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Porcine hver microsomes are capable of transferring sialic acid from CMP-NeuAc to [ 14C]galactosylated ovine 
submaxillary asialo-mucln, porcine submaxillary aslalo/afuco-mucin and ganghoside GMI The speofici ty  of the 
porcine liver sialyltransferase (CMP-N-acetylneuramlnate D-galactosyl-glycoprotein N-acetylneuraminyltrans- 
ferase, EC 2 4 99 1) towards the first acceptor,  [14C]Gal-GalNAc-proteIn, was investigated by means of methyla- 

tion studies on the ohgosaccharlde chains cleft-off from the smlylated product  glycoprotein by 3-elimination 
under reductive conditions It appeared that slahc acid was transferred solely to position C-3 of  galactose residues 
on Gal3(l  --* 3)GalNAc disacchande units Transfer to GalNAc residues was completely absent Competi t ion expe- 
riments and heat inactivation studies suggested that the same enzyme also converts ganghoslde G M 1 to ganglioside 

GOla Therefore, this porcine liver smlyltransferase can be designated as a Gal/~(1 --* 3)GaINAc-R a(2 --* 3) smlyl- 
transferase 

Introduction 

Abbrevmtlons NeuAc, N-acetylneurammlc acid, NeuAcOH, 
reduced N-acetylneuramlmc acid, Gal, galactose, GalOH, 
galactitol, GalNAc, N-acetylgalactosamme, GalNAcOH, 
N-acetylgalactosammltol, Glc, glucose, CMP-NeuAc, cytldine- 
5'-monophospho-N-acetylneurammlc acid, UDP-Gal, urldme- 
5'-dlphospho-galactose, ganglloslde GM1 , Ga~(1 ~ 3)- 
GalNAc3(1 ~ 4)[NeuAca(2 --, 3)]GalB(1 --, 4)Glc-Cer, 
ganghoside GDla, NeuAc~(2 ~ 3)GalB(1 ~ 3)GalNAc- 
3(1 ~ 4)[NeuAcc~(2 ~ 3)]Ga13(1 ~ 4)Glc-Cer, ganghoside 
GD1 b, GalB(1 ~ 3)GalNAc3(1 ~ 4)[NeuAca(2 ---, 8)- 
NeuAca(2 ~ 3)]GalB(1 ~ 4)Glc-Cer All sugars are in the 
pyranose form and are of the D conftguration The prefixes 
asmlo- and asialo/afuco- refer to the removal of siahc acid 
and/or fucose by mild acid hydrolysis 
Supplementary data to this article are deposited with, and 
can be obtained from, Elsevier/North-Holland Biomedical 
Press B V, BBA Data Deposition, P O Box 1345, 1000 BN 
Amsterdam, The Netherlands Reference should be made to 
No BBA/DD/182/69307/660/161-169 The supplementary 
information includes a table of the numerical values of the 
data from Fig 4 

To date, many glycoprotelns of  different organic 
origins are known, which contain O-glycosldlcally 
linked ohgosaccharide chains of  the following struc- 

ture NeuAca(2 ~ 3)Ga13(1 ~ 3)[NeuAca(2 ~ 6)]- 
GalNAc [1] Accordingly, it is often expected that 
the two slalyltransferases required for the synthesis 
of this structure occur in the respective tissues 

With regard to a hepatic slalylatlon of  O-glycosl- 
dlcally hnked chains, it is known that porcine liver 
contains a slalyltransferase which introduces slahc 
acid Into ovlne submaxillary aslalo-mucln [2] It has 
previously been suggested that this transfer was to 
N-acetylgalactosamlne residues in a position other 
than C-6 [2] Recently,  however, we showed that  
porcine hver In fact IS incapable of  transferring slahc 
acid to N-acetylgalactosamlne and that the above- 
mentioned Incorporation was due to the slalylatlon 
o f  galactose residues on Gal~(1 ~ 3 ) G a l N A c  umts, 
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Much occur as minor chains on ovlne submaxdlary 
asialo-mucm [3] The type of linkage still remained 
to be established 

This study was undertaken to investigate the 
specificity of the Gal~(1 ~ 3)GalNAc-proteln sxalyl- 
transferase of porcine liver by means of detailed 
studies on the structure formed in vitro using a more 
appropriate mucln-type acceptor, containing Gal- 
GalNAc sequences to a far greater extent than ocur- 
ring In ovme submaxillary asIalo-mucln For this 
purpose, in vitro [14C]galactosylated ovine sub- 
maxillary asialo-mucln [4] was used In addition, 
experiments were carried out to determine whether 
this slalyltransferase could also be involved m the 
conversion of ganglloside GMI to GD1 a This work 
has been presented In a prehmmary form [5] 

