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Abstract Intestinal mucus, a viscous secretion that lines
the mucosa, is believed to be a barrier to absorption of
many therapeutic compounds and carriers, and is known to
play an important physiological role in controlling patho-
gen invasion. Nevertheless, there is as yet no clear
understanding of the barrier properties of mucus, such as
the nature of the molecular interactions between drug
molecules and mucus components as well as those that
govern gel formation. Secretory mucins, large and complex
glycoprotein molecules, are the principal determinants of
the viscoelastic properties of intestinal mucus. Despite the
important role that mucins play in controlling transport and
in diseases such as cystic fibrosis, their structures remain
poorly characterized. The major intestinal secretory mucin
gene, MUC2, has been identified and fully sequenced. The
present study was undertaken to determine a detailed
structure of the cysteine-rich region within the C-terminal
end of human intestinal mucin (MUC2) via homology

modeling, and explore possible configurations of a dimer of
this cysteine-rich region, which may play an important role
in governing mucus gel formation. Based on sequence–
structure alignments and three-dimensional modeling, a
cystine knot tertiary structure homologous to that of human
chorionic gonadotropin (HCG) is predicted at the
C-terminus of MUC2. Dimers of this C-terminal cystine
knot (CTCK) were modeled using sequence alignment
based on HCG and TGF-beta, followed by molecular
dynamics and simulated annealing. Results support the
formation of a cystine knot dimer with a structure
analogous to that of HCG.
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Introduction

The mucosa, the inner layer of the intestinal wall, is the site
of absorption of orally delivered compounds, including
therapeutic drugs. The mucosa includes epithelial cells
responsible for absorption and goblet cells that secrete a
viscous mucus layer that lines the mucosa [1, 2]. Mucus
provides an important selective barrier enabling absorption
of nutrients and protecting against certain pathogens. The
mucus layer has been identified as a significant barrier to
absorption of some drugs [3–7]. However, the role of the
mucus layer in drug transport has been largely neglected
relative to that of the epithelial layer. In crossing the cell
membrane of the epithelial layer, the lipophilic nature of the
drug is generally of most importance. However, the drug
must first diffuse through the hydrophilic mucus layer
before encountering the epithelial layer. It is important for
efficient drug delivery to understand mucus inter- and intra-
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molecular interactions and the role they could play in
limiting molecular and particulate permeability.

Mucin glycoprotein structure

Secretory mucins are the main constituents of mucus [8–
13]; they are responsible for the bulk of the viscoelastic and
gel-forming characteristics as well as the protective func-
tions of mucus. They are high molecular weight (106–
107 g mol−1) glycoprotein molecules composed approxi-
mately of 75% carbohydrates and 25% amino acids by
weight [14]. These compounds have the ability to form
intermolecular disulfide bridges, resulting in oligomeric
mucin and gel formation. The oligosaccharides comprising
a high percentage of mucin weight are O-linked to serine or
threonine residues in the protein backbone. The middle
region of the protein backbone contains numerous repeating
sequences, including virtually all the O-linked oligosaccha-
ride attachment sites.

In general, mucins are difficult to analyze by conventional
biochemical and biophysical methods due to their large size
and high degree of glycosylation. However, cDNA cloning
and sequencing of mucin genes has provided considerable
insight into the primary structure and, subsequently, the
function of the molecules. The major intestinal secretory
mucin gene, MUC2, has been identified and was the first
human secretory mucin gene to be cloned and fully sequenced
[15–17]. The protein core contains more than 5,100 amino
acid (aa) residues in its most common allelic form [15, 16,
18]. The large middle tandem repeat domain consists of 23
aa (PTTTPITTTTTVTPTPTPTGTQT) repeating sequences,
with the threonine (T) residues as potential sites of O-
glycosylation and N-acetylgalactosamine at the reducing end
of the carbohydrate chains [18]. In addition, cysteine rich
domains similar to the D-domains of prepro-von-Willebrand
platelet aggregating factor are situated towards the N and C
termini of MUC2 and contain potential N-glycosylation sites
[15, 16, 19, 20]. However, these potential glycosylation sites
are fewer in number as compared to those of the central
tandem repeat region, where the majority of the carbohy-
drates are attached [18].

