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Summary. Glycolipid transfer protein (GL-TP), a nonglycosylated protein with a molecular weight of  22,000 K, has 
been purified from pig brain. The protein transfers, by a carrier mechanism, glycolipids with a /~-glucosyl or 
/~-galactosyl residue directly linked to either ceramide or diacylglycerol. GL-TP appears to be present in most animal 
cells, and evidence has been obtained which indicates that it is a cytoplasmic protein. Little is known about the 
function of  GL-TP.  Current evidence indicates that glycosphingolipid glycosylation occurs at the luminal side of  the 
Golgi apparatus, except for the glucosylation of  ceramide, which has been shown to occur at the cytoplasmic side 
of  the Golgi or endoplasmic membrane. It appears most  likely that GL-TP participates in the intracellular traffic of  
glucosylceramide. 
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Intracellular location of glycosphingolipids and of enzymes 
of glycosphingolipid biosynthesis 

Glycosphingolipids are localized predominantly, if not  
exclusively, in the outer leaflet of  the plasma mem- 
brane 31. It is now known that the glycosylation of  gly- 
cosphingolipids occurs by the sequential addition of  
monosaccharides f rom sugar nucleotides to an acceptor, 
and is catalyzed by glycosyltransferases located in the 
Golgi membrane 20, 25, 35, 37, 4-2, 50. Although the local- 

ization of  glycolipid glycosyltransferases in specific 
cisternae in discrete parts of  the Golgi apparatus has not 
been investigated experimentally one might expect, by 
analogy with glycoprotein glycosyltransferases 18, 38, 
that such a localization does occur. The sequential glyco- 
sylation of  one glycosphingolipid to the next higher ho- 
mologue involves a very small pool of  intermediates 
which does not mix with the main pool of  cellular gly- 
cosphingolipids 31. Current evidence indicates that the 
small pool of  intermediates is located in the Golgi appa- 
ratus. It is assumed that the endoplasmic reticulum is the 
site of  ceramide biosynthesis, since fatty acid incorpora- 
tion generally occurs in the endoplasmic reticulum. 

Transport of glycosphingolipids from the Golgi apparatus 
to the plasma membranes 

Very little is known about  the mechanism of  glycosphin- 
golipid transport  from the site of  synthesis to the plasma 
membrane. Dower et al. 17 examined the kinetics of  gan- 
glioside transport  from an intracellular site of  synthesis 
to the plasma membrane in cultured cells. These authors 
distinguished surface and intracellular gangliosides by 
oxidizing cell surface gangliosides with sodium periodate 
and reacting the oxidized gaugliosides with dinitro- 
phenylhydrazine. It was found that the transfer of  gan- 
gliosides f rom the site of  synthesis to the cell surface 
required approximately 20 rain. A variety of  drugs, in- 
cluding inhibitors of  protein synthesis and energy 
metabolism, modulators of  cytoskeleton, and monensin, 
had no effect on the transport  of  newly synthesized GD1 a 
ganglioside to the plasma membrane 32. Only low tem- 
perature effectively blocked the translocation. It appears 
that vesicular transport  zl, 33 is the most likely mecha- 
nism for the transport of  glycosphingolipids from the site 
of  synthesis to the plasma membrane 3z. According to the 
vesicular transport model, glycosphingolipids are trans- 
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ported to the cell surface via shuttling vesicles which bud 
off from one membrane and fuse with another. 

