
174 Btochtmtca et Blophystca zl cta, 660 (1981) 174-185 
Elsevier/North-Holland Bmmedlcal Press 

BBA 69317 

SIALYLATION IN VITRO OF PURIFIED HUMAN LIVER 3-D-N-ACETYLHEXOSAMINIDASE * 

DAVID H JOZIASSE, DIRK H VAN DEN EIJNDEN, JAN J W LISMAN and GERRIT J M HOOGHWlNKEL 

Department of  Medtcal Chemtstry , Vnle Umversttett, Van der Boeehorststraat 7, l O0 7 MC Arnsterdam (The Netherlands) 

(Recewed December 1st, 1980) 

Key words Stalylatton, 3-N-acetvlhexosamtnMase, (Human hver) 

In order to study structure-function relationships of lysosomal enzymes, human liver ~-N-acetylhexosammldase 
(2-acetamldo-2-deoxy~D-hexoside acetamldodeoxyhexohydrolase, EC 3 2 1 52) has been purified by an extrac- 
tion/affinity chromatography/ion-exchange procedure The isoenzymes A and B, native as well as neuramlmdase- 
treated, were mcubated with a partially punfied preparation of bovine eolostrum slalyltransferase (CMP-N-acetyl- 
neurammate D-galactosyl-glycoprotem N-acetylneuramlnyltransferase, EC 2 4 99 1) Native 3-N-acetyl- 
hexosamlnldases were found to be poor acceptors for the smlyltmnsferase used However, incorporation of slahc 
acid into neurammldase-treated/3-N-acetylhexosamlnidase A and B amounted to a 58 and 72% saturation of the 
theoretical acceptor sites, respectively The acceptor specificity of the sialyltransferase suggests that Gal3(1 -~ 4)- 
GIcNAc units may be present on at least part of the 3-N-acetylhexosaminldase A and B molecules However, 
ohgomannosidic-type chains may also occur on the lysosomal enzyme, as shown by sugar compositmn of the 
enzyme The presence and/or amount of slahc acid residues does not appear to affect the kinetic properties of 
3-N-acetylhexosamlnIdase A and B towards 4-methylumbelhferyl glycoside substrate 

Introduction 

The carbohydrate part of glycoprotelns can play 
an nnportant role in molecule-membrane interactions 
It was shown that the information for receptor- 
mediated uptake of glycoprotelns by hver cells in 
vivo is contained m the structure of their ohgosac- 
chande chains [1] Similarly, the recognition of an 
'uptake marker' on the carbohydrate portion of 
lysosomal enzymes by lectm-hke cell membrane 

* Part of this woIk has been presented at the Vth Inter- 
national Symposmm on Glycoconjugates (1979) Klel, 
F R G  

Abbreviations CMP-AcNeu, cytldme 5'monophospho-N- 
acetylneurammlc acid, AcNeu, N-acetylneurammlc acid, 
GIcNAc, N-acetyl-D-gluco samme, GalNAc-Sepharose, 
p-ammophenyl-2 -aeetamld o-2 -deoxy-O-D-galactopyrano side 
denvattzed CH-Sepharose, All sugars are of the D-configura- 
tion, unless otherwise noted SDS, sodmm dodecyl sulfate 

receptors is a prereqmslte for adsorption and specific 
endocytosls of these enzymes by various cell types 
[2] A defect m the formation of the marker struc- 
ture could prevent the uptake of lysosomal enzymes 
by cells such as fibroblasts [3,4] Such a defect might 
be the cause of at least one severe disorder, the I-cell 
disease The lysosomal enzymes isolated from the cul- 
ture medium of I-cell disease fibroblasts, unlike those 
from normal cell culture medium, are not specifically 
taken up by fibroblasts in vitro [4] Moreover, an 
elevation of lysosomal enzyme activity is observed 
m the extracellular fluids of I-cell disease patients 
[5], as well as in the culture medium from I-cell 
disease fibroblasts [6] 

Several lysosomal enzymes have been purified and 
their carbohydrate compositions determined [7-12] 
All purified enzymes were shown to contain man- 
nose, galactose and N-acetylglucosamme, whereas 
fucose, slahc acid and glucose were found In a few 
instances only With the exception of human unne 
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a-N-acetylglucosammldase (EC 3 2 1 50) [13] no 
N-acetylgalactosamme could be detected in the 
enzymes These carbohydrate compositions are con- 
sistent with the view that N-glycosldlcally hnked 
ohgosaccharlde chains prevail on the lysosomal 
enzymes 

In v~ew of our interest in the structure-function 
relationships of lysosomal enzymes we purified 
j3-N-acetylhexosammldase from human liver Specific 
modification of the carbohydrate portion of the 
lysosomal enzyme was accomplished by slalylation 
in vitro using a partially purified slalyltransferase 
from bovine colostrum [14] and the slalylated 
products were characterized 

