model is a combination of the cisternal maturation and vesicular 
transport model, in which both protein and enzymes are transported between 
the different compartments of the Golgi (Fig. 7). There is much discussion 
regarding the “correct” model of Golgi processing. Evidence exists for the 
different processes occurring in each model. Therefore, the possibility exists 
that the actual maturation process is a combination of the currently proposed 
models (Glick & Luini, 2011; Pantazopoulou & Glick, 2019). 

The glycosyltransferase enzymes involved in glycan synthesis require 
monosaccharides as substrates. Before a monosaccharide can be used as enzyme 
substrate, it has to be converted into a high energy donor form, also known as 
nucleotide sugar. These “activated” donors are synthesized from monosaccharides 
and nucleotide triphosphates (NTP) such as uridine triphosphate (UTP). From 
this process, diphosphate-nucleotide sugars are created (e.g, UDP-gal) (Bülter 
& Elling, 1999). In order to carry out glycosylation, the nucleotide sugars must 
be transported from their place of synthesis (cytosol or in case of CMP-Neu5Ac  
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1Glycan maturation: models of Golgi processing
After arrival in the Golgi, modifications are performed by trimming of the 
glycan structure by mannosidases, as well as addition of new monosaccharides 
by glycosyltransferases. Almost all of the N-glycans that traverse the Golgi are 
modified in some way, only a few oligomannose structures are unchanged 
and expressed on cell surfaces (An	 et	 al., 2012). The exact process of glycan 
maturation in the Golgi is not yet fully understood and there currently exist 
several models of glycan processing. 

The most commonly used models are the cisternal maturation and the vesicular 
transport as reviewed by Moremen	 et	 al. (2012). In the cisternal maturation 
model, the vesicles from the ER, containing the incomplete glycoproteins, 
coalesce into cis-cisternae. With the creation of additional cis-cisternae from 
the newly produced ER vesicles, the cis-cisternae are “pushed” to medial 
and trans-Golgi locations. Maturation of the cis-cisternae occurs by the 
delivery of the necessary enzymes, with the enzymes needed for early glycan 
processing (e.g. Mannosidases) are delivered early in the cis-Golgi, while the 
enzymes for advanced processing are delivered in medial and trans-Golgi (e.g. 
sialyltransferases). The completed protein is eventually secreted from the 
trans-Golgi. The vesicular transport model is based on a more stable Golgi, in 
which the different glycan processing enzymes are located in different sections 
of the Golgi. In this model, the cisternae do not shift (from cis to trans), but 
instead the incomplete glycoproteins are transported between the different 
Golgi compartments in a cis to trans manner by transport vesicles. Both these 
popular glycoprotein processing models assume that the glycan processing is 
sequential, however research has demonstrated that immature proteins quickly 
arrive at all parts of the Golgi (Patterson	et	al., 2008). The newly proposed rapid 
partitioning model is a combination of the cisternal maturation and vesicular 
transport model, in which both protein and enzymes are transported between 
the different compartments of the Golgi (Fig. 7). There is much discussion 
regarding the “correct” model of Golgi processing. Evidence exists for the 
different processes occurring in each model. Therefore, the possibility exists 
that the actual maturation process is a combination of the currently proposed 
models (Glick & Luini, 2011; Pantazopoulou & Glick, 2019). 

The glycosyltransferase enzymes involved in glycan synthesis require 
monosaccharides as substrates. Before a monosaccharide can be used as enzyme 
substrate, it has to be converted into a high energy donor form, also known as 
nucleotide sugar. These “activated” donors are synthesized from monosaccharides 
and nucleotide triphosphates (NTP) such as uridine triphosphate (UTP). From 
this process, diphosphate-nucleotide sugars are created (e.g, UDP-gal) (Bülter 
& Elling, 1999). In order to carry out glycosylation, the nucleotide sugars must 
be transported from their place of synthesis (cytosol or in case of CMP-Neu5Ac  

Figure 7. Schematic representation of N-glycan processing in the Golgi. Adapted from Moremen 
et	al. (2012). Proteins arrive in the Golgi from the ER, where they are processed in a Cis to Trans 
manner by mannosidases, glycosidases and transferases. Monosaccharides are provided by 
glycosyltransferases that carry a nucleotide sugar. Nucleotide sugars are transported into the Golgi 
by nucleotide sugar transporters.
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1 the nucleus) to the ER and Golgi. For this process, the Golgi membrane contains 
nucleotide sugar transporters (Caffaro & Hirschberg, 2006). These nucleotide 
sugar transporters are composed of proteins with multiple membrane spanning 
domains (Berninsone & Hirschberg, 2000). Transport occurs by way of a  
transport/antiport mechanism, where the nucleotide sugar (e.g. UDP-gal) 
is transported and the monophosphate nucleotide (e.g. UMP) is antiported 
(Caffaro	et	al., 2006) (Fig. 7).

The nucleotide sugar transporters concentrate the nucleotide sugars in the 
Golgi relative to the cytosolic concentrations up to 50 times (Hirschberg	 et	
al., 1998). This creates a pool of nucleotide sugars that are available for the 
glycosyltransferases in the Golgi. The location of the different nucleotide sugars 
in the Golgi, as well as how nucleotide sugar levels are controlled within the cell, 
is currently not fully understood.

Sources of monosaccharides used in the glycosylation process
Monosaccharides that are used in the glycosylation process have to be either 
adsorbed, or are converted from other monosaccharides (Rambal	et	al., 1995). 
Monosaccharides can also be salvaged from glycoconjugates with great efficiency. 
Extracellular glycoproteins are taken up into the cell and degraded in lysosomes 
(Winchester, 2005). For example, 80% of GlcNAc attached to glycoproteins is 
recovered in the liver and over 30% is reused in the glycosylation of secreted 
glycoproteins (Aronson & Docherty, 1983). In addition to GlcNAc, also Neu5Ac, 
GalNAc and Gal can be salvaged from glycoproteins (Martin	et	al., 1998). 

While dietary and salvaged monosaccharides are primarily incorporated into 
glycoproteins in the liver and intestine, these proteins are secreted and taken up 
by cells in other locations in the body where their glycans can be reused (Alton 
et	al., 1998). Evidence of direct incorporation of other dietary monosaccharides 
has been described as well. Alton	et	al. described the incorporation of isotope 
labeled mannose into glycoproteins after both intravenous injection and gastric 
lavage in rats (Alton	 et	 al., 1998). Similar results were obtained in humans, 
using radio labeled glucose, galactose and mannose (Berger	et	al., 1998). The 
ability to utilize dietary mannose has also been demonstrated in patients that 
have a deficiency of phosphomannose isomerase. In this disease, the ability to 
endogenously synthesize mannose is defective, leading to hypoglycosylation of 
proteins. Supplementation of the diet with mannose successfully restored the 
glycosylation pattern and alleviated symptoms (Harms	et	al., 2002). 

Transport of glucose, as well as other monosaccharides into the cell occurs by 
sugar transporters, which can be divided into energy independent diffusion 
transporters (GLUT), as well as sodium linked energy requiring transporters 
(SGLT) (Zhao & Keating, 2007). There are currently 14 GLUTs known in humans 
(Augustin, 2010). The individual transporters have different reaction rates and 
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1are expressed in different locations in the body. The type of GLUTs expressed is 
dependent on the availability of glucose and the requirement of the cells (Zhao 
et	 al., 2007). Many GLUTs have an affinity for other monosaccharides, such 
as galactose, mannose and fructose as well (Zhao	et	al., 2007). Two mannose 
specific transporters have been reported, however, it has also been suggested 
that the observed mannose transport is mediated by GLUTs instead (Alton	et	al., 
1998; Rodriguez	et	al., 2005). One fucose specific transporter has been described 
so far (Leck & Wiese, 2004).

Glucose can also be synthesized using lactate, pyruvate, glycerol and amino acids 
during gluconeogenesis (Rui, 2014). Conversion of glucose and mannose into 
the other monosaccharides occurs within the cell (Martin	et	al., 1998)(Fig. 8).

Figure 8. Interconversion and synthesis pathways of monosaccharides. From Essentials of Glycobiology, 
3rd edition, chapter 5: Glycosylation Precursors (Freeze et	al. 2017). Monosaccharides are represented 
by red ovals, while nucleotide sugars are represented by green rectangles. Monosaccharide symbols 
according to Figure. 3, with the addition of Xylose (orange star) and glucuronic acid (blue/white 
diamond). Conversion of monosaccharides to nucleotide sugars requires nucleoside triphosphates 
(UTP, ATP, GTP, CTP) and a glycosyl-1-phosphate. (PPi) = pyrophosphate; (KDN) = 2-keto-3-deoxy-D-
glycero-D-galactonononic acid; (Dol) = dolichol.
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1 N-glycan functions
Glycans contribute significantly to the weight and structural diversity of many 
glycoproteins and play a role in various cellular and extracellular functions. 
Intracellular, glycans modulate protein folding, trafficking and secretion (Xu & 
Ng, 2015). Extracellular, they play a role in cell adhesion and act as recognition 
sites for immune cells, pathogens and hormones (Ohtsubo & Marth, 2006). 
Glycoproteins can signal through pattern recognition receptors, such as was 
demonstrated for Toll-like receptor 4 (TLR4) and the glycans of lactoferrin 
(Figueroa-Lozano	et	al., 2018 and Chapter 4, this thesis). For glycoproteins, their 
functionality is not solely limited to the action of the glycans alone. The protein 
backbone provides its own functional characteristics and bio functionality. The 
protein structure, combined with the glycan can aid in the glycan presentation to 
receptors (Figueroa-Lozano	et	al., 2018). Therefore, the glycans complement the 
glycoprotein in adding extra functional characteristics. Isolated N-linked glycans 
were able to inhibit TLR8 signaling, which is potentially relevant to auto-immune 
diseases (Figueroa-Lozano	 et	 al., 2020; Valk-Weeber	 et	 al., 2019, Chapters 
5 and 3, this Thesis). The function of glycans can in some cases be linked to 
the terminal monosaccharide residues of the glycan structure, or to a specific 
pattern of monosaccharides (epitope) (Fig. 9; Table 1). 

Figure 9. Epitopes common in mammalian N-glycans. Abbreviations: Galβ(1,4)GlcNAc (LacNAc 
epitope), GalNAcβ(1,4)GlcNAc (LacdiNAc epitope), Galα(1,3)Gal (α-Gal epitope). Glycans with 
additional fucose are “fucosylated”, attached at the core (core-fucose, most common) or on 
GlcNAc of the antennae. Glycans with additional sialic acid are “sialylated”, either with Neu5Ac 
or Neu5Gc. 
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1 Part 2A: Milk synthesis and composition

General composition of milk
A defining characteristic of all mammals is the capacity to produce milk. Milk 
contains water, lactose, fat, protein and minerals, intended as nutrition and 
support for the newborn. The milk of each animal is specifically tailored for 
the needs of its species, and large differences exist in the composition. For 
example, human milk contains more lactose (69 g/L) and fat (44 g/L) than 
bovine milk (53 g/L and 33 g/L, respectively). Bovine milk is considerably 
higher in protein (32 g/L) than human milk (10 g/L) (Haug	 et	 al., 2007; 
Wijesinha-Bettoni & Burlingame, 2013). Bovine milk contains more minerals 
than human milk, four to six times more calcium and phosphorous, and three 
times more sodium and potassium (Leung & Sauve, 2003; Wijesinha-Bettoni 
et	al., 2013). 

Beside the differences in total fat content between bovine and human 
milk, large differences exist in the individual fatty acids present in the milk. 
Human milk is considerably higher in linoleic acid and polyunsaturated fatty 
acids than bovine milk (Leung	 et	 al., 2003). Large differences also exist in 
the oligosaccharide composition between both species. In human milk, 
the oligosaccharide portion is very large, contributing 20% of the total 
oligosaccharide pool. In cow milk, the amount and diversity of oligosaccharide 
structures is much lower, estimated at an 0.1% contribution (Bode, 2012). 
In cow milk, the glycans present on milk glycoproteins are therefore major 
sources of sialic acid and fucose.

Milk synthesis 
Synthesis and transport of milk components and production of the milk occurs 
in the mammary glands. Mammary gland development and milk production 
is strictly regulated by various hormones, including estradiol, prolactin and 
growth hormones (Feuermann	 et	 al., 2004; Flint & Gardner, 1994; Tucker, 
1981). The mammary glands are divided into lobules, each containing 
clusters of alveoli (Lee & Ladds, 1975). Each alveolus is lined with a layer 
of secretory cells, which secrete components into the lumen. Milk proteins 
are either synthesized by the secretory cells, or are transported from the 
blood into the milk. Synthesized proteins include the caseins, α-lactalbumin 
and β-lactoglobulin (Lockwood	 et	 al., 1966), while immunoglobulins are 
transported from the blood (Larson	 et	 al., 1980). The fat is secreted in 
globules, which are emulsified by a membrane coating, the milk fat globule 
membrane (MFGM; Fig. 10) (Jensen	 et	 al., 1991). This membrane coating 
is derived from the secreting cells and primarily consists of proteins and 
phospholipids (Dewettinck	et	al., 2008; Patton & Keenan, 1975). The major 
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1proteins of the MFGM are butyrophilin, adipophilin, lactadherin and xanthine 
oxidase, while minor protein include apolipoproteins and mucin 1 (Fong	et	
al., 2007; Lu	et	al., 2016). Although the protein Glycosylation-dependent cell 
adhesion molecule-1 is also detected in the MFGM, it is still unknown if it is 
an inherent part of the MFGM, or only present by association (Fong	et	al., 
2007; Sørensen	et	al., 1997). 

