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ABSTRACT Mucins are essential glycoproteins that form the backbone of mucus, a hydrogel protecting epithelial surfaces 

throughout the body. Their biophysical properties are governed by the densely glycosylated and highly disordered proline-thre

onine-serine (PTS) mucin domain, which becomes negatively charged by the addition of terminal sialic acid and sulfate groups to 

its glycans. The properties of mucins are further modulated by their interactions with cations, particularly sodium and calcium, 

which influence mucus expansion and viscoelasticity. Alterations in mucin glycosylation patterns or cation interactions contribute 

to the development of various pathological conditions. Modulating mucin’s functional relationships to ameliorate these conditions 

requires first obtaining a detailed understanding of its structure; however, the large size, extensive disorder, and polymeric na

ture of mucins present significant challenges to their structural characterization. Here, we employed a coarse-grained modeling 

approach to investigate the effects of glycosylation, glycan charge, and salt concentration on mucin PTS organization. Using two 

different glycan structures, we explored how their interactions with monovalent (Na+) and divalent (Ca2+) cations affect the 

structural organization and ionic interactions of the PTS region. Our findings revealed that the presence of cations promoted 

tighter mucin conformations, with divalent cations inducing greater structural compaction than monovalent cations, consistently 

with their greater charge shielding efficacy. Higher glycosylation levels and greater glycan charge densities enhance local glycan 

clustering and overall PTS structural expansion through their effects on cation binding and electrostatic repulsion. Furthermore, 

we examined the diffusion of charged peptides within mucin, demonstrating that peptide net charge affects both penetration and 

mobility. This study provides a comprehensive understanding of the structural organization and ionic interactions of mucin PTS, 

offering valuable insights into the molecular basis of mucin’s protective properties and its role in health and disease.

INTRODUCTION

Mucus is a hydrogel that serves to protect epithelial surfaces 

in areas not covered by skin (1). It lines the respiratory, 

gastrointestinal, reproductive, and oculo-rhino-otolaryngo

logical tracts in the human body and fulfills a range of 

functions, including maintaining hydration, facilitating the 

passage of molecules across the epithelium, acting as a bar

rier against pathogens and harmful substances, and enabling 

nutrient exchange with the epithelium (2,3). Mucus consists 

of water, mucin proteins, salts, lipids (such as fatty acids, 

phospholipids, and cholesterol), as well as immunological 

components (such as immunoglobulins, growth factors, 

defensins, and trefoil factors) (4,5). Central to mucus 

composition are mucin proteins, which are large extracel

lular glycoproteins ranging in size from 0.5 to 20 MDa 

and encoded by the MUC gene family (6). This family en

codes up to 21 known proteins, which are classified as either 
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secreted or membrane-bound mucins (1,6). Although hun

dreds of proteins have been identified in mucus gel, its 

fundamental properties, such as viscoelasticity, hydration, 

selective permeability, and density, are mainly governed 

by mucin proteins (7).

The biophysical properties of mucin proteins can be 

attributed to two key features, which are shared by both 

membrane-bound and secreted mucins; namely, the pres

ence of a large central disordered region, and the occurrence 

of high-density O-linked glycosylation within this region. 

At the core of both membrane-bound and secreted mucins 

is a large, disordered region known as the PTS domain, so 

called because it is characterized by a variable number of 

tandem repeats enriched in proline, threonine, and serine re

sides (3,4,6). The length of the tandem repeats can vary in 

the range of 7–135 amino acids, and their number can 

vary in the range of 10–500 (8). The sequence and length 

of the PTS domain are unique to each mucin and are not 

conserved across mucins between species (9). The length 

of the disordered region can vary widely, with approxi

mately 3200 amino acids in MUC2, 4300 in MUC6, 6500 

in MUC19, and up to 12,000 amino acids in MUC16, which 

has the largest PTS domain identified to date (7,9).

The hydroxyl groups of the serine and threonine residues 

in the mucin PTS domain serve as sites for extensive 

O-glycosylation, with glycan sugar chains added to 50– 

100% of these sites depending on the type of cell, its phys

iological state, and the glycosyltransferases it expresses (9). 

Glycosyltransferases attach glycan chains to these glycosyl

ation sites, with each chain consisting of 2–20 monosaccha

ride units (4). Mucins can contain over 200 distinct glycan 

structures (2), with carbohydrates accounting for around 

50–80% of their dry mass (1). These oligosaccharide chains 

can be linear or moderately branched and commonly 

contain sugars, such as N-acetyl galactosamine (GalNAc), 

N-acetylglucosamine (GlcNAc), fucose (Fuc), and galac

tose (Gal) (4). Although the charge on these sugars is typi

cally neutral, the terminal sugars in most glycan chains are 

often negatively charged (e.g., sialic acid [N-acetylneura

minic acid, Neu5Ac]) or they undergo sulfation, which 

contributes additional negative charge (6,10). Overall, the 

abundance of Neu5Ac and sulfate groups causes mucins 

to function as a negatively charged polyelectrolyte gel 

(5,10,11).

Another key feature, specific to gel-forming secreted mu

cins, is their polymeric nature (12). Whereas membrane- 

bound mucins are typically either dimeric or monomeric, 

secreted mucins form large polymers (6,9). At their C- and 

N-termini, these mucins possess structured domains, which 

are rich in cysteine residues and are essential for head-to- 

head, tail-to-tail multimer assembly through the formation 

of disulfide bonds in these regions (1,13). Following its syn

thesis in the membrane-bound ribosomes of the rough endo

plasmic reticulum, the protein core of secreted mucins is 

transported to the endoplasmic reticulum lumen, where 

dimerization of the nascent polypeptide chain occurs 

(4,14). The dimerized molecules are then transported to 

the Golgi apparatus (4,6). In the cis and medial Golgi, 

O-glycosylation of the PTS takes place by various glycosyl

transferases (15). Following this, the glycosylated mucin 

dimers undergo further polymerization and are packaged in 

the trans-Golgi (16) into secretory granules of <1 μm (4). 

Notably, when polymeric mucin is secreted, its width can 

span several hundred micrometers, but it is compactly pack

aged into micrometer-sized vesicles. The initial organization 

of mucin and its subsequent rearrangement and expansion are 

achieved elegantly in a pH- and calcium-dependent manner 

(4,17,18). Evidence indicates that calcium ions neutralize 

and cross-link mucin polymers, causing the volume of the 

mucin gel to collapse 100- to 300-fold (4). During secretion, 

when the vesicle is exposed to the extracellular environment 

in which sodium ions largely replace calcium ions, triggering 

the rapid expansion of the mucin gel in response to a combi

nation of the Donnan potential (19) and electrostatic repul

sion between the deshielded mucin charges (4,5).

The concentrations of sodium and calcium ions play a 

significant role in determining the structural and functional 

properties of mucin gels (11,20–23). Numerous experiments 

have highlighted the intriguing impact of salt concentration 

on regulating properties such as the density, viscosity, and 

porosity of mucin gels (11,21–27). Thus, maintaining a 

regulated ionic balance within the mucus barrier is very 

important and increasing the calcium concentration of the 

extracellular milieu can dramatically hinder mucin expan

sion and mucus swelling (4,25). Defective mucus swelling 

as a result of the calcium ion not properly dislodging from 

the mucus matrix, even when it is in the extracellular milieu, 

is known to underlie some of the most severe pulmonary pa

thologies, including chronic obstructive pulmonary disease, 

cystic fibrosis, and asthma (10,25,28,29). Furthermore, local 

salt concentration together with local pH supports the for

mation of varied mucus topologies that are adapted at 

different parts of human body. In the gastrointestinal tract, 

for example, since mucus is exposed to a large volume of 

solvent, the mucus gel preserves a tight protective molecular 

mesh, whereas in the respiratory tract, mucus forms a less 

dense and more porous protective layer (5).

