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Isolation of Large Gel-Forming Mucins

Julia R. Davies and Ingemar Carlstedt

1. Introduction

The large gel-forming mucins, which form the major macromolecular components
of mucous secretions, are members of the mucin “superfamily.” Nine mucin genes
(MUCI-MUC4, MUCS5SAC, MUC5B, and MUC6-MUCS8) have been identified (for
reviews see refs. 1 and 2), with each gene showing expression in several tissues. Only
the MUCI, MUC2, MUC4, MUCS5, and MUC7 mucins have been sequenced com-
pletely (3—11) although large stretches of MUC5AC (12-15) as well as the C-terminal
sequences of MUC3 (16) and MUC6 (17) are now known.

A characteristic feature of mucins is the presence of one or more domains rich in
serine and/or threonine residues that, owing to a high degree of oligosaccharide substi-
tution, are resistant to proteolysis. Mucins comprise cell-associated, usually mono-
meric species, as well as those that are secreted; the latter can be subdivided into large,
gel-forming glycoproteins and smaller, monomeric ones. The gel-forming mucins
(M, = 10-30 million Dalton) are oligomers formed by subunits (monomers) joined via
disulfide bonds (for a review see ref. 18), and treatment with reducing agents will
release the subunits and cause unfolding of regions stabilized by intramolecular disul-
fide bonds. Thus, after reduction, we term the monomers reduced subunits. Reduced
subunits are more sensitive to protease digestion than the intact mucin molecules.

The isolation procedures that we use for the large oligomeric mucins depend on
their source. In secretions such as respiratory tract sputum, tracheal lavage fluid, and
saliva, the material is centrifuged to separate the gel from the sol phase, allowing the
identification of the gel-forming mucins. Repeated extraction of the gel phase solubi-
lizes the “soluble” gel-forming species, leaving the “insoluble” mucin complex in the
extraction residue. Mucin subunits may be isolated from the “insoluble” glycoprotein
complex following reduction of disulfide bonds. When mucins are isolated from tissue
samples, it may be an advantage to “physically” separate histologically defined areas
of the tissue such as the surface and the submucosa of an epithelium. For example,
material from the surface epithelium may be enriched by gently scraping the surface
mucosa, thereby allowing gland material to be obtained from the remaining tissue.
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To isolate mucins, the bonds that hold the mucous gel together and those that anchor
cell-associated glycoproteins to the plasma membrane must be broken. In our labora-
tory, high concentrations of guanidinium chloride are used for this purpose, and high-
shear extraction procedures are avoided to minimize the risk of mechanical degradation.
Protease inhibitors are used to protect the protein core and a thiol blocking agent is
added to prevent thiol-disulfide bond exchange. However, breaking intermolecular
bonds with highly denaturing solvents will most likely cause unfolding of ordered
regions within the mucins, and properties dependent on an intact protein core structure
may be lost. Following extraction, mucins are subjected to isopycnic density gradient
centrifugation in the presence of guanidinium chloride. This method allows the group
separation of large amounts of mucins from nucleic acids and proteins/lipids under
dissociative conditions without the problems associated with matrix-based methods
such as gel chromatography.

2. Materials
2.1. Extraction of Mucins
2.1.1. Guanidinium Chloride Stock Solution

We use practical grade guanidinium chloride that is treated with activated charcoal
and subjected to ultrafiltration before use. We request small samples from several
companies and test them for clarity after filtration as well as absorbance at 280 nm.
Once we have established a suitable source, we purchase large batches of guanidinium
chloride, which considerably reduces the cost. Ultrapure grade guanidinium chloride,
which is much more expensive, may be used without prior purification.

Dissolve 765 g of guanidinium chloride in 1 L of distilled water, stirring constantly.
Add 10 g of activated charcoal and stir overnight.

Filter solution through double filter paper to remove the bulk of the charcoal.

To remove the remaining charcoal, filter solution through an Amicon PM10 filter
(Amicon, Beverley, MA), or equivalent, using an ultrafiltration cell. A Diaflow system is
a practical way to increase the filtration capacity.

5. Measure the density of the solution by weighing a known volume in a calibrated pipet,
and calculate the molarity of the guanidinium chloride stock solution (see Note 1). The
molarity should be approx 7.5 M with this procedure.

Ll

2.1.2. Solutions for Mucin Extractions

1. 6 M Guanidinium chloride extraction buffer: 6 M guanidinium chloride, 5 mM
EDTA, 10 mM sodium phosphate buffer, pH 6.5 (adjusted with NaOH). This solution
can be stored at room temperature. Before extraction, cool to 4°C and immediately
before use, add N-ethyl maleimide (NEM) and diisopropyl phosphofluoridate (DFP)
to final concentrations of 5 and 1 mM, respectively. DFP is extremely toxic (see
Note 2).

2. Phosphate buffered saline (PBS) containing protease inhibitors: 0.2 M sodium
chloride, 10 mM EDTA, 10 mM NEM, 2 mM DFP, 10 mM sodium phosphate buffer,
pH 7.4 (adjusted with NaOH).
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3. 6 M Guanidinium chloride reduction buffer: 6 M guanidinium chloride, 5 mM
EDTA, 0.1 M Tris/HCI buffer, pH 8.0 (adjusted with HCI). This solution can be stored
at room temperature.

2.2. Isopycnic Density Gradient Centrifugation

Density gradient centrifugation in our laboratory is carried out using CsCl in a
two-step procedure (see Notes 3 and 4).

1. Small samples of high-quality CsCl are obtained from several companies and tested for
clarity in solution, absorbance at 280 nm, and spurious color reactions with the analyses
for, e.g., carbohydrate that we use. Once we have established a suitable source, we pur-
chase large batches, which considerably reduces the cost. As with guanidinium chloride,
more expensive ultrapure grade may also be used.

2. Beckman Quick Seal polyallomer centrifuge tubes (Beckman Instruments, Palo Alto, CA)
or equivalent.

3. 6 M Guanidinium chloride extraction buffer, pH 6.5 (see Subheading 2.1.2., step 1).

4. Sodium phosphate buffer: 10 mM sodium phosphate buffer, pH 6.5 (adjusted with NaOH).

5. 0.5 M Guanidinium chloride buffer: 0.5 M guanidinium chloride, 5 mM EDTA, 10 mM
sodium phosphate buffer, pH 6.5 (adjusted with NaOH).

2.3. Gel Chromatography
2.3.1. 4 M Guanidinium Chloride Buffer

1. Elution buffer: 4 M guanidinium chloride, 10 mM sodium phosphate buffer, pH 7.0 (can
be stored at room temperature).

2.3.2. Gels and Columns

We use either Sepharose CL-2B or Sephacryl S-500HR (Pharmacia Biotech,
Uppsala, Sweden) for the separation of mucins, reduced mucin subunits, and pro-
teolytic fragments of mucins. Both “whole” mucins and subunits are usually excluded
on Sephacryl S-500, but since Sepharose CL-2B is slightly more porous, mucin sub-
units are included and can often be separated from whole mucins on this gel. In our
experience, whole mucins show a tendency to adhere to Sephacryl gels, which is not
seen with Sepharose gels.

2.4. lon-Exchange High-Performance Liquid Chromatography

Ton-exchange high performance liquid chromatography is carried out in our labora-
tory using a Mono Q HR 5/5 (Pharmacia Biotech) column and eluants based upon a
piperazine buffer system with lithium perchlorate as the elution salt (see Note 5).

2.4.1. Separation of Reduced Mucin Subunits and Proteolytic Fragments
of Mucins (see Note 6).

1. Buffer A: 0.1% (w/v) CHAPS in 6 M urea, 10 mM piperazine/perchlorate buffer, pH 5.0
(adjusted with perchloric acid).

2. Buffer B: 0.1% (w/v) CHAPS in 6 M urea, 0.25-0.4 M LiClO,4, 10 mM piperazine/per-
chlorate buffer, pH 5.0 (adjusted with perchloric acid).

3. Buffer C: 10 mM piperazine/perchlorate buffer, pH 5.0 (adjusted with perchloric acid).

4. Buffer D: 0.25-0.4 M LiClO, in 10 mM piperazine/perchlorate buffer, pH 5.0 (adjusted
with perchloric acid).
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3. Methods
3.1. Extraction of Mucins from Mucous Secretions

Thaw secretions, if necessary, preferably in the presence of 1 mM DFP.

Mix the secretions with an equal volume of ice-cold PBS containing protease inhibitors.

Centrifuge secretions at 4°C in a high-speed centrifuge (23,000g average [av]).

Pour off the supernatant, which represents the sol phase.

Add 6 M guanidinium chloride extraction buffer to the pellet (which represents the gel

phase) and stir gently overnight at 4°C. If samples are difficult to disperse, the material

can be suspended using two to three strokes in a Dounce homogenizer (Kontes Glass Co.,

Vineland, NJ) with a loose pestle.

6. Centrifuge secretions at 4°C in a high-speed centrifuge (23,000g av).

Pour off the supernatant corresponding to the “soluble” gel phase mucins.

8. If necessary, repeat steps 5—7 another two to three times or as long as mucins are present
in the supernatant.
9. Add 6 M guanidinium chloride reduction buffer containing 10 mM dithiothreitol (DTT)

to the extraction residue (equivalent to the “insoluble” gel mucins).

10. Incubate for 5 h at 37°C.

11. Addiodoacetamide to give a 25 mM solution, and incubate overnight in the dark at room
temperature.

12. Centrifuge secretions at 4°C in a high-speed centrifuge (23,000g av).

13. Pour off the supernatant corresponding to the reduced/alkylated “insoluble” mucin

complex.

mhk v

~

3.2. Extraction of Mucins from Tissue Samples

Tissue pieces are usually supplied to our laboratory frozen at —20°C. If mucins are
to be prepared from the surface epithelium and the submucosa separately, begin with
step 1. If mucins are to be extracted from the whole tissue, begin with step 4.

1. Thaw the tissue in the presence of 10 mM sodium phosphate buffer, pH 7.0, containing
1 mM DFP.

2. Scrape the surface epithelium away from the underlying mucosa with a glass microscope
slide.

3. Place the surface epithelial scrapings in ice-cold 6 M guanidinium chloride extraction
buffer and disperse with a Dounce homogenizer (two to three strokes, loose pestle).

4. Cut the submucosal tissue into small pieces and submerge in liquid nitrogen. Pulverize or
grind the tissue (for this purpose we use a Retsch tissue pulverizer, Retsch, Haan,
Germany).

5. Mix the powdered tissue with ice-cold 6 M guanidinium chloride extraction buffer and
disperse with a Dounce homogenizer (two to three strokes, loose pestle).

6. Gently stir samples overnight at 4°C.

7. Centrifuge secretions at 4°C in a high-speed centrifuge (23,000g av).

8. Pour off the supernatant corresponding to the “soluble” mucins.

9. Repeat steps 5-7 three more times, if necessary.

0. Add 6 M guanidinium chloride reduction buffer containing 10 mM DTT to the extraction
residue.

11. Incubate for 5 h at 37°C.

12. Add iodoacetamide to give a 25 mM solution and incubate overnight in the dark at room

temperature.
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13.
14.

Centrifuge secretions at 4°C in a high-speed centrifuge (23,000g av).
Pour off the supernatant corresponding to the reduced/alkylated “insoluble” mucin
complex.

3.3. Isopycnic Density Gradient
Centrifugation in CsCl/Guanidinium Chloride

3.3.1. Isopycnic Density Gradient Centrifugation
in CsCl/4 M Guanidinium Chloride

1.

b

Dialyze samples against 10 vol of 6 M guanidinium chloride extraction buffer. The vol-
ume of the sample that can be run in each tube is two-thirds of the total volume held by
the tube.

For practical purposes, the preparation of gradients is carried out by weighing rather than
measuring volumes. Check the volume by weighing (the density of 6 M guanidinium
chloride is 1.144 g/mL; see Note 1). If the sample volume is less than two-thirds of the
total, fill up to the required volume with 6 M guanidinium chloride.

Weigh the required amount of CsCl to give the correct density into a beaker (see Note 3).
Add the sample to the CsCl and stir gently.

The final weight of the sample is calculated from the volume of the tube and the final
density of the solution. Add sodium phosphate buffer to give the final weight and stir the
sample gently.

Measure the density of the sample prior to loading with a syringe and cannula into the
tubes. Balance the tubes carefully and seal according to the manufacturer’s instructions.
Centrifuge the samples. We use a Beckman L-70 Optima centrifuge and either a 50.2Ti
rotor (tube capacity 40 mL), with a starting density 1.39 g/mL, or a 70.1Ti rotor (tube
capacity 13 mL), with a starting density of 1.40 g/mL. Samples are centrifuged at 36,000
rpm (50.2Ti rotor) or 40,000 rpm (70.1Ti rotor) at 15°C for 72-96 h (see Note 7). These
conditions give gradients of approx 1.25-1.60 g/mL but will vary according to the rotor
geometry, starting density, and speed used. Care should be taken to ensure that the start-
ing concentration of CsCl at a given rotor speed and temperature does not exceed that
recommended so that CsCl does not precipitate at the bottom of the tubes during the
centrifugation run. This information should be available in the manufacturer’s rotor
handbook.

After centrifugation, recover 2040 fractions from the gradients by piercing the bottom
of the tubes and collecting fractions with a fraction collector equipped with a drop counter.
Analyze the fractions for density (by weighing a known volume) and absorbance at 280
nm, as well as the appropriate carbohydrate and antibody reactivities.

Large amounts of proteins/lipids in the samples may lead to a poor separation between
these molecules and mucins. In this case, mucin-containing fractions may be pooled and
subjected a second time to density gradient centrifugation in CsC1/4 M guanidinium chlo-
ride. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of the mucin-containing
fractions may be used to determine whether all proteins have been removed.

3.3.2. Isopycnic Density Gradient Centrifugation
in CsCl/0.5 M Guanidinium Chloride

Density Gradient Centrifugation in CsCl/4 M guanidinium chloride may be fol-

lowed by subjecting the mucin-containing fractions to a second density gradient step
in CsC1/0.5 M guanidinium chloride, which gives a better separation between mucins



8

Davies and Carlstedt

and DNA (see Note 3). Some mucins show a tendency to precipitate in the presence of
CsCl at low concentrations of guanidinium chloride, and CHAPS is sometimes added
to the gradients to counteract this effect.

1.

Dialyze samples against 10 vol of 0.5 M guanidinium chloride buffer.

2. Measure the volume of the sample by weighing (the density of 0.5 M guanidinium chlo-

bt

10.

3.4.

ride is 1.015 g/mL; see Note 3).

Weigh cesium chloride to give the required density into a beaker (see Note 3).

Add the sample (volume must not exceed three-fourths of the total volume held by
the tube).

If required, add 1% CHAPS solution to give a final concentration of 0.01% (i.e., 1% of
the total volume).

The concentration of guanidinium chloride in the final volume must be 0.5 M, and the
volume of the CsCl and CHAPS must therefore be compensated for by the addition of a
small volume of 8 M guanidinium chloride.

The final weight of the sample is calculated from the volume of the tube and the final
density of the solution. Add sodium phosphate buffer to give the final weight and stir the
sample gently.

Measure the density of the sample and load into the tubes with a syringe and cannula.
Seal the tubes according to the manufacturer’s instructions.

Centrifuge the samples at 36,000 rpm (50.2Ti rotor, starting density 1.50 g/mL) or 40,000
rpm (70.1Ti rotor, starting density 1.52 g/mL) at 15°C for 72-96 h (see Note 7). These
conditions give gradients of approx 1.35-1.67 g/mL but will vary according to the rotor
geometry, starting density, and speed used. Care should be taken to ensure that the start-
ing concentration of CsCl at a given rotor speed and temperature does not exceed that
recommended so that CsCl does not precipitate at the bottom of the tubes during the
centrifugation run. This information should be available in the manufacturer’s rotor
handbook.

After centrifugation, recover 20—40 fractions from the gradients by piercing a hole in the
bottom of the tubes and collecting fractions with a fraction collector equipped with a drop
counter. Analyze the fractions for density (by weighing a known volume) and absorbance
at 280 nm, as well as the appropriate carbohydrate and antibody reactivities.

Gel Chromatography

3.4.1. Sepharose CL-2B

1.

Elute columns (100 x 1.6 cm) packed according to the manufacturer’s specifications with
4 M guanidinium chloride buffer at a rate well below the maximum of 15 mL/(cm2.h~2).
Apply samples, the volume of which should be <5% of the column volume, that have
been dialyzed against the running buffer to the column through an injector.

Monitor the eluate on-line with an ultraviolet (UV) monitor and collect fractions using a
fraction collector and subject to the appropriate carbohydrate and antibody analyses.

3.4.2. Sephacryl S-500

1.

Elute columns (50 x 1.6 cm) packed according to the manufacturer’s specifications are
eluted with 4 M guanidinium chloride buffer at a flow well below the maximum rate of
40 mL/(cm~2-h"2). We run S-500HR columns on a system consisting of a 2150 LKB tita-
nium head pump and a Pharmacia V-7 injector (Pharmacia Biotech).
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2. Apply samples, the volume of which should be <5% of the column volume, that have
been dialyzed against the running buffer to the column through an injector.

3. Monitor the eluate on-line with a UV monitor and collect fractions using a fraction col-
lector and subject to the appropriate carbohydrate and antibody analyses.

3.5. lon-Exchange Chromatography (see Note 5)

1. Run Mono Q columns on a system comprising a 2150 LKB titanium head pump con-
nected to a 2152 LKB controller and a Pharmacia V-7 injector. All connections are made
using Teflon tubing.

2. Equilibrate the column with buffer A or C.

3. Dialyze sample exhaustively or dissolve sample in buffer A or C and apply the sample to
the column.

4. Run the column in a linear gradient up to 100% buffer B or D.

5. Monitor the eluate on-line with a UV monitor and collect fractions using a fraction col-
lector and subject to the appropriate carbohydrate and antibody analyses.

3.6. Analysis of Mucins

Methods for the detection and analysis of mucins are dealt with in other chapters in
this volume. However, three principally different methods are available: solution
assays such as colorimetric assays for hexose and sialic acid; membrane-based meth-
ods such as slot-blotting and staining with periodic acid-Schiff reagent; antibodies and
lectins or coating methods such as the glycan detection method and enzyme-linked
immunosorbent assays (ELISA). All these techniques have advantages and disadvan-
tages. Solution methods often crave larger amounts of material than the other two, but
selective loss of components is less of a problem. Membrane-based methods allow
relatively large volumes of “dilute” sample to be analyzed, thus increasing the sensi-
tivity, but components that do not adhere to the membrane may be lost and the linear
range of the technique may be limited. “Coating methods” such as ELISA are prone to
artefacts if samples are concentrated, and care must be taken to ensure that the signals
obtained are within the linear range for the technique.

4. Notes

1. The molarity of guanidinium chloride solution can be calculated from the density accord-
ing to the following formula:

M=( p-1.003)/0.02359

where M is the molarity and p is the density in grams per milliliter.

2. Inhibitors are added to the 6 M guanidinium chloride extraction buffer in order to block
the activity of the three major classes of proteolytic enzymes: metalloproteases, serine
proteases, and thiol proteases. The action of metalloproteases is inhibited by the addition
of EDTA to the buffer. This can be added during the initial preparation since it is stable at
room temperature. DFP is a potent inhibitor of serine proteases and esterases, including
acetylcholinesterase, and should therefore be handled in a fume cupboard with extreme
care! DFP is supplied in 1-g vials with a septum, and prior to dilution, vials should be
cooled on ice to reduce the vapor pressure. Under supervision, the septum should be pierced
with a needle to equilibrate the pressure, and the DFP should be transferred using a syringe
and needle. The contents of the vial should be placed directly into the correct volume of
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ice-cold dry propan-1-ol to give a 100 mM solution. DFP is unstable in water but can be
stored at —20°C in propan-1-ol. After dilution, the vial as well as the needles and syringes
used may be rinsed with 1 M NaOH to inactivate the DFP. Phenylmethylsulfonylfluoridate
(PMSF) can be used at a concentration of 0.1 mM in place of DFP. However, we find this
a less attractive option owing to its low solubility although it is possible to prepare first a
stock solution of PMSF in an organic solvent that is miscible with water. Thiol proteases
are inactivated through the addition of NEM. In addition, NEM will also block exchange
reactions between free thiol groups and disulfide bonds.

Samples in our laboratory are usually subjected to a two-stage isopycnic density gradient
procedure (see Note 4). First, samples are centrifuged in CsCl/4 M guanidinium chloride,
which gives a good separation of higher buoyant density mucins and nucleic acids from
low buoyant density proteins, glycoproteins, and lipids while maintaining a denaturing
environment. Thus, proteolytic enzymes can be separated from mucins before the con-
centration of guanidinium chloride is reduced. The second step of the purification is to
pool the partially separated mucins and nucleic acids and subject them to a second density
gradient step in CsCl/0.5 M guanidinium chloride. These conditions give a good group
separation between mucins and nucleic acids. The amount of cesium chloride needed to
give a required density in 4 or 0.5 M guanidinium chloride can be calculated according to
the following formula:

x=v (1.347p - 0.0318M — 1.347)

where x is CsCl (grams), v is the final volume, M is the molarity of the guanidinium
chloride (4 or 0.5M), and p is the density (grams per milliliter).

In our laboratory, CsCl rather than CsBr or CsSOy, is used as the density gradient—
forming salt since gradients are run in the presence of guanidinium chloride and the use
of CsBr or CsSO, in the presence of guanidinium chloride gives rise to mixed cesium
salts. Figure 1 shows a comparison of the separation obtained between mucins and
DNA using the two-step approach in CsCl/4 M guanidinium chloride followed by CsCl/
0.5 M guanidinium chloride with that given by CsBr or CsSO, in 10 mM sodium phos-
phate buffer. DNA was mixed with purified cervical mucins and gradients prepared
using each of the cesium salts. In CsC1l/4 M guanidinium chloride, there is poor resolu-
tion of mucins from DNA (Fig. 1A); however, a reduction in the concentration of
guanidinium chloride to 0.5 M leads to a baseline separation between mucins and DNA
in this salt (Fig. 1B). In CsSO,, mucins are also completely separated from DNA (Fig. 1C).
In CsBr, however, DNA and mucins have a similar buoyant density, and DNA trails
into the mucin peak (Fig. 1D). These data indicate that CsBr is not the salt of choice for
samples containing DNA.

Traditionally, we have used lithium perchlorate as the elution salt since it is compatible
with our colorimetric assays for carbohydrate based on sulfuric acid (e.g., the anthrone
procedure). Alternative salt/buffer systems may give at least as good, if not better, sepa-
ration depending on the nature of the mucins in question.

The optimum concentration of LiClO, in buffers B and D varies between 0.25 and 0.5 M
depending on the charge densities of the mucins to be separated, although typically we use a
concentration of 0.4 M. For buffers A and B, stock solutions of 8 M urea are freshly prepared
and run through a column containing a mixed anion/cation exchanger (e.g., Elgalite or
Amberlite resin). The buffer system A and B containing 6 M urea and 0.1% CHAPS gives
good separation between different populations of reduced mucin subunits, whereas for
the separation of proteolytic fragments, buffers C and D are used.
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Fig. 1. Density gradient centrifugation of cervical mucins and DNA. Purified cervical mu-
cins were mixed with DNA and subjected to density gradient centrifugation in (A) CsCl/4 M
guanidinium chloride; (B) CsCl1/0.5 M guanidinium chloride; (C) CsSO4/10 mM sodium phos-
phate buffer, pH 6.5; and (D) CsBr/10 mM sodium phosphate buffer, pH 6.5. After centrifuga-
tion in a Beckman L70 centrifuge (70.1Ti rotor, 40,000 rpm, 15°C, 65 h, starting density:
[A] 1.41 g/mL, [B] 1.52 g/mL, [C] 1.34 g/mL, and [D] 1.49 g/mL), fractions were collected
from the bottom of the tubes and analyzed for sialic acid (e), carbohydrate (glycan detection
method) (O0), MUCS5B antibody reactivity (#), absorbance at 280 nm (----), and density (H).
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The rotor type, speed and starting densities rather than the g-force are given for the runs.
In our experience, the rotor geometry (the tube angle within the rotor), starting density,
and the speed at which the run is conducted are the most important factors determining
the gradient formed and the conditions cannot necessarily be reproduced by using the
same g-force in another rotor.
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Histologically Based Methods for Detection of Mucin

Michael D. Walsh and Jeremy R. Jass

1. Introduction

Morphologically based studies on mucins allow structural characterization to be
linked to specific sites of synthesis and secretion. The histochemical approach to the
study of mucin is therefore highly informative. There is a correspondingly large body
of literature documenting the tissue distribution of mucins as demonstrated by mucin
histochemistry, lectin histochemistry, and immunohistochemistry (and various com-
binations of these methods). Two principal issues need to be considered in order to
maximize the potential value of morphologically based methodologies: (1) nature and
limitations of the individual techniques, and (2) interpretation and reporting of mucin
staining.