Comparison of the sequence of MUC2 with that of
purified intestinal mucin preparations demonstrates that it
has the characteristic sequence and glycosylation patterns
of the major secretory molecule. MUC2 mucin is therefore
important to drug transport through mucus; it is responsible
for volume exclusion and steric affects on drug diffusion
associated with gel formation as well as potential molecular
interaction with drugs, which can retard diffusion [3, 5, 6,
13, 21, 22]. Since details of the molecular structure of
MUC2 mucin remain unknown, there is no clear under-
standing of its molecular interactions with drug molecules.
A better understanding of the structure and expression of

MUC2 may lead to better understanding of the pathology of
several diseases, in addition to its influence on drug
transport across the mucus layer.

Various techniques have been utilized to probe structural
features of mucin molecules, including dynamic light
scattering [23], atomic force microscopy [24], and small
angle X-ray scattering [25], and there has been a recent
focus on studies of structural features of mucin glycans
[26]. However, tertiary model predictions of regions within
MUC2 have not been reported. Although there have been
some preliminary efforts carried out to investigate the 23-aa
repeat unit of MUC2 [27, 28], little information is yet
known regarding the structural motif of this region. In
addition, detailed structural studies of the cystine knot motif
present at the C-terminus have not been carried out on any
mucin molecules, but X-ray crystallography of transform-
ing growth factor-β2 (TGF- β2) and other growth factors
has provided a precise picture of this unique structural
feature [29, 30].

The cystine knot motif

The cystine knot three-dimensional (3D) structure is
found in many extracellular molecules and is conserved
among divergent species. To date, all known ten-
membered cystine knot proteins have been found to be
extracellular proteins, interacting with specific receptors
and/or other extracellular proteins. However, identifying
cystine knot structure-containing proteins using common
approaches such as pairwise alignments is difficult
because sequence homology is low among these proteins
[31]. The cystine knot motif is most commonly found in
transforming growth factor-β (TGF-β), nerve growth
factors (NGF), glycoprotein hormones (GPH) and
platelet-derived growth factor-β (PDGF-β) subfamily
members [31–35]. The largest ten-membered cystine knot
subfamily is the TGF-β family, which consists of growth
factors such as transforming growth factor-β2 (TGF-β2),
bone morphogenetic proteins (BMP) and glial cell line-
derived neurotrophic factor (GDNF) [29, 36–38]. In
addition to the well-known members of the cystine knot
superfamily, several other proteins have been proposed to
display a potential cystine knot structure. These include
proteins of the mucin-like, slit-like and jagged-like
subgroups [31]. The mucin like-subgroup includes von
Willebrand factor (vWF) [39] and Norrie disease protein
[40], as well as several bone morphogenetic antagonists
[38, 41] and mucin-related proteins [31]. In addition to the
well-known ten-membered cystine knot structure, the
nerve growth factor family has been described to adapt a
similar arrangement, with nine rather than three residues
present between the second and third cysteine, leading to
the formation of a 16-membered cystine knot [33].
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The consensus sequence that is conserved among all the
ten-membered cystine knot proteins is:

part of ring part of ring

C1-(X)n-C2-X-G-X-C3-(X)n-C4-(X)n-C5-X-C6

A significant part of the cystine knot tertiary structure is
composed of a consensus cysteine framework important for
a homologous folding motif called the ‘cysteine ring,’
which was found to consist of four cysteine residues with a
cysteine (C) spacing of C–(X)3–C and C–X–C [42, 43].
These eight amino acids form a cysteine ring through two
disulfide bridges (Fig. 1). Cysteines 2, 3, 5 and 6 form the
cysteine ring through disulfide bonds between cysteines 2
and 5 as well as cysteines 3 and 6. This ring structure is
conserved in many different groups of proteins, including
the cystine knot superfamily [44]. Cystine knot superfamily
members contain two additional cysteines forming a
disulfide bond that penetrates the ring, thus forming a
cystine knot with ten amino acids, of which six are cysteine
residues [32] (Fig. 1). The third disulfide bond is formed
between cysteines 1 and 4, where it penetrates through the
ring forming the knot.

