
111 

Biochimica et Biophysica Acta, 512 (1978) 111--122 
© Elsevier/North-Holland Biomedical Press 

BBA 78109 

INCORPORATION OF GALACTOSE FROM UDP-GALACTOSE INTO 
MICROSOMAL AND GOLGI MEMBRANES OF RAT LIVER 

EEVA-LIISA APPELKVIST, ANDERS BERGMAN and GUSTAV DALLNER 

Department of Biochemistry, Arrhenius Laboratory, University of Stockholm and 
Department of Pathology at Huddinge Hospital, Karolinska Institutet, Stockholm (Sweden) 

(Received February 6th, 1978) 

Summary 

Rough and smooth microsomes and Golgi membranes were incubated with 
UDP[14C]galactose and the incorporation of radioactivity into the lipid extract 
and into endogenous protein acceptors were measured. Antagonistic pyro- 
phosphatases were inhibited with ATP and interference from ~-galactosidase 
activity was greatly decreased by carrying out the incubation at pH 7.8. After 
incubation the particles were centrifuged to remove free oligosaccharide resi- 
dues. Radioactivity was found in the lipid extract from Golgi membranes but 
not from rough and smooth microsomes. This radioactivity, however, was not 
associated with dolichol or retinyl phosphates. The incorporation of radioactiv- 
ity into proteins of the Golgi fraction was more than double than that of the 
microsomal fractions. In addition, the transferases in these two types of 
particles exhibited different properties. Trypsin treatment of intact rough 
microsomal vesicles, smooth vesicles and Golgi membranes removed about 
5, 15 and 50%, respectively, of newly incorporated protein-bound galactose, 
indicating that the proportion of the newly galactosylated proteins, which are 
localized at the cytoplasmic surface of the membrane, is lowest in rough micro- 
somes, intermediate in Smooth, and highest in Golgi membranes. 

Introduction 

Most of the glycoproteins of the membranes of the endoplasmic reticulum 
and Golgi apparatus, as well as most of the secretory proteins synthesized on 
bound ribosomes and glycosylated during transport to the blood, contain galac- 
tose. During recent years a number of investigations have been performed on the 
nature and the site of galactose incorporation using UDP [ ~4C]galactose as sub- 
strate and microsomal and Golgi membranes with or without exogenous accep- 
tors. The results obtained are contradictory, which is probably a result of the 
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different conditions used. Both the involvement and the non-involvement of  
lipid intermediates in galactosyl transfer reactions have been proposed [1--4] 
and the possibility that retinyl phosphate rather than dolichol phosphate is 
mediating this type  of  reaction in lung, intestinal, epidermal and mas tocytoma 
cells has also been raised [5,6]. The transferase activity was found to be 
enriched in smooth microsomes contaminated by Golgi membranes [7,8], 
while other investigations localized this enzyme almost exclusively to the Golgi 
fraction [9--11].  On the other  hand, recent studies have drawn attention to the 
fact that  microsomes contain enzymes which hydrolyze UDPgalactose to 
galactose-l-phosphate and galactose [3,12].  

The endoplasmic reticulum of the liver, together with the Golgi system, 
functions in the synthesis and transport  of  many blood proteins, most of  which 
are glycoproteins. Independently of this synthetic process, the endoplasmic 
reticulum also synthesizes glycoproteins which are used in the construction of  
its own membrane [13]. It is possible that there are different mechanisms for 
the synthesis of  these two types of  proteins, since some of  these membrane 
glycoproteins are on the cytoplasmic surface of  microsomes. Chemical measure- 
ments and experiments with lectins established that about  half of  the protein- 
bound neutral sugars and sialic acid could be removed by enzymic hydrolysis 
of  intact microsomal vesicles [14,15].  Also, the two microsomal cytochromes,  
P-450 and bs, which are localized on the outer  surface of  the microsomes [16] 
have proven to be glycoproteins [17,18].  

In order to obtain further information on the biosynthesis of membrane 
glycoproteins we have studied the glycosylation of endogenous acceptors in 
various subcellular fractions and we have also investigated the topology of 
newly galactosylated proteins in the transverse plane of  the membrane. 

Materials and Methods 

Adult  male albino rats weighing 180--200 g were used. All animals were 
starved for 20 h before being killed. Total microsomes and microsomal subfrac- 
tions were prepared as described previously [19]. The total Golgi fraction was 
isolated according to Ehrenreich et al. [11] with the modification that tl~e 
sucrose layers were 0.25 M, 1.10 M and 1.30 M sucrose, respectively. All frac- 
tions were washed by recentrifugation in 0.15 M Tris • HC1 buffer, pH 8.0, to 
eliminate adsorbed proteins [19]. Trypsin treatment of  microsomes was per- 
formed as described previously [16]. The permeability of microsomal vesicles 
to macromolecules was increased by the modified deoxycholate-salt  procedure 
of  Kreibich et al. [16,20].  

