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Coarse-Grained Monte Carlo Simulations of Mucus: Structure, Dynamics,
and Thermodynamics
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Laboratory of Theory of Biopolymers, Faculty of Chemistry, University of Warsaw, Warsaw, Poland

ABSTRACT A simple coarse-grained model of mucus structure and dynamics is proposed and evaluated. The model is based
on simple cubic, face-centered lattice representation. Mucins are simulated as lattice chains in which each bead of the model
chains represents a mucin domain, equivalent to its Kuhn segment. The remaining lattice sites are considered to be occupied
by the solvent. Model mucins consist of three types of domains: polar (glycosylated central segments), hydrophobic, and
cysteine-rich, located at the terminal part of the mucin chains. The sequence of these domains mimics the sequence of real
mucins. Static and dynamic properties of the system were studied by means of Monte Carlo dynamics. It was shown that the
model system undergoes sol-gel transition and that the interactions between hydrophobic domains are responsible for the tran-
sition and characteristic properties of the dynamic network in the gel phase. Cysteine-rich domains are essential for frictional
properties of the system. Structural and dynamic properties of the model mucus observed in simulations are in qualitative agree-

ment with known experimental facts and provide mechanistic explanation of complex properties of real mucus.

INTRODUCTION

Mucus, which covers many organs and tissues in the human
body, is a major component of an innate defense system
against environmental elements (1). The main role of mucus
is to immobilize external bodies (e.g., viruses) or nanopar-
ticles (e.g., dust) and then remove them from the organs
or body. It is recognized that the structure and composition
of mucus is similar among many organs and tissues. It is
also commonly recognized that this system consists of two
distinct parts: the luminal mucus layer (LML) and the adhe-
sive mucus layer (AML) (1-4). The function and composi-
tion of these two layers are qualitatively different. Each
layer has a different composition of water, ions, nucleic
acids, proteins, lipids, and glycoproteins, the most important
structural components of mucus. As a result, each layer has
different physicochemical properties. The layers do not
penetrate one another, but rather interact through a narrow
interface (2,3).

Because of their different properties, the two layers of
mucus play different roles in the defense system (1). The
AML, which comprises very long and charged glycopro-
teins, is tightly packed and adsorbed at the cell surface.
As a result, the mobility of AML molecules is restricted.
Thus, when an external body comes in contact with this
layer, it is retained there for a long time. The cleaning
time for this layer is long (2—4).

In contrast to the AML the LML has a gel-like structure.
The LML is more mobile than the AML, and consequently
more rapidly cleared. Additionally, the LML contains some
immersed species of antibodies and therefore constitutes the
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main part of the mucosal defense system. Despite this
important role in the defense system, the mucus surface
causes problems when medical treatment is needed. A
number of medicines are ineffective because they cannot
penetrate the LML in time short enough before being
removed from the luminal layer, or even if they can, there
is a need for high medicine concentration, so treatment costs
rapidly increase. These issues of drug delivery make exper-
imental and theoretical studies of the LML very important
and interesting (1).

The LML is composed of ~90-95% water and 5% glyco-
proteins; the remainder is made up of ions, lipids, smaller
proteins, and nucleic acids. Despite its large water content,
viscous and elastic properties of the LML are controlled by
large molecules called glycoproteins (mucins) and inter-
penetrating solvent. The protein composition of mucus
slightly depends on organs and location in the body,
although existing data show that MUC5AC and MUCS5B
are the most abundant mucins, whereas others play a less
important or marginal role in mucus. MUC5B and
MUCSAC are very large glycosylated proteins. The length
of these molecules is variable, but usually it is ~5000 amino
acids. MUC5B and MUCSAC sequences are highly modular
and consist of many repeating domains. For secreted
mucins, the central part is composed mostly of serine, thre-
onine, and proline, which are densely covered by sugars (up
to 20 sugar units/amino acid). This glycosylation makes the
central part of mucins very rigid and highly charged. Polar
domains are flanked by hydrophobic domains that are naked
with respect to glycosylation. These hydrophobic domains
are separated by cysteine-rich domains (1-3).

