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We report here on the cloning and functional char-
cterization of human SVCT2, a sodium-dependent vi-
amin C (ascorbate) transporter. The hSVCT2 cDNA
btained from a human placental choriocarcinoma
ell cDNA library, codes for a protein of 650 amino
cids with a predicted molecular mass of 70 kDa. At
he level of amino acid sequence, the human SVCT2
xhibits 95% identity to its rat homolog. When func-
ionally expressed in mammalian cells, hSVCT2 in-
uces the transport of ascorbic acid. The transport
rocess induced by hSVCT2 is Na1-dependent and is
pecific for ascorbate. The Michaelis-Menton constant
Kt) for the transport of ascorbate in cDNA-transfected
ells is 69 6 5 mM. The relationship between the cDNA-
pecific uptake rate of ascorbate and Na1 concentra-
ion is sigmoidal with a Na1:ascorbate stoichiometry
f 2:1. Northern blot analysis shows that SVCT2-
pecific transcripts are present in heart, brain, pla-
enta, and liver and is absent in lung and skeletal
uscle. The size of the principal transcript is ;7.5

b. © 1999 Academic Press

Ascorbic acid (vitamin C) is a cofactor in several
etabolic reactions, but, humans do not have the abil-

ty to synthesize this vitamin endogenously. This vita-
in exists in two chemically distinct forms under phys-

ological conditions, the reduced, ionic ascorbate and
he oxidized, nonionic dehydroascorbic acid. Ascorbate
lays an essential role in the synthesis of extracellular
atrix proteins (1) and therefore is highly essential for

he normal growth and proper bone formation of the
etus. The fetal demand of this vitamin is solely met by
he transplacental transfer from the maternal circula-
ion to the fetal circulation (2). The mechanism of

1 Corresponding author. Fax: (706) 721-6608. GenBank accession
umber for the hSVCT2 cDNA sequence reported here is AF164142.
762006-291X/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
ransport of vitamin C has been extensively studied.
ne of the mechanisms suggested to operate in the
ntry of the vitamin into the placenta is its uptake as
ehydroascorbic acid mediated by the sodium-inde-
endent glucose transporters, GLUT-1, and GLUT-3
3, 4). However, since the concentration of dehydro-
scorbic acid in maternal circulation is very low (;2
M) (1) and also since the affinity of GLUTs for dehy-
roascorbic acid is in the millimolar range (5), the
mportance of this mechanism in placental vitamin C
ptake remains questionable. Based on placental per-
usion studies (6) and our studies using JAR choriocar-
inoma cells in culture (7), a second pathway of vitamin

entry into the placenta is known to operate. The
ubstrate for this transport system is ascorbate rather
han dehydroascorbic acid and the transport process is
ctive, energized by an electrochemical Na1 gradient.
Recently, Tsukaguchi et al. (8) have cloned two dif-

erent sodium-dependent vitamin C transporters
VCT1 and SVCT2, from rat kidney and rat brain
espectively which mediate electrogenic Na1-depen-
ent transport of ascorbate when expressed in Xenopus
aevis oocytes. The two proteins exhibit only 65% iden-
ity at the amino acid level and also differ in their
issue distribution. While SVCT1 is mainly expressed
n epithelial tissues such as intestine, liver and kidney,
VCT2 is expressed in all other tissues that were
ested. Placenta was not one of the tissues included in
he Northern analysis carried out by Tsukaguchi et al.
8), and hence no information is available on the iden-
ity of the ascorbate transporter expressed in the pla-
enta. Here we report on the molecular cloning of a
DNA isolated from a human placental trophoblast cell
ine, which, when expressed in HRPE cells transports
scorbate in a Na1-dependent manner. Comparison of
mino acid sequences indicate that the cloned trans-
orter is the human homolog of rat SVCT2. The ascor-
ate transport process mediated by the human placen-
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al SVCT2 exhibits characteristics similar to the
scorbate transport system known to exist in the hu-
an placental choriocarcinoma cell JAR (7).