For in vitro incorporation the incubation mixture contained (in a total 
volume of 400 pl): 30 mM Tris.  HC1 buffer, pH 7.8, 2.5 mM EDTA, 10 mM 
MnC12, 1.5 mM ATP (in the case of rough microsomes) or 2 mM ATP (in the 
case of  smooth  microsomes and Golgi membranes),  0.05 pCi of UDP[ 14C]galac- 
tose (320 mCi/mol, Radiochemical Centre, Amersham) and 50 #1 sample con- 
taining 1.5 mg (rough microsomes), 1.0 mg (smooth microsomes) or 0.6 mg 
(Golgi membranes)protein .  The incubations were performed at 30°C for 30 min 
in thick-wall centrifuge tubes. After incubation the mixture was cooled and cen- 
trifuged at 105 000 X g for 60 min. This pellet was suspended in 0.5 ml water 
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and extracted with 3 ml chloroform/methanol  (2 : 1, v/v) at 40°C for 20 min 
with occasional mixing. After centrifugation the upper water/methanol  phase 
was removed and the surface rinsed with "upper  phase" [21]. The chloroform 
phase was decanted, mixed with 1.5 ml upper phase, centrifuged and the sur- 
face was rinsed with upper phase. This washing procedure was repeated twice. 
The remaining protein was washed 3 times with 1.5 ml upper phase and 
extracted twice with 3 ml chloroform/methanol  (2 : 1, v/v) at 40°C for 20 min. 
The three chloroform-methanol extracts were pooled (Lipid 1 fraction). The 
remaining fraction was extracted with 3 × I ml chloroform/methanol /H20 
(1 : 1 : 0.3, v/v) (Lipid 2 fraction}. The protein pellet was washed with 1 ml 
H20 and solubilized in 1 ml 2% sodium dodecyl  sulphate. The two lipid 
extracts were evaporated and radioactivity was measured after addition of  10 
ml Bray solution [22]. 

When total galactosyl transferase activity was measured the incubation 
medium was also supplemented with 4 nmol non-radioactive UDPgalactose, 
40 mM mercaptoethanol  and, as exogenous acceptor in some cases, 150 pg of  
desialidated mucin. At the end of  the incubation the particles were precipitated 
with 7% trichloroacetic acid and dissolved in 2% sodium dodecyl  sulphate for 
measurement of radioactivity. Bovin submaxillary gland mucin was desiali- 
dated by acid hydrolysis (0.05 N H2SO4 at 80°C for 1 h), neutralized and dial- 
yzed against Tris • HC1, pH 7.5. After lyophilization the protein was dissolved 
in water (30 mg/ml). 

Protein was estimated with the Biuret reaction [23]. The values in the tables 
and figures are the means of  5--8 experiments. 

Results 

A number  of  earlier investigations have demonstrated that the liver con- 
tains pyrophosphatase which hydrolyze nucleotide-bound sugars, e.g. UDP 
galactose [3,12]. One of  the locations for these pyrophosphatases is the soluble 
cytoplasm and nonspecific adsorption to microsomes results in contamination 
of  this fraction. Such contamination was reflected in our studies by the finding 
that reproducible results could only be obtained using microsomes washed with 
alkaline Tris-buffer. On the other hand, active pyrophosphatases,  including 
enzymes splitting UDPgalactose, are present in many cytoplasmic and also in 
plasma membranes [24,25].  In the absence of  ATP, most of  the substrate in the 
incubation medium was hydrolyzed by rough and smooth microsomes and 
Golgi membranes, and the transferase activity measured as the appearance of  
radioactivity in the protein fraction was consequently low (Fig. 1). In the pres- 
ence of  ATP (1.5 mM in the case of  rough microsomes and 2.0 mM in the case 
of  smooth microsomes and Golgi membranes) the [14C]galactose transfer 
increased 20--30 times in all three fractions. No lipid soluble counts were 
found after incubation with rough and smooth microsomes, while the chloro- 
form-methanol extract after incubation with Golgi membranes in the presence 
of  2 mM ATP contained about  1000 cpm per mg protein. These results indicate 
that UDPgalactose transferase activity cannot be studied wi thout  inhibiting 
endogenous pyrophosphatase activity. 

It is possible that  a lipid intermediate is saturated rapidly at the start of  the 
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F i g .  1. E f f e c t  o f  A T P  on  the  U D p [ 1 4 C ] g a l a c t o s e  transferase  act iv i ty  in rough  ( A ) ,  s m o o t h ( B )  and Golg i  
m e m b r a n e s  (C) .  A f t e r  i n c u b a t i o n  the  m i x t u r e s  were  c e n t r i f u g e d  prior to  e x t r a c t i o n .  L ip id  1 d e n o t e s  the 
rad ioac t iv i ty  so lub le  in c h l o r o f o r m / m e t h a n o l  (2  : 1, v / v )  and Lipid  2 represent s  the  rad ioac t iv i ty  appear-  
ing in the  c h l o r o f o r m / m e t h a n o l / H 2 0  (1 : 1 : 0 .3 ,  v / v )  e x t r a c t .  

incubation but no longer contains radioactivity after 30 min. For this reason 
we performed incubations for 1, 2 and 5 min (not shown in Table I). No glyco- 
sylation occurs in the absence or in the presence of  dolichol phosphate with 
rough or smooth microsomes. The concentration of ATP present had no effect 
on the results. 

