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We describe the functional expression of the putative human Golgi UDP-galactose trans-
porters (hUGTl and hUGT2) in the yeast Saccharomyces cerevisiae. Both hUGTl and
hUGT2 were expressed under the control of the yeast constitutive GAPDH promoter. The
expression level of hUGTl seemed to be considerably lower than that of hUGT2, although
hUGTl has an amino acid sequence identical to that of hUGT2 except for 5 amino acid
residues at the C-terminus. The hUGT product was expressed in the membranes of Golgi
and other organellar compartments. The membrane vesicles prepared from the hUGTl- or
the hUGT2-expressing yeast cells exhibited UDP-galactose specific transport activity. The
apparent Km values of the yeast-expressed hUGTl and hUGT2 for UDP-galactose were 1.2
and 2 ptM, respectively, which were comparable with the Km obtained with mammalian
Golgi vesicles. Transport was dependent on temperature and integrity of vesicles, and was
inhibited by UMP, as observed with mammalian Golgi vesicles. Our results demonstrate
that the previously described hUGTl and hUGT2 encode the UDP-galactose transporters,
rather than regulatory proteins. The development of a convenient yeast expression system
should facilitate analysis of the structure-function relationships of the UDP-galactose
transporters.

Key words: heterologous expression, human UDP-galactose transporter, nucleotide-sugar
transporter, Saccharomyces cerevisiae.

Glycosylation of secretory and membrane-bound proteins
and of lipids is carried out in the Golgi compartment.
Translocation of nucleotide sugars, the substrates of glyco-
sylation reactions, from the cytosol into the lumen of the
Golgi apparatus is accomplished by a group of specific
transporters (1, 2). Recently, cDNAs encoding putative
nucleotide sugar transporters have been identified from
human (3, 4), rodent (4, 5), protozoa (6), and yeast (7, 8)
on the basis of their ability to complement the phenotypes
of mutants defective in the transport activities. The
products of these cDNA clones share 40-60% similarity to
each other, and are predicted to be intrinsic membrane
proteins with multiple membrane-spanning domains (2-4).
We reported previously the cloning of two human cDNAs
(hUGTl and hUGT2) which correct the phenotype of Had-1
mutant cell (9) defective in UDP-galactose transport
activity (3, 4). The Golgi vesicles from the hUGT-trans-
fected Had-1 mutant cells were shown to have recovered
the transport activity (3, 4). Immunocytochemical and
subcellular fractionation studies confirmed that hUGT
products are localized in the membranes of the Golgi
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compartment {10).
To demonstrate that hUGTl and hUGT2 (3, 4) encode

the UDP-galactose transporters rather than proteins that
regulate the transporter or supplementary factors of the
transporter, we tried to express the UDP-galactose trans-
port activity by introducing the hUGTs into the yeast
Saccharomyces cerevisiae. S. cerevisiae cells do not natu-
rally add galactose to proteins (11), and there is no gene
exhibiting high homology to the mammalian UGT genes in
the whole yeast genome. The absence of endogenous
UDP-galactose transport into the yeast Golgi lumen was
also confirmed by another group (12). Therefore, this
unicellular organism provides a suitable system for addres-
sing the question of whether hUGTs encode the transpor-
ters or associated factors. The other advantages of the yeast
expression system are its simple manipulation and the
potential to produce massive quantities of eukaryotic
proteins efficiently. Large quantities of purified functional
transporter protein would facilitate detailed analysis of the
structure and function of the UDP-galactose transporters.

MATERIALS AND METHODS

Materials—The radioactive substrates UDP-[4,5-3H]-
galactose (48.3 Ci/mmol) and CMP-[9-3H]sialic acid (33.2
Ci/mmol) were purchased from NEN Life Science Prod-
ucts. The microsome fractions from the mouse Had-1/
hUGTl cell line were prepared as described in detail
elsewhere (20).
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Strains and Transformations—Escherichia coli strain
DH5ar (GIBCO) was used for transformation and propaga-
tion of the recombinant plasmids. S. cerevisiae strain
YPH501 (MATa/MATa uro3-52/uro3-52 lyS2-801/lys2-
801 ode2-101/ade2-101 trpl-A63/trpl-A63 his3-A200/
his3-A200 Ieu2-Al/fleu2-Al) {13) was used in the expres-
sion study. Yeast transformations were performed using
the lithium acetate method as described previously (14).

