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The genomic organization of the genes encoding the mouse iV-acetylgalactosamine a2,6-
sialyltransferase specific for Siaa2,3Gaipi,3GalNAc (ST6GalNAc III and TV) has been
determined. The ST6GalNAc III gene spans over 120 kilobases of genomic DNA with 5
exons; on the other hand, the ST6GalNAc IV gene spans over 12 kilobases of genomic
DNA with 6 exons. But the exon-intron boundaries of these genes are very similar. The
5'-flanking regions of these genes do not contain a TATA- or CAAT-box but have three
putative Spl binding sites for each promoter. Transient transfection experiments dem-
onstrated functional promoter activity in an ST6GalNAc Ill-expressing cell line, P19, for
the ST6GalNAc III promoter, and in an ST6GalNAc IV-expressing cell line, NIH3T3, for
the ST6GaJNAc IV promoter. Mobility shift assaying and mutation al analysis of the pro-
moter region indicated that two of the three Spl binding sites are involved in the tran-
scriptional regulation of the ST6GalNAc III gene in P19 cells, while all three Spl binding
sites are involved in the transcriptional regulation of the ST6GalNAc IV gene in NIH3T3
cells.

Key words: GalNAc a2,6-sialyltransferase, GDloc synthase, genomic structure, molecular
cloning, sialyltransferase.

The NeuAca2,6GalNAc-structure is known to be a common
feature of O-linked oligosaccharides and cc-series ganglio-
sides. The transfer of sialic acid to iV-acetylgalactosamine
(GalNAc) from CMP-sialic acid is catalyzed by a family of
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Abbreviations: The nomenclature for gangliosides follows the sys-
tem of Svennerholm (1). The abbreviated nomenclature for cloned
sialyltransferases follows the system of Tsuji et al. (2). ST6GalNAc
I, GalNAc <x2,6-sialyltransferase (EC 2.4.99.3); ST6GalNAc II, Gal-
pi,3GalNAc GalNAc a2,6-sialyltransferase; ST6GalNAc III-V, Sia-
p2,3Gaipi,3GalNAc GalNAcoc2,6-sialyltransferase (EC 2.4.99.7);
Sia, sialic acid; NeuAc, Af-acetylneuraminic acid; CMP-NeuAc, cyti-
dine 5'-monophospho-AT-acetylneuraminic acid; PCR, polymerase
chain reaction; kb, kilobases; bp, base pairs.
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sialyltransferases, GalNAc cc2,6-sialyltransferases (ST6-
GalNAc-family) (3, 4). So far, the cDNA cloning of five
members of the a2,6-sialyltransferase family (ST6GalNAc
I-V) has been reported (5-12). Mouse ST6GalNAc I and II
exhibit high amino acid sequence homology in their active
domains and transfer sialic acid to oc-linked GalNAc (Gal-
NAccd,O-Ser/Thr), but not to p-linked GalNAc. ST6GalNAc
I and II exhibit the broadest substrate specificity, transfer-
ring CMP-NeuAc with an oc2,6-linkage to the GalNAc resi-
dues of GalNAc-O-Ser/Thr, Gaipi,3GalNAc-O-Ser/Thr, and
NeuAca2,3Gaipi,3GalNAc-O-Ser/Thr (5). Both genes are
expressed in secretory organs, such as the submaxillary
and mammary glands, so the enzymes are considered to be
involved in the biosynthesis of the O-glycans of mucin. On
the other hand, ST6GalNAc III, IV, and V exhibit the most
restricted substrate specificities, only utilizing the Neu-
Aca2,3Gaipi,3GalNAc-sequence as an acceptor, however,
there are some differences in their substrate preferences.
ST6GalNAc III can transfer sialic acid to both NeuAc-
a2,3Galpl,3GalNAc-O-Ser/Thr and ganglioside GMlb.
ST6GalNAc IV exhibits strong activity toward NeuAca2,3-
Gaipi,3GalNAc and O-glycans (9). On the other hand, ST6-
GalNAc V exhibits strong activity toward GMlb and very
weak activities toward O-glycans. At present, ST6GalNAc
V is considered to be the most probable candidate for GDlcc
synthase (12). GDlcc has been assumed to be a molecular
component involved in a variety of important biological pro-
cesses including the metastasis of highly virulent lympho-
mas and motor learning as worked out by Purkinje cells
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(13, 14). The expression of GDla is highest in the embry-
onic brain, with a lower level in adults.

Besides substrate preferences, the mRNA expression lev-
els of ST6GalNAc III and IV are dramatically different,
although their expression patterns are similar but not iden-
tical (9). The expression levels of ST6GalNAc IV is much
higher than that of III in almost all tissues, suggesting that
the promoter of ST6GalNAc IV is stronger than that of III.
Thus, it is necessary to elucidate the different regulatory
mechanisms for the gene expression of ST6GalNAc III and
IV. In the present study, we have cloned mouse ST6GalNAc
III and IV genomic DNAs and characterized their promot-
ers.

MATERIALS AND METHODS

Isolation of Mouse ST6GalNAc III and IV Genomic
Clones—An NIH3T3 genomic cosmid library (75) was
screened with mouse ST6GalNAc III cDNA (9) as a probe.
A C57BL/6 gemonic cosmid library was constructed as
described previously (8) using a pWE15 cosmid vector kit
(Stratagene) and Eschelichia coli XLl-Blue as a host, and
screened with mouse ST6GalNAc IV cDNA (9) as a probe.
Cosmid DNAs from the positive bacterial colonies were iso-
lated and then subjected to restriction analysis. The loca-
tions of the exons of the sialyltransferase genes were de-
termined by PCR with specific oligonucleotide primers or
by hybridization. For general DNA manipulation, E. coli
JM109 and MV1184 were used as hosts for cloning vectors.

PCR Amplification of the 5'-cDNA End (RACE)—The pri-
mers used in this paper are listed in Table I. Amplification
of the 5'-end of mouse ST6GalNAc III cDNA was performed
as described previously (5,9). cDNA was synthesized by the
reverse transcription (Superscript II, GIBCO BRL) of 5 ug
of mouse brain poly(A)+RNA and NB41A3 cell poly(A)+RNA
using primer RT-181. The cDNA was A-tailed with 0.6 unit
of terminal deoxynucleotidyltransferase (Boehringer Man-
nheim, Germany) using 0.05 mM dATP. Two consecutive
PCRs were performed with two nested sets of primers. For
pair 1, the forward primer was Notl-d(T)l8 (Pharmacia,

