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ABSTRACT

Cystic fibrosis (CF) is a disease that is the most common genetic
disorder among Caucasian populations. CF appears to be epithelial in
nature, involving the majority of the glandular epithelial tissues in
the body, and thereby resulting in a usually systemic symptomology.

While the basic genetic defect has not yet been determined, one of
the central aspects of CF symptomology is an apparent abnormality in
the mucus secretions in CF individuals, Therefore, the investigation
of muéus_g]ycoproteins is necessary in order to gain a more complete
understanding of cystic fibrosis.

Mucus glycoproteins, or mucins, are not single well-defined enti-
ties, hut are large, highly complex molecules., They apparently vary
in compositipn depending on their source, and even mucins from the
same source appear to be extremely heterpgeneous with recard o their
acidity and the lengths of carbohydrate chains,

This study involved the isolation and characterization of mucins
from different sources. These mucin isolates are compared and
contrasted. The study also involved attempts to demonstrate that
hamster tracheal epithelial (HTE) cells grown in culture synthesize
and secrete mucins, and that the HTE cell system may prove useful in
the inyestigation of mucin synthesis and secretion. Attempts at

iv



mucin antibody production and immunoprecipitation from the HTE cells
are also included.

The aim of this study is to investigate mucins from different
sources, comparing and contrasting them, and also to show the possible
usefulness of the HTE cell system in the study of the synthesis and
secretion of mucus glycoproteins. In this way it may be possible to
gain a better understanding of the nature, structure, and eventually,

the function of this complex molecule.
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INTRODUCTION

Cystic fibrosis (CF) is a disease, apparently transmitted as an
autosomal recessive trait (Wright and Morton 1968; Nadler et al. 1978;
Bowman and Barnett 1976; Sing et al. 1982}, that is the most common
genetic disorder among Caucasian populations, CF appears to be
epithelial in nature, involying the majority of the glandular
epithelial tissues in the bbdy,.and resulting in a frequently
systemic symptomology. Clinical manifestations of the disease include
dysfunction of the exocrine glands, chronic pulmonary disease, and
gastrointestinal involvement (Bowman and Barnett 1976; Nadler et al.
1978). CF patients, howeyer, show a considerable amount of variability
in the expression of these symptoms, manifesting anywhere from only
one to nearly all,

While the basic genetic defect has not yet been determined, one
of the central aspects of CF symptomology is an apparent abnormality
of mucus secretions in CF patients (Carlson 1977; Boat and Cheng 1978;
Aldaheff 1978). Some inyestigators have suggested that mucus secre-
tions in CF indiyiduals appear to he abnormally viscous (Boat et al.
1977; Boat and Cheng 1978), produced in greater quantities. in CF
indiyiduals (Carlson 1977; Boat and Cheng 1978), more highly sulfated
and/or haying different amino acid ratios than mucins from unaffected
persons (Chace et al, 1985)., Most of the symptoms of CF appear

1



to be derived from this apparent alteration in glycoprotein metabolism.
For instance, the thick, excessive mucus secretions cause nutritional
problems due to malabsorption in the mucus-blocked gastrointestinal
tract. Chronic pulmonary disease and respiratory failure are due to
accumulations in the lungs; and blockage of organ passages by mucus
causes many other problems. Because of this central role that these
mucin-Tike glycoproteins, or mucins, appear to play, the study of
mucins themselyes is an important facet of CF research.

Mucins are not single, well-defined entities, but are large,
highly complex molecules. They vary in composition depending on their
source (Allen 1983; Silyerberg and Meyer 1982] and eyen mucins from
the same sourcé appear to be extremely heterogeneous with regard to
their acidity and the length of their carbohydrate chains (Allen 1983;
Van Halbreek et al. 1982; Silverberg and Meyer 1982; Kim et al. 1985).
This microheterogeneity among mucins is diScussed in many places in
the literature (Allen 1983; Forstner 1978; Rose et al, 1984; Harding
et al. 1983; Rousse11 et al. 1983; Lamblin et al, 1984a; Carlson
1968); and this reflects the problems associated with isolating
and characterizing "mucin" molecules. Therefore, in order to
achieve some sort of isolation and characterization, the focus
must be on the similarities inherent in mucus glycoproteins. Mucins,
or mucin-1ike glycoproteins, do Rave seyeral characteristics in common:

(a) In their native state they are uniformly large molecules, usually



with a molecular weight in excess of 1 x 106 (Carlson 1977; Allen
1983; Silverberg and Meyer 1982; Kim et al. 1985; Chace et al.
1985); (b) They are comprised of 50 to 85% carbohydrate, composed of
fucose, galactose, N-acetyl-galactosamine, N-acetyl-glucosamine, and
sialic acid (Allen 1983; Carison 1977; Forstner 1978; Kim et al.
1985); (c) The carbohydrate chains are freqﬁent]y negatively charged
due to terminal sialic acid and esterified sulphate residues (Allen
1983; Forstner 1978; Kim et al. 1985; Silverberg and Meyer 1982);
(d) The carbohydrate chains are linked to the peptide backbone via
0-glycosidic linkages between the hydroxyl groups of the serine and/or
threonine residues and the N-acetyl-galactosamine at the sugar
chain's reducing end (Allen 1983; Carlson 1977; Forstner 1978;
Silverberg and Meyer 1982); (e) This 0-glycosidic linkage is very
alkali labile, releasing intact sugar chains upon alkaline
B-elimination (Carlson 1977; Sharon 1975; Kim et al, 1985),
Figure 1 gives a didgrammatic representation of a mucin molecule.
Oligosaccharide side chains which are typically found in mucins are
shown attached to the protein backbone via 0-glycosidic 1inkages to
serine and thrednine residues (Slomiany et al, 19845 Lamblin

et al, 1984a; Van Halbeek et al. 1982; Hill et al, 1977;

Lamblin et al. 1984h), With these common characteristics in mind,
it is possihle to have, if not a "well-defined” molecule at least a

working definition of "mucins" to use as a starting point in the
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isolation and characterization of these complex secretions. Using
this working definition, mucin-like glycoproteins from different
soyrces can be studied and compared.

The importance of investigating mucins from human sources is
obvious because of their role in such disease states as CF. Studying
mucins from other sources, however, can also be important, Research
has shown that hamster tracheal epithelial (HTE) cells grown in culture
secrete high molecular weight, polyanionic, or mucin-1ike, glycopro-
teins (Rudick et al, 1984). The addition of serum from CF patients
to the HTE cells causes stimulation of the secretion of these mucin-
1ike molecules (Wooten et al, 1984}, suggesting that a CF serum
factor alters the rate of glycoprotein synthesis and/or secretion,
Since comparatively 1ittle is known about the synthesis of mucin-like
glycoproteins, a system, 1ike the HTE cell system, that could lend
itself to the study of these molecules, could prove to be invaluable.
Inyestigating the addition of O-linked oligosaccharide chains, their
time and site of addition during the course of glycoprotein synthesis,
as well as inyestigating the method of action of secretion, might be
feasible using this system. The biochemical regulation of mucin
synthesis and secretion, and its relationship to the etiology of CF
could much more easily be looked at in a cell culture system than in
whole organs, However, first it is necessary to determine more about

the mucin-1ike glycoproteins produced by the HTE cells in order to



gain insight into the regulation of their secretion.

This study involyes isolation and characterization of mucus
glycoproteins from both human and hamster tracheal sources. The
structures of the mucin.isolates from the two sources were compared
and contrasted. Also included in the study were attempts at producing
antibody to the isolated human mucin. This anti~human mucin antibody
could be very useful in examining mucin synthesis in cells suspected
to produce mucins, i.e. HTE cells, by immunoprecipitation of mucins
from HTE cells. Eventually, this study could Tead to the use of HTE
cells to investigate the function of this complex moelecule, and to an

understanding of its role in CF,



MATERIALS AND METHODS

Materials

The following were obtained from Bio-Rad Laboratories, Richmond,
CA: acrylamide, bis-acrylamide, N,N,N'N'-tetraethylmethylenadiamine
(TEMED) , ammonium persulfate, Bio-Rad Silver Stain Kit, DEAE-Affigel
Blue, Bio-Gel A-5M, Bio-Gel PZ’ Bio-Gel PJO’ Dowex 1-x2 (C17), Dowex
50-x2 (H+) and Dowex 50-x8. Sephadex G-200 was purchased from
Pharmacia, Piscataway, N.J. Freund's complete and incomplete adjuvant
were from Difco Laboratories, Detroit, Mich, The following radio-

1abe]1ed'materials were purchased from ICN, Iryine, CA: (3H)-NaBH4
35

(100 mCi/mmo1), S as sulfuric acid in Hy0 (10 mCi); (4,5-°H)
L-leucine (55 Ci/mmol), (1-3H) D-glucosamine hydrochloride (4-10
Ci/mmol) ; (U—14C) L-threonine (180-220 mCi/mmol), and (2-3H) D-mannose
(25 Ci/mmo1)., Pansobin was obtained from Calbiochem-Behring Corpo-

ration, LaJdolla, CA. (35

S) L-methionine (1200 Ci/mmol) was obtained
from New England Nuclear, Boston, Mass. Neuraminidase from Clostri-

dium perfringens and Boyine testicular hyaluronidase were purchased

from Sigma Chemical Co,, St. Louis, Mo. Sodium Dodecyl Sulfate (SDS)
was from Pierce Chemical Co,, Rockford, I11, Beta phase scintillatiom
cocktail was from WestChem, San Diego, Cal, Kodak X-OMAT film and

Kodak x-ray developer were obtained from Eastman Kodak Co., Rochester,



N. Y. A1l other chemicals were reagent grade or the highest purity

available.