ATERIALS AND METHODS

Materials. L-[carboxyl-14C]Ascorbic acid (16.7 mCi/mmol), [a-32P]-
CTP (3000 Ci/mmol) and the ready-to-go oligolabeling kit were
urchased from Amersham Pharmacia Biotech (Piscataway, NJ).
itropure nitrocellulose transfer membranes used in the library

creening were purchased from Osmonics (Minnetonka, MN). Lipo-
ectin, used in transfection, and DMEM/F-12 medium and the
ntibiotics (penicillin and streptomycin) used to culture the hu-
an retinal pigment epithelial (HRPE) cells were procured from
ife Technologies. The HRPE cell line was originally provided by
. A. Del Monte (W. K. Kellogg Eye Center, Department of Ophthal-
ology, Ann Arbor, MI) and has been in use in our laboratory for

everal years. The culture medium for these cells was DMEM/F-12
edium supplemented with 10% fetal bovine serum, 100 mg/ml pen-

cillin and 100 units/ml streptomycin (9). All other chemicals were of
nalytical grade.

Screening of the human placental JAR cell cDNA library. A JAR
ell cDNA library was screened using human SVCT1 cDNA as the
robe. The human SVCT1 cDNA was isolated by screening a Caco2
ell cDNA library using a 1039 bp fragment of rat SVCT1 cDNA
btained by RT-PCR with rat kidney mRNA (manuscript in prepa-
ation). This probe corresponded to the nucleotide position 486-1524
n the published sequence of rat SVCT1 cDNA (8). The identity of the
mplified DNA was confirmed by sequencing before using it as the
robe. The cDNA probe was labeled with [a-32P]dCTP using the
eady-to-go oligolabeling kit and used to screen the Caco2 cell cDNA
ibrary. A positive clone coding for human SVCT1 was isolated and
he identity was confirmed by partial sequencing. The full length
nsert was released using restriction enzymes SalI/XbaI and was
sed to screen the JAR cell cDNA library as described before (10, 11).

DNA sequencing. Both sense and antisense strands of the cDNA
ere sequenced by primer walking using Taq DyeDeoxy terminator

ycle sequencing in an automated Perkin-Elmer Applied Biosystems
77 Prism DNA sequencer. The sequence was analyzed using the
CM Search Launcher server at http://dot.imgen.bcm.tmc.edu:9331/

12) and NCBI server at http://www.ncbi.nlm.nih.gov/.

Functional expression of the cDNA in HRPE cells. The vaccinia
irus expression system was used to functionally characterize the
loned cDNA as described previously (10, 11). hSVCT2 was cloned
nto pSPORT plasmid vector such that the sense transcription is
nder the control of T7 promoter and the transcription of the cDNA

nsert was carried out by a recombinant vaccinia virus carrying the
ene for T7 RNA polymerase. The cDNA (1 mg/well) was transfected
nto virus-infected HRPE cells grown in 24-well tissue culture plates
sing lipofectin and the functional expression of the cDNA was
etermined 12 h later by measuring radiolabeled ascorbate uptake.
ells transfected identically with empty vector were used as control.
he transport buffer was composed of either 25 mM Hepes/Tris (pH
.5) supplemented with 140 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2,
.8 mM MgSO4, 5 mM glucose. Dithiothreitol (DTT) (1 mM) was also
dded to the transport buffer to prevent the oxidation of ascorbic
cid. At this concentration, DTT had no effect on the transport
rocess (data not shown). When the effect of Na1 on ascorbate trans-
ort was assessed, the NaCl in the buffer was replaced with
-methyl-D-glucamine (NMDG) chloride. When the influence of in-

reasing concentrations of Na1 on ascorbate transport was investi-
ated, two different buffers containing either 140 mM NaCl or 140
M NMDG chloride were mixed to give transport buffers of desired
a1 composition. The incubation time for the transport measure-
ents was 30 min at 37°C, following which the uptake medium

ontaining the radioactive substrate was aspirated off and the cells
763
ere then solubilized in 0.5% SDS in 0.2 N NaOH, transferred to
ials and radioactivity associated with the cells was quantitated by
iquid scintillation spectrometry. In experiments dealing with satu-
ation kinetics, data were analyzed by nonlinear regression and
onfirmed by linear regression. The experiments were repeated 2–4
imes, each done in duplicate or triplicate. Data are presented as
eans 6 SEM of these replicate measurements.