Proteins in milk
Milk proteins can be divided into the casein and whey protein fractions. The 
ratio of casein to whey proteins is 80:20 in bovine milk, but near 40:60 in 
human milk (Kunz & Lönnerdal, 1992; Walstra	et	al., 2005). The major bovine 
whey proteins are β-Lactoglobulin, α-Lactalbumin, Lactoferrin, Glycosylation-
dependent cell adhesion molecule-1 (GlyCAM-1, also known as proteose 
peptone 3 (PP3) and lactophorin), the secretory Immunoglobulins (sIgGs) 
and Osteopontin. Minor glycoproteins include Lysozyme and Lactoperoxidase 
(Pereira, 2014; Schack	et	al., 2009). 

Caseins
The major protein fraction of bovine milk is casein, which can be further 
divided into α-, β- and κ-caseins based on their physiochemical properties 
and genes from which they originate (Holt	et	al., 2013). In human milk, the 
major casein is β-casein, while α-casein is the major casein in bovine milk. 
κ-caseins are present in much lower concentrations in human milk than in 
bovine milk, which results in the formation of smaller micelles of casein 
in human milk (Anderson	 et	 al., 1982; Cuillière	 et	 al., 1999). Caseins are 
unfolded proteins, they have no single folded conformation and this makes 
it possible for casein to interact with a wide variety of molecules (Smyth 
et	 al., 2004). In milk, caseins cluster together and form micelles. A major 
function of casein is its action as a molecular chaperone; caseins can interact 
with and stabilize other proteins. In this way they prevent aggregation and 
precipitation of the proteins in the milk. In addition, they function as calcium 
phosphate binding proteins, preventing the formation of calcium deposits in 
the mammary glands, as well as providing a source of calcium and phosphate 
in the diet (Smyth	 et	 al., 2004). Casein and whey proteins also provide a 
rich source of amino acids. Histidine, methionine and phenylalanine are 
predominantly provided by the caseins, while leucine, isoleucine, lysine and 
valine are provided by the whey proteins (Pereira, 2014).

All caseins are post-translationally modified in some way. The α-, and 
β-caseins are heavily phosphorylated, while κ-casein is both phosphorylated 
and glycosylated (Anderson	et	al., 1982). The glycans of κ-casein are of the 
O-glycan type and contain GalNAc, galactose and sialic acid (Vreeman	et	al., 
1986). 
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1

Figure 10. Schematic overview of a secretory epithelium cell in the lactating mammary gland. 
Proteins and components for milk constituents enter from the blood stream. The components of 
milk (fat, protein, lactose) are secreted into the lumen. Fat is secreted in globules surrounded by 
the milk fat globule membrane (MFGM). Figure adapted from Larson (1979). 
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1β-Lactoglobulin and α-Lactalbumin
In bovine milk, β-lactoglobulin is one of the most abundant whey proteins, 
with a concentration of 2-3 g/L. Milk from other ruminant species also contains 
β-lactoglobulin, but it is completely absent in human milk (Hambræus	 et	 al., 
1978; Johke	 et	al., 1964). β-lactoglobulin is a member of the lipocalin family, 
which often play a role in transport hydrophobic molecules, such as steroids and 
lipids. The specific function of β-lactoglobulin is unknown; it shares structural 
and sequence similarities with retinol binding protein and glycodelin (Kontopidis 
et	 al., 2004). The second most abundant whey protein is α-lactalbumin, 
with a concentration of 1.5 g/L in bovine milk. Together with the enzyme  
β(1,4)-galactosyltransferase, α-lactalbumin creates the lactose synthase complex 
that regulates the production of lactose (Farrell	 et	 al., 2004). In addition, 
α-lactalbumin binds iron, calcium and zinc, which can aid in mineral adsorption 
(Layman	 et	 al., 2018). A small fraction (~10%) of the total amount of bovine 
α-lactalbumin is glycosylated with glycans of the N-linked type (Slangen & Visser, 
1999). The structures found on α-Lactalbumin are mainly di-antennary glycans 
containing GalNAc-β(1,4)-GlcNAc (LacdiNAc) motifs (Valk-Weeber	et	al., 2020b, 
Chapter 6, this Thesis).

Lactoferrin
Lactoferrin is one of the most studied whey proteins. It belongs to the family of 
iron binding proteins. The iron bound to the protein gives lactoferrin its distinct 
pink coloration. The concentration in human milk (1-3 g/L) is much higher 
than in bovine milk (0.03-0.5 g/L) (Cheng	et	al., 2008; Yang	et	al., 2018). When 
secreted into milk, it is present in a low 5% iron saturated state, also known as  
apo-lactoferrin (El-Loly & Mahfouz, 2011). In addition to providing iron to the diet 
when lactoferrin is ingested, its iron binding capacity also enables an bacteriostatic 
effect by withholding iron (Lönnerdal & Iyer, 1995). Many other functions have 
been attributed to lactoferrin, including antioxidant, immunomodulatory and 
anti-inflammatory functions (El-Loly	 et	 al., 2011). Recognition of lactoferrin 
by the immune system occurs by the pattern recognition receptors TLR3 and 
TLR4. The glycan decoration of lactoferrin and variations therein were proven to 
alter TLR4 receptor signaling (Figueroa-Lozano	et	al., 2018, This thesis, Chapter 
4). Lactoferrin is relatively resistant to digestion and its bioactive peptides and 
intact lactoferrin are capable of reaching the intestine (Lindberg	et	al., 1998). 
This stimulates the further investigation of the effects of supplementation of 
lactoferrin to human nutrition (Siqueiros-Cendón	et	al., 2014). Bovine lactoferrin 
contains 5 N-linked glycosylation sites (Asn233, Asn281, Asn368, Asn476 and 
Asn545), mainly decorated with glycans of the oligomannose type (Moore	et	al., 
1997; Valk-Weeber	et	al., 2020a; van Leeuwen	et	al., 2012a; Wei	et	al., 2010). 
There is a large difference between the glycosylation of human and bovine 
lactoferrin. The glycans on human lactoferrin do not include oligomannose 
structures. Instead, these glycans are mainly of the complex (di-antennary) type 
(Spik	et	al., 1982).
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1 Immunoglobulins
The immunoglobulins are antibodies that are secreted into the milk. They provide 
a passive immunity to the newborn, and aid in the development of the immune 
system (Ulfman	et	al., 2018). In humans, five classes have been identified, IgG, 
IgM, IgA, IgE and IgD. The basic protein structure of an immunoglobulin has two 
identical heavy (53 kDa) and light (23 kDa) chains, with a complete molecular 
weight of approximately 180 kDa (Korhonen	et	al., 2000). IgG, IgE and IgD are 
present as monomers, while IgA and IgM form dimers and pentamers of the basic 
structure respectively (Yoo	et	al., 1999). It was initially reported that only IgG, 
IgA and IgM were produced in bovine milk, but also the other types have since 
been identified (Butler, 1969; Zhao	et	al., 2006). The various immunoglobulins 
differ significantly in structure, glycosylation and function (Arnold	et	al., 2007; 
Korhonen	et	al., 2000). IgG is highly abundant in blood, but also in secretions 
such as milk. IgG can trigger antibody dependent cell mediated cytotoxicity 
by marking the pathogen for destruction by natural killer cells (Shields	 et	al., 
2002). IgA is highly abundant in secretions and plays a large role in the intestinal 
defense against pathogens (Mantis	et	al., 2011).

In humans, IgG is the only immunoglobulin that is transferred from the mother 
to the infant via the placenta (Lawrence & Pane, 2007). Other immunoglobulins, 
like IgA have to be produced by the newborn itself and it can take a few months 
to years to reach normal levels (Lawrence	et	al., 2007). Cows differ in placental 
structure, and placental transfer of immunoglobulins does not occur (Chucri 
et	 al., 2010). Milk therefore provides a supply of IgG to newborn calves. In 
bovine milk IgG is the predominant immunoglobulin, while IgA is the main 
immunoglobulin in human milk. 

Regarding the glycosylation of the immunoglobulins, human Ig’s are well studied. 
For cows, information is limited, with the exception of IgG. In both species, IgG 
contains a single N-glycosylation site (Asn297) on each of the heavy chains, for a 
total of two glycans per molecule (Deisenhofer, 1981). The glycans of bovine and 
human IgG also share a large number of similarities. In both species the glycans 
are of the di-antennary type, decorated with Galβ(1,4)GlcNAc (LacNAc) and 
sialic acid and core fucosylation (Fig. 9) (Fujii	et	al., 1990; Pučić	et	al., 2011). For 
bovine IgA and IgM the glycans have not yet been characterized. In humans, IgA 
contains O-glycans in addition to di-antennary N-glycans (Baenziger & Kornfeld, 
1974). Human IgM is heavily glycosylated, containing 5 N-linked glycosites 
on each heavy chain. The glycans are of the di-antennary type in addition to 
oligomannoses (Arnold	et	al., 2005). 

Glycosylation-dependent cell adhesion molecule-1 (GlyCAM-1)
When milk is heated, most of the proteins denature, including lactoferrin, 
immunoglobulins and α-lactalbumin. What remains are the heat stable, soluble 
proteins of the milk, often described as the “proteose peptone” (PP) fraction 
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1of the milk. Many of the proteins in the PP fraction are fragments of casein. 
Approximately 25% of the total PP fraction consists of PP3 (Larson & Rolleri, 
1955). PP3 shows a large sequence homology with glycosylation-dependent 
cell adhesion molecule-1 (GlyCAM-1), therefore, PP3 is also commonly denoted 
as milk GlyCAM-1, or GlyCAM-1 like protein (Girardet & Linden, 1996; Johnsen 
et	al., 1995). In some cases, the term lactophorin is also used to describe PP3 
(Kappeler	et	al., 1999). In milk, it appears to exist in both a free form, as well as in 
an MFGM associated form (Dowbenko	et	al., 1993; Girardet	et	al., 1996; Hettinga 
et	al., 2011). The concentration of GlyCAM-1 is usually estimated around 0.3-0.4 
g/L, but there is evidence that the levels are significantly higher (Larson & Rolleri, 
1955; Valk-Weeber	 et	 al., 2020c, Chapter 7, this Thesis). GlyCAM-1 is highly 
abundant in bovine milk, but a homolog is absent in human milk, or present in 
very low concentrations (Hettinga	et	al., 2011; Rasmussen	et	al., 2002). 

Milk GlyCAM-1 is a highly glycosylated protein, approximately 17% of its 
molecular weight (19.4 kDa) is attributed to the glycan structures (Kjeldsen	et	
al., 2003; Ng	et	al., 1970). These glycan structures are comprised of both O- and 
N-linked glycans, attached at Thr16, Thr86, Ser60 (O-linked) and Asn77 (N-linked) 
of GlyCAM-1 (Coddeville	et	al., 1998; Kjeldsen	et	al., 2003; Sørensen & Petersen, 
1993a). A number of the N-glycans expressed on GlyCAM-1 share a resemblance 
with those expressed on α-lactalbumin (di-antennary with LacdiNAc motifs) 
(Inagaki	et	al., 2010a; Valk-Weeber	et	al., 2020b, Chapter 6, this Thesis). More 
importantly, GlyCAM-1 contributes a unique repertoire to the whey glycoprofile, 
as many of its glycans are sialylated and carry fucose. Tetra-antennary glycans 
are a unique feature of GlyCAM-1 (Valk-Weeber	et	al., 2020b, Chapter 6, this 
Thesis). The exact function of GlyCAM-1 is not fully established, however there 
is evidence that is has anti-microbial, anti-viral and lubricating properties 
(Campagna	et	al., 2004; Dowbenko	et	al., 1993; Inagaki	et	al., 2010b). GlyCAM-1 
is resistant to proteolytic digestion and therefore can potentially reach the infant 
intestine intact (Chatterton	et	al., 2004).