Due to the system complexity, experimental studies of
mucus are difficult (5,6). Most investigations have been
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performed in vitro, with only a small amount of data related
to in vivo studies. In vitro studies can provide some picture
of mucus, but even so, the relation between in vitro and
in vivo findings for mucus is not clear, since the environ-
ment (pH, ion concentration, etc.) can significantly change
upon extraction from a living system. Since the AML is
directly connected to the surface of a living cell, it is more
difficult to study than the LML.

Despite much experimental work on gel-like mucus, the
role of hydrophobic and cysteine-rich domains in gel forma-
tion, and whether their presence is essential for the sol-gel
transition, remains unclear. Another yet unanswered ques-
tion is what the role of internal cysteine-rich domains is in
the formation of cross-links between mucin chains. From
a medical point of view, one of the most important questions
is the role of Ca*" in mucus secretion and mucosal diseases
and causes and mechanisms of these diseases (7,8). In this
work, we provide a model-based description of thermody-
namics, dynamics, and the molecular mechanism of mucus
gel formation.

Coarse-grained mucus model

Soluble mucus (LML) consists mainly of water (~95%),
although large glycoproteins are responsible for its viscous
and elastic properties. There are many kinds of glycopro-
teins inside the mucus phase, but the most abundant are
MUC5B and MUCS5AC. In many different tissues, the
length and domain composition of these mucins may vary,
but the physicochemical behavior is very similar in all cases
(1). Therefore, we assume in this study that all modeled
mucins have the same length and the same domain struc-
ture/composition.

It is assumed that mucin structure can be represented by
three types of distinct domains: cysteine-rich, hydrophobic,
and polar. In the case of the cysteine-rich domains, this
assumption is well justified because of strong sequence
conservation in these domains. For the hydrophobic
domains, the interactions are rather nonspecific, making
them quite robust. Thus, they also could be treated as a single
type. The sequences of the polar mucin domains, despite
being commonly rich in serine, threonine, and proline, are
not conserved among various species, which supports the
idea that essential functionalities are governed by carbohy-
drates. Due to the apparent lack of well-defined patterns of
amino acid glycosylation, it seems to be reasonable to
assume that gel formation is a generic feature of mucins,
regardless of glycosylation details (1). Accordingly, we
assume the following generic primary structure of mucins:
SHSHSPPPPPPPPPPPPHHS (System I), where S denotes
a cysteine-rich domain (referred to henceforth as Cys), H
is a hydrophobic domain, and P is a polar domain. This
assumed generic sequence of model mucins is justified by
inspection of the sequence of the chromosome 11pl15.5,
where MUCS5AC and MUCSB are localized (9,10). It can
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be determined that polar segments comprise ~60% of the
sequence, and the rest is made up of hydrophobic and
cysteine-rich domains. Hydrophobic domains are larger
then cysteine-rich domains, but because hydrophobic
domains have denser packing than cysteine-rich domains,
a larger number of amino acids in hydrophobic domains
correspond to one Kuhn segment. Because of the nature of
evolution of many mucins, which is governed by duplication
of sequence fragments, polar parts of mucins are flanked by
SH repetitions.