Materials and Methods 

Materials Porcine hver was obtained from a local 
slaughterhouse The tissue was transported to the 
laboratory on ice and stored frozen at -20°C until 
use Ovine submaxillary mucln was a kind gift from 
Dr P A Roukema, Vrije Unlversltelt, Amsterdam 
Porcine submaxillary mucxn was prepared according 
to de Salegul and Plonska [6] The mucxn was 
deslalylated and defucosylated by mild acid hydro- 
lysts for 1 h in 0 1 M trlfluoroacctlC acid at 100°C 
Ganghoslde Gr~l was extracted from formahn-fixed 
human brain [7] and partially purified by chroma- 
tography on DEAE-Sephadex [8] GD1 a and GDlb 
were kindly donated by Dr Berra, Mllano Cutscum 
(iso-octylphenoxypolyoxyethanol) was purchased 
from Fisher Scientific Co CMP-[14C]NeuAc (1 68 
C1/mol) was obtained from New England Nuclear 
Corp and NaB3H4 (293 Ci/mol) trom The Radio- 
chemical Centre, Amersham Unlabeled CMP-NeuAc 
was prepared as described previously [9] Partially 
methylated galactose standards were a kind gift of Dr 
P Stoffyn, E K Shrlver Center, Waltham, MA 
Neuramlnldase type VI (Closmdtum perfrmgens) and 
slalyllactose from bovine colostrum were obtained 
from Sigma NeuAcOH, GalNAcOH and GalOH were 
prepared by NaBH4 reduction of NeuAc, GalNAc and 
Gal, respectively The preparation of NeuAca(2 ~ 6)- 
GalNAcOH [10] and Gal/3(1 ~ 3)GalNAcO3H [4] 
was described before NeuAca(2 ~ 3)Gall3(1 ~ 3)- 
GalNAcOH and NeuAca(2-+ 3)Gal/~(l ~ 3)[Neu- 

Aca(2-+6)]GatNAcOH were prepared from fetuln 
[11] Analytical grade resins were from BIoRad 
Other materials were of the highest purity available 
from commercial sources and were used without 
further purification 

Preparanon o¢ a cell-free porcme hver fraction as 
slalvltransferase source All operations were per- 
formed at 0-4°C Minced porcine liver (6 5 g) was 
homogenized in 32 ml 0 25 M sucrose at ptl 7 4 using 
a Potter-Elvehjem system with Teflon pestle rotating 
at 1 400 rev/ram for 2 mln The homogenate was 
centrifuged at 1 000 ×g  for 10 mm The pellet was 
discarded and the supernatant was ~entrlfuged at 
100000×g  for 60 mln The pellet was resuspended 
in 3 5 ml 0 25 M sucrose, giving a cell-tree porcine 
liver fraction as slalyltransferase source at a protein 
concentration of 40 mg/ml The suspension was 
stored at -20°C until use 

Preparation oJ [14C]Gal-GalNAc.protem [14C]- 
Gal~(1 -+ 3)GalNac-protem was prepared from ovme 
submaxillary asxalo-mucln The mucln was incubated 
with porcine submaxillary gland mlcrosomes as 
source for galactosyltransferase, UDP-[14C]Gal and 
Trlxton X-100 at pH 6 0 for 24 h More than 48% of 
the available GalNAc monosaccharlde side chains 
were converted to Gal/3(1 ---3)GalNAc chains Details 
of the procedure as well as the subsequent purifica- 
tion of this acceptor are given elsewhere [4] 

Stalylatum of {14C]Gal-GalNAc-protem The 
incubation mixture contained 6 mg acceptor 
Gal/3(1 ~ 3)GalNAc-protem (3/.tmol [14C]Gal, 
0 0348 Cl/mol), 3/lmol CMP-NauAc, 6 5 ~1 Cutscum, 
30 /.zmol Trls-maleate (pH 6 7) and liver cell-free 
preparation (23 mg of protein) in a total volume of 
600 /.tl To prevent microbial growth, 10 /~1 toluene 
was added After 24 h at 37°C, the incubation mix- 
ture was diluted to 14 ml with 0 15 M NaC1 (pH 7 0) 
and centrifuged at 100000×g  for 60 rain to 
sediment the microsomes The supernatant containing 
the slalylated glycoproteln was lyophIhzed Detergent 
was removed by extracting the residue three tmaes 
with 1 ml ethanol Low molecular weight substances 
were removed from the smlylated glycoproteln by 
gel filtration on a column of Blo-Gel P-4 as described 
prewously [4] 