Topography of glycolipid glycosylation in the Golgi appa- 
ratus 

Our understanding of the topography of glycolipid gly- 
cosylation in the Golgi apparatus is limited. Yusuf et 
al.  57-59  showed that tunicamycin inhibits the synthesis 
of GM 1 and GM 2 gangliosides in isolated Golgi vesicles; 
this inhibition was found to be due to a block in carrier- 
mediated transport of nucleotide sugars across the Golgi 
vesicles, consistent with the luminal orientation of glyco- 
syltransferases involved in GM2 and GMz synthesis. 
Evidence strongly suggesting that the glycosylation of 
glycolipids occurs in the lumen of the Golgi apparatus 
has been obtained through analyses of glycosylation mu- 
tants of Chinese hamster ovary cells. Mutant cell lines of 
one complementation group 46 (Lec2 and clone 1021) 
have a 90 % reduction in the sialylation of both glyco- 
proteins and glycolipids compared with wild-type cells. 
Sialosyllactosylceramide (GM 3 ganglioside) is the major 
glycolipid in parent cells, while Lec2 and clone 1021 
cells have lactosylceramide as the predominant glyco- 
lipid 8, 4s. The Lec2 cells were found to be deficient in the 
mechanism needed to translocate CMP-sialic acid across 
Golgi vesicle membranes from an external compart- 
ment 16. Other biochemical analyses strongly suggest 
that this translocation deficiency is the primary defect 
responsible for the mutant phenotype 8, 26. 
Mutant cells of the second complementation group 46 
(Lec8 and clone 13) have an 80-90 % reduction in both 
galactosylation and sialylation of their glycoproteins and 
glycolipids when compared to wild-type cel ls  8 '45 '47 

Clone 13 cells have glucosylceramide as the major glyco- 
lipid 8. The primary biochemical defect in Lec8 and clone 
13 cells was found to be their inability to translocate 
UDP-galactose into the lumen of the Golgi apparatus 25 
Mutant cells of the first and second complementation 
groups were found to possess the appropriate nucleotide 
sugars, glycoprotcin and glycolipid acceptors, and glyco- 
syltransferases 8. 
These results provided strong evidence for the orienta- 
tion of the catalytic sites of glucosylceramide galactosyl- 
transferase and lactosyIceramide sialyltransferase toward 
the lumen of the Golgi, since mutants that are unable to 
translocate UDP-galactose and CMP-sialic acid into the 
lumen of the Golgi apparatus are defective in the synthe- 
ses of lactosylceramide and GM 3 ganglioside. 

Topography of glueosylceramide synthesis in the Golgi ap- 
paratus 

The topography of ceramide glucosyltransferase and de 
novo synthesized glucosylceramide has been examined 
by Got and coworkers with Golgi vesicles from porcine 

submaxillary glands 14. In this tissue, the UDP-glucose- 
ceramide glucosyltransferase is associated with mem- 
branes of the Golgi apparatus 13. Two lines of evidence 
indicate that ceramide glucosyltransferase is an enzyme 
whose catalytic site faces the cytoplasmic side of the 
