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Chapterr  4 

Associationn of the UDP-galactosc transporter  with UDP-galactose:ceramide 
galactosyltransferasee allows UDP-Galactose import in the endoplasmic 
reticulum. . 

Heinn Sprong, Sophie Degroote, Tommy Nilsson3, Masao Kawakitab, Peter van der Sluijs, and 
Gerritt van Meer 

aCelll  Biology and Biophysics Programme, European Molecular Biology Laboratory, 
Heidelberg,, Germany 
'Departmentt of Physiological Chemistry, The Tokyo Metropolitan Institute of Medical 
Science,, Tokyo, Japan 

Summary y 
Galactosylationn of proteins and lipids in the lumen of the Golgi complex requires the activity 
off  the UDP-galactose transporter (UGT). A mutation in this transporter in CH01ec8 cells 
inhibitss galactosylation of proteins and lipids. We have transfected CH01ec8 cells with the rat 
UDP-galactosexeramidegalactosyltransferasee (GalT-1), an ER enzyme, and found that co-
transfectionn with the human UGT1 greatly stimulates both synthesis of lactosylceramide in the 
Golgii  and synthesis of galactosylceramide in the ER. UDP-galactose was directly imported in 
bothh Golgi and ER as measured by synthesis of lactosylceramide and galactosylceramide in a 
postnuclearr supernatant. Using immunofluorescence microscopy and subcellular fractionation, 
wee show that UGT1 in UGT-CH01ec8 cells is located to the Golgi, but that in cells co-
transfectedd with GalT-1 a significant fraction of UGT1 located to the ER. UGT1 could be co-
immunoprecipitatedd by anti-GalT-1 antibodies from cells transfected with GalT-1, but not by 
antibodiess against the human UDP-galactose:protein B-l,4-galactosyltransferase after its 
transfectionn into UGT-CH01ec8 cells. We conclude that ER GalT-1 ensures a supply of UDP-
galactosee in the ER lumen by retaining UGT1 in a molecular complex. 
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Introductio n n 
Glycosphingolipidss consist of a carbohydrate moiety linked to a ceramide tail embedded within 
thee lipid bilayer of the membrane. Their glycosidic headgroups are involved in a wide variety 
off  cell surface recognition phenomena, including cell adhesion, interaction with biological 
ligandss and with microorganisms (107). Gene knockout studies in mice demonstrated that 
glycosphingolipidss are indispensable for the development of multicellular organisms and 
properr differentiation of tissues, particularly the nervous system (222-224). Although 
individuall  cells survive without glycolipids, in melanocytes glycosphingolipids are required for 
thee sorting of membrane proteins in the Golgi complex to melanosomes (chapter 5). 

Sincee many enzymes involved in the biosynthesis of glycosphingolipids have now been cloned, 
thee next challenge is to unravel how their synthesis is organized and controlled. All 
glycosphingolipidss are synthesized in the Golgi apparatus, with the exception of 
galactosylceramidee (GalCer) that is made in the endoplasmic reticulum (ER) by the UDP-
galactosexeramidee galactosyltransferase (GalT-1; nomenclature as in 225), a type I protein 
possessingg the ER retention signal -KKVK in its cytosolic tail (chapter 3). GalT-1 
preferentiallyy galactosylates 2-hydroxy fatty acid-containing ceramides (118), but also utilizes 
non-hydroxyy fatty acid ceramides and diglycerides (123). Knock-out mice lacking GalT-1 do 
nott make GalCer, galactosyldiglyceride, nor their derivatives, demonstrating that there is only 
onee GalT-1 (111, 112, 126). Because the active center of GalT-1 faces the ER lumen (chapter 
3),, synthesis of GalCer requires that the precursors ceramide and UDP-galactose (UDP-Gal) 
reachh the ER lumen. Ceramide is sufficiently hydrophobic to equilibrate rapidly between the 
twoo leaflets of the ER membrane by spontaneous transbilayer movement, although this may be 
facilitatedd by a translocator protein. In contrast, it is unclear how UDP-galactose reaches the 
ERR lumen from the cytosol where it is synthesized (226). 

Galactosylationn of proteins and glycosphingolipids occurs in the lumen of the Golgi. The 
translocationn of UDP-galactose from the cytosol into the lumen is mediated by an antiporter, 
thatt transports UMP in the opposite direction (227, 228). In rat liver, UDP-galactose transport 
activityy appears to be exclusively localized to Golgi fractions and absent from ER (229). The 
cDNAss of two human UDP-galactose transporter isoforms, hUGTl and hUGT2, have been 
cloned.. The conceptual translation product of hUGT2 differs from UGT1 in the C-terminal 8 
aminoo acids. hUGTl was localized to the Golgi by immunofluorescence and by activity (212, 
230,, 231). Ectopically expressed hUGT2 distributed similarly to the Golgi 58kDa protein in 
Had-11 cells (Kawakita, M. et al., unpublished data). It is not clear however whether UGT2 
mRNAA and protein is expressed. In mouse and Schizosaccharomyces pombe UGT also 
localizedd to the Golgi and restored UGT activity in UGT-deficient cells (232-234). These and 
otherr studies demonstrate that UGT is involved in transport of UDP-galactose across the Golgi 
membrane,, and suggest that it does not translocate UDP-galactose into the ER lumen 
(reviewedd in 228,235). 

