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cDNA and genomic clones encoding the mouse glucuronyltransferase (GlcAT-P) involved
in biosynthesis of the HNK-1 carbohydrate epitope were isolated and the structural
organization of the gene was determined. The predicted amino acid sequence of mouse
GlcAT-P is 96.2 and 98.2% identical to those of the rat and human enzymes, respectively.
Alternatively spliced isofonns of mouse GlcAT-P are present in the brain and encode
two proteins that are identical throughout their length except for an additional 13
amino acids in the N-tenninal cytoplasmic domain of the major form. The coding region
of GlcAT-P is composed of 5 exons spanning approximately 6 kb, and the GlcAT-P gene
was mapped to the A4 region of mouse chromosome 9. Upstream of the transcriptional
start site, no typical TATA or CCAAT box was found, but binding sites for several known
transcription factors including Spl and Krox-20 were identified. Transient transfection
of luciferase reporter constructs demonstrated that a 207 bp fragment of the 5'-
upstream region acts as a strong promoter in PC-12 cells, which express the HNK-1
epitope, but not in COS-1 cells. Thus, this minimal promoter region of GlcAT-P is sug-
gested to be associated with the regulation of HNK-1 expression.

Key words: chromosomal mapping, genomic organization, glucuronyltransferase, HNK-1
carbohydrate epitope, molecular cloning.

The HNK-1 carbohydrate epitope, which is recognized by
monoclonal antibody HNK-1, is characterized by its termi-
nal 3'-sulfated glucuronic acid (1). The HNK-1 epitope is ex-
pressed on a series of cell adhesion molecules belonging to
the immunoglobulin (Ig) superfamily, such as neural cell
adhesion molecule (NCAM), myelin-associated glycoprotein
(MAG), P0, LI, TAG-1, and telencephalin (2-5), as well as
integrins, proteoglycans, and extracellular matrix glycopro-
tein tenascin-R (6-9). The HNK-1 epitope is also expressed
on some glycolipids such as sulfoglucuronylglycolipids
(SGGL)-l and -2 (10, 11). The expression of the HNK-1
epitope is spatially and temporally regulated in the ner-
vous system (12, 13). Strong expression of the HNK-1
epitope is observed in migrating neural crest cells, myo-
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genie cells, rhombomeres, the cerebellum, and myelinating
Schwann cells of peripheral nerves (14-18). This carbohy-
drate epitope is presumed to be associated with cell adhe-
sion, migration, neurite extension and synaptic plasticity
by modifying the functional properties of cell adhesion mol-
ecules (19-22). The structure of the HNK-1 epitope was
demonstrated to be that of a sulfated trisaccharide, HSO3-
3GlcApl-3Gal(31-4GlcNAc, which is shared with the gly-
colipid and glycoprotein epitopes (10, 11, 23). Because the
inner structure Gaipi-4GlcNAc is found commonly on vari-
ous glycoproteins and glycolipids, glucuronyltransferase is
considered to be a key enzyme in the biosynthesis of the
HNK-1 epitope. However, the mechanisms underlying the
regulation of HNK-1 epitope biosynthesis and the charac-
teristic HNK-1 expression are poorly understood.

Recently, we purified a glucuronyltransferase (GlcAT-P)
that is associated with biosynthesis of the HNK-1 epitope
from rat brain (24), and cloned a full-length cDNA encoding
GlcAT-P based on partial amino acid sequences (25). Using
the GlcAT-P cDNA as a probe, we and others have cloned a
second HNK-1 glucuronyltransferase (GlcAT-S) (26, 27).
Furthermore, we also succeeded in cloning of the human
GlcAT-P, which was mapped to human chromosome Ilq25
(28).

Even though both GlcAT-P and GlcAT-S were specifically
expressed in neural tissues, the distributions of these two
enzymes were different in rat embryo and brain (27). The
expression of GlcAT-P was detected more abundantly and
more widely than that of GlcAT-S (24, 26), suggesting that
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GlcAT-P is a major GlcAT involved in biosynthesis of the
HNK-1 epitope. Furthermore, the acceptor specificities
were significantly different in spite of the structural simi-
larity of the two enzymes. These observations suggested
that the HNK-1 epitopes synthesized by the two enzymes
have distinct functions. To elucidate the biological function
of the HNK-1 epitope and the molecular mechanism regu-
lating its expression, we isolated cDNA and genomic clones
of mouse GlcAT-P and characterized the mouse GlcAT-P
gene, mapped it to mouse chromosome 9, and identified its
promoter region. We also demonstrated the presence of two
types of GlcAT-P mRNA produced through alternative
splicing.

EXPERIMENTAL PROCEDURES

Isolation of Mouse GlcAT-P cDNA—A XgtlO adult BALE/
c mouse brain cDNA library (CLONTECH, 5 x 105 phages)
was screened with a ^-labeled rat GlcAT-P cDNA probe (a
410 bp PCR fragment corresponding to nucleotide numbers
465 to 874 of rat GlcAT-P cDNA) (25). Plaques were trans-
ferred to nitrocellulose niters and hybridized at 42°C in 5x
SSC, 50 mM NalLPO.,, pH 7.0, 0.5% non-fat dried milk,
0.1% SDS, 100 jjLg/ml yeast RNA, and 50% formamide over-
night, and then washed at 65°C in 0.2x SSC and 0.1% SDS.
Positive plaques were purified, and phage DNA was iso-
lated using standard procedures (29). DNA sequences were
determined by the dideoxy chain termination method with
a model 373 DNA sequencer (Applied Biosystems). The 5'-
untranslated region of mouse GlcAT-P cDNA was directly
amplified and determined by means of the cloning strategy
of RACE-PCR using 10 \ig of total RNA from 6-day-old
BALB/c mouse brain as a template. The amplified products
were subcloned into pCR2.1 (Invitrogen) and then se-
quenced.

Northern Blot Analysis—Total RNA was extracted from
6-day-old BALB/c mouse brain by the acidic guanidium
thiocyanate/phenol/chloroform method. Ten micrograms of
total RNA was separated in a 1.2% agarose-formaldehyde
gel and then blotted onto a nylon membrane (Hibond N+,
Amersham Pharmacia Biotech) with RNA Markers (Pro-
mega). The blot was hybridized overnight with a ^-labeled
full-length mouse GlcAT-P cDNA in 0.5 M NaH2PO4, pH
7.2, containing 7% SDS, 1 mM EDTA, and 1% BSA at 65°C
(30). Then the blot was washed in O.lx SSC and 0.1% SDS
at 65°C. The radioactivity was visualized with an image
analyzer (Fuji Photo Film, BAS2000).