In addition to this framework of six cysteine residues,
other features are also conserved among all the ten-
membered cystine knot proteins. These include the conser-
vation of a glycine residue between cysteines 2 and 3. The
intrusion of the additional disulfide bond through the
cysteine ring confines the amino residue between the
second and third cysteine to a glycine with a positive φ
backbone angle, because any other amino acid at this
position would cause severe steric hindrance for the
formation of the knot [33, 45]. In addition, in some cystine

knot proteins, an additional cysteine is located between
cysteines 3 and 4 (adjacent to cysteine 4) as shown in
Fig. 1, which strengthens dimerization by forming a
covalent disulfide bridge between the two subunits of the
dimer [46, 47]. The peptide regions between the cysteine
residues extend outwards from the central knot and twist
into three variable external loops of approximately 13–16
residues each [48]. Two of the loops, between cysteines 1
and 2, as well as cysteines 4 and 5, consist of antiparallel β-
strands that form finger-like projections, whereas the third
domain between cysteines 3 and 4 usually contains an α-
helical structure [38, 49]. Due to the arrangement of these
loops, the 3D structure of these proteins is sometimes
referred to as a “hand” containing two fingers and a middle
heel [31].

In recent years, additional features have been identi-
fied in cystine knot proteins. Analysis of the residues
between cysteines 2, 3, 5 and 6 revealed that none of the
highly hydrophobic amino acids, Trp, Phe, Tyr, Ile, Leu,
Val and Met, are present among the residues before or
after cysteine 5 [31]. Although it is unclear how
hydrophobic residues at these positions might interfere
with cystine knot formation, this finding facilitates the
analysis and search for cystine knot members. Overall, the
amino acid residues surrounding the cystine knot have
been found to have low sequence homology among
existing cystine knot proteins [31, 40]. Among the existing
cystine knot proteins with known 3D structures, it was
found that the sequence identity does not exceed 10%, and
similarity does not exceed 25%. Although these proteins
have been found to have variable sizes (e.g., 55–5,400
with the majority at 400 amino acids), they have a similar
size in their cystine knot signature. The length between
cysteines 2 and 6 of the cystine knot was found to vary
from 42 to 80 amino acids, and, in cystine knot proteins
with known 3D structures, the knots were found to be
located in the C-terminal region of the protein [C-terminal
cystine knot (CTCK)] [31]. Because the size of the cystine
knot signature in these proteins is not related to the total
size of the protein, this motif likely represents a structural
entity and not a random arrangement of cysteines. These
findings also suggest that gene fusion events took place
during evolution, and the same motif was used in diverse
proteins with different functions.

As a first step towards understanding mucus molecular
structure and interactions, the MUC2 mucin molecule was
investigated. A detailed structural investigation of the
cysteine-rich domain at the carbon terminus of MUC2
was carried out utilizing homology or comparative model-
ing. Efforts to analyze the structure of the C-terminus
cysteine-rich domain of MUC2 revealed a cystine knot
tertiary structure homologous to that of HCG based on
sequence–structure alignments and 3D modeling. Potential

Fig. 1 Schematic of the cystine knot structure. Arrows indicate the
direction (N to C terminal) of the amino acid side chains. SS Disulfide
bonds. The six cysteine residues involved in the knot formations are
labeled as C1 to C6 and their spacing is shown in the panel below
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dimer structures based on alignment with HCG and TGF-β
were explored.

Methodology

CTCK homology model development

The MUC2 sequence was obtained from the SWISS-PROT/
TrEMBL database through the ExPASy (Expert Protein
Analysis System) proteomics server of the Swiss Institute
of Bioinformatics (SIB) [50]. The BLASTP program [51]
available on the ExPASy server was used to compare the
sequence of the C-terminal cysteine-rich domain of MUC2
against protein sequences in the Protein Data Bank (PDB)
[52] to find structurally well-defined proteins (with exper-
imentally solved 3D structure) whose sequences are
homologous to the MUC2 protein sequence. MUC2 amino
acid residues 5068–5159 were investigated. Having identi-
fied possible modeling templates, the T-COFFEE [53] and
CLUSTAL W [54] programs were used to carry out
pairwise sequence alignment and multiple sequence align-
ments, respectively. All experimentally derived protein
structures were obtained from the Research Collaboratory
for Structural Bioinformatics (RCSB) PDB [52]. The
protein sequence displaying the highest homology with
the carboxy-terminal end of MUC2—chain-B of human
chorionic gonadotropin (HCG-B)—was used as the tem-
plate for building the model. The structure of this molecule
has been solved for amino acids 2–111 of the entire 145
amino acid sequence [34, 35]. An initial model was first
developed with the SWISS MODEL server [55, 56] using
the ‘first approach mode.’ The model was further improved
by performing manual threading using the Deep View
(Swiss PDB Viewer) program [56]. The manually threaded
Deep View file was then resubmitted to the SWISS
MODEL server for model building via the ‘project/optimize
mode.’ The GROMOS96 force field [57] is used by SWISS
MODEL server to perform energy minimization. The
quality and structural features of the final optimized model
were evaluated and compared with the template structure
using various structural assessment methods including
ANOLEA [58], PROCHECK [59], What Check [60] and
Verify3D [61]. The Deep View (Swiss PDB Viewer) [56],
BioMedCAChe Version 6.1.12,1 and VMD [62] were used
to view the final model.

