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Abstract

Many of the 20-member mucin family are evolutionarily conserved proteins that are often 

aberrantly expressed and glycosylated in various benign and malignant pathologies including 

oncogenic signaling leading to tumor invasion, metastasis, and immune evasion. Large size and 

extensive glycosylation present challenges to study mucin structure using traditional methods, 

including crystallography. We offer the hypothesis that the functional versatility of mucins may be 

attributed to the presence of intrinsically disordered regions (IDRs), which provide dynamism and 

flexibility; further, that these sites offer potential therapeutic targets. Herein, we examined the 

links between mucin structure and function based on IDRs, post-translational modifications 

(PTMs), and potential impact on their interactome. Using sequence-based bioinformatics tools, we 

observed that mucins are predicted to be moderately (20–40%) to highly (>40%) disordered and 

many conserved mucin domains could be disordered. Phosphorylation sites overlap with IDRs 

throughout the mucin sequences. Additionally, the majority of predicted O- and N- glycosylation 

sites in the tandem repeat regions occur within IDRs, and these IDRs contain a large number of 

functional motifs, i.e. molecular recognition features (MoRFs), which directly influence PPIs. This 

investigation provides a novel perspective and offers an insight into the complexity and dynamic 

nature of mucins.
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INTRODUCTION

MUCIN PROTEIN FAMILY

Mucins (MUCs) are heavyweight (over 106 Dalton) glycoproteins that are expressed by 

epithelial cells in many organs throughout the body (1). In humans, the mucin protein family 

contains over twenty members and is subdivided, based on structural differences, into 

transmembrane and secretory mucins. The primary distinction between these two groups is 

the presence or absence of a transmembrane domain (TM), which anchors them to the cell 

membrane. Mucins contain a characteristic large polymorphic variable number of tandem 

repeat domain (VNTR) that is rich in proline, threonine and serine residues (PTS). The 

VNTR is susceptible to enzymatic modification by O-linked and N-linked oligosaccharides 

(2). All mucins harbor one or more domains with high sequence similarity to a known 

functional domain present in other proteins. These include the EGF-like domain (EGF), sea-

urchin sperm protein, enterokinase and agrin (SEA) domain, von Willebrand factor D 

domain (vWD), nidogen-like domain (NIDO), the adhesion-associated domain in MUC4 

and other proteins (AMOP), and the D-domain (3). These domains have been implicated in 

several biological processes such as cell-to-cell interaction (4), cell-to-ECM interaction (5), 

apoptosis inhibition (6), and cell signaling complexes (7).

Aberrant expression, splicing, and glycosylation in various members of the mucin family is a 

characteristic feature of several malignancies including pancreatic ductal adenocarcinoma 

(1, 8, 9), colorectal (10, 11), lung (12, 13) and ovarian cancer (14). Further, tumor cells 

exploit mucin differential localization, alternative splicing, cellular adhesive/anti-adhesive 

properties, and alterations in glycosylation profile, to metastasize to distant locales and 

survive in hostile environments (1, 15).

INTRINSICALLY DISORDERED PROTEINS

Until recently, it was general held that the three-dimensional structure of a protein defined 

its function (16). However, it is now well established that intrinsically disordered proteins 

(IDPs) and regions (IDRs), are complete proteins (or segments of proteins) that lack a 

traditional globular secondary or tertiary structure, yet are fully functional (17–22). 

Disordered regions generally are sequences of low complexity with a low proportion of 

hydrophobic residues and a high number of repeating residues with a preponderance of polar 

and charged residues (23, 24). This lack of bulky hydrophobic amino acids prevents the 

formation of an ordered core that comprises a traditional structured domain (25). Disorder is 

ubiquitous throughout the human proteome. A study estimated that 30% of all proteins 

harbor some degree of disorder with a majority of these proteins containing disorder ranging 

between 20–40% of their total sequence (25–27)

IDPs/IDRs have wide-ranging implications in various physiological and biological processes 

such as transcription, splicing, translation, signaling (20, 28–31), scaffolding (32, 33), cell 
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cycle regulation (34–36), protein-protein interactions (PPIs) (19, 37–41), chaperoning (17), 

and phenotypic plasticity (42, 43) (that is the ability to switch phenotypes). Further, IDP/

IDR-mediated modulations are implicated in the pathogenesis of various diseases such as 

cancer, diabetes, cardiovascular defects, amyloidosis, and neurodegeneration (44). More 

specifically, many cancer-associated proteins have been shown to have a higher percentage 

of IDRs relative to the rest of the human proteome (44–47).

This functional versatility of IDPs/IDRs encourages us to investigate their presence in 

known cancer-associated proteins like mucins. Molecular events such as mutations that 

increase protein hydrophilicity, or alter protein splicing, can lead to changes in IDR length 

and affect protein-protein interactions, leading to pathological properties. This often affects 

protein solubility and aggregation, leading to nonproductive or over-productive complexes 

that disturb regulatory networks (25, 48).

Considering the significant role of mucins in normal physiology as well as pathological 

conditions, hub protein characteristics, and their simple abundance and aberrant expression 

tendency in a variety of cancers, IDR/IDP presence within mucins could have important 

clinical implications. Mucins are also prime targets for IDP/IDR analyses because 

conventional methods of structural delineation are limited by large size, the high number of 

PTMs, and the presence of multiple splice variants.

For many proteins implicated in cancer, structural biology information has proven invaluable 

for understanding their functional implications as well as discovering novel therapeutic 

modalities (49–52). Unfortunately, it is difficult to study mucins structurally by traditional 

methods. Crystallographic methods falter because of the sheer size of mucins (up to 14,000 

kDa), extensive variation in the number of tandem repeats within the VNTR (up to 120), 

sequence variation, and inability to clone, express, and purify fully folded and glycosylated 

forms. While specific domains have been cloned, purified, and studied (i.e. SEA (53)), 

domain homology between mucins and other proteins varies. What structural analyses have 

been accomplished (via x-ray crystallography) were conducted domain-by-domain and not 

as a part of the complete protein (54). In addition, improper refolding of solitary domains is 

a constraint on these experiments. This dearth of advanced structural knowledge constrains 

the investigation of mucins as possible therapeutic targets.

Based on the earlier studies, we hypothesized that the functional versatility of mucins may 

be attributed to the presence of intrinsically disordered regions (IDRs); further, that these 

sites offer potential therapeutic targets.

To support this hypothesis, we analyzed the protein sequences of mucins using the Database 

of Disordered Protein Predictions (D2P2) to predict disorder based on a ≥75% consensus 

between the nine disorder prediction models incorporated within the tool itself (55). The 

presence of IDRs was determined within conserved mucin domains, inter-domain sequences, 

C-terminal, and transmembrane domains. Next, we assessed the relationships of IDRs with 

curated phosphorylation sites and predicted N- and O-glycosylation sites, to discern whether 

posttranslational modifications occurred preferentially in IDRs within the mucin sequences. 
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Finally, we also assessed the effect of conformational disorder on the mucin family 

interactome.

