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Abstract The human homologue of the canine GABA/betaine
transporter (BGT-1) was isolated from a kidney inner medulla
¢DNA library. The coding sequence predicts a 614 amino acids
protein with the typical features of neurotransmitter transporter
family. The gene maps to chromosome 12p13 and, in addition to
kidney, is also expressed in brain, liver, heart, skeletal muscle,
and placenta. Functional studies reveal a K, = 20 uM for
(:ABA transport and a coupling to Na* and CI~ with a stoichio-
metry 3 Na*:2 CI":1 GABA. At 500 uM the GABA transport
was inhibited by various compounds with the following potency
order: quinidine > verapamil > phloretin > betaine.
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i, Introduction

Volume regulation is accomplished by several cell types
through active variations in the concentration of intracellular
~olutes. In particular, epithelial cells from the renal inner me-
ulla balance the extracellular hypertonicity by keeping a high
intracellular content of non-perturbing osmolytes like betaine,
vlycerophosphoryicholine, myo-inositol, sorbitol, and taurine
{1]. Intracellular accumulation of some of these compounds up
ro millimolar concentrations is performed by membrane trans-
porters which use the favourable driving force for Na* and CI”.
otably, molecular cloning of taurine and betaine transporters
irom kidney has revealed a strong sequence homology with a
jarge superfamily of proteins involved in the uptake of neuro-
transmitters [2]. These transporters are responsible for the ter-
mnination of synaptic transmission by lowering the level of the
neurotransmitter in the synaptic cleft. Interestingly, the canine
betaine transporter (BGT-1) is also able to transport the inhib-
ttory neurotransmitter GABA with even higher affinity [3]. This
vharacteristic would suggest that GABA/betaine transporters
have a dual function in osmoregulation and synaptic transmis-
~ion.

Given the importance of these mechanisms to kidney physi-
»logy and the possible involvement in human diseases, we un-
Jertook the identification of the human gene homologue of
BGT-1. In the present work we report the molecular cloning,

unctional characterization, tissue distribution, and chromoso-
mal localization of a cDNA identified by screening a human
iiidney cDNA library with a BGT-1 probe.

*Corresponding author. Fax: (39) (10) 377 97 97.

2. Materials and methods

2.1 ¢cDNA cloning and sequencing

A human cDNA library from the inner medulla of the kidney was
constructed in the Agt22 vector (BRL, Life Technologies) using NotI
and Sall cloning sites. The library was screened with a PCR product
obtained from human ¢cDNA. To obtain this probe, different primer
pairs were designed based on the dog BGT-1 sequence and tested. A
1.5 kb amplification product was obtained with the following primers:
forward, 5-TTTCACAGCCACGTTTCC-¥, and reverse, 5'-CGTTC-
AGTTGTCACTTCC-3, corresponding respectively to positions 720
and 2269 in the BGT-1 sequence [3]. PCR conditions were: 35 cycles,
each of them composed by I min at 94°C, 1 min at 44°C, and 1 min
30 s at 72°C, with a denaturing step at the beginning (3 min, 94°C) and
an clongation step at the end (5 min, 72°C). This PCR product was
cloned in a plasmid vector (TA cloning kit, Invitrogen) and sequenced
using the Sequenase kit (U.S. Biochemicals). The sequence revealed
strong homology with the canine GABA/betaine transporter. To screen
the library, the amplification product was radiolabeled by random
priming with [a-*P]dCTP (Amersham). Phage DNA from positive
clones was extracted with a commercially available kit (Qiagen). The
DNA was Notl/Sall digested and Southern blots were performed with
the PCR BGT-1 probe to analyze inserts. Largest positive cDNAs
identified in this way were cloned in the pSPORT]1 vector (BRL) previ-
ously cut with Notl and Sa/l. Recombinant transformations were veri-
fied by digestion and PCR analysis performed with either SP6/T7 prim-
ers and the specific primers reported above. A clone termed B18 showed
an insert of about 3.4 kb whose nucleotide sequence was determined
on both strands.

