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UDPglucose-ceramide glucosyltransferase from porcine submaxillary glands is 
associated with the Golgi apparatus 
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Subcellular distribution of pig submaxillary gland UDPglucose-ceramide glucosyltransferase (EC 2.4.1.80), 
the enzyme which catalyses the first step during the sequential addition of carbohydrate moieties for 
ganglioside biosynthesis, was studied. The results presented strongly suggest that in pig submaxillary gland, 
the transfer of glucose on endogenous or exogenous ceramides takes place in the Golgi apparatus: the 
specific activity of UDPglucose-ceramide glucosyltransferase increased in parallel with the activity of a 
known marker of the Golgi apparatus, UDPgalactose-ovomucoid galactosyltransferase. The specific activity 
of the glucosyitransferase was 18-times higher in the purified Golgi membranes than in the postnuclear 
supernatant and the yield was over 30%. An apparent K m of 22 /tM for UDPglucose and 54 /tM for 
ceramides was determined. Maximal glucosylation of endogenous ceramides was achieved at pH 6.5 in the 
presence of NADH (1 mM) as inhibitor of pyrophosphatases and with Mn 2+ (5 mM). It was found that the 
zwitterionic detergent 3-](3-cholamidopropyl)dimethylammonio]-l-propanesulfonate (Chaps) is an efficient 
activator for the glucosylation of exogenous ceramides. 

Introduction 

Glycolipids appear to be ubiquitous among 
mammalian tissues, mainly as membrane compo- 
nents. They are synthesized from sugar nucleotides 
by stepwise transfer of carbohydrates mediated by 
specific glycosyltransferases [1,2]. It was shown 
that a number of glycosyltransferases involved in 
biosynthesis of gangliosides are localized in Golgi 
fractions isolated from kidney homogenates [3] or 
from rat liver [4-7]. Enzyme which converts 
ceramide to galactosylceramide is membrane- 

bound in kidney, but does not appear to be local- 
ized in any single-cell organelle [3]. Less is known 
about the location of the glucosyltransferase that 
catalyzes the addition of glucose to the ceramide 
backbone. 

In this report, we present characteristics of the 
UDPglucose-ceramide glucosyltransferase (EC 
2.4.1.80) and evidence that this activity is localized 
in the Golgi apparatus from porcine submaxillary 
glands. 

Materials and Methods 

* To whom correspondence should be addressed. 
Abbreviations: Mops, 4-morpholinepropanesulfonic acid; Mes, 
4-morpholineethanesulfonic acid; Chaps, 3-[(3-cholamidopro- 
pyl)dimethylammonio]-l-propanesulfonate. 

Mater ia l s .  Porcine submaxillary glands were ob- 
tained from a local slaughterhouse. UDP[U- 
14C]galactose (309 C i / m o l )  and UDP[U-t4C]glu - 
cose (294 C i / m o l )  were from Amersham Interna- 
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tional (Amersham). Unlabelled UDPgalactose and 
UDPglucose, Mops, Mes, Chaps, phosphati- 
dylcholine from egg yolk, were purchased from 
Sigma. 2,3-Dimercaptopropanol, also called British 
Anti-Lewisite was from Serva. Ceramides from 
bovine brain were purchased from Serdary Re- 
search Laboratories, Canada. 

Isolation of a Golgi-rich fraction. The subcellular 
fractionation procedure was a modification of that 
described by Leelavathi et al. [8]. All subsequent 
operations were carried out at +4°C.  4 g of 
minced submaxillary glands were transferred into 
20 ml of 0.5 M sucrose and homogenized for 30 s 
using a Polytron. The homogenate was then 
centrifuged at 600 × g for 10 min. The resultant 
postnuclear supernatant was layered on 1.3 M 
sucrose and centrifuged at 105000 × g for 60 rain. 
This resulted in the formation of a clear reddish 
supernatant, a thick membrane felt above the 1.3 
M sucrose interface (smooth microsomes) and a 
sediment at the bottom of the tube (mitochondria 
and rough endoplasmic reticulum). The membrane 
felt was aspirated with the aid of a Pasteur pipette 
and its molarity was adjusted to 1.1 M sucrose. 
This suspension was then brought to a volume of 8 
ml with 1.1 M sucrose and layered upon an iso- 
pycnic sucrose gradient consisting of 12 ml layer 
of 1.3 M and 6 ml of 1.25 M, followed by 8 ml of 
0.5 M sucrose. The gradient was centrifuged 17 h 
at 105000×g .  This resulted in two main mem- 
brane fractions: one at the interface between 0.5 
M sucrose and 1.1 M sucrose (Golgi-rich fraction) 
and the other at the interface between 1.1 M 
sucrose and 1.25 M sucrose (smooth endoplasmic 
reticulum). 