Not only salt, but also glycan quantity, length, and charge 

significantly influence mucin’s physical and functional char

acteristics (30,31). Alterations to the degree of glycosyla

tion and glycan charge have been noted in several diseases 

and physical conditions (32–36). For instance, in ulcerative 

colitis, there is a shift toward smaller glycans and reduced 

sulfation, which is associated with inflammation (32). In 

cystic fibrosis patients, the sugar chains are shorter and 

contain a higher number of sialic acids compared with those 

of healthy individuals (32). Inflammatory bowel disease pa

tients show a reduced degree of glycosylation in their intes

tinal mucus, possibly leading to a compromised inner mucus 

layer that increases bacterial contact with the epithelium, 
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which may trigger inflammation (33,34). Abnormal glyco

sylation is also associated with tumor development (36). 

Modifications in glycosylation are noted for different phys

iological states as well, for example, cervical mucin 

MUC5B shows a higher degree of glycosylation and longer 

glycan chains during ovulation, followed by a reduction in 

the degree of glycosylation before and after the fertile 

period (35). Thus, understanding the effects of glycosylation 

and negatively charged sugar-cation interactions on the 

structural organization of mucin has significant therapeutic 

potential.

Previous computational efforts employed mathematical 

models and numerical simulations to explore equilibrium cal

cium binding, viscoelastic properties, and the dynamic 

behavior of mucin-like polyelectrolyte gels, yet these ap

proaches were unable to provide structural insights (37,38). 

Similarly, mesoscopic coarse-grained (CG) modeling and 

simulations have been employed to study the structural 

(39,40), thermodynamic (41), and viscoelastic properties 

(42) of mucin gels, however, they could not capture the effect 

of electrostatic interactions and, specifically, of detailed 

glycan-cation interactions. Furthermore, studies examining 

the impact of glycosylation on mucin PTS at an atomic res

olution have been limited to small fragments of the mucin’s 

ordered domain or of the PTS region (43,44), because simu

lating the entire PTS or a mucin polymer comprising a few 

monomers is computationally intensive. This work aimed 

to address these limitations and provide a thorough under

standing of mucin’s structural organization and of glycan- 

cation interactions in both the secretion and presecretion 

stages, and to thereby bridge the gap between experimental 

observations (18–22,45–48) and computational modeling.

In this study, we developed a CG model of the glycosylated 

disordered PTS mucin domain to investigate the effects of the 

degree of glycosylation, glycan type, salt concentration, and 

salt type on the structural organization of the PTS domain and 

its interactions. To develop this model, we utilized the PTS 

sequence in human MUC2 and incorporated the structural as

sembly of its ordered domains (D1D2D3CysD1) based on 

PDB: 7A5O, as described in a previous study (13). For gly

cans, of the eight core O-glycan structures exhibited by hu

man mucins (49), we selected core-3 and core-1 glycan 

chains, which are comprised of four monosaccharide units 

each. The chosen core-3 glycan, commonly found in colon 

mucin (50,51), bears a single sialic acid (NeuAc2-3Gal1-3/ 

4GlcNAc1-6GalNAc1-O-Ser/Thr) and the motif (NeuAc2- 

3Gal1-3/4GlcNAc), known as the Sda antigen (Fig. 1 A). 

The selected core-1 glycan is the most prevalent in humans. 

Known as the ST antigen (49) it bears two sialic acids 

(Neu5Ac(α2-3)Gal(β1-3)[Neu5Ac(α2-6)]+/GalNAc(α1)-O- 

Ser/Thr, Fig. 1 B). The selection of these two glycans, which 

have the same number of monosaccharide units but differing 

numbers of negatively charged sialic acids, allowed us to 

explore the impact of varying negative charge densities on 

the behavior of sugar chains. To examine the influence of cat

ions, we explicitly modeled monovalent sodium and divalent 

calcium ions. This approach enabled us to conduct an in- 

depth study of the interplay between mucin glycans and ionic 

environments. By utilizing a CG model, we overcame the 

computational limitations of all-atom simulations for a pro

tein of this size and complexity.

MATERIALS AND METHODS

A CG model for glycosylated PTS

To develop an appropriate CG model for glycosylated PTS, all-atom molec

ular dynamics simulations were first conducted. The structure of a small 

PTS fragment comprising 20 amino acids with the sequence TTTVTP 

TPTPTGTQTPTTTP (derived from UniProt ID: Q02817 (52) of human 

MUC2, spanning residues 1993–2012 and located within the disordered 

PTS domain) was constructed using the ‘‘fab’’ module of PyMOL (53) 

(version 2.5.2). This fragment contained 12 potential glycosylation sites, 

all on threonine residues, highlighted in green in Fig. 1. Either core-3 or 

core-1 glycans (as shown in Fig. 1, A and B, respectively) were attached 

to the 12 glycosylation sites of the PTS fragment (Fig. 1, C and D) using 

the Glycan Reader and Modeler module from the CHARMM-GUI web

server (54). The glycosylated peptides were then solvated in a cubic simu

lation box filled with TIP3P water. Both glycan cores were simulated under 

two salt conditions: 20 mM NaCl and 10 mM CaCl2. Force field parameters 

were obtained from the CHARMM-36m (55) force field, and energy mini

mization and production simulations were carried out using GROMACS 

2022.6 at 300 K. The simulation parameters are further detailed in Table S1.

The CG model for glycosylated PTS was constructed by representing 

each amino acid and monosaccharide glycan unit as a single bead posi

tioned at the locations of the Cα and C1 atoms, respectively. A similar 

approach to modeling glycans has been used previously (56). Charged 

beads for amino acids and glycans were assigned scaled charges, reduced 

by a factor of 0.9 to align with the ionic charges (see a CG model for 

explicit ions). The glycan model, illustrated in Fig. 1, A and B, included 

two types of beads: negatively charged sugar beads and neutral sugar beads. 

In this model, the internal energy (E(Γ)) of any random conformation dur

ing the simulation trajectory is described by the following formula:

E(Γ) = E(Γ)Bonded + E(Γ)Non − bonded (1) 

The bonded terms involve three types of interactions as follows:

E(Γ)Bonded = E(Γ)bonds + E(Γ)angles + E(Γ)dihedrals (2) 

where, each individual term is represented as follows:

E(Γ)bonds =
∑

bonds

1

2
Kbonds

(
bij − b0

ij

)2

(3) 

E(Γ)angles =
∑

angles

1

2
Kangles

(
θijk − θ0

ijk

)2

(4) 

E(Γ)dihedrals =
∑

dihedrals

1

2
Kdihedrals

[

1 − cos
(

ϕijkl − ϕ0
ijkl

)

+
1

2
cos 3

(
Φijkl − Φ0

ijkl

)]

(5) 

Here, E(Γ)bonds represents the potential for bonded interactions, where bij 

is the distance between any two bonded beads, and b0
ij is their equilibrium 
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distance. The term E(Γ)angles describes the angular potential, where 

any three consecutive beads interact through this potential; θijk and θ0
ijk 

represent the angle and the equilibrium angle between the three 

beads, respectively. The third term E(Γ)dihedrals accounts for the 

dihedral potential involving any four consecutive beads, where ϕijkl is 

the dihedral angle at a given point, and ϕ0
ijkl is the equilibrium dihedral 

angle.

