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Abstract

Vitamin C is known to exist in particularly high concentrations in brain tissue, and its free radical scav-
enging function is thought to represent a major antioxidative defense system. We have cloned, sequenced
and analyzed the genomic structure of a mouse sodium-dependent vitamin C transporter gene, Slc23al
(also known as Svct2). The mouse Slc23al cDNA is 6.4 kb long and was cloned directly from a mouse brain
RNA preparation. Hybridization screening of a mouse genomic BAC library identified BAC 53L21 which
contains at least the entire coding sequence of the mouse Slc23al gene. Determination of the exon-intron
structure of the gene revealed 17 exons ranging from 58 bp to 4407 bp extending over 50 kb of the mouse
genome, with the translation start codon located in exon 3. Its 1944 nucleotide open reading frame encodes
a polypeptide of 647 aa, which is highly similar to rat and human orthologs. The mouse gene was assigned
to chromosome 2qG2 by fluorescence in situ hybridization analysis. Expression of this gene was demon-
strated in a wide range of tissues, with especially high levels in brain. Neurodegenerative diseases with an
established role for oxidative stress in the cytoplasm may therefore be conditions of SLC23A1 dysfunction.
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1. Introduction

Vitamin C (ascorbic acid or dehydroascorbate) is an
important antioxidant system in living organisms. The
most accepted physiological role of vitamin C is in the
biosynthesis of collagen, in addition to other functions
like the biosynthesis of norepinephrine and carnitine and
the catabolism of tyrosine.1 In all these functions, the role
of the vitamin C is to provide electrons to keep prosthetic
metal ions (Fe+2 and Cu+2) in their reduced forms.1 The
function of vitamin C as a cofactor of dopamine /? hy-
droxylase in the synthesis of norepinephrine explains the
high levels of this vitamin in adrenal chromaffin granules.
However, the high levels in brain which are only compa-
rable with levels in the adrenal gland and are ten fold
higher than in serum are still unclear. One possible ex-
planation for the role of ascorbic acid as a protective fac-
tor against oxidative stress has been proposed: Vitamin
C can scavenge singlet oxygen, hydroxy and superoxide
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radicals and is able to spare vitamin E, another impor-
tant lipophilic antioxidant. Another explanation may be
the need of brain tissue to maintain prosthetic metal ions
in their reduced forms.2

Most terrestrial species are able to synthesize vitamin
C; primates (including humans), guinea pigs and flying
mammals are exceptions. These species lack a functional
L-gulono-7 lactone oxidase, the last enzyme in the path-
way for the synthesis of vitamin C.3 Vitamin C is found in
two different forms in the body; the reduced form, ascor-
bic acid, is the principal form present in blood and brain,
while the oxidized form, dehydroascorbate, is present at
barely detectable levels.4

There are two known mechanisms for the transport of
vitamin C: one is mediated by the glucose transporters
GLUT1 and GLUT3,5'6 and the other by a sodium-
dependent transporter. GLUT1 and GLUT3 transport
only the oxidized form of the vitamin; but since this
form is very scarce, this pathway of vitamin C uptake
is unlikely to be important. Two sodium-dependent vi-
tamin C transporters, SVCT1 and SVCT2, were recently
discovered in rats and humans.7"12 The expression of
these two transporters in Xenopus laevis oocytes induces
Na+-dependent ascorbic acid uptake to occur. SVCT1 is
mainly found in the epithelial system (kidney, intestine
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and liver), while SVCT2 is more ubiquitously distributed
with the highest levels in adrenal gland and brain, par-
ticularly in neurons.8

In this investigation, we analyzed the mouse Slc23al
gene with its cDNA sequence, genomic structure, chro-
mosomal localization and expression pattern.

2. Materials and Methods

2.1. RNA preparation, reverse transcription and iden-
tification of the complete cDNA sequence

Total RNA was isolated from an adult FVB/N mouse
brain, with (1 ml/50 /xg tissue) TRIZOL (Life Technolo-
gies). The first strand was prepared using First-Strand
cDNA Synthesis Kit (Pharmacia) and the primer Not I-
d(T)is provided in the kit.