Isolation of Mouse GlcAT-P Genomic Clones—A XfixII
129/Sv mouse genomic library (Stratagene) was screened
with a ^-labeled full-length mouse GlcAT-P cDNA as a
probe. About 2 million phages were plated and transferred
to nitrocellulose niters. Hybridization and washes were per-
formed by the same procedures as those for cDNA cloning.
Then positive clones were purified, and DNA was prepared
according to the standard procedure (29) and used for se-
quencing. None of the clones from the first library screen-
ing contained the first exon or the promoter region of the
GlcAT-P gene. For the second screening, we used a 157 bp
PCR product generated with a primer pair derived from
the sequence of exon 1 (indicated by dotted arrows in Fig.
7) as a probe. About 2 million phages were plated, trans-
ferred to nitrocellulose filters, and screened. Four positive
clones were isolated, which contained the 5'-flanking region

oftheGlcAT-Pgene.
Genomic Southern Blot Analysis—DNA was prepared

from mouse 129/Sv liver using standard procedures (29).
Genomic DNA samples (5 |xg each) were digested with re-
striction enzymes, electrophoresed through 0.6% agarose
gels, and then transferred to a nylon membrane (Gene-
Screen Plus, DuPont NEN). The 444 bp Scal-^Sacl frag-
ment of mouse GlcAT-P cDNA was labeled with [a^JdCTP
using a random primer labeling kit (TaKaRa). The labeled
fragment was hybridized with a membrane in 1 M NaCl
containing 10% dextran sulfate, 1% SDS, and 100 ^g/ml
sheared salmon sperm DNA at 65°C. The membrane was
washed in 0.2x SSC, and 0.1% SDS at 65°C, and then ana-
lyzed with a BAS 2000 image analyzer.

Chromosomal Mapping—Mouse chromosomes were pre-
pared from skin fibroblast cultures that had been treated
with thymidine (300 jig/ml) for 14-16 h, washed, and recul-
tured for 4—5 h in the presence of BrdU (30 |xg/ml), as
described previously (31). For FISH analysis, the full-
length mouse GlcAT-P cDNA was labeled with biotin-16-
dUTP (Roche Diagnostics, Indianapolis, EN) by nick trans-
lation. The chromosomal DNA was hybridized with the
probe in hybridization buffer (2x SSC, 50% formamide, 20%
dextran sulfate, and 4 mg/ml of BSA). A signal amplifica-
tion procedure (31) was applied for efficient detection of
probe signals, and the chromosomes were counterstained
with DAPI (4,6-diarnino-2-phenylindole, Sigma, St. Louis,
MO). The FITC (fluorescein isothiocyanate) signals of
probes and the chromosome banding patterns were photo-
graphed with a CytoVision system (Applied Imaging, Santa
Clara, CA).

Primer Extension Analysis—A fluorescently labeled oligo-
nucleotide, 5'-FITC-TCTCrcTCGAGGCGTTCTCCGGTT-
CCG-3', complementary to the sequence from position +331
to +355 of the first exon of the mouse GlcAT-P gene, was
synthesized. The mouse brain polytA)* RNA was prepared
from 6-day-old mouse BALB/c brain total RNA using Oligo-
(dT)-Latex (Roche Diagnostics). A mixture of 300 ng of oli-
gonucleotide with 5 (xg of poly(A)+ RNA was subjected to
ethanol-precipitation. The DNA-RNA mixture was then
redissolved in 30 p.1 of hybridization buffer (40 mM PIPES,
pH 7.6, 1 mM EDTA, 0.4 M NaCl, and 80% formamide),
denatured at 85°C for 10 min, and annealed at 30°C over-
night. The annealed hybridization mixture was then etha-
nol-precipitated, washed, and redissolved in 20 JJLI of re-
verse transcriptase buffer (75 mM KC1, 50 mM Tris, pH
8.3, 20 mM dithiothreitol, 3 mM MgCL,, 0.5 mM dNTPs,
and 1 unit/^1 RNase inhibitor). Subsequently, 200 units of
Superscript El reverse transcriptase (Life Technologies) was
added, and the reaction mixtures were incubated for 1 h at
42°C. The primer extension product was ethanol-precipi-
tated, washed, and dissolved in 3 \xl of loading buffer. The
sample was heated at 95°C for 5 min and then separated
on a 4.2% polyacrylamide sequencing gel along with the
dideoxy chain termination sequencing reaction of the 5'-
flanking region of the mouse GlcAT-P gene using the same
fluorescently labeled oligonucleotide as a primer. Gel
images were obtained and analyzed with an automated
DNA sequencer, DSQ-1000L (SHEMADZU).

Reporter Constructs, Transfections, and Luciferase As-
says—To create a -1598/+347 GlcAT-P promoter-luciferase
construct, the \ DNA of a genomic clone (g72) containing
the 1,598 bp 5'-flanking region and exon 1 was digested
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Cloning and Analysis of the Mouse GlcAT-P Gene 339

with Sacl and Xhol. Then the restriction fragment was
subcloned into pPicaGene-Basic II (pPGBII; Toyo Ink,
Tokyo), which contains a luciferase gene in a promoterless
background. To obtain various lengths of the 5'-flanking
region and exon 1 (-905/+347, -207/+347, -2L/+347, +30/
+347, and +257/+347), PCR was performed with LA Taq
(TaKaEa) using the \ DNA of g72 as a template. The am-
plification products were subcloned into pPGBII and then
sequenced. As a control, plasmid pPGBII was transfected,
pPGBII being inactive as to the expression of luciferase ac-
tivity in the cell lines tested. The luciferase activity due to
each luciferase reporter plasmid was normalized as to the
Renilla luciferase activity of a cotransfected internal con-
trol plasmid, pRL-TK (Toyo Ink), containing the herpes
simplex virus thymidine kinase promoter upstream of the
cDNA encoding Renilla luciferase.

PC 12 cells were cultured in RPMI 1640 containing 15%

fetal bovine serum and 2 mM L-gluthamine, and COS-1
cells were cultured in Dulbecco's modified Eagle's medium
containing 10% fetal bovine serum and 2 mM L-glu-
thamine. Cells were seeded into 6-well plates at a density
of approximately 5 x 104 cells per well 24 h prior to trans-
fection.

