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SHORT ABSTRACT: 35 
Mucins are high-molecular-weight glycoconjugates, with size ranging from 0.2 to 200 36 
megadalton (MDa). As a result of their size, mucins do not penetrate conventional 37 
polyacrylamide gels and require larger pores for separation. We provide a detailed protocol for 38 
mucin agarose gel electrophoresis to assess relative quantification and study polymer assembly.  39 
 40 
LONG ABSTRACT:  41 
Mucins, the heavily-glycosylated proteins lining mucosal surfaces, have evolved as a key 42 
component of innate defense by protecting the epithelium against invading pathogens. The main 43 
role of these macromolecules is to facilitate particle trapping and clearance while promoting 44 
lubrication of the mucosa. During protein synthesis, mucins undergo intense O-glycosylation and 45 
multimerization, which dramatically increase the mass and size of these molecules. These post-46 
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translational modifications are critical for the viscoelastic properties of mucus. As a result of the 47 
complex biochemical and biophysical nature of these molecules, working with mucins provides 48 
many challenges that cannot be overcome by conventional protein analysis methods. For 49 
instance, their high-molecular-weight prevents electrophoretic migration via regular 50 
polyacrylamide gels and their sticky nature causes adhesion to experimental tubing. However, 51 
investigating the role of mucins in health (e.g., maintaining mucosal integrity) and disease (e.g., 52 
hyperconcentration, mucostasis, cancer) has recently gained interest and mucins are being 53 
investigated as a therapeutic target. A better understanding of the production and function of 54 
mucin macromolecules may lead to novel pharmaceutical approaches, e.g., inhibitors of mucin 55 
granule exocytosis and/or mucolytic agents. Therefore, consistent and reliable protocols to 56 
investigate mucin biology are critical for scientific advancement. Here, we describe conventional 57 
methods to separate mucin macromolecules by electrophoresis using an agarose gel, transfer 58 
protein into nitrocellulose membrane, and detect signal with mucin-specific antibodies as well as 59 
infrared fluorescent gel reader. These techniques are widely applicable to determine mucin 60 
quantitation, multimerization and to test the effects of pharmacological compounds on mucins. 61 
  62 
INTRODUCTION: 63 
Mucins are normally produced by mucosal surfaces that line cavities exposed to the external 64 
environment (e.g., respiratory, digestive, reproductive tracts, ocular surface) as well as internal 65 
organs (e.g., pancreas, gallbladder, mammary glands). The presence of these glycoproteins 66 
maintains surface hydration and forms a physical barrier against pathogens. Although mucin 67 
production is essential to mucosal health, mucin hyperconcentration and/or aberrant mucus 68 
properties can lead to duct obstruction, bacterial colonization and chronic inflammation, which 69 
can cause irreversible tissue damage. A similar cascade of events are observed in several 70 
diseases, e.g., cystic fibrosis1, chronic otitis media2 and cervicovaginal infection3. Therefore, it is 71 
important to understand the role of mucins in health and disease and to establish routine 72 
protocols for protein identification. 73 
 74 
To date, 19 mucins genes have been identified and encode for large polypeptide chains ranging 75 
from 1,200 (e.g., MUC1) to 22,000 (e.g., MUC16) amino acids. The mucin gene family can be 76 
divided into two subtypes: the membrane-associated mucins, involved in cell signaling and 77 
surface shielding, and the gel-forming mucins, responsible for the viscoelastic properties of 78 
mucus gels. Membrane-associated mucins are mostly monomeric and attach to the cell surfaces 79 
via a hydrophobic membrane-spanning domain. In contrast, gel-forming mucins possess several 80 
von Willebrand factor (vWF)-like and cysteine-rich domains that are essential for the formation 81 
of dynamic polymeric networks. Large glycans are attached to serine and threonine residues 82 
distributed throughout the apomucin. These dense O-linked oligosaccharides can contribute up to 83 