Materials and Methods 

Materials 
Human hver was kindly supplied by Dr R Donner 

from the AZVU hospital in Amsterdam and stored at 
-40°C until use Bovine serum albumin, N-acetyl- 
glucosamme, CDP-ethanolamlne and ethanolamlne 
were purchased from Sigma (St Lores, U S A ) a n d  
4-methylumbelhferyl glycosides, naphthol AS-BI-15-N- 
acetylglucosammide and a-methylmannoslde from 
Koch-Light Laboratories (Colnbrook, U K )  CH. 
Sepharose 4B, DEAE-Sephadex A-50, CNBr-activated 
Sepharose 4B and Con A-Sepharose 4B were obtained 
from Pharmacia (Sweden) Vlbno cholerae neuramml- 
dase was from Behrlngwerke (Marburg, F R G )  
En3Hance solution and CMP-[I*C]AcNeu (specific 
activity 276 Ci/mol) were obtained from New 
England Nuclear (Boston, U S A ) The sugar nucleo- 
tide was dduted with unlabeled CMP-AcNeu [15] to 
the desired specific radloactmty al-Acld glycopro- 
teln used m these studies was prowded by the Ameri- 
can Red Cross National Fractlonatlon Center with the 
partial support of the National Institutes of Health 
Grant No HL 13881 Deslalylatlon of the al-acld 
glycoproteln was carried out as previously described 
[16] All other reagents were of analytical grade or 
the best grade avadable 

Methods 
Purtficatton of  (3-N-acetylhexosammtdase All 

operations were carried out at 0-4°C unless other- 
wise stated Human liver (650 g) was homogenized m 
4 vol (v/w) &stilled water in a Sorvall OmnImlxer at 

16 000 rev ]mln for 3 × 20 s After gentle stirring for 
1 h the homogenate was centrifuged for 60 rain at 
100000×g The pellet was resuspended m 0 1 M  
NaC1 and then sonlcated for 20 s After 1 h of stirring 
the suspension was centrifuged as before The super- 
natant solutions were combined and were brought to 
0 05 M sodium phosphate barfer, pH 7 0, and 0 5 M 
NaC1 

The resulting solution was applied to a column 
(5 × 5 cm) of Con A-Sepharose equilibrated in 0 05 M 
sodium phosphate buffer, pH 7 0/0 5 M NaC1, at a 
flow rate of 200 ml/h After washing with 5 bed vol 
of the equilibration buffer, bound glycoprotems were 
eluted at 20°C with a gradient of a-methylmannoslde 
from 0 - 0  75 M in the same buffer at a flow rate of 
100 ml/h The 3-N-acetylhexosammldase-contaxnmg 
fractions were pooled, concentrated 20-fold by ultra- 
filtration in an Amlcon cell fitted with a PM-10 
membrane and dialyzed for 16 h against 100 vol 
005 M sodmm phosphate buffer, pH 7 4/0 15 M 
NaC1 

Affinity chromatography on a GalNAc-Sepharose 
column (5 0 × 2 5 cm) was carried out as previously 
described [17] After elutlon of the ~-N-acetyl- 
hexosamlnldase the enzyme-containing fractions were 
dialyzed for 16 h against 30 vol 0 05 M Trls-HC1 
buffer, pH 7 0 /0 0 5  M K(1 The retentate was 
concentrated by ultrafiltratior 

The lsoenzymes A and B were separated by 1on- 
exchange chromatography on a column (1 5 × 15 cm) 
of DEAE-Sephadex A-50 equilibrated In 0 05 M Trls- 
HC1 buffer, pH 7 0/0 05 M KC1 3-N-Acetylhexos- 
amlnldase B did not bind to the column, whereas 
fl-N-acetylhexosaminxdase A was eluted with a KC1- 
gradient from 0 05 to 0 55 M m the same Tns buffer 
Enzyme-contalning fractions were pooled, dmlyzed 
for 72 h against 30 vol &stilled water (wlth changes 
at 24 and 48 h) and lyophlllzed The dry residue was 
taken up m a small volume of water and stored at 
-40°C 

Charactenzatton and analysis o/ purtfied 
3-N~cetylhexosammMase The sugar compositions of 
the purified lsoenzymes A and B were determined by 
gas-liquid chromatography as described by Reinhold 
[18], whereby the de-O-acetylatlon was carried out in 
1 M NH4OH in methanol for 30 rain at 65°C 

Polyacrylamide gel electrophoresls was carried out 
on 12% slab gels (0 1 × 9 0 cm) m the presence of 
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0 1% SDS, according to methods described m Ref 
19 The samples, containing 5 -50  gg protein in a 
maximal volume of 30 pl, were apphed to the gel 
after treatment with 1% SDS and 0 1 M dlthlothreltol 
at IO0°C for 10 nun, followed by addition of bromo- 
phenol blue and glycerol to a final concentration of 
0001 and 10%, respectively Electrophoresls was 
started with a current of 4 mA per gel, which was 
increased to 20 mA per gel when the samples had 
reached the separation gel Protein bands were 
wsuahzed with 0 1% Coomassxe brdlant blue R-250 m 
H20/acetac acid/methanol (4 1 5, v/v) The molec- 
ular weight of the subumts was determxned from a 
plot of the logarithms of the molecular weight of 
marker proteins vs their migration distance [20] 

Gel electrophoresls on 6 5% slab gels was carried 
out m a Smillar way, with omission of SDS from the 
sample and from all buffers The gels were stained for 
enzymatic actlwty using 0 5 mM 2-naphthyl-AS-BI- 
3-N-acetylglucosanumde m 0 1 M sodium citrate 
buffer pH 4 5, to wluch shortly before use Fast 
Black (Serva, Hexdelberg, F R G ) had been added to a 
concentration of 1 0 mg/ml according to the proce- 
dure described in Ref 21 