Isolation of reduced ohgosacchandes from 
stalylated [14C]Gal-GalNAc-protem Ohgosaccharlde 
chains were cleft off by ~3-ehmination under reductwe 
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conditions The glycoprotem was incubated in 5 ml 
0 1 M NaOH containing 1 M NaB3H4 (0 606 C1/mol) 
for 72h  at 37°C The excess of NaB3H4 was 
destroyed by the addition of 4 M acetic acid at 0°C 
until pH 6 was reached Cations were removed by 
passing the mixture over a column (1 6 × 8 cm) of 
Dowex 50-X2 H ÷, 100-200 mesh at 0°C, which was 
washed with 4 bed vol 0 0! M formic acid The com- 
bined eluate and wash were lyophlhzed Boric acid 
was removed as methylborate by five additions and 
evaporations of methanol containing 5% (v/v) acetic 
acid Reduced acidic ohgosaccharides were separated 
from neutral chains by passing the mixture over a 
column ( 0 6 × 6 c m )  of Dowex l-X2 acetate, 
100-200 mesh, equdlbrated with water Neutral 
ollgosaccharldes were washed from the column with 
4 bed vol water Reduced acidic ohgosacchandes 
were then eluted with 8 ml 1 M pyrldlne acetate (pH 
5 4) and subsequently fractionated on a calibrated 
column (1 6 × 2 0 0  cm) of Blo-Gel P-4, 200-400 
mesh in 0 05 M pyrldlne acetate (pH 5 4) eluted with 
the same buffer at a flow rate of 10 ml/h In a sunilar 
way, the neutral ohgosaccharldes were further 
resolved on a column (1 6 × 200 cm) of Blo-Gel P-2, 
200-400 mesh Appropriate fractions were pooled 
and lyopkdlzed 

Chromatography and electrophoresls of  ohgosac- 
chandes Than-layer chromatography (TLC) of 
slalylated ohgosacchandes, NeuAc and NeuAcOH was 
performed on Sthca gel 60 plates (Merck) employing 
solvent A ethylacetate/1-butylacetate/acetlc acid/ 
water (2 1 2 1, v/v), and on cellulose plates 
(Merck) with solvent B 1-butanol/ethanol/acetic 
acid/water (10 8 2 3, v/v) Both solvents were 
used under continuous flow for 17 h in a jar 15 cm in 
height Vlsuahzatlon was done with resorclnol-hydro- 
chlonc acid [12] or penodate-resorclnol [13] Neutral 
ohgosaccharides were chromatographed on Silica gel 
60 plates m solvent C ethylacetate/pyrldlne/water 
(10 4 3, v/v) for 2h  and in solvent D ethyl- 
acetate/1-propanol/2-propanol/water (8 5 1 1, 
v/v) for 7 h under continuous flow [14} Reference 
compounds were located with amhne phthalate or 
perlodate-benzldine t4C-labeled compounds were 
detected by autoradiography and 3H-labeled materials 
by fluorography [15] High voltage electrophoresls of 
reduced monosacchandes was performed on What- 
man 3 MM paper strips in 1% sodium tetraborate at 

5-10°C at 65 V/cm for 60 mln Reference com- 
pounds were revealed with periodate-benzidlne Gas 
chromatography of reduced neutral dlsaccahrldes was 
done after direct trlmethylsllylatlon as described 
previously [4] 

Methylatzon analysis Methylatlon and subsequent 
isolation 'of the methylated ohgosaccharldes were 
performed as described previously [16] The 
methylated samples were hydrolyzed m 400/~1 2 M 
trlfhaoroacetlc acid for 1 h at 115°C After the addi- 
tion of 2 ml ethanol, the mixtures were evaporated 
under a nitrogen stream The residues were redis- 
solved in 50 ~1 methanol and ahquots were spotted 
on Sdlca gel 60 plates and run an solvent system E 
acetone/4 5 M NH4OH (500 9, v /v)wi th  appro- 
priate trl- and tetramethylgalactose references [17] 
Detection of reference compounds was done with 
andlne phthalate 

NeurammMase digestion of  stalylated products 
The reduced acidic trlsaccharide obtained from the 
Slalylated glycoproteln by ~-elunInatlon and sub- 
sequent gel filtration was digested with neuramlnl- 
dase The reaction mixture contained m 100 #1 
180 nmol reduced trlsacchande, 0 9  IU Cl 
perfrmgens neurammldase (EC 3 2 1 18) and 10 
#mol sodium acetate buffe ~, pH 5 0 After incuba- 
tion for 3 h at 37°C, the mixture was diluted with 
1 ml water and applied to a column (0 6 × 6 cm) of 
Dowex l-X8 acetate, 100-200 mesh The 
deslalylated ohgosaccharlde was washed from the 
column with 4 bed vol water and further purified 
by passage over a column (1 6 × 40 cm) of Blo-Gel 
P-4, 100-200 mesh, equdl~rated and eluted with 
0 05 M ammonium acetate (pH 5 4) Fractions con- 
taming 14C radloactwlty were pooled, lyophthzed 
and characterized by TLC in solvent systems C and 
D 

