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Two mucins were isolated from bovine submandibular glands and termed major and minor on a quantitative 
basis. The major mucin representing over 80~o of the total glycoprotein fraction contained 37% of its dry weight 
as protein in contrast to 62% for the minor mucin. Differences in the amino acid composition reflected the higher 
proportion of typically non-glycosylated peptide in the minor mucin. The molar ratio of N-acetylgalactosamine 
to serine plus threonine was 0.82 in major and 0.65 in minor mucins, indicating a lower degree of substitution 
of potential glycosylation sites in the minor mucin. 

Differences in the carbohydrate composition were found largely related to the sialic acids, with higher relative 
amounts of N-glycoloylneuraminic acid in the minor mucin. In addition, the proportion of di-O-acetylated sialic 
acids was higher in the major mucin. The rate of sialidase action on the two mucins could be correlated with 
the content of N-glycoloylneuraminic acid in each glycoprotein. There was no difference in the type of 
oligosaccharide found in each mucin and the differences in relative proportions reflected the monosaccharide 
composition for the two mucins. Gel filtration on Sepharose CL 2B showed a lower molecular weight distribution 
for the minor in contrast to the major mucin which was partially excluded. Density gradient centrifugation 
reflected this variation. SDS-PAGE demonstrated a regular banding pattern for the major mucin with a lowest 
subunit size of 1.8 x 105 Da and aggregates in excess of 106 Da, while the minor mucin ranged from 3.0 x l0 s 
to 106 Da. The chemical composition of the isolated mucins was compared with previous histochemical analysis 
of mucin distribution in bovine submandibular glands and indicates a possible cellular location for each mucin. 
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Abbreviations: PBS, 0.01 M sodium phosphate buffer, pH 7.3, containing 0.15 M NaC1; Neu5Ac, N-acetylneur- 
aminic acid; Neu5Gc, N-glycoloylneuraminic acid; GalNAc-ol, N-acetylgalactosaminitol. 

The histochemical analysis of mucus glycoproteins (mucins) 
in the bovine submandibular gland has suggested the 
occurrence of two glycoproteins each located in a different 
cell type, either the mucous or serous cells in this tissue 
[1, 2]. Little biochemical data are available on the distribu- 
tion of the mucins within these cells. However, the isolation 
of a mixed mucin fraction obtained from whole glands has 
been reported [3] and this could be separated into two 
components, the major and minor mucins, based on the 
relative proportion of each. The detection of oligosac- 
charides released by alkaline-borohydride treatment [4-6] 
confirmed the mucin nature of the glycoproteins, but no 
comparison has been made between the major and minor 
components. Similarly, a large number of sialic acid species 
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have been detected in the total gland glycoprotcin fraction 
[7]. More detailed information on the major mucin has 
been reported by Bhavanandan and Hegarty [8] sug- 
gesting a polypeptide backbone of 60 000 Da and a corre- 
sponding glycosylated monomer subunit of 170000Da. 
Cloning and cDNA analysis of the major mucin has 
shown the presence of two domains, one correspond- 
ing to the glycosylated subunit polypeptide, rich in serine 
and threonine, and a second unexpected cysteine-rich 
domain [9]. The native mucin consists of several self- 
associating subunits to give the characteristically high 
molecular weight complexes (>  500 000 Da) reported ear- 
lier [3]. The present report compares the biochemical 
properties of the major and minor mucin fractions which 
show correlations with the histochemical data presented 
before [1]. 
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Materials and methods 

MATERIALS 

Dowex 2 x 8 (200-400 mesh), Dowex 50W, hydroxyapatite 
(Bio-Gel HTP), Bio-Gel P4 (200 400 mesh) and piperazine 
diacrylamide (PDA) were from Bio-Rad (Watford, UK), 
and Sepharose CL 2B from Pharmacia (Hemel Hempstead, 
UK). Pronase, colominic acid and fetuin were supplied by 
the Sigma Chemical Co. (Poole~ UK), sialidase from Vibrio 
cholerae was a product of Behringwerke (Marburg, Ger- 
many) and Clostridium pe~'ingens and Newcastle disease 
virus sialidases were obtained as described [10]. 
Sodium boro[3H]hydride (22.0 GBq retool- ~), N-acetyl-D- 
[4,5,6,7,8,9-14C]neuraminic acid (8.95 GBqmmo1-1) and 
[3HI Hyperfilm were from Amersham International 
(Amersham, UK). Cetylpyridinium ammonium bromide, 
precoated silica gel 60, and cellutsoe thin-layer plates were 
obtained from Merck (Darmstadt, Germany). Other chemi- 
cals of analytical grade were also products of Merck. 