We set the value for the bonded potential (Kbonds) to 20,000 kJ/mol and the 

value for the angular potential (Kangles) is set to 40 kJ/mol, as defined in the 

SMOG-based models (57). However, unlike in the SMOG models, the mass 

of each amino acid and glycan bead is their mass in atomic mass units and the 

simulation temperature is maintained at 300 K to ensure consistency with the 

all-atom simulation. For interactions involving only amino acid beads, the 

equilibrium bond length (b0
ij) is set to 3.8 Å, and the equilibrium angle 

(θ0
ijk) is set to various values between 120 and 150◦. When glycan beads 

are involved, the equilibrium bond and angle parameters are assigned 

different values, as detailed by the lower ball-and-stick structures in Fig. 1, 

A and B. The bond and angles parameters for amino acid beads are taken 

from SMOG-based models, while the bond and angle parameters for 

glycans are obtained from the equilibrium bond and angle values among 

C1/Cα atoms obtained from the all-atom structures generated by 

CHARMM-GUI webserver which utilizes CHARMM36 additive carbohy

drate force field (58).

This model treats the glycosylated peptide as a flexible polymer, and 

therefore no dihedral potential is applied to the dihedrals associated with 

the glycan beads or to the majority of the amino acid beads. However, 

the presence of a significant number of proline residues introduces rigidity 

to the polymer, which is modeled by incorporating dihedral angles and po

tentials based on a previously established method (59).

Beads separated by more than three bonds interact via one or more types 

of nonbonded interactions, as described by E(Γ)Non − bonded in Eq. 1, the 

nonbonded interaction term also involves three kinds of interactions as 

follows:

E(Γ)Non − bonded = E(Γ)Electrostatic + E(Γ)Repulsion

+ E(Γ)Contacts

(6) 

Charged beads interact through Coulomb interactions, represented by the 

E(Γ)Electrostatic, which can be written as,

E(Γ)Electrostatic =
1

4πε0

∑

i;j

qiqj

εrrij

(7) 

where qi and qj denote the charges of the respective beads; rij is the 

distance between them; the electric conversion factor, 1
4πε0

; is 

FIGURE 1 CG modeling of glycosylated PTS. (A and B) The structures of the two glycans utilized in this study: (A) the core-3 glycan chain, with sequence 

Neu5Ac(α2-3)Gal(β1-4)GlcNAc(β1-3)GalNAc(α1)-O-Ser/Thr and (B) the core-1 glycan chain, with sequence Neu5Ac(α2-3)Gal(β1-3)[Neu5Ac(α2-6)]+/ 

GalNAc(α1)-O-Ser/Thr. The top panel shows the structures of the glycans as per the symbol nomenclature for glycans, which assigns a specific shape 

and color to each class of monosaccharide glycan units. The middle and bottom panels show all-atom ball-and-stick models and CG models, respectively, 

of each glycan, as per the color key to the right of (B). (C and D) Comparisons of the radius of gyration (Rg) of the short PTS fragment used in this study as 

determined using an all-atom molecular dynamics model and the CG model (gray and black lines in the plots, respectively). The PTS fragment, which spans 

residues 1993–2012 of human MUC2 (UniProt ID: Q02817), is shown glycosylated with: (C) core-3 glycans or (D) core-1 glycans. The dotted lines indicate 

the Rg of unglycosylated form, while the dashed and solid lines indicate the Rg of the peptide glycosylated with core-3 and core-1 glycan, respectively. Repre

sentative structures of the glycosylated peptide from all-atom and CG simulation are shown. The 19-amino-acid sequence of the PTS fragment is shown on 

the right, with the 12 potential glycosylation sites indicated in green.
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138.94 kJ mol− 1 nm e− 2; and the relative permittivity of the medium (εr) is 

set to 78.0, corresponding to the permittivity of water (60). Now, any pair of 

beads, whether charged or uncharged, that does not interact via attractive 

potential, interacts via E(Γ)Repulsion, which accounts for purely repulsive in

teractions, and can be expressed as,

E(Γ)Repulsion =
∑

i∕=j

εrep

ij

(
σij

rij

)12

(8) 

Here, the collision diameter (σij) is calculated as σij =
(σi+σj)

2 
and is set to 

4 Å for amino acid beads and 6 Å for glycan beads (56). The εrep
ij term rep

resents the depth of the potential, which is set to 1 kJ/mol (61). If a pair of 

beads interact through an additional attractive potential, this interaction is 

described by E(Γ)Contacts, which can be expressed as,

E(Γ)Contacts =
∑

i∕=j

4 εcontacts
ij

[(
σij

rij

)12

−

(
σij

rij

)6
]

(9) 

Here, σij and εij retain their previously defined meanings as Eq. 8, with 

εcontacts
ij scaled to different values for specific pairs, as discussed later.

We evaluated the accuracy of the CG model against that of the all-atom 

model by comparing the size of the modeled PTS fragment, in terms of its 

structure and radius of gyration (Rg), as calculated from simulations using 

each model. Separate comparisons of the molecular structures and Rg 

values were made for the PTS peptide fragment glycosylated with 

core-3 glycan (Fig. 1 C) and core-1 glycan (Fig. 1 D). As shown in 

Fig. 1, C and D, the Rg of the unglycosylated system is smaller than 

that of the glycosylated systems with core-1 or core-3 glycans, consistent 

with prior observations (44). The absolute Rg values may depend on var

iations in glycan size and density. To align the Rg values obtained from the 

CG simulations with those obtained from all-atom simulations, we care

fully tuned the bead sizes, equilibrium angles for angular potentials, and 

negatively charged sugar-cation interactions. Electrostatic interactions 

were treated using the Coulomb cutoff scheme with a cutoff distance of 

3.0 nm, and a relative dielectric constant of 78 was employed to account 

for the screening effect of the implicit solvent as described earlier. To tune 

the modeled negatively charged sugar-cation interactions, we examined 

how the density (g) and number (n) of cationic particles varied as a func

tion of their distance from the glycan sugars, which we took as our refer

ence particles. To that end, we calculated the radial distribution function 

(62) (g(r)) and radial cumulative coordination numbers (63) (n(r)) of cat

ions Ca2+ and Na+ around negatively charged sugar beads using the CG 

and all-atom models and aligned the former with the latter. To align the 

values of g(r) and n(r) from the CG model with those from the all-atom 

simulations, an additional attractive potential, represented by a 

Lennard-Jones interaction (Eq. 9), was introduced for negatively charged 

sugar-Ca2+ and sugar-Na+ pairs (Fig. S1). Details of these interaction pa

rameters are provided in Table S2. For interactions between amino acid 

beads, Lennard-Jones interactions were implemented between all residues 

of the PTS fragment. The value of the energetic strength (εcontacts
ij ) was 

adopted from the Mpipi models, which are particularly effective for 

intrinsically disordered regions, as previously demonstrated (64). In addi

tion to modeling negatively charged sugar-cation interactions, cation- 

anion interactions within the salt were also incorporated, as described 

in the next section.

A CG model for explicit ions

The CG model employed in this study treats the water molecules as implicit 

solvent, while the cations and anions present in the solvent have been 

treated explicitly. The implicit treatment of water molecules significantly 

reduced computational cost while retaining the essential screening effects 

of the solvent. On the other hand, explicit treatment of ions can capture their 

localized binding which can be critical for understanding mucin’s structural 

dynamics and phase behavior. Since the model does not include explicit wa

ter molecules, the parameters for the explicit cations and anions utilized in 

this work required calibration. To achieve this, the CG simulations of gly

cosylated PTS peptide fragments were compared with those obtained from 

all-atom simulations of the same systems. Two separate all-atom simulation 

systems were constructed using the CHARMM-GUI webserver (65) 

(https://www.charmm-gui.org/): one containing 20 mM NaCl and the other 

with 10 mM CaCl2, in both cases solvated with TIP3P water (66). Equili

bration and production simulations were conducted using GROMACS- 

2022.6 (67) at 300 K for 50 ns. The simulation parameters are detailed in 

Table S3.