Each luciferase reporter plasmid (1 |xg) and pRL-TK (0.2
ixg) were co-transfected into the cells with LipofectAMINE
(Life Technologies) following the manufacturer's protocol.
After 48 h of transfection, the cells were washed three
times with phosphate-buffered saline and then lysed with
cell lysing buffer (PGC-50; Toyo Ink). Luciferase activity
was measured according to the manufacturer's instructions
using a PicaGene Dual Assay System (Toyo Ink) with a
luminometer, Lumat LB9501 (Berthold, Bad Weinsberg,
Germany).

-152 gggtataggactgccacccgctatggactgcgccagggacgatatggactcgctgccgcagg
-90 tatcaacttctgaaggctcctgaccttgccctggactactgccccttcgcagactcccatcaggctggactctgccaacttgcttccgca

91

181

M G N E E L W V Q P A L E M P K R R D I L A I V L I V L P W

ACACTGCTCATCACCGTCrTGGCACCAGAGCAGCCTCGCACCTCTGCTTGCTGTGCACAAGGATGAGGGAAGTGACCCCCGCCATGAGGC
T L L I T V W H Q S S L A P L L A V H K D E G S D P R H E A

CCACCTGGTGCGGACCCTAGGGAGTACTGCATGTCCGACCGTGACATCGTGGAAGTGGTGCGCACAGAGTACGTGTACACGAGGCCGCC
P P G A D P R E Y C M S D R D I V E V V R T E Y V Y T R P P

271

361

451

P W S D T L P T I H V V T P T Y S R P V Q K A E L T R M A N

T L L H V P N L H W L V V E D A | P R R T P L T A R L L R D T

GGCCTCAACTACACACACCTGCACGTAGAGACACCACGCAACTATAAGCTGCGAGGTGATGCCCGAGACCCTCGCATCCCACGTGGCAC
G L H I Y T H L H V E T P R N Y K L R G D A R D P R I P R G T

540

6 0 1 AACACGTACAGTCTGGAGCTCTTTGAAGAGATGCGCAGCACAAGAAGGGTGTCCGTGTGGCCTGTGGCCTTTGTTGGTGGCCTTCGGTAT

7 2 1

M Q R N L A L R W L R E T F P R H I S T Q P G V V Y F A D D D

N T Y S L E L F E E M R S T R R V S V W P V A F V G G L R Y

E A P R V N G A G K V V G W K T V F D P H R P F A I D M A G

8 1 1 TTTGCTGTCAACCTCCGGCTCATCTTGCAGCGAAGTCAAGCCTACTTTAAGCTACGTGGTGTGAAGGGAGGCTACCAGGAAAGCAGTCTC

901

991

F A V N L R L I L Q R S Q A Y F K L R G V K G G Y Q E S S L

L R E L V T L N D L E P K A A H C T K I L V W H T R T E K P

V L V N E G K K G F T D P S V E I *

1081 tcttggcctgccatcctctcccatggctgatagtcactctgaggcagactccagaggaacaactcttatgtattccgagggcttccaaga
1171 gagcccagcttgatgtcaggataaaagacagagaatttaagcacagaatcccagacctgtggtcctctacagcaacatggccaggggctt
1261
1351
1441 gctcttgggcctagcatgactatacagcatgtgc 1474

Fig. 1. Nucleotide sequence and predicted ami no acid se- served regions (motife I-IV) are boxed. The nudeotide sequence of the
quence of the mouse GlcAT-P. The putative transmembrane region coding region is shown in capital letters, and the partial nucleotide
is underlined. Black backgrounds indicate the potential iV-glycosyla- sequences of the 5'- and 3'-untranslated regions in lowercase letters,
tion sites. The splice junctions are indicated by arrowheads. Four con-
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RESULTS

Cloning of the Mouse GlcAT-P cDNA—From 5 x 106

plaques of a mouse brain cDNA library screened using the
rat GlcAT-P cDNA as a probe, two positive clones were
obtained and sequenced (Fig. 1). The two sequences over-
lapped each other and contained the same open reading
frame of 1,044 bp. These two clones contained 152 bp of a
5'-untranslated region and 466 bp of a 3'-untranslated re-
gion, respectively, although a polyadenylation signal and a
poly(A)-like sequence were not found in these clones. The
nucleotide sequence of the coding region of mouse GlcAT-P
exhibits 96.2 and 88.6% identity with those of the rat and
human GlcAT-P cDNAs, respectively. The translation initi-
ation codon was assigned to the first in-frame ATG of the
open reading frame, and the nucleotide sequence around it
well matched the Kozak consensus sequence (32). The de-

duced amino acid sequence of mouse GlcAT-P encodes a
protein of 347 amino acids including three potential N-gly-
cosylation sites and a single potential transmembrane re-
gion consisting of 17 amino acids (Fig. 1). Alignment of the
deduced amino acid sequence of the mouse GlcAT-P with
those of the rat and human GlcAT-Ps revealed 99.7 and
98.2% sequence identity, respectively (Fig. 2). Only one and
six amino acids of the mouse GlcAT-P are different from
those of the rat and human GlcAT-Ps, respectively. Four
conserved regions (motifs I—IV) previously identified as
common features of GlcATs and three potential Af-glycosyl-
atdon sites are completely conserved in all species. North-
ern blot analysis of mouse brain revealed that mouse
GlcAT-P transcripts exhibited in two isoforms as in the case
of rat and human GlcAT-P transcripts: the predominant
transcript was 4.2 kb and the minor one about 10 kb (data
not shown).

Genomic Organization of the Mouse GlcAT-P Gene—

rat MGNEELV^PAIJaiPKRRDILAIVLIVIJWrLLITVWHQSSLAPLLAVHK
m o u s e MGNEETLV&PALEMPKRRDILAIVLIVIJWTIJjITVVraQSgLAPLLAVHK 50
human MPKRRDIIJUIVLIVIJWrLLITvWHQSgLAPLIJVVHK

Transmembrane

DEGSDPRHEAPPGADPREYCMSDRDIVEVVRTEYVYTRPPPWSDTLPTIHVVTPTYSRPV
DEGSDPI^^PPGADPREYC^DRDIVEVTOTEYVYTRPPPWSimj'TIHVVTPTYSRPV 110
DEGSDPI^flpPGADPREYCEBDRDIVEWRTEYVYTRPPPWSDTLPTIHVVTPTySRPV

Fig. 2. Comparison of the deduced amino
acid sequence of mouse GlcAT-P with the
rat and human sequences. The putative trans-
membrane and four conserved motifs are under-
lined with single and double lines, respectively.
Black backgrounds indicate the different amino
acid residues between the mouse GlcAT-P and
the others.