80% of the molecular weight4. Intra- and inter-molecular disulfide bonds connecting mucin 84 
monomers ensure the integrity of the mucin gel network. As a result of heavy glycosylation and 85 
multimerization, mucins are among the largest molecules in the animal world and cannot be 86 
analyzed by standard gel electrophoresis using conventional SDS-PAGE polyacrylamide gel and 87 
standard protein ladders. These methods resolve/separate proteins with molecular weights lower 88 
than 250 kDa while mucin monomers can reach up to 2 MDa in the case of MUC16. However, 89 
high-molecular-weight protein ladders can be used to study small mucin monomers (i.e., 90 
MUC1). 91 
 92 
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A variety of techniques can be applied to study mucin size, conformation and interaction. 93 
Traditionally, biochemical characterization of mucins is accomplished by mucin isolation via 94 
isopycnic density-gradient centrifugation in denaturing buffer, followed by size-exclusion 95 
chromatography and immunodetection (e.g., slot blotting)5. Dynamic and/or multi-angle light 96 
scattering provide information on the oligomeric state of mucin-rich samples 1. In addition, rate-97 
zonal centrifugation coupled with immunodection and transmission electron microscopy are 98 
commonly used to determine the macromolecular conformation of mucins6.  Mass spectrometry 99 
is also used to quantify mucins, detect proteolytic cleavage and analyze oligosaccharide 100 
composition 1,7,8. Such techniques are costly, time consuming and often require large volumes 101 
and/or high concentrations of sample. The methodology described herein, i.e., mucin separation 102 
by electrophoresis, is reproducible, low cost and can be used in high-throughput studies to 103 
provide relative mucin quantitation and investigate polymer assembly. However, this assay 104 
requires high-affinity, high-specificity mucin antibodies that may not be available for rare 105 
mucins (e.g., MUC19) or certain species (e.g., pig, ferret).  106 

 107 
Agarose Western blotting is suitable to resolve a wide variety of mucin-rich samples with 108 
concentrations ranging from 50 µg/ml (e.g., cell washes) to 5 mg/ml (e.g., sputum). This assay 109 
was introduced in the 1990’s and was only performed in few specialized laboratories9,10. 110 
Initially, this technique helped identify subpopulations of mucin monomers in human respiratory 111 
secretions11,12 and confirmed the oligomerization process in goblet cells, which consists of dimer 112 
formation in the endoplasmic reticulum followed by dimer multimerization in the Golgi 113 
apparatus13. More recently, the generation of polyclonal antibodies against murine mucins 114 
facilitated studies on small animal models (e.g., mucin deficient, βENaC, OVA-challenged 115 
mouse models) and opened a new field of research for preclinical studies testing 116 
pharmacological compounds aimed at removing mucus from the lungs14-17. As a result of an 117 
increasing interest in mucin biology and the generation of novel, more specific mucin antibodies, 118 
we describe herein the methodology to separate mucins by agarose gel electrophoresis, vacuum 119 
transfer to nitrocellulose and two-color infrared fluorescent detection. 120 
 121 
PROTOCOL: 122 
 123 
1. Prepare buffers for mucin gel Western blotting 124 
 125 
1.1) Prepare 1 liter of 50X TAE (Tris-acetate-EDTA) buffer.  126 
 127 
1.1.1) In 700 mL of distilled water (dH2O) add 242 g of Tris base (0.4M), 57.1 g of glacial acetic 128 
acid (weigh liquid) (0.2 M) and 14.61 g of ethylenediaminetetraacetic acid (EDTA) (50 mM). 129 
 130 
1.1.2) Adjust pH to 8.0 and make the volume up to 1 liter with dH2O. 131 
 132 
1.2) Prepare 10 mL of 10X loading buffer. 133 
 134 
1.2.1) Prepare 5 mL of 1X TAE buffer. To do this, add 5 mL of glycerol (50%), 25 mg of 135 
bromophenol blue (0.25%), and 100 mg of sodium dodecyl sulfate (SDS) (1%). 136 
 137 
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1.3) Prepare 2 liters of 20X sodium saline citrate (SSC) buffer.  138 
 139 
1.3.1) In 1.5 liters of dH2O, add 350.6 g of NaCl (3M) and 176.4 g of trisodium citrate 140 
(Na3C6H5O7) (0.3M). Adjust pH to 7.0 and make up the volume to 2 liters with dH2O. 141 
 142 
1.4) Prepare 1 liter of 1X TAE-0.1% SDS buffer. 143 