Biophysical studies of mucins have quite a long history
(5,6). It is well established that the length of mucins in the
extract is ~450-500nm (11,12). It has been found that
a Kuhn’s length of mucin chains varies from 25 to 30 nm
(6,13), leading to the assumption that mucin chains can be
represented by a random chain composed of 20 freely con-
nected segments. Even with such simplification, simulation
studies of the long-time behavior of many particles could be
too expensive. To facilitate large-scale simulation, we
confined the mucus system in a simple cubic face-centered
(FCC) lattice. Such simplification has been extensively em-
ployed in studies of thermodynamics and dynamics of poly-
meric solutions and melts (14,15). The FCC lattice has
a high coordination number, z = 12 (corresponding to close
packing of spherical objects (16,17)), and lattice chain flex-
ibility enables efficient simulation of their stochastic
dynamics. The lattice representation allows a very simple
form of interaction potential between chain segments. The
excluded volume of mucin chains is modeled by exclusion
of double occupancy of lattice sites. The neighboring sites
interact via simple contact-type potentials, and interaction
is considered only between segments that are not consecu-
tive in the mucin sequence. Similar highly idealized models
of proteins are very popular in studies of small proteinlike
systems (18-20). The robustness of these simplified models
is demonstrated in terms of a specific choice of parameters;
changes of parameters in a reasonable range do not affect
the basic physics of such systems (20). Longer-distance
(electrostatic) interactions are neglected, which is justified
by the large size of the equivalent segments of the model
chains.

The following magnitudes of contact potentials between
P-, H-, and S-type segments are assumed:

Epp = 0.0 (neutral)

Enicysp = 0.5 (repulsive)

Eyn = —0.5 (attractive)

Encys = —0.1

Ecyscys = —2.0 (to mimic the covalent aspect, only one
Cys-Cys interaction per segment is counted).

The total configurational energy of the model system is
the sum of all contact interactions. The values of contact
potentials are expressed in conventional dimensionless units
of kgT. Thus, the absolute values of the interaction parame-
ters are not important. What is relevant is the relations
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between particular parameters. Interactions between polar
domains are set to 0, as for an athermal solution. The reason
for the last assumption is that the carbohydrate side chains
are hydrated and the charges at the glycosylated surface
are neutralized by ions (e.g., Na®, K*). The strength of
interactions between cysteine-rich domains has been set
only four times higher than the strength of interactions
between hydrophobic domains. The reason for this is that
the specific level of the oxidation-reduction potential within
the mucus environment enables reversible Cys-Cys cross-
link formation. Reversibility of cross-linking, in which
a fraction of Cys residues are reduced, is essential for mucus
function, which requires a nonzero diffusion coefficient of
mucins.

The dynamics of model chains is simulated via a dynamic
Monte Carlo scheme, controlled by the Metropolis accep-
tance criterion. Fig. 1 illustrates conformational updates
implemented in the Monte Carlo algorithm. These micro-
modifications preserve chain connectivity and prevent
chain-crossing events (21-23). The Monte Carlo process
provides a solution to the master equation of motion and
thereby delivers a picture of long-time dynamics of the
model system.

To address the roles of hydrophobic and cysteine-rich
domains in mucus gel formation, we introduced and simu-
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FIGURE 1 Local chain modifications in the Monte Carlo sampling
scheme. (A) Three-bond permutation. (B) One-bead kink. (C) Pivot for
a single terminal segment. (D) Pivot for two terminal segments. (E) Pivot
for three terminal segments.
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lated two hypothetical systems. In the first system (System
II), we replaced all cysteine-rich domains from System I
with hydrophobic domains, and in the second (System
III), we replaced hydrophobic domains with polar domains
to find out whether the cysteine-rich domains are sufficient
for mucus gel formation. To answer the question of the
possible Ca®" effect on mucus structure and dynamics, we
kept the sequence of System I, modified by a possibility
of attractive interactions between serine/threonine-rich
domains via Ca®" salt bridges between charged hydrocar-
bons (System IV). In this system, Epp = —0.2. The nature
of these weak attractive interactions comes from the
observed mechanism of mucus goblet secretion, where
densely packed mucus goblets, with their water-deprived
interior, are enriched in Ca®*. This behavior is counterintu-
itive, because polar segments are collapsed in the presence
of water. It is assumed that positive polyions shield the nega-
tive charges of polar segments of mucins. This effect is not
observed for single positive ions like K", Na*t, Thus, the
double-positive charges, and the resulting salt bridges,
lead to net attractions of the polar segments, although the
exact nature of this shielding is still not known (7,24,25).
These interactions are relatively weak, and after mucus
goblet secretion and Ca”" ion removal, the polar segments
rapidly swell, despite the fact that cysteine bonds and hydro-
phobic interactions remain intact (7).