Whenn GalT-1-negative COS and CHO cells were transfected with GalT-1, they produced 
GalCerr and galactosyldiglycerides (123, 125). This shows that they have the ability to import 
UDP-galactosee into the ER lumen. MDCKII-RCAR cells defective in Golgi UDP-galactose 
importt also contain very littl e GalCer (236). Likewise, CH01ec8 cells defective in UDP-
galactosee import activity in the Golgi (134, 236, 237) also displayed a defect in UDP-galactose 
transportt into the ER as could be measured by the synthesis of NBD-GalCer from exogenous 
UDP-galactosee and NBD-ceramide in a postnuclear supernatant (PNS) of CH01ec8 cells 
transfectedd with GalT-1 (chapter 3). In conclusion, some cell types possess an ER UGT 
activity,, and this transporter is affected in two cell lines with a mutation in the Golgi UGT. So, 
eitherr the ER transporter is the same protein as Golgi UGT, or alternatively, MDCKII-RCAR 
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andd CH01ec8 cells have mutations in both the ER and Golgi UDP-galactose transporters. In the 
presentt study, we asked whether the Golgi UGT is involved in UDP-galactose import into the 
ER.. We found that GalT-1 forms a complex with UGT. Only in cells expressing GalT-1, UGT 
iss retained in the ER via the ER retrieval sequence of GalT-1. 

Results s 
ExpressionExpression of UGT and GalT-1 in CHOlec8 cells 
Inn order to study how UDP-galactose reaches the lumen of the ER, we used CH01ec8 cells as a 
modell  system. CH01ec8 cells display impaired UDP-galactose import into the Golgi apparatus 
(134).. They do not express endogenous GalT-1 (chapter 3) and therefore represent an ideal 
backgroundd for our study. We generated stable CH01ec8 cell lines expressing either rat-GalT-1 
orr the HA-tagged human UGT1 (UGT) by transfection. GalT-l-CH01ec8 cells expressed a 
proteinn with an apparent molecular mass of 54 kDa that was recognized by anti-GalT-1 
antiserumm 635 (chapter 3) on Western blots, and that was not found in the mock-transfected 
CH01ec88 and in the UGT-CH01ec8 cells (Figure 1 A). In a previous study we identified the 54-
kDaa band as GalT-1 (chapter 3). UGT-CH01ec8 cells expressed the HA-tagged UGT as a 
proteinn with an apparent molecular mass of 36 kDa, close to that of hUGTl (231), 
corroboratingg previous findings (238). It was specifically recognized by anti-HA antisera on 
Westernn blots (Figure 1A). In preliminary experiments we tried to obtain CHOIec8 cells that 
weree expressing both GalT-1 (hygromycin selection) and UGT (geneticin selection). For 
unknownn reasons, the obtained hygromycin and geneticin resistant colonies expressed UGT, 
butt no GalT-1 was detected by either Western blotting or by measuring GalT-1 activity. 
Possibly,, cells expressing high levels of UGT become resistant to hygromycin or high levels of 
GalCerr are toxic for these cells. We then decided to transiently transfect CH01ec8 and UGT-
CH01ec88 cells with GalT-1, and two days after transfection, comparable levels of GalT-1 
couldd be detected by Western blotting (Figure 1A) in both cell lines. The expression level of 
UGTT did not change significantly when UGT-CHO cells were transiently transfected with 
GalT-1. . 

UDP-galactoseUDP-galactose import in ER and Golgi 
Ass a measure of UDP-galactose import into the ER lumen and into the lumen of the Golgi, we 
measuredd the synthesis of GalCer and sialyllactosylceramide (GM3), respectively, from 
[[  Qacetate for 3 d. GalT-1 is exclusively present in the ER, and was not detected in the Golgi 
(chapterr 3). GlcCer is converted to lactosylceramide (LacCer) by the UDP-
galactose:glucosylceramide>9-l,4-galactosyltransferasee (GalT-2; 239) in the lumen of the Golgi 
(122,, 240), and is then rapidly converted to GM3 by the CMP-NeuAc: LacCer 
sialyltransferase.. UGT-CH01ec8 cells contained 3.4 times more GM3 than CH01ec8 cells, 
indicatingg that UDP-galactose import in the Golgi was restored (Figure IB, C). CH01ec8 cells 
transientlyy transfected with GalT-1 synthesized only minor amounts of GalCer. Strikingly, 
whenn UGT-CH01ec8 cells were transiently transfected with GalT-1, they synthesized more 
GM3,, like the UGT-CH01ec8 cells themselves, but in addition they synthesized 35 times more 
GalCerr and galactosyldiglycerides than CH01ec8 cells that were transiently transfected with 
GalT-11 alone (Figure IB, C). These data indicate that GM3 synthesis required the presence of 
UGT.. Synthesis of GalCer required GalT-1 and, in addition, the Golgi UDP-galactose 
transporterr UGT. 
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FigureFigure 1: Functional expression ofUGT and GalT~l in CHOlecS cells 
A:A: CH0lec8 cells were stably (St) transfected with HA-hUGTl-pMKIT-neo (UGT) or empty 
vectorvector (-). In addition, the cells were stably (St) or transiently (Tr) transfected with either 
GalT-l-pCB7GalT-l-pCB7 or empty vector (-). 20 fig of protein of the membrane fraction of a PNS of the 
cellscells was resolved on 10% SDS-polyacrylamide gels followed by Western blot detection with 
anti-HAanti-HA antiserum (aUGT) and anti-GalT-1 antiserum (aGalT-1). The position of the 
molecularmolecular weight standards (in kDa) is indicated on the right. B: CH0lec8 and UGT-CH0lec8 
cellscells were transiently transfected with GalT-1 and labeled with [14C]acetate for 3 d. Lipids 
werewere extracted, separated by 2D-TLC and exposed to a phosphor-imaging screen as described. 
TypicalTypical TLCplates are shown. Numbers indicate sphingolipid spots decribed in C. In CH0lec8 
cellscells expressing both UGT and GalT-1 also galactosyldiglycerides were detected (spot 5). (O) 
isis origin. C: Radiolabeled lipid spots were quantitated by phosphor-imaging using Imagequant 
softwaresoftware and expressed as a percentage of total radiolabeled lipids. Data are means of 2 
independentindependent experiments (n=4). SD was less than 1% of total radiolabeled lipids. 

