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isolation and characterization of a f1-4N-acetylgalactosaminyltransferase
cDNA clone from rat ascites hepatoma cell line AH7974F
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We have cloned a cDNA encoding #1-4N-acetylgalactosaminyl-
transferase (EC 2.4.1.92) (GalNAc-T) from rat ascites hepatoma
of the free-cell type AH7974F. The cell line only expressed
asialo-series glycosphingolipids (GSLs) including asialo-G,,,
[Taki, T., Hirabayashi, Y., Ishiwata, Y., Matsumoto, M., and
Kojima, K. (1979) Biochim. Biophys. Acta 572, 113-120]. The
cDNA, pGNAS56, was isolated by screening AH7974F cDNA
library in Agtl0 with a probe. The probe was obtained from
AH7974F ¢cDNA by PCR using primers with the nucleotide
sequence of the human GalNAc-T ¢cDNA. The amino acid
sequence deduced from the nucleotide sequence of pGNAS56
exhibited 88 9%, similarity to the human GalNAc-T sequence. The
enzyme was a typical type Il membrane protein, which consisted
of a short N-terminal residue, a transmembrane region, and a
long C-terminal residue, including the catalytic domain. The
substrate specificity of rat GalNAc-T was determined using
homogenates from cells into which the cDNA clone was trans-
fected. The enzyme catalysed not only the formation of G,,, and

G,, from G, and G, respectively, but also asialo-G,,, from
CDH. It also acted on GSL substrates, including G,,,,,, sialylpara-
globoside and G,,,,. On the other hand, the enzyme did not
transfer GalNAc to soluble substrates such as glycoproteins and
oligosaccharide. The GSL compositional and immunocyto-
chemical analyses of stable transfectants obtained by transfection
of the cDNA showed simultaneous expression of asialo-G,,,
and G,,, on the plasma membrane. Therefore, we concluded that
the formation of asialo-G,,,, G,,, and G, was catalysed by the
single GalNAc-T. Northern-blot hybridization showed that the
GalNAc-T mRNA was strongly expressed in rat brain, testis,
and spleen. The gene was also expressed in rat normal liver to a
lesser extent. We found the GSLs in asialo- and a-pathways such
as asialo-G,,, and G, in the rat tissues by using a sensitive
t.l.c.—immunostaining method. These observations also sup-
ported our conclusion that the single GalNAc-T synthesizes
asialo-G,,,, Gy, and Gy, in vivo.

INTRODUCTION

It is well known that glycosphingolipids (GSLs) are ubiquitous
components of the eukaryotic plasma membrane. More than 300
molecular species of GSL have been identified on the basis of the
diversity of their carbohydrate structures. They have been
reported as tumour antigens and regional and temporal markers
in early embryogenesis, and are suggested to play essential roles
in cellular phenomena such as cell-cell interaction, differenti-
ation, and signal transduction through receptors (for reviews, see
[2-5D.

However, the molecular basis for their structural diversity and
the mechanisms for their diverse biological functions have
remained elusive. To elucidate these questions, it is essential to
isolate genes encoding glycosyltransferases and to characterize
them. Recently several groups have isolated cDNA clones
encoding glycosyltransferases such as sialyltransferases, fucosyl-
transferases, and galactosyltransferases. These glycosyltrans-
ferases were more reactive toward glycoprotein substrates than

glycolipid substrates (for a review, see [6]). Nagata et al. [7]
isolated a new gene encoding B1-4N-acetylgalactosaminyltrans-
ferase (GalNAc-T) from a human melanoma cell line using
expression cloning. The enzyme efficiently catalysed the forma-
tion of G,,, and G, from G,,, and G,,, as respective precursors
(Scheme 1) (see the abbreviations footnote for ganglioside
definitions). However, asialo-G,,, formation was not observed,
suggesting that asialo-G,,, is synthesized by a different GalNAc-
T. On the other hand, kinetic and competitive experiments have
shown that asialo-G,,,, G,,, and G, were synthesized by a single
GalNAc-T in rat liver (Scheme 1) [8].

Asialo-series GSLs and a-series gangliosides are sequentially
formed from asialo-G,,, (Scheme 1) [9] (classification of GSLs
and gangliosides such as asialo-, a-, b- and «-series is based on
the nomenclature of Pohlentz et al. [9] and Taki et al. [10]). These
GSLs and gangliosides have been reported as significant mole-
cules related to cell—cell interaction and specific cell markers, and
may play putative functional roles in the nervous system [11-19].
For example, in the asialo-series GSLs asialo-G,,, is known as

Abbreviations used: the nomenclature used for gangliosides is based on the system of Svennerholm [1]; Cer, ceramide; CDH, Galg1-4Glcg1-1Cer;
CTH, Gala1-4Galf1-4Gicg1-1Cer; asialo-Gy, GalNAcB1-4Galp1-4Glcp1-1Cer; SPG, NeuAca2-3Galf1-4GIcNAcS1-3Galg1-4Glcg1-1Cer; DMEM,
Dulbecco’s modified Eagle medium; PA, pyridylaminated; HRP, horseradish peroxidase; FITC, fluorescein isothiocyanate; TRITC, tetramethylrhodamine
isothiocyanate; GalNAc, N-acetylgalactosamine; GalNAc-T, B1-4N-acetylgalactosaminyltransferase; GSLs, glycosphingolipids.
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Scheme 1 Pathways of GSL synthesis