1.1. Nature and Limitations of Mucin-Staining Methods

Mucin histochemistry, lectin, and immunohistochemistry bring their own advan-
tages and disadvantages to the identification and characterization of epithelial mucin.
Remember that mucin can be well visualized with hematoxylin; Ehrlich’s hematoxy-
lin stains acid mucins (e.g., of salivary glands and intestinal goblet cells) deep blue.
The appearance is sufficiently characteristic to allow a mucin-secreting adenocarci-
noma to be diagnosed without the use of specific mucin stains.

Methods of tissue fixation influence mucin-staining. Formalin fixation is adequate
for most techniques using light microscopy, but fails to preserve the surface mucous
gel layer found throughout the gastrointestinal (GI) tract. Alcohol-based fixatives such
as Carnoy’s are required to demonstrate this structure (). The duration of fixation and
nature of fixative used play significant roles in determining optimal protocols for the
demonstration of glycoproteins including mucins. The exact mechanisms of fixation,
particularly aldehyde fixation, remain unclear, although it appears that formalin, e.g.,
blocks protein amido groups and forms methylene bridges between amino acids, which
disturb the natural tertiary structure of proteins, rendering epitopes less amenable to
antibody binding to varying degrees (2). Since the initial description by Shi et al.
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(3) of a technique for microwave treatment of sections to restore antigenicity, a num-
ber of “antigen retrieval” or “antigen unmasking” techniques relying on heat to “unfix”
tissues have been rapidly incorporated into the routine histochemical repertoire. Pre-
viously efforts to reverse fixation alterations in tissue hinged on the use of proteolytic
digestion of sections with enzymes such as trypsin and pepsin. In all cases, the success
or failure of these techniques must be determined empirically. Subheading 3.4. and
3.5. discuss a by-no-means exhaustive selection of these techniques.

1.1.1. Mucin Histochemistry

The first specific stain to be used for the demonstration of mucin was mucicarmine
(4), but this stain has now been largely supplanted by methods based on more strictly
histochemical approaches that utilize a specific chemical reaction (organic, enzymic,
or immunological) in which staining intensity correlates directly with the amount of
substrate. Periodic acid-Schiff (PAS) is the quintessential mucin histochemical tech-
nique (5), with much of current practice bound up with the PAS reaction. Periodic acid
breaks the C—C bond in 1:2 glycols of monosaccharides, converting the glycol groups
into dialdehydes that are not oxidized further but localized with Schiff’s reagent. The
intensity of the magenta color reaction is directly proportional to the number of reac-
tive glycol structures.

Several modifications of the PAS stain have been described. These relate to the
variable structure of sialic acid and specifically to the presence of O-acetyl groups at
C, and/or the C,_q side chain. O-Acetylation means that the 1:2 glycol groups are no
longer available for conversion to dialdehydes. For example, colonic sialic acid is
heavily O-acetylated and relatively PAS nonreactive. O-Acetyl groups can be removed
by a saponification step. If preexisting dialdehyde reactivity is first blocked (using
borohydride), the sequence periodate borohydride/KOH/PAS will demonstrate
O-acetyl sialic acid (6). This technique was developed further in the form of periodic
acid/thionin Schiff/ KOH/PAS (PAT/KOH/PAS) (6) to allow simultaneous demonstra-
tion of both O-acetyl (magenta) and non-O-acetyl (blue) sialic acid. The interposition
of phenylhydrazine (P) (to block neutral sugar reactivity) and borohydride (Bh) (to
improve specificity) represented a subsequent improvement (7). These PAS modifica-
tions are complex and have not been incorporated into routine diagnostic practice.
They are important, nonetheless, because they provide the only reliable means of dif-
ferentiating sialic acid variants. A simple modification using mild periodic acid at 4°C
(mild PAS) has proved particularly useful for the specific identification of non-O-
acetyl sialic acid (8).

Acid mucins may be demonstrated by means of cationic dyes (electrostatic bind-
ing). Alcian blue (AB) was the first of a family of alcian dyes to be introduced by the
ICI chemist Haddock (see ref. 9). Used initially as a mucin stain by Steedman (10), the
dye binds to the carboxyl group of sialic acid or sugars with sulfate substitution. The
more highly acidic sulfated mucins can be demonstrated selectively by lowering the
pH, as first shown by Mowry (11). AB is often used in combination with PAS. Neutral
mucins stain magenta whereas acid mucins stain blue. Many acid mucins are PAS as
well as AB reactive and therefore give a deep purple with the AB/PAS sequence.
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Sulfate can be stained and differentiated from carboxy groups by aldehyde fuchsin or
high-iron diamine (HID), either alone or in combination with AB: aldehyde fuchsin/
AB (12) and HID/AB (13). The HID/AB technique has been used extensively to dis-
tinguish “sialomucin” (blue) from “sulfomucin” (brown). However, since HID and
AB are in ionic competition, a brown reaction does not indicate the absence of sialic
acid nor does a blue reaction indicate the absence of sulfate. Nevertheless, a change
from brown to blue (in colorectal cancer mucin as compared to normal goblet cell
mucin) will indicate a generalized alteration of the ratio of sialic acid:sulfate in favor
of sialic acid. Despite the requirement for care in the interpretation in results, the car-
cinogenicity of diamine compounds, and a certain fickleness in the technique itself
(14), the HID/AB technique remains the best method for staining acid mucins.

The structural information that can be obtained from classical mucin histochemistry
is, of course, limited. Sialic acid features as a peripheral sugar in virtually all acid mucins,
and the strength of mucin histochemistry lies in its ability to demonstrate sialic acid and
its O-acetylated variants. Conversely, we learn nothing of the actual composition of the
oligosaccharide chains or the nature of the sugars substituted with sulfate. For this infor-
mation, we must turn to lectin histochemistry and immunohistochemistry.

1.1.2. Lectin Histochemistry

Lectins are a diverse group of proteins or glycoproteins found primarily in plant
seeds, but also in the fleshy parts of some plants and various invertebrates. They bind
to sugars comprising the oligosaccharide chains of glycoproteins and glycolipids along
cell membranes as well as those of secretory glycoproteins (mucins). They have been
used as hemagglutinins and for stimulating lymphocyte transformation and prolifera-
tion. Some lectins, such as Ricinus communis agglutinin, are highly toxic. Using either
direct or indirect visualization techniques (15), lectins have been utilized extensively
in the study of specific sugars in glycoproteins and glycolipids. Lectins are not only
relatively specific, but may react only when sugars are expressed within particular
structural configurations. For example, Ulex europaeus agglutinin (UEA-1) binds to
a-fucose when presented as blood group substance H type 2 or LewisY but not H type 1
or Lewis (16). Similarly, Sambucus nigra lectin binds to sialic acid in 02,6 linkage
(e.g., as STn) but not in 02,3 linkage (17). Trichosanthes japanonica lectin is even
more specific, binding to sialic acid in 02,3 linkage to type 2 backbone structures (18).

Despite the previously discussed examples, lectins are not necessarily as specific in
their binding affinities as is suggested in commercial data sheets or the literature. For
example, peanut agglutinin (PNA) binds not only to T-antigen (B-d-Gall-3GalNAc),
but also to structures found within the backbone of oligosaccharides (B-d-Gall-3/
4GlcNAc) (19). Demonstration of PNA binding is not necessarily evidence of T-anti-
gen expression.

Lectins will bind only to peripherally situated sugars within oligosaccharide chains,
the most common are sialic acid, fucose, and N-acetylgalactosamine (GalNAc). Since
sialic acid may be attached to galactose or GalNAc, lectin binding to these sugars may
be demonstrated by removing sialic acid. This has been achieved for galactose using
PNA and for GalNAc using Dolichos biflorus agglutinin (DBA) within normal and
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diseased colon (20,21). Strikingly different patterns are observed depending on
whether sialic acid has been removed or not. However, note that removal of sialic acid
is affected by the presence of O-acetyl sialic acid. Colonic sialic acid is heavily
O-acetylated and therefore resistant to neuraminidase digestion. In various pathologi-
cal conditions of the colon, O-acetyl groups are lost and sialic acid becomes sensitive
to neuraminidase. Therefore, the lectin-binding pattern with PNA and DBA is influ-
enced by the specific structural characteristics of substituted sialic acid, which, in turn,
is influenced by disease states (20,21).

1.1.3. Immunohistochemistry

Whereas mucin histochemical reagents bind to parts of sugars and lectins bind to
whole sugars, antibodies recognize specific sequences of sugars forming blood group
substances or still larger molecular arrangements. The structure may be exclusively
carbohydrate, a combination of carbohydrate and apomucin (MUC gene product), or
exclusively apomucin when antibodies have been raised against synthetic MUC pep-
tide sequences (22). Carbohydrate structures may include sialic acid or substituted
sulfate (23). The antibody is generally highly specific, but sensitivity for individual
components may be low. For example, antibodies generated against STn, SLe*, or
SLe? only identify sialic acid within the relevant structural conformation. Further-
more, even the correct conformation may not be recognized when the structure of
sialic acid is subtly modified by the presence of O-acetyl substituents (24,25). There-
fore, the high specificity of monoclonal antibodies (MAbs), although advantageous,
may lead to errors in interpretation. As in the case of lectin histochemistry, MAb reac-
tivity may be modified by the removal of sialic acid (20) and neutral sugars (26). The
main advantage of MAbs is in their application to the study of specific blood group
substances, core structures, and apomucins, bearing in mind that reactivity may be influ-
enced by relatively small chemical changes or modification in carbohydrate linkages.

Immunohistochemistry is prone to many technical errors. Factors influencing stain-
ing patterns and their intensity include the duration and type of fixation, section thick-
ness, the use of various antigen retrieval procedures such as trypsin digestion or heat
retrieval, as well as the antibody concentrations. (Note that stored paraffin sections
may lose their antigenicity.) These variables should be standardized as much as pos-
sible, and negative and positive controls should be incorporated into immunohis-
tochemical staining runs. Many of these caveats apply also to both mucin and lectin
histochemistry.

1.2. Interpretation and Reporting of Mucin Staining

The interpretation of mucin staining will be incomplete or even misleading if the
results are not integrated with microscopic anatomy in sufficient detail or fail to heed
variation that may be owing to differences between anatomical regions or genetic
factors.

1. Relationship of the distribution of mucin should be linked to specific cell lineages
a. Columnar cells elaborating trace amounts of mucin, e.g., “absorptive” cells of the
GI tract.
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b. Columnar cells elaborating mucin in intermediate amounts, e.g., the duct epithelium
lining the pancreatico-biliary system and the anal glands.

c. Columnar cells elaborating abundant mucin, e.g., gastric foveolar epithelium and
endocervical epithelium.

d. Classical goblet cells, e.g., within intestinal and bronchial epithelium.

e. Cuboidal cells lining glands, e.g., bronchial, salivary, submucosal esophageal, pyloric,
Brunner’s, and mucous neck cells of the stomach.
2. Correlation of normal and malignant lineages: Do malignant mucous-secreting cells have
normal counterparts and are these found within the tissue of origin or a different tissue
(metaplasia)?
3. Precise localization of mucin within cellular and extracellular compartments
Golgi apparatus.
Cytoplasm.
Apical theca (columnar cells).
Goblet cell theca.
Glycocalyx.
Lumina.
Intracytoplasmic lumina.
. Interstitial tissues.
4. Regional variation
a. Blood group substances (A, B, H, Le®) and terminal fucose are not expressed by gob-
let cells in the adult distal colon and rectum (27).

b. Goblet cells of the proximal colon show more DBA lectin binding than those of the
distal colon (28).

c. There is variation among regions of the GI tract.

5. Cellular maturation

a. The immature cells of the crypt base epithelium in large intestine express small
amounts of apical or glycocalyceal mucin: MUC1 carrying a variety of carbohydrate
epitopes (Le*, Le¥, T-antigen). MUC1 disappears from cells that have entered the
mid-crypt compartment (29).

b. Goblet cells of the lower half of small and large intestinal mucosa express more STn
than superficial goblet cells (24).

c. Goblet cells of the upper crypt and surface epithelium of large intestine show more
DBA binding than those of the lower crypt (28).

d. Columnar and goblet cells of the lower crypt epithelium of large intestine express
MUC4 whereas MUC3 is more evident in superficial columnar cells.

6. Hereditary and racial factors

a. Expression of A, B, and H blood group structures (27).

b. Blood group secretor status (27).

c. O-acetyl transferase status influencing the structure of colorectal sialic acid (30,31).

R I

Once a particular anatomical site has been selected for study, it is desirable that the
results be presented in a standardized manner. The size of the area to be assessed may
be predetermined, but this is more likely to be important for deriving proliferative
indices, e.g., rather than interpreting mucin stains. It is necessary to grade random
fields, yet, at the same time, the selection of particular fields must be valid. For exam-
ple, the invasive margin of a tumor may be more informative than an in situ compo-
nent or areas of tumor necrosis.
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Assessment may be based on the fraction of positive cells, the intensity of staining
(0, +, ++, +++), or a combination of both (21). In general, the fraction of positive cells
is likely to be more informative, whereas both factors are critical, e.g., in the assess-
ment of estrogen receptors. Nevertheless, tumor heterogeneity may be problematic,
and particular approaches may be required to distinguish focal but intense staining and
diffuse but weak staining. Grading of staining intensity is notoriously unreliable in the
intermediate range (32). Image analysis is laborious and expensive. Furthermore,
immunostaining is only stoichiometric (giving a linear relationship between amount
of color absorption and amount of antigen) with low staining intensities that would not
be used routinely (33).

Cutoff points may be determined by comparison with existing biochemical find-
ings or by pragmatic clinical correlations. The latter could include survival, tumor
recurrence, or response to therapy. The cutoff points will be valid if generated by one
observer and verified on additional data sets and by other observers.

By combining the various technical approaches to the demonstration of mucins in
tissues and heeding the previously enumerated caveats, it is possible to construct mean-
ingful insights into the structure of mucin and the significance of changes that occur in
various disease processes.

2. Materials

1. Mayer’s Hematoxylin (see Note 1): Dissolve 1 g of hematoxylin (BDH, Poole, UK) in
1000 mL of distilled water using heat. Add 50 g of aluminium potassium sulfate
(AIK[SOy4],-12H,0) and dissolve using heat. Then add 0.2 g of sodium iodate (NalO3-H,0)
followed by 1 g of citric acid and then 50 g of chloral hydrate (CCl;-CH[OH],). Cool and
filter before use.

2. Silanized (adhesive) slides: Clean slides using 2% Deconex detergent and then rinse in

distilled water. Rinse in acetone for 2—5 min and treat with 2% 3-aminopropyl-

triethoxysilane (Sigma, St. Louis, MO) in acetone for 5-15 min. Rinse in two changes of
acetone and then one change of distilled water for 2—5 min each. Dry slides overnight and

store in dustproof container (see Notes 2 and 3).

Phosphate-buffered saline (PBS): 0.1 M phosphate buffer with 0.15 M NaCl, pH 7.2-7.4.

Tris-buffered saline (TBS): 0.1 M Tris-HCl, 0.15 M NaCl, pH 7.2-7.4.

5. Histochemical solution—Schiff reagent (Barger and DeLamater) (34): Dissolve 1 g of
basic fuchsin (BDH) in 400 mL of distilled water using gentle heat if necessary. Add 1
mL of thionyl chloride (SOCI,), stopper the flask, and allow to stand for 12 h. Add 2 g of
activated charcoal, shake, and filter. Store in a stoppered, dark bottle at 4°C. (see Notes 4
and 5).

6. Freshly filtered 1% Alcian Blue 8GX (BDH) in 3% acetic acid (pH 2.5) and 1% Alcian
Blue 8GX in 0.1 N HCI (pH 1.0).

7. HID: Dissolve 120 mg of N,N-dimethyl-m-phenylenediamine dihydrochloride (Sigma) and
20 mg of N,N-dimethyl-p-phenylenediamine dihydrochloride (Sigma) in 50 mL distilled
water. Then add 1.4 mL 40% ferric chloride. The solution pH should be between 1.5-1.6.

8. 0.1% Porcine trypsin (Sigma) in PBS with 0.1% CaCl,

9. 0.05% 3,3'-diaminobenzidine tetrahydrochloride (Sigma) with 0.0001% H,O, in TBS,
pH 7.6.

w
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10.

11.

Antigen retrieval solutions: 0.001-0.01 M citric acid, pH 6.0 (pH 2.5-6.0), 0.5 M Tris-
HCI, pH 9.5-10.0 £ 3-6 M urea, 0.001 M EDTA, pH 8.0, commercial antigen retrieval
solutions such as Antigen Retrieval Glyca Microwave Solution (BioGenex, San Ramon,
CA) or Target Retrieval Solution (Dako, Carpinteria, CA).

Deglycosylation reagents: 0.1 U/mL of Clostridium perfringens neuraminidase type VI
(Sigma) in 0.1 M sodium acetate buffer, pH 5.5, 0.6 mU of O-glycanase (Genzyme, Cam-
bridge, MA) in 100 mL of 0.1 M citrate/phosphate buffer, pH 6.0 containing 100 mg/mL
bovine serum albumin (BSA) and 0.02% NaNj.

3. Methods

3.1. Mucin Histochemistry (see Notes 6-8)

3.1.1. PAS Reaction (see Note 9)

1.

A U

Dewax 3- to 5-um paraffin sections in xylene and rehydrate through descending graded
alcohols to distilled water.

Oxidize for 5-15 min in 1% periodic acid.

Wash in running tap water for 5 min and then rinse in distilled water.

Treat sections with Schiff’s reagent for 10-30 min.

Wash for 10 min in running tap water.

Counterstain with Mayer’s hematoxylin for 2 to 3 min.

Wash in running tap water for 5-10 min. Then dehydrate sections through graded alco-
hols, clear in xylene, and mount with DePeX (BDH) or similar.

Results: Aldehyde groups formed by oxidation of 1,2-glycol groups are stained deep
magenta.

3.1.2. AB Techniques

1.

2.
3.

Dewax 3- to 5-um paraffin sections in xylene and rehydrate through descending graded
alcohols to distilled water.

Stain in AB 8GX solution, pH 2.5 or 1.0 for 30 min.

For sections stained in AB pH 2.5, wash thoroughly in water; for sections stained in AB
pH 1.0, rinse briefly in 0.1 N HCI and then blot dry on fine-grade filter paper (blotting is
not necessary for AB pH 2.5 sections).

Dehydrate sections through graded alcohols, clear in xylene, and mount with DePeX or
similar.

Results: AB is a water-soluble copper thalocyanin that binds to acidic groups by an
unknown mechanism. Predominantly sulfated mucins will stain blue at pH 1.0, whereas
at pH 2.5, acidic mucins will also be stained.

3.1.3. Spicer’s (HID) Technique (13)

1.

(98]

Dewax 3- to 5-um paraffin sections in xylene and rehydrate through descending graded
alcohols to distilled water.

Stain sections for 24 h in freshly prepared diamine solution.

Rinse rapidly in distilled water.

Dehydrate sections rapidly through graded alcohols, clear in xylene, and mount with
DePeX or similar.

Results: Sulfomucins are stained grey-purple-black whereas nonsulfated mucins remain
unstained.
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3.1.4. Methylation (35) (see Note 10)

1.

2.
3.
4.

Dewax 3- to 5-um paraffin sections in xylene and rehydrate through descending graded
alcohols to distilled water.

Treat sections in preheated 1% HCI in methanol at 60°C for 4 h.

Rinse in alcohol.

Stain using appropriate histochemical technique.

3.1.5. Saponification (35) (see Note 10)

1.

bl ol

Dewax 3- to 5-um paraffin sections on adhesive slides in xylene and rehydrate through
descending graded alcohols to distilled water.

Treat sections with 0.5% KOH in 70% ethanol for 30 min.

Rinse carefully in 70% ethanol.

Wash in slowly running tap water for 10 min.

Stain using appropriate histochemical technique.

3.2. Lectin Histochemistry (see Notes 11-13)

3.2.1. Indirect Peroxidase Technique
for Ulex europaeus Agglutinin | (UEA-I)

1.

ok wN

N o

10.
11.
12.
13.

Affix 3- to 5-um sections to adhesive slides and dry overnight at 37°C.

Dewax sections and rehydrate through descending graded alcohols to PBS.

Incubate the sections in 0.1% trypsin in PBS with 0.1% CacCl, at 37°C for 20 min.
Transfer back to PBS and wash thoroughly in three changes for 5 min.

Quench endogenous peroxidase activity by incubating the sections in 1% H,0, and 0.1%
NaNj; in PBS for 10 min.

Wash sections in three changes of PBS for 5 min each.

Transfer the sections to a humidified chamber and incubate with the lectin, UEA-I (Vec-
tor, Burlingame, CA), diluted 1:50 to 1:100 in PBS for 30 min.

Wash sections in three changes of PBS for 5 min each.

Incubate sections in peroxidase-conjugated rabbit anti-UEA PAb (Dako) diluted 1:100
in PBS.

Wash sections in three changes of PBS for 5 min each.

Develop color with 3,3'-diaminobenzidine (DAB) with H,O, for 3—5 min (see Note 14).
Wash sections in gently running tap water for 5—10 min to remove excess chromogen.
Lightly counterstain sections in Mayer’s hematoxylin. Then dehydrate through ascending
graded alcohols, clear in xylene, and mount using DePeX or similar.

3.2.2. Inhibition Studies

to

1.

3.

Confirm Lectin Specificity (37) (see Notes 15 and 16)

Dilute the appropriate competing (inhibiting) sugar in PBS to a concentration in the range
of 0.2-0.6 mM.

Add lectin to a final concentration one-fifth that of the inhibiting sugar and incubate for
30 min to 2 h.

Proceed with histochemistry protocol as usual.

3.2.3. Enzymatic Deglycosylation to Confirm Lectin Specificity

See Subheadings 3.6.1.-3.6.4.
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3.3. Mucin Imnmunohistochemistry (see Notes 17-19):
Standard ABC Immunoperoxidase Technique for Paraffin Sections

Nk wN =

®

11.
12.

13.
14.
15.
16.
17.

Affix 3- to 4-um paraffin sections to adhesive slides and dry overnight at 37°C.

Dewax in xylene and rehydrate to water through descending graded alcohols.

Transfer to PBS, pH 7.4, and wash in three changes for 5 min each.

Block endogenous peroxidase activity using 1.0% H,0, and 0.1% NaNj; in PBS for 10 min.
Wash in three changes of PBS for 5 min each.

Incubate sections in 4% commercial skim milk powder in PBS for 15 min (see Note 20).
Wash briefly in PBS to remove excess milk solution. Then place sections flat in a humidi-
fied chamber and apply 10% normal (nonimmune) goat serum (Zymed, San Francisco,
CA) for 20 min.

