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It is accepted that glycosyltransferase-generated nucleoside
diphosphates are converted to monophosphates in the secretory
pathway by nucleoside diphosphatases (NDPases) to provide sub-
strates for antiport transport systems by which entrance of nucleo-
tide sugars from the cytosol into the lumen is coupled to exit of
nucleoside monophosphates. Working with Saccharomyces cerevi-
siae mutants affected in anterograde and/or retrograde endoplas-
mic reticulum (ER)-Golgi vesicular traffic and/or defective in one or
both secretory pathway (Golgi) NDPases, we show that UDP-Glc:
glycoprotein glucosyltransferase-mediated glucosylation is not
dependent on the presence of NDPases or on ER-Golgi vesicular
traffic and thatGDP-Man-dependentN- andO-mannosylations are
reduced but not abolished in the absence of NDPases in the secre-
tory pathway. Further, the absence of themainMan-1-P transferase
(a Golgi GMP-generating enzyme) does not modify the limited
mannosylation observed in the absence of NDPases. Based on these
results and on available additional information, we suggest that in
the absence of NDPases, the already characterized nucleotide sugar
transporters allow entrance of nucleotide sugars into the luminal
compartments and that resulting nucleoside diphosphates exit to
the cytosol by a still unknown mechanism. Further, an unexpected
side result suggests that formation of Ser/Thr-Man2 may occur in
the ER and not exclusively in the Golgi.

Almost all nucleotide sugar-dependent glycosyltransferases in the
secretory pathway generate nucleoside diphosphates (NDPs)2 that are
converted, via nucleoside diphosphatase (NDPase) activities, to nucle-
oside monophosphates (NMPs) to relieve inhibition of the transferring
enzymes and to provide substrates for antiport transport systems by
which entrance of nucleotide sugars from the cytosol into the lumen of
the secretory pathway is coupled to exit of NMPs (1).
Several secretory pathway NDPases have been described already.

There are two enzymes displaying such enzymatic activity in Saccharo-
myces cerevisiae, a GDPase/UDPase and an apyrase (denominated
Gda1p and Ynd1p, respectively) (2, 3). Apyrases differ from proper

NDPases, since the former are able to degrade not only NDPs but also
triphosphates. Both enzymatic activities localize to the Golgi, not a sur-
prising finding, since no nucleotide sugar-dependent glycosyltrans-
ferases have been described in the S. cerevisiae endoplasmic reticulum
(ER) so far. Irrespective of their cellular origin, all enzymes able to
hydrolyze NDPs (NDPases proper and apyrases) share four highly sim-
ilar sequences that are referred to as apyrase conserved regions. Analysis
of the S. cerevisiae genome showed thatGda1p andYnd1pwere the only
secretory pathway enzymes displaying those sequences (3). Three
NDPases have been described so far in the mammalian cell secretory
pathway, a Golgi apyrase and two ER GDPase/UDPases (soluble and
membrane-bound) (4–7). The ER soluble enzyme is functional with
Ca2�, Mg2�, or Mn2�, whereas the insoluble enzyme strictly requires
the first cation for activity. It is worth mentioning that at least two
nucleotide sugar-dependent glycosyltransferases have been described
in the mammalian cell ER, the UDP-Glc:glycoprotein glucosyltrans-
ferase (GT) an enzyme involved in glycoprotein folding quality control
that is also expressed in Schizosaccharomyces pombe and other fungi but
not in S. cerevisiae, and the glucuronosyltransferase, that is expressed in
the liver of higher eukaryotes (8–11).
The presence of NDPase and nucleotide sugar-dependent glycosyl-

transferase activities in the mammalian cell ER and Golgi compart-
ments and the exclusive presence of the former activity in the S. cerevi-
siae Golgi (i.e. in the only secretory pathway compartment in which
glycosyltransferases and NDPases were known to occur in this yeast)
supported the notion that the presence of glycosyltransferase-generated
NDPs in a subcellular compartment necessarily implied the presence of
an enzyme able to hydrolyze them in the same compartment. However,
we have recently reported that the yeast S. pombe only displayed, the
same as S. cerevisiae, two NDPase activities in the secretory pathway (a
GDPase/UDPase and an apyrase) and that both localized to the Golgi
(12). This finding was rather surprising, since the fission yeast, contrary
to what happens in S. cerevisiae, displays a robust GT activity in the ER
that produces UDP (9, 12). It was suggested that perhaps ER-Golgi
vesicular traffic could be involved in the conversion of UDP to UMP,
thus providing antiportermetabolites forUDP-Glc entrance into the ER
lumen.
To study the entrance mechanism of nucleotide sugars into the yeast

secretory pathway in the absence of NDPases, we have now switched to
S. cerevisiae cells, since in them, contrary to what happens in S. pombe,
mutants lacking bothNDPase activities are viable (3, 12), andmoreover,
several S. cerevisiae conditional mutants affected in ER-Golgi and
Golgi-ER vesicular traffic are available. Synthesis and processing of
N-glycans in wild type S. cerevisiae cells involves transfer of
Glc3Man9GlcNAc2 from a dolichol-P-P derivative to protein in the ER
followed by deglucosylation and demannosylation to generate protein-
linked Man8GlcNAc2 (13). Further elongation of the glycan occurs in

* This work was supported by National Institutes of Health Grant GM44500 and Howard
Hughes Medical Institute Grant 55003687 and Agencia Nacional de Promoción Cien-
tı́fica y Tecnológica (Argentina) Grants 01-11264 and 03-14288. The costs of publica-
tion of this article were defrayed in part by the payment of page charges. This article
must therefore be hereby marked “advertisement” in accordance with 18 U.S.C. Sec-
tion 1734 solely to indicate this fact.

1 To whom correspondence should be addressed: Laboratory of Glycobiology, Fundación
Instituto Leloir, Avda. Patricias Argentinas 435, C1405BWE Buenos Aires, Argentina. Tel.:
5411-52387500 (ext. 3302); Fax: 5411-52387501; E-mail: aparodi@leloir.org.ar.

2 The abbreviations used are: NDP, nucleoside diphosphate; DMJ, 1-deoxymannojirimy-
cin; Endo H, endo-�-N-acetylglucosaminidase H; ER, endoplasmic reticulum; GT, UDP-
Glc:glycoprotein glucosyltransferase; KFN, kifunensin; NDPase, nucleoside diphos-
phatase; NMDNJ, N-methyldeoxynojirimycin; NMP, nucleoside monophosphate.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 280, NO. 49, pp. 40417–40427, December 9, 2005
© 2005 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

DECEMBER 9, 2005 • VOLUME 280 • NUMBER 49 JOURNAL OF BIOLOGICAL CHEMISTRY 40417



the Golgi and involves the addition of Man from GDP-Man. O-Glyco-
sylation is initiated in the ER upon transfer of Man residues from doli-
chol-P-Man (14). Further transfer of Man units from GDP-Man has
been assumed to occur exclusively in the Golgi. An additional process-
ing reaction, also occurring in theGolgi, is the transfer ofMan-1-P from
GDP-Man to bothN- andO-glycans. This last reaction generates GMP
as a by-product (15).
Results obtained show that entrance of UDP-Glc and GDP-Man into

the yeast secretory pathway, probably mediated by the already charac-
terized nucleotide sugar transporters, is not abolished in the absence of
ER-Golgi vesicular traffic or of NDPases in the secretory pathway,
although a lower extent of GDP-Man-dependent protein N- and
O-mannosylation was detected under the last condition. This implies
that there should be a transport mechanism allowing exit of NDPs from
the secretory pathway.