Oligosaccharides used as reference compounds were 
Neu5Ac~(2-3)Gal/~(1-3)-GalNAc-ol and Neu5Ac~(2-3)Gal 
/~(1-3)[Neu5Ac~.(2-6)]GalNAc-ol from fetuin [11], 
Neu5Ace(2-6)GalNAc-ol from porcine seminal gel glyco- 
protein [12] and Neu5Acc~(2-3)lactose from bovine colos- 
trum [13]. Gal/?(1-3)GalNAc-ol and N-acetylgalactos- 
aminitol were prepared from desialylated fetuin or seminal 
gel oligosaccharides, respectively. 

METHODS 

Preparation of submandibular gland major and minor mucins 

The mucin was prepared from fresh bovine submandibular 
glands by the method of Tettamanti and Pigman [3]. 
Briefly, homogenization of the sliced glands in 0.0t M NaC1 
with an Ultraturrax; centrifugation at 2000 x g; adjustment 
of the supernatant to pH 4.7 with acetic acid; removal of 
the precipitate; addition of 10~o (w/v) cetylpyridinium 
bromide to the supernatant; collection of precipitated mucin 
and solubilization in 50°/£ (w/v) CaC12; precipitation with 
50-75% ethanol and solubilization of the mixed mucin in 
distilled water and lyophilization, The major and minor 
mucins were prepared from the mixed product as described 
[3] using hydroxyapatite. For this purpose, the mixed 
mucin was dissolved in 0.01 M sodium phosphate buffer, 
pH 6.8 (5 mg ml- 1) and hydroxyapatite added at 50 mg dry 
weight hydroxyapatite per mg mucin protein. The suspen- 
sion was stirred for 2 h and centrifuged at 10000 x q for 
20min. The pellet was washed with the 0.01 M sodium 
phosphate buffer and recentrifuged as before. The pooled 
supernatants contained the major mucin, and the minor 
mucin was eluted from the hydroxyapatite with 10 volumes 
(w/v) of 0.15 M sodium phosphate buffer, pH6.8, after 
stirring for 2 h and centrifugation at 20 000 x g for 20 rain 
Fractions were lyophilized after extensive dialysis against 
distilled water. Five preparations were made, and these 
showed only minor differences in yield and composition; 

each preparation was analysed and used individually. 
Saponification of O-acetyI groups of the mucin samples 

was carried out in 50 mu NaOH at 4°C for 60 rain, followed 
by neutralization of the solution with 2 .,a HCI and dialysis 
against 100 vol of water for 10 h. Less than 0.2% of total 
siatic acid was lost in any preparation during saponification. 
The samples were lyophilized and stored at #'C. A glyco- 
peptide mixture was prepared by exhaustive pronase diges- 
tion of the major mucin [14]~ and the products were 
separated by gel filtration on Sephadex G-50. The excluded 
material was collected. 

Radioactive labelling of major and minor mucins was 
carried out after saponification as described before [15] by 
periodate oxidation and borotritide reduction. The tritium- 
~abelled glycoproteins were repurified by chromatography 
on Sepharose CL 2B as described below. 

Preparation and analysis of siaIic acids 
The sialic acids of oligosaccharides and glycoproteins were 
quantified by gas chromatography after methanolysis and 
trimethyl sialylation in routine analysis of the total mono- 
saccharide composition [I6]. This procedure measures 
N-acetylneuraminic acid (Neu5Ac), as O- and N-substituents 
are removed and re-N-acetylation is included in the work 
up. 

The quantitation of different N- and O-acyl neuraminic 
acids was achieved alter release of bound sialic acids by 
formic acid hydrolysis, and purification over Dowex 50W 
and 2 x 8 ion-exchange resins as described by Schauer [17, 
18]. Total sialic acids were measured colorimetrically by 
the Fe 3 +/orcinol or periodate/thiobarbituric acid methods 
or by gas chromatography [17, t8]. The O-ace@ esters 
present in mucin and siatic acid fractions were quantified 
by the hydroxamate method [17]. IndividuaI sialic acids 
were analysed by gas chromatography/mass spectrometry 
under standard conditions as described [7]. The presence 
of disialyl linkages in mucin fractions was tested by methy- 
lation analysis using colominic acid as a standard [19]. Thin 
layer chromatography of sialic acids was carried out on 
cellulose plates as described before [17]. Two-dimensional 
thin layer chromatography was performed on 10 × 10 cm 
cellulose plates as detailed previously [13, 17], applying the 
sample at one corner of the plate before development with 
butan-l-ol:propan-l-ol:0.1 M HC1, 1:2: ! by vol in the first 
dimension, After drying and with or without exposure to 
ammonia, the plate was turned through 90 ° and run in the 
second dimension in the same solvent. Standards were 
applied for each dimension. The spots were visualized using 
the Fe 3 +/orcinol reagent [17]. 

