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SUMMARY - Sulfotransferase activity catalyzing the transfer of 
sulfate ester group from 3'-phosphoadenosine-5'-phosphosulfate 
to salivary mucins was found associated with Golgi-rich mem- 
brane fraction of rat submandibular salivary glands. Alkaline 
borohydride reductive cleavage of the synthesized 35S-labeled 
glycoprotein led to the liberation of the label into reduced 
acidic oligosaccharides. Most of the label was found incorpor- 
ated in four oligosaccharides. These were identified as sulfa- 
ted tri-, penta-, hepta- and nonasaccharides. The trisacchar- 
ide was characterized as SO3H,6GIcNAcBI,3GalBI,3GalNAc-ol, the 
pentasaceharide as SO3H,6GIcNAcBI,3GalBI,4GIcNAcSI,3(NeuAc~2,6) 
GalNAc-ol and heptasaccharide as SO3H,6GalBI,4GIcNAc~I,6(Fuc~I) 
2GaI~I,4GIcNAc~I,3GalBI,3)GalNAc-ol. ©1988AcademicP ..... Inc. 

INTRODUCTION - Among the constituents of saliva implicated in 

the maintenance of the health of oral cavity are mucins (1-5). 

The protective qualities of these highly glycosylated glyco- 

proteins depend upon the features acquired during the synthesis 

and processing, one of which is decoration of certain sugar 

units with sulfate ester groups (6-8). 

The carbohydrate chains bearing sulfated sugar units im- 

part strong anionic character to mucus glycoproteins and hence 

influence the tenacity of their interaction with hard and soft 

oral tissue, and affect physicochemical and functional quali- 

ties of saliva such as viscosity, lubrication, waterproofing 

and bacterial clearance (3-5,9). Therefore, the process of 

salivary mucus glycoproteins sulfation appears to play a vital 

role in the maintenance of the health of oral cavity. Here, we 

report the enzyme system involved in the sulfation of subman- 

dibular salivary gland mucin, and the nature of carbohydrate 

chains bearing the sulfate ester group. 
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MATERIALS AND METHODS - Submandibular salivary glands used for 
sulfotransferase enzyme preparation were obtained from i0 weeks 
old male Sprague-Dawley rats. The dissected glands were homog- 
enized with 5 volumes of 3mM sodium phosphate buffer, pH 7.0, 
containing 0.25M sucrose and imM EDTA, and the homogenate was 
subjected to subcellular fractionation (i0). For Golgi-rich 
membrane preparation, the microsomal pellet was subjected to 
sucrose gradient centrifugation and the Golgi-rich fraction was 
isolated from the interface between 0.32 and 1.20M sucrose lay- 
ers. The pellet fractions were solubilized by stirring at 4°C 
for 30 min with 0.25M buffered sucrose, pH 7.0, containing 0.5% 
Triton X-100 (i0). 

For mucin preparation, the diced glands were homogenized 
with 50 volumes of 2M NaCI-50mM phosphate buffer, pH 7.0 and 
the mixture was centrifuged at I0,000 for 30 min. The superna- 
rant was boiled for 3 min, recentrifuged, dialyzed, and lyophi- 
lized. The powder, dissolved in 6M urea, was chromatographed 
on a Bio-Gel A-50 column and the excluded mucus glycoprotein 
peak collected (ii). Following rechromatography, the glycopro- 
tein was subjected to equilibrium density gradient centrifuga- 
tion in CsCl (I0). Removal of the sulfate ester groups from 
mucins was accomplished by acid catalyzed solvolysis (12). The 
sulfate content of intact and desulfated preparations was de- 
termined turbidimetrically (13), while the composition and con- 
tent of carbohydrates were determined by gas-liquid chromatog- 
raphy (11,12). 

The reaction mixtures for mucus glycoprotein sulfotrans- 
ferase assay, incubated at 37°C in a total volume of 100~l,con- 
sisted of 300~g desulfated glycoprotein, 7.8~M 3'-phosphoadeno- 
sine-5'-phospho[35S]sulfate([35S] PAPS), 0.5% Triton X-i00, 4mM 
MgCI2, 25mM NaF, i00mM imidazole-HCl buffer, pH 6.8, and enzyme 
fraction containing 20-80~g protein. The reaction was termina- 
ted after 60 min by addition of 0.4ml of ethanol and the preci- 
pitate was collected by centrifugation. The pellet was dis- 
solved in 0.2ml of 0.1M citrate buffer, pH 3.6, and the 35S- 
labeled glycoprotein product was separated from the components 
of the reaction mixture by chromatography on Bio-Gel P-30 col- 
umn (14). The 35S-labeled glycoprotein, eluted in the exclu- 
ded volume, was then placed in vials containing scintillation 
solution and counted. For characterization of 35S-products of 
enzymic reaction, a 60-fold scaled up assay system was used. 

