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ABSTRACT

Sjoerd van der Post
Department of Medical Biochemistry, Institute of Biomedicine
Sahlgrenska Academy at the University of Gothenburg

The mucus covering our internal mucosal surfaces is a part of the innate immune system, and the
first line of defense against microbial challenges. The need of an efficient defense system is
especially important in the lower parts of the digestive tract where the microbiota reaches its
highest density. In the colon, the mucus forms a dense layer that prevents bacteria from accessing
the epithelial surface. The gel-forming mucin 2 (MUC2) is the major structural component of the
colonic mucus layer, forming large net-like structures by oligomerization in the N- and C-
terminal regions. A dysfunctional mucus layer that allows bacteria to pass through and access the
underlying epithelium has been associated with inflammatory bowl diseases such as ulcerative
colitis. However, detailed understanding of the molecular mechanisms behind the defective
mucus layer is lacking. This lack of knowledge can largely be explained by the limited information
regarding the composition and processing of the mucus during normal conditions. This thesis
aims to broaden the knowledge regarding the protein composition of the human colonic mucus,
and the molecular properties of the heavily glycosylated MUC2 mucin.

Proteomic and mass spectrometry approaches were used to characterize the composition of
the human colonic mucus layer in health an disease, and to determine how alterations in protein
abundance and modification of the MUC2 mucin affect the function of the mucus gel. Our results
showed that the human colonic mucus is comprised of approximately 50 proteins. The protein
composition of the mucus layer was shown to be unaffected in patients with ulcerative colitis,
though the relative abundance of 13 mucus proteins including the structural components MUC2
and FCGBP were shown to be decreased during active disease.

The mucin protein family is characterized by a heavily O-glycosylated core that is resistant
against proteolytic degradation. However, our results showed that the C-terminal part of the
protein is also modified by N- and O-glycans, and that site specific O-glycosylation plays an
important role in protecting the protein from proteolytic degradation by bacterial proteases. In
addition, we could correlate the relative abundance of various glycosyltransferases required for O-
glycosylation in the different parts of the colon, to the previously characterized segmental pattern
of terminating glycans on the MUC2.

Taken together, the results from this thesis show that the human colonic mucus is composed
of a relatively small number of proteins that are organized around the heavily O-glycosylated
MUC2 mucin, and suggests that decreased amounts of the core mucus proteins in combination
with impaired O-glycosylation of the MUC2 renders the mucus layer more permeable to bacteria
and susceptible to proteolytic degradation.
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BACKGROUND

On a daily basis we are continuously exposed to infectious and toxic substances that can be
harmful and cause disease if not handled in the right way. To protect ourselves from these
imminent threats our immune system has developed various strategies to prevent development of
disease. The first line of defense is the actual prevention of contact and uptake of any pathogens,
which is established by physically separating the inside of our body from the outside world. The
way this separation occurs varies depending on the exposed organ, for example the skin is
covered by multiple layers of dead keratinized cells, protecting it from physical damage and
pathogens. On surfaces where active transport of nutrients and gasses occur a different strategy is
applied. These epithelial surfaces are instead covered by a viscous layer of proteins referred to as
mucus. This layer can be found covering the epithelial cells lining the digestive tract, respiratory
system, reproductive organs and the urinary tract. In the respiratory tract mucus is involved in
trapping pathogens and particles while still allowing active exchange of gasses and preventing the
underlying tissue from drying out. The mucus in the gastrointestinal (GI) tract is produced and
secreted by specialized secretory cells called goblet cells. The secreted mucus is adapted to the
function of the respective organ and varies in composition and thickness along the length of the
GI tract. In the stomach the mucus protects the epithelial cells from the acidic environment,
whereas in the small and large intestine the mucus mainly functions as a protective barrier
limiting the interaction between the commensal flora and the epithelium. The secretion and
formation of the various types of mucus is tightly regulated and when abnormalities occur,
commensals and pathogens can breach the mucus barrier, which facilitates invasion of the
underlying epithelium. Increased epithelial bacterial interactions will trigger a response from
immune cells in the lamina propria, resulting in development of acute or chronic inflammation
depending on the underlying mechanisms behind loss of barrier function. In this model the

mucus functions as the first line of defense in prevention of infection and inflammation.

The intestines and the mucus barrier

The main functions of the small and large intestines are to aid in food digestion, allow efficient
absorption of nutrients, ions and fluids and function as a protective barrier against all the
potentially harmful substances and microorganisms that pass through our digestive tract. The
human intestine is covered by a single layer of fast renewing cells in both the small and large
intestine aiding in these processes. The epithelium is composed of proliferative crypts, which
contain intestinal stem cells that differentiate into specialized cell types (Figure 1). In addition to
the crypts the small intestine has protruding villi to increase the absorptive surface area of the
epithelium. Stem cells are found at the base of each crypt, proliferating while migrating along the
crypt and/or villi and differentiating into four different cell types, renewing the complete
epithelial cell layer every 4 - 5 days (van der Flier & Clevers, 2009). The majority of the cells in the
intestine are absorptive enterocytes required for the absorption of nutrients, ions and water. In
addition three types of secretory cells are found, Paneth cells, enteroendocrine and goblet cells.
Paneth cells are exclusively found in the small intestine and remain along the base of the crypt
producing antimicrobial proteins to keep the lower crypt sterile. The enteroendocrine cells
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produce various hormones secreted at the basolateral side involved in signaling via the
bloodstream and nervous system. Mucus components are solely produced by the goblet cells
which increase in number along the length of the intestine (Karam, 1999).

In addition to the exposure to potential pathogens, our intestines are also harbor the resident
commensal microbiota that are found in numbers exceeding trillions of over more than a 1,000
different bacterial species. These bacteria assist in the final stage of digestion, synthesize essential
vitamins, and promote good host physiology. The highest bacterial density is found in the large
intestine, and the complexity and diversity of the gut microbiota has only recently been fully
resolved (Arumugam et al., 2011). Although the resident microbiota plays an important role in
promoting host physiology and health, these microorganisms are potentially harmful, and need
to be handled in a correct way. The increasing bacterial load along the proximal to distal axis is
reflected in the increased thickness and density of the mucus layer along the length of the GI tract
(Luckey, 1972; Ermund et al., 2013). In the small intestine, where the majority of nutrient
absorption takes place, the mucus forms a loose and permeable structure that allows for efficient
uptake. In the large intestine the mucus is composed of two distinct layers; an outer loose and
permeable layer that harbors the commensal flora, and a thinner inner layer that is adherent to
the epithelium and devoid of bacteria (Johansson et al., 2008).
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Figure 1. Overview of the intestinal mucosa in small intestine and colon. The mucus barrier in the small intestine is
composed of single loose layer accessible for the bacteria, while there is as two layer system in the colon with an inner
layer that is dense and devote of bacteria and a loose layer that harbors the commensal flora.

The colonic mucus is secreted from the goblet cells as highly organized stratified layers, which are
impenetrable for bacteria. Over time conformational changes occur in the polymers that loosens
their structure resulting in a less organized matrix with larger pore sizes (Johansson et al., 2014).
This structure allows bacteria to enter and is referred to as the loose layer. Since mucus is
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constitutively secreted, the dense inner layer is constantly renewed ensuring sufficient protection
of the underlying epithelium. The protein responsible for the core structure of the intestinal
mucus gel is the MUC2 protein, a heavily O-glycosylated and extensively disulfide linked protein
that is highly resistant to the harsh environment in the intestinal lumen. The importance of this
protein in epithelial defense became evident when it was shown that MUC2 deficient mice that
lack intestinal mucus develop spontaneous colitis around the time of weaning (Van der Sluis et
al., 2006). In addition, mice that lack the core 1-type glycosyltransferase which results in limited
oligosaccharide extensions on the Muc2 protein, and mice with mutations in the Muc2 gene also
develop spontaneous colitis, which further support the importance of the mucus layer in
maintenance of intestinal homeostasis (Heazlewood et al., 2008; Fu et al., 2011).

Mucins

Proteins from the mucin glycoprotein family are selectively found on epithelial cells in all
vertebrates and can be separated into two categories; secreted mucins and transmembrane
mucins. The secreted mucins are involved in the formation of the mucus layers that covers the
epithelial surfaces, and the membrane bound mucins protect the apical epithelial surface by
forming the glycocalyx, and potentially act as sensors for the luminal milieu (Hattrup & Gendler,
2008; Johansson et al., 2011). The main feature that distinguishes proteins of this family is the
potential to become heavily O-glycosylated, typically contributing to over >80% of the
glycoproteins molecular mass. All members of the mucin family have large repeated sequences of
the amino acids serine, threonine and proline, so called PTS-domains, which are highly modified
by O-glycosylation. The number of tandem repeats varies between the different proteins and
contributes to the individual protein properties. The high density of O-glycans limits formation
of secondary structures, resulting in long linear protein stretches that extend perpendicular from
the cell membrane in the case of transmembrane mucins, or form large sheets in the case of

secreted mucins.

Secreted mucins

The human gel-forming mucin family encompasses MUC2, MUC5AC, MUC5B, MUC6, MUC?
and possibly MUCI9 that all lack transmembrane spanning domains, forming large oligomeric
complexes with the exception of MUCY that is secreted as a monomer in saliva. MUCI9 is
suggested to be expressed in human although has only been identified at protein level in mice,
pigs and horses (Rousseau et al., 2008). These proteins all have similar domain structures and
their protein core is composed of a PTS-domain(s) which are highly O-glycosylated and
distinguish the mucin protein family (Perez-Vilar & Hill, 1999). O-glycosylation of the central
protein domain has a double role, firstly; negatively charged sugars bind water, which is essential
for the gel forming properties of the mucus gel and secondly; the O-glycans protect the protein
backbone from proteolytic degradation (Loomes et al, 1999). The O-glycans are estimated to
contribute to 50 - 90% of the proteins mass, which highlights the extensiveness of the
glycosylation. Both protein termini are composed of multiple von Willebrand domains, which are
involved in intermolecular oligomer formation (Vischer & Wagner, 1994). In the case of MUC2
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which is found in the intestines, trimers are formed between N-termini, while the C-termini
forms dimers, generating sheets of ring-like structures (Asker et al., 1998; Lidell et al., 2003b).
Other secreted mucins such as MUCS5B found in the respiratory tract form linear polymers by
dimerization at both termini (Ridley et al., 2014). Additional intramolecular disulfide bonds are
formed at both termini between the highly number of cysteine residues, which add to the rigid
structure giving further resistance to proteolytic degradation. All features combined results in a
highly organized oligomer, which serves both as a lubricant and as a protective layer that is highly
resistant to both endogenous and bacterial proteases.

MUC?2

Trimeric Dimeric
vWD1 D2 DD3 CysD PTS CysD D4 BCCK

Cysteme G > <. Ogyesed > Oystineen

Figure 2. Domain organization of the MUC2 mucin and the specific features of the different regions.

MUC2

The MUC2 mucin is highly expressed and secreted in the small and large intestine, and is
considered to be the main structural contributor of the intestinal mucus gel (Gum et al., 1989;
Carlstedt et al., 1993). MUC2 was the first human gel-forming mucin to be partly sequenced, and
is composed of an estimated 5,179 amino acids organized in an N-terminal region, two PTS-
domains and a C-terminal region (Figure 2). The N-terminal region spans 1,400 amino acids with
three complete and one truncated von Willebrand D domains (VWD). The N-terminus is
followed by one small and one large PTS-domain of which the larger one is composed of
approximately 100 tandem repeats of the consensus sequence PTTTPITTTTTVTPTPTPTGTQT,
giving it a total length of around 2,300 amino acids (Toribara et al., 1991). The C-terminal region
is comprised of 840 amino acids spanning one VWD domain, two shorter von Willebrand B and
C domains and a cystine-knot. In addition, two CysD domains are found on both sides of the
small PTS-domain. The CysD domains are almost exclusively found in secreted mucins. One
additional prominent feature of the terminal regions of the MUC2 is the high frequency of
cysteine residues (1 out of 8 amino acids) that are responsible for formation of intra- and
intermolecular disulfide bonds. The VWD domain in the proteins’ C-terminus contain a GDPH
motif which undergoes autocatalytic cleavage between the aspartic acid and proline under acidic
conditions, resulting in a reactive C-terminus potentially cross linking the mucin (Lidell et al.,
2003a). However, it is not known how and when the GDPH cleavage is triggered and if the
attachment sites are random or if there is specificity. In the case of heavy chain 3 (ITIH3)
autocatalytic cleavage of the GDPH motif resulted in the formation of covalent bond with N-
acetylgalactosamine (GalNAc), which is as well a potential candidate in the mucus layer rich in
glycoproteins (Kaczmarczyk et al., 2002).

The MUC2 N- and C-terminal regions show large sequence similarity with the blood
glycoprotein von Willebrand factor (vVWF) (Sadler, 1998). The vWF is involved in hemostasis by
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mediating platelet adhesion to connective tissue, and by binding blood clotting factor VIII. The
absence or a dysfunctional vWF lead to bleeding disorders, and the protein has therefore been
much more intensively studied compared to gel-forming mucins. Hence, the majority of the
structural knowledge regarding oligomerization of the MUC2 and the role of the various domains
is based on its homology with the vVWF protein (Huang et al., 2008; Dang et al., 2011).

MUC2 biosynthesis

The main role of the intestinal goblet cells is production and secretion of the MUC2 mucin,
which is the main component of the intestinal mucus layer. Secreted mucins can be considered
among the most complex proteins synthesized by human cells due to their extensive
glycosylation, high number of disulfide bonds, intracellular oligomerization, and long-term
storage in secretory granules. This requires cells with a specialized secretory machinery and is the
reason why most cell lines cannot be used for the production of recombinant MUC2 (Backstrom
et al., 2013). In the goblet cell, the protein is directed to the ER by its signal peptide, where it
becomes N-glycosylated (high-mannose type), and forms homo-dimers via its C-terminal (Figure
3). The protein holds 30 potential N-glycosylation consensuses sequences that are likely involved
in protein folding and are required for dimerization. Inhibition of the N-glycosylation pathway
results in accumulation of the protein in the ER, and mutations of selected aspartic acids in the
cystine-knot has also been shown to prevent dimer formation (Asker et al., 1998; Bell et al., 2003).