Decant excess serum and then apply primary antibody in PBS or TBS (see Note 21).
Wash in three changes of PBS for 5 min each.

. Incubate with biotinylated goat antimouse or rabbit immunoglobulins (Jackson Immu-

noResearch, West Grove, PA) diluted 1:300-1:500 for 30 min.

Wash in three changes of PBS for 5 min each.

Incubate sections with streptavidin-horseradish peroxidase (HRP) conjugate (Jackson)
diluted 1:250-1:400 for 30 min.

Wash in three changes of PBS for 5 min each.

Develop color in DAB solution with H,O, for 3-5 min.

Wash well in gently running tap water to remove excess chromogen.

Lightly counterstain in Mayer’s hematoxylin.

Dehydrate through ascending graded alcohols, clear in xylene, and then mount with
DePeX or similar.

3.4. Antigen Retrieval Techniques:
Microwave Heat Retrieval (see Notes 22 and 23)

Antigen retrieval or unmasking steps are typically inserted into immunohistochem-
istry protocols following tissue rehydration and prior to the commencement of the
staining protocol.

1.

Place sections in a rack in a covered, heat proof vessel with antigen retrieval solution.

2. Place in microwave oven and set power on “high” and heat the solution so that it boils for

3.
4.

5.

5 min.

Transfer sections to fresh antigen retrieval solution and repeat process.

Remove from microwave oven and permit sections to cool in antigen retrieval (AR) solu-
tion for approx 20-30 min.

Transfer to PBS or TBS and proceed with immunohistochemical protocol.

3.5. Proteolytic Digestion Techniques

Similar to heat antigen retrieval, proteolytic digestion to improve tissue antigenic-
ity is routinely performed following tissue rehydration but prior to the commencement
of the staining routine.

1.
2.

Transfer to distilled water and wash in three changes for 2 min each.
Incubate sections in 0.4% pepsin (Sigma) in 0.1 N HCI at 37°C for 90 min or 0.1% pro-
nase E (Sigma) in PBS or 0.1% trypsin (Sigma) in PBS, pH 7.4, with 0.1% CaCl, at 37°C
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for 10-30 min. Sections to be digested with pepsin should be rinsed in 0.1 N HCI prior to
incubation in the enzyme solution.
3. Wash in three changes of PBS for 5 min each.

3.6. Deglycosylation Techniques (see Note 24)
3.6.1. Alkaline Hydrolysis

Ono et al. (38) described a -elimination protocol that uses prolonged incubation of
sections in an alkaline alcohol solution to strip sugars.

—

Dewax sections and rehydrate through graded alcohols.

Coat sections with collodion (Acros Organics, Geel, Belgium) in ether alcohol for 2 min
(see Note 25).

Air-dry for 1 min and then immerse section in 70% ethanol for 3 min.

Incubate sections in alkaline ethanol solution for 3-7 d at 4°C.

Rinse in three changes of 70% ethanol.

Repeat steps 2-5.

Rinse in distilled water.

Proceed with histochemical protocol of choice.

3.6.2. Periodic Acid Deglycosylation (39,40)

1. Dewax sections and rehydrate through descending graded alcohols to PBS.

2. Incubate sections in 1-100 mM periodic acid in 0.05 M acetate buffer, pH 5.0, for 30 min
at room temperature.

Neutralize acidic reactive groups by incubating in 1% glycine in distilled water for 30 min.
Wash thoroughly in PBS.

5. Proceed with histochemical or immunohistochemical protocol.

N
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3.6.3. Neuraminidase Deglycosylation (41,42) (see Note 26)

Dewax sections and rehydrate to PBS.

Incubate sections with neuraminidase solution for 2 h at 37°C.
Rinse in three changes of ice-cold distilled water.

Transfer sections back to PBS.

Proceed with immunohistochemical protocol.

MRS

3.6.4 O-Glycanase Deglycosylation (43)

1. Dewax sections and rehydrate to PBS.
2. Incubate sections in O-glycanase solution for 18 h at 37°C.
3. Wash well in PBS and then proceed with (immuno)histochemical protocol.

4. Notes

1. This may also be purchased from many laboratory chemical suppliers premade.

2. Detachment of sections from slides during processing of histochemical procedures is a com-
mon complaint, particularly when the sections are subjected to heat antigen retrieval (Sub-
heading 3.4.), proteolytic digestion (Subheading 3.5.), or deglycosylation (Subheading
3.6.). This problem may be largely resolved by using charged or coated slides. In our expe-
rience, the best choice of slide treatment is silanization. Another alternative, although infe-
rior to silanization, is precoating slides with 0.1% poly-L-lysine or 1% gelatin.
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Alternatively, prepared adhesive slides such as Superfrost Plus®/(Menzel-Gliser,
Braunschweig, Germany) may be purchased.

There are many other methods for preparation of Schiff reagent apart from the Barger and
DeLamater’s technique. All rely on the principle of decolorizing basic fuchsin or similar
dyes by removal of the dye’s quinoid structure using sulfurous acid. In the presence of
aldehydes, the quinoid structure, and hence dye color, is restored.

Thionyl chloride is noxious and should be handled only in a fume hood.

Many if not most (immuno)histochemical studies of mucins utilize tissues that have been
fixed in neutral buffered formaldehyde and then embedded in paraffin. The reasons are
largely the accessibility of archival material from pathology departments, superior mor-
phological tissue preservation over frozen sections, and the ease of handling of paraffin
sections over frozen sections. Note, however, that exposure to the solvents and high tem-
peratures required for paraffin embedding may alter epitopes sufficiently to render them
suboptimally detectable. Frozen sections have the advantage of being less chemically
altered than processed tissue. It is frequently desirable to compare histochemical reactiv-
ity with mucin probes, whether histochemical, lectin, or immunohistochemical in nature,
in frozen sections with that achieved using paraffin-embedded tissue to ensure that com-
parable detection in the latter is being achieved.

Fixatives are used to inhibit autolytic changes in tissues following removal of tissues or
cells, and may be broadly classified as either crosslinking (e.g., aldehydes) or coagulating
or precipitating (e.g., alcohol). The most common fixatives are formaldehyde based
(e.g., neutral buffered formaldehyde), and there are many lectins and antibodies that will
successfully react with formaldehyde-fixed tissues. It has been demonstrated, however,
that some mucin antibodies react best with tissues fixed in solutions other than formalin,
e.g., methacarn (methanol:chloroform:acetone, 60:30:10) (44).

It is beyond the scope of the current work to discuss the full range of histochemical tech-
niques that have been described for demonstrating carbohydrate groups commonly asso-
ciated with mucins. Histotechnology reference texts such as Culling’s Handbook of
Histopathological and Histochemical Techniques (including museum techniques) (36) or
Kiernan’s Histological and Histochemical Methods: Theory and Practice (45) provide
comprehensive sections on useful histochemical stains. We intend here to present only a
limited selection of techniques by way of example. Remember that, in many instances,
the mechanism(s) underlying some techniques remain unclear, and hence results must be
interpreted with caution.

. Although many histopathology laboratories prefer to make their own Schiff reagent,

premade reagent may be purchased from many commercial suppliers.

. Methylation converts carboxyl groups to methyl esters as well as desulfating glycopro-

teins. Saponification may reverse the methyl esters formed by methylation, as well as
increase the PAS reactivity of some GI tract mucins.

A number of protocols are available for quenching endogenous peroxidase activity in
tissues, most relying on incubation with H,O, in methanol or PBS. We routinely use H,O,
with NaN; because this has been demonstrated to have superior quenching capability (46)
without incurring the cost or inconvenience of using glucose oxidase/glucose to generate
nascent H,O,. The use of phenylhydrazine appears to have fallen out of favor.

For laboratories using alkaline phosphatase-labeled antibodies, the inhibitor of endo-
genous enzymatic activity is 1 mM levamisole (47). One should be aware that certain
alkaline phosphatases (AlkPhos) particularly those of GI origin, are poorly inhibited by
levamisole.
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Endothelial cells within the section act as an in-built positive control for UEA-I histochem-
istry. It is important to consider the requirements for negative and positive controls in
histochemistry because there are a number of pitfalls that may produce deceptively prom-
ising yet totally spurious results. As a negative control, the simplest option is to stain a
serial section, omitting the primary lectin or antibody, with all other steps in the protocol
identical to the test sample. For immunohistochemistry, an even better approach is substi-
tution of another antibody of the same donor species (preferably the same isotype as the
test antibody) that is nonreactive with the tissues being examined. For example, we use an
antibody directed against o-gliadin found in wheat gluten (48) as a control antibody for
murine IgG1 MAbs. Equally important is the question of positive controls; ideally the
tissues under examination will have an in-built control as with the UEA-I reactivity in
endothelial cells of blood vessels. Whereas at least some positive structures are not guar-
anteed in every section, sections from positive tissue that been fixed and processed in the
same manner as the test samples should be included with each staining run.
The chromogen of choice for most immunohistochemistry remains DAB, owing to its
fine localization in sections, resistance to solvents, thus permitting permanent mounting,
and its relative stability. There are, however, several other alternatives, such as 3-amino-
9-ethylcarbazole (AEC), for use with horseradish peroxidase (HRP); 5-bromo-4-chloro-
3-indolyl phosphate/nitro blue tetrazolium (BCIP/NBT); Vector Red (Vector); Fast Red,
New Fuschin, and Fast Red (BioGenex) with alkaline phosphatase; and NBT for glucose
oxidase. Care should be exercised when choosing the chromogen since only some of
these, e.g., New Fuchsin, Vector Red, and BCIP/NBT, are solvent resistant, thus permit-
ting permanent mounting. Other chromogens such as AEC must be either mounted using
an aqueous mounting medium or “permanentized” using Ultramount (Dako) prior to per-
manent mounting.
Comprehensive discussions of lectins and their inhibiting hapten sugars may be found in
refs. 49 and 50, as well as from suppliers such as Vector.
Vector has an excellent range of lectins suitable for histochemical applications, whereas
Sigma has a range of inhibiting sugars and also some lectins.
The degree of sensitivity of immunohistochemistry (amount of specific signal) is largely
governed by the final number of enzymes (HRP or AlkPhos) deposited/bound to tissue
antigen. Ranked from least to most sensitive, the options are direct immunohistochemis-
try, indirect immunohistochemistry, biotin-streptavidin systems (the ABC techniques),
and catabolyzed signal amplification using biotinyl tyramide.
The presence of biotin and other molecules capable of binding (strept)avidin may elicit
apparent positive activity in epithelial tissues when using an ABC-type staining protocol.
Generally, the process of paraffin embedding destroys or masks this activity so that it
poses little or no problem in immunohistochemistry. In cell preparations and frozen sec-
tions, this activity may, however, pose a significant problem. It is easily remedied by
preincubation of sections or cell cultures/cytospins with 0.1% avidin in 0.05 M Tris-HCI
followed by 1% D-biotin in 0.05 M Tris-HCI for 10 min each with thorough washing in
PBS following each incubation.
Several approaches singly or in combination may assist with reduction of superfluous
noise to signal (“background”) in immunohistochemical preparations:
a. Reducing the concentrations of antibodies.
b. Adding a detergent such as Tween-20 (0.05-0.5%) or Triton X-100 (0.1-1%) to the
wash buffers.
c. Increasing the osmolarity of the buffers used for antibody dilution and washing.
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d. Decreasing the concentration of the primary antibody and incubating for longer peri-
ods, e.g., overnight at 4°C instead of shorter incubations at room temperature.

e. Adding protein to the diluent buffer for the primary antibody in the form of 2-5%
BSA or up to 15% nonimmune serum from the donor species of the secondary anti-
body in the buffer.

In many laboratories nonspecific antibody binding during immunohistochemistry is inhib-
ited by preincubating sections with milk powder (casein) or nonimmune serum. In
instances in which background staining is a problem, it may be beneficial to use the two
techniques in tandem, as shown.
The length of incubation (from 20-30 min to overnight), the temperature at which the
incubation is performed (4°C, room temperature, or 37°C), and the concentration of anti-
body used (typically primary antibody concentrations for immunohistochemistry are in
the range of 0.5-10 pg/mL) must all be determined empirically.
In recent years, heat-based antigen retrieval, first described by Shi et al. (3), has been applied
to achieve reactivity in paraffin-embedded tissues, with, in some instances, astounding suc-
cess. The mechanism by which heat retrieval works remains unclear, but appears to remove
crosslinkages between proteins induced by aldehyde. The choice of antigen retrieval solu-
tion as well as the duration of exposure of the tissue sections to heating are largely deter-
mined by epitope of interest, and should be determined empirically, although 0.01 M citric
acid, pH 6.0, is the most widely used AR solution. As an alternative to using a microwave
oven, antigen retrieval may also be performed in a wet autoclave or pressure cooker (51,52).
One should be aware that heat-based antigen retrieval may restore or induce endogenous
biotin or biotin-like activity in tissues, which may produce spurious results if using a
biotin-streptavidin detection system. The most commonly affected tissues for observing
this artifact are kidney and liver, although, to a lesser extent, strenuous antigen retrieval
may also produce this effect in colorectal tissues and thyroid. Any antigen retrieval should
be checked by staining with streptavidin/HRP alone to determine whether there is biotin
or biotin-like activity in the tissues that should be suppressed prior to the commencement
of the immunohistochemistry routine.
Deglycosylation of mucin glycoproteins is a useful tool in many immunohistochemical
protocols serving to expose peptide epitopes for antibody binding. The immunoreactivity
of certain MUCI antibodies, such as SM-3 and MUSE-11 and the MUCS5AC antibody
M1, is significantly enhanced following deglycosylation of sections prior to immu-
nostaining. (53,54). Both fucose and sialic acid have been shown to inhibit the binding of
antibodies to MUC1 core peptide epitopes (40,55).
We have found that sections will stay attached to silanized (adhesive) slides during shorter
periods of hydrolysis (up to 3 d), obviating the need for using collodion.
Desialation of mucins also permits confirmation of the sialylated nature of carbohydrate
structures such as sialosyl Tn and sialyl LeX, as well as confirmation of carbohydrate
binding by using a range of techniques, with the absence of staining in degylcosylated
sections implying carbohydrate target structures. Like antigen retrieval and enzymatic
digestion, these steps are usually incorporated prior to commencement of the histochem-
istry protocol proper.
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Detection and Quantitation of Mucins
Using Chemical, Lectin, and Antibody Methods

Michael A. McGuckin and David J. Thornton

1. Introduction

Detection and quantitation of mucins can be important in both the research and
clinical settings. Applications may range from detection of potentially novel mucins
present during purification from mucus, to quantitation of specific mucin core pro-
teins or carbohydrate moieties present in clinical samples. This chapter discusses pro-
cedures and limitations of several different strategies available to detect and quantify
these glycoproteins from biological samples, with a view to providing guidelines from
which to select the best applicable techniques. Example protocols are then provided to
give a starting point for development of a technique. Refer to Chapter 3 for detection
of mucins in histological preparations (1); note, however, that many of the principles
for selection of detection tools discussed herein are applicable to histological detection.

Because of the extreme size and extent of glycosylation of mucins, coupled with
the fact that many secreted mucins are capable of forming gels, these glycoproteins
can be quite difficult to work with biochemically. It is therefore extremely important
before attempting to detect mucins that the researcher has a good understanding of the
behavior of these molecules in solution, particularly with regard to their potential lack
of solubility in standard physiological buffers. Because of these properties, standard
preparative methods for secreted mucins involve extraction in chaotropic agents (usu-
ally 6 M guanidinium chloride) and purification in CsCl density gradients in either the
presence or absence of 4 M guanidinium chloride. Therefore, methods often have to be
applicable to assay in the presence of high concentrations of these agents. Failure to
adhere to these considerations may result in embarrassing false-negative results. Read-
ers are advised to refer to Chapters 1 and 2 (2,3) of this volume for the preparation of
secreted and membrane-associated mucins, respectively, and to Chapter 7 (4) for a
discussion of methods for mucin separation.
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Selection of a technique to detect mucins should be influenced by several factors,
including knowledge of the core protein sequence of and/or carbohydrate structures
present on the mucin(s) to be measured, nature of the sample (buffer, presence of
potential interfering substances), specificity of the data required, availability of spe-
cific detection tools, degree of quantitation required, and the number of samples to be
processed. Owing to the high O-linked carbohydrate content of mucins (as much as
90% of the total weight), many assays are targeted toward this portion of the molecule.
Although these tend to be useful general methods for detecting mucins, they are not
good tools for distinguishing between specific mucin (MUC) gene products; this is
even true of carbohydrate-specific monoclonal antibodies (MAbs), which can show
crossreactivity between mucins. However, mucin-specific probes are available; these
are commonly antibodies raised against peptide sequences from within the different
mucin polypeptides. Although these are more specific detection tools, note that the
different MUC gene products can share regions of homology and therefore cross-
reactivity (5). Many of the early MUC-specific probes were generated against
sequences underlying the highly glycosylated tandem repeat regions of the molecules
and, although effective against the protein precursors, were of little use for mature
mucins. Nevertheless, chemical and/or enzymatic deglycosylation techniques can be
used to increase the effectiveness of these probes for mature mucins (6-8). Detection
of mucin core proteins produced by cultured cells can often be enhanced by culture in
the presence of competitive inhibitors of O-glycosylation, such as benzyl 2-acetamido-
2-deoxy-o.-D-galactopyranoside, without adversely affecting cells (9). With the eluci-
dation of more sequence data for mucins, it has become possible to target probes at
less glycosylated portions of the molecules; however, a drawback of these probes is
that their epitopes tend to be cryptic and need reduction to be exposed.

In summary, the extent of mucin glycosylation influences both carbohydrate- and
peptide-specific techniques and must be considered in choosing or developing detec-
tion strategies. Regardless of the technique selected as most appropriate, it is recom-
mended, where possible, to verify mucin detection using an additional technique of
differing principle, particularly when quantitation is important. Note that a feature that
can be an advantage for one application could be a disadvantage for another applica-
tion. For example, use of specific peptide-reactive antibodies for known mucin core
proteins may be the method of choice when specifically quantitating these mucins, but
would not be suitable for detection of the total population of mucin in heterogeneous
mixtures during purification from mucus because mucins that are yet to be character-
ized will be excluded from the determination. Detection with antibodies or lectins
reactive with commonly expressed carbohydrate groups or simple detection with peri-
odic acid-Schiff (PAS) is more appropriate for the latter application.

Detection of mucins in solution using chemical techniques relies on reactions
involving mucin carbohydrate groups and is probably most useful for rapid semiquan-
titative determination of mucin recovery during purification steps. The main disad-
vantages of these techniques are interference from nonglycoproteins (lipids, pigments),
a lack of specificity (nonmucin glycoproteins can react, no carbohydrate or core pro-
tein specificity), and lower sensitivity than slot-blot and immunoassay methods. Chap-
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ter 1 (2) discusses these assays and they are mentioned here only for completeness. A
number of general carbohydrate assays have been used for the detection of mucins,
and two of the more popular are the anthrone assay (as both a manual and an auto-
mated procedure) (10) and the PAS reaction (11). In addition, manual and automated
assays have been developed using periodate oxidation and detection with the resorci-
nol reagent for the determination of sialic acid, which is quite often a constituent of
mucin oligosaccharides (12). A fluorometric assay utilizing alkaline B-elimination and
derivitization with 2-cyanoacetamide has been described but is subject to significant
interference by CsCl (13). Part VI of this volume describes more elaborate carbohy-
drate-specific analytical techniques. Although the determination of A,g, should not be
used for estimating concentrations of mucin owing to very low content of aromatic
amino acids, it can be useful for assessing removal of contaminating nonmucin pro-
teins during purification procedures.

2. Materials

1. Immunoassays are most conveniently performed in 96-well plates using 50- to 100-uL
incubation volumes; plates with a range of protein-binding properties are commercially
available.

2. Immunoassay buffers: CB = 0.1 M carbonate buffer, pH 9.6; phosphate-buffered saline
(PBS) = 0.05 M phosphate, 0.9% (w/v) NaCl, 0.02% KCIl, pH 7.2; Tris-buffered saline
(TBS) =0.01 M Tris-HCI, 0.9% (w/v) NaCl, pH 7.5.

3. Blocking solutions for enzyme-linked immunosorbent assay (ELISA) and immuno-
blotting: 10% (w/v) skim milk powder, 1-5% bovine serum albumin, 1-5% casein, or
10% (v/v) serum (of a different species type to detection antibodies) in PBS; nonionic
detergents: 0.05% (v/v) Nonidet P-40 or Tween-20.

4. Enzyme substrates: 2,2'-azino-bis(3-ethylbenzathiazaline 6-sulfonic acid) (ABTS) (1 mg/mL,
Ayosam)> O-phenyldiamine (OPD) (1 mg/mL, Ag,,,), or tetramethylbenzidine (TMB) (0.01
mg/mL, Ays0,m) in Na acetate with 0.01% H,O, (pH 6.0); p-nitrophenyl phosphate (PNPP)
(1 mg/mL, A4ps5nm) in 10 mM diethanolamine with 0.5 mM MgCl, (pH 9.5).

3. Methods

3.1. Inmunoassay in Solution—
ELISA and Radioisotope Assays (see Note 1)

3.1.1. Detection of Mucins in Solution
Using Double-Determinant Immunoassays (see Notes 2 and 3)

3.1.1.1. CoaTING THE CAPTURE ANTIBODY

1. Antibodies need to be purified to optimize coating; the concentration should be optimized
for each antibody, buffer (CB or PBS) and plate type (range 0.1-2 pg/well).

2. Incubate overnight at room temperature.

3. Wash three times for 1 min each in PBS (if using alkaline phosphatase avoid phosphate
buffers, e.g., use TBS).

3.1.1.2. BLocKING

1. Block nonspecific binding on coated plates with protein-blocking solution and/or non-
ionic detergent. Block for 1-24 h at room temperature or 4°C.
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2. Wash three times for 1 min each in PBS. Blocked plates can be used immediately; stored
in PBS for several days at 4°C; or dried thoroughly, vacuum sealed in a bag with silica
gel, and stored at 4°C (storage time can be more than 6 mo; addition of 5% [w/v] sucrose
to the blocking buffer can substantially increase the shelf life of dried plates).

3.1.1.3. SawmprLE INcuBaTION (SEE NOTE 4)

1. Incubate in humidified environment for 1-24 h at 4-37°C.
2. Wash as per Note 4.

3.1.1.4. DeETECTION ANTIBODY INCUBATION

1. The required concentration of the detection antibody will need to be determined for each
application (usual range 0.1-10 pg/mL). Use buffers as above (do not use Na azide if the
antibody is horseradish peroxidase [HRP] conjugated), with an incubation time of 1-24 h
at 4-37°C. Wash as per Note 4.

3.1.1.5. SECONDARY LABELED ANTIBODY

1. This step is only required if detection antibody is not labeled. Optimization and condi-
tions are as in Subheading 3.1.1.4. Wash as per Note 4.

3.1.1.6. DETECTION

1. For enzyme assays, the choice of substrate and buffer depends on the enzyme: ABTS,
OPD, or TMB for HRP; PNPP for alkaline phosphatase (AP). Incubate at room temper-
ature or 37°C for 20-60 min. Reactions can be stopped with an equal volume of 2.5%
(w/v) NaF or 1 M H,SO, (HRP) or 0.1 M EDTA (AP), and plates are read at the appropri-
ate wavelength.

2. For radioisotope detection, gel-forming scintillant should be added to the wells after Sub-
heading 3.1.1.5., step 1 and the radioactivity determined using a microplate isotope
counter.

3.1.1.7. QUANTITATION

1. Quantitation is best achieved using a standard curve fitted using an appropriate line of
best fit; programs are available to interface with microplate readers and isotope counters
that store data and compute standard curves.