Preparation and separation of oligosaccharides from major 
and minor mucins 
The alkali-catalysed/:~-elimination reaction was carried out 
in the presence of sodium borohydride on the high molec- 
ular mass major and minor mucins [20]. The mucins were 



332 Corfield, Corfield, Veh, Wagner, Clamp and Schauer 

dissolved in 50 mM NaOH, 1 M NaBH 4 at 2.5 mg ml-  1 and 
incubated at 45°C for 16h. After this time the excess 
borohydride was destroyed with acetic acid, the solution 
evaporated to dryness and the residue dissolved in water 
and passed through Dowex 50W H ÷. Finally, boric acid 
was removed by repeated evaporation from methanol. The 
products of /?-elimination were dissolved in 0.1 M pyri- 
dinium acetate, pH 5.0, and fractionated on a column of 
Bio-Gel P4 (200-400 mesh, 150 x 2 .2cm)  at room 
temperature. 

Tritium-labelled oligosaccharides were prepared under 
similar conditions containing 740-925 MBq NaB[SH4] 
(32-42 gmol) in 10 ml incubations. Sialic acid and radio- 
activity were determined in individual fractions and analysed 
by thin layer chromatography on silica gel 60 plates 
developed with ethanol: butan- 1-ol: pyridine: water: acetic 
acid, 100:10:10:30:3 by vol, as before [13]. Fractions were 
pooled according to the pattern observed on thin layer 
chromatography, and repeated chromatography on Bio- 
Gel P4 was used to obtain individual oligosaccharide 
fractions. The total carbohydrate composition of the oligo- 
saccharide fractions was analysed by gas/liquid chromato- 
graphy after methanolysis [16]. The nature of the parent 
sialic acids (either Neu5Ac or Neu5Gc) was determined 
after mild acid hydrolysis of the oligosaccharides (0.1 M HC1 
at 80°C for 60 min) and thin layer chromatography of the 
hydrolysate on silica gel 60 plates in the presence of Neu5Ac 
and Neu5Gc standards. Quantitative analysis of Neu5Ac 
and Neu5Gc was made by gas chromatography of the sialic 
acids in the hydrolysates after ion-exchange purification as 
described above. 

Incubation of mucins with sialidases 

Sialidases from Vibrio choIerae, Clostridium perfrinoens and 
Newcastle disease virus were tested with mucins, glycopep- 
tides and oligosaccharides. The initial rate of reaction was 
measured as detailed before [10, 21] for the different 
substrates under comparable incubation conditions con- 
taining 2ram substrate sialic acids. Incubations (100 gl) 
contained V. cholerae enzyme (50 mU) in 50 mM sodium 
acetate, 9 mM CaC12 and 150 mM NaC1 buffer, pH 5.5; C. 
perfringens enzyme (50 mU) in 50 mM sodium acetate, 
pH 5.1, or Newcastle disease virus enzyme (3 mU) in 50 mM 
sodium acetate, pH 5.5. In all incubations containing O- 
acetylated sialic acids a preliminary saponification step was 
included in the colorimetric assay to avoid underestimation 
of released sialic acid [22]. 

Gel filtration 
Major and minor mucins were submitted to chromato- 
graphy on columns (30 x 1 cm) of Sepharose CL 2B in 
0.01 U sodium cacodylate, 0.5 M NaC1 buffer, pH 6.0. The 
columns were eluted under gravity at a flow rate of 
0.7 mlmin  1 and fractions of 2 ml were collected and 
analysed for sialic acid and OD at 280 nm. 

Density gradient centr(fugation 
Major and minor mucin samples were submitted to density 
gradient centrifugation as described by Carlstedt et al. [23]. 
The mucins were dissolved in 4 M guanidine hydrochloride 
in PBS at a concentration of 0.5 mg ml-  1 in a total volume 
of 8 ml. Solid CsC1 was added to give a starting density of 
1.43 gm1-1 and samples were centrifuged for 48 h at 
40000revmin  -1 (100000 x 9 in a MSE Europa model 
ultracentrifuge at 10°C. Aliquots of 0.7 ml were aspirated 
from the tubes and the density determined by weight. The 
mucins were detected by slot blotting onto nitrocellulose 
sheets and staining by the periodic acid-Schiff method [24~. 
Carbohydrate (see below) and OD2~o measurements were 
also made. The pooled fractions after centrifugation were 
dialysed exhaustively against water and lyophilized. 

Polyacrylamide 9el electrophoresis 

Major and minor mucin fractions were analysed by electro- 
phoresis in the presence of sodium dodecyl sulphate (SDS) 
under conditions described by Laemmli [25] with the 
following modifications for 3% gels. The samples were run 
on 1.5 ram, 3~o polyacrylamide gels with 2.5% stacking gels 
at a constant voltage of 70 V per gel for approximately 4 h. 
The polyacrylamide gels were prepared using piperazine 
diacrylamide (PDA) as cross-linker in place of methylene 
bisacrylamide (Bis) according to the manufacturers instruc- 
tions (Bio-Rad). Staining for carbohydrate was by the 
periodic acid-Schiff method with prior saponification to 
remove O-acetyl groups on the sialic acids [26]. Proteins 
were visualized using the silver stain (Bio-Rad Silver Stain 
kit). Standards of myosin (205 000 Da), and IgM (990 000 Da) 
were used as molecular weight markers. 