The reduced acidic dlsacchande was desialylated 
m a strnllar way The incubation mixture contained 
33 nmol dlsacchande, 0 8 I U neurammidase and 
10 /.tmol sodium acetate buffer (pH 5 0) in a total 
volume of 100 gl After lncubatmn for 3 h at 37°C, 
the resulting neutral monosaccharide was isolated 
and purified as indicated above, and subsequently 
analyzed by high voltage electrophoresls 

Szalyltransferase assay A modified version of the 
slalyltransferase assay of Grunes and RobbIns [18] 
was used to measure the separate sialic acid lncorpo- 
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rattan into glycohpld and glycoprotem after both 
acceptors have been slalylated smaultaneously The 
glycoproteIn acceptor used was porcine submaxallary 
aslalo/afuco-mucln, containing 319 nmol theoretical 
acceptor sites (calculated as avadable galactose) per 
mg protein The glycohpld acceptor was ganghoslde 
GMI The standard mcubatmn mxxtures contained 
0126 /.tmol CMP-[14CINeuAc (0792 Cl/mol), 
0 65 gl Cutscum, 4/amol Trls-maleate (pH 6 7) 
various amounts of aslalo/afuco-mucln (ranging from 
0 08 to 1 6 ~mol theoretical acceptor s~tes) and/or 
various amounts of ganghoslde GM1 (ranging from 
0 12 to 0 8 gmol) and porcine liver cell-free prepara- 
tion (410 gg of protein) in a total volume of 80 gl 
After incubation for 1 h at 37°C, the reaction was 
stopped by cooling in ice and the addition of 2 9 ml 
of an ice-cold solution of 0 5 M HC1 containing 1% 
phosphotungstlc acid (w/v) The tubes were centn- 
fuged and the resulting pellets were washed twice 
with 2 ml of the same solution Subsequently, the 
pellets were extracted once with 4 ml methanol/ether 
(1 1, v/v) and twice with 2 ml ethanol/ether (1 1, 
v/v) The orgamc extracts were collected in counting 
v~als and, after evaporation of the solvent by mdd 
warming, radioactivity was assyed by hqmd scintd- 
latlon The extracted pellets were dissolved in 200 
gl Soluene 350 (Packard) and counted Radmactmty 
extractable into the orgamc solvent origmates from 
glycohp~d, whereas radmactwlty remaining m the 
pellet ~s present in glycoproteIn, as was confirmed 
by control experiments with both acceptors separately 
An endogenous acceptor control incubation lacking 
exogenous glycoprotem and glycohp~d acceptor was 
included for each set of assays and the result was 
subtracted from the incorporation m the presence of 
exogenous acceptor 

Results 

Stalylanon o f [14 C] Gal-GalNA c-protem 
[14C]Galactosylated ovane submaxlmdlary asxalo- 

mucxn as well as porcine submaxallary aslalo/afuco- 
mucm, wtuch glycoprotems both contain Galj3(1 -~ 
3)GalNAc dlsaccharide chains, appear to be good 
acceptors for the porcine liver slalyltransferase 
investigated in th~s study At a concentration of 5 
rnM theoreUcal acceptor sites, the rate of incorpora- 
tion Into the latter glycoprotexn amounted to 13 

nmol/h per mg protein When [14C]Gal-GalNAc- 
protein was used as an acceptor m the large scale 
mcubataon, 81% of the mmal 14C radloactwlty was 
recovered after centrffugatlon and gel filtratmn as 
high molecular weight material After fl-elumnatlon 
of th~s slalylated glycoprotem product m the presence 
of NaBaH4 and anion-exchange chromatography of 
the resulting ohgosaccharlde material, 1 04 #mol ~4(. 
and 3H-containing neutral chains and 0 85 ~mol 
acldac ohgosacchandes were recovered, indicating 
that about 45% of the avadable [a4C]Gal-GalNAc 
dlsacchande units of the glycoproteln were smlylated 