To correctly represent the strength of interactions between the cations 

(i.e., Na+ and Ca2+) and the anions (i.e., Cl− ) in the CG model, NaCl 

and CaCl2 were simulated using both the atomistic and CG models. In 

the CG model, the simulation box was populated exclusively by charged 

beads representing cations and anions. The number of cations and anions, 

as well as the box size, were set to match those of the all-atom simulations 

for 20 mM NaCl and 10 mM CaCl2 solvated with TIP3P water. The inter

action parameters for Ca2+-Cl− and Na+-Cl− ion pairs were compared by 

aligning g(r) and n(r) from the CG simulations with those from the all- 

atom model, as illustrated in Fig. S2. To match the radial distribution 

functions from the CG simulations with those from the all-atom model, 

a Lennard-Jones potential (62) was introduced between oppositely 

charged ions, with their respective charges screened by a factor of 0.9. 

This attractive potential was introduced in addition to the electrostatic po

tential energy, which is an acceptable method in explicit ion modeling 

(68–70). The parameters for the Lennard-Jones interactions utilized 

here are detailed in Table S4.

Modeling the phase separation behavior of 

glycosylated PTS polymers

To understand the phase separation behavior of the glycosylated PTS, we 

designed 2 types of simulation systems: 50 PTS polymers (each of 20 

residues, peptides as described in a CG model for glycosylated PTS) glyco

sylated with either core-3 or core-1 (Fig. S3). Both systems were charge- 

neutralized by adding either monovalent or divalent cations, and additional 

explicit cations and anions were introduced to achieve specific salt concen

trations. Each system was studied under two salt conditions: 20 mM NaCl 

and 10 mM CaCl2. The number of cations and anions used in each setup is 

detailed in Table S5. Simulations were performed at various temperatures 

for both systems.

Modeling the effect of salt concentration and 

glycosylation on the glycosylated PTS polymer

In this study, we constructed a glycosylated PTS polymer filament by link

ing four identical PTS fragments, each consisting of 2500 amino acids 

(Fig. S4, A and B). These PTS fragments were derived from the human 

MUC2 protein (UniProt ID: Q02817) and spanned residues 1834–4334. 

Notably, 58% of the residues in this PTS fragment were threonine or serine, 

which can serve as potential glycosylation sites, whereas 21% were proline 

and 9% are hydrophobic residues, such as valine or isoleucine. When mucin 

is secreted as a polymer, each mucin monomer forms noncovalent pairings: 

its N-terminal ordered domain pairs with the N-terminal ordered domain of 

another monomer, and its C-terminal pairs with the C-terminal of a different 

monomer (Fig. S4 A). This arrangement creates a continuous filament of 

sequentially (head-to-head, tail-to-tail) linked mucin monomers. In this 

study, we constructed a polymer filament consisting of only glycosylated 

PTS fragments that were sequentially linked in a manner similar to that 

found in secreted mucin PTS (Fig. S4 A).

Various proportions of potential glycosylation sites are actually glyco

sylated in the naturally occurring PTS mucin domain. We therefore 
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modeled two degrees of glycosylation: 40 and 80%. For 40% glycosyla

tion, we attached either core-1 or core-3 glycans to a random selection of 

40% of the glycosylation sites, whereas for 80% glycosylation, the rele

vant core was attached to a random selection of 80% of these sites 

(Fig. S4, C and D). This approach allowed us to construct four indepen

dent systems, each combining a specific glycan type (core-1 or core-3) 

with a specific degree of glycosylation (40 or 80%). To simulate different 

salt conditions, cations were added to achieve charge neutralization, with 

extra cations and anions subsequently added to achieve the desired salt 

concentrations. We examined four salt conditions: 10 and 20 mM NaCl, 

as well as 5 and 10 mM CaCl2 to compare the structure of glycosylated 

mucin PTS under monovalent and divalent ion environments. Addition

ally, a control system containing no added salt was also studied. This re

sulted in a total of 5 salt conditions for each of the 4 systems, yielding 20 

independent systems in total. To further investigate physiological salt 

conditions, 40 and 80% glycosylated systems containing core-1 glycans 

were also simulated at 150 mM NaCl, yielding a total of 22 independent 

simulation systems. Details of these simulation setups are provided in 

Table S6.

Modeling peptide diffusion through the 

glycosylated PTS polymeric assembly

For the secreted mucin model, we used the system described earlier that in

cludes a 10,000 residue PTS chain comprised of 4 identical fragments each 

consisting of 2500 amino acid residues. To study peptide diffusion through 

the PTS, we utilized PTS glycosylated to 40% with either core-3 or core-1 

glycans. To model peptide diffusion, we selected therapeutic-sized peptides 

consisting of 20 amino acids each, with 100 identical peptides included in 

each system. These peptides were randomly distributed in close proximity 

to the PTS assembly, as illustrated in Fig. S5. For the simulations, we 

focused on 20 mM NaCl conditions for all systems. Five types of peptides 

with net charges of +10, +7, +4, − 7, and − 10 (detailed in diffusion of pep

tides through an assembly of glycosylated PTS polymers) were studied on 

the basis of their experimental characterization (71) to include a range of 

peptides spanning different behaviors. Their diffusion through the glycosy

lated PTS polymer was analyzed during the simulations by calculating the 

mean-square displacement (MSD) of the center of mass (COM) of each 

peptide, from which the diffusion coefficient was obtained. The values 

for the MSD of the COM were calculated for each peptide using the 

equation:

MSD (τ) =
∑t − τ

i = t0

(ri+τ − ri)
2

(t − τ)
= 2dDτ (10) 

where r is the position of the protein COM, t is the number of time steps 

measured, and τ is the measurement window ranging from t0 to t. The slope 

of the MSD is 2dD, where d is the dimensionality of diffusion and D is the 

diffusion coefficient. We first identified peptides that remained inside mucin 

for at least 500 consecutive frames. For these periods, the MSD was calcu

lated over time lags ranging from 1 to 200 frames. In addition to calculating 

the diffusion coefficient, the probability of peptide recruitment into the gly

cosylated PTS polymer was also evaluated. A peptide was considered re

cruited into the glycosylated PTS if its COM was within 15 Å of any 

PTS bead. The recruitment probability was defined as the ratio of the total 

number of time frames during which a peptide is recruited to the total num

ber of time frames analyzed. The likelihood of these interactions occurring 

throughout the simulation, referred to as the recruitment probability, indi

cates whether the peptide has entered the mucin matrix. Furthermore, the 

electrostatic interaction energy between the peptides and the PTS polymers 

was calculated from the simulation. The recruitment probability obtained 

from the CG simulations was compared with the penetration depth 

measured experimentally and reflects the penetration of peptides in a micro

fluidic polydimethylsiloxane device containing 1.5% (w/v) purified 

MUC5AC mucin over a 10-min period (71).

Modeling the multimer assembly of full-length 

MUC2 monomers

The structural organization of MUC2 monomers differs between their pre

secretion and secretion states. As previously described, during secretion, 

MUC2 monomers link sequentially to form a chain-like structure. In 

contrast, in the presecretion state, monomers first form dimers, which 

then assemble into larger complexes. When a MUC2 filament assembles 

before secretion, two monomers first form a head-to-head, tail-to-tail closed 

dimer through noncovalent pairings at their respective C- and N-terminal 

domains (Fig. S6 A). In this presecretion assembly, all the D1, D2, and 

D3 regions of the head domain remain intact, with the D1 and D2 being 

released only upon MUC2 secretion (Fig. S6, A and B). Once the dimer 

is formed in the presecretion assembly, multiple dimer heads interact 

through noncovalent bonds to create a compact filament. Meanwhile, the 

PTS regions and dimer tails loosely assemble around the filament, as de

picted in Fig. S6 B. In this study, we modeled a mucin head filament con

sisting of eight mucin monomers, based on the earlier work (13) (Fig. S6 C). 

The PTS domain was glycosylated to varying degrees (40 and 80%) using 

core-1 and core-3 glycans and placed in two different salt conditions: 

20 mM NaCl and 10 mM CaCl2. Additionally, as a control, we simulated 

the system in the absence of salt. This setup allowed us to perform 12 inde

pendent simulations, combining 2 glycan types (core-1 and core-3), 2 

glycosylation levels (40 and 80%), and 3 salt conditions (no salt, 20 mM 

NaCl and 10 mM CaCl2).