Too discriminate between the possibility that UDP-galactose import in the ER was due to the 
presencee of a transporter in the ER, and the possibility that the import required vesicular 
transportt between Golgi and ER, the activity of GalT-1 and GalT-2 was measured in a 
postnuclearr supernatant, which does not support vesicular traffic. When cellular membranes 
weree permeabilized with saponin, the specific activity of both GalT-1 and GalT-2 was 
comparablee between cells with or without UGT, indicating that the cells expressed comparable 
amountss of these enzymes (Table 1). In intact membranes, the apparent GalT-2 activity in 
membraness from CH01ec8 and GalT-l/CH01ec8 cells was 3-fold lower than from the 
correspondingg cells expressing UGT, indicating that UGT restored UDP-galactose import in 
thee Golgi. Similarly, the apparent activity of GalT-1 in membranes from GalT-l/CH01ec8 cells 
wass 4-fold lower than from the same cells expressing UGT, indicating that the expression of 
UGTT relieved the block in UDP-galactose in the ER vesicles. The activity of the UDP-
glucosexeramideglucosyltransferasee (GlcT) with its active center on the cytosolic surface of 
thee Golgi (197, 199, 241) was similar, corroborating that the same amounts of the lysates were 
used. . 

Cells s 

GalT-11 + saponin" 
GalT-1 1 
GalT-22 + saponin 
GalT-2 2 

CH01ec8 8 

NDb b 

ND D 
26 6 
11 1 

EnzymeEnzyme activity (pmol/mg protein 
CH01ec8 8 
++ GalT-1 
9 9 
7 7 
28 8 
9 9 

UGT-CH01ec8 8 

ND D 
ND D 
29 9 
35 5 

.h) .h) 
UGT-CH01ec8 8 
++ GalT-1 
8 8 
28 8 
27 7 
33 3 

TableTable 1: Lipid glycosylation in postnuclear supernatants 
"Postnuclear"Postnuclear supernatants prepared from CHOlec8 and UGT-CHOlec8 cells transiently 
transfectedtransfected with GalT-l-pCB7 and empty vector were analyzed for GalT-1 and GalT-2 activity 
onon exogenous NBD-Cer and NBD-GlcCer, respectively, in the presence of UDP-galactose and 
inin the presence or absence of saponin. The addition of UDP-glucose to the GalT~l assay 
allowedallowed the simultaneous measurement of the activity ofCGlcT NBD-GlcCer synthesis (on the 
cytosoliccytosolic surface) was similar for all cell lines, 380  pmol/mg protein.h. Activities were 
determineddetermined in at least 2 independent experiments with similar results. A representative 
experimentexperiment is shown (n=2, range is less than 20% of signal). bND, not detectable: a fluorescent 
signalsignal corresponding to less than 0.5 pmol/mg protein.h. 
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CellularCellular localization ofUGTand GalT-1 
Thee findings in GalT-1 expressing cells that UGT is required for efficient GalCer synthesis and 
thatt in vitro UDP-galactose can be imported in the ER, indicated that the Golgi UGT is 
responsiblee for UDP-galactose import in the ER. To see whether UGT is present in the ER, the 
distributionn of UGT was investigated by subcellular fractionation on sucrose gradients (Figure 
2).. Esterase and GlcT activity were used as ER and Golgi marker, respectively (Figure 2A). In 
UGT-CH01ec88 cells, UGT located to Golgi fractions (Figure 2C) as did GalT-2 activity (not 
shown),, confirming earlier work (122, 229, 231, 240). In UGT-CH01ec8 cells transfected with 
GalT-1,, GalT-1 and its activity located to ER fractions (Figure 2B and 2C). Transfection with 
GalT-11 did not result in a shift of GalT-2 activity to ER fractions (Figure 2B). In contrast, 
transfectionn with GalT-1 led to a partial shift of UGT from Golgi to ER fractions (Figure 2C). 