Northern blot analysis. A commercially available Northern blot
Clontech) containing 2 mg of mRNA isolated from different human
issues was used to determine the expression of hSVCT2 transcripts
n various tissues. The filter was sequentially probed, first with the
SVCT2 cDNA probe obtained by digesting hSVCT2 cDNA with SalI
nd SpeI, followed by the human glyceraldehyde 3-phosphate dehy-
rogenase (GAPDH) cDNA-specific probe. Both the probes were la-
eled with [a-32P]dCTP by random priming using the ready-to-go
ligolabeling kit. The hybridization and post-hybridization washings
ere done under high stringency conditions.

ESULTS AND DISCUSSION

Isolation of hSVCT2 cDNA from a JAR cell cDNA
ibrary. Recently, Tsukaguchi et al. (8) reported on
he cloning of two cDNAs from rat tissues which, when
xpressed in X. laevis oocytes, induced Na1-dependent
ptake of ascorbate. These cDNAs were referred to as
at SVCT1 and rat SVCT2. Both the proteins are struc-
urally similar but differ in their tissue distribution.

e had previously reported the presence of a sodium-
ependent ascorbate transporter in the JAR human
lacental cell line (7). It was therefore of interest to see
hich of the two ascorbate transporters described by
sukaguchi et al. (8) is expressed in the human pla-
ental cell line. Since the intestine was shown to ex-
ress SVCT1, we first isolated the human homolog of
VCT1 from a Caco2 cell (a human intestinal cell line)
DNA library using a fragment of the rat SVCT1 as the
robe. The cDNA probe was obtained by designing
rimers using the published sequence of rat SVCT1
DNA followed by RT-PCR of poly(A)1 RNA isolated
rom rat kidney. A single positive clone was obtained
ith a cDNA insert of ;2.2 kb. Sequencing of this clone

howed that the cloned transporter was the human
omolog of rat SVCT1 (manuscript under preparation).
he human SVCT1 cDNA was next used to screen a
AR cell cDNA library. Once again, a single positive
lone was identified with a cDNA insert size of ;4.2 kb.
nitial sequencing of the 59-end of this clone indicated
hat it had the putative translation initiation site and
ence was used for further characterization.

Structure of hSVCT2. The cDNA is 4238 bp long
GenBank Accession No. AF164142) with a single open
eading frame of 1953 bp, including the termination
odon. The open reading frame, which is flanked by a 59
on-coding region of 393 bp and a 39 non-coding region
f 1892 bp, encodes a 650-amino acid protein with a
elative molecular mass of 70,337 Daltons (Fig. 1).
yte-Doolittle hydropathy analysis (13) of the amino
cid sequence predicts a topographical model of
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FIG. 1. hSVCT cDNA and the predicted primary amino acid sequence. Putative transmembrane domains are underlined and putative
-linked glycosylation sites are boxed.
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SVCT2 with 12 potential transmembrane domains,
ith both the N-terminus and the C-terminus towards

he intracellular side. Both the N-terminal (102 amino
cids) and C-terminal (81 amino acid) tails facing the
ytoplasmic side are extremely long and highly hydro-
hilic. The extracellular loop between the transmem-
rane domains 3 and 4 contains two potential sites for
-glycosylation (Asn-188 and Asn-196). There are also
ve potential sites for protein kinase C-dependent
hosphorylation (Thr-9, Ser-299, Ser-455, Ser-513 and
hr-629) in putative intracellular domains.
A Blast search (14) of the GenBank sequence data-

ase using the amino acid sequence of hSVCT2 re-

FIG. 2. Time course of ascorbate uptake in control cells and in
SVCT2-expressing HRPE cells. Uptake of [14C]ascorbate (60 nM)
as measured in the absence (■) and presence (h) of Na1 at pH 7.5

n HRPE cells transfected with hSVCT2 cDNA. In Na1-free buffer,
he NaCl in the transport buffer was replaced with NMDG chloride.
he endogenous Na1-independent (E) and Na1-dependent (F) trans-
ort of ascorbate in HRPE cells was determined by measuring ascor-
ate uptake in parallel in cells transfected with vector alone.