Construction of the Expression Plasmids—The 1.1kb
and the 1.2 kb EcoRl fragments from pMKIT-neo-hUGTl
and pMKIT-neo-hUGT2 (3, 4), which contain the coding
region of hUGTl and hUGT2, respectively, were inserted
into the EcoRl site of vector pKT^ATG under the control
of the GAPDH promoter. The resulting plasmids were
designated as pKTJATG/hUGTl andpKT^ATG/hUGT2,
respectively. pKT/JATG, a modified version of pKTIO
(15), was obtained by digesting pKTIO with EcoBI and
Kpnl, blunting the ends with T4 polymerase, and self-
ligation. Thus the "ATG" site under the GAPDH promoter
and the Kpnl site were removed and the EcoRl site was
regenerated in this modification (16).

Yeast Cultures—Yeast strains were grown in a synthetic
medium containing 0.67% (w/v) Bacto-yeast nitrogen base
without amino acids, 2% (w/v) glucose (YNBD) or 1% (w/
v) glucose and 1% (w/v) galactose (YNBDG), supplement-
ed with L-leucine, L-histidine, L-tryptophan, L-lysine, and
adenine. Uracil was omitted for selection and growth of
transformants. For preparation of membrane vesicles, the
transformants were grown to early log phase (OD600 = 1.0)
at 30°C by inoculation with fresh overnight cultures.

Immunoblotting Analysis—To determine the expression
of hUGT products, the crude membranes were prepared as
described (17) with some modifications. Briefly, cells were
harvested, washed once with the ice-cold lysis buffer [0.25
M mannitol, l m M HEPES-Tris (pH7.4), lmM EDTA,
and 20 mM KC1] and resuspended in the lysis buffer
containing a protease inhibitor cocktail (Complete, EDTA-
free, Boehringer Mannheim) and 1 mM p-APMSF. An
equal volume of glass beads was added into the suspension,
and cells were broken by vigorous vortexing at 4°C for 2
min with cooling of the suspension on ice every 30 s. Intact
cells and debris were separated from the membrane sus-
pension by centrifugation at 1,500 Xg for 5 min. The
resultant supernatant was used as cell lysate. The cell
lysate was then centrifuged at 10,000Xg for 10 min,
followed by 100,000 x g for 60 min. The resultant mem-
brane pellet after 100,000Xg- centrifugation (P100) was
resuspended in the resuspension buffer [0.25 M mannitol,
l m M HEPES-Tris (pH7.4), l m M MgSO4, and 20mM
KC1] plus the protease inhibitor cocktail (Boehringer
Mannheim) and 1 mM p- APMSF, and used in immunoblot-
ting analysis. The protein concentrations of the membrane
preparation were determined by using a BCA kit (Pierce,
Rockford, IL). Proteins were separated by SDS-PAGE (18)
with 12% polyacrylamide gel and transferred electropho-
retically onto a polyvinylidene difluoride membrane.
Immunoblotting analysis was performed as previously
described (10).

Subcellular Fractionation and Nucleotide-Sugar Trans-
port Assay—The subcellular fractionation was performed
as described by Walworth and Novick (20). Cells were
grown in 1 liter of synthetic medium to the early exponen-
tial phase at 30°C. The cells were pelleted, washed once

with ice-cold 10 mM NaN3 and converted into spheroplasts
in a spheroplast solution containing 1.4 M sorbitol, 50 mM
potassium phosphate (pH 7.5), 10 mM NaN3, and 40 mM
y3-mercaptoethanol. The spheroplasts were pelleted and
broken by resuspending the pellet in 30 ml of the TEA-
solution containing 10 mM triethanolamine acetate (TEA)
(pH 7.2), 0.8 M sorbitol, 1 mM EDTA, the protease inhibi-
tor cocktail (Boehringer Mannheim), and 1 mM p-APMSF.
The suspension was passed twice through a thin pipette tip,
and then centrifuged at 2,300Xg for 10min to remove
unlysed cells. The supernatant was then centrifuged suc-
cessively at 10,000Xg for 10min and 100,000Xg for 45
min to yield P10 and P100 membrane fractions, respective-
ly. The pellet was resuspended in the TEA-solution and
used in immunoblotting analysis as described previously
(10, 19).