Alternatively,, we studied the cellular localization of UGT in the presence or absence of GalT-1 
byy double-label immunofluorescence microscopy (Figure 3). The staining pattern of GalT-1 in 
GalT-l/CH01ec88 cells nearly completely overlapped with the diffuse reticular ER and nuclear 
envelopee staining of PDI, a resident protein of the ER lumen and intermediate compartment 
(209;; Figure 3A, B). The staining pattern of UGT in UGT-CH01ec8 cells completely 
overlappedd with the distribution of the cis/medial Golgi marker CTR433 (210). Hardly any 
signall  of UGT was found outside the Golgi area (Figure 3C, D). This also shows that the C-
terminall  HA-tag on UGT did not interfere with the signal in the UGT that is responsible for its 
localizationn to the Golgi. In UGT-CH01ec8 cells transiently transfected with GalT-1, the 
stainingg pattern of GalT-1 was the same as in GalT-l/CHOlec8 cells. Strikingly, the 
distributionn of UGT was changed in those UGT-CH01ec8 cells that expressed GalT-1: a 
significantt portion of UGT was found outside the Golgi area and had a diffuse reticular 
stainingg pattern, overlapping the GalT-1 signal (Figure 3E, F). The cellular localization of UGT 
inn neighboring cells, that did not express GalT-1, was restricted to the Golgi. To exclude the 
possibilityy that the antibodies used for UGT localization, anti-HA (3F10) and anti-rat-(Texas 
red),, could cross react with GalT-1 or with the antibodies used to label GalT-1, anti-GalT-1 
andd anti-rabbit-FITC, we transiently transfected CH01ec8 cells (not expressing the UGT) with 
GalT-11 and stained for GalT-1 and UGT as in Figure 3E, F. A strong reticular signal of GalT-1 
wass found in the "green" channel, whereas as no significant signal was detected in the "red" 
channel,, demonstrating that there is no bleed-through from the green into the red channel, nor 
cross-reactivityy of the antibodies used for UGT labeling (not shown). 

InteractionInteraction between UGT and GalT-1 
Onee mechanism by which UGT could be specifically retained in the ER of those cells that 
expresss GalT-1 is that the two proteins oligomerize, after which ER retention would be 
mediatedd by the -KKV K signal in GalT-1. To investigate this possibility, we tested whether 
UGTT could be immunoprecipitated with GalT-1 from detergent lysates. After precipitation of 
GalT-11 from GalT-1 transfected UGT-CH01ec8 cells, the immunoprecipitates were separated 
byy SDS-PAGE and blotted with anti-HA antibody to detect UGT. As shown in Figure 4A, 
UGTT was co-immunoprecipitated by anti-GalT-1 antibodies from UGT-CH01ec8 cells that 
weree transfected with GalT-1, but not from mock-transfected cells. This shows that GalT-1 
associatess with UGT. It was tested whether the two proteins were disulfide-linked by 
performingg the whole experiment and the SDS-PAGE under non-reducing conditions. When 
UGTT and GalT-1 would be covalently linked one would expect a protein band with an apparent 
molecularr mass of >90 kDa that is recognized by anti-HA antibodies on Western blots. 
However,, no high molecular weight complex was detected, indicating that the interaction 
betweenn UGT and GalT-1 is not mediated by disulfide bridges. 
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FigureFigure 2: Subcellular fractionation of UGT-CHOlec8 cells 
A:A: A postnuclear supernatant of UGT-CHOlec8 cells was subfractionated on 0.7-1.5 M linear 
sucrosesucrose gradients. Fractions were analyzed for different enzyme activities, expressed as 
percentagepercentage of maximum activity. The position of the ER was determined by esterase activity 
(closed(closed triangles) and by Western blotting with an anti-calreticulin antibody (not shown). The 
positionposition of the Golgi was determined by measuring CGlcT activity (open squares). Enzyme 
profilesprofiles were determined in at least 2 independent experiments with identical results. The 
curvescurves represent typical experiments. B: The subcellular localization of GalT-1 (closed 
diamonds)diamonds) and GalT-2 (open circles) was determined in UGT-CHOlec8 transiently transfected 
withwith GalT-1. No difference in enzyme profiles of marker enzymes and GalT-2 was observed 
betweenbetween the UGT-CHOlec8 transiently transfected with empty vector and GalT-1 (not shown). 
C:C: The localization of UGT and GalT-1 was determined in UGT-CHOlec8 transiently 
transfectedtransfected with empty vector (Mock) or GalT-1 by Western blotting using antiserum Y-l 1 
(aUGT)(aUGT) and 635 (aGalT-1) to detect UGT and GalT-1, respectively. 
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FigureFigure 3: Cellular localization ofUGT 
andand GalT-1 
ToTo determine the cellular localization 
ofof GalT-1, GalT-l-CHOlec8 (A, B) 
werewere fixed, and labeled with affinity-
purifiedpurified rabbit anti-GalT-1 antiserum 
(chapter(chapter 3; A) and mouse anti-PDI 
antibodyantibody as an ER marker (B). Cells 
werewere counterstained with FITC-labeled 
goatgoat anti-rabbit (A), Texas red-labeled 
goatgoat anti-mouse (B). To determine the 
localizationlocalization of UGT fixed UGT-
CHOlec8CHOlec8 (C, D) were labeled, rabbit 
anti-HAanti-HA antiserum to detect HA-tagged 
UGTUGT (C) and mouse anti-CTR433 
antibodyantibody as a Golgi marker (D). Cells 
werewere counterstained as above. To 
determinedetermine the effect of GalT-1 
expressionexpression on the localization of UGT, 
UGT-CH0lec8UGT-CH0lec8 cells transiently 
transfectedtransfected with GalT-1 (E, F), fixed 
andand labeled with rabbit anti-GalT-1 (E) 
andand rat anti-HA antibody to detect 
UGTUGT (F). Cells were counterstained 
withwith FITC-labeled goat anti-rabbit (E), 
andand Texas red-labeled goat anti-rat 
(F).(F). Coverslips were analyzed in the 
greengreen (A, C, E) or red (B, D, F) 
channelchannel of a confocal laser scanning 

fluorescencefluorescence microscope. The antibodies used to localize hUGTI did not cross-react with 
GalT-1GalT-1 or with any reagent used to localize GalT-1 (not shown). Bar is 10 fim. 

