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Mucin Biosynthesis: Characterization of Rabbit Small Intestinal 
UDP-N-Acetylg1ucosamine:Galactose P-3-N-Acetylgalactosaminide 
(N-Acetylglucosamine - N-Acetylgalactosamine) 
~-6-N-Acetylglucosaminyltransferaset 

William E. Wingertt and Pi-Wan Cheng* 

ABSTRACT: We have characterized a UDP-G1cNAc:Gal p- 
3-GalNAc (GlcNAc - GalNAc) /3-6-N-acetylglucos- 
aminyltransferase from rabbit small intestinal epithelium by 
using freezing point depression glycoprotein as the acceptor. 
Optimal enzyme activity was obtained at pH 7.0-7.5, at 3 mM 
MnCl,, and at 0.08% Triton X-100. Ca2+, Mg2+, and Ba2+ 
also enhanced enzyme activity. The apparent Michaelis 
constant was 4.80 mM for freezing point depression glyco- 
protein, 0.59 mM for periodate-treated porcine submaxillary 
mucin, 0.49 mM for Galpl+3GalNAcaPh, and 1.03 mM for 
UDP-GlcNAc. No enzyme activity was observed when asialo 
ovine submaxillary mucin was used as the acceptor. The 
14C-labeled oligosaccharide obtained by alkaline borohydride 
treatment of the product was shown to be a homogeneous 
trisaccharide by compositional analysis, Bio-Gel P-4 gel fil- 
tration, and high-performance liquid chromatogrophy. The 

x e  carbohydrate moiety of mucous glycoproteins consists 
of N-acetylgalactosamine (GalNAc) ,l N-acetylglucosamine 
(GlcNAc), galactose (Gal), fucose, and neuraminic acid. 
These five sugars constitute at least 50% of the dry weight of 
the molecule (Boat & Cheng, 1976; Pigman et al., 1977). 
Peptide synthesis occurs at rough endoplasmic reticulum. The 
assembly of oligosaccharides is initiated at the rough endo- 
plasmic reticulum and completed within the Golgi apparatus 
(Jentoft et al., 1976; Schachter et al., 1978). The structures 
of mucin oligosaccharides are determined by the sequence of 
sugar additions (Beyer et al., 1981). Each step is catalyzed 
by a glycosyltransferase that is specific not only for the nu- 
cleotide sugar donor but also for a specific carbohydrate se- 
quence in the acceptor. A number of mucin glycosyl- 
transferases have been well characterized (Beyer et al., 1981) 
including sialyltransferases (Sadler et al., 1979a,b), fucosyl- 
transferases (Beyer et al., 1980; Prieels et al., 1981), galac- 
tosyltransferases (Cheng & Bona, 1982; Mendicino et al., 
1982; Sheares et al., 1982), and N-acetylgalactosaminyl- 
transferases (Schwyzer & Hill, 1977; McGuire & Roseman, 
1967). Although mucin oligosaccharides containing N- 
acetylglucosaminides with pl-3 (Rovis et al., 1973; Lamblin 
et al., 1980), P1-4 (Newman & Kabat, 1976), p1-6 (Yu- 
rewicz et al., 1982; Lombart & Winzler, 1974), and a1-4 
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structure of the trisaccharide was identified as Galp1-3- 
(GlcNAcP1-6)GalNAc-H2 by (a) identification of 2,3,4,6- 
tetramethyl- 1,5-diacetylgalactitol and 1,4,5-trimethyl-3,6- 
diacetyl-2-N-methylacetamidogalactitol by gas-liquid chro- 
matography-mass spectrometry and (b) the complete cleavage 
of the newly formed glycosidic bond by jack bean 6-hexos- 
aminidase. The structure of the trisaccharide was confirmed 
by 'H nuclear magnetic resonance (270 MHz) and also by 
periodate oxidation of the trisaccharide followed by NaBH, 
reduction, 4 N HCl hydrolysis, a second NaBH4 reduction, 
and the identification of threosaminitol on an amino acid 
analyzer. By acceptor competition studies, the enzyme activity 
was shown to be a mucin N-acetylglucosaminyltransferase. 
We postulate that this glycosyltransferase may play a key role 
in the regulation of mucin oligosaccharide synthesis. 

(Newman & Kabat, 1976; Kochetkov et al., 1976) linkages 
have been reported, only the enzyme responsible for the syn- 
thesis of GlcNAcfil-6GalNAc has been studied (Williams 
et al., 1980 William & Schachter, 1980). The enzyme source 
was canine submaxillary glands. We report the characteri- 
zation of a mucin N-acetylglucosaminyltransferase in rabbit 
intestinal epithelium that catalyzes the following reaction: 
UDP-GlcNAc + Galpl-3GalNAcaR - 

Gal~l-+3(GlcNAc/3l-6)GalNAcaR + UDP 

where R is a protein or other group such as phenyl. 

Experimental Procedures 

Materials 
Unless otherwise stated, all the reagents used in this study 

were reagent grade and used without further purification. The 
following reagents were obtained from the respective supplier: 
UDP- [U-14C]GlcNAc (49 mCi/mmol) and Aquassure, New 
England Nuclear Corp.; porcine and ovine submaxillary 
glands, freshly frozen and shipped, Pel Freez Biological, Inc.; 