3.1.2. Detection of Mucins in Solution Using
Antibody Capture Competitive Binding Immunoassays (see Notes 5-7)
3.1.2.1. Assay OPTIMIZATION

1. Serially dilute the mucin down one or more 96-well plates and incubate overnight at room
temperature; leave one column with buffer only to control for nonspecific binding (see
Subheading 3.1.1. for plates and coating buffers).

2. Wash three times for 1 min each in PBS.

3. Block plate as in Subheading 3.1.1.2., steps 1 and 2.

4. Repeat wash.

5. Prepare antibody at 10 ug/mL in selected assay buffer (see Note 4) and serially dilute
across the plates.

6. Incubate for 1-24 h at room temperature.

7. Wash as in Subheading 3.1.1.1., step 2 and detect as in Subheadings 3.1.1.5. and 3.1.1.6.
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3.1.2.2. Assay

1. Select a dilution of antibody and antigen that gives an absorbance of about 1.5 (or about
75% of maximal radioactivity for isotope detection) and uses the least amount of coating
mucin or peptide. Coat and block plates as above; coated plates can be dried and stored in
vacuum-sealed bags for at least several weeks at 4°C. Prepare duplicate or triplicate
samples and standards (serial dilution of mucin in sample buffer) in assay buffer contain-
ing the detection antibody at the final dilution. The sample/antibody mix can be
preincubated (1-24 h at 4-37°C) prior to transfer to the mucin-coated plate. Incubate,
wash, and detect as in Subheading 3.1.2.1., step 7.

3.1.2.3. QUANTITATION

1. Absorbance values, or radioactivity, are normally expressed as a percentage of the
noninhibited (sample blank) controls and appropriate standard curves fitted as in Sub-
heading 3.1.1.7.

3.2. Dot-Slot and Western Blotting
3.2.1. Preparation of Dot-Slot Blots for Detection of Mucins (see Note 8)
3.2.1.1. APPLICATION OF SAMPLES

1. Samples can be either applied directly to membranes (see Note 9) in volumes of 0.5-2.5
UL or added using a commercially available vacuum manifold device (these are prefer-
able owing to more even sample distribution, greater sample volume, and superior wash-
ing). For quantitation and comparison across blots, a standard in the same buffer as
samples should be titrated for use as a standard curve, and samples should be included on
all blots to determine interassay variation. Equivalent amounts of a nonmucin protein
should also be titrated to act as a measure of nonspecific binding.

3.2.1.2. WASHING AND STORAGE

1. Wash the wells (for manifold devices) and then the entire membrane in three changes of
PBS or TBS. Either proceed directly to PAS or detection using antibodies or lectins (see
Subheadings 3.2.2. and 3.2.3.) or store the membrane sealed in a bag in buffer at 4°C or
dry thoroughly and store sealed at —20°C.

3.2.2. Detection of Mucins on Membranes Using PAS (see Notes 10-12)

1. Wash the dot-slot or Western blots in three changes of water (1 mL/cm?) and transfer to a
freshly prepared solution of 1% (v/v) periodic acid in 3% (v/v) acetic acid (1 mL/cm?) for
30 min at room temperature.

2. Rinse twice (2 min, 1 mL/cm?) in freshly prepared 0.1% (w/v) sodium metabisulfite in
1 mM HCL. Transfer to Schiff reagent (commercially available) for 15 min (0.5 mL/cm?).
PAS-reactive glycoproteins will stain a pinkish red. Wash three times for 2 min each in
sodium metabisulfite and dry the membrane in a warm airstream.

3.2.3. Detection of Mucins
on Membranes Using Antibodies or Lectins (see Notes 10,12 and 13)
3.2.3.1. BLocking

1. Membranes need to be blocked with protein and/or nonionic detergents (see Subheading
3.1.1.). The optimal blocking protein and buffer, wash buffers and antibody buffers (to
prevent nonspecific binding) will vary with different antibodies and lectins but can readily
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be optimized using 1 x 1 cm? pieces of membrane incubated within 24-well-plate wells
taken through the entire staining detection procedure. In open trays with agitation, incu-
bations and washes should use at least 0.25 mL/cm? of membrane. Block for 1-24 h at
room temperature or 4°C. Wash three times for 1 min each in TBS.

3.2.3.2. INCUBATION WITH ANTIBODY OR LECTIN

1.

The concentration of antibody or lectin needs to be optimized to give the best signal-to-
background ratio. As a guideline, optimal antibody and lectin concentrations usually will
be in the range of 0.1-10 pug/mL.

Antibodies can be used either unconjugated (to be followed with a conjugated antibody
against the primary antibody species and class) or conjugated directly with an enzyme
(e.g., HRP, AP), or a ligand for a secondary enzyme conjugate (e.g., biotin, digoxigenin),
or be radioactively labeled (e.g., '%I).

. Lectins will need to be conjugated usually with biotin through either amino or carbohy-

drate groups; biotinylated lectins are commercially available.

It is recommended that replicate blots be probed with the same species/isotype irrelevant
antibody to control for nonspecific binding. Incubation buffers need to contain protein
(50% of blocking concentration) and/or nonionic detergent.

Incubate for 1-24 h at 4-37°C with agitation. To save valuable reagents, this step can be
performed in sealed bags with 0.125 mL/cm? of membrane.

3.2.3.3. WASHING

1.

Thorough washing with agitation is critical in immunoblotting; a good starting point is
three times for 2 min each in TBS, three times for 2 min each in TBS plus 0.05% (v/v)
Tween-20, three times for 2 min each in TBS. Less stringent washing may suffice for
some antibodies. If nonspecific binding is a problem, try washing in 1% (v/v).

Nonidet P-40, 0.05% (w/v) sodium deoxycholate, and 0.1% (w/v) sodium dodecyl sulfate
(SDS) in TBS or increase the NaCl concentration until nonspecific binding is reduced and
specific binding retained.

3.2.3.4. SECONDARY ANTIBODIES

1.

3.

The concentration of secondary antibody (or streptavidin-peroxidase for biotin) will also
need to be optimized to give the best signal-to-background ratio. Affinity-purified anti-
bodies with crossreactivity with other species' antibodies deleted are best.

A recommended dilution for blotting (usually in the range of 1/500 to 1/20,000) is often
provided with commercial conjugates. Incubation details are as for primary antibody.
Wash as in Subheading 3.2.3.3.

3.2.3.5. DETECTION

1.

2.

Detection of bound enzyme conjugates can be achieved using insoluble chromogens that
leave a colored precipitate on the blot (e.g., 3,3'-diaminobenzidine, 4-chloronapthol mix for
HRP [14]; 5-bromo-4-chloro-3'-indolyphosphate toluidine salt, nitro blue tetrazolium chlo-
ride mix for AP). Alternatively, chemiluminescent substrates (e.g., ECL [Amersham, Little
Chalfont, UK] for HRP) can be utilized, which have the major advantages of high sensitiv-
ity, allowing for several different exposures to be recorded on X-ray film, and compatibility
with stripping and reprobing blots. However, beware of possible nonspecific results with
chemiluminescent substrates on membranes distorted by vacuum manifold devices.

Detection of '?°I-labeled antibodies is achieved by direct autoradiography with X-ray film.
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3.2.3.6. QUANTITATION

1.

Densitometry can be used to quantitate results provided that the samples have not been
overloaded (exceeded the membrane binding capacity or detection system capacity). Titra-
tion of samples may aid in quantitation.

Interassay control samples will need to be included on each membrane (gel for Western
blotting) if quantitation between membranes, and particularly between different electro-
phoresis/transfer/immunodetection runs, is required.

3.2.3.7. STRIPPING

1.

Antibody-probed chemiluminescent-detected blots can be stripped after thorough wash-
ing in TBS by incubation at 50°C for 30 min in 2% (w/v) SDS and 100 mM 2-mercap-
toethanol in 62.5 mM Tris, pH 6.8.

Thoroughly washed stripped blots can be stored in TBS at 4°C before reblocking and
probing.

Up to four probings are often possible and, although sensitivity will gradually diminish
with each cycle, signal-to-noise ratio often increases concurrently allowing longer devel-
opment times.

4. Notes

1.

Immunoassay techniques rely on reactions between antigens (in this case mucins) and
antibodies or lectins; the protocols refer to antibodies but lectins are interchangeable.
Details of preparation and characterization of mucin peptide and carbohydrate-specific
antibodies can be found in Part IX of this volume. Immunoassays are suitable for quan-
titative and sensitive detection of mucins in large numbers of samples. A variety of
different techniques can be devised with both antigen and antibody being free in solu-
tion or with either being fixed to a solid phase such as a tube, bead, or 96-well plate. All
the variations require that the antigen, the antibody, or a secondary antibody be labeled
with an enzyme, a ligand (e.g., biotin, digoxigenin) for a labeled secondary conjugate,
or a radioisotope. Optimization of conditions for these assays is required, and compre-
hensive texts concerning the theory and practical aspects of immunoassays are avail-
able (15). Double-determinant assays are especially useful for detection, quantitation,
and characterization of mucins owing to their large size and the multivalent nature of
many mucin peptide and carbohydrate epitopes. For example, a core protein epitope—
specific antibody can be used for capture and then several antibodies reactive with
different carbohydrate epitopes can be used for detection to both quantitate and char-
acterize a particular mucin. However, it is extremely important that the previous warn-
ings regarding the influence of mucin glycosylation on antibody reactivity be heeded
(see Introduction). For example, almost all the commercially available MUC1 assays
utilize a double-determinant enzyme or radioisotope format. We have shown that assays
using antibodies with similar tandem repeat domain epitopes can have vastly different
capture and detection characteristics. For example, the cancer-associated serum antigen
(CASA) assay detects very high levels of a glycoform of MUCI present in the serum of
pregnant women that is not detected by the CA15.3 assay (16). Similarly, these two assays
show differing specificities for different glycoforms of MUC1 produced by breast and
ovarian cancers (16,17). Subheading 3.1.1. describes a double-determinant format and
Subheading 3.1.2. a competitive binding assay using antibody capture.
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In this protocol, purified mucin-reactive antibodies or lectins are coated onto microtiter
plates and used to capture mucins in biological samples. Detection antibodies or lectins are
then introduced to react with the captured mucins. If the detection antibody or lectin is not
labeled, secondary enzyme (horseradish peroxidase [HRP] or alkaline phosphatase [AP])
or radioisotope-labeled antibody is used to quantify the amount of captured mucin.

The capture antibody/lectin is critical because it determines which mucin molecules will
be available for detection by the detection antibody/lectin. Choice is governed by knowl-
edge of the mucin to be measured and availability of specific antibodies. If capture anti-
bodies are to be detected by secondary antibody conjugates, capture and detection
antibodies need to be of differing species or isotypes. Although it is possible to use com-
binations of both capture and detection antibodies with different specificities, inter-
pretation of binding is problematic and performing distinct assays, although more
time-consuming, will be more informative.

Samples need to be added in a buffer compatible with antibody-antigen reactions. Avoid
high concentrations of chaotropic agents, SDS, and reducing reagents (because immu-
noassays are sensitive, this can often easily be achieved through dilution); interference by
specific factors can be tested easily by progressive addition. Some biological fluids can
be assayed neat but often cause interference problems. Addition of protein (50% of block-
ing concentration) and/or 0.05% nonionic detergent should be trialed. Serial dilution of
antigen in antigen-free assay fluid needs to be performed to validate the assay; this should
also be the form of the standard curve included on each plate along with a sample buffer
blank. Each sample should be assayed at least in duplicate. Multiple aliquots of several
samples at different levels of the standard curve should be prepared for inclusion on each
plate as a measure of interassay variation. Thorough washing is important (e.g., three
times for 1 min each in PBS-0.05% Tween-20; three times for 1 min each in PBS). More
or less stringent washing may be needed for some antigens/antibodies; if nonspecific
binding is a problem, try different detergents and gradually increase the NaCl concentra-
tion of the wash buffer. Enzymatic or chemical deglycosylation can be used before, dur-
ing, or following antigen capture; however, it must be ensured that the techniques are
compatible with maintenance of the antibody-antigen reaction. For example, treatment of
serum with neuraminidase (0.1 U/mL in 0.05 M acetate, 1 mM CaCl,, 154 mM NaCl, pH
5.5) for 1 h at 37°C prior to the sample incubation resulted in substantially increased
signal in a MUC1 immunoassay (18).

In this assay, nonlabeled semipurified mucin or synthetic mucin peptides or carbohy-
drates are coated to microtiter plates and are used to capture specific antimucin antibodies
or lectins. Samples are introduced to this reaction, and those containing the epitopes rec-
ognized by the antibody or lectin will compete for antibody binding to the solid-phase
antigen. The amount of bound antibody or lectin is then determined using a secondary
enzyme or radioisotope-labeled antibody.

The concentration of coating mucin antigen and detecting antibody needs to be deter-
mined using a checkerboard serial dilution. Higher binding will be achieved if the
mucin is purified but crude preparations can work; synthetic peptides and fusion pro-
teins work well in these assays. Selection of the starting dilution for the mucin is
somewhat empirical; however, the protein-binding capacity of the plate wells should
not be exceeded.

. A standard curve, sample blank, and appropriate interassay control samples should be

included on each plate. These inhibition assays can be more sensitive than double-deter-
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10.

minant assays but can also be subject to greater interassay variation unless there is rigid
consistency in technique.

Blotting techniques rely on binding of mucins onto a membrane filter support and subse-
quent detection using either chemical, lectin, or antibody detection. Dot and slot blotting
is suitable for semiquantitative detection of mucins in reasonably large numbers of
samples. The advantages over solution assays include increased sensitivity owing to the
potential for concentration of sample on the membrane and reduced problems with inter-
fering substances, which can be filtered through the membrane. The main disadvantages
of direct blotting compared with Western blotting are the potential for false-positive
results owing to nonspecific antibody binding and the lack of separation and data regard-
ing the M, of the reactive proteins. False-negative results also occur if sample protein
concentrations are very high. However, direct blotting is more amenable to inclusion of
standards than Western blotting (owing to restrictions on the number of lanes per gel).
Therefore, dot-slot blotting is often the method of choice, especially for monitoring
mucins during purification. However, it is highly recommended that representative
samples be subjected to electrophoretic separation and Western blotting (see below) to
confirm the specificity of dot or slot blot results by demonstrating that the reactivity is
restricted to proteins of an expected M,. The choice of chemical, lectin, polyclonal anti-
bodies or MAbs will differ with the application and the availability of reagents. Sub-
heading 3.2.1. outlines the procedures for preparing the membranes, and Subheading
3.2.2. describes the use of the PAS reagent to detect mucins immobilized on membranes.
Note that other classical histological reagents (e.g., alcian blue and high-iron diamine)
have also been used to probe mucins immobilized on membranes (19). Subheading 3.2.3.
describes detection of specific mucin epitopes using antibodies or lectins (these are also
applicable to Western blotting).

Nitrocellulose is the most commonly used membrane although both polyvinylidene fluo-
ride (PVDF) and nylon (inferior protein binding) can be used. PVDF is less brittle than
nitrocellulose and is therefore more likely to survive several rounds of stripping and
reprobing and is also resistant to chemical deglycosylation with trifluoromethanesulfonic
acid (6). The total protein added should not exceed the protein-binding capability of the
membrane, and samples should be titrated if relative quantitation is required. Some
mucins, and in particular mucin glycopeptides (fragments of mucin prepared by exten-
sive proteolysis), may not bind well to nitrocellulose, and the addition of poly-L-lysine
(100 pg/mL) or a lectin (e.g., wheat germagglatinin) to the membrane prior to application
of the samples can increase retention (19,20).

Western blotting refers to detection of proteins first separated by gel electrophoresis and
then transferred to membrane filter supports for subsequent detection using either chemi-
cal, lectin, or antibody detection. This technique is suitable for specific, sensitive, semi-
quantitative detection of mucins in moderate numbers of samples. The main advantages
are the potential separation of different mucins and the provision of data regarding M,.
The most frequent mistake in published data on mucin Western blotting of mucin con-
cerns not the immunodetection but the electrophoretic separation. Polyacrylamide gels of
a percentage that will not allow migration of high M, mucins even into the stacking gels
are often used. Even at the lower limit of polyacrylamide gel formation (3%) many known
mucins are too large to penetrate the gel. Agarose gel electrophoresis is often required to
achieve separation of these large mucins (6); Chapter 7 describes appropriate electro-
phoretic techniques (4). Mucins can be detected by chemical methods within acrylamide
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or agarose gels (21,22); however, transfer to membranes is necessary for antibody or
lectin detection. Transfer of mucins from polyacrylamide or agarose gels can be achieved
by electrophoretic elution (wet or semidry), vacuum, or capillary transfer (PAS staining
of gels can be used to evaluate the transfer [22]).

This protocol describes the detection of mucins on membranes following dot-slot blotting
or transfer following electrophoretic separation. Mucin carbohydrate groups are reacted
with periodic acid and then detected using the Schiff reagent; for more details see ref. 19.
PAS-stained dot-slots or bands on Western blots can be readily quantitated using densito-
metry equipment, and the content of mucin can be determined relative to standards
included on the same blot.

This protocol describes the detection of mucins on membranes following dot-slot blotting
or transfer following electrophoretic separation. Blots are incubated with antibodies or
lectins reactive with the mucins, which, in turn, are detected with secondary antibodies/
ligands labeled with enzymes or isotopes. Chemical and/or enzymatic deglycosylation
can be performed before starting these detection procedures (6).
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1. Introduction

Radiolabeling methods have been introduced into the study of the biology of mucin
for several reasons (I-3). In many instances, the biochemical analysis of mucins in
any form may be limited owing to the small amounts of mucosal tissue available, of
cells from culture systems, and the difficulty in obtaining normal material for com-
parison (3—6). The use of radiolabeling in direct assessment of the biochemistry of the
metabolism of mucins, in particular their biosynthesis, is well suited to these tech-
niques in the same way they have been adopted for other proteins and glycoconjugates.
It is currently of special interest in evaluating the different stages in the maturation,
aggregation, and secretion of mucin.

Separation methods for mucins have relied on the properties of these molecules,
typically their buoyant density on density gradients, high molecular weight on gel
filtration, their charge on ion-exchange chromatography and combination of molecu-
lar size and charge on agarose gel electrophoresis (7—10). These methods have been
applied to microscale radiolabelled mucins (2,3), and to larger amounts of mucins
from cell culture or resected tissue (3,11, see Chapters 1, 2, and 7). Although these
separations yield pure fractions of mucin in most cases, contamination with proteo-
glycans and nucleic acids needs to be controlled. Identification and elimination of
these contaminants may be necessary depending on the data on the mucin required.

This chapter describes the methods to radioactively tag mucins by metabolic label-
ling. Since these techniques require living, mucins producing cells, they will closely
follow the protocols for optimal cell and tissue culture as described in Chapter 18.
Continuous culture (4-96 h) of cell lines or tissue in the presence of radiolabeled
monosaccharides, amino acids, or sulfate will lead to the accumulation of radioac-
tively labeled mature mucins in the cells and the culture medium. This chapter further
concentrates on the subsequent isolation and detailed analysis of these mature mucins.

From: Methods in Molecular Biology, Vol. 125: Glycoprotein Methods and Protocols: The Mucins
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However, the possibilities of metabolic labeling to study minute amounts of mucin
can also be applied to the mucin precursors, i.e., to the biosynthesis of the mucin
polypeptide and other early steps in mucin biosynthesis such as N-glycosylation and
early O-glycosylation. In addition, the dynamics of each step during synthesis and
secretion can be studied. Experiments to identify mucin precursors and the dynamics
of processing steps require short labeling periods (15-60 min), referred to as pulse
labeling, and ensuing incubations to follow the processing of the labeled molecules
with time (4-6 h), referred to as chase incubations. Since these mucin precursors are
present in only very small amounts relative to the mature mucin, the isolation of these
biosynthetic intermediates requires immunoprecipitation, which is described in Chap-
ters 20 and 21.

2. Materials

1. A source of mucin-producing cells. These can be biopsies, explants or cell lines as
described in Chapter 18.

2. Radioactively labelled precursors:

a. L-(**S)methionine/L-(*3S)cysteine, (Promix™, Amersham, Amersham, UK), a mix-
ture containing 65% (*3S)methionine and 25% (33S)cysteine, specific activity 1000
Ci/mmol (37,000 GBg/mmol), concentration 10 mCi/mL (370 MBg/mL).

b. L-(*H)threonine (Amersham): specific activity 5-20 Ci/mmol (185-740 GBg/mmol),
concentration is 1 mCi/mL (37 MBg/mL).

c. D-(6-H)galactose (Amersham): specific activity 20-40 Ci/mmol (740-480 GBq/
mmol), concentration is 1 mCi/mL (37 MBqg/mL).

d. D-(P*H)glucosamine (Amersham): specific activity 20-40 Ci/mmol (740 GBq/mmol),
concentration is 1 mCi/mL (37 MBg/mL).

e. Sodium (**S)sulfate (in aqueous solution, code SJS-1; Amersham) specific activity
1050 Ci/mmol (38,850 GBg/mmol), concentration 2 mCi/mL (74 MBg/mL).

3. Media for metabolic pulse-labeling (15-60 min):

a. Eagle’s minimal essential medium (EMEM) (Gibco-BRL, Paisley, Scotland) without
L-methionine and L-cysteine for labeling with Promix (see item 2a), supplemented
with nonessential amino acids, 100 IU/mL of penicillin, 100 pg/mL of streptomycin,
and 2 mM of L-glutamine.

b. EMEM without L-threonine (Gibco/BRL), supplemented with nonessential amino
acids, 100 IU/mL of penicillin, 100 pg/mL of streptomycin, and 2 mM of L-glutamine.

c. EMEM with low glucose (Gibco/BRL), (50 mg/mL instead of 1000 mg/mL) for la-
beling with D-(6-*H)galactose, supplemented with nonessential amino acids, 100 TU/
mL of penicillin, 100 pg/mL of streptomycin, and 2 mM of L-glutamine.

d. EMEM without sulfate for labeling with (33S)sulfate supplemented with nonessential
amino acids, 100 IU/mL of penicillin, 100 pg/mL of streptomycin, and 2 mM of L-
glutamine. This medium is not available commercially, and all compounds are recon-
stituted from concentrated stock solutions (Gibco/BRL) except that MgSO, is replaced
with an equimolar solution of MgCl,. Streptomycin should also be avoided because
this is supplied as the sulfate form.

4. Medium for chase incubations: standard EMEM (Gibco/BRL) supplemented with nones-
sential amino acids, 100 IU/mL of penicillin, 100 pug/mL of streptomycin, and 2 mM of L-
glutamine.

5. Guanidine hydrochloride, approx 7 M stock solution, prepared as follows:
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10.

14.
15.
16.
17.
18.

20.
21.

a. Dissolve guanidine hydrochloride (grade 1; Sigma, Poole, UK) in high purity (e.g.,
Milli Q) water or phosphate-buffered saline (PBS) to give a concentration of approx 7
or 8 M and stir for 24 h at room temperature.

Add 10 g/L of activated charcoal and stir at 4°C for 24 h.

Filter through two layers of Whatman No. 1 filter paper.

Add a further 10 g/L of activated charcoal, stir overnight at room temperature.
Filter through two layers of Whatman No. 1 filter paper and then pass through 0.2-um
Millipore filter (three times).

f. Monitor the concentration by refractive index.

Dithiothreitol (DTT) (Sigma).

Sodium iodoacetamide (Sigma).

PBS/inhibitor cocktail in PBS and 6 M guanidine hydrochloride. 1 mM of phenyl-
methylsulfonylfluoride (PMSF), 5 mM of EDTA, 0.1 mg/mL of soybean trypsin inhibitor
(STI), 5 mM of N-ethylmaleimide, 10 mM of benzamidine, and 0.02% of sodium azide.
Prepare inhibitor cocktail fresh as required. This solution is made up from stocks of con-
centrated guanidine hydrochloride as in item 5.

Cesium chloride (CsCl) (Sigma).