Other analytical methods 

Total carbohydrate was determined colorimetrically by the 
periodic acid-Schiff method of Mantle and Allen [27]. 
Amino acids were measured using an autoanalyser method 
[28] by Dr R. Mentlein, Biochemisches Institut, Christian- 
Albrechts-UniversitS, t Kiel, Germany. Sulfate was deter- 
mined by the method of Clarke and Denborough [293 and 
organic phosphate as described by Ames [30]. Autoradio- 
graphy of dried polyacrylamide gels was carried out with 
[SH] Hyperfilm as recommended by the manufacturers. 

Results and discussion 

Characterization of the major and minor glycoprotein 
fractions isolated from whole bovine submandibular glands 
was carried out to allow a comparison with the histochemi- 
cal results reported earlier [1, 2]. 

Preparation 
The purification of major and minor mucins from bovine 
submandibular glands is summarized in Table 1. The yield 
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Table 1. Purification of bovine submandibular gland major and 
minor mucins. The purification steps 1-5 are indicated and the 
recovery of mucin expressed as total sialic acid, measured by the 
orcinol-ferric chloride assay. The molar ratio of O-acetyl ester to 
sialic acid is given as the O-acetyl index (*). 

Step Sialic acid 

Total O-AcetyLindex* Yield 
(g) (~';;) 

I Gland extract 4.09 1.2 100 
2 Precipitation at pH 4.7 3.60 t.5 84 
3 CPB precipitate ~ 2.99 1.7 73 
4 Ethanol fractionation 2.25 1.9 55 
5 Hydroxyapatite 

Non-adsorbed 
(major mucin) 1.60 2.2 39 

Adsorbed 
(minor mucin) 0.25 1.1 6 

CPB~ cetylpyridinium bromide. 

of the major  mucin was six-fold greater than that for the 
minor mucin. The final products isolated after hydroxyapa- 
rite treatment had protein contents of 37 _+ 4~o for the 
non-adsorbed (major) mucin and 62 _+ ~,.o~°/ for the minor, 
adsorbed component.  This is in good agreement with results 
previously reported for bovine [3, 8] and ovine [3] sub- 
mandibular  mucins. Assays for sulfate and phosphate were 
negative for both major  and minor mucins. 

Amino acid and carbohydrate composition of mq/or and 
minor mucin ji~actions 

The amino acid and monosaccharide composition of the 
purified mucins together with those for a glycopeptide 
prepared from the major  mucin are shown in Table 2. The 
major  mucin contains approximately 30~,; of the total 
amino acids as serine and threonine while the minor mucin 
contains 23~'~ as these two amino acids. Glycine, alanine 
and proline make up >40~/; of the major  mucin amino 
acids. Cysteine and tyrosine were absent from the major  
mucin and only found associated with the minor mucin. 
The low amounts  of methionine, phenylalanine, histidine 
and lysine in the major  mucin were lost in the preparat ion 
of the glycopeptide suggesting that they were present in a 
protease-accessible peptide fraction. 

The pattern of amino acid composition for the major  
mucin was very similar to the results of Tettamanti  and 
Pigman [31 with the exception of a lower serine content. 
The minor mucin was clearly different to the major  mucin 
with higher aspartic and glutamic acids, cysteine, meth- 
ionine, hydrophobic and aromatic  amino acids. The minor 
mucin also varied from that reported by Tettamanti  and 
Pigman [3] in the content of aspartic acid, alanine, cysteine 
and tyrosine, although the pattern was otherwise similar. A 
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Table 2. Amino acid and carbohydrate composition of major and 
minor mucins. The amino acid and monosaccharide composition 
of the two mucins and the major mucin glycopeptide is given as 
residues per 100 residues. The ratio of N-acetylgalactosamine to 
serine and threonine and N-acetylneuraminic acid is calculated 
from these data. 

Mucin 
Major mucin 

Major Minor 91ycopeptide 

Amino acid Residues per 100 residues 
Asp 2.2 7.2 2.6 
Thr 16.5 10.1 15.7 
Ser 13.6 12.8 13.6 
Glu 6.9 9.0 6.5 
Pro 12.4 7.1 12.0 
Gly 18.7 l 2.9 18.9 
Ala 11.0 9.3 10.8 
Val 5.1 7. t 7.3 
Cys 0 0.4 0 
Met 0.t 0.9 0.2 
Isoleu 1.7 3.4 2.0 
Leu 4.6 6.2 5.6 
Tyr 0.4 1.9 0 
Phe 0.7 2.5 0.3 
His 0.3 1.1 0 
Lys 1.0 3.9 0 
Arg 4.9 3.9 4.2 