Dimer model development

The final CTCK model was further used to design three
dimer models. The 3D structure of HCG (PDB ID: 1HCN)
was used as a template to construct the first and the second
MUC2 CTCK dimer models, which differ only in that a
disulfide bond was incorporated between the two chains of
the dimer in the second model. These will be referred to as
the HCG noCysX and HCG CysX models, respectively.
The crystal structure of transforming growth factor-β2
(TGF-β2) was used as a template to construct the third
model, which will be referred to as the TGFβ model. As in
the HCG CysX model, a disulfide bond was incorporated
between the two chains of this dimer at position 54 of the
two chains. DaliLite [63], a tool for pair-wise comparison
of protein structures, was used to translate the models with
respect to the template.

All simulations were performed with NAMD (scalable
molecular dynamics) [64] using the CHARMM22 force
field. The systems were surrounded with a 10 Å layer of
water molecules. No counter ions were introduced in the
system, and the solvated proteins were minimized by 2,000
conjugate gradient steps followed by a 0.1 ns molecular
dynamics (MD) simulation, utilized as an initial equilibra-
tion step. A simulated annealing (SA) simulation was
started from the previous MD run, heating the system from
300 K to 1,050 K during 0.3 ns at temperature increments
of 5 K every 1,000 steps, and cooled the system from
1,000 K to 300 K at temperature decrements of 5 K every
1,000 steps.

The resulting dimer models were analyzed with respect
to general structural features and similarities, distance
between residue 54 (Cys-X cysteine) sulfur atoms on each
chain, and hydrophobic and total solvent accessible surface
area (SASA). Distances and SASAs were measured in
visual molecular dynamics (VMD) using a solvent radius of
1.4, and restricting the analysis to the hydrophobic residues
to calculate hydrophobic surface area. The root mean
squared deviation (RMSD) of the backbone atoms was
calculated relative to the starting structures in the MD and
simulated annealing trajectories. The local secondary
structure was also determined for each residue throughout
the simulation.

Results

Based on sequence–structure alignments and 3D modeling,
a cystine knot tertiary structure at the C-terminus of MUC2
is predicted to be homologous to that of chain B HCG
(HCG-B, PDB ID: 1HCN). The cysteine-rich domain at the
C-terminus of MUC2 also shows sequence homology with
other common existing cystine knot containing proteins. A

1 BioMedCAChe, Version 6.1.12 (2005); BioSciences Group, Fujitsu
Computer Systems, Corp., 15244 NW Greenbrier Parkway, Beaver-
ton, Oregon, 97006
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dimer model formed based on the structure of HCG appears
to be stable compared to one based on TGF-β, another
cystine-knot-containing dimer, with which the subunit
containing the CTCK of MUC2 shares some sequence
homology.

Sequence–structure alignment

Among all the experimental 3D structures currently
available from the PDB, MUC2 exhibits the highest
sequence identity and similarity with chain HCG-B, with
values of 26% and 39%, respectively (Fig. 2). HCG is a
glycoprotein hormone produced by trophoblastic cells of
the placenta in both pregnancy and gestational trophoblastic
diseases [35, 65]. Similar to other members of the
glycoprotein family of hormones (luteinizing hormone,
follicle-stimulating hormone and thyroid-stimulating hor-
mone), chorionic gonadotropin is a non-covalent hetero-
dimer composed of a 92-amino acid α-subunit with five
disulfide bridges and two N-linked glycosylation sites, and
a 145-amino acid β-subunit with six disulfide bridges and
two N-linked and four O-linked glycosylation sites [66]. It
is an unusual glycoprotein in that up to 35% of the
molecular weight (MW) is from oligosaccharide side chains
[65]. The 3D structure of HCG was determined based on
experimental X-ray diffraction methods [35]. The 3D

structure shows that each of its two different subunits (α/
A and β/B) has a similar topology, with three disulfide
bonds forming a cystine knot [35, 67].