RESULTS AND DISCUSSION

Ion-mediated condensation of glycosylated PTS

We utilized our CG model of a glycosylated PTS peptide 

polymer bearing either core-3 or core-1 glycans to investi

gate whether the presence of cations (monovalent or divalent) 

drives the polyanionic polymer to form a biomolecular 

condensate and, if so, under what conditions condensate for

mation optimally occurs. Interestingly, despite the polymers 

being negatively charged, biomolecular condensates with 

distinct clustered regions were observed at low temperatures. 

At higher temperatures, however, the polymers remained 

uniformly mixed. The temperature above which phase sepa

ration no longer occurs is referred to as the critical tempera

ture (Tc). The relationship between temperature and polymer 

density is depicted in the phase diagrams shown in Fig. 2, A 

and B, where the temperature has been expressed in the 

TC scale. Simulation snapshots at four different temperatures 

(Fig. 2 D) illustrate the phase transition: the polymers clus

tered into a single phase at low temperatures 0:7TC; however, 

this behavior diminished with increasing temperature, result

ing in uniformly mixed polymers at high temperatures 1.2 TC. 

This temperature-dependent behavior can be attributed to the 

cations shielding the negative charges on the glycans, thus 

facilitating phase separation. At lower temperatures, the 

reduced thermal energy of the glycosylated chains enhanced 

the effectiveness of this process, whereas at higher tempera

tures, the greater entropy of the cations decreases their likeli

hood to bind glycans and hence reduce phase separation.

The Tc of phase separation is affected by the valency of 

the cations interacting with the disordered PTS chain. For 

both types of glycans, Ca2+ ions yielded a higher Tc 
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compared with Na+ ions, which reflects the stronger electro

static interactions and bridging effects provided by divalent 

ions over monovalent ions (Fig. 2, A and B). Moreover, the 

value of Tc is also dependent on the surface charge density 

(σ) of the PTS polymer. Notably, the surface charge density 

of polymers with core-1 glycans (σ = 0.38 nm− 2) was 

higher than that of polymers with core-3 glycans (σ =
0.20 nm− 2). PTS chains glycosylated with core-1 glycans 

underwent phase separation at comparatively lower temper

atures compared with those glycosylated with core-3 gly

cans, which can be attributed to the increased electrostatic 

repulsion between the polymers. This repulsion inhibited 

the condensation process, lowering the thermal energy 

threshold at which attractive forces prevailed. Although 

Ca2+ ions provide more-effective charge shielding than 

Na+ ions, it appears that, for phase separation, the lower 

charge density core-3 system relied more on the concentra

tion of the ions than their valency. This explains the smaller 

difference in Tc between Ca2+ and Na+ for polymers 

bearing core-3 glycans compared with core-1 glycans 

(Fig. 2, A and B).

In addition to electrostatic interactions, networks of gly

cosylated disordered PTS chains are influenced by several 

other interactions that play a critical role in their condensa

tion, including direct and water-mediated sugar-sugar inter

actions. Indeed, excluding sugar-sugar interactions 

produced a sharp decrease in the value of Tc (Fig. S7), 

which indicates that compensation for the strong electro

static repulsive interactions between the glycans occurs 

not only via ion-mediated interactions but also via various 

other interactions (e.g., sugar-sugar and aromatic-aromatic 

residue interactions) whose exact strength may depend on 

the length and type of the glycan and on the amino acid con

tent of the PTS sequence. Simulations were performed at 

various temperatures in the range of 0.6–1.0 TC at small in

tervals. For peptides glycosylated with core-1 and core-3 

glycans simulations are presented at temperatures corre

sponding to T ≈ 0.8 Tc, where the value of Tc corresponds 

to the value obtained from condensation with Ca2+. We 

selected a simulation temperature of 0.8 TC to represent con

ditions below the critical point, where structural fluctuations 

relevant to self-assembly begin to emerge. This choice is 

consistent with previous studies where room temperature 

typically corresponds to ∼0.8 TC for similar polyelectrolytic 

biopolymers (72,73).

Effect of salt concentration and degree of 

glycosylation on PTS polymer assembly

Cations play a critical role in driving the condensation of 

glycosylated PTS as they mediate interactions between the 

negatively charged glycans. Building on this understanding, 

we sought to investigate how salt concentration and the de

gree of glycosylation may affect the structure and dynamics 

of a highly glycosylated, long PTS chain. Since both glyco

sylation levels and salt concentration are key factors in 

mucin dynamics, as previously mentioned, we constructed 

four distinct systems (see modeling the effect of salt 

concentration and glycosylation on the glycosylated PTS 

polymer) to study the effect of glycosylation and salt on 

secreted mucin. Fig. 3 presents representative structures 

from these CG simulations, which can be categorized into 

three distinct groups. First, in the absence of salt, the nega

tive charges on the glycans repelled each other, leading to 

the most-expanded structures. Second, in the presence of 

NaCl, the structures became comparatively more compact, 

as Na+ ions partially neutralized the negative charges on 

the sugars, bringing them closer together. Finally, in the 

presence CaCl2, the effects of charge screening were signif

icantly stronger, and the negative charges likely engaged in 

ion-mediated interactions, resulting in the most compact 

conformations across all systems. Additionally, the resi

dence time of Ca2+ ions was 4.6 5 2.4 ps, compared with 

3.2 5 2.0 ps for Na+ ions (Fig. S8 A). This longer residence 

FIGURE 2 Ion-mediated condensation of glyco

sylated disordered PTS regions. Phase diagrams of 

disordered PTS glycosylated with: (A) core-3 gly

cans and (B) core-1 glycans simulated in the pres

ence of two types of salt at two different 

concentrations, as indicated in the legend. The 

phase diagrams were obtained by simulating 50 

copies of the PTS chain glycosylated with core-3 

glycans, and repeating for PTS glycosylated with 

core-1 glycans. Each PTS chain consists of 20 res

idues (as per Fig. 1, C and D), with 100% glycosyl

ation of their Thr residues. The temperature is 

expressed in the scale of TC for corresponding 

CaCl2 salt. (C) The condensation of multiple pep

tides into a single phase and the gradual loss of 

phase separation at higher temperatures are de

picted using snapshots from four independent sim

ulations conducted with core-1 glycans and CaCl2 

at the four temperatures shown.
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time, combined with the stronger charge screening provided 

by Ca2+, contributed to the increased structural compact

ness observed with CaCl2.

The structure of glycosylated PTS was studied under five 

salt conditions: 10, 20, and 150 mM NaCl, as well as 5 and 

10 mM CaCl2. A greater number of cations are available 

for negative charge shielding at 20 and 150 mM NaCl 

compared with 10 mM NaCl. Consistent with this, the struc

tures were more compact in the presence of 20 and 150 mM 

NaCl (Fig. 3). However, minimal differences were observed 

between the structures in 5 and 10 mM CaCl2, suggesting that 

charge shielding reaches saturation at 5 mM CaCl2 for this 

type of salt. The stronger effect of calcium ions compared 

with sodium ions on the compaction of glycosylated PTS is 

illustrated by comparing the greater effect of 10 mM CaCl2 

compared with 20 mM NaCl (Fig. 3). Overall, the Rg values 

followed the pattern: no salt >10 mM NaCl >20 mM NaCl 

>150 mM NaCl >5 mM CaCl2 ≈ 10 mM CaCl2 (Fig. 4 A 

for core-1 glycans; Fig. S8 B for core-3 glycans). The degree 

of glycosylation also had a large effect on the structural orga

nization of the PTS. Glycosylation of 80% of sites on the PTS 

polymer resulted in structural elements that were more local

ized compared with a more globular shape for 40% glycosyl

ation. It is likely that the high density of negatively charged 

glycans produced strong electrostatic repulsion that could 

be locally neutralized by cations, resulting in the formation 

of local structural elements. This mechanism can explain 

how the formation of clusters of smaller, denser, and more 

compact elements at the higher glycosylation level produces 

a more expanded and asymmetrical PTS structure.

