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Abstract

We develop the first molecular dynamics model of
airway mucus based on the detailed physical proper-
ties and chemical structure of the predominant gel-
forming mucin MUC5B. Our airway mucus model lever-
ages the LAMMPS open-source code [https://lammps.
sandia.gov], based on the statistical physics of poly-
mers, from single molecules to networks. On top of the
LAMMPS platform, the chemical structure of MUC5B
is used to superimpose proximity-based, noncovalent,
transient interactions within and between the spe-
cific domains of MUC5B polymers. We explore feasi-
ble ranges of hydrophobic and electrostatic interaction
strengths between MUC5B domains with 9 nm spatial
and 1 ns temporal resolution. Our goal here is to pro-
pose and test a mechanistic hypothesis for a striking
clinical observation with respect to airway mucus: a 10-
fold increase in nonswellable, dense structures called
flakes during progression of cystic fibrosis disease.
Among the myriad possible effects that might promote
self-organization of MUCS5B networks into flake struc-
tures, we hypothesize and confirm that the clinically
confirmed increase in mucin concentration, from 1.5
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to 5 mg/ml, alone is sufficient to drive the structure
changes observed with scanning electron microscopy
images from experimental samples. We postprocess the
LAMMPS simulated data sets at 1.5 and 5 mg/ml,
both to image the structure transition and compare
with scanning electron micrographs and to show that
the 3.33-fold increase in concentration induces closer
proximity of interacting electrostatic and hydropho-
bic domains, thereby amplifying the proximity-based
strength of the interactions.
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1 | INTRODUCTION

Mucus is a complex mixture of proteins, salts, lipids, and water that forms a hydrogel within the
lumen of many organs, including the respiratory, gastrointestinal, and reproductive systems.”’
The primary components of mucus are high molecular weight polymers called mucins. Airway
mucus is composed of two mucins, MUC5B (most predominant) and MUC5AC.%"'° The mucus
layer within the lung provides a total air-mucus surface area approximately the size of a tennis
court. This interface allows the mucus to cleanse inhaled air of trapped particulates, cellular frag-
ments, pathogens, and dead cells.”"! Coordinated cilia propel the mucus barrier toward the tra-
chea, creating an escalator-like transport of the mucus layer to be swallowed along with trapped
cargo into the acidic environment of the stomach; this mechanism is known as mucociliary clear-
ance. As a result, the airway mucus barrier is continuously replenished by production of MUC5B
primarily by submucosal glands and MUCS5AC primarily by goblet cells.?

In muco-obstructive diseases, such as chronic obstructive pulmonary disease (COPD) and cys-
tic fibrosis (CF), mucus becomes dehydrated,'*> leading to elevated and eventually hyperele-
vated mucin concentrations. The resulting mucus possesses aberrant viscous and elastic prop-
erties that obstruct mucociliary clearance, with significant health consequences. In healthy
humans, airway mucin concentrations are approximately 1-2 mg/ml; during CF, mucin concen-
trations elevate to 5-10 mg/ml in advanced stages.®'# In addition to hyperconcentration, as CF
progresses, the mucins self-assemble to form high-density nonswellable structures called flakes.'
The formation of flakes in animals with bronchitis and their role in compromised mucociliary
transport of mucus was recognized a half-century ago.!” Flakes account for approximately 5% of
the mucins in healthy airway mucus samples, progressing to approximately 50% of the mucins in
airway mucus of advanced CF samples.'® The underlying physical and chemical mechanisms that
promote and sustain flake formation remain unknown, the motivation for this study.

In this paper, we use physics- and chemistry-based computational modeling tools to explore the
interplay between MUC5B concentration and noncovalent, transient, electrostatic, and hydropho-
bic interactions within and between domains of MUC5B polymers that: (i) promote structure tran-
sitions in the mucin network; and (ii) facilitate flake formation. Our approach is guided by exper-
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imental scanning electron microscopy (SEM) images of the network structure of mucus at two
different mucin concentrations, one (1.5 mg/ml) consistent with healthy samples and another (5
mg/ml) with hyperconcentrated CF mucus samples. As detailed below, there has been no evi-
dence to date that the transitions observed from healthy to diseased CF states of airway mucus
are associated with aberrant structure changes in individual airway mucin molecules, MUC5B or
MUCS5AC, as established decades ago with the primary mucin molecule MUC2 in gastric mucus
(see next paragraph). Rather, in airway mucus, a myriad of conditions alter the transient interac-
tions between domains within the fundamental MUC5B, MUC5AC monomers, the fundamental
units that comprise mucin polymers. The focus of this paper is to use molecular dynamics (MD)
simulations, image processing, and proximity statistics of interacting domains from simulated
data, guided by experimental electron microscopy images, to test and confirm our hypothesis
that flake-like structure transitions in the MUC5B network are possible purely by virtue of ele-
vated mucin concentration from 1.5 to 5 mg/ml. This result is only one step toward impacting
clinical treatment. Nonetheless, it does suggest a focus on hydration of the airways to combat
structure transitions in disease progression, and only if that fails, to explore additional potential
causes. In addition, this modeling platform provides a platform to test subsequent strategies such
as mucolytic drugs that target the transient electrostatic and hydrophobic interaction domains.