The Scheme is-summarized on the basis of previous studies [9,10,52).

a specific and common marker in mouse immune and nervous
systems [11-13,15]. The a-series gangliosides, G,,,, and Gy, are
synthesized through asialo-series GSLs and are characteristically
found in mammalian brain [18,19]. Therefore, isolation of a
c¢DNA encoding asialo-G,,, synthase helps us to understand the
biological significance of the asialo-series GSLs and «-series
gangliosides at the molecular and genetic levels.

Our previous work showed that the non-adhesive variant
of the rat hepatoma cell line AH7974F had a unique GSL
composition [20-25]. The cells expressed asialo-series GSLs and
a-series gangliosides such as asialo-G,,,, asialo-G,,,, G,,,, and
Gy, On the other hand, the same cells did not express other
gangliosides, including G,,, G,,, and G,,,. Therefore, the cells
were expected to have a GalNAc-T responsible for the synthesis
of asialo-G,,.

Recent studies have also shown that all glycosyltransferases
have a common topology, which consists of a short N-terminal
cytoplasmic domain, a membrane-spanning region and a large
C-terminal region, oriented to the lumen of the Golgi apparatus,
which includes the catalytic and substrate-binding sites [6]. The
studies also indicated that there was no significant similarity in
the deduced amino acid sequences between glycosyltransferases,
even for those using the same acceptor substrates. On the other
hand, some regions in the C-terminal domain are conserved
within each glycosyltransferase family [26,27]. For example,
sialyltransferases have conserved amino acid sequences, termed
the ‘sialylmotif’, in the centre of their C-terminal region. The
sialylmotif is predicted to be a catalytic or substrate-binding site.
In addition, amino acid sequences in the C-terminal region of
fucosyltransferases have also been shown to be highly conserved.

b-series

From the findings mentioned above we anticipated that a
catalytic or substrate-binding site would also be located near the
centre of the C-terminal region in GalNAc-T, and that its amino
acid sequence would be conserved to some extent within GalNAc-
Ts. We planned to isolate the gene encoding asialo-G,,, synthase
by using PCR. PCR was carried out using cDNA from AH7974F
cells as template DNA.

In the present study we isolated the gene encoding GalNAc-T
from AH7974F cells, examined the substrate specificity of the
enzyme, and introduced the cDNA into a cultured cell line to
examine the formation of asialo-G,,, in vivo.

MATERIALS AND METHODS
Materials

T.l.c. plates were purchased from E. Merck, Darmstadt,
Germany. CDH, G,,;, and G,were purified from buttermilk.
Asialo-Gy,;, Gyas Gippns Gpa» Gpy, and SPG (NeuAc, NeuGe)
were purified from bovine brain. CTH was isolated from porcine
intestine. G,,, was from Tay-Sachs-disease brain, and asialo-
G,,, was obtained by hydrolysis of G,, with 0.05M HCIL
Fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit
IgG and tetramethylrhodamine isothiocyanate (TRITC)-conju-
gated goat anti-mouse IgM were purchased from Organon
Teknika N. V.—Cappel Products. Horseradish peroxidase (HRP)-
conjugated cholera-toxin B-subunit was purchased from List
Biological Laboratories. Fetuin, asialo-fetuin, and UDP-N-
acetylgalactosamine (UDP-GalNAc) were obtained from Sigma.
UDP-[1-*C]GalNAc (2.0 GBq/mmol) was purchased from
NEN Research Products. [¢-*?P]JdCTP (220 GBq/mmol) and
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[y-**PJATP (220 GBq/mmol) were from Amersham Inter-

national. All other chemicals were of the highest purity available.

Cell cultures

Adhesive AH7974 cells (island-forming cell type) and a non-
adhesive variant of rat ascites hepatoma cells, AH7974F (free-
cell type), a subclone derived from AH7974, were obtained from
The Cancer Cell Repository, Research Institute for Tuberculosis
and Cancer, Tohoku University, Tohoku, Japan [28]. Both cells
were grown in Dulbecco’s modified Eagle medium (DMEM)
containing 10 %, fetal-calf serum (FCS). CHO-Py-leu cells were a
gift from Dr. M. Fukuda, Cancer Research Center, La Jolla
Cancer Research Foundation, La Jolla, CA, U.S.A. [29]. The
cells were grown in complete medium [Ham’s F12/DMEM (1: 1,
v/v) medium containing 109, FCS with 0.1 mg/ml geneticin].
CHO-K1 cells were obtained from the RIKEN Cell Bank
(Saitama, Japan). The cells were grown in Ham’s F12 medium
containing 109, FCS. All cells were cultured at 37 °C under an
air/CO, (19:1) atmosphere.