For the initial identification of mouse Slc23al, we
performed amplification reactions using primers based
on the rat SVCT2 sequence (Accession # AF080453).
The forward primer corresponds to nucleotides 310-331
(5' ctcccggtggtgatcaatggtg 3') and the reverse primer cor-
responds to nucleotides 2137-2157 (5' aggctatactgtggc-
ctggga 3') of the rat sequence. The amplification reac-
tion produced a fragment of the expected size of 1.9 kb,
and this coding region cDNA was cloned in the vector
pT7Blue3 with the kit Perfectly Blunt (Novagene).

The 5' untranslated region (UTR) was determined
by PCR using the mouse brain Marathon-Ready cDNA
Kit (Clontech), the primer AP2 (Clontech) and a gene-
specific primer (GSP) 5' actggtcatcccccacgcac 3'. The
5' RACE (Rapid Amplification cDNA Ends) was per-
formed in a 20 /il final volume using 2 fi\ of the mouse
brain Marathon-Ready cDNA template, 0.2 /zM from
each primer and 0.5 U Taq polymerase and buffer (Perkin
Elmer).

To determine the 3' UTR, we performed a PCR in
the genomic clone BAC 53L21 with a forward primer
in the 3' end of the coding region (5' ccatttggcatgaa-
cattatta 3') and a reverse primer from the very end of
the human SLC23A1 EST clone KIA0023813 (5' acg-
gaacagttttaaaaatacagaata 3'). For amplification, we used
3.75 U of the Expand Long Template enzyme mixture in
buffer 1 (Boehringer Mannheim) and the conditions rec-
ommended by the manufacturer.

2.2. Northern blot analysis
The cloned 1.9-kb PCR product spanning the coding

sequence of the mouse Slc23al gene was labeled with
a-32P-dCTP using "Ready To Go" (Pharmacia). This
probe was hybridized overnight to commercial mouse
multiple tissues Northern blots (Clontech) at 42° C in
50% formamide, 5 x SSPE, 1 x Denhardt's, 1% SDS,
2% vol. sheared DNA and 50% dextran sulfate, and was
subsequently washed in 2 x SSC, 0.2% SDS at 55°C.

2.3. Screening of BAC library and characterization of
BAC clones

High-density filters of the mouse 129sv/ev genomic
BAC library RPCI22 from Research Genetics were hy-
bridized with the 1.9 kb coding region cDNA probe
mouse Slc23al. The pre- hybridization, hybridiza-
tion and washes were done with Church buffer and
Wash II buffer as recommended by Research Genetics.
The probe was labeled with the kit Ready To Go (Phar-
macia).

2.4- Shotgun library
The BAC 53L21 was completely digested with BamEl

or EcoRl and subcloned respectively into the BamHl site
or the EcoKI site of pBluescript, dephosphorylated with
shrimp alkaline phosphatase (USB) 0.1 U/1.0 pmol of
DNA. The library was then screened with the 1.9-kb
cDNA probe.

2.5. Determination of intron-exon boundaries
Intron sequences were amplified using the mouse ge-

nomic clone BAC 53L21, primers forward and reverse
across the coding region sequence, and the Long Expand
Template PCR System (Boehringer Mannheim). The in-
tron boundaries were determined by comparison with the
cDNA sequence.

2.6. Sequence and Genomic analysis
DNA sequencing was performed by Seqwright (Hous-

ton, Texas). Nucleotide sequences were compared to the
full Gen Bank database using the BLAST algorithm14

at the website http://www.ncbi.nlm.nih.gov/BLAST/.
DNA sequence and amino acid sequence manipulations
and primer designs were performed with the LASER-
GENE software package (DNASTAR Inc). Nucleic acid
alignments were carried out using the MACAW (Multiple
Alignment Construction and Analysis Workbench) us-
ing the segment pair overlap method.15 Statistical signif-
icance was assessed under the null hypothesis of random
alignment under a search space defined as the lengths of
the actual sequences when the pairwise score exceeded 40.