Experiments with exogenous dolichol monophosphate demonstrated that 
this substance is not glycosylated by any of the three subfractions used 
(Table I). Furthermore, the presence of  exogenous dolichol phosphate in the 
incubation medium did not stimulate sugar transfer to the protein acceptor. 

In all our experiments, with the exception of  the detergent studies, the par- 
ticulate fraction was separated by ultracentrifugation at the end of  the incuba- 
tion, and the pellet was extracted with lipid solvents. The absolute necessity for 
this procedure is shown in Table II. The radioactivity in the protein fraction 
decreased after centrifugation to various extents; in the case of  rough micro- 
somes only one-third of  the radioactivity remained. Some of the lipid extracts 
also contained significant radioactivity if no centrifugation was performed. 

T A B L E  I 

I N C U B A T I O N  O F  M I C R O S O M E S  A N D  G O L G I  M E M B R A N E S  W I T H  U D p [ 1 4 C ] G A L A C T O S E  I N  T H E  

P R E S E N C E  O F  A D D E D  D O L I C H O L  P H O S P H A T E  

T h e  a m o u n t  o f  d o l i c h o l  p h o s p h a t e  a d d e d  was  5 n m o l .  R a d i o a c t i v i t y  in Lipid  1,  L ip id  2 and p r o t e i n  was  
d e t e r m i n e d  as d e s c r i b e d  in Materials  and M e t h o d s .  Resu l t s  e x p r e s s e d  in c p m / m g  pro te in .  

- -  D o l i c h o l  p h o s p h a t e  + D o l i c h o l  p h o s p h a t e  

Lipid  1 Lipid  2 Prote in  Lipid  1 Lipid  2 Prote in  

R o u g h  m i c r o s o m e s  1 3 8  

S m o o t h  m i c r o s o m e s  1 9 7  
Golg i  m e m b r a n e s  1 1 1 7  

54  4 3 1 6  1 4 1  70  4 1 3 4  

54  5 8 4 4  1 2 5  6 4  5 7 7 8  
2 2 1  12  1 3 0  1 0 0 3  1 8 9  11 2 9 2  
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T A B L E  II  

E F F E C T  OF C E N T R I F U G A T I O N  ON R A D I O A C T I V I T Y  R E C O V E R E D  IN T H E  S U B F R A C T I O N S  

Af t e r  i n c u b a t i o n  the  m i x t u r e s  were  e x t r a c t e d  d i rec t ly  wi th  c h l o r o f o r m / m e t h a n o l  (2 : 1, v /v )  or centr i -  
fuged at 105 000  X g for  60 m i n  pr ior  to  ex t r ac t ion .  Resul ts  expressed  in c p m / m g  pro te in .  

No cen t r i fuga t ion  Cen t r i fuga t ion  

Lipid 1 Lipid 2 Pro te in  Lipid 1 Lipid 2 Pro te in  

R o u g h  m i c r o s o m e s  491 190  5 759 149 81 3 903  
S m o o t h  m i c r o s o m e s  374  42 6 743 214 56 3 237 
Golgi  m e m b r a n e s  986  471 18 023  420 314  11 069  

Apparently,  the situation is the same as with microsomes incubated with GDP- 
mannose [26] and UDP-N-acetylglucosamine [27],  that  is, liberated oligo- 
saccharides [27] contaminate the protein and lipid fractions. 

Under our conditions radioactivity was present in the chloroform-methanol 
extract only from Golgi membranes and the possibility naturally arose that a 
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Fig. 2. Th in  l aye r  c h r o m a t o g r a p h y  of  lipid soluble rad ioac t iv i ty  f r o m  Goigi m e m b r a n e s  i n c u b a t e d  wi th  
UDP[  14C]galac tose .  A: The  c h l o r o f o r m / m e t h a n o l  (2 : 1, v/v)  e x t r a c t  of rough  m i c r o s o m e s  a f t e r  incuba-  
t ion  wi th  GDP[  1 4 C ] m a n n o s  e and  re t iny l  p h o s p h a t e  was pur i f ied  by  c h r o m a t o g r a p h y  on DEAE-cel lu lose  
[28 ] .  T he  f rac t ion  con ta in ing  re t iny l  p h o s p h a t e - m a n n o s c  was m i x e d  wi th  the c h l o r o f o r m / m e t h a n o l  
(2  : 1, v/v)  e x t r a c t  of  rough  m i c r o s o m e s  i nc uba t e d  wi th  GDP[  1 4 C ] m a n n o s  e and  dol ichol  phospha t e .  Th in  
l aye r  c h r o m a t o g r a p h y  was  p e r f o r m e d  on Silica gel 60  p la tes  (Merck,  D a r m s t a d t )  deve loped  wi th  chloro-  
f o r m / m e t h a n o | / H 2 0  (60  : 25 : 4, v /v) .  The  rad ioac t iv i ty  was d e t e c t e d  using a th in  layer  scanner .  Peak 1 
r ep resen t s  r e t iny l  p h o s p h a t e - m a n n o s e  and  peak  2 dol ichol  p h o s p h a t e - m a n n o s e .  B: Th e  l ipid ex t r ac t  of  
rough  m i c r o s o m e s  a f t e r  i n c u b a t i o n  wi th  G D p [ 1 4 C ] m a n n o s e  and  dol ichol  p h o s p h a t e  was c h r o m a t o -  
g r aphed  on silica gel. The  so lvent  sys t em was n - p r o p a n o l / H 2 0  (8 : 2, v/v) .  C: Golgi  m e m b r a n e s  were  incu- 
ba t ed  wi th  UDP[  14C]ga iac tose  and  the c h l o r o f o r m / m e t h a n o l  ex t r ac t  was sub jec ted  to  c h r o m a t o g r a p h y  as 
in A. D: The  c h l o r o f o r m / m e t h a n o l  e x t r a c t  of  Golgi  m e m b r a n e s  a f te r  i ncuba t ion  wi th  UDP[  14 C] galactose 
was c h r o m a t o g r a p h e d  as in B. 
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lipid carrier could be involved in the transfer of  galactose to protein. Thin layer 
chromatography with chloroform/methanol /H20 as the developing system 
(Fig. 2A) demonstrated that retinyl phosphate-mannose and dolichol phos- 
phate-mannose synthesized enzymatically with rough microsomes have R F 

