
The University of Manchester Research

Intracellular processing of human secreted polymeric
airway mucins
DOI:
10.1513/AnnalsATS.201802-143AW

Document Version
Accepted author manuscript

Link to publication record in Manchester Research Explorer

Citation for published version (APA):
Thornton, D., Sharpe, C., & Ridley, C. (2018). Intracellular processing of human secreted polymeric airway mucins.
Annals of the American Thoracic Society, 15(S3). https://doi.org/10.1513/AnnalsATS.201802-143AW

Published in:
Annals of the American Thoracic Society

Citing this paper
Please note that where the full-text provided on Manchester Research Explorer is the Author Accepted Manuscript
or Proof version this may differ from the final Published version. If citing, it is advised that you check and use the
publisher's definitive version.

General rights
Copyright and moral rights for the publications made accessible in the Research Explorer are retained by the
authors and/or other copyright owners and it is a condition of accessing publications that users recognise and
abide by the legal requirements associated with these rights.

Takedown policy
If you believe that this document breaches copyright please refer to the University of Manchester’s Takedown
Procedures [http://man.ac.uk/04Y6Bo] or contact uml.scholarlycommunications@manchester.ac.uk providing
relevant details, so we can investigate your claim.

Download date:26. May. 2023

https://doi.org/10.1513/AnnalsATS.201802-143AW
https://research.manchester.ac.uk/en/publications/2884b437-7d29-40d4-aa10-5602fa85559f
https://doi.org/10.1513/AnnalsATS.201802-143AW


For Review Only

 

 

 

 

 

 

Intracellular processing of human secreted polymeric 

airway mucins 
 

 

Journal: Annals of the American Thoracic Society 

Manuscript ID White-201802-143AW.R1 

Manuscript Type: TransAtlantic Conference 

Date Submitted by the Author: n/a 

Complete List of Authors: Thornton, David; University of Manchester, Faculty of Life Sciences 
Sharpe, Catherine ; University of Manchester, Faculty of Biology, Medicine 
and Health 
Ridley, Caroline; University of Manchester, Faculty of Biology, Medicine and 
Health 

Subject Category: 3.34  Airway Mucins < CELL AND MOLECULAR BIOLOGY 

Key Words: Mucus, mucin, MUC5B, MUC5AC 

  

 

 

Annals of the American Thoracic Society



For Review Only

Intracellular processing of human secreted polymeric airway mucins 

 

David J. Thornton, Catherine Sharpe and Caroline Ridley 

 

Wellcome Trust Centre for Cell-Matrix Research, School of Biological Sciences, 

Faculty of Biology, Medicine and Health, University of Manchester, Manchester 

Academic Health Sciences Centre, M13 9PT 

 

Address for correspondence: AV Hill Building, Faculty of Biology, Medicine and 

Health, University of Manchester, Oxford Road, Manchester, M13 9PT 

E-mail: dave.thornton@manchester.ac.uk 

  

Page 1 of 32 Annals of the American Thoracic Society



For Review Only

Abstract 

Mucociliary clearance is a crucial component of innate defense of the lung. In 

respiratory diseases such as asthma, chronic obstructive pulmonary disease and 

cystic fibrosis, mucus with abnormal properties contributes to obstruction of the 

airways. The failure in function of mucus in airway clearance and pathogen 

protection leads to chronic infection and risk of death. Polymeric mucins (MUC5AC 

and MUC5B) provide the structural framework of the airway mucus gel. The 

intracellular synthesis and assembly of these enormous, polymeric O-linked 

glycoproteins is a complex, multi-stage process involving intra- and intermolecular 

disulfide bond formation and extensive addition of O-glycan chains. The fully formed 

polymers are packaged in a highly organized and condensed form within secretory 

granules inside specialized secretory cells, and after the appropriate stimulus mucins 

are released and expand to form mucus. This short article will bring together the 

current knowledge on the different steps in the production of mucin polymers and the 

molecular mechanisms that condense them into a packaged form in secretory 

granules. It is by unravelling the molecular mechanisms that control intracellular 

mucin supramolecular structure that we might gain new insight into what determines 

mucus gel properties in health and disease.  