Following dimerization the protein enters the Golgi were the N-glycans are further
processed, and the PTS domains become O-glycosylated mucin domains. O-glycosylation is
initiated by addition of GalNAc to serines and threonines on the protein backbone by members
of the UDP-N-acetylgalactosamine-polypeptide N-acetylgalactosaminyl-transferases enzyme
family (GalNAc-T’s). The GalNAc-T enzyme family contains twenty different members, all
described to be involved in initiating O-glycan synthesis. These transferases have different
substrate specificity, and have been shown to be expressed in a cell and developmental stage
specific manner (Bennett et al., 2012). After addition of the first GaINAc the protein passes
through the Golgi compartments where additional monosaccharide residues are added. The first
step in elongation of the O-glycan is the core formation, followed by chain extension and finally
addition of terminal monosaccharaides (Jensen ef al., 2010). The majority of the core extensions
found in the human colon are based on core-3 and core-4 structures (Robbe et al., 2004; Holmen
Larsson et al., 2009). The oligosaccharide chain is then further extended with galactoses and N-
acetylglucosamines, varying in length from 2 up to 12 residues (Holmen Larsson et al., 2009). In
the trans-Golgi network the polysaccharide extension is terminated by addition of sialic acid or
GalNAc. Additionally, specific residues can also be sulfated, fucosylated or acetylated. The
resulting oligosaccharides show large heterogeneity in chain-length, composition and terminal
epitopes, the profile of which can change in time, upon infection or in inflammatory bowel
diseases (Larsson et al., 2011). More than 100 different O-glycan structures have been identified
on MUC2 isolated from the human small and large intestine (Robbe et al., 2003). The large
diversity in glycan epitopes has been suggested to serve as targets for microbial adhesins, allowing
selection of beneficial microbial species and thereby preventing pathogens from adhering to the
mucus gel (Hooper & Gordon, 2001; Staubach et al., 2012). As the epitopes vary along the GI



Sjoerd van der Post

tract the host creates niches for selected bacterial species to adhere. The main variation occurs in
the terminal epitopes, increasing the acidity of the glycans towards the distal colon by increasing
levels of sialylation, an opposing gradient of fucosylation and sulfation appears towards the small
intestine in human (Robbe et al., 2003). When completely glycosylated each MUC2 monomer has
a mass of ~2.5 MDa where 80% of the mass is due to the added glycans, occupying over 70% of
the serines and threonines in the PTS-domain (Carlstedt et al., 1993). In the late Golgi the MUC2
N-terminal forms disulfide linked homo-trimers in the VWD3 domain resulting in large
oligomers (Godl et al., 2002). The VWDI1 and 2 domains are further responsible for directing the
protein to storage granules were it is densely packed on a ring like oligomeric platform in a high
calcium and low pH dependent manner (Ambort et al., 2012). Mucins are stored in secretory
vesicles for extended periods of time before secreted into the intestinal lumen, occupying most of
the apical cytoplasm. The exact mechanisms by which mucin exocytosis is triggered are only
partly resolved, however, the process is driven by increased levels of intracellular calcium
resulting in fusion of mucin vesicle to the plasma membrane and release of the stored protein.
Recent studies by our group have shown that the densely packed mucins expand in a pH- and
calcium-dependent matter into the lumen as large net-like sheets (Ambort et al., 2012; Gustafsson
et al., 2012b). Upon exocytosis the densely packed MUC2 expands in volume approximately a
1,000 times to form the mucus layers (Verdugo et al., 1991).
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Mucus protein composition

Structural and granule specific proteins

Mucus is a heterogeneous mixture of molecules composed of approximately 95% water, while
electrolytes, carbohydrates, proteins, amino acids and lipids make up the remaining part. The
main structural component forming the intestinal mucus gel is the MUC2 mucin, however,
immunohistochemistry and proteomics studies have shown that the intestinal mucus contains
several hundred proteins. Not all of the identified proteins are considered to be an intrinsic part
of the mucus layer since mucus retains exfoliated cells, and traps materials that passes through the
digestive tract (Johansson et al., 2009). This results in a complex mixture of intracellular, food
derived, bacterial and actual mucus associated proteins, which has complicated the study of the
protein composition and only limited information is available on the proteins that are required
for a functional mucus barrier. The proteins that make up the actual mucus gel can be grouped
based on their function into three categories, structural components, antimicrobial proteins, and
proteins with regulatory functions. In addition to MUC2, the only other protein that is suggested
to be a structural component of the mucus is the IgG Fc-gamma binding protein (FCGBP). This
large protein is expressed in most mucin expressing cells and was initially reported to selectively
bind IgG antibodies at the Fc region (Kobayashi et al., 2002). However, the protein sequence
contains 13 VWD domains, which are mainly found in proteins forming oligomeric structures
suggesting that it has additional roles. Most of the VWD domains include an autocatalytic GDPH
motif, where studies have shown that extensive washing of collected mucus with chaotropic
agents did not result in loss of FCGBP which indicates that the protein is covalently linked to
MUC2 (Johansson et al., 2009). As FCGBP is found in the mucus granules and is secreted
simultaneously to MUC2, it is hypothesized to form heteromers with MUC2 via the reactive
anhydrides formed after GDPH cleavages in FCGBP. Only a few proteins are known to be
localized to the mucin granules, trefoil factor 3 (TFF3) a protein disulfide linked to FCGBP that is
required to maintain the integrity of the mucosal barrier after epithelial damage (Albert et al,
2010), calcium-activated chloride channel regulator 1 (CLCA1) (Komiya et al., 1999), the recently
identified resistin-like molecule beta (RELMf) and zymogen granule membrane protein 16
(ZG16) which will be discussed in the next section. CLCA1 was initially suggested to form an ion
channel but is now believed to regulate the secretory capacity of other channels (Yurtsever et al.,
2012). Studies have also shown that CLCA1 drives mucus secretion in mice and horses, although
the mechanism by which it regulates mucus secretion is unclear. RELMp is secreted into the
mucus as hexamers and trimers protecting against worm infections by limiting their motility
(Patel et al., 2004; Herbert et al., 2009). Limiting the movement of the parasitic worms will trap
them in the mucus while the peristalsis in the colon will move the parasite in the distal direction.

Antimicrobial components

The dense mucus gel in the colon limits the ability of the microbiota to reach the epithelium
(Johansson et al., 2008). However, in the small intestine where the mucus is permeable and non-
adherent, the epithelial cells secrete proteins with antimicrobial properties to prevent bacterial
invasion. The best characterized family of antimicrobial proteins found in the intestines are the



Sjoerd van der Post

defensins, a family of small cationic proteins able to disrupt the cell membrane of bacteria and
fungi (Ayabe et al., 2000). Defensins and other antimicrobial proteins (e.g. lysozyme) are secreted
by specialized Paneth cells at the bottom of the intestinal crypts, or by infiltrated neutrophils. As
Paneth cells are selectively found in the small intestine and not in the colon, the presence of
antimicrobial proteins and peptides is higher in the small intestine compared to the colon. The
looser non-adherent mucus in the small intestine requires more active defense measures than for
the dense layer found in the large intestine. Here the only protein that plays an active role in
preventing bacteria from reaching the epithelium is ZG16 a small lectin-like protein secreted
from the goblet cell granule (Tateno et al., 2012). Recent work by our group has shown that ZG16
binds to Gram-positive bacteria, not actively killing them, but forming aggregates which limit
further movement in the mucus (Bergstrom et al. unpublished).

Plasma cells in the lamina propria underneath the intestinal epithelium are responsible for
production of large amounts of immunoglobulin A (IgA) found in the mucus (Johansen &
Kaetzel, 2011). sIgA is transported through the enterocytes via pIgR and into the mucus layer and
the intestinal lumen, forming the first line of antigen-specific immune defense recognizing both
pathogens and commensals. Studies have suggested that the expression of pIgR is directly
regulated by the commensal flora which thereby controls the IgA level in the mucus, since every
transcytosis consumes one pIgR molecule (Hapfelmeier et al., 2010).

In addition to the above described proteins there are membrane proteins that are cleaved
from the epithelium or shed into the mucus such as the transmembrane mucins, most of which
contain a sea urchin sperm domain (SEA) that breaks upon mechanical force (Pelaseyed et al.,
2013). With the increased interest in mucus and development of proteomics techniques it is
expected that more components will be identified in the coming years.

Role of the colonic mucus in ulcerative colitis

Ulcerative colitis (UC) is one of the two principal types of inflammatory bowel diseases affecting
the large intestine. The disease involves chronic relapsing inflammation of the colonic mucosa
that originates in the distal colon and progresses in the proximal direction. The underlying
etiology is unknown, but the disease is increasing in frequency in developing countries and
suggested to be caused by a combination of genetic and environmental factors. Genome wide
association studies have not identified specific genetic factors underlying UC, although certain
loci are associated with an increased susceptibility for UC (Danese & Fiocchi, 2011; Khor et al.,
2011). The general hypothesis is that a genetically predisposed individual in combination with
external factors will develop inappropriate immune responses towards the commensal flora. This
hypothesis is supported by studies of monozygotic twins with UC showing that only in 10% of the
cases both individuals develop UC, highlighting the importance of external factors such as diet,
smoking habits and the use of antibiotics (Tysk et al, 1988). Furthermore, all genetically
engineered mouse models of UC do not develop colitis when raised under germ free conditions,
suggesting that the commensal microbiota is responsible for driving the inflammation (Sartor,
2008). In UC patients alterations have been observed in microbial composition, although no
strain was specifically linked to development of disease (Qin et al., 2010). As the microbiota

resides in the outer mucus layer, and can stimulate mucus secretion there is an potential
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relationship between UC and the mucus layer, as a defect in this synergistic system will result in
increased immune responses from the underlying lamina propria. Studies have shown that UC
patients with active disease have a thinner mucus layer that is O-glycosylated with shorter glycan
chains with less sulfated epitopes (Pullan et al., 1994; Corfield et al., 1996; Larsson et al., 2011).
The microbiota uses the mucin glycans as an energy source by secreting glycosidases that slowly
degrade the mucus gel. Shorter glycan chains will lead to faster exposure of the protein core and
more rapid degradation of the protein backbone. This hypothesis is supported by the recent
observation that the mucus gel in UC patient is more permeable to bacteria sized beads when
compared to control patients (Johansson et al., 2014). The percentage of the mucus layer that was
accessible by the microbiota was significantly increased in active UC, and this discontinuity
appeared to increase with severity of UC. Overall, these studies suggest that the mucus layer is an
important factor in development of UC, by preventing interaction between the host and the
commensal microbiota. However, little is known concerning the underlying mechanisms, and
whether an altered mucus layer is causing the disease or is secondary to the inflammatory
process. One potential reason for a less structured mucus layer is alterations in the protein
composition, a question that we addressed in this thesis work by studying the mucus protein
composition in various stages of UC by the use of mass spectrometry.
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PROTEOMICS

Proteomics is the generic term coined for the large-scale study of proteins, which includes the
determination of their identity, quantity, modifications and interactions. This potentially allows
the study of all proteins expressed by an organism at any given time point, commonly referred to
as the proteome. The proteome is unlike the genome dynamic and can rapidly change depending
on cell specific requirements, and is thus far more challenging to study especially in complex
organisms. Only this year a draft of the complete human proteome was presented which aimed to
characterize and identify the proteins in all tissue types and biological fluids (Kim et al., 2014;
Wilhelm et al., 2014). The results gave a valuable insight into variations in biological processes in
different tissue types, and can potentially be used for selection of specific biomarkers. Global
proteomics studies generally result in large datasets that require elaborate data mining using
various bioinformatics tools similar to other -omics fields (Kumar & Mann, 2009). Functional
proteomics focuses more on protein complexes, individual proteins or even a single modified
amino acid residue. Protein function is highly regulated by various modifications on individual
amino acids, such as phosphorylated, ubiquitylated or glycosylated residues. Analyses of these
modified sites are referred to as post-translational modifications (PTM) analyses (Mann &
Jensen, 2003). These types of analyses often require enrichment techniques developed for the
specific modification, combined with targeted mass spectrometry analyses. The techniques used
in proteomic experiments vary widely from protein purification to gel electrophoresis, and mass
spectrometry is most often used at the final stage for identification and characterization of the
proteins of interest. Developments in mass spectrometry have been the main driving force in the
field of proteomics over the last decade, rapidly becoming the most essential technique for large-
scale protein identification and PTM analyses.

Mass spectrometry

A mass spectrometer is an analytical instrument used to determine the mass-to-charge ratio (m/z)
of a charged molecule, in which m is the mass and z is the charge state of the ion. The technique is
based on three basic steps, ionization of molecules in an ionization source, followed by gas-phase
separation in the mass analyzer and finally detection to record the m/z value of the molecule
(Figure 4). To achieve this, various types of instruments have been developed based on numerous
principles for these three basic steps (de Hoffmann & Stroobant, 2013). In proteomics
applications there are two methods commonly used to generate gas-phase ions; electro-spray
ionization (ESI) and matrix-assisted laser desorption ionization (MALDI). The ionization event is
followed by an ion separation method such as time-of-flight (TOF), quadrupole, ion trap or
orbitrap mass analyzers. The ions that pass through the mass analyzer are then converted into a
signal that can be read by a detector. The type of detector used depends on the design of the
instrument, and can be based on conversion dynode, microchannel plate electron multipliers or
image current detection. The work described in this thesis is based on electrospray ionization
coupled to a linear ion trap-orbitrap tandem mass spectrometer (Hu et al., 2005). The principles
behind this instrument as well as other commonly applied MS techniques within biological mass
spectrometry will be discussed in more detail.
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Figure 4. A mass spectrometer always contains the following elements, an ionization source, one or multiple mass
analyzers for separation and a detector to “count’ the ions. In the presented work electrospray ionization was used to
produce ions, combined with two types of mass analyzers. The linear iontrap, in which ions are trapped in an
alternating electric field and excited based on their m/z, as ions are excited out of the trap they will hit the detectors.
The method of detection is based on electron multiplier, amplifying the signal of each ion in a cascade of secondary
ions. The orbitrap is using electrostatics and DC voltage to trap ions, which will oscillate around the detector. Based
on the detected image current the m/z can be determined using Fourier transform.