Sweden) and the reverse primer was RT-181. For pair 2,
the forward primer was as above but without the T-tail
[MrfI-d(T)?], and the reverse primer was RT-91. The cDNA
was amplified through 35 cycles of a step program (94°C,
30 s; 55°C, 30 s; 72°C, 40 s). The amplified products were
blunt-ended, kinated, digested with .EcoRI, and then sub-
cloned into the EcoRVSmal site of pUC119. pE91 was con-
structed by subcloning the 0.5 kb PCR product amplified
with RT-91 and a reverse sequencing primer (M13 primer
RV, Takara, Kyoto), into the EcoWSmal site of pUC119,
followed by kination and EcoRl digestion. Dideoxy chain-
termination sequencing of RACE clones was carried out on
a 6% sequencing gel along with a corresponding control se-
quence ladder. Amplification of the 5'-end of mouse ST6Gal-
NAc IV cDNA was performed using a 5'-full RACE core set
(Takara) and 1 ug of mouse brain poly(A)+RNA according to
the manufacturer's instructions. For cDNA synthesis, the
ST6GalNAc IV cDNA-specific primer, R1-7-, was used, and
the cDNA was self-ligated. Then two consecutive PCRs
were performed with the above self-ligated cDNA as a tem-
plate using the first primer set, R1-5+ and R1-3-; the sec-
ond PCR was performed with 1 ul of the above reaction
mixture as a template using the second primer set, R1-6+
and R1-2-. The amplified products were blunt-ended and
cloned into the .EcoRV site of pBluescript II SK(+), and then
sequenced.

PCR Amplification of the 3'-cDNA End (RACE)—Amplifi-
cation of the 3'-end of mouse ST6GalNAc IV cDNA was
performed using a 3'-full RACE core set (Takara) and 1 ug
of mouse brain poly(A)+RNA according to the manufac-
turer's instructions. For PCR amplification, the ST6GalNAc
IV cDNA-specific primers, R1-13+, R1-14+, and R1-10+,
were used. The amplified products were blunt-ended and
cloned into the EcoRV site of pBluescript II SK(+), and then
sequenced.

Primer Extension Analysis—-The ST6GalNAc IV cDNA-
specific primer, R1-1-, was end-labeled with [y-32P]ATP
using T4 polynucleotide kinase. The radiolabeled primer
was hybridized with 5 ug of poly(A)+ RNAs prepared from
mouse brain or colon, or 5 ug of yeast tRNA as a control as
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Fig. 1. Comparison of the genomic struc-
tures of the ST6GalNAc III and IV genes.
(A) Exon/intron structures of the ST6GalNAc
III and IV genes. For the ST6GalNAc III gene,
four independent genomic clones (COS-11,
COS-2, COS-22, and COS-8) were isolated
from a cosmid library. For the ST6GalNAc IV
gene, three overlapping genomic clones (COS-
5C, COS-71, and COS-91) were isolated from a
cosmid library. The protein coding regions,
and the 5'- and 3'-untranslated regions are
shown by filled rectangles and open rectan-
gles, respectively. The intronic sequences are
shown by the solid lines between the exons.
(B) Comparison of the deduced amino acid se-
quences of the exons of the ST6GalNAc III
gene with those of the corresponding exons of
the ST6GalNAc IV gene.
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to extension specificity, and then extended with Superscript
II reverse transcriptase (GIBCO BRL) as described previ-
ously (16). The primer extension products were separated
on a 6% sequencing gel along with a corresponding control
sequence ladder.

Analysis of Promoter Activity—A 2.0 kb EcoRl fragment
containing mouse ST6GalNAc III exon 1 was isolated from
the COS-11 clone (Fig. 1A) and then subcloned into the
pBluescript SK(+) plasmid. The resultant plasmid, desig-
nated as pEXl-E2.0, was used for construction of reporter
plasmids. A ST6GalNAc III-luciferase reporter plasmid,
pB8-471, was constructed by subcloning a 471 bp Xholl
Ncol fragment from pEXl-E2.0 into the XhoVNcol sites of
pPicaGene-Basic vector II (pPGBII; Toyo-ink, Tokyo). pB8-
189 was constructed by subcloning a 189 bp Hindlll/Ncol-
digested PCR fragment into pPGBII. PCR was performed
using the primers B8-ffindIII and RT91, with pEXl-E2.0

as the template. pB8-7.2K was constructed by subcloning a
7.0 kb SacVBglll fragment from the COS-11 clone into the
Sacl/Bglll sites of pB8-471. pB8-1650 was constructed by
subcloning a 1650 bp SmaUNcol fragment into pPGBII.

ST6GalNAc IV-luciferase reporter plasmids were con-
structed as follows. pRl-1232 was constructed by subclon-
ing a 1232 bp tfmdlll/iVcoI-digested PCR fragment into
pPGBII. PCR was performed using the primers Rl-Hin-
dlll(A) and R1-2-, with the COS-7I clone (Fig. 1A) as the
template. pRl-1022 was constructed by subcloning a 1022
bp HmdllMVcoI-digested PCR fragment into pPGBII. PCR
was performed using the primers ~Rl-Hindlll(B) and R1-2-,
with the COS-7I clone as the template. pRl-819 was con-
structed by subcloning an 819 bp .X7ioMVcoI-digested PCR
fragment into pPGBII. PCR was performed using the prim-
ers Rl-Xhol and R1-2-, with the COS-7I clone as the tem-
plate. pRl-262 was constructed by subcloning a 262 bp

TABLE I. Primers used in this study.

Primer Sequence Strand Position
ST6GalNAc III
RT-91
RT-181
Notl-d(T\8
Notl-d(T\
M13 primer RV

B8-GS1+
B8-GS1-
B8-GS2+
B8-GS2-
B8-GS3+
B8-GS3-
B8-SplA

B8-SplB

B8-SplC

ST6GalNAc IV
Rl-1-
Rl-2-
Rl-3-
R1-5+
R1-6+
Rl-7-
R1-10+
R1-13+
R1-14+
Rl-Hi/idllKA)

Rl-tfmdIIKB)

Rl-Xhol

Kl-Mlul

R1-GS1+
R1-GS1-
R1-GS2+
R1-GS2-
R1-GS3+
R1-GS3-
Rl-SplA'

Rl-SplB'

Rl-SplC'

5'-CTTGAGGATGCAGGCCATGGCGCTATG-3'
5'-TTAGGCTGTCCAAAGCAGTTCAGG-3'
5'-AACTGGAAGAATTCGCGGCCGCAGGAA(T)18-3'
5'-AACTGGAAGAATTCGCGGCCGCAGGAA-3'
5'-CAGGAAACAGCTATGAC-3'
5'-GCAAGCAAGCTTAGTTGCGGGCTGCACG-3'
(the Hindlll linker was underlined)
5'-GTGACTAGGGGCGGGGCCTCGTGTGGCGCC-3'
5'-GCTGGCGCCACACGAGGCCCCGCCCCTAGT-3'
5'-TCGTGTGGCGCCAGCCAGTGGCGGGGCT-3'
5'-CCGAGCCCCGCCACTGGCTGGCGCCACA-3'
5'-GGCTCGGGGGTGGGGGCCTGAGCGCGC-3'
5'-CGTGCGCGCTCAGGCCCCCACCCCCGA-3'
5'-CGCCACACGAGGCCCAGATCTTAGTCACGTGCCCTC-3'
(the BglXl linker is underlined),
5'-GCCCCACCCCCGAGCfiGATCCACTGGCTGGCGCC-3'
(the BamHl linker is underlined),
5'-GTGCGCGCTCAGGCCGAATrCCCGAGCCCCGCCAC-3'
(the EcoRl linker is underlined)