 

Key words: Mucus, mucin, MUC5B, MUC5AC. 
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Introduction 

The mucus barrier provides a dynamic interface between epithelial tissues 

and the environment. This barrier is a critical element of innate defense of the 

respiratory tract and provides the first line of protection against infections and 

environmental pollutants. The components of mucus, including water, salts, secreted 

glycoproteins (polymeric mucins) and proteins (at least 250 distinct molecular 

species), come together to form a physical and anti-microbial barrier (1). Transport of 

flowing mucus out of the airways by the action of cilia (mucociliary clearance) and 

cough is critical for health, and accumulation of mucus, with non-optimal transport 

properties, is a pathologic feature of cystic fibrosis (CF), chronic obstructive 

pulmonary disease (COPD) and asthma. Increased mucus concentration (percent 

solids) and mucin concentration contribute to aberrant mucus transport properties, 

impacting on mucociliary clearance by ‘osmotically compressing’ the periciliary layer 

and collapsing the cilia (2,3). Dysfunctional mucociliary clearance results in the 

accumulation of mucus in the airway lumen and mucus plugging, increasing the risk 

of infection and chronic inflammation; both key aspects of morbidity and mortality in 

obstructive lung disease (4,5). 

 Polymeric mucins are important contributors to the functional and structural 

characteristics of mucus gels. These multi-domain, high molecular weight (2-50 

MDa) O-linked glycoproteins (see Figure 1 for more detail) provide the molecular 

framework of epithelial mucus gels, and mucin polymers are fully assembled 

intracellularly and stored in secretory granules prior to secretion to form mucus (7). 

The respiratory tract mucus gel in humans is comprised of a heterogeneous mixture 

of two polymeric mucins, MUC5AC and MUC5B (6). Arranged in a network-like 

formation, these glycoproteins confer viscoelastic properties onto airway secretions. 
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However, the mucins alone do not dictate the complete viscoelastic properties of 

airway mucus (8), which also depends on the dynamic interactions between mucins 

and other components of the secretion, for example, with calcium (9) and globular 

proteins (10) to form functional mucus with the correct transport and protective 

properties. Deletion of Muc5ac and Muc5b in mice has given some insight into the 

function of these two mucins. Mice deficient in Muc5b have shown that this mucin is 

indispensable for the mucociliary clearance that controls infection and has an 

important role in immune homeostasis in the lung (5,11,12). In contrast, Muc5ac is 

not required for mucociliary clearance, but is up-regulated in allergic inflammation 

(13), where it plays an important role in mucus plugging of the airways (14). 

Importantly, MUC5AC tethering to the epithelium has been implicated in mucociliary 

dysfunction and mucus plugging in asthma (15). In human obstructive airway 

disease, mucin concentration is increased, with MUC5B being the predominant 

polymeric mucin in CF and COPD sputum (3,7,16,17,18) and increased amounts of 

MUC5AC have been measured in asthmatic sputum (19, 20). Importantly, different 

studies have reported an association of MUC5B with disease severity and airway 

obstruction (17,18, 21). In particular, MUC5B isolated from an asthmatic gel plug 

was shown to have a highly crosslinked morphology (21), in marked contrast to the 

linear mucin chains identified in induced sputum from healthy respiratory airways 

(22). While the molecular basis for this abnormal mucin form has yet to be 

determined, recent studies have implicated thiol crosslinking between mucin chains, 

catalyzed by reactive oxygen species in the airway lumen, as a potential mechanism 

for mucus plug formation (23, 24). However, alterations in polymeric mucin 

intracellular assembly could explain the altered mucin macromolecular form, which 

might then contribute to the aberrant properties of mucus in disease. This short 
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article will summarize the current state of knowledge on airway mucin intracellular 

assembly and packaging within secretory granules and highlight future directions for 

research in this area. 