QKAELTRMANTLI^VPNLHWLVVEDAPRRTPLTARIiRDTGLNYTHLHVETPRNYKLRGD
170

QKAELTRMANTIiHVPt^HWLVVEDAPRRTPLTARLIJU>TGLNYTHLHVETPRNYKLRGD

Motif I

ARDPRIPRGTMQRKLALRWLRETFPRNSTQPGVVYFADDDNTYSLELFEEMRSTRRVSVW
ARDPRIPRGT^RNIAIJlWLRETFPRNECiQPGVVYFADDDNTYSLELPEEMRSTRRVSVW 230
ARDPRJPRGTMQRNLALRWLRETFPRN^QPGVVYFADDDNTYSLELFEEMRSTRRVSVW

Motif II

PVAFVGGLRYEAPRVNGAGKWGWKTVFDPHRPFAIDMAGFAVNLRLILQRSQAYFKLRG
PVAFVGGLRYEAPRVNGAGKWgHKTVFDPHRPFAIDMAGFAVNLRLILQRSQAYFKLRG 290
PVAFVGGIJIYEAPRVNGAGKVWWKTVFDPHRPFAIDMAGFAVNLRLILQRSQAYFKLRG

Motif III

VTGGYQESSLLRELVTLHDLEPKAANCTKILVWHTRTEKPVLVNEGKKGFTDPSVEI
VKGGYQESSIiRELVTLNDLEPKAANCTKILVWHTRTEKPVLVNEGKKGFTDPSVEI 347
VKGGYQESSIJJRELVTLNDLEPKAANCTKILVWHTRTEKPVLVNEGKKGFTDPSVEI

Motif IV

IQObp

GlcAT-P cDNA 5'

GlcAT-P Gene

CPTM Catalytic Domain

Exon 1 2 3 5 6

>-g72 -t-

>.g5 •

Fig. 3. Structure of the mouse GlcAT-P
gene. Schematic representation of the mouse
GlcAT-P cDNA and GlcAT-P gene. Open
boxes indicate the 5'- and 3'-untranslated re-
gions. Gray and black boxes indicate the cod-
ing region and conserved motifs I-IV, re-
spectively. Exons are boxed and numbered 1-
7. The three lambda clones analyzed are
shown as bold lines. CP, cytoplasmic tail; TM,
transmembrane region.
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From 2 x 106 plaques of a 129/Sv mouse genomic library
screened using the full-length mouse GlcAT-P cDNA as a
probe, several overlapping clones encoding the GlcAT-P
genomic sequence were isolated. However, none of the
clones obtained on the first screening contained the first
exon encoding the 5'-untranslated region. We performed
second screening using a 158 bp PCR product correspond-
ing to exon 1 as a probe, and isolated several clones con-
taining the 5'-flanking region, exon 1, and intron 1. As
shown in Fig. 3, the mouse GlcAT-P gene comprises at least
seven exons and six introns, and spans over 23 kb of
genomic DNA. All exon/intron boundaries were determined
by DNA sequencing, and intron sizes were determined by
PCR with primer pairs derived from flanking exons (Table
I). All assigned exon/intron boundaries agree with consen-
sus 5'-GT and 3'-AG splicing sequences (33). Exon 1 con-
tains the 5'-untranslated region. Exon 2 contains the ATG
translation initiation codon, and exon 3 contains the trans-
membrane region. Most of the catalytic region comprised
exons 4, 5, and 6. Exon 7 contains the 3'-untranslated re-
gion. To confirm that the GlcAT-P gene is a single-copy
gene in the mouse genome, we performed Southern blot
analysis of mouse genomic DNA digested with .EcoRI,
BamHI, Spel, SphI, Xbal, and Hin<KH. The ScalSacl
fragment (445 bp) of the GlcAT-P gene corresponding to a
part of exon 4 was used as a probe. For each sample, a sin-

gle band was detected, and the sizes of the bands showed
good coincidence with those predicted on restriction
enzyme site mapping of genomic DNA clones (data not
shown). This indicates that GlcAT-P is encoded by a single-
copy gene in the mouse genome.

Chromosomal Localization of the Mouse GicAT-P Gene—
FISH analysis was performed for chromosomal mapping of
the mouse GlcAT-P gene (Fig. 4). The full-length mouse
GlcAT-P cDNA was used as a probe. A total of 36 doublet
fluorescent signals was observed, of which 33 (91.7%) were
detected exclusively for chromosome 9. From comparison
with the DAPI G-hke banding pattern, the mouse GlcAT-P
gene was assigned to band A4 on mouse chromosome 9
(9A4). This region well matched the locus (Ilq25) of the
human GlcAT-P gene reported previously (28).

Alternative Splicing of the Mouse GlcAT-P Transcripts—
Previously we demonstrated that two types of human
mRNA were produced depending on the presence or ab-
sence of a 17 bp insertion immediately after the initiation
codon and encoded two different lengths of the cytoplasmic
region of GlcAT-P (28). The major isoform of human GlcAT-
P mRNA had the 17 bp insertion sequence and was ex-
pected to produce a short form of GlcAT-P. To determine
whether or not the insertion sequence is present in mouse
GlcAT-P mRNA, RT-PCR analysis of mouse brain total
RNA was performed with sense and antisense primers spe-

TABLE I. Exon-intron organization of the mouse GlcAT-P gene. Exon sequences are shown in uppercase letters and intron sequences
in lowercase letters. Deduced amino acid residues and their residue numbers are displayed below the nudeotdde sequence.

Exon

1

2

3

4

5

6
7

Exon size

5TJTR'

51JTR+4bp

147 bp

509 bp

297 bp

87 bp+3'UTR
3TJTR

Spbce donor

GCTGCCGGAG gt
TCCGCA ATG G gt

Met
1

GTG CAT AAG G gt
Val ffis Lys
48 49 50
C T T T GAA GAG gt

Phe Glu Glu
218 219 220

C TGT ACC AAG gt
Cys Thr Lys
317 318 319

AAAGATGCAG gt

c ag t gt c c
gggtgtga

gage c c ac

gegetagg

aagac c c t

aggagaga

Intron

1

2

3

4

5

6

Intron size

-16 kb

0.14 kb

3.2 kb

0.5 kb

0.65 kb

1.3 kb

t ct c
c ac c

ac c t

c ac c

gga t

c cc c

t t ac
get c

c t gc

t t gt

a tgc

ac ac

Splice acceptor

ag GTATCAACTT
ag GT

ag AT

ag ATG
Met
221

ag ATC
De
320

AAT GAG CTG
Asn Glu Leu
3 4 5
GAG GGA AGT
Glu Gly Ser
52 53 54

CGC AGC A
Arg Ser
222 223

TTG GTC T
Leu Val
321 322

ag GAACCTCCTT

'UTR, untranslated region.