Ionization

In the ion source, the analyzed sample is ionized prior to analysis in the mass spectrometer, this
involves the addition or removal of a charge. The ionized molecule can then be manipulated in an
electric field and guided through the mass spectrometer and finally detected. The process of
ionization occurs at the front end of the mass spectrometer as the first step of analysis. The two
most commonly used ionization techniques in biological mass spectrometry are, as previously
mentioned ESI (Fenn et al., 1989) and MALDI (Karas & Hillenkamp, 1988) that are characterized
by the stable formation of ions and absence of fragments. Introduction of these two ionization
techniques has been driving the field of biological mass spectrometry. In ESI the ionization
process occurs between the tip of the LC column and the inlet of the instrument. In positive mode
a high potential difference is applied (1 - 3 kV for nanospray) which forces formation of a small
liquid cone; referred to as a Taylor cone. The sample is vaporized into small droplets that are
sprayed towards the heated inlet of the instrument, resulting in evaporation of the volatile mobile
phase. Evaporation of the mobile phase reduces the droplet size and forces the molecules closer to
one another until they become too close and fission occurs. This process continues until the
droplets only contain a single ion that is then guided into the high vacuum region of the mass
spectrometer (Wilm, 2011). An alternative theory suggests that when droplets reach a certain size
charged gas-phase ions are directly formed from the droplets surface (Kebarle, 2000). ESI allows
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for continuous formation of multiply charged ions by direct coupling of the analytical liquid
chromatography column to the mass spectrometer (Quenzer et al., 2001).

ESI of tryptic peptides is preferably performed under acidic conditions, resulting in mainly
doubly protonated peptides (M+2H)**. The number of obtained charges is depending on the
number of basic amino acids. In the case of tryptic peptides there is always one basic amino acid
(K or R) at the C-terminus due to the enzyme specificity, and in addition the primary amine at
the N-terminus is protonated. The addition of >2 charges makes it possible to select only peptides
for fragmentation analyses, as most other ionized compounds will only carry a single charge.
Additionally, the fixed charge on each side of the peptide is beneficial for peptide sequencing, as
discussed in more detail below (Steen & Mann, 2004).

For MALDI ionization the analyte is embedded in an excess of a matrix molecules and
excited using a laser. The matrix is generally consists of an acidic low molecular mass compound
with strong absorption in the range of the selected laser (Mank et al., 2004). The co-crystallized
spot of matrix and analyte is irradiated using a laser pulse, inducing rapid heating of the crystals
resulting in a small gaseous cloud of matrix and analyte. The exact mechanism of ion transfer is
not fully understood, however, one theory is that the charged sublimated matrix collides with the
analyte and transfers its charge resulting in predominantly single charged ions (Karas &
Hillenkamp, 1988).

Mass analyzers and detection

After ionization the analyte enters the mass spectrometer, which functions under high vacuum.
This is required to prevent ions from undergoing collisions with other gaseous molecules before
they reach the detector. The ionized analyte will first be guided into a stable ion-current before
detection, this is done by a sets of 4, 6 or 8 rods on which an oscillating potential is applied
focusing the ions into its center trajectory. The instrument (ion-trap — orbitrap) used in this
thesis work is composed of two mass analyzers based on two different principles for ion
separation and detection. This type of instruments is referred to as “hybrid” tandem mass
spectrometry allowing parallel data acquisition by combining the benefits of both a fast and a
highly accurate analyzer. The two mass analysers are coupled linear to each other with octapoles
for efficient ion transfer in between the two mass analysers.

The linear ion trap mass analyzer is highly sensitive, and has a fast duty cycle. Ions are
accumulated in the ion trap between a set of four perfectly parallel hyperbolic rods (quadrupole)
on which an oscillating electric potential is applied. A fixed potential on the back plate of the trap
is forming a comb in which ions accumulate. When sufficient ions are gathered the potential on
the front-plate is raised and ions are physically trapped. When trapped ions will have a stable
trajectory in the oscillating electric field, in which their resonance frequency is depending on the
m/z value. Detectors are placed on both sides of the quadrupole, and when a ramped radio
frequency voltage is applied ions will increase their natural waveform and hit the detectors. This
increase in waveform depends on the m/z, which makes it possible to separate and/or isolate ions
of different mass. The detectors used for recording the mass spectra are electron multipliers,
which register and amplify the impact of an ion into a cascade of secondary electrons producing a
small electric current. The number of secondary electrons generated depends on the total number

12



Study of the colonic mucus layer by mass spectrometry

of ions with a specific m/z hitting the detector at the same time. By ramping the radio frequency
voltage it is possible to mass measure all ions in a specific mass window results in a mass
spectrum of all trapped ions.

The orbitrap analyzer distinguishes itself by its high mass accuracy and resolution, although
the scan rate is slower compared to ion traps. The principle of the orbitrap is based on trapping
ions in an electrostatic field, where they cycle around an axial electrode in the center of a barrel
shaped outer electrode (Makarov, 2000). Ions are orbiting around the electrode with a frequency
proportional to their m/z. The frequency of the harmonically oscillating ions can be recorded
using image current detection, which can then be transformed into mass spectra by Fourier
transformation.

The preferred method of data acquisition in a proteomics experiment using the described
instrumentation is parallel data collection, where spectra with high mass accuracy are collected in
the orbitrap of all ions entering the instrument. Simultaneously in the ion trap multiply charged
ions are isolated based on the information in the full precursor scan, and fragmentized to obtain
sequence information. This acquisition process is data-dependent (DDA) where ions are selected
based on their intensity in the orbitrap, allowing for efficient unsupervised data collection. The
ion selection is based on a minimum signal threshold set to acquire high quality fragment spectra,
after which they are excluded for further analyzes so spectra can be obtained on all other ions
entering the analyzer. The typical duty cycle for mass analysis and simultaneous fragmentation is
around one second, although this may vary based on the required resolution and signal intensity.

Spectral data can as well be collected independent of the acquired data in a method that is
referred to as data independent analysis (DIA, i.e, AIF, MS* and SWATH.) (Venable et al., 2004).
The method is based on the sequential fragmentation of a fixed precursor windows (10 - 100
m/z) covering the complete mass range, in principle allowing identification of all peptides
entering the instrument. The main difference with DDA data interpretation is the loss of the
relationship between peptide precursor and fragment mass, therefor multiplexed fragmentation
spectra are searched against spectral libraries or using modified database search engines (Geiger
et al., 2010a; Gillet et al., 2012).

Single reaction monitoring (SRM) is targeted data acquisition method relying on prior
knowledge of the proteins in a sample. The mass spectrometer is set to record only the product
ions from the fragmentation of a single peptide over a defined retention time window (Picotti et
al., 2009). These analyses are mainly performed on triple quadrupole instruments (QqQ) were the
first quadrupole is set to isolate the precursor, followed by collision in the second and detection of
the fragment ions in the last quadrupole. SRM is the standard method for targeted quantification
as it allows for consistent recordings of the intensities of predefined target fragment ions across
the analysis. However, SRM is limited to measurements of a few thousands transmissions per
analysis, limiting the number of proteins quantified per analysis (Costenoble et al., 2011).

Peptide sequencing by mass spectrometry

Isolated ions can be fragmentized into smaller fragments to obtain more detailed information on
their structure or peptide sequence. There are various techniques available to fragmentize ions
applied in biological mass spectrometry including collision-induced dissociation (CID), electron
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transfer dissociation (ETD) (Syka et al., 2004), high energy collision dissociation (HCD) (Olsen et
al., 2007) and electron capture dissociation (ECD) (Zubarev et al., 1998). The principle of peptide
fragmentation is based on controlled cleavage of peptide bonds or the lateral amino acid side
chain. The site of cleavage depends on the fragmentation technique that is used and will result in
one or two ion series (a, b, ¢ from the N-terminal side or x, y, z derived from the C-terminal),
according to the nomenclature by Roepstorff-Fohlmann-Biemann (Figure 5) (Roepstorff &
Fohlman, 1984; Johnson et al., 1988).
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Figure 5. Fragment nomenclature of N- and C-terminal derived ions after protein backbone fragmentation. The
observed fragment ions based on CID/HCD and ETD/ECD fragmentation are annotated in the figure

When performing CID fragmentation in the ion trap the isolated peptide is trapped and
accelerated to reach a higher kinetic energy, followed by collision with an inert gas. During
collision the kinetic energy is transformed into internal energy resulting in cleavage of the peptide
bonds. CID fragmentation is performed under controlled conditions and generates random sized
peptide fragments. The resulting b- and y-ion series can be used to resolve the peptide sequence,
based on the mass differences between the ions in both series representing the sequential loss of
the amino acids from the N- or C-terminal end (Eng et al., 1994). The choice of fragmentation
technique depends on both the type of instrument that is available and the experimental question.
CID and HCD are the preferred methods when obtaining spectra for peptide sequencing, whereas
ETD and ECD are often used for analyzes of post-translational modifications (PTM’s) to
determine the modified sites and for longer peptides (Wiesner et al., 2008). During CID and
HCD fragmentation the labile PTMs dissociate from their attachment site due to the lower energy
barrier compared to the peptide backbone, which prevents accurate site localization. In ETD
fragmentation, singly charged radical anions are collided with the cationic peptide (Syka et al,
2004; Mikesh et al., 2006) inducing general peptide backbone cleavage while the modification is
retained on its amino acid residue. ECD is based on a similar principle introducing low energy
electrons into the collision cell to induce fragmentation (Zubarev et al., 1998). Both
fragmentation techniques are therefore frequently used for site localization of modifications such
as phosphorylation and glycosylation (Chi et al., 2007; Steentoft et al., 2011).

Peptide identification by mass spectrometry

The general strategy for identification of proteins is enzymatic digestion into peptide fragments,
which are then subjected to mass spectrometry analysis. This strategy is referred to as bottom-up
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proteomics, which is in contrast to top-down proteomics were the complete protein is analyzed
and identified by fragmentation induced in the instrument. Complete proteins can be analyzed by
mass spectrometry although cumbersome, due to limited solubility, lower sensitivity in the higher
mass range, and unpredictable masses due to PTMs. However, top-down proteomics often leads
to overall higher sequence coverage allowing identification of isoforms and more accurate protein
quantification compared to the analyses on peptides level (Waanders et al., 2007; Tran et al.,
2011). The recent introduction of a new high-sensitive orbitrap allows the analyses of mega
Dalton structures previously limited to TOF instruments, and the improvement of separation
techniques allowing the more routine analysis of multiple proteins per analysis (Ahlf et al., 2012;
Rose et al., 2012).

The standard approach for protein identification is still based on one-dimensional gel
electrophoresis for separation of a protein mixture after which stained protein bands of interest
are excised, washed and digested (Shevchenko et al., 2006). The enzymes used for digestion are
selected based on their high specificity and activity, such as trypsin and Lys-C. Less specific
enzymes should be avoided, as they will generate small overlapping sequences that complicate the
analysis. Extracted peptides can be directly analyzed or separated into multiple fractions by liquid
chromatography to increase the number of peptide identifications. Peptide separation by HPLC
can be performed either directly coupled to the mass spectrometer as in the case of ESI (Martin et
al., 2000; Shen et al., 2001), or offline when using MALDI as ionization source (Marcus et al.,
2007). Proteomics often entails identification of a large number of peptides in a complex mixture,
and the duty cycle of the mass spectrometer is limiting the identification when all peptides are
introduced directly (Thakur et al, 2011). Therefore the peptides are normally separated by
chromatography prior to introduction to the mass spectrometer by chromatography. The
preferred chromatographic method is reverse phase (RP) chromatography using C18 material;
separating peptides based on their hydrophobicity, which can be directly coupled to the
ionization source. Complete peak separation is not required since the mass spectrometer can
record multiple ions at once. On average a peptide elutes in a 10 - 60 seconds time window
depending on the slope of the gradient giving the instrument enough time to collect a
fragmentation spectra for each individual peptide. The signal intensity of an ion is directly
proportional to the volume in which the peptide elutes. Downscaling the columns to the
nanoscale range (inner diameter 75 pm or less), and decreasing the flow rate has greatly improved
the sensitivity and the sample quantities required for analysis (Liu et al, 2007). Continuous
developments of the chromatography interface has made it possible to identify thousands of
proteins in a single run (Thakur et al., 2011). A more global strategy to study the proteome of a
cell population requires a different approach then when only a subset is analyzed, such as a
protein band. For a more global approach, peptides are often separated in multiple fractions prior
analyzes by LC-MS/MS. This approach is referred to as 2D LC-MS/MS (Washburn et al., 2001)
and combines two orthogonal chromatographic phases dramatically increasing the depth of the
proteomic analysis (i.e normal-phase - reverse phase or ion-exchange - reverse phase) and can be
preformed offline or online. The extensive fractionation is required to overcome the large
dynamic range in protein abundance in a cell (Picotti ef al., 2009).
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Protein identification

High throughput identification of proteins from mass spectrometry data is a fully automated
process. Spectral data for every fragmentized peptide is reduced into a list of all detected ion
masses and combined with the mass of the peptides submitted to a search engine. The principle
of identification is based on the comparison of in silico digested protein sequences with peptide
masses observed by the mass spectrometer, followed by comparison of the fragmentation spectra
(Figure 6) (Taylor & Johnson, 1997; Perkins et al., 1999). Therefore the use enzymes with high
specificity is of great importance for the success of the identification process (Olsen et al., 2004),
and the identification requires a protein sequence database available for the analyzed species.
Most modern mass spectrometers measure the mass of an ion with very high mass accuracy
allowing only a few parts per million error tolerance between the observed and the theoretical
peptide mass (Nesvizhskii & Aebersold, 2004). The high mass accuracy reduces the potential
peptide candidates to a relative low number. The theoretical fragmentation spectra of the
candidate peptides are then compared to the observed fragmentation spectra. Calculation of
theoretical spectra is based on the type of fragmentation applied during mass spectrometry
analysis. The quality of the peptide match is presented by a score calculated based on the number
of fragment ions matched. The score threshold for positive peptide identifications is probability
based typically depending on the number of entries in a protein database. The more entries in a
protein database, the higher the required score is due to the increased chance for random false
positive identifications when large numbers of spectra a searched (Keller et al., 2002; MacCoss et
al., 2002). In the final step, peptide hits are assigned to one or multiple proteins if homology
occurs. In some cases protein identifications will only be based on a single peptide, this is
typically for large-scale studies were a significant number of the identified proteins would be
based on only a single peptide. In a small-scale study these hits are often not considered as true
positives. Stringent filtering by removing all single peptide identifications will together with the
false positive identification remove important biological information (Peng et al., 2003). To
circumvent this problem methods are developed to give a better estimation of the required score
assigned to a spectra by determining the false discovery rate (Choi & Nesvizhskii, 2008; Kall et al.,
2008). Spectra can be searched towards a decoy database, composed of identical protein
sequences in reversed order combined with the actual protein database. The results will be a
combination of reversed and forward hits, and the frequency and peptide score of both is used to
set the threshold. The peptide score threshold for a positive identification can be set to the
intercept of the two frequency plots where <1% is a false positive. This method will allow for
inclusion of normally omitted single peptide identifications, although one still have to take into
consideration that the analyzed data set will include false positive protein identifications.

