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Abstract In discussions on intestinal protection, the pro-
tective capacity of mucus has not been very much considered.
The progress in the last years in understanding the molecular
nature of mucins, the main building blocks of mucus, has,
however, changed this. The intestinal enterocytes have their
apical surfaces covered by transmembrane mucins and the
whole intestinal surface is further covered by mucus, built
around the gel-forming mucin MUC2. The mucus of the small
intestine has only one layer, whereas the large intestine has a
two-layered mucus where the inner, attached layer has a
protective function for the intestine, as it is impermeable to the
luminal bacteria.
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Introduction

The intestine is a remarkable organ. It is filled with 10"
10" bacteria and also with digestive enzymes that are
capable of degrading the molecules we are composed of.
Despite this, we manage to survive and are neither
invaded by bacteria nor digested. It is still not well
understood how this sophisticated system works, although
several of the important ingredients have been studied
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individually and are well described. An important process
is the continuous distal propulsion of the intestinal con-
tent, as controlled by the enteric nervous system. Without
this, the bacteria would expand quickly, especially in the
small intestine with all its non-absorbed nutrients. The
epithelial cells with their tight junctions line the intestinal
tube and form the major defense line between the host
and the intestinal content. However, in between the two
there is also a mucus layer, an often forgotten and
ignored part of the defense system. The ignorance of the
mucus has several reasons, including the fact that it is
normally transparent and only observed when charcoal is
added on top of it. It is also due to the difficulties
working with the major component of mucus, the mucins,
as they are very large, complex, and often insoluble. Our
recent discovery of a two-layered mucus in the colon that
physically separates the luminal bacteria from the epi-
thelial cells has renewed the interest in mucus and mucin
research [1]. In fact, it has been outlined as one of the
most important areas for a better understanding of
mucosal immunology [2].

Mucins

All mucins are characterized by having at least one PTS
domain, consisting of abundant Ser, Thr, and Pro amino
acid residues. The Ser and Thr are decorated with the for
mucins typical O-glycans, which gives the mucin domains
an extended and stiff conformation (‘bottle brush’-like).
The protein core of these mucin domains is often charac-
terized by multiply repeated sequences called tandem
repeats. However, this is not always the case, as the typical
repeated sequence is degenerated during evolution and
several mucins do not show any repetitive characteristics.
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Because of this, we prefer to call the DNA and protein
sequences PTS domains, although not all such domains
contain both Ser and Thr amino acids [3]. In fact, one can
mine DNA sequences for PTS domains only by searching
for long DNA stretches that encode a high frequency of Thr
and/or Ser amino acid residues together with a lower fre-
quency of Pro residues, an approach that detects more
mucins than searching for repetitive sequences only [3, 4].
The PTS domains show, in contrast to what is normally
characterizing protein domains, little sequence conserva-
tion also between closely related species [3]. Typical for
the PTS domains is also that they are found within one long
exon. The variation in length that is observed for some
mucins is caused by allelic variation and is thus inherited.
The length of these domains is probably very important, as
the second largest PTS domain of MUC2 has a similar
length in humans and mice/rats, even if there is no
sequence similarity. Interestingly, the human sequence
shows a very high sequence similarity between the repeats
whereas the mouse and rat sequences have lost most of
their repetitive nature. This suggests that the human PTS
was replaced more recently than the evolutionary separa-
tion. The polymorphism in the length of the PTS domains
has been linked to disease, as in the case of MUCI1 and
Helicobacter pylori infection [5].

The most prominent feature of mucins is the O-glyco-
sylation of their PTS domains to generate the mucin
domain glycopeptide (Fig. 1). This is initiated by any of
the peptidyl-GalNAc-transferases (20 different in humans),
which have a more or less restricted specificity for the
peptide core sequences. The added GalNAc is then the
substrate for further glycosylation by Gal- and GIlcNAc-
transferases. The glycosyltransferases expressed in a cer-
tain cell determine which oligosaccharides are formed, but
their Golgi localization is also important. The transferases
are localized according to the pH gradient over the Golgi
stack, as we have shown [6]. Mucin O-glycosylation was
for long considered to be static. However, we have shown
glycosylation to be a dynamic process, as exemplified by
transient glycosylation alterations during intestinal infec-
tions [7, 8].