Osteopontin
Osteopontin is a protein that is present in a multitude of tissues and secretions, 
including bone marrow, muscle cells, bile ducts, saliva and milk (Bayless	et	al., 
1997; Chen	et	al., 2014a; O’Brien	et	al., 1994). The concentration of osteopontin 
in human milk (138 mg/L) is much higher than in bovine milk (18 mg/L) (Schack 
et	al., 2009). Milk osteopontin is a highly phosphorylated glycoprotein, with a 
molecular weight of ~60 kDa (Bissonnette	et	al., 2012). In bovine osteopontin, 
27 serines and 1 threonine are phosphorylated compared to 34 serines and 
2 threonines in the human homolog. Osteopontin is glycosylated at five sites 
in humans, compared to three in cows (Christensen	 et	al., 2005; Sørensen	 et	
al., 1995). Osteopontin is exclusively O-glycosylated. While three putative 
N-glycosylation sites exist in cow and two in human, they are not occupied 
(Christensen	 et	 al., 2005; Sørensen	 et	 al., 1995). There are many functions 
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1 attributed to osteopontin, including attracting macrophages and cells, assisting 
wound healing, biomineralization and prevention of calcium oxalate stones in 
the kidneys (Icer & Gezmen-Karadag, 2018). In milk, osteopontin is vulnerable 
to proteolytic digestion by milk proteases such as plasmin and thrombin 
(Christensen	 et	 al., 2010). Therefore, in addition to intact osteopontin, many 
proteolytic fragments also exist. In infants, osteopontin is resistant to the 
gastric juice (Chatterton	et	al., 2004) and reaches the intestine intact, where it 
appears to regulate cell proliferation and migration (Liu	et	al., 2020). In addition, 
osteopontin stimulates immune system activation via various pathways (Kahles 
et	al., 2014).

Lactoperoxidase and lysozyme
Lactoperoxidase and lysozyme are enzymes with antimicrobial functions. 
Both enzymes, like lactoferrin, are relatively resistant to proteolytic digestion 
and can reach the intestine intact (Lönnerdal, 2003). The concentration of 
lactoperoxidase in bovine milk is 30 mg/L compared to 80 mg/L in human milk 
(Kussendrager & van Hooijdonk, 2000; Shin	 et	 al., 2001). For lysozyme the 
concentrations are considerable higher in human milk, with concentrations of 
300 mg/L compared to 10 mg/L in bovine milk (Chandan	et	al., 1968; Montagne 
et	al., 2001). Lysozyme works in conjunction with lactoferrin to degrade the outer 
cell wall of Gram-negative bacteria (Ellison & Giehl, 1991). In addition, lysozyme 
can degrade the cell walls of Gram-positive bacteria (Chipman & Sharon, 1969). 
Lactoperoxidase catalyzes the production of hypothiocyanate in saliva, which 
in turn kills both Gram-positive as well as Gram-negative bacteria (Bjorck	et	al., 
1975; Steele & Morrison, 1969). Both enzymes are known to protect the mouth 
and upper gastrointestinal tract from infection, in addition to maintaining the 
quality of the milk for longer periods of time (Barrett	et	al., 1999; Benkerroum, 
2008; Sharma	 et	 al., 2013). Lysozyme supplementation has a demonstrated 
positive effect on the gut microbiome in goats (Maga	et	al., 2012). The functions 
and action of these enzymes, or bioactive peptides derived from these enzymes, 
when they reach the intestine are not yet known. Lysozyme is an example of a 
non-glycosylated bio-functional protein (Jollès & Jollès, 1984; Parry	et	al., 1969). 
Lactoperoxidase is exclusively N-glycosylated, with 5 glycosites in bovine and 4 
in the human protein (Ueda	et	al., 1997; Wolf	et	al., 2000). The N-linked glycan 
structures present on lactoperoxidase are of the oligomannose and di-antennary 
complex type, with low amounts of sialylation (Wolf	et	al., 2000; Valk-Weeber	et	
al., 2020b, Chapter 6, this Thesis). 
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1Part 2B: The dairy industry and consumption of milk products

A short history of milk consumption and the dairy industry
Early in history, bovine milk was recognized as a valuable resource, providing 
energy and nutrition. Milk was processed into yoghurt and cheeses, to allow 
for a longer storage, while simultaneously significantly lowering their lactose 
content. An excess of lactose led to symptoms of lactose intolerance (diarrhea, 
flatulence) in adults, since expression of the enzyme required for the digestion 
of lactose (lactase) is lost into adulthood. Roughly 10,000 year ago, an important 
change occurred in a select population in central Europe (Evershed	et	al., 2008). 
Due to a mutation in the lactase gene, lactase activity was able to persist into 
adulthood (Hollox, 2004). This change allowed for the direct consumption of 
milk. The nutritional value added to the diet was a significant benefit to the early 
population of Europe, also allowing the survival and spread of the mutation 
throughout Northern Europe (Leonardi	et	al., 2012). Nowadays, a large portion 
of the European population is able to digest lactose into adulthood, while 
worldwide this is estimated to be around 30% (Curry, 2013). These numbers are 
reflected in the current dairy consumption in the world. Currently, European 
countries and India are the largest dairy markets, while China and large parts of 
Africa consume very little (OECD-FAO, 2019). Of the worldwide milk production, 
83% is cow milk; buffalo milk comes second with just 13%. The only region in 
which cow milk is not the main source of milk is South Asia, where buffalo milk 
accounts for 53% of the total milk production. Other sources of milk include 
goat, sheep and camel milk, which all contribute less than 4% to the global milk 
production (OECD-FAO, 2019). 

Milk production
Dairy cows typically produce milk in cycles of approximately 1 year (Inchaisri 
et	al., 2011). After completion of a cycle, the milking is stopped for an average 
duration of 7 weeks (Bertulat	et	al., 2015). During this time, milk production stops 
and is therefore called the dry-period. This dry-period allows the cow resting 
time, during which the mammary glands can recover. The dry-period increases 
the milk production in the next cycle (van Knegsel	et	al., 2014). Directly after 
delivery, the cow produces a highly concentrated milk, also called colostrum, for 
a few days. This colostrum contains elevated concentrations of fat and functional 
proteins to support the immune system of the newborn calf. Most colostrum is 
utilized for the calves, as it improves their development and disease resistance 
(Virtala	et	al., 1999). Any colostrum that remains is typically discarded, as the 
higher microbial and protein content interferes with the pasteurization process 
(Marnila & Korhonen, 2002).
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1 Diet/digestion of milk in humans versus ruminants
Milk is primarily intended for consumption by the newborn. In addition, milk 
and milk constituents are processed into many food products and are therefore 
also consumed by adults. After ingestion, the milk proteins are digested and 
the products are taken up by the body. This digestion process of food is very 
different between humans and cows. In humans, food is first broken up into 
smaller particles and mixed with digestive enzymes prior to ingestion. In the 
stomach, acid and enzymatic hydrolysis takes place and the food is then released 
into the small intestine (Boland, 2016). 

In the small intestine, further enzymatic processing takes place and nutrients 
such as amino acids, peptides and sugars are adsorbed. In the large intestine, 
microbial fermentation takes place and short chain fatty acids are produced 
(McNeil, 1984). The large and diverse gut microbiota contributes to a large 
extent to this fermentation process (Koh	et	al., 2016). The produced short chain 
fatty acids can then be taken up by microorganisms, or by the host (den Besten 
et	 al., 2013). In adult humans, intact protein that is resistant to proteolytic 
enzymes can reach the intestine intact. In infants, a more limited availability of 
proteases and higher stomach pH results in a higher amount of protein reaching 
the intestine intact (Dallas	et	al., 2012). 

The digestive system of cows is very different from humans. Cows are ruminant 
animals; instead of a monogastric stomach, the stomach is divided into four 
compartments (rumen, reticulum, omasum, abomasum) (Dijkstra	et	al., 2005)
(Fig. 11). In the rumen and reticulum, fermentation of the plant materials 
(cellulose) takes place by microorganisms (Mills	 et	 al., 1999). After transport 
to the other compartments, acidic and enzymatic digestion takes place, prior 
to transport into the small intestine. In cows, most of the ingested material 
is converted into volatile fatty acids (VFA), such as acetic acid, propionic and 
butyric acid before it arrives in the small intestine (Jean-François & Dominique, 
1999; van Houtert, 1993). While in humans proteins can survive the stomach 
and pass into the small intestine, in cows this is much less common. In young 
calves however, intact protein and peptides are able to reach the intestine, since 
the ruminal fermentation is not yet fully developed (Khan	et	al., 2016; Montagne 
et	al., 2003). 

Consumption of milk and usage of milk and whey in other products
The large majority of the milk produced by the dairy industry is processed into 
products intended for direct human consumption. These products include cheese 
(37%), butter (29.3%) and cream (12.5%), as well as drinking milk (11.1%) and 
milk powders (3%) (Eurostat, 2018). Whey can be processed into whey protein 
powders such as demineralized whey, whey protein concentrate (WPC) and whey 
protein isolate (WPI). Individual proteins such as the caseins and lactoferrin can 
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1also be isolated and used separately in other food products (Huffman & Harper, 
1999). Isolated lactose is added to specialized infant nutrition (infant formula) 
and other food products, or used in the production of oligosaccharides (Gänzle 
et	al., 2008). In addition to incorporation into food products, the constituents of 
milk are also used for non-food applications, such as glues, coatings, paints or 
fermentation into alcohol (Audic	et	al., 2003).

Figure 11. Schematic representation of the bovine digestive system. The stomach has four 
chambers; Food enters the rumen (1). Plant material is digested by microorganisms and the “cud” 
is periodically regurgitated and from the reticulum and rechewed (2). From the reticulum the cud 
reaches the omasum (3), where some water is removed. It then passes into the abomasum (4) for 
further digestion with acid and enzymes. From Campbell Biology, (Urry	et	al., 2017), Reprinted 
with permission of Pearson Education, Inc., New York, NY. 

WPCs are obtained by processing the whey with ultrafiltration, ion exchange, 
or a combination thereof, reducing the lactose, water and mineral content and 
increasing the protein content to 35 to 90% (Carter & Drake, 2018). WPC powders 
are often used as an emulsifier or texture enhancer in food (de Boer	et	al., 1977). 
WPIs are obtained by performing ultrafiltration after an initial microfiltration 
step. This first microfiltration step removes lipids from the whey, yielding a 
more pure and higher concentration whey protein isolate after subsequent 
ultrafiltration (Hanemaaijer, 1985). Whey powders are naturally high in salt 
and minerals, which contribute to their flavor profile (Carunchia Whetstine	et	
al., 2005). The high mineral content is in some cases unfavorable to the final 
salt content and flavor of the end product. In those cases, demineralized whey, 
obtained by nanofiltration or ion exchange is preferred. Demineralized whey 

Diet/digestion of milk in humans versus ruminants
Milk is primarily intended for consumption by the newborn. In addition, milk 
and milk constituents are processed into many food products and are therefore 
also consumed by adults. After ingestion, the milk proteins are digested and 
the products are taken up by the body. This digestion process of food is very 
different between humans and cows. In humans, food is first broken up into 
smaller particles and mixed with digestive enzymes prior to ingestion. In the 
stomach, acid and enzymatic hydrolysis takes place and the food is then released 
into the small intestine (Boland, 2016). 

In the small intestine, further enzymatic processing takes place and nutrients 
such as amino acids, peptides and sugars are adsorbed. In the large intestine, 
microbial fermentation takes place and short chain fatty acids are produced 
(McNeil, 1984). The large and diverse gut microbiota contributes to a large 
extent to this fermentation process (Koh	et	al., 2016). The produced short chain 
fatty acids can then be taken up by microorganisms, or by the host (den Besten 
et	 al., 2013). In adult humans, intact protein that is resistant to proteolytic 
enzymes can reach the intestine intact. In infants, a more limited availability of 
proteases and higher stomach pH results in a higher amount of protein reaching 
the intestine intact (Dallas	et	al., 2012). 

The digestive system of cows is very different from humans. Cows are ruminant 
animals; instead of a monogastric stomach, the stomach is divided into four 
compartments (rumen, reticulum, omasum, abomasum) (Dijkstra	et	al., 2005)
(Fig. 11). In the rumen and reticulum, fermentation of the plant materials 
(cellulose) takes place by microorganisms (Mills	 et	 al., 1999). After transport 
to the other compartments, acidic and enzymatic digestion takes place, prior 
to transport into the small intestine. In cows, most of the ingested material 
is converted into volatile fatty acids (VFA), such as acetic acid, propionic and 
butyric acid before it arrives in the small intestine (Jean-François & Dominique, 
1999; van Houtert, 1993). While in humans proteins can survive the stomach 
and pass into the small intestine, in cows this is much less common. In young 
calves however, intact protein and peptides are able to reach the intestine, since 
the ruminal fermentation is not yet fully developed (Khan	et	al., 2016; Montagne 
et	al., 2003). 

Consumption of milk and usage of milk and whey in other products
The large majority of the milk produced by the dairy industry is processed into 
products intended for direct human consumption. These products include cheese 
(37%), butter (29.3%) and cream (12.5%), as well as drinking milk (11.1%) and 
milk powders (3%) (Eurostat, 2018). Whey can be processed into whey protein 
powders such as demineralized whey, whey protein concentrate (WPC) and whey 
protein isolate (WPI). Individual proteins such as the caseins and lactoferrin can 
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1 is the major whey protein powder used in infant formulas (Jost	 et	al., 1999). 
The glycoprotein composition of whey powders depends on the preprocessing 
conditions. While lactoferrin, IgG and GlyCAM-1 are represented in WPC and 
demineralized whey, the concentrations of lactoferrin and IgG are decreased in 
WPI (Valk-Weeber	et	al., 2020c, Chapter 7, this Thesis). GlyCAM-1 is a small and 
heat stable protein and therefore survives harsher treatments, becoming the 
major contributing protein in WPI (Valk-Weeber	 et	al., 2020c, Chapter 7, this 
Thesis). 

