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A cDNA clone highly related to the rat brain taurine transporter
has been isolated from a human placental cDNA library.
Transfection of this cDNA into HeLa cells results in a marked
elevation oftaurine transport activity. The activity of the cDNA-
induced transporter is dependent on the presence of Na+ as weml
as Cl-. The Na+/Cl-/taurine stoichiometry for the cloned trans-
porter is 2: 1: 1. The transporter is specific for taurine and other
fl-amino acids, including ,J-alanine, and exhibits high affinity for
taurine (Michaelis-Menten constant z 6 ,uM). The clone consists
of a coding region 1863 bp long (including the termination
codon), flanked by a 376 bp-long 5' non-coding region and a 625
bp-long 3' non-coding region. The nucleotide sequence of the
coding region predicts a 620-amino acid protein with a calculated

INTRODUCTION

Taurine is a f-amino acid (2-aminoethanesulphonic acid) which
is essential in fetal nutrition and development and is present in
abundant quantities in several tissues in the fetus [1-3]. However,
the capability ofthe developing fetus for endogenous biosynthesis
of taurine is extremely low in many animals, including man [4,5].
Thus transplacental transfer of taurine from the mother is the
primary source of this important amino acid in the fetus. We
demonstrated a few years ago that the maternal-facing brush-
border membrane of the human placental syncytiotrophoblast
possesses an active high-affinity transport system for taurine
[6,7], an observation confirmed in other laboratories [8-10]. The
placental brush-border membrane taurine transporter specifically
recognizes taurine and other fl-amino acids and its catalytic
activity is dependent on Na+ as well as Cl-. The Na+/Cl-/taurine
stoichiometry for this transporter has been shown to be 2: 1: 1
[7,10,11]. We have also shown that the human placental chorio-
carcinoma cell line JAR expresses the taurine transporter [12].
This placental cell line has proved to be very useful in studies
involving regulation of the activity of the placental taurine
transporter by intracellular second messengers. The taurine
transporter in JAR cells is inhibited by activation of protein
kinase C [12] and by calmodulin antagonists [13] but is unaffected
by agents that elevate cyclic AMP levels [14,15].
The taurine transporter has been recently cloned from MDCK

(Madin-Darby canine kidney) cells [16] and from rat brain [17],
mouse brain [18] and human FRTL-5 thyroid cells [19]. A
comparison ofthe nucleotide sequences ofthe taurine transporter

Mr of 69853. Northern-blot analysis of poly(A)+ RNA from
several human tissues indicates a complex expression pattern
differing across tissues. The principal transcript, 6.9 kb in size, is
expressed abundantly in placenta and skeletal muscle, at inter-
mediate levels in heart, brain, lung, kidney and pancreas and
at low levels in liver. Cultured human cell lines derived from
placenta (JAR and BeWo), intestine (HT-29), cervix (HeLa) and
retinal pigment epithelium (HRPE), which are known to possess
Na+- and Cl--coupled taurine transport activity, also contain the
6.9 kb transcript. Somatic cell hybrid and in situ hybridization
studies indicate that the cloned taurine transporter is localized to
human chromosome 3 p24-.p26.

cDNAs with those of the other cloned transporters indicates that
the taurine transporter belongs to a gene family that encodes
Na+- and Cl--coupled transporters [20-22]. The substrates of this
family of transporters include taurine, betaine, glycine, y-amino-
butyrate (GABA), proline, 5-hydroxytryptamine, dopamine and
noradrenaline. Degenerate oligonucleotides encoding highly con-
served sequences oftwo of these transporters, namely the GABA
transporter and the noradrenaline transporter, have been useful
in the identification and subsequent cloning of several members
of this transporter family [20,21,23]. Recently, we employed this
strategy successfully to isolate the cDNA encoding the human 5-
hydroxytryptamine-transporter from a placental cDNA library
[24]. Here we report the use of a similar approach in the cloning
of the cDNA encoding a taurine transporter from the human
placenta.

MATERIALS AND METHODS
Materials
[2-3H]Taurine (specific radioactivity 25.6 Ci/mmol), ,-[3-3H]-
alanine (specific radioactivity 92.6 Ci/mmol), [y-32P]ATP,
[a_-32P]dCTP, [a-35S]dATP, [rH]dATP and [3H]dCTP were pur-
chased from DuPont-New England Nuclear (Boston, MA,
U.S.A.). The human placental choriocarcinoma cell lines (JAR
and BeWo), the human colon carcinoma cell line HT-29 and the
human cervical carcinoma cell line HeLa were obtained from the
American Type Culture Collection (Rockville, MD, U.S.A.).
The human retinal pigment epithelial cell line (HRPE) was
kindly provided by M.A. Del Monte, W.K. Kellogg Eye Center,

Abbreviations used: GABA, y-aminobutyrate; hTAUT, human taurine transporter; poly(A)+, polyadenylated; 1 x SSPE, 0.15 M NaCI, 10 mM NaH2PO4,
1 mM EDTA.
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Ann Arbor, MI, U.S.A. The human placental cDNA library was
generously provided by Albert S. Chang, Baylor College of
Medicine (The Woodlands, TX, U.S.A.).

RNA isolation and PCR
Poly(A)+ RNA isolated from JAR human placental chorio-
carcinoma cells by the guanidinium isothiocyanate/caesium
chloride method [25] was reverse-transcribed using the Super-
Script Preamplification System (Gibco-BRL) according to the
manufacturer's protocol. The resulting cDNA was amplified by
PCR (30 cycles of 94 °C, 1 min; 42 °C, 2 min; 72 "C, 3 min, with
10 min extension time on cycles 1 and 30) with Taq polymerase
(Promega). The following degenerate oligonucleotides were used
as primers in the amplification: 5'-CCGCTCGAGAA(C/T)-
GT(G/C)TGGCG(G/C)TT(C/T)CC(A/G/C/T)TA-3' (up-
stream primer) and 5'-GCTCTAGAGCTG(A/G)GTIGC-
(A/G)GC(A/G)TC(A/G)A(T/G)CCA-3' (downstream primer).
These primers were designed to encode highly conserved amino
acid sequences near the transmembrane domains I (NVWRFPY)
and VI (WIDAATQ) of GABA [26] and noradrenaline [27]
transporters and the underlined sequences indicate addition of 5'
restriction sites for cloning.