Sepharose CL-2B (Pharmacia, Milton Keynes, UK). Use 1 X 30 cm or 2.5 x 80 cm in all-glass
columns equilibrated in 4 M guanidine hydrochloride/PBS or 10 mM Tris-HCI, pH 8.0.

o0 o

. Agarose gels for electrophoresis, 0.8 or 1% (w/v). Agarose (SeaKem LE agarose,

Flowgen, Sittingbourne, UK) is made up at 0.8 or 1% in the running buffer. Gels 15 x 15
cm are run in a standard submarine horizontal electrophoresis apparatus.

. Buffers for electrophoresis and vacuum blotting.

a. Running buffer for agarose gel electrophoresis: 40 mM Tris-acetate 1| mM EDTA, pH
8.0, containing 0.1% of sodium dodecyl sulfate (SDS) (add from 10% SDS stock).

b. Sample buffer for agarose gel electrophoresis: 40 mM Tris -acetate 1| mM EDTA, pH
8.0, containing 0.1% of SDS with 10% of glycerol and 1% of bromophenol blue.

c. Vacuum-blotting buffer: 3.3 M sodium citrate, pH 7.0, containing 3 M NaCl.

. Markers for electrophoresis; Rainbow markers, high molecular weight range (Amersham),

maximum 200 kDa (myosin) and IgM, 990 kDa (Sigma).

Immobilon P (polyvinyldene difluoride, PVDF) membrane (Millipore, Watford, UK).

High molecular weight (>20 kDa) polyethylene glycol, PEG 20,000 (Sigma)

Periodic acid-Schiff reagent (PAS) commercial solution (Sigma).

Precipitation buffer: 95% ethanol/1% sodium acetate cooled to —70°C.

Proteoglycan degrading enzymes and incubation buffers. Protease inhibitors may be

included in the incubation buffers (see Notes 1 and 2).

a. Chondroitinase ABC from Proteus vulgaris (Boehringer Mannheim, Lewes, UK). In-
cubation buffer: 250 mM Tris-HCl, 176 mM sodium acetate, 250 mM sodium chlo-
ride, pH 8.0.

b. Hyaluronidase from bovine testis (Sigma). Incubation buffer: PBS.

c. Heparinase types II and III from Flavobacterium heparinum, (Sigma), Incubation
buffer: 5 mM sodium phosphate, 200 mM NaCl, pH 7.0.

Sephadex G100 (Pharmacia, Milton Keynes, UK). Use 30 X 1 cm all-glass columns equili-

brated and run in 10 mM of Tris-HCI, pH 8.0.

Ultraturrax homogenizer (Jahnke and Kunkel, Stauffen, Germany).

Ultracentrifuge routinely capable of 100,000g for up to 72 h.
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3. Methods

3.1. Metabolic Labeling

3.1.1. Continuous Labeling of Mature Mucins (see Notes 1 and 2)
3.1.1.1. ConTiNnuous LABELING UsINg GASTROINTESTINAL (Gl) CELLs

1. Cells are cultured in standard growth medium as described in Chapter 18.

2. Radioactive precursors (Subheading 2., item 2) are added: D-(*H)glucosamine, 370-1850
kBq, L-CH)threonine, 370-1850 kBq, (**S)sulphate 185-1850 kBq (see Notes 3-5).

3. Cells are incubated under standard conditions for 4-96 h.

3.1.1.2. ConTinuous LaBELING UsiNng Gl Tissue

1. Culture tissue samples on grids with standard growth medium under conditions described
in Chapter 18.

2. Add radioactive precursors: D-(*H)glucosamine, 370-740 kBq, L-(*H)threonine, 370
740 kBq or (**S)sulphate 925 kBq. In dual labelling experiments the ratio (*H):(3>S) 370
kBq:925 kBq is used with colonic tissue (see Notes 3-5).

3. Incubate biopsies and explants for up to 24 h under standard conditions described in
Chapter 18.

3.1.2. Pulse/Chase Labeling of Mucin Precursors and Mature Mucins
3.1.2.1. PuLse/CHask LaseLnGg Using CELL LINES, ParRTicULARLY LS174T, Caco-2, anD A431

1. Culture cells as described in Chapter 18.

2. Remove the medium and wash the cells with sterile PBS at 37°C and apply the appropri-
ate medium (EMEM) lacking the compound to be used as precursor (Subheading 2.,
item 3). Incubate for 45 min.

3. Add the radioactively labeled compound for 30-60 min (Note 6).

4. Remove the medium containing the label, wash in sterile PBS at 37°C and add standard
EMEM (Subheading 2., item 4).

5. Incubate for 1-20 h.

3.1.2.2. PuLse/CHAsE LaBeLING Using GI Tissue

1. Use the submerged technique for tissue culture (Chapter 18). Place the tissue segments (one
per tube) immediately after excision in the appropriate EMEM to deplete the compound to
be used as label. Incubate for 30 min in 100 pL per tube to deplete this compound.

2. Add 100 pCi (3700 kBq) of the radioactive compound and incubate for 15-60 min (see Note 9).

3. Remove the medium containing the label. Wash the tissue once in 500 uL. of EMEM at
37°C (Subheading 2., item 4).

4. Add 500 uL of EMEM at 37°C per test tube, and chase incubate for maximally 6 h.

5. After pulse labeling or chase incubation, homogenize the tissue for immunoprecipitation
to allow immunoisolation of mucins, as described in Chapter 20.

3.2. Collection of Secreted and Cellular Material

3.2.1. Collection of Radioactive Fractions
After Metabolic Labeling in Cell Culture (see Note 1)
1. Collect the medium and wash the cells with a further 5 mL of fresh nonradioactive me-

dium. Medium and washings are combined and mixed 1:1 (v/v) with 6 M guanidine/PBS
inhibitor cocktail (Subheading 2., items 5 and 8).
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2.

Irrigate the flasks with 5 mL of 6 M guanidine hydrochloride in PBS/inhibitor cocktail
(see Note 1) containing 10 mM DTT at room temperature, and scrape the cells off with a
cell scraper.

Wash the cells twice with 6 M guanidine hydrochloride PBS/inhibitor cocktail containing
10 mM DTTI. Collect the cells by low-speed centrifugation and pool the total washings.
Adjust the DTT washings to a 2.5X molar excess with sodium iodoacetamide and incu-
bate for 15 h at room temperature in the dark (see Note 10).

Dialyze the medium and DTT wash material extensively at room temperature against
three changes of 6 M guanidine hydrochloride in PBS.

Homogenize the washed cell pellet in 1 mL of 6 M guanidine hydrochloride PBS/inhibi-
tor cocktail with an Ultraturrax for 10 s at maximum setting, on ice.

Centrifuge the homogenate at 100,000g for 60 min, and decant the supernatant. Resuspend
the membrane fraction in 1 mL of 6 M guanidine hydrochloride PBS/inhibitor cocktail.

3.2.2. Collection of Radioactive Fractions
After Metabolic Labeling in Organ Culture. (see Note 3)

1.

After incubation, remove the medium from the central well and wash the tissue and dish
with 1 mL of PBS. Pool the medium and washings, and dialyze against three changes of 1 L
of 6 M guanidine hydrochloride PBS over 48 h at room temperature (see Note 2).
Homogenize the tissue on ice in 1 mL of PBS/inhibitor cocktail or 6 M guanidine hydro-
chloride PBS/inhibitor cocktail in an all-glass Potter homogenizer, ensuring complete
disruption of the mucosal cells (about 20 strokes). Remove connective tissue, if present,
which resists disruption and sediments as large fragments.

Centrifuge the homogenate at 12,000g for 5 min at 4°C, and separate the supernatant
soluble fraction from the membrane pellet.

Resuspend the membrane pellet in 1 mL of 6 M guanidine hydrochloride PBS/inhibitor
cocktail.

3.3. Separation of Mucins from the Fractions Obtained
After Culture (see Note 11)

3.3.1. Density Gradient Centrifugation

1.

Make up the samples from the fractions prepared according to Subheadings 3.2.1.—
3.2.2. in 4 M guanidine hydrochloride/PBS to a concentration of approx 1-5 mg/mL
related to protein concentration, or containing a suitable amount of radioactivity (e.g.,
>10,000 cpm) for subsequent analytical techniques. Add solid CsCl to give a density
of about 1.4 g/mL, and stir at room temperature for 15 h.

Load the samples into centrifuge tubes and centrifuge at 100,000 g for at least 48 h at
10°C to obtain a CsCl density gradient.

Aspirate 0.5-mL samples from the top of the tube by pipet, or drain from the bottom
after piercing the tubes. Weigh the samples to obtain the density of each fraction.
Slot-blot aliquots (5-50 mL, after dilution if necessary) of each fraction onto
Immobilon P membrane and visualize with a carbohydrate stain (see Note 12) (6).
Quantify the results using a densitometer (7). For the radioactive samples cut out
each slot-blot and place in scintillation cocktail for quantitation (see Note 13). Analy-
sis by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) can
be used (see Note 14).

Pool the mucin-containing fractions located at densities between 1.30 and 1.55 g/mL.
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3.3.2. Gel Filtration (see Notes 11 and 15)

1. Make up samples in 10 mM Tris-HCI, pH 8.0, or 4 M guanidine hydrochloride/PBS buffer
to give concentrations of 1-5 mg/mL of protein or by radioactivity (e.g., >5000 cpm), and
load onto columns of Sepharose CL-2B. Elute the column with the same buffer and col-
lect fractions (1-5 mL).

2. Identify mucin-containing fractions as described in Subheading 3.3.1., step 4 (see Notes 12—-14).

3. Pool the mucin-containing fractions identified in excluded or included volumes.

3.3.3. Agarose Gel Electrophoresis
and Vacuum Blotting (see Notes 16 and 17)

1. Mix samples containing 10-500 mg mucin or >10,000cpm with 50 mL sample buffer and
load onto horizontal 0.8—1% agarose gels. Run Rainbow markers and IgM as migration
markers (see Note 17).

2. Run the gels at 20 V for 18 h, or 20 mA for 14 h at room temperature.

3. Remove the gels after electrophoresis and stain directly using Coomassie blue stain (see
Note 18) or submit to vacuum blotting. Alternatively, dry the gels and use immediately
for autoradiography or fluorography to visualize the radioactive mucins (see Note 19 and
Chapter 20).

4. Blot gels onto Immobilon P membranes using a standard apparatus in vacuum-blotting
buffer for 2 h at 40 mbar. The success of the transfer can be visualized immediately if
Rainbow markers are included on the gels.

5. Probe the blotted membranes with chemical stains (e.g., PAS), lectin conjugates or anti-
bodies using standard techniques for visualization (see Note 13). Radioactive compo-
nents can also be detected on the same blots (see Note 19).

3.3.4. Concentration of Mucin Samples After Purification (see Note 20)

1. Dialyze the samples against 4-5 changes of 5 L of distilled water or against two changes
of 1 L of 4 M guanidine hydrochloride. Salt free samples can be freeze dried to concen-
trate (see Note 20).

2. Dialyze the samples against high molecular weight polyethylene glycol 20,000 (30%) in
distilled water or 4 M guanidine hydrochloride. Samples for ion-exchange can then be
dialyzed against suitable urea containing buffers with 0.05% CHAPS.

3. Mix a solution containing mucin (1-5 mg or >10,000cpm) with 4 vols of precipitation
buffer cooled to —70°C and leave for 45 min at —70°C. Return to room temperature for
centrifugation at 12,000g for 20 min and collect the pellet.

3.3.5. Identification and Removal of Proteoglycans (see Notes 21 and 22)

1. Mix samples containing 0.5-2.0 mg of mucin or >10,000 cpm with the followng:
a. Chondroitinase ABC (5 U/mL) and incubate for 16 h at 37°C in incubation buffer
(Subheading 2., item 18a).
b. Hyaluronidase (10 mg/mL) and incubate for 16 h at 37°C in incubation buffer (Sub-
heading 2., item 18b).
c. Heparinase II and III (100 mU of each enzyme) and incubate for 16 h at 37°C in
incubation buffer (Subheading 2., item 18c).
Carry out control incubations under the same conditions without enzyme.
2. Stop the incubations by addition of 1-mL of 10 mI Tris-HCI, pH 8.0, and load the prod-
ucts onto columns of Sephadex G100, eluting with the same buffer and collecting 1-mL
fractions.
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3.

Test the individual fractions for radioactivity or carbohydrate by slot-blotting or by colo-
rimetric analysis (see Note 22). Analysis by SDS-PAGE can also be used (see Note 14).

4. Notes

1.

A protease inhibitor cocktail is needed to avoid the degradation of mucins by bacterial
enzymes and in cell homogenates. STI and PMSF are the most important for colonic
tissue.

We have evidence that mucins will be degraded during dialysis, and other prolonged
procedures under circumstances of insufficient protease inhibition (19). During dialysis
always be sure to use adequate precautions against degradation. It is convenient to dia-
lyze against 4—6 M guanidine hydrochloride at 4°C, which will inhibit nearly all enzy-
matic activities. Dialysis against specific protease inhibitors such as PMSF and STI is
also very expensive. Note that the presence of guanidine hydrochloride will not irrevers-
ibly eliminate the degrading enzymes by itself. On removal of the guanidine hydrochlo-
ride, e.g., by dialysis or gel filtration, the enzymes may be reactivated.

In radiolabeling experiments, the total amount of mucin is often small, and significant
losses owing to nonspecific adsorption onto plastic and glass vessels, silicone rubber, and
dialysis tubing may occur. Treatment of all vessels and tubing with 1% Triton in PBS
before use improves yields.

The continuous labeling techniques do not use an incubation period in which the radioac-
tive label is depleted. The commonly used label glucosamine is not a normal component
in standard media and can be regarded as a supplement. The pulse/chase protocol always
starts with a 30- to 45-min period during which the compound chosen as precursor is first
(partially) depleted from the medium. After the depletion period, the label is added to the
same medium and incubation proccedes with no medium change.

The choice of radioactive precursor is important. Radioactive glucosamine is most com-
monly used because it is incorporated into N-acetyl-D-glucosamine, N-acetyl-D-galac-
tosamine, and the sialic acids, major monosaccharide components of mucins. In tissues
other than liver, labels such as mannose and fucose may be randomized to other monosac-
charides before they are transferred to glycoproteins.

The metabolic rate of the cells should be considered for optimum labeling with the radio-
active precursor during continuous labeling cultures. The type of isotope will govern the
amount to be added, typically ('*C)- and (3*S)- precursors in the range 185-1850 kBg/
experiment and (*H) precursors in the range 370-1850 kBq/experiment. Short term label-
ing of 2-4h may not result in labelling of secreted material and could require higher doses
of radioactive precursor (1.85-3.7 MBq/experiment). Longer labeling periods may reflect
synthesis, catabolism and recycling of glycoproteins. Dual labeling experiments with,
e.g., (>S) and (*°H) need to be planned so that the relative incorporation of each isotope is
readily detectable in the isolated product; thus, consideration of Notes 5 and 7 is neces-
sary. Organ culture experiments should be controlled by histochemical criteria to ensure
the integrity of the tissue during the incubation period. Diseased tissue may show signs of
degradation during acceptable culture times for normal samples.

In continuous-labeling cultures, increased incorporation of radioactive precursors may be
achieved by reduction of the concentration of the same nonlabeled compound in the
medium (monosaccharides or amino-acids) for the labeling period as described for the
pulse/chase cultures (see Notes 8 and 9). However, this should be balanced against any
changes in the growth of the cells or tissue under these “depleted” conditions and for the
total culture period.
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8.

10.

11.

12.

13.
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For the labeling of each cell type use 5 uCi (185 kBq) (**S) amino acids or (**S) sulfate/
cm? cell culture. All cell cultures can be labelled in an air incubator with 5% CO, or in an
airtight container flushed with 5% CO, /95% O, and placed in a 37°C incubator.

a. Optimal labeling conditions for LS147T cells (4 cm? wells are best): Use only
preconfluent or freshly confluent cultures because cells will detach progressively from
the plastic after they reach confluence, and labeling efficiency deteriorates rapidly after
confluency (12). In addition cells with a low passage number must be used owing to
deterioration of the labelling efficiency at later passages. An aliquot of 20 uCi (740
kBq) is added to each tissue culture well in 250 UL of depletion medium. Pulse labeling
is performed for either 30 min ([**S] amino acids ) or 60 min ([**S] sulfate).

b. Optimal labeling conditions for Caco-2 (F25 flasks, 25 cm? ): Use cells that are at
least 5-7 d confluent, which will give the most efficient labeling (12). An aliquot of
125 uCi (4625 kBq) is added to 1 mL of depletion medium in each 25 cm? culture
flask. Pulse labeling times are identical to LS174T cells.

c. Optimal labeling conditions for A431 are identical to those for Caco-2, but labeling
efficiency is highest in preconfluent cultures (Van Klinken, Einerhand, and Dekker,
unpublished results)

For each of the following labels used in pulse/chase labeling experiments: [33S]methionine/
[*>S]cysteine (i.e., Promix™), [*H]threonine, [**S]sulfate, and [*H]galactose—100 uCi (3700
kBq) of label is added per tube containing one tissue segment. Metabolic labeling has
been performed for each of the following GI tissues of human, rat and mouse (13-17):
stomach, gallbladder (not in rat), duodenum, jejunum, ileum, caecum, ascending colon,
transverse colon, descending colon, and sigmoid colon. For Promix and [*H]threonine,
pulse times are as follows: 30 min except for stomach (15 min) and for ileum (60 min).
Stomach tissue is very efficiently labelled with labelled amino acids, whereas labeling of
the ileum appears to be very inefficient. The pulse time for (**S)sulfate and (*H)galactose
are: 60 min except for stomach and sigmoid colon (both 30 min). Again ileum is very
inefficiently labeled with the latter compounds. The origin(s) of the differences in label-
ing efficiency among these organs is not known. It is essential that incubation commences
within 10 min of removal from the body.

The intestinal mucins are present as adherent gels, which are not always soluble in con-

centrated guanidine hydrochloride alone (18). To achieve complete solution, reduction,

and alkylation are necessary. This leads to the formation of mucin subunits which can be

identified on agarose gel electrophoresis (8).

The sequence of purification steps in mucin purification is significant. If density gradient

centrifugation is followed by gel filtration, any lower molecular weight subunits or deg-

radation products may be identified.

The use of a general carbohydrate stain is useful to detect mucins on slot blots. The peri-

odic acid Schiff stain (PAS) can be used and sensitivity is improved on the membranes as

salt is eliminated (see Note 13). Lectins can also be used as general probes. Wheat germ
agglutinin—horse radish peroxidase conjugate has been found to be a satisfactory and

sensitive probe for mucins on slot blots (20).

Owing to high salt concentrations in density gradient centrifugation experiments, many

colorimetric assays and some radioactive scintillation cocktails are inefficient. Extensive

dialysis of each fraction may allow colorimetric assays to be performed, but with small

amounts of metabolically labeled material this results in significant losses (see Note 3).

The slot blotting technique (Note 12) is more reliable and sensitive for colorimetric and

radioactive detection.



Metabolic Labeling Methods 235

14.

15.

16.

17.

18.

19.

20.

21.

22.

After dialysis of the guanidine hydrochloride containing fraction of the CsCl density gradi-
ent against water, the fractions can also be analysed by SDS-PAGE (13-17,19). Typically,
4% SDS-PAGE gels are used. These gels can be PAS stained, or Western blotted with
specific antibodies to detect the mucins (see also Chapter 20). If higher polyacrylamide
concentrations are used (7.5% or 3—10% gradient gels) double staining of the gels with PAS
and Coomassie Blue will clearly show the contaminating nonmucin proteins within each
fraction. Alternatively, radioactively labeled mucins can be visualized directly by similar
analysis on SDS-PAGE followed by fluorography, as described in Chapter 20.

Gel filtration is the most rapid and convenient method to obtain a mucin-enriched fraction
from crude culture samples for comparative studies (1,2). It is also a starting point for prepa-
ration of native mucins for further purification and analysis (see Note 11). Automated fast-
protein liquid chromatography (FPLC) systems can also be used to analyze samples in the
same way, but are not as flexible in preparation of larger fractions of mucin.

The separation of mucins on agarose gel electrophoresis allows the largest mucin mol-
ecules to be analyzed, whereas SDS-PAGE systems may show incomplete migration of
the sample into the gels ().

Markers for agarose gel electrophoresis reflect the separation of molecules on the basis of
their size and charge. This is in contrast to the normal conditions used for proteins and
some glycoproteins on SDS-PAGE. Accordingly, the use of markers on agarose gel elec-
trophoresis can give only an estimate of relative migration and not of molecular size.
Protein stains for mucins are usually very poor. Coomassie blue and silver stains fre-
quently give negative results. Chemical stains for carbohydrate, lectin conjugates, or spe-
cific antibodies are the most useful.

If the mucins analysed by blotting procedures are radioactive, it is possible, after probing the
blot with antibodies or lectins, to subject the membrane to autoradiography to colocalize the
radioactive components. In this way a dual identification of alleged mucin bands can be made.
When possible, samples of mucin should be kept in solution, preferably in 4 M guanidine
hydrochloride. Desalting and/or freeze-drying may result in the production of a residue that
cannot be resolubilized. Concentration of mucin samples may be difficult and where samples
are treated by such methods assessment of mucin loss is advisable. Mild precipitation meth-
ods at reduced temperature or with specific antibodies for smaller samples are best but
require suitable controls for efficiency.

The proportion of proteoglycan in colonic cell and tissue samples is normally low but in
cases of cell transformation or selection of subclones (21) care must be taken to control high
molecular weight material with a buoyant density in the range of 1.35-1.60 g/mL for the
presence of proteoglycans. In metabolic labeling experiments the presence of cells having a
high turnover rate for proteoglycans, e.g., fibroblast hyaluronan synthesis, may significantly
add to the proportion of labeled material isolated in “mucin” fractions. Both of these situa-
tions require the analysis of suspected mucin products using enzymatic degradation.

The assay of carbohydrate breakdown products of proteoglycan degradation must be car-
ried out using liquid assay systems because these products are of low molecular weight
and will not be detectable using membrane-blotting techniques. Assay for total carbohy-
drate or hexosamine is appropriate.
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Identification of Mucins Using Metabolic Labeling,
Immunoprecipitation, and Gel Electrophoresis

B. Jan-Willem Van Klinken, Hans A. Biiller,
Alexandra W. C. Einerhand, and Jan Dekker

1. Introduction

Metabolic labeling of mucins is a powerful method for two reasons: (1) it lowers
the detection limits of the mucins and their precursors considerably, and (2) it pro-
vides data on the actual synthesis of mucins in living cells. The produced radioactive
mucins can be isolated and studied using biochemical methods, as described in Chap-
ter 19, but these techniques apply basically to the study of mature mucins. In this
chapter, we outline the methods for the immunoprecipitation of mucins, i.e., the
immunoisolation of the mature mucins as well as their corresponding precursors. By
applying metabolic labeling using amino acids and immunoprecipitation with the
proper antibodies against the mucin polypeptide, it becomes possible to detect the
earliest mucin precursor in the rough endoplasmic reticulum, to follow its subsequent
complex conversion into a mature mucin, and to observe its storage and eventual
secretion (I-3). Moreover, this antibody-based technique has the required specificity
to discriminate the primary translation-product of each mucin gene. How mucin pre-
cursors can be distinguished is described in detail for each of the MUC-type mucins in
Chapter 21.

The type of metabolic labeling used is known as pulse/chase labeling: the radioac-
tive label is administered for a short period of time, followed by removal of the label
and an extended incubation in absence of the radioactive label. By homogenization of
the cells or tissue at various time points and subsequent immunoprecipitation by
polypeptide-specific antibodies, we are able to follow the whereabouts of the mucins
during this time course. Also, this protocol enables us to interfere with various steps of
the cellular processing, giving us a unique angle at the diverse steps in the mucin
biosynthesis (see Chapter 21).