The membrane fractions used in the transport assay were
the combined P10 and P100 fractions. The transport assay
was performed as previously described (10, 21). Briefly,
the reaction mixture (100 /x\) used in assays contained 10
mM TEA (pH7.2), 0.6 M sorbitol, 100 mM KC1, l m M
MgCl2, and 0.5 mM dimercatopropanol (TSKM buffer)
(22) plus 1/zM UDP-[3H]galactose (6,400 Ci/mol) or 1
ftM CMP-[3H]sialic acid (6,400 Ci/mol). The reaction
mixture was incubated at 30°C. Reactions were initiated by
addition of membranes, and terminated by 10-fold dilution
with an ice-cold stop buffer containing 10 mM TEA (pH
7.2), 0.6 M sorbitol, 100 mM KC1, and 1 mM MgCl2, and 1
//M non-radioactive UDP-galactose or CMP-sialic acid. The
entire reaction mixture was poured onto an Advantec Toyo
A045A025A nitrocellulose filter (Advantec Toyo, Tokyo).
The filter was washed 3 times with 1 ml of the ice-cold stop
buffer, and then dried. The radioactivity trapped on the
filter was determined.

RESULTS

Expression of Human UDP-Galactose Transporter in the
Yeast Saccharomyces cerevisiae—The putative human
UDP-galactose transporters (hUGTl and hUGT2) were
expressed in S. cerevisiae from the pKTzJATG vector, a
multicopy expression vector constructed for constitutive
expression from the strong promoter of glyceraldehyde-3-
phosphate dehydrogenase, GAPDH promoter (15). The
coding regions of hUGTl and hUGT2 cDNAs including
parts of their 3'-terminal untranslated regions (3, 4) were
cloned into pKTJATG without any modification.

To analyze the expression of the transporters, the
membrane fractions were prepared from the hUGT trans-
formant cells grown in YNBD medium and examined by
immunoblotting (Fig. 1). In all the hUGTl and hUGT2
transformants analyzed, a 36 kDa protein, which showed
exactly the same mobility as the hUGTl product expressed
in the Had-1 cells, was recognized by the anti-hUGTl (Fig.
1, lane 3) and anti-hUGT2 antibodies (Fig. 1, lane 6),
respectively. No specific band was detected in the vector-
transformed cells (Fig. 1, lanes 2 and 5). A band of
approximately 33 kDa was specifically detected in the
membrane fractions from the hUGT2 transformant cells.
This band may represent a major degraded form of the
transporter protein. A band of approximately 46 kDa was
also specifically detected from the membrane fractions of
the hUGTl transformant. The 46 kDa band possibly repre-
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sents a glycosylated form of the hUGTl product, although
the glycosylation state of the hUGT protein in yeast cells
still needs further investigation.

Immunoblotting analyses using antibodies to the C-ter-
minal showed that the signals of the hUGTl and the hUGT2
products in the same amount of membrane protein were
considerably different (Fig. 1). In one of our previous
reports, we noted that the anti-hUGTl and anti-hUGT2
C-terminal antibodies exhibit similar avidities to their
respective peptide antigens {10). Assuming that reactivity
of antibodies to the antigen peptide and to the respective
C-terminal of cognate hUGT products bound on PVDF blot
is proportional, if not the same, this result suggests that the
expression levels of hUGTl and hUGT2 were different, the
former being much lower than the latter. The reason for
this is unclear at present, since the amino acid sequences of
the two transporters are identical except for several amino
acid residues at the C-termini (3).

Subcellular fractionation studies using the hUGT2 trans-
formant were carried out to localize the hUGT product in
yeast cells. The hUGT2-expressing cells were lysed from
spheroplast mildly, and the lysates were subjected to
differential centrifugation (see "MATERIALS AND METH-
ODS"). The hUGT product was recovered in both the P10
(approximately 60%) and P100 (40%) fractions (Fig. 2,
panel A), but the 33 kDa degraded form was almost
exclusively found in the P10 fraction. Under the same
conditions, the vacuolar membrane marker protein, alka-
line phosphatase (ALP), was found predominantly in the
P10 fraction (Fig. 2, panel B) (23). Other large membrane
structures, such as the plasma membrane and endoplasmic
reticulum, in addition to the mitochondria and nuclei, are
also expected to be part of this pelletable material {20).
Most of the late Golgi marker protein, Kex2p, was detected
in the P100 fraction (Fig. 2, panel C). No hUGT2 product