Polymeric mucin assembly and packaging 

Mucin polymers undergo a complex, multi-stage intracellular assembly and 

packaging process within granules inside specialized secretory cells in the surface 

epithelium and submucosal glands, and they are secreted in response to a variety of 

stimuli (25, 26). The current knowledge on the covalent, disulfide-bond mediated 

assembly of mucin polymers and the non-covalent crosslinks within or between 

mucin chains that might be active during packaging are summarized in Figure 2. In 

this section, we will draw together the information on the timescale and cellular 

location of mucin polymer synthesis, and then what is known about their 

intragranular packaging.  

Mucin polymer synthesis: Radiolabel pulse-chase experiments, performed in 

mucin-secreting cells in culture (both transformed and primary cells) and tissue 

explants (27, 28, 29), have delineated the major steps in the biosynthetic pathway of 

the two airways mucins, MUC5AC and MUC5B (Figure 2). Under baseline 

conditions, the O-glycosylated mucin polymers are assembled within 2-4 h; however, 

mucin polymers can be stored within the cells for up to 72 h, with the majority 

released after 48 h (29). These studies have also revealed that non-O-glycosylated 

precursor forms of MUC5B, monomers and C-terminal dimers mediated by disulfide-

linkages between CK-domains, are synthesized in the endoplasmic reticulum (ER) 

within 20 min. 

In addition to the intermolecular disulfide linkage that form the mucin dimers, multiple 

intramolecular disulphide bonds are formed in the ER that facilitate folding of the 
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mucin N- and C-termini and the Cys domains (30). Moreover, the Cys domains of 

MUC5AC and MUC5B have been shown to be C-mannosylated on WXXW motifs, 

and this post-translational modification has been suggested to play a role in folding 

of the Cys domains and in the export of the mucin dimers from the ER (31). 

The mucin dimers are transported to the golgi apparatus, where they are fully 

glycosylated prior to multimerization (28); the latter is mediated by disulfide linkage 

between N-terminal D3 domains (32). While the enzymes (glycosyltransferases) that 

add mucin glycans are known, information on the precise details of glycosylation are 

still incomplete (33). A mucin polymer may be substituted with thousands of O-

glycan chains; attached to serine and threonine residues predominantly in the central 

mucin domains. The polypeptide sequences of the mucin domains can be repeated 

multiple times, and similar sequences in other heavily glycosylated molecules (e.g. 

aggrecan) have been demonstrated to confer an extended conformation to the 

unglycosylated polypeptide (34). This extended conformation may be important for 

the optimal presentation of the large number of potential glycosylation sites on a 

mucin to the glycosylation machinery.  

Mucin polymer intragranular packaging: The final step in polymeric mucin 

synthesis is its highly organized packaging within the secretory granule (Figure 2; 

step 6); this organization is dramatically changed as the mucin is secreted and 

hydrates and expands in the extracellular environment on the epithelial surface (35). 

The mechanisms behind mucin packaging into secretory granules (and unpackaging 

after secretion) are still not completely understood, but non-covalent crosslinks 

between mucin polymers play a key role in both processes. Prior to secretion, the 

assembled linear, disulfide-linked mucin polymers are packaged in a condensed and 

dehydrated state inside granules within the secretory cells in which they are 
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produced. There is increasing evidence that calcium-mediated changes to mucin 

supramolecular topology have an important role in packaging (and unpackaging) 

(9,32,36), however, the precise mechanism that underlie packaging require further 

research to gain a more detailed molecular understanding of the process. It is well 

established that Ca2+ ions charge-shield the negative charges on sialic acid and 

sulfate groups on the mucin O-glycans to help attain a condensed state (37). It is 

becoming increasingly clear that calcium-dependent cross-links between mucins, 

through protein-sites at the N-terminal D-domains on the polypeptide (32,36), are 

active in this packaging process. 