I Abbreviations: UDP-GlcNAc, uridine diphosphate N-acetyl- 
glucosamine; GalNAc, N-acetylgalactosamine; Ac, acetyl; Me, methyl; 
MOPS, 3-(N-morpholino)propanesulfonic acid; FPDG, freezing point 
depression glycoprotein; PPO, 2,4-diphenyloxazole; POPOP, 1,4-bis(5- 
phenyloxazol-2-yl)be.nzene; MES, 2-(N-morpholino)ethanesulfonic acid; 
NeuGc, N-glycolylneuraminic acid; GalNAc-H2, N-acetylgalactos- 
aminitol; AraN-H,, arabinosaminitol; ThrN-H,, threosaminitol; asialo- 
OSM, ovine submaxillary mucin of which sialic acid and galactose- have 
been removed by neuraminidase and &galactosidase (Cheng & Bona, 
1982); PSM, porcine submaxillary mucin; 10,-PSM, periodate-treated 
A+ porcine submaxillary mucin; GC-MS, gas chromatography-mass 
spectrometry; HPLC, high-performance liquid chromatography; NMR, 
nuclear magnetic resonance; Tris, tris(hydroxymethy1)aminomethane; 
EDTA, ethylenediaminetetraacetic acid. 
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with 0.1 N H2S04 and the sample incubated at 80 OC for 1 
h. The sample was then dialyzed against water and centrifuged 
at 500g for 5 rnin to remove the particulate matter. The 
IO,--PSM was further purified on Bio-Gel P-4 (200-400 
mesh). The IO,--PSM prepared by this procedure does not 
contain a detectable amount of fucose and neuraminic acid 
as analyzed by GC. Removal of the oligosaccharides from 
I04--PSM by alkaline (0.05 M)-NaB3H4 (0.5 M, 5 mCi) 
treatment (50 "C, 20 h) (Carlson, 1968) followed by Dowex 
50 H+ treatment and then Bio-Gel P-4 (200-400 mesh) col- 
umn (2.5 X 110 cm) chromatography gave mainly 3H-labeled 
GalNAc-H, and Gal@l+3GalNAc-H2. On the basis of the 
radioactivity under each peak, the ratio of GalNAc-H, to 
Gal@l-+3GalNAc-H2 was estimated to be approximately 3 
to 2. Freezing point depression glycoprotein (FPDG) was 
isolated from the serum of the antarctic fish Dissostichus 
mawsoni by DEAE-cellulose chromatography as described by 
Lin & DeVries (1976). The first peak from the DEAE-cel- 
lulose column was used for this study unless otherwise indi- 
cated. 

Enzyme Assays. ( A )  Column Method. This method was 
employed when macromolecules were utilized as the acceptors. 
The assay mixture had a total volume of 50 pL and contained 
the following: MOPS, pH 7.5, 2.5 pmol; MnC12, 0.15 pmol; 
Triton X-100, 0.08%; ATP, 0.25 pmol; UDP-['4C]GlcNAc 
(2700 dpm/nmol), 0.1 pmol; bovine serum albumin (BSA), 
50 pg; FPDG, 0.5 pmol (expressed as available Gal-GalNAc 
sites), and 80-150 pg of enzyme protein. The reaction mixture 
was incubated at 37 OC for 60 min and the reaction stopped 
by the addition of 15 pL of 0.25 M GTP followed by 0.4 mL 
of ice-cold Hank's balanced salt solution containing 1 M NaCl. 
A 10-pL aliquot was removed, mixed with 10 mL of Aquassure 
scintillation fluid, and counted. A 350-pL aliquot was applied 
to a Bio-Gel P-4 (200-400 mesh) column (29 X 1 cm) to 
separate the radiolabeled product from unreacted UDP- 
[14C]GlcNAc and degraded glycosyl donor. The column was 
eluted with 0.1 M Tris-HC1, pH 7.0, and a multichannel 
proportioning pump (Technicon Instruments) to process up 
to 15 samples simultaneously as previously described (Cheng 
& Bona, 1982). The void volume was collected as one fraction, 
and a 2-mL aliquot was counted in 10 mL of Aquassure. The 
percent transfer of [14C]GlcNAc to the macromolecular ac- 
ceptor was calculated after subtraction of the percentage 
transfer of the control (without exogenous acceptor) from that 
of the test sample. Mean values of duplicate samples were 
expressed as nanomoles of GlcNAc transferred per hour per 
milligram of protein. All enzyme assays were performed with 
conditions under which product formation was proportional 
to incubation time and enzyme amount. Linearity was 
maintained for at least 60 rnin and up to 20% transfer of 
[ 14C]GlcNAc from UDP-[14C]GlcNAc to the acceptor. The 
addition of 5 mM ATP in the reaction mixture minimizes the 
degradation of the glycosyl donor and maintains the linearity 
mentioned above. 

( B )  Paper Chromatography Method. When GalP1- 
3GalNAcaPh (2 mM) was used as the acceptor, the product 
was isolated by a paper chromatography method described 
below. The enzyme reaction was carried out as described 
above and the reaction stopped by the addition of 15 pL of 
0.25 M GTP. A 5-pL aliquot was applied to a 1.5 X 1.5 in. 
Whatman 3MM paper and counted in 10 mL of toluene 
scintillator (19 g of PPO and 1.14 g of POPOP in 3.8 L of 
toluene). A 40-pL aliquot was applied separately to Whatman 
3MM paper and subjected to descending paper chromatog- 
raphy for 16 h with the eluting solvent, ethyl acetate/pyri- 

stachyose, raffinose, galactose pentaacetate, methyl a-gluco- 
pyranoside, and methyl a-galactopyranoside, Pfanstiehl Lab- 
oratories; sodium hydride, Alfa Products, Inc.; 2,4,6-tri-2- 
pyridyl-s-triazine, Aldrich Chemical Co., Inc.; trimethylsilyl 
reagent, Pierce Chemical Co.; NaBH,, 2,4-diphenyloxazole 
(PPO), 1,4 bis( 5-phenyloxazol-2-y1)benzene (POPOP), ace- 
tonitrile (HPLC grade), methyl iodide, and ethyl acetate, 
Fisher Scientific Co.; UDP-GlcNAc, ATP, Me,SO, 2,3-di- 
mercaptopropanol, sodium metaperiodate, and N,N'-di- 
acetylchitobiose, Sigma Chemical Co.; Bio-Gel P-2 (-400 
mesh), Bio-Gel P-4 (-400 mesh), Econo column (30 X 1 cm), 
Cellex D anion exchanger (high capacity), 3-(N- 
morpho1ino)propanesulfonic acid (MOPS), and 24N- 
morpholino)ethanesulfonic acid (MES), BieRad Laboratories; 
Triton X- 100, Research Product International Corp.; Spher- 
isorb 5-pm bonded primary amine HPLC column (25 cm X 
4.6 mm) and 3% OV-225 (80-100 mesh), Supelco Co.; D20, 
99.75% KOR Isotopes; NaBD,, Merck Sharp & Dohme. 
Dissostichus mawsoni serum and fractions 7 and 8 of freezing 
point depression glycoprotein (FPDG) were supplied by Dr. 
Arthur DeVries, Department of Physiology and Biophysics, 
University of Illinois, Urbana-Champaign. Jack bean 0- 
hexosaminidase (Li et al., 1975) was a gift from Dr. Y.-T. Li 
at the Department of Biochemistry, Tulane University, and 
bovine testicular P-galactosidase (Distler & Jourdian, 1978) 
was provided by Dr. George W. Jourdian at the Department 
of Biochemistry, University of Michigan. Gal/31-.- 
3GalNAcaPh (Matta & Barlow, 1975) was supplied by Dr. 
K. Matta at the Roswell Memorial Institute, Buffalo, NY. 
Gal@l-.3GalNAc-H2 and Fucal-+2Gal~l-.3GalNAc-H2 
were prepared from porcine submaxillary mucin according to 
the procedure of Carlson (1968). 