values of  about  0.2 and 0.4 respectively. In n-propanol/H20/dolichol phos- 
phate-mannose has an R F value of  about  0.6 (Fig. 2B). Chromatography of the 
chloroform/methanol  extract from Golgi membranes after incubation with 
UDPgalactose showed that the radioactive peak at the origin did not  move upon 
chromatography in these two systems (Fig. 2C and D). Thus, it is unlikely that  
lipid intermediates are involved in the galactosyl transferase reaction under our 
conditions. 

Another  question which requires consideration is the presence of  water 
soluble glycolipids which could remain in the final protein residue after chloro- 
form/methanol  (2 : 1, v/v) and chloroform/methanol /water  (1 : 1 : 0.3, v/v) 
extraction. Hydrophilic glycolipids have been characterized in erythrocytes  
[29,30] and it is possible that such lipids are also present in intracellular mem- 
branes. In our experiments the protein residue was washed with water which in 
fact removes some radioactive compounds.  These are apparently, as described 
in connect ion with Table II, liberated oligosaccharides. Consequently,  in agree- 
ment  with previous findings [31],  it is improbable that under our in vitro con- 
ditions, glycolipids are present in the protein residue. In order to further inves- 
tigate this problem we performed extensive labeling experiments using sugar, 
lipid and protein precursors followed by the extraction of  the final protein 
residue according to the procedure of  Kogcielak et al. [29,30].  In the phos- 
phate buffer phase, in which the hydrophilic glycolipids of  erythrocytes  
appear, only a small portion, around 10% of the total galactose radioactivity 
was present. The nature of  this minor water soluble radioactivity was investi- 
gated using a number  of  chromatographic procedures. The majority of  the 
galactose incorporated under in vitro conditions in the phosphate buffer was 
found to be associated with small peptides or was present in free oligo- 
saccharide chains. Therefore, we conclude that the extraction procedure used 
in these experiments removes all lipids, and no water soluble glycolipids, like 
those described in erythrocytes  [29,30],  are present in the final protein resi- 
due. 

The effect of  Triton X-100 on the transfer of  galactose to protein is shown 
in Fig. 3. The transfer by rough and smooth microsomes was influenced only to 
a small extenti  but  the transferase activity in Golgi membranes was inactivated 
by increasing concentrations of  the detergent. 

A serious problem in studies of  glycosyl transferase is the presence of  various 
glycosidases which at tack mainly the protein-bound product .  In the case of  

-mannosidase it is known that this type  of  enzyme is present not  only in lyso- 
somes but  also in Golgi membranes and in the supernatant [32]. When the 
~-galactosidase activity in the membrane fractions used was measured, all three 
displayed high hydrolyt ic  activity at pH 4 (Fig. 4). At pH 6 these activities 
were greatly decreased and at pH 7.8 they were low and probably no longer sig- 
nificant. For this reason all our investigations were carried out  at pH 7.8. 

In most  glycoproteins galactose is situated at the terminal part of  
the oligosaccharide chain, which should greatly limit the number  of  acceptor 
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Fig. 3. E f f ec t  of  T r i t o n  X-100  on the i n c o r p o r a t i o n  of  galactose f r o m  U D p [ 1 4 C ] g a l a c t o s e .  T r i t o n  was  
a d d e d  to  the  i n c u b a t i o n  m e d i u m  to  give the  ind ica ted  final c o n c e n t r a t i o n s  and a f t e r  i n c u b a t i o n  the  mix-  
ture  was e x t r a c t e d  d i rec t ly  wi th  c h l o r o f o r m / m e t h a n o l  and  c h l o r o f o r m / m e t h a n o l / H  2 0 .  The  figure gives 
only  the da t a  for  the  p ro t e in  f rac t ion .  