Mouse Genome Database (Jackson Lab) was the source
for mouse mapping data.16

2.7. GenBank accession numbers
The GenBank accession numbers related to these genes

are: mouse SVCT2 (AB038145), rat SVCT2 (NM017316,
AF080453), human SVCT2 (AF164142, AJ269478), hu-
man SLC23A1 (AF092511, NM005116), human YSPL2
(AF058319), human KIAA0238 (D87075), human
SLC23A2 (NM005847), human SVCT1 (AF170911,
AJ269477), human YSPL3 (AF058317), mouse
Slc23a2 (NM11397), mouse YsplS (058318), rat SVCT1
(NM017315, AF080452).
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Table 1. The orthologous relationships between the two paralogous transporter genes among these three species.

Type 1 Transporter
Species
Human

Mouse
Rat

Type 2
Species
Human

Mouse
Rat

Gene Name
SLC23A2

Slc23a2
SVCT1

Transporter
Gene Name
SLC23A1

Slc23al
SVCT2

NCBI Locus ID
9963

20522
50621

NCBI Locus ID
9962

54338
50622

Aliases
SVCT1
YSPL3
Yspl3
-

Aliases
SVCT2
YSPL2
Svct2
-

Map location
5q31.2-31.3

Chr 18, 18cM
-

Map location

20pl3

Chr 2qG2 (this work)

-

2.8. Fluorescence In Situ Hybridization
Slides with chromosome metaphase spreads (mouse

spleen) were incubated for 1 hr at 37°C in 2 x SSC
(0.3 M NaCl and 0.3 M sodium citrate) and then de-
hydrated sequentially in 70%, 80%, and 90% ethanol.
Chromosomal DNA was denatured in 70% formamide,
2 x SSC, for 2 min at 72°C, followed by dehydration
in serial ethanol washes of 70%, 80%, 90%, and 100%.
Fluorescence in situ hybridization (FISH) was performed
with the BAC 53L21 labeled with Spectrum Orange-
dUTP (Vysis), essentially as described by Pinkel and
Lichter.17'18 On each slide, 100 ng of labeled DNA was
applied. Non-unique and nonspecific DNA hybridiza-
tion was blocked by pre-annealmg the probes with a ten-
fold excess of Mouse Cot-1 DNA. Labeled and blocking
DNAs were denatured at 75°C for 10 min and then pre-
annealed at 37°C for 15 min. The hybridization mix-
ture contained labeled DNA in 10 /i\ of 50% formamide,
2 x SSC, and 10% dextran sulfate at pH 7. Slides
were hybridized overnight at 37°C. Post-hybridization
washes were performed at 45°C as follows: 1) 50% for-
mamide, 2 x SSC, 20 min, 2) 1 x SSC, 10 min, and
3) 0.1 x SSC, 10 min. Slides were counterstained with
propidium iodide-antifade (Oncor) or DAPI, 250 ng//i\
(Boehringer Mannheim) with antifade.

3. Results

Sequence comparison of multiple Genbank entries and
expressed sequence tags (ESTs) from human, rat and
mouse revealed that cDNAs for both of the sodium-
dependent ascorbic acid transporter paralogs have been
cloned from all of three species, but with conflicting and
inconsistent nomenclature. For clarity, in Table 1 we list
the orthologous relationships between the two paralogous
transporter genes among these three species.

Primers for the 5' and 3' end of the coding region of

the rat SVCT2 gene were chosen from regions of similar-
ity between human and rat, and used in PCR to isolate
one 1.9-kb fragment from mouse brain cDNA. This frag-
ment was cloned and sequenced. 5' RACE in mouse brain
cDNA identified an additional 300-bp fragment contain-
ing the rest of the coding sequence of Slc23al plus 202 bp
of the 5' UTR. When assembled, these sequences con-
tained the complete coding region, encoding 647 amino
acids of the mouse Slc23al gene.

We screened the RPCI22 mouse BAC library with the
1.9-kb cDNA fragment as a probe in order to isolate
Slc23al genomic DNA. Eleven positive clones were iden-
tified by filter hybridization. The presence of the Slc23al
gene was confirmed in three clones (53L21, 77J14 and
125H10) by Southern blot hybridization, using specific
probes in the 5' and 3' ends of the coding region. One of
them, 53L21, has an estimated insert size of 145 kb and
was chosen for further studies. PCR from 53L21 allowed
the isolation of a 4172-bp fragment of 3' UTR transcribed
within a single exon. Assembly of the 3' UTR with the
rest of the sequence generated 6346 bp of cDNA repre-
senting a nearly full-length mouse Slc23al cDNA (Gen-
Bank Accession # AY004874). At the level of nucleic
acid sequence, a comparison of the mouse, human, and
rat orthologues of Slc23al revealed very strong similarity
in the coding region (Fig. 2). The 5' UTR.of the mouse
gene also showed strong similarity to the rat 5' UTR
sequence (AF080453) but not to the human SLC23A1
sequence AF164142.