Methods 

Preparation of a Microsomal Fraction from Rabbit Small 
Intestine. The small intestine was removed from 3-kg adult 
New Zealand male rabbits anesthetized by 2.5 mg of pento- 
barbital administered intravenously. The tissue was gently 
rinsed in ice-cold 0.9% NaCl. Epithelial scrapings from the 
proximal one-third of the intestine were homogenized (10 
strokes) in 4 volumes of 0.25 M sucrose with a glass homo- 
genizer. After centrifugation at lOOOOg for 15 rnin at 4 OC, 
the supernatant fraction was decanted and further centrifuged 
at 4 OC and lOOOOOg for 1 h in a Beckman Model L prepa- 
rative ultracentrifuge. The pellet was resuspended in 0.25 M 
sucrose with 0.1 the volume of the original homogenate. This 
microsomal preparation was stored at -70 "C. Approximately 
80% of enzyme activity was retained after four cycles of 
freezing and thawing over a period of 2 weeks. 

Preparation of Acceptors. Ovine and porcine submaxillary 
mucins were prepared from the respective submaxillary glands 
according to the procedure of de Salegui & Plonska (1969). 
Asialo ovine submaxillary mucin was prepared by treatment 
with neuraminidase and bovine testicular P-galactosidase as 
previously described (Cheng & Bona, 1982). Periodate-treated 
PSM (IO,--PSM) was prepared by dissolving 90 mg of A+ 
PSM in 40 mL of 0.05 M sodium acetate, pH 5.2, to which 
5 mL of 0.2 M NaIO, was added. The reaction was allowed 
to proceed in the dark at 0 OC until consumption of IO4- was 
leveled off. About 3.4 pmol of IO, was consumed/mg of A+ 
PSM. After dialysis against water, the PSM solution was 
adjusted to pH 9.1 with 0.8 M potassium borate and then 
treated with 0.5 M NaBH, for 6 h. Following the addition 
of 4 N acetic acid to destroy the residual NaBH,, the sample 
was dialyzed against water; then, the pH was adjusted to 1.5 
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dine/H20, 10/4/3 (v/v/v). UDP-[14C]GlcNAc moved ap- 
proximately 5 cm, and its degraded products, ['4C]GlcNAc- 
1-PO4 and [14C]GlcNAc, moved 3 and 25 cm, respectively. 
The [ 14C] GlcNAc-labeled product was located approximately 
20 cm from the origin by a Packard radiochromatogram 
scanner, cut out, and counted in 10 mL of toluene scintillator. 
The data were calculated as described above. 

Preparation and Purification of the 14C-Labeled Product 
and the Trisaccharide. A large-scale preparation of the 14C- 
labeled product was carried out by incubating a mixture 
containing the following components in a final volume of 1 
mL: MOPS buffer, pH 7.5, 50 pmol; Triton X-100 (1.25%, 
v/v), 100 pL; BSA, 1 mg; FPDG, 30 mg; UDP-[14C]GlcNAc 
(900 dpm/nmol), 6 pmol; ATP, 5 pmol; 2,3-dimercapto- 
propanol (Faltynek et al., 1981), 2.5 pmol; 6.8 mg of enzyme 
protein; 2 drops of toluene. After incubation at 37 OC for 16 
h, the sample was applied to a Bio-Gel P-4 (200-400 mesh) 
column (29 X 1 cm) to isolate the 14C-labeled product. 
Fractions containing the product were pooled, dialyzed ex- 
tensively against water with a M, 2000 cut-off dialysis tubing, 
and dried under reduced pressure. Oligosaccharides were 
removed from the I4C-labeled product by the alkaline boro- 
hydride procedure of Carlson (1968), applied to a Dowex 50 
H+ column (25 X 1 cm), and eluted with water. Borate was 
removed by coevaporation with methanol. A total of 20 mg 
of BSA, 0.3 g of NaCl, and 2 pmol of galactose were added 
to the 14C-labeled oligosaccharide prior to chromatography 
on a Bio-Gel P-2 column (-400 mesh) (2.5 X 180 cm), which 
had previously been calibrated with galactose, lactose, 
GlcNAc, Gal@l-3GalNAc-H2, Fucal-.2Gal@l-.- 
3GalNAc-H2, raffinose, and stachyose. The column was eluted 
with distilled water, and fractions containing the 14C-labeled 
oligosaccharide were combined. 

Gas Chromatography and Gas Chromatography (GC)- 
Mass Spectrometry ( M S )  Analysis of the Partially Meth- 
ylated Alditol Acetates. Permethylation of the trisaccharide 
(360 pmol) was carried out under dry N2  according to the 
method of Hakomori (1964). Following the removal of 
MezSO by H 2 0  extraction, the permethylated oligosaccharide 
was extracted with CHCl,, hydrolyzed in acid, reduced by 
NaBD,, and then acetylated as described by Stellner et al. 
(1973). The partially methylated alditol acetates along with 
standards were chromatographed isothermally at 180 "C on 
a 3% OV-225 glass column (6 ft X 2 mm) with a Hewlett- 
Packard gas chromatograph Model 5800A equipped with a 
flame ionization detector. The standards include 2,3,4,6- 
tetramethyl- 1,s-diacetylglucitol prepared from methyl a-glu- 
copyranoside, and 2,3,4,6-tetramethyl- 1,s-diacetylgalactitol 
and 2,3,6-trimethyl-1,4,5-triacetylglucitol prepared from 
lactose, 1,4,5,6-tetramethy1-3-acetyl-2-( N-methylacet- 
amido)galactitol prepared from Gal@l-3GalNAc-H2 by 
Hakomori's procedure (1964), methyl 2,3,4,6-tetraacetyl- 
galactopyranoside prepared by acetylation of methyl a-ga- 
lactopyranoside in acetic anhydride at 100 OC for 4 h (Stellner 
et al., 1973), and galactose pentaacetate. Mass spectra were 
taken at 70 eV on a Hewlett Packard 5985A GC-MS at the 
MS facility, Department of Biochemistry, Michigan State 
University. The analysis was performed on a glass column 
(6 ft X 2 mm) packed with 3% OV-225 with a temperature 
program of 170-210 OC at 2 OC/min. 