2.2. Northern-blot analysis

The cloned amplification product used for the screening of the library
was radiolabeled and hybridized to a Northern-blot prepared with 2 ug
of poly(A)" RNA from multiple human tissues (human MTN blot,
Clontech). Hybridization was carried out according to manufacturer’s
instruction. Filter was washed at high stringency with 2 x SSC, 0.05%
SDS; then 2 x SSC, 0.1% SDS; 1 x SSC, 0.1% SDS; and finally 0.5 x
SSC, 0.1% SDS.

2.3. Chromosomal localization

Chromosomal localization was obtained by fluorescent in situ hy-
bridization on metaphase chromosomes prepared from a human lym-
phoblastoid cell line by routine methods. Phage Agt22 DNA containing
the B18 insert was labeled by nick translation (Boehringer) using biotin-
16-dUTP. Signals were amplified twice and the slides were stained with
propidium iodide and DAPI.

2.4. ¢cDNA transient expression

To perform functional studies the B18 cDNA clone, which represents
the putative full-lenght coding sequence of the transporter, was excised
from the pSPORT]1 vector and cloned in the eukaryotic expression
vector pcDNAI (Invitrogen) as a Pstl/No:I fragment. Transient expres-
sion was achieved by electroporation of human tracheal 9HTEo- cells
[4]. Briefly, the cells, detached by trypsinization, were washed in PBS,
centrifuged, and resuspended in an ice-cold solution whose composition
mimicked the intracellular environment [5]. Aliquots of 6-10° cells in
0.7 ml of this solution were mixed with 20 ug of the recombinant
pcDNALI plasmid or with the same amount of the plasmid without the
insert as negative control. Cell/DNA suspensions were placed on ice for
10 minutes and then electroporated with a Gene Pulser (Bio-Rad), using
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a voltage pulse of 1.2 kV and a capacitance of 25 gF. After 10 minutes
onice, cells were diluted in culture medium (DMEM/F12 plus 10% fetal
calf serum) and plated in 24-well plates at a density of 3-10° cells per
well. Uptake experiments were carried out after 60 hours from electro-
poration.

2.5. GABA uptake

Culture medium was removed and cells were washed with a solution
containing (in mM): 130 NaCl, 2 KCl, 1 KH,PO,, 2 CaCl,, 2 MgCl,,
10 Na-HEPES, 10 glucose, 20 mannitol (pH 7.3). Cells were then
incubated with 1 ml of the same saline solution containing in addition
0.5 uCi of P"H]GABA (specific activity 90 Ci/mmol, Amersham) and the
appropriate amount of non radioactive GABA to obtain the desired
concentration. Uptake was stopped by washing the cells three times
with 1 ml of ice cold solution without GABA. Cells were then solubil-
ized overnight in 0.5 ml of 0.25 M NaOH and 20 ul of cell lysate were
used to determine the protein content of each well with a colorimetric
assay (Bio-Rad). The remaining lysate was used to detect the radioac-
tivity by liquid scintillation counting. Values of radioactivity incorpo-
rated were converted in nanomoles of GABA per mg of protein. To
evaluate the dependence of uptake on medium composition, Na* or CI”
were partially or totally replaced by equimolar amounts of N-methyl-
p-glucamine or aspartate, respectively.

3. Results

Sequencing of B18, the largest clone obtained by screening
of the human kidney cDNA library, showed an insert of 3433
bp containing an open reading frame of 1842 bp which encodes
a protein of 614 amino acids. This sequence has been deposited
in GenBank with the accession number U27699. Comparison
of the coding sequence in our clone with that of a cDNA
recently isolated from human brain [6] revealed only minor
differences thus indicating that they arise from the same gene.
In particular, three of these involve amino acid changes:
R,;—Y 10, Hs7Vs72-> Qs71Ls7p. The reason for these differences
is not clear, but cannot be attributed to a sequence artifact.
None of these substitutions seems to alter a known functional
site. In addition, the B18 clone extends 526 bp at the 5’-terminus
and 990 bp at the 3’-terminus with respect to the sequence
found by Borden et al. [6]. Browsing of sequence databases
revealed a strong homology with the family of neurotransmitter
transporter genes [2]. As shown in Fig. 1, there is a high amino
acid sequence identity with the dog BGT-1 [3], the mouse
GABA/betaine transporter GAT-2 [7], and GABA transporters
GAT-3 and GAT-4 [8]. Hydropathy analysis according to the
Kyte-Doolittle plot confirmed the typical features of neuro-
transmitter transporters, i.e. 12 transmembrane stretches with
a large extracellular loop between the third and the fourth
transmembrane domains. A search for known consensus se-
quences revealed three putative protein kinase C phosphoryla-
tion sites in the cytosolic portion and two N-glycosilation sites
in the large extracellular loop (Fig. 1).

