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Abstract The acetyl-CoA transporter gene (Acatn) encodes a
hydrophobic, multitransmembrane protein that is involved in the
process of O-acetylation of sialic acid residues on gangliosides.
O-Acetylated gangliosides have been found to play important
roles in tissue development and organization during early
embryonic stages. We have cloned the gene for mouse acetyl-
CoA transporter. The gene spans approximately 20 kb and is
composed of seven exons and six introns. A single transcription
initiation site, 371 bp upstream of the ATG start codon, was
identified. The promoter region was found to lack a TATA box.
However, several potential transcription factor binding motifs
such as AP1, AP2, C/EBPa, C/EBPB, HSF, GATA2 and
MZF1 were identified in the promoter region.
© 2000 Federation of European Biochemical Societies.
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1. Introduction

Gangliosides comprise a diverse group of sialic acid-con-
taining glycosphingolipids present on the plasma membrane
of most vertebrate cells. Sialic acid residues on gangliosides
are sometimes modified by O-acetylation at the 4-, 7-, 8- or 9-
hydroxyl position generating further structural diversity of
this sugar molecule [1,2]. The occurrence of the O-acetylated
sialic acids appears to be regulated in a molecule-specific,
tissue-specific and developmentally regulated manner, suggest-
ing highly specific roles for this modification system in tissue
development and organization [3-6]. The expression of 9-O-
acetylated gangliosides is associated with neural cell differen-
tiation and migration [7,8]. In addition expression of O-acety-
lated sialic acids on cell surfaces can alter the action of bac-
terial sialidases [9,10], the binding of pathogenic viruses
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[11,12], recognition by lectins [13] and activation of the alter-
native complement pathway [14]. Furthermore, aberrant ex-
pression of these ester groups accompanies malignant trans-
formation, sometimes resulting in the production of oncofetal
antigens [15]. In spite of its importance, the O-acetylation
mechanism is poorly understood at the molecular and genetic
levels. Earlier studies done by Varki’s group [2] indicated that
production of O-acetylated gangliosides is a complex process,
requiring the co-localization of the acceptor gangliosides, ace-
tyl-CoA and acetyltransferase, in the same compartment of
the Golgi apparatus. The acetyl-CoA transporter is necessary
for translocation of acetyl-CoA from the cytosol to the lumen
of the Golgi apparatus. For further understanding of the
O-acetylation mechanism, the isolation and characterization
of each factor involved in the O-acetylation of gangliosides
is necessary. Previously, we isolated a human ¢cDNA, encod-
ing a novel protein involved in the expression of O-acetylated
gangliosides. The predicted protein structure and in vitro as-
say study indicated that this protein is an acetyl-CoA trans-
porter [16]. Recently we have cloned the mouse acetyl-CoA
transporter cDNA [17] and assigned the gene to 3E1-E3 [18].
However, the gene encoding the acetyl-CoA transporter
(Acatn) has not been cloned until now. Our earlier studies
showed that Acatn is developmentally regulated with a high
expression level during early embryonic days and then there is
a subsequent decrease in the expression level in the later stages
[17]. The analysis of the gene will help in the understanding of
the regulatory mechanism of Acatn expression and will pro-
vide the basis for the creation of mutant mouse models with a
disrupted Acatn gene. In this paper we report the cloning and
structural analysis of the mouse Acatn gene including its pro-
moter region.

2. Materials and methods

2.1. Materials

Expand High Fidelity PCR system and digoxigenin (DIG)-DNA
labeling kit were obtained from Boehringer Mannheim (Tokyo, Ja-
pan). Cycle sequencing kit was from Amersham Life Technologies
(USA). All restriction endonucleases were from Toyobo (Tokyo, Ja-
pan). pZErO-1 vector and pCRII-TOPO TA cloning kit were ob-
tained from Invitrogen (CA, USA). pGL3-Basic vector, luciferase
assay kit and Poly A Tract mRNA isolation kit were purchased
from Promega (WI, USA). Marathon cDNA Amplification Kit and
Advantage cDNA polymerase mix were obtained from Clontech (CA,
USA). SuperFect transfection reagent was purchased from Qiagen
(Germany). All other reagents were of analytical grade.

2.2. DNA manipulation and nucleotide sequence determination

DNA manipulation, colony hybridization and Southern blot anal-
ysis were performed according to Sambrook et al. [19]. The nucleotide
sequence was determined in both directions using a cycle sequencing
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kit, based on the dideoxy-chain termination method [20]. Li-COR
4000L sequencer (Li-COR, NE, USA) was used for analysis.