ASSESSMENT METHODS

Mucin disorder prediction with D2P2

Mucin sequences were searched for predicted disorder using the text search option provided 

on the web-based D2P2 (version v0.3–689) (55) portal (http://d2p2.pro/). D2P2 comprises 

nine different disorder prediction tools involving a variety of prediction methods (Espritz-D, 

Espritz-X, Espritz-N, IUPred-L, IUPred-S, PV2, PrDOS, VSL2b, VLXT). Due to variable 

length and high sequence ambiguity for tandem repeat domains of mucins, the longest 

available human mucin transcripts that were present in D2P2 were used for our analysis. 

Disorder was predicted based upon 75% consensus of all nine predictors, and high 

confidence disorder regions were then obtained. The percentage disorder was computed by 

dividing the total length of disordered regions by the protein sequence length. For our study, 

mucins with < 20% disorder will be considered to have low levels of disorder, those with 

>20% and <40% will be defined as moderately disordered, and those with >40% will be 

considered as highly disordered.

Mucin disorder prediction with FoldIndex

An algorithm originally developed by Uversky and colleagues (56) was implemented using 

an in-house python script that predicts if a region in a protein sequence would assume a 

folded or intrinsically unfolded state. This algorithm works on two properties of an amino 

acid: net charge and hydrophobicity of amino acids. The net charge represents the difference 

between the positive and negative amino groups at a physiological pH = 7.0, and the mean 

hydrophobicity is the sum of the individual hydrophobicity of each residue divided by the 

total number of residues. The Kyte-Doolittle scale was used to determine the hydrophobic 

propensities of amino acids in the protein sequence, and the following equation was used to 

calculate the disorder score (I):

I = 2 . 785 × H − R − 1 . 151

In the above equation, <H> represents the mean hydrophobicity, i.e. the sum of 

hydrophobicity of all residues, and |<R>| is the absolute difference between positively and 

negatively charged residues. The protein sequences were inputted to the python script, which 

calculates the score for each residue in the sequence. It is noteworthy to mention that this 

algorithm assumes that different regions of a protein vary in their folding properties, so a 

sliding window scores specific regions of proteins rather than the whole protein. Note, the 

length of the sliding window was 51 aa, as used in the original study.

Domain-wise disorder prediction of mucins

Protein domains were predicted on mucin sequences using the open-access Pfam (version 

32.0 produced at the European Bioinformatics Institute, September 2018) (https://

pfam.xfam.org/) and CD-Search (57) (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) 

interfaces. Only those with significant E-values (a parameter denoting significance of the 
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actual number of sequences aligned compared to the number expected by chance) were 

utilized. Domain coordinates for each mucin were compared with predicted disordered 

regions (D2P2). Figure 1c represents the presence or absence of these domains across mucins 

(x-axis) and their corresponding disorder (represented by *) across mucins (y-axis).

Disorder prediction in the cytoplasmic tail and transmembrane domains of mucins

Literature searches provided the starting point for the cytoplasmic tail (CT) sequences of 

mucins (3). Furthermore, the transmembrane (TM) sequences were obtained from Mucin 

database 2.0, 2015 (58) (http://www.medkem.gu.se/mucinbiology/databases/). Disorder 

predicted by D2P2 was compared within the transmembrane and cytoplasmic region to 

determine the specific residues disordered in these regions.

MoRFs prediction

The D2P2 database also identifies molecular recognition features (MoRFs) across proteins 

by using ANCHOR (59). This web server predicts disordered binding regions using protein 

sequences. The total number of MoRFs in each mucin was divided by its length. For 

instance, MUC12 has 145 predicted MoRFs and a length of 5478 aa, yielding a 

representative value of ~0.026. This assessment helped us identify the relative MoRFs per 

base pair in each of the mucins, enabling a relative assessment across mucins.

PhosphoSitePlus® curated phosphorylation site

PhosphoSitePlus® is a database of mammalian post-translational modification sites curated 

from the scientific literature. Over 95% of the presented PTM sites have been elucidated by 

tandem mass spectrometry experimentation requiring a P <.05 for each site assignment 

(http://www.phosphosite.org/) (60). Phosphorylation sites curated by PhosphoSitePlus® 

were presented as a part of D2P2 analyses. These were subsequently aligned with the 

predicted IDRs and MoRFs for each mucin individually, and the proportion found within 

IDRs is presented in Figure 4a.

Predicted O- and N-linked Glycosylation sites

N- and O-linked glycosylation sites were predicted for all mucin sequences using NetNGlyc 

1.0 (61) server and NetOGlyc 4.0 (62) server, respectively. The NetNGlyc 1.0 server is an 

artificial neural network-based program that examines the Asn-Xaa-Ser/Thr sequons, AA 

sequence at which an N glycosylation can occur and predicts if a residue can act as a 

potential N glycosylation site with an accuracy of 77%. The NetOGlyc 4.0 server was 

derived by a ‘bottom-up’ ETD-based mass spectrometric analysis of 12 human cancer cell 

lines to develop a training set of the human O-glycoproteome. Mucin sequences from D2P2 

were queried into these tools and potential N- and O-glycosylation sites were predicted. 

These predicted sites were then compared with the pre-computed disordered regions across 

mucins. We performed these predictions for two transmembrane mucins: MUC1 and MUC4 

and two secretory mucins: MUC2 and MUC6. A threshold of 0.5 was used to predict a 

potential N- and O-glycosylation site within the tandem repeat domains of these mucins and 

individually analyzed the ability of these domains to serve as potential sites for N- and O-

glycosylation post-translational modifications.
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PONDR-VSL2

To further analyze the disorder regions in mucins and assess their inter-species pattern, the 

PONDR (63) based tool VSL2 was used. Mucin sequences from D2P2 were loaded into the 

online tool and the graphical representation was analyzed. With this method, an amino acid 

residue with a score close to 0 is considered to be ordered whereas the score approaching 1 

is considered as disordered with a defined cutoff of ordered vs. disordered at a value of 0.5.

Mucin interactome and functional annotation of mucin interaction partners

All mucins that were assessed for intrinsic disorder (MUC1, MUC2, MUC3, MUC4, 

MUC5B, MUC6, MUC7, MUC9, MUC12, MUC13, MUC14, MUC15, MUC16, MUC17, 

MUC18, MUC19, MUC20, MUC21, and MUC22) were included for the Reactome 

functional analysis. We obtained 25 major mucin pathways and retained the pathway names 

along with the adjusted p-value. The protein-protein interaction information was extracted 

using the Biological General Repository for Interaction Datasets (BioGRID) Homo sapiens 
database (64). Duplicate edges emerging due to different validation methods were removed 

from the network to prevent redundancy. A total of 144 unique interactions between mucins 

and other proteins were obtained. BioGRID interactions are either peer-reviewed or 

experimentally validated by empirical protein-protein interaction methods. Further, we 

performed GO (65) analysis for mucins to illustrate the functional versatility and the 

implications in cancer-associated pathways. To further elucidate the pathways to which 

mucins contribute, we next used the FunSet webserver (66) to cluster and visualize the 

enriched GO pathway terms. This technique detects semantic similarity between terms and 

spectrally clusters them into neighborhoods in a bubble chart format.

RESULTS

INTRINSIC DISORDER ANALYSIS ACROSS MUCINS

A substantial portion of mucin sequences lacks meaningful structural annotation. In order to 

analyze the degree of disorder and their location across mucins, the percentage of disorder 

was calculated with 75% prediction consensus by nine disorder predictors present in D2P2 

database (i.e. 7 out of 9 tools in agreement). Therefore, these meta-prediction tools provide 

more reliable predictions than a single disorder prediction tool (55).