Enzyme assays. The glycoprotein ,8-D-galacto- 
syltransferase (UDPgalactose : 2-acetamido-2-de- 
oxy -D-g lucosy l -g ly copep  tide 4- ,8-D-galacto-  
syltransferase, EC 2.4.1.38) was assayed according 
to Fitzgerald et al. [9]. The reaction mixture com- 
prised in a final volume of 260 ~1:55/xM UDP[U- 
14C]galactose (4.5 m C i / m m o l ) / 3 0  mM Mops 
buffer (pH 6.5)/9 mM MnC1,/2 .5  mM A M P /  
0.2% Triton X-100/0.5 mg ovomucoid /30-200  
~g protein. Incubation was carried out for 30 min 
at 32°C: 10/,1 were analyzed for substrate integr- 
ity as described later and the reaction was stopped 
by the addition of 2 ml phosphotungstic acid 5% 
in 2 M HCI. Proteins were collected on glass 

microfiber filters Whatman ( G F / B  2.5 cm) and 
incorporation of [14C]galactose was determined by 
liquid-scintillation counting. 

The synthesis of glucosylceramide was assayed 
on endogenous acceptor in a total volume of 110 
btl comprising: 50 ~M UDP[U)4C]glucose (70 
mCi / r e too l ) / 50  mM Mops buffer (pH 6.5)/5 mM 
MNC12/2.5 mM MgC12/1 mM N A D H / 5  mM 
dimercaptopropanolol /0 .2-0.5 mg protein. For 
synthesis on exogenous ceramides, the method is 
adapted from Nescovic et al. [10]. Before incuba- 
tion, detergent (Triton X-100 or Chaps), phos- 
phatidylcholine and ceramides were dissolved in 
ch loroform/methanol  (2 :1 ,  v /v )  at the ap- 
propriate concentration and mixed in the incuba- 
tion tubes. The organic solvent was evaporated 
under a gentle stream of nitrogen. The same buffer 
and cofactors as described for endogenous incor- 
poration were added to the dry lipid film as well 
as the enzymatic fraction and vortexed twice for 
30 s. The reaction was then initiated by the ad- 
dition of 50 /.tM UDP[U)aC]glucose.  Reactions 
were carried out for 10-120 rain at 37°C and was 
stopped by addition of 2 ml chloroform/methanol  
(2:1,  v /v )  1 h at room temperature. The lipid 
extract was partitioned according to Folch et al. 
[11]. The lower phase was washed twice with the 
theoretical upper phase of Folch et al. and dried, 
Lipids were analyzed as described later; labelled 
glucosylceramide was localized by autoradiogra- 
phy with LKB Ultrofilm. Radioactive spots were 
scraped off the plates and counted by liquid scin- 
tillation. Upper phases were analyzed by paper 
chromatography. 

Chromatographic methods. Substrate integrity 
was determined by descending paper chromatogra- 
phy on Whatman 3 MM, developed overnight with 
e thanol /1  M sodium acetate (pH 3.8) (5 : 2, v /v )  
as solvent [12]. Glycolipids were analyzed on 
silica-gel 60 thin-layer plates (Merck) in the solvent 
system ch lo ro fo rm/me thano l /wa te r  (60 : 35 : 8, 
v /v )  (solvent A). Borate-impregnated plates were 
made by immersing precoated silica-gel plates 
(Merck, Darmstadt,  F.R.G.) in a 5% solution of 
sodium tetraborate in methanol for 1 min. Plates 
were allowed to dry at room temperature and were 
activated in the oven at 100°C for 2 h before use. 
They were developed in ch lo ro fo rm/me thano l /  
water (100 : 30 : 4, v /v )  (solvent B). 



Chemical determinations. Protein was de- 
termined by the method of Lowry et al. [13] mod- 
ified by Bensadoun and Weinstein [14]. Endoge- 
nous free ceramide was measured according to 
Bouhours and Glickman [15]. 

Results 

Requirements for glucosyltransferase activity on ex- 
ogenous ceramides 

In order to determine the best conditions for 
glucose incorporation on endogenous ceramides, 
the influence of different detergents and lipids on 
the glucosyltransferase activity was assayed (Table 
I). 

Both detergents tested, Triton X-100 and Chaps 
at a concentration of 5 mg/ml ,  were largely in- 
hibitors of endogenous transfer and the addition 
of phosphatidylcholine from egg yolk did not res- 
tore the initial activity. Exogenous ceramides (3 
mM) gave only a limited activation. The maximal 
activation was obtained by introducing both Chaps 
and exogenous ceramides, whereas in the same 

conditions Triton X-100 was inhibitory. In neither 
case was the introduction of phosphatidylcholine 
effective. 