EXPERIMENTAL PROCEDURES

Materials—[14C]Glc (301 Ci/mol) was from PerkinElmer Life Sci-
ences. NDPs, protease inhibitors, supplements for culture media, lysing
enzyme, dithiothreitol, jack bean �-mannosidase, and endo-�-N-
acetylglucosaminidase H (Endo H) were from Sigma. N-Methyl-1-de-
oxynojirimycin (NMDNJ), 1-deoxymannojirimycin (DMJ), and kifu-
nensin (KFN)were fromToronto Biochemicals. Enzymes used forDNA
procedures were fromNew England Biolabs. Zymolyase 100Twas from
Seikagaku Kogyo Co. Yeast culture media were from Difco, and amino
acids and supplements for culture media were from Sigma.

Strains and Media—The Escherichia coli strains used were DH5� or
JA226. Bacteria were grown in LB medium (0.5% NaCl, 1% Tryptone,
0.5% yeast extract), with 100 �g/ml ampicillin if necessary. S. cerevisiae
cells were grown in YPDAmedium (1% yeast extract, 2% bactopeptone,
2% Glc, 20 mg/liter adenine) or SD medium (0.67% yeast nitrogen base
without amino acids, 2% Glc) containing required supplements (ade-
nine, uracil, tryptophan, and histidine at 20 mg/liter; leucine and lysine
at 30 mg/liter). Solid media were made with 2% agar. S. cerevisiae
mutants G2-12 and PRY225-3, RSY263, XHW13, and MLY101 were
kindly provided by C. Abeijón (Boston University), R. Schekman (Uni-
versity of California, Berkeley), Y. Jigami (National Institute of Bio-
science and Human Technology, Ibaraki, Japan), and H. Pelham (Med-
ical Research Council, Cambridge, UK), respectively. Yeast strains used
in this study are summarized in TABLE ONE.

Strains Constructed via Tetrad Dissection of Diploids—ASY-7B,
ASY2-14B and AS-15C were obtained by mating PRY225-3 with
RSY263 in YPDA. Diploid cells were selected in SD solid medium at
37 °C. Stationary phase cultureswerewashed twicewith 0.3% potassium
acetate, and sporulation was induced for 3 days in a 1:1000 dilution of
the washed cultures in 0.3% potassium acetate. Asci were digested in
water with 1 mg/ml Zymolyase 100T for 5 min at room temperature.
The dissection was performed in YPDA with a manual micromanipu-
lator (Singer Instruments Co). Spores were germinated at 24 °C and
replica-plated to different media to be analyzed for auxotrophic mark-
ers, Geneticin resistance, and temperature sensitivity at 37 °C. Ura�

mutants were chosen in all cases, since they could be transformed with
p416 (URA3)-gpt1�. ASG-19 was obtained by mating AS-15C with
G2-12. Diploids were selected in SD�Ade�Lys�Ura�Trp at 37 °C,
and spores were obtained as described above. AG-17, AYG-13, and
AY-21 were obtained from the tetrad dissection of the sporulated dip-
loids obtained frommatingG2–12with PRY225–3 that were selected in
SD�Ade�Lys�Ura�Trp at 28 °C. Thirteen colonies had a rough phe-
notype that could be easily distinguished from wild type or single
mutant strains. AYGS-1A was obtained from the tetrad dissection of
sporulated diploids resulting from the cross between ASY2-14B and
ASG-19 that were selected in SD�Lys at 24 °C. Rough colonies were
checked after dissection by replica-plating them to the appropriate aux-
otrophic marker media.

Strains Constructed via Random Spore Selection of Sporulated
Diploids—To obtain AU-36,MLY101was crossedwith PRY225-3. Dip-
loid cells were selected in SD�Ade�Lys and sporulated as described
above. Sporulated cells were washed twice with water, resuspended in 5
ml of water, and incubated with agitation overnight at 28 °C with 0.6
mg/ml Zymolyase 100T in the presence of 5 mM �-mercaptoethanol. 5
ml of 1.5% Nonidet P-40 was added, and the suspension was incubated
on ice for 20 min, vigorously shaken, and harvested. The spore suspen-
sion was resuspended in 400 �l of 0.75% Nonidet P-40, transferred to
Eppendorff tubes, and vigorously shaken during 3 min with 300 mg of
acid-washed glass beads. The spore suspensionwas removed, and beads
were washed with water. The resulting spores were plated in
SD�Ade�Lys�Ura medium and incubated at 24 °C. Colonies were
tested for ploidy by mating them with mating type tester strains.
AYGM-45 was obtained by random spore selection from the cross

TABLE ONE

Strains used in this study

Strain Genotype Source

G2-12 MAT� gda1::LEU2 ura3-52 lys2 ade2 his3 trp1 leu2 C. Abeijón (29)
PRY225-3 MATa ynd1::kanMX4 alg5::HIS3 gls2::URA3 ura3-52 lys2 ade2 his3 trp1 leu2 C. Abeijón (29)
RSY263 MAT� sec12-4 ura3-52 his4 R. Shekman (23)
XHW13 MAT� mnn6-�1::ADE2 leu2 ura3 trp1 his3 ade2 lys2 Y. Jigami (27)
MLY101 MAT�, �ufe1::TRP1 ura3-52 trp1 leu2 his3, containing pUT1 (CEN6, LEU2, ufe1-1) H. Pelham (24)
ASY-7B MAT� alg5::HIS3 sec12-4 ynd1::kanMX4 leu2 ura3-52 trp1 This study
ASY2-14B MATa alg5::HIS3 sec12-4 ynd1::kanMX4 gls2::URA3 leu2 lys2 ade2 This study
AS-15C MATa alg5::HIS3 sec12-4 lys2 leu2 ura3-52 This study
ASG-19 MAT� alg5::HIS3 sec12-4 gda1::LEU2 lys2 ura3-52 This study
AG-17 MAT� alg5::HIS3 gda1::LEU2 ura3-52 ade2 lys2 trp1 This study
AY-21 MAT� alg5::HIS3 ynd1::kanMX4 ura3-52 ade2 lys2 trp1 This study
AYG-13 MATa alg5::HIS3 ynd1::kanMX4 gda1::LEU2 ura3-52 ade2 lys2 trp1 This study
AU-36 MAT� alg5::HIS3 �ufe1::TRP1 ura3-52 containing pUT1 (CEN6, LEU2, ufe1-1) This study
AYGM-45 MATa alg5::HIS3 ynd1::kanMX4 gda1::LEU2 mnn6::ADE2 ura3-52 lys2 trp1 This study
AYGS-1A MAT alg5::HIS3 ynd1::kanMX4 gda1::LEU2 ura3-52, sec12-4 This study
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betweenAYG-13 andXHW13. TheMnn6p� phenotypewas confirmed
with the Alcian Blue test.
To confirm the presence of plasmid pUT1 (ufe1-1) in mutant strains,

DNA was extracted, and E. coli strain JA226 was transformed. A plas-
midic DNA extraction of ampicillin-resistant colonies was sequenced
with primers T3 and T7.