Research on the intricate mechanisms that regulate mucus rheology has progressed along sev-
eral directions, dating back to the 1950s'® and subsequently in the 1990s'*?° as the genomic basis
of mucins was being revealed. In gastrointestinal mucus, the groups of Bansil and Urbanc,?' -
together with medical colleagues, made significant advances in understanding the critical role
of pH in protecting the epithelium of the stomach and intestinal tract, combining various imag-
ing microscopy and bulk rheological techniques with discrete MD simulations. Their simulations
focused on normal and anomalous protein folding of the gel-forming gastric mucin MUC2, reveal-
ing a highly local structure transition; individual beads in the bead-spring polymer model were
discretized to match the size of amino acids, using the GROMACS software package.?”*" These
studies revealed a pH-dependent structure transition at the scale of individual proteins,?">#?8
leading at successively larger scales to mucin aggregation at low pH; furthermore, in Refs. 25, 26,
the connection was established between pH-dependent protein conformation changes confirmed
by electron microscopy and MD simulations and a macrorheological (i.e., bulk) sol-gel transition
measured at the bulk scale with rheometers. Animal clinical trials have been especially valuable
in providing sufficient volumes of gastrointestinal mucus to perform standard macrorheological
experiments (e.g., with cone and plate rheometers), providing a key link between structure at
the single molecule and molecular network scales and bulk rheology. These mechanistic insights
guided subsequent drug treatments to restore normal gastric pH levels.

In CF, several investigators®' have pursued the natural hypothesis that pH is the underlying
cause of abnormal airway mucus. However, CF is a genetic disease, arising from the defective func-
tion of the cystic fibrosis transmembrane conductance regular (CFTR); this defective ion channel
obstructs normal hydration of the airway surface, leading to mucus hyperconcentration.'? Fur-
thermore, the protective barrier function of gastric mucus is precisely to manage the dramatic
pH-gradient between the epithelium and the internal acidic contents. The airway mucus bar-
rier serves a dramatically different function, to trap inhaled insults (particulates and pathogens)
and transport them to be swallowed into the acidic gastrointestinal tract. Several studies'*!6-32-%3
have provided compelling evidence that the disease progression of airway mucus in CF results
from increasingly higher concentrations of mucins (MUCS5B primarily), and not from low pH.
Thus, the cascade in mucus structure and rheology during CF progression is not known to induce
anomalous MUC5B or MUC5AC folding at the amino acid scale. Alternatively, we surmise that
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the CF cascade arises as the proximity of MUC5B domains in more concentrated states amplifies
the effects of the transient hydrophobic and electrostatic interactions between domains within
MUCS5B monomers, leading to a network structure transition. We test this hypothesis in this
paper, and indeed confirm a rise in concentration of MUC5B from 1.5 to 5 mg/ml is sufficient to
induce a structure transition by shifting the proximity distribution of electrostatic and hydropho-
bic domains within and between MUCS5B polymers and thereby amplifying the transient interac-
tions.