Isoelectnc focusing on thin-layer polyacrylanude 
gels was performed on PAG-plates No 1804-101 
(LKB) m the pH range from 3 5 - 9  5, using Multlphor 
equipment m accordance wxth Ref 22 The pH 
gradient was determined with a surface electrode at 
4°C Protein bands were stained with Coomassle blue 
and enzyme actlwty was vlsuahzed as described under 
gel electrophoresls 

Purt ttcatton o f  bovlne colostrum 3-galactoslde 
~ 2  -+ 6)stalyltransferase Defatted bowne colostrum 
was dmlyzed against 10 mM sodium cacodylate buffer 
at pH 6 5 and apphed to a column of CDP-etha- 
nolamme-Sepharose Bound slalyltransferase activity 
was eluted w~th 0 5 M NaC1 as described [14] After 
th~s purification step the slalyltransferase was concen- 
trated and d~alyzed against 0 2 M Tns-maleate buffer, 
pH 6 8 The purified enzyme was assayed for neura- 
numdase,/3-galactos~dase, 3-galactoslde a(2 ~ 3)s~alyl- 
transferase and a-N-acetylgalactosamm~de a(2-+ 6)- 
smlyltransferase actlvmes [23,24] 

Stalylatton of  (3-N-acetylhexosammMase Prior to 
incubation w~th smlyltransferase, purified/3-N-acetyl- 
hexosammadase A (2 500 /.tg protein) and B (2 500 
gg protean) were each treated wath 0 5 U V cholerae 

neurammldase m a total volume of 700/.tl contammg 
35 /.tmol sodium acetate buffer, pH 5 5/105 #tool 
NaC1/6 3 /xmol CaC12 The mixture was incubated for 
3 5 h at 37°C in a dialysis bag immersed m 50 ml 
0 050 M sodium acetate buffer, pH 5 5/0 15 M NaC1/ 
9raM CaC12 Controls contained neuramlnldase 
which had been heated at 100°C for 10 mm The 
deslalylated enzyme was separated from neuranum- 
dase actxvlty by affimty chromatography on GalNAc- 
Sepharose as described [17] Released slahc acid was 
measured in the dialysis buffer wath the penodate- 
resorclnol assay [25] 

Slalylataon was carried out as follows To suppress 
mcorporataon of a4C-label into endogenous acceptors, 
the slalyltransferase preparation (45 mU)was prem- 
cubated with 1 0 ~zmol unlabeled CMP-AcNeu and 
0 5 mmol of Yns-maleate buffer, pH 6 8, m a total 
volume of 2 5 ml, for 1 h at 37°C Desmlylated 3-N- 
acetylhexosamnudase A (230 #g protein, correspond- 
mg to 5 3 nmol theoretical acceptor sates as cal- 
culated from the number of galactosyl reszdues 
assayed by gas-hquld chromatography) or deslalylated 
3-N-acetylhexosamamdase B (180 gg protein, corre- 
sponding to 4 9 nmol galactosyl residues) was added 
to a nuxture containing 1 8 mU premcubated smlyl- 
transferase/220 nmol CMP-[14C]AcNeu (090 C1/ 
tool)/20/~mol Tns-maleate buffer, pH 6 8, m a total 
volume of 100/.tl, and was incubated at 37°C After 
2 h, addatlonal amounts of smlyltransferase (1 8 mU), 
CMP-[14C]AcNeu (220 nmol) and Tns-maleate (20 
/~mol) were added in a volume of 100 gl and mcuba- 
taon was continued for 22 h Slalylat~on of native 
3-N-acetylhexosamlmdase A (200 gg protein, 2 2 
nmol theoretical acceptor sites as calculated from the 
number of galactosyl residues minus the number of 
slahc acxd residues determined by gas-hqmd chroma- 
tography) and native 3-N-acetylhexosamxmdase B 
(200 gg protein, 2 4 nmol of theoreUcal acceptor 
sites) was performed in an analogous way The 
lncubaUon volume was such that the concentrations 
of theoretical acceptor sites, smlyltransferase and 
nucleotade sugar were the same as in the incubation 
mixtures of the deslalylated enzymes The time 
course of the incorporation of smhc acid into 3-N- 
acetylhexosaminldase was followed by acid-precipita- 
tion of allquots of the reachon nuxture at differ- 
ent tames The amount of rad~oactwxty incorpo- 
rated into acld-preclpltable material was assayed as 



described in Ref 16 with omission of the chloro- 
form/methanol extraction step Control incubations 
laclang l~-N-acetylhexosaminldase were run to assay 
the incorporation of [14C]AcNeu Into endogenous 
acceptors 

Isolation and charactenzatton of the stalylated 
products After incubation the reaction mixture was 
subjected to gel filtration on a column (1 5 × 47 cm) 
of Blo-Gel P-4, 200-400 mesh, equilibrated in 
0 05 M sodium phosphate buffer, pH 7 4/0 15 M 
NaC1 The high-molecular weight fractions were 
pooled and applied to a column (1 ×4  cm) of 
GalNAc-Sepharose After washing the column with 
0 05 M sodium phosphate buffer, pH 7 4/0 15 M 
NaC1 the retained f3-N-acetylhexosamlnldase was 
eluted with 100 mg N-acetylglucosamine/ml, in the 
same buffer Fractions of 5-ml were collected and 
assayed for /3-N-acetylhexosaminldase actmty and 
radioactivity Those containing enzyme activity were 
pooled, dialyzed against distdled water and 
lyophdized The dry residue was taken up in a small 
volume of water and stored at -20°C until use The 
sialylated endogenous acceptor did not adsorb to the 
affinity column Ttus product was isolated similarly 
by pooling of the appropriate fractions followed by 
dialysis and lyophlhzation 