1 2 3 4 5 6
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_ 21 .5-

- 14.3-
anti-hUGT1 anti-hUGT2

Fig. 1. Expression of human UDP-galactose transporters
(hUGTl and hUGT2) in yeast cells and murine Had-1 cells.
Golgi-enriched P100 fractions prepared using the glass bead lysis
method from pKTJATG/hUGTl, pKT/IATG/hUGT2 and vector
pKT^/ATG transformant yeast cells were analyzed by immunoblot-
ting using anti-hUGTl and anti-hUGT2 affinity-purified polyclonal
antibodies (see "MATERIALS AND METHODS"). Microsome frac-
tion prepared from Had-1/hUGTl was used as a positive control
(lanes 1 and 4). Lanes 2 and 5: P100 fractions from the vector
transformant. Lane 3: P100 fractions from the hUGTl transformant;
lane 6: P100 fractions from the hUGT2 transformant. Note that the
hUGTl product was recognized by both the anti-hUGTl and the
anti-hUGT2 antibodies (10). The amount of membrane fractions used
was 40 //g per lane.

was detected in the S100 fraction where the soluble protein
marker, alcohol dehydrogenase (ADH), was present (Fig. 2,
panels A and D). These results suggest that the mammalian
Golgi UGT proteins were expressed in membranes of the
Golgi and other cellular compartments in yeast cells.

Enzymatic Characteristics of the Yeast-Expressed
hUGT—To determine whether the hUGT products ex-
pressed in S. cerevisiae were functional, the membrane
fractions were prepared from the transformant cells (20),
and the transport of UDP-[3H]galactose into the mem-
brane vesicles was measured by membrane nitration assay
(see "MATERIALS AND METHODS"). We used the combined
P10 and P100 fractions for the transport measurements
below, since both fractions were active in UDP-galactose
transport and showed similar transport characteristics

= r — ^ hUGT2

ALP

Kex2p

u - - • ADH

Fig. 2. Distribution of the hUGT2 product among subcellular
compartments in yeast cells. Yeast cells carrying the hUGT2-ex-
pressing plasmid were converted into spheroplasts, lysed, and sub-
jected to sequential differential centrifugation (see "MATERIALS
AND METHODS"). Equivalent amounts of subcellular extracts were
subjected to SDS-PAGE and analyzed by immunoblotting using anti-
hUGT2 (panel A), anti-ALP (panel B), anti-Kex2p (panel C), and
anti-ADH antibodies (panel D).
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Fig. 3. UDP-galactose transport activity of vesicles prepared
from hUGTl- or hUGT2-expressing yeast cells. Uptake of UDP-
[3H]galactose into vesicles prepared from hUGT-expressing cells and
vector-transformed cells as described in "MATERIALS AND METH-
ODS" was measured by means of filtration assay. Vesicles (50 ^g/
assay) were incubated in 100 /A of TSKM buffer (pH 7.2) containing
1//M UDP-[3H]galactose (6,400 Ci/mol) at 30°C for 30 s. The
amount of radioactivity trapped on the filter at 0°C, 0 min of incuba-
tion (background) was subtracted from the corresponding experimen-
tal values. "Glc" and "Glc/GaT indicate membrane vesicles obtained
from cells grown in YNBD and YNBDG, respectively. Points repre-
sent mean values ±SE from duplicate experiments.

J. Biochem.

 at Islam
ic A

zad U
niversity on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Expression of Human UDP-Gal Transporters in Yeast 915

(data not shown). The integrity and correct topographical
orientation of the membrane vesicles prepared by this
procedure were examined and confirmed previously (22,
24). The membrane fraction prepared from vector-trans-
formed cells was used as a reference. Figure 3 shows that
UDP-[3H] galactose was transported into the vesicles
prepared from either the hUGTl or the hUGT2 trans-
formant cells. In contrast, no specific uptake of UDP- [3H] -
galactose was observed into the vesicles from cells harbor-
ing the vector only. The rate of transport observed with the
hUGT2-expressing vesicles was approximately 2-fold

hUGT2 hUGTl hUGT2 HUGT1

UDP-galactose CMP-sialic acid

Fig. 4. Substrate specificity of yeast hUGT-expressing yeast
membrane vesicles. The hUGT2-expressing yeast membrane vesi-
cles (50 /ig/assay) were incubated in 100 //I of TSKM buffer at pH 7.2
containing 1 MM UDP-[3H]galactose (6,400 Ci/mol) or 1 yiU CMP-
[3H]sialic acid (6,400 Ci/mol) at 30°C for 30 s. Assays were perform-
ed as described in "MATERIALS AND METHODS." The amount of
radioactivity trapped on the filter at 0°C, 0 min of incubation (back-
ground) was subtracted from the corresponding experimental values.
Values are means ±SE from duplicate experiments.