Identification of products formed by gluco- 
syltransferase 

The products of the glucosyltransferase reaction 
were investigated by chromatography on thin-layer 
plates developed in two different systems. Fig. 1 
shows that the main labelled product in the case of 
endogenous transfer (more than 95% of the radio- 
activity from lipid extract) had chromatographic 
mobility similar to that of monohexosylceramide, 
On borate-impregnated plates, this lipid was iden- 
tified as glucosylceramide (Fig. 2). With exogenous 
ceramides (data not shown), the same R f values 
were obtained. 

t 

TABLE I 

REQUIREMENTS FOR THE ACTIVITY OF UDP-GLU- 
COSE-CERAMIDE GLUCOSYLTRANSFERASE IN THE 
GOLGI-RICH FRACTION OF PORCINE SUBMAXIL- 
LARY GLAND ON EXOGENOUS CERAMIDES 

Assay conditions were those described in Materials and Meth- 
ods. Detergents were added to give a final concentration of 5 
mg/ml ,  phosphatidylcholine was 0.8 mM and ceramides were 3 
mM. The amount of protein was 450 /xg and the incubation 
time was 30 min. 

Assay conditions Specific activity 
(pmol/min per 
mg protein) 

Endogenous activity 6.5 
+ Triton X-100 1.0 
+ Chaps 1.2 
+ Ceramides 9 
+ Triton X-100 + phosphatidylcholine 1.4 
+ Chaps + phosphatidylcholine 2.2 
+ Triton X-100 + ceramides 2.3 
+ Chaps + ceramides 15.0 
+ Triton X-100 + phosphatidylcholine 

+ ceramides 3.4 
+ Chaps + phosphatidylcholine 

+ ceramides 16.0 

em 

I 2 3 4 
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Fig. 1. Thin-layer chromatography of the lipid extract of the 
Golgi fraction after incubation with UDP[14C]glucose on en- 
dogenous ceramides. (1) Autoradiogram of lane 2; (2) lipids of 
Golgi fraction; (3) cow-milk lactosylceramide; (4) cow-milk 
glucosylceramide. Thin layer in solvent A, (2-3-4) vizualization 
a-naphthol /H2SO 4. Arrows indicate spots with color specific 
for carbohydrate-containing lipids. 
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Subcellular distribution of enzymatic actiuities 
A c o m p a r i s o n  of  total  and  specific activit ies of 

ga lac tosy l t ransfe rase  ( c o m m o n l y  used as Golgi  

m a r k e r  enzyme)  and  ce ramide  g lucosyl t ransferase  

in the var ious  subce l lu la r  f ract ions  is shown in 

Tab l e  II. More  than  25% of ga lac tosy l t ransferase  
total  act ivi ty  was located at the in terface  be tween  

0.5 and  1.1 M sucrose with an  e n r i c h m e n t  of 
13-fold over the pos tnuc l ea r  s u p e r n a t a n t  activity.  
The  ce ramide  g lucosy l t ransfe rase  act ivi ty  bo th  on  
e n d o g e n o u s  and  exogenous  ce ramides  fol lowed the 
same  d i s t r ibu t ion  with a yield of  more  than  30% in 

the Golgi - r ich  f rac t ion  and  an  e n r i c h m e n t  of  18- 
t imes. These  Golg i -der ived  vesicles were enr iched  

5 . 5 - f o l d  o v e r  p o s t n u c l e a r  s u p e r n a t a n t  in 

N A D P H - c y t o c h r o m e  c reduc tase  (5% yield). Ves- 
icle integri ty,  as d e t e r m i n e d  by la tency towards  

ga lac tosy l t ransfe rase  [16], was found  to be 90%. 

1 2 3 4 
Fig. 2. Chromatography of the lipid extract of the Golgi 
fraction on borate-impregnated thin-layer plates. (1) Autora- 
diogram of lane 2; (2) lipids of Golgi fraction; (3) human-milk 
galactosylceramide; (4) cow-milk glucosylceramide. Thin-layer 
chromatography in solvent B. Vizualization as in Fig. 1. 