Quantitative mass spectrometry based proteomics

Mass spectrometry provides a perfect platform for large-scale quantification and comparisons of
proteins under different sample conditions. However, data obtained by mass spectrometry
analysis of peptides is not directly quantitative, as the signal recorded is no measure of its
abundances. The intensity depends on the ionization efficiency, which in turn depends on the
chemical properties of the combined amino acids (Eyers et al, 2011). Therefore the signal
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observed for the various peptides derived from the same protein will be highly variable. To
overcome this issue various methods have been developed over the years to allow for both
absolute and relative protein quantification. The applied methods can be separated in two groups
based on either stable isotopic labelling or without the addition of labels (“label free”). The use of
isotopic labelling is considered more accurate compared to label free methods, however, label free
methods can be applied to virtually any sample whereas the introduction of isotopic labels has

limitations.
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Figure 6. Overview of the protein identification process. (A) Proteins are digested into peptides, which are then
subjected to mass spectrometry analysis collecting MS/MS spectra of the peptides. (B) A protein database containing
large numbers of protein sequences is digested theoretically with the same enzyme used in the experiment. Followed
by the calculation of the theoretical fragment ions. (C) The fragment ions of peptides that fit the mass of the observed
peptide are then compared to the observed fragmentation spectra. The potential hits are then ranked by score and the
peptide is assigned to the protein of origin.

Stable isotope labelling

Stable isotopes can be introduced at various stages during a proteomics experiments both by in
vivo and in vitro methods incorporated enzymatically, chemically or metabolically. Isotopic
reagents are typically used to generate a heavy and light state without changing the chemical
properties of the peptides, allowing simulations analysis and differentiation of the isotopic pairs.
One of the first methods that was used to introduce stable isotopes was enzymatic labelling by
performing protein digestion in heavy water (H,'®O) resulting in incorporation of *O at the C-
terminal generating a 4 Dalton mass shift as compared to digestion in non deuterated water. The
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method allowed the relative quantification between conditions although limited to the use of
MALDI. The major drawback with deuterated peptides is the altered chromatographic behavior
and the overlapping isotopic envelop at higher charge states.

Chemical labelling can be subdivided into two groups; isotopic and isobaric. The first
category includes methods such as isotope-coded affinity tags (ICAT) (Gygi et al., 1999), isotope-
coded protein labels (ICPL) (Schmidt et al., 2005) and dimethyl labelling (Hsu et al., 2005) were
quantification is performed at MS level for up to three channels based on the extracted ion
chromatograms. Dimethyl labelling has emerged as a cost effective, easy and flexible method
recently extended to include 5 different labelling channels (Wu et al., 2014). Isobaric labelling
involves chemical derivatization of the peptides primary amine groups adding a tag with an
identical mass to each peptide. Samples for comparisons are differentially labelled after tryptic
digestion and mixed together. The generated fragmentation spectra will reveal distinct reporter
ions in the low mass region for the different tags that then are used for peptide and protein
quantification. The most commonly used isobaric labelling methods are tandem mass tags (TMT)
(Thompson et al., 2003) and isobaric tags for relative and absolute quantitation (iTRAQ) (Ross et
al., 2004) allowing the multiplexing of up to 8 samples.

Metabolic incorporation of stable isotope (*N/"C) labeled nutrients in growth media of
cultured cells is a method for global coding of proteomes. Incorporation of °N has the drawback
that the introduced mass shift depends on the number of nitrogen’s in the peptides sequence and
only after peptide identification the isotopic pairs can be calculated. Therefore stable isotope
labeling by amino acids in cell culture (SILAC) is a more frequently used method introducing one
or more isotopic variants of essential amino acids, mainly lysine and arginine since at least one of
these is included in every tryptic peptide (Ong et al., 2002). Culture media is depleted of arginine
and or lysine and supplemented with isotopic variants and after multiple cell cycles full
incorporation is achieved and samples can be directly mixed with normal unlabeled cells for
comparison. The method was originally developed for the comparison of cell lines, however when
a cell line is labelled that resembles the cell type of a tissue of interest is can also be used as a
standard for the relative quantification of for example clinical samples (Geiger et al., 2010b). In
addition, SILAC can also be used to label model organisms such as Mus Musculus, Drosophila
Melanogaster and Caenorhabditis Elegans by feeding the animals a SILAC diet (Kriiger et al.,
2008; Sury et al., 2010). Although SILAC is the regarded as the most accurate method for
quantitative comparisons of two or more samples the method does not give information on the
absolute protein concentrations. To obtain absolute measurements of protein levels synthesized
standard isotopic peptides in a known concentration are added to the samples prior analysis and
the concentration of the peptides in the samples is calculated by comparison to the synthetic
peptides (Gerber et al., 2003). All the described isotopic labelling methods have their respective
advantages and drawbacks and the selected method depends on costs, available instrumentation
and applicability. One general rule is that the earlier in an experiment that samples are combined
the less variation is observed due to sample handling favoring the use of metabolic labelling (Ong
& Mann, 2005).
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Label free quantification

Label free protein quantification is based on comparison of the combined intensities of the
identified peptides or the frequency of which each peptide is identified (Neilson et al., 2011). The
major difference to isotopic labelling is that the compared samples are analyzed by separate LC-
MS/MS runs. Initially the identification score from the database search was used as a measure of
protein abundance. However, the summed peptide score was shown to be more depending on the
peptide sequences than the actual protein abundance (Sadygov et al., 2004). The number of
peptides observed for each protein is an easy and more accurate method for comparing protein
abundance between samples. The principle is based on the assumption that more abundant
proteins result in peptides that will be more frequently selected for fragmentation in a DDA
experiment. Over the years the method has been improved applying different normalization
strategies correcting for variation in protein length and number of theoretically observable
peptides (Lundgren et al., 2010).

The intensity of the analyzed peptides can also be used as measure of abundance using either
the intensity or the area underneath an eluting peak (Zoetendal et al., 2002; Liu et al., 2004;
Eckburg et al., 2005). Label-free quantification has been broadly applied although as samples are
analyzed in parallel it is sensitive to variability in sample preparation, LC reproducibility, and
ionization efficiency all affecting the accuracy of the quantification. Therefore parallel sample
preparation, chromatographic peak alignment, data normalization and statistical analysis are
required to avoid inaccuracies in quantification (Derrien et al., 2004; Khan et al., 2009).

The overall strength of label-free quantification is the potential to apply it to any type of
sample, although considerations are needed, as it is prone to the introduction of errors. Various
studies have shown that most relative quantification methods give similar results (Asara et al.,
2008; Bevins & Salzman, 2011). Label-free methods have as benefit of deeper proteome coverage
and the ability to overcome a wider dynamic range.

Mass spectrometry based glycoproteomics

The majority of secreted and extracellular proteins are modified by O-glycans and/or N-glycans,
which are required for proper protein folding, protein-protein interactions, and increase the
overall stability of a protein. The study of both the attachment sites on the protein and the
attached glycan(s) is referred to as glycoproteomics. The large heterogeneity in glycan moieties,
and the size and complexity of the added glycans have hampered the comprehensive analysis and
localization of these modifications (Haslam et al., 2006). For mucin type O-glycosylation
(GalNAc), no consensus motif exists making the prediction and identifications of O-
glycoproteins difficult. N-glycosylation can be predicted based on the N-X-S/T motif (in which X
can be any amino acid except proline) which in general has a high site occupancy (Apweiler et al.,
1999). Different approaches can be considered when studying site-specific protein glycosylation
by mass spectrometry. One method is by releasing the glycans from the protein backbone, which
can be achieved by the use of specific glycosidases that are able to hydrolyze glycosidic bonds, or
by chemical release (Jensen et al., 2012).

The release of N-glycans requires only a single glycosidase PNGase F/A cleaving between the
innermost GIcNAc and asparagine. When the resulting peptides are analyzed the previously
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occupied asparagines are identified by a mass increment of AM = 0.98 due to deamidation after
the release of the N-glycan. This methodology allows for the identification of occupied sites in
efficient and a systematic way (Zielinska et al., 2010). By the removal of the glycan the actual
composition remains elusive, loosing important biological information. The analysis of N-
glycosylated peptides requires enrichment using lectins, size exclusion chromatography or
hydrophilic interaction-liquid chromatography (HILIC) (Wuhrer et al., 2007). These methods are
limited to the analysis of peptide digests of simple protein mixtures or purified proteins, due to
the complexity of the resulting samples and the lack of software tools for the automated the
interpretation of the resulting spectra.

Protein O-glycosylation is potentially even more complex and challenging to study as these
are often found in mucin-domains lacking enzymatic cleavage sites, and glycosidases able to
release the full oligosaccharide are absent. Exoglycosidases do exists that are able to hydrolyze
most glycosidic bonds to trim down the structures stepwise, although often completely released
by reductive beta elimination hydrolyzing the protein backbone (Fukuda, 2001). The
introduction of the genetically engineered “SimpleCells” system by Clausen and co-workers
allowed for the first time in-depth analysis of the O-glycoproteome based on O-glycopeptides
(Steentoft et al., 2011). In these cells the Cosmc gene is knocked-out that functions as a dedicated
chaperone for the glycosyltransferase required for extension, terminating the glycosylaton after
the initial addition of GalNAc to the protein backbone. These short O-glycosylated peptides can
be enriched using lectin columns and identified by standards peptide identification algorithm.
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AIM OF THESIS

The overall aim of this thesis work was to adapt mass spectrometry methods for studies of the

protective mucus layer in the colon and to utilize these methods to obtain a better understanding

of its composition, modifications and function.

Specific aims

L.

II.

I1I.

IV.

To characterize the protein composition of the human colonic mucus, and to
determine whether the mucus protein composition is altered in patients with
ulcerative colitis.

To define the proteolytic effect of the secreted proteases RgpB from the bacterium
Porphyromonas gingivalis on the MUC2 mucin.

To combine various proteomics methods to obtain full sequence coverage of a protein
enabling complete characterization of its post-translational modifications.

To study the role of the CysD domain in the MUC2 mucin on the formation of

oligomeric structures.

To study the segmental variation in membrane protein expression along the axis of the

normal human colon.
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METHODS

Sample preparation prior to mass spectrometry (I, II, III, IV and V)

Before a protein sample can be analyzed by mass spectrometry, the sample has to be subjected to
various preparation steps that make the sample suitable for analysis. The methods of choice
depend on the nature of the sample and the biological/research question addressed. The work
presented in this thesis is based on analysis of proteins digested by proteases, after which the
peptide fragments are analyzed by mass spectrometry, identified and matched to proteins for
identification. This method is commonly referred to as “bottom-up” proteomics, which is in
contrast to “top-down” were the full protein is analyzed and subjected to fragmentation in the
mass analyzer and the identification is based on the resulting protein fragments.

Factors to consider when choosing sample preparation methods include the expected protein
complexity, if all proteins in a sample have to be identified, or if the analysis only requires
identification or characterization of one particular protein. Independently of the research
question each approach requires the protein sample to be solubilized, and stabilizing bonds have
to be reduced to allow the protease used for digestion to access the protein backbone. In the
presented work, two different approaches were used, in-gel digestion and in-solution digestion on
molecular mass cut-off filters.

In-gel digestion (11, 11l and IV)

In this thesis all single protein identifications were performed using in-gel digestion. Proteins
were separated by SDS-PAGE electrophoresis after which the proteins were stained, and the
bands of interest were excised and treated with proteases (Shevchenko et al., 1996). The main
advantage of this is method is the large reduction in sample complexity introduced by the
molecular mass separation on the gel. In addition, interfering buffer components and detergents
are removed from the sample while the proteins are retained in the gel-matrix. On the contrary,
in-gel digestion tends to result in lower peptide recovery, and higher variation in quantification of
peptides derived from the same protein as compared to in-solution digestion (Havlis &
Shevchenko, 2004). This is likely due to steric hindrance, and the inability of the protease to
diffuse into the gel matrix. As the method was solely used for identification, and in most cases
sufficient amount of recombinant protein was available, these factors were not expected to alter
the outcome of the experiments. The work in paper III and IV required the extraction of
glycosylated and cross-linked peptides after digestion; these peptides are expected to be large and
more difficult to extract. High concentrations of organic solvents dehydrate the gel limiting the
pore size and reducing the extraction efficiency. The first phase of peptide extraction was
therefore performed in a buffer not containing any organic solvents (Kolarich et al., 2012).

In-solution digestion (I, II and V)

Protein digestion in-solution is considered the method of choice for identification and
quantification of large numbers of proteins in complex mixtures. However, the method is

22



Study of the colonic mucus layer by mass spectrometry

hampered by reduced trypsin efficiency in the buffers and detergents used during sample
preparation and present in the initial sample. To overcome this problem, protein digestion can be
performed on molecular mass cut-off membranes in a spin-filter format. The method was initially
described by Manza et al. and later adapted and coined filter-aided sample preparation (FASP) by
Wisniewski et al. (Manza et al., 2005; Wisniewski et al., 2009). The overall benefit of this sample
preparation method is the ability to perform efficient buffer exchange via centrifugation while the
proteins remain on the filter, allowing the use of high concentrations of SDS for initial protein
solubilization, which is then completely removed by subsequent washes with chaotropic agents
like urea. When trypsin is introduced to the proteins in the spin-columns the resulting peptides
whose size is below the molecular mass cut-off of the filter can be collected by centrifugation. In
paper II and V the FASP method was applied with serial digestions, first by the endoproteinase
Lys-C followed by trypsin. The purpose of using two proteases is that Lys-C is active in high
concentrations of urea, when the proteins are maximally denatured. Trypsin is then added after
dilution with the purpose of increasing the numbers of peptides used for identification and
improving quantification (Wisniewski & Mann, 2012). This is especially imported for the analysis
of membrane proteins, which are in general more difficult to solubilize.