Fig. 5. Temperature-dependence of UDP-[3H]galactose trans-
port into yeast hUGT-expressing vesicles. The hUGT-expressing
yeast membrane vesicles (50/*g/assay) were incubated in 100//I of
TSKM buffer (pH 7.2) containing 1 ^M UDP-[3H] galactose (6,400
Ci/mol) at 30 or 0"C for 30 s. The amount of radioactivity trapped on
the filter at 0°C, 0 min of incubation (background) was subtracted
from the corresponding experimental values. Values are means ±SE
from duplicate experiments.

higher than that obtained with the hUGTl-expressing
vesicles. Provided that the above consideration on the level
of hUGTl and hUGT2 is valid, the observed transport
activity of hUGT2-expressing vesicles seems to be rela-
tively low.

Addition of galactose into the culture medium induces
the GAL1-GAL7-GAL10 promoters and raises the concen-
tration of intracellular UDP-galactose in yeast cells (25,
26). To examine the effect of intracellular UDP-galactose
on the activity of hUGT products, we have measured the
uptake of UDP- [3H] galactose with vesicles prepared from
cells grown in medium where the GAL promoters are
induced. Since the growth of hUGT transformants in
medium containing galactose as the sole carbon source was
retarded, we chose YNBDG medium (1% glucose and 1%

60 80

Time (sec)

2 3 4 5

UDP-galactose (|iM)

Fig. 6. Time and substrate concentration dependence of UDP-
[3H] galactose transport into hUGT-expressing yeast membrane
vesicles. (A) hUGTl- (solid circles) and hUGT2- (solid diamonds)
expressing vesicles (50 //g/assay) were incubated in 100 ̂ 1 of TSKM
buffer (pH 7.2) containing 1 //M UDP-[3H]galactose (6,400 Ci/mol)
at 30°C for the indicated time and transport of UDP-[3H] galactose
into vesicles was measured by means of filtration assay as described
in "MATERIALS AND METHODS." (B) UDP-galactose transport
was assayed as described above, except that the concentrations of
UDP- [3H] galactose were varied as indicated in the figure, and
incubations were conducted for 30 s. The amount of radioactivity
trapped on the filter at 0"C, 0 min of incubation (background) was
subtracted from the corresponding experimental values. Km values
were calculated from a double-reciprocal plot fitted by linear regres-
sion analysis. Points represent mean values+ SE from duplicate
experiments.
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SI
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Na-cholate Triton X-100

- 20|iM
UMP

Fig. 7. Effects of Triton X-100, Na-cholate, and UMP on the
UDP-galactose transport. Vesicles prepared from hUGT2-expres-
sing yeast cells were incubated in 100 /i\ of TSKM buffer, containing
detergent or UMP at the indicated concentration in the figure, at 30"C
for 1 min. Values are means ±SE from duplicate experiments.

galactose) as the induction medium. The GAL promoters
were induced in the medium containing equal concentra-
tions of galactose and glucose (27), and the induced expres-
sion level was sufficient to raise the intracellular concentra-
tion of UDP-galactose. No significant changes were ob-
served in the transport activity (Fig. 3), suggesting that the
increase in the intracellular concentration of UDP-
galactose did not have any effect on the function of the
yeast-expressed hUGT products.

The characteristics of UDP-[3H] galactose uptake and
substrate specificity of the yeast-expressed hUGT products
were also examined. Since the yeast cells do not transport
CMP-sialic acid into the Golgi lumen {12), uptake of CMP-
[3H]sialic acid into the same membrane vesicles as de-
scribed above was measured. As shown in Fig. 4, uptake of
CMP- [3H] sialic acid was insignificant, being less than 20
cpm above the background (approximately 50 to 100 cpm)
under experimental conditions where the uptake of UDP-
[3H]galactose was over 600 cpm. The uptake of UDP-iV-
acetylglucosamine was also not detected under a similar
condition (data not shown). These results confirmed that
the uptake of UDP-galactose into the yeast membrane
vesicles was due to the expression of hUGT, and the hUGT
products did not transport CMP-sialic acid or UDP-iV-ace-
ty lglucosamine.