Construction and screening of the cDNA library

cDNA was synthesized from mRNA that was extracted from
AH7974F cells, using cDNA Synthesis System Plus (Amersham
International). cDNA library was constructed by cDNA Cloning
System, Agt10 (Amersham). The primers for PCR were designed
using the nucleotide sequence of human GalNAc-T. The sequen-
ces of primers were indicated as follows: P-1 (5-CTGGACCAA-
CTCAACAGGCAA-3'), P-2 (5-GTTACCGTGGTCATCGC-
TGAC-3"), P-3 (5-CAGCAGCTGCCGATAAGTGGT-3'), and
P-4 (5-TGGCTCTCGTCCAGTGATCCT-3) represented
nucleotide positions at 637-657, 916-936, 1180~1200 and 1519-
1539 of human GalNAc-T respectively [7]. The conditions for
PCR were 40 cycles of denaturation (94 °C, 1 min), annealing
(61 °C, 1 min) and extension (72 °C, 1.5 min) in 100 xl of the
reaction mixture containing 50 mM KCl, 10 mM Tris/HCI,
pH 8.8, 1.5 mM MgCl,, 0.19%, Triton X-100, 0.2 mM of each
dNTP, 0.2 uM of each primer, cDNA from AH7974F cells
as a template and 2.5 units of AmpliTaq DNA polymerase
(Perkin—Elmer/Cetus) [30]. The 285 bp-long rat cDNA amplified
using a combination of P-2/P-3 primer was labelled with [a-
32P]dCTP (220 GBq/mmol) by Multiprime DNA Labeling Sys-
tem (Amersham), and used as a probe for screening of cDNA
library [31]. The solution for plaque hybridization was 6 x SSPE
(1 xSSPE is 180 mM NaCl, 10 mM sodium phosphate and
1 mM EDTA, pH 7.4), 1 x Denhardt’s solution [0.02 9% Ficoll
400, 6 x SSC (where 1xSSC is 0.15M NaCl/0.015 M sodium
citrate) and 0.029% BSA], 509 formamide, 0.59% SDS,
0.1 mg/ml denatured salmon sperm DNA and 0.1 mg/ml yeast
tRNA. The hybridization was carried out for 40 h at 42 °C, and
the filters were washed twice with 6 x SSC/0.5 9%, SDS for 15 min
at room temperature and once with 2 x SSC/0.5% SDS for
15 min at 55 °C [31]. Positive clones were subcloned into the NotI
site of the Bluescript KS vector.

DNA sequencing

The dideoxy chain-termination method for sequencing of double-
stranded templates from different clones by Exolll/mung-bean
nuclease deletion was carried out using Taq Dye Primer Cycle
Sequencing Kit (Applied Biosystems) [32]. The nucleotide se-
quence of the isolated cDNA clone was confirmed by sequencing
both strands.

DNA transfection

The full-length cDNA from a positive clone was subcloned into
the eukaryotic cell expression vector pCDMS8 [33], and the
subcloned plasmid was designated pCD-GNAS56.

Transient expression for in vitro enzyme assay

The DNA transfection into CHO-Py-leu cells was performed by
DEAE-dextran method [34] using the CellPhect Transfection Kit
(Pharmacia, Sweden). Since CHO-Py-leu cells were stably ex-
pressing polyoma-virus large tumour (T-) antigen [29], pCD-
GNAS6 became replicated epigenetically. CHO-Py-leu cells were
plated at (2-3) x 10® cells/150 mm dish and cultured for 20-24 h
at 37 °C. After removal of the medium and washing twice with
SF-DMEM (serum-free DMEM containing 50 mM Tris/HCI
buffer, pH 7.5), the cells were loaded with 10 ug of plasmid
DNA/0.5 mg/ml DEAE-dextran mixture to a final volume of
5ml for 3 h at 37 °C. Subsequently the cells were treated with
109, dimethyl sulphoxide in SF-DMEM for 1.5 min at room
temperature as described previously [34]. After washing once
with SF-DMEM, the cells were incubated in complete medium
for 48 h at 37 °C. The cells were subjected to enzyme assay.

Establishment of stable transfectants

The DNA transfection of CHO-K1 cells was carried out by a
calcium phosphate method [35] using a CellPhect Transfection
Kit. Briefly, CHO-K1 cells were plated at 1.5x 108 cells in a
100 mm dish and incubated for 21 h at 37 °C. For each dish,
20 ug of pCD-GNAS6 and 2 ug of pSV2neo (a eukaryotic
expression vector containing a neomycin-resistant gene) were co-
precipitated with calcium phosphate and incubated for 10 h at
37 °C. The cells were treated for 30 s at room temperature with
159% glycerol in isotonic Hepes buffer, pH 7.5. Stable trans-
fectants were selected for 2 weeks in medium containing
0.6 mg/ml of G418 (geneticin; Gibco-BRL). G418-resistant cells
were cloned by limiting dilution, and subsequently screened
for asialo-G,,, expression by immunocytochemical procedure.
As a control experiment, pCDMS8 and pSV2neo were transfected
by the same procedures above. Finally we obtained stable
transfectants, CHO-56b and CHO-N8, corresponding to CHO-
K1 cells transfected with pCD-GNAS56 and with pCDM8 re-
spectively. Stable transfectants were subjected to in vivo assays
such as lipid analysis and immunocytochemical analysis.