The Isolated radioactive materials were character- 
ized by lsoelectric focusing on polyacrylamlde gels 
(pH 3 5 - 9  5) The gels were stained for ~3-N-acetyl- 
hexosamlnldase activity and the radioactivity was 
counted in 3-mm slices which had been solublllzed 
In H202 in screw-capped vials at 60°C for 8 h Alter- 
natively, gels were soaked in En3Hance solution, 
dried and subjected to fluorography [26] using RP 
Royal X-Omat X-Ray f'dm (Kodak) Further charac- 
tenzatlon of the [IqC]slalylated materials was 
accomplished by incubation with V cholerae neura- 
mlnidase The digests were analyzed by gel filtration 
on a column (1 5 × 47 cm) of Bio-Gel P-4, 200-400 
mesh, m 0 05 M sodium phosphate buffer, pH 7 4/ 
0 15 M NaC1 

Enzyme and protem assays Lysosomal glycosldase 
activities were assayed with 4-methylumbelhferyl 
glycosides dissolved to a concentration of 1 2 mM in 
0 1 M citric acid/0 2 M Na2HPO4 buffer, pH 4 5, In 
the presence of 0 1 mg bovine serum albumIn/ml 
buffer The incubation mixture was composed of 20 
gl enzyme solution/100 gl substrate solution 
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Incubations were carried out at 37°C for 15 mln. The 
reaction was stopped with 100 #1 5% trlchloroacetlc 
acid and the liberated 4-methylumbelhferone was 
measured in 200/al of the mixture after addition of 
2 ml of a buffer containing 0 5 M Na2CO3 adjusted to 
pH 10 5 with glyclne Enzymes assayed were a-galac- 
tosldase (EC 3 2 1 22), ~-galactosidase (EC 3 2 1 23), 
a-mannosldase (EC 3 2 1 24),/3-N-acetylglucosamlnl- 
dase (EC 3 2 1 30), /3-N-acetylgalactosaminldase, 
13-xylosldase (EC 3 2 1 37) and a-glucosldase (EC 
3 2 1.20) /3-Glucuronldase (E( '3  2 1 31)was assayed 
in 0 1 M sodium acetate buffe, at pH 4 2 in an anal- 
ogous way, and a-N-acetylglucosamlnldase (EC 
3 2 1 50) was assayed with p-nltrophenyl-a-N-acetyl- 
glucosamlnlde [27] Neurammldase (EC 3 2 1 18) 
activity was determined using slalyllactlt-[3H]ol as a 
substrate at pH 4 2, as described an Ref 28 1 unit 
enzyme activity as defined as 1he amount of enzyme 
hydrolyzlng 1 /zmol substrate/mln under the assay 
conditions /3-Galactoslde al 2 -~ 6)slalyltransferase 
was assayed as described in Ref 35 ~-Galactosade 
a(2 -~ 3)sialyltransferase ant a-N-acetylgalactos- 
aminide a(2 -~ 6)slalyltransferase activities were 
assayed in an analogous way, using desaalylated/ 
defucosylated porcine submaxillary mucIn as an 
acceptor 1 unit transferase acnvlty is defined as the 
amount of enzyme transferring 1 #mol AcNeu/min 
to the acceptor using the assay system Protein deter- 
mxnatlons were carried out by the method of Lowry 
with bovine serum albumin as a standard [29] 

Kmettc studies Apparent Mlchaehs constants (Km 
values) were determined for lhe native, the neura- 
mInldase-treated and the reslalylated forms of {J-N- 
acetylhexosamlnidase A and B from an Eady-Hofstee 
plot Incubations were carried out in triplicate for 15 
rain at 37°C with varying concentrations of 4-methyl- 
umbelhferyl/3-N-acetylglucosamlnlde in 0 1 M sodium 
citrate-phosphate buffer, pH 4 5 

The pH vs activity curves of native, neuramlni- 
dase-treated and resIalylated j3-N-acetylhexosaminld- 
ase A and B were determined as follows To 20 /A 
of enzyme solution 100 /al 0 1 M sodium citrate- 
phosphate buffer of varying pH (3 6 - 6  4) containing 
2 4 mM 4-methylumbelhferyl /3-N-acetylglucosa- 
minlde were added The Incubations were carried out 
in duplicate for 15 mIn at 37°C 
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Results 

Purification of  human hver 3-N-acetylhexosammtdase 
Human hver 3-N-acetylhexosammldase A and B 

were convemently punfied by the described proce- 
dure an an overall yield of  34% and a 4 0 0 0 - 8  000- 
fold ennchment  (Table I) Differential assay of the 
lsoenzymes A and B, based upon their separation on 
DEAE-Sephadex, showed that approx 55% of  the 
total  3-N-acetylhexosamamdase actlwty m liver is due 
to the lsoenzyme A Therefore the yield of  3-N- 
acetylhexosamlnldase B appeared to be higher than 
that of form A However, calculatmn of  separate 
yields of  the lsoenzymes A and B may be influenced 
by the spontaneous conversion of  3-N-acetylhexosa- 
mlnldase A to a B-like form during purification and 
storage [30] The affinity chromatography steps on 
Con A-Sepharose and GalNAc-Sepharose were essen- 
tial in the purification procedure (Table I) Approx 
10% of  the apphed enzyme activity did not adsorb to 
the GalNAc-Sepharose column This non-adsorbing 
material appeared to consist predominantly of  
lsoenzyme B Only 5 0 - 6 0 %  of  the applied activity 
was eluted with N-acetylglucosamlne It seems 
unhkely that the lost activity represents a specific 
fraction of the total enzyme, since lsoelectrlc 