5'-GCTGCTCGGAGCTCCATGTC-3'
5'-GGGCCTTCATGCTGTCTCTG-3'
5'-AGGCAGGTTGCCAGGCAGAG-3'
5'-TTGAGGAGGACGTGGGCCAG-3'
5'-GCCTGCAAGTGTACACCTTC-3'
5'-CTGACCATCCCGTAGACCAC-3'
5'-GGTGGGATCTAGACTACTCC-3'
5'-TTAAGTGACCTTTGCCCTGG-3'
5'-TCTCTGTGGTAACGGATGTG-3'
5'-AAGCTTGAATTCCAGTACTTGGGAGGCAGA-3'
(the Hindlll linker is underlined)
S'-GTTTGAAGCTTGCCTGAAAAAT-S'
(the Hiradlll linker is underlined)
5'-CTCAATTCTCGAGGGCCAGTAGC-3'
(the Xhol linker is underlined)
5/-GACCTTGAGCCGAACGCGTCTCCTCTTT-3>

(the Mlul linker is underlined)
5'-CTAGACAGGCCCCGCCCTCGACGT-3'
5'-CGACGTCGAGGGCGGGGCCTGTCT-3'
5'-CGTCGAGACCTCGCCCCCCAGCCC-3'
5'-CCGGGCTGGGGGGCGAGGTCTCGA-3'
5'-GCGCAGGCCCCGCCCCCTGAGCGC-3'
5'-TTGCGCTCAGGGGGCGGGGCCTGC-3'
5'-AACTAGACAGGCCACSCGTTCGACGTCGAGAC-3'
(the Mlul linker is underlined)
5'-TCGACGTCGAGACrrCGAACCCCAGCCCGGAG-3'
(the NspV linker is underlined)
5'-CGCTGCGCAGGCCCAGATGJCTGAGCGCAAAGC-3'
(the Bglll linker is underlined)

Antisense
Antisense

Sense

Sense
Antisense
Sense
Antiense
Sense
Antisense
Antisense

Antisense

Antisense

Antisense
Antisense
Antisense
Sense
Sense
Antisense
Sense
Sense
Sense
Sense

Sense

Sense

Sense

Sense
Antisense
Sense
Antisense
Sense
Antisense
Sense

Sense

Sense

63 to 89
179 to 202

-118 to -102

-94 to -65
-91 to - 62
-76 to-49
-73 to -46
-52 to -27
-49 to -24
-102 to -67

-70 to -37

-59 to -25

81 to 100
219 to 238
322 to 341
471 to 490
761 to 780
913 to 932
3469 to 3488
1401 to 1420
1645 to 1664
-651 to -628

-451 to -430

-251 to -229

Located at the first intron

-162 to -139
-160 to -137
-141 to -118
-139 to -116
-78 to -55
-76 to -53
-164 to -133

-145 to -114

-82 to -50
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MluVNcoI-digested PCR fragment into pPGBII. PCR was
performed using the primers Rl-Mlul and R1-2-, with the
COS-7I clone as the template. pRl-8.6K was constructed by
subcloning a 8.1 kb Sac I fragment from the C0S-7I clone
into the Sacl site of pRl-1232. pRl-5.1K was constructed
by deleting a 3.5 kb KpnVXkol fragment from pRl-8.6K,
followed by blunt-ending and self-ligation. The resultant
chimeric constructs were transfected into P19 cells (embry-
onal carcinoma) and NIH3T3 cells (fibroblast) for analysis
of the ST6GalNAc III and IV promoter activities, respec-
tively. The cell lines were obtained from American Type
Culture Collection (ATCC) and RIKEN Cell Bank. Cells
were seeded at 1 x 105 cells per 60-mm diameter dish in
Dulbecco's Modified Eagle's Medium-10% fetal calf serum
24 h prior to transfection. Each luciferase plasmid (5 ug)
and a pSRp-Gal plasmid (0.5 \ig), which served as an inter-
nal control as to transfection efficiency, were transfected
into the cells with LipofectAMINE (GIBCO BRL). After 48
h transfection, the cells were washed three times with PBS
and then lysed with cell lysis buffer (PGC-51; Toyo-ink).
Luciferase activity was measured with a PicaGene Lucifer-
ase Assay System (Toyo-ink) and a Luminescencer AB-2000
(ATTO, Tokyo). Light activity measurements were made in
triplicate, averaged, and then normalized as to (3-galactosi-
dase activity in order to correct for transfection efficiency. (3-
Galactosidase activity was measured with a Luminescent
(J-Galactosidase Detection Kit II (Clontech).

Mobility Shift Assay—For the ST6GalNAc III promoter, a
DNA fragment comprising nucleotides -94 to 74 was pre-
pared from pB8-189 by digestion with PmaCI and Ncol,
and then end-labeled with [a-32P]dCTP using Klenow poly-
merase. Binding assays were performed as described previ-
ously (16). The annealed pairs of synthetic DNA fragments,

B8-GS1+ and B8-GS1-, B8-GS2+ and B8-GS2-, and B8-
GS3+ and B8-GS3-, were used as competitors.

For the ST6GalNAc IV promoter, a DNA fragment com-
prising nucleotides -238 to 25 was prepared from pRl-819
by digestion with Xhol and Eco521, and then end-labeled
with [cc-32P]dCTP using Klenow polymerase. Binding as-
says were performed as described previously (16). The an-
nealed pairs of synthetic DNA fragments, R1-GS1+ and Rl-
GS1-, R1-GS2+, and R1-GS2-, and R1-GS3+ and R1GS3-,
were used as competitors.

Site-Directed Mutagenesis of the Spl Binding Sites—For
the ST6GalNAc III promoter, Spl binding site-replaced
mutants, pB8-189(SplA), pB8-189(SplB), pB8-189(SplC),
and pB8-189(SplAC), were constructed as follows. A 880 bp
Sphl-Hindlll fragment of pB8-189 was subcloned into
pKF19k (Takara), and then subjected to site-directed muta-
genesis using mutagenic primers, i.e. B8-SplX for Spl
binding site X (X = A, B, and C), with a Mutan-Super Ex-
press Km kit (Takara). From these mutagenized plasmids,
each Hindlll-Ncol fragment was excised and subcloned
into pPGB II, giving rise to Spl binding site-replaced
mutants, pB8-189(SplX) for Spl binding site X (X = A, B
and C). The Sphl-Hindlll fragment of pB8-189(SplA) was
subcloned into pKF19k, and then subjected to site-directed
mutagenesis using the mutagenic primer for Spl binding
site C as described above. Then the Hindlll-Ncol fragment
was excised and subcloned into pPGBII, giving rise to the
Spl binding site-replaced mutant, pB8-189(SplAC), for
Spl binding sites A and C. All plasmids were verified by re-
striction analysis and sequencing.