Glycosylated proteins in infant formula
Infant formula is a specialized substitute for human breast milk. Human milk 
is considered the gold standard of infant nutrition (Newton, 2004; Allan 
Walker, 2010). It is specially tailored for human infant development, from 
both a nutritional and immunological development viewpoint (Labbok	 et	 al., 
2004; Kramer & Kakuma, 2007). However, in some cases breastfeeding is not 
possible or desired. For example, when there is insufficient milk produced by 
the mother or the nutritional value of the milk produced is too low. In some 
cases, environmental contaminants or pathogens can end up in the milk and 
may be transferred to the baby (Weisstaub & Uauy, 2012). In all those cases, 
infant formula is a useful supplement or replacement. 

The development of infant formulas has come a long way (Leung	et	al., 2003; 
Meigs & Marsh, 1913; Stevens	 et	 al., 2009). Many modifications to cow  
milk-based formulas have been made in order to make its composition more 
similar to human milk. Examples include adjustments of the casein whey ratio 
from 81:19 (cow) (Farrell	et	al., 2004; Kunz	et	al., 1992) to 60:40 (human), its 
mineral composition (Greer, 1989; Heird, 2004) and addition of oligosaccharides 
(Bode, 2012). 

Focus now shifts to the bioactive portion of bovine milk, which includes 
lipids, peptides and (glyco)proteins (Bode	 et	 al., 2004; Bösze, 2008). Of the 
glycoproteins, lactoferrin is the most intensively investigated in regards to the 
benefit to the newborn (Johnston	et	al., 2015; Lönnerdal, 2014; Oda	et	al., 2014). 
The whey protein fraction of the milk is recognized as the main cause of cow milk 
allergy, in addition to causing occult blood loss from the gastrointestinal tract. 
β-lactoglobulin, a protein that is absent in human milk is recognized as one of 
the most allergenic proteins in the whey (Ball	 et	 al., 1994). The occult blood 
loss can be attributed to the heat-labile proteins in the milk, since heating the 
milk (121°C for 20 min) before consumption eliminates this symptom (Sullivan, 
1993). Casein and GlyCAM-1 are heat stable proteins, which can survive this 
treatment, while most whey proteins denature (Girardet	et	al., 1996; Vasbinder, 
1974). Considering this observation, GlyCAM-1 is not expected to significantly 
contribute to bovine milk allergenicity. 



35

Introduction

1Hypoallergenic formula is based on hydrolyzed whey protein, which are obtained 
by digestion of whey protein with proteases (Terracciano	 et	al., 2002). These 
hydrolyzed whey formulas have significantly lower levels of β-lactoglobulin 
(Makinen-Kiljunen & Sorva, 1993). 

While the knowledge regarding the benefits and downsides of modifications to 
infant formula grows, implementation of any modification to infant formula is 
difficult. The composition of infant nutrition is strictly regulated and requires 
rigorous trials to evaluate the benefits and safety (Institute of Medicine, 2004). 
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1 Part 2C: Genetic and non-genetic influences on milk and 
glycan composition

Known and potential factors that can affect milk composition and 
glycosylation
The composition of milk is known to vary considerably with breed, stage of 
lactation, age, health and nutrition (Auldist	 et	 al., 2004; Grieve	 et	 al., 1986; 
Reinhardt	 et	 al., 2013). Regarding the glycosylated milk proteins (both in 
concentration or glycosylation), the available information on the effect of the 
above-mentioned factors is very limited. The N-linked glycosylation process 
is highly dependent on genetic regulation (Neelamegham & Mahal, 2016; 
Ohtsubo	et	al., 2006). Glycosylation is a co- and post-translational modification, 
however, and several non-genetic factors, at least theoretically, could influence 
the synthesis and modification of milk glycoprotein glycans. This includes the 
abundance of glycosyltransferases and glycosidases, availability of substrates 
and (drug induced) alterations to the morphology of the Golgi organelle structure 
(Klausner	 et	 al., 1992; Stanley, 2011). The availability of monosaccharides 
influences the synthesis of sugar nucleotides (Martin	 et	 al., 1998). Since the 
availability of monosaccharides is dependent on nutrient intake, diet can also 
potentially influence the glycosylation process (Fig. 12). 

The necessary nucleotide sugars are composed of a sugar and a nucleotide part, 
therefore also the availability of nucleotides can influence the glycosylation 
process (Pels Rijcken	et	al., 1995). Altered expression of glycosyltransferases or 
glycosidases is also observed in disease states. Altered glycan expression is often 
seen in tumors as a result of dysregulation of the expression of glycosyltransferases 
(Kakugawa	et	al., 2002; Kannagi et	al., 2008). The altered expression can result 
in a shift in the monosaccharides that are incorporated into the glycan structure, 
in addition to the appearance of truncated structures as a result of enzyme 
competition for the same substrate (Pinho & Reis, 2015). An increased uptake 
of glucose and glutamine is also seen in cancer cells, feeding the hexosamine 
biosynthetic pathway, which eventually leads to synthesis of UDP-GlcNAc, a 
common metabolite used in synthesis of N- and O-glycans (Wellen	et	al., 2010). 
Upregulation of sialyltransferases and fucosidases also occurs as a response to 
inflammatory reactions, allowing for modification of the glycans, both during 
and after synthesis of proteins (Gornik & Lauc, 2008). 

In the following paragraphs, a selection of parameters with known effects on 
milk composition and glycosylated proteins will be reviewed.
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1Part 2C: Genetic and non-genetic influences on milk and 
glycan composition

Known and potential factors that can affect milk composition and 
glycosylation
The composition of milk is known to vary considerably with breed, stage of 
lactation, age, health and nutrition (Auldist	 et	 al., 2004; Grieve	 et	 al., 1986; 
Reinhardt	 et	 al., 2013). Regarding the glycosylated milk proteins (both in 
concentration or glycosylation), the available information on the effect of the 
above-mentioned factors is very limited. The N-linked glycosylation process 
is highly dependent on genetic regulation (Neelamegham & Mahal, 2016; 
Ohtsubo	et	al., 2006). Glycosylation is a co- and post-translational modification, 
however, and several non-genetic factors, at least theoretically, could influence 
the synthesis and modification of milk glycoprotein glycans. This includes the 
abundance of glycosyltransferases and glycosidases, availability of substrates 
and (drug induced) alterations to the morphology of the Golgi organelle structure 
(Klausner	 et	 al., 1992; Stanley, 2011). The availability of monosaccharides 
influences the synthesis of sugar nucleotides (Martin	 et	 al., 1998). Since the 
availability of monosaccharides is dependent on nutrient intake, diet can also 
potentially influence the glycosylation process (Fig. 12). 

The necessary nucleotide sugars are composed of a sugar and a nucleotide part, 
therefore also the availability of nucleotides can influence the glycosylation 
process (Pels Rijcken	et	al., 1995). Altered expression of glycosyltransferases or 
glycosidases is also observed in disease states. Altered glycan expression is often 
seen in tumors as a result of dysregulation of the expression of glycosyltransferases 
(Kakugawa	et	al., 2002; Kannagi et	al., 2008). The altered expression can result 
in a shift in the monosaccharides that are incorporated into the glycan structure, 
in addition to the appearance of truncated structures as a result of enzyme 
competition for the same substrate (Pinho & Reis, 2015). An increased uptake 
of glucose and glutamine is also seen in cancer cells, feeding the hexosamine 
biosynthetic pathway, which eventually leads to synthesis of UDP-GlcNAc, a 
common metabolite used in synthesis of N- and O-glycans (Wellen	et	al., 2010). 
Upregulation of sialyltransferases and fucosidases also occurs as a response to 
inflammatory reactions, allowing for modification of the glycans, both during 
and after synthesis of proteins (Gornik & Lauc, 2008). 

In the following paragraphs, a selection of parameters with known effects on 
milk composition and glycosylated proteins will be reviewed.

Figure 12. Parameters A-D that may affect the synthesis of glycans. Central are the pathways that 
regulate the glycan biosynthesis (e.g. availability and activity of transferases, glycosidases and 
nucleotide sugars in the Golgi). Multiple outcomes of the final glycan composition are possible. 
(A), These pathways are strictly regulated and rely on genetic regulation of expression of the 
necessary components for glycan biosynthesis. (B) External signaling events, as well as substrate 
availability can affect the regulatory and metabolic pathways, yielding altered versions of the 
produced glycans. (C) Certain disease states can affect the metabolic processes and yield abnormal 
glycans. (D) Glycosylated proteins can be secretory, or membrane proteins. Figure adapted from 
Yarema & Bertozzi (2001).

Breed differences: milk composition
Between different breeds of cows, large differences in milk fatty acid composition 
have been observed. For example, Holstein cows produce milk that is higher in 
oleic acid and lower in short chain fatty acids than Jersey cows (Stull & Brown, 
1964). This and other breed variations in fatty acid profile have been reviewed by 
Soyeurt	et	al. (2006). The mineral content of the milk appears to be independent 
of breed (Cerbulis & Farrell Jr., 1976). With regard to the total protein composition, 
Holstein-Friesian cows produce milk that is lower in protein content, both casein 
and whey proteins, than other breeds (Brodziak	et	al., 2012; Cerbulis & Farrell 
Jr., 1975). At the individual whey protein level, Holstein-Friesian cows produce 
less lactoferrin, α-lactalbumin and β-lactoglobulin (Tacoma	et	al., 2015). Breed 
also has an effect on the relative amounts of the casein (CN) variants (αS1-CN, 
αS2-CN, β-CN and, κ-CN) (Gustavsson	et	al., 2014). 
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1 Breed differences: Glycosylation
The ratio of glycosylated versus nonglycosylated κ-CN is higher in Holstein-
Friesian versus Jersey cows (Poulsen	 et	 al., 2016). Regarding the glycosylated 
whey proteins, the glycoprofile of lactoferrin appears unaffected by breed  
(Valk-Weeber	 et	 al., 2020a, Chapter 2, this Thesis). Breed differences in the 
glycoprofile of other whey glycoproteins remain unknown. 

Parity, stage of lactation and milk yield: milk composition
Milk from primiparous cows differs from milk obtained from multiparous cows, 
as it contains a lower amount of protein and fat (Yang	 et	 al., 2013). These 
differences likely originate from a lower food intake and lower mobilization of 
body reserves towards milk production in primiparous cows (Bruckental	et	al., 
1989). No significant effect of parity on the major glycosylated whey proteins 
was observed (Valk-Weeber	et	al., 2020d, Chapter 8, this Thesis).

Milk yield has a significant effect on the total amount of protein or fat in the milk, 
but does not affect the composition of the proteins (caseins, α-lactalbumin, 
β-lactoglobulin) or fatty acids (Bobe	 et	 al., 2007). Regarding the glycosylated 
whey proteins, similar findings were reported. The whey protein content 
decreased with increased milk yield, yet the composition of the whey was not 
affected (Valk-Weeber	et	al., 2020d, Chapter 8, this Thesis). Another factor that 
affects milk composition is the stage of lactation. The most drastic changes were 
observed during the short (0-3 days in milk) colostrum period. Bovine colostrum 
is significantly higher in protein (casein and whey) and fat, while lower in lactose 
when compared to mature milk (McGrath	et	al., 2016). Concentrations of proteins 
that offer protection and support the immune system, such as immunoglobulin 
G and lactoferrin, are highly upregulated in colostrum (Hurley & Theil, 2011; 
Raimondo	et	al., 2019; Valk-Weeber	et	al., 2020a). Recently, we reported that 
also GlyCAM-1 has a higher concentration in bovine colostrum (Valk-Weeber	et	
al., 2020b, Chapter 6, this Thesis). Upon higher days-in-milk, the concentration 
of α-lactalbumin decreases (Ostersen	et	al., 1997). A study investigating cows 
at early (30 days), mid (120 days) and late (210 days) lactation reported a lower 
fat and total (casein+whey) protein yield with increasing days-in-milk. The 
concentration of whey proteins and immunoglobulins increased with a higher 
days-in-milk (Auldist	et	al., 1998). This effect on lactoferrin and immunoglobulin 
G was confirmed recently, by glycoprofile analysis of the whey protein fraction 
(Valk-Weeber	et	al., 2020d, Chapter 8, this Thesis). The protein GlyCAM-1 also 
appeared to follow the same trend as lactoferrin and immunoglobulin G.

Parity, stage of lactation and milk yield: glycosylation
Of the parity, milk yield and stage of lactation parameters, the latter appears to 
have to highest effect on the glycosylation of whey glycoproteins. During the 
colostrum period, the glycans of the immunoglobulins, lactoferrin and GlyCAM-1 
display dynamic changes (Takimori	 et	 al., 2011; Valk-Weeber	 et	 al., 2020b, 
Chapter 6, this Thesis). Early on, increased levels of sialylation and fucosylation 
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1were observed in both human and bovine milk (Barboza	et	al., 2012; O’Riordan 
et	al., 2014a; Takimori	et	al., 2011). Over time, also the oligomannose pattern of 
bovine lactoferrin went through rapid shifts from shorter (e.g. Man-5) to longer 
structures (e.g. Man-9) (Valk-Weeber	 et	 al., 2020a, Chapter 2, this Thesis). 
Outside of the colostrum period, the glycoprofile appeared independent of 
the stage of lactation (Valk-Weeber	et	al., 2020d, Chapter 8, this Thesis). The 
exception was the pre-dry period, in which changes (towards an early colostrum 
resembling pattern) were observed for lactoferrin (Valk-Weeber	et	al., 2020a; 
Chapter 2, this Thesis). Parity and milk yield appeared not to have any effect 
on the glycosylation of the whey glycoproteins (Valk-Weeber	 et	 al., 2020d,  
Chapter 8, this Thesis).