From: Methods in Molecular Biology, Vol. 125: Glycoprotein Methods and Protocols: The Mucins
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The mucin molecules can be caught in various stages of their synthesis. We use
three different labels for pulse-labeling of mucins: (1) essential amino acids, which
are incorporated into the polypeptide in the RER, (2) galactose, which is incorporated
early in O-linked glycosylation in the medial and trans-Golgi apparatus (namely in
core-type 1, 2, or 6 O-glycosylation), but galactose is also incorporated during chain
elongation in backbone 1, 2, and 3 structures, and in chain termination in the form of
oGal (see Chapters 14-17), and (3) sulfate, which is incorporated in the trans-Golgi
stack and trans-Golgi network, as O-glycosylation elongation-terminator (see Chap-
ters 14 and 17). Following the movements of the pulse-labeled mucins through the
cellular compartments of the mucin-producing cells during the chase-incubations gives
essential information about the dynamics of each step of the complex processes that
eventually leads to secretion of a fully mature and functional mucin molecule (1-3).

2. Materials

1. Source of mucin-producing cells: These can be biopsies, tissue explants, or cell lines,
which are cultured as described in Chapter 18.

2. Radioactively labeled glycoprotein precursors (Amersham, Little Chalfont, Bucking-
hamshire, UK), which are described in detail in Chapter 19:

a. L-[**S]methionine/[**S]cysteine (Pro-Mix™).
b. L-[*H]threonine.

c. D-[1-*H]galactose.

d. [¥S]sulfate.

3. Media (Gibco/BRL, Gaitersburg MD, USA) for metabolic pulse-labeling (15-60 min), as
described in detail in Chapter 19:

a. Eagle’s minimal essential medium (EMEM) without L-methionine and L-cysteine.
b. EMEM without L-threonine.

c. EMEM with low D-glucose (50 pg/mL instead of 1000 pug/mL).

d. EMEM without sulfate.

4. Medium for chase incubations: EMEM (Gibco/BRL), supplemented with nonessential
amino acids, 100 IU/mL penicillin, 100 pg/mL streptomycin, and 2 mM L-glutamine.

5. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels, 4% poly-
acrylamide running gels with 3% polyacrylamide stacking gel, according to the Laemmli
system: prepared from stock solution with 30% (w/v) acrylamide and 0.8% (w/v)
bisacrylamide, and SDS-PAGE apparatus (mini Protean II, Bio-Rad, Richmond CA).

6. SDS-PAGE sample buffer: for 5X concentrated buffer, 10% SDS (w/v), 5% (v/v) 2-

mercaptoethanol, 50% glycerol (v/v), 625 mM Tris-HCI, pH 6.8, bromophenol blue to

desired color.

Agarose electrophoresis gels and apparatus for analysis of mucins (see Chapter 19).

Amplify™ (Amersham).

X-ray film (Biomax-MR, Kodak, Rochester, NY).

Homogenization buffer: 50 mM Tris-HCL, pH 7.5, 5 mM EDTA, 1% (w/v) SDS, 1% (v/v)

Triton X-100, 1% (w/v) bovine serum albumin (BSA), 10 mM iodacetamide, 100 pg/mL

soybean trypsin inhibitor, 10 pg/mL pepstatin A, aprotinin 1 % (v/v) from commercial

stock solution, 1 mM PMSF, 10 pg/mL leupeptin. (All reagents are from Sigma, St

Louis, MO.)

11. Glass/Teflon tissue homogenizer, 5-mL model (Potter/Elvehjem homogenizer).

S ©own
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12.

13.

14.
15.
16.

A Protein A-containing carrier to precipitate immunocomplexes. There are two alternatives:

a. Staphylococcus aureus bacteria, formaldehyde-fixed (commercial preparation, con-
sisting of a 10% (w/v) suspension in sterile PBS: IgGSorb, New England Enzyme
Center, Boston MA).

b. Protein A-Sepharose CL-4B: commercial suspension, consisting of a 50% (v/v) sus-
pension of Sepharose beads in sterile solution (Pharmacia, Upsala, Sweden).

ImmunoMix (wash buffer for immunoprecipitations): 1% (w/v) Triton X-100, 1% (w/v)

SDS, 0.5% (w/v) sodium deoxycholate, 1% (w/v) BSA (Boehringer, Mannheim, Ger-

many), | mM PMSF in PBS.

PBS: 10-fold diluted.

10% (v/v) acetic acid/10% (v/v) methanol in water.

Schiff’s reagent for periodic acid-Schiff (PAS) staining (Sigma).

3. Methods (Note 1)
3.1. Inmunoprecipitation of Mucins and Mucin Precursors (Note 2)

1.

10.

Label the cells or tissue of interest according to the pulse/chase protocol described in
Chapter 19 (see Note 3). Use L-[»S]methionine/ [?S]cysteine or L-[*H]threonine to label
the polypeptide of the mucins, and use D-[1-*H]galactose or [*>S]sulfate to label the ma-
ture mucin (see Notes 4-6).

After incubation, the tissue or cell culture is placed on ice to immediately stop the meta-
bolic incorporation of the radiolabel.

The medium of chase-incubations is collected, and centrifuged at 12,000g for 5 min. The
pellet is discarded. To the supernatant of chase-incubated tissue segments, add homog-
enization buffer up to an end volume of 1000 pL. For supernatants of chase incubated cell
lines, add an equal volume of homogenization buffer. After thoroughly mixing, the sample
is kept on ice until immunoprecipitation.

For cell cultures, the cell monolayer is washed once with ice-cold PBS, then 1 mL of
homogenization buffer is added to the tissue culture flask or well, and the cells are col-
lected using a cell scraper. The scraped cells are transferred to a glass/Teflon homog-
enizer. Tissue segments are washed once with ice-cold PBS, transferred to a glass/Teflon
homogenizer using tweezers, and immediately 1 ml homogenization buffer is added. The
cells or tissue are homogenized with 20 stokes of the homogenizer (see Note 7).

The homogenates are centrifuged three times at 12,000g for 5 min. After each centrifuga-
tion the clear supernatant is collected, and the pellets are discarded (see Note 8).

Take small aliquots (50-100 pL) of each homogenate and medium and add one-fourth
volume of five-times concentrated Laemmli sample buffer. Heat in boiling water imme-
diately for 5 min, and stored at —20°C until analysis (Subheading 3.2.).

Take aliquots of 100-1000 pL of the homogenate or the medium samples, and adjust to
1000 uL with homogenization buffer. Prepare vials containing the appropriate anti-mucin
antibodies (see Notes 9 and 10). Centrifuge the homogenates at 12,000g for 5 min, and
add the clear supernatant to the vials containing the antibodies.

Incubate 16 h at 4°C, under gentle agitation (head-over-head rotation).

Prepared new vials, containing sufficient protein A-containing carrier to precipitate all
the IgG-containing immunocomplexes, either [gGSorb or protein A Sepharose (see Note
11). Wash these preparations once with 1 mL of ImmunoMix to clear any soluble protein
A (see Note 12). Centrifuge the samples and add the clear supernatant to vials containing
the washed IgGSorb or protein A Sepharose.

Incubate for 1 h, at 4°C under gentle agitation (head-over-head rotation).
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11. Wash the immunocomplexes, which have now been bound to the protein A-containing
carrier (see Note 12). Wash at room temperature three times with ImmunoMix, and then
twice with, 10-fold diluted PBS. After the last wash, drain as much buffer from the pellets
as possible. When protein A-Sepharose beads are used, the buffer can be removed most
efficiently by suction through a syringe with a very fine hypodermic needle.

12. Add Laemmli sample buffer containing 5% 2-mercaptoethanol to the pellets: 20 uL 1x
sample buffer to S. aureus pellets, and 15 uL 3X sample buffer to protein A-sepharose
pellets. Mix thoroughly and incubate in boiling water for 5 min. Analyze directly or store
at —20°C until analysis (Subheading 3.2.).

3.2. Analysis of Inmunoprecipitated Mucins on Gel Electrophoresis
3.2.1. SDS-PAGE (see Note 13)

1. Prepare SDS-PAGE gels, according to standard procedures, with 3% acrylamide stacking
gels and 4% polyacrylamide running gels.

2. Analyze the homogenates and the immunoprecipitated mucins on the SDS-PAGE gels
(see Note 14). Run the appropriate very high molecular mass markers on the same gel
(see Note 15).

3. Fix the gel in 10% acetic acid /10% methanol for at least 15 min, and stain the gel with
periodic acid/schiff’s reagent (PAS), to reveal the presence of mature mucins (see Note 16).

4. Incubate for exactly 10 min with Amplify, and dry the gel immediately on a gel dryer (see
Note 17).

5. Expose the dried gel to X-ray film or to a PhosphorImager plate (see Note 18).

3.2.2. Agarose Electrophoresis (see Note 19)

1. Prepare 0.8% agarose gels, according to standard procedures (see Chapter 19).

2. Analyze the homogenates and the immunoprecipitated mucins on the agarose gels.

3. Place the agarose gel on a pre-wetted piece of 3MM paper, and dry the gel immediately
on a gel dryer.

4. Expose the dried gel to X-ray film or to a Phosphorlmager plate (see Note 18).

4. Notes

1. The methods for metabolic labeling and immunoprecipitation have been optimized for
the use on gastrointestinal cell lines or tissue samples, particularly for each of the follow-
ing gastrointestinal tissues of human, rat and mouse: stomach, gallbladder (not in rat),
duodenum, jejunum, ileum, cecum, ascending colon, transverse colon, descending colon,
and sigmoid (5-8,11,14,18,19), as well as for the following cell lines: LS174T, Caco-2, and
A431 (9). As the protocol works for quite a number of tissues and cell lines, we feel confi-
dent that it will probably work for most, if not all, mucin-producing tissues and cell lines.

2. All procedures regarding homogenization and immunoprecipitation take place on ice,
using ice-cold buffers and ice-cooled apparatus. The washing in ImmunoMix and tenfold
diluted PBS is performed at room temperature. It proves essential to never freeze the
samples prior to immunoprecipitation, as this will often result in degradation of the mucin-
precursor.

3. The details regarding the use of the four radiolabels and the corresponding media to label
each of the tissues and cell lines, mentioned in Note 1, are specifically described in Chap-
ter 19. Each experiment comprises of one pulse-labeling and one or more closely timed
chase incubations in the absence of radiolabel. After chase incubations the medium as
well as the tissue are collected to study the presence of mucins.
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4.

The commercial Pro-Mix preparation, consists of a 3*S-labeled protein lysate of E. coli,
which were grown in the presence of [33S]sulfate as sulfur source in their medium. Of all
358-labeled compounds in Pro-Mix, 65% is L-[*>°S]methionine and 25% is L-[**S]cysteine,
whereas 10% of the 33S-containing compounds in the mixture are not specified
(Amersham, Pro-Mix™ data sheet). However, if there is any free [3>S]sulfate, or metabo-
lizable [*3S]sulfate-containing compounds, in Pro-Mix, this will not be incorporated as
[*°S]sulfate into glycoproteins, as the incorporation of radiolabeled sulfate is very effi-
ciently inhibited by the presence of a large excess of free nonlabeled sulfate in the me-
dium. Commercially available, highly purified [*S]methionine or [*S]cysteine will work
equally well as Pro-Mix. However, these reagents are far more expensive (about 10-fold),
while in our experience they give very similar labeling efficiencies.

Application of [¥S]amino acids or [*H]threonine will both yield radioactively labeled
mucin precursors, labeled in their polypeptide chains. Most mucins are particularly rich
in threonine (up to 35% of the amino acid composition), and therefore the essential amino
acid threonine may seem a good candidate for polypeptide labeling. However, it appears
that the 3H-label, which emits a far weaker B-radiation that 33S, necessitates very long
exposure times in autoradio- or fluorography (see also Notes 6, 17, and 18). It is our very
consistent finding that, although less abundant in the amino acid composition of mucins,
labeling with [3*S]methionine and/or [**S]cysteine will yield mucin precursor bands that
are far more easily detected than *H-labeled precursors. Thus, for the application in
immunoprecipitation and analysis on electrophoresis 33S-labeled amino acids are a far
better alternative, allowing far shorter exposure times. The only notably exception is
MUCI, which contains no methionine or cysteine in its extracellular, repeat-containing
domain, and therefore can only be labeled with [*H]threonine (4).

The use of [3H]galactose or [*S]sulfate to label mature mucins gives practically indistin-
guishable results (e.g., refs. 2,3). The incorporation of galactose in O-linked glycans starts
earlier (medial to trans-Golgi) than the incorporation of sulfate (trans-Golgi and trans-Golgi
network). Thus, the processing of the mucins in the Golgi apparatus is very fast and efficient
(3), as is commonly observed for other glycoproteins in cell biological studies. However, for
very similar reasons as outlined above for the application of differently labeled amino acids,
the 33S-labeled sulfate will yield a far more intense signal in autoradio- or fluorography, sim-
ply due to its more intense B3-emission. Therefore, [33S]sulfate is our usual choice to metaboli-
cally label mature mucins, as it allows relatively short exposure times (see also Notes 17 and 18).

. Normally, SDS is included in the homogenization buffer to reduce nonspecific binding of

proteins to the immunocomplexes that will form after the addition of antibodies in the
ensuing steps of the protocol. However, it is known that some antibodies will not recog-
nize their epitopes in the presence of SDS. For the use of polyclonal antisera, the inclu-
sion of SDS in the homogenization buffer may result in a slightly lower yield of
immunoprecipitated mucin, but the immunoisolated mucins will be considerably more
pure than in the absence of SDS. Therefore, the use of SDS for polyclonal antisera is
absolutely recommended. Monoclonal antibodies exist of only one type of immunoglo-
bulin, and if this particular monoclonal antibody is unable to recognize its epitope in the
presence of SDS, then SDS must be omitted from the homogenization buffer.

Upon homogenization tissue segments often give a quite considerable pellet, which
mainly consists of muscle and connective tissue. It is however, absolutely essential that
the supernatant, which is collected, is clear: immunoprecipitation is a precipitating tech-
nique, so anything that precipitates spontaneously during centrifugation (in later steps of
the procedure) will inevitable contaminate the mucin preparation.
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10.

11.

12.

13.

14.
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In this procedure, the antibodies present in one sample (particularly the IgG-fraction) will
end up in one lane of the gels, which are used to analyze the samples. As a result, the
maximal amount of antibody that can be added to one homogenate or medium sample is
determined by the amount of antibody that will overload the lane of the gel, which will be
used for analysis. In practice, when using 0.75- to 1.5-mm thick slab gels, the maximal
amount of antibody is about 25 uL serum, or an equivalent amount of IgG, e.g., in the
form of a monoclonal antibody or protein A-isolated IgG-fractions.

There are quite a number of anti-mucin antibodies available, which are specific for the
polypeptide of each respective MUC-type mucin. It is very important to realize that only
these anti-peptide antibodies will (1) give the immunoprecipitation its MUC-type mucin
specificity and (2) enables us to recognize the precursor, which is not yet O-glycosylated.
Further, there is an important distinction between antirepeat antibodies, which will recog-
nize only the repeated amino acid sequences, which become masked upon O-glycosylation
of the mature mucins. These type of antibodies will most likely only recognize the pre-
cursor, but not the cognate mature mucin. Antibodies directed against the unique, non-O-
glycosylated regions of the polypeptide will be able to recognize both precursor and
mature mucin, and all the intermediate forms if these may appear. The latter type of anti-
body is of course the antibody of choice to perform pulse/chase analysis, as only these
antibodies are able to recognize all the subsequent forms of the mucin molecules that may
appear. The antibodies which have proven specificities against peptide epitopes of spe-
cific MUC-type mucins are listed in Table 1.

Normally, if either 25 puL of antiserum or an equivalent amount of IgG is used (as indi-
cated in Note 8), then the following amounts of protein A carriers are sufficient to pre-
cipitate all IgG-containing immunocomplexes: 50 UL of the (10%, w/v) IgGSorb
suspension, and 25 UL of the (50%, v/v) protein A-Sepharose suspension.

The washing of IgGSorb is as follows: Centrifuge 30 s at 12,000g and remove the super-
natant, but leave approx 50 UL of buffer above the pellet. This pellet is difficult to resus-
pend. Therefore, first resuspend the pellet in this small amount of remaining buffer by
vigorous agitation (Vortex), before the addition of the next volume of ImmunoMix.
The protein A-Sepharose beads, which are much larger than the S. aureus bacteria, can
be resuspended in 5 s by Vortex, and then collected by 5 s centrifugation at 12,000g.
The resulting pellet is very easily resuspended in buffer.

SDS-PAGE is the method of choice to identify and quantify mucin precursors (see also
Chapters 6 and 21). Mucin precursors are relatively “normal” glycoproteins, with only a
relatively small amount of N-glycosylation and no O-glycosylation, which will be sepa-
rated by SDS-PAGE following the normal rules that govern mobility on these gels. The
only disadvantage is the extremely large sizes of these mucin precursors (see Chapter 21),
making it difficult to accurately assess their molecular masses. Mature mucins behave
rather unpredictable on SDS-PAGE, as was discussed at length elsewhere (22,23). The
mobility of the mature mucins is governed by their intrinsic negative charge rather than
by their actual molecular mass. Moreover, on reducing SDS-PAGE most mature mucins
migrate only a very small distance into the running gel, making distinction between the
various mature mucin species rather difficult. Nevertheless, it is very important to note
that the mobility of any mature mucin from a defined source is always highly reproduc-
ible. Therefore, the mobility of a particular mature mucin on SDS-PAGE can be used to
establish its identity, but not as a means to assess its actual molecular mass (22,23).
Mucins and their precursors will only migrate small distances into the 4% running gel.
The migrating distance may be improved by extending the running time, for instance to
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Table 1
Antibodies Directed Against Mucin Polypeptides of MUC1-MUCS6 for the Use
in Immunoprecipitation of Mucins

Antirepeat/
Antibodya Specificityb Clonality antiunique  Recognitionc  Refs.
139H2 Human MUC1 Monoclonal  Antirepeat p, m 4
Anti-HCM, Human MUC2 (r,m)  Polyclonal = Antiunique p, m 5,6
anti-HCCM

Anti-RCM rat MUC2 (h,m) Polyclonal antiunique p, m 7,8
MRP human MUC?2 (r) Polyclonal Antirepeat p 57,9-12
Anti-SI mucin Human MUC2 Polyclonal ~ Antiunique p,m 12
Anti-MUC2TR Human MUC?2 (r) Polyclonal Antirepeat p 13
Anti-MCM Mouse MUC?2 (1,h) Polyclonal ~ Antiunique p, m 8
WE9 Human MUC2 (r,m) Monoclonal  Antiunique p, m 578
M3p human MUC3 Polyclonal Antirepeat P 9-11
Anti-MUC4 Human MUC4 Polyclonal Antirepeat p 11
Anti-HGM Human MUCS5AC (r)  Polyclonal  Antiunique p,m 14-16
Anti-RGM rat MUCS5AC (h) Polyclonal Antiunique p, m 231116
LUMS-1 Human MUCS5AC Polyclonal ~ Antiunique p, m 11,17
Anti-HGBM Human MUCS5B Polyclonal ~ Antiunique p,m 18,19
Anti-MUCS5B Human MUCS5B Monoclonal ~ Antirepeat p 19,20
Anti-MUC6.1 Human MUC6 Polyclonal Antirepeat p 911,21

aAll antibodies listed are directed against specific mucin polypeptides. Moreover, each of the anti-
bodies has proven its usefulness in immunoprecipitation of mucins in metabolic labeling experiments.
The name of the antibody in this column corresponds to the name given in the first publication in which
it was described. Specific immunoprecipitations using antipeptide antibodies to other alleged MUC-
type mucins (e.g., MUC7 and MUCS) have not been described.

bThe specificity is indicated against the primary antigen. The cross-reactivity against homologous
mucins in other species is indicated in parenthesis: h, human; r, rat; m, mouse.

cThe recognition of the mucin precursor (p) and of the mature mucin (m) is indicated.

1.5-2 times the time required for the dye-front to reach the end of the gel. Usually this can
be done without significant loss of band tightness.

15. Mucin precursors usually have very high molecular masses in the range of 300-900 kDa
(see Chapter 21). There is a very limited choice of markers with sizes in this molecular
mass range. Options are several unreduced protein oligomers: thyroglobulin (660 kDa),
ferritin (440 kDa), IgM (990 kDa), and mouse laminin (approx 900 kDa). We often use
unreduced rat gastric mucin precursor, that gives bands of 300 kDa for the monomeric
precursor, and 600 kDa for the dimeric precursor (3). Most of these markers are thus not
ideal, as they are all used in unreduced form, which may not be totally comparable with
the more fully denatured precursor proteins that will result from reduction in the presence
of SDS. In general, it remains difficult to establish the actual molecular mass of the mucin
precursors. Nevertheless, the mobilities of the individual mucin precursors relative to
these markers is highly reproducible, implying that the mucin precursors of each of the
known MUC-type mucin genes can be identified by their relative mobility on SDS-PAGE
(see Chapter 21).
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16.

17.

18.

19.

The staining of mature mucins by PAS will help to identify the position of radiolabeled
mature mucins on the gels by carefully overlaying the PAS stained gel by the correspond-
ing X-ray film.

Amplify is a commercial water-based solution that acts primarily as a scintillation fluid,
that will amplify the B-emissions of the radiolabeled molecules. The result is a fluorograph
rather than an autoradiograph. This form of fluorography will shorten the exposure times
to X-ray film to about one-tenth relative to autoradiography.

Standard X-ray film (e.g., Fuji-RX) is not particularly sensitive. A more sensitive detec-
tion of 3°S, 4C, and 3*P can be achieved by the use of Kodak Biomax-MR. However, the
detection of 3H is not improved by this more sensitive type of film. In contrast, the
Phosphorlmager only detects radioactivity directly (i.e., it works like autoradiography),
and therefore the application of Amplify is of no consequence to the intensity of the
signal when using this apparatus.

Agarose electrophoresis is particularly well suited to separate mature mucins, as this
method allows far better separation of the mucins compared to SDS-PAGE (19,23). How-
ever, like for SDS-PAGE, the mobility of mature mucins is both dependent on their mo-
lecular mass and on their intrinsic negative charge. Thus, agarose electrophoresis is well
suited to identify particular species of mature mucins, but accurate estimates of molecular
masses are not possible.
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Mucin Precursors

Identification and Analysis of Their Intracellular Processing

Alexandra W. C. Einerhand, B. Jan-Willem Van Klinken,
Hans A. Biiller, and Jan Dekker

1. Introduction

MUC-type mucins are generally very large glycoproteins. They are encoded by
very large mRNAs, and possess polypeptides between 200 and more than 900 kDa (1).
The only notable exception is MUC7, which is considerably smaller, i.e. the polypep-
tide is only 39 kDa (I). Without exception however, mucins are very heavily O-
glycosylated: Up to 50-80% of their molecular mass is due to O-glycosylation (1,2).
Moreover, potential N-glycosylation sites are found in virtually all mucin sequences,
and in several MUCs N-glycosylation is actually demonstrated (Z,2). Human MUC2
for instance contains 30 potential N-glycosylation sites, and if these are all used, the
N-glycans together would constitute a molecular mass of about 60 kDa. It is only the
very large size of the mature mucins, that makes the amount of N-glycosylation seem
insignificant (3). Generally, the sizes of the mature mucins are difficult to estimate;
The approximations run from 1 to 20 MDa for single mucin molecules, which ham-
pers many forms of biochemical analysis (3). Also, the extensive glycosylation of
mucins results in an intrinsically very heterogeneous population of mature mucins.