METHODS
Lattice model

The model systems were restricted to the FCC lattice with superimposed
periodic boundary conditions. In most simulations, the cubic periodic box
had an edge of L = 39 (Fig. 2). Different concentrations were obtained by
changing the number of model chains, assuming N = 77, 154, and 230 for
C =5, 10, and 15% volume fractions, respectively. The exception was the
case where C = 2% with box size L = 45 and number of chains N = 47.
Unoccupied lattice sites represent solvent. The length of a single polymer
segment in the FCC in the lattice units is equal to /2 for Cartesian coor-
dinates, which corresponds to 25 nm according to the Kuhn-length-based
scaling described above. Stochastic dynamics in the NVT ensemble of
model chains was modeled by long random sequences of local conforma-
tional transitions. The time unit of the model dynamics corresponds to the
time needed for one attempt at conformational transition per chain
segment on average. The set of local moves consists of one bead kink,
pivots for one, two, and three terminal segments, and three-bond permuta-
tions (Fig. 1). The random sequence of such sets of moves assures
ergodicity of the sampling scheme, at least in a practical sense (some
nontypical, very dense conformations could be not accessible). The design
of local moves prevents chain-crossing (or phantomization).

Annealing

Simulated annealing was performed starting from temperature T = 1.5,
and ending at T.p,g = 0.01. The system was periodically cooled down every
50,000 time units. The first 10,000 time units after each cooling event were
disregarded in the calculation of observables and treated as an equilibration
cycle system. The cooling schedule was designed as follows:
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3510

FIGURE 2 A snapshot of 77 mucin chains in a periodic Monte Carlo box.
For clarity, the chains are smoothened by replacing coordinates of lattice
polymer units with average coordinates of three subsequent segments.
Blue segments correspond to polar domains, red segments to hydrophobic
domains, and yellow segments to cysteine-rich domains.

T; = vTi_; when T;_; > Ty;,, and T; = T;_; — AT otherwise. The settings
used were Tj;, = 1.0, v = 0.96, and AT = 0.015 (26).
To calculate observables we collected data in intervals of 500 time units.

Heat capacity

Heat capacity as a function of temperature could be calculated using the

formula
< (E(i) _ <E(l)>> 2>
C, (Tl> = Tiz )
where E” means energy in the ith annealing step. Due to the data scattering,

the heat capacity readings were averaged over five neighboring temperature
readings.

Contacts

Patterns of intra- and interchain contacts were stored every 500 time units.
Only nonbonded contacts were included. The coordination number of the
FCC lattice is z = 12. Thus, the maximum number of nonbonded contacts
(except for the chain ends) is equal to 10. Due to the specific design of the
interaction scheme for cysteine-rich domains, only one Cys-Cys contact
was counted for each Cys segment. Contacts between cysteine-rich
domains and other segments were counted as for other types of contacts.
For each temperature, the average ratio of observed contacts to the
maximum number of contacts was calculated and stored for further
analysis.

Topology

Similar to the other statistics, the network topology was analyzed every
500 time units. Distinct topologies were considered as schematically de-
picted in Fig. 3. Free-chain topology includes chains that have only intra-
chain contacts (Fig. 3 A). Loop topology was assigned to chains having
intrachain contacts between the N- and C-terminal segments and an addi-
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FIGURE 3 Possible mucin chain topologies in a mucus system. (A) Free
chain. (B) Bridge. (C) Dangling chain. (D) Loop.

tional hydrophobic contact with another chain (Fig. 3 D). For chains with
hydrophobic contacts at both termini with different termini of other chains,
and without loop-type intrachain contacts, the topology is called a bridge
(Fig. 3 B). Dangling topology (Fig. 3 C) was assigned to chains interacting
with other chains but without loop or bridge topology.