 144 
1.4.1) Add 20 mL of 50X TAE to 980 mL of dH2O. Add 1g of SDS to make a 0.1% SDS-TAE 145 
solution. 146 
 147 
2. TAE-SDS agarose gel preparation 148 
 149 
2.1) Pour sufficient volume (i.e., 150 mL) of 1X TAE-0.1% SDS buffer in a microwavable 150 
Erlenmeyer flask to make a 5-7 mm-thick gel. Add 0.8% (1.2 g) agarose powder. 151 
 152 
2.2) Microwave flask in 30 second intervals with intermittent swirling until agarose is 153 
completely dissolved (usually 1-3 min). Use hot hand pads during this process. Be careful of 154 
eruptive boiling while swirling. 155 
 156 
2.3) Allow the agarose solution to cool down for 5-10 min. The agarose solution will be ready to 157 
be poured when bottom of the flask can be left on the palm for 5 seconds.  158 
 159 
2.4) Prepare electrophoresis casting tray (10 x 15cm) by sealing the edges with tape and placing 160 
well comb in position.  161 
 162 
2.5) Pour agarose solution slowly in the casting tray to avoid the formation of bubbles. Remove 163 
bubbles using a pipette tip. Wait for the gel to cool and completely solidify. Once solidified, 164 
remove the comb slowly to avoid collapsing the wells by suction and remove the tape from the 165 
edges of the tray. 166 
 167 
2.6) Place agarose gel into the gel box and fill the electrophoresis unit with 1X TAE-0.1% SDS 168 
buffer until the gel is fully covered. 169 
 170 
3. Sample loading and electrophoresis separation 171 
 172 
3.1) In our laboratory, we commonly use samples from both mouse and humans, including 173 
bronchoalveolar lavage fluid (both species), cell washings from human bronchial epithelial cells 174 
(HBE), and human saliva and sputum samples. Samples can be denatured in 6 M urea upon 175 
collection or stored for short periods of time (6 h) by adding proteinase cocktail inhibitor. 176 
Prepare samples for loading by adding 10% of loading dye to each sample (i.e., 30 µL of sample 177 
and 3 µL of dye). Homogenize samples by pipetting up and down. Briefly spin down tubes at 178 
5000 rpm to collect droplets. 179 
 180 
3.2) Carefully load equal volume of samples into the wells.  181 
 182 
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3.2.1) Pre-wet tips and/or use positive displacement pipettes to facilitate loading of highly 183 
viscous samples. Slowly aspirate 80-90% of sample-dye solution (i.e., 27-30 µL) to avoid 184 
pipetting bubbles.  185 
 186 
3.2.2) Slowly load at the bottom of the wells and progressively move the pipet tip upward. For 187 
samples that remain attached to the pipette tip, dispense at a 45° angle and elongate straight 188 
above the well or gently use the side of the well to break the stringy mucus. Do not overload the 189 
wells. 190 
 191 
3.3) Connect the electrodes from the gel box to the electrophoresis power generator. Ensure the 192 
electrodes are connected properly (i.e., red lead plugged to the positive output of the generator) 193 
to allow negatively charged mucins to run towards the positive electrode. 194 
 195 
3.4) Run the gel at 80 Volts for 90 min for a single comb gel, or 60-75 minutes for a double 196 
comb gel to prevent overlap between the two rows. 197 
 198 
3.5) Turn generator power OFF and disconnect the electrodes from the power source.  199 
 200 
3.6) Carefully remove the gel from the gel box with one hand on either side of the casting tray to 201 
ensure the gel remains in place.  202 
 203 
4) Reduce agarose gel for efficient mucin transfer  204 
 205 
4.1) Carefully place the gel flat in a glass container. Rinse the gel with dH2O to remove traces of 206 
TAE-SDS buffer.  207 
 208 
4.2) Prepare 1 liter of 4X SSC buffer by adding 200 mL of 20X SSC into 800 mL of dH2O. 209 
Make 200 mL of 10 mM dithiothreitol (DTT) 4X SSC solution by adding 309 mg of fresh DTT 210 
into 200 mL of 4X SSC buffer. 211 
 212 
4.3) Soak the gel with DTT-4X SSC buffer and cover. Gently rock for 20 min (10 rotations per 213 
minute). Rinse gel with DTT-free 4X SSC buffer. 214 
 215 
5) Vacuum blotter assembly and sample transfer to a nitrocellulose membrane 216 
 217 
5.1) Prepare vacuum blotter for transfer. 218 
 219 
5.1.1) Carefully cut nitrocellulose membrane at dimensions slightly wider than the gel (i.e., 10 x 220 
15 cm). 221 
 222 