Fig. 4.  ~-Galactosidase ac t iv i ty  of  var ious  f rac t ions  at  d i f fe ren t  p H .  The  i n c u b a t i o n  m e d i u m  co n t a in ed  
0.2 m l  c i t r a t e / p h o s p h a t e  buffer ,  0 .05  M, p H  4 .0  or  6.0, or  Tr is-buffer ,  0 .08  M, p H  7.8; 20 /~1 T r i t o n  
X-100,  1%; 100 #1 p -n i t ropheny lga l ac to se  py ranos ide ,  10 raM, and  sample  in a final v o l u m e  of  0.5 ml.  
A f t e r  i n c u b a t i o n  a t  37°C fo r  30  rain the  r eac t ion  was s t opped  wi th  0 .5  ml  12% t r i ch lo roace t i c  acid,  cen- 
t r i fuged  and  0.5 m l  2 M T r i z m a  base was  a dde d  to  the supe rna tan t .  A b s o r p t i o n  was m e a s u r e d  at  400  nm.  

molecules. In order to produce more acceptor molecules for galactose, prein- 
cubation of  rough microsomes and Golgi membranes with UDP-N-acetylglu- 
cosamine and GDPmannose (Table III) was performed. With both these frac- 
tions only GDPmannose was able to increase the incorporation of  galactose 
into protein. Thus, it seems probable that the sugar moiety preceding galactose 

T A B L E  II I  

T H E  E F F E C T  OF P R E I N C U B A T I N G  R O U G H  M I C R O S O M E S  A N D  G O L G I  M E M B R A N E S  W I T H  UDP- 
N - A C E T Y L - G L U C O S A M I N E  A N D  G D P - M A N N O S E  

R o u g h  m i c r o s o m e s  and  Golgi  m e m b r a n e s  were  i nc uba t e d  wi th  10 n m o l  o f  non- labe led  UDP-N-acetyl -  
g lucosamine  ( G l c N A c )  or  G D P m a n n o s e  using t he  i n c u b a t i o n  m e d i u m  descr ibed  in Materials  and Methods  
w i t h o u t  U D P [  14 C]galac tose .  A f t e r  i n c u b a t i o n  at  30°C for  10 rain the  par t ic les  were  isola ted b y  ul tra-  
c e n t r i f u g a t i o n  and suspended  in an i n c u b a t i o n  m e d i u m  con ta in ing  UDP[  14C]ga lac tose  as subs t ra te .  Af t e r  
i n c u b a t i o n  the  m i x t u r e s  were  cen t r i fuged  pr io r  to ex t r ac t ion .  Rad ioac t iv i t y  in the  p ro t e in  f rac t ion  is 
s h o w n  in the  table .  

P re incuba t ion  I n c u b a t i o n  wi th  U D p [ 1 4 C ] g a l a c t o s e  

c p m / m g  % 
p ro te in  

Rough microsomes 

N o n e  3 824  100 
U D P G l c N A c  3 9 0 0  102  
G D P m a n n o s e  5 621 147 

Golgi  m e m b r a n e s  

None  11 264  100 
U D P G l c N A c  10 986  98 
G D P m a n n o s e  16 989  151 
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T A B L E  IV  

R E M O V A L  O F  T H E  S E C R E T O R Y  P R O T E I N S  F R O M  T O T A L  M I C R O S O M E S  A F T E R  I N C U B A T I O N  
W I T H  U D P [  14 ] G A L A C T O S E  

M i c r o s o m e s  were  i n c u b a t e d  as desc r ibed  in Mater ia ls  and Methods ,  r e c e n t r i f u g e d ,  washed  w i t h  a lka l ine  
T r i s - b u f f e r  and  i n c u b a t e d  at  0 or  30°C w i t h  0 .05% d e o x y c h o l a t e / 5 0  m M  KCI  for  10 rain.  A f t e r  u l t racen-  
t r i f u g a t i o n  the  pel le ts  were  e x t r a c t e d  and  r a d i o a c t i v i t y  in  t he  p r o t e i n  f r a c t i o n s  were  d e t e r m i n e d .  

E x p e r i m e n t  T r e a t m e n t  R a d i o a c t i v i t y  in  p r o t e i n  

c p m / g  l iver  % 

1 N o n e  33 310  100 .0  

D e o x y c h o l a t e ,  0°C 26 715  80.2  

2 N o n e  36 373 100 .0  
D e o x y c h o l a t e ,  30°C 29 208 80.3  

on the oligosaccharide chain is, at least in part, mannose. 
Under in vivo conditions both secretory and membrane glycoproteins are 

glycosylated in the membranes of  the endoplasmic reticulum. Therefore, incor- 
poration of  galactose into these kinds of  proteins under in vitro conditions was 
tested (Table IV). After incubation of  total microsomes with UDp[14C]galac - 
tose the membranes were treated with deoxycholate at a concentration which 
is known to increase the permeability of  the vesicles to macromolecules with- 
out solubilization of the membrane itself [20].  When the microsomes were 
treated either at 0 or 30 ° C, about 20% of the protein-bound label was removed, 