We take the opportunity here to highlight significant hurdles that continue to obstruct experi-
mentally informed computational modeling and simulations of respiratory tract mucus, both for
the flow transport of mucus in the airways or cell cultures (cf. Refs. 34-36) as well as the diffu-
sive transport of different sizes and chemical properties of foreign species (small molecule drugs,
drug carrier particles, pathogens, particulates, and passive tracers) embedded within mucus (cf.
Refs. 30, 31, 37-40). Decades of development of hydrodynamic modeling and numerical methods
for polymeric fluids (cf. Refs. 41, 42) have focused on generalizing the Navier-Stokes equations
for the incompressible velocity field to include new degrees of freedom arising from the polymer
network. The divergence of stress terms in the momentum balance include the standard viscous
stress tensor (symmetrized velocity gradient), plus one additional “extra stress contribution” for
each polymer-induced relaxation mode. To close the system, a corresponding Maxwell-like hyper-
bolic transport equation is given for each extra stress mode. We refer to Ref. 36 for a five-mode extra
stress model of mucus transport in cell cultures, where the extra stress modes are fitted to approxi-
mate macrorheology data. The limitation of this approach is that the linear rheology of pulmonary
mucus reveals a power-law behavior of the time-dependent viscous and elastic moduli, whereas
Maxwell extra stress models are an exponential basis. In Ref. 36, we show that even for linear
responses of bronchial mucus, five modes are not sufficient to quantitatively fit the power law.
Even worse, there are no known ways to parameterize and fit the nonlinear response modes of
mucus to large amplitude stress and strain data. And further, there are no known constitutive
laws and numerical methods for the nonlinear response of power-law complex fluids. As a result,
rheologically faithful hydrodynamic simulations of airway mucus remain wide open.

These limitations have inspired the approach taken in the present paper to focus on the mucus
structure that underlies flow transport. To do this, we develop an MD model of the linear viscoelas-
tic behavior of pulmonary mucus, anchored in the detailed chemistry of mucins, MUC5B in partic-
ular, and the transient interactions within and between different domains of MUC5B monomers
and dimers. This modeling approach has the ability to synthetically reproduce the linear, equi-
librium structure of the network over ranges of transient interaction strengths and MUC5B con-
centrations, which we then compare against structure images from electron microscopy. The MD
simulations further predict, by postprocessing of the simulated data from statistical physics sum-
mation formulas, the equilibrium linear viscoelastic moduli at the frequencies resolved by the
simulations. These results are analogous to MD simulations of pig gastric mucus by Bansil and
Urbanc,?**?® but we focus on the network structure as opposed to single protein folding structure
at the fine scales of amino acid resolution due to pH of the solvent. To our knowledge, results pre-
sented in this paper are the first MD simulations of human pulmonary mucus network structure
based on the physicochemical properties of the primary, gel-forming mucin, MUC5B.

MD models of polymer networks begin by discretizing segments of each polymer chain into
beads connected by nonlinear (finitely extensible) springs, where nonneighboring beads within
or between chains interact with each other through the use of potential functions that reflect the
mucin polymer chemistry at monomeric and dimeric scales. In the 1990s, Kremer and Grest* pub-
lished an MD model utilizing the Lennard-Jones “12-6” potential, and analogs of this MD platform
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have been widely used ever since, with Grest leading the open source LAMMPS software develop-
ment at Sandia National Laboratory. Here, we adapt this software platform to represent and study
the rheology of MUC5B-dominated lung mucus, exploring one healthy and one relatively high
mucin concentration, and for each a range of transient interaction strengths between MUCS5B
domains. Our model and simulations operate at smaller length scales and shorter timescales than
standard rheological laboratory techniques, providing an extension of existing rheological data,
while directly comparable experimental evidence is provided by electron microscopy images that
we synthetically generate by imaging the simulated data and then compare.

Section 2.1 outlines the setup of model, covering the representation of mucus and the derivation
of the physical unit scales used in the model. In addition, this section gives details on the poten-
tials that govern transient bead-bead interactions within the model. Section 2.2 covers the data
analysis techniques used to derive the viscoelastic properties of mucus from the model output. Sec-
tion 2.3 describes the laboratory imaging technique used as a basis to verify structures produced in
the model. Section 3 gives an analysis of model-generated images and the computed rheological
moduli from Section 2.3, establishing a link between the spectrum of moduli and structures. This
link can help predict the underlying mucus structures at various parameter ranges, a useful tool
in the future study of medications to manage muco-obstructive diseases.

2 | METHODS
2.1 | Physicochemical polymer representation of MUC5B mucins

Our model is implemented using the software package LAMMPS,** published by Sandia National
Labs [http://lammps.sandia.gov]. In physiology, mucins are organized as polymers, where each
monomer spans approximately 500 nm (Figure 1a).*> We focus on the structure of MUC5B in the
model as it is the predominant gel-forming mucin found within airway mucus. At each protein
terminus, there are large cysteine containing domains that allow mucins to form polymers that
are linked N-N and C-C through covalent disulfide bonds. In between the termini, the protein
consists of a mixture of glycosylated domains and cysteine knots. Mucin domains contain multiple
random repeats of three amino acids: proline, threonine, and serine. These residues form a central
backbone that is highly glycosylated through alcohol groups on threonine and serine residues.
This sugar brush comprises over 50% of the mucin molecular weight.** These glycosylations have
been shown to change within CF disease states.***’