Golgi membrane. Firstly, ceramide glucosyltransferase 
was found to have protease-sensitive sites facing the cyto- 
plasmic side of the Golgi membrane. Vesicles isolated 
from the Golgi apparatus that are sealed and have 'right- 
side-out' orientation (cytoplasmic side out) were t reated 
with either pronase or trypsin. Ceramide glucosyltrans- 
ferase was inactivated by nearly 100 % following treat- 
ment of the Golgi vesicles with these proteases. Under 
the same conditions, ovomucoid-/%D-galactosyltrans- 
ferase, a protein known to face the lumen of the Golgi, 
was found to be protease-resistant in intact vesicles and 
protease-sensitive in disrupted vesicles. Secondly, the 
synthesis of glucosylceramide was blocked when intact 
vesicles were treated with the stilbene derivative DIDS 
(4,4'-diisothiocyan0-2,2'-stilbenedisulfonic acid), which 
seems to interact with the anion-binding sites of glycosyl- 
transferases 44. Under the same conditions, ovomucoid- 
/%D-galactosyltransferase was resistant to DIDS in in- 
tact vesicles and sensitive to DIDS in disrupted vesicles. 
Since DIDS has been shown to be a membrane-imperme- 
able agent 1~ it is likely that a key part of the 
catalytic site of ceramide glucosyltransferase faces the 
cytoplasmic side of the Golgi membrane. 
In addition, evidence has been obtained by the same 
authors 24 in support of the cytoplasmic orientation of 
the newly synthesized glucosylceramide. Using glucosyl- 
ceramidase from human placenta to probe the orienta- 
tion of this compound, they found that the glucosyl- 
ceramide synthesized in the isolated Golgi vesicles is 
equally sensitive both in intact and in disrupted vesicles 
to hydrolysis by the enzyme, which suggested that the 
newly synthesized glucosylceramide is oriented towards 
the cytoplasmic face of the Golgi membrane. 
Suzuki et al. 48 showed that glucosylceramide is synthe- 
sized by BHK-21 cell microsomes from dolichol-phos- 
phate-glucose (Dol-P-Glc) and ceramide. Their results 
suggest that glucosylation of ceramides may be achieved 
by two separate enzyme reactions using either UDP-Glc 
or Dol-P-Glc as glucose donors. The enzyme that synthe- 
sizes Dol-P-Glc has cytoplasmic protease-sensitive 
sites 43. The flip-flop ofmonoglycosylated dolichol-phos- 
phate intermediates in endoplasmic membranes has been 
postulated 2~ 
From these results, it appears that cytoplasmically ori- 
ented glucosylceramide is somehow utilized as the accep- 
tor by glucosylceramide galactosyltransferase, which 
seems to add galactose to the acceptor from a luminal 
pool of UDP-galactose. How the transmembrane move- 
ment of glucosylceramide occurs is not known. The 
movement could be part of the reaction of glucosyl- 
ceramide galactosyltransferase or be due to protein-me- 
diated glucosylceramide flip-flop. 
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Site of glucosylation of ceramide in the Golgi apparatus: 
studies using monensin 