Cofactors of glucosyltransferase activity on endoge- 
nous ceramides 

Some of the r equ i r emen t s  for the enzyme  reac- 

t ion  are listed in Tab l e  lII .  The  m e a s u r e m e n t s  of  
ce ramide  g lucosy l t ransfe rase  are h a m p e r e d  by  the 
nuc leo t ide  p y r o p h o s p h a t a s e  act ivi ty  p resen t  in  the 
Go lg i - en r i ched  f rac t ion [17,18]. The  presence  of 1 

m M  N A D H  was found  to be i nd i spensab l e  for a 
correct  d e t e r m i n a t i o n  of the g lucosyl t ransferase .  It 

TABLE ii 

GLYCOPROTEIN ,8-D-GALACTOSYLTRANSFERASE AND UDP-GLUCOSE-CERAMIDE GLUCOSYLTRANSFERASE AC- 
TIVITIES IN SUBCELLULAR FRACTIONS OF PORCINE SUBMAXILLARY GLAND 

Results were obtained on one cellular fractionation. Similar specific activities and enrichment were found in three other experiments. 
Assay conditions were those described in Material and Methods. For glucosylation activity on exogenous ceramides, Chaps was 5 
mg/ml and ceramides were 3 mM. 

Fractions Protein in Galactosyltransferase 
fractions 
(mg/g gland) 

Glucosyltransferase 
on endogenous ceramides 

Glucosyltransferase 
on exogenous ceramides 

total specific total specific total specific 
activity activity activity activity activity activity 
(pmol/min (pmol/min (pmol/min (pmol/min (pmol/min (pmol/min 
per g per mg per g per mg per g per mg 
gland) protein) gland) protein) gland) protein) 

Postnuclear supernatant 43.8 2 428 55 
Mitochondria, rough 

endoplasmic reticulum 7.9 646 82 
Smooth microsomes 8.1 1097 135 
Golgi fraction 0.9 630 700 
Smooth endoplasmic 

reticulum 0.35 88 216 

15.8 0.36 52.6 1.2 

5.9 0.75 24.5 3.1 
7.8 0.96 28.3 3.5 
6.1 6.70 20.2 22.4 

0.7 1.90 2.5 7.1 



TABLE Ill 

COFACTORS OF THE ACTIVITY OF UDP-GLUCOSE- 
CERAMIDE GLUCOSYLTRANSFERASE IN GOLGI-  
RICH FRACTION OF PORCINE SUBMAXILLARY 
£;LAND ON ENDOGENOUS CERAMIDES 

Assay conditions were those described in Materials and Meth- 
ods. Time of incubation was 30 min. All buffers used were 50 

mM (pH 6.5). 

Incubation medium Relative UDPglucose 
glucosyl- hydrolysis 
transferase (%) 
activity 
(%) 

Complete assay mixture 100 0 
- N A D H  8 95 

- Dimercaptopropanolol 85 0 
- NADH, dimercaptopropanolol 5 98 
- -  Mg 2+ 66 0 
- Mn 2 + 33 0 
- Mg 2 +, Mn 2 + + 1 mM EDTA 23 0 

- Mops+ piperazine/glycylglycine 41 18 
- Mops + Tris/maleate 48 0 
- Mops + cacodylate 13 56 
- Mops + Mes 76 0 

was shown that after 1 h incubation under stan- 
dard assay conditions, more than 95% of the origi- 
nal UDP[znc]glucose could be recovered by de- 
scending paper chromatography. Whereas the 
omission of NADH resulted in a loss of more than 
90% of transfer activity corresponding to hydroly- 
sis of 95% of the substrate. Dimercaptopropanolol, 
which is commonly used as inhibitor of pyrophos- 
phatases [19], was ineffective in our hands and so 
gave little effect on transfer. 

Divalent cations were required for maximum 
act ivi ty of e n d o g e n o u s  ce ramide  gluco- 
syltransferase. In the absence of added divalent 
cations, the reaction proceeded at 66% (minus 
Mg 2÷) or 33% (minus Mn 2÷) of its optimum rate 
and the addition of 1 mM EDTA resulted in a 
75% decrease in activity. The two cations have 
been included in the incubation medium. 

Ceramide glucosyltransferase activity and 
nucleotide pyrophosphatase inhibition differed 
noticeably according to the buffer used. In this 
way, Mops buffer was the best. 

The effect of pH is shown in Fig. 3. Maximum 
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Fig. 3. Effect on pH on the glucosylation of endogenous 
ceramides from UDPglucose by Golgi fraction from porcine 
submaxillary gland. • • ,  Mops; A ZX, Mes; 
• I I ,  Tris-maleate. In all cases, the final buffer con- 

centrations were 50 mM. 

activity is observed at pH 6.5 using Mops. There 
are sharp fall-offs in activity above and below this 
pH. 

.E 150- 
@ 

Q. 