cDNA cloning and sequencing
The PCR products were digested with XbaI and XhoI, gel-
purified and ligated into XbaI-XhoI-digested pBluescript SKII-
(Stratagene). After partial sequencing of the individual plasmid
clones, a single clone was identified which had a cDNA insert
encoding an amino acid sequence similar to that of the rat brain
taurine transporter [17]. A synthetic 21-mer (5'-GAGGGACA-
CAATTACAACGGA-3') derived from this cDNA insert was 3'-
end-labelled with [y-32P]ATP and polynucleotide kinase [28] and
used to screen a human placental cDNA library in AZAPII
(Stratagene). Screening was by MagnaGraph (Micron Separa-
tions, Westboro, MA, U.S.A.) filter hybridization at 57 °C
according to the manufacturer's instructions, but with the use of
heparin sulphate (0.5 mg/ml) to prevent non-specific hybrid-
ization. Sequencing of the sense and antisense cDNA strands was
by the dideoxy chain-termination method, using the Sequenase
2.0 kit (U.S. Biochemicals).

Transfection and uptake measurement in HeLa cells
The reconstituted cDNA in the vector pBluescript SK(-)
contains the start site codon 3' to the plasmid-encoded T7 RNA
polymerase promoter. This plasmid (1 /tg) was introduced into
HeLa cells (100000-200000 cells per well of a 24-well plate) by
liposome-mediated transfection (Lipofectin; Gibco-BRL). The
HeLa cells had been previously infected with recombinant
vaccinia virus (VTF7-3) encoding T7 RNA polymerase, as de-
scribed previously [24,29]. Uptake measurements were performed
12 h after transfection by incubating the cells for the desired
time at 37 "C with [3H]taurine or ,-[3H]alanine in 0.5 ml of
Krebs/Ringer/Hepes (KRH) buffer (10 mM Hepes/Tris,
120 mM NaCl, 4.7 mM KCI, 2.2 mM CaC12, 1.2 mM MgSO4,
1.2 mM KH2PO , 10 mM D-glucose, pH 7.4). Basal uptake
activity in these cells was assessed in parallel transfections with
the plasmid vector. Na+-dependence of uptake was determined
by using KRH buffer in which NaCl was iso-osmotically replaced
by choline chloride. Cl--dependence of uptake was assessed by
using KRH buffer in which the chloride salts were replaced iso-
osmotically by sodium gluconate, potassium gluconate and

the transport of one taurine molecule was determined by the
'activation' method [30]. After incubation, uptake was termin-
ated by addition of 1 ml of ice-cold KRH buffer and the cells
were washed twice with the same buffer. After this step, the cells
were solubilized with 0.5 ml of I1% SDS, and the radioactivity
associated with the cells was determined by liquid-scintillation
counting.

Northern-blot analysis
Poly(A)+ RNA, isolated from cultured human cell lines (JAR,
BeWo, HT-29 and HRPE) using the FastTrack mRNA isolation
kit (Invitrogen), was size-fractionated on a denaturing formalde-
hyde-agarose gel and transferred to a nylon membrane (Hybond
N+; Amersham). Total RNA was used in the case of HeLa cells.
A hybridization-ready blot containing poly(A)+ RNA from
multiple human tissues was obtained from Clontech (human
MTN blot). The PCR cDNA fragment (705 bp) corresponding
to the nucleotide sequences 563-1267 of the full-length cDNA
was radiolabelled with [cX-32P]dCTP using the oligolabelling kit
(Pharmacia) and employed as a probe in Northern-blot analysis
of the RNA blots. The blots were prehybridized at 42 "C for 12 h
in solution containing 500% formamide, 5 x SSPE, 1O x Den-
hardt's solution, 20% SDS and 100 ug/ml freshly denatured
sheared salmon sperm DNA. The cDNA probe was then added
and hybridization continued for 24 h. The blots were rinsed with
2 x SSPE and 0.05 % SDS twice at room temperature (22 "C),

followed by a high-stringency wash (0.1 x SSPE, 0.1 0% SDS,
65 °C, 1 h) and then exposed to autoradiographic film. To ensure
the presence of RNA in each lane after loading and transfer, the
same blots were used for Northern-blot analysis of the ,?-actin
mRNA which was performed by stripping of the blots followed
by rehybridization with random-primed human ,-actin cDNA
(Clontech).

Chromosomal localization
Chromosomal localization of the gene for the cloned taurine
transporter was obtained by somatic-cell hybrid analysis as well
as by in situ hybridization to human metaphase and pro-
metaphase chromosomes. Mapping panel no. 1 consisting of
mouse-human and Chinese hamster-human hybrids was
obtained from the National Institute of General Medical
Sciences' Human Genetic Mutant Cell Repository and used in
somatic-cell hybrid analysis. Southern-blot hybridization to
restriction fragments of DNA derived from these hybrid cells
was performed as described previously [31]. In situ hybridization
to human chromosomes and emulsion autoradiography were
carried out by the method of Harper and Saunders [32]. Chromo-
somes were G-banded using Wright's stain, and G-banded
chromosomes were analysed for silver grain localization. Two
different cDNA probes, one corresponding to the full-length
human placental taurine transporter (hTAUT) cDNA (2864 bp
long) and the other corresponding to a 612 bp-long sequence in
the 3' non-coding region of the hTAUT cDNA were labelled by
nick-translation either in the presence of [32P]dCTP (Southern-
blot hybridization) or in the presence of [3H]dATP and [3H]dCTP
(in situ hybridization) and used in these experiments.