T A B L E  V 

E F F E C T  O F  T R Y P S I N  T R E A T M E N T  O F  T H E  V A R I O U S  F R A C T I O N S  

T h e  f r a c t i o n s  were  i n c u b a t e d  w i t h  t r y p s i n  (50  p g / m g  p r o t e i n )  at 30°C for  15 m i n ,  c e n t r i f u g e d  and  sus- 
p e n d e d  for  i n c u b a t i o n  w i t h  U D P [  14 C]ga lac tose .  A f t e r  i n c u b a t i o n  the  m i x t u r e s  were  c e n t r i f u g e d  p r io r  to  
e x t r a c t i o n .  W h e n  t r y p s i n  t r e a t m e n t  was  p e r f o r m e d  a f t e r  i n c u b a t i o n  the  i n c u b a t e d  f r ac t ions  were  pe l le ted ,  

w a s h e d  w i t h  a lka l ine  T r i s - b u f f e r  a n d  t r y p s i n - t r e a t e d  as above .  A f t e r  the  p r o t e o l y t i c  t r e a t m e n t ,  the  recen-  

t r i f u g e d  pel le ts  were  e x t r a c t e d  and  the  r a d i o a c t i v i t y  in the  p r o t e i n  f r a c t i o n s  is s h o w n  in the  table .  

T r e a t m e n t  I n c o r p o r a t i o n  c p m / g  l iver  

P ro t e in  % 

R o u g h  m i c r o s o m e s  
N o n e  35  696  100 .0  
T r y p s i n  b e f o r e  i n c u b a t i o n  34 197 95 .8  
N o n e  31 383 100 .0  

T r y p s i n  a f t e r  i n c u b a t i o n  29 343  93 .5  

S m o o t h  m i c r o s o m e s  
N o n e  10 486  100 .0  
T r y p s i n  b e f o r e  i n c u b a t i o n  11 7 6 8  112 .5  
N o n e  8 535  100 .0  

T r y p s i n  a f t e r  i n c u b a t i o n  7 143 83.7  

Golgi  m e m b r a n e s  
N o n e  3 696  100 .0  

T r y p s i n  b e f o r e  i n c u b a t i o n  702  19.0  
N o n e  3 502  100 .0  
T r y p s i n  a f t e r  i n c u b a t i o n  1 881 53.7 
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T A B L E  VI  

G A L A C T O S Y L  T R A N S F E R A S E  A C T I V I T Y  OF I S O L A T E D  C Y T O P L A S M I C  M E M B R A N E S  

Galae tosy l  t ransferase  ac t iv i ty  in the  absence  or  p resence  of  des ia l idated bovine  submax i l l a ry  gland 
m u e i n  was m e a s u r e d  as descr ibed  in Materials and Methods .  

Subf rac t ions  p m o l  galactose t r ans fe r r ed / r ag  protein 

E n d o g e n o u s  acceptor E x o g e n o u s  acceptor 

Rough  m i c r o s o m e s  2.6 7.4 
S m o o t h  m i c r o s o m e s  20.4 55.2 
Golgi m e m b r a n e s  131.6  1673 .9  

indicating that some secretory glycoproteins were also glycosylated under our 
conditions. 

The topology of the newly synthesized membrane glycoproteins was studied 
using proteolytic treatment (Table V). In the case of rough microsomes only 
about 5% of the radioactivity in the protein fraction could be removed by 
treatment with trypsin before or after incubation. The results with smooth 
microsomes were not affected by proteolytic treatment before incubation but, 
in comparison with the rough subfraction, a larger amount (15%) of the labeled 
protein could be removed after incubation. In the Golgi membranes the glyco- 
protein acceptors and the transferase system are associated with the outer sur- 
face to a large extent. Proteolysis before incubation abolished the sugar transfer 
almost completely and trypsin treatment after incubation liberated about half 
of the newly glycosylated acceptors. Therefore, it appears that a small amount 
of newly galactosylated glycoproteins in smooth microsomes and a larger 
amount in Golgi vesicles are located on the cytoplasmic side of these organelles. 

In all of the above experiments galactosylation of endogenous protein accep- 
tots was studied without taking into consideration the actual level of galactosyl 
transferase activity in the fractions. As expected, the glycosylation is low when 
using only endogenous acceptors (Table VI). Clearly, the amount of acceptors 
present is very limiting and this amount is lowest in rough microsomes, inter- 
mediate in smooth, and highest in Golgi membranes. When galactosylation of 
desialidated mucin is measured in the presence of excess substrate and accep- 
tor, the capacity for glycosylation was 10-fold greater in smooth than in rough 
microsomes and 30-fold greater in Golgi membranes than in smooth micro- 
somes. Clearly, Golgi membranes have by far the highest capacity for galacto- 
sylating the acceptor used in this case. 