TAB

Ionic Dependence of hSVCT

Inorganic salt

Ascor

pSPORT

NaCl 1.03 6 0.10 (100)
Na gluconate 0.87 6 0.06 (85)
LiCl 0.03 6 0.01 (3)
KCl 0.05 6 0.01 (5)

Note. HRPE cells transfected with either empty vector or hSVCT2
emperature either in the control buffer (25 mM Hepes/Tris, pH 7.5,
nd 140 mM NaCl) or in buffers in which NaCl was replaced with 14
l2 with gluconate was studied, KCl and CaCl2 in the buffer w
espectively. After incubation for 30 min at 37°C, the cells were wash
ith the cells was quantitated. Uptake measured in control cells t
ptake. Values in parentheses are percent of corresponding cont
eterminations.
765
ealed that two groups of investigators have already
ndependently cloned the protein, however, without
nowing the functional identity of the protein. This
rotein has been referred to as the yolk sac permease-
ike molecule 2 (15) or the nucleobase transporter-like
protein (Hogue, D. L. and Ling, V., direct submission

o GenBank). The Blast search also revealed that
VCT2 is highly conserved across the species and ex-
ibits 95–98% identity with the homologous proteins
rom rat, mouse and rabbit. With the only other known

ember of the vitamin C transporter family (SVCT1),
VCT2 shares an identity of 65% and a similarity of
9% at the level of amino acid sequence.

Functional expression of hSVCT2. To analyze the
ransport function of hSVCT2, we used the vaccinia
irus expression system. We expressed functionally the
SVCT2 cDNA in HRPE cells and measured the up-
ake of [14C]ascorbate at different time intervals (Fig.
). There was a several-fold stimulation of ascorbate
ptake in SVCT2-transfected cells in comparison to
mpty-vector transfected cells when the uptake mea-
urements were made in the presence of Na1. At 30
in, the uptake measured in SVCT2-transfected cells
as ;8-fold higher compared to pSPORT-transfected

ells. Removal of Na1 from the transport buffer abol-
shed the SVCT2-induced transport activity almost
ompletely demonstrating the Na1-dependence of the
ransport process. The uptake was also found to be
inear up to 60 min (r2 5 0.97), and hence all subse-
uent experiments were done with a 30-min incuba-
ion.

The ionic dependence of the SVCT2-stimulated
scorbate uptake was investigated by measuring ascor-
ate transport in empty vector- and SVCT2 cDNA-
ransfected cells in the presence of various inorganic
alts (Table I). Control uptake was measured in the
resence of NaCl. Replacement of Na1 with other cat-

I

Induced Ascorbate Uptake

e uptake (pmol/106 cells/30 min)

pSPORT-cDNA cDNA-specific

5.93 6 0.78 (100) 4.9 (100)
5.39 6 0.59 (91) 4.5 (92)
0.09 6 0.01 (2) 0.06 (1)
0.04 6 0.01 (1) 0.00 (0)

NA were incubated with 60 nM [14C]ascorbate for 30 min at room
mM KCl, 1.8 mM CaCl2, 0.8 mM MgSO4, 5 mM glucose, 1 mM DTT
M of various inorganic salts. When the influence of replacement of
also replaced with potassium gluconate and calcium gluconate,

with the respective buffer (ice-cold) and the radioactivity associated
sfected with empty vector was subtracted to obtain cDNA-specific
uptake. Data represent means 6 S.E. from three independent
2-

bat
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ons such as K1 and Li1 almost completely abolished
he ascorbate uptake in both vector- and SVCT2-
ransfected cells, indicating that Na1 is obligatory for
he transport function. Such a marked inhibition was
ot seen when Cl2 in the buffer was replaced with
luconate, suggesting that Cl2 ions are not obligatory
or the transport process.