Carbohydrate Residues per i00 amino acid residues 
Fucose 1.6 0.7 0.5 
Mannose 0 0.3 0 
Galactose 7.8 2.7 7.0 
N-Acetylglucosamine 7. l 4.7 6.5 
N-Acetylgalactosamine 24.7 15.1 30.2 
N-Acetylneuraminic acid 24.0 11.3 27.8 
N-Acetylgalactosamine: 
serine + threonine 0.82 0.65 0.97 

N-Acetylneuraminic acid: 
N-Acetylgalactosamine 0.97 0.75 0.92 

cDNA sequence recently reported for the major  mucin [9] 
indicates the presence of an extra 224 amino acid C-terminal 
domain not present in the purified major mucin. The amino 
acid analysis of this product contains cysteine in contrast 
to the major mucin isolated in this study and 10-fold higher 
than that detected in the minor mucin (Table 2). This makes 
it unlikely that the minor mucin represents the complete 
mucin defined by the cDNA sequence. 

The monosaccharide composition of the major  and minor 
mucins from stage 5 (Table 1) of the preparation showed 
high amounts  of hexosamine and sialic acid in similar 
proport ions to earlier work [3] in addition to galactose and 
fucose (Table 2). Levels of gatactose ( >  twofold higher) and 
fucose ( >  twofold lower) differed to those reported before 
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[3] and no mannose was detected for the major mucin. The 
minor mucin had a galactose content three times lower and 
that of fucose approximately twice as low as shown before 
[3], in addition some mannose was found. 

The molar ratio of N-acetylgalactosamine to serine 
plus threonine (Table 2) was 0.82 for the major mucin 
indicating that nearly all of the potential glycosylation sites 
were occupied, In the minor mucin this ratio was significantly 
lower indicating a reduced level of gtycosylation. In addition, 
the ratio of sialic acid to N-acetylgalactosamine was near 
to 1.0 for the major mucin, while a lower result was found 
for the minor mucin (Table 2). The glycopeptide derived 
from the major mucin had an amino acid and monosac- 
charide composition consistent with the removal of approx- 
imately 7~o of susceptible protein after the protease diges- 
tion (Table 2). The potential glycosylation sites were almost 
completely substituted and the sialic acid to N-acetylgalac- 
tosamine ratio remained the same as for the native major 
mucin. 

Corfield, CorfieId, Veh, Wagner, Clamp and Schauer 

SiaIic acid pattern 

The total siahc acid content measured by gas chromatography 
after methanolysis [16] does not give any indication of the 
N- and O-acyl substitution pattern of these monosaccha- 
rides. The measurement of Neu5Ac and Neu5Gc in major 
and minor mucins was carried out using an alternative gas 
chromatographic method [7, 17] after saponification and 
mild acid hydrolysis. The recovery of sialic acids in this 
procedure was 91 + 4% for three separate determinations. 
A predominance of Neu5Ac over Neu5Gc was found in 
both major and minor mucins (Table 3), but the ratio was 
nearly twice as high for the major compared with the minor 
mucin. 

The presence of O-acyl groups in the sialic acids was 
analysed by direct measurement of O-acyl esters in the 
isolated mucins (Table 3), showing a molar ratio of O-acetyl 
ester to sialic acid twice as high for the major over the minor 
mucin. The pattern of sialic acid O-acylation determined 

Table 3. The pattern of siatic acid substitution in bovine sub- 
mandibular gland mucins. Chemical analysis of sialic acid content 
was by gas chromatography (1), colorimetric analysis (2) and gas 
chromatography/mass spectrometry (3). 

Molar ratio Major Minor 

N-acetylneuraminic acid 
1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

N-glycoloylneuraminic acid 
3.90:1 2.00:1 

O-acetyl esters 
2 2.02:1 1,01 : 1 

Siatic acid 

Mono-O-acetyl esters 
3 0.83:1 2.20:1 

Di-O-acetyl esters 

Figure I. Two dimensional thin layer chromatography of the total 
sialic acid pool from major and minor mucins after mild acid 
hydrolysis and Dowex ion-exchange purification. The chromato- 
grams were run without and with (+NH3) ammonia treatment 
after the first development. The first (1) and second (2) chromato- 
graphic migrations are shown and Neu5Ac (upper spot) and 
Neu5Gc (lower spot) standards (St) run in each dimension, a, 
Neu5Gc; b, Neu5Ac; c, N-acetyl-7-O-acetylneuraminic acid and 
N-glycoloyl-9-O-acetylneuraminic acid; d, N-acetyl-9-O-acetyt- 
neuraminic acid; e, di-O-acetylated Neu5Ac. 

after mild acid hydrolysis monitored by thin layer chroma- 
tography in two dimensions (Fig. 1) revealed similar sialic 
acid species in both mucins. However, the total amount of 
mono- and di-O-acetyl sialic acids varied. Less di-O-acetyl 
sialic acid was observed for the minor mucin on two- 
dimensional thin layer chromatography (Fig. 1), and gas 
chromatographic/mass spectrometric analysis of pooled 
samples from the ion-exchange purification confirmed this 
result (Table 3). The introduction of a saponification step 
after thin layer chromatography in the first dimension 
showed the distribution of the parent N-acylneuraminic 
acids in the O-acetylated derivatives for each mucin. The 
sialic acids containing two O-acetyl groups appeared to be 
largely N-acetylneuraminic acids, only rnono-O-acetylated 
N-glycoloytneuraminic acid was seen for both major and 
minor mucin siatic acids (Fig. 1). 