Methods

Human Mucin Isolation.

Human mucin was isolated from human tracheal lavage samples
obtained from Ft. Worth Childrens Hospital., After receiving the
samples, they were dialysed against deionized water and lyophilized.
The isolation was then carried ouf on these dialysed and lyophilized
samples by means of column- chromatography using Sephadex G-200
(2.5 cm x 100 cm) followed by Bio-Gel A-5M (1.5 cm x 90 cm). Both
columns were run in a phospﬁate-sa1ine buffer,_pH 7.6, containing 0.01
M sodium phosphate, 0.15 M NaCl, 5mM g-mercaptoethanol and 0.59 mM
EDTA, Fractions haying a volume of 2 ml each were collected and
absorbance of these fractions was read at 220 or 280 nm for protein.
Void volume material was retained in each case, The samples were
treated with hovine testicular hyaluronidase, as previously described
(Gallagher and Kent 1975), between the two chromatographic steps in
order to degrade any glycosaminoglycans present, Samples were
dissolyed in a phosphate-citrate buffer, pH 5.5, containing 0,05 M
sodium phosphate, Q.05 M citric acid and Q.1 M NaCl. Hyaluronidase
was added to the sample to a final concentration of 0.25 mg/ml, and
then the samples were incubated at 37 °C for 18 h. After A-5M

fractionation, the samples were dialysed against deionized water and



lyophilyzed., Figure 2 shows the overall isolation scheme used.

HTE Cell Culture,

Hamster tracheal epithelial cells were isolated and grown in
culture as previously described (Wooten et al, 1984; Rudick et al.
1984). The cells were routinely grown in Ham*s.F12 medium containing
10% FCS in a 95% air:5% C0, incubator at 37 °C, One hundred millimeter
dishes of near confluent cells were trypsinized and then transferred to
roller bottles, Two 100 mm dishes were used for each roller bott]e.
The cells were grown in 100 m]. of the medium in the roller bottles
under normal cell culture conditions, When the cells were nearly
confluent, they were labelled with either 20 ,Ci/ml (%559, 5 pCi/m1
(3H)eg1ucosamine or 5 uLi/m] 2—(3H)¢mannose in 50 m] of medium contain-
ing only 5% FCS, and were incubated for 24 hours. The "conditioned"
medium was removed from the radioactively labelled HTE cells by aspira-
tion, centrifuged 10 min at 10,000 rpm in a Beckman J-21B centrifuge
using a JA-20 rotor to remove large debris and floating cells, dialysed
against deionized water and lyophilized, The HTE mucin was then
isplated from these crude media samples by running them through the
same chromatographic and enzymatic steps as used for the isolation of

the human mucin samples,

Characterization of the Mucins,

The isolated mucins were characterized by the following means:
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a) Protein determination, Protein was measured by the method of

Bradford (1976) using bovine serum albumin as a standard.

b) Hexose determination, Hexose concentration was measured by

the Anthrone method (Seifter et al. 1950) using glucose as a standard.

c) Hexosamine determination. Hexosamine was measured by the

method of Johnson (1971) using galactosamine as a standard.

d) Sialic Acid determination, The concentration of sialic acid

was measured as previously described (Jourdian et al. 1971) using
N-acetyl-neuraminic acid as a standard.

e) A-elimination. Mucin was analyzed by alkali-catalyzed

B-elimination, because the presence of alkali-labile 0-glycosidic
linkages is a characteristic of mucus glycoproteins. The g-elimination
was carried out and followed spectrophotometrically as previously
described (Planter and Carlson 1975). Samples were dissolved in

0,05 N NaOH to a final concentration of 2 mg of sample/ml, and the
absorbance of the sample was followed at 240 nm, A-elimination not
only indicates the presence of 0-glycosidic linkages, but also serves
to remove the carhohydrate side chains of the mucin from their protein
core, The A-elimination was done using 0.5 N NaOH in 0.5 N NaBH4.
After B-elimination. the mixture was acidified with glacial acetic

acid added dropwise, deionized using Dowex 50-x8 batchwise and dried
on a rotary evaporator, The horate, as methyl borate, was then

evaporated off on the rotary evaporator by 2 to 3 additions of methanol.
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The peptide core was separated from the sugar chains via column
chromatography on Bio-Gel PlOACI.S cm x 50 cm). The peptide was then
dialyzed against water and lyophilyzed and its purity checked by 10%
sodium dodecyl sulfate-polyacrylamide gel efectrophoresis (SDS-PAGE)
(Laemml1i 1970].

f) 0ligosaccharide chain analysis. Human mucin: When the oligo-

saccharide side chains were removed from the human mucin isolate, the
;%e]lminatron'was'carried out in the presence of (3H)vNaBH4, This
served to reduce and, thus, radioactively Jabel the reducing ends of the
released carbohydrate chains, These Jabelled chains were then analyzed
by ion-exchange chromatography using Dowex 1-x2 (C17) and Dowex 50-x2
(H+) (75 mm x 15 cm). The sugar chains were also run on a Bio-Gel P2
sizing column (1.5 cm x 85 cm), Ten microliter aliquots of the frac-
tions off these columns were added to 4 m] of beta-phase scintillation
fluid each and counted by 1iquid scintillation spectrometry,

Negatively charged oligosaccharide chains (i.e, those adsorbing
to Dowex 1-x2) were assayed for the presence of sialic acid using
neuraminidase (Cassidy et al, 1965), The chains were dissolyed in
water at a 1% concentration with the pH adjusted to 5,0 with acetic
acid, Neuraminidase was added to a concentration of 0,25 mg/ml, and
the mixture was incubated at 37 °C for 1 h, Once the sialic acid
was thus removed from the carbohydrate chains, they were rerun through

the Dowex 1-x2 (C17) ion-exchange column to determine loss of
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negative charge, Negatively charged chains were also assayed for
sulfate by releasing the sulfate yia methanolysis (Slomiany et al.
1981). Methonolysis was performed with 0.05 M HC1 in dry methano] at
room temperature for 4 .h, The sulfate re]easedlby_this means was
assayed by the method of Terho and Hartiala (1971),

g) Oligosaccharide-chain analysis. HTE mucin: When the

carbohydrate side chains were remoyed from the HTE mucin isolate, the
A-elimination was carried out bhoth in the presence and in the absence
of (3H)-NaBH4; Running the g-elimination in the absence of (3H)-NaBH4
allowed the metabolic labe], orfginally introduced into the HTE cel]
culture, to be followed when analyzing the side chains, The analysis
of the carbohydrate chains was essentially the same as that done on
the human mucin side chains, Sulfate was not assayed for, as one of

the metabolic labels was (3552.

Polyacrylamide Gel Electrophoresis,

Mucin was analyzed on 5% and 10% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE] (Laemmli 197Q) and on 3.5 to 7.5%
and 2,2 to 6% linear gradient gels, /eveliminated mucin was run on 10%
gels and 3,0 to 7,5% gels, The gradient gels were prepared in the
following manner. A gel mixture was prepared in which the acrylamide
concentration was equal to that of the high end of the gradient, i.e.
7,5% for a 3.0 to 7.5% gel, This mixture was placed in a small

flask with a stir bar and then placed on ice on a stir plate, A
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second gel mixture was prepared haying a much Tower acrylamide concen-
tration. The concentration of this second gel mixture was either 1.0%
or 0% depending on whether the acrylamide concentration at the top of
the gel was 3.0% or 2.2%. The gradient gel was cast by pumping gel
material from the high-percentage acrylamide solution (7.5%) into the
slab gel mold, and simultaneously at the same rate. pumping gel material
from the Jow-percentage solution into the high-percentage solution.
Since the high~percentage gel solution was being constantly stirred,
the percentage of acrylamide in it was gradually decreasing as the
low~percentage solution was added, Therefore the concentration of
acrylamide being cast in the gel gradually decreased, An LKB peris-
talic pump (LKB 2115 Multiperpex) equipped with dual channels was used
to generate the linear gradient and to insure equal mixing and constant
flow during the casting period. Figuré 3'shows a diagram of the gra-
dient gel casting system, TEMED and ammonium persulfate were added to
both gel solutions just prior to the casting, and the solutions were
kept on ice throughout, in order to slow down polymerization of the
acrylamide unti] the casting was complete, The casting should take
approximately 20 minutes,

In all the gels run, once the gel was cast, water was Jayered
on top until polymerization of the acrylamide had occured. Then the
water was poured off, and a stacking gel of 3.0% acrylamide was

applied to the top, This was done with a comb in place in order to
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form wells to contain the samples once polymerization had occured.