The longest available protein sequence of mucins present within D2P2 was used in this 

analysis. The mucins analyzed included MUC1, MUC2, MUC4, MUC5B, MUC6, MUC7, 

MUC9, MUC12, MUC13, MUC14, MUC15, MUC16, MUC17, MUC20, and MUC21. Due 

to the unavailability of the sequences within D2P2, some mucins such as MUC3, MUC18, 

MUC19, and MUC22, were not included in the analysis. Also, MUC5AC (with an extremely 

short transcript available within the database), MUC8 (which is not a mucin protein although 

called MUC8 (58)), MUC10 (which is found only in mice) and MUC11 (which is part of 

MUC12 (58)) were all excluded from the analysis.

The disorder prediction analysis of mucin sequences showed that all mucins were 

moderately (20% - 40%) to highly (40%−90%) disordered. MUC12 (90%), MUC17 (87%), 

and MUC21 (83%) were the most disordered transmembrane mucins (Fig. 1a). Of the other 
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transmembrane members, MUC20 (79%) and MUC4 (77%) were more disordered 

compared to MUC1 (60%) and MUC16 (63%). All transmembrane mucins were considered 

highly disordered with the exception of MUC13 (34%) and MUC15 (25%) which were 

moderately disordered. For secreted mucins, MUC7 (80%), MUC5B (48%), and MUC6 

(44%) were highly disordered, whereas MUC9 (25%) and MUC2 (23%) were moderately 

disordered (Fig. 1b). We observed that disorder occurs more in transmembrane mucins 

compared to secreted mucins with the exception of MUC7 (Fig. 1a).

Next, we determined the domains for all mucins using Pfam (67) and the Conserved Domain 

Database (CDD)(68). These sequences were subsequently analyzed for the presence of 

IDRs. Domains determined using two databases allowed higher confidence predictions with 

a significant E-value (E). We observed that the SEA domain was correctly predicted across 

transmembrane mucins including MUC1, MUC12, MUC13, MUC16 and MUC17 as 

confirmed by the Mucin Biology Database (Fig. 1c). Similarly, vWD was predicted to be 

present in MUC2, MUC4, MUC5B, and MUC6 (Fig. 1c)

Combined analyses of the mucin domain sequence and disorder prediction identified the 

vWD domain of MUC4 to be disordered (Fig. 1c). In addition to the vWD domain, MUC4 

also contains AMOP and NIDO domains (Fig. 1c), but the disorder predicted by D2P2 did 

not reach the 75% consensus pre-set cut-off. Three of the nine tools predicted sections of 

these domains to be disordered. The Mucin2_WxxW (a.k.a. CysD) domain known to contain 

a conserved repeat sequence motif (WxxW) of at least six conserved cysteine residues, also 

displayed a high level (>40%) of disorder; CysD was also predicted to be present in MUC2 

and MUC5B. The Endomucin domain in MUC14, a highly O-glycosylated region that 

affects cell adhesion, was predicted to be disordered as well (Fig. 1c). MUC21 contained 

repeating motifs, represented by epiglycan TR and epiglycan C, which were also found to 

contain disorder (Fig. 1c).

INTRINSIC DISORDER IN TRANS-MEMBRANE AND INTRACELLULAR C-TERMINAL 
DOMAINS OF MUCINS

Next, we used D2P2 to predict disorder in the transmembrane and C-terminal domains of 

mucins. The cytoplasmic tail protein sequences of MUC1, MUC4, MUC12, MUC13, 

MUC15, MUC16, MUC17 and MUC20 (Table 1) were obtained from earlier published 

findings (3). Though the majority of the cytoplasmic tail sequences of MUC4 and MUC16 

did not reach the pre-set 75% disorder consensus cutoff, a high level of agreement between 

tools, 6 out of 9, found them to be disordered (66%) (Fig. 2a).

Similarly, we obtained transmembrane domain sequences from the Mucin Biology Database 

(Human) and assessed if those transmembrane sequences were disordered in the global 

disorder prediction of mucins by D2P2. No disorder was observed within the transmembrane 

domains of mucins (Table 2). It is established that disorder prediction consensus approaches 

are generally more accurate (69), however, to verify our observation, we analyzed the 

transmembrane sequences with DisEMBL for further confirmation of our predictions. 

Similarly to D2P2, no disorder was observed for the transmembrane domain of mucins with 

DisEMBL. Representative figures for MUC4 and MUC12 show low disorder probability 

within the transmembrane domains (Fig. 2b). This is in line with the fact that 
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transmembrane regions are largely hydrophobic static regions and are not involved in 

dynamic protein-protein interactions, thus decreasing the probability of disorder.

ASSESSMENT OF MOLECULAR RECOGNITION FEATURES (MORFS) IN MUCIN IDRS

Disorder-to-order transition of IDRs is facilitated by stretches of amino acids known as 

MoRFs, which facilitate molecular recognition and signal transduction (70). MoRFs undergo 

a conformational change to a lower energy state when interacting with an appropriate 

binding partner and are thus one of the keys to the executioner function of IDRs (70).

The presence of MoRFs was determined via ANCHOR, as a component of D2P2 that 

determines sequence motifs within an IDR that have a decrease in free energy upon binding 

with another protein (71). Interestingly, mucins contain a large number of predicted MoRFs 

within their IDRs (Table 3). Transmembrane mucins, particularly MUC12 and MUC16, 

were predicted to contain greater numbers of MoRFs within their IDRs compared to other 

mucins (145 and 413, respectively, Table 3). Further analysis showed that mucins implicated 

in multiple human cancers particularly MUC4, MUC17, and MUC16 contain a large number 

of MoRFs >30 residues (38, 46, and 46, respectively, Table 3). When the number of MoRFs 

are normalized to mucin protein length by dividing with the total number of residues in each 

mucin, MUC12 and MUC4 have the greatest number of MoRFs, at a ratio of 0.026 and 

0.022, respectively (Fig. 3). Within secreted mucin members, MUC5B has the highest total 

number of MoRFs with 72, as well as the highest normalized quantity at 0.013 (Fig. 3).

DELINEATING THE ASSOCIATION OF MUCIN IDRS & PTMS

Many post-translational modifications (PTMs) that modulate protein actions and interactions 

are predicted within disordered regions of mucins and, more specifically, some reside within 

IDRs that harbor MoRFs (Fig. 4a, yellow and black bars are predicted as MoRFs). The 

predicted presence of smaller MoRFs within IDRs provides structural insight into the 

function of each mucin. Further investigation in this regard would help to associate the 

presence of disorder and MoRFs with domain and inter-domain functionality.