2.3. Isolation and characterization of the mouse Acatn gene

One clone containing the entire Acatn gene in pBeloBACII [21]
vector was isolated by bacterial artificial chromosome (BAC) high-
density filter screening (Genome System Inc., USA), using the 32P-
labeled 1.65 kb BamHI/Xhol fragment (corresponding to nucleotide
positions 1-1653 of the coding region) of mouse Acatn cDNA [17] as
a probe. The isolated genomic clone was designated pBAC17269. This
clone was digested with EcoRI, Xbal, BamHI or Pstl and subcloned
into the pZErO-1 vector. Clones harboring exons were isolated by
colony hybridization using various regions of mouse Acatn cDNA
as probes. The DIG-DNA labeling kit was used for probe preparation
according to the manufacturer’s instruction. The DNA fragment con-
taining exon sequences was also isolated by PCR using BAC clone as
the template directly.

2.4. PCR

The Expand High Fidelity PCR system was used according to the
manufacturer’s instruction. PCR was performed in 50 pl of reaction
mixture containing 100 ng of template DNA, 1 X Expand HF buffer,
2.5 mM MgCly, 200 uM each of dNTPs, a forward primer, a reverse
primer (40 pmol each) and enzyme mix (0.75 U). Forward primer: 5’'-
GGAACATACATGACCCTTTT-3" (corresponding to nucleotide
positions 1723-1742) and reverse primer: 5-CAAATCTTTAA-
TGCTTACAAAAGCAGG-3' (corresponding to nucleotide positions
2666-2640 of the human Acatn cDNA sequence) were used for DNA
amplification. Thirty PCR cycles were carried out and each PCR cycle
consisted of denaturation at 94°C for 1 min, annealing at 55°C for
1 min and extension at 72°C for 3 min. The amplified fragment was
subcloned into the pZErOl vector and the nucleotide sequence was
determined.

2.5. Determination of the transcriptional initiation site

5" Rapid amplification of DNA ends (RACE) was conducted to
determine the transcriptional initiation site of the Acatn gene. Briefly,
mRNA was isolated from the brain of 8-10 week old male BALB/c
mice using the Poly A Tract mRNA isolation kit following the man-
ufacturer’s protocol. cDNA was synthesized from the above mRNA
using the Marathon cDNA Amplification kit following the protocol
of the manufacturer. Marathon cDNA adapter (5'-CTAATAC-
GACTCACTATAGGGCTCGAGCGGCCGCCCGGGCAGGT-3")
was ligated to the double stranded cDNA. 5" RACE PCR was per-
formed using adapter primer 1 (AP1: 5'-CCATCCTAATACGACT-
CACTATAGGGC-3") and Acatn-specific antisense primer (5'-ACA-
TTGCCCAAAAAGTAGCC-3'), corresponding to nucleotide posi-
tions 689-670. PCR was performed in 50 pl of reaction mixture
containing 5 ul of diluted adapter-ligated double stranded cDNA,
1 XcDNA PCR reaction buffer, 200 uM of each dNTP, AP1 primer,
Acatn-specific antisense primer and 1 pl of Advantage cDNA poly-
merase mix (50 X). Thirty PCR cycles were carried out and each cycle
consisted of denaturation at 94°C for 1 min, annealing at 56°C for
1 min and extension at 72°C for 2 min. The resulting PCR products
were analyzed by Southern blot hybridization using DIG-labeled
Acatn cDNA fragment (corresponding to nucleotide positions 1—
689) as probe. The PCR fragment that hybridized to the probe was
cloned into the pCRII-TOPO vector using a TOPO-TA cloning kit
following the protocol of the manufacturer. The Acatn transcriptional
start site was identified by sequencing the cloned 5 RACE fragment.

2.6. Reporter gene assay

A series of Acatn promoter and luciferase gene chimeras with pro-
gressively smaller promoter regions were constructed by site-directed
PCR amplification. The sequences of the primers used were as fol-
lows:

Fl: 5-AAGTTAAGGCAGGAGTATGGCCA-3" (—1202 to —1180)
F2: 5'-ACCTCCTTCACTCTGTGTATCTAG-3" (=599 to —576)
F3: 5-GGAGTGTTTCCATTTAGTCGGGCA-3" (—507 to —484)
F4: 5'-TGGAAGTTATGTACTGAATTAAATA-3" (—407 to —383)
. 5'-ACGAGGGCCCAATGGCCGAGG-3" (—302 to —282)

F6: 5'-TGGCGTTATTCCTCCCTCGGGG-3" (—204 to —183)
F7: 5'-CTCCGTCGGGAGGCACGGAACC-3’ (—104 to —83)