Data analysis
The experiments were carried out in triplicate and the results are
expressed as means + S.E.M. Computer analysis of experimental
data by linear and non-linear regression methods was performed

calcium gluconate. The number of Na+ and Cl- ions involved in using the Fig. P 6.0 program (Biosoft, Cambridge, U.K.).
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RESULTS AND DISCUSSION

Cloning of the hTAUT cDNA
Screening of a human placental cDNA library (AZAPII) with a

synthetic 21-mer probe specific for the JAR cell taurine trans-
porter identified two hybridizing clones which, after plaque
rescreening, were obtained as individual plasmids by in vivo
excision. Sequencing and restriction analysis of these two clones
revealed that they were homologous to each other. However,
neither of these clones represented the full-length cDNA. One of
the clones contained the start site but lacked sequences at the 3'
end encompassing the termination site, whereas the other clone
contained the termination site but lacked sequences at the 5' end
encompassing the start site. The two clones exhibited identical
overlapping sequences. A full-length cDNA with start and
termination sites was constructed from these two partial clones
after digestion of the cDNAs with KpnI and ligation of the
appropriate fragments. The resulting cDNA (hTAUT) was
sequenced at the ligation site to select the clone with correct
orientation.
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Figure 1 Uptake of taurine in HeLa cells transfected with pBluescript
SK(-) vector alone or with hTAUT cONA

Cells were transfected with either vector alone (0) or with vector carrying the hTAUT cDNA
insert (0). Uptake of taurine (50 nM) was determined in these transfected cells in uptake
medium containing NaCI.

Identity of the clone as a Na+- and Cl--coupled taurine
transporter
To demonstrate that the reconstructed full-length cDNA clone
indeed represents a Na+- and Cl--coupled taurine transporter,
the cDNA, oriented for sense transcription under the control of
the T7 promoter in pBluescript SK(-), was introduced into
HeLa cells that had been infected with a recombinant vaccinia
virus to express T7 RNA polymerase. Control experiments were
carried out in a similar manner by transfecting with the plasmid
vector alone. HeLe cells transfected with the vector lacking the
cDNA insert showed time-dependent accumulation of taurine
(Figure 1), indicating that these cells possess endogenous taurine-
transport activity. Introduction of the hTAUT cDNA into the
cells resulted in a marked increase in the taurine-transport
activity (Figure 1). The initial uptake rate in cDNA-transfected
cells was 4-6-fold greater than the rate in vector-transfected cells.

Table 1 describes the Na+- and Cl--dependence of taurine and
,/-alanine uptake in control and hTAUT cDNA-transfected
HeLa cells. Uptake of both substrates from a Na+-free medium
(choline chloride) or from a Cl--free medium (sodium gluconate)
was negligible compared with uptake from an NaCl-containing
medium. This requirement for Na+ and Cl- was seen for the
endogenous transport activity as well as for the transport activity
induced by the hTAUT cDNA.
The Na+ and Cl- stoichiometry for taurine uptake in control

and hTAUT cDNA-transfected HeLa cells was determined. To
determine the Na+ stoichiometry, the uptake rates of taurine at
a fixed concentration (100 nM) in control and hTAUT cDNA-
transfected cells were measured at various concentrations of Na+
(10-140 mM) but at a constant Cl- concentration (140 mM). The
relationship between the uptake rate and the Na+ concentration
was found to be sigmoidal (Figure 2a), suggesting involvement of
more than one Na+ ion per transport of one taurine molecule.
This sigmoidal relationship was evident for the taurine uptake
catalysed by the endogenous taurine transporter of the HeLa
cells as well as for that measured in HeLa cells transfected with
hTAUT cDNA. To calculate the number of Na+ ions involved
per transport cycle, the experimental data were analysed ac-
cording to the Hill-type equation:

Vmax. [Na ]]n
KO5+ [Na+]n

where v is the uptake rate, Ko.5 is the Na+ concentration necessary
for half-maximal activation, Vmax is the uptake rate maximally
activatable by Na+ and n is the Hill coefficient (i.e. the number of

Table 1 Na+- and Cl--dependence of taurine uptake and 8-alanine uptake in HeLa cells transfected with either pBluescript SK(-) or hTAUT cDNA
Cells were transfected with either pBluescript SK(-) or hTAUT cDNA as described in the Materials and methods section. Uptake of [3H]taurine (50 nM) and ,_-[3H]alaline (20 nM) were measured
over a 10 min incubation period. Three different uptake media were used: KRH buffer (NaCI), KRH buffer in which NaCI was replaced iso-osmotically with choline chloride (choline chloride), and
a modified KRH buffer in which NaCI, KCI and CaCI2 were replaced iso-osmotically with respective gluconate salts (sodium gluconate). Values in parentheses are percentage uptake compared
with the control (100%) measured in NaCI-containing uptake medium.

Uptake (pmol/10 min per 106 cells)

Taurine f8-Alanine

Uptake medium pBluescript SK(-) hTAUT cDNA pBluescript SK(-) hTAUT cDNA

NaCI
Choline chloride
Sodium gluconate

2.10 +0.13 (100)
0.11 + 0.01 (5)
0.27 +0.17 (13)

8.53 + 0.48 (100)
0.11 +0.01 (1)
0.09 + 0.01 (1)

0.41 + 0.03 (100)
0.05 + 0.01 (12)
0.04 + 0.01 (10)

1.39 + 0.06 (100)
0.05 + 0.01 (4)
0.04 + 0.01 (3)

I I I
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Figure 2 Dependence of taurine uptake on (Nal In HeLa cells transfected Figure 3 Dependence of taurine uptake on [CIl] in HeLa cells transfected

with pBluescrlpt SK(-) vector alone or with hTAUT cDNA with pBluescript SK(-) vector alone or with ItTAUT cDNA

Cells were transfected with either vector alone (0) or with vector carrying the hTAUT cDNA
insert (0). Uptake of taurine (100 nM) was determined in these transfected cells over a 10
min incubation period in uptake media containing various concentrations of Na+ (1 0-1 40 mM).
Osmolality and concentration of Cl- (140 mM) were maintained by appropriately substituting
LiCl for NaCl. Uptake measured in the absence of Na+ was subtracted from each uptake value
to determine the Na+-dependent component, which is plotted against Na+ concentration (a). (b)
and (c) Hill-type plots (v versus v/[Na+]f) with n = 1 and 2 respectively for the endogenous
taurine transporter [(taurine uptake in HeLa cells transfected with vector alone (E)] and for
the taurine transporter induced by hTAUT cDNA [taurine uptake in cells transfected with hTAUT
cDNA minus that in cells transfected with vector lone (0)].