IDRs within structured protein domains are preferred and accessible sites for a variety of 

PTMs, including glycosylation and phosphorylation (72). With this in mind, we compared 

the phosphorylation sites to the regions of disorder for each mucin. For this, we utilized 

curated phosphorylation sites provided by PhosphoSitePlus® as a part of D2P2 as well as 

direct inquiry via PhosphoSitePlus® and subsequent sequence alignment. We found that the 

majority of phosphorylation sites were found within the predicted disordered regions when 

assessing entire mucin sequences (Fig. 4b). The proportion of phosphorylation sites found 

within IDRs for each mucin are as follows: MUC15 – 1.0, MUC4 – 1.0, MUC14 – 1.0, 

MUC20 – 1.0, MUC12 – 0.97, MUC17 – 0.91, MUC6 – 0.89, MUC16 – 0.86, MUC5B - 

0.76, MUC13 – 0.75, MUC21 – 0.71, MUC9 – 0.5, MUC9 – 0.5, MUC2 – 0.44, and MUC1 

– 0.36 (Fig. 4b). MUC7 did not have any curated phosphorylation sites presented within 

D2P2 nor with direct inquiry via PhosphoSitePlus®. The proportions for phosphorylation 

sites found to reside in MoRFs within IDRs are as follows: MUC15 – 0.0, MUC4 – 1.0, 

MUC14 – 0.2, MUC20 – 0.57, MUC12 – 0.42, MUC17 – 0.59, MUC6 – 0.38, MUC16 – 
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0.49, MUC5B - 0.14, MUC13 – 0.0, MUC21 – 0.0, MUC9 – 0.0, MUC2 – 0.0, and MUC1 – 

0.0 (Fig. 4b).

We then specifically analyzed the tandem repeat regions of mucins to correlate N- and O- 

glycosylation, and high level of disorder predicted by D2P2. The predicted N- and O- 

glycosylation sites reside almost exclusively in IDRs compared to the ordered regions within 

tandem repeat regions (representative transmembrane mucins, MUC1 & MUC4, 

representative secreted mucin, MUC6, Fig. 4c and d). No prediction was made for MUC2 

tandem repeat sequence by the NetNGlyc tool due to the absence of asparagine residues in 

the input sequence, as indicated by (*) in Fig. 4c. The amino acid sequences and the residue-

by-residue disorder prediction that were utilized for N- and O- glycosylation analyses can be 

found in Supplementary Table 1.

ASSESSMENT OF IDR CONSERVATION ACROSS MUCINS

To evaluate the potential functional significance of IDRs in mucins, we examined the 

evolutionarily conserved regions between mouse and human. Interestingly, MUC4 and 

MUC16, each with important implications in oncogenic development, were found to have 

similar patterns of disorder across human and mouse (Fig. 5a and b). N-terminal residues in 

the protein sequences of MUC4 and MUC16, in both human and mouse, have a consistently 

high degree of disorder, while the C-terminal residues fluctuated between order and disorder.

MUCIN INTERACTOMES

Disorder allows for rapid on/off binding kinetics with other proteins because of high 

specificity yet low affinity for their partners, frequently observed in hub and signaling 

proteins (20, 28–31). Considering this attribute of IDRs, we asked if mucins with high 

predicted disorder can interact with multiple partners or occupy hub positions. Using 

BioGRID, interacting partners of MUC1, MUC2, MUC3A, MUC5B, MUC7, MUC9 

(OVGP1), MUC12, MUC13, MUC14, MUC15, MUC16, and MUC20 were retrieved. No 

interaction partners were found for MUC3B, MUC4, MUC6, MUC8, MUC10, MUC17, 

MUC19, MUC21 and MUC22. Interaction partners for MUC4 and MUC17 were identified 

from a literature search.

We next associated the number of interacting partners of mucins with the percentage of 

disorder present within the mucins. We observed that most transmembrane mucins including 

MUC1, MUC16, MUC13, and MUC20, which tend to have more IDRs and the longest 

MoRFs, had a higher number of interacting partners (Fig. 6a and Supplementary Fig. 1a). 

MUC20, which is highly disordered at 79%, has interactions with 24 other proteins involved 

in various pathways. Similarly, MUC16 (63% disorder) has 10 interacting partners (Fig. 6a 

and Supplementary Fig. 1a) and 46 MoRFs (Table 3). However, transmembrane mucin 

MUC12, the most disordered protein in our analysis at 89%, has only two interacting 

partners. This is likely due to few studies on MUC12, and a dearth of knowledge regarding 

its interactome. (Fig. 6a and Supplementary Fig. 1a).

For secreted mucins, the most disordered family members, MUC7 (80%) and MUC5B 

(48%), had a greater number of interactions when compared to the other secreted mucins 

with lower levels of predicted disorder, MUC9 (25%) and MUC2 (23%) (Fig. 6a and 
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Supplementary Fig. 1b). Unfortunately, in the case of other membrane-bound mucins, due to 

lack of information on their interactome, it was difficult to discern an accurate overall 

representation.

FUNCTIONAL DIVERSITY OF MUCINS AND THEIR INTERACTOME

We next explored the functional significance of the mucin interactome. Reactome pathway 

analysis of the entire mucin family revealed significant involvement in a variety of important 

mechanisms including immune function, protein metabolism and signal transduction (Fig. 

7a). Additionally, the mucin interacting partners generated from the BioGRID database were 

subsequently analyzed for their contribution to functional pathways. These interactome 

members are involved in a variety of functions associated with cancer including response to 

antineoplastic agents, cell migration, ERBB2 signaling, cell adhesion, and protein 

glycosylation (Fig. 7b). These pathways are directly involved in many aspects of 

oncogenesis, invasion, metastasis, and response to treatment. As mentioned, mucins have 

been shown to impact these cancer-associated pathways, further corroborating our findings.

DISCUSSION

The hypothesis was supported by the predicted prevalence of intrinsic disorder across the 

entire mucin family. The presence of IDRs within the functional domains, between domains, 

extracellular, and cytoplasmic tail regions were analyzed. We observed that all mucins were 

predicted to have high (>40%) to moderate levels (>20% and <40%) of disorder regions. 

Indeed, 11 out of 15 of the mucins assessed were >40% disordered. Transmembrane mucins 

were more disordered compared to secreted mucins with an exception of MUC7. The 

average predicted disorder across all assessed mucins (58%) far exceeds the average of what 

is present throughout the human (30%) and eukaryotic (32%) proteomes (25–27, 73). In 

fact, this would place the mucin family in the top 10–15% most disordered proteins found in 

the human Ensemble database analyzed by D2P2 (25) with the majority of individual mucins 

harboring a far greater amount of disorder.

Apart from the nine predictors included in D2P2, we assessed mucin disorder with FoldIndex 

and PONDR CH plots, which are tools based on the dual assumption that IDPs/IDRs are 

generally enriched in polar and charged residues and depleted in the hydrophobic regions of 

proteins (17, 56). The mucin sequences used for the disorder analysis in D2P2 were used for 

FoldIndex disorder. This method predicted mucins to be far more ordered as compared to the 

D2P2 consensus results (Supplemental Fig. 2). Confirmation with PONDR CH plots 

corroborates the FoldIndex findings and predicts native folding considering sequence charge 

and net hydrophobicity (Supplemental Fig. 2a & b).

Though these findings seem incongruous with the other prediction methods, we postulate 

that charge hydropathy is not the best method to predict disorder in mucins for two reasons. 