R1: 5'-GAGCTTGAAATGTTGAGATACTAG-3" (—744 to —767)
R2: 5'-GCGGGCACCCTCCTCAGTAG-3" (—1 to —20).
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PCR was performed as described above using clone 1 containing
exon I and the 5’ flanking region of the Acatn gene, as template.
Thirty cycles were carried out and each cycle consisted of denatura-
tion at 94°C for 1 min, annealing at 60°C for 1 min and extension at
72°C for 2 min. The amplified fragments were purified and cloned into
the Smal site of pGL3 Basic vector. For transfection, HeLa cells were
grown in 6-well plates (1 X 103 cells) in DMEM (Dulbecco’s modified
Eagle’s medium, Gibco BRL) containing 10% fetal bovine serum
(FBS) and grown in a humidified 5% CO, incubator at 37°C. Cells
were transfected with 10 ug of plasmid DNA using SuperFect trans-
fection reagent following the manufacturer’s instruction. After 36 h of
incubation cells were harvested, lysed and assayed for luciferase ac-
tivity using the Luciferase Enzyme Assay kit following the manufac-
turer’s protocol.

3. Results and discussion

3.1. Genomic organization of Acatn

As described in Section 2, one clone, designated
pBAC17269, was isolated from a mouse 129Sv/J ES genomic
library maintained in BAC vector. The genomic clone
pBACI17269 was found to contain the entire Acatn gene by
Southern blot analysis using various regions of mouse Acatn
cDNA as probes (data not shown). This clone was digested
with either EcoRI, BamHI, Xbal or Pstl and cloned into the
pZErOl vector. Various subclones harboring the exon se-
quences were identified by colony hybridization using various
regions of the Acatn cDNA as probes. The exon sequences
and exon-intron boundaries of Acatn were determined by
sequencing the subcloned fragments. In some cases, PCR-am-
plified fragments were used for analysis, after cloning into the
pZErO1 vector. The structure of the Acatn gene is shown in
Fig. 1. The gene spans approximately 20 kb and is composed
of seven exons interrupted by six introns. Exon 1 contains 371
bp of 5" untranslated region (UTR) and 775 bp of the coding
sequence of the Acatn gene. Exon 7 contains 168 bp of coding
sequence of Acatn and approximately 600 bp of 3’ UTR as
confirmed by human cDNA sequence and PCR analysis. The
sizes of the exons range from 54 to 1146 bp. Exon 1 is excep-
tionally large and its coding sequence corresponds to a highly
conserved region among human, mouse, Drosophila, Caeno-
rhabditis elegans, Saccharomyces cerevisiae and Escherichia

XPP EEX P BEP P B X B
i [ 11 1 noy ' 1 1 { 1
20 kb
clone4
clonel < > clone3 —
clone2 —
S'UTR 1 2 3 4 5 6 7 3'UTR

1 [2 [3]4] 5] 6 [7 ] Acan cDNA(263kb)
T T T T T

1 258 366 403 550 amino acid residue
322 384 495 position

Fig. 1. Genomic organization of the Acatn gene. Exons are num-
bered and depicted as boxes. Open boxes indicate untranslated re-
gions. The solid lines represent introns. Shown at the top is a 20 kb
fragment of pBAC17269 that contains the entire Acatn gene, and
displayed below are the subclones of pBAC17269 used for analysis.
Clone 4 was obtained by cloning the PCR-amplified fragment into
the pZErOl vector. At the bottom, the exon numbers and their po-
sitions in Acatn cDNA are indicated. X, B, E and P stand for Xbal,
BamHI, EcoRI and Pstl, respectively.
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Table 1
Exon-intron boundaries of the mouse Acatn gene

171

Exon Exon size (bp) (coding region) 5" splice site 3’ splice site Intron no. (approximate size, kb)
1 1146 (775) CTTCAGgtagtgtactt tctaattcagATTTTC 1(9.9)

2 191 TCAAAGgtaagagatg atgttgcagATTGGC 11 (2.4)

3 131 CAGCAAgtatactgca atcagcaagGTATAC 1T (0.8)

4 54 CTACAGgtaactacag ctctttgcagATTATT 1V (0.48)

5 118 CATCAGgtaagcgga cttcttgcagGTCACT V(2.2

6 216 ATCGAAgtaagtgagt tgtttttatagCTTTGC VI (0.9)

7 769 (168) - - -

Exon and intron sequences are shown in upper and lower case letters, respectively. The intron sequences adjoining the splice junctions are

shown in bold.

coli homologues, on the basis of amino acid sequence [17],
suggesting that it may be a functionally important domain
of mouse Acatn and its homologues in various organisms.
The nucleotide sequences of all the exons were identical to
the corresponding sequences of mouse Acatn cDNA. The sizes
of the introns range from 0.48 to 9.9 kb. The intron sizes were
determined by Southern blot analysis, PCR and DNA se-
quencing. The exon-intron boundary sequences at the 5’
and 3’ ends of all the introns are GT and AG, respectively
(Table 1), which are consensus sequences for pre-mRNA
splicing recognition donor and acceptor sites [22].

