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Human UDP-Galactose Translocator: Molecular Cloning of a
Complementary DNA That Complements the Genetic Defect of a Mutant
Cell Line Deficient in UDP-Galactose Translocator1
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We have cloned a cDNA that codes for a putative human UDP-galactose translocator (UGT)
protein. The cDNA contained an open reading frame of 1,179 base pairs encoding a novel
protein of 393 amino acids. Introduction of the open reading frame sequence into a UGT-
deficient mouse cell line, Had-1, complemented the genetic defect of the mutant, namely the
inability to transport UDP-galactose from the cytosol to the Golgi lumen, as judged from the
lectin-sensitivity spectrum of the transformant. To our knowledge, this is the first mam-
malian nucleotide-sugar translocator whose cDNA sequence has been described.
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Golgi membranes are equipped with nucleotide-sugar
transporters that carry the substrates of glycosyltransfer-
ases from the cytosol, the site of their synthesis, to the
Golgi lumen, where orderly addition of sugars to the
growing carbohydrate chains takes place (1). Both nucleo-
tide-sugar transporters and glycosyltransferases are thus
indispensable for the synthesis of glycoconjugates to pro-
ceed properly. While substantial progress has been made in
the field of glycosyltransferases in recent years, studies on
nucleotide-sugar transporters have lagged considerably
behind those on glycosyltransferases. Thus, mutant cells
defective in nucleotide-sugar transporters were isolated
(2-5), and a reconstituted proteoliposome system for
studying the transport of nucleotide-sugars was also re-
ported (6), but the translocator proteins have yet to be
characterized. Had-1, a Newcastle disease virus-resistant
mutant of mouse FM3A cells, was originally isolated as a
hemagglutination- deficient mutant, and was shown to be
defective in the galactosylation of cell-surface glycocon-
jugates (7-9). The mutant was also shown to belong to the
same complementation group as Lec8, that is defective in
the UDP-galactose translocator (5, 8). We have attempted
to utilize the mutant to clone the human UDP-galactose
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translocator (UGT) gene by genetic complementation with
human DNA, and obtained a segment of DNA that rep-
resented a part of the human UGT gene. The isolated gene
segment enabled us to map the gene to band Xpll.22-
pl l .23 on the X chromosome (10). Use of this gene
segment also enabled us to determine the sequence of a
complementary DNA of the UDP-galactose translocator, as
described below. When introduced into Had-1 cells, the
cDNA was able to complement the genetic defect of the
mutant.

We first identified the exon sequences present in the
previously isolated 16-kbp long DNA segment that repre-
sented a part of the UGT gene {10) by exon amplification
analysis (11). Upon EcciBl digestion, the 16-kbp genomic
clone generated 5 fragments of 10-, 2.7-, 1.7-, 1-, and 0.5-
kbp long, respectively. Of these fragments, the 10- and
2.7-kbp ones were introduced into pSPL3, and then trans-
fected into COS-7 cells using an Exon Trapping System
(Life Technologies, Gaithersberg, MD) according to the
manufacturer's instructions. RNA molecules with se-
quences contributing to UGT-exons flanked at both ends by
defined sequences derived from the vector were spliced out
in situ in the transfected COS-7 cells, and then amplified in
vitro by RT-PCR as described previously {12). Fragments
that contained 183 bases (ElOk exon) and 152 bases (E2.7k
exon) of the UGT sequence were obtained from the 10- and
2.7-kbp fragments, respectively (Fig. la). Northern blot
analysis with the ElOk exon fragment as a probe indicated
expression of a major mRNA species of about 3-kb long
(Fig. lb). The same result was obtained with the E2.7k
exon as a probe (data not shown). A cDNA library derived
from human normal diploid fibroblast TIG-1 cells was
screened using the E2.7k exon DNA, and a 1.1-kbp DNA
clone was isolated. Both the ElOk and E2.7k exon se-
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quences were identified in the clone, but the clone was
truncated at both its 5'- and 3'-ends for unknown reasons
(Fig. la). To determine the entire mRNA sequence, 3'-
RACE (23) and 5'-RACE (14) were performed as described
(Fig. la). For 5'-RACE, human liver 5'-RACE-Ready
cDNA (CLONTECH, Palo Alto, CA) was utilized. Figure 2
shows the deduced mRNA sequence with a predicted open
reading frame (ORF) of 1,179 bases flanked by a 5'-un-
translated region of 323 bases and a 3'-untranslated region
of 1,118 bases in length. As human li ver cDN A was used for
5'-RACE, as described above, we checked and confirmed
the sequence of 5'-UTR by sequencing the RT-PCR product
of the corresponding region obtained from TIG-1 poly(A)+