There are two different types of molecules called mucins
(Fig. 1). The classical gel-forming mucins (MUC2,
MUCS5AC, MUCS5B, and MUC6) form extremely large
polymers (MUC2 > 100 MDa) (intestinal mucins in bold).
The second group, the transmembrane (TM) mucins
(MUC1, MUC3, MUC4, MUC12, MUC13, MUC16, and
MUCI17), cover the apical surface of the enterocytes (or
other epithelial cells) (glycocalyx). The transmembrane
mucins all have a cytoplasmic tail and an enormous
extracellular mucin domain with masses from one million
up to more than ten million Da (except MUC13, which is
smaller).
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Fig. 1 Schematic presentation of intestinal gel-forming and trans-
membrane mucins with their highly O-glycosylated mucin domains.
Red protein core, Green oligosaccharides

Epithelial cells and their glycocalyx

Before we look at the enterocytes and their glycocalyx, we
should consider its dimensions in relation to the normal
mucus of colon. As illustrated in Fig. 2a, the distal colon is
protected by a two-layered mucus that reaches up to a
millimeter from the epithelial cells [1, 9]. The inner of
these layers is impermeable to bacteria and is 50-100 um
thick in mice and rat and probably even thicker in humans.
The two mucus layers are formed by the gel-forming
MUC2 mucin, with MUC2 being their main component
and forming their skeleton. Below the two layers is the
glycocalyx of the enterocytes, which has been estimated to
reach at least 1 um from the apical cell membrane.
Although formally not proven, the transmembrane mucins
MUC3, MUC12, and MUC17 are the major components of
the intestinal glycocalyx. In addition, the very short
MUCI13 mucin is also found in the intestinal epithelium
and is contributing to its protection [10]. The PTS domains
of MUC3, MUC12 and MUC17 are 4,000-5,000 amino
acids long (see http://www.medkem.gu.se/mucinbiology/
databases) and when the abundant Ser and Thr have been
O-glycosylated they form long and extended rods that are
best described as bottle brushes. Assuming the same length
per amino acid as determined for the mucin domains of
MUC?2 [11], the mucin domains of MUC3, MUC12, and
MUCI17 are about 0.8 pwm long. These mucins are densely
packed and will in this way provide a barrier with similar
properties as those of the mucus layers on the luminal side.
The glycocalyx has not been studied in great detail, but it is
assumed that they are quite similar on the enterocytes in
the small and large intestine.

MUC3, MUCI12, and MUC17 belong to the family of
SEA-(sea urchin sperm protein/enterokinase/agrin) domain-
containing TM mucins and are located at the 7q22 locus [3].


http://www.medkem.gu.se/mucinbiology/databases
http://www.medkem.gu.se/mucinbiology/databases
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Fig. 2 The enterocyte glycocalyx. a Schematic presentation of the
mucus layers of rat distal colon, illustrating their dimensions in
comparison with the glycocalyx of the apical membrane of the
enterocyte. b The transmembrane mucins of the SEA-type have an
autoproteolytically cleaved SEA domain just outside of the cell
membrane. The structure of the MUC1 SEA domain is shown to the
left with the cleaved site indicated by a blue arrow [12]

The single SEA domain in these mucins is located extra-
cellularly, close to the cell membrane (Fig. 2b), and have a
sequence similar to that of the SEA domain in the MUC1
mucin [12]. The structure of this domain has been deter-
mined by us and shows a tightly packed domain with four
anti-parallel f-pleated sheets, two in the outer domain and
two in the membrane-anchored domain, with an intervening
cleavage site (Fig. 2b). Interestingly, this cleavage is nec-
essary for proper folding of the domain in the endoplasmic
reticulum (ER) and this autoproteolysis, which occurs
between the amino acids Gly and Ser, is in fact triggered by
the folding energy [12]. To have such a break-point in the
polypeptide chain, close to the membrane, might be a way to
protect the cell from physical stress by allowing the two parts
of these mucins to separate, while maintaining an intact
epithelial cell layer.