Although the sequence homology between MUC2 and
HCG-B is relatively low, they do share the cystine knot
motif (Fig. 2a), which is conserved among all the ten-
membered cystine knot proteins. The alignment of the
MUC-2 primary sequence to HCG-B reveals several
important conserved features. Most important is the
conservation of the six cysteine residues (C1–C6, Fig. 2a),
which appear with the correct spacing. Very few insertions
and deletions have to be introduced to align MUC2 and
HCG-B (four residues in three gaps). In particular, the knot
forming cysteines representing the core of the protein fold
can be aligned without gaps [cysteine ring framework
consisting of four cysteine residues with a cysteine (C)
spacing of C2–(X)3–C3 and C5–X–C6 is conserved].
Consequently, the sizes of the cystine knots (C1–C6) in
MUC2 and HCG-B are very similar, at 80 aa and 82 aa,
respectively. In addition, a structurally important glycine
between cysteine 2 and 3 with a positive φ angle—an
unusual conformation—is conserved. There is an additional
cysteine residue present adjacent to cysteine 4 in the MUC2
protein, which is also commonly observed among other
cystine-knot-containing proteins but is missing in HCG-B.
This cysteine is thought to play a role in the covalent

Fig. 2 Sequence alignments of the C-terminal cysteine-rich domain of
major intestinal secretory mucin (MUC2) with the chain-B of human
chorionic gonadotropin (HCG-B) and other cystine knot containing
proteins. The length of the C-terminus cysteine-rich domain of MUC2
sequence, including C1–C6 only, is 80 aa (MUC2-human (UniProtKB/
Swiss-Prot entry Q02817): aa 5075–5154 [50]). Alignment of the six
cysteine residues (numbered C1–C6) and the glycine residue are
highlighted in yellow and green, respectively. Cys-X is highlighted in
purple and marked by an asterisk (*). a Optimal sequence alignment
between MUC2 and HCG-B obtained using Deep View (Swiss PDB)
[56] where manual threading was carried out. The number of amino

acids (Xn) between conserved cysteine residues (C) is given. b
Multiple sequence alignment of MUC2 and other cystine knot proteins
using CLUSTAL W [54]. TGF-β2 Transforming growth factor type
β2 (PDB ID: 1TFG), vWF von Willebrand factor (experimentally
derived structure consisting of the cystine knot region not available,
sequence obtained from SWISS-PROT/TrEMBL (UniProtKB/Swiss-
Prot entry Q00604): aa 2724–2804), NDP Norrie disease protein
(experimentally derived structure not available, sequence obtained
from SWISS-PROT/TrEMBL (UniProtKB/Swiss-Prot entry P04275):
aa 39–128), BMP bone morphogenetic protein (PDB ID: 1BMP),
GDNF glial cell line-derived neurotrophic factor (PDB ID: 1AGQ)
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dimerization of rat MUC2 via formation of a disulfide
bond. Following Bell et al. [51], we will refer to this
residue as Cys-X.

Multiple sequence alignment of the C-terminal cysteine-
rich domain of MUC2 and other cystine-knot-containing
proteins further reveals the unique conservation of the ten-
membered cystine knot motif as well as the additional
cysteine residue adjacent to cysteine 4 in MUC2 (Fig. 2b).
Differences can be observed in the length of the two twisted
loops that extend from cysteine residues 1 and 2, from
cysteine residues 4 and 5, and also in the third domain
between cysteines 3 and 4.

3D model building

Based on the sequence–structure alignment of the C-
terminal cysteine-rich domain of MUC2 with HCG-B, a
full 3D model of the MUC2 domain was built. A
comparison of these two structures is shown in Fig. 3a.