The detection of mucin precursors forms an attractive alternative to assess the
expression of specific mucins and to quantify mucin synthesis. Each precursor of the
MUC-type mucins can be identified by immunoprecipitation using specific anti-mucin
polypeptide antibodies (see Chapter 20). Very importantly, each of these precursors
can be identified on reducing SDS-PAGE by its distinct molecular mass (3-5). Thus,
immunoprecipitation in combination with sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) can be used to detect expression of individual MUC-
type mucins with high specificity in homogenates of tissue or cell lines. The mucin
precursor bands, recognizable on SDS-PAGE, can be quantified as sensitive measures
of mucin biosynthesis (see Chapter 6).
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Biochemically and cell biologically, MUC-type mucin precursors can be recog-
nized by a number of characteristics, which will help in their identification (2,3). Like
any glycoprotein, the MUC polypeptide is synthesized at the rough endoplasmic reticu-
lum (RER) and cotranslationally N-glycosylated. The product of this initial stage of
biosynthesis will be referred to as the mucin precursor. Then, the precursors will
oligomerize through formation of disulfide bonds, and be transported to the Golgi
apparatus, where they will be fully O-glycosylated and sulfated, as many of the O-
glycans of mucins contain terminal sulfate (see Chapter 17). Mucins that have com-
pleted synthesis are referred to as mature mucins.

In this Chapter, we focus on the identification of each of the known MUC-type
mucin precursors by immunoprecipitation using antipeptide antibodies. Moreover, a
number of biochemical and cell biological assays will be described which establish
the presence in the RER of each alleged MUC-type mucin precursor. These assays are
based on the following characteristics of the mucin precursors (I-3): (1) The pre-
cursors contain only high mannose N-glycans, (2) Most precursors form, over time,
disulfide-linked dimers within the RER, (3) O-glycosylation of the precursors, and
conversion of the N-linked glycans to complex N-glycans, occurs only after their trans-
port to the Golgi apparatus, and (4) A clear precursor/product relationship exists, as a
result of the conversion over time of the precursors into their cognate mature mucins.
The described methods will help researchers in the field to recognize and quantify the
precursors of the known MUC-type mucins, and we will provide appropriate control
experiments to verify the specificity of each of these procedures. Moreover, these
methods will help to allocate previously unidentified mucin precursors.

2. Materials

1. Source of mucin-producing cells, such as biopsies, tissue explants, or cell lines, which are
cultured as described in Chapter 18.

2. Radioactively labeled essential amino acids (Amersham, Little Chalfont, Bucking-
hamshire, UK), described in detail in Chapter 19:
a. L-(3S)methionine/(33S)cysteine (Pro-Mix™).
b. L-(*H)threonine.

3. Media (Gibco/BRL, Gaitersburg MD) for metabolic pulse-labeling and chase incubations,
as described in detail in Chapter 19.

4. Homogenization buffer for immunoprecipitation, as described in Chapter 20.

5. Glass/Teflon tissue homogenizer, 5 mL model (Potter/Elvehjem homogenizer).

6. Anti-mucin antisera directed against the mucin-polypeptide of interest (see Chapter 20,
Table 1).

7. Protein A-containing carrier to precipitate immunocomplexes, as described in Chapter 20.

8. ImmunoMix, as described in Chapter 20.

9. PBS: 10-fold diluted.

0. SDS-PAGE gels: 4% polyacrylamide running gels with 3% polyacrylamide stacking gel,
as described in Chapter 20.

11. SDS-PAGE sample buffer containing 1% SDS and 5% (v/v) 2-mercaptoethanol.

12. SDS-PAGE sample buffer containing 1% SDS, without reducing agent.

13. 10% (v/v) acetic acid/10% (v/v) methanol in water.

14. Schiff’s reagent for PAS staining (Sigma, St. Louis MO).



Intracellular Processing of Mucin Precursors 251

15.
16.
17.
18.
19.

20.
21.

22.
23.

24.
25.

26.

27.

28.

29.

Amplify™ (Amersham).

X-ray film (Biomax-MR, Kodak, Rochester, NY).

Brefeldin A (BFA), stock solution, 1 mg/mL in water.

Tunicamycin (Calbiochem, La Jolla CA), stock solution, 1 mg/mL in 10 mM NaOH in water.
Carbonyl cyanide M-chlorophenylhydrazone (CCCP, Sigma), stock solution, 1 mM in
ethanol.

Endoglycosidase H (Endo H, New England Biolabs, Beverly MA), 500,000 U/mL.
10-times concentrated Endo H-buffer (New England Biolabs), containing 0.5 M sodium
citrate (pH 5.5).

Peptide:N-glycosidase F (PNGase F, New England Biolabs), 1,000,000 U/mL.

10-times concentrated PNGase F-buffer (New England Biolabs), containing 0.5 M sodium
phosphate (pH 7.5).

Nonidet-40 (New England Biolabs), 10% in water.

10-times concentrated denaturing buffer (New England Biolabs), containing 5% SDS and
10% 2-mercaptoethanol.

Dolichos biflorus-agglutinin (DBA) Sepharose CL-4B beads (Sigma).

DBA column buffer: PBS (pH 7.2), supplemented with 1% (v/v) Triton X-100, 1 mM
phenylmethylsulfonyl fluoride, 50 pg/mL pepstatin A, 25 pg/mL leupeptin, 1% (w/v)
BSA, 10 mM iodoacetamide, and 0.1% NaNj.

N-acetyl-Galactosamine (GalNAc), 100 mM solution in the above mentioned DBA col-
umn buffer.

Freunds complete adjuvant (Difco, Detroit MIL,).

3. Methods (Note 1)

3.1. Identification of the Precursors of MUC-Type Mucins
by Their Distinct Molecular Masses Through Metabolic Labeling
and Immunoprecipitation (Note 1)

1.

2.

Metabolically pulse-label the mucin-producing tissue or cells with radiolabeled essential
amino acids (see Chapter 19).

Homogenize the samples and isolate the radiolabeled mucin precursor of interest by im-
munoprecipitation using specific antipolypeptide antibodies (see Chapter 20).

Analyze the immunoprecipitated mucin precursors on 4% SDS-PAGE using reducing
sample buffer.

Identify the mucin precursor according to its apparent molecular mass, using the appro-
priate molecular mass markers and/or control samples (see Notes 2—6).

3.2. Relation of the Mucin Precursor to its Mature Form Revealed
by Pulse/Chase Experiments (Notes 1, 7, and 8)

1.

Metabolically pulse-label seven samples of mucin-producing tissue or cells using radio-
labeled essential amino acids, as described in Chapter 19. Immediately homogenize one
sample after pulse-labeling. The pulse-medium is discarded.

Chase-incubate the remaining six tissue or cell samples, homogenize one sample after 1,
2,3,4,5, and 6 h, respectively, of chase incubation, and isolate the media of each respec-
tive chase sample.

Isolate the radiolabeled mucin of interest from the seven homogenates and the six media,
respectively, by immunoprecipitation using antipolypeptide antibodies (see Note 8).
Analyze the immunoprecipitated mucin precursors on 4% SDS-PAGE using reducing
sample buffer and the appropriate molecular mass markers (see Notes 2-5).
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5. PAS-stain the gels to reveal the position of the mature mucins. Prepare fluorographs of
the gels using Amplify and X-ray film.

6. Analyze the kinetics of disappearance of the precursor and the appearance of the mature
mucin, and the appearance of the mature mucin in the medium (see Note 9).

3.3. Identification of the Mucin Precursors
as RER-Localized Proteins (see Note 1)

3.3.1. Inhibition of Vesicular RER-to-Golgi Transport (see Note 10)

3.3.1.1. INHIBITION OF VESsicuLAR RER-T0-GoLal TRANSPORT
BY BRereLDIN A (BFA) (see Note 11)

1. Treat seven samples of mucin-producing tissue or cells with BFA for 30 min under nor-
mal culturing conditions; 10 pg/mL for tissue, 0.1-2 pg/mL for cell lines (see Note 12).

2. Metabolically pulse-label the tissue or cells by radiolabeled essential amino acids, as described
in Chapter 19 (see Note 12). Homogenize one sample immediately after the pulse-labeling.

3. Chase-incubate the six remaining samples of the tissue or cells in continued presence of
BFA (identical concentrations as above), chase the samples for 1, 2, 3, 4, 5, and 6 h,
respectively. Homogenize each sample immediately after its respective chase incubation.
Also isolate and homogenize the media of the chase incubations.

4. TIsolate the radiolabeled mucin precursor of interest from the homogenates and media by
immunoprecipitation using anti-polypeptide antibodies (see Chapter 20).

5. Analyze the immunoprecipitated mucin precursors on 4% SDS-PAGE using reducing
sample buffer. Compare the mobility of the mucin precursor bands in the BFA-treated
samples to the precursor bands in a pulse/chase experiment under normal conditions,
described in Subheading 3.2. (see Note 13). Perform DBA affinity chromatography to
study initial O-glycosylation (see Subheading 3.3.1.2.).

3.3.1.2. DBA AFFINITY CHROMATOGRAPHY
TO DETECT INITIAL O-GLYCOSYLATION (SEE NOTE 14)

1. Perform this entire procedure at 4°C. Prepare a DBA-Sepharose column, and wash exten-
sively with DBA column buffer.

2. Prepare a homogenate of [3>S]amino acids-labeled tissue or cells in DBA column buffer
(Avoid the use of Tris). Apply this homogenate to the column, and elute with DBA col-
umn buffer. Collect the flow-through and store on ice.

3. Elute the terminal GalNAc-containing proteins from the column by 100 mM GalNAc in
DBA column buffer. Collect the eluate and keep on ice.

4. Immunoprecipitate the mucin precursor from the flow-through (containing the nonbound pro-
teins), and from the eluate (the GalNAc-containing proteins), as described in Chapter 20.

5. Analyze the presence of mucin precursor in both column fractions by reducing SDS-
PAGE (see Note 14).

3.3.1.3. INnHiBITION OF VESIcuLAR RER-To-GoLal TRANsPORT BY CCCP (see Note 15)

1. Metabolically pulse-label seven samples of mucin-producing tissue or cells by radio-
labeled essential amino acids, as described in Chapter 19. Homogenize one sample im-
mediately after the pulse-labeling. Discard the pulse-medium.

2. Chase-incubate the six remaining samples of the tissue or cells in the presence of CCCP
(tissue; 10 pg/mL, cells; 0.1-1 uM), and chase the samples for 1, 2, 3, 4, 5, and 6 h,
respectively. Homogenize each sample immediately after its respective chase incubation.
Also isolate and homogenize the media of the chase incubations.
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3. Isolate the radiolabeled mucin precursor of interest from the homogenates and media by
immunoprecipitation using anti-polypeptide antibodies (see Chapter 20).

4. Analyze the immunoprecipitated mucin precursors on 4% SDS-PAGE using reducing
sample buffer. Compare the presence of the mucin precursor band in the homogenates to
the pulse/chase experiment under normal conditions, described in Subheading 3.2. (see
Note 15).

3.3.2. Analysis of Disulfide Bond Formation
of Mucin Precursors (see Notes 1 and 16)

1. Perform a pulse/chase experiment on mucin-producing tissue or cells, using [*>S]amino
acids, as described in Subheading 3.2.

2. Immunoprecipitate the mucins, as described in Chapter 20, until the second of the two
wash steps in 10-fold diluted PBS.

3. Add the second aliquot (i.e. the last wash step) of 1 mL of 10-fold diluted PBS. Divide the
resuspended pellet into two equal aliquots of 500 pL in separate vials. Centrifuge these
two suspensions, and remove the buffer thoroughly.

4. Boil one pellet in sample buffer containing 5% 2-mercaptoethanol, and the duplicate pel-
let in sample buffer without reducing agent, and analyze these samples on SDS-PAGE
(see Notes 16-18).

3.3.3. Identification of Mucin Precursors
as High Mannose N-Glycan Containing Glycoproteins (see Note 1)

3.3.3.1. CHARACTERIZATION OF N-GLYCANS
BY EnDO H AND PNGase DigesTioN (See NoTE 19)

1. Metabolically pulse-label a sample of mucin-producing tissue or cells using [*S]amino
acids, as described in Chapter 19. Immediately homogenize the sample after pulse-labeling.

2. Isolate the radiolabeled mucin precursor of interest from the homogenate by immunopre-
cipitation using antipolypeptide antibodies (see Note 8).

3. Endo H digestion: Add 10 pL denaturing buffer to the S. aureus or protein A Sepharose
pellet, denature the sample for 5 min at 100°C. Cool to room temperature, add 1.2 pL.
Endo H-buffer and 500 U Endo H to the sample, and incubate 1 h at 37°C.

4. PNGase F digestion: Add 10 uL denaturing buffer to the S. aureus or protein A Sepharose
pellet, denature the sample for 5 min at 100°C. Cool to room temperature, add 1.2 uL.
PNGase F-buffer and 1000 U PNGase F to the sample, and incubate 1 h at 37°C.

5. Add reducing Lemmli sample buffer to the digestion mixtures, and analyze the mucin
precursors on 4% SDS-PAGE, using the appropriate molecular mass markers (see Notes
2-5, and 19).

3.3.3.2. INHIBITION OF N-GLYCOSYLATION BY TUNICAMYCIN (SEE NoTES 20 AND 21)

1. Incubate one sample of mucin-producing tissue (50 pg/mL) or cells (5-20 pug/mL) for 3 h
with tunicamycin. Perform a control incubation under identical conditions.

2. Metabolically pulse-label both samples of mucin-producing tissue or cells using [**S]amino
acids, as described in Chapter 19. Immediately homogenize the samples after pulse-labeling.

3. Isolate the radiolabeled mucin precursor of interest from the homogenate by immunopre-
cipitation using antipolypeptide antibodies (see Note 8).

4. Analyze the mucin precursors on 4% SDS-PAGE using reducing sample buffer, using the
appropriate molecular mass markers (see Notes 2-5, and 20).
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3.4. Identification of Previously Unidentified Mucins Through
Detection of Their Precursors (see Notes 1, 22, and 23)

1. Isolate mucins using density centrifugation on CsCl/guanidinium-HCI gradients (see
Chapter 1). Thoroughly dialyze the isolated mucins against water.

2. Prepare a polyclonal antiserum in rabbits against the isolated mucins, using Freunds com-
plete adjuvant (8).

3. Metabolically pulse-label a sample of the mucin-producing tissue or cells from which the
mucin was isolated using [¥S]amino acids, as described in Chapter 19. Immediately
homogenize the sample after pulse-labeling.

4. TIsolate the radiolabeled mucin precursors from the homogenate by immunoprecipitation
using the polyclonal antiserum raised against the isolated mucins from this particular
source.

5. Analyze the mucin precursors on 4% SDS-PAGE using reducing sample buffer, using the
appropriate molecular mass markers (see Notes 2-5, 22, and 23).

4. Notes

1. Mucin precursors, because of their low abundance, can only be detected through meta-
bolic labeling. All methods described in this chapter are based on the methods to culture
tissue and cell lines (see Chapter 18), methods for metabolic labeling of the mucin pre-
cursors (see Chapter 19), and methods to specifically immunoprecipitate the mucin pre-
cursors (see Chapter 20).

2. Each precursor of the known human, rat or mouse MUC-type mucins can be distinguished
by its unique apparent molecular mass by SDS-PAGE. These data are summarized in
Table 1, which serves as a reference table to identify each known mucin precursor by
SDS-PAGE (see also Chapter 20 for listed molecular mass markers).

3. The distribution of MUC2-MUCS6 based on detection by immunoprecipitation of their
respective precursors in gastrointestinal tissue and in cell lines are summarized in Table
2, which serves as reference table for mucin precursor synthesis in these organs and cells.
MUCI is not included, as it is expressed in virtually all epithelia at low levels, i.e., its
expression is not tissue specific. Thus far, no data are available for other MUC-type mu-
cins, like MUC7 and MUCS.

4. The information on the molecular masses of the mucin precursors of the rat and mouse is
incomplete. However, the analogy to their human counterparts suggests that also in these
species a clear distinction can be made between the various mucin precursors based on
their molecular masses (Table 1).

5. Three cell lines are included for reference, which collectively produce the precursors of
MUCI1 through MUC6 (Table 2). These cell lines are available at low costs through the
American Type Culture Collection (ATCC), and can be cultured as described in Chapter
19. The mucin precursors immunoprecipitated from these cell lines serve as excellent
markers to detect these respective mucin precursors in other human mucin-producing
sources. Moreover, immunoprecipitation of a particular mucin precursor from one of these
cell lines can provide the proper positive control for the immunoprecipitation procedure
of this particular mucin precursor from other sources.

6. MUCs often display genetic polymorphisms, which affect the number of tandemly
repeated amino acid sequences (1,2). Therefore, different individuals or cell lines may
biosynthesize precursors of a particular MUC gene of slightly variable lengths. When
immunoprecipitating precursors of a particular MUC, we sometimes observe distinct
interindividual differences in the molecular masses of these MUC precursors (Table 1).
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Table 1

255

Apparent Molecular Masses of MUC-Type Mucin Precursors as
Determined by Immunoprecipitation and Reducing SDS-PAGE

Mucin Species Molecular massa References
MUCI1 Human 160-400b 6
MUC2 Human 600b 4,5,7-9
Muc2 Mouse 600 10
rMuc2 Rat 600b 11
MUC3 Human 550b 45
MuUcC4 Human >900 45
MUCS5AC Human 500 4,512
rMuc5AC Rat 3000 13-15
MUC5B Human 470 16,17
MUC6 Human 400 4,5

a The apparent molecular masses were estimated (expressed as kDa) after
immunoprecipitation by reducing SDS-PAGE.

bThese mucin precursors were shown to display interindividual heterogeneity,

leading to small variations in the apparent molecular masses on reducing SDS-
PAGE (see also Note 6).

Table 2

Distribution of Mucin Precursors in Human Gastrointestinal Tissues and
in Cell Lines as Determined by Metabolic Labeling and Immunoprecipitation

Tissue MUC2 MUC3 MUC4 MUCSAC MUC5SB MUC6 Refs.
Stomach —a - - +++ - + 512
Duodenum ++ ++ - - - - 5
Jejunum ++ ++ - - - - 5
Ileum + ++ - - - - Unpub.b
Proximal colon +++ - + - + — 5
Distal colon +++ - + - + — 57
Gallbladder - + - - +++ - 16
LS174T +++ - - + + ++ 4
Caco-2 + ++ - - - - 4
A431 - NDc ++ ND ND ND Unpub.b

aPer organ or cell line we have indicated, in a semi-quantitative manner, the relative amounts of

mucin precursors: —, no expression ; +, detectable; ++, moderate expression; +++, strong expression.
bData on human ileum and A431 cells; Van Klinken, B. J. W., Biiller, H. A., Dekker, J., and
Einerhand, A. W. C., unpublished.

¢ND, not determined.

This phenomenon is best documented for MUCI in which the variation in molecular
mass of the precursors, produced from these different alleles, can be quite high: approx
160-310 kDa (6,18). However, for the other mucins the interindividual variations in the
molecular masses of the mucin precursors are quite small. That is, there is variation in the
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exact position of the precursor band on reducing SDS-PAGE, and sometimes double bands
can be observed in particular individuals. However, it is very important to note that these
variations in apparent molecular mass are relatively small, and that they will not lead to
any confusion regarding the identity of the immunoprecipitated mucin precursor.

For gastrointestinal tissues, over a period of up to 6 h, at 37°C under normal culture
conditions, all precursor will be processed to mature mucin. For cell lines, like LS174T,
this conversion may take longer (up to 24 h). In these experiments, the mature mucin can
be recognized on SDS-PAGE by its molecular weight, by PAS-staining, and often by its
heterogeneous appearance (smear). Also the position of the mature mucin on SDS-PAGE
can be revealed by metabolic labeling of duplicate tissue or cell samples with [°H ]galac-
tose or [*>S]sulfate (see Chapters 19 and 20).

Pulse/chase experiments will only reveal the precursor/product relationship of the mucin
precursor and its cognate mature mucin if antibodies are used, which are able to recog-
nize both the precursor as well as the mature mucin. Therefore, the antibodies used in
these experiments must be able to recognize the mucin polypeptide in a manner indepen-
dent of O-glycosylation (extensively described in Chapter 20).

Precursors are never present in the medium. If however, a known precursor is found in the
medium, this can be taken as evidence of cell lysis during the experiment.

Inhibition of vesicular transport from the RER to the Golgi complex will lead to the accu-
mulation of mucin precursors in the RER. This accumulation is generally accepted as
evidence of RER localization (2).

BFA is a fungal metabolite, which inhibits the anterograde vesicular transport from the
RER to the Golgi complex, but not the retrograde transport of vesicles from the Golgi
complex to the RER. This results in accumulation of RER-localized protein in the RER,
but also in an enrichment within the RER with enzymes (like glycosyltransferases), which
are normally present in the cis-Golgi cisternae (2,22).

BFA is added to the medium during the 30 min period, which is used to deplete the
compound to be used as label. During the metabolic pulse-labeling the medium is not
changed, i.e., BFA remains present in the medium.

BFA will retain the mucin precursors in the RER. However, some enzymes involved in
initial O-glycosylation are redistributed to the RER in the presence of BFA, resulting in
initial O-glycosylation of these precursors. As a result, the precursor band will gradually
transform over time into a smear, slightly above the normal precursor position on reduc-
ing SDS-PAGE (14,20). As BFA is a potent inhibitor of secretion, none of these partly O-
glycosylated precursors will appear in the medium as secreted product (14,20,22).

DBA has a high affinity for terminal GalNac residues. Therefore, the binding of mucin
precursors to this lectin is taken as evidence that initial O-glycosidic ou(1-0) GalNac ad-
dition to serine and threonine residues has occurred (14). This initial O-glycosylation will
occur in the presence of BFA, but not in the presence of CCCP (14,20).

CCCEP inhibits the oxidative phosphorylation in the mitochondria, resulting in a sharp
drop in ATP levels in the cells. As the RER-to-Golgi transport is highly energy depen-
dent, the addition of CCCP will almost instantaneously inhibit this transport. The pres-
ence of CCCP will lead to accumulation of all mucin precursors, formed in the
pulse-labeling, in the RER (14,20). Never, add CCCP prior to or during the pulse-label-
ing, as this will inhibit nearly all protein synthesis (20).

Most mucin precursors form disulfide-bound dimers in the RER (14,20). When we per-
form a pulse/chase experiment on tissue or cells with radiolabeled amino acids, and ana-
lyze the immunoprecipitated mucin precursors on nonreducing SDS-PAGE, we are able
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17.

18.

19.

20.

21.

22.

to demonstrate, next to the monomeric precursor band, a band with a much higher appar-
ent molecular mass than the monomeric mucin precursor. Reduction of parallel samples
will show that radioactivity in this high molecular weight band can be retrieved as the
monomeric mucin precursor on reducing SDS-PAGE, thus proving the dimerization of
the mucin precursor. The pulse sample usually only contains only monomeric precursors,
when analyzed on nonreducing SDS-PAGE. The precursor dimer appears during the
chase-period (typically within 30-60 min), and shows clear precursor/product relation-
ship with the monomeric precursor (14,20). It is advisable, to perform electrophoresis for
extended time to ensure that all putative dimers enter the running gel (20).

The application of BFA or CCCP in pulse/chase experiments, as described in Subhead-
ings 3.3.1.1. and 3.3.1.3., has no effect on the kinetics of oligomerization of the mucin
precursors (14,20).

Care should be taken not to run samples with reducing and nonreducing sample buffer
alongside on the same gel. The reduction of disulfide bonds is a fast process and the
reducing agents (typically 2-mercaptoethanol) are highly diffusible compounds. There-
fore, the risk exists that 2-mercaptoethanol will diffuse through the gel and reduce the
disulfide bonds in nonreduced samples. If these samples are run on the same gel, at least
one lane should be left unused in between.