Fig. 4. Chromosomal localization of the mouse
GlcAT-P gene. A, metaphase chromosomes hybrid-
ized with a biotin-labeled mouse GlcAT-P probe. Ar-
rows indicate specific hybridization signals. B, chro-
mosomes with specific signals were identified by
post-hybridization DAPI-produced G-like banding as
chromosome 9, and the signal was localized at band
A4.
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cific for the nucleotide sequences of exons 2 and 3, respec-
tively (Fig. 5A). In addition to the major amplified product
of 69 bp in length expected for the cloned GlcAT-P cDNA, a
minor product of 85 bp in length was detected (Fig. 5B).
Sequencing analysis of the two products revealed that the
minor product contained a 16 bp insertion (Fig. 5C, se-
quence underlined) in the same position as the 17 bp inser-
tion of human GlcAT-P. The nucleotide sequence of this
insertion was found in intron 2 of GlcAT-P genomic DNA
just after exon 2 (Fig. 5D). A consensus 5'-GT splicing donor
sequence existed just after the insertion sequence in the
genomic DNA. These results suggested that the two iso-
forms of mouse GlcAT-P mRNA were produced through
alternative splicing of the primary gene transcript. This
insertion induced a frameshift of the open reading frame
from the first ATG codon, which resulted in translation
from the second in-frame ATG and production of a trun-
cated isoform of GlcAT-P protein lacking the N-terminal 13
amino acids (Fig. 5C).

Recently, the RIKEN Mouse Gene Encyclopaedia Project
reported a mouse cDNA collection (34), which includes one
clone of the mouse GlcAT-P (accession number AK003020).
This cDNA clone lacks the 3'-terminus of the open reading
frame, and includes the full sequence of intron 2 at the
junction of exons 1 and 2. We also detected a weak band, of
approximately 210 bp, corresponding to this unspliced iso-
form of intron 2 by the same RT-PCR analysis (data not
shown). The translation initiation site for this type of
GlcAT-P transcript is assigned as the second in-frame ATG.

These results suggested that one major and two minor
transcripts are produced from the mouse GlcAT-P gene
through alternative splicing, and long and short enzymes,
different in the length of the cytoplasmic tail, are produced
from these transcripts in mouse brain.

Determination of the Transcription Initiation Site of
GlcAT-P—To define the transcription initiation site, 5'-
RACE was performed with total RNA from mouse brain as
a template. Based on the sequence of the 5'-untranslated
region, we determined the precise transcription initiation
site by primer extension analysis (Fig. 6). For the exten-
sion, a fluorescently labeled 27-mer oligonudeotide comple-
mentary to the exon 1 sequence was used. The extension
reaction was carried out with poly(A)+ RNA from 6-day-old

mouse brain, and the end point of extension was deter-
mined by comparison with a sequence ladder derived from
the genomic DNA template using the same labeled oligonu-
cleotide as a primer. The extension analysis revealed a
strong signal corresponding to the C (+1) residue 552 nude-
otides upstream from the initiation codon, ATG. These
results imply that there are no additional exons and no
alternatively spliced 5'-untranslated exons.

Potential Regulatory Elements in the 5'-Flanking Se-
quence of the Mouse GlcAT-P Gene—To identify sequence
elements that are involved in transcriptional regulation of
the GlcAT-P gene, we determined the nucleotide sequence
of approximately 1.6 kb of the 5'-flanking region (Fig. 7).
The proximal 5'-nanking region of the GlcAT-P gene (bp
-250 to +150) is characterized by a GC-rich sequence (GC
content, 78%). The sequence around the transcription initi-
ation site contained neither a canonical TATA box nor a
CCAAT box. The AG-repeat sequence (purine-rich region)
was found in the region between bp -850 and -725. A com-

Fig. 6. Determination of the 5'-end of the mouse GlcAT-P
mRNA. A pnmer extension analysis of mouse GlcAT-P. A fluores-
cently labeled oligonucleotide (indicated by an arrow in Fig. 7) was
annealed to 5 (xg of mouse brain poly(A)* RNA (lane 5), and then ex-
tended by reverse transcriptase. The extension product was sepa-
rated on a 4.2% polyacrylamide sequencing gel in parallel with a
DNA sequencing reaction (lanes 1-4).

Exon 2 Intron 2 (i+4bp) Exon 3

Fig. 5. Splice variants of the GlcAT-P
mRNA. A, the partial nucleotide sequences of
exons 2 and 3, and intron 2 are shown. Arrows
indicate the primers used for RT-PCR analysis.
Exon sequences are shown in capital letters, and
intron sequences in lowercase letters. Black
backgrounds indicate a splice donor and a splice
acceptor. B, RT-PCR products with the primers
shown in A. Arrowheads indicate two specific
products. The positions and sizes of the DNA
markers are shown at the left. C, the nucleotide
sequences of the RT-PCR products. The inser-
tion sequence (16 bp) is underlined. The methio-
nines at the translation initiation site are boxed.
D, alternative splicing of the mouse GlcAT-P
transcript. The insertion sequence (16 bp) is un-
derlined. Black backgrounds indicate two splice
donors and a splice acceptor.

Long Form mRNA

H G C C E H K * * | H ] P K R R

Short Form mRNA
GCAATCG CTAATGMaaCCTgrOGOTCCACCCJUJCC 1 1 CCACATCCCGAAffltfaCCC

Exon 2 _——'"" ^ ~~~~^*^ Exon 3
CTTCCGCAATGGpEgggtgtgagcactgH^gaga gctĉ ^GTAATGAGGAG

16 bp Insertion
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puter-assisted search revealed multiple sequence elements
exhibiting homology to known binding sequences for tran-
scription factors. Three Spl binding sequences (35) are dis-
tributed around the transcription initiation site at nucleo-
tide positions +18, +5, and -67, and four additional Spl
sites are also located at positions -182, -360, -582, and
-696. A potential Krox-20 (Egr-2) site (36) is located at posi-
tion +13, overlapping two Spl sites just after the transcrip-
tion initiation site. The 5'-flanking region also included
response elements for Ets (37), CRE-BP (CRE-binding pro-
tein) (38), C/EBPP (CCAAT/enhancer binding protein beta)

(39), MyoD (myoblast determination gene product) (40),
AP-1 (activator protein 1) (41), p300 (ElA-associated 300
kDa protein) (42), POU factor Brn-2 (43), HSF2 (heat shock
factor 2) (44), and CDP (cut-like homeodomain protein)
(45).