Expression of S. pombe GT in S. cerevisiae Mutant Strains—Ura�

mutants were chosen in all cases, since they could be transformed with
the low copy number p416(URA3)-gpt1� shuttle vector, which was
obtained as described before (16). Electrocompetent yeast cells were
prepared from cells harvested from exponential phase cultures grown in
YPDA. Cells were then washed twice with 1 volume of cold water and
twice with 1 volume of 10% glycerol. Cells were resuspended in 10%
glycerol at a density of 5 � 109 cells/ml, and 50 �l was electroporated at
2.5 kV, 25microfarads, and 200 ohms (Bio-RadGene Pulser II) with 400
ng of the GT-containing plasmid. Transformants were selected in
appropriate SD selective medium lacking uracil at 28 °C or at 24 °C for
ufe1-1 and sec12-4 thermosensitive strains. A DNA preparation of Ura
prototrophs was tested for the presence of S. pombe gpt1� gene by PCR
with primers GPD Promoter (Vector): 5�-CTTCTGCTCTCTCTGAT-
TTG-3� and1ASH2(GTantisense) 5�-TATATCTAAGACCTTCGA-3�).

N-Glycan Labeling—For assessingGolgiN-glycan elongation, cells in
the exponential growth phase were harvested, extensively washed with
1% yeast nitrogen base, resuspended in the same medium, and incu-
bated (0.3 g in 1 ml) for 30 min at 28 °C (except where otherwise indi-
cated) in the presence of 5 mM [14C]Glc (30.1 Ci/mol). After chasing
cells with 50 mM Glc (final concentration), cells were incubated for 30
minmore. Conditional mutant cells were incubated at 37 °C (restrictive
temperature). Sec12 cells were preincubated at that temperature for 30
min, after which they were incubated with 5 mM [14C]Glc (30.1 Ci/mol)
for 30min followed by a 30-min chase with 50mMGlc. Cells bearing the
ufe1 mutation were first incubated for 30 min at 37 °C and then for 60
min at the same temperature in the presence of 5mM unlabeled Glc and
finally with 5 mM [14C]Glc (30.1 Ci/mol) for 60 min followed by a
60-min chase with 50mMGlc.Where indicated, DMJ plus KFN (2.5mM

final concentration each) were added at the beginning of preincuba-
tions. For assessing ER, N-glucosylation incubations lasted for 30 min
and were not chased. Where indicated, 2.5 mM NMDNJ plus 5 mM

dithiothreitol were added to incubations, the first reagent 30 min and
the second one 5min before the label. For further details on the labeling
procedure and preparation of whole cell Endo H-sensitive N-glycans,
see Ref. 9.

O-Glycan Labeling—Cells, previously extensively washed with 1%
yeast nitrogen base, were resuspended in the same medium (0.16 g in 1
ml) and incubated for 60 min at 28 °C (except where otherwise indi-
cated) in the presence of 5 mM [14C]Glc (30.1 Ci/mol), chased with 50
mM Glc (final concentration), and incubated for 60 min more. Condi-
tional mutant cells were incubated at 37 °C (restrictive temperature).
Sec12 cells were preincubated at that temperature for 30 min and incu-
bated with the label and chased as above. Cells bearing the ufe1 muta-
tion were first incubated for 30 min at 37 °C and then for 60 min at the
same temperature in the presence of 5 mM unlabeled Glc and finally
with the label for 60 min followed by a 60-min incubation with 50 mM

Glc. Cells were then processed as above for obtainingN-glycans, but the
denatured cell pellets obtained after organic solvent-water treatments
were incubated with 0.4 ml of 0.1 N NaOH overnight at room temper-
ature. Solutionswere neutralizedwith 0.1 NHCl, and 0.3ml ofwaterwas
then added. The supernatants obtained upon the addition of 2 ml of
methanol were dried, resuspended in water, and desalted with a mixed
bead (H�/acetate) resin.

Methods—Paper chromatographies were performed on Whatman 1
papers with solvents A (1-propanol/nitromethane/water (5:2:4)), B
(1-butanol/pyridine/water (10:3:3)), and C (1-butanol/pyridine/water
(4:3:4)). N-Glycans were analyzed also by partition chromatography
using a Glyco-Pak N column (Waters); 14C-labeled glycans were dis-
solved in 200 �l of CH3CN:H2O (75:25, v/v) and applied to the column
equilibrated with CH3CN, 1 mMNaH2PO4 in H2O (80:20, v/v). A linear
gradient over 280minwas employed starting from the abovementioned
initial condition and ending at CH3CN, 1 mM NaH2PO4 in H2O (45:55,
v/v) at a flow rate of 0.8 ml/min. Fractions of 1 ml were collected and
dried in a SpeedVac. Radioactivity was quantified after solubilizing the
eluted material in 200 �l of water. The sizes of the main peaks in HPLC
runs were ascertained by rerunning them on paper chromatography
with appropriate standards at both sides of the samples. Strong acid
hydrolysis was performed in 1 N HCl for 4 h at 100 °C. Acetolysis and
jack bean �-mannosidase treatments were performed as described
before (17).

Enzymatic Assays—S. cerevisiae microsomes were prepared as
described previously (9). NDPase activities were essentially assayed as
described with slight modifications (18). Briefly, between 10 and 25 �g
of membrane proteins were incubated in a total volume of 100 �l in 0.2
M imidazol buffer pH 7.2, 0.1% digitonin, 10 mM CaCl2, and a 2 mM

concentration of the correspondingNDP and incubated for 5–10min at
30 °C. Reactions were stopped upon the addition of 100 �l of 10% SDS
and 100 �l of water. Liberated phosphate was assayed as described (19),
employing 15-min incubations at 45 °C. Phosphates present either in
microsomes and reagents or liberated during incubations at 45 °C were
estimated for each tube with blanks in which the SDS was added before
the membrane fractions. Glucosidase II and GDP-Man- and �-methyl-
mannoside-dependent activities were assayed as described before (12,
20). For the assay of the former enzyme either the labeled or unlabeled
substrates indicated in Ref. 12 were employed. Fractionation of S. cer-
evisiaemicrosomalmembranes by sucrose gradient centrifugations was
performed as previously described (12).