Samp]és to be electrophoresed were prepared in a d{ssociéting
buffer containing 800 .1 0.125M Tris-HC1 pH 6,8, 200 .1 10% SDS and
50 .1 P -mercaptoethanol. This was doene in a sample:buffer ratio of
1:2 y/v. The samples were boiled from 3 to 5 minutes, and then 10 .l
glycerol and 2 to 5 .l of-a 0.1% bromophenol blue tracking dye were
added to each sample, followed by vortexing,

Electrophoresis was carried out on the gels after sample appli-
cation at .15 mA. during stacking and then at 30 mA, The electrophoresis
was discontinued when the tracking dye reached the hottom of the -gel,
In all cases, protein detection in the gels was accamp]ished by
silver staining, as described in the Bio~Rad Silver Stain Kit

(Bio-Rad Laboratories),

Antibody preparation

Antibody. to the human mucin isolate was prepared by Tmmunizing
with 0,5 mg human mucin isolate in 0,5 m] water mixed with an equal
yolume of Freund‘s complete adjuvant, This mixture was injected intra-
muscularly once a week for 6 weeks and then once a month thereafter,
Attempts to elicit antibody to the peptide portion only- of the human
mucin isolate were done by two different methods, One ?abbii was immun
nized by the same techniqﬁe used for whole mucin antibody production,
but only the peptide portion was applied. A separate rabhit was immu-

nized with 0.5 mg of isolated human mucin peptide in water mixed with an
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equal volume of Freund's incomplete adjuvant to a total volume of 1 mi.
This mixture was then injected subcutaneously in 10 sites on the

rabbit's back at 0, 2, and 4 weeks and once a month thereafter.

Antibody detection.

Blood samples were drawn with a 10 cc.syringe from an ear vein
once a week from each rabbit, These blood sampies were assayed for
the presence of antibody by means of precipitin line formation in
double {mmunodiffusion plates as described by Ouchteriony (1968).

The plates were photographed unstained or stained,.as previously
described (Uriel 1971) and then photographed, Ouchterlony plates to
be stained were washed in 0.9% saline for 2 to 3 days to wash out
unprecipitated proteins, dried, and then stained with 0.5% Amido
black (w/v) for 10 to 20 min, Excess stain was removed by washing the
plates in 1 M acetic acid until the background was ciear, Antibody
production was also assayed for hy means of-a dot-immunobinding assay
run as previously described (Hawkes et al, 1982) but using nonfat
dry milk (Blotto) as a blocking agent instead of boyine serum albumin
(Johnson'et al, 1984) The antigen was dotted on a nitrocellulose
filter and dried thoroughly, Blotto was then added to block all
non-specific binding sites on the filter. Serum from the rabbit was
added and incubated overnight at room temperature, Serum was then
removed, and the filters were washed in TBS (50 mM Tris-HC1,

200 mM NaCl, Ph. 7.4}, and then incubated for 2 h at room temperature
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in peroxidase~conjugated goat anti-rabbit IgG, Filters were washed

again and developed in chlorenapthol and hydrogen peroxide.

Antibody Isolation.

Once antibody production was detected, 20 m1 of blood was drawn
from the rabhit at 4 week intervals, The rabbit was sedated first to
make handling easier. A portion of the ear was shaved so that the
veins were visible, A small slice was made across a lateral vein and
blood was withdrawn via a vacuum pump and suction apparatus that fit
over the ear,

The 30 m1 of blood was. then allowed to sit refrigerated for 20 min,
and was then centrifuged at 10,000 rpm for 10 min in a Beckman J-21B
centrifuge using a JA-20 rotor.. The serum (10-15 ml1) was then aspirated
off the top and retained, The immunpglobulin was isolated from this
rabhit serum yia DEAE-Affigel Blue chrpomatography, as described in
the Bip-Rad DEAE-Affige] Blue product information sheet (Bio-Rad
Laboratories), A modification (Thaxton 1983) of the buffer used to
equilibrate the column was made to get the best IgG hinding possihie,
The buffer used was 0,02 M Tris-HC], Q,035 M NaCl, pH 8,0. The
immunoglobulin was the first unbound protein peak off the column,

This {solated antibody was then dialyzed against deionized water and

Tyophilyzed,
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Indirect Immunoprecipitation.
The antibody produced against the total human mucin molecule,
anti-human mucin immunoglobin, was used with protein A-bearing strains

of the bacterium Staphylococcus aureus in attempts to indirectly

immunoprecipitate mucin, or mucin-1ike molecules from HTE cells, in
order to show the production of this substance by these cells. The
technique used is based upon the substifution of Protein A from S.
aureus for the second anti-IgG antibody in the indirect immunoprecipi-
tation (Kessler 1975; Kessler 1976),

Confluent. HTE cells were first labelled oyernight with either
2 pci/m (Mc)-leucine, 2 uci/m (FAc)-threonine or 4.2 uci/m (Fs)-
methionine, The medium was removed from the cells, which were then
scraped Toose from the plates in phosphate buffered saline (PBS).
The cells were than centrifuged and resuspended twice in PBS, centri-
fuged aﬁd finally resuspended in approximate1y 100/u] of 10% SDS.
This mixture was then boiled for 1Q min and centrifuged again. The
supernatant from this final centrifugation was used for the indirect
immunoprecipitation of mucin,

A modification (Hadzopoulou 1982} of the original technique
of Kessler (1975] was employed that uses Pansorbin (heat killed
bacteria of °S. ‘aureus with protein A present], This method allowed
Preincubation of the HTE cellular material with the protein A adsorbent

and non-~immune immunoglobulin, thus initially removing any
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nonspecifically adsorbed material and allowing specific immunoprecipi-
tation to oécur in the presence of the anti-human mucin antibody.

In this procedure, 50/u] of the cellular material was diluted
10-fold with PBS-plus (PBS, pH 7.4, containing 0.1% SDS, 0.5% nonidet
P-4Q, 1 mM EDTA, and 40 mM cold leucine, threonine or methionine,
depending on which label was used). The mixture was incubated with
30 /J Pansorbin for 1 h at room temperature and then centrifuged
4 min in a microfuge to remove all non-specifically bound proteins.

The supernatant was incubated for 20 min at room temperature with 20 g
non~immune immunoglobin, followed by the addition of 30 mul Pansorbin
and another 1 h incubation. Material was pelleted again by centri-
fugation and discarded. The supernatant was then incubated with 20 ug
of anti-human mucin immunoglohin at 4 °C for 24 h. Then 20 pl of the
bacterial adsorbent was added for 1Q min at room temperature, and the
mixture was centrifuged in a microfuge to collect the immunoreactive
material, The pellet was suspended in 200 ,) PBS-plus, Tayered on top
of 1 ml of 1,5 M sucrose and centrifuged for 10 min in the microfuge.
Pellets were then washed in the PBS-plus until the radioactivity in the
washes reached background. The pellets were then dissociated and

analyzed by SDS-PAGE as described above,

Fluorographic detection of radiolabelled proteins,
Radiolabelled immunoprecipitates that were run on SDS-PAGE were

then analyzed by fluorography. After staining, the gels were
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impregnated with ENSHANCE (New England Nuclear) for 1 h and then dried
under vacuum with a Savant SGD-200 slab gel dryer. The dried gel was
then placed in contact with Kodak X-OMAT AR film and exposed at

-80 oC. The film was then developed using Kodak X-ray developer.

Hemagglutination,

Since it has been determined that human mucin has some of the
same antigenic determinants as red blood cells (Forstner 1977),
antibody produced in response to human mucin, anti-human mucin immuno-
globin, should not only react with the human mucin but should also
cross-react with red blood cells, This was tested by standard
hemagglutination procedures (Gihbs 1977). Fresh human red blood
cells were washed 3 times in physiological saline and then diluted to
2% 1n saline, 50 ul dilutions of the anti-human mucin antibody were
set up in microtiter plates, alpng with 50 uJ dilutions of anti-A
or anti-B antiserum and saline blanks, The 2% suspension of red
Blood cells was added to the microtiter plates in a 1:1 (v/v) ratio
with the dilutions, The plates were shaken to mix the solutions,
allowed to sit for 3Q min at room temperature, and then overnight at
4 °C, The plates were then observed for the presence or absence of

"Buttons" of red cells in the hottom of the wells,



RESULTS

Mucin Isolation: Human

Human mucin was isolated from tracheal lavage samples as described
in Methods; Dialysed and lyophilyzed lavage samples were dissolved in
buffer by overnight stirring in the cold and then run on a Sephadex
G-200 column (2.5 x 100 cm). Figure 4 shows the profile of proteins
eluted from the G-200. The first protein peak, the mucin fraction,
was the void volume peak, as determined by Blue Dextran exclusion.