Gyration tensor, end-to-end distance, and radius
of gyration

Radius of gyration and end-to-end distance were calculated for each chain
and its hydrophobic and polar parts at 500-time-unit intervals. Averaged
values were then calculated at various temperatures of the annealing
protocol. In addition, for some systems, asphericity characteristics of entire
chains were monitored (27).

The end-to-end distance is defined in a conventional way:

R. = Ry — Ry,

where Ry and R; are Cartesian coordinates of the last and the first
segments, respectively. In a similar way, the end-to-end distances for sub-
chains (hydrophobic and polar) were monitored. Asphericity and radius
of gyration were calculated from the gyration tensor, defined as

1 N
S = = > e
m-™n ’
N i=1
where r, () is the mth (nth) coordinate of the position of the ith segment
of the polymer chain. The origin of the coordinate system for r vectors is
placed at the center of gravity of the molecule. To calculate the center of

gravity for each mucin, the mass of segments was assumed to be 1.0. For
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such established centers of gravity, the m, n index for r® varies from 1 to 3
(which corresponds to x, y, and z components of the r® vector).
The tensor of gyration could be diagonalized to extract its principal

components, 12> Aﬁ >3
20 0
S=10 2 0
0 0 2

Radius of gyration and asphericity could then be calculated as

R =1 + 24 + &

and

b= Aﬁ—%(xﬁ +22).

Radial distribution functions and time
autocorrelation functions

Radial distribution was calculated for pairs of hydrophobic and cysteine-
rich domains, pairs of polar domains, and all types of domains together:

Gl = 32 (ol — ),

i j#Fi

where V is the volume of the system, N is the number of polymer segments
in the system, ¢ function is an operator which counts histogram bins for the
occurrence of distances between ith and jth segments. The radial distribu-
tion functions are normalized so that uniform distribution corresponds to
1.0. For selected temperatures, radial distribution functions were calculated
from long (106 time units) isothermal simulations at 10,000-time-unit inter-
vals and then averaged over all snapshots.
To monitor chain autorelaxation, the formula used was

CAA(t) o <Ri(t)Ri (0)>
- )
(R(0)R(0))
where t is time, R(t) is the vector connecting the first and last segments of
a chain at time t. The averages were computed for all chains and sliding
windows of simulation time at various time intervals. Due to statistical
uncertainty, for very long times the correlation functions were analyzed
only for t < 1/2t,,, Where t. is the simulation length.

For the transport autocorrelation function, the formula used was

g(t) = (([r() —r(O)F)),

where r(t) is the position of a segment at time t. The averaging was done in
the same fashion as for the end-to-end autocorrelation function. Diffusion
coefficients were estimated from log-log plots of autocorrelation functions.
At a short timescale, mucins follow a subdiffusion behavior, typical of poly-
mers. A straight line was fitted to the long-timescale regime where displace-
ments are larger than an average radius of gyration and extrapolated to time
t = 0 to obtain a log(D) value, where D is the diffusion coefficient (28).

RESULTS AND DISCUSSION
Thermodynamics

Simulated annealing computational experiments were per-
formed for the model systems. To check possible concentra-
tion effects for System I, four mucin concentrations, C = 2,
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FIGURE 4 Heat capacity as a function of temperature for C = 5%
concentration of mucins and System I. The dotted line represents smooth-
ened data obtained by averaging of five consecutive solid circles. The tran-
sition temperature from the picture is ~0.25. For Systems II and IV, the
transition temperatures from analogous pictures are 0.77 and 0.55, respec-
tively (data not shown).