By using recombinant mucin N-terminal protein domains (the entire N-

terminus D1D2D’D3 and sub-domains D1, D1-D2, D2-D’-D3 and D3), we have 

shown that calcium mediated interactions between disulfide-linked dimers of the 

entire N-terminal structure, but not sub-domains, results in non-covalent cross-linking 

of the MUC5B protein (32). More recently, it has been demonstrated that this calcium 

dependent-interaction results in the formation of noncovalent tetramers (dimer of 

dimers) where the D1–D2 domains are hooked into each other (38). Calcium-

mediated protein crosslinks have been reported for the ordered packaging of the 

related glycoprotein von Willebrand Factor (vWF) within the secretory granules 

(Wiebel Palade bodies) of endothelial cells (39). Like polymeric mucins, N-terminal 

D-domains have a crucial role in this process; however, in vWF proteolytic 

processing by furin that separates D1D2 from D3 is a feature of the granular 

organization of the vWF polymer (39,40). In contrast, intracellular proteolytic 

processing of MUC5B does not occur (29). This is not surprising since the furin 

cleavage site in vWF is absent from MUC5B and MUC5AC, suggesting that MUC5C 

does not undergo proteolytic processing during synthesis. 
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The calcium-dependent organization of the MUC5B protein is most active at 

low pH (pH 5-6; the pH encountered in the secretory granules), and there is growing 

evidence that the N-terminal protein domains promote mucin condensation via the 

formation of non-covalently crosslinked polymers, and this appears to be part of the 

mechanism involved in mucin packaging in secretory granules (32, 36, 38). It 

remains unclear how calcium and pH are coordinated to create the condensed mucin 

polymers found in secretory granules, and how this changes to enable the rapid and 

effective expansion of mucin polymers following secretion. What also remains 

uncharacterized are the detailed molecular transitions that enable the mucin polymer 

network to become a barrier for lung protection which is viscoelastic and yet is able 

to flow when driven by cilia, and how this is compromized in obstructive lung 

disease. 

Future perspectives 

Whilst our understanding of mucin packaging within secretory granules has 

increased (32, 35, 36, 41-43), there are still major gaps in our mechanistic 

understanding of this process. Importantly, we have yet to establish if the other 

mucin-protein folded domains (C-terminal and Cys-domains (see Figure 1)) have a 

role in forming the highly condensed intragranular form of polymeric mucins. 

Moreover, how the large, heavily glycosylated central mucin domains influence the 

organization of the mucins within the granule is unknown. Whether, these domains 

constrain potential interactions between recombinant mucin protein domains 

produced in their absence needs to be addressed. The large size and polydispersity 

of native polymeric mucins makes this difficult to study. Recombinant ‘mini-mucins’ 

containing the mucin-protein folded domains, together with a smaller, defined size 

mucin domain, may help unravel the role of the glycosylated central domains in 
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mucin packaging. Ultimately, defining the molecular mechanisms that control 

intragranular mucin supramolecular structure may provide insight into what 

determines aberrant mucus gel production, and identify novel ways to combat the 

accumulation of aberrant mucus in diseased airways.  
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Figure legends 

Figure 1. Schematic diagram of the major airways polymeric mucins, MUC5AC 

and MUC5B. 

The multidomain structure of the MUC5B and MUC5AC polypeptides shows the 

central mucin domains (MD) that are enriched in serine, threonine and proline 

residues (STP-rich regions) and are the sites of O-glycan attachment. The MD of 

MUC5B differs in size and sequence to the MD of MUC5AC.The MD are interrupted 

and flanked by Cys domains (Cys) that are folded and stabilized by intramolecular 

disulfide linkages. The N- (D1, D2, D’, D3) and C-terminal (D4, B, C, CK) protein 

domains share high sequence similarity with related domains in vWF, and in both 

vWF and mucins these domains are stabilized by intramolecular disulfide bonds and 

are important for polymer formation. For vWF, a detailed analysis of these domains 

and their known and predicted disulfide-bond connectivity has been reported by 

Zhou and colleagues (44). Intermolecular disulfide linkages between CK domains 

are responsible for dimerization, whereas, intermolecular disulfide linkages between 

D3 domains are responsible for multimerisation of the CK-mediated mucin dimers. 

This assembly process (see Figure 2) produces linear mucin chains. 

 

Figure 2. Overview of polymeric mucin intracellular assembly and 

intragranular packaging.  