Discuss ion 

In this paper the incorporation of galactose from UDP[14C]galactose was 
investigated in order to determine the extent of glycosylation and the localiza- 
tion of endogenous acceptor proteins. Under the conditions used in this study 
transferase activity and acceptor proteins were found in rough and smooth 
microsomes and in Golgi membranes, but the glycosylation exhibited different 
properties in the microsomes and in the Golgi fraction. 
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During this investigation an a t tempt  was made to inhibit enzymes present in 
the liver and capable of  hydrolyzing the substrate or the product.  In agreement 
with a previous investigation [3] ATP (at about  2 mM concentration under our 
conditions) is capable of  inhibiting pyrophosphatase activity to a large extent; 
and the ~-galactosidase activity of  the various fractions is greatly inhibited by 
the alkaline pH used for incubation. However, complete  inhibition of  these 
antagonistic enzymes is not  possible. Furthermore,  the presence of  free oligo- 
saccharide residues in the lipid extracts and in the protein fraction [26,33] 
show that considerable hydrolysis of  the sugar moiety  occurred during the 
incubation. Obviously, direct analysis of  the lipid extracts and of protein pre- 
cipitates wi thout  the prior centrifugation step gives false results and centrifuga- 
tion or some other procedure for removing radioactivity not  bound to lipid or 
protein is absolutely necessary. We could not  find evidence in our experiments 
that  some type  of  lipid intermediate is involved in the transfer of  galactose 
from UDPgalactose to protein. There was either no radioactivity in the lipid 
extract  (microsomes) or the radioactivity was not  associated with lipids (Golgi 
membranes).  

The amount  of  endogenous acceptor  is very limited and consequently the 
extent  of  glycosylation has no quantitative relation to the transferase activity. 
For  this reason the total galactosyl transferase activity was also determined 
using an excess of  substrate and exogenous acceptor. It was found that galac- 
tosylat ion of  desialidated mucin takes place mainly in Golgi membranes and 
occurs only to a small extent  in rough and smooth microsomes. A complete  
analysis of  the subcellular localization of galactose transferase activities, how- 
ever, would require the use of  different types of  acceptors both  with simple 
and complex saccharide chains. It is possible that  galactosylation of acceptors 
with other  types of  chains shows a pattern different from that described in 
Table VI, e.g., high activity in microsomes and lower activity in the Golgi frac- 
tion. 

The galactosylation of  rough and smooth microsomes differs significantly 
from that of  the Golgi membranes. Triton X-100 does not  influence the incor- 
poration into microsomal proteins but  greatly decreases the radioactivity 
appearing in the Golgi fraction. Trypsin t reatment  removes only small amounts  
of  labeled proteins from the surface of  the microsomes while the amount  liber- 
ated from the Golgi fraction is about  half of  the total. Obviously, the acceptor  
proteins and probably also the transferase itself are distributed differently in 
the transverse planes of  these different membranes. 

An explanation for these differences is likely to be found in the type  of  
acceptor  glycosylated. It is reasonable to suppose that galactosylation in the 
microsomes involves proteins having oligosaccharide chains consisting of  only 
a few sugars. On the other  hand, galactosylation at the Golgi level involves the 
terminal part of  the oligosaccharide chain in which the core is completed in the 
rough and smooth  endoplasmic reticulum. In this case galactosylation in micro- 
somes and in Golgi membranes is mediated by different enzymes with different 
acceptor  specificities. 

The trypsin sensitive part of intact microsomal vesicles contains only a small 
part (5--15%) of  the newly galactosylated protein acceptors. In contrast, the 
outer  surface of  both  rough and smooth microsomes has about  50% of the total 



121 

membrane protein-bound galactose [14]. There are several possible explana- 
tions for these findings. If there are two different enzyme systems operating in 
the membrane two different types of glycoproteins may be synthesized. Alter- 
natively, the same galactosyl transferase may glycosylate two different types of 
proteins at the outer and the inner surfaces of the membrane. The theoretical 
possibility that all glycoproteins are galactosylated at the inner surface and 
appear at the cytoplasmic surface by a "flip-flop" mechanism is improbable 
[34]. No experiments to date have demonstrated such a movement. The lack of 
protein acceptors at the cytoplasmic surface of the endoplasmic reticulum is, 
furthermore, in good agreement with recent findings concerning the biosyn- 
thesis and transport of microsomal glycoproteins [35,36]. According to this 
concept some of these proteins, after synthesis on bound ribosomes, move in 
the lateral plane of the membranes, at the outer surface, from rough to smooth 
endoplasmic reticulum and then to Golgi membranes. During this process the 
proteins are glycosylated and, after completion in the Golgi apparatus released 
to the cytoplasm as a lipoglycoprotein complex and later incorporated into 
membranes of the endoplasmic reticulum as integral membrane components. In 
such a process completed, galactosylated glycoproteins are transferred from the 
cytoplasm to the outer surface of the membranes, which may explain the pres- 
ence of the large amount of protein-bound galactose and the low amount of 
galactose acceptors at this surface. 