Northern blot analysis showed an interesting pattern of tis-
sue distribution (Fig. 2). Two bands of 4.1 and 3.4 kb were
observed in kidney, brain (where the former one was faint but

ﬁ
Fig. 1. Deduced amino acid sequence of the human GABA/betaine
transporter (hBGT-1) compared with the sequences of the correspond-
ing canine transporter (dBGT-1), and murine GABA transporters
(GAT-2, GAT-3, GAT-4). Proposed transmembrane domains are un-
derlined and numbered. Asterisks indicate amino acids identical in the
five sequences. Triangles and crosses mark putative sites of N-linked
glygosilation and PKC-mediated phosphorylation, respectively.
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clearly detectable with a longer exposition), and weakly in pla-
centa. The 3.4 kb band was also expressed in liver whereas the
4.1 kb band was present in heart and skeletal muscle. The last

+ 50
hBGT-1 MDGKVAVQER GPPAVSWVPE EGEKLDQEDE DQVKDRGQWT NKMEEVLSVA
dBGT-1 MDRKVAVPED GPPVVSWLPE EGEKLDQEGE DQVXDRGOWT NKMEFVLSVA

GAT~2 MDRKVAVHED GYPVVSWVPE EGEMMDOKGK DQVKDRGQWT NKMEFVLSVA
GAT-3 . ...MENRAS GTTSNGETKP VCPAMEKVEE DGTLEREHWN NKMEFVLSVA
GAT-4 .NGKAAEEAR GSETLGGGGG GAAGTREARD KAVHERGHWN NKVEFVLSVA
* LR R LA T1 42T
™ ™2 100
hBGT-1 GEITCLGNVN BEPYLCYKNG GGAEELRYFI FFFVOGIPVF FLEVALGQYT
dBGT-1 GEIIGLGNVW RFPYLCYKNG GGAFFIPYFI FFFTCGIPVF FLEVALGQYT
GAT-2 GEIIGLGNVW RFPYICYKNG GGAFFIPYFI FFFSCGIPVF FLEVALGQYS
GAT-3 GEIIGLGNVW RFPYLCYKNG GGAFFIPYLI FLFTCGIPVF FLETALGQYT
GAT-4 GEIIGLGNVW RFPYLCYXKNG GGAFLIPYVV FFICCGIPVF FLETALGQFT
WRHRRREAIE FAXRRAERRE HRNE *hh k AARARR ANE RAXN
™3 150
hBGT-1 SQGSVTAWRK ICPLFQGIGL ASVVIESYIN VXYIIILAWA LFYLFSSFTS
dBGT-1 SQGSVIAWRK ICPLLQGIGL ASVVIESYIN IYYIIILAWA LFYLFSSFTS
GAT-2 SQGSVTAWRK ICPLIQGIGM ASVVIESYLN IYYIITLAWR LFYLFSSFTW
GAT-3 NQGGITAWRR ICPIFEGIGY ASQMIVSLIN VYYIVVLAWA LFYLFSSFTT
GAT-4 SEGGITCWRR VCPLFEGIGY ATQVIERHLN VYYIIILAWAR IFYLSNCFTT
AW R® ER EEX kK AN KRR RERk kkk A
A A 200
hBGT-1 ELPWTTCNNF WNTEHCTDFL NHSGAGTVTIP FENFTSPVME FWERRVLGIT
dBGT-1 ELPWTTCTNT WNTEHCMDFL NHSGARTATS SENFTSPVME FWERRVLGIT
GAT-2 ELPWTTCTNS WNTEHCVDFL NHSSARGVSS SENFTSPVME FWERRVLGIT
GAT-3 DLPWGSCSHE WNTENCVEFQ KANDSMNVTS .ENATSPVIE FWERRVLKLS
GAT-4 ELPWATCGHE WNTEKCVEFL NFSNYSHVS. LONATSPVME FWERRVLAIS
awx AR X ® X OEEAE A RARRAAR
™é + ™5 250
BBGT-1 SGIHDLGSLR WELALCLLLA WVICYFCINK GVKSTGKYVY FEATFRYLML
dBGT-1 SGIHDLGALR WELALCLLLA WLICYFCIWK GVKTTGKVVY FTATFPYIML
GAT-Z SGIHDLGSLR WELALCLLLA WIICYFCIWK GVKSTGKVVY FTATFPYIML