The substrate specificity of the transporter was eval-
ated by assessing the ability of various unlabeled
itamins to inhibit the transport of radiolabeled ascor-
ate in pSPORT-transfected and pSPORT-cDNA-
ransfected cells (Table II). Only unlabeled ascorbate
as able to inhibit the uptake of radiolabeled ascorbate

ndicating that the transporter is specific for ascorbate.
he other vitamins pantothenate, biotin, lipoate, nico-
inic acid and thiamine had no or little effect on the
ptake of radiolabeled ascorbate. These results are
imilar to those obtained in ascorbate uptake studies
sing JAR choriocarcinoma cells (7).
The kinetics of ascorbate uptake mediated by hSVCT2
as analyzed by measuring ascorbate uptake in HRPE

ells transfected with hSVCT2 cDNA. Uptake mea-
urements were made at pH 7.5 and in the presence of
a1. Initial uptake rates were obtained over the con-

entration range of 2.5–200 mM ascorbate with a 30
in incubation. Cells transfected with vector alone

erved as the control for endogenous ascorbate uptake
ctivity. The kinetic constants were initially calculated
rom the data by non-linear regression (Fig. 3) and
onfirmed by linear regression (Fig. 3, inset). The
ransport process was saturable in control cells as well
s in cells expressing hSVCT2. In both instances, the
ichaelis-Menten constant (Kt) for the transport pro-

ess was comparable (62 6 5 mM in cells expressing
SVCT2 and 84 6 24 mM in control cells). However, the
aximal velocity (Vmax) increased 6.5-fold (18.7 6 0.5

s. 2.9 6 0.3 nmol/106 cells/30 min) in hSVCT2 express-
ng cells compared to control cells. These data suggest
hat HRPE cells express an ascorbate transport system
hat is kinetically similar to the transport process me-

Substrate Spec

Substrate analog

[14C]Asc

pSPORT

Control 1.15 6 0.05 (100)
Ascorbate 0.14 6 0.01 (12)
Pantothenate 1.16 6 0.03 (101)
Biotin 1.14 1 0.02 (99)
Lipoate (reduced) 0.86 6 0.04 (75)
Nicotinic acid 1.03 6 0.02 (90)
Thiamine 1.21 6 0.07 (105)

Note. HRPE cells were transfected with either pSPORT alone o
easured in these cells with a 30 min incubation at 37°C in the abs

re percent of corresponding control uptake. Data represent means
766
iated by hSVCT2. The Kt value for the cDNA-specific
ransport was 69 6 5 mM. This value is about 3-fold
igher than the value obtained for ascorbate transport

n JAR cells (7). The reasons for this difference in the
t value between the cloned transporter and the native

ransporter are not known, but post translational mod-
fications such as glycosylation may play a role in these
unctional differences.

The effect of Na1 on the kinetics of ascorbate trans-
ort was investigated by measuring the uptake of
scorbate in HRPE cells transfected with hSVCT2
DNA in the presence of varying concentrations of ex-
racellular Na1. The concentration of NaCl in the ex-

ity of hSVCT2

ate uptake (pmol/mg protein/30 min)

pSPORT-cDNA cDNA-specific

5.77 6 0.33 (100) 4.62 (100)
0.64 6 0.04 (11) 0.50 (11)
5.30 6 0.12 (92) 4.14 (90)
6.48 6 0.07 (112) 5.34 (116)
6.45 6 0.07 (112) 5.59 (121)
4.94 6 0.03 (86) 3.91 (85)
5.39 6 0.15 (93) 4.18 (90)

SPORT-hSVCT2 cDNA. Transport of [14C]ascorbate (60 nM) was
e or presence of indicated vitamins (1 mM). Values in parentheses
.E. for three to six determinations.