RESULTS

Hydrolysis of NDPs by Mutant Cell Microsomes—Alg5 mutant cells
were used throughout all experiments, since one of the purposes of the
present work was to probe in vivo UDP-Glc entrance into the ER by
assaying GT-mediated glycoprotein glucosylation. Alg5 cells are defec-
tive in the dolichol-P-Glc synthetase and thence transfer to proteins
Man9GlcNAc2 instead of the complete glycan (21). In these mutants,
therefore, monoglucosylated glycans can be formed only by GT-medi-
ated activity.Alg5, alg5 gda1, alg5 ynd1, and alg5 gda1 ynd1mutant cells
were obtained as described above. As already described for gda1 ynd1
mutants, alg5 gda1 ynd1 cells were severely impaired in the germination
of spores but much less affected in vegetative growth (3). The doubling
times of alg5, alg5 gda1, alg5 ynd1, and alg5 gda1 ynd1 cells in YPD �
Ademediumat 28 °Cwere 113, 116, 113, and 345min, respectively.Alg5
gda1 ynd1 cells looked under the light microscope as shown for gda1
ynd1mutants in Fig. 4 of Ref. 3. Further, alg5 gda1 ynd1 cells were able
tomate (see “Experimental Procedures”). UDPase andGDPase activities
were assayed in microsomes derived from alg5, alg5 gda1, alg5 ynd1,
and alg5 gda1 ynd1 mutant cells. As mentioned above, the GDA1 and
YND1 genes code for the GDPase/UDPase and apyrase activities,
respectively.Alg5 gda1 ynd1mutant cells were totally devoid of UDPase
and GDPase activities in the microsomal membranes (Fig. 1A). This
result agrees with the analysis of S. cerevisiae genome that detected only
two proteins of possible secretory pathway location (Gda1p and Ynd1p)
bearing the so-called apyrase conserved regions (3). There are two
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pieces of evidence indicating that alg5 gda1 ynd1 mutants still con-
served distinct ER and Golgi compartments: (a) similar separations
between glucosidase II (an ER marker) and a GDP-Man dependent
mannosyltransferase (a Golgi marker) were observed on submitting
alg5- and alg5 gda1 ynd1-derived microsomes to sucrose gradient cen-
trifugations (Fig. 1B), and (b) as will be described below (Fig. 4F), the
presence of both gda1 and ynd1mutations did not affect the restriction
to the ER-Golgi anterograde vesicular traffic imposed at 37 °C by the
sec12mutation.

Expression of S. pombe GT in S. cerevisiae ER—S. cerevisiae alg5
mutant cells transfected with a low copy number expression vector
coding for S. pombeGT were incubated for 30 min with 5 mM [14C]Glc
in the presence of 2.5 mM NMDNJ, a glucosidase II inhibitor and 5 mM

dithiothreitol. This reagent effectively prevents proper folding, and thus
ER exit, of glycoproteins by interfering with disulfide bond formation
(22). Secretion of disulfide-free proteins is not affected. The pattern of
N-glycans obtained after submitting whole cell proteins to a drastic
proteolytic degradation followed by Endo H treatment of resulting gly-
copeptides showed that the main peak thus liberated migrated as a
Man8GlcNAc standard, but also material in the position expected for
Glc1Man8GlcNAc was detected (Fig. 2A). Strong acid hydrolysis of the
material shown in Fig. 2A followed by paper chromatography revealed
the presence of labeledGlc andMan units (Fig. 3A). Nomaterialmigrat-

ing as Glc1Man8GlcNAc and no labeled Glc residues appeared either
whenNMDNJwas omitted from the incubation or when the expression
vector did not encode GT (Figs. 2, B and C, and 3, B and C). Patterns
similar to those shown in Figs. 2A and 3Awere obtained with alg5 sec12
as well as with alg5 ufe1mutant cells at the restrictive temperature (Figs.
2, D and E, and 3, D and E). At this temperature, the sec12 mutation
totally impairs the initial stages in the formation of COPII-coated vesi-
cles, responsible for ER toGolgi vesicular traffic (23).On the other hand,
at the restrictive temperature, the ufe1mutation directly impairs Golgi
to ER retrograde vesicular traffic and (indirectly and upon prolonged
incubations, such as those employed in the present work) ER to Golgi
vesicular traffic as well, presumably due to the impediment of recycling
membrane proteins involved in anterograde transport (24). Cells bear-
ing the ufe1mutation were first incubated for 30 min at 37 °C and then
for 60 min at the same temperature in the presence of 5 mM unlabeled
Glc and finally for 30 min with 5 mM labeled Glc also at the restrictive
temperature. This procedure was followed to first block the retrograde
vesicular traffic and then the anterograde one and to deplete the ER of
any protein orNMPs thatmight had been transported from theGolgi by
vesicular traffic (results shown further in Fig. 6 confirmed that both
anterograde and retrograde vesicular traffic were completely blocked
under the experimental conditions employed). Results shown in Figs. 2
and 3 indicate that S. pombe GT had been functionally expressed in S.

FIGURE 1. NDPases in wild type and mutant cell microsomes. Microsomes from indicated alg5, alg5 gda1, alg5 ynd1, and alg5 gda1 ynd1 mutant cells were assayed for UDPase and
GDPase activities (A). Microsomes derived from alg5 and alg5 gda1 ynd1 cells were submitted to sucrose gradient centrifugations and glucosidase II (full circles) and GDP-Man-de-
pendent mannosyltransferase (empty circles) activities assayed (B). For further details, see “Experimental Procedures.”
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cerevisiae ER, since detection of labeled Glc residues was dependent on
an expression vector encoding the enzyme and upon inhibition of glu-
cosidase II, a permanent ER-resident enzyme. Further indication that
GTwas functionally expressed in the ERwas provided by two additional
facts: (a) S. pombeGT, the same as GTs from other sources, is known to
exclusively glucosylate folding intermediates and irreparably misfolded
glycoproteins (9) (i.e. species that occur only in the ER), and (b) glucosy-
lated glycoproteins were detected under conditions that totally pre-
cluded ER to Golgi vesicular traffic. Further, results shown indicate that
entrance of UDP-Glc into the ER lumen was not dependent on the
occurrence of ER-Golgi anterograde or retrograde vesicular traffic or of
NDPases in the ER. Any of the NDPase molecules that might have been
present in the ER as a consequence of ER-Golgi cyclingwould have been
expected to be transported to the vacuole in the ufe1 mutant at the
restrictive temperature, as has been described for several Golgi proteins
(25). It is worth noticing that the above mentioned conclusions were
obtained with mutants still expressing both Golgi NDPases.