The final optimized model displays the cystine knot formed
by the six cysteine residues through three disulfide bonds as
well as the highly twisted anti-parallel β-sheet structure
consisting of three variable loops, a characteristic of
cystine-knot-containing proteins [31, 48]. Close overlap
between the backbones of MUC2 and HCG-B is observed,
reflecting conservation of structural features between the
two proteins. In both structures, the highly twisted anti-
parallel β-sheet structure of the “finger” loops each contain
an extended ladder of hydrogen bonds [34]. Hydrophobic
residues are found to be located and spatially compact
between the anti-parallel β-sheet “fingers,” as well as at the
tip of the third loop in both structures [35]. In addition, both
MUC2 and HCG-B contain an additional disulfide bond
linking the two anti-parallel β-sheet “fingers.”

Finally, both HCG-B and the MUC2 model display a
pair of β-sheet bulges in adjacent positions on each
strand of the C-terminal β-sheet “fingers.” All cystine
knot growth factors possess these β-sheet bulges
immediately adjacent to C5 of the cystine knot, indicat-
ing they are an important feature of this motif [35]. Most
importantly, the superposition indicates a precise align-
ment of the cystine knot region, where the ten conserved
cystine knot residues [C1, C2–(X)3–C3, C4 and C5–X–C6]
in both molecules superimpose onto one another with
precise alignment of the disulfide bonds (Fig. 3b). The α-
carbon RMSD values were 2.38 Å for the entire structure
(all residues) and 0.08 Å for the ten conserved cystine
knot residues. This further indicates that the cystine
knot signature in the C-terminus of MUC2 is highly
conserved.

The 3D homology model was checked using various
structural verification and assessment tools. The ANO-
LEA and PROCHECK methods were used; the results
based on these methods are shown in Supplementary
Figs. 1 and 2. The ANOLEA method of assessing mean
force potential results in a plot in which the y-axis
represents the energy for each amino acid of the protein
chain (Supplementary Fig. 1). Negative energy values
represent a favorable environment whereas positive values
represent an unfavorable environment for each amino acid.
The analysis indicated that the majority of amino acids in
the model are in favorable energy environments, and that
the energy profiles are very similar for the MUC2 model
and HCG-B despite the lack of sequence homology. The
Ramachandran plots generated by the PROCHECK [62]
program (Supplementary Figure 2) display the psi (ψ) and
phi (ϕ) dihedral angles of each residue in the protein
structure to assess the “stereochemical quality” of a
structure. The majority of the residues in the model
correspond to regions on the plot where there are no steric
clashes, and again the plots are similar for the MUC2
model and HCG-B. In general, these methods indicate

Fig. 3 Superposition of the 3D MUC2 model (aa 5071–5155 shown)
and HCG-B (aa 6–91 shown). a Backbone ribbon representation:
green 3D model of the C-terminus of MUC2, white HCG-B. Red areas
in the 3D model indicate areas with poorer overlap in comparison to
other regions in the entire structure. The root mean squared deviation
(RMSD) (α-carbons) value is 2.38 Å. b Close up of the superposition
of the ten-membered cystine knot structures emphasizing the
alignment of the disulfide bonds (yellow); pink homology model of
MUC2, blue HCG-B. The RMSD (α-carbons) value for the ten
conserved cystine knot residues [C1, C2–(X)3–C3, C4 and C5–X–C6] is
0.08 Å

2958 J Mol Model (2011) 17:2953–2963



positive stereochemical quality and no significant struc-
tural errors in the 3D homology model when compared to
HCG-B. Similar conclusions were made using What
Check and Verify3D (data not shown). The close similar-
ity of the quality and structural features of the homology
model with the experimental HCG-B structure increases
confidence in the reliability of the model.

Dimer models—general features

Figure 4 shows the models of the three possible dimers
constructed from the homology model of the MUC2 Cys-
rich domain. The models based on HCG have the
characteristic “palm to palm” interaction of the cystine
knots (using the “hand” analogy for the structure), as
opposed to the intertwined nature of the interaction
characteristic of TGF-β, which is also observed in the
TGFβ model (Fig. 4). The characteristic antiparallel β-
strands of the “fingers,” a characteristic of cystine knots,

were conserved in the HCG CysX model, but not entirely in
the other models. In general, the HCG CysX and HCG
noCysX models exhibit some structural dissimilarities, even
though they share gross structural features overall, as
indicated by an overlay of the two models (Supplementary
Figure 3).