InteractionInteraction between UGT and UDP-galactose:protein fi-1,4-galactosyltransferase 
Thee finding that GalT-1 retains UGT in the ER by a direct interaction but that part of the UGT 
wass still localized to the Golgi, suggested that localization in the Golgi may be caused by 
interactionss of UGT with Golgi galactosyltransferases. We therefore studied whether UGT 
interactss with the UDP-galactose:protein 6-1,4-galactosyltransferase (PGalT) by testing 
whetherr artificial retention of this Golgi transferase in the ER would induce ER retention of 
UGT.. The human PGalT was retained in the ER by exchanging its cytoplasmic tail for the 
cytoplasmicc tail of the light invariant chain p33 (p33-PGalT; 242). Western blot analysis 
showedd that p33-PGalT was expressed as a 50 kDa protein, and that it did not affect the 
expressionn level of UGT in UGT-CH01ec8 cells (not shown). The light invariant chain p33 
alonee and p33-PGalT gave a staining pattern typical for the ER, staining of the nuclear 
envelopee and a diffuse reticular network pervading the entire cytoplasm (Figure 5A, C). The 
distributionn of p33-PGalT nearly completely overlapped with staining pattern of the ER marker 
PDII  (not shown), confirming the previous finding that PGalT retained in the ER when grafted 
onn the cytoplasmic tail of the light invariant chain p33 (242). In UGT-CH01ec8 cells 
transfectedd with either light invariant chain or p33-PGalT, UGT remained fully localized to the 
Golgii  (Figure 5B, D). In a parallel experiment, cells were transfected with GalT-1. Here, part 
off  the UGT redistributed to the ER. In addition, UGT could not be co-immunoprecipitated with 
p33-PGalTT using similar conditions as for GalT-1 (Figure 5E, F). Thus, we found no 
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indicationss that human PGalT interacts with human UGT, suggesting that UGT by itself 
possessess a Golgi localization signal. 
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FigureFigure 4: Co-immuno-
precipitationprecipitation of UGT and 
galactosyltransferases galactosyltransferases 
TwoTwo days after transfection 
withwith GalT-1 (A, B) or p33-
PGalTPGalT (B), UGT-CHOlec8 
cellscells were lysed in lysis 
bufferbuffer containing different 
detergents.detergents. A fraction of 
eacheach detergent lysate was 
usedused to determine relative 
amountsamounts of UGT by 
WesternWestern blotting using the 
rabbitrabbit anti-HA antiserum 
(WB:(WB: aUGTp). From the 
remainder,remainder, GalT-1 and 
p33-PGalTp33-PGalT were adsorbed 
toto protein A-sepharose with 
antiseraantisera against GalT-1 
(IP:(IP:  aGalT-1) and inva-
riantriant chain (IP: ap33-
PGalT),PGalT), respectively. 
ImmunoprecipitatesImmunoprecipitates were 
subjectedsubjected to SDS-PAGE 
andand Western blotting. Co-
immunoprecipitatedimmunoprecipitated UGT 
waswas detected using rat anti-
HAHA anti-body WB: 
aUGTm).aUGTm). The position of 
thethe protein standards (in 
kDa)kDa) are indicated on the 
right. right. 

Discussion n 
ExpressionExpression of galactosyltransferases 
Thee galactosylation of newly synthesized proteins occurs exclusively in the lumen of the Golgi 
off  all mammalian cells by the membrane-bound PGalT (243). Likewise, the simple 
glycosphingolipidd GlcCer which is synthesized on the cytosolic Golgi surface is partially 
convertedd to LacCer by the membrane-spanning GalT-2 in the Golgi lumen (122, 240, 244). 
Furtherr modification to complex glycosphingolipids may involve a number of other lipid 
galactosyltransferases,, that are cell type specific but always restricted to the Golgi lumen. 
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Glycosylationn of lipids and proteins occurs in a highly regulated manner (245). A number of 
thee enzymes involved in the synthesis of complex N-glycans have been precisely localized and 
showw distinct, but overlapping distributions in the Golgi that are consistent with their order in 
thee glycoprotein biosynthetic pathway (246). The galactosyltransferases PGalT, GalT-2, GalT-
3,, and GalT-4 have been located to late Golgi by immunofluorescence (PGalT; 247) and cell 
fractionationn (240, 248, 249). It is unclear whether all other galactosyltransferases are located 
too the late Golgi as well. GalT-1 is the only enzyme known to utilize UDP-galactose in the ER 
lumen.. It produces GalCer from ceramide on the lumenal aspect of the ER (chapter 3). Only 
cellss expressing GalT-1 require UDP-galactose import in the ER. GalT-1 is only expressed in 
specializedd cells such as myelinating cells, spermatogonia and, depending on the mammalian 
species,, in various epithelial cell types (122, 125, 126, 132, 133). 