focusing patterns did not indicate a gross change in 

the charge heterogeneity of  the enzyme at this purifi- 
cation step 

The 3-N-acetylgalactosamlnldase activity in the 
final enzyme preparations amounted to 13% of the 
3-N-acetylglucosamlnldase activity of  lsoenzyme A as 
well as of  lsoenzyme B This is in agreement with 
what could be expected from earher work [31] for 

an enzyme specific for both substrates The con- 
tammatlon by other lysosomal enzyme activities 
appeared to be minimal in both lsoenzyme prepara- 
tmns 3-Glucuronldase actwlty in lsoenzyme B was 
0 4% and 3-galactosldase activity in lsoenzylne A was 
0 3%, whereas all other glycosldase actwltles were less 
than 0 02% of the 3-N-acetylglucosamlnldase activity 
of the lsoenzymes 

Characterization and analysts o] the purified enzyme 
Polyacrylamlde gel electrophoresls in the presence 

of  SDS and alter reduction with dlthlothrextol 
showed a protein band with a molecular weight of  
27 000 for 3-N-acetylhexosamanldase A as well as B 
lsoenzyme A contained an ad&t~onal band at 52 000, 
and in some preparations a minor band at 35 000 
Both lsoerizymes contained minor protein bands 
between 23000 and 26000 (Fig 1 1) The minor 
bands are thought to be degradatmn products of 
3-N-acetylhexosamlnldase (cf Ref 43) Without 

TABLE I 

PURIFICATION OF 3-N-ACETYLHEXOSAMINIDASE FROM HUMAN LIVER 

Human liver 3-N-acetylhexosamlnldase was purified by the extractlon/aftlnlty chrolnatographv/ion-exchange procedure which is 
described m Materials and Methods 

_ m  

Steps Total Total SpeclliC Yield Purltlcation 
protein enzT~ me activity (rcl tactor 
(rag) acnvity (U/rag protein) 

(U) 

Crude homogenate 106 600 3 806 0 036 100 l 
Extract 51 750 3 514 0 068 92 1 9 
Con A-Sepharose 1 029 3 253 3 2 85 89 
GalNAc-Sepharose 16 8 l 851 110 49 3 056 
DEAE-Sephadex 
13-N-Acetylhexosammldase A 8 0 610 76 29 * 3 800 ~ 
3-N-Acetylhexosamlnldase B 5 1 685 134 40 * 8 375 * 

* Final yields and purification Iactors were calculated tor a ratio ot actlvlnes of fi N-acetylhexosamlnldase A and B in the crude 
homogenate of 55 45 This ratio was determined from a dltferentlal assay of the Isoenzymes after separation on a DEAL ion- 
exchanger, as recommended In Ref 29 



r educ tmn o f  the sample,  l soenzyme A and B showed 

a major  band with  a molecular  weight  o f  52 000 and 

54 000, respectively 

In the absence o f  SDS 3-N-acetylhexosamlnldase B 

showed one protein band,  which was enzymat lca l ly  

active The pat tern  o f  l soenzyme A consisted o f  five 

enzymatlcal ly-act lve prote in  bands (Fig 1, gels 2 

and 3) 
The purif ied l soenzymes bo th  showed a con- 

s]derable he te rogene i ty  on tsoelectrlc focusing, wi th  

major  enzyme act ivi ty bands at pH 4 8 for l soenzyme 

A and at pH 7 0, 7 1 and 7 2 for l soenzyme B (Fig 2, 

a, e) Traces o f  B-hke activity are found  in the 

200 000.  

116,500,  
94  0 0 0 '  

6 8  0 0 0  

43 QO0' 

29 

21 

14 

m 

a b a b a b 

1 2 3 

Fig 1 Polyacrylamide gel electrophoresls of human liver 
3-N-acetylhexosammldase ElectrophoresIs was carried out 
according to the method described in Ret 19 using 12% 
polyacrylamlde gels in the presence of SDS (panel 1) or 6 5% 
gels m the absence of SDS (panels 2 and 3) Gels were stained 
for protein with Coomassle blue (1, 2), or for enzyme acnv- 
lty with naphthol AS-BIg3-GIcNAc and Fast Black (3) 
Panel 1 lane a, 3-N-acetylhexosammldase A (8/ag protein), 
lane b, lsoenzyme B (5 ~tg protein) Both samples were 
reduced with dithlothreltol prior to electrophoresls Migra- 
tion distances of marker proteins are indicated Panel 2 
lane a, lsoenzyme A (32/ag protein), lane b, lsoenzyme B (12 
~tg protein) Panel 3 lane a, isoenzyme A, lane b, lsoenzyme 
B, each corresponding to 1 2 U of enzyme activity 
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| i l  
a b c ~ ~ f g h 