Na+ ions involved per transport cycle). This analysis was

performed individually for the endogenous taurine transporter
and for the taurine transporter encoded by the hTAUT cDNA,
the activity of which was determined by subtracting the taurine
uptake measured in control cells from that measured in hTAUT
cDNA-transfected cells. For both transporters, the Hill-type plot
was not linear when n was assigned a value of 1 (v versus v/[Na+];
Figure 2b), but became linear (r2 > 0.99) when n was assigned a

value of 2 (v versus v/[Na+]2; Figure 2c). Thus the Na+/taurine
coupling ratio was 2: 1 for the HeLa cell taurine transporter as

well as for the cloned placental taurine transporter.
Similar experiments were carried out to determine the

Cl-/taurine coupling ratio. The uptake rates of taurine at a

concentration of 100 nM were measured at various concen-

trations of Cl- (10-140 mM) but at a fixed concentration of Na+
(140 mM). In contrast with the activation by Na+, the relationship
between the uptake rate and the Cl- concentration was hyperbolic
for taurine uptake in control cells as well as in cells transfected
with hTAUT cDNA (Figure 3a), suggesting involvement of one

Cells we irankcted with either vector alone (0) or with vector carrying the hTAUT cDNA
insat (0). Upbke of taurine (100 nM) was determined in these transfected cells over a

10 min incubation period in uptake media containing various concentrations of Cl- (10-140 mM).
Osmolality and concentration of Na+ (140 mM) were maintained by appropriately substituting
sodium gluconate for NaCl. Uptake measured in the absence of Cl- was subtracted from each
uptake value to determine the Cl--dependent component, which is plotted against Cl-
concentration (a). (b) Hill-type plot (v versus v/[Cl-] for the endogenous taurine transporter
[taurine uptake in HeLa cells transfected with vector alone (0)] and for the taurine transporter
induced by hTAUT cDNA [taurine uptake in cells transfected with hTAUT cDNA minus that in
cells transfected with vector alone (U)].

C1- ion per transport cycle in both cases. When the experimental
data were analysed individually for the endogenous taurine
transporter and for the taurine transporter induced by trans-
fection with hTAUT cDNA (i.e. uptake in hTAUT cDNA-
transfected cells minus uptake in control cells), the Hill-type plot
was linear (r2 > 0.98) when n was assigned a value of 1 (v versus

v/[ClI-]; Figure 3b). This suggests that the Cl-/taurine coupling
ratio was 1: 1 for the HeLa cell taurine transporter as well as for
the cloned placental taurine transporter.

Table 2 provides information on the substrate specificity of the
endogenous taurine transporter and also of the hTAUT cDNA-
induced taurine transporter. Uptake of [3H]taurine in control as

well as in cDNA-transfected cells was effectively blocked by
unlabelled taurine, hypotaurine and fl-alanine. GABA and a-

alanine showed considerable inhibition but to a substantially
smaller extent than the f-amino acids. Proline and leucine
inhibited the uptake of [3H]taurine only to a small extent. These
data demonstrate that the taurine transporter induced by the
hTAUT cDNA is specific for fl-amino acids as has been shown
in the case of the taurine transporter in human placental brush-
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Table 2 Effects of unlabelled amino acids on 3H]taurine uptake In HeLa
cells transfected with either pBluescript SK(-) or hTAUT cDNA
Cells were transfected with either pBluescript SK(-) or hTAUT cDNA as described in the
Materials and methods section. Uptake of [3H]taurine (50 nM) was measured over a 10 min
incubation period in the presence of NaCI (KRH buffer). The concentration of unlabelled amino
acids was 250 /MzM. The values in parentheses are percentage uptake compared with the control
(no unlabelled amino acid added).

[3H]Taurine uptake (pmol/10 min per 106 cells)
Unlabelled
amino acid pBluescript SK(-) hTAUT cDNA

None
Taurine
Hypotaurine
/J-Alanine
GABA
a-Alanine
Proline
Leucine

1.90+ 0.07
0.09 + 0.01
0.08+ 0.01
0.17+0.01
0.96 + 0.05
1.14+0.12
1.39 +0.16
1.94+ 0.29

(100)
(5)
(4)
(9)

(51)
(60)
(73)

(102)

9.88 + 0.90
0.33 + 0.01
0.29+ 0.01
0.77+ 0.09
4.74 + 0.45
6.52 + 0.24
7.24 +0.16
8.92 + 1.33

(100)
(3)
(3)
(8)

(48)
(66)
(73)
(90)

transporter, the apparent Michaelis-Menten constant (K6) was
3.4+ 0.3 ,sM and the maximal velocity (Vmax) was
158 +6 pmol/ 0 min per 106 cells. The corresponding kinetic
constants for the taurine transport activity in hTAUT cDNA-
transfected cells were 5.4+ 0.7,M and 990 + 74 pmol/0 min
per 106 cells. Kinetic constants were also determined for the
cDNA-induced taurine transporter after subtraction of the
taurine-transport activity measured in control cells from that
measured in cDNA-transfected cells. The 14 was 5.9 + 1.0,M
and the Vmax was 835 + 78 pmol/10 min per 106 cells. This K,
value is comparable with those reported for the human placental
taurine transporter [6,9]. HeLa cells are also ofhuman origin and
therefore it is highly likely that the endogenous taurine trans-
porter expressed in these cells is very similar to or identical with
the transporter induced by the hTAUT cDNA. This is supported
by the fact that the two transporters exhibit similar character-
istics. Taken collectively, these results clearly show that the
cloned cDNA (hTAUT) encodes a Na+- and Cl--coupled taurine
transporter.
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Figure 4 Kinetics of taurine uptake in HeLa cells transfected with
pBluescript SK(-) vector alone or with hTAUT cDNA

Cells were transfected with either vector alone (0) or with vector carrying the hTAUT cDNA
insert (0). Uptake of taurine was determined in these transfected cells in an uptake medium
containing NaCI over a 10 min incubation period. The concentration of taurine was varied over

the range 1-25,uM. At all concentrations, [3H]taurine was kept constant at 0.1 MUM. Non-
saturable uptake was determined from the uptake of radiolabel measured in the presence of
1 mM unlabelled taurine and this value was subtracted from total uptake to calculate saturable
mediated uptake. Inset: Eadie-Hofstee plot of the data for uptake in cells transfected with vector
(0) or with hTAUT cDNA (0). At each concentration of taurine, uptake in vector-transfected
cells was subtracted from uptake in hTAUT cDNA-transfected cells to determine the kinetic
constants for the hTAUT cDNA-induced transport activity (U).