Formation of Glc1Man8GlcNAc2 in Other Mutant Cells—To further
confirm that entrance ofUDP-Glc into the ER lumen did not require the
presence of NDPases in the ER lumen, we expressed S. pombe GT in
additional mutant cells lacking either one or both NDPases. Results
indicative of Glc1Man8GlcNAc2 formation similar to those shown in
Fig. 2 (A, D, and E) and Fig. 3 (A, D, and E) were obtained under the
following experimental conditions: (a) alg5 gda1, (b) alg5 gda1 sec12 at
the restrictive temperature, (c) alg5 ynd1, (d) alg5 ynd1 sec12 at the
restrictive temperature, and (e) alg5 gda1 ynd1 at 28 °C (Figs. 2F and 3F).
Results obtained confirmed, therefore, that the entrance of UDP-Glc
into the ER lumen does not require the occurrence of NDPases in the
secretory pathway. It is worth mentioning that the Glc/Man label ratio

in alg5 gda1 ynd1mutants (0.134; Fig. 3F) was similar to that detected in
alg5 cells (0.124; Fig. 3A), thus indicating that the absence ofNDPases in
the secretory pathway did not impair GT-mediated glycoprotein
glucosylation.

N-Mannosylation in Mutants Defective in NDPases—The following
experiments were performed with alg5 mutants to maintain the same
genetic background as those described above. To study whether the
absence of NDPases in the secretory pathway affected GDP-Man-de-
pendentN-mannosylation, we incubated alg5, alg5 gda1, alg5 ynd1, and
alg5 gda1 ynd1mutants with 5 mM labeled Glc for 30 min followed by a
30-min chase with 10-fold higher Glc concentration. TheN-glycan pat-
terns obtained are shown in Fig. 4,A–D. In this case,N-glycans were not
separated by paper chromatography but by HPLC in a Glyco-Pak N
column in order to get better resolution of compounds. As outlined
above, N-glycans were obtained by submitting whole cell proteins to
proteolytic degradation followed by Endo H treatment. To further con-
firm that compounds thus liberated were canonical S. cerevisiae high
mannose-type glycans, they were treatedwith jack bean�-mannosidase
(an exoglycosidase). In all cases, the isolated compounds were degraded
to substances migrating as Man and ManGlcNAc, as judged by paper
chromatography in solvent B.
It may be observed that alg5, alg5 gda1, and alg5 ynd1 cells produced

almost identical N-glycan patterns. On the other hand, that yielded by
the alg5 gda1 ynd1 mutant covered a more restrictive range of glycan
sizes, since, besides Man8GlcNAc and Man9GlcNAc, only glycans with
10–11 Man residues were synthesized (Fig. 4D). The addition of man-
nosidase inhibitors DMJ plus KFN to alg5 gda1 ynd1 cells somewhat
modified the pattern, since lower proportions of Man8GlcNAc and
higher proportions of Man10GlcNAc were obtained (Fig. 4E). DMJ plus

FIGURE 2. Expression of S. pombe GT in S. cerevi-
siae ER. A, N-glycans synthesized by S. cerevisiae
alg5 mutant cells transformed with a GT-encoding
expression vector in the presence of NMDNJ; B, the
same as A but without the addition of NMDNJ; C,
the same as A but with a sham vector; D, the same
as A but with alg5 sec12 cells at 37 °C, or alg5 ufe1
cells at 37 °C (E) or alg5 gda1 ynd1 cells at 28 °C (F)
were employed. Samples were run on paper chro-
matography with solvent A. Standards were as fol-
lows: M8, Man8GlcNAc; G1M8, Glc1Man8GlcNAc.
For further details, see “Experimental Procedures.”
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KFNwas added to prevent asmuch as possible ER�-mannosidase activ-
ity onN-glycans and thus to better detect GDP-Man-dependent glycan
elongation. Labeling of alg5 gda1 ynd1 sec12mutant cells at the restric-
tive temperature (37 °C) in the presence of ER�-mannosidase inhibitors
yielded Man9GlcNAc as the main N-glycan and minimal amounts of
Man10GlcNAc and Man8GlcNAc (Fig. 4F). The low amount of the for-
mer compound (compare it with that shown in Fig. 4E) indicated that
the absence of NDPases in the secretory pathway did not alter the
restriction to the vesicular ER to Golgi traffic at 37 °C imposed by the
sec12mutation. This is a further indication that alg5 gda1 ynd1mutant
cells have distinct ER and Golgi compartments.
To further confirm that Man residues had been added to the glycan

transferred from the lipid derivative to protein, we submitted the com-
pound migrating as Man9GlcNAc isolated from alg5 gda1 ynd1 cells
labeled in the presence or absence of mannosidase inhibitors to acetol-
ysis followed by paper chromatography with solvent C. Acetolysis pref-
erentially cleaves �(1,6) bonds between Man residues. Since the
Man9GlcNAc glycan transferred from the dolichol-P-P derivative has
two such bonds, it is expected to generateMan2 andMan3 upon acetol-
ysis, in addition to Man4GlcNAc. As mentioned above, the transferred
glycan is demannosylated to Man8GlcNAc by the ER �-mannosidase.
This last compound also has two �(1,6) and yields Man2 and
Man4GlcNAc on acetolysis. According to Ref. 26, the first step in the
elongation ofMan8GlcNAc is the addition of an �(1,6)-linkedMan unit
to the Man4GlcNAc arm of the glycan. Acetolysis of the Man9GlcNAc
isomer thus synthesized is expected then to generate Man, Man2, and

Man4GlcNAc upon acetolysis (only one GlcNAc residue was indicated
in the above structures, since acetolysis was performed on Endo H-re-
leased glycans; see Fig. 1 in Ref. 13 for a better understanding of the
above explanation). Man9GlcNAc obtained in the absence of DMJ plus
KFN essentially yielded, in addition to Man4GlcNAc, Man2 and Man
(Fig. 5A). This indicated, therefore, that in this case Man9GlcNAc was
the glycan formed upon a single Man addition to protein-linked
Man8GlcNAc2. In the presence of the inhibitors, however, the main
acetolysis products were, besides Man4GlcNAc, Man2 and Man3, thus
indicating thatMan9GlcNAcwas the glycan transferred to protein from
the dolichol-P-P derivative (Fig. 5B). Results shown in Figs. 4 and 5
indicate that about 2–3 Man residues had been transferred from GDP-
Man to protein-linked Man8GlcNAc2 in the absence of NDPases in the
secretory pathway but that further glycan elongation absolutely
required the presence of at least one of the enzymes displaying such
activity.