GAT-3 DGIQHLGSLR WELVICLLLA WIICYFCIWK GVKSTGKVVY FTATFPYIML
GAT-4 DGIEHIGNLR WELALCLLAG WIICYFCIWK GTKSTGKVVY VTATFPYIML
HE X MK KMK NHAR K RREERERN F X ERARER AERARAANR
™6 300
hBGT-1 VILLIRGVIL PGAYQGIIYY LKPDLFRLKD PQVWMDAGIO IFFSFAICQG
dBGT-1 VILLIRGITL PGAYQGVIYY LKPDLLRLKD PCVWMDAGIQ IFFSFAICOG
GRT-2 IILLIRGVTL PGAYQGIVFY LKPDLLRLKD PQUVRMDAGTQ IFFSFAIOQG
GAT-3 VVLLIRGVTL PGAAQGIQFY LYPNITRLWD PQVWMDAGIQ IFFSFAICLG
GAT-4 LILLIRGVIL PGASEGIKFY LYPDLSRLSD PQVWVDAGTQ IFFSYAICLG
P I S A L e L
™7 350
hBGT-1 CLTALGSYNK YHNNCYKDCT ALCEINSATS IVAGEVVES] LGFMSQEQGV
dBGT-1 CLTALGSYNK YHNNCYRDSI ALCFLNSATS FARGFVVFSI LGFMAQEQGL
GAT-2 CLTALGSYNK YHNNCYRDSI ALCFLNSATS FVAGFVVFSI LGFMSQEQGI
GAT-3 CLTALGSYNK YHNNCYRDCI ALCILNSSTS FMAGFAIFSI LGFMSQEQGV
GAT-4 CUTALGSYNN YNNNCYRDCI MLCCLNSGTS FVAGFAIFSV LGFMAYEQGV
RRRRNRINE  k AAFR R & kk RRA WK N RER RN WRRE kAR
™8 400
hBGT-1 PISEVAESGP GLAFIAFPKA VIMMPLSQLW SCIFFIMLIF IGLDSQFVCY
dBGT-1 PISEVAESGP GLAFIAFPKA VIMMPLSQLW SCLFFIMLIF LGLDSQFVCV
GAT-2 PISEVAESGP GLAFIAFPKA VIMMPLSQLW SCLFFIMLLF LGLDSQFVCM
GAT-3 PISEVAESGP GLAFIAYPRA VVMLPFSPLW ACCFFFMVVL LGLDSQFVCV
GAT-4 PIARVAESGP GLAFIAYPKA VIMMPLSPLW ATLFFMMLIF LGLDSQFVCV
AN REERRAE RARKKE Kk Nk kX AW *E W RREN KA RAR
+ ™9 450
hBGT-1 ECLVTASIDM FPRQLRKSGR RELLILTIAY MCYLIGLFLV TEGGMYIFQL
dBGT-1 ECLVTASMOM FPSQLRKSGR RELLILATAV FCYLAGLFLV TEGGMYIFQL
GAT-2 ECLVTASMOM FPQQLRKSGR RDVLILATSV LCYLMGLLLV TEGGMYIFQL
GAT-3 ESLVTALVDM YPRVFRKKNR REVLILIVSV ISFFIGLIML TEGGRMYVFQL
GAT-4 ESLVTAVVDM YPKVFRRGYR RELLILALSI ISYFLGLVML TEGGMYIFQL
R T o> AR KA
™10 500
hBGT-1 FDYYASSQIC LLFLSLFEVY CISWVYGADR FYDNIEDMIG YRPWELVKIS
dBGT-1 FDYYASSGIC LLFLAMFEVI CISWVYGADR FYDNIEDMIG YRPWPLVKIS
GAT-2 FDYYASSGIC LLFLSLFEVI CIGWVYGADR FYDNVEDMIG YRFPWPLVKIS
GAT-3 FDYYAASGMC LLFVAIFESL CVAWVYGAGR FYDNIEDMIG YKPWPLIKYC
GAT-4 FGSYAASGMC LLFVAIFECV CIGWVYGSNR FYDNIEDMIG YRPLSLIKWC
T kR kk N RRR Kk X RRAE % AEER RKANX A K kN
™1 ™12 550
hBGT-1 HLFLIRGLCL ATFLESLSKY TPLKYNNVYV YPPWGYSIGH FLALSSMVCV
dBGT-1 WLFLTPGLCL ATFLFSLSQY TPLKYNNIYV YPPWGYSIGW FLALSSMICV
GAT-2 WLFLTPGLCL ATFFFSLSKY TPLXYNNVYM YPSWGYSIGH LLAFSSMACV
GAT-3 WLFFTPAVCL ATFLFSLIKY TPLTYNKKYT YPWWGDALGW LLALSSMICT
GAT-4 WKVVTPGICA GIFIFFLVKY KPLKYNNVYT YPAWGYGIGW IMALSSMICI
*  wx L L L T A T ]
600
hBGT-1 RLEVWIXLLX TRGPFRKRLR HVITPDSSLP QPKQHPCLDG SAGRNFGPSP
dBGT-1 PLFVIITLLX TRGSFKKRLR QLTTPDPSLP QPKQHLYLDG GTSQDCGPSP
GAT-2 PLFIIITFLK TQGSFKKRLR RLITPDPSLP QPGRRPPQDG SSAQNCSSSP