The presence of ~(2-8) disiatyl linkages was not found. 
Methylation analysis of major and minor mucins gave 
products compatible with only mono-sialyl linkages and 
none corresponding to those detected with colominic acid 
as a positive control [19]. 
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Figure 2. Separation of borotritide-labelled oligosaccharides on 
Bio-Gel P,4. The total oligosaccharide pool for major (a) and 
minor (b) mucins was run after /%elimination (0). The position 
and elution profile of the free sialic acids Neu5Ac (A) and Neu5Gc 
(G) liberated from oligosaccharides during the procedure is 
indicated and was determined by the orcinol/ferric chloride colori- 
metric method for each fraction (C))- 

Oli9osaccharide pattern 
The elution profile of the O-linked [3H]-oligosaccharides 
from major  and minor mucins released by fi-elimination 
and fractionated on a column of Bio-Gel P-4 are shown in 
Fig. 2. Larger scale nonradioactive preparations gave similar 
fractionation profiles. The pattern for major  and minor 
mucins were essentially the same and only small variations 
in the six components  were detected. The oligosaccharide 

Figure 3. Thin layer chromatography of oligosaccharides isolated 
after fi-elimination of mixed mucin (step 4, Table 1). Fractions 1 5 
correspond to the peaks in Fig. 2 and fractions in Table 4. 
Fractions 4 and 5 contain Neu5Ac and Neu5Gc respectively. 
Standards of Neu5Ac (upper spot) and Neu5Gc (STA) and 
Neu5Ac~(2-6)GalNAc-ol (STB) were run for comparison. 

composition of fractions 1-5 was investigated on thin layer 
chromatography (Fig. 3). Fractions 1 and 3 contained 
oligosaccharide mixtures while fractions 2, 4 and 5 contained 
single bands. The sialic acids present in the fractions were 
identified on thin layer chromatography after mild acid 
hydrolysis and the monosaccharide composition determined 
by gas chromatography (Table 4). Fraction 2 contained 
equimolar amounts of Neu5Ac, N-acetylglucosamine and 
N-acetylgalactosaminitol, while fractions 4 and 5 showed 
equimolar sialic acid and N-acetylgalactosaminitol. Frac- 
tions 4 and 5 showed the same mobility as authentic 
Neu5Acc~(2-6)GalNc-ol isolated from porcine seminal gel 
glycoprotein. They could be distinguished from each other 
by the nature of their parent sialic acids (Table 4). Fraction 
6 was N-acetylgalactosaminitol, and the positions of free 
Neu5Ac (A) and Neu5Gc (G), detected colorimetrically, are 
also shown. Major and minor mucins showed differences in 
the proport ion of the oligosaccharide peaks 4, 5 and 6 
reflecting a variation in Neu5Ac and Neu5Gc disaccharide 
content and free N-acetylgalactosaminitol. The amount  and 
ratio of free sialic acids found was different between the two 
mucins, and this was assumed to have been lost from the 
disaccharide during fi-elimination leading to the free N- 
acetylgalactosaminitol and sialic acids. The ratio of Neu5Ac 
and Neu5Gc in the total recovered fractions matches well 
with the values found for the native mucins in Table 3 (3.9:1 
and 2.0:1, respectively, for Neu5Ac:Neu5Gc).  The results 
did not indicate any qualitative difference in the pattern of 
oligosaccharides found for each of the mucins. 

Molecular size 
The molecular composition of the major and minor mucins 
isolated after hydroxyapatite treatment was followed by gel 
filtration (Fig. 4), density gradient centrifugation (Fig. 5) 
and SDS-polyacrylamide gel electrophoresis (Fig. 6). 
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Table 4. Nature of oligosaccharides isolated on Bio-Gel P-4 chromatography. Oligosaccharides were isolated from mucin fractions at 
step 4 (A) or step 5 (B) as described in Table 1. The oligosaccharide numbers correspond to those shown in Figs 2 and 3. Analysis of 
A was by gas/liquid chromatography after methanolysis and re-N-acetylation, and the data in B derived from the radiolabelling 
experiments shown in Fig. 2. 