To simulate mucus gels across concentration and transient affinities between nonneighbor-
ing beads, we have to introduce some coarse-graining. We choose a resolution where one mucin
monomer is composed of 57 beads in a linear chain (Figure 1b). These monomers were linked
together to form dimers, and each polymer chain consists of five dimers. The diameter of each
bead is set to 9 nm. This size is chosen for two reasons: first, it approximates the diameter of the
portion of the mucin polymer with polysaccharide side chains, and second, it approximates the
persistence length of a MUC5B mucin chain.***°

We then divided the mucin beads into three blocks containing either (1) portions of the ter-
mini, (2) cysteine knots, or (3) electrostatic interactions. Beads associated with the protein ter-
mini and the cysteine knots were assigned the same hydrophobic interactions, due to the inher-
ent hydrophobicity of the peptide backbone; however, cysteine knots are often spatially shielded
from other beads due to their locations between the mucin domains. The beads located within
the mucin domains are heavily decorated with a glycan brush.?” These regions can experience a
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FIGURE 1 The representation of one mucin monomer in the model. Termini (red) experience hydrophobic
interactions, while sugar domains (purple) and cysteine knots experience electrostatic interactions

variety of interactions such as hydrogen bonding or ionic bonds. The saltwater solvent of mucus
is represented implicitly through an overdamped Langevin thermostat.’>>! In addition, as ions
found within the solvent facilitate electrostatic interactions between mucin polymers, the effects
of the ions in the solvent on transient electrostatic interactions are also implicitly represented
through the usage of potential functions. In this study, we focus on MUC5B chain networks at
two different concentrations, and explore the strengths of interactions within and between the
mucin chains. These interaction strengths are a product of many other diverse molecular species
that are present in airway mucus and that can either suppress or enhance mucin-mucin interac-
tions, for example, through binding of those molecular species to mucin domains as explored in
Ref. 52.

The simulation itself is nondimensionalized based on choices made for the units for length
and mass.> In this model, the length unit ¢ is set to 9 nm to match the diameter of the bead. The
mass unit m is set to the mass of one bead; we assume that all beads have equal mass because the
overdamping of the Langevin thermostat removes inertia from the simulation. The energy unit ¢,
is set to kgT, where T represents the temperature in Kelvin. Experimental simulations are run at
37°C = 310 K to match human body temperature, so we use this value for T in our simulations. For

2
thermodynamic consistency, the energy unit must satisfy the relation ¢, = @ which requires
T,

the simulation time step 7, to be on the order of 1 ns. This internal consisteflcy has important
consequences with respect to the timescales we are able to simulate, and therefore the frequency
range in transform space.

From estimates of the concentration of mucins within mucus,®* we represent two different
concentrations of mucins in our model: 1.5 mg/ml mucins to represent a healthy person, and 5.0
mg/ml mucins to represent the low end of the CF concentration range. We underscore that the
volume fractions taken up by the polymer chains are higher than the mucin concentrations would
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(A) Dimer, no interactions (B) Dimer, 0.4 kT interactions (C) Dimer, 1.0 kpT interactions

(D) Chain, no interactions (E) Chain, 0.4 kpT interactions (F) Chain, 1.0 kT interactions

FIGURE 2 Images taken from simulations of a single dimer (a—c) and single chain (d-f) at various
interaction strengths

suggest, as the spherical bead shapes used in the model encompass some volume taken up by the
solvent in the experimental setting and are therefore larger than the mucins they represent. The
1.5 mg/ml mucus model has a volume fraction of approximately 3.2% taken up by the beads, while
the 5.0 mg/ml mucus model has a volume fraction of approximately 10.7%.

To test our simulation methods, we simulated a single MUC5B dimer and a single MUC5B
5-dimer polymer using our model with a feasible range of interaction strengths, in addition to
simulations where transient interactions are eliminated entirely (Figure 2)**; the latter simula-
tions are used to benchmark the baseline model through comparisons to known theory on Rouse
chains.”>° The data in Figure 3 indicate that the baseline polymer melt is sol-like for most fre-
quencies in the range measure, but gel-like at the upper edge of the frequency range.