Through the study of the effect of monensin on glyco- 
sphingolipid metabolism in cultured cells, a great de/il of 
evidence has been obtained in support of the theory that 
the initial glucosylation of ceramide and the subsequent 
elongation of the oligosaccharide chain of glycosphin- 
golipids occur at different sites within cells. Saito et al. 39 
found that exposure of human fibroblasts to monensin, 
an ionophore for monovalent cations, caused a marked 
accumulation of glucosylceramide and, to a much smal- 
ler extent, lactosylceramide. The cellular content of more 
highly glycosylated neutral glycosphingolipids and gan- 
gliosides remained the same in the presence or absence of 
monensin. Monensin greatly increased the incorporation 
of labeled glucose and galactose into glucosylceramide 
and lactosylceramide and, at the same time, reduced the 
incorporat ion into higher glycosylated glycosphin- 
golipids. Since Gaucher-disease fibroblasts, which have a 
genetically impaired lysosomal glucocerebrosidase activ- 
ity, accumulated even more glucosylceramide and lacto- 
sylceramide than normal cells upon exposure to 
monensin, these authors concluded that monensin affects 
biosynthesis rather than merely disrupting lysosomal 
glycosphingolipid catabolism. 
Miller-Prodraza and Fishman 32 also reported the effect 
ofmonensin on the biosynthesis and levels of glycosphin- 
golipids in rat glioma ceils and in mouse neuroblastoma 
cells. In monensin-treated cells, the labeling of glucosyl- 
ceramide increased several-fold, whereas the labeling of 
more complex neutral glycosphingolipids and ganglio- 
sides decreased; progressively more inhibition of the syn- 
thesis was found in more highly glycosylated lipids. 
It has been shown that monensin inhibits intra-Golgi 
transport of glycoproteins, which results in the accumu- 
lation of membrane and secretary protein precursors in 
middle or trans Golgi cisternae and in the blocking of 
terminal glycosylation by preventing exposure of glyco- 
proteins to glycosyltransferases located in trans regions, 
of the Golgi19' 21. Lipsky and Pagan028 showed that 
monensin markedly inhibits the translocation of gluco- 
sylceramide from the Golgi apparatus to the plasma 
membrane. These authors used a fluorescent analogue 
of ceramide to study the intracellular synthesis and 
transport of sphingomyelin and glucosylceramide in 
Chinese hamster fibroblasts by fluorescence microsco- 
py27. Treatment of the cells with monensin inhibited 
the appearance of intracellularly synthesized glucosyl- 
ceramide analogue at the plasma membrane, resulting in 
a marked accumulation of the analogue in the Golgi 
apparatus. 
Taken together, these results suggest that glucosylation 
of ceramide occurs on the proximal face of the Golgi, 
while higher glycosylation of glycosphingolipids occurs 
on the distal face of the Golgi. 
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Glycolipid transfer protein (GL- TP) 
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Metz and Radin 29 found and characterized glucosylce- 
ramide transfer activity in bovine spleen cytosol. The 
activity facilitates the transfer of glucosylceramide from 
liposomes to erythrocytes or to erythrocyte ghosts. These 
authors partially purified the active protein 3~ A 
protein probably identical to the one described by Metz 
and Radin 29, 3o was purified to homogeneity from pig 
brain by Abe et al. 4 and Abe and Sasaki 1 ; 2.6 mg of the 
purified protein (GL-TP) was obtained from 4 kg of pig 
brain at a yield of 19 % 41. The final preparation was 
about 6000-fold purified as compared with the mem- 
brane-free supernatant and had a specific activity of 
40.6 nmol of galactosylceramide (GalCer) transferred/ 
rain/rag protein in a [3H]GalCer transfer assay 1, 53, and 
of 140nmol of pyrene-labeled GalCer (PyrGalCer) 
transferred/min/mg protein in a PyrGalCer transfer as- 
say 5. The homogeneity of the purified protein was indi- 
cated by several lines of evidence. The protein has an 
isoelectric point of about 8.3. A molecular weight of 
22,000 has been estimated from its behavior on SDS 
polyacrylamide gel electrophoresis (PAGE). A molecular 
weight of 15,000 was calculated from AcA-54 gel filtra- 
tion. It appears that the elution of GL-TP from an AcA- 
54 column is delayed owing to a hydrophobic interaction 
of the protein with the gel matrix. Studies on the primary 
structure have revealed that GL-TP consists of a single 
chain of 208 amino acids with the blocked NH 2 terminus 
(A. Abe, unpublished observations). The protein has a 
calculated molecular weight of 23,761. Gly, Ala, Val, 