border membrane vesicles [6,9] and in JAR cells [12]. The
endogenously expressed taurine transporter also showed similar
substrate specificity.
The endogenous taurine transporter and the hTAUT cDNA-

induced taurine transporter exhibit saturation kinetics (Figure
4). Eadie-Hofstee transformation of the experimental data
(Figure 4, inset) showed that, for the endogenous taurine

Primary structure of hTAUT
The cloned hTAUT cDNA (Figure 5) is 2864 bp long, with a
coding region consisting of 1860 bp (corresponding to nucleotide
positions 377-2236). This cDNA can encode a protein of 620
amino acids with an estimated Mr of 69853. The calculated
isoelectric pH for hTAUT is 8.3. The 5' non-coding region
consists of 376 bp and the 3' non-coding region 625 bp.
Hydropathy analysis [33] showed that the protein possesses 12
putative transmembrane domains and a large hydrophilic loop
between transmembrane domains 3 and 4. This loop contains
three potential N-glycosylation sites. This membrane topology is
similar to that of the other members of the Na+- and Cl--coupled
transporter gene family [20-22]. When modelled in the same way
as other members of the family, the N- and C-termini of the
hTAUT are found to be intracellular and the N-glycosylation
site-bearing loop extracellular. In addition to these three glycosyl-
ation sites on the loop between transmembrane domains 3 and 4,
there is a fourth N-glycosylation site on the extracellular loop
between transmembrane domains 11 and 12. The hTAUT amino
acid sequence exhibits more than 80% identity with the sequences
of the canine, rat and mouse taurine transporters and is almost
identical with the sequence for the taurine transporter from
human FRTL-5 thyroid cells. The N-glycosylation site on the
loop between the 11th and 12th transmembrane domains is
unique to the human taurine transporter because the loop
between the transmembrane domains 3 and 4 is the only segment
bearing N-glycosylation sites in taurine transporters cloned from
non-human species. hTAUT possesses five recognition sites for
cyclic AMP-dependent protein phosphorylation and six rec-
ognition sites for protein kinase C-dependent phosphorylation
[34]. Interestingly, studies from our laboratory have demon-
strated that the taurine transporter expressed in a number of
human cell lines is regulated by protein kinase C [12,35], therefore
the presence ofpotential sites for phosphorylation by this enzyme
in the hTAUT may be relevant to these findings.

Distribution of hTAUT mRNA In human tissues and cultured
human cell lines
Northern-blot analysis of blotted human poly(A)+ RNAs from
several tissues probed with hTAUTcDNA under high-stringency
conditions revealed that hybridizing mRNA species are present
in heart, brain, placenta, lung, liver, skeletal muscle, kidney and
pancreas (Figure 6). The size of the major transcript hybridizing
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TATGAACAGACACGTCTCAGAAGAACGCATTTATGGAGACAACACACACGCGAGTCAGG
AAGAAGCCGCTTATAAATTACCGCTTCCYTCGCGCCGCCGCCAACGCCGAGCCCCGAGGA
CCGCAAGCCCAGAGGACAAGCTGCGCCAAGAGGGAGTGCGGACGTTCACCCAGCGGGICA
G&GAGCGAGCGGCCAGGCAGCCCCCGCCCGGCGGAACCCGGCACAGCCGAGCAGAGCGCG
GGCGGCGCCGCAGCCACCCCAGATCCAGAACC&G.AACCACAGCCCTTCTGAGGAGCTCCC
AAACAAAGCAAGGAGATGGCCACCAGGAGAAGCTGCAGTGTCTGAAAGATTTCCACAAG