5.1.2) Wet porous mat with dH2O and place it smooth-side-up in the blotter. 223 
 224 
5.1.3) Wet nitrocellulose membrane with DTT-free 4X SSC buffer and place it at the center of 225 
the porous mat. 226 
 227 
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5.1.4) Cover the porous mat with the rubber gasket, leaving the opening of the gasket precisely 228 
aligned with the nitrocellulose membrane. If porous mat is still visible, carefully adjust the 229 
membrane to ensure no gap remains between gasket and membrane. 230 
 231 
5.2) Carefully place the agarose gel on top of the membrane. Ensure gel forms a tight seal with 232 
the gasket and the wells of the gel are positioned on the membrane for transfer.  233 
 234 
5.2.1) Avoid the formation of bubbles between the membrane and the gel. To minimize the 235 
formation of bubbles, squirt few drops of 4X SSC buffer on the membrane and slide the gel from 236 
top to bottom to flush any formed bubbles. Avoid moving the gel on the membrane as proteins 237 
will begin to blot immediately. 238 
 239 
5.3) Carefully cover the gel with 4X SSC buffer. 240 
 241 
5.4) Begin mucin transfer by suction.  242 
 243 
5.4.1) Turn vacuum blotter ON and set pressure at 40-50 mBar. Add a few drops of 4X SSC 244 
buffer on the gel every 5-10 min to prevent the gel from drying out. Run transfer for 90 min. 245 
Optional: Upon completion, mark the wells with a pencil for orientation. 246 
 247 
5.5) Dispose of the gel and retrieve nitrocellulose membrane using plastic tweezers on the edge 248 
of the membrane.  249 
 250 
6) Membrane blocking and detection 251 
 252 
6.1) Rinse membrane immediately with 1X phosphate-buffered saline (PBS). Do not let the 253 
membrane dry out. 254 
 255 
6.2) Immerse the membrane into 50 mL of 3% milk-PBS blocking buffer and place on a rocker 256 
at room temperature for 1 h. After incubation, discard the blocking buffer. 257 
 258 
6.3) Immerse membrane in 1% milk-PBS primary antibody solution. Dilute the primary 259 
antibodies to a 1:2000 ratio of antibody solution to blocking buffer. For samples originating from 260 
mice, we use UNC 222 rabbit anti-Muc5b and goat anti-Green Fluorescent Protein (GFP). For 261 
samples originating from humans, we use H300 anti-MUC5B and 45M1 anti-MUC5AC primary 262 
antibodies. Incubate the membrane in the primary antibody solution overnight on a rocker at 4 263 
°C. After incubation, discard the primary antibody solution. 264 
 265 
6.4) Wash membrane 3 times with PBS for 10 min on a rocker. 266 
 267 
6.5) Immerse membrane in 1% milk-PBS secondary antibody solution. Dilute the secondary 268 
antibodies to a 1:7500 ratio of antibody solution to blocking buffer (e.g. 700 anti-rabbit and 680 269 
anti-goat) and incubate at room temperature for 1 h on a rocker. Protect from light by incubating 270 
in a non-transparent container. Discard the secondary antibody solution after 1 h. 271 
 272 
6.6) Wash membrane 3 times with PBS for 5 min. Rinse membrane with dH2O to remove salt. 273 
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 274 
6.7) Read the membrane on an infrared fluorescence system according to manufacturer’s 275 
instructions. 276 
 277 
REPRESENTATIVE RESULTS: 278 
We show representative results of mucin expression following agarose gel electrophoresis 279 
in bronchoalveolar lavage fluid (BALF) from the lungs of mice (Figure 1). In this example, 280 
we used the agarose gel to show upregulation of mucin production following IL-13 281 
treatment of the Tg-Muc5acmouse model. The Western blot shows a visual representation of 282 
mucin expression, which can be used for a quantitative analysis of multimer or monomer band 283 
signal intensity (Figure 2). This method can also be used to show expression of mucins in human 284 
bronchial epithelial (HBE) cell washings and human sputum samples. This method can be used 285 
to show the reduction of mucins following treatment with reducing agents. We show 286 
representative results from HBE washings treated with increasing concentrations of DTT (Figure 287 
3). We quantified the loss of multimer signal intensity following mucin reduction with treatment 288 
with a reducing agent (Figure 4).  289 
 290 
Figure legends: 291 
Figure 1. Upregulation of mucin production following IL-13 treatment of the Tg-292 