Fig 2 Isoelectrlc focusing pattern~ ot 3-N-acetylhexosamim- 
dase A and B before and after deslalylatlon and resIalylatIon 
Isoelectrlc focusing of 3-N-acetylhexosamInldase A and B 
was performed on polyacrylamlde gel PAG-plates, at a pH 
gradient from 3 5 - 9  5 Enzyme activity was VlSuahzed with 
naphthol AS-BIo3-GlcNAc and I ast Black The patterns 
correspond to native (a), neuramlnldase-treated (b), neura- 
mlnldase-treated, then reslalylated (c) and native 3-N-acetyl- 
hexosammldase A incubated w~th slalyltransferase (d) 
Corresponding patterns for the B-enzyme are shown m 
e - h  The pH gradient in the gel is indicated 

purif ied A enzyme ,  whereas the preparat ion o f  

3-N-acetylhexosammldase B contains  adchttonal 

enzyme activity o f  in termedia te  ]soelectnc poin t  

This enzyme possibly corresponds to the previously 

TABLE II 

SUGAR COMPOSITION OF 3-N-ACETYLHEXOSAMINI- 
DASE PURIFIED FROM HUMAN LIVER 

Carbohydrate compositions were determined by gas-hquid 
chromatography according to tt~e method of Reinhold, 
the de-O-acetylatlon being carried out m 1 M NH4OH in 
methanol [18] Results obtained with different batches of 
purified enzyme were generally consistent within 10~ 

Sugar 3-N- ~,cetyl- 3-N-Acetyl- 
hexosamlnl- hexosamlnl- 
dase A dase B 
(nmol/mg (nmol/mg 
protein) protein) 

Fucose <5 <5 
Mannose 214 220 
Galactose 26 34 
N-Acetylglucosamme 62 65 
N-Acetylgalactosamme <5 <5 
N-Acetylneurammlc acid 15 22 
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described I-form [32] All protein bands which were 
stained with Coomassle blue showed enzymic 
activity Due to neuramlnldase treatment there IS a 
shift in the activity of/3-N-acetylhexosamlmdase A 
and B from acidic to less acldac forms (Fig 2, b, f) 
Thus, it appears that at least part of the charge 
heterogeneity of both lsoenzymes might be due to a 
different degree of slalylatlon 

The purified /3-N-acetylhexosamlnldases A and B 
both contained mannose, galactose, N-acetylglucos- 
amine and slahc acid (Table II) No N-acetylgalactosa- 
mine could be detected Although glucose was found 
in both lsoenzymes, most of ~t appeared to be derived 
from dialysis tubing However, the posslbhty could 
not be excluded that some of it is a structural com- 
ponent of the ohgosaccharlde part of the enzyme 
Native 13-N-acetylhexosamlnldase A contained 26 
nmol galactose and 15 nmol slallc acid/rag protein, 
enzyme B contained 34 nmol galactose and 22 nmol 
slallc acid/rag protein Upon neuramlmdase treatment 
slahc acid was virtually completely removed from the 
lsoenzymes A and B 

Partial purtftcatton of  bovme colostrum (J-galactoslde 
o(2 -+ 6 )slalyltransferase 

The purification step resulted routinely in a 
1 000-2  000-fold purification of the slalyltransferase 
The purified enzyme contained no detectable neura- 
mlmdase, /3-N-acetylhexosamlnldase and /3-galactosl- 
dase actlvaty The activity of the /3-galactosnle 
a(2 ~ 3)sIalyltransferase and the a-N-acetylgalactosa- 
mmlde a(2 ~ 6)slalyltransferase together was less 
than 0 5% of the 13-galactoslde a(2 ~ 6)slalyltrans- 
ferase activity The specific activity of the purified 
colostrum enzyme was between 25 and 30 mU/mg 
protein 

Slalylatton of (3-N-acetylhe ~osamtmdase 
The native enzymes A and B, having 11 and 12 

nmol theoretical acceptor sltes/mg protein, respec- 
tively, appeared to be poor acceptors for the Slalyl- 
transferase from bovine colostrum (Fig 3) Incorpo- 
ration of slahc acid proceeded slowly and even after 
prolonged incubation times the saturation of the 
acceptor sites increased only from 58 to 62% (1so- 
enzyme A) and from 65 to 70% (lsoenzyme B) How- 
ever, incorporation into the neuramlnidase-treated 
enzymes A and B, containing 23 and 27 nmol theo- 

% S a t u r a t i o n  

8 0 -  

6 0  

4 0  

TO 

I I 
0 5 1 0 1 ~ 510 

I q c u b ~ t l o n  t i m e  C h ) ~  

Fig 3 Incorporation of [14C]AcNeu into t3-N-acetylhexosa- 
mlnldase A and B Natwe (o) and neuramxmdase-treated (e) 
t3-N-aeetylhexosammldase A, and native (~) and neuramma- 
dase-treated (A) #-N-acetylhexosammldase B were incubated 
with slalyltransferase (18 mU/ml) and CMP-[I4C]AcNeu 
(2 20 raM) At different times the incorporation ot slahc 
acid into acid preclpltable material was assayed and the 
saturation of the theoretical acceptor sites calculated After 
2h more CMP-[14C]AcNeu and slalyltransferase were 
added m amounts equal to that present initially 

retlcal acceptor sltes/mg protein, was much higher 
(Fig 3) After a rapid initial Incorporation of slahc 
acid into deslalylated /3-N-acetylhexosamlnldase A 
and B, further saturation of the acceptor sites took 
place at a much decreased rate, especially for the A 
enzyme The lsoenzymes A and B were saturated up 
to 58 and 72%, respectively, in a 19h Incubation 
period (Fig 3) 