Subcellular Site of Initial N-Glycan Elongation—To confirm that
N-glycan elongation occurred in the Golgi, alg5 sec12 cells were pulse-
chased with labeled Glc at the restrictive temperature, in the absence or
presence of DMJ plus KFN. Man8GlcNAc was the main glycan formed
under the former condition (Fig. 6A). Lower amounts of Man9GlcNAc
and Man7GlcNAc also appeared. This last glycan reflected the long
permanence of glycoproteins in the ER imposed by the sec12mutation
at the restrictive temperature. Man9GlcNAc and lower Man8GlcNAc
amounts were the glycans formed in the presence of the mannosidase

FIGURE 3. Monosaccharide composition of
N-glycans. Materials shown in Fig. 2, A–F, were
submitted to strong acid hydrolysis and run on
paper chromatography with solvent B. The mean-
ing of the lettering is the same as in Fig. 2. Stand-
ards were as follows: M, Man; G, Glc. For further
details, see “Experimental Procedures.”
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inhibitors (Fig. 6B). A pattern similar to that shown in Fig. 6B was
obtained when alg5 ufe1 cells were employed at the restrictive temper-
ature in the presence of ER �-mannosidase inhibitors (Fig. 6C). In this
case, cells had been previously preincubated for 30 min at 37 °C and
then for 60 min with 5 mM unlabeled Glc before adding the label, as
described under “Experimental Procedures.” Since no glycans larger
than Man9GlcNac were obtained in any case, results shown in Fig. 6
indicate that sec12 and ufe1 mutations effectively blocked anterograde
and retrograde vesicular traffic, respectively, and that initial N-glycan
elongation does not occur in the ER but in the Golgi. From results
shown in Figs. 4–6, it may be concluded, therefore, that GDP-Manmay
enter into the lumen of the Golgi in the absence of NDPases in the
secretory pathway.

O-Mannosylation in Mutants Defective in NDPases—To study how
the absence of NDPases in the secretory pathway affected GDP-Man-
dependent O-mannosylation, we incubated alg5, alg5 gda1, alg5 ynd1,
and alg5 gda1 ynd1 with 5 mM labeled Glc for 60 min followed by a
similar time chase with a 10-fold higher concentration of the unlabeled
monosaccharide yielded the O-linked glycan patterns shown in Fig. 7,
A–D. It may be observed that the proportions of Man, Man2, Man3,
Man4 and even the shoulder in the position ofMan5 were very similar in
glycans produced by the first three strains. On the other hand, alg5 gda1
ynd1 cells mainly produced Man and a low proportion of Man2. As in
the case of N-glycans, to ensure that only �-linked mannose residues

had been incorporated into O-glycans, the latter were treated with jack
bean �-mannosidase and further run on paper chromatography with
solvent B. In all cases,O-glycans were fully degraded tomannose. It may
be concluded that cells lacking NDPases in the secretory pathway are
able to transfer a single Man unit from GDP-Man to Ser/Thr-Man but
cannot further elongate the disaccharide. Results obtained on studying
nucleotide sugar-dependentN- andO-mannosylationwere in complete
agreement, since onlymutant cells lacking bothNDPases yielded signif-
icant differences in the glycan patterns.

Subcellular Site of Initial O-Glycan Elongation—Alg5 sec12 and alg5
ufe1 were pulse-chased with labeled Glc at the restrictive temperature.
The patterns ofO-linked glycans formed in both strains were very sim-
ilar, since in both, Man and Man2 and low amounts of Man3 were
formed, but the proportion of the disaccharide was higher in the sec12
mutant (Fig. 8,A and B). The formation ofMan2,3 cannot be ascribed to
leakiness of either sec12 or ufe1 mutants, since none of them showed
detectable Golgi elongation of N-glycans, even in the presence of ER
�-mannosidase inhibitors (Fig. 6). Since many Golgi proteins continu-
ously recycle between that organelle and the ER (see below), it may be
speculated that one or both NDPases may have accumulated in the ER
due to the impediment in anterograde vesicular traffic imposed by the
sec12mutation at the restrictive temperature. To discard the possibility
that a Golgi NDPase could had been responsible for the entrance of

FIGURE 4. N-mannosylation in mutants defec-
tive in NDPases. Cells were pulse-chased with
[14C]Glc and Endo H-sensitive, whole cell N-gly-
cans separated by HPLC. Cells used were as fol-
lows: alg5 (A), alg5 gda1 (B), alg5 ynd1 (C), alg5 gda1
ynd1 (D and E). In E, cells were incubated with DMJ
plus KFN. In F, alg5 gda1 ynd1 sec12 cells were pre-
incubated for 30 min at 37 °C and further pulse-
chased at the same temperature in the presence of
DMJ plus KFN. Standards were as follows: M8,
Man8GlcNAc; M9, Man9GlcNAc; M10, Man10GlcNAc.
For further details, see “Experimental Procedures.”
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GDP-Man into the ER lumen, alg5 gda1 ynd1 sec12 cells were pulse-
chased with labeled Glc at the restrictive temperature. As shown in Fig.
8C, Man2,3 were also formed under those conditions.
Themost straightforward interpretation of the results shown in Fig. 8

is that nucleotide sugar-dependent O-glycan elongation may occur in
the ER and that, therefore, GDP-Man may enter into the lumen of that
organelle in the absence of NDPases in the secretory pathway.
It is worth noting that evidence indicating that GDP-Man-dependent

N- and O-mannosylations start in the Golgi and the ER, respectively,
was obtained with traffic mutants expressing both NDPases and in
which the subcellular structure of the secretory pathway known for wild
type cells is not expected to be affected.

Transfer ofMan-1-PDoesNotGenerateGMPRequired forGDP-Man
Luminal Entrance—As mentioned above, an additional processing
reaction occurring in the Golgi is the transfer of Man-1-P from GDP-
Man to Man units in N- and O-glycans, thus generating GMP (15, 26).
TheMan-1-P transferases are probably distributed along all of theGolgi
cisternae, since phosphate units are found linked to Man units both
close to and distal from the Asn residue. Not all Man-1-P transferases
have been identified yet, butMnn6p has been found to account for over
80% of total cellular activity and to be able to phosphorylate
Man8GlcNAc2, the glycan present in glycoproteins transported from
the ER to the Golgi (15, 27). We have assayed the alg5 gda1 ynd1 mnn6
mutant for N-glycan elongation in the presence of DMJ plus KFN and
for O-glycan synthesis and found no difference with patterns obtained
with alg5 gda1 ynd1 cells under the same experimental conditions, thus
suggesting that GMP generated by Man-1-P transfer is not responsible
for GDP-Man luminal entrance and thus of mannosylation observed in
alg5 gda1 ynd1 mutant cells (Fig. 9, A and B). Further, formation of
Man2 in the ER of alg5 gda1 ynd1 sec12 mutant cells at 37 °C (Fig. 8C)
cannot be explained by the entrance of GDP-Man into the ER lumen
mediated by GMP generated by the Man-1-P transferase, since the
enzyme(s) localizes to the Golgi, not to the ER.