In paper I, preparation of the mucus samples was performed using guanidine hydrochloride
(GuHCI) as a chaotropic agent. GuHCI was preferred over urea due to its higher efficiency in
denaturing the highly charged mucins (Carlstedt et al., 1983). Both solubilization and reduction
of the disulfide bonds were performed in GuHCI, before the sample was transferred to the filters
units. Another advantage of GuHClI is that disulfide bond reduction can be performed at elevated
temperatures without the risk of introducing unwanted protein modifications as occurs with
urea. Similar protein identification rates are observed when comparing urea to GuHCI when used
in combination with Lys-C (Poulsen et al., 2013). GuHCl is seldom used in proteomics studies as
trypsin only tolerates minimal concentrations (Proc et al, 2010). However, since the FASP
method allows for effective buffer exchange, GuHCI can be used during the sample preparation as
long as it is exchanged prior to addition of trypsin. Both methods were evaluated and the results
showed more efficient solubilization of the mucus in GuHCIl and an increase in peptide
identifications of mucus associated proteins as compared to SDS/urea (data not presented).

Enrichment of membrane proteins (II and V)

Analysis of membrane spanning proteins was used to identify the GalNAc transferases expressed
in the colonic epithelium in paper II, and to characterize and profile all membrane spanning
proteins along the human colon in paper V. In standard proteomics workflows, membrane
proteins are often underrepresented because of their amphiphilic properties. Various methods for
enriching membrane proteins have been developed over the years, varying from extraction of the
total membrane pool to specific isolation of the plasma membrane (Vuckovic et al., 2013). The
traditional methodology relies on mechanical or osmotic disruption of the cells followed by
density gradient centrifugation. This type of approach requires relatively large amounts of
starting material and is therefore not ideal for the small tissue biopsies that were used in both
paper II and V. Instead we used an established method for enrichment of membrane proteins
based on sodium carbonate washes at high pH in combination with ultracentrifugation (Fujiki et
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al., 1982; Wu et al., 2003). This method is less specific compared to other described methods but
can be used to efficiently enrich both the plasma membrane and intracellular membranes from
small sample quantities. Using this method around 50% of the proteins identified in paper I and
IT contained membrane spanning regions, including the GalNAc-transferases found in the Golgi

membrane.

Chromatography (I, IL, III, IV and V)

Chromatography is an essential tool in proteomics, used to reduce the protein and peptide
complexity in a sample prior to mass spectrometry analysis (Neverova & Van Eyk, 2005). The
limiting factor in a typical experiment is the analysis speed and sensitivity of the mass
spectrometer. Separation of a tryptically digested protein sample into multiple fractions will
increase the depth of the analysis and improve sequence coverage, resulting in an increased
number of identified proteins and more accurate protein quantification. The separation of
proteins by size using SDS-PAGE is the simplest method used to reduce sample complexity.
However, a wide range of fractionation strategies for both proteins and peptides are available.
These methods often combine multiple separation techniques, as single dimension separation
often is inadequate. Various types of chromatography can be used prior to protein digestion such
as size exclusion, ion exchange, and reverse phase. At the peptide level, reverse phase, ion
exchange and isoelectric focusing are the most common separation strategies. The benefit of
performing chromatography at peptide level is the smaller variety in physical and chemical
properties between peptides compared to proteins, and the higher resolving power. In the case of
analysis of mucus, reduction of sample complexity was performed at the peptide level due to the
biochemical properties of the mucus. The MUC2 mucin forms large oligomers that upon
secretion are a few million Dalton in mass, and even after reduction of the disulfide bonds the
protein size far exceeds that of all other proteins in the sample. In addition, the heterogeneity in
glycan modifications will vary the biophysical properties of each molecule, which hinders
selective fractionation. When digested into peptides the majority of the MUC2 peptides will have
similar properties as peptides derived from proteins found in the mucus gel, allowing for
simultaneous analysis of the different mucus components.

Peptide fractionation by offline chromatography (I and V)

The separation of a peptide mixture in one dimension is often not sufficient to adequately
identify all of its components by mass spectrometry. Therefore, an additional separation step can
be added off-line to separate the peptide mixture into multiple fractionations, or even in an
additional dimension. In principle, any type of chromatography can be used to separate the
peptides, while the final online separation is typically reverse phase chromatography (Wang &
Hanash, 2003). Various methods are commonly applied such as: strong-anion exchange, strong-
cation exchange, high pH reverse phase and off-gel isoelectric focusing (Lau et al., 2011; Branca et
al., 2013). When selecting a separation method one needs to consider that the final stage is based
on peptide hydrophobicity under acidic conditions and the first dimension should be orthogonal
to this method. Under ideal conditions this will result in fractions of equal complexity that elute
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in a broad window from the LC-RP column. In this thesis work, off-line peptide separation was
performed using HILIC, which allowed for a more in-depth analysis of the complex samples in
paper II and V, and improved separation of the different glycopeptide isoforms in paper II.
HILIC was introduced in the 1990s and is based on a hydrophilic stationary phase, and a
hydrophobic mobile phase, and is mainly used for analysis of small molecules (Alpert, 1990).
Peptides elute in a reversed order as compared to standard reversed phase with the hydrophilic
peptides eluting at the end of the gradient. Although HILIC is mainly used to separate small
molecules, recent studies have shown that it also performs well in a variety of proteomics
applications (Di Palma et al, 2011; Engholm-Keller et al., 2011). The sole use of water and
organic solvents as the mobile phase allows for direct analysis of the collected fractions after
lyophilizing and reconstitution without further sample cleanup. In glycoproteomics HILIC is
used to separate glycans and glycosylated peptides, and to differentiate between different isomers
(Wubhrer et al., 2009). Glycopeptides have a longer retention time compared to non-glycosylated
peptides due to the hydrophilic character of the glycan, which makes it possible to separate
glycopeptides from non-modified peptides (Hagglund et al., 2004). In paper II a standard O-
glycosylated peptide could efficiently be separated based on the number of GalNAc modified
residues, supporting the use of HILIC in improving the resolution of glycopeptide analyses.

Peptide separation by online chromatography (1, 11, 111, IV and V)

Chromatography directly coupled to a mass spectrometer is referred to as LC-MS. The
chromatography step concentrates the peptides on the column prior to elution into the mass
spectrometer, which increases the sensitivity. The method allows for direct analysis of the eluting
peptides, but is limited to ESI ionization. The number of peptides that can be analyzed by LC-MS
depends on the column length, the column inner diameter, the packing material, the temperature
and the length of the gradient (Shen et al, 2001; Luo et al., 2005; Xu et al, 2009). One
requirement for direct analysis of the eluting peptides is that the solvents used during
chromatography are compatible with the mass spectrometry analysis and do not interfere with
the ionization process. This excludes the use of most salts, and limits the chromatography mainly
to reverse phase for the analysis of peptides. In the presented work we used reverse phase
chromatography on C18 material that retains the peptides in aqueous solutions, that will then
elute over an organic solvent gradient depending on hydrophobicity. The columns were packed
in-house with 3um C18 material in fused silica capillaries with an inner diameter of 75 - 100 um.
Each chromatographic setup was composed of two separate columns, one so called pre-column, a
short column used to trap peptides during sample loading (5 cm long, 100 pm inner diameter)
and an analytical column for the actual chromatographic separation (15 - 20 cm long, 75 pm
inner diameter). The pre-column was connected between two micro-tees connected to a divert
valve allowing sample loading at high flow rates, while using a split to reduce the flow during the
actual elution of the peptides over the chromatographic column (Meiring et al., 2002). This
configuration was chosen to be able to efficiently load peptides onto the setup, while the split
allowed the use of reduced flow rates in the nl/min range without using a nano-LC system. The
length of the gradient was adapted to the expected complexity of the analyzed samples and ranged
between 30 and 90 minutes.
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Mass spectrometry (I, IL, III, IV and V)

The majority of the presented work in this thesis is based on mass spectrometry analysis, an
essential tool in the field of proteomics. We used a linear ion trap-orbitrap (LTQ-Orbitrap) for all
MS analysis, composed of an ESI interface coupled to an ion trap mass analyzer allowing the
transfer of ions via a C-trap into an orbitrap mass analyzer. The instrument is equipped with
three different types of fragmentation techniques, ETD, CID and HCD. The first two are
performed in the ion trap and for HCD a dedicated cell is coupled to the back of the C-trap. Both
ion trap and orbitrap can be used for fragment ion detection, and the preferred fragmentation
and detection method is selected depending on the preferred experimental outcome. In the
following sections the use of various mass spectrometry strategies and their applications will be
discussed.

Characterization of O- and N-glycopeptide modifications (II and III)

Mass spectrometry is the primary tool used for the study of site-specific protein glycosylation.
Characterization of glycoproteins is mainly performed at the peptide level after enzymatic
digestion, identifying both the amino acid sequence and the glycan structure attached. The
information obtained from glycopeptide spectra is dependent on the fragmentation method
applied. When applying CID fragmentation, the main fragments observed will be from the
cleavage of the glycosidic bonds characterized by abundant Y-type ions and diagnostic B-type
oxonium ions (Huddleston et al., 1993). Fragments from the peptide backbone are normally not
observed. On the contrary ETD or ECD results in selective fragmentation of the peptide
backbone (Wuhrer et al, 2007). The combination of the two complementary fragmentation
techniques results in spectra from which both peptide and glycan composition can be elucidated.
Identification requires the manual validation of the spectra as no algorithms are available to
efficiently analyze the spectra. Low mass oxonium ions typical for glycan backbone fragmentation
can be used as indicator that a spectra is derived from a glycopeptide.

The characterization of N- and O-glycosylation in this thesis was performed on the MUC2 C-
terminal in paper III, and on a synthetic peptide in paper II. Mass spectrometry analyses were
performed on glycopeptides using HCD fragmentation with fragment detection in the orbitrap.
The high mass accuracy of the orbitrap makes the selection of potential glycopeptide derived
spectra based on the oxonium ions more straightforward. The peptide sequences were identified
based on manual interpretation of ETD spectra.

Identification of proteolytic cleavage sites (paper I1)

Proteolytic processing of a protein is considered a post-translational modification that
irreversibly modifies its function. Studies of the specificity of this type of modification is
challenging, as our genome encodes for several hundred different proteases which limits the
majority of the research in this field to in vitro techniques (Puente et al., 2003). More recently,
proteomics approaches have emerged that specifically focus on capturing these events in cells and
tissues by targeting the neo N-termini formed after proteolytic hydrolysis of the peptide bonds
(Doucet & Overall, 2008). Identification of the neo N-termini as a result of proteolytic cleavage of
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a protein is possible by specific labeling that distinguish these from other peptides during MS
analysis. Labeling of primary amine groups (N-termini and lysines) can be performed prior to
protein digestion using various amine reactive reagents; after tryptic digestion newly formed
internal peptide N-terminal amine groups can be differentially labeled or negatively enriched
before mass spectrometry analysis (Kleifeld et al., 2010). For mass spectrometry analysis it is
important to select a labeling reagent that adds a fixed charge to the N-termini to enable the
detection of sequence ions upon fragmentation. In paper II we identified the neo N-termini after
proteolytic cleavage of MUC2 by labeling with trimethoxyphenyl phosphonium (TMPP) a
reagent originally introduced to enhance sequencing by MALDI based mass spectrometry
(Huang et al., 1997). The labeling reaction was performed at a controlled pH at which only the a-
amines are labeled due to their lower pKa value as compared to the lysine side chains (Huang et
al., 1999). The protein was digested after the labeling reaction and the peptides were analyzed by
LC-MS/MS. The derivatized peptides were identified based on their modified N-termini, in
combination with their increased retention time. Addition of a TMPP label increases the peptide
hydrophobicity, resulting in elution outside the window where the majority of the peptides elute
(Gallien et al., 2009).

Identification of disulfide linked peptides (IV)

Disulfide bonds formed between cysteines are important for protein folding and stabilization of
secondary and tertiary structures. Therefore, identification and characterization of their location
can help to understand how a protein is folded and is structured. Most of the current knowledge
on protein disulfide linkages comes from detailed protein structures obtained by NMR or X-ray
crystallography, which are time-consuming techniques that require large quantities of protein.
Disulfide linked peptides can also be analyzed by mass spectrometry, however this approach is
faced with various technical challenges (Gorman et al., 2002). Firstly, the majority of algorithms
developed for the identification of peptides by mass spectrometry are not designed to identify two
peptides linked together and present in a single fragmentation spectrum. For this reason in a
general proteomics experiment disulfide bonds are reduced, thus information regarding disulfide
bonds is lost. Secondly, disulfide bonds do not dissociate during CID or HCD fragmentation,
resulting in limited sequence information. Thirdly, sample handling can induce rearrangement of
disulfide bonds when free cysteine is available and/or when protein digestion is performed at
neutral or alkaline pH (Ryle & Sanger, 1955). However, recent advances have been made assisting
in the analysis of linked peptides with the introduction of algorithms dedicated to deal with
identification of cross-linked peptides in simple protein mixtures (Choi et al., 2010; Yang et al.,
2012). Furthermore, the availability of ETD on orbitrap mass spectrometers that enables
dissociation of disulfide bonds, in combination with CID/HCD allows for systematic analysis of
disulfide bridges (Liu et al, 2014). Disulfide scrambling can be limited by alkylation of free
sulthydryl groups, and protein digestion under slightly acidic conditions.