The model is implemented with periodic boundary conditions, allowing beads to freely pass
through and interact across boundaries. The box size is 900 nm, or 100 times the diameter of
a bead. As mucins are represented as polymers with N = 570 beads each, the average radius of
gyration of a single chain experiencing no attractive interactions is given in Equation (1)°

(Rg) = NTO—Z ~ 9.750 ~ 87.7 nm. €]
However, the presence of attractive interactions, especially when gels form involving several poly-
mer chains, complicates calculations of the radius of gyration for the full system. Therefore, we
choose a box size much larger than the radius of gyration to mitigate complicating factors.

The structure of the model and its potential functions are derived from the classical Kremer-
Grest polymer model.**»> This model represents polymers as chains of beads; beads are bonded
to their neighbors by nonlinear, finitely extensible, spring potentials. Beads also experience
excluded-volume interactions with other beads. Our model adds attractive forces to represent spe-
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FIGURE 3 Rheological data from simulations of a single chain, 1.5 mg/ml mucin simulation, and 5.0 mg/ml
mucin simulation, respectively. All chains have bead number N = 570

cific chemical interactions between certain domains (beads) of the polymers, and the strengths of
those interactions are what we aim to infer based on comparisons of the structures of simulations
and microscopy images.

Interactions between nonbonded beads separated by a distance r are represented by the
Lennard-Jones “12-6” potential function:

u=a(8) - (5)|+e ren @

r

The parameter o represents the diameter of the beads; in our model, this matches the base length
unit and is set to 1. The value of C is chosen for computational reasons to ensure continuity of
the potential function; it is chosen to ensure U = 0 at the cutoff radius r = r... For interactions
between nonbonded and nonattracted beads, the value of ¢ is set to 1.0 k3T and r, = 21/° . g; for
attractive interactions, the value of ¢ is set to the interaction strength and r, = 2.50. This cutoff is
implemented for computational speed, as the potential function is very close to its r — oo limit of
0 at this distance.

The minimum depth of the potential well in the Lennard-Jones potential occurs at 2!/°g, the
value which is also used as the cutoff radius for pairs of beads not experiencing attractive interac-

tions. The attractive interactions reach their peak strength at the distance of r = {/ —276 o, where —‘ZU
-
is maximized; the nondimenzionalized value of this force is more than double the value of ¢ /7.
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The original finitely extensible nonlinear elastic (FENE) bond in the Kremer-Grest model* is
used here:

U = —0.5KR2In ll— <RL0>2] +4£[<%>12 - <%)6] +e 3)

In this function, the parameters are set as K = 30.0, R, = 1.50,¢ = 1.0, and ¢ = 1.0. Here, as in
the Lennard-Jones potential, € and ¢ are the nondimensionalized energy and length units from
the simulation, where € = k3T and o is the bead diameter.

2.2 | Data analysis

The global pressure tensor, an average of the per-bead stress tensor”’ scaled by the volume of the
simulation domain, is used to estimate the stress relaxation modulus G(¢) by taking the ensemble
average of the stress tensor ¢ at various lag times.’® Here, P*? represents the a8 component of
the pressure tensor, where a and 8 can represent x, y, or z. For a discrete selection of lag times ¢,
the correlation function is taken for the xy-, xz-, and yz-components of the pressure tensor, and
these values are ensemble averaged over nonoverlapping time windows to give the value of G(t)
at these lag times.

G() = (Paﬁ(T)Paﬁ(t + T))ocgﬁﬁe{x,y,z}- 4)

Using these data (Figure 8), a power-law fit is computed and used to generate the storage mod-
ulus G/, which measures stored elastic energy, and loss modulus G”, which measures energy
dissipation, across a range of frequencies using the following Fourier transform method specific
to polymer gels™:

G'(@) =Gy +w / [G(£) = Gq] sin (wi) dt, (5)
0
G (w)=w /°° [G(t) — Gq] cos (wt) dt, (6)
0
_ G"(CU)
tan (&) = @)’ ™
where G, is defined as

Geg = lim G(1). ®)

In polymer melts and solutions, the value of § found through the computation of tan (§) indi-
cates the phase angle between the stress and applied strain within the system. In addition, where
G’ is larger than G”, the polymer network is gel-like (elasticity dominates viscosity at those fre-
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quencies), whereas, G” > G’ corresponds to sol-like behavior where viscosity dominates elastic-
ity. We anticipate gel-like properties will dominate flake structures while sol-like properties will
prevail in normal mucus or outside flakes in unhealthy mucus.

Given the timescale of our simulation, this model allows for the computation of G’ and G”
at frequencies which are inaccessible via other rheological computation methods such as parti-
cle tracking.