Fracttonatton and characterization of reduced actdzc 
and neutral ohgosacchandes 

The reduced acidic ohgosaccharlde fractmn, which 
was recovered alter the anion-exchange step, was frac- 
tlonated on Blo-Gel P-4 This resulted in the separa- 
tion of two 14C- and 3H-labeled peaks m addition to a 
peak containing 3H radloactlwty only (Fig 1) The 
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F~ I Fractlonatlon of slaly|ated ohgosaccharldes by gel 
~tratmn Reduced acldlc ol~o~ccharldes obtained from 
[ 14 C ]Gal-GalNAc-protem slalylated by por clne hver ceU-free 
preparatton m vatro were apphed to a column of Bm43el P-4, 
equilibrated m 0 05 M pyndme acetate, pH 5 0, and eluted 
with the same bufter (flow rate 10 ml/h) Fractions of 4 ml 
were coUected and assayed for 14C (o o) and 3H radlo- 
actwlty (o o) The column was cahbrated with (1) 
NeuAca(2 --* 3)Gal~(1 --* 3)[NeuAca(2 --* 6)]GalNAcOH, (2) 
NeuAca(2 --* 3)Gal~(1 --* 3)GalNAcOH, (3) NeuAca(2 ~ 6)- 
GalNAcOH, (4) NeuAca(2 --* 3)GalOH and (5) galactose The 
bars indicate the fractmns that were pooled for further 
analysis 
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Ftg 2 TLC of smlylated ollgosacchandes Smlylated oltgosac- 
charxde tracUons 1 and II were run on (A) a sdlca gel 60 
plate (Merck) m solvent system A and (B) a cellulose plate 
(Merck) m system B Reference compounds are (1) 
NeuAcOH, (2) NeuAc, (3) NeuAca(2 ~ 6)GalNAcOtt, (4) 
NeuAca(2 --, 3)Ga13(1 ~ 4)Glc, (5) NeuAca(2 ~ 3)Ga13(1 
3)GalNAcOH and (6) NeuAca(2 --, 3)GalB(1 ~ 3)- 
[NeuAca(2---, 6)]GalNAcOH Radioactive compounds were 
detected by autoradmgraphy and references by resorclnol- 
hydrochloric acid (silica gel) or perlodate-resorclnol (cellu- 
lose) 

major peak (I) contained 97% of the 14C radloactivtty 
applied to the column and ItS elutlon volume cor- 
responded to that of a slahc acid-containing trlsac- 
charlde Upon TLC in systems A and B, the ohgosac- 
charlde material of peak I migrated as a single spot 
with the same moblhty as authentic NeuAc~(2 -~ 3)- 
Gal3(1 ~ 3)GalNAcOH (Fig 2) The slallc acid con- 
tent of ohgosaccharlde I was assayed by the thm- 
barblturlc acid method [19] after neuramlnldase 
digestion The amounts of  [14C]galactose and 
GalNAcOaH were estimated from the specific radio- 
actwlty of the UDP-[14C]Gal used for the galactosyl- 

atlon and that of GalNAcOaH formed in the reduc- 
tlve 3-ehmlnatlon step from unglycosylated GalNAc 
residues, and Isolated from the neutral ohgosaccha- 
ride fraction [4] A molar ratio of NeuAc and GaP 
NacOH to Gal of 1 02 and 1 09 to 1 00, respectively, 
was found, indicating that ohgosacchande I (Fig 1) 
was a slahc acid-containing trlsacchande The neutral 
dasaccharlde resulting after the neurammldase dlges- 
tlon of this tnsaccharlde migrated hke authentic 
Gal3(1 ~ 3)GalNAcOaH upon TLC in systems C and 
D Also m gas chromatographic analysis it had the 
same relative retention time with reference to the 
internal standard lactose as Gal/3(1 --, 3)GalNAcOaH 
The second peak (II) comprised 3% of the total 14C 
radioactivity applied to the Blo-Gel column TLC in 
systems A and B revealed f iat  ohgosaccharlde II con- 
Slsted of one single component, which definitely mi- 
grated different from NeuAca(2 ~ 6)GalNAcOH (Fig 
2) After digestion of ohgosaccharlde II with neuraml- 
nldase, the 14C as well as 3H radloactlwty in the digest 
moved together over the same distance as GalOH and 
unhke GalNAcOH upon high-voltage electrophoresls 
Hence, it is likely that ohgosaccharlde II is identical 
to NeuAc-GalOH, which probably was formed in the 
3-ehmmatlon step as a result of  peehng from the 
parent NeuAc-Gal-GalNAc trlsaccharlde 

The third peak from the Bio-Gel P-4 column (peak 
III, Fig 1), containing only SH radioactivity, was not 
Identical to reduced NeuAc or any NeuAc-contalnmg 
dlsaccharlde Because of ~he limited amount of 
materml, this peak was not investigated further 