Muc5ac/Green Fluorescent Protein (GFP) mouse model. Mice overexpressing Muc5ac tagged 293 
with GFP were instilled with PBS (-) or IL-13 (+) to induce goblet cell metaplasia and increase 294 
mucin production in the lungs. (n=3 per group). Bronchoaleolvar lavage fluid (BALF) were 295 
harvested and separated via mucin agarose Western blotting. Membrane was probed with a rabbit 296 
polyclonal anti-Muc5b (red) and a goat polyclonal anti-GFP (green). The infrared system can be 297 
used to show the results as an overlay or as a single channel with the option to change images to 298 
black and white. 299 
 300 
Figure 2. Quantitative analysis of mucin agarose gel showing upregulation of mucin 301 
secretion in IL-13-treated mice. Muc5b signal intensity was measured for each lane of the 302 
mucin gel shown in Figure 1. Results show that mucin secretion was increased 5.1-fold over 303 
PBS-treated mice in IL-13-treated animals. (n=3, p<0.005). Data shown as mean ±SEM. 304 
 305 
Figure 3. Reduction of MUC5AC and MUC5B mucins in HBE washes treated with DTT. 306 
HBE washes were treated with 0, 0.005, 0.01, 0.05, 0.1, 0.5, 1, 5, 10, 50 and 100 mM DTT at 307 
37° C for 30 minutes. Membrane was probed with a rabbit polyclonal anti-MUC5B (green) and a 308 
mouse polyclonal anti-MUC5AC (red). 309 
 310 
Figure 4. Quantitative analysis of mucin agarose gel showing disappearance of the 311 
multimeric band in HBE washes treated with DTT. MUC5AC and MUC5B signal intensity 312 
was measured for each lane of the mucin gel. 313 
 314 
DISCUSSION: 315 
The protocol of mucin Western blotting described in this video combines conventional 316 
techniques used in molecular biology to separate and transfer large macromolecules, such as 317 
DNA, with regular techniques for protein detection, i.e., immunoblotting. The same technique 318 
could be applied to study the biology of complex glycosaminoglycans, such as the breakdown of 319 

7 



high-molecular-weight hyaluronic acid18. Although this technique could be used in a broad range 320 
of assays, successful agarose Western blotting relies on a multitude of steps that require 321 
meticulous and time-dependent actions. In order to maximize success, some critical steps should 322 
be reviewed.  323 
 324 
Sample preparation and gel loading are critical steps for accurate results. Mucin-rich samples, 325 
i.e., sputa, are, by nature, adherent to experimental tubing, i.e., pipet tips, centrifuge tubes, filters. 326 
The use of positive displacement pipets and pre-wetting pipet tips can facilitate the loading of 327 
viscoelastic material into the wells. Such samples require particular attention due to heightened 328 
buoyancy and stickiness of these materials. Concentrated samples (above 5 mg/ml) will poorly 329 
migrate through the pore size of a 0.8% agarose gel and may require further dilution and/or 330 
denaturation in up to 6 M urea. However, avoid running samples denatured in guanidinuim 331 
chloride (GuHCl) as guanidinium will precipitate with SDS. Hence, samples stored in GuHCl 332 
require an additional dialysis step. For non-polymeric status studies, partial reduction (0.5 mM 333 
DTT for 5 min) will greatly improve the migration of concentrated samples (see Figure 3). 334 
 335 
Protein transfer to the nitrocellulose membrane is a key step for this protocol and, if not executed 336 
with precision, can lead to stained membrane, weak signal and false quantitative results. 337 
Nitrocellulose membranes are delicate and easily contaminated and should always be handled 338 
with gloves and care to avoid unspecific binding and damage. Placement of the gel onto the 339 
membrane requires precise alignment to generate a tight seal and prevent transfer buffer leakage, 340 
which would result in stains and reduce transfer efficiency. Formation of bubbles between gel 341 
and membrane will prevent protein transfer and should be carefully avoided.  342 
 343 
Optimum immunodetection relies on high-affinity, high-specificity antibodies against the protein 344 
backbone of the target mucin. Recently, novel immunization strategy, antigen design and 345 
screening technologies yield to increased success with the generation of mucin antibodies and 346 