2.3 | Scanning electron microscopy

Scanning Electron Microscopy on Human Bronchial Epithelial (HBE) mucus. Mucus samples were
coated onto an APTES coated coverslip, and cross-linked with a solution containing 2.5% Gluter-
aldehyde, 2.0% Paraformaldehyde (PFA) in phosphate buffered saline (PBS) for 15 min. To preserve
the microstructure of the mucins, the sample was then dehydrated with ethanol and critical point
dried. The sample was imaged on a FEI Helios 600 Nanolab at 5kV accelerating voltage (Figure 4).

3 | RESULTS AND DISCUSSION

Through the position data output from simulations, images, and videos were created using the
imaging software VMD.>* The images and videos indicated that all simulations reached a “quasi-
equilibrium,” where the visual state of the simulation stayed visually consistent except for very
minor changes due to stochastic noise. Within these simulation videos, visible structures formed
at interaction strengths of 0.6 kgT and greater in the model with a mucin concentration of 1.5
mg/ml (Figure 5d-F). No visible structures formed at lower interaction strengths (Figure 5b,c)
or in the baseline model with no attractive interactions (Figure 5a). Simulations were run for
much longer than was needed to produce a visible “quasi-equilibrium” state, where a mostly stable
structure varies only by minor stochastic noise.

As interaction strengths increase further at 1.5 mg/ml concentration, a very slow transition
occurs in the network, with first signs of a few thin and one large strand coming out of the entan-
gled MUCSB bundles shown at all lower interaction strengths. A network permeated by strands,
similar to the SEM images of flakes in Figure 4, only forms at 1.5 mg/ml with the unrealistically
high interaction strength of 4.0 kpT; this high interaction strength creates long-lived transient
bonds between interacting domains. Given the difference in scale between the simulation images
(Figures 5 and 6), the simulated images with interaction strengths of 0.7 kzT match the networks
found in Figure 4c-d. Note that a single chain with weaker (1.0 kT interactions collapses into
a dense ball, whereas a 1.5 mg/ml concentration of chains starts to emit a few strands at 0.7
kgT, but an unrealistically high interaction strength is needed to drive formation of a network of
dense domains connected by thin strands as seen in flakes (Figure 4a). In simulations with these
extremely strong attractive forces, individual beads quickly form a rigid network and transient
bonds last sufficiently long to prevent further collapses into thicker strands or into the bundles at
lower strengths.

At 5.0 mg/ml, MUCS5B networks undergo a transition from uniform entangled bundles to for-
mation of strands and a network of connected strands at much lower, and physically feasible, inter-
action strengths; the structure with 1.0 k5T interactions is similar to the flake structure morphol-
ogy seen in Figure 4. We therefore find that flake-like morphologies self-assemble in MUC5B net-
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(A) A dense network of strands within a flake (B) A flake from a sample

‘t‘ . £ by o

(C) A section of a network from an experimental sample with 1.5 mg/mL mucin at two different zoom levels

'e ?“3 0 2

(D) A section of a network from an experimental sample with 5.0 mg/mL mucin at two different zoom levels

FIGURE 4 SEM images of various experimental mucus samples

works at the pathological CF concentration of 5.0 mg/ml with electrostatic and hydrophobic inter-
action potentials between domains at realistic strength of 1.0 kgT. To the contrary, these strand-
permeated flake morphologies do not form at the healthy concentration of 1.0 mg/ml at the same
interaction potential strengths, requiring unrealistic potentials to do so. These results point to a
deeper study of the simulation data sets to quantify the natural hypothesis that a 3.33-fold increase
in concentration of MUC5B mucins, from 1.5 to 5.0 mg/ml, leads to closer proximity of domains on
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(A) Baseline polymer melt (B) 0.4 kT interactions

(D) 0.6 kpT interactions (E) 0.7 kBT interactions (F) 4.0 kBT interactions

FIGURE 5 A selection of images generated from simulations at various interaction strengths of HBE mucus
with mucin concentration 1.5 mg/ml. All simulations reached quasi-equilibrium states, which are depicted in
these images

(D) 0.7 kpT interactions (E) 1.0 kBT interactions (F) 4.0 kBT interactions

FIGURE 6 A selection of images generated from simulations at various interaction strengths of HBE mucus
with mucin concentration 5.0 mg/ml. All simulations reached quasi-equilibrium states, which are depicted in
these images



FORD ET AL. 13

Proportion of beads
Proportion of beads

12 14 16 1.8 2 0 02 04 06 08 12 14 16 18 2

0 0.2 04 06 08 1
Force (4,7/7)