The radial distribution of cations around the negatively 

charged sugars peaks at approximately 4.4 Å (Fig. S8 C), 

with most ions located within 5 Å of a sugar. Consequently, 

we defined the cutoff distance for the charge shielding effect 

as 5 Å from the sugar. A cation located within a 5 Å radius 

of any negative charge was considered to be a member of a 

cation-anion pair and was thus defined as a neutralized 

charge. We note that a cation that is within 5 Å to more 

than one negatively charged glycan may lead to their partial 

neutralization but will be counted here as neutralization. 

The percentage of neutralized charges across all systems 

is presented in Fig. 4 B (core-1) and Fig. S8 D (core-3). 

The percentage of neutralized charges increased as follows: 

10 mM NaCl <20 mM NaCl <150 mM NaCl <5 mM 

CaCl2 ≈ 10 mM CaCl2. Interestingly, despite bearing 

more negatively charged glycans, systems glycosylated at 

80% of sites exhibited a higher percentage of neutralized 

charges compared with those glycosylated at 40% of sites 

at the same salt concentration, as shown in Fig. 4 B with 

respect to glycosylation with core-1 glycan. This finding 

FIGURE 3 Structures of glycosylated PTS polymers under varying glycosylation and salt conditions. Representative structures of PTS polymers glyco

sylated with core-3 and core-1 glycans at two glycosylation levels (40 and 80%) and under four salt conditions (10 and 20 mM NaCl, 5 and 10 mM CaCl2) as 

obtained from the CG simulations. As a control, representative snapshots from simulations undertaken in the absence of salt are also included in each case. 

Each simulation involved four glycosylated disordered PTS fragments, each of 2500 residues, that were connected head-to-tail to form a polymer.
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is likely due to the increased charge density at the 80% 

glycosylation level enhancing the ability of a single cation 

to neutralize multiple negative charges. Similarly, the 

higher charge density in core-1 glycans enabled a single 

cation to neutralize multiple charges at once, which can ac

count for the higher percentage of neutralized charges in 

core-1 glycans compared with core-3 glycans (Figs. 4 B 

and S8 D). Furthermore, the variance in the atomic positions 

of amino acid beads along the first two principal compo

nents indicates that core-3 glycan systems exhibited greater 

conformational variability under both NaCl and CaCl2 con

ditions compared with core-1 glycan systems (Fig. S9). This 

may be attributed to the larger number of electrostatic inter

actions in core-1 glycans restricting their movement within 

the conformational space during the simulation.

Further, the role of each type of individual cation in pro

moting ion-mediated interactions among the negatively 

charged sugar residues, have also been explored. As previ

ously shown in Fig. 4 B, we quantified the number of nega

tively charged sugar moieties within a 5 Å radius of each 

Na+ or Ca2+ ion—this count, denoted as Cn, represents 

partially or fully neutralized sugars. Building on this, we 

identified how many of these ions simultaneously interact 

with at least two distinct sugar residues within the same cut

off distance, representing potential ion-mediated interac

tions (Im). To assess the extent of such interactions, we 

calculated the percentage of neutralized sugars involved in 

ion-mediated interactions as (Im/Cn) × 100, which is pre

sented in Fig. 4 C. The results indicate that CaCl2 promotes 

a higher proportion of ion-mediated interactions compared 

with NaCl highlighting that the Ca2+ effect is not only 

due to a greater electrostatic effect but due to its higher abil

ity to bridge between two negatively charged sugars.

The representative structures from the CG simulations 

shown in Fig. 4 C illustrate how sodium and calcium ions 

distribute around negative sugar beads, effectively neutral

izing their charges. Notably, the simulations showed the 

charge shielding effect to be more pronounced for CaCl2 

(right panel) compared with NaCl (left panel). This stronger 

shielding effect facilitates the formation of a greater 

number of compact local structures in the presence of 

CaCl2. Overall, salt concentration, glycan charge, and the 

degree of glycosylation significantly influenced the struc

tural organization of the glycosylated PTS polymer.

Diffusion of peptides through an assembly of 

glycosylated PTS polymers

Proper functioning of the glycosylated PTS mucin poly

mers involves pathogens, therapeutic small molecules, 

and peptides passaging through them. Numerous previous 

studies (71,74–79) suggest that the motility of particles 

diffusing through mucin is influenced not only by particle 

size, but also by particle net charge and charge distribution. 

Drawing inspiration from a previous study (71), we de

signed therapeutic peptides that varied with respect to their 

net charge and investigated their interaction with and 

diffusion through mucin (see modeling peptide diffusion 

through the glycosylated PTS polymeric assembly).

To obtain a detailed understanding of how net charge af

fects peptide diffusion through glycosylated mucin PTS, we 

constructed and analyzed five peptide sequences (as shown 

in Fig. 5 A) bearing various net charges (as indicated in 

brackets): K (+10), KF (+7), KE (+4), EF (− 7), and E 

(− 10). The relationship between the experimental penetra

tion depth and recruitment probabilities in the presence of 

20 mM NaCl is presented for mucin PTS glycosylated 

with core-3 glycans in Fig. 5 B, with the corresponding 

data for glycosylation with core-1 glycans shown in 

Fig. S10 A. The simulations showed that the recruitment 

FIGURE 4 Structural analysis of glycosylated 

PTS polymers under varying salt and glycosylation 

conditions. (A–C) Mean radius of gyration (Rg). 

(A) Percentage of charge neutralization (B) and 

percentage of ion-mediated interactions (C) of 

the disordered PTS domain glycosylated with 

core-1 glycan in the presence of NaCl (green) or 

CaCl2 (blue). Data are presented for two salt con

centrations and for two glycosylation levels. (D 

and E) Representative structures of disordered 

PTS glycosylated with core-1 glycan to the 80% 

glycosylation level, showing adsorbed cations at 

20 mM NaCl (D) and 10 mM CaCl2 (E). These 

snapshots were taken from simulations of four 

copies of glycosylated PTS fragments, each 

comprised of 2500 amino acid residues that were 

connected sequentially in head-to-head, tail-to- 

tail. The cations are shown as green (Na+) and 

blue (Ca2+) spheres. Amino acid residues and 

monosaccharides are shown in gray and shades 

of pink, as per the legend of Fig. 1.
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probability was negatively correlated with the experimen

tally observed peptide penetration depth, with correlation 

coefficients of 0.85 for core-1 glycans and 0.93 for core-3 

glycans.

As the net positive charge on the peptides increased, their 

attractive interaction with the negatively charged mucin 

PTS also increased, resulting in a higher probability of pene

tration into the mucin matrix, as shown in Figs. 5 B and S10

A. However, stronger attractive interactions also caused 

earlier immobilization of the peptides within the polydime

thylsiloxane device, preventing further penetration and lead

ing to lower penetration depths. The electrostatic interaction 

energy calculated from the simulations correlated strongly 

with the experimentally measured penetration depths, with 

a correlation coefficient of 0.98 for both types of glycans. 

To assess the extent of peptide movement during its interac

tions with the PTS, we calculated the diffusion coefficients 

of the peptides and plotted them against penetration depth 

on the right axes of Figs. 5 C and S10 B. In general, these 

findings were consistent with the experimental findings 

and highlighted the effect of net peptide charge on peptide 

entry into and movement through mucin PTS. These are 

important findings for the design of therapeutic peptides 

optimized for effective penetration and movement within 

mucin environments.