The function of the TM mucins is most likely primarily
cell protection, but they can probably also act as sensors for
the luminal milieu, as suggested by the structure of the
SEA domain. There are a few hydrophobic patches in the
SEA domain, where other proteins might bind [12].
Moreover, the MUC3, MUC12, and MUC17 mucins all
have a cytoplasmic C-terminal PDZ-binding motif that we
have shown to bind several of the cytoplasmic PDZ

proteins [13, 14]. These proteins are scaffolds for orga-
nizing and sorting transmembrane proteins, especially in
polarized cells [15]. Many of the membrane proteins with
C-terminal PDZ-binding motifs are ion channels, suggest-
ing a connection between the TM mucins and ion transport.
In fact, MUC17 binds PDZK1 and MUC3 binds GOPC,
both being PDZ proteins known to interact with the CFTR
ion channel [13, 14].

The gel-forming mucin MUC2 forms the skeleton
of the intestinal mucus

As already pointed out, the gel-forming mucin MUC2 is
the major component of the mucus layers of the intestine,
which are produced by the goblet cells. The mucus is built
around a primary MUC?2 translation product of about 5,200
amino acids (this is not absolute, as the gene has not yet
been fully sequenced and also because of genetic variation
in the number of tandem repeats). The protein is translo-
cated into the ER lumen where it folds and forms disulfide-
bonded dimers due to the cysteine-knot in its far C-terminal
end. The folding of MUC?2 is a challenge for the cell due to
the abundant Cys residues and there is a need for special
chaperone proteins like AGR2 for this process [16]. The
ER stress response system probably needs to be at least
partly activated to increase the number of chaperones, as
lack of the master regulator of the ER stress response,
XBP1, causes accumulation of misfolded mucins and also
inflammation [17].

In the Golgi apparatus, the MUC2 dimers are decorated
with O-glycans to reach a molecular mass in the range of
5 MDa. The dimers are then sorted to the regulated
secretory pathway where the mucins are densely packed in
secretory vesicles. At this stage, the N-terminal ends of the
dimers are coupled together by disulfide bonds into tri-
meric structures, Fig. 3a [18]. Once released from the cells,
the MUC2 molecules are expanded and will form large net-
like structures due to the C-terminal dimers and the
N-terminal trimers (Fig. 3b). Such a model should have a
built-in property to form flat sheets.

The disulfide-bonded di- and trimers are not the only
interaction points for the MUC2 mucin. Several years ago
Carlstedt et al. [19] discovered that MUC?2 is also inter-
connected via non-reducible bonds. The chemical nature of
this bond is still unknown, but it is formed during bio-
synthesis in the goblet cells and it also gives the MUC2
mucin its typical property of insolubility in chaotropic salts
[20]. Moreover, all the human gel-forming mucins, except
MUCS6, have two or more CysD domains interrupting the
PTS domains [3]. These domains are 110 amino acid long,
with ten conserved Cys amino acids that form five intra-
molecular disulfide bonds [21]. The MUC2 mucin has two
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Fig. 3 The MUC2 mucin. a The MUC2 mucin forms dimers in its
C-terminus and trimers in its N-terminus. The localization of the
second CysD domain are marked with arrows. b A model of the net-

such domains and we could recently show that its second
CysD domain forms very stable, non-covalent dimers [21].
It is very likely that other CysD domains have similar
properties and that they are there to form non-covalent
cross-links in the mature mucus gel for further stability
(Fig. 3c). However, this would imply that the CysD
domains do not interact during vesicular storage, before
secretion of the mucin. The exact mechanisms for this
remain to be elucidated, but may involve differences in
Ca”"-concentrations and pH. Finally, we have discovered
that there is a large protein called FCGBP (immunoglob-
ulin Fc y binding protein) that is covalently attached to the
MUC2 mucin in the colonic mucus [22]. FCGBP has 13
von Willebrand D domains (vWD), 11 of which have a
GDPH (Gly—Asp-Pro-His) sequence suggesting an auto-
catalytic cleavage, as found in the fourth vWD of the
MUC2 mucin. This was shown to be cleaved at low pH
between the Asp and Pro and by this generating a new
C-terminus that forms an internal anhydride with the side-
chain of the Asp [23]. The vWD domain is still held
together via disulfide bonds across the cleavage site,
bridging the cleaved parts of the protein. The newly formed
anhydride is very unstable and will react with primary
amines or hydroxyl groups (but only if not hydrolyzed in
water). As FCGBP has up to 11 of these attachment sites, it
can be predicted to cross-link components of the mucus to
the MUC2 mucin. However, it is not known how and when
the GDPH cleavage is triggered, nor if the attachment sites
are random or if there is a specificity. A similar system
connecting bikunin with heavy chain 3 of the pre-a-
inhibitor protein has been shown to be specific for the C6
hydroxyl group of GalNAc in the bikunin chondroitin
sulfate [24]. Taken together, this suggests that the MUC2
mucin can be further covalently cross-linked by endoge-
nous properties of the FCGBP protein once the mucus gel
has been secreted and formed.