1
Force (4, 7/)

(A) All pairs of nonbonded beads (B) All pairs of beads on separate chains

FIGURE 7 The proportion of beads in all nonbaseline simulations which experience attractive interactions
of various strengths. Solid lines represent simulations with mucin concentration 1.5 mg/ml, and dashed lines
represent simulations with mucin concentration 5.0 mg/ml. Gray lines represent a force of 1.0 k3T /7 and a
proportion of 0.5. Blue lines represent 0.4 k5T, orange represents 0.5 kT, yellow represents 0.6 kzT, purple
represents 0.7 kzT, and green represents 1.0 kgT
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FIGURE 8 Plots of the stress relaxation function at the interaction strengths tested. Thicker lines
correspond to stronger interactions

MUCS5B that experience electrostatic and hydrophobic interactions, and because these potentials
are proximity-based, the increase in concentration amplifies the strengths of those interactions.
To quantify the formation of permanent structures, we study the proportion of beads experi-
encing an attractive force stronger than 1.0 kzT /7; this value represents the average strength of
the random noise from the beads’ interaction with the implicit solvent. In the simulations where
well-defined structures appear to form, the majority of beads experience an attractive interaction
of 1.0 kzT /T or stronger with at least one other bead (Figure 7). Attractive interactions of this
strength are only possible when beads are located in close proximity to each other, indicating
that this result stems from the increased concentration of the polymer chains within the simu-
lated mucus. This suggests that the structures are generally permanent enough to withstand the
stochastic noise in the simulation and quantifies the difference between well-defined structures
and simulations without structures. In addition, this trend holds when limiting the same analysis
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FIGURE 9 The storage modulus (solid lines) and loss modulus (dashed lines) at each interaction strength
tested at a concentration of 1.5 mg mucin per ml mucus. Thicker lines correspond to stronger attractive
interactions

to beads which appear on separate chains (Figure 7b), showing that separate chains are linking
together to form the mucin structures which appear in the visualizations of the model.

To determine if the structures emerging from our simulations indeed resemble those in native
airway mucus, we imaged mucus from HBE cells via SEM. Images show a mucus network and
condensed native flakes (Figure 4) that are visually similar to specific simulated results in Figure 6,
and suggesting at 5.0 mg/ml concentration an estimate of interaction strengths in the potentials
governing electrostatic and hydrophobic domain interactions. At 1.5 mg/ml, a dense flake-like
structure requires unrealistic 4.0 kzT interactions with only a hint of a structure transition start-
ing to emerge with 0.7 k3T interactions (Figure 5). At 5.0 mg/ml, for interactions of 0.4 kgT (Fig-
ure 6a,b), no visible structures form; for interaction strengths of 0.5 kg T and above (Figure 6¢-f),
various condensed structures self-organize.

The rheological data computed for the two models further reinforces the structure properties
and structure transitions inferred from video analysis of the position data from the models. In
the 1.5 mg/ml simulations (9): for the baseline (zero interaction strength), the lower frequencies
are sol-like until frequency ~ 107 Hz and then weakly gel-like at higher frequencies; then for 0.4
and 0.5 kzT interactions, a similar behavior emerges except the sol-gel transition shifts to lower
frequencies. In all three cases, G’ and G” are relatively close to one another, with tan § close to
1 except at the lowest frequencies where the simulation data are less resolved. Then at 0.6 kgT
and higher interaction strengths, there is a strong transition to a gel-dominated behavior, with
a stronger dominance of G’ over G” over a large frequency range above 10* where we have the
greatest numerical resolution. In the simulations where visible structures appear, gel-like behavior
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FIGURE 10 The storage modulus (solid lines) and loss modulus (dashed lines) at each interaction strength
tested at a concentration of 5.0 mg mucin per ml mucus. Thicker lines correspond to stronger attractive
interactions

dominates at the edge of the range of frequencies covered by the simulations, so further coarse-
graining will be necessary to evaluate the reliability of this result.

With 5.0 mg/ml mucin concentration, Figure 10 reveals a similar transition versus interaction
strength, yet somewhat different in the details. For the baseline zero interaction strength and 0.4
kgT interaction strength, a weakly sol-like behavior persists over all but the extreme frequencies,
with G” slightly above G’ over the [10%, 10°] frequency range. Unlike the 1.5 mg/ml data, G’" and
G’ both drop slightly from 0 to 0.4 k5T interaction strength, and then there is a far more dramatic
and monotone shift with a sol-gel transition at 0.6 k5T and higher. The jump in both G’ and G”
from 0.4 to 0.5 kzT is much higher, with G’ dominating G at all higher interaction strengths for
all frequencies above 10* Hz. Once again, the lack of significant numerical resolution and data
at long timescales will require further coarse-grained simulations to improve the results below
frequencies of 10*.