FIG. 3. Kinetics of ascorbate uptake mediated by hSVCT2.
RPE cells were transfected either with vector alone (F) or with
SVCT2 cDNA (E). Uptake of ascorbate was measured with a 30 min

ncubation at 37°C in NaCl-containing buffer, pH 7.5. Concentration
f ascorbate was varied from 2.5 mM to 200 mM. The concentration of
abeled ascorbate was kept constant at 60 nM. (Inset) Eadie-Hofstee
lot of cDNA-specific transport. The uptake values measured in cells
ransfected with empty plasmid were subtracted from values mea-
ured in cells transfected with plasmid-cDNA construct to calculate
he cDNA-specific transport. V, ascorbate transport in nmol/106

ells/30 min; S, ascorbate concentration in mM.
ific
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racellular medium was varied over a range of 0–117
M. The uptake was measured in control cells trans-

ected with vector alone as well as in cells expressing
SVCT2. The hSVCT2-specific uptake was determined
y subtracting the uptake measured in control cells
rom the uptake measured in for the hSVCT2-specific
ptake. The relationship between the uptake rate and
he Na1 concentration was sigmoidal (Fig. 4), suggest-
ng the involvement of more than one Na1 per ascor-
ate molecule transported. The data were fit to the Hill
quation and the Hill co-efficient, which is the number
f Na1 ions interacting with the carrier, was calculated.
he value was 1.9 for the uptake of ascorbate. This
alue was confirmed from the slope of the Hill plot (Fig.
, inset). This indicates that, for every ascorbate mol-
cule transported, 2 Na1 ions are cotransported. Since
scorbate exists as a monovalent anion at physiological
H, the transport process is electrogenic. Thus, both
he Na1 gradient as well as the difference in the mem-
rane potential across the cell membrane energize the
ransport process.

Expression of hSVCT2 in various tissues of human
rigin. This was investigated by Northern blot anal-
sis using a commercially available multiple tissue blot
Fig. 5). The placental mRNA showed two hybridiza-
ion signals, a more intense signal corresponding to 7.5
b in size and a less intense signal corresponding to 4.0

FIG. 4. Effect of Na1 on the uptake of ascorbate in HRPE cells
xpressing the cloned hSVCT2 cDNA. Uptake of ascorbate (60 nM)
as studied in HRPE cells transfected with either pSPORT vector
F) or hSVCT2 cDNA (E) with a 30-min incubation in the presence of
ncreasing concentrations of Na1 (0–117 mM) and a fixed concentra-
ion of Cl2 (140 mM) in the transport medium. The osmolality of the
edium was kept constant by replacing Na1 with appropriate con-

entrations of NMDG. (Inset) Hill plot of the cDNA-specific uptake.
he uptake values measured in cells transfected with empty plasmid
ere subtracted from values measured in cells transfected with
lasmid-cDNA construct to calculate the cDNA-specific transport. V,
ptake rate in pmol/106 cells/30 min; Vm, the maximal uptake rate
alculated from the experimental data using the Hill equation.
767
b in size. Heart, brain and liver showed only a single
ybridization signal, 7.5 kb in size. The hybridization
ignal was most intense in the lane containing poly(A)1

NA from brain and the hybridization signal in the
ane containing poly(A)1 RNA from heart was weak but
learly visible. No SVCT2-specific transcripts were de-
ected in lung and skeletal muscle.

To summarize, we have reported here on the iso-
ation of the human SVCT2 cDNA from a placental
ell line cDNA library, which when expressed in
RPE cells induces Na1 gradient-dependent uptake

f ascorbate. The hSVCT2-mediated transport pro-
ess is electrogenic with a Na1:ascorbate stoichiom-
try of 2:1. The functional characteristics of the in-
uced transport activity are similar to those
escribed for ascorbate transport activity in JAR
ells. SVCT2-specific transcripts are detectable in
umans in several tissues, with the notable excep-
ion of lung and skeletal muscle.
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