Identification of which specific cysteine residues are linked via disulfide bonds was of great
interest in this thesis work for the characterization of the cysteine rich CysD domain in MUC2
responsible for oligomerization of the protein. We characterized the intramolecular disulfide
bonds of the CysD domain using Asp-N protein digestion followed by CID fragmentation. This
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approach allowed us to identify the potentially disulfide-linked peptides by database searches
using Mascot against a specially designed database containing all possible inter- and
intramolecular linked peptide combinations for CysD as single entries after Asp-N digestion
(Singh et al., 2010). Candidate spectra were manually curated, and all linked cysteines were
identified. No disulfide rearrangement was observed although protein digestion was performed at
basic pH.

Label free peptide quantification (I and V)

Mass spectrometry based proteomics is not directly quantitative as the response from the mass
analyzer depends on the ionization efficiency of the peptide, which in turn depends on the
chemical properties of the combined amino acids in the peptide sequence (i.e. length, charge and
hydrophobicity) (Eyers et al., 2011). Peptides derived from the same protein will therefore give
different signal intensities when detected in the mass spectrometer. Comparison of the combined
signal for all identified peptides assigned to a protein provides a good relative estimation of its
abundance when comparing two samples. The relative protein abundance can be compared using
either stable isotope-labeling methods, or label-free methods as described earlier (Ong & Mann,
2005). A label-free method based on the extracted ion-chromatograms (XIC) was chosen for the
quantitative work presented in this thesis. The method was selected for its flexibility as it can be
applied to basically any sample type, allowing comparison of a larger numbers of samples as in
paper 1. Another option would have been spectral counting, but this approach was not considered
due to its limitations when using long exclusion times, and the poor performance for small
proteins (Zhang et al., 2009). The XIC method has its own limitations, as samples are prepared in
parallel which could result in unexpected variations, and the method is hampered by the low
sensitivity of detection of small changes in protein abundance (Asara et al., 2008). To compensate
for possible variations in sample preparation introduced during and after protein digestion, a
titrated mixture of stable isotope-labeled standard peptides was added to each sample, and used
to normalize the data after acquisition. This approach allowed us to compare the relative protein
abundance between over one hundred different samples. A similar approach was applied in paper
V to profile the relative expression of membrane proteins along the colon. The use of isotopic
labeling was considered, with isobaric labeling as the only feasible option with the number of
samples and origin. Quantification using isobaric labels is performed after peptide fragmentation
by detection of different low-mass reporter ions that are specific for each individual sample (Ross
et al., 2004). These specific ions are not retained when performing CID fragmentation with ion-
trap detection, however, this can be overcome by performing pulsed Q dissociation (PQD),
although the efficiency is debated and will require instrument dependent optimization
(Bantscheff et al., 2008). An alternative method available on linear ion trap-orbitrap instruments
is HCD fragmentation with detection of the fragment ions in the orbitrap. However, the optimal
collision energy required for accurate peptide quantification is generally higher than what is
required for optimal peptide identification (Dayon et al., 2010). Therefore both CID and HCD
spectra are often acquired for each precursor, performing quantification on the HCD spectra
while using the CID spectra for peptide identification (Kdcher et al., 2009). This strategy results
in a significant increase in duty cycle and in theory limits the number of unique spectra sampled
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by 50%. We therefore decided to use label-free quantification based on XIC as presented in paper
V.

Protein identification by mass spectrometry (1, II, 111, IV and V)

Identification of peptides from fragmentation spectra is a key step in mass spectrometry based
proteomics. The data acquisition speed of modern mass spectrometers enables sequencing of
thousands of peptides per hour, demanding efficient algorithms for protein identification and
quantification. Developments of search algorithms for interpretation of peptide fragmentation
spectra started in the late 1990s with the introduction of Sequest and Mascot (Link et al., 1999;
Perkins et al., 1999). Before that period, peptide identifications were solely performed on the basis
of the peptide mass, or by manually interpreting a small stretch of amino acids in an MS/MS
spectra, which combined with the size of the N- and C-terminal fragments was matched against a
protein database (peptide sequence tag) (Mann & Wilm, 1994). The basic difference in the new
algorithm introduced was the use of theoretical fragmentation of a peptide for comparison
towards the observed fragments in the spectra. Today there are various additional database search
engines available, such as OMSSA (Geer et al., 2004), Xtandem! (Craig & Beavis, 2004)
Andromeda (Cox et al., 2011) and Crux (Park et al, 2008). The main difference between these
programs is that they use different methods to score the fragmentation spectra, which will result
in slight variations in the proteins identified. Combining the results from multiple search engines
will therefore increase the number of protein identifications (Mcllwain et al., 2014).

We used Mascot for its overall good performance, and Andromeda for all of our quantitative
experiments as it is integrated into the MaxQuant environment. Andromeda has some additional
features that are not available in other software. It corrects the data at the MS level for systematic
errors by performing a first and secondary search on recalibrated data, as well as an additional
search for co-isolated peptides by removing the identified fragments and re-searching the spectra
once more (Kryuchkov et al., 2013).

Biopsy collection (I, IT and V)

All experiments involving human tissue were approved by the ethical committee of the
Sahlgrenska University Hospital. Written informed consent was obtained from all study subjects.
In the present thesis, a large number of subjects were included in the various studies. The control
material consisted of patients that were referred to colonoscopy for reasons such as bleedings of
unspecified origin, polyp surveillance, diverticulitis or altered bowel habit, in which the
colonoscopy and the macroscopic appearance of the mucosa was normal. The control patients in
paper V were specifically selected to have no intestinal disease history. In addition to the control
subjects, UC patients were included in the different studies presented in paper I. The UC patients
were either referred to colonoscopy as a part of their disease surveillance program or due to
clinical reasons related to the disease. The disease activity was evaluated in two ways. First by the
gastroenterologist performing the colonoscopy via the endoscopic Mayo score (Lewis et al.,
2008), and then by a pathologist that evaluated the clinical biopsies obtained from the respective
segments: caecum, ascending colon, right colon, transverse colon, left colon, descending colon,
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sigmoid colon, and rectum. The UC patients were divided into two groups; remission and acute
inflammation. The remission patients had an endoscopic Mayo score 0 and patients with acute
inflammation had Mayo scores 1 to 3 and the histological profile was characterized by at least the
presence of cryptitis or crypt abscesses. All patients underwent colonoscopy due to their own
clinical symptoms or disease and the only additional procedure that was related to the research
studies was obtaining extra biopsies. Data obtained from patients were collected in such a way
that the patients’ identities were kept confidential. Since our control group consisted of patients
that were referred to colonoscopy due to various medical reasons it is possible that this patient
group diverge from a control group composed of healthy volunteers with no history of bowel
disorders.
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RESULTS AND DISCUSSION

Composition of the human colonic mucus in control and UC patients (Paper I)

The main findings in paper I were:

* The human colonic core mucus is composed of approximately 50 proteins that were
consistently identified in over 100 patients.

* We identified novel proteins providing new insights into the function of the highly
organized mucus layer, such as CHGA, RNASE3 and CTSZ.

* The abundance of the known mucus components MUC2, FCGBP, CLCA1 and ZG16 was
decreased in active UC patients.

* The previously observed loss of barrier function of the mucus layer could be correlated to
reduced abundance of the main structural components MUC2 and FCGBP.

Ulcerative colitis (UC) is one of the most predominant inflammatory bowel diseases, causing
chronic reoccurring inflammation of the colonic mucosa (Danese & Fiocchi, 2011). The
underlying pathogenesis is still unknown, but one common hypothesis is that a genetically
predisposed individual in combination with external factors will develop inappropriate immune
responses towards the commensal flora. This will most likely involve more direct interaction
between the microbiota and the host, which is in general prevented by the inner mucus layer
(Johansson et al., 2008). The protective inner mucus layer of the human colon is a highly
structured system composed of multiple proteins. Patients with UC have an inner mucus layer
that is more penetrable to bacteria, something that could be caused by an altered protein
composition (Johansson et al., 2014). In the present study we explored the mucus composition of
healthy human colon, and compared the relative protein abundance between control patients and
UC patients in various stages of the disease.

Sigmoid colon biopsies were collected from 111 patients undergoing routine colonoscopy,
including 47 controls and 64 patients with UC, 36 of whom had active disease, and 28 in
remission. Mucus samples were collected ex vivo from two biopsies per patient after 1 hour of
incubation in a horizontal Ussing-type chamber (Gustafsson et al., 2012b). The collected mucus
was on-filter digested (FASP) by trypsin, and the resulting peptides were analyzed by LC-MS/MS
(Wisniewski et al., 2009). Both protein identification and quantification were performed using
the MaxQuant software package (Cox & Mann, 2008). These analyses resulted in the
identification of over 1,500 different proteins, with a median of 955 proteins for the control group
and 910 proteins for the UC patient group. These numbers comprise both the true mucus
proteins, and protein derived from shed cells. True mucus components were distinguished from
the background by applying the criteria that mucus proteins should contains either a signal
peptide, membrane spanning domains or being lipidated, and the protein should be present in
95% of the samples. By applying these criteria on the initial protein list, we selected a group of 48
proteins that we consider to be the core mucus proteome.
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Protein-protein interaction network analysis on this subset of proteins suggested that most
are part of networks with similar biological function. The majority of the identified proteins were
associated with two distinct functional groups: the established mucus components, and a set of
ER proteins responsible for protein biosynthesis. Proteins in the latter group all have a signal
peptide sequence, and an ER retention motif. Despite the fact that the majority of these proteins
will be retained in the ER, we did not exclude this group from the mucus proteome since they
fulfilled the inclusion criteria. Furthermore, certain protein disulfide isomerases have been shown
to have additional functions outside the ER (Turano et al., 2002).

The selected mucus proteins plus an additional 7 proteins that were identified in 95% of the
UC patients were then used for further comparative analysis between the different patient groups.
Firstly we investigated potential protein-protein interaction partners by correlating the
abundances of the respective proteins between all the patients. When proteins are part of a
complex one would expect similar ratios in abundance in all the analyzed samples (Smits et al.,
2012). Cluster analysis was performed on the correlation matrix and confirmed the results
showing that the core proteome is composed of two functional groups; this analysis grouped
together the proteins with an ER retentions signal, and the group of previously identified mucus
protein (Johansson et al., 2009).

These analyses did not reveal any major differences in the composition of the mucus
proteome when comparing control and UC patients, and we proceeded to investigate whether the
protein abundance levels differed between the three patient groups. The results showed that 14 of
the 55 mucus proteome candidates were significantly changed between the groups. The largest
variation in abundance level was observed between the controls and active UC patients. All the
established mucus components (i.e. MUC2, FCGBP, ZG16 and CLCA1) were less abundant in
the active UC patient group, independently of the degree of inflammation as assessed by the
endoscopic Mayo score (Lewis et al., 2008). One protein, RNASE3, was found to be more
abundant in the active UC patients compared to the controls. RNASE3 was the only protein in
the curated dataset that is secreted from immune cells in the lamina propria. This small
eosinophil cationic protein has been shown to have a bactericidal effect, and was shown earlier to
be more abundant both during acute inflammation and in remission (Saitoh et al., 1999).
RNASE3 was also the only established antimicrobial protein identified in the mucus, indicating
that the thickness and density of the colonic mucus layer is sufficient to keep the bacteria at a
distance from the epithelium. This is in contrast with the small intestine where Paneth cells
actively secrete defensins and other proteins to keep the crypt sterile.

A subset of the control and UC patients included in this study were also included in a
previously published study by our group focusing on the quality of the secreted mucus by
measuring the penetrability to beads the size of bacteria (Johansson et al., 2014). This study
showed that UC patients with active disease secreted mucus that was more penetrable compared
to that from control patients. To assess whether an increase in mucus penetrability correlated
with the observed decrease in abundance of the structural mucus components MUC2 and
FCGBP, we compared mucus penetrability against protein abundance. The results showed that
patients with low levels of MUC2 and FCGBP had a more penetrable mucus, suggesting that in
UC patients the secreted mucus is composed of less structural molecules, resulting in greater
penetrability.
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The presented work represents the first systematic study into the composition and relative
protein abundance of the human colonic mucus. No major changes in mucus protein
composition were observed between the different groups. However, fourteen proteins were found
to have significantly altered levels between the control group and the UC patients. Thirteen
proteins where less abundant in the active UC patients, including the major structural
components of the mucus layer MUC2 and FCGBP. These two proteins were present in the
mucus in an equimolar ratio suggesting that these proteins are secreted as part of an oligomeric
network (Johansson et al., 2009). The abundance of these two proteins could also be correlated to
previously published data on the quality of the secreted mucus, where low abundance of MUC2
and FCGBP was associated with increased mucus penetrability to beads the size of bacteria
(Johansson et al., 2014)

In summary, the inner colon mucus layer is a dynamic structure that in the healthy colon
efficiently separates the luminal bacteria from the epithelium. During acute inflammation the
inner mucus layer is transformed to a structure that is more penetrable to bacteria. This loss of
barrier function must have a biochemical explanation, and the current work suggests that lower
levels of the MUC2 mucin and other goblet cell products results in secretion of a less dense and
more penetrable mucus gel that does not provide the same level of protection.

Mucin degradation by bacterial proteases (Paper II)

The main findings in paper II were:

* The bacterium Porphyromonas gingivalis secretes a cysteine protease (RgpB) that can
degrade the MUC2 mucin.

* The cleavage sites were found in the C-terminal region similar to previous observations
for a protease secreted by Entamoeba histolytica.

*  We identified the GalNAc-transferases expressed in the human colon and identified T3
and T7 to be responsible for the O-glycosylation around the cleavage site, preventing
degradation.

* Co-expression of the GalNAc-transferases T3 and the MUC2-C terminal made the
protein resistant to proteolytic degradation by RgpB.