The transcriptional initiation site of the Acatn gene was
determined by 5" RACE PCR. Southern blot analysis of the
5" RACE products, using an Acatn-specific probe, detected a
single band of approximately 1 kb, indicating that there is a
single transcriptional start site. Sequence analysis identified
the transcriptional initiation site, 371 nucleotide upstream of
the ATG start codon, marked as position +1 in Fig. 2 and
found to be ‘A’, a purine, the most common transcription
initiating nucleotide.

3.2. The promoter region of Acatn

Clone 1, harboring a 2.7 kb Xbal-digested fragment from
pBACI17269, was identified by colony hybridization. It con-
tained 1.2 kb 5’ flanking region, 371 bp of 5" UTR, all of exon
1 (775 bp) and part of intron I. Analysis of the 1.2 kb pro-
moter region, immediately upstream of the transcription start
site, failed to find any canonical TATA box or TATA-like
sequence. However, several potential transcription factor
binding motifs were identified in the promoter region between
—904 and —1, using a computer-based sequence analysis, as
shown in Fig. 2. These include AP1 (—554 to —548 and —467
to —461), AP2 (=295 to —288, —134 to —127 and —104 to
—97), C/EBPa. (—427 to —414), C/EBPB (—363 to —352),
MZF1 (=549 to —542) and GATA2 (—351 to —343 and
—41 to —33) binding sites. In addition a few binding sites
for HSF and cdxA transcription factors and CCAAT box
(—831 to —827 and —819 to —815) were identified.

A series of Acatn promoter and luciferase gene chimeras
with progressively smaller promoter regions were constructed
by site-directed PCR amplification. The promoter activity of
each construct was determined by transfection of recipient
HeLa cells and measurement of resultant luciferase activity.
The highest level of promoter activity was observed with the
construct containing the sequence from —599 to —1 (Fig. 3,
Iuc 3). Deletion of the sequence from —599 to —508 dramat-
ically decreased the promoter activity (Fig. 3, luc 4), indicat-
ing that this particular region has a positive regulatory effect.
This region contains APl and MZF1 binding motifs.
Although Acatn appears to be a housekeeping gene because

of its ubiquitous mRNA expression [16,17] and has a TATA-
less promoter region, we could not identify any SP1 motif in
the Acatn promoter, which is commonly required for efficient
promoter activity, in many other housekeeping genes that lack
a TATA box. As shown in Fig. 3, substantial promoter ac-

-1202  AAGTTAAGGCAGGAGTATGGCCATAAGTTTGAGACCAGCCTGGGTACATATGCTAGCTTA
-1142  TGTAACCCAGGACTCAGTATCAATACAATGAAAATGAAAGACGAATAATAATAATAATAA
1082  TAATAATAATAATAAGCAAAGTCTCACATTTCTATGACCATACAAGAGCTGGAGAGAAGG
-1022 GGGAGGAGAGGAAAAGGAAGGACCCAGGGAGAAATGAGAAGAGAACATGGGAAATTAGCT
-962 AAGTGGTTAATAAGCTGTAGAAATCAGAAAAGTGGGAAGGCAGCAAATCCACAAGGGAAT
-902 TTATGGTTTGTTTTTGTTTTTAATGAAGAAAGCATGTACTATTACACTTGAAATGGCATT

cdxA HSF
842 TGAAAAACTGGCCAATTATGAATCCAATAAAATTCTTGGAAAACTTATTTCTTTGTTATC

CCAAT CCAAT
782 ACTGAAATACTAAATCTAGTATCTCAACATTTCAAGCTCTAAGAGCTTCCAACGATTCAC

<722 CAAAACTCGAAGAAGTGCGTCGTTATGCACTTAAAATGCATAACCATGGATGACATGAAA

662 (GGAGAAAGGTGGTTTCGAGACGTTTCCATTGGCAAAAAAATAAGATGCAGCAGACTGAAA
HSF

-602 TTTACCTCCTTCACTCTGTGTATCTAGCGTTCCCCTACATTTCTTCCTTGACATTGGGGG

AP1 MZF1
-542  AAATGGACAGCCTTATTCGTTCTGTGTATTAGGTAGGAGTGTTTCCATTTAGTCGGGCAT

-482  AAAGGACCCACAACCTGACACCAAAGCTTAGTAACTGCAGGTTCACAAAGCAGCATTATT

AP1
-422  ACCCAACTACAAGCCTGGAAGTTATGTACTGAATTAAATAAGTACAAACTCGCCTACAGA
C/EBP alpha
-362 CCTTGTGCAATGTTATCACCAAGGCCTAGGCCAATCCAGAAAACCCGCGCTCACGTGGCG
C/EBP beta GATA2 HSF
-302 ACGAGGGCCCAATGGCCGAGGCACACGAGTTCCATGCAAGCGCATGCGCAAACGGAACCG