RNA. The full nucleotide sequence of UGT cDNA in Fig. 2
therefore represents the one from TIG-1 cells. The puta-
tive initiation codon, ATG, is accompanied by purines at
positions —3 and +4, thus fulfilling the criteria for a
consensus initiator methionine (15), and is preceded by a
termination codon in the reading frame. The deduced
protein was composed of 393 amino acids, and its calculated
molecular mass was 41 kDa.

Complementary DNA for the open reading frame was
isolated by RT-PCR from poly(A)+ RNA of TIG-1 cells,
using the PCR primers indicated in Fig. la. The ORF cDNA
was cleaved with .EcoRI at the recognition sites introduced
in the primers, and then ligated into the EcoBl site in the

500 base

-(A)n

E10h«xon
^m E2.7K exon

kb
9.5—

4.4—

2.4—
1.4—I

Fig. 1. Characterization and analysis of UGT cDN A. a: Cloning
strategy for UGT cDNA. The RT-PCR products representing UGT
exons of 183 bases (ElOk exon) and 152 bases (E2.7k exon) were
obtained by exon amplification (11) from 10 and 2.7 kbp fragments,
respectively. A cDNA clone harboring a 1.1 kbp insert (1.1k clone)
was isolated from a human TIG-1 cDNA library with the E2.7k exon
as a probe. The sequence information concerning the 5'- and 3'-re-
gions was obtained by 5'-RACE and 3'-RACE, respectively. Arrow-
heads indicate the positions of the RT-PCR primers used to prepare
the UGT ORF fragment, b: Northern blot hybridization showing that
the ElOk exon hybridized mainly with transcripts of about 3k base
long. About 1.5//g of poly(A)+ RNA from TIG-1 cells prepared using
ISOGEN reagent (WAKO, Tokyo) and oligo(dT) -paramagnetic beads
(DYNAL, Oslo, Norway) was size-fractionated by formaldehyde
agarose gel electrophoresis and then hybridized with the "P- labeled
ElOk exon after transfer to a membrane filter. The radioactivity on
the blot was visualized with a BAS 2000 image analyzer (Fuji
Photofilm, Tokyo).

cloning region of an expression vector, pMKIT-neo, a
derivative of the SRa vector (26) (K. Maruyama, personal
communication). Finally the residual stuffer region in the
vector was removed by digestion with Notl, followed by
self-ligation to complete pMKIT-neo-hUGT. The recom-
binant plasmid, pMKIT-neo-hUGT, was transfected into
Had-1 mutant cells by the procedure described previously
(17), and then the galactosylation of cell surface glycocon-
jugates was assessed by determining the lectin-sensitivity
of the transformants. As reported previously, the Had-1
mutant is highly sensitive to the cytotoxicity of Griffonia
simplicifolia lectin GS-II (EY Laboratories, San Mateo,
CA), because iV-acetylglucosamine residues that are recog-
nized by the lectin are exposed at the ends of iV-linked
glycans on the cell surface (7, 8). On the other hand,
parental FM3A cells are resistant to GS-II and able to grow
in the presence of the lectin, while they are sensitive to

TABLE I. Appearance of GS-II-reslstant and WGA-sensitive
cells among the population of Had-1 cells transformed with the
pMKIT-neo-hUGT plasmid. FM3A cells were transfected with
pMKTT-neo, and Had-1 cells with either pMKIT-neo or pMKIT-neo-
hUGT as previously described (17). Transformants were selected
from these pools in ES medium (Nissui Pharmaceutical, Tokyo)
supplemented with 2% FCS, that contained 1 mg/ml G418, for 2
weeks, and the survivors were maintained thereafter in the same
medium without G418. Equivalent numbers of cells selected from
each pool were plated (150 cells for each 60-mm^ plate) and cultured
on 0.35% agarose-ES medium-2% FCS containing G418 (1 mg/ml)
alone (Control) or G418 and either GS-II (20 //g/ml) or WGA (20 tig/
ml). The numbers of cell-islands formed on the plates were deter-
mined at 10 days after inoculation. The mean values obtained for two
plates for each set of conditions are presented. Figures in parentheses
represent percentages of the numbers of cell islands on control (G418
alone) plates.