5, 10, and 15%, were simulated. These simulations showed
that the transition temperature (Ty) of System I (see Fig. 4)
does not change significantly with concentration. Moreover,
the average energies per chain at different concentrations do
not differ by much (see Fig. 5). The T; values obtained for
System II were much higher than those for System I at
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FIGURE 5 Average energy per mucin chain as a function of temperature
for the four different concentrations in System I.
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FIGURE 6 Average number of intrachain (solid symbols) and interchain
(open symbols) interactions per chain segment (see Methods) as a function
of temperature in System I at C=5% concentration of mucins.

any concentration, and for System III, no clear phase transi-
tion was observed. For System IV, the Ty values fell between
those observed for Systems I and II. Analysis of the number
of contacts per chain as a function of temperature showed
that in a sol phase there are almost no intra- and interchain
interactions other than intrachain Cys-Cys interactions and
a small number of intrachain polar-polar interactions
(Fig. 6). Polar-polar interactions probably originate from
the random-coil-contact contribution, and the number of
these interactions does not change noticeably with tempera-
ture. At temperatures above the Ty, the contribution from in-
trachain Cys-Cys interactions is large, whereas the number of
hydrophobic interactions remains low. This situation
changes dramatically upon cooling of the system, when the
Cys-Cys intrachain interactions are converted into interchain
interactions. The interchain hydrophobic-hydrophobic
contribution also increases during the cooling process
(Fig. 6). For System II, we observed a very similar situation,
although without the Cys-Cys contribution. In System I'V, we
observed almost the same picture as for System I, with some
additional contribution of polar-polar interchain interactions
accompanied by phase transition (for details regarding
Systems II-1V, see the Supporting Material).

Structure

The sol-gel transition is accompanied by significant changes
in topology of the cross-linked network of mucins. In the
case of System III (for which we did not obtain sol-gel tran-
sition), at low temperatures, system topology is mostly
limited to free chains and dangling chains (probably two
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FIGURE 7 Frequency of various types of mucin network topologies (see
Methods) as a function of temperature for System I at C = 5% concentra-
tion of mucins.

head-to-tail connected chains) with a small number of
bridges and loops. A qualitatively different network
topology was observed for Systems I and II, although
between these two systems it was very similar (Figs. 7
and 8), which leads to the conclusion that hydrophobic
domains play a crucial role in gel formation. In these cases,
we observe a main contribution from loops and a smaller
one from bridges. Dangling topology and free chains are
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FIGURE 8 Frequency of various types of mucin network topologies (see
Methods) as a function of temperature for System II at C = 5% concentra-
tion of mucins.
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FIGURE 9 Frequency of various types of mucin network topologies (see
Methods) as a function of temperature for System IV at C = 5% concentra-
tion of mucins.

absent in the gel phase. The emerging overall picture is that
hydrophobic bundles (or blobs) are connected by bridges. In
the case of System IV, the picture of topology is quite
different. The role of loops and bridges with respect to
Systems I and 1II is inverted. Bridges play a major role in
the gel network structure (see Fig. 9).

To compare the shape of mucin molecules forming the gel
in System I and IV, tensors of gyration were analyzed as
a function of temperature. In the case of System I, a disklike
picture shape of mucins is observed, whereas for System IV
an asymmetric oval-like shape is evident.

Other characteristics of mucin molecules, such as the
average radius of gyration and end-to-end distances, also
change significantly upon cooling. For System I, both
measures indicate highly extended conformations of entire
chains, and especially of their polar parts, which determine
the overall shape of molecules. For hydrophobic domains,
a systematic decrease of end-to-end distances and radii of
gyration is observed during cooling until the Ty, after which
chain dimensions increase. This reentrant increase in the
dimensions of hydrophobic sections is caused by the stretch-
ing effect of the network.

The analysis of radial distribution function for hydrophobic
and cysteine-rich domains at low temperature, T = 0.2, is
quite insightful (Fig. 10). There is a well-defined signal
from the network pattern with distances between peaks of
distribution equivalent to approximately six chain units,
which corresponds to 180 nm in real systems. Conversely,
the radial distribution function for polar segments does not
exhibit any specific patterns: the glycosylated segments are
distributed uniformly in space, forming connections between
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FIGURE 10 Radial distribution function for cysteine-rich and hydro-
phobic domains at temperature T = 0.2 for System I at C = 5% concentration
of mucins. A radial distribution function of 1.0 indicates uniform, random
distribution. One lattice unit corresponds to ~25 nm in a real system.

the hydrophobic blobs. In the case of radial distribution func-
tion for all monomers, we also observe two peaks separated by
approximately six lattice units, but the network pattern is less
clear because of the shadowing effect of polar segments.