Leu, Ile, Met, Phe, Try, and Pro residues constitute 
51.9 % of the amino acid residues in GL-TP. The protein 
has no apparent homology with phosphatidylcholine 
transfer protein from bovine liver 6, nonspecific lipid 
transfer protein from bovine liver 49, fatty acid binding 
protein from rat liver 23 and small intestinal epithelium 7, 
sphingolipid activator protein-1 34, or co-//-glucosidase 
(SAP-2) 34. The amino acid composition of GL-TP 1 is 
obviously different from that of GMz-activator from hu- 
man liver 26. GL-TP is not glycosylated. The purified 
GL-TP is a mixture of two forms of a protein; one of 
them (about 15%) with an intramolecular disulfide 
bond, and a reduced form (about 80 %) without one 2, 3 
Results were obtained which indicated that GL-TP 
with an intramolecular disulfide bond has twice as much 
activity as the reduced form, and formed more GL- 
TP-glycolipid complex. The protein has one additional 
free sulfhydryl group, which is reactive with 5,5'- 
dithiobis(2-nitrobenzoic acid) and N-ethylmaleimide 
under nondenaturing conditions 3. Its activity is i n -  
hibited partly (about 60 %) by 10 mM N-ethylmale- 
imide and completely by 2.5 mM mercuric chloride. 
GL-TP has also been partially purified from bovine 
brain 9, 22, 52, rat brain 53, rat liver 54, human spleen, and 
from several cell lines of rat, mouse, pig, and human 
origin. 
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Intracellular location of GL-TP in PK(15) cells, a pig 
kidney cell line, was studied by imrnunochemical method 
(F. Roerink, A. Abe and T. Sasaki, unpublished observa- 
tions). Cultured PK(15) cells were disrupted by N2-cavi- 
ration and subcellular fractions were obtained by differ- 
ential pelleting. Acid N-acetyl-fl-hexosaminidase, a 
lysosomal marker, remained latent after the N2-cavita- 
tion. GL-TP in each subcellular fraction was released by 
sonication. Almost all activity of GL-TP was recovered 
in the cytosol fraction. GL-TP in each fraction was con- 
centrated by phosphocellulose chromatography and sep- 
arated by SDS-PAGE. Bands of GL-TP on the gel were 
transferred to a nitrocellulose membrane and detected by 
immunochemical staining using an affinity-purified anti- 
GL-TP antibody. Most of the protein reactive with the 
anti-GL-TP was found in the cytosol fi'action, which 
indicated a cytoplasmic location of GL-TP. 
The pH dependence of glycolipid transfer facilitated by 
GL-TP from pig brain was compared with that facilitat- 
ed by GM2-activator from human liver, a cofactor of 
lysosomal N-acetyl-fl-hexosaminidase A, in an assay of 
PyrGalCer transfer from donor to acceptor vesicles. GL- 
TP facilitated PyrGalCer transfer over a pH range from 
5 to 8 but did not facilitate the transfer at or below pH 4. 
GM2-activator facilitated PyrGalCer transfer at pH 4; 
the transfer activity at neutral pH was lower than the 
activity at pH 4.5-5. These results are consistent with 
those reported by Conzelmann et al. 12, who showed that 
the rate of GM2-activator-facilitated ganglioside transfer 
at pH 7.1 was 15 % of the rate of that found at pH 4.2. 
GL-TP from pig brain facilitates the transfer of all gly- 
cosphingolipids examined so far s 5. These include gluco- 
sylceramide, galactosylceramide, lactosylceramide, sulfa- 
tide, lactosylceramide-II3-sulfate, globotriaosylcerami- 
de, globotetraosylceramide, globopentaosylceramide, si- 
alosyllactosylceramide, and GMI ganglioside. The trans- 
fer of Manfll ~ 4Glcfll ~ ceramide and MancO 
4Manfll ~ 4Glcfll --, ceramide is also facilitated by GL- 
TP from pig brain. In addition to glycosphingolipids, 
GL-TP from pig brain also facilitates the transfer of 
3-[Galfll]-sn-l,2-diacylglycerol, 3-[Galcd ~ 6Galfll]-sn- 
1,2-diacylglycerol, and 3-[Glcfll]-rac-l,2-dipalmitylglyc- 
erol. The protein does not facilitate the transfer of 3- 
[Mane1 ~ 3Manc~l]-sn-l,2-diacylglycerol, 3-[Glcel]-sn- 
1,2-diacylglycerol, phosphatidylcholine, phosphatidyl- 
inositol, phosphatidylethanolamine, cholesterol, or cho- 
lesteryl oleate. GL-TP from pig brain stimulates the 
transfer of pyrene-labeled sphingomyelin to a very small 
but significant extent. These results were interpreted as 
an indication that GL-TP from pig brain transfers glyco- 
lipids with a fl-glucosyl or fl-galactosyl residue directly 
linked to either ceramide or diacylglycerol 5s, 56. It is ob- 
vious that the specificity of GL-TP is not directed to the 
nonreducing part of glycolipids and that GL-TP has a 
low specificity for the nonpolar portion of glycolipids, 
because the protein facilitates the transfer of both gly- 
cosphingolipids and glyceroglycolipids. 