Effect of diet: milk composition
The effect of diet on the components of milk has been extensively studied (Park & 
Haenlein, 2013; Kelsey	et	al., 2003; Nichols	et	al., 2018, 2019). Milk fat and fatty 
acid composition appeared to be easiest to modify through the diet. Circulating 
fatty acids in the blood were directly incorporated into the milk, or were 
synthesized in the udder from suitable substrates (Kay	et	al., 2004). For example, 
conjugated linoleic acid (CLA) was either adsorbed directly, or synthesized from 
vaccenic acid (Griinari	 et	al., 2000). The CLA content was twice as high when 
cows were fed outdoors on grass (naturally rich in unsaturated fatty acids), than 
when they were fed traditional indoor feed (Elgersma, 2015). Minerals such 
as selenium and iodine are secreted into the milk and increase or decrease 
according to the intake of these minerals (Moschini	et	al., 2010). Proteins, such 
as casein and whey proteins are generally considered to be unresponsive to 
feeding factors (Haug	 et	 al., 2007). However, protein compositional changes 
due to diet cannot be completely dismissed. While protein changes were not 
as drastic as fatty acid or mineral changes, protein content varied dependent 
on the metabolizable energy and protein content of the feed (Walker	 et	 al., 
2004). Increasing the metabolizable energy of the feed also increased the total 
protein content of the milk, with the exception of supplementation with an 
excess of lipids, in which case a protein decrease was observed (Wu & Huber, 
1994). Protein supplementation, in combination with a low fat diet increased 
the protein concentration in the milk (Nichols	et	al., 2018). In addition to the 
total protein content of the milk, changes were also observed in the casein:whey 
ratio of the milk. When pasture fed, the ratio of casein to whey increased when 
compared to processed animal feeds (Mackle	et	al., 1999). Regarding individual 
whey proteins, lysozyme and lactoferrin were upregulated when the diet was 
supplemented with linseed and fish oil (Puppel	et	al., 2016). Stimulation of the 
immune system as a result of the feeding regime was suggested as the cause 
of this upregulation, although the exact mechanism is not yet fully understood 
(Puppel	et	al., 2014; Reklewska, 2004). The whey proteins IgG, lactoferrin and 
GlyCAM-1 were unresponsive to supplemental protein and fat (Valk-Weeber	et	
al., 2020d, Chapter 8, this Thesis).
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1 Effect of diet: glycosylation

The effect of dietary sugars on milk composition is currently mostly unexplored. 
Since the gastrointestinal (GI) tract directly comes into contact with and absorbs 
ingested and digested sugars, changes in glycosylation patterns due to diet are 
expected to be observed there first. In addition, adjustments to the diet have an 
influence on the intestinal microbiota and the amount and type of glucosidases 
that are expressed by these microorganisms (Goldin & Gorbach, 1976). This 
potentially has an effect on the metabolites and monosaccharides that are 
available to the host. A review on the effect of nutrition on the gastrointestinal 
(GI) glycome was provided by Kavanaugh et	al. (2015). The GI glycome consists 
of glycans expressed by epithelial cells, as well as glycoproteins, glycolipids and 
mucins that are present in the mucus layer. Studies performed on mice revealed 
that glycosylation can be influenced by diet; a high protein diet decreased sialic 
acid expression, while a low protein diet increased it in addition to a lower fucose 
expression (Gupta & Mahmood, 1992a, 1992b). Addition of pectin and cellulose 
increased incorporation of fucose, mannose and galactose in rat mucins (Tardy 
et	al., 1995). In a study in humans, supplementation with a plant polysaccharide 
(ambrotose powder), which is rich in galactose, mannose and galactosamine, 
increased the number of sialylated glycans (Alavi	et	al., 2011).

Biol	et	al. reviewed earlier research studying nutritional effects on glycosylation 
(Biol	et	al., 1992). Nutrition influenced synthesis of the LLO glycan precursor, as 
well as synthesis of the glycan structures. Cholesterol in particular appeared to 
have a significant effect on synthesis of LLO, likely since both cholesterol and 
dolichol (the lipid structure required for LLO synthesis) originate from the same 
metabolic pathway (Ericsson	et	al., 1993). For the completed glycan structure, 
protein and fat were described to have an influence on sialic acid and fucose 
content of glycoproteins (Biol	et	al., 1992). 

Cortez	et	al.	(1988) demonstrated that the availability of nucleotide sugars can 
be increased by a high protein diet. Supplementation with uridine, which is used 
in the formation of UTP and subsequently for the formation of nucleotide sugars, 
increased liver protein glycosylation in rats (Urasaki	et	al., 2014).

Diet also has an effect on the abundance of the glycosyltransferases. As a result of 
a high protein diet, fucosyltransferase activity was increased in the intestine and 
pancreas of rats (Biol	et	al., 1992). As a result of a high fat diet, sialyltransferase 
activity is reduced, also reflected by a reduced sialic acid content of glycoproteins 
(Tepperman	 et	al., 1981). An increase in circulating insulin also increased the 
fucosyltransferase activity and a higher expression of fucosylated proteins in the 
brush-border membranes of rats (Biol	et	al., 1998).
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1The effect of ruminant diet on the glycosylation of milk glycoproteins has gone 
unexplored until recently. We report that supplementation with fat and/or 
protein did not affect the glycosylation of lactoferrin, IgG and GlyCAM-1  
(Valk-Weeber	et	al., 2020d, Chapter 8, this Thesis). Rapid shifts in the glycoprofile 
of GlyCAM-1 were observed in cows receiving post-ruminal infusions of fatty 
acids, glucose and essential amino-acids, but could not be linked significantly 
to any metabolite specifically. This suggests that modification of the GlyCAM-1 
glycoprofile by diet is a possibility, but will require more research to determine 
the exact factors that influence GlyCAM-1 glycosylation (Valk-Weeber	 et	 al., 
2020d, Chapter 8, this Thesis).
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1 Part 3A: Sample preparation for milk protein glycosylation 
analysis

Introduction: basic milk sample preparation
Milk is a complex mixture of caseins, whey proteins, minerals, lactose and fat. 
In order to establish a robust analysis protocol of the N-linked glycans of the 
whey fraction, the other components will have to be removed. The fat portion 
of the milk contains the milk fat globule membrane proteins (MFGM, Fig. 10), 
some of which are N-glycosylated (Cao	et	al., 2019). In addition, fat can compete 
with glycans during downstream methanolysis, a commonly applied technique 
for monosaccharide analysis (Kates, 1964). The high concentration of lactose 
will compete with released glycans during reductive amination labeling. Caseins 
are present in much higher concentrations than the whey proteins of interest, 
and tend to coagulate, introducing difficulties in pipetting and filtration of the 
samples. By limiting interfering compounds, the accuracy of the analysis will 
be improved. In addition, use of purified samples will improve robustness and 
column lifetime during HPLC analysis. 

Removal of fat is usually performed by centrifuging the milk and then skimming 
the fat layer off. Casein, the most abundant protein in milk can be removed by 
isoelectric precipitation. By bringing the pH to 4.6, the charge on the casein 
molecule is neutralized, resulting in disruption of the micelles and casein protein 
precipitation (Hofland	 et	al., 1999). Lactose can be removed by ultrafiltration 
or dialysis of the proteins, based on the small molecular size compared with 
the proteins of interest. A second method applies ion exchange resin, trapping 
the proteins while the lactose is washed away (Gerberding & Byers, 1998). 
Alternatively, a precipitation of the proteins of interest can be applied, leaving 
lactose in solution (Valk-Weeber	et	al., 2020c, Chapter 7, this Thesis). Proteins, 
peptides and glycans can be further purified by a diverse number of techniques, 
including size exclusion chromatography and various forms of solid phase 
extraction (Bayram	et	al., 2008; Buszewski & Szultka, 2012). 

Analysis of protein glycosylation
Currently, two major analysis methods exist for glycosylation analysis, the 
analysis of glycopeptides and the analysis of free glycans. In glycopeptide 
analysis, the glycoprotein is first digested by a protease such as trypsin. The 
resulting peptides are then purified or enriched, followed by analysis with mass 
spectrometry or NMR (Halbeek	 et	 al., 1981; Leymarie & Zaia, 2012; Wuhrer 
et	 al., 2007). Glycopeptide analysis provides insights into the site occupancy 
rate and which glycans are attached to a single glycan site (Hua	et	al., 2012). 
Glycan analysis involves their release from the glycoproteins, allowing in-depth 
structural analysis. In addition, it is applied for compositional analysis of the total 
glycoprofile of a protein (Mariño	et	al., 2010). Glycan release is often achieved 
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1enzymatically or chemically. Enzymes for complete removal of all O-glycans are 
not yet available, possibly limited by the many types of core structures that 
O-glycans can possess (Fig. 5). A few enzymes have been described for the 
release of core 1 and core 3 type O-glycans, however they are unable to cleave 
sialylated structures, limiting their analytical applications (Fujita	 et	 al., 2005; 
Koutsioulis	et	al., 2008). The release of O-glycans is therefore currently limited 
to chemical methods. 

Chemical release
Both N- and O-type glycans can be released chemically, for which several 
approaches have been described (Ruhaak	 et	 al., 2010a). Variations on 
hydrazinolysis and alkaline elimination are most commonly used. Both of these 
approaches are based on β-elimination, the principle of which has been described 
(Fukuda, 2001). During hydrazinolysis, the initial β-elimination is followed by a 
reaction with hydrazine (Patel	et	al., 1993). While hydrazinolysis is a frequently 
used method for releasing glycans chemically, it is a rather dangerous procedure 
using highly toxic chemicals. In addition, glycan modifications take place, such as 
the loss of N-acetyl and N-glycolyl groups (Bendiak & Cumming, 1985; Clark	et	
al., 1983).

During hydrazinolysis and alkaline β-elimination, further β-elimination reactions 
occur after the initial release of the glycan structure. GalNAc, present in the core 
of O-glycan structures is especially sensitive to further β-elimination, resulting 
in significant “peeling” of the glycan (Fukuda, 2001). To minimize subsequent 
peeling, reactions are carried out in the presence of a reducing agent. This 
reducing agent converts the released glycan to its alditol form and therefore 
results in the loss of the reducing end. Loss of the reducing end prohibits further 
labeling via reductive amination. Since labeling is often required for detection 
and separation purposes, the inability to use the commonly applied reducing 
end labels is a disadvantage. Variations of the original alkaline β-elimination 
protocol have been described in which the reduced glycans are converted 
back to their reducing form by borate, also known as the ammonia-based 
β-elimination protocol (Huang	et	al., 2001). For N-glycans, a more mild alkaline 
cleaving method was described by Yuan	et	al. which makes use of the relatively 
high reactivity of the Asn-linked amide bond (Yuan	et	al., 2014). While usable for 
N-glycans, the alkaline conditions of this method do result in significant peeling 
of O-glycans, making it unsuitable for O-glycan release.

Enzymatic release
A more elaborate library of enzymes exists to release N-type glycans; the two main 
enzyme families are the glycoamidases and endoglycosidases. Glycoamidases 
cleave the bond between the aspargine (Asn) residue and the first core GlcNAc, 
while endoglycosidases cleave between the two core GlcNAcs, leaving one 
GlcNAc attached to the Asn residue (Fig. 13). Any structures attached at the 
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1 remaining GlcNAc, such as core fucose, will therefore also remain bound to 
the protein. Therefore, endoglycosidase enzymes are not recommended when 
core-fucosylated structures are investigated. Endoglycosidases are relatively 
specific in which types (oligomannose, hybrid, di- or tri-antennary) of glycans 
they cleave (O’Neill, 1996). For example, Endo F1 releases oligomannoses and 
hybrid-type structures, while Endo F3 releases di- and tri-antennary structures 
(Trimble	 et	 al., 1991). The most commonly used endoglycosidase, Endo H, 
can cleave core fucosylated structures, including those containing core α(1,3) 
fucose. Endoglycosidases are in most cases able to cleave glycans from native 
proteins, but denaturation can be required for optimal results (Freeze & Kranz, 
2010; Karav	et	al., 2015a).

Figure 13. Cleavage sites (indicated by the red arrows) of commonly used enzymes for glycan 
release.