provided new tools to study mucin biology. In order to detect two different mucins on one blot, 347 
i.e., MUC5AC and MUC5B, the two primary antibodies must be derived from different host 348 
species, i.e., rabbit and goat. Also, the secondary antibodies need to be labeled with different 349 
fluorophores to be detected in both 700nm- and 800nm-channel. 350 
 351 
Relative mucin abundance and mucin size can be quantitated directly with imaging software. 352 
Fluorescent signal is directly proportional to the amount of target mucin, allowing quantification 353 
of a broad range of samples, from low (e.g., cell washes) to high (e.g., sputum) mucin 354 
concentration. However, absolute mucin concentration requires the purification of mucin 355 
standards, which was not described in this protocol as it is a lengthy and difficult process that 356 
was described in Abdullah et al.19. In addition, agarose Western blotting provides the possibility 357 
to perform mucin shift assays to study the process of polymerization or depolymerization. 358 
Electrophoretic mobility of mucins depends on their polymeric state, i.e., migration of large 359 
polymers is delayed, and can be quantified using the imaging software. For instance, reducing 360 
agents will induce a mobility shift of the signal that correlates with changes in the biophysical 361 
properties of the mucus. Such assay can be used to study mucin multimerization process13 but 362 
also to test pharmacological agents aimed at affecting the mucin network11. To conclude, mucin 363 
agarose Western blotting coupled with fluorescence labeling has significantly changed our 364 
approach to study mucins by producing high qualitative and quantitative data.  365 
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 366 
Common problems with agarose mucin Western blotting can result in the following outcomes: 367 
low signal intensity, high background and/or the appearance of punctates on the membrane. 368 
Several troubleshooting strategies can be used to improve mucin gel images. Signal intensity can 369 
be increased by loading larger sample volumes and/or increasing primary and secondary 370 
antibody concentrations. Typically, high background signal is attributable to insufficient 371 
blocking and/or washings, which can be resolved by performing longer block/wash incubations, 372 
as well as using optimized blocking buffers that are commercially available. The appearance of 373 
punctates can be the result of extended membrane incubations at room temperature, which 374 
facilitates bacterial growth. Punctates may also be caused by nitrocellulose membrane damage 375 
from the DTT soaking solution (step 4.1) and can be avoided by rinsing the agarose gel 376 
thoroughly before transfer and/or decreasing DTT concentration to 5 mM.  377 
 378 
The main limitation of agarose mucin Western blotting is the lack of protein ladder for high-379 
molecular-weight proteins and mucin standards, which hinders absolute mucin quantification. 380 
Most of the results published from mucin agarose gels are comparative studies for size and 381 
concentration. Size exclusion chromatography with light scattering coupled with refractive index 382 
is another technique commonly used to determine precise molecular weight and concentration of 383 
macromolecules. However, this technique is costly and lacks specificity for mucins, hence, 384 
measures other large molecules included in the samples, e.g., DNA. In addition, size exclusion 385 
chromatography is unable to differentiate between mucin types, i.e., MUC5AC versus MUC5B, 386 
and measures and average concentration and size from the mixture of mucins included in a given 387 
specimen.  388 
 389 
With the investigation of novel pharmacological agents targeting mucin molecules, it is 390 
imperative to develop reliable laboratory techniques to study mucin biology. Agarose mucin 391 
Western blotting is a relatively easy and inexpensive technique that can be used to answer 392 
important questions regarding mucin processes, i.e., change in mucin burden, size and ratio. This 393 
assay will be used in future applications to test drug efficacy and toxicity for novel molecules 394 
aimed at removing adherent mucus in in vitro and in vivo models.  395 
 396 
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