A (Ethanol precipitation) 
No Monosaccharides (molar ratio) ~ total 

carbohydrate 

B (Hydroxyapatite-purified) 
o/~ total sialic acid 

Fuc Gal GIcNAc Neu5Ac GalNAc-ol Major Minor Major Minor 

Neu5Ac Neu5Gc Neu5Ac Neu5Gc 

1 0.2 0.4 0.8 1.4 1.0 4.0 5.0 3.0 1.0 3.0 2.0 
2 - - 1.1 1.1 1.0 16.7 16.8 16.7 0 16.8 0 
3 - 0.2 0.6 1.1 1.0 5,7 5.4 3.6 2.1 3.4 2.0 
4 - - - 1.2 1.0 46,0 34.9 46.0 0 34.9 0 
5 - - - 1.1 1.0 16,9 22.6 0 16.9 0 22.6 
6 . . . .  + 10.7 15.3 0 0 0 0 
A - - - + - - - 8.7 0 8.6 0 
G - - - + - - - 0 2.0 0 6.7 

Separa t ion  of the mucins  on Sepharose  C L  2B revealed 
m a r k e d  differences be tween the ma jo r  and  m i n o r  mucins.  
The  m a j o r  mucin  showed an excluded peak  (Vo) and  
mate r i a l  e lut ing as a b r o a d  inc luded peak,  whereas  a single, 
regular  peak  at  a lower  molecu la r  weight  range  was found  
for the m i n o r  mucin.  

The ma jo r  and  m i n o r  mucins  behaved  differently on 
densi ty  g rad ien t  cent r i fugat ion  when s tudied at  a concent ra -  
t ion of 0.5 mg  m l -  1 (Fig. 5). The m i n o r  mucin  sed imented  
at lower  densit ies reflecting the lower  c a r b o h y d r a t e  to 
p ro te in  ra t io  of this fraction.  A d i s t r ibu t ion  at a sl ightly 
higher  densi ty  was observed  with the m a j o r  mucin,  a l t hough  
this ove r l apped  with pa r t  of the m i n o r  mucin  profile. 
Samples  run  at  lower  c o n c e n t r a t i o n s  ( a p p r o x i m a t e l y  
0.1 m g m 1 - 1 )  showed s imilar  profiles and  equiva lent  con- 
cen t ra t ions  of rad io labe l led ,  saponif ied  mucins  gave the 
same pa t t e rn  as those shown in Fig. 5. The concen t ra t ion  
of the sample  ana lysed  was impor t an t ,  as gel fo rma t ion  was 
observed  above  concen t ra t ions  of  1.5 mg m l -  1 resul t ing in 
a pellet  at  the b o t t o m  of the tube.  

Analysis  of the mucins  by  S D S - p o l y a c r y l a m i d e  gel elec- 
t rophores i s  was fol lowed using the per iodate-Schi f f  ca rbo-  
hydra te  s ta in m e t h o d  due to the p o o r  s ta ining by C o o m a s -  
sie Blue and  silver s tain me thods  for p ro te in  [81. I m p r o v e d  
de tec t ion  of the mucins  on the gels was achieved using 
saponi f ica t ion  pr io r  to the s ta ining p rocedure  [26] in o rde r  
to remove  O-acetyl  g roups  present  on the sialic acids 
b lock ing  ox ida t ion  by per iod ic  acid. 

The  m i n o r  mucin  showed a series of bands  in the range 
106 to 300000 Da.  In contras t ,  the m a j o r  mucin  showed 
mate r i a l  at  very high molecu la r  weight in excess of 106 and  
bands  at  regular ly  decreas ing molecu la r  weights down  to 
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Figure 4. Chromatography of major ( 0 )  and minor (©) mucins 
in separate runs was on Sepharose CL 2B. Detection of sialic acid 
by the orcinol/ferric chloride method is shown. 

a r o u n d  180 000. The ma jo r  and  minor  mucins  showed only 
min ima l  amoun t s  of mate r ia l  with a molecu la r  weight below 
100 000. 

These results demons t r a t e  the fo rma t ion  of  aggregates  at 
lower molecu la r  weight for the m i n o r  mucin,  this is appa-  
rent  on the gel f i l t ra t ion on Sepharose  C L  2B (Fig. 4) and  
S D S - P A G E  analysis.  The S D S - P A G E  results show a l adder  
of regular ly  increasing molecu la r  weight units leading to the 
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Figure 5. Separation of major (©, U) and minor ( 0 ,  n )  mucins 
at 0.5 mg ml -~ on separate CsCI gradients in 4 M guanidine 
hydrochloride. Fractions were dialysed extensively against water 
and the carbohydrate content measured (©, 0) .  The density of 
each fraction is indicated (K~, II), Fractions of 0.7 ml were 
collected. 

formation of aggregates at a maximum of approximately 
10 ~ for the minor and of several million for the major mucin. 

Action oJ" siatidases 

The action of different sialidase preparations with major 
and minor mucins, the glycopeptide and disaccharides 
reflected the sialic acid composition and molecular organi- 
zation of these compounds. Using C. perfringens sialidase, 
the glycopeptide preparation from the major mucin was 
completely desialylated within 30 rain while only 30~o of 
saponified major or minor mucin desialylation and less than 
t0,% of sialyl disaccharide desialylation occurred (Fig. 7a). 