Transformants Control GSH WGA
FM3A-pMKIT-neo 62.5 (100)
Had-1-pMKTT-neo 75.5 (100)
Had-1-pMKIT-neo-hUGT 79.5 (100)

76 (122) 0 (0)
0 (0) 43.5 (58)

66 (83) 24 (30)

GS-II Resistance WGA Resistance
100

1 10
[GS-II] (ug/ml)

1 10
[WGA] (ug/ml)

Fig. 3. Reversal of the lectin-resistance spectrum of Had-1
cells to that of FM3A cells on introduction of human UGT cDNA.
The same number of cells of each clone (10* cells in 1 ml of culture
medium) was initially inoculated into ES medium supplemented with
2% FCS containing various concentrations of either GS-II (a) or WGA
(b), as indicated, and then grown for 3 days in a 24-well culture dish.
The number of cells was then determined and presented as a
percentage of that of the control cultures grown in the absence of the
lectin. • , Had-l-hUGT-GS-n-3; O, Had-l-neo-2; A, FM3A-neo-2.
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- 3 2 3 CATCGGGGGATGATCTGGAAAGCGCGATCAGTGAAGCGGACGAACGGCAGGAT - 2 7 1

- 9 0 CCACCTTCACTCAGGTGGCCCGGCAGCGGAAGTGACGAACGCGGAAGTGGTTTTTCTGTTGCCGAGGGGACGGGCCGGGCAGATGCCAAC - 1

X AT JcAGCG^TGGGGCTGGTGGrrCCACOK^^
1 M A A V G A G G S T A A P G P G A V S A G A L E P G T A S A 30

91
3 1 A H R R L K Y I S L A V L V V Q N A S L I L S I R Y A R T L

ElOk exon

6 1 P G D R F F A T T A V V M A E V L K G L T C L L L L F A Q K

2 7 1 A«KMTAACGTGAA(gACCTGGTTCTCTTCCTCCATGAGGCTGTCCTGGTG^^ 3 6 0
9 1 R G N V K H L V L F L H E A V L V Q Y V D T L K L A V P S L 120

E2.7k exon
361 AjKTAJ&CCIE^GMTAi&QTCfAG^ 450
1 2 1 I Y T L Q N N L Q Y V A I S N L P A A T F Q V T Y Q L K I L 150

1 5 1 T T A L F S V L M L N R S L S R L Q W A S L L L L F T G V A

1 8 1 I V Q A Q Q A G G G G P R P L D Q N P G A G L A A V V A S C 2 1 0

2 1 1 L S S G F A G V Y F E K I L K G S S G S V W L R N L Q L G L 2 4 0

2 4 1 F G T A L G L V G L W W A E G T A V A T R G F F F G Y T P A 2 7 0

2 7 1 V W G V V L N Q A F G G L L V A V V V K Y A D N I L K G F A 3 0 0

3 0 1 T S L S I V L S T V A S I R L F G F H V D P L F A L G A G L 3 3 0

3 3 1 V I G A V Y L Y S L P R G A A K A I A S A S A S A S G P C V 3 6 0

1 0 8 1 CACCAGCAGCCTCCCGGGCAGCCACCACCACCGCAGCTGTCTTCCC ACCGTGGAGACCTCATCACGGAGCCCTTTCTGCCAAAGTCAGTG 1 1 7 0
3 6 1 H Q Q P P G Q P P P P Q L S S H R G D L I T E P F L P K S V 3 9 0

391 L V K * 393

1351 GTGTCACGTGAACCCTTCCTGGTAGGGTGACCCCCTTCCCCTGGAGGGGGTTTTAGAGCTGCCGCCTCTGCTCCCTCTAACCTCTTTGGA 1440
1441 GGCAGGGTTGGGGGTATTGTCATTO^GGCCTTTITTTTGTCTGCTCCCTCCCCGACCCTGTGCCCTCTTCT^ 1530