Periodate Oxidation of the Trisaccharide. The trisaccharide 
(100 nmol), dried in a screw-cap test tube (125 X 14 mm), 
was treated with 0.15 mL of 30 mM NaI04 in 50 mM sodium 
acetate buffer, pH 5.1, at 4 OC for 16 h in the dark. Excess 
IO4- was destroyed by adding 5 pL of ethylene glycol followed 
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by a 4-h incubation at room temperature. Reduction was 
carried out by adding 0.1 mL of 1 M NaBH, in 1 M NaOH 
followed by a 16-h incubation. Hydrolysis was performed at 
100 OC for 4 h after 2 mL of 4 N HCl was added. HCl was 
removed under reduced pressure. The sample was evaporated 
twice after the addition of 1 mL of water. A second reduction 
employing the same conditions was carried out. Finally, excess 
BH4- was destroyed with several drops of glacial acetic acid 
and the borate removed by evaporation 3 times with 1 mL of 
MeOH. The amino alcohols were separated on a Beckman 
amino acid analyzer Model 119 CL with a pH 5.28 citrate- 
borate buffer containing 15% 1-propanol as previously de- 
scribed (Cheng & Boat, 1978). 

Glycosidase Treatment of the Trisaccharide. For @-hex- 
osaminidase treatment, a reaction mixture containing 20 nmol 
of 14C-labeled trisaccharide, 50 pg of BSA, 2 pmol of ci- 
trate-phosphate buffer, pH 4.2, 5.2 units of jack bean @- 
hexosaminidase, and 1 drop of toluene in a total volume of 
25 pL was incubated for 16 h at 37 "C. Five milligrams of 
BSA and 2 pmol each of galactose, raffinose, stachyose, N- 
acetylglucosamine, and N,N'-diacetylchitobiitol were added 
to the reaction mixture to a final volume of 1 mL prior to 
Bio-Gel P-4 (-400 mesh) column (215 X 1.6 cm) chroma- 
tography. The column was eluted with 0.1 M pyridinium 
acetate, pH 5.0. BSA was monitored by absorbance at 280 
nm, 14C-labeled sugar was monitored by scintillation counting, 
neutral sugars were monitored by the anthrone procedure 
(Morris, 1948), and sugar alcohols were monitored by the 
chromotropic acid method (O'Dea & Gibbons, 1953). 

For @-galactosidase treatment, a reaction mixture (40 pL) 
that contained 15 nmol of the l4C-labeled trisaccharide, 2 pmol 
of citrate-phosphate buffer, pH 4.3, 50 pg of BSA, 0.32 unit 
of bovine testicular @-galactosidase, and 1 drop of toluene was 
incubated at 37 OC for 16 h. The rest of the procedure was 
the same as that described above. Hydrolysis of the di- 
saccharide, Gal@l-+3GalNAc-H2(44 nmol), was carried out 
under identical conditions. Gas chromatography using tri- 
methylsilyl derivatives was employed as previously described 
(Cheng & Bona, 1982) for detection of the disaccharide and 
the liberated sugars. 

Proton Nuclear Magnetic Resonance Studies. 'H NMR 
spectra of the 14C-labeled trisaccharide (0.4 pmol) and 
Gal@-3GalNAc-H2 (2.0 pmol) were obtained on a Bruker - 
270/ 180 Fourier-transform NMR spectrometer. Exchange- 
able hydrogens were removed by three cycles of dissolving the 
sample in 1.0 mL of 99.75% D 2 0  and removing the solvent 
under reduced pressure. The oligosaccharides were then 
dissolved in 0.3 mL of 99.75% D 2 0  and 270-MHz spectra 
obtained in a 5-mm NMR tube at ambient temperature. A 
total of 56 and 316 scans were accumulated for the di- and 
trisaccharide, respectively. Residual D 2 0  was suppressed by 
saturating the resonance for 2 s prior to a 90° (6-ps) obser- 
vation pulse (Redfield & Gupta, 1971). A spectral width of 
4000 Hz was used with an acquisition time of 2 s. Acetone, 
which has a chemical shift of 2.225 ppm from tetramethyl- 
silane, was included as a secondary internal standard. Final 
spectra contained 8K real data points giving 0.244 Hz/point 
resolution. 

High-Performance Liquid Chromatography (HPLC) 
Analysis. The oligosaccharides (5-20 nmol) were chroma- 
tographed on a Varian 5000 liquid chromatograph equipped 
with a bonded primary amine column (25 cm X 4.6 mm), at 
a linear gradient of 85% (v/v) acetonitrile in water to 60% 
(v/v) acetonitrile in water for a 90-min program and a flow 
rate of 1 mL/min (Lamblin et al., 1981). Oligosaccharides 
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Table I :  Rabbit Intestinal f'PDG 
N-Acetylglucosaminyltransferase. Effect of Divalent Cations' 

divalent relative divalent relative 
cations ( 3  m M )  activity cations ( 3  mM) activity 

lOOb Co(NO,), 67 
MnC1, 140 reso, 24 
CaCI, 146 CdCI, 1 3  

BaCI, 134 
MgCI, 150 ZnC1, 9 

' The incubation mixture in a total volume of 50 pL contained 
the following components: UDP-['4C]GlcNAc (sp act. 1.23 mCi/ 
mmol), 0.1 pmol; MOPS buffer, pH 7.5, 2.5 pmol; Triton X-100, 
1.25% (v/v);  MnCI, (or other divalent cation), 0.15 pmol; BSA, 
5 0  pp; I'PDG acceptor, 0.5 pmol; enzyme protein, 85 p g ;  ATP, 
0.25 pmol. Af te r  incubation at  37°C for 60 rnin, the enzyme 
reaction was stopped by addition of 15 pL of 0.25 M GTP and 
0.40 mL of ice-cold 1 M NaCI. The 14C-labeled product was then 
isolated by the Bio-Gel P-4 column method (Cheng & Bona, 1982). 

nmol h-'  (mg of protein).'. 

were monitored by the absorbance at 206 nm with a Varian 
UV-50 detector. 