GAT-3 PAWSIYKLRT LKGPLRERLR QLVCPAEDLP QKNQPE.... ... PTAPATP
GAT~4 PLWIFIKLWK TEGTLPEXLQ KLTVPSADLK MRGKLGASPR TVTVNDCEAK
* * * * *

614
hBGT-1 TREGLIAGEK ETHL
dBGT-1 TKEGLIVGEK ETHL
GAT-2 AKQELIAWEX ETHL
GAT-3 MTSLLRLTEL ESN.

QAT-4 VKGDGTISEK ETHF
x



A. Rasola et al. | FEBS Letters 373 (1995) 229-233

12345678

kb

41
—34

—1.7

¥ig. 2. Tissue expression of hBGT-1 gene determined by Northern blot
nalysis. Tissues are: 1, pancreas; 2, kidney; 3, skeletal muscle; 4, liver;
*, lung; 6, placenta; 7, brain; 8, heart.

tissue also showed a 1.7 kb signal. No expression was instead
.ipparent in lungs and pancreas.

Chromosomal localization was carried out using the fluores-
cent in situ hybridization technique. Hybridization signals were
present in at least 80 human chromosomes in position 12p13
«nd were concordant in all the metaphases analysed.

Expression of the B18 clone in 9HTEo- ceils caused a signif-
izantly higher GABA uptake compared with the same cells
«lectroporated with the vector alone. Preliminary experiments
-howed that the rate of GABA uptake was constant up to

hour of incubation in both control and B18-expressing cells
i Fig. 3). According to this, the uptake at 30 minutes was used
‘o calculate the kinetic parameters of GABA transport. Mock
‘ransfected cells showed an uptake activity which displayed no

aturation in the range 1-250 uM of GABA (Fig. 4A). This
arobably reflects the presence of an endogenous transporter
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Fig. 3. Time dependence of GABA uptake in 9HTEo- cells transfected
with the B18 cDNA clone (open symbols) or with the vector alone
(filled symbols). GABA concentration was 100 uM (circles) or 10 uM
isquares). Data are from a representative experiment.
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which is able to transport GABA with a very low affinity. On
the contrary, cells transfected with the B18 clone displayed a
markedly higher uptake rate and saturation at high GABA
concentrations. This was more evident after subtraction of
the GABA transport activity measured in control cells
from that measured in cDNA-transfected cells. Subtracted
data showed saturation kinetics which could be well fitted
with the Michaelis—-Menten equation (Fig. 4A). Eadie-Hofstee
analysis of 9 experiments performed in triplicate gave a
K, =204%16 uM and a V,,, = 4.128 £ 0.787 nmol/ mg
(mean + S.E.M,; see Fig. 4B).