Enzyme assay

Parental rat ascites hepatoma cells and transfected cells were
harvested and suspended in 200400 #l of 3 mM Tris/HCI,
pH 7.4, containing 250 mM sucrose and 1 mM EDTA. The
activity of GalNAc-T was measured with three assay methods
(I-III) described below.

Assay method (1)

The assay for GSLs as acceptors described by Senn et al. [36] was
followed with a slight modification. In a final volume of 50 i,
the reaction mixture contained 0.15 mM GSLs, 0.1 mM UDP-1-
1C]GalNAc (2.0 GBq/mmol), 0.5 % (w/v) Triton X-100, 10 mM
MnCl,, 5 mM CDP-choline, 64 mM sodium cacodylate/HCIl
buffer, pH 7.0, and cell suspension (50-100 ug as protein). The
reaction mixture was incubated at 37°C for 2h and was
terminated with 450 xl of distilled water. Products were desalted
with a CI18 reverse-phase column (M&S Aspec pak; M&S
Instrument Trading Inc., Tokyo, Japan) and developed on a t.l.c.
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plate with the solvent system chloroform/methanol/12 mM
MgCl, (5:40:1, by vol.). Radiolabelled products were detected
with a bioimaging analyser (BAS 2000; Fuji Film, Tokyo,
Japan), and the radioactivity of spots corresponding to standard
GSLs was preparatively quantified by using a liquid-scintillation
counter.

Assay method (I1)

The assay for pyridylaminated (PA-) oligosaccharide as an
acceptor was carried out for 2 h at 37 °C as described by Dobhi et
al. [37]. The reaction mixture had the following final concen-
trations in a total volume of 50 xl: 80 uM PA-3’-sialyl-lactose,
10 mM UDP-GalNAc, 0.459% (w/v) Triton X-100, 10 mM
MnCl,, 100 mM sodium cacodylate/HCI buffer, pH 7.5, and cell
suspension (50-100 xg as protein).

Assay method (lI1)

The assay for glycoproteins as acceptors was carried out for 2 h
at 37 °C by the method of Takeya et al. [38] and Malagolini et al.
[39]. The reaction mixture had the following final concentrations
in a total volume of 50 xl: 0.5 mg glycoproteins, 0.1 mM UDP-
[1-**C]GaIlNAc (2.0 GBq/mmol), 0.5% (w/v) Triton X-100,
10 mM MnCl,, 80 mM sodium cacodylate/HCI buffer, pH 7.5,
and cell suspension (50-100 ug as protein).

Lipid extraction

Parental rat ascites hepatoma cells and transfected cells were
harvested and freeze-dried. Total lipids were sequentially extrac-
ted from dried cell pellets (3.04.0 mg dry weight) with 50 vol. of
chloroform/methanol/water (5:5:1, by vol.) and chloroform/
methanol (1:1, v/v). Total extracts were evaporated and sub-
jected to a phenyl boronate—agarose column (Matrex gel PBA-
60; Amicon Division, W. R. Grace and Co.) to remove neutral
lipids and phospholipids. The extracts were applied to the column
equilibrated with chloroform/methanol (4:1, v/v). The column
was washed with 5 vol. of the same solvent, and then GSLs
were eluted with 4 vol. of chloroform/methanol/water (5:5:1,
by vol.). GSL composition in stable transfectants was analysed
on tlc. plate using two solvent systems: (I) chloroform/
methanol/12 mM MgCl, (5:4:1, by vol.) and (II) (60:35:8, by
vol.). T.l.c.—immunostaining was carried out by the procedure of
Higashi et al. [40]. Mouse anti-G,,, monoclonal antibody, KA-
17, anti-G,,,,, monoclonal antibody, NA-6 [19], affinity-purified
rabbit anti-asialo-G,,,, and anti-asialo-G,,, polyclonal antibodies
were used as primary antibodies.

Immunocytochemical methods

Fluoromicroscopic analysis was performed as described below.
Stable transfectants, CHO-56b and CHO-NS8 cells, were seeded
at 2 x 10? cells/well in an eight-chamber slide (Lab-Tek; Nunc
Inc.) and cultured for 48 h at 37 °C. The cells were washed three
times with solution A (PBS containing 0.259% BSA and 0.5%
normal goat serum) and fixed for 10 min at room temperature
with 1.39, paraformaldehyde in solution B (PBS containing
2.59, BSA and 5 % normal goat serum). After three washes with
PBS, the cells were incubated for 1 h at room temperature in
primary antibodies diluted with solution B. The cells were washed
three times with solution A, and subsequently reacted for 30 min
at room temperature in FITC- and TRITC-conjugated secondary
antibody. Finally the cells were washed three times with solution
A and twice with PBS, and then mounted with 50 %, glycerol in
PBS.