DISCUSSION

S. pombe GT was functionally expressed in S. cerevisiae ER as detec-
tion of protein-linked Glc1Man8GlcNAc2 in alg5mutants was depend-
ent on transformation with a GT-encoding vector and on inhibition of
the ER-resident enzyme that removes the GT-added residue (glucosi-
dase II). Moreover, formation of the glucosylated glycan occurred in
alg5 sec12 and alg5 ufe1mutant cells at the restrictive temperature (i.e.
under conditions that totally prevented anterograde and both antero-
grade and retrograde ER-Golgi vesicular traffic, respectively). This sug-
gests that Golgi NDPases do not participate in the entrance of UDP-Glc
into the secretory pathway lumen. Since formation of Glc1Man8GlcNAc2,
was detected not only in alg5 gda1 or alg5 ynd1 mutants but also in alg5
gda1 ynd1mutants, it may be concluded that UDP-Glc may enter into the
secretory pathway in the total absence of NDPase activities. Surprisingly,
the same extent of glucosylation was detected in alg5 and alg5 gda1 ynd1
cells. The role of UDP-Glc in the S. cerevisiae ER lumen is unknown for the
moment, but indirect evidence suggests that�(1,6)-glucan synthesismight
be initiated at that subcellular location (28).
Results presented show that similar size patterns were obtained on

GDP-Man-dependent N-glycan elongation in alg5, alg5 gda1, and alg5
ynd1 cells. It has been reported that invertase, a glycoprotein only dis-
playing N-glycans, isolated from gda1 mutants showed an increased
mobility on SDS-PAGE (29). On the other hand, glycosylation defects
observed in carboxypeptidase Y synthesized also in gda1mutants were
much more pronounced than those detected in invertase (29). It has
been reported also that invertase isolated from ynd1mutant cells had an
increasedmobility on SDS-PAGE (3). Our results apparently contradict
these reports, since gda1 and ynd1 cells synthesized patterns of N-gly-
cans indistinguishable from that produced by wild type cells. The con-

FIGURE 6. Subcellular site of initial N-glycan elongation. A, N-glycans formed by alg5
sec12 cells pulse-chased with [14C]Glc at the restrictive temperature; B, the same as A but
in the presence of 2.5 mM DMJ plus 2.5 mM KFN; C, the same as B, but alg5 ufe1 cells were
employed. N-Glycans were run on paper chromatography with solvent A. Standards
were as follows: M7, Man7GlcNAc; M8, Man8GlcNAc; M9, Man9GlcNAc. For further details,
see “Experimental Procedures.”

FIGURE 5. N-glycan structures. Man9GlcNAc synthesized by alg5 gda1 ynd1 cells in the
absence (A) or in the presence (B) of DMJ plus KFN were submitted to acetolysis and run
on paper chromatography with solvent C. Standards were as follows: M, Man; M2, Man2;
M3, Man3. In both samples, the peak corresponding to Man4GlcNAc was omitted. For
further details, see “Experimental Procedures.”
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tradiction is perhaps more apparent than real, since the mentioned
reports address N-glycans of single glycoproteins, whereas ours
addresses whole cell glycans (this issue will be further discussed below).
An unexpected findingwas that nucleotide sugar-dependent elongation
of N-glycans occurred also in alg5 gda1 ynd1 mutants, although to a
limited extent when compared with cells displaying both or only one

FIGURE 8. Subcellular site of initial O-glycan elongation. O-Glycans were synthesized
at 37 °C by the following cells: alg5 sec 12 (A), alg5 ufe1 (B), and alg5 gda1 ynd1 sec 12 (C).
Glycans were run on paper chromatography with solvent C. Standards were as follows:
M, Man; M2, Man2; M3, Man3; and M4, Man4. For further details, “Experimental
Procedures.”

FIGURE 9. N- and O-glycan synthesis in the absence of a Man-1-P transferase. N-Gly-
cans synthesized by alg5 gda1 ynd1 mnn6 mutant cells pulse-chased with [14C]Glc in the
presence of 2.5 mM DMJ plus KFN (A) and O-glycans synthesized by the same strain (B)
were separated on HPLC or on paper chromatography with solvent C, respectively.
Standards were as follows: M, Man; M2, Man2; M8, Man8GlcNAc; M9, Man9GlcNAc; M10,
Man10GlcNAc. For further details, see “Experimental Procedures.”

FIGURE 7. O-Mannosylation in mutants defec-
tive in NDPases. Cells were pulse-chased with
[14C]Glc, and whole cell O-glycans were run on
paper chromatography with solvent C. Cells used
were alg5 (A), alg5 gda1 (B), alg5 ynd1 (C), and alg5
gda1 ynd1 (D). Standards were as follows: M, Man;
M2, Man2; M3, Man3, M4, Man4; and M5, Man5. For
further details, see “Experimental Procedures.”
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NDPase activity. N-Glycan elongation did not take place in the ER but
probably in the Golgi, since it was detected neither in alg5 sec12 nor in
alg5 ufe1 mutant cells at the restrictive temperature. Results obtained
with the former mutant were rather surprising, since it has been
reported that two complexes containing mannosyltransferases and
other proteins involved in N-glycan elongation that normally reside in
the Golgi actually cycle between that compartment and the ER (25).
Since the sec12 mutation produces a total inhibition of anterograde
vesicular traffic, incubation of cells at the restrictive temperature
resulted in the ER accumulation of said proteins. However, it was
observed that, whereas Mnn9p, a mannosyltransferase responsible for
the addition of the second Man residue in the elongation process was
among the cycling proteins, that responsible for the addition of the first
Man unit (Och1p)was not present in that group (25). Absence ofOch1p
in the ER might be then responsible for our failure to observe N-glycan
elongation in the ER of sec12mutants at the restrictive temperature. It is
worthmentioning the cycling proteins mentioned above are diverted to
the vacuole in ufe1mutants at the restrictive temperature (25). It is the
capacity of cells to retrieve the proteins to the ER thatmaintains them in
the Golgi, since this process prevents their migration to the vacuole.
From results presented, it may be concluded that GDP-Man may enter
into the Golgi in the absence of NDPases in the secretory pathway but
that, in agreement with previous reports, a full elongation of N-glycans
absolutely requires the presence of either the GDPase/UDPase or the
apyrase (3, 29).
In agreement with results obtained upon studying N-glycan elonga-

tion in cells lacking only one NDPase, very similarO-linked glycan pat-
terns were formed in alg5, alg5 gda1, and alg5 ynd1 mutant cells as in
the three strains Man, Man2, Man3, Man4 and Man5 were formed. On
the contrary, alg5 gda1 ynd1 mutant cells had a much more restricted
size range, since onlyMan andMan2 were synthesized in them. The fact
that the full complement of O-linked glycans were synthesized in alg5
gda1 cells is in contrast with reports informing that chitinase isolated
from gda1 mutant cells only displayed Ser/Thr-linked Man and Man2
(3, 29).
A possible explanation for the apparent conflict observed when