M A T I I I L 0 C L I D F H K
422 GACATCCTGAAGCCCTCACCAGGGAAACCCAGGCAAGCGOCCTGAGGACGAGGCTGAG

D I L K P S P G K S P G R?AP C D E A K
482 GGAAAACCTCCGCAGAGGGAGAAGTGGTCTAGCAAGATCG&CTTTGTGCTCTCTGTGGCT

G I P P Q R E R W 5 S K I D F V L 5 V A
542 GGCGGCTTCGTGTGCTTGGGCAACGTCTGGCGCTTCCCGTACCTCTGCTACAAGAATGGT

G G F V G L G N V W R F P Y L C Y K N G

602 GGAGGTGCGTTTCTCATACCGTATTTTA?TTCCTGTTSTGGGAGCGCCCTGCCTGTGTTT
G G A F L I P Y F I F L F G S G L P V F

662 TTCTTGGAGATCATCATAGGCCAGTACACCTCTGAAGGGGGCATCACCTGCTGGGAAAAG
F L I I I G 0 Y T S E G C I T C N Z K

722 ATC?GCCCCTTGTTCTCTGGTATCGGCTATGCCTCCGTTCATTGGTCCCTCCIGAAT
I C P L F S G I G Y A S V V I V S L L N

7U2 GTCTACTACATCGTCATCCTGGCCTGGGCCACATACTACCTGTTCCAGTCCTTCCAGAAG
V YY I V I L A W A T Y Y L F 0 S F Q K

842 G&GCTGCCCTGGGCACACTGCAACCACAGCTGGAACACACCTCACTGCATGGAGGACACC
e L P M A H C N H SV N T P H C? e D T

902 ATGCGCAAGAACAAGAGTGTCTGGATCACCATCAGCTCCACCAACTTCACCTCCCCTGTC
M R X N K S V WI T I S S T N F T S P V

962 ATCGAGTTCTGGGAGCGCAACGTGCTGAGCTTGTCCCCTGGAATCGACCACCCAGGCTCT
I E F W e R M V L S L S P G I D H P G S

1022 CTGAAATGGGACCTCGCTCTCTSCCTTCTTTAGTCTGGCTAGTGTGTTTCTTCTGCATC
L X U D L A L C L L L Y W L V C F F C I

1082 TGGAAGGGCGTCAGGTCCACTGGGAAGGTCGTCTACTTCACAGCCACTTTTCCATTCGCC
M K G V R 5 T G K V V Y F T A T F P F A

1142 ATGCTCCTGGTGCTGCTGGTCCGAGGCCTGACGCTGCCGGGCGCGGCCGCAGGCATCAAG
M L L V L L V R G L T L P G A G A G It

1202 TTCTATCTGTATCCTGACATCACCCGCCTTGAGGACCCACAGGTGTGGATTGSCGCTGGG
F Y L Y P D I T R L e D P Q V N I D A G

1262 ACTCAGATATTCTTCTCTTATGCCATCTGCCTGGGGGCTATGACCTCGCTCGGGAGCTAC
TQ 1 FF 5 Y A I C L G A M T S L G S Y

1322 AACAAGTACAAGTATAACTCGTACAGGGACTGTATGCTGCTGGGATGCCTGAACAGTGCGT
N X Y X Y N S Y R D C M L L G C L N S G

1332 ACCAGTTTTGTGTCTGGCTTCGCAATTTTTCCATCCTGGGCTTCATGGCACAAGAGCAA
T S F V S G F A I F S I L G F M A 0Q Q

1442 GGGGTGGACATTGCTGATGTGGCTGAGTCAGGTCCTGGCCTGGCCTTCATTGCCTACCCA
G V D I A D V A E S G P G L A F I A Y P

1502 AMAGCTGTGACAATGATGCCGCTGCCCACATTTTGGTCCATTCTT?TTTTTATTATGCTT
K A V T M M P L P T F W S I L F F I M L

1562 CTCTTGCTTGGACTCGATAGCCAGTTTGTTGAAGTTGAAGGACAGATCACATCCTTGGTT
L L L G L D S Q F V E V E G 0 I T S L V

1622 GATCTTTACCCATCCTTCCTAAGGAAGGGTTATCGTCGGGAAATCTTCATCGCCTTCGTG
D L Y P S F L R K G Y R R E I F I A F V

1692 TGTAGCATCAGCTACCTGCTGGGGCTGACGATGGTGACGGAGGGTGCCATGTATGTGTTT
C S I S Y L L G L T M V T E G G M Y V F

1742 CAGCTCTTTGACTACTATGCAGCTAGCGGTGTATGCCTTTTGTGGCTTGCATTCTTTGAA
Q L F D Y Y A A 5 G V C L L U V A F F e

1902 TGTTTTGTTATTGCCTGGATATATGGAGGTGATAACCTTTATGATGGTATTGAGGACATG
C F V I A W I Y G G D N L Y D G I C D M

1662 ATTGGCTATCGGCCCGGGCCCTGGATGAAGTACAGCTGGGCTGTGATCACTCCAGTTCTC
I G Y R P G P? M I Y 5 W A V I T P V L

1922 TGTGTTGGATGTTTCATCTTCTCGCTCGTCAAGTACGTACCCCTGACCTACAACAAAACA
C V G C F I F S L V I Y V P L T Y N K T

1932 TACGTGTACCCCAACTGGGCCATTGGGCTGGCTGGAGCCTOGCCCTTTCCTCCATGCTC
Y V Y P MNW A I G L G U S L A L S IM L

2042 TGCGTTCCCTTDGTCATCGTCATCCGCCTCTGCCAGACTGAGGGGCCGTTCCTTGTGAGA
C V P L V I V I R L C Q T E G P F L V R

2102 GTCAACTACCTGCTGACCCCAAGGGAACCCAACCGCTGGGCTGGAGCGCGAGGGAGCC
V K Y L L T P R E P N R M A V E R E G A

2162 ACACCTTACAACTCTCGCACCGTCATGAACGGCGCTCTCG?GTAMCCGACCCACATCATT
T P Y N S R T V M N G A L V K P T HM I

2222 GTGG&ACGCATCGATTGAGCTCTCTCGGGTCGACGGGCCCAACGCTTTCCTGCTGTTTAC
V E T M M *

2232 TAACATTAGATTCTCATAGGCCAGGTTTACUAGGCTTTATATTTGCACTAGGATTTTTT
2342 TTTTTTGTAATTTCACAGAAAATGTAATTGTGGCTCTGTGTGCGTGCGTGTGTGTGTGT
2402 GTGTGTATCGTGTGTGTGTGTTTTGTTTrTGATTTGGCGATATTTTGTACAAAACAGAAA
z.ws
2522
2532
2642

GGAATITGGTAAATTTTTTTCGTATTITTTTTTTACATATAAGTATATATACACTTA
GAGATTGTCATATACTTTTACCATTGAATTGATCTTCTTGCCAGCAATAGATCTCATTT
TCAAAAGCAATTCTTCGGTCTGTGTA GGC&GA&AGTTCTGTCCAGTAAACGCAGGAT

2 3 4 5 6 7
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1661
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2702 GD ATTTTCCTGCGACTCTACACCCATCTTAAGGTGGATACCTTCCAAATCCTGGTTCA 2761

2762 GATGGAAGAATAGCAG A CCATTAGCTGGSCAGACCA0GGGGAAGAAGGA 2321

2522 GGGCTGTGAGGAGATACCTCATTAAACTTGGCTTAGTGAAGAG 2664

Figure 5 hTAUT cDNA and predicted primary amino acid sequence
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Figure 6 Northern-blot analysis of taurine-transporter mRNA transcripts in
human tissues

A commercially available hybridization-ready blot containing poly(A)+ RNA from different human
tissues (Multiple Tissue Northern Blot; Clontech) was used to hybridize with the hTAUT cDNA
probe. Each lane contained 2 1ug of poly(A)+ RNA. Lanes 1-8 represent heart, brain, placenta,
lung, liver, skeletal muscle, kidney and pancreas respectively. The sizes of hybridizing bands
were determined using RNA standards run in parallel in an adjacent lane.