The isolated 35S-glycoprotein was subjected to reductive 
cleavage of the carbohydrate chains using 0.05M K0H in 1.0M 
NaBH 4 (14), and the released oligosaccharide alditols were sep- 
arated into neutral and acidic fractions on AGIx2(Cl-) column 
(15). The oligosaccharides recovered in the acidic fraction 
were desalted on a Sephadex G-10 and chromatographed on thin- 
layer plates in 1-butanol-acetic acid-water (3:3:2). The 
plates were scanned for 35S-label and the separated 35S-labeled 
oligosaccharides were isolated. Desulfation of the isolated 
35S-oligosaccharides was performed by sonication with 0.05M HCI 
in dry methanol at 32°C for 4h (12). 

Enzymatic hydrolysis of saccharide chains of the 35S- 
labeled oligosaccharide alditols were performed by incubating 
the intact or desulfated substrates at 37°C for 24-36h with 
specific glycosidases. Reactions with e- and B-galactosidase, 
e-L-fucosidase and B-N-acetylhexosaminidase were carried out in 
0.05M citrate buffer, pH 4.2,while the removal of sialic acid 
with neuraminidase was accomplished in 0.05M sodium acetate 
buffer pH 5.5 (15). Methylation of 35S-labeled and desulfated 
oligosaccharide alditols was performed according to procedure 
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in (16) and the products were analyzed by gas-liquid chromatog- 
raphy (15,17). 

RESULTS - The distribution of sulfotransferase activity for the 

synthesis of sulfated mucin in the subcellular fractions of rat 

submandibular salivary glands is presented in Table I. The en- 

zyme activity was located in the Golgi-rich membrane fraction, 

the specific activity of which was about 10-fold higher than 

that of the total homogenate and, hence, this fraction was used 

as the enzyme source. The maximal sulfotransferase activity 

was obtained with 0.5% Triton X-100, 25mM NaF and 4mM MgCI2. 

The apparent Km of the enzyme for sulfation of submandibular 

gland mucin was ll.lmg/ml. 

Alkaline borohydride reductive cleavage of the 35S-glyco- 

protein synthesized in vitro in the presence of submandibular 

gland enzyme resulted in the liberation of 35S-label to the 

acidic oligosaccharide alditol fraction. On thin-layer chroma- 

tography, this fraction gave four 35S-oligosaccharides (Fig.l). 

The composition and molar ratios of carbohydrates in these oli- 

gosaccharides are given in Table II. Based on the molar ra- 

tios, the oligosaccharides were identified as tri-, penta-, 

hepta- and nonasaccharides, each bearing one residue of sul- 

fate. 

Enzymatic degradation studies conducted with intact oli- 

gosaccharides II, III and IV (Table II), revealed their resis- 

tance to the action of ~- and 8-galactosidase, and B-N-acetyl- 

hexosaminidase. The oligosaccharide II was susceptible to ~- 

L-fucosidase, while the oligosaccharide III was prone to the 

removal of sialic acid by neuraminidase. After desulfation 

oligosaccharides III and IV became susceptible to the action of 

Table I. Distribution of mucus glycoprotein sulfotransferase 
activity in subcellular fractions of rat submandibu- 

far salivary glands 

Fraction Specific activity 
(pmol/mg protein 60 min) 

Total homogenate 
Mitochondrial 
Microsomal 
Golgi-rich 
Cytosol 

1.49 ± 0.16 
0.47 f 0.09 
5.01 ± 0.57 

16.00 ± 1.43 
0.42 _+ 0.08 

Each value represents the means ± SD of four separate experi- 
ments performed in duplicate. 
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Fi@. i. Radioactivity scan of thin-layer ehromatogram of the 
acidic oligosaccharide alditols obtained from submandibular 
salivary gland 35S-mucin synthesized in vitro in the presence 
of submandibular gland mucus glycoprotein sulfotransferase. 
The positions of the labeled oligosaccharides are indicated 
by numbers, i, oligosaccharide I; 2, oligosaccharide II; 
3, oligosaccharide III; 4, oligosaccharide IV. 

B-N-acetylhexosaminidase and when followed by 8-galactosidase, 

oligosaccharide IV was degraded to galactose, N-acetylgluco- 

samine and N-acetylgalactosaminitol, while oligosaccharide IiI 

yielded galactose, N-acetylglucosamine and a trisaccharide com- 

posed of N-acetylglucosamine, sialic acid and N-acetylgalacto- 

saminitol. This was degraded to N-acetylglucosamine, sialic 

acid and N-acetylgalactosaminitol by 8-N-acetylhexosaminidase 

followed by neuraminidase. Stepwise treatment of oligosaccha- 

ride iI with ~-L-fucosidase, 8-galactosidase, B-N-acetylhexo- 

saminidase and 8-galactosidase resulted in its conversion to 

sulfated trisaccharide. This trisaccharide, following desul- 

fation was degraded to galactose, N-acetylglucosamine and N- 

acetylgalactosaminitol when subjected to 8-galactosidase and 

Table If. The composition and molar ratios of carbohydrates 
in the 35S-oligosaccharides obtained from 35S- 

glycoprotein synthesized in vitro in the presence 
of submandibular salivary gland mucus glycoprotein 