Coupling of GABA uptake to Na* and Cl™ was also investi-
gated. Fig. 5 shows a representative experiment in which the
endogenous component was subtracted from the total uptake
in cDNA-transfected cells. As shown in Fig. 5, the relationship
between GABA uptake rate and Na* or C1™ concentration was
sigmoidal suggesting the movement of more than one ion for
each molecule of GABA transported. To calculate the number
n of ions involved, experimental data were fitted with the Hill-
type equation:

v = max[X]n/(K O.Sn + [X]")

where v is the uptake rate, K| 5 is the ion concentration allowing
half-maximal activation, X is the ion coupled to GABA trans-
port, and V,,, is the maximal uptake rate. The best values for
n obtained from three separate experiments perfomed in tripli-
cate were 3.2 £ 0.1 and 1.7 + 0.2 (mean £ S.E.M.) for Na* and
CI, respectively.
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Fig. 4. Kinetics of GABA uptake. Data are from a representative
experiment performed in triplicate. Standard errors are smaller than 5%
of the corresponding mean value. (A) GABA uptake rate is plotted
against the GABA concentration. Symbols are: open circles, hBGT-1
cDNA-transfected cells; open squares, mock-transfected cells; filled
circles, difference between former and latter data. (B) Eadie-Hofstee
transformation of subtracted data from the same experiment.
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Fig. 5. Dependence of GABA transport on extracellular ions. The net
GABA uptake rate induced by the transfection of the transporter
c¢DNA is plotted versus Na* (A) and C1” (B) concentration. Extracellu-
lar GABA concentration was 1 4M. Data are from a representative
experiment. Fitting of experimental points with a Hill-type equation
gives a n of 3.3 and 1.7 for Na* and CI", respectively.

To further characterize the transporter encoded by the B18
clone, different pharmacological agents were tested (Fig. 6).
Betaine caused a dose dependent inhibition of GABA uptake
with 500 uM being the concentration producing almost 50% of
effect. At this same concentration quinidine, phloretin, and
verapamil reduced the uptake by 94%, 64% and 69%, respec-
tively. On the contrary, 500 4M taurine did not significantly
affect the transporter activity. The protein kinase C activator,
phorbol 12-myristate 13-acetate (PMA), was also tested since
the amino acid sequence contained putative protein kinase C
phosphorylation sites. Preincubation of cells with PMA 1 and
0.1 uM for 10 minutes significantly inhibited GABA uptake by
29% and 13%, respectively. ‘

A more detailed analysis was perfomed for betaine, vera-
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pamil, and quinidine to determine the type of inhibition. Fig.
7 shows representative Eadie-Hofstee plots of GABA uptake
in the absence and presence of 1 mM betaine, 500 uM vera-
pamil, and 200 M quinidine. In the presence of betaine, K,
and ¥V, were 62,9 +17.1 uM and 3.939 £ 0.927 nmol/mg,
respectively (mean + S.EM., n = 3). The former value was
significantly higher than in control conditions (P < 0.01),
whereas the latter was not changed thus indicating that betaine
acts as a pure competitive inhibitor. On the contrary, verapamil
in 5 experiments behaved as a non-competitive inhibitor since
it significantly lowered V,,,, t0 0.966 + 0.29 nmol/mg (P < 0.02)
while leaving unchanged the K, (20.4 £ 4,7 uM). Quinidine
instead showed mixed kinetics because it increased K, to
49.0 £ 10.4 uM and lowered V,,,, to 2.276 £ 0.499 nmol/mg
(n = 3, P <0.05 for both values).