Dynamics

Dynamic properties of the model system were studied in
long isothermal Monte Carlo runs. The simulations were
performed for System I at C = 5%, which is a typical
concentration for mucins in mucus. Short time (and small
distance) mobility of various parts of chains is similar,
with somewhat faster local relaxation of polar sections.
On a longer timescale, the picture is qualitatively different.
In general, hydrophobic sections of model mucins relax
their conformations much faster, at least at temperatures
around the transition temperature (or just below). The decay
of end-to-end vectors has a single exponential character,
which is typical for flexible polymers in solutions. During
a single simulation run (10° time units), the hydrophobic
chains change their global conformations many times. A
similar picture emerges from relaxation times for polar parts
of mucins and for a full chain: they also relax many times
during the simulation. If we compare the relaxation time
of the full chain at different temperatures below and above
the Ty, we observe sharp changes in relaxation time at
temperatures just above the Ty, which reflect the loss of
network connectivity after heating to temperatures above
the Ty (see Fig. 11).

We also monitored characteristic relaxation times for
Systems I, II, and IV at corresponding Ty values. Analysis
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chains for three different temperatures: T = 0.1 (solid line), T = 0.2 (dashed
line), and T = 0.3 (dash-dotted line) in System I. For temperature T = 0.3,
time is multiplied by 13 because of very fast relaxation. A Monte Carlo
scheme time unit of the simulation process corresponds to the time required
for, on average, one attempt at conformational transition per polymer
segment. Log at the vertical axis means natural logarithm.

of the simulation results shows that among the three cases,
System II relaxes the fastest. Due to high local density
and a large number of interchain polar interactions, System
IV is the slowest-relaxing system.

To compare the transport properties of these systems, we
calculated diffusion transport coefficients from autocorrela-
tion displacement functions. Differences in diffusion coeffi-
cients (see Table 1) follow the different local mobility of
chains monitored via relaxation curves.

Role of cysteine-rich and hydrophobic domains

To answer the question about the role of hydrophobic and
cysteine-rich domains in gel formation, we performed simu-
lations for Systems I-III. Analysis of the C,(T) curve for the
case of System II shows that the presence of hydrophobic
domains is sufficient and necessary for gel formation. More-
over, the topology of the dynamic network formed by
mucins so modified is similar to that observed in System I
(compare Fig. 7 with Fig. 8). Such a similarity shows clearly

TABLE 1 Ratios of diffusion coefficients for three different

systems at their transition temperatures

Du/Do Do/Dy Do/Dy
3.1 1 2.9

Dy, Dy, and D, denote diffusion coefficients for systems I, II, and IV,
respectively.
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that the structure of the gel is controlled by generic hydro-
phobic interactions. For System III, the sol-gel transition
is not observed, probably due to the effect of repulsive inter-
actions between polar and cysteine-rich domains. It seems
reasonable to speculate that cysteine-rich domains located
between the hydrophobic domains make the mucin chains
more flexible. In literature, another hypothesis exists on
the role of cysteine-rich domains in the mucin network.
Specifically, it is postulated that only terminal cysteine-
rich domains create interchain bonds, whereas the
remaining cysteine-rich domains scattered between naked
hydrophobic sections form intrachain links that maintain
suitable shape and positions of hydrophobic domains within
the interaction network between the chains (5). Our simula-
tions clearly show that this is not the case. Analysis of
contributions from different types of cross-links at various
reduced temperatures shows that intrachain cross-links
occur only in the sol phase, where these bonds determine
the overall shape of naked, hydrophobic parts due to
a very small number of hydrophobic interactions. Upon
sol-gel transition, the fraction of these intrachain contacts
quickly decays (Fig. 6). To further resolve the role of
cysteine-rich domains, we compared transport coefficients
(Table 1) for Systems I and II at their transition tempera-
tures. From these data, we can see that mucins, which
have cysteine-rich domains, have lower transport coeffi-
cients, probably caused by interchain disulfide bonds.
Thus, it could be concluded that despite the crucial role of
hydrophobic domains in gel formation, viscosity and elastic
properties of mucus are controlled by cysteine-rich
domains.