For the ST6GalNAc IV promoter, Spl binding site-re-
placed mutants, pRl-1232(SplA'), pRl-1232(SplB'), pRl-
1232(SplC), and pRl-1232(SplA'C), were constructed as

TABLE II. Exon/intron junctions of the ST6GalNAc III and IV genes. The nucleotide sequences at the intron (lowercase letters) and
exon (uppercase letters) junctions are shown. The derived amino acid sequence is shown below the nucleotide sequence. The same amino
acid residues between the ST6GalNAc HI and IV genes are underlined. Exons are numbered from the 5' end. The exon sizes are indicated
in bp. The numbering starts at the adenosine of the initiator methionine as +1.

Exon (bp)
ST6GalNAc III

1

2

3

4

ST6GalNAc IV
1

2

3

4

5

89

195

410

108

139

101

186

413

108

Splice donor

TGC ATC CTC
Cys He Leu

AGGACC CAA
Arg Thr Gin

ACT GGA AAG
Thr Glv Lys

GAA ACC TAC
Glu Thr TJT

TCC GCT CGT

ATG AAG GCC
Met Lys Ala

CCA GAC GGG
Pro Asp Gly

ACA GGC AAG
Thr Gly Lys

GAT AGT TAC
Asp Ser Tyr

Intron

6
AAG gtaacagctc
Lys
71
GAG gtaagacctg
Glu
207
GAC AGgtgagtcc
Asp
243
TGC AAgtaagatc
Cys

TCG gttagcgccc
4
CCG gtaagtgaca
Pro
66
AAG gtgagtcagc
Lys
203
AAC CGgtgagctg
Asn
239
TGC AGgttagacc
Cvs

tgttttgcag

tctttttcag

ttcctccagA

ctctttcagG

cttgcctcag

tctccctcag

ttctctgtag

cctcctcagG

tcctaacagC

Splice acceptor

7
AGG AAG CCC GTG
Arg Lys Pro Val
72
CCT TTG CAA CTG
Pro Leu Gin Leu
209
GTC CAG TCT GGC
Val Gin Ser Gly
245
ACA GAA GGG TAT
Thr Glu Gly Tyr

TTT CTC TCA TAT
5
GGC CGC CTT CTG
Gly Arg Leu Leu
67
CCT CTT ATC CGA
Pro Leu He Arg
205
AGA CAA TCA GGC
Arg Gin Ser Gly
241
GAG AAG AGT CCC
Glu Lys Ser Pro
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follows. A 1.9 kb Sphl-Hindlll fragment of pRl-1232 was
subcloned into pKF18k (Takara), and then subjected to
site-directed mutagenesis using mutagenic primers, Rl-
SplX' for Spl binding site X' (X = A, B, and C), with a
Mutan-Super Express Km kit. From these mutagenized
plasmids, each Hindlll-Ncol fragment was excised and
subcloned into pPGB II, giving rise to Spl binding site-
replaced mutants, pRl-1232(SplA') for Spl binding site A',
pRl-1232(SplB') for Spl binding site B', and pRl-1232-
(SplC) for Spl binding site C, respectively. The Sphl-Hin-
dlll fragments of pRl-1232(SplA'), pRl-1232(SplB'), and
pRl-1232(SplC) were each subcloned into pKF18k, and
then subjected to site-directed mutagenesis as described
above to construct Spl binding site double-replaced mu-
tants. After mutagenesis, each ffi/idlll-iVcoI fragment
from these plasmids was excised and subcloned into pPG-
BII, giving rise to the Spl binding site double-replaced
mutants, pRl-1232(SplA'B'), pRl-1232(SplA'C), and pRl-
1232(SplB'C) for Spl binding sites A' and B', A' and C,
and B' and C, respectively. The Sphl-Hindlll fragment of
pRl-1232(SplA'B') was subcloned into pKF18k, and then
subjected to site-directed mutagenesis as described above
to construct an Spl binding site triple-replaced mutant.
After mutagenesis, the Hindlll-Ncol fragment of the
mutagenized plasmid was excised and subcloned into pPG-
BII, giving rise to the Spl binding site triple-replaced
mutant, pRl-1232(SplA'B'C). All plasmids were verified
by restriction analysis and sequencing.

RESULTS

Isolation of Mouse ST6GalNAc III and IV Genomic
Clones—Screening of an NIH3T3 cosmid genomic library
with full length mouse ST6GalNAc III cDNA resulted in
the isolation of four independent, non-overlapping cosmid
clones (Fig. 1A). The location of the ST6GalNAc III exons
was determined by hybridization and PCR. Sequencing
was performed to determine the exact sizes of the exons
and exon-intron junctions (Table II). The ST6GalNAc III
gene was found to be divided into 5 exons, ranging from 89
to 3080 bp, spanning over 120 kb of genomic DNA.

We also screened a C57BL/6 mouse cosmid genomic
library with full length ST6GalNAc IV cDNA, and cloned
three independent overlapping clones (Fig. 1A). Analysis of
these clones revealed that the ST6GalNAc IV gene is
divided into 6 exons, ranging from 101 to 2683 bp, span-
ning about 12 kb of genomic DNA. Although the entire
genome size of the ST6GalNAc III gene is 10 times or more
larger than that of the ST6GalNAc IV gene, and the ST6-
GalNAc IV gene has an extra exon, the ST6GalNAc III and
IV genes have very similar genomic structures. The se-
quences of the exon-intron splice junctions of both genes
obey the GT-AG rule (17) (Table II). The splice junctions of
the ST6GalNAc III gene in exons 1-2 and 2-3 are between
codons, and those in exons 3-4 and 4-5 occur after the sec-
ond nucleotide of the amino acid codon. Similarly, the splice
junctions of the ST6GalNAc IV gene in exons 2-3 and 3-4
are between codons, and those in exons 4-5 and 5-6 are

ST6GalNAc III B:

T G C A T G C A

ST6GalNAc IV

T G C A Br Co Ye

i

t
o

Fig. 2. Analysis of the transcription initia-
tion sites of the ST6GalNAc III and IV
genes. (A) 5'-RACE PCR analysis of ST6Gal-
NAc III mRNA. PCR products were subcloned
into pUC119 and then subjected to DNA se-
quence analysis. The white arrow indicates the
major cDNA end generated on RACE-PCR. The
white asterisk shows the nucleotide that may
be the result of the terminal transferase ac-
tivity of reverse transcriptase. The asterisks on
the nucleotide sequence indicate the obtained
cDNA ends of the RACE-PCR clones. (B)
Primer extension analysis of ST6GalNAc IV
mRNA. Primer extended products of brain
mRNA (Br), colon mRNA (Co), and yeast tRNA
(Ye) were run on a sequencing gel along with a
corresponding sequence ladder. Arrows and as-
terisks indicate the identified transcription ini-
tiation sites by primer extension and 5'-RACE
PCR, respectively.