1 2 3 4 5

~46.9 kb

Figure 7 Northern-blot analysis of taurine-transporter mRNA transcripts in

culture cell lines of human origin

Poly(A)+ RNA (1 ~ug per lane), isolated from two placental cell lines, JAR (lane 1) and BeWo

(lane 2), a cell line from retinal pigment epithelium HRPE (lane 3) and an intestinal carcinoma

cell line HT-29 (lane 4), and total RNA (10 ug per lane) from a cervical carcinoma cell line,

HeLa (lane 5) were separated on formaldehyde-agarose gels, blotted and hybridized with the

hTAUT cDNA probe. The primary hybridizing transcript (6.9 kb in size) is indicated.

brain, lung, kidney and pancreas and lowest in liver. Interestingly,
the relative levels of other hybridizing transcripts in comparison
with the corresponding level of the principal 6.9 kb transcript
differ significantly among the tissues, indicating a tissue-specific
expression pattern.
We have also analysed poly(A)+ RNA isolated from five

different cultured cell lines of human origin for the presence of
hTAUT transcripts (Figure 7). These cell lines were originally
derived from human placental choriocarcinoma (JAR and
BeWo), colon carcinoma (HT-29), cervical carcinoma (HeLa)
and human retinal pigment epithelium (HRPE). All of these cell
lines express Na+- and Cl--coupled taurine-transport activity
[12,36,37, this study]. In accordance with these findings, the
presence of the 6.9 kb major transcript as well as the other minor
transcripts that hybridized to the hTAUT cDNA probe is evident
in all these cells.

to the hTAUT cDNA is about 6.9 kb. Other hybridizing tran-
scripts (11.5, 8.5, 4.5, 2.3 and 1.1 kb in size) are also present in
many of these tissues. The levels of the 6.9 kb transcript are

highest in placenta and skeletal muscle, intermediate in heart,

Chromosomal localization

Taurine has been implicated in a variety of biological functions
in both the brain and peripheral tissues [38,39]. It is present in
very high levels in several tissues and the ability of tissues to
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Figure 8 Chromosomal localization of the hTAUT gene

Position and relative abundance of silver grains on chromosome 3 as determined by in situ
hybridization using the 2864 bp-long full-length hTAUT cDNA as a probe are indicated.

accumulate it is primarily determined by the activity of the
taurine transporter. Changes in taurine levels have been observed
in a number of diseases, including certain forms of epilepsy,
Friedreich's ataxia, retinal blindness, abnormal neural devel-
opment and cardiac myopathies. As an initial step to evaluating
any possible relevance of changes in the taurine-transporter gene

to any of the above-mentioned clinical conditions, we have
mapped the chromosomal location of the cloned taurine trans-
porter. Initially, we used the 2864 bp long full-length hTAUT
cDNA as a probe for this purpose. Somatic-cell hybrid analysis
with this probe revealed that DNA sequences homologous to the
taurine transporter gene map to two different human chromo-
somes, 3 and 21. Southern-blot hybridization of the cDNA probe
to EcoRI-digested DNA from 18 rodent-human somatic-cell
hybrids detected three human-specific fragments of 17, 8.7 and
1.6 kb, two fragments of 12 and 9.1 kb in mouse DNA and three
fragments of 21, 2.9 and 2.4 kb in Chinese hamster DNA. The 17
and 1.6 kb human fragments were concordant only with human
chromosome 3 and the 8.7 kb fragment with human chromosome
21. Regional localization of these two sites was carried out by in
situ hybridization using the 3H-labelled full-length cDNA probe.
Of 225 grains over 100 cells analysed, 22 (9.8 %) were located at
chromosome 3 p24-+p26 (Figure 8) and 17 (7.6 %) were located
at chromosome 21 qll.2-+q21 (results not shown). No other
chromosomal site was labelled above background.
To determine which of these two chromosomal sites cor-

responds to the cloned taurine transporter, we repeated the
somatic-cell hybrid analysis and in situ hybridization studies with
another cDNA probe (612 bp long) derived from the 3' non-

coding region of the hTAUT cDNA. This probe detected a

3.8 kb EcoRI human-specific fragment and 2.8 and 3.6 kb
hybridizing fragments in DNA from mouse and Chinese hamster
respectively. The 3.8 kb human fragment was segregated with
human chromosome 3. In situ hybridization with this probe
confirmed the localization to the p24-*p26 region ofchromosome
3. These studies indicate that the gene for the cloned taurine
transporter is located at chromosome 3 p24--p26.

The detection of a second chromosomal site (21 ql 1 .2-+q21)
with the full-length hTAUT cDNA is interesting and suggests the
possibility of the presence of another gene related to the taurine
transporter. Although we cannot as yet rule out the presence of
an inactive pseudogene, there is compelling biochemical evidence
for the existence of two distinct taurine-transport systems.
Certain strains of mice (C57BL/6J) exhibit hereditary taurinuria
and this trait appears to be inherited in an autosomal recessive
manner [40]. Measurement of taurine uptake in brush-border
and basolateral membrane vesicles isolated from kidneys of these
mice revealed that the taurine-uptake activity in the brush-
border membrane is normal [41] but the taurine-uptake activity
in the basolateral membrane is impaired [41,42]. These studies
suggest that the brush-border and basolateral taurine trans-
porters are under separate genetic control. A recent study using
the polarized renal epithelial cell line LLC-PK1 has clearly
demonstrated the distinction in biochemical characteristics of the
taurine transporters present in the apical (brush-border) and
basolateral membranes [43]. Therefore it is very likely that the
polarized placental syncytiotrophoblast also expresses two
different taurine transporters, one in the maternal-facing brush-
border membrane and the other in the fetal-facing basal mem-
brane. In LLC-PK1 cells, it has been shown [43] that the apical
taurine transporter exhibits a Na+/taurine coupling ratio of 2: 1,
whereas the basolateral taurine transporter exhibits a
Na+/taurine coupling ratio of 1:1. Thus the Na+/taurine stoi-
chiometry may serve to distinguish between these two taurine
transporters. Taurine transporters have been cloned from various
sources, but stoichiometric analysis has not been performed with
any of them. Ours is the first report on the Na+/Cl-/taurine
stoichiometry for a cloned taurine transporter. The cloned
placental taurine transporter exhibits a Na+/Cl-/taurine stoi-
chiometry of 2:1:1. The Na+/taurine coupling ratio for the
cloned placental taurine transporter is similar to the coupling
ratio for the taurine transporter in the placental brush-border
membrane [7,11] and for the taurine transporter in the apical
membrane of the LLC-PK1 cell line [43]. Therefore it appears
that the cloned placental taurine transporter represents the
brush-border-membrane taurine transporter.
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V.G.) and the Mallinckrodt Foundation (to R.D.B.). We thank Ida 0. Thomas and Joyce
Hobson for expert secretarial assistance, Lankupalle D. Jayanthi for help with cDNA
sequence analysis and Jin C. Liu, Kim R. Moore and Andrea L. Bauman for technical
assistance.