Other Methods. Protein was estimated by the procedure 
of Lowry et al. (195 1) with BSA as the standard. Quantitation 
of hexosamines and hexosaminitol was performed by the 
method of Cheng & Boat (1978) with [-aminocaproic acid 
as the internal standard. Galactose was analyzed by gas-liquid 
chromatography following methanolysis in 0.5 N HCl in an- 
hydrous methanol (Boat et al., 1976) as modified from the 
procedure of Clamp et al. (1971). The standard amino al- 
cohols, serinol (SerN-H2), threosaminitol (ThrN-H2), ara- 
binosaminitol (AraN-H2), and galactosaminitol (GalN-H2), 
were prepared by limited periodate oxidation of N-acetyl- 
galactosaminitol as previously described (Cheng & Bona, 
1982). 

The specific activity without added divalent cations was 31.1 

Results 

Requirements for  Enzyme Activity. Optimal FPDG N- 
acetylglucosaminyltransferase activity was obtained in the 
presence of 0.08% (v/v) Triton X-100. At this concentration, 
the enzyme activity was enhanced approximately 5-fold. At 
Triton X-100 concentrations between 0.5 and 5%, the en- 
hancement of enzyme activity was dropped to 3-fold. Enzyme 
activity was slightly enhanced by 3 mM MnCl,. However, 
inhibition occurred at Mn2+ concentrations exceeding 10 mM. 
In the absence of added divalent cations, EDTA at concen- 
trations ranging from 1 to 20 mM did not significantly affect 
enzyme activity. CaZC, Mg2+, and Ba2+ all increased the 
enzyme activity, while Co2+, Fez+, Cd2+, and Zn2+ were in- 
hibitory (Table I). FPDG N-acetylglucosaminyltransferase 
exhibited maximal enzyme activity at pH 7.0-7.5. Addition 
of GTP (35 mM) inhibited at least 90% of the enzyme activity. 

Kinetic Parameters and Acceptor Specificity. The apparent 
Michaelis constants for UDP-GlcNAc, freezing point de- 
pression glycoprotein, GalPl+3GalNAcaPh, and IO,--PSM 
were 1.03, 4.80, 0.49, and 0.59 mM, respectively. No transfer 
of [14C]GlcNAc to the acceptor was observed when asialo 
ovine submaxillary mucin (0.25-1.00 mg) was used as the 
acceptor. 

Purification and Characterization of the 14C-Labeled 
Trisaccharide from the Product of FPDG N-Acetylglucos- 
aminyltransferase. The 14C-labeled product of FPDG N- 
acetylglucosaminyltransferase from a large-scale preparation 
was isolated on Bio-Gel P-4 (Figure 1). About 40% of the 
[ 14C]GlcNAc was transferred from UDP- [ 14C]GlcNAc to the 
acceptor. Following alkaline borohydride treatment of the 
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FRACTION NUMBER 
FIGURE 1:  Bio-Gel P-4 (20W400 mesh, 29 X 1 cm) isolation of 
14C-labeled product of FPDG N-acetylglucosaminyltransferase. 2 
mL of the large-batch reaction mixture containing 1 M NaCl was 
applied. Fraction size was 0.9 mL. 40% of the total radioactivity 
was recovered in the first peak, which contained the product. 
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FIGURE 2: Bio-Gel P-2 (-400 mesh, 2.5 X 180 cm) purification of 
the 14C-labeled oligosaccharide obtained by alkaline-borohydride 
(Carlson, 1968) treatment of the ''C-labeled product (Figure I).  The 
column was standardized with the following oligosaccharides: (1) 
Fuccu 1 --2Gal@l--3GalNAc-H2; (2) Gal@ 1 --3GaNAc-H,; (3) 
GalNAc-H2; (4) GlcNAc and lactose; (5) Gal. The column was eluted 
with glass-distilled water at the rate of 27 mL/h, and the volume of 
each fraction collected was 4.6 mL. Aliquots were analyzed by both 
radioactivity (-) and the anthrone (--) assay (Morris, 1948). 

I4C-labeled product, only one radioactive peak, which corre- 
sponded to a trisaccharide, was recovered by Bio-Gel P-2 
column chromatography (Figure 2). Since GlcNAc behaves 
like dihexose and GalNAc-H2 like trihexose (Cheng & Bona, 
1982), the trisaccharide eluted like a hexahexose and 
Gal/31-.3GalNAc-H2 like a tetrahexose on Bio-Gel P-2 
chromatography: This elution profile suggests that only ohe 
GlcNAc was added to the FPDG dissacharide side chains. 
Forty percent of the [14C]GlcNAc label in peak 1 of the 
Bio-Gel P-4 column (Figure 1) was recovered in the tri- 
saccharide. The rest of the radioactivity was either lost during 
the dialysis step (20%) or not completely eliminated and got 
trapped on the Dowex 50 H+ column (30%). The trisaccharide 
exhibited a symmetrical peak on Bio-Gel P-4 chromatography 
(Figure 3A), gave only one major peak at a retention time of 
53.72 min by HPLC on a bonded primary amine column 
(Figure 4), and contained equimolar amounts of GlcNAc, Gal, 
and GalNAc-H, by compositional analysis. 