FigureFigure 5: Cellular localization ofVGT 
andand an ER construct of the PGalT 
UGT-CHOlec8UGT-CHOlec8 cells were transiently 
transfectedtransfected with invariant chain (A, B), 
p33-PGalTp33-PGalT (C, D) and GalT-1 (E, F), 
fixed,fixed, and labeled with rabbit anti-
invariantinvariant chain (A, C), and affinity-
purifiedpurified rabbit anti-GalT-1 antisera 
(E),(E), and rat anti-HA antibody (B, D, F) 
toto detect HA-tagged UGT. Cells were 
counterstainedcounterstained with FITC-labeled goat 
anti-rabbitanti-rabbit (A, C, E) or Texas red-
labeledlabeled goat anti-rat (B, D, F). 
CoverslipsCoverslips were analyzed by confocal 
fluorescencefluorescence microscopy. Bar is 10 fim. 
UGTUGT is retained in the ER in cells 
expressingexpressing GalT-1 (F), but not in cells 
expressingexpressing invariant chain (B) or p33-
PGalT(D). PGalT(D). 

ExpressionExpression and cellular localization of 
UGT UGT 
Consistentt with a housekeeping role for 
UGTT in glycoconjugate biosynthesis, its 
mRNAA is ubiquitously expressed. Two 
isoformss of the human UGT, hUGTl 
andd hUGT2, derived from the same 
genee by alternative splicing, have been 
identifiedd (230). Whether they differ in 

functionn or tissue expression and whether other mammals also have more than one isoform, 
remainss to be resolved. Studies on UDP-galactose import have generally used cells that did not 
expresss GalT-1 and found UGT and its activity restricted to the Golgi (212, 229-234). The 
precisee localization of UGT in the Golgi has not been resolved yet, but it is expected to follow 
thee cellular localization of galactosyltransferases. The mechanisms that determine the steady 
statee distribution of Golgi transferases and nucleotide-sugar transporters are not fully 
understoodd (56, 250, 251). The fact that many cells do not express GalT-1 allowed us to study 
thee role of GalT-1 on the intracellular localization of UGT. 

52 2 



UDP-galactoseUDP-galactose import in ER and Golgi 
Too distinguish between UDP-galactose import in the ER and Golgj, we measured the synthesis 
off  GalCer and that of GM3 as a measure of LacCer synthesis. While the GalT-1 yielding 
GalCerr exclusively acts in the ER lumen (chapter 3), GalT-2 and SAT-1 are oriented towards 
thee lumen of the Golgi (122, 240, 244). UDP-galactose import was measured indirectly, as the 
galactosee incorporation into lipids depended on the availability of the precursor lipids, 
ceramidee for GalCer and GlcCer for LacCer and GM3. Cells synthesizing high levels of 
GalCerr synthesized less GlcCer, since both utilize ceramide as a substrate, which led to an 
underestimatee of the subsequent synthesis of LacCer and GM3 (Figure 1C). However, the 
effectt of the presence of UGT on galactose incorporation was sufficiently large to allow the 
unequivocall  conclusion that the presence of UGT was required for the synthesis of GalCer 
(Figuree 1C). In vitro experiments on cells transfected with GalT-1 had already shown that 
CH01ec88 cells, in addition to a defect in Golgi UDP-galactose import, have impaired UDP-
galactosee import in the ER as compared to CHO cells (chapter 3). Here, we show that 
transfectionn with UGT restored the UDP-galactose import in the ER (Table 1). 

InteractionInteraction between UGT and galactosyltransferases 
Inn the present study, we have discovered that UGT oligomerizes with GalT-1 (Figure 4), and 
thatt this results in retention of UGT in the ER (Figures 3E, F and 5 E, F), most likely via the -
KKVKK ER-retention signal in GalT-1. The nature and stochiometry of their interaction is 
unclear.. No disulfide bridges between the two proteins were found, and although both proteins 
havee a leucine zipper, current data indicate that the leucine zipper of UGT is oriented to the 
cytosoll  whereas the leucine zipper of GalT-1 is in the ER lumen. The proteins may interact via 
theirr transmembrane domains, or indirectly, via a third protein. GalT-1 is a member of the large 
familyy of the glucuronosyltransferases (132, 133). No UDP-glucuronic acid transporter has 
beenn identified. Instead, it was proposed that heterodimerization of two glucuronosyl-
transferasess may lead to the formation of a channel. Alkaline pH disassembled the dimers and 
abolishedd the channel activity. This would suggest that the channel is formed by the two 
subunitss (252), a property that is most certainly not present in GalT-1 (Figure 1C). 
Alternatively,, the complex may include a separate transporter that depends on oligomerization 
forr activity. 

Inn cells expressing GalT-1, the shift of UGT to the ER was partial, indicating that not all UGT 
associatedd with GalT-1. What would be the mechanism driving UGT to the Golgi ? UGT may 
containn an intrinsic Golgi retention signal or it may interact with Golgi proteins. We detected 
noo interaction between UGT and PGalT tagged with p33, but we cannot exclude 
oligomerizationn of UGT with endogenous PGalT in the Golgi. One striking difference between 
GalT-11 and other galactosyltransferases like PGalT is the membrane topology. GalT-1 is a type 
II  membrane protein, whereas Golgi glycosyltransferases are typical type II membrane proteins 
withh a single transmembrane span (253). The late Golgi glycosyltransferases PGalT and a 1,2-
fiacosyltransferasefiacosyltransferase were found to occur as monomers and dimers, respectively, while the medial 
Golgii  N-acetylglucosaminyltransferases I and II were found to occur in high molecular weight 
complexess (242, 254). 