In accordance with the previous observation with mam-
malian Golgi vesicles, the vesicles prepared from the hUGT
transformant cells transported UDP-galactose in a temper-
ature-dependent manner. The rate of transport at 30°C was
approximately 7 to 17 times that at 0°C (Fig. 5). The
transport was a saturable reaction (Fig. 6). The apparent
Km values for UDP-galactose were 1.2 and 2.0 /xM with
hUGTl and hUGT2, respectively.

The transport of UDP-galactose was also dependent on
vesicle integrity. Addition of 1% Triton X-100 or 1%
Na-cholate eliminated the UDP-galactose uptake (Fig. 7).
UMP is reported to inhibit the UDP-galactose transport
competitively (I). The UDP-galactose transport of the
yeast-expressed hUGT products was also inhibited by
UMP (Fig. 7).

DISCUSSION

The mouse galactosylation-defective mutant cell line
Had-1 was originally isolated as a Newcastle disease virus
receptor-deficient mutant cell line (9, 28, 29). Biochemical
and genetic lines of evidence suggested that the gene
defective in Had-1 cells encoded the Golgi UDP-galactose
transporter (28). Recently we have shown that the products
of human cDNA clones hUGTl and hUGT2 (3, 4) comple-
menting the defect of Had-1 cells are exclusively expressed
in the membranes of the Golgi apparatus in Had-1 cells
(10). In this report, we have shown that heterologous
expression of hUGTl and hUGT2 on the zero background of
the yeast S. cerevisiae resulted in active UDP-galactose
transport. This result clearly demonstrates that the
hUGTl and hUGT2 cDNAs do encode the transporter
proteins per se rather than regulatory factors.

The yeast cells carrying the expression plasmid of
hUGTl or hUGT2 cDNA produced a protein with an
apparent molecular mass of 36 kDa, which was not detected
in the vector-transformed cells. The yeast-expressed
hUGT products showed exactly the same mobility as the
murine Had-1 cell-expressed hUGT protein and the en-
dogenous UGT detected in HeLa cells (10), suggesting that
no specific processing or modification reactions occur in the
yeast cells. The constitutive expression of hUGTl and
hUGT2 did not show any effect on the growth of yeast cells
(data not shown).

Our previous studies showed that the levels of expression
of hUGTl and hUGT2 in mammalian cells were compa-
rable (10). However, for an unknown reason the expression
level of hUGTl product in yeast cells seemed to be signifi-
cantly lower than that of hUGT2, although the two cDNA
products differ only in several amino acid residues at the
C-termini and the 3'-terminal untranslated regions.

Both hUGTl and hUGT2 products were expressed in
mammalian cells exclusively in the membranes of Golgi
compartment (10 and Yoshioka et al., unpublished data).
Subcellular fractionation analyses showed that a significant
portion of the hUGT products in yeast cells was found in the
P100, a fraction enriched with late Golgi vesicles. So far, it
has been shown that the membrane anchor region of
mammalian glycosyltransferase is able to target a reporter
protein to the yeast Golgi, and a fusion of the membrane
anchor region of yeast Golgi type II membrane protein to
the catalytic domain of mammalian glycosyltransferase can
be targeted to the Golgi in yeast cells (30, 31). However,
the Golgi-targeting mechanism for membrane proteins
with multiple membrane-spanning regions is still an un-
solved problem. Our result suggests that essential features
affecting the localization and function of Golgi membrane
transporter proteins are conserved between higher eukary-
otes and yeast. The hUGT2 product was also found in the
P10, a fraction containing the plasma membrane, vacuolar
membrane, endoplasmic reticulum, mitochondria and
nuclei. It is possible that overexpression from the strong
GAPDH promoter may affect the localization of the hUGT
product in yeast cells. The hUGT products expressed in the
P10 fraction seemed to be functionally competent, since
both the P10 and P100 fractions were active in UDP-
galactose transport (data not shown).