Polymeric mucin synthesis is a multistep process. 1. The N- and C-terminal domains 

and central Cys-domains of the mucin polypeptide are folded in the endoplasmic 

reticulum (ER) via the formation of multiple intramolecular disulfide bonds. 2. The 

polypeptide then undergoes dimerization through disulfide linkage between C-

terminal CK-domains (blue squares). 3. After transit to the cis-golgi network (CGN) 
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O-glycan addition is initiated by the addition of N-acetylgalactosamine (GalNAc) to 

serine and threonine residues in the central mucin domains via the action of 

polypeptide-GalNAc transferases. As the polypeptide dimer transits through the golgi 

to the trans golgi network (TGN), O-glycan chains are elaborated via the action of 

multiple glycosyltransferases. 4. The O-glycosylated dimers multimerize by 

intermolecular disulfide linkages between N-terminal D3-domains (red squares). 5. 

Multimers are then packaged into secretory granules via non-covalent calcium-

dependent interactions between N-terminal protein domains. These reversible 

interactions between mucins are most active at the lower pH of the secretory granule 

and are suggested to organize the polymers within the granule. The structure 

highlighted (in the red dashed line box) depicts the putative granular form of MUC5B 

(looped strands emanating from central nodes) observed by electron microscopy 

(35). Moreover, Kesimer and colleagues localized the N-termini of MUC5B to the 

central nodes (red circles) of these structures by immuno-electron microscopy (35). 

The full mechanistic details of packaging of the large mucin polymers have not yet 

been elucidated. The charge shielding of the negatively charged mucin glycans by 

Ca2+ ions (37) is not shown. 
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Abstract 

Mucociliary clearance is a crucial component of innate defense of the lung. In 

respiratory diseases such as asthma, chronic obstructive pulmonary disease and 

cystic fibrosis, mucus with abnormal properties contributes to obstruction of the 

airways. The failure in function of mucus in airway clearance and pathogen 

protection leads to chronic infection and risk of death. Polymeric mucins (MUC5AC 

and MUC5B) provide the structural framework of the airway mucus gel. The 

intracellular synthesis and assembly of these enormous, polymeric O-linked 

glycoproteins is a complex, multi-stage process involving intra- and intermolecular 

disulfide bond formation and extensive addition of O-glycan chains. The fully formed 

polymers are packaged in a highly organized and condensed form within secretory 

granules inside specialized secretory cells, and after the appropriate stimulus mucins 

are released and expand to form mucus. This short article will bring together the 

current knowledge on the different steps in the production of mucin polymers and the 

molecular mechanisms that condense them into a packaged form in secretory 

granules. It is by unravelling the molecular mechanisms that control intracellular 

mucin supramolecular structure that we might gain new insight into what determines 

mucus gel properties in health and disease.  

 

Key words: Mucus, mucin, MUC5B, MUC5AC. 
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Introduction 

The mucus barrier provides a dynamic interface between epithelial tissues 

and the environment. This barrier is a critical element of innate defense of the 

respiratory tract and provides the first line of protection against infections and 

environmental pollutants. The components of mucus, including water, salts, secreted 

glycoproteins (polymeric mucins) and proteins (at least 250 distinct molecular 

species), come together to form a physical and anti-microbial barrier (1). Transport of 

flowing mucus out of the airways by the action of cilia (mucociliary clearance) and 

cough is critical for health, and accumulation of mucus, with non-optimal transport 

properties, is a pathologic feature of cystic fibrosis (CF), chronic obstructive 

pulmonary disease (COPD) and asthma. Increased mucus concentration (percent 

solids) and mucin concentration contribute to aberrant mucus transport properties, 

impacting on mucociliary clearance by ‘osmotically compressing’ the periciliary layer 

and collapsing the cilia (2,3). Dysfunctional mucociliary clearance results in the 

accumulation of mucus in the airway lumen and mucus plugging, increasing the risk 

of infection and chronic inflammation; both key aspects of morbidity and mortality in 

obstructive lung disease (4,5). 

 Polymeric mucins are important contributors to the functional and structural 

characteristics of mucus gels. These multi-domain, high molecular weight (2-50 

MDa) O-linked glycoproteins (see Figure 1 for more detail) provide the molecular 

framework of epithelial mucus gels, and mucin polymers are fully assembled 

intracellularly and stored in secretory granules prior to secretion to form mucus (67). 