Promoter Activity of the 5'-Flanking Region of the Mouse
GlcAT-P Gene—To characterize the regions regulating the
transcription of the GlcAT-P gene, we constructed a series
of chimeric plasmids containing different lengths of the 5'-
nanking region of the GlcAT-P gene fused to the promoter-
less luciferase gene in pPGBII (Fig. 8). The constructs were

-1560
-1500

-1440
-1380
-1320

-1260

-1200

-1140
-1080
-1020

-1598 tcgactcg
ttactaaaga gacaggccca gaggtcactt
agcattgtcc tgaatcccca acctggggat

¥gjtgtgaccc cacacatgga tgctcctgtc
tcagcctcca agatcatctc tgccctgtca
aaggagatgc agcaagacag catgccctgg

atcctgtcgg cttaccgaaa
aggtagtgcc tttaacccat
ttggcaccat cctgggcaga

tgtgggcatc agcttccctg
cttagtaatt ttgggtggta
gctccctggt atggagtaag

acctgtctta
tcattattcc
gat|atgagtg

AP-1
ttggtaagaa
tggtttcctc
gggjagaagag

tct)ggagaaa gcctctctct agagacagta attjctgtatt ttctat

Tjgtgactact accftaacctc a|aagccttga
CRE-BP

Bm-2
agaacagaat tgattctaga

tgttgtaaac
—C7EBFP

gcctttacac

cactcaactt
agagctgtgg
gcggtggagc

cacccaagag gagaaccagg
gctcagcctc agcccacagt
tggtcttttg gagttttgaa

tgag gactatcagc aatataaacc

cttcatcctg ataggcagag gtgatggtga
ataaagtacg tttcaaccca gcaatgccta
gaggacacag ctgaaggccc tga|ccacagg

MyoD

tgaaggtg|ca tggatggc|at cttaggctct

ggcaagtaga caatapcatt tagaaatctjc ccactggatg actgcatggc agagagagag
C7EBPP

-84 0
-780

ggagagagag agagagagag agagagagag agagagagag
agagacagag agagacagag acagagagag agagagagag

-720 tccctgtjatc ctagcatccc

-660 ctgcccaccc acattggcca
-600 ttagatgccc agtgctggBg"

-540 ttaaaagaaa gaagcagtgc

-480
-420
-360

-300
-240

-180

-120

-60

+ 1

+ 61
+ 121
+ 181
+ 241

tcctacctcc gacccataca
gggggccgca ccctctttca
|accgtgcccc| accgcaaccc

Spi

gagagaagct gccaagccag
ctgggggtgc cggcagggcg

agcajtcTccag ccccjccaata
Spl

t c tc t tca t t ctgcaccaga
ggcgggaajag cagagtgacc

Sp1
jccacaggtgg ggjctgcccca

MyoD

aacaaccctg tatccacttc
cagccgcact cattccagct
ccaaaccctc agcatcccag

gggcctgagc agccaggatt
ggcgcgctct cactcgagcc

agagagagag
agagagagag

cctagaaatt

ctgtgcctcc
ctcaacattt

agagagagac
agajgagaaac

p300

cctggatggc

tgcctccttg
tggcatatcc

ctggcaggct ccttggggac

ggattgcccg
cagtgtctta

gaaggatgga
aaagctgggg

cccgcccgjag gccactccag catccaaacg aagtcccaga
§pl

cgccccagag

agaggagaga gcagggaggt gataccaagc tagaggaggg ggtccagcgt

ctcfegcccgc gaggttggta cggaccgcga gtggctcggg tcccgccggc

aagccaagct
gtcccgcaga
atcgcccttt

ggcgggtgag
tgccctgg^c"

ggagggccac

cgg|cccccgc

agctcgcgct

CGCGfcGGGCG GGJGTjGCGfTGG GGGCpGGGCG) GGAGGCGCTG TCACAGCCGC GGCCGCACCG
Spl

CGCATCCGCC
CCGCGCGCCC
CCGCCCCGCG
GCTGAGCCCA

Krox-20
GCCGCCAGCG
AGCCATCCCG
CCTCGCCACC
GAAGCAGCGG

Spl

CCGAGGGCAC
GCCCGGCCGG
CGCGCCCTCC
GGCCGTGATA

CACGCGCTGG
CCCGCGCGTC
TGCGCGCTCC
GCGGGCCGGC

CCCGCTCGGC
GCCTCTTGGG
AGGGTTCTGG
CGGGGCTGCG

TGGGCTCCGG
GCTCCGATCG
CCGCTGCCTG
GACGAGTGGG

+ 301 CCCGCGGCTA TGAAGTGGCC CCCGAGGGCA CGGAACCGGA GAACGCCTCG AGAGAGAAGC

+ 361 GCGCGCATCG CAGGGCAGCA GCCTTGGGTC GCTGGGGCCA GGGTATAGGA CTGCCACCCG
+421 CTATGGACTG CGCCAGGGAC GATATGGACT CGCTGCCGCA Ggtcagtgtc cggcgc

* " " Exon 1 Intron 1

Fig. 7. Nucleotide sequence of the
5'-flanking region of the mouse
GlcAT-P gene. The transcription initi-
ation site (+1) is indicated by a bent ar-
row. The sequence of exon 1, shown in
capital letters, is followed by a partial
sequence of intron 1, in lowercase let-
ters. Transcription factor binding sites
are boxed. The oligonucleotide primer
used in the primer extension analysis
(Fig. 6) is indicated by an arrow. The
primer pairs used in the screening of
genomic DNA containing exon 1 are in-
dicated by dotted arrows.
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Fig. 8. GlcAT-P gene pro-
moter activity. Schematic
map of the Spl and Krox-20
binding sites, and schematic
diagrams of various promoter-
luciferase constructs are
shown on the left. The binding
sites of Spl and Krox-20 are
shown in the diagrams. The
vertical arrow indicates the
transcriptional initiation site
(+1) determined by primer ex-
tension analysis (Fig. 6). Exon
1 is shown as a gray box. Each
construct was transfected into
PC-12 cells (HNK-1 positive)
or COS-1 cells (HNK-1 nega-
tive). Promoter activity was
normalized as to the RenUla
luciferase activity of a co-
transfected internal control

plasmid (pRL-TK). Luciferase activities are expressed relative to those of the same cells transfected with a promoterless luciferase plasmid,
pPGBn. Data are the mean from at least three independent transfections performed in triplicate Error bars indicate standard deviationa