The reduced neutral ohgosaccharlde fraction 
obtained from the 3-elimination of the slalylated 
[14C]Gal-GalNAc-proteln, ~as resolved on Blo-Gel 
P-2 into two peaks, which could be identified as the 
neutral precursoe chain [14el Gal/3(1 ~ 3)GalNAcOaH 
and GalNAcO3H, respectlvel'/, in a way identical to 
that described before [4] 

Methylatlon studtes 
To establish the exact site of sxallc acid attachment 

in [ 14C] Gal-GalNAc-proteln, the tnsacchande 
product obtained by Bao-Gel P-4 fractlonatlon 
(peak I, Fig 1) was subjected to methylatmn analysis 
As controls, the neurammldase-treated product and 
the neutral precursor chain [14C]Gal-GalNAcOaH 
were treated sunllarly Essentially all 14C radxoactlv- 
lty In the trlsaccharlde product was recovered in the 
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Fig 3 TLC of meth'vl ethers ot [14Clgalactose derived from 
(A) trIsacchande I, obtained trom slalylated [14C]Gal- 
GalNAc-proteln, (B) the dlsacchande [14C]GaI3(l~3)- 
GalNAcOH obtained by 3-ehmmatlon ot the a~ceptor [I4C l- 
Gal-GalNAc-protem and (C) neuramImdase-treated msac- 
chande I Radmactivlty was detected by autoradlography and 
reterence compounds by aniline phthalate Reterences are (1) 
tetramethylgalactose, (2) 2,3 6-trlmethylgalactose, (2) 2,4,6- 
tnmethylgalactose, (4) 2 3,4-tnmethylgalactose and (5) 
3,4,6-trtmeth~ lgalactose 

methylated sugar fraction and migrated hke 2,4,6- 
trlmethylgalactose, whereas the precursor chain and 
the nemammtdase-treated product yielded tetra- 
methylgalactose only (Fig 3) Hence, the transfer of 
stahc acid had taken place to posmon C-3 of  galactose 
m Gal/3(1-+ 3)GalNAc chain No minor transfer of 
slahc acid to posmon C-6 of  galactose or to position 
C-6 of GalNAc m the trlsacchande had taken place, 
since at the sites m lane A (Fig 3) where 2,3,4-tn- 
methylgalactose and tetramethylgalactose would have 
been expected, no radmactlwty higher than back- 
ground levels could be detected by hqmd scintillation 
counting of these areas scraped off from the slhca gel 
plate 

TABLE I 

KINETIC DATA OF PORCINE LIVER Gal3(l ~ 3)Gal- 
NAc-R a(2 ~ 3) SIALYLTRANSFERASE 

Acceptor K m I/ 
<mM) (nmol/h 

per mg 
protein) 

Porcine submaxillary 
AsIalo/afuco-mucm 1 7 17 3 
Ganghoslde GM1 * 7 6 50 
Ganglioslde GM1 ** 2 9 20 2 

* Concentratmn = 0-3 mM 
** Concentration >3 mM 

Stalylatton o f ganghostde GMI 
In addition to [14C]Gal-GalNAc-protem and 

porcine submaxillary a~lalo/afuco-mucln, ganghosxde 
GM1 could serve as acceptor for the porcine hver 
slalyltransferase Slalylatlon of  ganghoslde GM~ under 
the conditions described did not obey Mlchaells- 
Menten kinetics, and two sets of  kmenc parameters 
were obtained one for a high acceptor concentration 
range, and another one for the lower range (Table I) 
To identify the slalylated ganghoslde product, the 
standard incubation system was scaled up 10-fold and 
incubated for 17 h The radmactwe product, isolated 
according to Flshman et al [20], moved identically 
to ganghoslde GDI a upon TLC m a system capable of  
separating the two poss]ble products, Gl)la and GD~b 
[21] Most of the 14C label (more than 90%) could be 
removed flora the glycohpld product by neuramml- 
dase heatment [22] 