Flow-cytometric analysis was carried out as follows. Briefly,
stable transfectants were treated with trypsin and washed well
with PBS. The cells were incubated with primary antibody,
diluted with PBS on ice for 1 h, and subsequently in the FITC-
and TRITC-conjugated secondary antibodies diluted with PBS
on ice for 30 min. After several washings with PBS, the cells were
suspended in 500 xl of PBS and analysed with a FACSort
instrument (Becton-Dickinson Immunocytometry Systems).
Mouse anti-G,,, monoclonal antibody, YHD-06 [41], and affi-
nity-purified rabbit anti-asialo-G,,, polyclonal antibody were
used as the primary antibodies.

Northern-blot hybridization

Total cellular RNA was prepared from cultured cell lines and rat
tissues by the guanidium thiocyanate method [31]. RNA (10 xg)
was electrophoresed on a denatured formaldehyde-agarose gel
(1.0%) and transferred on to a nylon membrane (Hybond N;
Amersham). Rat GalNAc-T cDNA was labelled with [a-
32PJdCTP by using random hexamers as primers. The cDNA
hybridization solution consisted of 5x SSPE, 1 x Denhardt’s
solution, 509, formamide, 0.5% SDS, 0.05 mg/ml denatured
salmon sperm DNA and 0.1 mg/ml yeast tRNA. The hybridi-
zation was carried out for 42 h at 42 °C, and the filters were
washed once with 2xSSC/0.19% SDS for 30 min at room
temperature and three times with 0.2 xSSC/0.19% SDS for
30 min at 68 °C.

RESULTS

Isolation of a GalNAc-T cDNA clone from rat ascites hepatoma
cell line AH7974F

We isolated a full-length GalNAc-T cDNA clone from rat ascites
hepatoma cell line AH7974F by screening the Agt10 library using
a rat GalNAc-T cDNA probe. The probe (285 bp) was obtained
by PCR of rat cDNA from the cell line using a combination of
P-2 and P-3 primers taken from a published human sequence [7].
Comparison of the nucleotide sequence of the fragment with that
of human GalNAc-T cDNA revealed 879, similarity. We
assumed the fragment to be a part of an asialo-G,,, synthase, and
subsequently screened the cDNA library from AH7974F mRNA.
In all, 22 positive clones were obtained by screening of 5.5 x 10°
independent plaques. Finally, four clones were purified and
digested with NotI to yield inserts. Figure 1 shows the structure
of the pGNAS56 cDNA that has the longest insert (2166 bp).

Nucleotide and deduced amino acid sequence of the cDNA clone

The isolated cDNA was subcloned into the Notl site of the
Bluescript KS vector, and the deletion clones were sequenced by

0 541 1082 1623 2166

P-2/P-3

H Sc R B Sm B BN

Figure 1 Schematic structure and restriction map of pGNAS6 cDNA

The open reading frame is indicated by the stippled box and the non-coding regions by the black
box. A PCR fragment (P-2/P-3) was used for screening of Agt10 library. Restriction sites B,
H, N, P, R and Sc represent BamH|, Hindlll, Notl, Pstl, EcoRl, and Sac| respectively.
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GACCAAAGTCAGGTGGCCAAACATCGACTGCTCTTCT TCAAACACCGGCTACAGTGCATGACCGCCGAGTAACGTCTGAT TTGGGCCTTCACACTGTCAGGCTGGGCCTGCCTCCTCCCT
D Q S QVAKHRLTLTFTFI KHRLAOQCMTAE"*

s11
1681

533
1800

GCCAGGAATTTCCAGCAACCACCCCCCCCCAATCCCTGAGCACCCCACTGATGAACACCCTGGCTTCCCGACCCTCTCCACCAATCTGATTCCTAACAGGGGCTTGTCCTGGTGACACCC

1801

1920

TTCCTTTCTGTGAGTGACCAGAGGCCAGATGGAGCCATATCCTCCCCCACAGCCAGTGCCAAGTCC TCCCCAACCCCACTCCTATGGGGCAGGAAATGGGGAGGT TCACTTTCCAAGTGC

1921

2040

CAAMGAGCCCAGACGGACTCTAAGACCCTCAAGTGGAAACACTCTCACCTCCTGAGGTGGGCAGGGAAACTCCCAATTTGCAACCCCAGGGACATGCACCCCACCCCAGCTCTGGATCCA

2041

2160

GCACCATGTGTCCCGGCTCCAACATACCCCTACAGAAAGC ACTGTGACTGTAGTTCTGTGGGGC TGGTGAACACACGGTGGAAGCCAAAAAAAAAAAAAAAAAAAAAAAAGGGGGGGGGG

2161
GGATCC

Figure 2 Nucleotide and deduced amino acid sequence of pGNA5S6 cDNA

The predicted transmembrane region is indicated by a broken line. The possible N-glycosylation sites are circled. The fragment obtained by PCR, termed the ‘P-2/P-3 fragment’, is underlined.