sulfotransferase 

Oligosaccharide Molar ratios 2- 
_ Fuc Gal GIcNAc GalNAc-ol NeuAc SO 4 

I 0.88 3.75 1.92 1.00 0.90 0.94 
II 0.95 2.81 1.89 1.00 0.92 

III --- 1.06 1.97 1.00 0.93 0.95 
IV --- 1.12 1.03 1.00 --- 0.91 
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B-N-acetylhexosaminidase. The above results, besides estab- 

lishing the sequential arrangement of sugar units, also sug- 

gest that the sulfate ester group in oligosaccharides III and 

IV is situated at the terminal N-acetylglucosamine residue, 

while in oligosaccharide II the sulfate group is attached to 

the terminal galactose. The results of permethylation analy- 

ses performed on the intact oligosaccharide IV showed the 

presence of C-3 substituted galactose, C-6 substituted N-ace- 

tylglucosamine and C-3 substituted N-acetylgalactosaminitol 

wherease C-3 substituted galactose, C-3 substituted N-acetyl- 

galactosaminitol and unsubstituted residue of N-acetylglucosa- 

mine were obtained from the desulfated oligosaccharide IV. The 

oligosaccharide III gave on permethylation partially methylated 

alditol acetates of 2,4,6,-tri-0-methylgalactitol, 1,4,5-tri- 

0-methyl-N-methylacetamidogalacitol, 3,4-di-0-methyl-N-methyl- 

acetamidoglucitol and 3,6-di-0-methyl-N-methylacetamidogluci- 

tol. Following desulfation, the permethylated oligosaccharide 

III gave rise to one terminal and one C-4 substituted residue 

of N-acetylglucosamine, C-3 substituted galactose, and C-3,6 

substituted N-acetylgalactosaminitol. The data on the sulfa- 

ted oligosaccharide II indicated the presence of C-2, C-3 and 

C-6 substituted resides of galactose, C-4 substituted residues 

of N-acetylglucosamine, C-3,6 substituted N-acetylgalactosam- 

initol and unsubstituted residue of fucose, while one terminal 

residue of galactose, one unsubstituted fucose and C-2 and C-3 

residues of galactose, C-4 substituted N-acetylglucosamine and 

C-3,6 substituted N-acetylgalactosaminitol were present in the 

desulfated oligosaccharide II. 

DISCUSSION - The results of our study demonstrate the presence 

in rat submandibular salivary glands a sulfotransferase enzyme 

that catalyzes the transfer of sulfate ester group from PAPS 

to salivary mucins. This sulfotransferase is associated with 

Golgi membrane, displays optimum activity at pH 6.8, and re- 

quires detergent, Mg 2+ and F-. The data on the synthesized 
35 

S-glycoproteln established that the sulfate ester group in 

the presence of the sulfotransferase enzyme incorporated into 

the carbohydrate chains of mucus glycoprotein. Thin-layer 

chromatography of the oligosaccharide alditols obtained through 

alkaline borohydride reductive cleavage of the 35S-glycoprotein 

revealed that most of the incorporation occurred in four oligo- 
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saccharides. These oligosaccharides ranged in size from three 

to nine sugar units and contained one sulfate ester group. 

Based on the susceptibility to exoglycosidases and permethyla- 

tion data of the intact and desulfated compounds, the sulfated 

sugars identified as galactose-6-sulfate and N-acetylglucosa- 

mine-6-sulfate. From structural analysis data, the 35S-oligo- 

saccharides were identified as SO3H,6GIcNAcSI,3GalBI,3GalNAc- 

oi, SO3H,6GIcNAcSI,3GaI~I,4GIcNAcBI,3(NeuAc~2,6)GalNAc-ol and 

SO3H,6GalBI,4GIcNAcBI,6(Fuc~I,2GalBI,4GIcNAcBI,3GaI~I,3)GalNAc- 

oi. Limited availability of sulfated nonasaccharide precluded 

structural evaluation of this compound. 

Although data on the structure of sulfated carbohydrate 

chains in other salivary mucins are not available, the occur- 

rence of N-acetylglucosamine-6-sulfate has been suggested in 

the mucins from rat saliva and rabbit submandibular gland (2, 

18), whereas N-acetylglucosamine-4-sulfate was identified in 

salivary mucins of monkey and dog (19,20). On the other hand, 

sulfated galactose was found to be present along with sulfated 

N-acetylglucosamine in carbohydrate chains of respiratory tract 

and gastric mucins (21,22). In gastric mucins N-acetylgluco- 

samiie-6-sulfate appears to be located internally (22), while 

in the oligosaccharides bearing galactose-6-sulfate recently 

characterized from tracheobronchial mucus glycoprotein, this 

sugar occupies the terminal positions (23). Our data show that 

in rat salivary mucins, the sulfate ester group can occur at 

the C-6 of galactose and C-6 of N-acetylglucosamine and that 

these sugars occupy the terminal positions in the carbohydrate 

chains. Furthermore, from the results obtained, it is appar- 

ent that the presence of sialic acid in the carbohydrate chains 

does not preclude the sulfaltion, since two of the 35S-labeled 

oligosaccharides contained sialic acid. This would indicate 

that in processing salivary mucins through cellular assembly 

line some of the carbohydrate chains undergo sialyation and 

sulfation while the others are either sulfated or sialylated. 

What controls the preference of one over the other is not cleam 
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