The respiratory tract mucus gel in humans is comprised of a heterogeneous mixture 

of two polymeric mucins, MUC5AC and MUC5B (67). Arranged in a network-like 

formation, these glycoproteins confer viscoelastic properties onto airway secretions. 
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However, the mucins alone do not dictate the complete viscoelastic properties of 

airway mucus (8), which also depends on the dynamic interactions between mucins 

and other components of the secretion, for example, with calcium (9) and globular 

proteins (10) to form functional mucus with the correct transport and protective 

properties. Deletion of Muc5ac and Muc5b in mice has given some insight into the 

function of these two mucins. In miceMice deficient in Muc5b have shown that this 

mucin, Muc5b is indispensable for the mucociliary clearance that controls infection 

and has an important role in immune homeostasis in the lung (5,11,12). In contrast, 

Muc5ac is not required for mucociliary clearance, but is up-regulated in allergic 

inflammation (13), where it plays an important role in mucus plugging of the airways 

(14). Importantly, MUC5AC tethering to the epithelium has been implicated in 

mucociliary dysfunction and mucus plugging in asthma (15). In human obstructive 

airway disease, mucin concentration is increased, with MUC5B being the 

predominant polymeric mucin in CF and COPD sputum (3,67,162,173,18) and 

increased amounts of MUC5AC have been measured in asthmatic sputum (19, 20). 

Importantly, different studies have reported an association of MUC5B with disease 

severity and airway obstruction (17,2018, 21). In particular, MUC5B isolated from an 

asthmatic gel plug was shown to have a highly crosslinked morphology (21), in 

marked contrast to the linear mucin chains identified in induced sputum from healthy 

respiratory airways (22). While the molecular basis for this abnormal mucin form has 

yet to be determined, recent studies have implicated thiol crosslinking between 

mucin chains, catalyzed by reactive oxygen species in the airway lumen, as a 

potential mechanism for mucus plug formation (23, 24). However, alterations in 

polymeric mucin intracellular assembly could explain the altered mucin 

macromolecular form, which might then contribute to the aberrant properties of 
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mucus in disease. This short article will summarize the current state of knowledge on 

airway mucin intracellular assembly and packaging within secretory granules and 

highlight future directions for research in this area. 

Polymeric mucin assembly and packaging 

Mucin polymers undergo a complex, multi-stage intracellular assembly and 

packaging process within granules inside specialized secretory cells in the surface 

epithelium and submucosal glands, and they are secreted in response to a variety of 

stimuli (25, 26). The current knowledge on the covalent, disulfide-bond mediated 

assembly of mucin polymers and the non-covalent crosslinks within or between 

mucin chains that might be active during packaging are summarized in Figure 2. In 

this section, we will draw together the information on the timescale and cellular 

location of mucin polymer synthesis, and then what is known about their 

intragranular packaging.  

Mucin polymer synthesis: Radiolabel pulse-chase experiments, performed in 

mucin-secreting cells in culture (both transformed and primary cells) and tissue 

explants (27, 28, 29), have delineated the major steps in the biosynthetic pathway of 

the two airways mucins, MUC5AC and MUC5B (Figure 2). Under baseline 

conditions, the O-glycosylated mucin polymers are assembled within 2-4 h; however, 

mucin polymers can be stored within the cells for up to 72 h, with the majority 

released after 48 h (29). These studies have also revealed that non-O-glycosylated 

precursor forms of MUC5B,  (monomers and C-terminal dimers mediated by 

disulfide-linkages between CK-domains), are synthesized in the endoplasmic 

reticulum (ER)ER within 20 min.  

In addition to the intermolecular disulfide linkage that form the mucin dimers, multiple 

intramolecular disulphide bonds are formed in the ER that facilitate folding of the 
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mucin N- and C-termini and the Cys domains (30). Moreover, the Cys domains of 

MUC5AC and MUC5B have been shown to be C-mannosylated on WXXW motifs, 

and this post-translational modification has been suggested to play a role in folding 

of the Cys domains and in the export of the mucin dimers from the ER (31). 