The fractions contained in this peak were combined, dialysed against
deionized water and lyophilyzed, This sample was then dissolved in

the phosphate citrate buffer described in Methods. Bovine testicular
hyaluronidase was added (Q,25 mg/ml), and the mixture was incubated at
37 % for 16 h. The mixture was then run through a Bio-Gel A-5M

column (1,5 cm x 90 cm). Figure 5 shows the protein profile eluted

from the A-5M column, Again, the void volume peak was the first

protein peak off the column, This material was comhined, dialysed

and lyophilyzed and considered to be the isolated mucin. This isolation
scheme was used to isolate mucin 20 times, with comparable results

each time,

Mucin Isolation: Hamster Tracheal Epitheltal

HTE cells were incubated in radiolabeiled medium as described in

22
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Figure 4. Sephadex G-200 chromatography of human mucin sample.
Samples were dissolved in a 0.01 M sodium phosphate, 0.15 M NaCl, pH
7.6, and applied to the G-200 column equilibrated with the same
buffer. Two ml fractions were collected. A: retained, void
volume or "mucin" peak. Each dot represents 20 experiments.
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Figure 5. Bio-gel A-5M chromatography of human mucin sample.
Lyophilyzed samples are treated with 0.25 mg/ml hyaluronidase for
18 h and then applied to the A-5M column equilibrated with a 0.01 M
sodium phosphate, 0.15 M NaCl buffer, pH 7.6. Two ml fractions are
collected. A: retained, void volume or "mucin" peak. Each dot
represents 20 experiments,
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the Methods section. After 24 hrs of labelling, the "conditioned"
medium off these cells was dialysed against deionized water and
lyophilyzed. The media samples were then run through the same isolation
scheme as that for human mucin, Figure 6 shows the protein profile
eluted from the G-200 column, This protein profile was the same for
all samples, whether they were labelled with (355), (3H)-glucosamine
or 2—(3H1—mannose. The void volume peak came off first, followed by
a large peak of included proteins. When these same fractions were
counted for radioactivity, the results are shown in Figures 7, 8, and
9, with Figure 7 showing the profile from the (353) labelled

cells, Figure 8 from the (3H)—g]ucosamine labelled cells and Figure 9

(35s)

from the (2—3H)-mannose labelled cells., In the case of the
labelled cells, the majority of the label, approximately 90%, occured
in the void volume peak, the mucin fraction. With the (3H)—g]ucosamine
and (2r3Hvaannose labels, the label was split between the mucin
fraction and the included proteins that elute from the colume after it,
In the case of (3H)-glucosamine, approximately 45% of the label was
found in the mucin fraction. With (2—3H)—mannose, about 50% of the
Tabel occured in the mucin fraction.

Figure 10 shows the protein profile off the A-5M column, Again,
this profile was basically the same for all three radiolabeled samples.
However, the radioactive counts off the A-5M are shown in Figure 11,

12, and 13, with Figure 11 representing the (3SS) labelled sample,

Figure 12 representing the (3H)-glucosamine labelled sample and
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Figure 6. Sephadex 6-200 chromatography of HTE cell mucin sample.
Samples were dissolved in a 0,01 M sodium phosphate, 0.15 M NaCl
buffer, pH 7.6, and applied to the G-200 column equilibrated with the
same buffer, Two ml fractions were collected, A: retained,

void volume or "mucin" peak, Each dot represents 6 experiments.
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Figure 7, Sephadex.G-200 chromatography of (35513§abe11ed HTE cell
mucin sample, HTE cells are labelled 24 h with (°°S). Media off
these cells is dialyzed, lyophilized, and then dissolved in 0.01 M
sodium phosphate, 0.15 M NaCl buffer, pH 7,6, The sample is then
applied to the G-200 column equilibrated in the same buffer. Two ml
fractions are collected, A: void volume or “mucin" peak, Each dot
represents 3 experiments,
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Figure 8. Sephadex G-200 chromatography of (3H)-glucosamine

13be11ed HTE cell mucin sample, HTE cells are labelled 24 h with
(PH)-glucosaminé. Media off these cells is dialyzed, 1yophilized,
and then dissolved in 0.01 M sodium phosphate, 0.15 M NaCl buffer,

PH 7.6. The sample is then applied to the G-200 column equilibrated
in the same buffer. Two ml fractions are collected, A: void volume
or "mucin" peak, Each dot represents 2 experiments,
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Figure 9, Sephadex G-200 chromatography of (2-3Hiamannose laGelled
HTE cell mucin sample, HTE cells were labelled 24 h with (2-°H)-
mannose. Media off these cells was dialyzed, lyophilized and then
dissolved in 0.01 M sodium phosphate, 0.15 M NaCl buffer, pH 7.6.
The sample was then applied to the G-200 column equilibrated in the
ﬁame_beTer. Two ml fractions were collected, A: void volume or
mucin® peak. Each dot represents 2 experiments.



30
015
{
A
- wl ‘
S
g )
D.Ds—
A | |

!
20 40 60 80 100 120

FRACTION NUMBER

Figure 10, Bio-gel A-5M chromatography of HTE cell mucin sample,
Lyophilized samples were treated with 0,25 mg/ml hyaluronidase for
18 h and then applied to the A-5M column equilibrated with 0.01 M
sodium phosphate, 0,15 M NaCl, pH 7.6, Two ml fractions were
collected, A: void volume or "mucin" peak, Each dot represents
6 experiments.



31
A
-
=
— Lo '
o
-]
L
=
(-
[ 2=}
< 4
! | | ! | {
20 40 60 30 100 120
FRACTION  NUMBER

Figure 11. Bio-gel A-5M chromatography of.(3551—1§ge11ed HTE cell
mucin sample. HTE cells were labelled 24 h with (°S). Media off
these cells was run through a Sephadex G-200, treated with hyaluron-
idase for 18 h and then applied to the A-5M column equilibrated in a
0.01 M sodium phosphate, 0.15 M NaCl buffer, pH 7.6, Two mi fractions
were collected. A: void volume or "mucin" peak. Each dot

represents 3 experiments.
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Figure 12. Bio-gel A-5M chreomatography of (3H)—g]ucosamine3]abel1ed
HTE cell mucin sample. HTE cells were labelled 24 h with (“H}-
glucosamine. Media off these cells was run through a Sephadex G-200,
treated with hyaluronidase, and then applied to the A-5M column
equilibrated in a 0.01 M sodium phcsphate, 0.15 M NaCl buffer, pH 7.6.
iwo m1 fractions were collected, A: void volume or "mucin" peak.
Each dot represents 2 experiments,
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Figure 13, Bio-gel A-5M chromatography of (2-3H)-mannose labglled
HTE cell mucin sample, HTE cells were labelled 24 h with (2-"H)-
Mannose, Media Off these cells was run through a Sephadex G-200,
tregtgd with hyaluronidase, and then appiied to the A-5M column
equ1]1brated‘w1th 0.01 M sodium phosphate, 0.15 M NaCl buffer, pH 7.6.
Two ml fractions were collected, A: void volume or "mucin” peak.
Each dot represents 2 experiments,



34

Figure 13 representing the (2’3H)—mannose labelled sample. In the
(3SS) and (3H)fg]ucosamine labelled samples, the radioactive counts

were spread throughout the column, with only about 19% of the
and 32% of the (3H)vg1ucosamine Tabel found in the mucin fraction.

In the case of the (2r3H)—mannose label, most of the counts are found
in the material that comes off the column after the void volume frac-
tion, with only 1% found in the yoid yolume, In all three cases, only
the yoid volume fraction was retained, so much of the radioactive
label was Jost at this step, The retained void volume peaks off the
A-2M column were combined, dialysed against deionized water and
lyophilyzed, This fraction was considered to be the isolated HTE

mucin,

Mucin Characterization

The isolated mucins were tested for protein, hexose, hexosamine,
sialic acid and sulfate contents, as described in Methods, The
results of these assays are givine in Tahle 1, Hexose and hexosamine
levels were very similar between the human and HTE mucin samples.
Stalic acid levels were lower in the human mucin than the HTE,

Levels of all the compounds tested were found to be within ranges of
values reported in the literature, Human mucin was found to be 13.25%
protein by weight, while HTE mucin was 17.0% protein by weight,

Both HTE and human mucin isolates were g-eliminated with NaOH,
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TABLE 1
MUCIN COMPOSITION

HUMAN * HTE ¢ RRARGES
Hexose 0.90 1.04 0.61-1.92
HEXOSAMINE 1.90 1.80 0.82-2.27
SIALIC ACID 0.28 0.45 0.20-0.99
SULFATE 0.07 NA 0.03-0.81

a

VALUES GIVEN ARE MG/MG PROTEIN, WHICH 1S 13.257 BY WEIGHT
OF TOTAL HUMAN MUCIN MOLECULE, AND 17.0%7 BY WEIGHT O
TOTAL HTE MUCIN MOLECULE,

"THESE RANGES WERE TAKEN FROM VALUES REPORTED IN THE i
FOLLOWING SOURCES: JABBAL, ET.AL.,19/5; CHACE, =T.AL.,1985;

SACHDEV, ET.AL,1980; HerzRERB, ET.AL.,1979., ALL VALUES ARE
MG/MG PROTEIN,

-
-
‘
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Alkaline g-elimination causes the type of reaction shown in Figure 14,
where the addition of NaOH causes the release of the carbohydrate
chain and the formation of an unsaturated derivative of serine or
threonine, These derivatives have a characteristic absorption in the
ultraviolet spectrum, so their formation can readily be detected

at 240 nm as is shown in Figure 15, When this reaction was carried
.out in the presence of NaBH4, the released sugar was converted to

the corresponding sugar alcohol and the serine and threonine deriva-
tives were converted to alanine and 2-aminobutyric acid respectively.

In the presence of (3H)vNaBH both the oligosaccharide chain and the

4°
peptide chain would be radioactively labelled this way, As can be
seen in Figure 16, A-elimination carried out under reducing conditions
(in the presence of NaBH4) gives an imnmediate rise in absorbance
caused by the formation of the double bonds, followed by a decrease as

the double bonds are saturated.