The human gut hosts our commensal flora that is composed of over 1,000 bacterial species,
reaching the highest density in the colon. The majority of these organisms belongs to the phyla
Bacteroidetes and Firmicutes and are primarily found in the large intestine, where they live in the
lumen and in the outer loose mucus layer (Qin et al., 2010). The density of the inner mucus layer
physically prevents bacteria from reaching the epithelium, thereby creating a bacteria free region
between the sterile tissue and the lumen. Pathogenic bacteria such as Citrobacter rodentium have
developed specific mechanisms to colonize the inner mucus layer in mice causing severe diarrhea
(Bergstrom et al., 2010). It is presumed that pathogenic bacteria express adhesins and proteases
that allow them to overcome the mucus layer by binding and degrading the MUC2 mucin. This
mechanism of colonization has been shown for the enterotoxigenic Escherichia coli. These
bacteria are able to proteolytically degrade MUC2 by secretion of a serine protease (EatA),
belonging to the serine protease autotransporters of the Enterobacteriaceae family found in a
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broad range of pathogenic E. coli strains (Kumar et al., 2014; Ruiz-Perez & Nataro, 2014).
Previous research by members of our group have shown that the parasite Entamoeba histolytica
has a similar mechanism to degrade the mucus layer by proteolytically cleaving MUC2 at two
sites in the C-terminus (Lidell et al., 2006). One of these cleavages occurred in a region just
outside the PTS domain where the protein is not stabilized by disulfide bonds. Cleavage in this
region will therefore dissolve the oligomeric structure of the mucus, and allow the pathogen to
access the underlying epithelium. In this study we screened several bacterium for their potential
to secrete proteases that are proteolytically active on the MUC2.

The study was performed using two recombinant proteins comprised of either parts of the N or
C-terminus of MUC2. The recombinant N-terminal protein was composed of the first 1792
amino acids, and the C-terminal construct covered the last 981 amino acids (Godl et al., 2002;
Lidell et al, 2003a). The recombinant proteins were incubated overnight with culture
supernatants from various bacterial species. The initial screening step showed that the
supernatant from the bacterium Porphyromonas gingivalis contained a protease that was able to
cleave the MUC2 mucin. Analysis by SDS-PAGE was performed under reducing and non-
reducing conditions and the results showed that secretions from P. gingivalis did not affect the
MUC2 N-terminus, but degraded the MUC2-C dimer by cleaving the molecule at two positions.
To identify the protease responsible for this proteolytic activity, the culture supernatant was
fractionated by ion-exchange chromatography and the proteolytic activity of the different
fractions was determined. Fractions that were able to cleave the MUC2-C protein were resolved
by SDS-PAGE, and the protein content was characterized using mass spectrometry. These
analysis identified three proteases, two arginine-gingipains (RgpA and B) and one lysine-
gingipain (KgP), all associated with the pathogenicity of P. gingivalis (Guo et al., 2010). Mutant
bacterial strains deficient in the respective proteases were used to determine which of the three
candidates was responsible for the cleavage. The results showed that the cysteine protease RgpB
was responsible for the cleavage. This observation was further supported by pre-incubating the
supernatant with the cysteine protease inhibitor E64, which abolished the proteolytic activity.

The exact cleavage sites were determined by protein N-terminal specific labeling and mass
spectrometry analysis (Bertaccini et al., 2013). One of the sites was shown to be in close proximity
to the cleavage site previously observed for E. histolytica (Lidell et al., 2006). This site allows
disruption of the mucus gel, as it will not be stabilized by disulfide bonds any longer. However it
is localized in a region of the protein that contains a high number of serine and threonine
residues which have the potential to become O-glycosylated. The effect of O-glycosylation on the
protein backbone on the protease activity was determined by in vitro glycosylation of a synthetic
peptide (amino acid 4,306 — 4,335) covering the cleavage site. Proteomic analysis was conducted
on isolated epithelial cells from human colonic tissue to determine which of the GalNAc-
transferases are expressed in the tissue, as the 20 family members have different substrate activity
(Bennett et al., 2012). The GalNAc-transferases T1 - 5, 7 and 12 were identified, of which the first
five are peptide specific, and T7 and T12 are glycopeptide specific, meaning they require initial
GalNAc residues on the peptide for activity. The efficiency of the in vitro glycosylation of the
synthetic peptide was determined by mass spectrometry using ETD fragmentation for the
localization of the modified sites. Addition of one GalNAc to the threonine at the P2’ position
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from the cleavage site by GalNAc-transferase T3 abolished the proteolytic activity of RgpB.
Interestingly, when the T3 glycosylated peptides were further processed by T7, nine out of ten
potential O-glycosylation sites were found to be modified, highlighting the density of O-
glycosylation of MUC2 that can be achieved. These results were confirmed in vivo by co-
expressing the MUC2-C and GalNAc-T3 in CHO-K1 cells. The resulting recombinant protein
was resistant to degradation by RgpB, and immunohistochemistry of colonic sections confirmed
the localization of the GalNAc-T3 to the goblet cells.

These results highlight the importance of O-glycosylation on the MUC2 mucin in protecting
the mucus from proteolytic degradation. Commensal bacteria express exoglycosidases for
sequential release of carbohydrates and as the mucus is continuously secreted this degradation is
in balance with the newly formed mucus. Pathogens such as the bacterium identified in this work
express proteases that instead act on the protein backbone, resulting in rapid degradation of the
mucus layer, potentially causing an inflammatory response. The majority of the unstructured
PTS-domain is protected by O-glycans, and outside the PTS region the protein is protected from
degradation by both N- and O-glycosylation in combination with extensive disulfide bonding.
The high density of O-glycans is in general considered to be sufficient to protect the protein
backbone, however, we show in this study that selected sites have to be modified to render the
molecule resistant to proteases secreted by bacteria and the E. histolytica parasite.

Although the sequence homology of human MUC2 and mouse Muc2 is high, the arginine
required for cleavage by RgpB is lacking in the mouse sequence, suggesting that mouse mucus is
resistant to degradation by P. gingivalis as well as E. histolytica. This is supported by the fact that
mice are naturally resistant to infection by E. histolytica. P. gingivalis is associated with
periodontitis in the oral cavity, and the incidence of the bacterium in the gut is unclear, however
members of the Porphyromonadaceae family are found in the human GI tract. The observation
that both E. histolytica and P. gingivalis secrete proteases that act around the same site, suggests
that this region is a susceptible region in the human MUC2 mucin that requires modification by
O-glycosylation to protect it against degradation.

Characterization of the complex N- and O-glycosylation on the MUC2 C-terminus (Paper III)

The main findings in paper III were:

* Full characterization of a complex glycoprotein can be achieved by the use of
complementary proteases in combination with ETD and HCD fragmentation, and
accurate mass spectrometry.

* Almost all predicted N-glycosylation consensus sequences on MUC2 were found to be
modified (17/18) and over 52 different glycopeptide forms were identified.

* O-glycosylation outside the PTS region was observed for the first time on MUC2,
revealing 4 specific sites.

The extensive glycosylation on the MUC2 mucin is an important feature of the molecule and
essential for formation of a functional mucus layer. The attached glycans account for an estimated
80% of the mass of the secreted protein and are mainly found on the two central PTS-domains
(Carlstedt et al., 1993). The PTS-domains are largely composed of repeats of the amino acids
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serine, proline and threonine; length, sequence and mucin specific. The added O-glycans are
responsible for binding water and a selective niche for bacteria (Hooper & Gordon, 2001). The
two terminal regions of the protein contain 30 predicted N-glycosylation consensus sequences, 12
in the N-terminal, and 18 in the C-terminal part of the protein. The significance of N-
glycosylation on mucin molecules has not received much attention. It has been suggested that N-
glycosylation of the two terminal regions of MUC2 are responsible for folding of these regions in
the ER and for further multimerization (Asker et al., 1998). Mutation of the 9™ N-glycosylation
consensus sequence in the cystine-knot results in intracellular accumulation of MUC2, and
significant loss of dimer formation (Bell et al., 2003). The role of O-glycosylation outside the
tandem repeats is unclear although it was recently shown that MUC1, MUC4, MUC5B, MUCIS6,
MUC17, and MUC20 bear O-glycans outside the PTS region (Steentoft et al., 2013). Studies of
MUC2 O-glycosylation by mass spectrometry is routinely performed by releasing the glycans
from the protein backbone and analyzing the released structures (Karlsson et al., 1997). The
majority of glycans detected by this method will be from the PTS domains, however all site-
specific information is lost by releasing the glycan from the protein backbone, making it
impossible to determine site occupancy. Here we explored the possibility of studying site specific
N- and O-glycosylation on the MUC2 C-terminus by digesting the protein backbone into
glycopeptides. These smaller glycopeptides can then be subjected to mass spectrometry analysis to
characterize both site occupancy and glycan composition. To enable identification of all potential
glycosylation sites we digested the protein with multiple enzymes, both specific and non-specific
(Clowers et al., 2007; Swaney et al., 2010).

We used a recombinant protein (MUC2-C) composed of the last 981 amino acids of the human
MUC2 (amino acids 4198 -5179) flanked at the N-terminal side by GFP and a Myc tag (Lidell et
al., 2003a). The purified, reduced and alkylated protein was analyzed by gel electrophoresis, and
the fully glycosylated protein migrated at approximately 250 kD. The band was excised, subjected
to in-gel digestion using trypsin, and analyzed by LC-MS/MS. This approach resulted in a
sequence coverage of 36% based on the identified unmodified peptide sequences, and 39% when
analyzing the de-N-glycosylated protein. To increase peptide coverage we evaluated other
enzymes for protein digestion. Asp-N, subtilisin, and chymotrypsin were used to digest de-N-
glycosylated recombinant and the peptides were analyzed by LC-MS/MS. Asp-N did not increase
the sequence coverage, however subtilisin and chymotrypsin increased the combined coverage to
86%. The N-terminal part of the recombinant MUC2-C protein resembles the PTS regions and
lacks potential cleavage sites for the enzymes used in this study. Due to this, the N-terminal part
was not covered in our analysis, which is the main reason why full sequence coverage was not
achieved.

Seventeen out of the eighteen predicted N-glycosylation sites were found deamidated after
PGNase F treatment, indicating prior attachment of an N-glycan. When analyzing the N-
glycosylated protein, 52 N-glycopeptides were identified including 38 glycoforms at 10 of the 18
potential N-glycosylation consensus sites. A broad heterogeneity was observed for the individual
sites with up to seven forms per peptide. The spectra of 15 O-glycopeptides covering four
different sites were elucidated in the different enzymatic digests. These results showed for the
first time that O-glycosylation of MUC2 occurs outside the PTS domain. The characterized
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structures were simple core-1 type structures with a maximum of 4 glycan residues, commonly
observed in CHO-K1 cells that were used to produce the recombinant protein.

We could demonstrate that substantial information on site-specific glycosylation of a large
purified glycoprotein can be obtained by combining standard proteomics methods without
further preparative steps enriching for glycopeptides. This is an attractive approach to use when it
is possible to obtain purified starting material. Most methodologies described for glycopeptide
enrichment have the drawback of selecting for specific types of N-glycans or O-glycans, such as
lectin based approaches or by chemical modification of the glycans (Nilsson et al., 2009; Zielinska
et al, 2010). The identified N- and O-glycosylation sites add to information regarding the
structure of the molecule, and which sites that are protected against proteolytic degradation in the
intestine (Lidell et al., 2006; van der Post et al., 2013).

Function of the CysD domain in the MUC2 mucin (Paper IV)

The main findings in paper IV were:
* The second CysD domain in the MUC2 mucin forms non-covalent dimers.
* All cysteine residues are involved in formation of intramolecular disulfide bonds.

* The previously suggested C-mannosylated WXXW motif was unmodified in our analysis.

The major structural protein responsible for the formation of the mucus gel in the intestine is the
MUC2 mucin. MUC2 is comprised of five distinct regions: an N-terminal part with von
Willebrand D1-D2-D’-D3 domains and a CysD domain, a small PTS domain, a second CysD
domain, a large PTS (tandem-repeated) domain, and a C-terminal part with von Willebrand D4-
B-C domains and a cystine-knot (Perez-Vilar & Hill, 1999). The protein has been shown to form
disulfide-linked dimers between the C-termini in the endoplasmic reticulum (Asker et al., 1998),
and disulfide-linked trimers via its N-terminal region in the trans-Golgi network (Godl et al.,
2002). This results in highly organized oligomeric net-like structures that upon secretion form the
mucus layers that protect the underlying epithelium. Polymer formation is clearly depending on
the von Willebrand domains and cystine-knot (Ambort et al., 2012). However, the role of the
CysD domain has remained elusive. This domain is almost exclusively found in the secreted
mucins MUC2, MUC5B and MUC5AC, adjacent to or scattered within the heavily O-
glycosylated PTS-domains. The domain spans 97 amino acids and contains 10 conserved cysteine
residues, and a highly conserved WXXW motif of which the first tryptophan has the potential to
become C-mannosylated (Loffler et al., 1996). The CysD domain was recently adopted in various
protein domain databases as referred to as WxxW domain since this as the most conserved part
(IPR025155 and PF13330). To obtain a better understanding of the role of the CysD domain we
studied the function and biochemical properties of the second CysD domain in the human
MUC2.

The study was performed using a recombinant protein composed of a Myc tag, the second CysD
in human MUC2 (residues 1782-1878), exons 1- 3 of the murine IgG-Fc region, and a C-
terminal polyhistidine-tag. An enterokinase cleavage site was introduced between the CysD and
the IgG part to enable separation of the two parts after protein-G purification. In addition, a
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second  protein  construct was  generated in  which two  PTS  repeats
(PTTTPITTTTTVTPTPTPTGTQT) were added after the CysD domain. This construct was used
to study the effect of O-glycosylation on protein function. The first construct was analyzed by
SDS-PAGE under reducing and non-reducing conditions, with or without enterokinase
treatment. Under reducing conditions the CysD and IgG part of the protein were observed both
before and after enterokinase treatment. However, when analyzed under non-reducing
conditions the CysD part could not be observed after enterokinase treatment. This led to the
conclusion that removal of the IgG part results in formation of insoluble aggregates. These
aggregates are likely not formed in the full construct due to steric hindrance.

For further analysis, the recombinant protein was analyzed under native PAGE conditions
after gel filtration. The analyzed intact protein formed four distinct bands representing tetra-,
octa-, dodeca- and hexadeca-mers, with the first two as the predominate species. When the
combined fractions were reduced, only the monomeric band representing the CysD-IgG
construct was observed. Gel filtration following enterokinase treatment allowed for the separation
of the CysD and IgG parts both eluting as dimers as observed by native PAGE. The second
recombinant protein with the added PTS repeats showed similar results except for an increase in
mass due to the added glycan moieties, indicating that the dimers are held together via non-
covalent interactions, which could not be disrupted by analyses at varying pH and calcium
concentrations observed by gel chromatography. To confirm that no intermolecular stabilizing
disulfide bonds were formed between the domains the disulfide linkages were resolved by mass
spectrometry. The protein was resolved by SDS-PAGE under non-reducing conditions followed
by digestion with Asp-N, and the resulting peptides were analyzed. All ten cysteine residues of the
CysD domain were determined to form five intramolecular disulfide bonds, and no indications of
any intermolecular disulfide bonds could be found. In addition, the proposed C-mannosylation
site in the WxxW domain was found to be unmodified, which contradicts previously published
work on the CysD domains (Perez-Vilar et al., 2004). However, these studies were performed on
CysD domains from MUC5AC and MUCS5B, suggesting potential heterogeneity in the
glycosylation exists between CysD from different mucins.