The most commonly used glycoamidase is Peptide-N-Glycosidase F (PNGase F). 
PNGase F is able to cleave all glycans, including complex glycan structures, unless 
a core α(1,3) fucose is present (Tretter	et	al., 1991). Core α(1,3) fucose structures 
are commonly present in plants and insects, but not in mammals (Triguero	et	al., 
2010). If release of a core α(1,3) fucosylated structure is required, PNGase A can 
be used instead (Triguero	et	al., 2010). Glycoamidases typically perform best on 
denatured proteins (Mussar	et	al., 1989). Due to the broad selectivity of PNGase 
F, this enzyme is used most for mammalian glycosylation analysis. 

The standard approach for enzymatic glycan release is an in-solution digestion 
(Magnelli	et	al., 2012). Digestion by PNGase F is carried out after first denaturing 
the protein by heating in the presence of sodium dodecyl sulfate (SDS) and 
mercaptoethanol. Afterwards a nonionic detergent, for example nonidet P-40 
(NP-40) or Triton X-100, is added to the reaction medium to counteract the 
inhibition of PNGase F by SDS (Nuck	et	al., 1990). The detergents used in this 
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1reaction often interfere with the subsequent glycan analysis (chromatography, 
mass spectrometry or functional analysis), therefore additional purification 
steps are required after glycan release (Packer	et	al., 1998; Valk-Weeber	et	al., 
2019; Verostek	et	al., 2000; Yeung	et	al., 2008). 

A typical in-solution protocol requires an incubation time of several hours and 
the enzyme used in the reaction cannot be reused. These factors, in combination 
with the high cost of commercial PNGase F, have led to the development of 
alternative protocols. Reuse of the PNGase F was accomplished by immobilizing 
the enzyme, for example on graphene oxide material (Ren	 et	al., 2014), on a 
monolithic column (Foo	et	al., 2015), or glutathione affinity columns by using a 
glutathione-S-transferase (GST) fusion PNGase F (Szigeti	et	al., 2016). Digestions 
were significantly faster (~30 min) on these columns versus traditional overnight 
digestion. Faster digestions were also achieved by microwave irradiation 
(Sandoval	 et	 al., 2007) and pressure cycling technology (Szabo	 et	 al., 2010). 
A more high-throughput approach by using gel blocks in a 96-well setup was 
described by Royle et	al. (2008). In their protocol, proteins are denatured and 
alkylated, after which they are immobilized into a polyacrylamide gel. The gel 
blocks are washed to remove reagents used for denaturation and alkylation. 
PNGase F is added to the blocks after which digestion is performed in-gel. The 
released glycans can be washed out of the gel, yielding a salt and detergent free 
extract which can be used for further processing. While the above-mentioned 
optimizations of a PNGase F release are innovative, a straightforward in-solution 
digestion is still the most applied method of release. An in-solution digestion 
protocol also allows for a direct follow-up with an in-solution derivatization 
(Ruhaak	et	al., 2008, 2010a).

Derivatization
After release from the glycoproteins, the glycans are often derivatized. The 
derivatization adds additional functional groups which can aid during the 
separation and detection of the glycan structures. Several techniques exist for 
derivatization of glycans, of which permethylation and reductive amination 
are most commonly used. Lesser used techniques for glycan labeling such as 
Michael addition and hydrazine labeling are beyond the scope of this text, but 
are reviewed by Ruhaak	et	al. (2010a).

(Per)methylation is the process in which the hydrogens of hydroxyl, amine 
and carboxyl groups are converted to methoxy- or methylamine groups. The 
derivatization reaction itself is relatively simple, in which the hydroxyl groups 
are ionized in a strong basic solution, after which reaction takes place with 
iodomethane, resulting in methylation of the hydroxyl groups (Ciucanu & 
Kerek, 1984)(Fig. 14). The resulting product is a significantly more hydrophobic 
molecule, allowing for an easier sample cleanup and chromatography. In addition, 
volatility is increased because the internal hydrogen bonding of the resulting 
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1 structure is decreased (Han & Costello, 2013; Zaia, 2004). Permethylation also 
stabilizes sialic acids and provides useful structural information in combination 
with MS (Alvarez-Manilla	 et	 al., 2006; Wuhrer, 2013). If permethylation is 
carried out in order to gain structural information, a further step is performed. 
The methylated structure is cleaved at the location of the glycosidic linkages 
by a hydrolysis reaction to yield methylated monosaccharides (Fig. 14). This 
cleaving of the glycosidic bond yields a free hydroxyl group at the location of 
the glycosidic linkage. These free hydroxyl groups can then be derivatized again, 
often by acetylation. After the permethylation process, the hydroxyl groups 
at locations that do not participate in a glycosidic linkage will be present in 
their methylated forms, while linkage positions can be identified by acetylated 
structures (Kamerling & Gerwig, 2007). Detection of the monosaccharides 
yielded by methylation analysis is often facilitated by mass spectrometry, in 
which the derivatized monosaccharides fragment in unique patterns indicative 
of the position of the acetylated groups. By careful evaluation of the resulting 
data, the linkage types present in the original structure can be determined. 

In the process of reductive amination, the reaction makes use of the single 
reactive carbonyl group at the reducing end of the glycan. In the presence 
of a reducing agent, the carbonyl group reacts with a primary amine of the 
derivatization agent. The resulting imine is reduced to a secondary amine. For 
glycan derivatization in this way, commonly sodium cyanoborohydride is used 
as the reducing agent. The toxic hydrogen cyanide is produced in the process, 
leading to the exploration of alternative agents, such as non-toxic 2-Picoline 
borane instead (Ruhaak	et	al., 2010a). 

Because each glycan possesses a single reducing end, all glycans are tagged with 
a single label. Two common labels for glycan derivatization by reductive amina-
tion are 2-aminobenzamide (2-AB) and 2-aminobenzoic acid (2-AA) (Fig. 14). 
Both labels are fluorophores, enabling fluorescent detection. 2-AB is neutral and 
the addition of this tag allows more easy chromatographic separation due to 
the added hydrophobicity. Because of its common use, databases have been 
developed with standard elution positions of labeled glycans in chromatographic 
systems (Royle	et	al., 2008). The 2-AA label is similar to the 2-AB label, with the 
difference being an acidic group instead of a neutral group on the molecule. 
Fluorescent sensitivity is increased up to two times when compared to its 2-AB 
counterpart (Anumula, 2006). The acidic group possesses a negative charge, 
which is beneficial to capillary electrophoresis as well as for mass spectrometry. 
The negative charge allows for detection of neutral as well as sialylated glycans 
in negative mode. In addition, 2-AA is more reactive than 2-AB and reactions 
do not have to be carried out under anhydrous conditions, simplifying its use. 
Because of these added benefits, 2-AA has been proposed as the labeling agent 
of choice over 2-AB (Anumula & Dhume, 1998). It is also possible to combine 
reductive amination and permethylation to provide additional structural 
information during analysis (Prien	et	al., 2010).

Figure 14. The labeling reaction with 2-AA or 2-AB, which are attached to the reducing end of 
a glycan structure. During permethylation, the hydroxyl groups are converted to methyl groups. 
Groups participating in glycosidic linkages (marked R) are not converted and can therefore be 
acetylated upon cleaving of the glycosidic bond, allowing for structural analysis. 
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1In the process of reductive amination, the reaction makes use of the single 
reactive carbonyl group at the reducing end of the glycan. In the presence 
of a reducing agent, the carbonyl group reacts with a primary amine of the 
derivatization agent. The resulting imine is reduced to a secondary amine. For 
glycan derivatization in this way, commonly sodium cyanoborohydride is used 
as the reducing agent. The toxic hydrogen cyanide is produced in the process, 
leading to the exploration of alternative agents, such as non-toxic 2-Picoline 
borane instead (Ruhaak	et	al., 2010a). 

Because each glycan possesses a single reducing end, all glycans are tagged with 
a single label. Two common labels for glycan derivatization by reductive amina-
tion are 2-aminobenzamide (2-AB) and 2-aminobenzoic acid (2-AA) (Fig. 14). 
Both labels are fluorophores, enabling fluorescent detection. 2-AB is neutral and 
the addition of this tag allows more easy chromatographic separation due to 
the added hydrophobicity. Because of its common use, databases have been 
developed with standard elution positions of labeled glycans in chromatographic 
systems (Royle	et	al., 2008). The 2-AA label is similar to the 2-AB label, with the 
difference being an acidic group instead of a neutral group on the molecule. 
Fluorescent sensitivity is increased up to two times when compared to its 2-AB 
counterpart (Anumula, 2006). The acidic group possesses a negative charge, 
which is beneficial to capillary electrophoresis as well as for mass spectrometry. 
The negative charge allows for detection of neutral as well as sialylated glycans 
in negative mode. In addition, 2-AA is more reactive than 2-AB and reactions 
do not have to be carried out under anhydrous conditions, simplifying its use. 
Because of these added benefits, 2-AA has been proposed as the labeling agent 
of choice over 2-AB (Anumula & Dhume, 1998). It is also possible to combine 
reductive amination and permethylation to provide additional structural 
information during analysis (Prien	et	al., 2010).
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1 Part 3B: Cleanup and separation

Chromatography of glycans
As a result of the high complexity of glycoprotein digests, samples are often 
separated using chromatography or electrophoresis before detection (Suzuki, 
2013). In chromatography, a choice can also be made for a traditional HPLC 
versus ultra-high-performance liquid chromatography (UPLC). Separation 
power is largely dependent on the particle size of the column stationary phase, 
going from 3.5-5.0 µm particles (HPLC) to < 2 µm particles (UPLC) increases the 
separation power and reduces the analysis time required. Column backpressure 
increases exponentially with the decreased particle size however, requiring 
specialized solvent delivery systems (Fekete	et	al., 2014). UPLC capable systems 
have become more readily available and are the first choice when analysis time 
is critical, or when complex mixtures are to be separated (Dong & Zhang, 2014; 
Rowe & Burkhart, 2018). Based on different modes of separation, several options 
exist for the separation of glycan structures, of which the most commonly used 
are reversed phase, graphitized carbon, high pH anion exchange (HPAEC) and 
hydrophilic interaction liquid (HILIC) chromatography. All methods described 
have their own distinct modes of operation, advantages and disadvantages.

Reversed phase
The reversed phase mechanism is based on hydrophobic interaction of the 
analyte between the stationary and mobile phase. The underlying mechanism 
is well understood and robust and is therefore often the first choice for starting 
method development. Columns packed with reversed phase material are 
relatively cheap and available from various suppliers and in both regular HPLC 
particle sizes as well as the sub 2-micron particles for UPLC applications. Most 
large scale glycopeptide studies nowadays are carried out on reversed phase 
materials (Thaysen-Andersen & Packer, 2014). However, the released glycans are 
more polar than glycopeptides, and reversed phase is not the method of choice 
for free glycan analysis. Glycan structures are highly polar and their retention on 
reversed phase material is poor. To optimize retention of underivatized sugars, 
the water content is kept very high. This can lead to lower sensitivity, should the 
detection be performed by mass spectrometry. In addition, structural isomers 
are generally not resolved on reversed phase materials, unless derivatization is 
applied, or specialized columns used for isomer separation. Retention is often 
achieved by derivatization of the glycan structure; the hydrophobicity of the 
added label influences the retention and separation capacity (Vreeker & Wuhrer, 
2017). An example of a successful reversed phase method using 2-AA labeling 
has been described by Higel	 et	 al. in which separation of a complex glycan 
digest was achieved (Higel	et	al., 2013). Progress is also being made with special  
polar-embedded reversed phase columns (Wilhelm	et	al., 2019), allowing for a 
similar separation capacity as HILIC, with a reduced analysis time.
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1HILIC
During hydrophilic lipophilic interaction chromatography (HILIC), analytes 
interact with a hydrophilic stationary phase. Analytes are retained by a complex 
mix of ionic interactions, hydrogen bonding and dipole-dipole interactions. 
In addition, partitioning takes place between the formed water layer on the 
stationary phase and the organic mobile phase (Buszewski & Noga, 2012). 
The retention mechanism can be described as being opposite of the reversed 
phase mechanism as hydrophilic (polar) substances are retained better than 
hydrophobic compounds. Elution is achieved by decreasing the organic solvent 
portion, as opposed to increasing it in reversed phase chromatography. A 
selection of applications using HILIC for the separation of oligosaccharides and 
glycans is given by Wuhrer	et	al. (2009). 

HILIC has the advantage of its mechanism in which a higher organic solvent 
concentration is needed for the retention of polar compounds. When coupling 
to MS, this higher organic solvent content allows for easier solvation and a higher 
sensitivity. Volatile salts, often needed to improve retention and peak shape in 
HILIC, may however decrease sensitivity in some cases. A downside to HILIC is the 
sensitivity to the used injection solvent; impure samples and a high percentage 
of water in the injection solvent will influence peak shapes. To optimize peak 
shape, injection volumes are usually kept low, limiting the amount of sample 
that can be injected. In addition, samples are preferentially injected in high 
concentrations of acetonitrile, which can be difficult for polar compounds due 
to lack of solubility in this solvent. HILIC is also especially sensitive to gradients, 
which can increase run to run variation and lengthen equilibration times. 
Advances have been made regarding HILIC columns and these are available in 
1.7 µm format, with a notable example being the ethylene bridged hybrid (BEH) 
amide column from Waters (Grumbach	et	al., 2008).