E 

~ 1 0 0 .  

o 

c 

._u 5 0 -  

o 

E 

3'o 6'o 9b 1:~o 
Time m i n  

Fig. 4. Effect of incubation time on the rate of glucosylation of 
endogenous ceramides from UDPglucose by Golgi fraction 
from porcine submaxillary gland. 
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Fig. 5. Effect of different concentrations of UDPglucose on the 
initial rate of glucosylation of endogenous ceramides by the 
Golgi fraction. The points of the double-reciprocal plot were 
fitted by linear-regression analysis (r 2= 0.98) to give a K,,, 
value of 22 ,aM, and a Vn, ax value of 14 prclol/rnin per mg 
protein. Units of 1 / V  and 1/S (inset) are, respectively, ( pmo l /  
rain per mg protein) i and vM ~1. 
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Fig. 6. Effect of different concentrations of exogenous cera- 
mides on the initial rate of UDPglucose-ceramide gluco- 
syltransferase of the Golgi fraction. The points of the double- 
reciprocal plot were fitted by linear-regression analysis (R 2 =  
0.98) to give an apparent K m value of 54 ,aM and a Vma ~ value 
of 21 p m o l / m i n  per mg protein. Units of 1/V and 1/S (inset) 
are, respectively, (pmol /min  per mg protein)-  1 and raM - I. 

Kinetics of glucose incorporation on endogenous and 
exogenous ceramides 

[14C]Glucose incorporation into endogenous 
ceramides was first-order with respect to time dur- 
ing incorporation of 40 min (Fig. 4) and with 
respect to protein concentration up to 0.5 mg per 
assay. The same results were obtained with exoge- 
nous ceramides. 

Varying the nucleotide sugar concentration re- 
sulted in a typical saturation curve with endoge- 
nous ceramides. A Lineweaver-Burk plot of the 
data yielded an apparent K,11 of 22 9,M for 
UDPglucose (Fig. 5). 

The effect of adding exogenous ceramide in a 
concentration varying from 30 /~M to 1.5 mM is 
shown in Fig. 6. The apparent K m for exogenous 
ceramides was 54/~M. 

Discuss ion  

The data presented provide evidence that the 
enzyme UDPglucose-ceramide glucosyltransferase 
is primarily associated with membranes of the 
Golgi apparatus like other glycosyltransferases in- 
volved in the in vitro synthesis of common gang- 
liosides starting from glucosylceramide. It has been 
shown that ceramide glucosyltransferase from rat 
brain was localized in smooth microsomes [20]. 
This was shown in our laboratory to be also true 
in porcine submaxillary glands. But the subfrac- 
tionation of the smooth microsomes results in a 
fraction where the ceramide glucosyltransferase 
was enriched 7-times. Furthermore, this enzyme 
copurified with the Golgi apparatus marker en- 
zyme glycopeptide-galactosyltransferase. 

These results were obtained first with endoge- 
nous ceramides as acceptors for glucosylation. 
However, incubation of subcellular fractions with 
exogenous ceramides, in the presence of the deter- 
gent Chaps, resulted in the formation of a radioac- 
tive glucolipid which comigrated with the same R f 
values as the endogenous product in silica-gel 
thin-layer chromatography. The subcellular distri- 
bution of ceramide glucosyltransferase activity was 
the same as with endogenous acceptor and the 
Golgi apparatus was implicated as the predomi- 
nant site of glucosylation. Even though endoge- 
nous free ceramide concentration was found to be 
about 20 n m o l / m g  protein in Golgi-rich fraction, 



a 3-fold stimulation of glucose incorporation was 
observed with the exogenous acceptor. It was 
shown that the zwitterionic detergent Chaps was 
an efficient activator for the glucosylation of exog- 
enous ceramides, whereas this reaction was 
markedly inhibited by Triton X-100. The glycosy- 
lation of endogenous ceramides was also inhibited 
by these two detergents. It is of interest to note the 
difference between the glucosyltransferase and the 
glycosyltransferases involved in the in vitro 
synthesis of all common gangliosides starting from 
glucosylceramide: all these enzymes are stimulated 
by addition of detergent [3 7,21,22]. Similar re- 
sults have been reported for the UDPgalactose- 
ceramide galactosyltransferase [23]. On the con- 
trary, treatment of microsomal ceramide gluco- 
syltransferase of rat brain with either Triton X-100 
or sodium deoxycholate resulted in almost com- 
plete loss of activity [20]. On the basis of this 
report and the results of our finding, it is tempting 
to suggest that the ceramide glucosyltransferases 
have different characteristics than those of the 
other ganglioside-synthesizing enzymes. 
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