The mucin dimers are transported to the golgi apparatus, where they are fully 

glycosylated prior to multimerization (28); the latter is mediated by disulfide linkage 

between N-terminal D3 domains (324). While the enzymes (glycosyltransferases) 

that add mucin glycans are known, information on the precise details of glycosylation 

are still incomplete (330). A mucin polymer may be substituted with 1000’s 

thousands of O-glycan chains; attached to serine and threonine residues 

predominantly in the central mucin domains. The polypeptide sequences of the 

mucin domains can be repeated multiple times, and similar sequences in other 

heavily glycosylated molecules (e.g. aggrecan) have been demonstrated to confer 

an extended conformation to the unglycosylated polypeptide (341). This extended 

conformation may be important for the optimal presentation of the large number of 

potential glycosylation sites on a mucin to the glycosylation machinery.  

Mucin polymer intragranular packaging: The final step in polymeric mucin 

synthesis is its highly organized packaging within the secretory granule (Figure 2; 

step 6); this organization is dramatically changed as the mucin is secreted and 

hydrates and expands in the extracellular environment on the epithelial surface 

(352). The mechanisms behind mucin packaging into secretory granules (and 

unpackaging after secretion) are still not completely understood, but non-covalent 

crosslinks between mucin polymers play a key role in both processes. Prior to 

secretion, the assembled linear, disulfide-linked mucin polymers are packaged in a 

condensed and dehydrated state inside granules within the secretory cells in which 
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they are produced. There is increasing evidence that calcium-mediated changes to 

mucin supramolecular topology have an important role in packaging (and 

unpackaging) (9,323,364), however, the precise mechanism that underlie packaging 

require further research to gain a more detailed molecular understanding of the 

process. It is well established that Ca2+ ions charge-shield the negative charges on 

sialic acid and sulfate groups on the mucin O-glycans to help attain a condensed 

state (375). It is becoming increasingly clear that calcium-dependent cross-links 

between mucins, through protein-sites at the N-terminal D-domains on the 

polypeptide (323,364), are active in this packaging process. 

By using recombinant mucin N-terminal protein domains (the entire N-

terminus D1D2D’D3 and sub-domains D1, D1-D2, D2-D’-D3 and D3), we have 

shown that calcium mediated interactions between disulfide-linked dimers of the 

entire N-terminal structure, but not sub-domains, results in non-covalent cross-linking 

of the MUC5B protein (324). More recently, it has been demonstrated that this 

calcium dependent-interaction results in the formation of noncovalent tetramers 

(dimer of dimers) where the D1–D2 domains are hooked into each other (386). 

Calcium-mediated protein crosslinks have been reported for the ordered packaging 

of the related glycoprotein von Willebrand Factor (vWF) within the secretory granules 

(Wiebel Palade bodies) of endothelial cells (397). Like polymeric mucins, N-terminal 

D-domains have a crucial role in this process; however, in vWF proteolytic 

processing by furin that separates D1D2 from D3 is a feature of the granular 

organization of the vWF polymer (397,4038). In contrast, intracellular proteolytic 

processing of MUC5B does not occur (29). This is not surprising since the furin 

cleavage site in vWF is absent from MUC5B and MUC5AC, suggesting that MUC5C 

does not undergo proteolytic processing during synthesis. 
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The calcium-dependent organization of the MUC5B protein is most active at 

low pH (pH 5-6; the pH encountered in the secretory granules), and there is growing 

evidence that the N-terminal protein domains promote mucin condensation via the 

formation of non-covalently crosslinked polymers, and this appears to be part of the 

mechanism involved in mucin packaging in secretory granules (323, 364, 386). It 

remains unclear how calcium and pH are coordinated to create the condensed mucin 

polymers found in secretory granules, and how this changes to enable the rapid and 

effective expansion of mucin polymers following secretion. What also remains 

uncharacterized are the detailed molecular transitions that enable the mucin polymer 

network to become a barrier for lung protection which is viscoelastic and yet is able 

to flow when driven by cilia, and how this is compromizsed in obstructive lung 

disease. 