22.5

• COS-1
• PC-12 (HNK-1 positive)

10 20
Relative Luciferase Activity

30

transfected into pheochromocytoma PC-12 cells, which en-
dogenously express the HNK-1 carbohydrate epitope (46),
and COS-1 cells which do not express this epitope. The pro-
moterless luciferase vector, pPGBU, was transfected into
parallel cultures as a negative control. As shown in Fig. 8,
plasmid p+257Luc containing the sequence from bp +257 to
+347 generated little activity at the level of pPGBII. Elon-
gation of the sequence to position -21 markedly increased
the luciferase activity in both cell lines, p-21Luc generating
approximately 10- and 7-fold higher luciferase activity than
pPGBH in PC-12 and COS-1 cells, respectively. This in-
crease suggests that this region, bp -21 to +347, functions
as a promoter independent of the cell line, and that two
Spl sites, located between bp -21 and +29, are likely to be
associated with the basal transcriptional activity of the
GlcAT-P gene promoter. Further elongation of the sequence
to position -207 had different effects on the cell lines
tested. In PC-12 cells, p-207Luc generated the highest
activity of all constructs prepared (22.5-fold higher than
that of pPGBII). The activity was 3.5-fold higher than that
in COS-1 cells. In COS-1 cells, however, p-207Luc was
unable to generate such a significant increase in activity
compared with p-21Luc. The luciferase activities of p-
207Luc and p-21Luc in COS-1 cells were 6.5- and 6.8-fold
higher than that of pPGBII, respectively. These results
implied that this region, bp -207 to -22, functions as a
potent promoter specific for HNK-1 carbohydrate-express-
ing cells such as PC-12. A database search of this region
revealed that, except for two Spl sites, no cis-elements so
far identified are involved in the regulation of GlcAT-P ex-
pression in the nervous system or neuronal cells. Further
elongation of the 5'-upstream sequence to position -905
greatly decreased the luciferase expression in both cell
lines, and elongation to position -1598 maintained the
activity at a low level. The marked decrease indicated the
existence of repressive elements in this region, bp -905 to
-208.

DISCUSSION

In this study, we isolated cDNA and genomic DNA of

mouse GlcAT-P, determined the genomic structural organi-
zation and chromosomal localization of the mouse GlcAT-P
gene, and identified its promoter. GlcAT-P is a glucuronyl-
transferase involved in HNK-1 carbohydrate epitope bio-
synthesis, and is thought to be a key enzyme in the HNK-1
biosynthesis pathway (25). Because expression of the HNK-
1 carbohydrate epitope is strictly regulated during develop-
ment, it is important to characterize the genomic structure
of GlcAT-P and the mechanism involved in the regulation
of GlcAT-P expression.

We succeeded in isolating two cDNA clones of mouse
GlcAT-P, but no polyadenylation signal or polyadenylation-
like sequence were found in the 3'-untranslated region. As
reported previously, the human GlcAT-P cDNA has a 3'-
untranslated region of 2.3 kb in length (28). Northern blot
analysis of mouse brain revealed that the major transcript
of GlcAT-P was 4.2 kb in length (data not shown). These re-
sults suggested the 3'-untranslated region of cloned mouse
cDNA was incomplete and therefore contained no polyade-
nylation signal. The mouse GlcAT-P cDNA exhibits signifi-
cant high homology with the rat and human cDNAs at the
nucleotide and amino acid levels. Although two in-frame
ATGs are present in the cytoplasmic region (nucleotide
positions +1 and +40 in Fig. 1), the first ATG (+1) obeys
Kozak's rule better (32) than the second one, and is more
reasonable for the translation initiation site. The putative
amino acid sequences of four conserved regions (motifs I—
IV) of the catalytic domain were completely conserved in all
three species. The iV-glycosylation sites and the cysteine
residue located in motif IV, which is essential for the enzy-
matic activity (25), are also conserved. These data indicate
that GlcAT-P was highly conserved during phylogenesis
and attest to its biological importance.

We also cloned the mouse GlcAT-P gene and defined its
genomic organization. The mouse GlcAT-P gene consists of
at least seven exons and six introns, and spans more than
23 kb. The coding region of GlcAT-P is composed of five
exons spanning approximately 6 kb. Because length of
intron 1 is over 15 kb, a second screening was necessary to
isolate genomic clones containing the promoter region and
exon 1 of the GlcAT-P gene. Most of the 5'-untranslated
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region of cDNA was encoded in exon 1. The nucleotide se-
quence of exon 1 was found in the cDNA clones isolated by
the library screening and all 5'-RACE cDNA fragments
sequenced, indicating little possibility that the transcrip-
tion starts between exons 1 and 2. RT-PCR analysis of the
GlcAT-P transcript revealed that three forms of the GlcAT-
P mRNA were generated through the alternative splicing
of intron 2. The major splice isoform of GlcAT-P mRNA
with no insertion between exons 1 and 2 is translated to
the long-form enzyme carrying a cytoplasmic region com-
posed of 19 amino acids. The other minor splice isoforms
contained a 16 bp insertion sequence just after the first in-
frame ATG or the full-length intron 2 without splicing.
They are suggested to be translated from the second in-
frame ATG codon and to generate the short-form enzyme
lacking 13 amino acids at the N-terminus. The existence of
alternative protein isoforms with or without a 13 amino
acid extension in the N-terminus region is well known in
the case of pi,4-galactosyltransferase (p4GalT-I) (47). How-
ever, the two forms of (J4GalT-I mRNA are generated
through an alternative mode of transcription involving
either housekeeping or cell-specific promoters (48, 49). The
short form of (34GalT-I is transcribed by the cell-specific
promoter from a region of the genomic DNA between two
in-frame ATG codons. The long and short pi,4-galactosyl-
transferases were shown to exhibit different intracellular
distributions and thus were presumed to have different bio-
logical functions (50). The length of the extension of the
cytoplasmic region was 13 amino acids in both cases
O4GalT-I and GlcAT-P), although the sequences of the
extensions exhibited no homology with each other (data not
shown). These results suggested the possibility that long
and short GlcAT-Ps may be involved in different biological
functions, like the two isoforms of (54GalT-I.