It has been shown that GL-TP facilitates the transfer of 
glycolipids only when both the donor and acceptor mem- 
branes are in the liquid-crystalline state 52. If either donor 
or acceptor membranes are in the gel state, GL-TP-medi- 
ated transfer is markedly reduced. Furthermore, the rate 
of glycolipid transfer facilitated by GL-TP is markedly 
affected by the curvature of the donor and acceptor 
membranes. In GL-TP-mediated transfer, a strong pre- 
ference was found for sonicated unilamellar vesicles over 
multilamellar liposomes 9, which indicated that the inter- 
action of GL-TP with membranes is severely affected by 
the packing uf lipids in the membranes. 
Binding of a glycolipid to GL-TP has been shown by 
three different methods. In the first method, formation of 
a complex between [3H]GalCer and GL-TP was shown 
by PAGE at pH 4.3 t. About 0.13 tool of [3H]GalCer was 
bound per mol of GL-TP under the conditions used. 
Addition of 4.2 mM N-ethylmaleimide to the incubation 
mixture reduced the binding of [aH]GalCer to GL-TP to 
65 % of the control level. In the second method, the 
formation of a GL-TP@ycolipid complex was shown by 
the binding of PyrGalCer to GL-TP s. The binding was 
measured by an increase in pyrene monomer fluorescence 
upon addition of GL-TP to phospholipid vesicles con- 
taining PyrGalCer. In a non-quenched vesicle assay, an 
immediate drop in the intensity ratio of eximer to excited 
monomer was observed upon addition of GL-TP to the 
vesicles. In a quenched vesicle assay, where the phospho- 
lipid vesicles contained N-trinitrophenylphosphatidyl- 
ethanolamine in addition to PyrGalCer to quench the 
fluorescence due to PyrGalCer present in the vesicles, an 
increase in excited monomer fluorescence was observed 
upon addition of GL-TP to the vesicles. These results 
indicate that GL-TP enhances a release of PyrGalCer 
monomer from the vesicles, which can be interpreted as 
being due to the binding of PyrGalCer monomer to GL- 
TP. In the third method, the GL-TP-[3H]GalCer com- 
plex was isolated by Sephadex G-75 gel filtration 1. 
The GL-TP-glycolipid complex is formed as a result of 
removal of a glycolipid molecule from a membrane and 
binding to a GL-TP molecule. It appears that local per- 
turbation of the structure of the lipid layer is induced by 
the protein, and that this perturbation is an essential step 
in the extraction of the glycolipid by the protein. The 
specificity of GL-TP is consistent with a simple mecha- 
nism for glycolipid extraction by GL-TP, because the 
specificity suggests that GL-TP recognizes and binds the 
sugar residue directly linked to either ceramide or diacyl- 
glycerol in addition to the nonpolar portion of glyco- 
lipids. 
The complex formed between GL-TP and [3H]GalCer 
was isolated by Sephadex G-75 gel filtration from an 
incubation mixture containing the protein and liposomes 
containing [3H]GalCer 1. The isolated [aH]GalCer-GL- 
TP complex contained about 0.12 mol of [3H]GalCer per 
mol of GL-TP. An incubation of the GL-Tp-[3H]GalCer 
complex with liposomes resulted in the transfer of 
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[3H]GalCer from the complex to the acceptor lipo- 
somes t. This result indicates that the GL-TP-glycolipid 
complex functions as the intermediate in the glycolipid 
transfer. 
The net mass transfer of [14C]GalCer facilitated by GL- 
TP was investigated by the use of monomolecular lipid 
film spread at an air-water interface 4~ It appears that 
GL-TP binds one tool of glycolipid per mol of the 
protein. However, it has not been possible to saturate the 
purified GL-TP with glycolipids under any of the several 
different conditions examined. During net mass transfer 
of a glycolipid molecule from donor to acceptor mem- 
branes, GL-TP carrying a glycolipid monomer unloads 
the bound glycolipid onto an acceptor membrane. There- 
fore, it appears that the GL-TP without a bound lipid 
represents the state of the protein after net mass transfer 
of a glycolipid molecule to an acceptor membrane. It 
appears to be a property of GL-TP distinct from other 
lipid transfer proteins that the protein exists both with 
and without bound glycolipid. 
As has been discussed in the earlier sections of this re- 
view, vesicular transport is the most probable mechanism 
for the transport of glycosphingolipids from the site of 
synthesis to the plasma membranes. The glycosylation of 
glycolipids, except for the glucosylation of ceramide, oc- 
curs in the lumen of the Golgi apparatus. Therefore, 
glycosphingolipids always have a luminal orientation in 
transport vesicles, and are always inaccessible from the 
cytosol. Available data indicate that GL-TP is a cytosolic 
protein. Glucosylceramide is the only glycosphingolipid 
that seems to be exposed on the cytoplasmic face of the 
cellular membranes. Therefore, it is most likely that GL- 
TP may participate in the intracellular transport of glu- 
cosylceramide. 
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