REFERENCES
1 Huxtable, R. J. (1989) Prog. Neurobiol. 32, 471-533
2 Sturman, J. A. (1986) Ann. N.Y. Acad. Sci. 477, 196-213
3 Sturman, J. A. (1993) Physiol. Rev. 73, 119-147
4 Kuo, S. M. and Stipanuk, M. H. (1984) Biol. Neonate 46, 237-248
5 Ghisolfi, J. (1987) Biol. Neonate 52, Suppl. 1, 78-86
6 Miyamoto, Y., Balkovetz, D. F., Leibach, F. H., Mahesh, V. B. and Ganapathy, V.

(1988) FEBS Lett. 231, 263-267
7 Kulanthaivel, P., Leibach, F. H., Mahesh, V. B. and Ganapathy, V. (1989) Biochim.

Biophys. Acta 985, 139-146
8 Hibbard, J. U., Pridjian, G., Whitington, P. F. and Moawad, A. H. (1990) Pediatr. Res.

27, 80-84
9 Karl, P. I. and Fisher, S. E. (1990) Am. J. Physiol. 258, C443-C451

10 Moyer, M. S., Insler, N. and Dumaswala, R. (1992) Biochim. Biophys. Acta 1109,
74-80

11 Ramamoorthy, S., Kulanthaivel, P., Leibach, F. H., Mahesh, V. B. and Ganapathy, V.
(1993) Biochim. Biophys. Acta 1145, 250-256

12 Kulanthaivel, P., Cool, D. R., Ramamoorthy, S., Mahesh, V. B., Leibach, F. H. and
Ganapathy, V. (1991) Biochem. J. 277, 53-58

13 Ramamoorthy, S., Leibach, F. H., Mahesh, V. B. and Ganapathy, V. (1992) Pediatr.
Res. 32, 125-127



900 S. Ramamoorthy and others

14 Cool, D. R., Leibach, F. H., Bhalla, V. K., Mahesh, V. B. and Ganapathy, V. (1991)
J. Biol. Chem. 266, 15750-15757

15 Ramamoorthy, S., Cool, D. R., Mahesh, V. B., Leibach, F. H., Melikian, H. E., Blakely,
R. D. and Ganapathy, V. (1993) J. Biol. Chem. 268, 21626-21631

16 Uchida, S., Kwon, H. M., Yamauchi, A., Preston, A. S., Marumo, F. and Handler, J. S.
(1992) Proc. Natl. Acad. Sci. U.S.A. 89, 8230-8234

17 Smith, K. E., Borden, L. A., Wang, C. H. D., Hartig, P. R., Branchek, T. A. and
Weinshank, R. L. (1992) Mol. Pharmacol. 42, 563-569

18 Liu, Q. R., Lopez-Corcuera, B., Nelson, H., Mandiyan, S. and Nelson, N. (1992) Proc.
Natl. Acad. Sci. U.S.A. 89,12145-12149

19 Jhiang, S. M., Fithian, L., Smanik, P., McGill, J., Tong, Q. and Mazzaferri, E. L.
(1993) FEBS Lett. 318, 139-144

20 Amara, S. G. and Pacholczyk, T. P. (1991) Curr. Opin. Neurobiol. 1, 84-90
21 Blakely, R. D. (1992) Curr. Opin. Psychiat. 5, 69-73
22 Uhl, G. R. and Hartig, P. R. (1992) Trends Pharmacol. Sci. 13, 421-425
23 Clark, J. A and Amara, S. G. (1993) BioEssays 15, 323-332
24 Ramamoorthy, S., Bauman, A. L., Moore, K. R., Han, H., Yang-Feng, T., Chang, A. S.,

Ganapathy, V. and Blakely, R. D. (1993) Proc. Natl. Acad. Sci. U.S.A. 90, 2542-2546
25 MacDonald, R. J., Swift, G. H., Przybyla, A. E. and Chirgwin, J. M. (1987) Methods

Enzymol. 152, 219-227
26 Guastella, J., Nelson, N., Nelson, H., Czyzyk, L., Keynan, S., Miedel, M. C., Davidson,

N., Lester, H. A. and Kanner, B. I. (1990) Science 249, 1303-1306
27 Pacholczyk, T. P., Blakely, R. D. and Amara, S. G. (1991) Nature (London) 350,

350-354

28 Sambrook, J., Fritsch, E. F. and Maniatis, T. (1989) Molecular Cloning: A Laboratory
Manual, 2nd edn. Cold Spring Harbor Laboratory, Plainview, NY

29 Blakely, R. D., Clark, J. A., Rudnick, G. and Amara, S. G (1991) Anal. Biochem. 194,
302-308

30 Turner, R. J. (1983) J. Membr. Biol. 76, 1-15
31 Yang-Feng, T., Floyd-Smith, G., Nemer, M., Drouin, J. and Francke U. (1985) Am. J.

Hum. Genet. 37, 1117-1128
32 Harper, M. E. and Saunders, G. F. (1981) Chromosoma 83, 431-439
33 Kyte, J. and Doolittle, R. F. (1982) J. Mol. Biol. 157, 105-132
34 Kennely, P. J. and Krebs, E. G. (1991) J. Biol. Chem. 266, 15555-15558
35 Brandsch, M., Miyamoto, Y. Ganapathy, V. and Leibach, F. H. (1993) Am. J. Physiol.

264, G939-G946
36 Leibach, J. W., Cool, D. R., Del Monte, M. A., Ganapathy, V., Leibach, F. H. and

Miyamoto, Y. (1993) Curr. Eye Res. 12, 29-36
37 Tiruppathi, C., Brandsch, M., Miyamoto, Y., Ganapathy, V. and Leibach, F. H. (1992)

Am. J. Physiol. 263, G625-G631
38 Chesney, R. W. (1985) Adv. Pediatrics 32, 1-42
39 Huxtable, R. J. (1992) Physiol. Rev. 72, 101-163
40 Harris, H. and Searle, A. G. (1953) Ann. Eugen. 17, 165-167
41 Rozen, R., Scriver, C. R. and Mohyuddin, F. (1983) Am. J. Physiol. 244, F150-F155
42 Mandla, S., Scriver, C. R. and Tenenhouse, H. S. (1988) Am. J. Physiol. 255,

F88-F95
43 Jones, D. P., Miller, L. A. and Chesney, R. W. (1993) Am. J. Physiol. 265,

Fl 37-Fl 45

Received 22 October 1993/31 December 1993; accepted 27 January 1994