1621 GGGTTCAGTTCCCCATAGTTTGAGGCCTTCTCTCCTCCCTTACCACCGCTCTGGATCATGTTAC^ 1710
1711 GCCAGCTTCCTTGATACCTTGAAGATGGGCTTCTTGTGAGTCCCCAGGGAGAAAGGGACAAGAGCTAAGATTTTTGCATC AGCCCTTCTG 1800
1801 GCAGAAGGTGTGGTAGGGGCCATTTGTTTTTTTTAGTGGACTTOMATTTGTGGTGTAATCATATC^ 1890
1891 AATGGAGGTCCTTGAAGTGGCTGAATCTC^TTGTATTTAAGACACTGTCAGTTGCCAGATGTAG 1980

2161 TTTGCTATATCTAAATAGAGCCATTGGATCTTTATTTTTGATTAATTTGTTCTGATT^^ 2250
22 51 AAATGTCAGGATATCCAATGCCAAATAAAGATGTTGTATTTATTTAG (A) n 2297

Putative polyA addition signal
Fig. 2. Human UGT seqnence. The nucleotide sequence was determined with 373S and 377 DNA sequencers (Perkin-Elmer, Norwalk, CT)
using a Taq DyeDeoxy Thermal Cycle Sequencing Kit (Perkin-Elmer). Arrowheads indicate the purines at positions —3 and +4 relative to the
putative initiator ATG. A putative poly(A) addition signal located at positions 2274-2279 is underlined. The locations of the ElOk exon and
the E2.7k exon are indicated by a double underline and a broken underline, respectively.
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a

hUGT 85 LLFAQ^CRG^rVKHLVLFLHEAVLVQYVDTLKLAVPSLIYTLQ^r^^LQYVAIS 134
::::.:::: : . : . : I :. I I I : I . I I I I I : : I : : I

ZK370.7 1 MFYKECNFDSRQFSEQVSKYYINAPRELAKMSVPSFAYALQNNLDFVGLS 50

hUGT 13 5 NLPAATFQVTYQLKILTTALFSVLMLNRSLSRLQWASLLLLFTGVAIVQA 184
I I .1: :l I I I I I ::. I I: I : I :l .1.: I .1 .: II: 111:11

ZK370.7 51 NLDAGLYQVTTQLKWSTAFFMMLFLGRKFSTRRWMAITLLMFGVAFVQM 100

hUGT 185 QQAGGGGP. . .RPLDQNPGAGLAAWASCLSSGFAGVYFEKILK.GSSGS 230
...::::: I . . : I . I I . I I : I . I : . . I I I I I I I I I : I I I : I ..

ZK370.7 101 NNVSASEANTKRETAENYIVGLSAVLATCVTAGFAGVYFEKMLKDGGSTP 150

hUGT 231 VWLRNLQL . . . GLFGTALG . LVGLWWAEGTAVATRGFFFGYTPAVWGWL 276
.1:11:1: I :::..:: I . : : . : : . . : I I I I I I I . I I : I I :

ZK370.7 151 FWIRNMQMYSCGVISASIACLTDFSR ISDKGFFFGYTDKVWAWI 195

hUGT 277 NQAFGGLLVAWVKYADNILKGFATSLSIVLSTVASIRLF.GFHVDPLFA 325
: . I I I . : . : I : : I I I : . I : : I . . : I I : I . 1 I : : I : : : : . I .

ZK370.7 196 LLGVGGLYISLVMRYLDNLYKSMASAVSIILVWLSMLIFPDIFIGMYFV 245
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Fig. 4. a: Human UGT and C elegans ZK370.7 aligned
with the aid of the program, BESTFTT (Genetic Computer
Group, Madison, WI). Vertical lines indicate identity; colons,
comparison values0.5; and dote, comparison values0.1. b:
The possible structure of UGT inferred with the program,
TMAP (22). Columns represent putative transmembrane
domains. Possible protein kinase C phosphorylation sites are
indicated by lollipops.