The noticeable differences in the way peptides bearing 

different net charges diffuse through glycosylated PTS 

polymer is further highlighted in Fig. 5, D–G. Fig. 5 D 

shows a representative peptide of type K with a net charge 

of +10 diffusing within the mucin PTS, while Fig. 5 F 

shows the corresponding simulated diffusion through 

mucin PTS of a peptide of type KE with a net charge 

of +4. Fig. 5, E and G illustrate the motions of the 

peptide COMs during the final 500 ns of the simulation. 

FIGURE 5 Diffusion of peptides through glycosylated PTS regions of mucin. (A) Interactions between five different peptides and a preformed glycosylated 

PTS assembly were studied using the CG model. The sequences of the five peptides (which differ in terms of the numbers of positively charged, negatively 

charged, and aromatic residues they contain) and their net charge are depicted. (B) The correlation between the calculated peptide recruitment probability and 

the experimental peptide penetration depth for the five peptides in (A). Recruitment probability was calculated from simulations of the peptides penetrating 

PTS polymers that were glycosylated with core-3 glycans to the 40% level. (C) Correlations of the electrostatic interaction energies of each the five studied 

peptides penetrating the glycosylated PTS (left y axis) and of their diffusion coefficients (right y axis) plotted against the experimentally measured penetration 

depths. The computational results were obtained as the average of 50 independently diffusing peptides. The experimental values were adopted from (71). (D 

and E) Peptides K and KE, respectively, penetrating glycosylated PTS, illustrating their recruitment. (F and G) Representative trajectories of the positions of 

the centers of mass of (F) a single K peptide and (G) a single KE peptide within glycosylated PTS during the last 500 ns of the simulation, with a zoomed-in 

view on the right.

Biswas and Levy 

Please cite this article in press as: Biswas and Levy, Ion-mediated effects of glycosylation on the disordered mucin domain: Insights from coarse-grained 

simulations, Biophysical Journal (2025), https://doi.org/10.1016/j.bpj.2025.07.021

10 Biophysical Journal 124, 1–15, September 2, 2025



Peptide K, which has a higher positive charge, exhibited 

very restricted movement within the PTS, whereas the 

COM of peptide KE covered a larger area, indicating 

greater mobility. A zoomed-in view of the motions of the 

COMs of both peptides further emphasizes this difference. 

These findings are consistent with the experimental obser

vations, suggesting that peptides with higher positive 

charges interact more strongly with the mucin PTS, which 

limits their movement. In contrast, peptides with lower 

positive charges experience weaker electrostatic interac

tions with the PTS, allowing for more random and exten

sive movement.

Organization of glycosylated PTS in the 

multimeric assembly of full-length MUC2 

monomers

The experimentally determined atomistic structure of an as

sembly of N-terminal ordered domains (D1D2D3CysD1) of 

MUC2 (PDB: 7A5O) and the proposed multimer assembly 

of eight full-length MUC2 monomers indicated that the or

dered domains of MUC2 formed a central filament (Fig. S6, 

A and B), whereas their long, disordered PTS regions, and 

their C-terminal ordered domains remained solvent-exposed 

and surrounded the central filament (13) (Fig. S6, A–C). Pre

vious CG modeling of unglycosylated PTS surrounding the 

central filament suggested that the PTS regions were ar

ranged as a cloud of disordered polymers with a maximum 

diameter of 100 nm. Here, our goal was to examine the 

impact of glycosylation (degree and glycan type) on the 

multimeric assembly of eight such full-length MUC2 mono

mers and on the organization of the PTS regions surround

ing the central head filaments. In this structure, the central 

beaded filament was position-restrained throughout the 

simulation, while the C-terminal ordered regions were 

modeled as large beads with a diameter of 40 Å, based on 

previous work (13). The organization of the PTS was 

analyzed by calculating the density of the PTS clouds at 

various radial distances from the central axis (head filament) 

and across different polar angles, which was then visualized 

using a polar density map (Fig. 6).

Representative structures and polar density maps from 

simulations where the PTS was glycosylated with core-1 

glycans at two glycosylation levels (40 and 80%) are pre

sented in Fig. 6. The organization of the PTS was examined 

under three conditions: no salt, 20 mM NaCl and 10 mM 

CaCl2. The changes in PTS organization observed in 

response to changes in salt (cation type and concentration) 

and glycosylation level (40 or 80%), as shown by the pro

gression in Fig. 6, were consistent with the structures de

picted in Fig. 3. In the absence of salt, the PTS was 

extensively distributed around the axis, whereas in 10 mM 

CaCl2, the PTS formed a highly compact structure around 

the axis. The 20 mM NaCl condition resulted in a moder

ately distributed organization for both degrees of glycosyla

tion. Mapping the polar density (Fig. 6) revealed an 

unsymmetrical distribution of beads between the left and 

right hemispheres. In the left hemisphere, in the absence 

of salt, beads extended up to 40 nm from the center of the 

axis. Under the 20 mM NaCl condition, most beads were 

distributed within a 30 nm radius, while in the 10 mM 

CaCl2 condition, the majority of beads remained within a 

radial distance of 20 nm for both glycosylation levels. The 

right hemisphere of the map followed the same trend, but 

with the beads demonstrating a narrower distribution.

In general, structures glycosylated at 40% of glycosyla

tion sites exhibited a more uniform distribution of beads 

across all salt conditions, whereas structures glycosylated 

to the 80% level displayed increased local clustering, 

forming small, compact regions characterized by high 

bead density. This behavior can be attributed to the higher 

number of negative charges present in highly glycosylated 

systems. In such cases, cations bind simultaneously to mul

tiple negatively charged glycan beads, thus promoting 

enhanced clustering and compactness. However, whereas 

positive ions reduce repulsion between negatively charged 

beads by acting as bridges, residual negative charges or 

partially screened charges in the system prevent the beads 

from aggregating into a single large cluster at 80% glycosyl

ation. Instead, the system stabilizes by forming smaller clus

ters, where local charge neutrality is more effectively 

achieved, minimizing residual repulsion.

This observation does not depend on whether glycosyla

tion involves core-3 glycans or core-1 glycans, with similar 

findings for both. The representative structures and polar 

density maps for simulations of PTS glycosylated with 

core-3 glycans at two glycosylation levels (40 and 80%) 

are shown in Fig. S11. Systems glycosylated with core-3 

glycans exhibited fewer clustered areas in their structures, 

such that the overall bead distribution was more uniform 

compared with those glycosylated with core-1 glycans. 

The beads in systems with core-3 glycans and 40% glyco

sylation showed the most uniform distribution, as they had 

the lowest number of negative charges. In contrast, systems 

with core-1 glycans and 80% glycosylation exhibited the 

highest density of compact clusters, as they had the greatest 

number of negative charges in the system. These findings 

elucidate the conformational behavior of MUC2 presecre

tion assemblies under varying glycan and salt conditions.

CONCLUSIONS

In this study, we aimed to investigate how glycosylation 

and ionic conditions influence the structural properties of 

secreted intestinal or respiratory mucins, specifically 

belonging to MUC2, MUC5AC, and MUC5B families, 

which can be instrumental in explaining rapid volume 

expansion of secreted mucin upon secretion, as well as, 

various pathological conditions such as inflammatory bowel 

disease, cystic fibrosis, and asthma. Our study demonstrates 
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that the structural organization of glycosylated mucin PTS 

depends strongly on the properties of the glycan unit as 

well as on the type and concentration of the cation in 

solution. In general, divalent salts promote more compact 

conformations, whereas monovalent salts lead to more 

expanded ones. For instance, an assembly of four 40% gly

cosylated PTS chains, each containing 2500 amino acids, 

undergoes a 34% reduction in Rg when exposed to 20 mM 

NaCl compared with their dimensions in the absence of 

salt, whereas in the presence of 10 mM CaCl2, compaction 

reaches 57% (Fig. 4 A). This salt-induced effect is strongly 

influenced by the number of negatively charged glycans in 

the system, quantified here by the degree of glycosylation. 