the dideoxy-chain-termination method. The pGNA56 cDNA
has 2166 bp of an insert and consists of 30 bp of a short 5'-
untranslated region, 1599 bp of an open reading frame and
637 bp of 3’-untranslated region (Figure 2). The open reading
frame encodes a protein of 533 amino acids with a predicted
molecular mass of 59 kDa. Two possible N-glycosylation sites

(Asn-Xaa-Ser/Thr) are found at positions 79 and 274. These
sites are well conserved between rat and human GalNAc-T
clones [7]. When the amino acid sequences of rat and human
GalNAc-Ts were compared, about 400 amino acid residues were
well conserved in the N-terminal region (88 %, similarity). On the
other hand, there was no significant similarity in the 120-amino-
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Figure 3 Hydropathy profile of the protein encoded by pGNAS6 cDNA

The profile was determined by the program of Kyte and Doolittle [53]. Positive values represent hydrophobic areas.

acid C-terminal region. However, when we re-examined the
nucleotide sequence of human GalNAc-T cDNA, we found the
omission of two nucleotides (revised nucleotide and deduced
amino acid sequences were reported by Nagata et al. [54]).
Finally, the deduced amino acid sequence of rat GalNAc-T
exhibited 889, similarity with that of human GalNAc-T in the
whole region. A hydropathy profile indicates that the protein
predicted from the nucleotide sequence of pPGNAS56 cDNA is a
typical type II membrane protein, which consists of a short
cytoplasmic domain, a transmembrane region and a long C-
terminal region (Figure 3). ‘Homology’ searches in protein
databases (PIR Release 34.0 and SWISS-PLOT Release 23.0)
demonstrated that there were no other proteins with significant
sequence similarity.

Determination of substrate specificity of the enzyme encoded by
pGNAS56 cDNA

The cDNA clone was subcloned into a eukaryotic expression
vector pCDMS8 [33]. We transfected pCD-GNA 56 into CHO-Py-
leu cells, which have no GalNAc-T activity (results not shown).
Subsequently, we determined substrate specificity of the tran-

Table 1 Substrate specificity of GalNAc-T encoded by pGNAS6 cDNA

The GalNAc-T assay was performed as described in the Materials and methods section. Each
value is taken from duplicate assays and is shown as a percentage of the rate obtained with
Gy as a substrate. Comparable results were achieved in another independent experiment. N.D.,
not detected; N.T., not tested.

Transfected cells Original cells
Substrate (pCD-GNA56) pCDM8 (AH7974F) AH7974
CDH 1.2 N.D 1.6 N.D
Gys 100 N.D 100 N.D
Gy 773 N.D 824 N.D
Gyip 33 N.D 75 N.D
SPG (NeuAc) 0.8 N.D 74 N.D
SPG (NeuGc) 116 N.D 209 N.D
Gpra 210 N.D 148 N.D
CTH N.D N.D N.D N.D
Asialo-Gy, N.D N.D N.D N.D
Gyra N.D N.D N.D N.D
‘PA-3’-sialyl-lactose N.D N.D N.D N.D
Fetuin N.D N.D N.T. N.T.
Asialo-fetuin N.D N.D NT N.T.

siently expressed GalNAc-T. As shown in Table 1, the total
homogenate from cells transfected with pCD-GNAS56 had the
ability to transfer GalNAc to Gy, and G,. GalNAc was also
incorporated into CDH, G,,,, SPG (NeuAc and NeuGc), and

Table 2 Correlation between GalNAc-T activity and the expression of G,,,
and aslalo-G,,, in transfected cells

The GalNAc-T assay was performed as described in the Materials and methods section. Values
indicate Gy, formation from G, as an acceptor substrate. Quantitative analysis of GSLs was
carried out using a densitometer, CS-8000 (Shimadzu, Kyoto, Japan). N.D., not detected.

Content of GSLs
(nmol/mg dry weight) GalNAc-T activity

(nmol/h per mg of

Clone Gy Asialo-Gy, protein)

CHO-N8 N.D. N.D. N.D.

CHO-56a 0.31 0.63 045

CHO-56b 1.21 1.53 258
(b)

182

Figure 4 Composition of GSLs synthesized in stable transfectants

Lipid analysis was performed as described in the Materials and methods section. (@) Resorcinol
staining of.the t.l.c. plate developed with solvent system (1). (b) Orcinol staining, with solvent
system (). Lane S-1, standard gangliosides (Gys, Gy Gy1ar Gpiar Gpip Gryp aNd Geyy); fane
S-2, standard GSLs (CDH and asialo-Gy,); lane 1, lipid fraction from the stable transfectant
CHO-N8; lane 2, lipid fraction from CHO-56b. (a) a and b, Gp,, and GalNAc-Gy,, respectively.
(b) c, free glucose; *, phospholipid.
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Figure 5 Expression of GSLs on the cell surface of stable transfectants

Immunocytochemical procedures were performed as described in the Materials and methods section. Flow-cytometric profiles A and B represent stable transfectants, CHO-N8 and CHO-56b
respectively. Fluorescence photographs a and b represent CHO-N8 cells stained with anti-asialo-Gy, antibody and YHD-06 respectively, and ¢ and d, CHO-56b cells with anti-asialo-G,,, antibody

and YHD-06 respectively. The bar represents 50 zm.