First, FoldIndex has been shown to be the least accurate predictor of transmembrane protein 

disorder (74), and secondly, high number, variability, and degeneration of the tandem repeat 

sequences present in mucins are not accurately characterized leading to falsely low disorder 

prediction.
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Correlations between the organization and evolution of chromosomes and chromosomal 

gene congregation with the extent of disorder have previously been evaluated. A study by 

Rajagopalan et al. found that cancer/testis antigens, a family of proteins often aberrantly 

expressed in cancer, are highly disordered (46). Further, they found that CTAs located on the 

X-chromosome (CT-Xs) displayed the largest extent of disorder compared to the family 

members located on other chromosomes (46). To help bolster the disorder prediction for 

mucins, we assessed if any correlation existed between their degree of disorder and 

chromosomal location. Interestingly, MUC4 and MUC20 with a similar percentage of 

disorder are located at the same 3q29 locus. Also, MUC12 and MUC17, which are predicted 

as the most disordered transmembrane mucins, cluster at 7q22 locus. Among secreted 

mucins, MUC5B and MUC6 predicted as almost equally disordered, are located at 11p15.5 

locus.

Conserved regions of disorder contribute to myriad biological activities (75). These activities 

have been categorized into six functional classes by Tompa et al (76) and highlighted in 

comprehensive review articles on disordered proteins by the Uversky and Babu groups (17, 

25). Entropic chain classifiers (does not acquire ordered confirmation for their functioning) 

is the first class where IDRs can act as flexible inter-domain linkers and spacers necessary 

for appropriate functional-domain activity Effectors, where IDR act to modulate (inhibit or 

activate) interaction partner activity. A third class is assembler functioning when IDRs 

facilitate and provide scaffolding for large multi-protein complexes including signaling 

complexes. They can also have scavenger functions, where IDPs/IDRs interact with small 

ligands and capture, neutralize, or store them for later release. In chaperone class disordered 

proteins facilitate the folding of various molecules into their functional conformation. 

Finally, IDRs also harbor display site functions, where they provide conformational 

flexibility allowing PTM enzymes access to the protein backbone, thus facilitating their 

action including phosphorylation and glycosylation. Based on our data, we speculate that 

many of these functional classifications of IDRs will hold true for IDR present within 

mucins.

Many of these attributed IDR functions overlap with mucin activities. For example, MUC15 

is moderately disordered (25%). MUC15/EGFR interaction is shown to diminish the 

aggressiveness of hepatocellular carcinoma by preventing EGFR dimerization (77). EGFR 

dimerization promotes the loss of intrinsic disorder in its kinase domain (disorder-to-order 

transition) leading to an increase in kinase signaling activity and the presence of an L834R 

mutation facilitates this dimerization by suppression of disorder within the kinase domain 

(48). MUC15/EGFR interaction and subsequent inhibition of EGFR dimerization may be 

facilitated by an effector function of these disordered sequences present in both proteins or 

even MUC15 prevention of EGFR kinase domain loss of disorder. Another mucin with 

effector type functioning is MUC4. It has been shown that MUC4 interacts and stabilizes the 

receptor tyrosine kinase HER2 in the setting of pancreatic cancer, thus promoting cell 

proliferation (78). Interestingly, our analysis showed that MUC4 is over 76% disordered. 

Given the impact EGFR and HER2 signaling have in many cancers, the precise mechanism 

of these interactions, their effect on disorder, and the respective inhibition or activation of 

kinase capability warrants further study.
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Other functional contributions of mucin IDRs could exist. For example, salivary proline-rich 

glycoproteins (much like mucins) contain high levels of IDRs and have been shown to have 

scavenger functions and bind small ligands such as ions and organic compounds either for 

disposal, sequestration, or later release (79) Congruently, our results show salivary MUC7 

contains the highest percentage of disorder among all secreted mucins, at 80% predicted 

disorder. With this, many IDPs, or ordered proteins rich in IDRs, can form proteinaceous 

membrane‐less organelles (PMLOs) via a liquid-liquid phase separation (80). Given the 

prevalence of intrinsic disorder in mucins, it is conceivable that mucins could contribute to 

PMLO formation and scavenger functioning within the local tumor milieu trapping 

nutrients, growth factors, and various other cytokines, thus forming a synergistic oncogenic 

environment. Another possible function of mucin IDRs arises in light of the observation that 

viruses with a greater number of IDRs in their coat proteins are able to evade memory T-

cells (81–83). Mucin polymerization and bulky glycosylation could also form an 

immunomodulating “glycoblanket” that shields cancer cells from detection and killing by 

leukocytes, thereby facilitating the unchecked growth of the disease. Along with this, our 

results show that IDRs are present in the cytoplasmic tail of transmembrane mucins as well 

as the extracellular region. Many oncogenic molecules involved in signaling are enriched in 

IDRs in their cytoplasmic tail (84, 85), thus, their existence in mucin CTs could impact 

mucin activity.

Due to the inherent ability to engage in promiscuous interactions, and the ability of rapid 

on/off binding, IDP/IDR ensembles are associated with dosage sensitivity. The higher the 

protein concentration, the larger the interaction pool. This, in turn, can lead to a dose-

dependent non-specific response (86, 87). In conjunction, proteins with the most disorder are 

associated with hub positions in cancer-associated protein-protein interaction networks (19, 

46). The combination of these two IDR aspects may explain why mucins can bind with and 

activate a great number of surface receptors (88), signaling molecules (3), and transcription 

factors (89, 90).

It is known that protein-protein interactions involving IDPs are influenced by molecular 

recognition features (MoRFs) (67). We found mucins contain higher numbers and many 

large-sized MoRFs, suggesting that they may participate in a variety of mucin interactions 

including the aforementioned effector activities of MUC15 and MUC4. The presence of 

MoRFs and their ability to undergo rapid binding events further insinuates mucins in a 

myriad of cellular functions including cell signaling as well as rheostat (on/off) functioning. 

For example, MUC16 has the highest number of MoRFs that are >30 residues in length (413 

and 46, respectively). Consistently, MUC16 has multiple interaction partners (91–94). 

MUC1 has the highest number of interaction partners as it is the best characterized of all 

mucins and the most studied. While MUC1 does not contain a large number of MoRFs, it 

contains the largest found in all mucins, at 214 residues in length.

MUC12 was predicted to have a large number of MoRFs with 145 but has only two 

interacting partners (Supplementary Fig. 1a). This could be due to the fact that few studies 

have characterized MUC12 interactions. However, both of the MUC12 interaction partners 

(MAPK14 and CDC42) are involved in MAPK signaling and cell division, indicating that 
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MUC12 harbors certain motifs/IDRs that contribute to oncogenic signaling and may impact 

cancer progression.

Though IDRs have been implicated in PTMs for years, a concept of an IDR-PTM-AS 

(alternative splicing) toolkit has recently been proposed (95). This toolkit allows for a single 

protein-coding gene to produce multiple disparate functional units, predicated in tissue or 

cell-specific manner. This also correlates with observed site-specific and context-dependent 

signaling of mucins under normal physiological as well as pathological conditions (e.g. 

MUC5AC deleterious effects in pancreatic cancer (96) and its protective role in the lung 

epithelium (97)). Specific tissues or cell types are able to rewire/remodel protein pathways 

and gene expression patterns (via transcription factors) through changes in PTMs and 

alternative splicing, which are impacted by the presence, prevalence, and size of IDRs (95). 

Mucins exhibit a high level of alternative splicing thus warranting further investigation into 

the effect of disorder on splicing events and impact on PTMs.

In addition to splice events, numerous structural modifications of mucins drive protein-

protein interactions which serve as a key to their oncogenic role in cancer progression (98). 