Oligosaccharide chain analysis

After g-elimination the oligosaccharide chains were separated
from the peptide core of the mucin molecule by Bio-Gel Piq column
chromatography, With the human mucin samples, g-elimination was
carried out in the presence of (3H)¢NaBH4 in order to radioactively
label the oligosaccharide chains. Figure 17 shows the protein profile
and the pattern of radioactivity off the P10 column., A1l the human

mucin samples show this same basic profile, with the peptide core heing
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Figure 14, The A-elimination reaction. X : the oligosaccharide side chain, R
H for serine, CH3 for threonine, R* and R" ': other amino acids of the peptide chain,

*H ; tritiated hydrogen mplecules from the (3H)rNaBH4.
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Figure 15, Alkali-catalyzed A-elimination of mucin sample, Mucin
sample was dissolyed in 0.5 N NaOH at a 2 mg/m]l concentration and
incubated at 50 °%, Absorbance at 240 nm was measured at various
time points, Each dot represents 15 experiments,
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J'igure 16, Alkall-catalyzed g-elimination of mucin sample under reducing conditions,
Mucin sample was dissolved In 0.5 H HaOH, 0,5 N NaBHg at a 2 mg/ml concentration and
d

incubated at 50 °C. Absorbance al 240 nm was measuréd at various time points. Each
dot represents 8 experiments.
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Figure 17, Bio~gel §10 chromatography of mucin'sampie #-eliminated
1n the presence of ( H)—NaBH4._3 Mucin sample was g-eliminated in
0.5 N NaOH, 0,5 N NaBH, with ("H]-NaBH, present, " The final product
was dried on a rotary evaporator, diss.é]-ved in deionized water and
applied to the P1Q column equilibrated in 0,005 M sodium phosphate,
0.075 M NaC] Buffer, pd 7.6, Half ml fractions were collected.

————o : CPM profile off column, & - :
protein profile off column, A: peptide peak, Each dot represents
10 experiments, '
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in the first protein peak, the void volume peak, and the oligosaccha-
rides coming out later, While there was some radioactivity associated
with the peptide core, as is expected, most of the radicactivity
present is associated with the oligosaccharide chains.

When the HTE mucin samples were g-eliminated, this same basic
profile was observed, with the metaho]ic label being associated with
the oligosaccharide chaihs (Figure 18), HTE mucin samples labelled
with (2-H)-mannose were not g-eliminated since.there was not enough
label Teft after isolation to allow it to be followed further,

The fractions off the PlO column comprising the oligpsaccharide
chains were combined, and dried down on a rotary evaporator. Further
testing was done on this sugar pool. The sugar chains were dissolyed
in water and run on a P2 sizing column, Figure 19 shows the sugar
chain profile off the P, column, Carbohydrate chains off the P2
column range in size from.l sugar residue to 9 to 10 sugar residues
Jong, The length can be determined by graphing the elution volume of
the chains ys, molecular weight using the elution yolumes of standard
sugar chains of known molecular weights, Figure 20 shows the plot
used .for this purpose, Sugar chains from the original sugar pool
were also run on ion-exchange columns, Dowex 1-x2 (C17) and Dowex
50-x2 (H*) to detect the presence of charges on these mplecules.
Samples were dissolved in water and applied to the columns, Adsorbed
molecules were eluted off the Dowex 1-x2 (C17) using Q.5 M NaCl and from

the Dowex 50-x2 (H+I using 1.5 N ammonium hydroxide, No sugar chains
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Figure 18, Bio-gel P10 chrcmatogggphy of #-eliminated HTE mucin
sample previously labelled with (“°S}, Mucin sample was A-eliminated
in 0,5 N NaOH, 0.5 N NaBH,, The final product was dried on a rotary
evaporator, dissolved in éeiom‘zed water and applied to the P10

column equilibrated in 0.005 M sodium phosphate, 0,075 M NaC1, pH 7.6.
Half ml1 fractions were collected. * . : CPM profile off
solumn, e +* : protein profile off column. A: peptide
peak, Each dot represents 4 experiments,
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Figure 19. Bio-gel P2 chromatography of A-elimination-released
oligosaccharide side chains from mucin sample, After the carbohydrate
side chains were separated from. the peptide core of the mucin on Bio-
gel P10, they were dried down on a rotary evaporator, dissolved in
deionized water and applied to the P2 column. Half ml fractions were
collected. M: point where monosaccharide standard comes off the
column., D: disaccharide standard, T: tetrasaccharide standard.
Each dot represents 15 experiments,
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Figure 20. Molecular weight estimation of the oligosaccharide chains
obtained by B -elimination. The Bio-gel P2 column was calibrated
with mono-, di-, and tetrasaccharide standards (indicated by the dots).
A -elimination-released sugar chains eluted from the P2 column all
aleng this range. The arrow represents chains approximately 15
sugar residues iong.
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were retained on the Dowex 50«X2(H+) column suggesting that none of
the molecules were positively charged. The pattern of radioactivity
off the Dowex 1-X2(C17) column is shown in Figure 21. The two groups
of carbohydrate side chains, negatively charged and neutral, were then
run back on the P2 sizing column separately, Figure 22 shows their
profiles off the column, Al1 the long carbohydrate chains, those
approximately 7 residues long and longer, are negatively charged.
The neutral sugar chains make up the medium and short chains. 0ligo-
saccharide side chains released off the HTE mucin isolates demonstrated
this same basic pattern

Negatively charged sugar chains were further tested to determine
possible explanations for the negative charge. In order to test for
the presence of N~acetyl neuraminic acid, the negatively charged
chains were treated with neuraminidase, as described in Methods, to
remoye the sialic acid and then rerun through a Dowex 1-X2(C17) to
determine loss of negatiye charge, The samples off the Dowex column
were then put back through the P2 column. The chromatography results are
shown in Figure 23, Whenever the long, negatively charged carbohydrate
chains were treated with neuraminidase and the sialic acid removed,
the same results occured, There remained a group of long chains that
were still negatively charged, There were also five distinct classes
of chains that were shorter and no longer negatively charged.

Those carbhohydrate chains stil1 negatively charged after

neuraminidase treatment were tested for the presence of esterified
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Figure 21. Dowex 1-x2 (C17) ion-exchange chromatography of oligo-
saccharide side chains released from mucin sample, Oligosaccharide
side chains were dissolved in deionized water and applied to thne

Dowex 1-x2 column, Negatively charged chains that stuck to the

column were eluted using 0.5 N NaCl, One ml fractions were collected,
A: neutral chains that did not stick to the column, B: negatively
charged chains eluted with NaCl. Each dot represents 16 experiments,
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Figure 22, Bio-gel P chromatography- of o11gosacchar1de side chains
off human mucin samp]é After being separated by ion-exchange
chromatography, the' negatively charged and neutral chains were
separately dried down, dissolved in deionized water and applied to the
P, column. One and a half ml fractions were collected, —o—e—:
negatively charged carbohydrate chains,—#-—-#-—: neutral
carbohydrate chains, Each dot represents 8 experiments,
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Figure 23, Bio-gel P, chramatography of neuraminidase treated
oligosaccharide side %hains. Negatively charged carbohydrate side
chains were treated with neuraminidase, separated via jon-exchange
chromatography, and then the different groups were applied to the PZ
column separately, One and a haif m] fractions were coliected.
—4—&—: negatively charged oligosaccharide chains;

—e—e—: negatively charged chains after neuraminidase;

-w---#-. neutral chains after neuraminidase, Each dot represents

5 experiments.
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sulfate residues., The residues were removed from the sugar chains
yia methanolysis and then assayed for, The sugar chains were then
retested for loss of negative charge on the ion-exchange column.
Figure 24 shows the Py column profile of these chains after metha-
nolysis and Dowex 1-X2(C17) chromatography. Release of the sulfate
residues resulted in a range of sizes of neutral sugar chains, and
there was still a group of long, negatively charged carbohydrate

chains,

Polyacrylamide Gel EJlectrophoresis

Mucin was analysed via SDS-PAGE as described in the Methods
section, Figure 25 shows tota] human mucin isolate run on a 2.2 to
6.0% linear gradient gel, The mucin appeared as a smear high in the
gel, Figure 26 shows the peptide core from g-eliminated mucin samples
run on a 10%-gel, Many bands were found on the gels of the g-eliminated

samples from both the human and HTE mucin samples,

Mucin Antibody Production

Antibody to the total human mucin molecule was produced in a
rabbit as described in Methods. Figure 27 shows the results of double
immunodiffusion experiments, Single precipitin lines were obtained
between the. antigen in the center well, the total human mucin molecule,
and the serum obtained from the immunized rabbit's blood, The
precipitin lines occured using straight rabbit's serum and also at

a 1:2 dilution,
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Figure 24, Bjio-gel P, chromatography of oligosaccharide side chains
with the sulfate remoyved, The sulfate residues were removed from the
negatively charged chains via methanolysis, The chains were then
separated via jon-exchange chromatography and the different groups
were applied separately to the P2 column, One and a half ml
fractions were collected,