Determination of the N-Acetylglucosaminide Linkage. GC 
analysis under isothermal (180 "C) conditions of the partially 
methylated alditol acetate derivatives of the trisaccharide 



694 B I O C H E M I S T R Y  W I N G E R T  A N D  C H E N G  

~~ 

Table 11: 'H NMR Chemical Shifts of the C-3. C-4. C-5. and C-6 Protons of GalNAc-H, in the Oligosaccharides 
-___ 

chemical shift (nprn) 

Calp 1-3GalNAc-H G alN Ac-H , T-labclcd 
residue trisaccharide' Gal0 1 - 3 ( N ~ u C c o l 2 ~ 6 ) G a l N A c ~ H * ~  this study literature 

H- 3 4.06 4.06 4.06 4.Q6 
H-4 3.50 3.53 3.50 3.5 1 
H-5 4.28 4.15 4.20 4.20 
H-6 3.9d 3.86 3.69 3.69 
H-6' 3 . Id  3.49 3.65 3.65 

- 

' 0.4 @mol of the trisaccharide was dissolved in 0 .3  mL of D,O. &I Van Halbeek et al., 1981. 2.0pmol of the disaccharide was dissolved 
in 0.3 m L  of D,O. Chemical shift determined from decoupling the H-5 proton of GalNAc-H,. 
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FIGURE 3: Bio-Gel P-4 (-400 mesh, 1.6 X 215 cm) separation of the 
I4C-labeled trisaccharide before and after glycosidase treatment. The 
column was eluted with 0.1 M pyridine acetate, pH 5.0, at a flow 
rate of 20 mL/h. The fraction size was 1.8 mL. The P-4 column 
was standardized with the following oligosaccharides: (1) N,N'-di- 
acetylchitobiitol; (2) stachyose; (3) raffinose; (4) GlcNAc, (5) lactose; 
( 6 )  Gal. The column fractions were monitored by radioactivity 
measurement. (Panel A) I4C-Labeled trisaccharide; (panel B) tri- 
saccharide after jack bean @-hexosaminidase treatment; (panel C) 
trisaccharide after bovine testicular &galactosidase treatment. 

showed three major carbohydrate peaks, 1-3, with retention 
times of 1.18, 7.14, and 9.76 relative to that of 2,3,4,6-tetra- 
methyl- 1,5-diacetylglucitol. The relative molar ratios of peaks 
1-3 obtained from the GC analysis were 1.00:0.7 1 :0.3 1. Peak 
1 coeluted with standard 2,3,4,6-tetramethyl-1,5-diacetyl- 
galactitol, suggesting that the galactose residue is unsubsti- 
tuted. This was confirmed by the presence of primary ion 
fragments at m / e  161, 162, and 205 in the mass spectrum of 
peak 1 (Bjorndahl et al., 1967). Peak 2 gave primary ion 
fragments of m / e  45, 159, 161, 203, 205, and 245, indicating 
its structure to be 3,4,6-trimethyl- 1,5-diacetyl-2-(N-methyl- 
acetamido)glucitol derived from unsubstituted GlcNAc. The 
primary mass fragments of peak 3 had m/e  values of 45, 117, 
130, 16 1,246, and 3 18 with significant secondary fragments 
at 101 and 88 (Figure 5). The presence of ion fragment 246 
indicates that the GalNAc residue is substituted at  C-3 and 
C-6. Thus, GlcNAc must be linked to C-6 rather than C-4 
of GalNAc-H2. 

The 'H NMR spectrum of the trisaccharide is shown in 
Figure 6. The resonances of the Gal and GalNAc-H, protons 
were assigned by comparison with published results (Van 
Halbeek, 198 1) and by homodecoupling techniques. Table 
I1 shows the chemical shifts of each proton at C-3 to C-6 of 
GalNAc-H, in the [ 14C]GlcNAc-labeled trisaccharide, 

5i 
0 

a 
0 

* i  
.oo A 
0 10 20 30 40 50 60 

TIME , MIN 

FIGURE 4: HPLC profile of the 14C-labeled trisaccharide (8 nmol). 
The bonded primary amine (5-pm sphere particle) column (25 X 0.46 
cm) was eluted with a gradient of acetonitrile in water 85-60% for 
90 min at a flow rate of 1 mL/min. The column was standardized 
with the following oligosaccharides (8-20 nmol): (1) GalNAc-H2 
(16.91 rnin); (2) Galp1+3GalNAc-H2 (36.34 min); (3) Fucal-+- 
2Gal~1+3GalNAc-Hz (40.57 rnin). The retention time for the 
I4C-labeled trisaccharide was 53.62 min. 

160 100 I20 140 40 60 

180 200 220 240 260 280 300 320 

m /e 
1, 

FIGURE 5: MS fragmentation pattern of the partially methylated alditol 
acetate of N-acetylgalactosaminitol obtained from the trisaccharide. 
The abscissa indicates ion fragments (rnle) ,  and the vertical axis is 
the relative ion intensity. The insert shows the primary and secondary 
ion fragmentation schemes. 

Gal~l+3(NeuGca2-.6)GalNAc-H2, and GalDl-.- 
3GalNAc-H2. The chemical shifts of H-6' and the protons 
at C-3 and C-4 are the same in both the tri- and disaccharides. 
A slight shift (+0.08 ppm) of H-5, together with a larger shift 
for H-6 (+0.2 ppm) from the corresponding protons in the 
disaccharide, suggests that GlcNAc is linked to C-6 of Gal- 

Periodate oxidation of the trisaccharide destroyed all of the 
GalNAc-H, and 80-90% of the GlcNAc. Following periodate 
oxidation, NaBH, reduction, 4 N HCl hydrolysis, and a second 
NaBH4 reduction, two amino alcohols were identified on an 
amino acid analyzer (Figure 7)  as serinol (peak 4) and 
threosaminitol (peak 3), respectively. Serinol was produced 
from GlcNAc while the detection of threosaminitol indicates 

NAC-H,. 
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Table 111: Rabbit Intestinal Mucin N-Acetylglucosaminyltransferase Acceptor Competition Study" 

[ "C] GlcNAc transferred 
[nmol h-' (mg of protein).'] 

acceptor concn (mM) theoretical value 

expt I PDGb 10,--PSMc e\ptl value 1 L d  2 E" conclusion 

1.28 
2.56 
5.10 

0.43 
0.86 
1.29 

1.28 0.43 
2.56 0.86 
5.10 1.29 

51.6 
77.8 
87.1 
32.3 
43.7 
51.8 
63.0 62.0 89.9 
78.8 15.6 121.5 1 E  
90.1 84.0 138.9 

" The complete reaction mixture and the detailed experimental conditions with the exception of acceptors are given in Table I. Fractions 
7 + 8 of FPDG (DeVries e t  al., 1970). Equation for the calculation 
of the apparent velocity for the one-enzyme-two-activities system (Dixon & Webb, 1964) is u =  ( V , S , / K ,  + V$,/K,)/(l + S l / K l  + S , / K , ) ,  
where u, V ,  S, and K are apparent velocity, maximal velocity, substrate concentrations, and Michaelis constant, respectively. 
represent the acceptors, FPDG and IO;-PSM, respectively. VI  = 105.3 nmol h-'  (mg of protein)-'; V ,  = 75.2 nmol h-l (mg of protein).'; 
K, = 1.06 mM;K, = 0.59 mM. The kinetic constants were obtained from experiments 1-6. e The sum of apparent velocities obtained from 
the assay of each acceptor separately. 