1636

-GATTTTCTGG-poly(A)
ATG TAG

ATG TAG
-Ih

3630

AATAAA
• TATTTCACAG-po ly (A)

Fig. 3. Analysis of the 3-end
of the ST6GalNAc IV tran-
scripts. 3'-RACE PCR was per-
formed as described under
"MATERIALS AND METH-
ODS." The identified structures
of the two transcripts are shown
schematically.

Vol. 127, No. 3,2000

 at Peking U
niversity on O

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

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


404 S. Takashima et al.

after the second nucleotide of the amino acid codon. Com- the 5'-untranslated region and a part of the cytoplasmic
parison of the corresponding exons between the ST6Gal- domain. Exon 2 encodes the hydrophobic signal anchor
NAc III and IV genes showed they share significant homol- sequence and the stem domain. Exons 3-5 encode the puta-
ogy (Fig. IB). For the ST6GalNAc III gene, exon 1 contains tive active domain of the enzyme. Exon 5 contains a trans-

cccggggtggtccacccagcaatgggctggccctccacataaatcactaaataagaacatgccctacaggtttccctac

-1500 agcctacttcttctggagtcatttgattttcagttgagtctcccgtctctccagcgagtctagcttgtgtcaagttgacatgaaactagccagtacacct

-1400 gctaagaccatttattaaagctgcagtttgaagtatgcgatcttcaccaaaccatacttataaaatacatgtgccttgaaggcagagggaggggtgggag

-1300 gaagtggcaacagagaagagtttagtcaccctggagacagacagagcttgcctgggaacaggcagtttgaacaggactctagtcttttcagtat£ttccc
GATA

-12 00 tgtgatttctcctgttgaatgtcctgagcaacaacatgctaattcccatgaacaattcctgtctgttggtgtgggagcatctcatgaccctcggtcactc

-1100 tcaqatcacatqctttccctqatqcUiqtqcaqqccaqctaatctqccqaqqqaqacqactttaaqqtaqatqttttqqaqaqtaatttaaaqacttqtgt
GATA

-1000 gacttctagacagcaggaatttgtgtatctacagacctttcctctctctgggcataacctcttcttgtagaaaCgattgttctcttagcaggtctggttt
Pbx-1

-900 gggacacacagagtccactaaggacccagagaggaccaggttcctctttgcccatgtcacctcttgggtaaatctgcactgctctttaacacaggacagt

-800 tcatggtggaggtcaggaccttcctagatgtccagacttaagaggaaaagctaatatgtaacttggttgttgaaattttaactgagttctctaaattcca

-700 agatagtagtagtgagtagcaaagtcctgtgcatcatactctgtacataggtgtacacacatgaacattatctttatacattgtgtacataagcatttta

-600 cgaacttgcaacagaatacaacagtcacagctgcatatgtttatgtgcccatatgctacacatgctgtgcacaatgccacattgtgtgaagattgtggct

-500 tcttttttqaaqaccaaqaqtqttcaatctttcaqcatctcta^tqtttqtqttttcaqattqacaqacqatcaatca^aacaagagacgcacayaca
if SRY Pbx-1 AML-la

-400 gaattctgcagtgcccaagggctagccctgggcacttccagctgctttcgaagaatcccgtgatggmccccatgcctgcatcggaatggtgccaaaca^a
GATA SRY

-300 gctaactttttggaaagtggcacatctgtgggttctctgatgggcgagtgcagctggaagggccaccttctgtcctcaggttaagcagatctgggtctgc

-200 tccatctgcagaagggtttggctgcaagccgggctttacatacaaaaaaaggtgaagtagtagcagcggtggagtagcaagcagttgcgggctgcacgga

-100 qqacacqtqactaggggcgqqc^ctcqtqtqqcqccaqccaqtqqcqqqactcgggggtqqqqcgtgagcgcgcacgtcccgcggcccggctcgctctgc
• TJSF(« Spl ,*,if Spl Spl

1 GGGAATGTGGGCTGGAGTGGTCCAGCTGCGGGGCCGAGGTGCAGCGAGCCACAGGGTCGATCCATAGCGCCATGGCCTGCATCCTCAAGgtaaacagctc

B
Lyf-1

-600 cctacagagcaagttccaggcaagccagggctacacagagaaaccctgtcttgaaagcctaaaaccaaatcaaaccaccaacaacaaaacaacctgagcc

+ SRY
-500 actaatcccagctcccaattctctagcagagatagctggatctcggtgagtttgaagcctgcctgaaaaatgtggggtcctgtctcaaaaacacgtttct

-400 tcattg^ptatctgatattcatagtcaagttcacatcatttgagctgacaacccaaca^tatcct^aaactcagggctgc^^q^ttgaagcctttgct
* GATA GMA SRY

-300 tcatttcctatcccctgttacttcccgggtaatttcagaaatggagaacctcaattctccac^gccagtagccatcacacgggtggctctcttactgtct

-200 tccttccaatcacacaaggactagagtgggaag^caaactagacaggccccgccctcgacgtcgagacptcgccccccagcccggaggtctctgagacat

Ik-2 Spl ( ^ p i
-100 ccacgcgccgctagccggcgctgcgcaqgccccgccccctgagcgcaaagcctccgcccstcccagaggcccctcccacgcccccggctgcgctgctcta

** Spl *Lyf-l

101 GCATCCTGAGCCCCCAGCGCACTCCAATCCGCTCGTTCGgttagcgcccagcttggggaggggacggtggaagctagccgggtgaaaacctcacatcctg
MZF1

cccgccccaggcct^ccatcac^ccgcggtagagagttgggatggatgggaacgatgttctcctggctcctggctt tctt tgcctgcctccgaccgaat
GAffA

ggatgaccttgagccgagagcgtctcctctt tgcctctccttccccatctg_cacaatgggaattggtttggcaaggtctctgaactcacggcctt tagaa
^ — GATA

MZF1
tgggacacgttgtcacatgcttggagacttaaaggctt t tggttcctgggcccgtt t t tct tgatctggatt tgtctct tcccttgcctcagTTTCTCTC

Fig. 4. Nucleotide sequence of the 5'-flanking regions of the major transcription initiation site determined on 5'-RACE PCR being
ST6GalNAc III (A) and IV (B) genes. The exon sequences are taken as +1. The translation initiation codon is double underlined,
shown in capital letters, while those of the untranscribed regions are The consensus binding sequences of some transcription factors are
given in lowercase letters. The transcription initiation sites are indi- shown by arrows. For the detection of promoter activity, the start
cated by asterisks. The numbering of the nucleotides begins with the point of each construction is indicated by an arrowhead.
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lation termination codon and a long 3'-untranslated region.
The same can be said for the corresponding exons of the
ST6GalNAc IV gene.

Mapping of the Transcription Initiation Sites—The major
transcription initiation site of the ST6GalNAc III gene was
determined by 5'-RACE as described previously (9). Se-
quencing of 5'-RACE PCR clones revealed that most of the
transcription initiation sites map at guanosine 71 up-
stream from the adenosine at the translational initiation
site, which is designated as nucleotide +1 (Fig. 2A).