By contrast, when glycans are attached to 80% of glycosyl

ation sites, the decreases in Rg upon exposure to 20 mM 

NaCl and 10 mM CaCl2 are 31 and 43%, respectively. 

The reduction in the size of the PTS molecule upon the addi

tion of monovalent or divalent salts appears to be more pro

nounced at lower degrees of glycosylation. This can be 

attributed to the cations shielding the negative charges on 

the glycans, with a consequent reduction in the strength of 

inter-glycan electrostatic repulsion leading to an overall 

compaction of the PTS molecule. The observed salt-induced 

structural compaction of long PTS chains is relevant to un

derstanding the assembly of MUC2 in the secretion stage. 

Furthermore, elevated levels of calcium salts, as reported 

in certain obstructive pulmonary conditions such as cystic 

fibrosis and asthma (10,25,28,29), may contribute to the for

mation of more concentrated mucin networks. This could 

result in a denser molecular mesh than that typically 

observed under normal physiological conditions, a phenom

enon that our findings can help to elucidate.

Interestingly, despite the decreased reduction in Rg at 

higher degrees of glycosylation, the percentage of glycan 

charge neutralization upon salt addition is higher at the 

80% glycosylation level (19 and 25% for 20 mM NaCl 

and 10 mM CaCl2, respectively) compared with the 40% 

glycosylation level (9 and 20% for 20 mM NaCl and 

FIGURE 6 Organization of glycosylated disordered PTS in the multimeric assembly of full-length MUC2. Representative simulation structures of the 

multimeric assembly of eight full-length MUC2 monomers glycosylated with core-1 glycans at 40 and 80% of their glycosylation sites and compared across 

three salt conditions, as indicated. A polar density map of the PTS beads throughout the simulation is shown to the right of each representative structure. 

Simulations of duration 500 ns were sampled by taking 500 snapshots, and the atomic positions of all PTS beads in these snapshots were then converted 

into cylindrical polar coordinates, with the central filament axis serving as the cylindrical coordinate axis. The bead distributions at various angles and dis

tances from the central axis were plotted using a normalization factor, calculated as the total number of beads in each system multiplied by the total number of 

snapshots. This distribution effectively represents the normalized density of beads surrounding the central axis throughout the simulation (see color bar at 

bottom). The position of the central filament was restrained throughout the simulation and the C-terminal domains were modeled as large beads with a radius 

of 40 Å.
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10 mM CaCl2, respectively) (Fig. 4 B). This observation 

likely arises from the presence of a higher charge density 

at greater glycosylation levels, which allows single cations 

to neutralize multiple charges. Both higher charge neutrali

zation and increased electrostatic repulsion at higher de

grees of glycosylation contribute to the formation of more 

local clustering and localized substructures within the PTS 

assembly, despite an overall expansion in the molecular 

radius. Reduced glycosylation and the presence of smaller 

glycans have been associated with ulcerative colitis and in

flammatory bowel disease, both characterized by chronic 

inflammation. Our findings suggest that lower levels of 

glycosylation reduce the shielding provided by sugar moi

eties, potentially weakening the mucosal protective barrier 

formed by mucin molecules against inflammatory triggers.

To explore the effect of the charge on each individual 

glycan chain on PTS structural organization, we analyzed 

two glycan types: mono-sialylated core-3 glycans, bearing 

a single negative charge per chain; and di-sialylated 

core-1 glycans, bearing two negative charges per chain. 

Across all salt types and glycosylation levels, the extent of 

Rg reduction and charge neutralization was lower for 

core-3 glycans compared with core-1 glycans. For instance, 

at 40% glycosylation, the reduction in Rg for core-3 glycans 

was 21% in the presence of 20 mM NaCl and 39% in the 

presence of 10 mM CaCl2 (Fig. S8 B) (with corresponding 

values of 34 and 57%, respectively, with core-1 glycans, 

Fig. 4 A). This is likely because the lower charge on individ

ual mono-sialylated core-3 glycans reduces the likelihood of 

glycan-cation interactions, resulting in greater conforma

tional variability in a polymer bearing core-3 glycans 

compared with core-1 glycans.

In addition to studying the structural arrangement of long 

PTS chains to better understand the assembly of MUC2 in 

the secretion stage, we also studied the structural organization 

of PTS in the presecreted stage by simulating the assembly of a 

multimer comprising eight full-length MUC2 monomers (us

ing PDB: 7A5O). Similarly to PTS in the secreted stage, the 

compaction of the PTS domain in the presecreted stage is 

more strongly affected by the presence of CaCl2 compared 

with NaCl, and it forms localized clusters at higher glycan 

charge densities. We showed that the dense organization of 

the disordered glycosylated PTS permits recruitment of pep

tides that can diffuse within the networks of interacting PTS 

chains. Our observations align qualitatively with experimental 

findings (71) showing that peptide penetration depth and diffu

sion are strongly influenced by peptide charge content.

Taken together, our investigations into both secreted mucin 

and presecretion assemblies provide a molecular understand

ing of the possible conformational states of MUC2 throughout 

the mucin secretion pathway. Although MUC2 forms poly

mers in both the secreted and presecretion stages, the organi

zation of these polymers differs significantly before and after 

secretion. Within the Golgi, the multimer assembly of MUC2 

remains in a highly condensed phase, possibly due to the ac

tion of Ca2+ ions, as depicted in Fig. 7 A. During secretion, 

when the vesicle opens, Ca2+ ions begin to be replaced by 

Na+ ions, leading to a more expanded conformation. This 

transitional state is represented by Fig. 7 B, where some 

Ca2+ ions are displaced, but the overall multimer assembly re

mains intact. Following secretion and the dissociation of the 

D1 and D2 domains, the mucin monomers organize them

selves into the head-to-head, tail-to-tail secretion assembly. 

In this study, the secreted mucin structure was modeled in a 

simplified manner, excluding the ordered mucin domains 

that are naturally present in the secretion assembly. Nonethe

less, we found that, during the formation of the secretion as

sembly, many Ca2+ ions remain embedded within the mucin 

matrix, as represented by Fig. 7 C. Finally, when most of the 

Ca2+ ions are replaced by Na+ ions, the system transitions 

to the state depicted in Fig. 7 D.

The CG model presented in this study is designed to capture 

residue-level conformational changes of mucin PTS domains 

at the tens-of-nanometer length scale; however, the insights 

gained from these simulations can inform hypotheses 

regarding the larger-scale organization and behavior of mucus 

networks at micron-scale resolutions. Overall, this study pro

vides a detailed molecular picture of mucin PTS assembly dur

ing secretion, offering valuable insights into the structural and 

functional dynamics of mucin. By quantifying mucin chain 

compaction under varying ionic and glycosylation conditions, 

our model offers insight into the physical determinants of 

mucus mesh density, which in turn influences barrier perme

ability, hydration retention, and pathogen exclusion—key 

functional aspects of the mucus barrier. Extending this model 

FIGURE 7 Possible conformational states in the MUC2 secretion 

pathway. Upper panels: structures representing the possible presecretion as

sembly of MUC2 glycosylated with core-1 glycan at 40% of its glycosyla

tion sites under conditions of (A) 10 mM CaCl2 and (B) 20 mM NaCl. 

Lower panels: structures representing the possible secretion assembly of 

MUC2 glycosylated with core-1 glycan at 40% of its glycosylation sites un

der conditions of (C) 10 mM CaCl2 and (D) 20 mM NaCl.
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to larger assemblies will enable quantitative predictions of key 

mucus barrier properties such as viscoelasticity and porosity. 

Moreover, incorporating glycan compositions specific to 

healthy and diseased conditions is essential to better under

stand mucin function.
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