A+ PSM treated successively with periodate, NaBH,, and mild acid. 

1 and 2 

01 H - i  
Gal  H-3 

0 * 
Q + 
0 r- In 
d 
d 

.-., 
1 1 I I I 1 I I I I I t I I I I  

4.6 4.4 42 4.0 3.8 3.6 3.4 3.2 
CHEMICAL SHIFTS , PPM 

FIGURE 6:  'H NMR (270-MHz) spectrum of the I4C-labeled tri- 
saccharide. 0.4 pmol of the trisaccharide was dissolved in 0.3 mL 
of 99.75% D20. The spectrum was taken after scanning for 2 h at 
room temperature. Acetone was included as the secondary internal 
standard, which appears at 2.225 ppm relative to the primary standard 
tettamethylsilane. The proton resonances that have been identified 
are given in the figure. 01 represents N-acetylgalactosaminitol. 

that the linkage of GlcNAc to GalNAc-H2 is 1-6. 
Determination of the Anomeric Configuration of the N- 

Acetylglucosaminide. As shown in Figure 3B, jack bean 
@-hexosaminidase completely cleaved the GlcNAc residue from 
the 14C-labeled trisaccharide, suggesting that the newly formed 
N-acetylglucosaminide was a @-anomer. However, bovine 
testicular @-galactosidase, which readily cleaved the galactose 
residue from Gal@l-.3GalNAc-H2, failed to cleave the ga- 
lactose residue from the trisaccharide under identical exper- 
imental conditions (Figure 3C). Partial cleavage of [14C]- 
GlcNAc was due to trace contamination of @-hexosaminidase 
in the testicular @-galactosidase preparation. 

Proton NMR (270 MHz) identified the GlcNAc linkage 
as a @-anomer by the coupling constant = 8.6 f 0.2 Hz) 
of the C-1 proton at  the chemical shift of 4.54 ppm. The 
coupling constant of the C-1 proton of Gal residue was 7.6 
f 0.2 Hz at  the chemical shift of 4.47 ppm, indicating a 

' I' ' .05 ' ' ' 1 ,  I I  
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a03 - 
.02 - 
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FIGURE 7: Amino acid analyzer separation of amino alcohols. (A) 
Separation profile of the standard amino alcohols obtained from 
GalNAc-H2 by limited periodate oxidation as previously described 
(Cheng & Bona, 1982): (peak 1) GalN-H2; (peak 2) AraN-H,; (peak 
3) ThrN-H2; (peak 4) SerN-H,. (B) Separation profile of the amino 
alcohols obtained from the I4C-labeled trisaccharide after treatment 
with periodate. Peak 5 is GlcN-H2. The amino alcohols were eluted 
from the column (0.6 X 30 cm), packed with sperical type W-3H resin, 
with a citrate-borate buffer, pH 5.28, containing 15% 1-propanol 
(Cheng & Boat, 1978). The column temperature was 55 OC and the 
buffer flow rate 44 mL/h (Cheng & Bona, 1982). The amino alcohols 
were detected with ninhydrin reagent. 

@-anomer (Van Halbeek, 1981). The ratio of the peak areas 
of the corresponding anomeric hydrogens of GlcNAc and Gal 
was 1.00:1.02 (Figure 6). 

Acceptor Competition Studies. To determine whether the 
FPDG N-acetylglucosaminyltransferase is a mucin N- 
acetylglucosaminyltransferase, a mixed acceptor experiment 
was carried out. I04--PSM was employed as the mucin ac- 
ceptor. The experimental conditions and the results are shown 
in Table 111. The enzyme activities obtained from the mixed 
acceptor experiment, as shown in experiments 7-9, were 
compared with the theoretical values calculated from the ex- 
perimental data from experiments 1-6. The experimental data 
agree with those calculated for one enzyme system, indicating 
that probably the mucin N-acetylglucosaminyltransferase 
catalyzes the reaction for both acceptors. 

Discussion 
We have characterized a rabbit small intestinal epithelial 

enzyme that transfers GlcNAc from UDP-GlcNAc to FPDG 
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as UDP-G1cNAc:Gal @-3-GalNAc (GlcNAc - GalNAc) 
@-6-N-acetylglucosaminyltransferase. The Galbl-3- 
(GlcNAc@1+6)GalNA~-Ser(Thr) linkage has been identified 
previously in several mucous glycoproteins including human 
tracheobronchial (Lamblih et al., 1981), gastric (Oates et al., 
1974), ovarian cyst (Rovis et al., 1973), and cervical (Yurewicz 
et al., 1982) mucins, and equine (Newman & Kabat, 1976) 
and hog (Kochetkov et al., 1976) gastric and canine sub- 
maxillary (Lombart & Winzler, 1974) mucins. However, the 
enzyme responsible for this structure was only recently iden- 
tified and described in the canine submaxillary glands by 
Williams et al. (1980). Iqaddition, we have found FPDG 
N-acetylglucosaminyltransferase activity in bovine, human, 
rabbit, and cat tracheal epithelia and human intestinal ep- 
ithelium (data not includid). The enzyme from rabbit intestine 
shares many properties with the canine submaxillary enzyme. 
Enzyme activities from both sources have an optimal pH near 
neutral, are slightly stimulated in the presence of a low Mn2+ 
concentration (3 mM), are not affected significantly by EDTA, 
require approximately 0.1% Triton X-100 for maximal activity, 
and have apparent Michaelis constant of approximately 1 mM 
for UDP-GlcNAc and 0.5-1 .O mM for the phenyl derivatives 
of Gal@l-3GalNAc. However, the rabbit intestinal enzyme 
has a lower apparent K,,, for FPDG (4.80 mM). The rabbit 
intestinal enzyme has lower K,,, (0.59 mM) for PSM than does 
canine enzyme (5.2 mM) (Williams & Schachter, 1980; 
Williams et al., 1980). The possible explanation for this 
discrepancy may well be that the IO,--PSM we prepared for 
this study not only is devoid of the peripheral sugars but also 
retains a more intact mucin peptide than does the acid- (in 
HC1, 70 "C, 2 h) treated PSM used for the previous studies. 
Furthermore, the canine submaxillary enzyme is unstable at 
37 OC, but rabbit intestinal enzyme is stable at this temper- 
ature for at least 60 min. In our study, only one product, a 
trisaccharide, was fotmed, whereas the canine enzyme pro- 
duced not only a trisaccharide but also a disaccharide, 
GlcNAcbl +6GalNAc-O-p-N02Ph. 