Gp,,- On the other hand, asialo-Gy,, Gy,,, and CTH did not
serve as substrates at all. Since the enzyme did not act on
oligosaccharides and glycoproteins as substrates, we concluded
that the enzyme specifically transferred GalNAc to GSLs as
substrates. A similar result was obtained in the case of human
recombinant fusion GalNAc-T protein (data not shown). The
substrate specificity of cell lysate from the original cell line,
AH7974F, was similar to that of the lysate from the pGNAS56-
cDNA-transfected cells. Since the AH7974F cells intensely ex-
pressed asialo-G,,,, but not G, [20-25], the enzyme was thought
to participate in the synthesis of asialo-G,,,. The relative activity
of asialo-G,,, formation, however, was 1-29%, of that of G,
synthesis in vitro. Thus we examined whether asialo-G,,, could be
synthesized by the enzyme in vivo as described below.

Expression of GSLs in stable transfectants

We obtained two clones, CHO-56a and 56b, from several asialo-
G,,-Positive clones by immunocytochemical screening. The two
clones expressed different levels of asialo-G,,. As a negative
control, CHO-N8 cells were obtained by co-transfection of
pCDMS8 and pSV2neo into CHO-K1 cells. The control cells did
not react with anti-asialo-G,,, antibody. The cellular expression
of Gy, and asialo-G,,, was clearly contributed by the single
GalNAc-T (Table 2). Furthermore, the level of expresssion of the

GSLs was positively correlated with the GalNAc-T activity.
Figure 4 shows the GSL composition of CHO-56b and CHO-N8
cells. The GSL composition of recipient CHO-K 1 cells was very
simple, consisting of only CMH, CDH, and G, (results not
shown). CHO-N8 cells showed a similar GSL pattern to that
shown by CHO-K1 cells (Figure 4, lane 1). In contrast, G,,, and
asialo-G,,, were newly synthesized in CHO-56b cells. In addition,
the cells had a detectable amount of gangliosides with longer
carbohydrate chains corresponding to G,,, and GalNAc-G,,
on t.l.c. (Figure 4, lane 2, a and b). Interestingly, G,,and CDH
were not apparently detected, indicating that these two GSLs
were taken up by the GalNAc-T as substrates (Figure 4, lane 2).
The GSLs expressed in the stable transfectants were identified by
t.l.c.—-immunostaining with the exception of G, (results not
shown). Asialo-G,,,, G,,,, and G,,,, as minor components were
also detected in CHO-56b cells by t.l.c.—.immunostaining with
each specific antibody (results not shown).

In order to confirm simultaneous expression of asialo-G,,, and
G,,, on the cell surface, the stable transfectants were analysed by
flow cytometry using the appropriate primary antibodies. Figure
S showed that the positive clone, CHO-56b cells, simultaneously
expressed the GSLs (Figure 5, panels A and B). We further
examined the cellular distribution of the newly synthesized GSLs
by fluoromicroscopic analysis (Figure 5, panels ¢ and d). CHO-
56b cells were intensely stained on the cell surface with both anti-
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(a)

Figure 6 Northern-blot analysis of GalNAc-T expression and detection of
asialo-G,,, in rat tissues

Northern-blot analysis and t.|.c.-immunostaining were performed as described in the Materials
and methods sction. (a) Hybridization with 2P-labelled pGNA56 cDNA as a probe. Lane 1, rat
ascites hepatoma cell line AH7974F ; lanes 2-5, rat liver, brain, testis and spleen respectively.
Ori., origin. (b) T.L.c.~immunostaining with affinity-purified anti-asialo-Gy,, polyclonal antibody.
Lane 1, standard asialo-Gy, (20 pmol); lanes 2-5, rat liver, brain, testis and spleen
respectively. The amount of glycolipid applied per lane corresponded to 10 mg dry weight of
tissue.

asialo-G,, antibody and anti-G,,, monoclonal antibody, YHD-
06, also indicating that both GSLs are expressed on the plasma
membrane.

Northern-blot analysis

The expression of GalNAc-T mRNA in rat cultured cell lines
and tissues were examined by Northern-blot analysis (Figure 6).
A single GaINAc-T mRNA of 2.9 kb was strongly expressed in
parental cells, AH7974F (Figure 6a, lane 1), but not detected in
its original clone, AH7974, deficient in GalNAc-T activity (results
not shown; see also Table 1) [22,23]. The GalNAc-T transcript
was also detected in adult rat tissues, although the intensity of its
expression varied among tissues examined (Figure 6a, lanes 2-5).
However, asialo-G,,, could not be detected in adult rat tissues,
when examined by t.l.c.-immunostaining with anti-asialo-G,,
polyclonal antibody. Instead, the presence of asialo-G,,, was
demonstrated in rat tissues by t.l.c.—immunostaining with anti-
asialo-G,,, polyclonal antibody (Figure 6b). Both a- and a-series
gangliosides, such as G, and G,,,, respectively, were also shown
in all tissues examined (results not shown). These observations
strongly support our conclusion that G,, and asialo-G,,, are
synthesized by the single GaINAc-T.