The major transcription start site of the ST6GalNAc IV
gene was also determined by 5'-RACE PCR with RNA re-
covered from mouse brain or colon. Sequencing of 5'-RACE
PCR clones revealed that most of the transcription initia-
tion sites map at guanosine 228.

We also performed primer extension analysis determine
the transcription initiation sites of the ST6GalNAc TV gene
(Fig. 2B). The primer extension product terminated at gua-
nosine 228 upstream from the adenosine of the transla-
tional initiation site, which coincides with the transcription
initiation site determined by 5'-RACE PCR. However, two
extra transcription initiation sites were also identified, one
at adenosine 316 and the other at cytidine 259. The reason
we could not detect the two sites on 5'-RACE PCR may be
that some secondary structures in the upstream region pre-
vent the extension.

Analysis of the Heterogeneity of ST6GalNAc IV Tran-
scripts—In our previous study, we found that there are at
least three species of transcripts for the ST6GalNAc IV
gene [1.6-1.9, 2.0-2.2, and 3.6-3.7 kb (9,10)]. We examined
whether or not the differences between these mRNA iso-
forms are the result of alternative splicing by means of
PCR and Northern blot analysis. The results of PCR ampli-

fication of ST6GalNAc TV cDNA and Northern blot analysis
using different positions of the cDNA sequence as probes
suggested that the three different sized transcripts encode
the same translation product, but have untranslated re-
gions of different lengths. As described above, there are at
least three different transcription initiation sites for ST6-
GalNAc IV transcripts, but they are relatively close to one
another. So we performed 3'-RACE PCR to investigate the
diversity of the 3'-untranslated region. Sequence analysis
of the 3'-RACE PCR products revealed at least two poly-
adenylation sites in the 3'-untranslated region. The first
polyadenylation site is located at nucleotide position 1636
(Fig. 3), but no typical polyadenylation signal (AATAAA)
was found for this polyadenylation site. The second poly-
adenylation site is located at nucleotide position 3630 (Fig.
3), and a typical polyadenylation signal was found for this
site (nucleotide positions 3612 to 3617). The first and sec-
ond polyadenylation sites correspond to the 1.6—1.9 and
3.6-3.7 kb transcripts, respectively. We could not identify
the polyadenylation site for the 2.0-2.2 kb transcript for
unknown reasons. It may be that the secondary structures
of this mRNA prevents the extension reaction on 3'-RACE
PCR. On the other hand, the expression of the ST6GalNAc
III gene is too low to detect by Northern hybridization, so
we could not determine the exact number of ST6GalNAc III
transcripts (9).

Promoter Analysis of the ST6GalNAc III and IV Genes,
and Demonstration of Promoter Activity—Analysis of the
sequence immediately upstream of the transcription initia-
tion site revealed that the ST6GalNAc III and IV promot-
ers contain no canonical TATA or CCAAT box, but each
contains three putative Spl sites, (G/T)GGGCGG(G/A)(G/
A)(C/A), at nucleotide positions -87 (putative Spl binding

ST6GalNAc I
40

Relative LUC Activity (%)
80 120 160 200 240

B
ST6GalNAc IV

20
Relative LUC Activity (%)

40 60 80 100 120

Fig. 5. Promoter activity of the ST6GalNAc III and IV genes,
and identification of the regulatory regions. Schematic repre-
sentation of DNA constructs containing various lengths of the pro-
moter linked to the luciferase gene (pPGBII). Each DNA fragment
subcloned into the luciferase reporter plasmid is denned by its posi-
tion in the promoter relative to the transcription initiation site (+1).

Luciferase activity was measured in cells transfected with the re-
porter plasmids, and normalized to the (3-galactosidase activity of a
cotransfected internal control plasmid, pSRp-Gal, and expressed as a
percentage of the SV40 promoter activity. (A) The ST6GalNAc III pro-
moter activity in P19 cells. (B) The ST6GalNAc IV promoter activity
in NIH3T3 cells.
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site A, matching 10 to 10), -59 (putative Spl binding site B,
matching 9 to 10), and -46 (putative Spl binding site C,

ST6GalNAc I

B

Labeled DNA (nt -94 to 74)
P19 nuclear extract
Specific competitor
nt -94 to -62 (SplA)
nt-76to-46(SplB)

nt-S2to-24(SplQ

Anti-Spl antibody

Recombinant Spl

ST6GalNAc IV

Sp1

p

matching 9 to 10) for the ST6GalNAc III promoter (Fig.
4A), and at nucleotide positions -155 (putative Spl binding
site A', matching 9 to 10), -134 (putativeSpl binding site
B', matching 8 to 10), and -73 (putative Spl binding site C,
matching 10 to 10) for the ST6GalNAc IV promoter (Fig.
4B). The Spl binding sequence is considered to be typical of
a housekeeping gene promoter. There are also some puta-
tive elements for binding transcription factors, GATA (18),
Pbx-1 (19), SRY (20), AML-la (21), USF (22), LyF-1 (23),
Ik-2 (24), and MZF1 (25), in these promoters, but no simi-
larities were observed between these two promoters (Fig.
4).

To characterize the regions regulating the transcription
activity of the ST6GalNAc III and IV genes, chimeric re-
porter plasmids encoding the luciferase gene and promoter
regions were constructed. The resultant chimeric constructs
were transfected into a ST6GalNAc Ill-expressing cell line,
P19, for analysis of the ST6GalNAc III promoter activity,
and a ST6GalNAc IV-expressing cell line, NIH3T3 for
analysis of the ST6GalNAc IV promoter activity. As a nega-
tive control, the plasmid pPGBII, containing the promoter-
less luciferase gene, was transfected into parallel cultures.
The luciferase activity due to each luciferase reporter plas-
mid was normalized for P-galactosidase activity by cotrans-
fecting an internal control plasmid, pSJtp-Gal, carrying the
P-galactosidase gene under the control of the SRoc promoter,

ST6GalNAc III

Labeled DNA(nt-243 to 25) + + + + + + +

NIH3T3 nuclear extract - + + + + + * •

Specific competitor

nt-162 to-137 (SplA')

nt-141 to-116(SplB) • - - + - - -r.