Too our knowledge, we describe for the first time an interaction between a nucleotide-sugar 
transporterr and one of its transferases. Future work will have to show what are the molecular 
determinantss of this binding. It will be interesting to see what determines the Golgi localization 
off  UGT, and whether UGT interacts with PGalT or one of the other galactosyltransferases. 
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Material ss and methods 
Materials Materials 
[l- 14C]aceticc acid (1.8 GBq/mmol) was from Amersham (Buckinghamshire, UK). Bovine 
serumm albumin (BSA, fraction V), UDP-galactose, UDP-glucose and lipid standards were from 
Sigmaa (St. Louis, MO). Digitonin and octylglucoside were from Calbiochem (La Jolla, CA). 
NBD-ceramidee was from Molecular Probes (Eugene, OR). NBD-GlcCer was synthesized from 
NBD-hexanoicc acid (Sigma) and 1-yff-D-glucosylsphingosine (Sigma) as described (255), 
purifiedd by 2D-TLC as described (chapter 2), and quantified spectrophotometrically at Lex = 
4655 nm and Lem = 540 nm. M. Bomens (Institute Curie, Paris, France) kindly provided the 
mousee monoclonal antibody against the cis/medial Golgi marker CTR433 (210). The mouse 
monoclonall  antibody 1D3 against protein-disulfide isomerase (PDI) was kindly provided by 
Stephenn Fuller (EMBL, Heidelberg, Germany). FITC-labeled goat anti-rabbit, Texas red-
labeledd goat anti-mouse and goat anti-rat antibodies were obtained from Jackson 
ImmunoResearchh Laboratories, Inc. (West Grove, PA). Goat anti-rabbit and rabbit anti-rat 
antibodiess coupled to horseradish peroxidase were from DAKO (Glostrup, Denmark). A rabbit 
polyclonall  antiserum Y-l l against the HA-epitope was purchased from Santa Cruz 
Biotechnologyy (Santa Cruz, CA). The rat monoclonal antibody 3F10 against the HA-epitope 
wass from Boehringer (Mannheim, Germany). Rabbit antibodies against the N-terminus of 
humann invariant chain p33, ICN1 (256), were a kind gift of Monique Kleijmeer (Institute of 
Biomembraness and Center for Biogenetics, Utrecht, The Netherlands). The rabbit antiserum 
6355 recognizing the N-terminus of GalT-1 has been described (chapter 3). 

Plasmids Plasmids 
cDNAA of rat GalT-1 was released with fiufdIII  and Xbal from GalT-l-pcDNA3 (123) and 
insertedd in pCB7 (257) cut with the same enzymes. pcDNA3 was from Invirogen (Leek, The 
Netherlands).. Human light invariant chain p33 and p33-PGalT have been described previously 
(242).. A plasmid with the human UGT1 bearing an Influenza virus hemagglutinin epitope at 
thee C-terminus (HA-hUGTl-pMKIT-neo) was described before (238). 

CellCell culture and transfection 
Chinesee hamster ovary lec8 cells (CH01ec8 cells; ATCC, Rockville, MD) were grown in 
Dulbecco'ss modified Eagle's medium (DMEM), containing 10% fetal calf serum and were 
maintainedd at 37°C with 5% C02. CH01ec8 cells were transfected with the rat GalT-1, GalT-1-
pCB7,, the HA-tagged human UGT1, HA-UGT-pMKIT-neo, and the empty vectors pCB7 and 
pcDNA33 using the calcium phosphate precipitation procedure (216). Transfectants were 
culturedd in DMEM containing 10% fetal calf serum and 200 U/ml hygromycin B or 0.6 mg/ml 
geneticin.. Stable cell lines were obtained by subcloning individual colonies. Positive clones 
weree selected by immunofluorescence microscopy, and expression was subsequently tested by 
Westernn blotting. Transient transfections were performed with 350 ng of plasmid DNA per cm2 

tissuee culture dish, using calcium phosphate precipitation. Cells were assayed 2-3 days 
followingg transfection. Protein expression was induced by 5 mM sodium butyrate (Fluka, 
Buchs,, Germany) 14-16 h prior to all experiments. 