——A—: negatively charged oligosaccharide side chains

—e—e—: negatively charged chains after methanolysis

4 --#--. neutral chains after methanolysis

Each dot represents 3 experiments,
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Figure 25, Human mucin isolate on a 2,2 to 6.0% SDS—po1yacry"Ia.m1’de
linear grad1ent slab gel. The mucin isolate was dissolved in 800 sl
Tris, pH 6,8, ZOO,J 10% SDS, 50 .1 A~mercaptoethanol, boiled 3 min,
and then vortexed with 10 .1 glycerol and 3 tracking dye. This
mixture was then applied to the gel, The ge’l was stained with silver
stain for protein, Lane a: phospherylase A, molecular weight marker,
(93 k), Lane b: human mucin isolate,
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Figure 26, A -eliminated mucin sample on a 10% SDS-polyacrylamide
gel. Mucin samples were A-eliminated in 0,5N NaOH, and then the
oligosaccharide chains were separated from the peptide portion via
Bio-gel P10 chromatography., The peptide part was dried down on a
rotary evaporator, dissolved in electrophoresis buffer, boiled,
vortexed with glycerol and tracking dye, and run on the 10% gel. Gels
were silver-stained for protein. Lane a: molecular weight markers,
phosphorylase A (93 k), bovine serum albumin (68 k), lysozyme (14 k).
Lanes b and c: A-eliminated HTE mucin samples. Lanes d - f:

A -eliminated human mucin samples.
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Figure 27. Double-diffusion immunoprecipitation of anti-human mucin
antibody, Serum taken from the inmunized rabbit's blood was tested
for the presence of anti~human mucin antibody, The center well of
both plates contains human mucin (20 g). The other wells of both
plates contain: 1 : non-immune serum

2 : undiluted immune serum

3-8 : serial dilutions of immune serum, with well 3
being 1:2, well 4 being 1;4, etc, Plate A is stained and plate B is
unstained.
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Indirect Immunoprecipitation

Using the isolated anti-human mucin antibody, attempts were made
to indirectly immunoprecipitate mucins from radiolabelled HTE cells,
as described in Methods, Figure 28 shows autoradiograms of the
immunoprecipitates run on 5% and 10% SDS-polyacrylamide gels. Many

proteins bands were immunoprecipitated by the antibody.

Hemagglutination

Isolated human mucin was tested for its antigenic similarity to
Blood group "antigens, This was done by testing the antibody produced
in response to the human mucin, the anti-human mucin antibody, for
its abi{lity to agglutinate red blood cells, Figure 29 shows the
results of the hemagglutination set up as described in Methods, The
absence of "huttons" of red cells in dilutions of the antibody
indicated that the anti-human mucin antibody does cross-react with,

and cause agglutination of red hlood cells.
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Figure 28. Autorad1ographs of immunoprecipitates from HTE cells. HTE
cells were labelled with (34C)-threonine overnight, collected, washed
with PBS and boiled"10 min in 10% SDS. The cells were then centr1fuged
and the supernatant was immunoprecipitated with anti-human-mucin
antibody as described in Methods. The immunoprecipitates were run on
5% and 10% SDS- po]yacry]am1de gels which were then dried and auto-
radiographed at -80°C. Lanes a-c : 5% gel., Lanes d and e ; 10% gel.
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Figure 29. Direct hemagglutination of human red blood cells using
anti-human-mucin antibody. Anti-human-mucin antibody was isolated
from rabbit serum via DEAE-Affigel Blue chromatography. The isolated
antibody was dissolved in 0.9% NaCl to a concentration of 10 mg/ml.
This was then used to set up the hemagglutination in microtiter plates.
Columns a - f : different isolations of anti-human-mucin antibody.

The top row of wells contained 50 ul of 10 mg/ml, followed by serial
1:2 dilutions down the plate, i.e. the second row down contained 50 ul
of 5 mg/ml, third row contained 50 ul of 2.5 mg/ml, etc. Column g :
0.9% NaCl with no antibody, Column h : serial 1:2 dilutions of
anti-A antiserum. The top row of wells was undiluted.
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DISCUSSTON

The study of mucus-type glycoproteins, including their isolation
and characterization, has heen an area of increasing interest over the
last decade. As the malfunctioning of mucins or mucin production has
been implicated in the etiology of more and more diseases, from
infertility to peptic ulcers to cystic fibrosis, research in this
field has grown, A comparison of the results of this research has
proven to be confusing. The confusion stems from several reasons:

1. Mucins have been isolated from a myriad variety of.sources; pig,
monkey, toad, sheep and eyen human (Chace et al, 1985; Kim et al.
1985; Qureshi et al, 1979; Hill et al, 1977, Herzberg et al.
1979), 2. Mucins have been isolated and purified in a multitude

of different ways, from column chromatography to enzymatic degradation
and proteolysis to thiol reduction, many of which many have resulted in
an isolated molecule very different from native mucin (Chace et al,
1985; Kim et al, 1985; Jabbal et al, 1976; Boat et al, 1976).

3, Mucin-like glycoproteins are extremely heterogeneous molecules,
apparently having as many differences as similarities between any two
mucin moledules (Allen 1983; Harding. 1884)], While there are certaln
characteristics used to classify mucins as mucins, a microheterogeneity
exists in the carbohydrate side chains of these molecules that

includes both differences in carbohydrates present, and differences
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in charge due to varying amounts of sialic acid and esterified sulfate
residues. Even mucins isolated with the same technique from different
parts of the same source, e,g, human gastric vs, human bronchial vs.
human cervical, apparently manifest a degree of structural dissimilarity
(Qureshi et al, 1979). Mucins are excessively polydisperse.

This study dealt basically with a comparison and contrast of
mucins isolated using the same technique from different sources, human
tracheal and hamster tracheal epithelial (HTE) cells. The study also
involved attempts to further study mucins produced by epithelial
cells yia immunological means using antihody produced against isolated
mucins,

The suhstances isolated from both the HTE cells and the human
tracheal lavage samples appeared to be mucin-like glycoproteins on the
basis of the characteristics used to classify mucins as such. Both
isolates were large molecules, being excluded in the void volume peaks
from both Sephadex 6-20Q and Bio-Gel A-5M columns (Figures 4, 6, 5 and
10 respectively). Both appeared to be mainly carbohydrate, with the
human mucin heing only 13.25% protein and the HTE mucin heing only
17% protein. Hexose, hexosamine, sialic acid and sulfate were present
in amounts comparable to those reported in the literature (Tahle 1),
Some of the carbohydrate side chains were negatively charged. The
oligosaccharide side:chains were Jinked to the peptide backhone via
alkali-labile O-glycosidic linkages, In the presence of NaOH, these

linkages were broken, releasing intact carbohydrate chains, A1l of
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these characteristics suggest that the isolates from both sources
were mucins,

When isolating mucins from the HTE cells, the cells were labelled
with one of three different radioisotopes, (?SSL, (3H)rg1ucosamine
and (2—3H)-mannose, (355) was used in order to detect the presence of
sulfate in the isolated mucin, (BH)-g]ucosamine was used because
glucosamine ‘is a common sugar found in mucin carbohydrate side chains.
(Z—BH)—mannose was used because mannose is a sugar not normally found
in mucins, For this reason, (2—3H)ﬁmannose was used specifically
instead of 1-(3H)-mannose so that if the mannose was converted to
another sugar via phosphomannose isomerase the Tabel would be Tost.
Only if it were incorporated as mannose would the mucin be radio-
actively Jahelled,

In looking at the results of this labelling, it can he seen that
after G-200 fractionation the major of the (355) Tabel was found in
the void volume, mucin peak, while the (BH)-glucosamine and (2—3H)—
mannose labels were split fairly evenly between the void volume and
the included serum protein peaks (Figures 7, 8 and 9). This suggests
that while most of the (*%s) was incorporated solely intp the mucin
fraction, the HTE cells incorporate glucosamine and mannose into both
the mucus glycoproteins and other secreted proteins., This suggestion
is supported by a study in the Jiterature that reported that the sugar

label and an amino acid label are incorporated at approximately the
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same rate into HTE cell secreted proteins (Rudick et al. 1984),

After further chromatographic fractionation of the G-20Q void
yolume peak on the Bio-gel A~5M column, the results were slightly
different, The (355) and (3Hl;glucosamine labels were found not only
in the void volumn, mucin peak, but throughout the column (Figures 11
and 12) suggesting that these substances were found in more than just
the mucus glycoproteins secreted from the cells. In the case of
(2—3H)~mannose however, almost none of the lahel was found in the mucin
fraction (Figure 13), This suggests that mannose was not incorporated
by the HTE cells into the mucus glycoproteins which they secrete.

This accords with reports in the literature that mucins contain no
mannose (Allen 1983; Kim et al. 1985},

A-elimination of mucin isolates from bhoth human and HTE cell
sources resulted in the release of oligosaccharide side chains that
can he separated from the peptide portion of the molecules via Bio-
gel P10 column chromatography, Figure 17 shows that a small void
volume, peptide portion, came off the column first, followed by a
large range of oligosaccharide chains which contain the majority of
the radipactive label, These carbohydrate chains from either source
range in size from one to ten or more sugar residues Tong (Figure 19],

The oligosaccharide chains isolated from the human and HTE mucin
samples were analyzed via ion-exchange chromatography- and were found to
be composed of two separate groups, & group of negatively charged

carbhohydrate chains and a group of neutral chains, On further analysis,
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by running each group separately back through the P2 sizing column,

it was found that the negatively charged oligosaccharide chains were
specifically the long chains, those having approximately seven or more
sugar residues. The neutral carbohydrate side chains were all medium
length and short (Figure 22). This finding apparently holds true for
the carbohydrate chains from both human and HTE mucins,

Negatively charged chains were assayed to determine if the nega-
tive .charge was due to sialic acid presence by removing the sialic
acid with neuraminidase and then testing for loss of negative charge.
Results show that when sialic acid was removed from the long, negatively
charged chains, five distinct classes of shorter, neutral carbohydrate
chains result. Also, a group of long, negatively charged chains
persists even after sialic acid removal (Figure 23), This group was
then tested to determine if the remaining negative charge was due to
esterified sulfate residues. Upon removal of this sulfate via
methanolysis, a range of sizes of shorter neutral chains resulted,
as well as a group of long chains that were still negatively charged
(Figure 24), Therefore, although both sialic acid and esterified
sulfate account for the majority of the negative charges on the
oligosaccharide side chains, they apparently do not account for all of
it.