nt-78to-53(SplC) - - - - + . ,

Anti-Spl antbody +
Recombinant Spl +

Fig. 6. Mobility shift assay of the ST6GalNAc HI proximal
promoter region with a nuclear extract of P19 cells (A), and
the ST6GalNAc IV proximal promoter region with a nuclear
extract of NIH3T3 cells (B). (A) The 5'-end labeled DNA fragment
of the ST6GalNAc III proximal promoter region comprising nucle-
otides -94 to 74 (lane 1) was incubated with a nuclear extract of P19
cells either alone (lane 2) or with 25 times the amount of the non-la-
beled specific competitor (synthetic DNA fragment from -94 to -62
for lane 3; synthetic DNA fragment from -76 to —46 for lane 4; and
synthetic DNA fragment from —52 to —24 for lane 5), and the anti-
Spl antibodies (lane 6), and then subjected to the mobility shift as-
say. Lane 7 shows the results of a mobility shift assay involving 0.4
footprinting units of recombinant Spl instead of the nuclear extract
of P19 cells. The asterisk indicates the supershifted band. (B) The 5'-
end labeled DNA fragment of the ST6GalNAc IV proximal promoter
region comprising nucleotides -243 to 25 (lane 1) was incubated
with a nuclear extract of NIH3T3 cells either alone (lane 2) or with
25 times the amount of the non-labeled specific competitor (syn-
thetic DNA fragment from -162 to -137 for lane 3; synthetic DNA
fragment from -141 to -116 for lane 4; and synthetic DNA fragment
from -78 to -53 for lane 5), and the anti-Spl antibodies (lane 6), and
then subjected to the mobility shift assay. Lane 7 shows the results
of a mobility shift assay involving 0.4 footprinting units of recombi-
nant Spl instead of the nuclear extract of NIH3T3 cells.

Spl
A BC

00—Bh3

pBB-189

pBS^S.A,

PB8-189(Sp1B)

pB8-189(Sp1C)

pB8-189(Sp1AC)

Relative LUC Activity (%)
25 50 75 100
I I i I

1

1

1

]

ST6GalNAc IV

Spl
AB1 C

Relative LUC Activity (%)
25 50 75 100

—iHO-fl-l—13pR1-

- H X h
—t—'

- H h

1

pR1-1232(Sp1B)

PR1-1232(Sp1C)

QpR1-1232(Sp1AB')

ITucl pR1-1232(Sp1AlC)

- | L U C pR1-1232(Sp1A'B'C';

Fig. 7. Mutational analysis of the ST6GalNAc m (A) and IV
(B) proximal promoter regions. Schematic representation of
pB8-189 and pRl-1232 mutants with replacement mutations of the
Spl binding sites in the ST6GalNAc III and IV promoters, respec-
tively, and their promoter activities. Each of the relative promoter
activities was measured as the luciferase activity in P19 cells for
pB8-189 derivatives and in NIH3T3 cells for pRl-1232 derivatives,
normalized to the P-galactosidase activity of a cotransfected internal
control plasmid, pSRp-Gal. The values are presented as percentages
of the promoter activity due to pB8-189 and pRl-1232.
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and expressed as a percentage of the SV40 promoter activ-
ity.

Among the ST6GalNAc III promoter constructs, those
other than pPGBII and pB8-46 exhibited more or less func-
tional promoter activity in P19 cells (Fig. 5A). Deletion of
the upstream sequences increased the promoter activity,
and a high level of transcriptional activity comparable to
that of the SV40 promoter was observed with the pB8-471
and pB8-189 constructs in P19 cells. This suggests that
some negatively regulating elements are included in the
upstream region from -7.1 to —1.6 kb. Further deletion of
the promoter to position +25 drastically reduced the pro-
moter activity, indicating that the first 189 bp upstream se-
quence from the translational initiation codon contains the
minimum promoter for expression by P19 cells. Among the
ST6GalNAc IV promoter constructs, those other than pPG-
BII exhibited more or less functional promoter activity in
NIH3T3 cells (Fig. 5B). Deletion of the upstream sequences
increased the promoter activity, and a high level of tran-
scriptional activity, comparable to that of the SV40 pro-
moter, was observed with the pRl-1232 and pRl-1022
constructs in NIH3T3 cells. This suggests that some nega-
tively regulating elements are included in the upstream
region from -8.0 to -0.7 kb. Further deletion of the pro-
moter gradually reduced the promoter activity, and deletion
to the position in the first intron greatly reduced the pro-
moter activity, indicating that the first 441 bp upstream se-
quence from the translational initiation codon contains the
minimum promoter for expression by NIH3T3 cells.

Involvement of Spl in the Transcription of the ST6Gal-
NAc III and TV Genes—There are three putative Spl bind-
ing sites for each of the proximal promoter regions of the
ST6GalNAc III and IV genes. To determine whether or not
these putative Spl binding sites are recognized by Spl and
involved in the transcriptional regulation of these genes,

we performed a mobility shift assay experiment.
For the ST6GalNAc III promoter, the PmaCl-Ncol frag-

ment (nucleotide positions -94 to 74), which contains three
putative Spl binding sites, was used in the mobility shift
experiment. The recombinant Spl bound to this fragment
(Fig. 6A, lane 7). A corresponding band to that observed in
the presence of recombinant Spl appeared in the presence
of the nuclear protein extract of P19 cells (lane 2). This
shifted band super-shifted upon the addition of anti-Spl
polyclonal antibodies (lane 6), indicating that Spl in the
nuclear extract of P19 cells recognizes some of the putative
Spl binding sites in this fragment. The shifted band was
abolished by the addition of non-labeled specific competi-
tors (lanes 3 and 5, synthetic DNA fragments from nucle-
otide positions -94 to -62 for putative Spl binding site A,
and -52 to -24 for putative Spl binding site C), but not by
the addition of a non-labeled specific competitor for puta-
tive Spl binding site B (lane 4, nucleotide positions —76 to
-46). These results indicate that putative Spl binding sites
A and C are involved in the transcription of ST6GalNAc III
mRNA, but that the putative binding site B is not.

To clarify the involvement of these putative Spl binding
sites in transcription, we constructed Spl binding site-
replaced mutants of pB8-189 and analyzed their promoter
activities in P19 cells. The Spl binding site B-replaced mu-
tant, pB8-189(SplB), had little effect on the promoter activ-
ity (Fig. 7A). In contrast, the Spl binding site A-replaced
mutant, pB8-189(SplA), and the Spl binding site C-re-
placed mutant, pB8-189(SplC), caused a reduction in the
promoter activity to 35.5 and 44.1%, respectively, as com-
pared with the wild-type construct (Fig. 7A). These results
correspond to those of the mobility shift experiments. More-
over, the Spl binding site A and C double-replaced mutant,
pB8-189(SplAC), caused a drastic reduction in the pro-
moter activity to 4.5% that of the wild-type construct, sug-

36 61

ST6GalNAc 111

ST6GalNAc IV

41 20 58 57 46 35 28 33 55

93 71 38 15 25 40 58

ST3Gal I CZBH • • • I • •
34 26 33 20 43 43 57 48 28

ST3GallV OH | • I • • • • [

] Untranslated region

] Cytoplasmlc domain

I Signal-anchor domain

| Stem region

I Active domain

J 8 kb

Sialylmotil L Sialylmotif S Genome size

Fig. 8. Genomic organization of sialyltransferase genes. The intron-exon structures of nine sialyltransferase genes are shown. The pro-
tein domain structure is represented schematically by a rectangle, which is subdivided to show the major structural elements of the protein.
Sialyl motifs L and S are underlined.
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gesting that Spl binding sites A and C are synergistically
involved in the transcription of ST6GalNAc III mRNA.