Charactertzatton of the [ 14C]stalylate d products 
The isolation of [14C]slalylated t3-N-acetylhexosa- 

mmxdase by affinity chromatography on GalNAc- 
Sepharose led to complete removal of sxalylated 
endogenous acceptor material but also to a small, 
inevitable loss of enzyme not binding to the affinity 
gel (Fig 4, a - e )  At least 91~o of the recovered 
enzyme activity and 50-90% of the recovered radio- 
activity were present in the fractions eluted with 
N-acetylglucosamlne The radioactive product was 
not dxalyzable, upon treatment with V cholerae 
neurammidase, however, more than 85% of the label 
could be removed as a low-molecular weight com- 
pound 
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Fig 4 Affmxty chromatography of m vitro [14C]smlylate d 3.N.acetylhexosammadase A and B The fractions contain]rig material 
of high molecular weight, which had been obtained by gel filtration of the smlylatlon mixtures, were pooled and apphed to a 
column (1 × 4 cm) of GalNAc-Sepharose The column was washed w]th equilibration buffer and eluted with 100 mg GlcNAc/ml 
m 0 05 M sodmm phosphate buffer, pH 7 4, contalmng 0 15 M NaC1 (arrow) Elutlon profiles correspond to the [14C]smlylated 
products of neuramlmdase-treated (a) and natwe (c) 3-N-acetylhexosammldase A, of neurammldase-treated (b) and native (d) 
3-N-acetylhexosammldase B, and of the endogenous acceptor (e) Fractions indicated by the bars were pooled for further studies 
o----------o, 3-N-acetylhexosammldase actlvaty, • -% rad]oact]vlty 

From the patterns obtained by polyacrylam]de gel 
]soelectrlc focusing of the [14C]slalylated 3-N-acetyl- 
hexosanumdases, the native and the neuram~mdase- 
treated enzymes (Fag 2), ]t is ev]dent that the heter- 
ogene]ty wtuch was reduced upon neurammldase 
treatment was restored after mcubatlon with slalyl- 

transferase Comparison of these enzyme-activity 
patterns with the densltometnc recordings and the 
distribution of rad]oactlvlty m the gel for the [a4C]- 
s~alylated products of neurammxdase-treated 3-N- 
acetylhexosamlmdase A and B (Fig 5) shows that the 
reappeared bands of enzyme actlwty were comclchng 
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Fig 5 Incorporat ion o f  [14C]AcNeu into B-N-acetylhexosamm]dase A and B Distribution of  radioactivity after lsoelectric 
focusing After lsoelectnc focusing o f  m vitro [14C]slalylate d #-N-acetylhexosam]mdase on polyacrylamlde gel, enzyme act]vaty 
was visualized with naphthol-AS-BI-#-GlcNAc and Fast  Black and recorded using a densl tometer  Subsequent ly  gels were cut Into 
3-mm shces, solubfllzed and radioactivity was counted Densl tometr lc  recordings ( ) and distr ibutions o f  radioactivity 
(•  --) are given for the  [14C]smlylated product  o f  native B-N-acetylhexosamm]dase A (A) and B (B) and of neuramm]dase-  
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phosphate  buffer  with 4-methylumbeUfferyl-~-GlcNAc as a substrate,  as described m Methods  Activity is expressed as percentage 
of  the  maximal  activity for each curve Panel A #-N-acetylhexosamlmdase A, native, u, neurammldase-treated,  o, neuramtmdase-  
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TABLE III 

APPARENT K m VALUES FOR 3-N-ACETYLHEXOSA- 
MINIDASE A AND B 

K m values of 3-N-acetylhexosammldase A and B after desmly- 
latmn and/or incubation with slalyltransferase were deter- 
mined with 4-methylumbelhferyl 3-N-acetylglucosammlde 
as a substrate The values given represent the means of two 
separate experiments performed m triplicate Deviation from 
the mean values was less than 10~ 

Treatment 3-N-Acetyl- 3-N-Acetyl- 
hexosanum- hexosamml- 
dase A dase B 
(K m (mM)) (K m (mM)) 

None 0 76 0 78 
Neurammldase 1 04 0 83 
Neurammldase, then 

slalyltransferase 0 98 0 87 
Smlyltransferase 0 83 0 70 

w~th the radioactive bands This 1s consistent w~th 
the ra&oachwty pattern obtained by fluorography 
The radmactwlty profde obtained from the [14C]- 
slalylated endogenous acceptor was different from 
those of 3-N-acetylhexosammldase A and B The 
former product focused at a pH value of 5 5, whereas 
the ra&oactwlty of [14C]slalylated3-N-acetylhexosa- 
mmldase A focused at pH values between 4 2 and 4 7 
and that of lsoenzyme B between pH 6 7 and 6 9 

Kmetw studzes 
Apparent Mlchaehs constants for the various 

neurammldase and/or slalyltransferase-treated 
enzyme forms were close to those obtained for the 
native enzymes (Table III) The pH-actlvlty curves 
for the natwe enzymes m phosphate-citrate buffer 
showed a broad optimum at pH 4 2 - 5  0 for both 
/3-N-acetylhexosammldase A and B The pH-actlvlty 
curves for the deslalylated and the reslalylated 
enzyme forms were vtrtually ~dentlcal to those of the 
natwe enzymes (Fig 6, A and B) 