Mucin isolates were also analysed via SDS-PAGE, The total human
mucin, because of its size, does not easily enter polyacrylamide gels,

Figure 25 shows the human mucin molecule run on a 2.2 to 6.0% linear
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gradient gel, The mucin appeared as a smear near the top of the gel
when stained with silver stain. Similar results have been reported

in 3,3% and 4.0% acrylamide gels stained with periodic acid-Schiff (PAS)
reagents for carbohydrates (Boat et al. 1976; Herzberg et al.

1979; Jabbal et al, 1976}, although with 4,0% acrylamide the mucin
barely enters the gel, The peptide portion of A-eliminated mucin was
also analysed by SDS-PAGE. Figure 26 shows 10% gels of various
Areliminated mucin samples, The pattern of proteins appeared to be
basically the same for all human samples with about 4 main bands and
many smaller bands. The pattern was different for A-eliminated HTE
mucin, although there were stil] many hands present., This multitude

of peptide bands was perhaps not too surprising, since mucus glyco-
proteins appear to interact strongly, although nonspecifically, with
other proteins (Allen 1983), Also, mucins have been reported to exist
as subunits that are joined by disulphide honds and/or a "7ink"

peptide (Mantle et al, 1983; Allen 1983), Boat et al.(1976)

have reported that g-elimination produces small glycopeptides, The
peptides found on the 10% gel range in size from greater than 93K to
around 14K,

Once the mucins had been isolated and characterized, attempts
were made to further study them by trying to look at mucin synthesis
in HTE cells via immunological means. In order to do this, the
isolated human mucin was used to elicit antibody production in rabbit

as described in Methods, Antibody to the whole human mucin molecule
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(a-fm antibody) was produced by the rabbit, though the titer was very
Tow, As can be seen in Figure 27, a single precipitin line occured
between the mucin antigen in the center well and rabbit serum containing
the elicited a-hm antibody. This precipitin reaction also occured at
a 1:2 dilution, but was weaker there, Attempts to increase the titer
of the antibody were not successful,

After the presence of the a-fm antibody was detected via the
double immunodiffusion, the immunoglobulins were isolated from the
rabbit%s serum as described in the Methods section, This isolated
antibody was then used to try to indirectly immunoprecipitate mucins
from HTE cells, Figure 28 shows the results of autoradiographs done on
the 10% and 5% gels of the immunoprecipitates from these indirect
immunoprecipitation experiments, Eyen when preincubated to prevent
non-specific binding, the a-hm antibody appears to immunoprecipitate a
multitude of substances, The antibody does not appear to be very
specific,

Since it has been reported in the Jiterature that mucins have
similar, if not the same, antigenic determinants as are found on the
surface of red blood cells (Lloyd and Kahat 1968) the a-hm antibody
was tested for its ability to agglutinate red hlood cells. Figure 29
shows the result of the hemagglutination assay, Antibody produced in
response to human mucin agglutinates red blood cells, suggesting that
the a-hm antibody recognized the carbohydrate portion of the mucin

molecule, This result is in contrast to the findings of others in
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the literature. The laboratory of G. Forstner has elicited antibody
production in rabbits to human intestinal goblet cell mucin (Jabbal
et al. 1976; Qureshi et al, 1979) in a manner that was very
similar to that used in this study. They report that their resulting
antibody does not agglutinate erythrocytes, and apparently recognizes
a "naked" peptide portion of the mucin molecule, They also find that a
specific three dimensional configuration of the molecule is necessary
for full antigenicity (Mantle et al, 1984), Other inyestigators
suggest that both peptide and carbohydrate residues are necessary for
antigenicity (L'‘hermitte et al, 1976),

¥hile the antigenic determinants for the mucin molecules are
still debatabhle, it seems to be the general consensus that antibody
elicited to one type of mucin molecule exhibits variable cross-
reactivity with other mucins, Antibody produced in response to human
intestinal mucin shows cross-reactiyity with dog, monkey and rahbit,
but not with rat, pig, or toad (Qureshi .1979), Therefore, although
preliminary double immunodiffusion results suggest some cross-
reactiyity between hamster tracheal tissue and the a-hm antibody, the
inabi{lity of the antibody to. immunoprecipitate mucins from HTE cells
could be a function of its inability to recognize the HTE mucin.
Another possibility is that the titer of the antibody was too Tow to
immunoprecipitate appreciahle amounts of mucin, or that the mucin
itself is not produced in any great amount, probably Jess than 1%

of the proteins secreted normally by the HTE cells, Attempts to
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elicit antibody production to the peptide "core" of the human mucin,
with the carbohydrate side chain removed, were unsuccessful.

The study of mucins is still a fertile area of investigation, and
undoubhtedly, the HTE cell system will prove to be invaluable in many
respects, Since these cells produce and secrete mucin-like glyco-
proteins, mucins themselves could be studied from this system. HTE
cells could also feasibly be used to study the biochemical regulation
of mucin production, from the hiosynthetic pathways of 0O-glycosylation
to the final addition of sialic acid and sulfate residues. The study
of mucin biosynthesis in organ culture has heen hampered by the
complexity of the tissue, which is not a factor in HTE cell culture.
Therefore, this system may prove to be ideal for mucin studies,

The investigation of mucus glycoproteins can basically be
considered a study in comparisons. Although all mucins appear to have
in common the characteristics outlined in the Introduction to this
work, the more reports that come out in the Jiterature, the more
differences are detected between mucins, These reported differences
frequently appear to Be contrgdictory, but this {s apparently a function
of the number of different sources and techniques used for mucin
isolation and characterization, As each specific mucin is more
definitively characterized, it can be seen that mucus glycoproteins, as
a.class of compounds, remain as complex and heterogeneous as ever,

This study has shown that mucins isolated from two different

sources, human trachea and hamster tracheal epithe]ial cells, have the
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inherent similarities expected of mucins, as well as predictable
differences. Both contain all the characteristics of mucin-like
glycoproteins, although to different degrees. As can be seen in
Table 1, the composition of both mucins falls within the range of
yalues reported in the literature for other mucin isolates. The
study also has shown that although production of antibody to mucin
can be elicited in rabbit, the produced antibody may. not be able to
be used in any system other than that to which it is produced. It
appears that the antigenic determinants of different mucins could
differ considerably.

While many inroads have been made in the study of mucin-like
glycoproteins, a large area has yet to be covered, More research
in this area will probably have to go in the direction of definitively
characterizing each separate mucin molecule, using such methods as
HPLC and mass spectroscopy; howeyer, with the amount of microhetero=
geneity being reported for this molecule, it still may not be possihle
to accomplish this to the extent of defining normal versus abnormal
mucins. Probably the most promising approach to take at this point is
to use the HTE cell system to study the biochemistry of mucin sysnthesis
and secretion, since this study has shown that HTE cells produce
mucins, Immunological studies of mucins in HTE cells may still be
possible, but the antibody used will probably- haye to be elicited

against HTE mucin isolates, not mucins from other sources, Using these
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methods, it may be possible to gain a clearer understanding not only
of individual mucin structure, but also of the biosynthesis and

secretion of these unique, complex glycoproteins,



LITERATURE CITED

Aldaheff, J. Glycoproteins and cystic fibrosis. Clinical Genetics
14:189-201; 1978.

Alien, A. Mucus: A protective secretion of complexity. TIBS
8:169-173; 1983,

Boat, T. F.; Cheng, P, W.; Iyer, R. N,; Carlson, D. M.; Polony, I.
Human respiratory tract secretions. Arch. Biochem. Biophys.
177:95-104; 1976.

Boat, T, F.; Cheng, P.; Wood, R. Tracheobronchial mucus secretion
in yivo and in vitro by epithelial tissues from cystic fibrosis
and control subjects. Mod, Probl. Paediat. 19:141-152; 1977.

Boat, T. F.; Cheng, P. Mucous glycoproteins in cystic fibrosis.
In; Walborg, E., ed, Glycoproteins and glycolipids in disease
processes, Washington, D, C.: American Chemical Society;
1978: p. 108-121,

Bowman, B. H,; Barnett, D. R. Introduction: Current investigation
and theories on the genetic defect in cystic fibrosis. Texas
Rep, Bio, Med, 34:1-9; 1976.

Bradford, M. M. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of
protein-dye binding, Anal. Biochem. 72:248-254; 1976.