For the ST6GalNAc IV promoter, the Xhol-Eco52l frag-
ment (nucleotide positions -243 to 25) from pRl-1232,
which contains three putative Spl binding sites, was used
in the mobility shift experiment. The recombinant Spl
bound to this fragment (Fig. 6B, lane 7). This band is broad,
probably because multiple binding of Spl occurred. A corre-
sponding broad band to that observed in the presence of
recombinant Spl appeared in the presence of the nuclear
protein extract of NIH3T3 cells (lane 2). Most of this shifted
band disappeared upon the addition of anti-Spl polyclonal
antibodies (lane 6), indicating that Spl in the nuclear ex-
tract of NIH3T3 cells recognizes some putative Spl binding
sites in this fragment. The shifted band was abolished by
the addition of non-labeled specific competitors (lanes 3, 4,
and 5, synthetic DNA fragments from nucleotide positions
-162 to -137 for putative Spl binding site A', -141 to -116
for putative Spl binding site B', and -78 to -53 for putative
Spl binding site CO, but minor bands remained, suggesting
that some nuclear proteins other than Spl bind specifically
to this fragment. These results indicate that all of these
putative Spl binding sites are involved in the transcription
of ST6GalNAc IV mRNA.

To clarify the involvement of these putative Spl binding
sites in transcription, we constructed Spl binding site-
replaced mutants of pRl-1232 and analyzed their promoter
activities in NIH3T3 cells. All of the Spl binding site-re-
placed mutants caused significant reduction in the pro-
moter activity to 34.1 to 64.0%, as compared with the wild-
type construct (Fig. 7B). These results correspond to those
of the mobility shift experiments. However, binding site
double-replaced mutants did not cause a drastic reduction
in the promoter activity, as in the case of pB8-189(SplAC)
for the ST6GalNAc III promoter, suggesting that these Spl
binding sites are independently involved in the transcrip-
tion of ST6GalNAc IV mRNA. In addition, the binding site
triple-replaced mutant also did not cause a drastic reduc-
tion in the promoter activity. This suggests that there are
other transcription factors, which may be related to minor
bands seen in the mobility shift experiment, involved in the
basic transcription of ST6GalNAc IV mRNA.

DISCUSSION

In this study, we determined the genomic organization of
the mouse ST6GalNAc III and IV genes, and characterized
their promoter regions by means of transient transfection
assays with a luciferase-reporter system and gel mobility
shift assays using nuclear extracts of cultured cells.

So far, the genomic organization of several other sialyl-
transferase genes has been reported (8, 15, 16, 26-30).
Among them, the genomic structures of the polysialic acid
synthase (ST8Sia II and IV) genes are fairly similar to each
other {16,26) (Fig. 8). In this study, we have shown that the
ST6GalNAc HI and IV genes represent another case of
genomic structural resemblance. The sizes of the exons of
the ST6GalNAc III gene are almost the same as those of
the corresponding exons of the ST6GalNAc IV gene, and
the exon-intron boundaries of these genes are also similar
to each other. According to the sequence similarity and sub-
strate specificity, ST6GalNAc III and IV belong to the same
subfamily, and it has been suggested that they have quite

different domain structures from those of other sialyltrans-
ferases (9). These findings indicate that the ST6GalNAc III
and IV genes arose from a common ancestral gene through
gene duplication. It is interesting that although their
genomic structures are similar, the overall genome size of
the ST6GalNAc III gene is ten or more times greater than
that of the ST6GalNAc IV gene.

In spite of their high structural similarity, the expression
patterns of the ST6GalNAc III and IV genes are quite dif-
ferent. The expression level of the ST6GalNAc III gene in
adult mouse is very low, and is found mainly in brain, lung
and heart, while that of the ST6GalNAc IV gene is rela-
tively high, and is found mainly in brain, colon, lung, heart,
thymus and spleen (9). The different expression patterns of
the two genes can be explained by the functions of their
structurally different promoters. Indeed, the nucleotide
sequences of the 5'-flanking regions of the two genes show
no significant similarity, except that they contain no TATA
or CCAAT box, but have some binding sites for Spl (Fig. 4).

In order to identify the regulatory regions of these pro-
moters, we performed a promoter assay experiment using a
luciferase-reporter system. The results suggested that
there are some negative regulatory regions in the upstream
region of each promoter. We also identified the regions con-
taining the minimum promoter. There are Spl binding
sites in these regions, and so we examined the involvement
of Spl in the transcription of these genes. The results sug-
gested that the. two Spl binding sites are synergistically
involved in the transcriptional regulation of the ST6Gal-
NAc III gene in P19 cells, while three Spl binding sites are
independently involved in the transcriptional regulation of
ST6GalNAc IV mRNA in NIH3T3 cells. There are at least
three transcription initiation sites for the ST6GalNAc IV
gene. The independency of each Spl site may be related to
the multiplicity of the transcription initiation sites of this
gene. The expression level of the ST6GalNAc IV gene is
higher than that of the ST6GalNAc III gene (9). The differ-
ence between the basic transcriptional regulation of these
genes by Spl may also be related to the expression levels of
these genes.

We have identified and characterized the essential pro-
moter regions of six mouse sialyltransferase genes, ST6-
GalNAc II, III, and IV, and ST8Sia II, III, and IV (8,15,16,
26). The 5'-flanking regions of all these genes have at least
one Spl binding motif. Mobility shift assay and site-direct-
ed mutagenesis of the putative Spl binding sites revealed
that Spl is involved in the transcriptional regulation of the
ST6GalNAc II gene (Footnote 6), and the ST8Sia II (Foot-
note 6) and IV (16) genes. A ubiquitous transcription factor,
NF-Y, is also involved in the transcriptional regulation of
the ST8Sia IV gene (16). Spl is thought to be a ubiquitous
transcription factor associated with the transcriptional reg-
ulation of housekeeping genes (31-33). Identification of
essential transcription factors will be useful for under-
standing the basic transcription mechanism of sialyltrans-
ferase genes. However, we have not yet identified tran-
scription factors other than Spl involved in the specific pro-
moter activities in the examined cells. Some other tran-
scription factors may be involved in these specific promoter
activities and the tissue-specific expression of the ST6Gal-
NAc III and IV genes. Identification of such transcription
factors may facilitate understanding of the different expres-
sion patterns of the ST6GalNAc III and IV genes, and also
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the mechanisms for tissue- and stage-specific expression.
Work along these lines is currently in progress. The avail-
ability of five members of the ST6GalNAc-family, together
with the stage-specific control sequence and transgenic ani-
mal technique, will provide further information to help elu-
cidate of the biological functions of sialylglycoconjugates
through alteration of the glycoconjugate expression pattern
during development.

We wish to thank Dr. Yoshitaka Nagai, Director of the Glycobiol-
ogy Research Group, and Dr. Tomoya Ogawa, Coordinator of the
Group, Frontier Research Program of the Institute of Physical and
Chemical Research (RIKEN), for their support in this work.
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