studying nucleotide sugar-dependent N- and O-mannosylations in
whole cell and individual glycoproteins occurring in single NDPase null
mutants may be that the individual glycoproteins studied in previous
reports (chitinase, invertase, and carboxypeptidase Y) are relatively
minor components of the glycoprotein pool, not representative of the
bulk of whole cellular species. It has been reported that disruption of the
GDA1 gene reduced 5-fold the entrance rate of GDP-Man into Golgi-
derived vesicles (30). Since individual glycoproteins may display differ-
ent rates of transit through the Golgi cisternae, the presumably lower
GDP-Man concentrations occurring in the Golgi lumen of gda1 cells
may affect them differently. In addition, glycan structural and biosyn-
thetic studies revealed that not the same complement of mannosyl-
transferases is involved in the glycan elongation of all glycoproteins.
Since different mannosyltransferases have distinct Km values for GDP-
Man, variations in GDP-Man concentrations are likely to affect individ-
ual glycoproteins differently. The differential extent of N-glycan modi-
fication of invertase and carboxypeptidase Y observed in gda1mutants
reported in Ref. 29 supports the notion that the absence of one of both
NDPases may differently affect glycan elongation in distinct glycopro-
teins. Another source of the discrepancy observed could be that alg5
mutant cells were used in the present work. These mutants transfer
(inefficiently) Man9GlcNAc2 to proteins and thence produce undergly-
cosylated N-glycoproteins. The lower amounts of glycans to be elon-
gated may result in higher GDP-Man levels in the Golgi lumen when

compared with ALG5 cells, which in turn may result in larger glycans
synthesized.
Both alg5 sec12 and alg5 ufe1 mutant cells synthesized Man2 at the

restrictive temperature. This is consistent with previous results
obtained with sec18mutant cells, which are affected in the fusion proc-
ess of COPII-coated vesicles with the Golgi cisternae at the restrictive
temperature (31). Nevertheless, the authors tentatively ascribed Man2
formation to leakiness of the mutation and/or to mannosylation of gly-
coproteins that were already at the Golgi upon shifting up the temper-
ature and that had remained at that subcellular location until the addi-
tion of the label. In the present report, we show that both explanations
are highly unlikely, since neither the alg5 sec12 nor the alg5 ufe1
mutants were leaky (no Golgi N-glycan elongation was observed in
them at 37 °C), and the alg5 ufe1mutant cells had been incubated first
for 30 min at 37 °C and then for 60 min more at the same temperature
with unlabeled Glc before label addition. Proteins in the Golgi are
expected to have left the organelle after such a relatively long time
period. Further, according to Refs. 23–25, labeling protocols employed
ensured total hindering of anterograde transport in the case of both alg5
sec12 and alg5 ufe1 mutants and of retrograde transport in the case of
the last one. Our results, obtained with both alg5 sec12 and alg5 ufe1
mutants, show that, contrary to what has been assumed, the addition of
the second Man unit (and also a minor amount of the third one) may
take place in the ER. Since formation ofMan2 also occurred in alg5 gda1
ynd1 sec12 at the restrictive temperature, results presented indicate that
GDP-Manmay enter not only into the Golgi but also into the ER lumen
in the absence of NDPases in the secretory pathway. It is worth men-
tioning that it has been recently reported that nucleotide sugar-depend-
ent protein O-glycosylation also occurs in the mammalian cell ER (32).
Further, our results show that GMP generated by Man-1-P transfer in
the Golgi cannot account for the NMPs required for GDP-Man
entrance into the ER or cis-Golgi lumen.

It is not necessary to postulate the occurrence of nucleotide sugar
transporters using NDPs as antiporters to explain results presented,
since studies performed with pure nucleotide sugar transporters,
derived from species as distant in evolution as rat and Leishmania,
inserted in proteoliposomes, showed that the transporters are able to
sustain the entrance of nucleotide sugars into such vesicles in the
absence of NDPases or of NMPs in their interior until inner and outer
concentrations reach equilibrium (33, 34). The entrance rate was, how-
ever, about one-third of that attainedwhen preloading proteoliposomes
with the corresponding NMPs. Preloading vesicles with NDPs had no
effect, thus indicating that NDPs are not antiporters for the already
characterized transporters.Why are not NDPs the antiporters of nucle-
otide sugar luminal entrance? As it has been observed that nucleotide
sugar concentrations may be 20–50-fold higher in the Golgi than in the
cystosol, it may be concluded that additional NMPs over those pro-
duced by hydrolysis of the NDPs generated by the glycosyltransferases
must enter directly from the cytosol into the lumen to allow nucleotide
sugars reaching such high concentrations (35). Energy required for con-
centrating nucleotide sugars in the Golgi would be then provided by the
hydrolysis of NDPs coming from the cytosol. It follows that the absence
of NDPases in the secretory pathway would lead to luminal concentra-
tions of nucleotide sugars similar to those present in the cytosol. On the
other hand, the fact that nucleotide sugars may enter into the secretory
pathway and glycosylate glycoproteins in the absence of NDPases
implies that NDPs should be able to exit the luminal compartments. If
NDPs entered into the luminal compartments by facilitated diffusion,
then their luminal accumulation would lead to their exit through the
same NDP transporter once their concentrations surpass those in the
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cytosol. An alternative possibility could be the entrance of nucleoside
triphosphates into the secretory pathway lumen followed by their suc-
cessive conversion first to NDPs by nucleoside triphosphatases and/or
apyrases and then to NMPs by the last enzymes and/or by proper
NDPases. NMPs thus generated would also allow luminal nucleotide
sugar concentration.
Similar cytosolic and luminal nucleotide sugar concentrations, as

would expected to occur in the absence of NDPases in the secretory
pathway, are not necessarily an impediment for glycosyltransferase
activities, since there are several such enzymes in the cytosol (glycoge-
nin, glycogen synthase, and chitin synthases in S. cerevisiae; the first two
and the UDP-GlcNAc:Ser/Thr-protein N-acetylglucosaminyltrans-
ferase in mammalian cells). Lower Km values for nucleotide sugars in
glycosyltransferases may obviate the need for luminal concentration of
the donor substrates. For instance, the cytosolic concentrations of
UDP-Gal and UDP-GalNAc have been reported to be 60 and 180 �M,
respectively, which is within the same range of the Km values of Golgi
glycosyltransferases for nucleotide sugars, thence the need for concen-
trating them in the Golgi lumen (36). On the other hand, a value of 170
�M has been reported for cytosolic UDP-Glc concentration (36). This
value is about 10-fold higher than that reported for the ERGTKm for the
same compound (18 �M) (37). The sharp difference between the Km

value and the cytosolic UDP-Glc concentration obviates, therefore, the
need for concentrating this last nucleotide sugar in the ER and thence of
the occurrence of NDPases in that subcellular location. This interpre-
tation agrees with the reduced GDP-Man-dependent N- and O-man-
nosylations (Golgi or Golgi-like reactions) observed in alg5 gda1 ynd1
mutant cells and the similar GT-dependent glucosylation (an ER reac-
tion) detected in that mutant and alg5 cells. Although the observed
absence of NDPases in the S. pombe ER (12) fits into this explanation, a
resulting open question is then why there are twoNDPases in themam-
malian cell ER (6, 7).
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