Competltton experiments and heat macttvatzon 
studles 

Since [14C]Gal-GalNAc-proteln, porcine submaxil- 
lary aslalo/afuco-mucm and ganglloslde GM1 have the 
same terminal ohgosacchande sequence Gal3(1 --> 3)- 
GalNAc-R, It was of importance to examme whether 
the slahc acid transfers to glycoproteln and glycohpld 
acceptors were accomphshed by two different, highly 
substrate-speclfic enzymes or by one single enzyme 
acting on both substrates Therefore, competition 
expenments were carried out, m which porcine sub- 
maxillary aslalo/athco-mucm and ganghoslde GMI 
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were used as the glycoproteln and glycollpid 
acceptor, respectively Employing the standard slalyl- 
transferase assay, the apparent Km and the V values 
were determined for the sialylatlon of  ganghoslde 
GM1 and of  porcine submaxillary aslalo/afuco-mucm 
separately (Table I) The kinetic constants were 
obtained from double-reciprocal plots Using the data 
from Table I, it was possible to calculate to what 
extent incorporation into ganghoslde GM1 and 
porcine submaxillary aslalo/afuco-mucln could be 
expected when both acceptors are sialylated stmul- 
taneously, either m the case where one enzyme was 
acting, or m the case of  two independent transferases 
[23] Since for smlylatlon of  the glycollpid two sets 
of  kinetic constants were found (Table I), both sets 
were used for the calculations, each set In its appro- 
priate concentration range The expertmental data of  
slahc acid Incorporation into both acceptors are very 
slmdar to the theoretical values calculated for one 
single slalyltransferase acting on both substrates 
(Fig 4) 

Additional support was obtained by heat reactiva- 
tion experiments Both acceptors (ganglloside GMI 
and porcine submardllary asIalo/afuco-mucm) were 

g a n g h o s l O e  G M 1  c o n c e n t r a t i o n  [ m M )  

I 5 2 4 10) 
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Fig 4 Rate of smhc acid incorporation into porcine submaxil- 
lary asmlo/afuco-mucm and ganghoslde GM1 Both acceptors 
were incubated smaultaneously with a porcine lwer slalyl- 
transferase preparation, at various concentrations as Indi- 
cated The theoretical rates of incorporation into the glyco 
hwd (~m) and into mucm (--) were calculated from the data 
m Table I for two independent slalyltransferases (a) and for 
one single slalyltransferase acting on both substrates (b), and 
compared with the expermaental values (c) 
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Fig 5 Effect of heat treatment on porcine lwer slalyltrans- 
ferase Porcine liver cell-free preparations were heated at 
560C for 0 5, 1, 2 and 4 mm SIalyltransferase actlvltaes of 
these partially inactivated preparations were measured with 
ganghoslde GM1 (m . . . . . .  m) and porcine submaxillary 
asmlo/afuco-mucm (o ~ )  as acceptors In the standard 
slalyltransferase assay 

incubated with porcine hver slalyltransferase prepara- 
tions which were partially reactivated by heat treat- 
ment The decay m transferase activity of  these 
preparations as a function of  heating time was very 
sarnflar with both acceptors (Fig 5) Together these 
results strongly suggest that only one slalyltransferase 
is responsible for the slalylatlon of  the asialo/afuco- 
mucm as well as ganglloslde GM1 

D~scuss~on 

Porcine hver mlcrosomes appear to be capable of  
introducing slahc acid from CMP-NeuAc into porcine 
submaxtllary aslalo/afuco-mucm, [14C]galactosylated 
ovme submaxlUary aslalo-mucm as well as ganghoslde 
GM1 Smce these acceptor molecules all possess ter- 
rmnal Gal/3(1 ~ 3)GalNAc dlsacchande units, the pos- 
slbtllty existed that one single slalyltransferase would 
be responsible for these incorporations Studies on 
the glycosylatlon of  glycohplds are often hampered 
by the appearance of  rrucelle formation of  the accep- 
tor glycohpld, wtuch nught depend on the concen- 
trat]on of  the acceptor molecule, the type and the 
concentratlon of  the detergent used m ad&tlon to 
effects of  ions Indeed, two sets of  kmetlc param- 
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eters were obtained for the smlylatlon of ganghoslde 
GM1 (Table I) Therefore, the competmon experi- 
ments with the ganglloslde substrate and porcine sub- 
maxillary asmlo/afuco-mucm were carrxed out m a 
broad range of substrate concentrations At all con- 
centratxons the results of these experiments Indi- 
cated that the m VlVO smlylatlon of the glycopro- 
teln and the glycohpld acceptor was due to the 
action of one single slalyltransferase (Fig 4) This 
conclusion was further supported by the heat reacts- 
ration experiment, which showed a very stmllar decay 
m sxalyltransferase activity towards both acceptors 
(Fig 5) It should be noted that this conclusion is in 
contrast with the early hypothesis that glycosyl- 
transferases revolved in the biosynthesis of glyco- 
proteins belong to a set of enzymes different from 
those involved in glycohpld bmsynthesls [24] In 
favor of this view was the observation that aslalo- 
fetum and ganghoslde GMI were smlylated by two dif- 
ferent transferases from rat brain [25] Other studies, 
however, revealed that bovine submaxallary aslalo- 
mucm and ganghoslde GMI were Slalylated by a single 
enzyme from normal and transformed mouse and 
hamster cells [18] Recently, a sxalyltransferase 
purified from porcine submaxallary glands [26] was 
shown to be capable of Slalylatxng both antifreeze 
glycoprotem and ganghoslde Grin [27], which is in 
agreement with our results using porcine hver slalyl- 
transferase 