Investigating the distance between the residue 54
(Cys-X) sulfur atoms on each strand of the dimer, results
indicate that the Cys-X bond is not likely to be formed in
the model based on HCG without explicit formation of
this bond, as the distance between sulfur atoms in the
relevant residues is much greater than a stable disulfide
bond (2.05 Å) (Supplementary Table 1). In fact, this
model contains a disulfide bond in each segment of the
dimer between residue 54 (Cys-X) and residue 52.
However, in the HCG CysX model, this bond appears to
maintain a relatively stable length throughout both
simulations. In the TGF-β model, the Cys-X bond length
deviates somewhat from a stable disulfide bond length to
1.98–1.99 Å.

SASAs, particularly for hydrophobic residues, were
examined (Supplementary Table 2). The formation of the
Cys-X bond in the HCG-based model reduced the
hydrophobic SASA to 3,151 Å2, compared to 3,418 Å2

and 3,870 Å2 in the HCG noCysX and TGFβ models,
respectively, indicating a more energetically favorable
configuration in the aqueous environment of the mucus
gel. Both HCG-based models had lower hydrophobic
SASAs than the TGF-β based model. Visualization of
hydrophobic residues on the three models (colored silver in
Supplementary Figure 4) demonstrates that most of them
are tucked inside the structure rather than exposed on the
exterior of the molecule, especially in the HCG CysX
model.

Average RMSD trajectories for the models during the
MD (Fig. 5a) and SA (Fig. 5b) simulations indicate that all
three models appeared to achieve a somewhat stable
configuration during MD. The HCG CysX model leveled
off most quickly and at the lowest value, around 1.5–
1.75 Å. The HCG noCysX model leveled off at a slightly
greater RMSD (∼1.75–2.0 Å), while the TGFβ model
demonstrated considerable fluctuations and a general rise in
RMSD throughout most of the MD simulation, indicating a
generally less stable starting structure. Parallel trends
governed the SA portions of the simulations, with RMSD
for the HCG CysX model leveling off first at approximately
4 Å, while the RMSD for the HCG noCysX model
continued to rise to approximately 5 Å, and the TGFβ
model’s RMSD rose throughout most of the simulation to a
value of approximately 6 Å. It is interesting to note that the
relative stability of the HCG CysX model is due not only to
the formation of the Cys-X bond, as the TGFβ model also
contained this bond.

Fig. 4 Homodimer models of MUC2 in ribbon presentation with the
chains colored red and blue. a HCG CysX model based on the 3D
structure of HCG (1HCN) with an inter-chain disulfide bond between
Cys54 of each chain. b HCG noCysX model; as in a, but without the
interchain disulfide bond. c TGFβ model based on the 3D structure of
TGF-β2
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To test the hypothesis that the cystine-knot-containing
portions of the molecules would be relatively stable in
the dimer models, the average RMSD over each
simulation was calculated for each residue, and residues
were colored according to this value (Fig. 6). In general,
the cystine knot portions of the models, corresponding to
the central region of interaction of the two chains in each
model, were more stable than the rest of the residues
during the simulations, and the region of greatest stability
(lowest RMSD) appeared to grow from the cystine knot
region outward from the end of the MD to the end of the
SA simulations.

Discussion

Based on sequence–structure alignments and 3D model-
ing, a cystine knot tertiary structure homologous to that
of HCG is predicted at the C-terminus of MUC2. The 3D
model of the C-terminus of MUC2 is, to the authors’
knowledge, the first detailed structural study carried out
on the cystine knot motif in MUC2, or on any secretory

mucin, although gel-forming secretory mucins have been
suggested to contain cystine knots through genomic
analysis and mutagenesis [31, 48]. Although the sequence
homology of MUC2 and HCG-B is low (26% sequence
identity), it is still considered to be relatively high
compared to the sequence homology among existing
cystine knot proteins with known 3D structures, where
the percentage figures do not exceed 10% for sequence
identity and 25% for similarity. In addition, key similar-
ities between the cystine knot portions of the two
molecules support the homology model approach: the size
of the cystine knot of MUC2 (80 aa) is very similar to that
of HCG-B (82 aa), and only a few gaps had to be
introduced to align the C-terminal end of MUC2 and
HCG-B, resulting in the entire structures of the C-terminal
ends of MUC2 and HCG-B being very similar.