The product of rabbit intestinal FPDG N-acetylglucos- 
aminyltransferasq was identified as Gal@1+3(GlcNAc@l+- 
6)GalNAc-H, following alkaline borohydride treatment of the 
14C-labeled product. GC-MS analysis of the partially 
methylated alditol acetates prepared from the trisaccharide 
showed that galactose was unsubstituted and GalNAc-H2 was 
substituted at both C-3 (by galactose) and C-6 (by GlcNAc) 
(Figure 5 ) .  Periodate oxidation of the trisaccharide followed 
by NaBH, reduction, 4 N HCl hydrolysis, and a second 
NaBH, reduction resulted in two amino alcohols, serinol (peak 
4) and threosaminitol (peak 3) (Figure 7). Serinol was formed 
from GlcNAc. Depending upon the linkage of GlcNAc to 
GalNAc-H,, different amino alcohols can be formed from 
GalNAc-H2 following periodate oxidation as described above. 
For example, if the linkage is 1-4, arabinosaminitol will be 
obtained, and if it is a 1-6 linkage, threosaminitol will be 
formed. The absence of AraN-H2 and the presence of 
ThrN-H2 (Figure 7) support the conclusion that GlcNAc is 
linked 1-6 to GalNAc-H,. 'H NMR studies of the tri- 
saccharide also confirmed the assignment of the 1-6 linkage 
of GlcNAc to GalNAc-H, (Figure 6 and Table 11). The 
@-anomeric configuration of the N-acetylglucosaminide was 
identified by its complete cleavage with @-hexosaminidase 
(Figure 3B). The H-1 in GlcNAc should give a coupling 
constant of 3.5 Hz for the a-anomer and 8.0 Hz for the 0- 
anomer (Kamerling et al., 1975). The coupling constant (8.6 
Hz) obtained for the GlcNAc C-1 proton confirms the 0- 
configuration assignment obtained from the @-hexosaminidase 

W I N G E R T  A N D  C H E N G  

experiment. The failure of bovine testicular @-galactosidase 
to hydrolyze galactose from the trisaccharide was unexpected 
(Figure 3C) because the same enzyme can readily hydrolyze 
Gal@l+3GalNAc-H2 under identical conditions (Cheng & 
Bona, 1982). A similar observation was also made recently 
by Yurewicz et al. (1982), who reported that Aspergillus niger 
@-galactosidase could not hydrolyze the galactose from the 
same trisaccharide until GlcNAc had been removed. 

Microheterogeneity of mucin oligosaccharides is a general 
phenomenon. Carbohydrate chains with lengths ranging from 
a single sugar up to 20 sugars with branching structures have 
been reported. The presence of GlcNAc in the oligosaccharide 
chain may determine the potential for formation of long 
carbohydrate chains. For example, the longest carbohydrate 
chain that does not contain GlcNAc is the A+ PSM penta- 
saccharide GalNAca 1+3(Fuca 1-2)Gal@1-3 (NeuGca2-f- 
6)GalNAc (Carlson, 1968). All mucin oligosaccharides can 
thus be divided into two groups, the simple chains that do not 
contain GlcNAc and the complex oligosaccharide chains that 
do. The structures of N-acetylglucosaminides found in com- 
plex oligosaccharide chains are GlcNacal-4Gal (Kochetkov, 
1976), GlcNAcal-4GlcNAc (Newman & Kabat, 1976), 
GlcNAcb1+4Gal (Rovis et al., 1973), GlcNAcpl-6Gal 
(Rovis et al., 1973), GlcNAcbl-6GalNAc (Yurewicz et al., 
1982a; Lombart & Winzler, 1974), GlcNAc/31-3Gal, and 
GlcNAc@1-3GalNAc (Lamblin et al., 1980). When 
Gal~l+3GalNAcaR is used as the acceptor, five potentially 
known structures (Rovis et al., 1973; Lamblin et al., 1980; 
Kochetkov et al., 1976) can be formed. However, only one 
product, Le., Gal@l-3(GlcNAc@l-6)GalNAcaR, was 
formed. The acceptor competition study indicated that the 
enzyme activity that catalyzed the transfer of GlcNAc from 
UDP-GlcNAc to FPDG was probably the same enzyme as 
that utilizing IO,--PSM as the acceptor (Table 111). No 
enzyme activity was detected when asialo ovine submaxillary 
mucin was employed as the acceptor although two potential 
structures, 1-3 and 1-6, are possible. It appears that the 
Gal residue is essential for the 6-6- (to GalNAc) N-acetyl- 
glucosaminyltransferase activity. A similar observation also 
was reported for canine submaxillary enzyme (Williams & 
Schachter, 1980; Williams et al., 1980). The reason why only 
Gal@3(GlcNAc~6)GalNAcaR was synthesized by intestinal 
and submaxillary tissue is not clear. We postulated that C-6 
of GalNAc is an important regulation point for mucin car- 
bohydrate chain synthesis (Cheng & Bona, 1982). Either 
neuraminic acid, a chain-terminating sugar, or GlcNAc, a 
sugar that permits additional chain growth, can be attached 
at this site. The addition of GlcNAc to C-6 of GalNAc may 
be a prerequisite for the synthesis of other N-acetylglucos- 
aminides, such as a1-4Ga1, @1-4Gal, @1-3Gal, and @l-- 
6Gal. Although this sugar addition prevents the formation 
of oligosaccharides containing neuraminic acid linked 2-6 
to GalNAc, it does not preclude the formation of other sia- 
lylated oligosaccharides. The GlcNAc-containing sialylated 
oligosaccharides have been found in human cervical mucin 
(Yurewicz et al., 198213). Characterization of the mucin 
N-acetylglucosaminyltransferase is an important step in un- 
derstanding the regulation of the synthesis of complex oligo- 
saccharide chains in mucins. 
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