Detailed enzymatic analysis of hUGT as a UDP-galactose
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transporter must await purification and reconstitution of
hUGT products. Availability of the yeast expression sys-
tem allows the large-scale production of the hUGT protein
and will facilitate further elucidation of structure-function
relationships of UDP-galactose transporters.

We thank Dr. Y. Wada at the University of Tokyo for providing the
antibodies against ALP, ADH and Kex2p. We also thank Dr. A. Toh-e
at the University of Tokyo for providing the pKTIO plasmid.

REFERENCES

1. Hirschberg, C.B. and Snider, M.D. (1987) Topography of glyco-
sylation in the rough endoplasmic reticulum and Golgi apparatus.
Annu. Rev. Biochem. 56, 63-87

2. Abeijon, C, Mandon, E., and Hirschberg, C. (1997) Transporters
of nucleotide sugars, nucleotide sulfate and ATP in the Golgi-
apparatus. Trends Biochem. Sci. 22, 203-207

3. Miura, N., Ishida, N., Hoshino, M., Yamauchi, M., Hara, T.,
Ayusawa, D., and Kawakita, M. (1996) Human UDP-galactose
translocator—Molecular cloning of a complementary DNA that
complements the genetic defect of a mutant cell line deficient in
UDP-galactose translocator. J. Biochem. 120, 236-241

4. Ishida, N., Miura, N., Yoshioka, S., and Kawakita, M. (1996)
Molecular cloning and characterization of a novel isoform of the
human UDP-galactose transporter, and of related complemen-
tary DNAs belonging to the nucleotide-sugar transporter gene
family. J. Biochem. 120, 1074-1078

5. Eckhardt, M., Muhlenhoff, V., Bethe, A., and Gerardy-Schahn,
R. (1996) Expression cloning of the Golgi CMP-sialic acid trans-
porter. Proc. Natl. Acad. Sci. USA 93, 7572-7576

6. Ma, D., Russell, D.G., Beverley, S.M., and Turco, S.J. (1997)
Golgi GDP-mannose uptake requires Leishmania LPG2. A
member of a eukaryotic family of putative nucleotide-sugar
transporters. J. Biol. Chem. 272, 3799-3805

7. Abeijon, C, Robbins, P.W., and Hirschberg, C.B. (1996) Mole-
cular cloning of the Golgi apparatus uridine diphosphate-iV-ace-
tylglucosamine transporter from Kluyveromyces lactis. Proc.
Natl. Acad. Sci. USA 93, 5963-5968

8. Tabuchi, M., Tanaka, N., Iwahara, S., and Takegawa, K. (1997)
The Schizosaccharomyces pombe gmsl + gene encodes an UDP-
galactose transporter homologue required for protein galactosyla-
tion. Biochem. Biophys. Res. Commun. 232, 121-125

9. Hara, T., Hattori, S., and Kawakita, M. (1989) Isolation and
characterization of mouse FM3A cell mutants which are devoid of
Newcastle disease virus receptors. J. Virol. 63, 182-188

10. Yoshioka, S., Sun-Wada, G.-H., Ishida, N., and Kawakita, M.
(1997) Expression of the human UDP-galactose transporter in
the Golgi membranes of murine Had-1 cells that lack the
endogenous transporter. J. Biochem. 122, 691-695

11. Herscovics, A. and Orlean, P. (1993) Glycoprotein biosynthesis
in yeast. FASEB J. 7, 540-550

12. Berninsone, P., Eckhardt, M., Gerardy-Schahn, R., and Hirsch-
berg, C.B. (1997) Functional expression of the murine Golgi
CMP-sialic acid transporter in Saccharomyces cerevisiae. J. Biol.
Chem. 272, 12616-12619

13. Sikorski, R.S. and Hieter, P. (1989) A system of shuttle vectors
and yeast host strains designed for efficient manipulation of DNA
in Saccharomyces cerevisiae. Genetics 122, 19-27

14. Ito, H., Fukuda, Y., Murata, K., and Kimura, A. (1983) Trans-
formation of intact yeast cells treated with alkali cations. J.
Bacterial. 153, 163-168

15. Tanaka, K., Matsumoto, K., and Toh-e, A. (1989) IRA1, an

inhibitory regulator of the RAS-cyclic AMP pathway in Saccha-
romyces cerevisiae. Mol. Cell. Biol. 9, 757-768