SubcellularSubcellular fractionation and determination of enzyme activities 
Thee fractionation was performed on ice or at 4°C. Cells were washed, and allowed to swell in a 
loww salt buffer (10 mM Hepes-NaOH, 15 mM KC1, 1.5 mM MgCl2, pH 7.2) for 15 min. Cells 
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weree scraped, pelleted and homogenized in the same buffer by 15 passages through a 25G5/8 
needle.. A PNS was obtained by a 10 min SOOgm» spin. The membrane fraction was prepared 
byy ultracentrifugation in a SW41 rotor for 1 h at 265,000gnsx. For subcellular fractionation, a 
PNSS was applied to the top of a linear sucrose gradient (0.7-1.5 M sucrose, in 1 mM EDTA, 10 
mMM Hepes-NaOH pH 7.2), and the 11 ml gradient was spun in a SW41 rotor for 3 h at 
265,000gmax(122).. Fractions were collected from the bottom of the gradient. Enzyme activities 
off  CGlcT and GalT-1 were determined in 250 ul of each fraction in the presence of 10 nmol 
NBD-ceramide,, 1% w/v BSA, 2 mM MnCl2, 2 mM UDP-glucose and UDP-galactose. To 
monitorr the synthesis of LacCer, fractions were incubated in the presence of 10 nmol NBD-
GlcCer,, 1% w/v BSA, 2 mM MnCl2, and 2 mM UDP-galactose at 37°C in a total volume of 
5000 ul. When enzyme activities were determined directly on the PNS, samples were pre-
incubatedd in the absence or presence of 0.5% (w/v) saponin for 30 min. All activities were 
measuredd in the linear range of the assay, and it was ensured that concentrations of substrates 
NBD-Cer,, NBD-GlcCer and UDP-glucose and UDP-galactose were saturating. Lipids were 
extractedd and separated as described (122), and quantified on a Storm 860 (Molecular 
Dynamics,, Sunnyvale, California). A series with different amounts of NBD-Cer was taken 
alongg to determine the absolute amount of NBD-lipids. Protein concentration was determined 
byy the BCA method (Pierce, Rockford, IL). Esterase activity was used as an ER marker and 
wass performed as described (258). The distribution of proteins was determined by Western 
blotting. . 

ImmunofluorescenceImmunofluorescence microscopy 
Cellss were grown on coverslips to 30-50% confluency. The cells were fixed with 3% 
paraformaldehydee and quenched in PBS containing 50 mM NH4CI. Cells were then 
permeabilizedd and blocked for 1 h in PBS, 0.5% bovine serum albumin, 0.1% saponin 
(blockingg buffer) and subsequently labeled with mixtures of primary antibodies in blocking 
buffer.. The coverslips were washed for 45 min in blocking buffer with three buffer changes. 
Coverslipss were incubated with 10% goat serum in blocking buffer for 20 min and 
subsequentlyy counterstained for 30 min with fluorescently labeled secondary goat antibodies at 
1:500 dilutions in blocking buffer. The coverslips were then washed in blocking buffer for 45 
minn with three buffer changes, rinsed briefly in PBS and then water, and finally mounted in 
Mowioll  4-88 (Calbiochem, La Jolla, CA) containing 2.5% l,4-diazabicyclo[2.2.2]octane 
(Sigma,, St. Louis, MO). The cells were examined with a Leica confocal microscope (Leica, 
Heidelberg,, Germany) using separate filters for each fluorochrome viewed (FITC: Lex = 488 
nmm and Lem = 515 LP; Texas red: Lex = 568 nm and Lem = 585 LP). Single-labeled cells with 
eachh primary/secondary antibody combination were examined, which showed that no bleed-
throughh nor any cross-reactivity occurred for the given confocal conditions. Images were 
importedd into Adobe PhotoShop 4.0, and printed on a Tektronix dye sublimation printer. 

MetabolicMetabolic labeling of cellular lipids 
Subconfluentt cells on 3-cm dishes were transfected with GalT-l-pCB7 or the empty vector, 
andd were incubated with 1.5 ml culture medium containing [l- ,4C]acetic acid (37 kBq/ml) for 
722 h. Cells were washed three times with ice-cold PBS. Lipids were extracted and separated by 
twoo dimensional thin layer chromatography as described previously (chapter 2), but using 
chloroform/methanol/25%% NH4OH (65: 25: 4 v/v) as the first running solvent. Radiolabeled 
spotss were detected by exposure to phosphor-imaging screens (Amersham) and read out on a 
STORMM 860 phosphor-imager. Spots were identified by comparison to standards and 
quantifiedd using the Imagequant Software (Molecular Dynamics, Sunnyvale, California). 
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Co-immunoprecipitationCo-immunoprecipitation of UGT and galactosyltransferases 
Thee complete experiment was performed on ice or at 4°C. UGT-CH01ec8 cells transiently 
transfectedd with GalT-l-pCB7, p33-PGalT, and empty vector were washed, scraped, and 
pelletedd in low salt buffer. Cell pellets were resuspended in lysis buffer (50 mM Hepes-NaOH 
pHH 7.2, 100 mM NaCl, 1 fig/ml protease inhibitors aprotinin, chymostatin, leupeptin, and 
pepstatinn A, and either 1% digitonin, 1% octylglucoside or 1% Triton X-100) and centrifuged 
att 20,000 g for 5 min. A fraction of each detergent lysate was used to determine relative 
amountss of UGT by Western blotting using the rabbit anti-HA antiserum. The remainder was 
incubatedd with rabbit anti-GalT-1 antiserum, and rabbit anti-p33-PGalT antiserum ICN1, 
respectively,, adsorbed to protein A-sepharose CL-4B for 1 h, and washed 4 times with 
correspondingg lysis buffer. Washed immunoprecipitates were resuspended in sample buffer 
(chapterr 2), incubated 10 min at room temperature and 30 min at 50°C, and subjected to SDS-
PAGEE and Western blotting using rat anti-HA antibody 3F10. In the test for the presence of 
disulfide-bondedd oligomers, the whole procedure was performed both in the presence and in 
absencee of 20 mM N-ethylmaleimide, an alkylating agent that prevents artificial disulfide bond 
formation. . 

SDS-PAGEandSDS-PAGEand Western blotting 
SDS-polyacrylamidee gel electrophoresis and Western blotting were performed as described 
previouslyy (chapter 3), except that samples containing UGT were incubated 10 min at room 
temperaturee and 30 min at 50°C. 
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