Southern blot analysis and chromosomal analysis by
FISH revealed that GlcAT-P represents a single copy locus
in the mouse genome. The GlcAT-P gene was localized to
the A4 region on mouse chromosome 9. This region is syn-
tenic with human chromosome llq22-25. Therefore, this
result is well coincident with our previous finding that the
human GlcAT-P is localized to human chromosome Ilq25
(28). Primer extension analysis identified a major tran-
scriptional initiation site 552 nucleotides upstream of the

translation initiation codon. Sequence analysis of the
GlcAT-P 5'-flanking region revealed the presence of multi-
ple potential cis-acting elements including Spl, Krox-20,
Ets, CREB, and C/EBPp sites. The 5' segment around the
transcriptional initiation site is highly GC-rich and lacks a
TATA or CCAAT box. A GC-rich element known as a CpG
island often plays an important role in a promoter lacking
a TATA box. These structural features are usually associ-
ated with housekeeping gene promoters, but also associ-
ated with many tissue-specific promoters including neural
cell-specific TATA-less ones (51).

We performed the luciferase reporter assay with PC-12
and COS-1 cells. PC-12 cells express GlcAT-P (data not
shown) and its product, the HNK-1 carbohydrate epitope
(46), while COS-1 cells express neither. The proximal re-
gion, bp -21 to +347, generated promoter activity in PC-12
and COS-1 cells, suggesting that this is the basic promoter
region, and two Spl sites located at +3 and +23 are possi-
bly involved in its activity. The region between bp -207 and
+347 markedly enhanced the promoter activity in PC-12
cells, the activity being 22.5-fold higher than that of the
promoterless luciferase vector. On the other hand, no such
enhancement occurred in COS-1 cells. Therefore this re-
gion was assumed to be the cell-specific promoter involved
in the actual expression of GlcAT-P. Although the region bp
-207 to -22 is essential for high promoter activity in HNK-
1 expressing cells, no known putative binding sites of neu-
ral-specific transcription factors were found in this region.
The novel transcription factor binding to this region may be
involved in the promoter activity of the GlcAT-P gene. So
far, the detailed mechanism of the ceD-specific transcrip-
tional activity of this promoter remains to be elucidated.
However, it is noteworthy that this promoter region con-
tains a Krox-20 (Egr-2) site. Krox-20 is a zinc finger tran-
scription factor, which is thought to play important roles in
vertebrate hindbrain segmentation or in the peripheral
nerve myelination (52). Krox-20 is expressed in rhom-
bomeres r3 and r5 of the hindbrain in the course of mouse
and chick embryogenesis (53, 54). Alternate expression of
the HNK-1 epitope in the same regions is observed in chick
hindbrain (16). However, further experiments are needed to
determine whether Krox-20 is involved in the strong pro-
moter activity of the region bp -207 to +347. Further elon-

Mouse -14 0 cgccccagagggagggccacagaggagagagca -108
** * * ******* * * * * * *

Human 65381 cggtgcc|gggggagggt| ggggggcg-gtg 65354

Mouse gggaggtgataccaagctagaggagggg gtccagcgtcg-gpccccg -62

Human gggaggtgataccaatcccjgggggggggtjcccctcgccggcctccctcctcgcgcccccg 65294

Sp1 NF KB

Mouse cctqagcccgcgaggttggtacggaccgcgagtggctcgggtcccgccgg cagctcg -5
*** ** ************* **** ** **************** ** **

Human cctaggctggcgaggttggtaccgaccattagcagctcgggtcccgccggcgctggcgcg 65234
+1 Sp1 , Krox-20 iSp1

=tc---cMouse cgc +40

Human ggctcjggggcgggggjcjggggcggggg|cggagagcggg|tgggggcggggcgjggaggcgccg 65174

Sp1 Sp1 Sp1 Sp1

Fig. 9. Sequence comparison of the
5'-flanking regions of the mouse and
human GlcAT-P genes. Human se-
quence flunking exon 1 (accession num-
ber AC013591) was obtained by search-
ing the GenBank/EBI Data Bank. Num-
bering of the mouse sequence is as de-
scribed in Fig. 7, and the human se-
quence is numbered according to the
submitted sequence Exon sequence is
shown in capital letters. Transcription
factor binding sites are boxed. Asterisks
denote the identical nucleotides.
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gation of the fragment of the 5'-flanking region in the
reporter constructs resulted in a remarkable decrease in
the promoter activity, and the reporter construct containing
the sequence from bp -1598 to +347 generated low pro-
moter activity even in PC-12 cells expressing the HNK-1
epitope endogenously. These results suggest the presence of
regulatory regions associated with the transcription of the
GlcAT-P gene in the further upstream region.

Our previous study showed that the human GlcAT-P
mRNA was detected not only in neural tissues but also in
liver on Northern blot analysis, although rodent GlcAT-P is
expressed specifically in neural tissues (28). We obtained a
partial sequence of the 5' flanking region of human GlcAT-
P by means of a database search (accession number AC-
013591). Comparison of the 140 bp sequence upstream of
exon 1 of the mouse GlcAT-P gene with the sequence of the
human locus revealed 73% identity (Fig. 9). Compared with
the mouse sequence, a 13 bp extra sequence was found in
the human promoter region. Due to this sequence, a NF-KB
binding motif is present in the human promoter In the
region just after the transcriptional initiation site defined
in the mouse gene, another 13 bp extra sequence was
found, and consequently the Krox-20 site was absent from
the human GlcAT-P genomic DNA. The expression of hu-
man GlcAT-P in liver may be explained by these structural
differences in promoter regions. Thus, comparison of the
promoter structure of the GlcAT-P gene between man and
rodents may enable us to elucidate the mechanism under-
lying the tissue specificity of GlcAT-P and HNK-1 expres-
sion.

Recently, a second glucuronyltransferase GlcAT-S in-
volved in biosynthesis of the HNK-1 epitope was cloned (26,
27). GlcAT-P and GlcAT-S exhibited different expression
patterns in rat brain (unpublished results) and different
enzymatic properties (24, 27). Comparative analysis of the
structures and promoter regions of GlcAT-P and GlcAT-S
genes will provide us with important information for
understanding the regulated expression and biological
function of GlcATs.

We would like to thank H. Nishigaki and T. Honda for secretarial
assistance.
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