16. Sato, M.H., Nakamura, N., Ohsumi, Y., Kouchi, H., Kondo, M.,
Hara-Nishimura, I., Nishimura, M., and Wada, Y. (1997) The
AtVAM3 encodes a syntaxin-related molecule implicated in the
vacuolar assembly in Arabidopsis thaliana. J. Biol. Chem. 272,
24530-24535

17. Nishikawa, S., Umemoto, N., Ohsumi, Y., Nakano, A., and
Anraku, Y. (1990) Biogenesis of vacuolar membrane glycopro-
teins of yeast Saccharomyces cerevisiae. J. Biol. Chem. 265,
7440-7448

18. Laemmli, U.K. (1970) Cleavage of structural proteins duringthe
assembly of the head of bacteriophage T4. Nature 227, 680-685

19. Nakamura, N., Hirata, A., Ohsumi, Y., and Wada, Y. (1997)
Vam2/Vps41p and Vam6/Vps39p are components of a protein
complex on the vacuolar membranes and involved in the vacuolar
assembly in the yeast Saccharomyces cerevisiae. J. Biol. Chem.
272, 11344-11349

20. Walworth, N.C. and Novick, P. J. (1987) Purification and charac-
terization of constitutive secretory vesicles from yeast. J. Cell
Biol. 105, 163-174

21. Waldman, B.C. and Rudnick, G. (1990) UDP-GlcNAc transport
across the Golgi membrane: electroneutral exchange for dianionic
UMP. Biochemistry 29, 44-52

22. Abeijon, C, Mandon, E.C., Robbins, P.W., and Hirschberg, C.B.
(1996) A mutant yeast deficient in Golgi transport of uridine
diphosphate iV-acetylglucosamine. J. Biol. Chem. 271, 8851-
8854

23. Klionsky, D.J. and Emr, S.D. (1990) A new class of lysosomal/
vacuolar protein sorting signals. J. Biol. Chem. 265, 5349-5352

24. Abeijon, C, Orlean, P., Robbins, P.W., and Hirschberg, C.B.
(1989) Topography of glycosylation in yeast: characterization of
GDPmannose transport and lumenal guanosine diphosphatase
activities in Golgi-like vesicles. Proc. Natl. Acad. Sci. USA 86,
6935-6939

25. Douglas, H.C. and Hawthorne, D.C. (1966) Regulation of genes
controlling synthesis of the galactose pathway enzymes in yeast.
Genetics 54, 911-916

26. St. John, T.P. and Davis, R.W. (1981) The organization and
transcription of the galactose gene cluster of Saccharomyces. J.
Mol. Biol. 152, 285-315

27. Yocum, R.R., Hanley, S., West, R.J., andPtashne, M. (1984) Use
of lacZ fusions to delimit regulatory elements of the inducible
divergent GAL1-GAL10 promoter in Saccharomyces cerevisiae.
Mol. Cell. Biol. 4, 1985-1998

28. Hara, T., Endo, T., Furukawa, K., Kawakita, M., and Kobata, A.
(1989) Elucidation of the phenotypic change on the surface of
Had-1 cell, a mutant cell line of mouse FM3A carcinoma cells
selected by resistance to Newcastle disease virus infection. J.
Biochem. 106, 236-247

29. Taki, T., Ogura, K., Rokukawa, C, Hara, T., Kawakita, M.,
Endo, T., Kobata, A., and Handa, S. (1991) Had-1, a uridine 5'-
diphosphogalactose transport-defective mutant of mouse mam-
mary tumor cell FM3A: composition of glycolipids, cell growth
inhibition by lactosylceramide, and loss of tumorigenicity.
Cancer Res. 51, 1701-1707

30. Schwientek, T., Lorenz, C, and Ernst, J.F. (1995) Golgi localiza-
tion in yeast is mediated by the membrane anchor region of rat
liver sialyltransferase. J. Biol. Chem. 270, 5483-5489

31. Schwientek, T., Narimatsu, H., and Ernst, J.F. (1996) Golgi
localization and in vivo activity of a mammalian glycosyltransfer-
ase (human /71,4-galactosyltransferase) in yeast. J. Biol. Chem.
271, 3398-3405

Vol. 123, No. 5, 1998

 at Islam
ic A

zad U
niversity on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/