In contrast, the 3' UTR of mouse and human (D87075)
contained numerous segments of strong similarity. The
relative similarity of protein sequence among the rat,
human and mouse sodium-dependent vitamin C trans-
porters is presented in Fig. 3 as a dendrogram of protein-
coding sequences performed using Megalign (DNASTAR
Inc).

To determine exon-intron organization, we constructed
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Figure 1. Schematic representation of the relative exon-intron size of the mouse Slc23al gene. Shaded boxes represent exons.
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Figure 2. Schematic diagram of MACAW alignment of nucleic acid sequence of mouse Slc23al cDNA generated in this report
as compared with other mouse, rat and human sequences (shown with their accession numbersj. Regions of significant sequence
similarity are shown as shaded rectangles. Similarity between two sequences is shown as shading in light yellow, with the shading of
the rectangles becoming increasingly dark with greater number of sequences that share a region of similarity.

a library of short genomic DNA fragments from
BAC 53L21 into plasmid pBlueScript. The clones con-
taining Slc23al were isolated with the 1.9-kb cDNA
clone as a probe. First, we sequenced the different
clones with T3 and T7 primers to identify any exon
sequence present within 500-600 bp of the end of the
clone. In a second step, the BAC was sequenced di-
rectly with forward and reverse primers randomly dis-
tributed across the 1.9-kb cDNA fragment. The pre-
cise location of exon/intron boundaries was determined
by aligning the cDNA sequence and the sequences of
the genomic fragments. We delineated 15 coding ex-
ons, beginning with exon3. During preparation of this
manuscript, "the first draft" sequence of the sequence
of human BAC RP11 27C24 (Accession # AC068582)
became available. Comparison with human cDNA for
SLC23A1 (Accession # AF092511) revealed 7 exons; the
first human coding exon was exon 3. We adopted this
numbering system for the mouse gene as well, although
we have not confirmed that the human and mouse genes

have the same 5' exon/intron structure since it is un-
likely that we have the complete 5' UTR of the mouse
gene. Exons ranged in size from 58 bp (exon 1) to 4.4 kb
(exon 16) (Table 2). All the splice junctions conformed
to the "GT-AG" consensus sequence.19 We assume that
the site of translation initiation is the ATG at posi-
tion 209, in exon 3, since it is the first one compatible
with a Kozak consensus sequence and sequence homol-
ogy between mouse and human cDNA sequence becomes
very high at this point. Distances between exons were
estimated by electrophoresis of PCR products from the
BAC 53L21 with primers from adjacent exons (Table 2).

To determine the pattern of expression of the Slc23al
gene in mouse tissue, the 1.9-kb cDNA fragment was used
as a probe on a mouse multiple tissue Northern blot. An
approximately 7-kb transcript was identified, with ex-
pression in all the tissues represented except in skeletal
muscle where no expression was detectable and high ex-
pression levels were observed in brain (Fig. 4).

We mapped the mouse Slc23al gene using BAC 53L21
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mouse-Slc23a2 (6755542)

rat-SVCT1 (AAD30367)

human-SLC23A2 (5032233)

rat-SVCT2 (AAD30368)

mouse-Slc23a1

human-SLC23A1 (4827020)

Figure 3. Phylogenetic tree of the sodium dependent vitamin C transporters SVCT1 and SLC23A1 in human, rat and mouse (based
on amino acid sequence). The numbers in parenthesis are the accession numbers in GenBank.

Table 2. Exon/intron organization of the mouse Slc23al gene.

exon

1/2

3

4

5

6

7

8

9

10

exoi length

(bp)

58 5' UTR

255

98

116

157

88

64

181

121

acceptor site

CGGCG

tgcagGTGAT

ttcagGTGGT

tccagAGCTC

agcagCACTA

tttagGTTAC

tcaagAGATT

ttcagATCCA

ctcagGACGA

donor site

TGCAG

TCCCGgtaag

AGAAGgtacc

TGCAGgtgag

TGCAGgtgag

CACAGgtaat

AAGAGgtaaa

ATGCTgtaag

TTCCTgtgag

intron length

(kb)

n.d.