Network structure in the gel phase

An interesting insight into the structure of mucus is gained
by analysis of radial distribution functions for domains of
various types. For hydrophobic and cysteine-rich domains,
one can observe an internal structure, i.e., two peaks in
the pairwise radial distribution functions, which indicates
partial long-range spatial ordering of these domains
(Fig. 10). The polar domains do not exhibit such ordering:
in these domains, there is only one peak, resulting mostly
from neighbors along the chain (the height of this peak is
about half that of the peak for hydrophobic domains).
Assuming that the peaks of the radial distribution function
for hydrophobic and cysteine-rich domains correspond to
nodes of a fluctuating network of mucins and the inter-
vening regions of lower density correspond to pores in
that network, the size of such a pore is ~180 nm. This esti-
mation is in good qualitative agreement with experimental
data, showing a pore size of 100-200 nm (2,3,29,30). It is
important to note that this size pore is strongly dependent
on mucin concentration, ionic strength, etc. (6).

It is known that Ca>*-ion concentration has a strong influ-
ence on mucus structure and its frictional properties. This



Coarse-Grained Simulations of Mucus

issue has important physiological connotations, since
elevated Ca®" concentration is typical for patients with
respiratory diseases, e.g., cystic fibrosis (8). To model the
effect of Ca®" ions on mucus properties, we modified
System I by changing the nature of the repulsive interactions
between the polar domains to weakly attractive. The attrac-
tive interactions between the polar segments mimic the
effect of salt bridges between the OH groups of glycopro-
teins. Simulated annealing of such a modified model of
mucins leads to qualitative changes in gel topology, result-
ing from an additional contribution from interchain polar
interactions. The observed shapes of mucin molecules differ
significantly in Systems I and IV. Mucus structure in the
presence of Ca*" ions is highly packed and has granular
structure. A comparison of the transport properties of
Systems I and IV also shows strong effects of ionic strength.
The diffusion coefficient calculated for System IV is around
three times lower than the coefficient for System I, which is
in good agreement with experimental evidence showing an
approximately two- to fourfold decrease in the presence of
Ca’" ions (5,8).

CONCLUSIONS

The proposed coarse-grained model of mucus structure and
dynamics explains many properties of real mucus. The
system undergoes sol-gel transition. In the gel phase, mucin
chains form a dynamic network with complex topology of
chain interactions. The observed size of pores in the network
is in qualitative agreement with experimental estimations.
Computational study of various hypothetical systems al-
lowed us to elucidate the role of different domains in mucus
properties. In particular, simulations of mucin chains lack-
ing the cysteine-rich domains show that hydrophobic inter-
actions are mainly responsible for the sol-gel transition,
whereas cysteine-rich domains control the frictional proper-
ties of mucus. Modeling a system in which polar domains
attract one another (as is possible at high concentrations
of Ca%t ions, where salt bridges are formed between OH
groups of glycosylated segments) shows that at such condi-
tions, mucus loses its gel-like properties.

In future research, the model proposed here will be
applied in studies of diffusion of various nanoparticles
throughout mucus layers, which may provide some new
insights into the biological function of mucus. In particular,
such studies could be helpful in designing new means of
drug delivery across the mucus.

SUPPORTING MATERIAL

Fourteen figures are available at http://www.biophysj.org/biophysj/
supplemental/S0006-3495(10)01197-5.

The computational part of this work was carried out using the computer
cluster at the Computing Centre of the Faculty of Chemistry, University
of Warsaw, Warsaw, Poland.
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