Carlson, D, M. Structures and immunochemical properties of oligo-
saccharides isolated from pig submaxillary mucins. J. Biol,
Chem, 243:616-626; 1968,

Carlson, D. M., Mucous glycoproteins, Mod, Probl, Paediat, 19:1-10;
1977,

Cassidy, J, T.; Jourdian, G, W,; Roseman, S. C. The sialic acids:
Purification and properties of sialidase from Clostridium
perfringens, J. Biol, Chem, 240:3501-3506; 1965.

Chace, K, V.; Flux,:'M,; Sachdey, G, P. Comparison of physiochemical
properties of purified mucus glycoproteins isolated from
respiratory secretion of cystic fibrosis and asthmatic patients.
Biochemistry 24:7334-7341; 1985,

68



69

Forstner, J. F. Intestinal mucins in health and disease. Digestion
17:234-263; 1978.

Gallagher, J. T.; Kent, P. W. Structure and metabolism of glycopro-
teins and glycosaminoglycans secreted by organ cultures of rabbit
trachea. Biochem. J. 148:187-196; 1975.

Gibbs, M. B. Direct hemaglutination. In: Williams, C. A. ed.
Methods in Immunology and Immunochemistry, Vol IV. New York:
Academic Press; 1977:p. 1-26.

Hadzopoulou, M, An in yitro biosynthetic study of A-glucosidase from
Aspergillus niger. Denton: Texas Woman's University; 1982.
Dissertation.

Harding, S, E.; Rowe, A, J,; Creath, J. M. Further evidence for a
flexible and highly expanded spheroidal model for mucus glyco-
proteins in solution. Biochem. J. 209:893-896; 1983.

Harding, S, E. An analysis of the heterogenity of mucins. Biochem.
J, 219:1061-1064; 1984,

Hawkes, R.; Niday, E.; Gordon, J. A dot-immunobinding assay for
monoclonal and other antibodies. Anal, Biochem. 119:142-147;
1982,

Herzberg, M, C.; Leyine, M. J.; Ellison, S. A.; Tobak, L. A.
Purification and characterization of monkey salivary mucin. J.
Biol, Chem, 254:1487-1494; 1979.

Hi11, H. D,; Reynolds, J, A.; Hill, R, L, Purification, composition,
molecular weight, and subunit structure of ovine submaxillary
mucin, J, Biol. Chem, 252:3791-3798; 1977.

Jabbal, I.; Kells, D, I, C.; Forstner, G.; Forstner, J, Human
intestinal goblet cell mucin, Can. J, Biochem, 54:707-716; 1976.

Johnson, A. R, Improved method of hexosamine determination. Anal.
Biochem, 44:628-635; 1971,

Johnson, D, A.; Gautsch, J, W,; Sportsman, J, R.; Elder, J. H.
Improved technique utilizing nonfat dry milk for analysis of
proteins and nucleic acids transferred to nitrocellulose.
Gene Anal, Techn., 1:3-8; 1984,



70

Jourdian, G. W.; Dean, L.; Roseman, S. The sialic acids: A
periodate-resorcinol method for the quantitative estimation of
free sialic acids and their glycosides. J. Biol. Chem. 246:
430-435; 1971.

Kessler, S. W. Rapid isolation of antigens from cells with a
staphylocaccal protein A-antibody adsorbent: parameters of the
interaction of antibody-antigen complexes with protein A.

J. Immunol, 115:1617-1624; 1975.

Kessler, S. W. Cell membrane antigen isolation with the staphylo-
coccal protein A-antibody adsorbent, J. Immunol. 117:1482-
1490; 1976.

Kim, K, C.; Rearick, J. I.; Nettesheim. P.; Jetton, A. M. Biochem-
ical characterization of mucus glycoproteins synthesized and
secreted by hamster tracheal epithelial cells in primary
culture, J, Biol, Chem. 260:4021-4027; 1985.

Laemml1i, U, K, Cleayage of structural proteins during the assembly
of the head of bacteriophage T4. Nature 227:680-685; 1970.

Lamblin, G.; Boersma, A,; Klein, A.; Roussel, P, Primary structure
determination of five sialylated oligosaccharides derived from
bronchial mucus glycoproteins of patients suffering from cystic
fibrosis. J. Biol, Chem, 259:9051-9058; 1984a.

Lamblin, G,; Boersma, A.; L‘hermitte, M,; Roussel, P.; Mutsaers,
J. H, G, M,; VanHalbreek, H.; V1iegenthart, J, F. G. Further
characterization by a combined high-performance liquid
chromatography/H-NMR approach, of the heterogeneity displayed by
the neutral carbohydrate chains of human bronchial mucins. Eur.
J, Biochem, 143:227-236; 1984h.

L‘hermitte, M.; Lamblin, G,; Lafitte, J, J.; Rousseau, P.; Degand, P.
Properties of human neutral bronchial mucins after modification
of the peptide or the carbohydrate moieties, Biochimie (Paris)
58:367+3724 1976,

Lloyd, K. 0.5 Kabat, E, A, Immunochemical studies on blood groups,
XLI, Proposed structures gor the cargohydrate portions of
blood group A, B, H, Lewis™ and Lewis™ substances. Biochemistry
61:1470-1477; 1968.



71

Mantle, M.; Forstner, G. G.; Forstner, J. F. Antigenic and structural
features of goblet-cell mucin of human small intestine.
Biochem. J. 217:159-167; 1984.

Nadler, H. L.; Rao, G. J. S.; Taussig, L. M. Cystic fibrosis.
In: Stanberry, J. B.; Wyngaarden, J. B.; Fredrickson, D. S.,
eds. The metabolic basis of inherited disease, 4th ed.
New York: McGraw-Hill; 1978:p. 1683-1710.

Ouchterlony, 0. The techniques of double diffusion in two dimensions.
In: Ouchterlony, 0. Handbook of immunodiffusion and immuno-
electrophoresis. Ann Arbor: Ann Arbor Science Pub,; 1968:p. 23-
31.

Planter, J, J.; Carlson, D. M. Studies of mucin-type glycoproteins.
Anal. Biochem, 65:153-163; 1975.

Qureshi, R., Forstner, G. G.; Forstner, J. F. Radioimmunoassay of
human intestinal goblet-cell mucin, J. Clin. Invest. 64:
1149-1156; 1979.

Rose, M, C.; Voter, W. A,; Brown, C. F,; Kaufman, B. K. Structural
features of human tracheobronchial mucus glycoprotein, Biochem
J. 222:371-377; 1984,

Roussel, P,; Houdret, N.; Lamblin, G. Mucin subunits linked by
disulfide bridges. TIBS 8:312; 1983.

Rudick, V, L,; Wooten, M. W.; Rudick, M. J, Secretory activity of
hamster tracheal epithelial cells and the effects of cystic
fibrosis serum, J, Cell Physiol. 118:67-68; 1984,

Seifter, S., Dayton, S,; Noyic, B,; Muntwyler, E. The estimation of
- glycogen with the anthrone reagent. Arch. Biochem, 25:191; 1950.

Sharon, N, Carbohydrate~peptide linkages, In: Sharon, N,
Complex carbohydrates: Their chemistry, biosynthesis and
function. Reading, Mass: Addison-Wesley Publishing Co,;
1975:p, 65-83,

Silverberg, A.; Meyer, F, A, Structure and function of mucus.
Ady, Exp. Med, Biol, 144:;53-74; 1982,

Sing, C, F.; Kisser, D, R.; Howatt, W. F.; Erickson, R, P,
Phenotypic heterogeneity in cystic fibrosis, Am. J. Med.
Genetics  13:179-195; 1982,



72

Slomiany, A.; Kojima, K.; Banas-Gruska, Z.; Slomiany, B. Structure of
a novel sialoglycosphingolipid from bovine gastric mucosa.
Biochem. Biophys. Res. Comm. .100:778-784; 1981.

Slomiany, B. L.; Zdebska, E.; Slomiany, A. +Stggctura1 characterization
of neutral oligosaccharides of human H Le” gastric mucin. "J.
Biol. Chem, 259:2863-2866; 1984.

Terho, T. T,; Hartiala, K, Method of the determination of the sulfate
content of glycosaminoglycans. Anal. Biochem. 41:471-476; 1971.

Thaxton, E. S, Human alpha l-acid glycoprotein: A study of genetic
variation. Denton: North Texas State Univ, 1983, Dissertation.

Uriel, J. Characterization of precipitates in gels. In: Williams,
C, A., ed,  Methods in Immunology and Immunochemistry, Vol. III.
New York: Academic Press; 1971:p, 294-298,

YanHalbeek, H,; Dorland, L.; Vliegenthart, J. F. G,; Hull, W. E.;
Lamblin, G,; Lhermitte, M,; Boersma, A,; Roussel, P.
Primary structure determination of fourteen neutral oligo-
saccharides derived fram bronchial mucus glycoproteins of
patients suffering from cystic fibrosis, employing 500-MHz
H-NM spectroscopy, Eur, J. Biochem. 127:7-20; 1982.

Wooten, M, W,; Rudick, M, J.; Rudick, V. L,; Kramer, R, I, Effects of
cystic fibrosis serum on calcium influx and secretion using
isolated tracheal epithelial cells, J. Cell, Physiol.
121:490-5004 1984,

Wright, S, W.; Morton, N, E. Genetic structure of cystic fibrosis in
Hawaii, Am, J, Hum, Genet, 20:157-169; 1968.