wheat germ agglutinin (WGA) (EY Laboratories), to which
Had-1 cells are resistant. A significant proportion of the
pMKIT-neo-hUGT transformant of Had-1 cells acquired
resistance to cytotoxicity of GS-EI, while the frequency of
WGA-resistant cells among the transformants was
definitely reduced (Table I). To determine whether or not
the GS-H-resistant clones had recovered a lectin-sensi-
tivity spectrum similar to that of FM3A, as would be
expected if the hUGT cDNA in fact complemented the
genetic defect of Had-1, several clones were isolated on
agarose plates containing G418 and GS-II from the pool of
pMKIT-neo-hUGT transformants of Had-1 (Table I). The
isolated clones were examined as to their lectin-sensitivity,
and representative results are shown in Fig. 3. Had-1-
hUGT-GS-II-3 denotes a pMKIT-neo-hUGT transformant
clone isolated from an agarose plate containing G418 and
GS-II as described above. For reference purposes, Had-1-
neo-2 and FM3A-neo-2 were also isolated from the pool of

pMKIT-neo-transfonnants of Had-1 and FM3A, respec-
tively, on agarose plates containing G418, and then their
lectin-sensitivity was examined in parallel experiments.
The GS-II-resistant clones isolated from the pool of the
pMKIT-neo-hUGT transformants of the Had-1 mutant
were shown to exhibit a lectin-resistance spectrum that is
quite similar to that of the parental FM3A (Fig. 3). This
indicates that the defect of the Had-1 mutant, namely the
inability to transport UDP-galactose from the cytosol to the
Golgi lumen, was complemented by the genetic information
carried by the hUGT cDNA.

Reference to a protein database with the BLITZ search
(EMBL) {18) revealed that UGT shows a significant degree
of similarity with the hypothetical 29.4 kDa protein
ZK370.7 on chromosome HI of Caenorhabditis elegans with
an unidentified function (29), and a quite modest degree of
similarity to the PotI protein of Escherichia coli, an integral
membrane component of the putrescine transporter com-
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240 N. Miura et al.

plex (20). Comparison between human UGT and ZK370.7
indicated 66% similarity (38% identity) within the overlap-
ping region (Fig. 4a). Assuming the occurrence of common
motifs among nucleotide-sugar transporters, or substantial
conservation of the structure of UGT among species, this
may imply that ZK370.7 represents a nucleotide-sugar
transporter, or may even be a UGT of C. elegans. The
hydropathy profile and secondary structure prediction of
the putative UGT protein (21, 22) suggest that the cloned
cDNA encodes an intrinsic membrane protein with 8
putative transmembrane domains (Fig. 4b). The predicted
structure is consistent with the function of the encoded
protein as a transporter. A HPT homology search of the
yeast ORFs at the Martinsried Institute for Protein
Sequences (http://speedy.mips.biochem.mpg.de/mips/
yeast/) suggested the similarity of hUGT with cell division
control protein CDC91 (GenBank: U22383) of Sacchar-
omyces cerevisiae, which is also a hypothetical protein of
394 amino acid residues whose function is actually un-
known. The similarity between human UGT and CDC91 is
much lower than that between human UGT and ZK370.7,
being 43%, but CDC91 is also predicted to have 8 trans-
membrane regions like human UGT. As glycoproteins of S.
cerevisiae lack galactose residues (23), the organism may
not have a Golgi UDP-galactose translocator. It is intriguing
as to whether or not CDC91 represents a transporter of
nucleotide-sugar(s) other than UDP-galactose.

•The activity of nucleotide-sugar transporters may be
detected biochemically in Golgi membrane vesicles (6), and
mutant cells that lack such transporters have long been
available (2-5, 7, 8), but their molecular structures,
including the amino acid sequences, or even their molecular
masses have not been reported yet. Starting from isolation
of the Had-1 mutant (7), we have eventually determined
the primary structure of a putative UGT protein for the
first time. To our knowledge, this is the first mammalian
sugar-nucleotide transporter whose structure has been
elucidated. It is likely that nucleotide-sugar translocators
constitute a family of related proteins. The UGT cDNA and
its nucleotide sequence information will provide us with
important clues for isolating other nucleotide-sugar trans-
porter genes. The expression plasmid encoding the UGT
cDNA would also be valuable as a starting point for the
production of the recombinant UGT in suitable quantities
for biochemical analyses. Moreover, the method of genetic
complementation analysis involving the Had-1 mutant and
molecularly altered UGT cDNA will prove to be a powerful
tool for analyzing the structure-function relationship of the
UGT molecule.

We are grateful to Dr. Kazuo Maruyama, Tokyo Medical and Dental
University, for providing us with the pMKIT-neo.
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