Future perspectives 

Whilst our understanding of mucin packaging within secretory granules has 

increased (32, 35, 2-364, 4139-431), there are still major gaps in our mechanistic 

understanding of this process. Importantly, we have yet to establish if the other 

mucin-protein folded domains (C-terminal and Cys-domains (see Figure 1)) have a 

role in forming the highly condensed intragranular form of polymeric mucins. 

Moreover, how the large, heavily glycosylated central mucin domains influence the 

organization of the mucins within the granule is unknown. Whether, these domains 

constrain potential interactions between recombinant mucin protein domains 

produced in their absence needs to be addressed. The large size and polydispersity 

of native polymeric mucins makes this difficult to study. Recombinant ‘mini-mucins’ 

containing the mucin-protein folded domains, together with a smaller, defined size 

mucin domain, may help unravel the role of the glycosylated central domains in 
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mucin packaging. Ultimately, defining the molecular mechanisms that control 

intragranular mucin supramolecular structure may provide insight into what 

determines aberrant mucus gel production, and identify novel ways to combat the 

accumulation of aberrant mucus in diseased airways.  
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Figure legends 

Figure 1. Schematic diagram of the major airways polymeric mucins, MUC5AC 

and MUC5B. 

The multidomain structure of the MUC5B and MUC5AC polypeptides showsing the 

central mucin domains (MD) that are enriched in serine, threonine and proline 

residues (STP-rich regions) and are the sites of O-glycan attachment. The MD of 

MUC5B differs in size and sequence to the MD of MUC5AC.The MD are interrupted 

and flanked by Cys domains (Cys) that are folded and stabilized by intramolecular 

disulfide linkages. The N- (D1, D2, D’, D3) and C-terminal (D4, B, C, CK) protein 

domains share high homology sequence similarity with similar related domains in 

vWF, and in both vWF and mucins these domains are stabilized by intramolecular 

disulfide bonds and are important for polymer formation. For vWF, a detailed 

analysis of these domains and their known and predicted disulfide-bond connectivity 

has been reported by Zhou and colleagues (44).  Intermolecular disulfide linkages 

between CK domains are responsible for dimerization, whereas, intermolecular 

disulfide linkages between D3 domains are responsible for multimerisation of the 

CK-mediated mucin dimers. This assembly process (see Figure 2) produces linear 

mucin chains. MUC5AC has very similar domain organization; it differs in that it has 

9 Cys domains (the 2 extra Cys domains are located after D3 and before the first 

MD) and only 4 MDs, each flanked by a Cys domain (7). 

 

Figure 2. Overview of polymeric mucin intracellular assembly and 

intragranular packaging.  

Polymeric mucin synthesis is a multistep process. 1. The N- and C-terminal domains 

and central Cys-domains of the mucin polypeptide are folded in the endoplasmic 
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reticulum (ER) via the formation of multiple intramolecular disulfide bonds. 2. The 

polypeptide then undergoes dimerization through disulfide linkage between C-

terminal CK-domains (blue squares). 3. After transit to the cis-golgi network (CGN) 

O-glycan addition is initiated by the addition of N-acetylgalactosamine (GalNAc) to 

serine and threonine residues in the central mucin domains via the action of 

polypeptide-GalNAc transferases. As the polypeptide dimer transits through the golgi 

to the trans golgi network (TGN), O-glycan chains are elaborated via the action of 

multiple glycosyltransferases. 4. The O-glycosylated dimers multimerize by 

intermolecular disulfide linkages between N-terminal D3-domains (red squares). 5. 

Multimers are then packaged into secretory granules via non-covalent calcium-

dependent interactions between N-terminal protein domains. These reversible 

interactions between mucins are most active at the lower pH of the secretory granule 

and are suggested to organize the polymers within the granule. The structure 

highlighted (in the red dashed line box) depicts the putative granular form of MUC5B 

(looped strands emanating from central nodes) observed by electron microscopy 

(352). Moreover, Kesimer and colleagues localized the N-termini of MUC5B to the 

central nodes (red circles) of these structures by immuno-electron microscopy (352). 

The full mechanistic details of packaging of the large mucin polymers have not yet 

been elucidated. The charge shielding of the negatively charged mucin glycans by 

Ca2+ ions (375) is not shown. 
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