This study showed that the CysD domain in the MUC2 mucin forms non-covalent dimers.
The in this study used recombinant protein contained the Fc region of mouse IgG known to form
3 intermolecular disulfide links resulting in secretion of the produced protein as a dimer.
However, after release of the IgG part the CysD still formed dimers, as confirmed by both native
PAGE and gel filtration analysis. Dimerization of the CysD resulted in even higher oligomeric
structure such as tetra-, octa-, dodeca- and hexadeca-mers as observed by native PAGE by
heteromerization of the IgG dimers.

Based on these results we propose that the CysD domain is responsible for additional cross-
linking of MUC2 in the mucus gel. As the CysD domains are found flanking the linear O-
glycosylated PTS-domains, this type of further cross-linking could be responsible for regulating
the pore size of the mucus gel. As the number of CysD domains and the distance between the
domains varies among different gel-forming mucins, it is expected that the respective mucins
produce a gels with a porosity that is adapted to the local requirements in the specific organ. Both
MUC5AC and MUCS5B contain a higher number of CysD domains compared to MUC2,
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suggesting that these proteins form a denser mucus gels. However, additional functional and
biochemical studies are required to confirm this hypothesis.

Profiling of the membrane protein expression along the human colon (Paper V)

The main findings in paper V were:

* The majority of the epithelial membrane proteins show stable expression along the length
of the colon.

* The human proximal colon participates in nutrient digestion and absorption.

* The relative expression levels of glycosyltransferases responsible for O-glycosylation can
be used as an indirect measurement of the terminating glycans found on the MUC2
mucin.

*  We confirmed regional differences in the expression of a number of ion-transporters, and
identified the segmental regulation of the goblet cell specific sodium bicarbonate co-
transporter NBCNI1.

The colon is a highly dynamic organ in which a single layer of epithelial cells separates the
densely colonized intestinal lumen from the largely sterile tissue, while still allowing active
transport over the membrane. One of the main functions of the colon is to reabsorb water, ions
and other key nutrients from waste material and recycle it back into the body, a processes known
to gradually change along the length of the colon (Sandle, 1998). Gene expression data have
shown that the expression level of various transporters and enzymes changes along the length of
the human colon (LaPointe et al., 2008). However, knowledge concerning the general protein
expression along the axis of the healthy human colon is still limited. Segmental variation in
protein expression is often ignored in studies of colonic function, although it is well known that
diseases such as UC and Crohn’s disease have clear segmental patterns. Improved understanding
of region specific protein expression could be used to unravel some of the underlying
mechanisms to why a disease manifests at a specific location in the colon. As all types of transport
over the plasma membranes involve transmembrane spanning proteins the focus of this study
was on this selected group of proteins.

Mass spectrometry analyses were performed on colonic biopsies obtained from the ascending,
transverse, descending, and sigmoid colon, thereby covering almost the entire length of the colon.
The protein composition was characterized and relative protein quantification was performed
using a label-free approach. The method used for relative protein quantification was based on the
sum of extracted ion-chromatograms for all peptides assigned to a protein (Chelius &
Bondarenko, 2002). Colonic tissue was obtained from patients with no known colon disease
history and with macroscopically normal mucosa. The epithelial cells were isolated from the
tissue followed by extraction of membrane proteins. A total of four patients were included in this
study, and the number of identified proteins ranged between 2,598 and 2,682 proteins per patient.
Since we were specifically interested in the segmental distribution of the identified proteins, only
the proteins that were identified in all four segments (1,729) were considered for further data
analysis. Hierarchical clustering analyses were performed based on the relative protein intensities
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for each protein in the different samples. The ascending and sigmoid segments from the different
patients grouped together in separate clusters while the transverse and descending segments
could not be differentiated. These results indicate that the two ends vary more in function
compared to the middle region of the colon.

The efficiency of the membrane protein enrichment method was evaluated as these proteins
tend to be underrepresented in proteomics studies due to their amphiphilic nature. Based on
protein abundance estimations it was observed that membrane proteins were among the more
abundant proteins (Schwanhdusser et al., 2011). This trend was also observed on a global level
when comparing the number of protein identifications in our study to the proteins that are
expressed in colon epithelia based on antibody staining (Uhlén et al., 2005). The percentage of
protein identifications was higher among the more hydrophobic proteins and the ones with
predicted transmembrane spanning domains, indicating that membrane proteins were efficiently
enriched in our analysis.

A total of 261 proteins were significantly (p < 0.1) regulated between the ascending-
transverse and descending-sigmoid colon. The biological functions of these proteins were used
for enrichment analysis to determine which functions changed the most. In the ascending colon,
protein synthesis was found to be the most enriched biological function. The more bioactive
active epithelium in the proximal colon has a higher cell turnover, which requires an increase in
protein biosynthesis. This observation is in line with the overall decrease in protein synthesis
observed along the small intestine that is expected to continue to decline towards the distal colon
(Nakshabendi et al., 1999). Furthermore, metabolic processes were increased in the proximal part
of the colon suggesting that the final stages of digestion are still ongoing in the proximal part of
the colon. The resemblance with the ileum was also reflected in the increased expression of major
histocompatibility complex (MHC) proteins responsible for presentation of foreign material by
the intestinal epithelial cells to the immune cells. In the small intestine the mucus structure is
non-adherent and more open allowing direct interactions between the epithelia cells and the
luminal bacteria. Further distally in the digestive tract the mucus layer becomes denser
preventing these types of interactions (Ermund et al., 2013). In the distal colon, the proteins with
the highest upregulation were the glycosyltransferases responsible for various stages of protein O-
glycosylation. These proteins are selectively found in the Golgi membrane, and as the membrane
enrichment method used in this study was not selectively enriching for the plasma membrane
these proteins were also consistently identified. The major O-glycosylated protein in the intestine
is the MUC2 mucin and the expression levels of the glycosyltransferases directly reflect the
heterogeneity in glycan structures previously observed in glycomic studies (Robbe et al., 2003;
Holmen Larsson et al., 2009). Segmental differences were mainly observed in the terminating
glycans, showing a decrease in sulfation and an increase in sialylation in the proximal to distal
direction.

When focusing on individual proteins, the significance threshold was lowered (p < 0.05) for
the comparison of the two colon ends. This resulted in 144 proteins, of which 105 were predicted
to contain transmembrane spanning domains. Among the regulated proteins various members of
the solute carrier family (SLC) were identified; these are involved in transport over the plasma
membrane. The reabsorption of ions is an important function of the colon and we identified the
transporters at a protein level that are likely involved in ion-transport at the apical and basolateral
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membrane. NHE3 (SLC9A3) and NBCnl (SLC4A7) were significantly upregulated; NHE3
expression was previously shown to decrease towards the sigmoid colon (Farkas et al., 2011).
NBCnl is a goblet cell specific sodium-bicarbonate co-transporter, and of particular interest in
the context of regulation of mucus properties, as we and others have shown that bicarbonate
secretion plays an important role in regulation of mucus formation (Gustafsson et al., 2012a;
Singh et al., 2013).

This dataset is the first comprehensive profile of membrane protein levels along the length of
the healthy human colon, emphasizing regional heterogeneity. This information can be used to
obtain a better understanding of how various biological processes vary along the proximal-distal
axis. Additionally, this dataset can be used as a reference when comparing between healthy and
diseased tissue specimens, such as samples from patients with inflammatory bowel disease or
colon cancer.
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GENERAL CONCLUSIONS

The studies in this thesis were all aimed towards increasing the understanding of the functioning
of the colonic mucus layer, with a special focus on the main component the MUC2 mucin and
how its structure, modifications and abundance affect its function.

The MUC2 mucin is densely packed inside the goblet cells and upon secretion the protein
expands into large oligomeric sheets that cover the surface of the intestinal epithelium with a
dense layer of mucus. Under normal conditions the colonic mucus prevents direct contact with
the billions of commensal bacteria that reside in the lumen and the intestinal epithelium. The
properties of the intestinal mucus layer have been shown to be affected by various factors such as
bacteria, the immune system and ion secretion. The underlying mechanisms as to how these
factors alter the mucus barrier are not fully understood, although presumed to affect either the
rate of synthesis and/or secretion and proper expansion of the protein into oligomeric sheets.
Oligomerization of MUC2 occurs via di- and trimerization of the heavily disulfide stabilized
termini. The N-terminus also contains CysD domains and our results showed that these domains
are able to form additional cross-links by dimerization, allowing formation of even more
elaborate complexes by linking the respective oligomeric sheets. Interestingly, this domain is
almost exclusively found in secreted mucins, and the number of domains varies between the
various secreted mucins, suggesting that the number of domains determines the degree of
polymerization and thereby pore size. In between the two termini lies the highly O-glycosylated
mucin domain. The high density of O-glycosylation on MUC2 is essential for the ability to bind
water for gel formation and lubrication, and protecting the protein from proteolytic degradation
by the commensal microbiota. Bacteria use the glycans as an energy source and produce
exoglycosidases that release the oligosaccharides stepwise from the terminal end. Glycan epitopes
have been shown to differ along the length of the colon, with increasing rates of sialylation
towards the distal colon. In this part of the colon the bacterial load reaches its maximum.
However, since only selected bacterial species are able to release terminal sialic acids from the O-
glycans on MUC2, the mucus gel is protected against rapid degradation. By analyzing the
membrane protein expression and relative abundance along the intestine we could confirm an
increase in abundance of sialyltranferases in the distal colon compared to the proximal colon,
together with other glycosyltransferases, which correlated with the observation made by
glycomics studies of the MUC2 oligosaccharides.

The stepwise release of glycans from the terminal end is a relatively slow process and is
presumed to be in concordance with the rate of mucus secretion, thereby preventing the bacteria
from penetrating far into the mucus, and the slow rates of glycan degradation prevent proteases
from acting on the peptide backbone.

In this model the length and density of the oligoaccharides is more important than the
localization, as the possible modification sites in the PTS domain are abundant. However, outside
the PTS region localization of the glycans is more important as the number of serines and
threonines is limited. When we investigated the site-specific glycosylation of the C-terminus we
identified one particular site that required modification in close proximity to prevent proteolytic
degradation. Cleavage of the protein at this particular site would lead to disruption of the mucus
polymers, thus proper glycosylation of this region plays an important role in the integrity of the
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mucus barrier. The question that remains to be answered is how often this site remains
unmodified and under what conditions. We hypothesize that when the tissue is under stress and
forced to secrete more mucus the O-glycan density is reduced. This hypothesis is supported by
studies showing that the rate of mucus secretion is increased in UC, and that the MUC2 is
covered by shorter O-glycans. The shorter glycans will be removed more rapidly by bacterial
exoglycosidases making the identified site accessible for proteases, and reducing the overall
function of the molecule. Increased rates of mucus secretion in UC patients has been observed,
highlighted by less filled goblet cells and excessive mucus in the stool. In addition to an altered
glycosylation pattern we observed a reduction in protein abundance of MUC2 in UC patients,
which suggests that the pool of mucus is more rapidly depleted, reflected in thinner mucus with a
decreased barrier function as observed by Johansson et al 2014.

As with the majority of the —omics studies our work resulted in large amounts of data which
biological importance was only partly understood. The results did however provided us with new
insights on the MUC2 protein, mucus, and the underlying cells and complemented many
ongoing projects in our laboratory, and the data is made publicly available for other researchers.
Overall the work in this thesis has shown that intestinal mucus is a dynamic matrix, and mass
spectrometry can be successfully used to study its protein composition, proteolytic degradation
and modifications.
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FUTURE PERSPECTIVES

The results presented in this thesis provide novel insights into the composition and processing of
the protective mucus layer in the colon, and how mass spectrometry can be applied to study its
various aspects. However, many questions and technical challenges still remain to be solved.

The methods established in this thesis work are now routinely used in our laboratory for the
analysis of mucus samples from various parts of the gastrointestinal tract. All the quantitative
work presented in this thesis is based on relative quantification between various conditions, and a
logical continuation would be to establish methods to measure the absolute quantity of MUC2
and associated mucus proteins. This can be achieved by the addition of known concentrations of
synthetic isotopically labeled peptides for the proteins of interest before mass spectrometry
analysis. The outcome of these experiments will provide information on the molar amount of
protein per volume of mucus that is required for a proper functioning mucus barrier.

The importance of MUC2 as the major structural component in the mucus gel is well
established. However, the biological function of the majority of the additional mucus proteins
remains elusive. In particular, the role of FCGBP, CLCA1l and ZG16 in the mucus is of great
interest as these proteins are secreted from the goblet cells simultaneously with MUC2. The
biochemical characterization of these proteins is therefore of importance to understand their
specific role and their influence on the mucus properties.

All protein features of MUC2 are aimed to generate a molecule that is resistant to the harsh
environment in the intestinal lumen. However, parts of the protein sequence were shown to be
prone to proteolytic degradation by pathogens in cases where the sequence was not protected by
O-glycosylation. As our experiments were performed on recombinant protein expressed in CHO
cells, the question remains if the same sites are accessible in vivo. The GalNAc-transferases
required for modification were identified in the epithelium along the complete axis of the colon
suggesting that this site is modified in the human colon. Analysis of site-specific glycosylation of
the protein in vivo is challenging but could be performed following the presented methodology.
The identified cleavage site is lacking in mice, which limits studies regarding this particular site
using mouse models. To determine whether proteolytic degradation of MUC2 is a general
mechanism for pathogens to colonize the colon, additional bacterial species can be tested for
secretion of proteases that are able to digest the recombinant MUC2-C, such as various
pathogenic E.coli strains.
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