The flexibility of IDRs facilitates access to enzymes involved in PTM (19) and the ability of 

an IDR to interact with target proteins is dramatically altered by the presence of these PTMs 

(95). Our findings show a high degree of overlap between the PhosphoSitePlus® curated 

phosphorylation sites found in D2P2 and IDRs, throughout the mucin protein family. The 

proportions of phosphorylation sites residing in IDRs are extremely high (ranging from 1.0 

to .86) for each mucin with the lone exception of MUC9 (.5). This finding corroborates the 

amenability of mucin IDRs to PTM and further underscores the importance of these regions 

in signaling and interaction dynamics due to phosphorylation events.

Another PTM assessed in conjunction with disorder was glycosylation, specifically within 

the VNTR region. We found that predicted mucin glycosylation sites within the VNTR, 

overlap markedly with IDRs. A specific signaling motif (e.g. Proline-Threonine-Serine PTS 

sequence) could be working in combination with disorder, to facilitate glycosylation of this 

region. Disordered regions lying outside of the tandem repeats may not harbor this signaling 

motif allowing a variety of other PPIs, thus conferring the aforementioned hub protein 

characteristics of mucins. Alteration in the amount of disorder present within the VNTR 

including expression, mutations, and repeat expansion, could augment susceptibility to 

enzymatic modification and dramatically affect the glycome, thus altering mucin 

interactomes. As aberrant glycosylation has long been a hallmark of cancer (9), 

understanding the amount and variety of disorder present within the system is incredibly 

important.

There is also overwhelming evidence that glycosylation is associated with protein stability 

(99). Contrarily, the presence and length of IDRs are negatively correlated with protein half-

life, due to facile interaction with ubiquitin ligases (100). Thus, the balance between the 

presence of IDRs and their glycosylation status may act as a homeostatic mechanism to 

modulate mucin turnover and associated signaling pathways. Aberrant glycosylation of 

mucins, like what is observed in cancer, could alter their half-life and thus facilitate dose-

dependent promiscuous binding and subsequent increases in pro-growth cellular signaling. 
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Altogether, these observations indicate that IDRs may influence mucin protein-protein 

interactions as well as half-life. Future studies characterizing the complete mucin 

interactome and the mucin functional life-spans could enhance the associations reported here 

and further elucidate the relationship between IDRs, MoRFs, and PTMs.

Our assessments also show that IDR patterns are conserved between human and mouse, even 

though the number and order of tandem repeats within the PTS domain of mucins vary 

between species. We speculate that this IDR pattern conservation between human and mouse 

mucins is evidence that these regions preserve an important biological function despite 

underlying genetic variations and limited sequence homology. Additionally, IDRs may also 

explain the expansion of the repeat sequence in human mucins compared to mice. Their lack 

of structural rigidity and the conferred decrease in evolutionary constraint can allow for 

replication slippage. If mucin function is predicated not only on their structure but also their 

ability to undergo plastic and dynamic structural changes, understanding of mucin IDRs 

becomes incredibly valuable for the assessment of their biological functioning and 

oncogenic implications.

IDRs are excellent cancer therapeutic targets for a variety of unique reasons. Disordered 

proteins can be sensitive to modulation through a variety of methods and mechanisms of 

action. IDRs can be targeted directly via small molecules which can affect the affinity of the 

parent protein for binding partners, thus altering specific protein-protein interactions. Along 

with this, small molecule binding to IDRs can act through a variety of mechanisms including 

steric and/or allosteric hindrance, induced order upon binding, dimerization prevention, and 

conformation “locking” which decreases the dynamism of the protein. A specific unique 

advantage associated with IDRs is that since dynamism is key to their interactions, a small 

molecule that is able to diminish this dynamism, could have dramatic effects on the function 

throughout the entire region, regardless of where the binding occurs (i.e. not necessarily at 

the site of parent-partner interaction). Converse to this but equally as effective, small 

molecules or peptides can be used to target the IDR interactor proteins in (referred to as a 

“clamp”) and prevent the undesired PPI. Along with this, binding regions within IDRs can 

be predicted by utilizing MoRFs and computer-aided drug design to identify binding 

partners and subsequently substituted for small molecules allowing for a facile and high-

throughput method of discovery (101).

IDR therapeutic relevance is corroborated by the fact that many oncogenic molecules 

involved in signaling are enriched in IDRs. Importantly, IDRs have been confirmed in many 

cancer-associated proteins including p53, BRACA1, PAGE4, and PTEN (82, 102–105) and 

successful attempts have been made to target these regions. For example, a small molecule 

inhibitor was used to lock the normally dynamic IDR in the MYC protein in a static 

conformation that was unable to bind MAX, thereby preventing its oncogenic signaling 

(106). In another study, an alpha-helix-stapled peptide was engineered to interact with an 

IDR in P53, preventing its activation and subsequent anti-apoptotic effects (107).

Mucins, like the aforementioned proteins, are cancer-associated molecules that have eluded 

traditional therapeutic modalities. The development of compounds to target mucins is still in 

its infancy partly because detailed structures of this family are unavailable. We hypothesize 
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that IDRs could serve as novel drug target sites for mucins, but this requires a detailed 

elucidation of their location and functional contributions. For instance, MUC16 cleavage and 

shedding of the EC domain is a major barrier to efficient MUC16 targeting in cancers (108). 

Where antibody therapy has failed, the IDRs present within the remaining membrane-bound 

MUC16 could be utilized as a means of targeting cancer cells. Alternatively, MUC16 has a 

cleavage site within the cytoplasmic tail region (109), and the sequence distal to the cleavage 

is predicted as completely disordered (6 out of 9 tools (66% consensus) in D2P2). When the 

intracellular cleaved portion of MUC16 is released, it increases cell proliferation, prevents 

apoptosis and influences the transcription of oncogenic genes (109). A cleaved MUC16 IDP 

would present a valuable therapeutic target for disruption of these functions and further 

investigation is warranted.

Another mucin that holds therapeutic relevance is MUC1. Monoclonal antibody (Mab) 

intervention attempts have been of limited success for MUC1 (84). In one study, Raina et al. 

were unsuccessful in attempts to crystalized the MUC1 CT and subsequent structural 

analysis with ROBETTA (110) and IGB-SSPro (111) revealed no identifiable secondary 

structure. Given these results, they determined that the MUC1 CT has features characteristic 

of an IDP. Notably, despite a lack of structure, IDPs are emerging as attractive drug targets 

(112–117). Further investigation into these MUC1 disordered regions is warranted which 

could provide insight into their relevance to its oncogenic signaling. In turn, this opens up a 

new possibility for therapeutic intervention by providing new targets for small molecule 

inhibitors or stapled peptides that can bind to MUC1 IDRs and inhibit its oncogenic 

function.