DISCUSSION

Since the transfer of GalNAc to CDH is an initial step in the
synthesis of asialo-series GSLs and the subsequent synthesis of a-
series ganglioside, it is very important to isolate the gene encoding
this enzyme and to analyse the mechanism regulating its ex-
pression [9]. Pohlentz et al. [8] suggested that asialo-G,,,, G,,,
and G, were synthesized by a single GaINAc-T from rat liver by
kinetic analysis. On the other hand, Nagata et al. [7] isolated
GalNAc-T cDNA from a human melanoma cell line. When they
analysed GSLs from stable clones into which were introduced
the human GalNAc-T ¢cDNA, they could not detect asialo-G,,,,
despite the strong expression of G, and G,,, in these cells. This
observation suggested the existence of another GalNAc-T re-
sponsible for asialo-G,,, synthesis. Thus we undertook to isolate

the gene encoding asialo-G,,, synthase from the rat ascites
hepatoma cell line AH7974F, because the cells expressed asialo-
G, strongly, but did not express G,,, at all [20-25].

GalNAc-T encoded by pGNAS6 cDNA exhibited high G,,,
and GD2 synthase activity, whereas the relative asialo-G,,,
synthase activity was only 1-2%, of G,,, synthase (Table 1).
Substrate-specificity experiments also indicated that the rat
GalNAc-T predominantly recognized the non-reducing terminal
NeuAca2-3Galgl- structure on GSLs irrespective of core-sugar-
chain structures and formed a GalNAcg1-4 residue. However, it
did not act on soluble substrates such as glycoproteins and
oligosaccharides. Previous work has already shown the presence
of several GalNAc-Ts having a substrate specificity different
from that of the rat GalNAc-T. Examples include enzymes that
transfer GalNAc to both GSLs and oligosaccharides [42], to
both GSLs and glycoproteins, such as Cad and Sda antigens
[43-45], and to pituitary glycoprotein hormones such as lutropin,
follitropin and thyrotropin [46—48]. It is an intriguing issue
whether these GalNAc-Ts have a conserved sequence, as is seen
in sialyltransferases. Further isolation and characterization of
other cDNA clones will resolve this problem.

In vivo assays showed the simultaneous expression of asialo-
Gy, and G, with high levels on the plasma membrane of the
stable transfectant CHO-56b. This means that the cellular
expression of asialo-G,,, was carried out by the single GalNAc-
T that had 1-2 % relative activity of asialo-G,,, synthase to that
for G,,, synthase. Besides asialo-G,,, and G,,,, GSLs with longer
carbohydrate chains, such as asialo-G,,, G,,., G, and
GalNAc-G,,,, were neo-synthesized. These findings indicate
that new metabolic pathways of GSLs, asialo-series GSLs and a-
series gangliosides are opened by introduction of the single
GalNACc-T. Since recipient cells, CHO-K1, had no G, b-series
gangliosides including G,,,, were not detected.

Rat GalNAc-T mRNA was expressed in normal liver (Figure
6a). Indeed, Pohlentz et al. [8,9] reported the presence of GalNAc-
T activity in Golgi membrane fraction from rat liver. However,
we could not find asialo-G,,, in the tissue as previously described
[49-51]. On the other hand, asialo-G,,, and G, belonging to
asialo- and a-series were shown to exist in rat liver for the first
time by sensitive t.l.c..immunostaining with specific antibodies.
This finding indicates that asialo-G,,, and a-series ganglosides
with longer carbohydrate chains are sequentially formed from
asialo-G,, in the tissue. The apparent absence of asialo-G,,, may
result from its immediate utilization as a metabolic precursor for
asialo-G,,, synthesis. From Northern-blot and GSL analyses, the
expression of GalNAc-T mRNA was clearly coincident with the
presence of G, and asialo-series GSLs in rat tissues examined
(Figure 6). This strongly suggests that asialo-G,,, and G,,, are
synthesized by a single GalNAc-T.

The above observations made us consider further the inability
of the human GalNAc-T encoded by pM2TI-1 to synthesize
asialo-G,,, in vivo. We found that human recombinant GalNAc-
T also exhibited about 1% activity of asialo-G,, synthase
compared with G,,, synthase in vitro. Nagata et al. [7] examined
the activity of GalNAc-T in GSL synthesis by a cellular ex-
pression method using melanoma cells. They did not find asialo-
G,,, expression in transfected cells. However, according to our
results, it is expected that asialo- and a-series GSLs may be
detected in the melanoma cells by sensitive t.l.c.-immunostaining
with specific antibodies.

In conclusion, we found that the expression of asialo-G,,,
Gy,, and G,,, was carried out by the single GalNAc-T from
AH7974F cells on a molecular basis. This finding may be helpful
for understanding the biological significance of asialo-series
GSLs found in rat malignant and normal cells and tissues.
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