The cystine knot forces the protein to adopt a 3D
arrangement that exposes, in part, specific hydrophobic
residues to the exterior of the molecule, likely facilitating
protein–protein interactions. Thus, it is hypothesized that
exterior hydrophobic residues, which have also been
described for selected members of all cystine knot
subfamilies, including HCG [33, 49, 68], contribute to the
formation of homo- or hetero-dimers. Cys-X, which is not
present in HCG-B, has also been hypothesized to play a key
role in strengthening dimerization [48]. So far, all of the
identified cystine knot proteins with known 3D structures
are found to form dimers that bind to specific receptors
[29–33, 35, 69, 70]. However, the mode of dimerization is
different for each [32]. Taken together, these observations,
together with the fact that several studies have indicated
that the cysteine-rich domain at the C-terminus of MUC2 is
involved in forming covalently linked dimers [48, 71],
strongly supported exploration of dimer formation utilizing
the developed model.

It can be concluded, based on RMSD analysis during
the MD and SA simulations, length of the Cys-X bond,
and observation of hydrophobic SASA, that a dimer
model based on the HCG dimer, but with the Cys-X
bond explicitly formed in the initial configuration, is
more stable than an HCG-based model without the Cys-
X formation or a TGF-β based model, which does have
Cys-X formation. In addition, the six residues involved
in the cystine knot formation of MUC2 appear to be
important for dimerization, as indicated by the relative
stability of this portion of the two strands of the dimer
compared to the rest of the residues, probably by
allowing correct positioning of Cys-X for stable inter-
molecular disulfide bond formation, as was suggested for
rat muc2 [48].

Although the molecular function of the cystine knot in
MUC2 is still unclear, these results support its significance
in mucus gel formation. Linking at the C-terminus together

Fig. 5 Average RMSD values for each model during a molecular
dynamics (MD) and b simulated annealing (SA) simulations
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with cross-linking of the cysteine rich domains in the N-
terminus (forming trimers) are known to result in formation
of multimeric insoluble mucin gels [72, 73]. It could also be
that the cystine knot in MUC2 functions to bind to a
specific receptor as it does in most other cystine knot
proteins, including HCG-B [29–33, 35, 69, 70]. It was
demonstrated recently that the protozoan parasite Entamoe-
ba histolytica secretes a cysteine protease that cleaves the
cysteine-rich C-terminal domain of MUC2 mucin at
residues 4322 and 4681 [74]. Cleavage at residue 4319
dissolves the mucin gel, releasing the portion of the
molecule including the cystine-knot region discussed here.
It is possible that this cleavage frees this portion of the
molecule, facilitating binding to a receptor. Thus, further
efforts to understand the cystine knot’s biological function
as well as its contribution to and impact on the overall
structure of MUC2 would be meaningful.

Conclusions

The 3D model of the C-terminus of MUC2 predicts a
highly conserved ten-membered cystine knot, thus
providing strong evidence for the existence of the
cystine knot in MUC2 and novel insight into the
structure of MUC2. It is important to note that although

the model is in agreement with a cystine knot structure,
it must be considered as a first approximation and not a
substitute for an experimentally derived tertiary struc-
ture. Nevertheless, it provides the basis for precise
predictions of functional details that can be tested
experimentally. Molecular details can be read from the
model before the protein is expressed and its shape
investigated experimentally. In addition, as demonstrat-
ed here, the model can be used to explore potential
mucin dimer formation and its dependence on physico-
chemical parameters such as pH. The preliminary dimer
modeling presented supports a dimer structure similar to
that of HCG, but with a Cys-X disulfide bond
formation. The manner in which the cystine knot affects
the overall structure of MUC2, its impact on drug
transport through the mucus layer, and its relation to
any mucin-related diseases are open to investigation.
For these areas of future research, the 3D model of the
C-terminus of MUC2 could provide insight. Under-
standing of the impact of mucus structure and molecular
interactions on drug transport will provide essential
guidance for design of drugs and delivery agents,
enabling more rapid drug development. In addition,
understanding of the barrier properties of mucus will
generally provide insight into the significance of this
barrier in physiological function.

Fig. 6 Model dimers at the end
of the MD (left) and SA (right)
portions of the simulations, with
residues color coded by RMSD
for the HCG CysX ( a), HCG
noCysX (b) and TGFβ (c)
models. RMSD was scaled be-
tween 0 and 5 Å for all mole-
cules, with blue corresponding
to the lowest RMSD and red to
the highest
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