The type of hnkage which is accomplished by the 
porcine liver slalyltransferase can be referred directly 
from the results of the methylatlon experiments 
Since m the methylatlon analysis of the product 
chain obtained from smlylated [14C]Gal-GalNAc 
protein only 2,4,6-trimethyl[14C]galactose has been 
formed, whereas the precursor cham and the neuram- 
mldase-treated control yield tetramethyl [14C] galac- 
tose (Fig 3), the transfer of sIahc acid exclusively has 
taken place to position C-3 of the galactose residue 
on the acceptor glycoproteln The same type of 
slallc acid attachment most probably was achieved 
with ganghosxde GM1 as a substrate, which was con- 
verted to a product migrating hke ganghoslde GDIa 
Apparently, the enzyme only recogmzes Gal3(1 ~ 3)- 
GalNAc sequences, but has no specificity with regard 
to the anomenc configuratmn of the GalNAc residue, 
whlch IS a m muclns [28] and 3 m ganghosldes [29] 
Therefore, the enzyme can be designated as a 

Gal3(1 ~ 3)GalNAc-R a(2 ~ 3) slalyltransferase 
Towards low molecular weight acceptors the 

enzyme seems to be less specific Porcine liver micro- 
somes are capable of slalylatmg lactose, to produce 
both 3'-slalyllactose and 6'-Slalyllactose [30] The 
latter product seems to be formed by an enzyme 
involved in the slalylatlon of complex-type serum 
glycoprotems, which has been reported to occur 
in porcine liver [31], and shows the same speci- 
ficity as the rat liver [16] and bovine colostrum [32] 
3-galactoslde a(2 ~ 6) slalyltransferase The forma- 
tion of 3'-slalyllactose by porcine liver mlcrosomes 
on the other hand, cannot be the result of the action 
of an analogue Gal3(1 ~ 4)GlcNAc-R a(2 ~ 3) 
slalyltransferase, since such an enzyme activity, 
which recently has been shown to occur m fetal calf 
hver, is absent from porcine liver [33] Therefore, it 
is feasible that this formation has to be attributed to 
the Gal~(1 ~ 3)GalNAc-R a(2 ~ 3) sialyltransferase 
described in this study 

The same specxfimty towards mucln-type accep- 
tors, ganglloslde GM1 and lactose has been attributed 
to the afore-mentioned 3-galactoslde a(2-+ 3) Slalyl- 
transferase from porcine submaxillary gland [27] In 
addition, Indications have been obtained for the 
presence of a Gal3(1 ~ 3)GalNAc-R Slalyltransferase 
in bovine colostrum [34], rat brain [35], TA3-Ha 
cancer cells [36], rat liver and rat mammary adeno- 
carcinoma [37] as well as 3T3 cells [38] This slalyl- 
transferase thus seems to have a widespread occur- 
rence 

It should be noted that the methodology described 
here bypasses the need of extensive enzyme purifica- 
tion procedures By using an acceptor molecule 
exclusively bearing a radioactive label In the terminal 
glycose residue, mlcromethylatlon analysis not only 
allows the unequivocal determination of the speci- 
ficity of a glycosyltransferase present in crude tissue 
preparations or body fluids, but also eltmlnates the 
risk of missing an unknown enzyme actwlty towards 
the acceptor used Our result, that no tetramethyl- 
[14C]galactose could be detected upon methylatlon 
of the slalylated ohgosacchandes, therefore clearly 
demonstrates that the slalyltransferase capable of 
lInlang sxahc acid to position C-6 of GalNAc on 
mucms [39,40] is not present in porcine liver In 
addition, also the fact that no disaccharlde 
NeuAca(2 -~ 6)GalNAcO3H was formed fully 



confirms the conclusion of our previous study [3] 

that porcine liver slalyltransferase is incapable of 
transferring slahc acid to GalNAc monosaccharlde 

umts on mucms 
This result, however, does not necessardy Imply 

that such a slalyltransferase IS absent from hver tissue 

m general For example, return contains a tetrasac- 

charlde side chain of the structure NeuAca(2 ~ 3)- 
Gal~(1 -+ 3)[NeuAca(2 -~ 6)]GalNAc [ 11 ], suggesting 
that fetal calf hver, m contrast to porcine liver, might 
contain a GalNAc a(2 -+ 6) slalyltransferase If so, the 
questton can be put forward whether the occurrence 

of this enzyme m liver Ussue ~s specific to certain 
species, or can be attributed to a fetal stage of mam- 

mahan development 
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