As mentioned prior, many studies are warranted to validate these in-silico findings as well as 

accurate attribution of IDR functions in mucins. Experimental characterization methods 

including (but not limited to) nuclear magnetic resonance (NMR) spectroscopy (including 

in-cell NMR), small-angle X-ray scattering (SAXS), 20S proteasomal degradation, and 

single-molecule fluorescence resonance energy transfer (smFRET) are necessary to 

determine the accuracy of the D2P2 disorder prediction. These techniques will help to 

elucidate the overall degree of disorder, mucin structure and dynamics, and conformation 

changes upon partner interaction. In addition, experimental strategies to investigate the role 

of IDRs on mucin function are required as well. For example, selective mutations to residues 

that alter overall order in CT regions of MUC1 and MUC16 could be utilized to assess the 

effects of disorder on dimerization, proliferation, and/or oncogene transcription. Phage 

displays could also be utilized for the CT region of these mucins to determine what peptides 

bind and could be used as a therapeutic strategy. Another strategy to determine disorder 

effect on PPIs would be to use various isoforms of MUC4 (i.e. MUC4X, MiniMUC4, 

MUC4β, and WT MUC4) with different lengths of the tandem repeat regions (found to be 

highly disordered in our analysis) in pulldown assays or SPR based studies. Furthermore, 

disordered links between mucin domains could be deleted to determine if these are required 

for adequate domain functioning.

The prevalence of IDRs within mucins could have vast clinical potential. Though we have 

utilized multiple prediction tools to determine the level of disorder, however, these 

computational findings must be validated experimentally. These studies would provide 
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validation of the predictions and hypotheses presented herein, and justify a new and 

alternative perspective when assessing mucin structure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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NON-STANDARD ABBREVIATIONS LIST

IDR intrinsically disordered region

IDP intrinsically disordered protein

PTM post-translational modification

MoRF molecular recognition feature

PPI protein-protein interaction

TM transmembrane

VNTR variable number of tandem repeat domain

PTS sequence, proline, threonine and serine sequence

EGF epidermal growth factor-like domain

SEA sea-urchin sperm protein enterokinase and agrin module

vWD von Willebrand factor D domain

NIDO nidogen-like domain

AMOP adhesion-associated domain in MUC4 and other proteins domain

ECM extracellular matrix

D2P2 Database of Disordered Protein Predictions

CH charge hydropathy
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Fig. 1: Intrinsic disorder across mucins determined using the Database of Disordered Protein 
Predictions (D2P2).
D2P2 is a database of pre-computed disorder predictions on a large library of proteins from 

completely sequenced genomes. a. Bar graph displaying the percentage of intrinsic disorder 

across transmembrane (grey) and secreted (black) mucins. All mucins analyzed were either 

highly disordered (defined as >40% disorder) or moderately disordered (>20% and <40% 

disorder). The disorder was calculated by dividing the total number of 75% consensus 

disordered residues, by the total mucin length to obtain a percentage disorder for each 

mucin. b. Pictorial representation of intrinsic disorder observed in MUC1 (length=550 

amino acids) with a truncated tandem repeat region, as available within D2P2. The portion of 

the protein sequence with a high degree of consensus between tools (at least 6 of 9) is 

demarcated by green coloring. The regions with a lower degree of consensus (3–5 of 9 tools) 

but still predicted as disordered, are demarcated by shades of blue (darker blue denotes 

higher consensus). Both the N-terminus and C-terminus contain disordered sequences, as 

does much of the extracellular domain. c. Intrinsic disorder observed within different mucin 

domains as predicted by Pfam and CD-search databases. The presence of intrinsic disorder 

is denoted by (*). D2P2 data analyses suggested that disorder is present within the vWD 

domain of MUC4, WxxW domain of MUC2 and MUC5B, endomucin domain of MUC14, 

and the Epiglycan TR and C domains of MUC21
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Fig. 2: Assessment of intrinsic disorder in cytoplasmic and transmembrane domains of 
membrane-tethered mucins.
Considering the differential sequence attributes for transmembrane (hydrophobic and 

lacking protein-protein interacting sites) and cytoplasmic domains (sites for purported 

signaling functions of mucins), we assessed intrinsic disorder regions across these domains. 

a.. Pictorial representation from the D2P2 disorder predicted in the cytoplasmic tails of 

MUC4 and MUC16. b. Representative figure of MUC4 and MUC12 transmembrane domain 

displaying extremely low disorder probability as determined by DisEMBL. Disorder 

probability increases as values approach 1 and decreases as it approaches 0. The greenish-
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yellow curve is the disorder prediction for missing residues (those lacking crystal structure), 

the red curve indicates residues predicted as hot loops, and the blue curve indicates those 

predicted as coils. Of note, loops and coils are considered necessary but not sufficient for 

disorder and the lack of these features as predicted by DisEMBL is indicative of a low level 

of disorder
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Fig. 3. Prediction of Molecular Recognition Features (MoRFs) within Intrinsically Disordered 
Regions (IDRs) in mucins.
MoRFs are disorder-to-order (order upon binding) recognition motifs that influence and 

participate in protein-protein interactions (PPIs). Considering this, determining the 

prevalence and location of such motifs would improve our understanding of mucin function 

and interaction. We found mucins contain many large-sized MoRFs that have a greater 

propensity to affect PPIs. The bar graph shows the number of MoRFs normalized to mucin 

length by dividing MoRFs with the number of residues for each mucin (available lengths in 

D2P2). Interestingly, MUC4 and MUC16, two transmembrane mucins that are differentially 

expressed in multiple malignancies, have a high MoRF/length ratio.
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Fig. 4: Association of Post Translational Modifications, namely phosphorylation, and 
glycosylation, with IDRs and MoRFs in mucins.
Disordered regions are shown to be amenable to various forms of post-translational 

modification such as phosphorylation and glycosylation. We assessed entire mucin 

sequences to determine the proportion of phosphorylation sites within IDRs (and MoRFs). 

VNTR regions were further assessed for the overlap of predicted glycosylation sites with 

IDRs. a. Pictorial representation of phosphorylation sites found in D2P2 along with the IDR 

and MoRF predictions. MoRFs observed in transmembrane mucin MUC4 and MUC16 

determined using ANCHOR as a part of D2P2. The yellow and black bar represents IDR-

associated MoRFs predicted by ANCHOR (a tool that determines sequence motifs within an 

IDR that have a decrease in free energy upon binding with another protein). Curated 

phosphorylation sites (PhosphoSitePlus®) are displayed by red dots with “P” inside. Of 

those pictured, all reside within IDRs and some are found within MoRF sequences. b. Bar 

graph showing the proportion of (PhosphoSitePlus®) curated phosphorylation sites found in 

D2P2 that are inside regions of predicted disorder (grey bars) as well as in regions predicted 

as MoRFs (black bars). The numbers on top of each grey bar are the actual number of sites 

found in IDRs out of the total number of phosphorylation sites assessed. c. Heatmap 

representing percentage occurrence of predicted N-glycosylation sites within IDR and Non-

IDR across the VNTR domain of representative transmembrane mucins, MUC1 and MUC4, 

and representative secreted mucins, MUC2 and MUC6. The analysis was conducted by 

NetNGlyc 1.0 server. N-glycosylation occurs almost exclusively in IDRs as compared to 

non-IDR regions within the tandem repeat domain for MUC1, MUC4, and MUC6. No 

prediction was made for MUC2 (represented by *) due to lack of Asparagines (Asn) in the 

input tandem repeat domain of MUC2, required for NetNGlyc prediction. d. Heatmap 

representing percentage occurrence of O-glycosylation sites within IDR and Non-IDR 

across tandem repeat domain. Representative transmembrane mucins, MUC1 and MUC4, 

representative secreted mucin, MUC2 and MUC6 were analyzed using NetOGlyc 4.0 server. 