Graphitized carbon
The mechanism of graphitized carbon retention is not yet fully understood. 
Multiple factors appear to influence retention, including hydrophobicity, 
electrostatic and steric interactions (Forgács, 1995; Orgács & Serháti, 2001). 
Polar substances such as glycans are strongly retained on graphitized carbon. 
For adequate retention on graphitized carbon, derivatization is not required, but 
it can be applied to improve downstream detection. Graphitized carbon has the 
advantage of being a highly stable material, able to operate over the full pH 
scale and at very high (> 60-90 °C) temperatures. This offers advantages when 
developing an analysis and coupling to mass spectrometry, since chromatography 
and ionization can be optimized using both low and high pH buffers. In contrast, 
most reversed phase and HILIC columns require mobile phases to be in the range 
of pH 2-8 due to the solubility of the silica backbone. Polymer based backbones 
have been developed for both reversed phase (e.g. Waters XBridge) and HILIC 
(e.g. Sequant Zic-HILIC), allowing for a wider usable pH range. An overview of 
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1 graphitized carbon applications for the analysis of oligosaccharides and glycans 
was described by Ruhaak	 et	 al. (2009). Care has to be taken when utilizing 
graphitized carbon chromatography, due to its tendency to irreversibly bind other 
analytes, especially large peptides and proteins (Packer	et	al., 1998). While this 
property can be beneficial for the removal of unwanted protein contaminants 
when used as SPE resin, the binding capacity for the glycans can be reduced due 
to competition. In addition, there is a risk of protein “bleeding” of the column in 
subsequent analyses, should the graphitized carbon be reused.

HPAEC
High performance (High-pH) anion exchange chromatography (HPAEC) of 
oligosaccharides is based on their pKa

 values in the range of 12-14. Under strong 
alkaline conditions, the hydroxyl groups convert to oxyanions, providing a 
negative charge for ion exchange chromatography. Retention is decreased upon 
increasing pKa and increased with the number of hydroxyl groups present on 
the molecule. Therefore, larger oligosaccharides have a significantly increased 
retention on HPAEC. In addition, aldoses have a greater retention than alditols 
(Corradini	 et	 al., 2012). Mono- and disaccharides have a relatively modest 
retention on HPAEC columns, allowing for elution with a relatively low amount of 
salt (sodium hydroxide or acetate) (Cataldi	et	al., 1999). Larger oligosaccharides, 
such as O- and N-glycans require much higher salt concentrations (a few hundred 
mM up to 1 M) for efficient elution (Bruggink	et	al., 2012; Maier	et	al., 2016; 
Rothenhöfer	et	al., 2015). The high salt concentrations used for elution of the 
carbohydrate structures makes coupling HPAEC to mass spectrometry difficult, 
although advances are made using online desalters (Bruggink	 et	 al., 2012; 
Coulier	et	al., 2013; van der Hoeven	et	al., 1992). Due to the existing difficulties 
of coupling HPAEC with mass spectrometry, Pulsed Amperometric Detection 
(PAD) and fluorescence are often employed instead. If resolution of isomers is 
required, graphitized carbon, HILIC and HPAEC are able to achieve this. 
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1Part 3C: Detection and structural analysis

Detection of carbohydrate structures
Carbohydrates have an inherent low UV adsorption due to the lack of carbonyl 
groups in aqueous solutions. Detection by UV is only possible at very low  
(< 200 nm) wavelengths. Sensitivity can be improved by the addition of borate to 
the mobile phase (Hoffstetter-Kuhn	et	al., 1991). Detection by UV or fluorescence 
is often facilitated by derivatization with a chromophore or fluorophore. If 
the label is added to the reducing end, as is done by the commonly applied 
reductive amination labeling, a single label is added to each glycan. This also 
allows quantitative applications in glycosylation analysis. Examples of detection 
of underivatized carbohydrates are Pulsed Amperometric Detection (PAD), 
refractive index detection (RID) (Bruno & Krattiger, 1995) or mass spectrometry. 
PAD detection is often coupled with HPAEC chromatography, since the high pH 
used in HPAEC is also essential for PAD detection (Cataldi	et	al., 2000). Detection 
by mass spectrometry is one of the most versatile methods, providing information 
on the glycan structure as well. Complete structural analysis of glycans is complex 
and requires information about the monosaccharide structure and sequence, 
as well as linkage positions and anomeric configuration (Jensen	 et	 al., 2012). 
Therefore, structural analysis often requires a multi-disciplinary approach, 
combining data from mass spectrometry, NMR spectroscopy, monosaccharide 
analysis and exoglycosidase assays.

Mass spectrometry introduction
Mass spectrometry (MS) is a popular detection technique applied to a wide 
number of fields. Since its discovery, mass spectrometry has evolved over 
the course of a century (Griffiths, 2008). While commonly referred to as mass 
analyzers, mass spectrometers actually detect the mass-to-charge ratio (m/z) of 
ions. Positively or negatively charged ions are brought into the gas phase and are 
separated by magnetic or electric fields based on this m/z value. 

The most commonly applied ionization methods are electrospray ionization 
(ESI) and matrix assisted laser desorption ionization (MALDI). In MALDI analysis, 
the analyte is co-crystallized with a matrix substance. The resulting mixture is 
ionized via a laser beam. Energy from the laser beam is adsorbed by the matrix 
and the analytes are desorbed and ionized. Ionization occurs by exchange of a 
proton or metal-ion, most commonly sodium or potassium, between the analyte 
and matrix (El-Aneed	et	al., 2009). In the case of complex mixtures of analytes, 
suppression of the harder-to-ionize analytes can occur, requiring additional 
sample fractionation or purification before analysis (Kafka	 et	 al., 2011). In 
addition, MALDI is not easily interfaced with LC and this, in combination with 
lack of heterogeneity of the sample-matrix crystals, makes quantitation with 
MALDI more difficult (El-Aneed	et	al., 2009). For these purposes, ESI is regularly 
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1 chosen instead of MALDI. During ESI, the solvent containing the analyte is 
first dispersed by a capillary that is maintained at a high voltage. The charged 
droplets that are generated by this process are reduced in size by applying an 
elevated temperature and/or drying gas. This process increases the surface 
charge density of the droplet, until eventually the ions are expelled. Depending 
on the polarity of the applied voltage, the generated ions are either positive or 
negative. The ions are pulled into the mass analyzer by a pressure and potential 
gradient (Bruins, 1998). During ESI, ion species as a result of protonation or 
deprotonation of the molecule are most commonly observed, often as a result 
of acidic or basic functional groups of the molecule. In case of larger molecules 
which can possess more than one acidic or basic group can lead to multiply 
charged ions (Glish & Vachet, 2003).

It is important to note that this m/z is based on the monoisotopic mass of a 
compound. For example, a chlorinated compound will yield two m/z values 
based on the two principal stable isotopes: the 35Cl and the 37Cl isotope. This 
characteristic also allows for the use of isotope labeled internal standards, 
which have significant benefits over conventional structure analogs (Bronsema 
et	al., 2012). Usage of internal standards is often critical when quantitation is 
performed with mass spectrometry, due to ionization differences caused by co-
eluting molecules originating from the sample matrix. These so-called matrix 
effects can either suppress or enhance the signal, which can lead to significant 
differences between samples if this is not corrected for in some way (Van 
Eeckhaut	et	al., 2009). Isotope-labeled internal standards allow for correction 
of matrix effects and instrument variability, which are very common in mass 
spectrometry analysis (Bronsema	et	al., 2012). 

Mass spectrometry of glycan structures
ESI-MS can prove to be a challenge for the analysis of glycans. Contrary to most 
pharmaceuticals and proteins, glycans do not possess strong basic sites. As a result, 
they are not easily protonated and ionized, which results in poor sensitivity (Gao 
et	al., 2013). Neutral glycans in positive mode are usually detected as sodium or 
potassium adducts instead of their protonated forms. Sialylated glycans are even 
more difficult to detect in positive ion mode, giving a combination of signals of 
their adducted and protonated adducted forms. In addition, sialic acid can be 
lost in the source during the ionization process. Negative ion mode solves these 
issues and allows for a good sensitivity due to the negative charge of the sialic acid 
residues. Neutral glycans are however not readily detected in negative mode, 
limiting its usability (Morelle & Michalski, 2007). In order to detect both types of 
glycans in a single method, derivatization is necessary, either by neutralizing the 
charge of the sialic acids by permethylation to allow positive mode detection, or 
by introducing a negatively charged residue to neutral glycans, for example by 
2-AA labeling, to allow negative mode detection. 
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1While common practice in bioanalysis of pharmaceutical compounds, isotope 
labeling is not easily applied on larger molecules. Glycans are relatively large 
molecules that are difficult and costly to synthesize in isotope labeled form. 
Instead, isotopes can be introduced during sample processing, either by 
permethylation or derivatization of the glycans. This process is similar to the 
“isobaric tag for relative and absolute quantitation” (iTRAQ) approach for 
protein labeling (Wiese	 et	al., 2007). Samples are derivatized in a “light” and 
“heavy” form, after which both are mixed and relative intensities can be 
compared (Fig. 15). In quantitative comparison analysis of multiple samples 
with similar analyte profile, one sample can be selected as the target internal 
standard and labeled with the heavy isotope, while the other samples are 
labeled with the light isotope. After mixing of sample with internal standard, 
comparative analysis can be performed. It should be noted however, that while 
providing useful relative quantities between samples, these approaches do 
not give absolute quantitative information, as this would require comparison 
with an analytical standard. Several reagents for this purpose are currently 
available in stable isotope variants, including 13[C6]-aniline, and more recently 
13[C6]-2-aminobenzoic acid and 13[C6]-aminobenzamide (Prien	 et	al., 2010). An 
application of N-glycan relative quantification using 13[C6]-2-AA was reported by 
Prien	et	al.,	(2010), who demonstrated a dynamic ratio of up to 1:10 between 
thyroglobulin glycan dilutions. A similar 1:10 dynamic range was achieved by Xia 
et	al., (2009) utilizing the cheaper 13[C6]-aniline label instead.

Figure 15. MALDI-TOF spectra of the Man-5 (M5) glycan of porcine thyroglobulin in different ratios 
12[C6]: 

13[C6]. (a) 1:1, (b) 1:2, (c) 1:5 (d) 1:10, RI: Relative Intensity. Glycans were labeled with 2-AA, 
spectrum taken in negative mode. Structures were detected as Na-adducts. From Prien	 et	 al. 
(2010).
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1 Mass spectrometry also lends itself as a tool for detailed structural analysis by 
MS/MS (fragmentation) experiments. While outside the scope of this work, there 
is abundant information available by other authors (An & Lebrilla, 2011; Harvey, 
2005; Leymarie	et	al., 2012; Wuhrer & Deelder, 2005). Due to the complex nature 
of the spectra generated by fragmentation analysis, several software packages 
have been developed to assist in data interpretation (Mariño	 et	 al., 2010; 
Woodin	et	al., 2013). Complete structural information by mass spectrometry is 
however not yet possible and requires a multidisciplinary approach with NMR 
spectroscopy (Fellenberg	et	al., 2013).

Monosaccharide analysis
Information on the types of monosaccharides and their relative amounts can 
be obtained by monosaccharide analysis. This analysis can give an indication 
of the type of glycan present (N- or O-linked, oligomannose or complex) 
as well information on sialylation or fucosylation. During monosaccharide 
analysis, the glycosidic bonds are cleaved by acid hydrolysis. Depending on 
the monosaccharides to be cleaved and analyzed, different acidic conditions 
can be chosen in order to minimize degradation of the monosaccharides. 
Strong acid hydrolysis, aiming for the full hydrolysis of all glycosidic linkages, 
can lead to some degradation of the monosaccharides, to which sialic acids 
are especially susceptible (Manzi, 2001). When the lysis is carried out in 
methanol, the process is referred to as methanolysis. The anhydrous methanolic 
conditions of methanolysis limits degradation of monosaccharides and yields 
1-O-methylglycosides instead (Chambers & Clamp, 1971). In the process, 
N-acetylated structures (GlcNAc, GalNAc, sialic acid) are deacetylated and 
require a re-N-acetylation step before further analysis (Chambers	et	al., 1971). 
Detection of the resulting monosaccharides can be performed in various ways, 
including separation by HPLC or GC and detection by PAD, MS or flame ionization 
detection (FID) (Mariño	et	al., 2010). In case of the frequently used GC method, 
the monosaccharides are derivatized to trimethylsilyl derivatives prior to analysis 
to improve volatility.

Nuclear Magnetic Resonance
Nuclear Magnetic Resonance (NMR) spectroscopy is a technique in which 
transitions between energy states of atomic nuclei can be observed after excitation 
in a magnetic field. Measuring these transitions, or resonance frequencies, also 
known as chemical shifts, gives detailed information about the structure of the 
compound. A complete description of NMR spectroscopy is outside the scope of 
this introduction. The basics of NMR are comprehensively reviewed by Kwan	et	
al. and references therein (Kwan	et	al., 2011). A review on NMR spectroscopy on 
glycan structures is provided by Battistel	et	al., (2014). For the identification of 
glycan structures by NMR spectroscopy, often “structural reporter groups” are 
used (Kamerling, 2007b; Vliegenthart	et	al., 1983), which are resonances that are 
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1characteristic for certain structural elements. Examples include certain anomeric 
protons, or protons from methyl, acetyl or glycolyl groups (Vliegenthart, 2017a). 
An overview of structural elements and their structural reporter groups, for 
glycans expressed on glycoproteins, is summarized by J.F.G Vliegenthart (2017a; 
2017b). 