Dlscussmn 

In recent years several smlyltransferases have been 
purified and their speclficltles stu&ed [14,23, 
24,33,34] The 3-galactoslde a(2 ~ 6)slalyltransferase 
of bovine colostrum, which was used m this study m 
a partially purified form, has been demonstrated to 
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hnk slahc acid a(2 ~ 6) specifically to Gal3(1 ~ 4)- 
GlcNAc structures on glycopeptldes [35] and low 
molecular weight acceptors [33] Since our prepara- 
tion was essentially free of actwlty towards mucm 
acceptors, incorporation of slahc acid into human 
hver 3-N-acetylhexosammldase A and B provided 
strong evidence that Gal3(1 ~4)GIcNAc units are 
present on the heteroglycan parts of both the A and 
B form of the lysosomal enzyme From the saturation 
percentages (Fig 3) xt can be seen that at least 
60-70% of the galactosyl residues in the enzymes 
are found m this type of structure 

Th~s conclusion is consistent with the carbo- 
hydrate analysis of the enzymes (Table II) The sugar 
compositions suggest that O-glycosl&cally hnked 
ollgosacchande chains are absent and that at least 
part of the carbohydrate chains are of the N-acetyl- 
lactosammlc type Similar ohgosacchande chaans 
containing slahc acid linked to galactose seem to be 
present on human urine a-N-acetylglucosamlnldase 
[36], as suggested by uptake experiments However, 
ollgomannosldlc-type chains may also occur on the 
liver 3-N-acetylhexosamlnldase, as m&cated by the 
preponderance of mannose in the enzyme (Table II) 
Such carbohydrate chains, m which part of the man- 
nosme residues were phosphorylated, have been 
reported to occur on human urine a-N-acetyl- 
glucosamlnldase [37], on bovine testlcular 3-galactosl- 
dase [38] and on a glycopro~eln fraction inhibiting 
the asslmllatmn of 3-galactosldase by fibroblasts [39] 
The possibility cannot be excluded that the purified 
lsoenzymes are each constituted of two sub-popula- 
tions, in one of which the molecules excluswely bear 
ohgomannosldlc-type chains, the other consisting of 
molecules with N-acetyllactosamlmc-type chains 
only The carbohydrate composition of the purified 
3-N-acetylhexosammldase from human hver resembles 
that reported for the enzyme from human placenta 
[12], with the exception of the slahc acid content of 
the B-form, which is higher m the hver enzyme. It is 
unclear whether this difference depends on the hssue 
source of the enzyme or is caused by differences m 
the purlficatmn procedures 

The charge heterogeneity observed upon 1so- 
electric focusing of the purified 3-N-acetylhexosa- 
mmxdases A and B might be related to the existence 
of sub-populatmns of enzyme molecules bearing dif- 
ferent types of carbohydrate structures, micro- 
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heterogeneity of the carbohydrate chains and dif- 
ferences m the protein parts of  the enzymes At least 
part of  these variations may have to be ascribed to 
the fact that the enzyme has been isolated from 
whole liver tissue, wtuch contains several cell types 
and different subcellular structures In addition, some 
heterogeneity may arise as a result of  postmortem 
changes and breakdown during isolation and purifica- 
tion of  the enzyme In particular, part of the charge 
heterogeneity of  3-N-acetylhexosammldase A and B 
depends on differences in slallc acid content, since 
the complexity of  lsoelectrlc focusing patterns was 
reduced upon neuramlnldase treatment, and could be 
restored by lncubahon with slalyltransferase from 
bovine colostrum A Sunllar restoration of  the original 
heterogeneity of  a neurammldase-treated glyco- 
protein enzyme after resmlylahon with slalyltrans- 
ferase was prewously reported for human plasma 
ceramade trihexosldase [40] and a-L-fucosldase from 
human liver [41] 

The effect of the degree of slalylatlon on the pH- 
actlwty curves and K m values of 3-N-acetylhexos- 
ammldase A and B appeared to be minimal So it 
seems hkely that the presence and/or amount of slahc 
acid residues does not affect the kinetic properties of 
3-N-acetylhexosamlmdase A and B Similar results 
were found for alkaline phosphatase from sheep brain 
[42] However, Km values of  human liver ~-L-fucosx- 
dase were reported to be influenced by the slahc acid 
content of  the enzyme [41] 

Although native 3-N-acetylhexosammldase A and 
B were not fully slalylated, as shown by gas-hquld 
chromatography data (Table II), both lsoenzymes 
appeared to be poor acceptors for the bowne colos- 
trum slalyltransferase The absence of  a significant 
transfer of smhc acid to acceptor structures on the 
native enzyme might be due to the substrate speci- 
ficity of  the smlyltransferase used Ttus specificity 
was found to extend to structural features beyond 
the terminal N-acetyllactosamme umts on the ohgo- 
sacchande chains of  serum glycoprotems [35] and 
concewably the branches most preferred by the sxalyl- 
transferase could already carry a terminal smhc acid 
residue Alternatwely, smhc acid present on any 
branch of  the heteroglycan part of  the natwe ~3-N- 
acetylhexosammldases A and B might have an inhibi- 
tory effect on a further smlylatmn of  these enzymes 

It remains to be investigated m which way varla- 

tion in the slallc acid content of  human liver ~3-N- 
acetylhexosaminldase could influence the uptake of  
the enzyme by various cell types Uptake experiments 
in vitro using specifically slalylated enzymes may 
provide more insight Into the role of  the carbo- 
hydrate moiety in receptor-mediated endocytosls and 
may contribute to the study of  structure-function 
relationships of  the lysosomal enzyme 
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