N-linked glycans are added to RER-localized proteins in a conformation known as “high
mannose” N-glycans. Upon transport through the Golgi apparatus these N-glycans are
modified to “complex” N-glycans. The high mannose N-glycans can be split from the
polypeptide by the action of Endo H. This enzyme is however not capable to release the
complex form of these glycans. PNGase F releases all N-glycans, irrespective of their
conformation. Thus, if a mucin precursor is demonstrated to contain only high mannose
N-glycans this is taken as good evidence that this molecule is present within the RER (2-
4,7,11,13,14). The sensitivity of the mucin precursors towards these enzymes is demon-
strated on SDS-PAGE by an increase in mobility.

Tunicamycin inhibits the N-glycosylation completely, resulting in RER-localized
polypeptides without any glycosylation. When mucin precursors are immunoprecipitated
from tunicamycin-treated tissue or cells, this will yield the “naked” mucin polypeptide.
Upon reducing SDS-PAGE this will give the most accurate indication of the molecular
mass of the mucin polypeptide. Moreover, the position of this “naked” mucin polypeptide
on reducing SDS-PAGE is identical to the position of Endo H- or PNGase F-digested
mucin precursors, which can serve as appropriate evidence that the Endo H and/or PNGase
F digestions have removed all N-glycans from mucin precursors (e.g., ref. 13).

The inhibition of N-glycosylation by tunicamycin slows down the process of oligomer-
ization of the mucin precursors considerably (14,17,20). Since both N-glycosylation and
oligomerization take place in the RER, this lends additional experimental evidence to the
notion that the mucin precursors are actually present in the RER. To observe this inhibi-
tory effect on oligomerization, pulse/chase experiments must be performed in the con-
tinuous presence of tunicamycin.

The procedures to isolate mucins from any given source and to prepare polyclonal anti-
bodies against these intact mucins are described previously (8). Polyclonal antisera raised
following this protocol are always specific for the unique, non-O-glycosylated polypep-
tide regions of the mucins, which are expressed in this particular mucin source. It has
been demonstrated for many different tissues, that these antisera will be able to recognize
the mucin precursors in the respective tissue or cells in metabolic labeling experiments
(7-17). Thus, immunoprecipitation using these antisera on pulse-labeled tissue or cells
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23.

will reveal which mucins are expressed in this particular mucin source. As each mucin precur-
sor can be identified by its unique mobility on reducing SDS-PAGE (Table 1), the identity of
the immunoprecipitated mucin precursors can be established (see also Chapter 20).

An excellent example of the successful application of this method is the study of human
gallbladder mucin. Human gallbladder mucin was isolated using CsCl/guanidinium.HCI
density gradients, a polyclonal antiserum was raised, and the expression of mucin precur-
sors was studied by metabolic labeling experiments (17). It appeared that the antiserum
recognized only one mucin precursor with an apparent molecular mass of 470 kDa. By
comparative immunoprecipitation analysis it appeared that this mucin precursor was not
identical to the precursor of MUCI, 2, 3, 4, 5AC, 6, or 7, leading us to conclude that
gallbladder mucin was either a novel mucin or MUCS5B (4,21). Finally, using specific
monoclonal antibodies to immunoprecipitate MUCS5B precursor, we were able to show
that the major human gallbladder mucin was identical to MUCSB (16).
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Inhibition of Mucin Glycosylation

Guillemette Huet, Philippe Delannoy, Thécla Lesuffleur,
Sylviane Hennebicq, and Pierre Degand

1. Introduction

Mucins are secreted or membrane-bound large glycoproteins produced by epithe-
lial cells of normal and malignant tissues. The secreted mucins are the major compo-
nents of the mucous gel overlaying respiratory, gastrointestinal, or genital epithelia.
Mucins constitute a family of extensively O-glycosylated glycoproteins (40-80% by
weight) (1,2) encoded by a family of different MUC genes (3). The oligosaccharide
side chains substitute threonine or serine residues of tandemly repeated sequences in
the core of the molecule.

The biochemical properties and functions of mucins are greatly dependent on their
O-glycosylation state. In particular, mucins can display a role in cellular protection or
cellular adhesion (4). On the one hand, filamentous mucins highly substituted by nega-
tively charged O-glycans act as a protective barrier for epithelial cells. On the other
hand, the terminal oligosaccharides of mucins can interact with cellular or bacterial
receptors and promote adhesion on the epithelial cells. Mucins display tissue-specific
patterns of O-glycosylation. Alterations in the glycosylation of mucins commonly
occur in many mucosal diseases. In particular, glycan epitopes of mucins are impor-
tant markers in cancer (5,6).

Studies on the regulation of the biosynthesis and secretion of mucins have been
improved by the use of human mucosal cells, which can be grown in long-term
culture (7). To address the function of carbohydrates, inhibitors of O-glycosylation
have been used in in vivo experiments on cultured cells (8). For that purpose, aryl-
N-acetyl-o-galactosaminides (GalNAco-O-aryls) have been initially used as
potential competitors of the glycosylation of N-acetylgalactosamine (GalNAc)
residues linked to the core protein, since these sugar analogs were suitable substrates
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for UDP-GlcNAc:GalNAc-RB1, 3-N-acetylglucosaminyltransferase (9). Actually, in
in vitro experiments, these compounds inhibit the UDP-Gal:GalNAc-Rf1,3-galac-
tosyltransferase (8). GalNAco-O-aryls (benzyl-, phenyl-, and p-nitrophenyl deriva-
tives of N-acetylgalactosamine), when added in the medium of cultured cells, are
metabolized within the cells and give rise to different internal derivatives. In vivo the
resulting effects of GalNAca-O-aryls on the O-glycosylation of mucins are different
from the effects obtained in vitro (8,10-12). In this way, in mucin-secreting colon
cancer cells such as the HM7 variant of LSI74T cells (8,10) and the HT-29 MTX
subpopulation (11,12), GalNAca-O-aryls are highly converted into the disaccharide
GalP1-3GalNAco-0O-aryls, but this conversion does not impair some significant $1,3-
galactosylation of O-linked GalNAc to the core protein as well. The disaccharide-
formed GalB1-3GalNAco-O-aryls have proved, on the contrary, to behave as a strong
competitive inhibitor of the elongation of the mucin Galf1-3GalNAca sequences by
N-acetylglucosa-minyltransferases, sialyltransferases, and fucosyltransferases (8,10-12).
Hence, in in vivo experiments, GalNAco.-O-aryls mainly act as inhibitors of the elonga-
tion of the GalB1-3GalNAca sequence (T-antigen) of mucins.

The carbohydrate changes induced by GalNAco.-O-aryl treatments can be evaluated by
different methods:

1. Mucins can be directly analyzed in the cell culture media or in the cell lysates by Western
blotting using lectins and/or antibodies directed against carbohydrate epitopes.

2. Mucins can be isolated from cell lysates or culture media by the conventional procedures
using ultracentrifugation on a cesium bromide gradient (13,14), and analyzed by carbo-
hydrate composition or by (enzyme-linked immunosorbent assay (ELISA) with lectins
and/or glycan epitope-specific antibodies.

The effects on mucin secretion can be estimated using metabolic labeling with
[*H]threonine or by histochemical staining. And, the intracellular metabolization of
GalNAca-O-aryls can be studied using metabolic labeling with [*H]galactose and
reversed-phase, high-performance liquid chromatography (HPLC).

2. Materials

1. Alcian blue (AB), pH 2.5: 0.1% (w/v) AB in 3% (v/v) acetic acid, pH 2.5.
2. Amplify (Amersham, Buchler Gmbh, Braunschweig, Germany).
3. Anti-digoxygenin (DIG) Fab fragment conjugated with alkaline phosphatase (Boehringer
Mannheim, Germany).
4. Aryl-N-acetyl-o=D=galactosaminides (Sigma, St. Louis, MD).
5. Blocking solutions:
a. Blocking solution 1: Tris-buffered saline (TBS), pH 7.5, containing 2% polyvinyl
pyrrolidone K-30 (Aldrich).
b. Blocking solution 2: TBS, pH 7.5, containing 0.5% blocking reagent (Boehringer
Mannheim). Heat at 60°C for 1 h.
c. Blocking solution 3: TBS, pH 7.5, containing 6% bovine serum albumin (BSA).
d. Blocking solution 4: 0.01 M phosphate-buffered saline (PBS), pH 6.8, containing 1%
(w/v) BSA.
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12.
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15.
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20.
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22.

23.

24.
25.

Blotting buffers:
a. Anode buffer: 0.3 M Tris HCI, pH 10.4, containing 20% methanol.
b. Cathode buffer: 0.04 M 6-amino-N-hexanoic acid containing 20% methanol.

. Cell disrupter Sonifer B-30 adapted with an exponential probe (Branson Sonic

Power).
Continous flow radiochromatography detector Flo-One/Beta.

. ECL detection kit (Amersham).
10.
11.

Eukitt (Kindler GMBN, Freeburg, Germany).

Hibar prepacked column RT 250-4, Lichrosorb RP-18, 5 um (Merck, Darmstadt,

Germany).

Incubation buffer:

a. Incubation buffer 1: TBS, pH 7.5 containing 1% (w/v) BSA, 1% sodium dodecyl
sulfate (SDS), 1% Triton X-100, 10% fetal calf serum (FCS).

b. Incubation buffer 2: TBS, pH 7.5 containing 10% FCS.

Labeling :

a. [3H]-L-threonine (ICN, Costa Mesa, CA) 46 Ci/mmol, 1.7 GBg/mmol (50 mCi/mL).

b. p-[6-*H]galactose (Amersham): 20-40 Ci/mmol, 0.7-1.5 TBq/mmol (1 mCi/mL).

Lectin buffer: TBS, pH 7.5, containing 1 mM MgCl,, 1 mM MnCl, and 1 mM CaCl,.

Cell culture media:

a. Standard growth medium: Dulbecco’s modified Eagle’s medium containing 2 mM
glutamine, 100 UmL of penicillin, 100 mg pL of streptomycin, and 10% fetal bovine
serum.

b. Growth medium with GalNAco-O-aryl: The medium in ituma is added with aryl-N-
acetyl-o.-p-galactosaminide.

c. Threonine-free medium (Life Technologies).

d. Low-glucose Dulbecco’s minimal essential/H-16 medium (Gibco).

Molecular weight-markers are the high molecular range weight of Rainbow colored mark-

ers (Amersham), maximun 200 kDa (myosin).

Monoclonal anti-T (Thomsen-Friedenrich) antibody available from commercial suppliers.

Nuclear Red: 0.1% (w/v) nuclear red in 5% aluminum sulfate solution. Heat to dissolve

and filter.

Paraformaldehyde: 4% (w/v) in 0.1M phosphate buffer, pH 7.4.

PBS:

a. 0.01 M PBS, pH 6.8.

b. 0.01 M PBS, pH 6.8, containing 0.1% (v/v) Tween-20.

Peroxidase-labeled antimouse IgG antibody (Jackson Immunoresearch Laboratories, West

Grove, PA).

Peroxidase-labeled streptavidin.

RIPA buffer: 1 mM Tris-HCI, pH 8.0, 0.01 M NaCl, 0.1% SDS, 1% Triton X-100,

0.5% sodium deoxycholate, 1% phenylmethylsulfonylfluoride, 1 mM sodium ethylene

diaminetetraacetate.

Stop solution: 1 N HCL.

Substrates:

a. Substrate solution 1: 50 uL of 4-nitroblue tetrazolium chloride (77 mg mL in 70%
dimethylformamide) and 37.5 puL of 5-bromo-4-chloro-3-indolyl-phosphate (50 mg
mL in dimethylformamide) in 10 mL of 100 mM Tris-HCI, pH 9.5, 50 mM
MgCl,, and 100 mM NaCl.



264 Huet et al.

b. Substrate solution 2: 1 x 10 mg tablet of O-phenylenediamine dihydrochloride (Sigma)
in 10 mL of 0.01 M PBS, pH 5.5. Add 15 pL of 30% hydrogen peroxide immediately
before use.

26. TBS: 50 mM Tris-HCI, 150 mM sodium chloride, pH 7.5.

27. X-O Kodak films (Amersham).

28. Whatman 3MM paper.

29. SDS-polyacrylamide gels for electrophoresis: stacking gels of 2% and running gels of

2-10% polyacrylamide gradient gel (acrylamide/bisacrylamide ratio of 37.5) are prepared

at 2-mm thickness.

3. Methods
3.1. Cell Culture in the Presence of GalNAcu-O-benzyl

3.1.1. Conditions of Use of GalNAco.-O-benzyl

GalNAca-0O-benzyl is directly dissolved in the culture medium for 2 h at room
temperature with continuous stirring. Then, the medium is sterilized by filtration.
GalNAco-0O-benzyl may be used at various concentrations up to 10 mM. A range of
different concentrations should be tested for the viability of the cells and the obtained
effects. Indeed, the response is expected to be different according to the cell type, and in
particular, its glycosyltransferase pattern.

GalNAco-0O-benzyl can be used in the following ways:

1. In a short treatment over a 24-h period. The cells are cultured in the standard medium up
to their differentiation state into mucin-secreting phenotype, and then for 24 h in the
medium enriched in GalNAco-O-benzyl.

2. In along time period treatment. The cells are cultured in the standard medium up to d 2
after seeding, and then in the medium enriched in GalNAco-O-benzyl. The medium is
changed daily with new medium containing GalNAco-O-benzyl.

3.1.2. Metabolic Labeling

To study the effects of GalNAca-O-benzyl on the secretion of mucins, cells are
seeded on 6-well plates. For metabolic labeling with [*H]Threonine, the current
medium is substituted by threonine-free medium. [*H]Threonine (50 uCi mL) is
added in the threonine-free medium of control cells and in the threonine-free
medium containing GalNAco-O-benzyl of treated cells. Then, the culture media are
collected and centrifuged and the cells are lysed in | mL of RIPA buffer and centri-
fuged. The supernatants are analyzed on 2—-10% gels and autoradiography (see
Subheading 3.2.4.).

To study the intracellular metabolism of GaINAca-O-benzyl, cells are seeded into
6-well culture plates. For metabolic labeling with [6—>H]galactose, the current medium
is substituted by low glucose medium to facilitate the incorporation of the precursor.
[6—*H]Galactose (1 mCi mL) is added in the medium simultaneously with GaINAco.-
O-benzyl for up to 72 h. After removing the culture media, cells are lysed by sonica-
tion in 1 mL of distilled water and centrifuged at 13,000g. The supernatants are
collected, heat-denaturated, and filtered through 0.22 um ultrafiltration units.
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GalNAco-0O-benzyl derivatives are analyzed by reversed-phase HPLC using a
Lichrosorb RP-18 column.

3.2. Visualization of Mucins after Electrophoresis

Samples of culture media or cell lysates are subjected to electrophoresis on
2-10% polyacrylamide gels in the presence of SDS.

3.2.1. Transfer to Nitrocellulose

Proteins are transferred from the gel to nitrocellulose for 1 h using a semi-dry
electroblot apparatus. Six sheets of Whatman 3MM paper are immersed in the anode
buffer and covered with the membrane and then with the gel, both previously rinsed in
the anode buffer. The gel is then covered with six more sheets of Whatman 3MM
paper that have been immersed in the cathode buffer. The transfer is carried out at
0.8 mA/cm?.

3.2.2. Lectin Staining (see Notes 1-4)

All steps should be performed at room temperature with gentle shaking except the
color development.

Wash the membrane three times in TBS for 5 min.
Incubate in blocking solution 1 for 2 h (see Note 1).
Wash the membrane three times in TBS for 5 min.
Incubate with DIG-labeled lectin (see Note 2) in lectin buffer for 1 h (see Note 3).
Wash the membrane in TBS (three times for 5 min).
Incubate in blocking solution 2 for 1 h.
Wash the membrane in TBS (three times for 5 min).
Incubate with anti-DIG Fab fragment conjugated with alkaline-phosphatase diluted 1000-
fold in TBS (1 pg mL).
9. Wash the membrane in TBS (three times for 5 min).
10. Incubate the membrane in substrate solution 1 until color development (see Note 4).
11. Stop the reaction by immersion and gentle shaking in distilled water.
12. Dry the nitrocellulose membrane at room temperature.

P NNk W -

3.2.3. Antibody Staining
All steps should be performed with gentle shaking.

Wash the membrane in TBS for 15 min.

Incubate the membrane in blocking solution 3 for 1 h at 37°C.

Wash the membrane twice in TBS containing 0.1% Tween-20 for 15 min.

Incubate the membrane at room temperature with the first antibody diluted 1000-fold in
the incubation buffer 1 for 2 h.

5. Wash the membrane in TBS containing 0.1% Tween-20 (two times for 15 min).

6. Incubate the membrane at room temperature with the peroxidase-conjugated second anti-
body diluted 4000-fold in incubation buffer 2 for 2 h.

B
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7. Wash the membrane in TBS containing 0.1% Tween-20 (two times for 15 min).
8. Incubate with the ECL solution for 1 min.
9. Expose to hyperfilm.

3.2.4. Autoradiography

Fix the gel overnight in 40% ethanol, 10% glycerol, 10% acetic acid (v/v/v).
Soak in Amplify for 20 min.

Dry on Whatman 3MM paper.

Expose to X-O Kodak film (Amersham).

b=

3.3. ELISA of Purified Mucins

Figure 1 gives an example of ELISAs of purified mucins.

3.3.1. Coating

1. Solubilize the mucins in PBS buffer overnight at 4°C.

2. For coating, incubate different amounts of mucins (from 10 to 1000 ng) in wells
of a 96-well plate overnight at 4°C, and then empty the plate.

3. Incubate the plate with blocking solution 4 at room temperature for 2 h.

4. Wash the plate in PBS (three time for 5 min.).

3.3.2. Lectin Staining

1. Incubate for 1 h with biotinylated lectin diluted in blocking solution 4 (from 1 to 10
ug mL).

2. Wash in PBS containing 0.1% (v/v) Tween-20.

Wash three times in PBS.

Incubate for 90 min with peroxidase-labeled streptavidin diluted in blocking solution 4

(2 pg mL).

Repeat steps 2 and 3.

Develop color with substrate solution 2.

Stop the reaction by adding 50 uL of 1 N HCIL.

Read the optical density at 492 nm.
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3.3.3. Antibody Staining

Incubate for 1 h with first antibody diluted in blocking solution 4.

Wash in PBS containing 0.1% (v/v) Tween-20.

Wash three times in PBS.

Incubate for 90 min with peroxidase-labeled second antibody at 0.2 pg mL in blocking
solution 4.

Repeat steps 2 and 3.

Develop color with substrate solution 2.

Stop the reaction by adding 50 uL of 1 N HCL

Read the optical density at 492 nm.
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Fig. 1. Example of ELISAs of purified mucins from control (L1), and from
GalNAca-0O-benzyl—treated cells (ll) with monoclonal antibody (MAb) BM 22.19
detecting T-antigen (A), and with MAb Tn-5 detecting Tn-antigen (B) (12).

3.4. AB Staining on Cryostat Sections of Cell Layer Rolls
3.4.1. Cryostat Sections of Cell Layer Rolls

Cells grown in 25-cm? flasks are rinsed twice in PBS, and dry scraped with a rubber
policeman, and the cell pellet is frozen in liquid nitrogen. Cryostat sections (6 um) of the
cell pellet are performed and fixed using 4% paraformaldehyde (15 min), followed by
washing in PBS (two times for 15 min). After drying, slides can be stored at —20°C (15).

3.4.2. AB Staining of Cryostat Sections

Wash slides in distilled water for 5 min.

Incubate in AB for 15-30 min.

Wash in distilled water (three times for 5 min).

Counterstain using nuclear red for 5 min.

Wash in distilled water (three times for 5 min).

Dehydrate in alcohol (70°, 95°, 100°) and toluol before mounting in Eukitt.

S e e

3.5. Analysis of GalNAco.-O-aryl Derivatives
3.5.1. Preparation of Samples

After continuous labeling with [6—H]Galactose, the culture media are collected
from the 6-well culture plates and cells are washed three times with sterile PBS. Cells
are then harvested and lysed in 1 mL of distilled water by sonication for 2 min using a
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cell disrupter adapted with an exponential probe. Cell lysates are centrifuged for
15 min at 13,000g. The supernatants are heat denatured (5 min at 100°C) and filtered
through onto 0.22 pum ultrafiltration units prior the injection.

For the analysis of the GaINAco.-O-benzyl derivatives secreted in the culture media,
medium samples are heat-denatured (5 min at 100°C), centrifuged for 15 min at
13,000g, and filtered through onto 0.22-um ultrafiltration units prior to injection on an
HPLC column.

3.5.2. Reversed-Phase HPLC Fractionation
of GalNAcu-O-benzyl Derivatives

One hundred microliters of sample are injected at a flow rate of 1 mL min and
eluted isocratically with distilled water for 10 min. An acetonitrile gradient is then
applied by increasing the percentage of acetonitrile from 0 to 50% in 20 min. The
percentage is still maintained at 50% for 15 min and the column is reequilibrated in
water for 20 min prior to the next injection. Detection of the radioactive compounds
is performed using a continuous flow radiochromatography detector. Figure 2 gives
an example of a separation profile.

3.5.3. Identification of GalNAco.-O-benzyl Derivatives

Identification is performed by the coinjection of [!4C]labeled radioactive standards
(i.e., [*C]Gal, ['*C]GalB1-3GalNAco-O-benzyl, [*C]NeuAco2-3Galf1-3GalNAca-
O-benzyl) and dual-label scintillation counting.

4. Notes

1. The lectin staining protocol is an evolution of the Glycan Detection protocol from
Boehringer Mannheim, provider of the DIG-labeled lectins. Several modifications have
been made to optimize the initial procedure. The main change concerns the substitution
of the first blocking solution (step 1) by polyvinyl pyrrolidone K-30 at 2% in TBS (block-
ing solution 1) prior to the incubation with DIG-labeled lectins. This change was made to
decrease the background owing to the nonspecific binding of lectins to the blocking rea-
gent, initially used for the saturation of the membrane after Western blotting. The block-
ing reagent (commercially available from Boehringer Mannheim, cat. no. 1 096 176) is
used in a second step of blocking (blocking solution 2, step 6) prior to incubation with the
nitrocellulose membrane with the anti-DIG Fab fragments.

2. The DIG-labeled lectins are used at the following concentrations: Amaranthin from
Amaranthus caudatus (ACA-dig) 2.5 ug mL; Maackia amurensis agglutinin (MAA-dig)
5 ug mL; peanut (Arachis hypogaea) agglutinin (PNA-dig) 2 ug mL; Sambucus
nigra agglutinin (SNA-dig) 2ug mL.

3. PNA recognizes T-antigen (Galf1-3GalNAc-R) only when the disaccharide is unsub-
stituted by sialic acid, either linked on 3 position to Gal, or on 6 position to GalNAc. It is
possible to visualize and estimate the total amount of T-antigen (sialylated or not) by total
desialylation of mucins after transfer onto the nitrocellulose membrane. Desialylation of
the blot is performed as follows: After step 2, incubate the membrane in a plastic bag
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Fig. 2. Example of separation by reversed-phase HPLC of cell extracts from control and
GalNAco-O-benzyl-treated cells after metabolic labeling with [3H]Gal (12). Incorporation of
[*H]Galactose was examined after 5 h (A), 24 h (B), and 48 h (C) of exposure to 5 mM
GalNAco-O-benzyl. The HPLC profile of control cells (D) is shown for 48 h of incubation
with [*H]Gal. The retention times of ['*C]labeled standards are indicated: 1, ["*C]Gal; 2, ['*C]
NeuAco2-3GalB1-3GalNAca-O-benzyl; 3, ['“C]GalB1-3GalNAco-O-benzyl.
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containing 10 mL of 50 mM citrate buffer, pH 6.0, 0.9% NaCl, 0.1% CaCl, supplemented
with 50 mU mL of sialidase from Clostridium perfringens. After a 16-h of incubation at
37°C, go back to the current protocol at step 2.

Development of the coloration must be performed without shaking. The revelation of
mucins should appear within the first 2 to 3 min. Increasing the times is not advised and
may enhance the nonspecific staining.
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