Exoglycosidase assay

Figure 16. Overview of enzymes used for structural analysis by exoglycosidase assay. The arrows 
indicate the locations where the respective enzymes are able to cleave. 

Synthesis of N-linked glycans occurs with specific transferases, which 
depending on the type, can introduce a certain glycosidic linkage. For example, 
N-acetylglucosaminyltransferase I transfers a GlcNAc, with a β(1,2)-linkage to the 
Man5GlcNAc2 acceptor substrate, while N-acetylglucosaminyltransferase I creates 
β(1,4)-linkages (Minowa	et	al., 2002). The process of glycan construction follows 
a fixed sequence, resulting in a predictable pattern (Kornfeld & Kornfeld, 1985). 

For the determination of an N-glycan structure, this fixed pattern of 
the monosaccharide sequence can be used. One such application is the 
exoglycosidase assay (Kobata, 2013). By using exoglycosidase enzymes that 
cleave monosaccharides from the non-reducing end of the structure, the glycan 
composition can be unraveled one monosaccharide type at a time. There are 
a multitude of specialized enzymes available, isolated from bacteria, plant 
or animal tissues (Jacob & Scudder, 1994). Some are able to cleave multiple 
linkage types, such as jack bean mannosidase, which is able to digest α(1,2), 
α(1,3) and α(1,6) linkages. Others are only able to cleave a single linkage such 
as Streptococcus	pneumoniae neuraminidase, which selectively releases α(2,3) 
linked sialic acids. An overview of commonly used enzymes for the structural 
elucidation of N-linked glycans is provided in Fig. 16. By combining the enzymatic 
digestion with chromatographic separation of the resulting digest, a shift in the 
retention of the cleaved glycan can be observed. After sequential digestion, the 
structure of the original glycan can be predicted (Fig. 17). 



Chapter 1

56

1

 

Figure 17. HPLC profiles of 2-AA labeled N-glycans from human lactoferrin, without exoglycosidase 
treatment (A) or after sequential digestion with β-galactosidase (B), α-sialidase (Arthrobacter	
ureafaciens) (C), α-fucosidase (D), β-galactosidase (E), jack bean β-N-acetylhexosaminidase (F) 
Adapted from Valk-Weeber	et	al. (2019).
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1Part 4 Introduction to structure-function relationships 

Immune system recognition of milk components via pattern 
recognition receptors
As described in this introduction, milk proteins and their glycans possess anti-
inflammatory or immune modulating properties (He	 et	 al., 2016). Following 
ingestion and passing the stomach, the proteins (and partially digested 
components) reach the small intestine. In the small intestine, adsorption of 
nutrients takes place. As the mucus layer in the small intestine is thin and, in 
some areas even absent, most of the immune signaling occurs in this part of the 
intestine. The small intestine is continuously exposed to food antigens, as well as 
to commensal bacteria and pathogens. The bacterial load increases distally, from 
the lowest numbers in duodenum, followed by increases in the jejunum and ileum. 
The intestinal barrier is composed of a mucus layer, followed by an epithelial 
layer. Underneath the epithelial layer, the lamina propria, macrophages and 
dendritic cells are present which are responsible for the innate immune response 
by presenting antigens to T-cells. Many pathogens express or produce molecules 
that are foreign to the host, such as lipopolysaccharide (LPS) or peptidoglycans 
(Bertsche	et	al., 2015; Kieser & Kagan, 2017). The innate immune system can 
recognize certain molecular patterns, also referred to as pathogen-associated 
molecular patterns (PAMPs). The receptors that recognize these patterns are 
called pattern-recognition receptors (PRR) (Mogensen, 2009). These receptors 
are present on all immune cells and gut epithelial cells. There are many families 
of PRRs, including but not limited by: nucleotide-oligomerization domain (NOD) 
receptors (Geddes	 et	 al., 2009), retinoid-acid inducible gene-I (Matsumiya & 
Stafforini, 2010), C-type lectin-like receptors (such as the mannose receptor)
(Stahl & Ezekowitz, 1998) and Toll-like receptors (Huysamen & Brown, 2009). 
One of the most known and studied PRRs are the Toll-like receptors (TLRs). In 
the small intestine, TLRs are present on intestinal epithelial cells, macrophages, 
dendritic cells and stromal cells.

TLR types and signaling
TLRs were first discovered in Drosophila flies, an organism which only possesses 
innate immunity (Hashimoto	 et	 al., 1988). TLRs are membrane spanning 
receptors, possessing an N-terminal recognition domain, a transmembrane helix 
and a C-terminal cytoplasmic signaling domain (Botos	 et	 al., 2011). TLRs are 
present either on the cell-surface or in endosomes of the cytoplasm. In humans, 
so far 10 TLRs are recognized, of which TLR1, TLR2, TLR4-6 and TLR10 are 
expressed on the cell-surface, while TLR3 and TLR7-9 are present in endosomes 
(Kawai & Akira, 2010). All TLRs require dimerization for their signal initiation. 
The cell-surface TLRs are initially produced as monomers and form dimers in 
response to PAMPs. TLR1, TLR2, TLR6 and TLR10 are a unique subfamily since 
they form heterodimers, instead of homodimers. For example, TLR2 is known 
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1 to form heterodimers with TLR1 and TLR6. While TLR4 and TLR5 are known to 
form homodimers, evidence of heterodimer formation of TLR4 with TLR2 exists 
as well (Wang	et	al., 2014). Of the endosomal TLRs, TLR3, like the cell-surface 
receptors, is produced as a monomer. In contrast, TLR7-9 is produced as a dimer. 

Substrate specificity of the TLRs can be largely attributed to the localization 
of the TLRs. For example, the cell-surface TLRs such as TLR2, TLR4 and TLR5 
respond to bacterial cell wall components, proteins and lipopolysaccharides. In 
turn, the endosomal TLRs respond to DNA and RNA, as well as several synthetic 
components (Akira & Takeda, 2004; Lien & Ingalls, 2002). Activation of the  
TLR1-9 initiate immune-stimulatory and pro-inflammatory responses (Akira	 et	
al., 2004). TLR10 is a unique member of the TLR family as it is the only known 
TLR that acts as an inhibitory receptor (Oosting	et	al., 2014). 

After binding a ligand, the TLRs undergo a conformational change. The 
cytoplasmic Toll/IL-1 receptor (TIR) domain recruits an adaptor protein. This 
is either myeloid differentiation primary-response protein 88 (MyD88), TIR 
domain-containing adaptor protein (TIDAP, TLR2 and TLR4, MyD88 dependent), 
TIR-domain-containing adapter-inducing interferon-β (TRIF, TLR3 and TLR4, 
MyD88 independent) (Takeda & Akira, 2004) and TIR-domain-containing 
adapter-inducing interferon-β (TRAM). The TLR-adapter complex initiates 
a signaling cascade which is outside the scope of this work, but has been 
comprehensively reviewed by others (Kawai & Akira, 2006; Kawasaki & Kawai, 
2014; Mogensen, 2009; Takeda	et	al., 2004). The signaling cascade ultimately 
leads to the production of nuclear factor-κB (NF-κB) and the production of 
interferon β (IFN-β) or inflammatory cytokines.

Testing milk components in PRRs 
Evaluation of the effect of milk proteins and its glycans on PRRs can be done in 
vitro using specially designed cell lines. The THP-1-XblueTM-MD2-CD14 cell line 
is a line derived from human monocytic leukemia cells (THP-1) and expresses 
all TLRs, in addition to other PRRs (Chanput	et	al., 2014). This specific cell line 
allows for studying MyD88 dependent signaling (such as for TLRs), as well as 
signaling induced by MyD88 independent receptors (such as NOD1 and TNFR). 
By comparing the results obtained with THP-1-XblueTM-MD2-CD14 cells with 
one where the TLR adapter MyD88 is nonfunctional (THP1-XBlue™-defMyD), it 
can be determined whether the effect is mediated by TLRs or not (Fig. 18 ).

When it is determined that signaling occurs via TLRs, the individual TLR type can 
be determined. For these experiments, multiple specialized human embryonic 
kidney (HEK) cell lines (HEK-BlueTM) are used that express individual TLRs 
(Paredes-Juarez	et	al., 2013; Vogt	et	al., 2016). The TLR signaling can be measured 
by the release of NF-κB. For this purpose, the cell lines carry a construct for 
embryonic alkaline phosphatase (SEAP) coupled to the NF-κB/AP-1 promoter. 
SEAP is released upon the production of NF-κB and the reaction can be followed 
by the conversion of a colored substrate (Zuliani-Alvarez	et	al., 2017)
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Figure 18. Schematic representation of the strategy applied to check whether NF-κB signaling is 
mediated by TLRs, or by other PRRs.
A: An agonist can induce the signaling pathway by various PRRs (TLRs, NODs and C-type lectins) of 

which TLR signaling is dependent on MyD88. 
B: By using a cell line with a non-functional MyD88, TLR dependent signaling can no longer occur,  

allowing for identification of PRR signaling by TLRs. From (Paredes-Juarez	et	al., 2013).
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1 Scope of the thesis
Bovine milk and milk whey powders are processed into many food products, 
including infant formulas. A number of biological functions have been attributed 
to the glycosylated proteins present in the serum (whey) fraction of the milk. In 
general, glycan epitopes, such as fucosylation or sialylation are known to affect 
protein clearance and receptor docking, however, little is known about the 
specific functions of the glycans present on whey glycoproteins. Alterations to 
the glycoprofile potentially affect the functionality of the protein, yet the factors 
determining the final outcome of the glycoprofile of bovine whey proteins are 
unknown. In addition, the mechanisms underlying the immune modulatory 
properties of whey glycoproteins remain to be explored. Gaining knowledge 
about glycoprofile variability, as well as the structure-function relationship of 
the glycoprofile of whey glycoproteins, allows for selection of proteins with the 
most desirable qualities; for example, to strengthen or dampen the immune 
response when added to infant formulas. 

The first aim of this thesis was to study the glycoprofile of the glycoproteins 
present in bovine whey, and to evaluate possible causes for compositional 
variations. Non-genetic effects, such as feed composition, on the composition 
of the glycoprofile were of particular interest, since this could be applied for 
glycoprofile modifications in existing herds. The second aim was to study the 
functions and mechanisms of action of whey glycoprotein glycans, and the 
effects of variations in glycoprofile composition. 
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1Chapter 1 provides an introduction to milk, whey proteins, protein glycosylation 
and a selection of analytical techniques for glycosylation analysis and structure-
function analysis.

Chapter 2 describes the dynamic changes occurring in the glycoprofile of bovine 
whey lactoferrin over a lactation cycle of 8 cows. It demonstrates the variability 
of the glycoprofile of lactoferrin in colostrum, and the stability of its glycoprofile 
outside the brief colostrum period. 

Chapter 3 describes improved isolation methods for pure bovine whey N-glycans 
from a complex protein digest. Glycans obtained with the optimized protocol 
can be used in functionality studies. 

Chapter 4 describes how lactoferrin, and the pattern of lactoferrin glycans, affects 
receptor signaling by Toll-like receptors (TLRs). It illustrates how modifications in 
its glycoprofile can affect the TLR signaling and therefore the functionality of the 
glycoprotein. 

Chapter 5 describes the effect of isolated glycans on TLR-8. The most likely 
method of interaction between the isolated glycans and the receptor is proposed. 
In addition, the therapeutic potential of glycans is explored.

Chapter 6 details the overall glycoprofile of whey, as well as the contributions of 
the individual whey glycoproteins and their structures. Unique signature glycans 
were selected for the main glycoproteins, by which they can be identified in 
the overall glycoprofile. The major contribution of the glycans of the protein 
GlyCAM-1, in both concentration and diversity, to the overall glycoprofile is 
demonstrated. In addition, analysis of colostrum and milk whey glycoprofiles 
shows that GlyCAM-1 glycoprofile variation occurs outside the colostrum period, 
which contrasts with the highly stable profile of lactoferrin (Chapter 2). 

Chapter 7 explores the potential applications of a whey glycoprofile 
compositional screening, by way of an optimized whey processing and analysis 
method. It demonstrates the direct relationship between the observed signature 
glycans (Chapter 6) and the protein concentration in whey. The concentration of 
GlyCAM-1 in whey was explored, as well as the composition of a selection of 
commercial whey powders. 

Chapter 8 reports clear variations in whey protein glycosylation based on 
Holstein-Friesian inter-cow differences, as well as the effects of two diet focused 
studies. It illustrates the possibility of non-genetic glycoprofile variation, with a 
special focus on GlyCAM-1.

Chapter 9 summarizes and discusses the thesis content. Future studies and 
applications of the findings described in this thesis are proposed. 
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