When viewing the structures formed by the mucin polymers (Figures 5 and 6) and the dynamic
moduli (Figures 9 and 10), it becomes apparent that the presence of visible, permanent flake and
network structures in the mucins is reflected through the scaling of G’ and G”, both in their raw
values and in the power laws they follow. This suggests that, even in the absence of imaging, the
rheology of mucus can reflect whether a network of mucus which forms a flake or other structure
larger than our simulation domain is present within it.

Notably, the simulations with 0.5 kT electrostatic and 0.5 kg T hydrophobic interactions exhibit
an obvious change in both structure and rheology as the mucin concentration increases from 1.5
to 5.0 mg/ml. In the 1.5 mg/ml simulation at this concentration (Figure 5c), no visible structures
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are formed, and the dynamic moduli G’ and G” (Figure 9) resemble those of the simulation at 1.5
mg/ml with slightly weaker (0.4 kgT) interactions. In contrast, the simulation with 0.5 kT elec-
trostatic and hydrophobic interactions at a mucin concentration of 5.0 mg/ml exhibits a flake-like
structure (Figure 6¢) when imaged, and its rheology (Figure 10) resembles that of the simulation
with stronger (0.6 kg T) interactions, not that of the simulation with weaker (0.4 k3 T) interactions.
This transition, with interaction strengths kept constant on a pairwise basis, suggests that concen-
tration itself may drive transitions in structure and rheology, independent of other chemical and
physical changes in mucus.

It should be noted that the frequencies currently measured by the model exist outside of the
range of timescales that can currently be detected by rheometers. Further coarse-graining, done
carefully and faithfully to the chemistry of mucin polymers, is necessary to bridge the gap between
frequencies that can be measured experimentally and the frequencies resolved by MD simula-
tions.

The dependence on mucin concentrations is consistent with data on mucus samples found
from other sources; in purified gastric mucin, aggregation of mucins into larger structures occurs
at a mucin weight percentage of 0.5-1.0%,"’ closely approximating the results suggested by this
model of HBE mucus.

4 | CONCLUSIONS

The concentration of mucins and the strength of chemical interactions both play a role in deter-
mining the morphology and rheology of structures found within HBE mucus. Our results demon-
strate that mucus concentration plays a significant role in determining the morphology and rhe-
ology of these structures for at least one set of interaction strengths tested in our model, suggest-
ing that mucin concentration alone is enough to affect structure transitions within HBE mucus
under certain conditions. We assert this with the caveat that the set of interaction strengths under
which this transition occurs are not definitely proven to be the true interaction strengths in phys-
ical HBE mucus samples. In addition, these results establish a link between the power laws of the
dynamic elastic and viscous moduli and the formation of mucins into flake-like or network-like
structures within HBE mucus. Here, we have implemented the first (to our knowledge) stochastic
bead-spring, Rouse-like statistical physics model faithful to the chemical structure and properties
of the predominant gel-forming mucin MUC5B in airway mucus. We show that at certain inter-
action strengths and for healthy versus pathological mucin concentrations, the structure mor-
phologies match experimental electron microscopy images from HBE mucus. Furthermore, the
data from the MD model allow computation of the frequency-dependent elastic and viscous mod-
uli of the simulated airway mucus, revealing a rheological sol-gel transition across a wide fre-
quency range that coincides with the structure transition. The range of frequencies from these
MD simulations are necessarily limited to high frequencies due to numerical stability constraints
on the short time steps imposed by resolution of the chemical structure of MUC5B mucin poly-
mers. These timescales are far shorter than those accessible by particle tracking microrheology or
other methods performed on physical samples, requiring experiments with different techniques
to test the accuracy of our rheological predictions. These results and methods will continue to
be refined with more chemical details, for example, inclusion of the less prevalent gel-forming
mucin, MUCS5AC, as well as other molecular species such as DNA fragments. Our hope is that
these findings will guide mucolytic drug strategies to reverse the progression of pathological
mucus (the so-called flake burden) in CF. Similar approaches are possible to understand mucus
pathology in other lung disorders such as asthma and COPD.
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