Acknowledgement 

The authors would like to thank Dr. F.W. Hemming, Nottingham, England 
for a gift of dolichol phosphate. This work has been supported by grants from 
the Swedish Medical Research Council and the Swedish Society of Medical 
Sciences. 

References 

1 Behrens, N.H., Parodi, A.J., Leloir, L.F. and Krisman, C.R. (1971) Arch. Biochem. Biophys. 143, 
375--383 

2 Tetas, M., Chao, H. and Moinar, J. (1970) Arch. Biochem. Biophys. 138, 135--146 
3 Zatta, P., Zakim, D. and Vessey, D.A. (1975) Biochem. Biophys. Acta 392, 361--365 
4 McEvoy, F.A., Ellis, D.E. and Shall, S. (1977) Biochem. J. 164, 273--275 
5 Peterson, P.A., Rask, L., Helting, T., ~sterberg,  L. and Fernstedt,  Y. (1976) J. Biol. Chem. 251, 

4986--4995 
6 De Luca, L.M., Frot-Coutaz, J.P., Silverman-Jones, C.S. and Roller, P.R. (1977) J. Biol. Chem. 252, 

2575--2579 
7 Molnar~ J., Tetas~ M. and Chao, H. (1969) Biochem. Biophys. Res. Commun. 37, 684--690 
8 Redman,  C.M. and Cherian, G. (1972) J. Cell Biol. 52, 231--245 
9 Schachter, H., Jabbal, I., Hudgin, R.L., Pinteric, L., McGuire, E.J. and Roseman, S. (1970) J. Biol. 

Chem. 245, 1090--1100 
10 Wagner, R.R. and Cynkin, M.A. (1971) J. Biol. Chem. 246, 143--151 
11 Ehrenreich, J.H.~ Bergeron, J.J.M., Siekevitz, P. and Palade, G.E. (1973) J. Cell Biol. 59, 45--72 
12 Mookerjea, S. and Yung, J.W.M. (1975) Arch. Biochem. Biophys. 166, 223--236 
13 Autuori ,  F., Svensson, H. and Dallner, G. (1975) J. Cell Biol. 67, 687--699 
14 Bergman, A. and Dallner, G. (1976) Biochim. Biophys. Acta  433, 496--508 
15 Winqvist, L., Eriksson, L., Dallner, G. and Ersson, B. (1976) Biochem. Biophys. Res. Commun. 68, 

1020--1026 
16 Nilsson, O.S. and Dallner, G. (1977) J. Cell Biol. 72, 568--583 
17 Haugen, D.A. and Coon, M.J. (1976) J. Biol. Chem. 251, 7929--7939 



122 

18 Elharnmer, A., Valtersson, C., Dallner. G. and Omura, T. (1977) Abstracts.  11th FEBS Meeting, 
Copenhagen 

19 Dallner, G. (1974) in Methods in Enzymology (Fleischer, S. and Packer, L., eds.), Vol. XXXI, pp. 
191--201, Academic Press, New York 

20 Kreibich, G., Pascale, D. and Sabatini, D.D. (1973) J. Cell Biol. 58, 436--462 
21 Folch, J., Lees, M. and Sloane Stanley, G.H. (1957) J. Biol. Chem. 226 ,497m509  
22 Bray, G.A. (1960) Anal. Biochem. 1, 279--285 
23 Gornall, A.G., BardawiU, C.J. and David, M.M. (1949) J. Biol. Chem. 177, 751--766 
24 Evans, W.H., Hood, D.O. and Gurd, J.W. (1973) Biochem. J. 135, 819--826 
25 Evans, W.H. (1974) Nature 250, 391--394 
26 Oliver, G.J.A., Harrison, J. and Hemming, F.W. (1975) Eur. J. Biochem. 58, 223--229 
27 Bergman, A. (1976) Tenth  Intern. Congr, Biochem., Hamburg. Abstracts,  p. 295 
28 Silverman-Jones, C.S., Frot-Coutaz, J.P. and De Luca, L.M. (1976) Anal. Biochem. 75, 664--667 
29 Ko~cielak, J., Piasek, A., G6rnak, H., Gardas, A. and Gregor, A. (1973) Eur. J. Biochem. 37, 214--225 
30 Ko~cielak, J., Miller-Podraza, H., Krauze, R. and Piasek, A. (1976) Eur. J. Biochem. 71, 9--18 
31 Glaumann, H. and Dallner, G. (1968) J. Lipid Res. 9, 720--729 
32 Dewald, B. and Touster, O. (1973) J. Biol. Chem. 248, 7223--7233 
33 Bergman, A. and Dallner, G. (1978) Biochim. Biophys. Acta 512 , 123 - -135  
34 Singer, S.J. (1976) in Structure of Biological Membranes (Abrahamsson, S. and Pascher, I., eds.), 

Nobel Founda t ion  Symposium 34, 443--462 
35 Autuori ,  F., Svensson, H. and Dallner, G. (1975) J. Cell Biol. 67, 700--714 
36 Svensson, H., Elhammer,  A., Autuori ,  F, and Daliner, G. (1976) Biochim. Biophys. Acta 455, 383-- 

398 