The influence of the O-acetyl substitution could be shown 
clearly with both bacterial and viral sialidases in agreement 
with previous work [22, 31]. An increase in desialylation 
was observed on saponification in all cases studied, indicat- 
ing the blocking effect of O-acetylation on sialidase action. 
The influence of the Neu5Gc content on sialidase action 
could be demonstrated for both major and minor mucins 
by the rate of desialylation (Fig. 7b) together with the thin 
layer chromatographic demonstration of the released sialic 
acids (Fig. 7c). Initial rates of enzyme action were asso- 
ciated with release of Neu5Ac, while the reduction in rate 
correlated with the appearance of Neu5Gc in the incubation. 
The difference in desialylation rates by sialidase between 
major and minor mucins may reflect higher relative content 
of Neu5Gc in minor mucin (Table 3) and the slower release 
of this sialic acid by the enzymes. This is in good agreement 
with earlier studies [21] showing a more rapid release of 
Neu5Ac from the mucin disaccharide Neu5Acc~(2-6)GalNAc 
relative to the Neu5Gc-containing disaccharide. 

Figure 6, SDS-Potyacrylamide gel electrophoresis of major and 
minor mucins. Pooled fractions from Sepharose CL 2B chromato- 
graphy were run on 3% polyacrylamide gets. Fractions were 
pooled as follows; Minor, 20-32; Major 1, 9-11; 2, 12-15; 3, 16-22 
and 4, 23--30 (see Fig. 4). The position of the molecular weight 
markers myosin (205 kDa) and IgM (990 kDa) are indicated. Gels 
were stained by the periodic acid-Schiff method [26]. 

Relation of results to histochemica/ data 

The data reported here indicate the existence of two bovine 
submandibular gland mucins. The mucins differ essentially 
in their carbohydrate moieties and in particular with respect 
to their sialic acid composition. Other workers have focused 
attention on the major mucin from bovine submandibutar 
glands [5, 6, 8] and apart from the original work of 
Tettamanti and Pigman [3] there is no report on the minor 
mucin. We have previously reported a histochemical analysis 
of the bovine submandibular gland relating the morpho- 
logical and morphometric data of the different secretory 
cells to their mucin type and sialic acid staining pattern [1, 
and unpublished data]. The main secretory areas within the 
glands were found to be mucous ceils (72%) while seromu- 
cous cells comprised 18%. The proportion of stored material 
based on these data is similar to that fbund for the major 
(87%) and minor 03%) mucins isolated from the whole 
glands (Table 1). Histochemical analysis of the sialic acid 
in the two different secretory ceils [1] by the mild-PAS 
method [32, 33] together with sequential methods including 
saponification, periodate oxidation and borohydride reduc- 
tion ted to the conclusion that the mucous cells contain 
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Figure 7. Action of sialidases on submandibular gland mucins and the glycopeptide. (a) Rate of reaction of Clostridium perfringens 
sialidase with the minor mucin ([]) ,  the major mucin (D),  the major mucin glycopeptide ( 0 )  and the Neu5Ac(A)- and Neu5Gc(A)-  
containing disaccharides derived from the glycoprotein. The percentage of total sialic acid released is shown. (b) The rate of sialic acid 
release from saponified major (O)  and minor (O)  mucins by Vibrio cholerae sialidase. The concentration of sialic acid in each incubation 
was the same. At the times indicated the total sialic acids released were collected. These pools were separated from the mucin by dialysis 
and approximately 35 lag applied to cellulose thin-layer plates (c) ST, Neu5Ac and Neu5Gc standards. 
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material with a high amount  of di-O-acetylated sialic acids 
in contrast to the seromucous cells where these derivatives 
were detected only in very low amounts. The data presented 
in Table 3 provide indirect evidence that the major  mucin 
may correspond to the material detected in the mucous cells 
and the minor to that in the seromucous cells. Direct 
demonstrat ion of the cellular distribution of these two 
mucins must await analysis with specific antibodies. 

Conclusion 

The major  and minor mucin fractions isolated from bovine 
submandibutar  glands differ essentially in the nature of their 
protein content and sialic acid patterns. The minor  mucin 
fraction adsorbed onto hydroxylapatite has a higher relative 
protein content than the major  mucin. Differences in the 
sialic acid contents are reflected in the relative proport ions 
of N-acetyl to N-glycoloyl forms found in the main disac- 
charide and in the level of O-acetylation, most di-O-acetyl- 
N-acetylneuraminic acid being found in the major  mucin. 
Recent molecular biological approaches to the study of the 
bovine salivary mucins have indicated a minimum subunit 
of about  170000 Da for the major  mucin [8], which is in 
good agreement with the results presented here. The cDNA 
sequence indicates a larger subunit [9], which was not 
detected in this work and may be cleaved to yield the 
subunit found here and by others [3, 8]. No information is 
yet available for the minor mucin, and more work is 
required to deduce the polypeptide structure for compari-  
son with the major  mucin sequence. 
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