> 4

~ 3

~ 1.5

~ 10

~ 1.3

~ 2

~ 4.5

~ 5

11 157 tccagATAAT CCCATgtaag 0.5

12

13

14

15

16

17

147

105

129

137

95

235

417

coding +

2 3' UTR

ctcagTTCAG

tttagGGGTA

cacagGTCGG

tccagGAATG

tccagGAATA

agcagGTACC

AACAGgtctg

CAAAGgtata

CTTTGgtaag

TACAGgtagg

CCCAGgtatg

TATAG

~ 1.4

~ 3.5

~ 1.6

~ 2.5

~ 1. 6

AATAAA polyadenylation

n.d: not determined

as a probe for FISH to mouse chromosomes. We local- map to 20pl3; the mouse Slc23al gene represents further

ized the Slc23al gene to the murine chromosome 2qG2 conservation of this syntenic region.

(Fig. 5). This band, located at approximately 70-75 cM

on MMU2, contains many genes whose human orthologs
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Figure 4. Tissue distribution of mouse Slc23al expression.
Northern blot analysis of mRNA from a Clontech multiple
tissue blot was performed using a radiolabeled 1.9-kb cDNA
probe. The blot was also probed with /3-actin cDNA as a con-
trol for the amount of mRNA loaded in each line.

4. Discussion*

We describe here the sequence, genomic structure and
expression of the mouse sodium-dependent vitamin C
transporter gene type 2. This gene shows high homol-
ogy with the orthologous gene in human and rat with
94.9% and 98.7% similarity at the protein level.

We assume that the initiation codon is the ATG at po-
sition 202, since this sequence atgATGg resembles best
the Kozak consensus sequence with an A in position —3
and a G in position +4.2 0 This assumption contrasts
with the interpretation of the rat sequence by Tsukaguchi
et al. who assumed the initiation codon to be at posi-
tion 367 in spite of this ATG being neither the best (no
purine in position —3) nor the first possible initiation
site. Our assumption also contrasts with the interpreta-
tion of the human sequence, where the initiation codon
is thought to be the ATG immediately before the one
in position 202,7'9"11 where no purine in position —3 is
present or a G in position +4, resulting in a very weak
Kozak consensus sequence. Definitive identification of
the start codon awaits amino acid sequence analysis of
the protein.

The length of the complete cDNA sequence of 6324 bp
without the polyA tail corresponds well to the unique
band of approximately 7 kb observed on Northern blots
of all tissues analyzed, with exception of skeletal muscle
where no transcript was observed.

The approximately 6.3 kb are distributed in 208 bp

Figure 5. Chromosomal mapping of the Slc23al gene by fluores-
cence in situ hybridization (FISH) to normal metaphases from
mouse spleen. The probe was the mouse BAG 53L21.

for the 5' UTR, 1944 for the coding region, and a long
3' UTR of 4172 bp. The comparison between the human
and the mouse gene showed only 34.8% similarity in the
5' UTR region of both genes. The comparison between
the human EST clone KIA0238 and the mouse 3' UTR
shows regions of high homclogy interrupted by gaps with
low or no homology, for an average of 37%. Similarity
between the mouse and the human 5' and 3' UTRs are
both low as compared to the average interspecies con-
servation of 70% observed by Makalowski and Boguski21

(Fig. 5).
Another interesting feature was the expression pattern.

In mouse, rat and human, one approx. 7-kb transcript
was observed in most of the tissues. The expression in
brain is consistently high in all three species: mouse, rat
and human. Subtle differences in tissue distribution of
expression where observed, with liver showing high lev-
els of expression in humans and the mouse, but not in
the rat. The lung, in contrast, showed no expression
in humans but good expression in the mouse and rat.
The presence of high concentrations of ascorbic acid in
brain and the suggested role of this vitamin as a radi-
cal scavenger in the organism make SLC23A1 a relevant
candidate gene to be investigated in human neurodegen-
erative disorders where oxLdative stress appears to play
an important role.
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