O-glycosylation occurs almost exclusively in IDRs compared to Non-IDR regions within the 

Carmicheal et al. Page 27

FASEB J. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



tandem repeat domains of mucins. Note: A cutoff of > 0.5, (with a value of 0.0 being least 

likely and 1.0 most likely amenable to glycosylation) for a site prediction was considered as 

a potential glycosylation site by both servers. The amino acid sequences and the residue-by-

residue disorder prediction that were utilized for N- and O- glycosylation analyses can be 

found in Supplementary Table 1.
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Fig. 5. 
Intrinsic disorder patterns in human and mouse MUC4 and MUC16. Evolutionary 

conservation of protein structure/sequence highlights the preservation of necessary 

biological functions. Though the actual interspecies sequence homology for both of these 

proteins is minimal, we speculated that the pattern of disorder may be conserved. We 

analyzed the IDR homology between mouse and human MUC4 and MUC16. Predictors of 

Natural Disordered Regions (PONDR) is an online compilation of five artificial intelligence 

tools that utilize previously defined structures for predicting intrinsic disorder. Due to the 

lack of mice full-length sequences in D2P2, PONDR was chosen for an inter-species 

comparison of disorder. Mice and human sequences (longest transcripts) were assessed with 

VSL2, a tool within PONDR, which makes a length-dependent prediction of protein 

intrinsic disorder to facilitate inter-species comparisons. a. Disorder prediction in human 

MUC4 and mouse MUC4 by PONDR VSL2 (a tool that predicts disorder and addresses 

protein length bias). b. PONDR VSL2 disorder prediction across human MUC16 and mouse 

MUC16. Residue values above 0.5 are predicted to be disordered. Both mucins displayed a 

significantly high degree of interspecies IDR pattern conservation
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Fig. 6. Transmembrane mucin MUC1 and secretory mucin MUC7 interacting partners 
determined using the BioGRID database.
To assess if the quantity and prevalence of intrinsic disorder affect mucin interactomes, we 

utilized BioGrid, an online repository of protein chemical and genetic interactions. Physical 

interactions of all mucins were assessed using BioGrid to identify the interactions and the 

functional implications thereof. a. The network of the physical interactions of representative 

transmembrane mucin MUC1. b. The network of the physical interactions of representative 

secreted mucin, MUC7. Each Mucin is in the center of each interactome. The edge thickness 

connecting the mucin with its partners is linked to the number of times the interaction has 

been experimentally verified. Interactions with proteins not observed in humans, but in other 

organisms, are indicated by a yellow node. All other mucins with interactomes can be found 

in Supplementary Fig. 1
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Fig. 7. Functional annotation of mucins and their interacting partners.
To further assess the functional implications of the previously identified interacting partners 

a gene ontology (GO) based functional enrichment analysis was carried out. GO enrichment 

analyses are used to assess the functional implications of a gene or set of genes. The mucins 

and the interacting partners were compared to the GO database to assess the enriched terms 

and the enriched pathways assessed more closely. a. Graphical representation of GO 

Reactome pathway analysis of the mucin family (false discovery rate (FDR) < 0.05). The bar 

length is indicative of -log10 p-value. b. A bubble plot depicting the functions of the mucin 

interacting partners grouped into 15 neighborhoods. Each circle represents a GO pathway 

term to which mucin interacting partners contribute. The size of each circle is representative 

of the enrichment score of each pathway. Each numbered circle cluster (0–14) is demarcated 

into neighborhoods by color. Within each neighborhood is a circle highlighted in red, 

labeled with a pathway term. This shows mucin partners are involved in a variety of 
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functions associated with cancer including response to antineoplastic agents, cell migration, 

ERBB2 signaling, cell adhesion, and protein glycosylation
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Table 1.

Residues within the cytoplasmic domains of membrane-tethered mucin predicted to be disordered

MUCIN TRANSMEMBRANE DOMAIN WITH MARKED DISODER

MUC1 RRKNYGQLDIFPARDTYHPMSEYPTYHTHGRYVPPSSTDRSPYEKVSAGNGGSSLSYTNPAVAATSANL

MUC4 GCSGARFSYFLNSAEALP

MUC12 SQRKRHREQYDVPQEWRKEGTPGIFQKTAIWEDQNLESRFGLENAYNNFRPTLETVDSGTEKHIQRPEMVASTV

MUC13 TARSNNKTKHIEEENLIDEDFQNLKLRSTGFTNLGAEGSVFPKVRITASRDSQMQNPYSRHSSMPRPDYDIPPLRTSV

MUC15 CGKAKTDSFSHRRLYDDRNEPVLRLDNAPEPYDVSFGNSSYYNPTLNDSAMPESEENARDGIPMDDIPPLRTSV

MUC16 VTTRRRKKEGEYNVQQQCPGYYQSHLDLEDLQ

MUC17 RSKREVKRQKYRLSQLYKWQEEDSGPAPGTFQNIGFDICQDDSIHLESIYSNFQPSLRHIDPETKIRIQRPQVMTTSF

MUC22 RNSLSLRNTFNTAVYHPHGLNHGLGPGGNHGAPHRPRWSPNWFWRRPVSSIAMEMSGRNSGP

Intrinsically disordered residues (bold/underlined) observed within cytoplasmic tails of MUC1, MUC12, MUC13, MUC15, and MUC20 with a 

75% consensus of D2P2. The entirety of the MUC16 and MUC4 CT domains are predicted to be disordered by 6 of 9 tools reaching 66% 
consensus.
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Table 2.

Residues within the transmembrane domains of membrane-tethered mucins predicted to be disordered.

MUCIN TRANSMEMBRANE DOMAINS OF MUCINS

MUC1 WGIALLVLVCVLVALAIVYLIAL

MUC4 IFFGALGGLLLLGVGTFVVLRFW

MUC12 GIVGAVMAVLLLALIILIILTMFSL

MUC13 LILTIVGTIAGIVILSMIIALIV

MUC14 LPVVIALIVITLSVFVLVTMGLY

MUC15 IVFGAILGAILGVSLLTLVGYLL

MUC16 VILIGLAGLLGLITCLICGVLTMVT

MUC17 YGLVGAGVVLMLIILVALLMLVF

MUC22 WAIILISLAAVVAAVGLSVGTML

No residues within the transmembrane region of any mucin were predicted to be disordered.
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Table 3.

Number and size of MoRFs observed in transmembrane and secreted mucins.

MUCIN TOTAL NO. OF MoRFs TOTAL NO. OF MoRFs > 30 RESIDUES LENGTH OF LONGEST MoRFS

MEMBRANE BOUND MUCIN(S)

MUC1 4 1 214

MUC4 116 38 7

MUC12 145 28 133

MUC13 5 0 28

MUC14 2 0 16

MUC15 3 0 10

MUC16 413 46 64

MUC17 94 46 28

MUC21 4 0 11

SECRETED MUCINS

MUC2 10 0 27

MUC5B 72 9 54

MUC6 25 5 82

MUC7 6 3 70

MUC9 7 3 62

Membrane-bound mucins harbor more total MoRFs and many of greater length than secreted mucins, conferring greater probability of influencing 
interaction properties and binding partners.
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