The basic structure of the MUC2 mucin thus has a net-
like appearance that can be further cross-linked by both
non-covalent and covalent mechanisms. This suggests that
the mucus gel, as organized by MUC?2, is well structured
and well stabilized.
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like polymeric network, as organized by the MUC2 mucin, forming
large sheets. ¢ The CysD domains form non-covalent dimers between
two sheets of MUC2, that further organizes the mucin net-work

The mucus of the small intestine

The small intestine is protected by mucus that has the
MUC?2 mucin as its main and structural component, just as
in the large intestine. Despite this, the properties of the
mucus in these two locations are different. As described by
Atuma et al. [9], the small intestine has a mucus that is easy
to aspirate and remove. We recently extended our studies
of the small intestine, using explant systems. In the ileum,
the mucus covers the villi (Fig. 4) and this mucus is easy to
aspirate, removing the mucus all the way down to the crypt
openings. Atuma et al. have, in contrast, in their experi-
mental set-up, seen a thin layer of non-removable mucus in
the small intestine. These differences may be caused by the
technical difficulties in removing mucus in the small
intestine due to the presence of villi. Our preliminary
studies also suggest that this small intestinal mucus is
permeable to bacteria. The observations that the ileal
mucus has only one layer, is not attached to the epithelium,

MUCUS .

Fig. 4 The mucus organization of the small intestine. The organiza-
tion of the ileal mucus is shown, as revealed by the addition of
charcoal to the mucus surface (black dots on top). This mucus is
permeable, as represented by red beads (in the size of bacteria) in the
mucus
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Fig. 5 The mucus organization of the distal large intestine. a The two
mucus layers as organized by the MUC2 mucin. b Measurements of
the total mucus (inner and outer layers) in distal colon in an explant
culture system. The loose mucus was first removed by gentle
aspiration and the growth of the mucus was monitored by measuring
the increase in the total mucus thickness over time

and is permeable to bacteria are all in contrast to the large
intestine. The molecular reasons for why MUC?2 is forming
another type of mucus in the small as compared to the large
intestine are not understood today.

The mucus of the distal large intestine

As already pointed out, the colon has a two-layered mucus
(Fig. 5a). The inner mucus layer is formed from the goblet
cell secretion, remains attached to the epithelium and is
not possible to remove experimentally by gentle aspira-
tion. This inner layer has a stratified appearance as could
be predicted from the previously discussed model of the
MUC?2 polymers, with flat sheets of MUC2 (Fig. 3). This
inner layer has special physical properties as it is not
soluble in for example guanidinium chloride [1]. This
layer is then converted to the outer mucus layer by pro-
cesses that are not yet understood, followed by a protease-
dependent fourfold volume expansion [25]. The outer layer
can be aspirated and this mucus layer is thus also called

the loose mucus. Immunostained tissue sections, made
with techniques that preserve the mucus, show a sharp
border between the inner and outer layer, suggesting a
very well controlled system. As germ-free animals also
show both an inner firm layer and an outer loose layer,
this conversion and expansion must happen through
endogenous mechanisms and proteases [1]. Using the
experimental explant tissue set-up, the inner layer is
determined to be about 50 pm in mice, the same thickness
as in live animals [1]. As also observed in live animals, the
mucus layer grows over time, as shown in Fig. 5b for
distal colon. After 45 min, the mucus has grown almost
100 pm (Fig. 5b). Thus, the colon has a sophisticated
mucus protection system that is under control of the host,
even though it is located at a large distance from the
epithelial cell surface.