AP2
-242  GGTTTGTTAAGACGTTCCGTCCTGGACGCTCGGTACGCTGGCGTTATTCCTCCCTCGGGG

-182 TTAGAATCGAGGGAATTAATGGTTCCTAGCAAACGTTGCTCGCGGTCGCCGCCACCGGAA
cdxA AP2
-122  CTTGTTCTGATTCGCTGGCTCCGTCGGGAGGCACGGAACCCATTTTGGCAGGGAACCACT

AP2
-62  TCCCGAAGCGCGAGGCAGGAAGTTATCCTTTACCTCTGGTGTCTACTGAGGAGGGTGCCC

2 GC&EBCGCTGCAGTATCAGCGéiég%%%AGTGGCAGGTGGGCAGGCGGGCGTTCGAGCCT
+59 Té%tGCACTTAAGAGCCAGACTCCGTCGCAGCGCCACGGCACGCTCCGCCAGCCTCAAGC
+119 CGGGTGCGGCTGCACGGGGAGCTCTTGCCGGCTCCCTGAAGTCGCTCCTGTGGGCAGCGA
+179 CCCAGGCTTCGCCTGGCCACCTGCCAGGGATCTGGCTCCCTGCTGCAAAACAGCGACCAG
+239  TCTCTCCGCGTCCGCCCTCCCGGCGTTGAACCACCGTGACCCGGGTCCAGAGAGACTGCC
+299 TTGGACCTGGGACTAGACTGATCAAAACGCCAGCCTCAGGCCCCCACACACCGGGCTCTG
+359 CGTCGTCTCTGATATGTCACCGACCATCTCCCACAAGGACAGCAGTCGGCAGCGGCGGTC

Fig. 2. The promoter region of Acatn and the consensus sequences
of transcription factor binding elements. The sequence shows the
371 bp of 5" UTR and 47 bp of coding region of exon 1 and 1202
bp of promoter region. The transcriptional initiation site is indicated
by the arrow (nucleotide +1). The translation initiation site is
underlined. Consensus sequences for AP1, AP2, C/EBPa, C/EBP,
HSF, cdxA, GATA 2 and MZF1 binding are indicated.
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Fig. 3. Deletion analysis of the Acatn promoter. Luciferase (Luc) expression clones containing sequentially deleted fragments of the Acatn chi-
meric promoter constructs were transfected into HeLa cells. Following transfection, the cells were incubated for 36 h in DMEM containing
10% FBS. Luciferase activities were measured and the means (+S.D.) of triplicate transfection experiments were calculated. They are expressed

as the percent activity relative to that observed in luc 3 (100%).

tivity was seen even after deletion of the promoter sequence
from —1202 to —303 (Fig. 3, luc 6), but further deletion
completely abolished the promoter activity (Fig. 3, luc 7
and 8), suggesting that the sequence from —302 to —205,
which contains an AP2 binding motif (—295 to —288), is
essential for promoter activity.

Our previous studies have indicated that the Acatn gene is
developmentally regulated with a high expression level of
Acatn mRNA during early embryonic stages as compared to
later stages [17]. Interestingly, the Acatn promoter has been
found to contain a binding motif for C/EBPa transcription
factor, which is intimately linked to cellular differentiation
and proliferation control in a variety of tissues [23]. C/
EBPa was also found to be required for efficient insulin-sen-
sitive glucose transport in murine fibroblast cell lines [24].
Similarly transcription factor HSF is important for the nor-
mal growth and development of cells. Deletion of the HSF
gene in Drosophila resulted in defects in oogenesis and early
larval development, with evidence indicating that these defects
were not due to altered basal heat shock protein expression
but rather to some other unknown target genes [25]. Hence,
there is a possibility that these transcription factors including
C/EBPo, HSF and APl might play important roles in the
regulation of Acatn expression during development.

The data obtained from these studies will provide the basis
for future studies on the regulation of the Acatn gene and for
creation of mutant mouse models with altered Acatn expres-
sion.
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