Localization of bacteria in the distal large intestine

With this elaborate mucus system in the colon, it was
obvious to ask where the commensal bacteria were to be
found. Surprisingly, the bacteria were found only in the
outer loose mucus layer and were totally absent in the inner
attached layer [1]. In fact, the commensal bacteria have the
outer mucus layer as their habitat. This is illustrated in
Fig. 6, where the commensal Lactobacilli are revealed by
specific in situ hybridization in the outer mucus layer, with
the inner mucus layer being totally devoid of bacteria [26].
Thus, the inner mucus layer is impermeable to bacteria.
This organization is probably critical for a normal
homeostasis and also effectively separates bacteria from
cells of the immune system. This means that the immune

Y

Fig. 6 Commensal bacteria is only found in the outer mucus layer of
distal colon. Lactobacilli were stained by in situ hybridization and
found in the outer (o) mucus layer. The lack of bacteria in the inner
stratified mucus layer (i) makes it appear as an empty space. The
epithelium is revealed by epifluorescence
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system does not need to monitor bacterial friends from
bacterial foes in the colon. This model has led to the
questioning of several of the more popular models of how
the immune system handles the commensal flora of the
colon. Interestingly, lack of the MUC2 mucin allow the
bacteria to come in direct contact with the epithelial cells,
penetrate down into the normally sterile crypts, and even
into the epithelial cells [1]. These mice develop a relatively
severe inflammation with diarrhea, rectal prolapse, weight
loss and, after some time, also colon cancer [1, 27, 28], a
situation that is similar to the human disease ulcerative
colitis.

Why is the outer mucus layer such a good habitat for
the commensal microbiota? A first prerequisite is that the
bacteria are able to penetrate this mucus. Secondly, the
bacteria can use the high number of glycans on the mucins
as attachment sites. Many bacteria are known to carry
adhesins of lectin-type that can be used to anchor the
bacteria. As the glycan repertoire varies considerably
between species, it can be suggested that there are only
certain bacteria that has the appropriate adhesins to adapt
to each host. In fact, it is now known that there is a core
microbiota in each species, supporting this model [29] and
that the glycans on mucosal surfaces also varies dramati-
cally [30, 31]. Further proof for such a model is our recent
observation that the MUC2 O-glycans in the sigmoid colon
are uniform in all humans, except in individuals with an
active colon inflammation [32, 33]. This is in contrast to
the mucin O-glycans on other mucosal surfaces of the
body. Together, these observations suggest a co-evolution
between host and bacteria for an optimal symbiotic rela-
tion. Last but not least, all the oligosaccharides present on
the mucins provide an enormous food supply for the
bacteria. It is well known that the commensal bacteria
have an especially rich source of glycan-degrading
enzymes [34]. These enzymes are typically of the exo-
glycosidase type that removes one sugar residue at a time,
starting from the non-reducing end. This is probably
important, as this will slow down the degradation that will
finally reach the protein core of the mucin, and when this
is degraded the whole mucin polymer network will be
dissolved. Such a scenario is suggested by our recent
studies, in collaboration with Dr. Lijun Xia, of mice
lacking the Core 1 glycosyltransferase. This glycosylation
deficiency will give rise to a MUC2 mucin with shorter O-
glycans and this will allow a faster degradation. These
animals develop a relatively severe colitis, just as the
animals that are totally devoid of MUC2 [35]. The
released sugars are then utilized as food for the bacteria,
but they are also converted to short fatty acids that can
diffuse through the mucus and reach the epithelium, which
will in this way regain some of the energy used for the
biosynthesis of the quickly turned-over mucus.
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Conclusions

The two-layered mucus system of the large intestine, as
organized by the MUC2 mucin, is sophisticated, and more
complex than understood before. The outer mucus pro-
vides an optimal symbiotic milieu for our bacteria. The
inner mucus is well structured in such a way that it is
impermeable to bacteria and by this it will keep our
bacteria at a long distance from the epithelium. Finally,
the dense glycocalyx, as organized by the transmembrane
mucins, will protect the enterocyte apical membrane and
might at the same time act as an important sensor of the
luminal milieu. Although we have made considerable
advances in our conceptual understanding of the mucus as
a protective system of the intestine, there are still many
molecular mechanisms controlling this complex system
that remain to be elucidated. We expect many exciting
discoveries about both mucins and mucus in the years to
come.
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