4. Discussion

Na*/Cl"-dependent monoamines and amino acids trans-
porters constitute a rapidly developing area of interest and are
characterized by a high degree of sequence homology [2]. Two
subfamilies can be identified within this class of proteins: one
is composed by the catecholamine transporters [9-11], whereas
the other includes the amino acid-like transporters such as the
choline and creatine transporters [12,13], GABA transporters
[7,8,14], and the taurine transporter [15] which seems to resem-
ble more closely the putative common ancestor for this subfam-
ily [8]. Interestingly, the physiological role of GABA trans-
porters (GATs) seems to be complicated by the fact that they
can carry also other compounds such as f-alanine and taurine
(mouse GAT-3 and GAT-4) [8], or betaine (mouse GAT-2) [7].
In particular, the high sequence identity between mouse GAT-2
and dog BGT-1 and the similar pharmacological properties
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Fig. 6. Residual GABA uptake following application of the indicated
compounds (concentrations are given in uM). Data represent the nor-
malized net uptake in cDNA-transfected cells after removal of the
endogenous component. Extracellular GABA concentration was 10
UM. Columns represent the mean of three independent experiments.
Error bars indicate standard deviation. A significant difference with
respect to control is indicated by asterisks: *P < 0.05; **P < 0.01;
*** P < 0.001 (Student’s -test).



A Rasola et al. | FEBS Letters 373 (1995) 229-233

3.5
° O
E 3.0+
c
E 2.5
o
Q2.0
[o]
€15
o 1.0 *
©
goAs— \

0.0 -

T T T T T
0.00 0.05 0.10 0.15 0.20
Uptake/{GABA] (nmol/30 min/mg/uM)
6 O

(32
|

~
1

PR
>
e

Uptake (nmol/30 min/mg)
w
|

=)
1

0.00 0.05 0.10 0.15 0.20 0.25
Uptake/{GABA] (nmol/30 min/mg/uM)
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presence of 1 mM betaine (open squares), 500 M verapamil (filled
crrcles), or 200 uM quinidine (open triangles). Data are from 2 represen-
t:tive experiments and are presented as net uptake in cDNA-trans-
focted cells.

saggest that they are the same betaine/GABA transporter,
which could therefore be involved either in the control of
(;ABAergic synaptic transmission and in osmoregulation, de-
rending on the site of expression. While preparing this manu-
script, Borden et al. have identified the human homologue of
BGT-1 and GAT-2 in brain striatum [6]. Our group has inde-
rendently cloned this gene (hBGT-1) starting from a different
t ssue, kidney inner medulla. In addition, we have extended the
} nowledge on hBGT-1 by looking at the pattern of gene expres-
sion outside the brain, by determining kinetics parameters of
GABA transport and inhibitors, and by mapping the gene.

Our results show that hBGT-1 has a good affinity for GABA,
with a K, of about 20 uM, significantly lower than that of
canine BGT-1 [3] and mouse GAT-2 [7], higher than that of
GAT-1 and GAT-4 [8,14], and similar to that of mouse GAT-3
{3]. The lack of commercially available radiolabeled betaine has
precluded the possibility to study its transport in this work.
Nevertheless, the competitive inhibition of GABA uptake by
1 on-radioactive betaine (ICs=500 uM) indicates that betaine
15 also transported but with an affinity at least one order of
1aagnitude lower than that for GABA. Activation of GABA
transport as a function of Na* and CI” concentrations shows
vooperativity with a probable stoichiometry of 3 Na* and 2 CI”
for each molecule of GABA transported.

Pharmacological studies showed that hBGT-1 is inhibited by
phloretin, and quinidine but not by taurine. Interestingly, and
1n contrast with data presented by Borden et al. [6], quinidine
was the most potent blocker. In addition, we discovered that
verapamil, a compound never tested before on neurotransmit-
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ter transporters, was also able to inhibit GABA uptake in a
non-competitive fashion. It would be interesting to assess in
future studies if it is also active on other members of this protein
family. The activity of hBGT-1 was also reduced by incubation
with the phorbol ester PMA though at relatively high concen-
trations. Further studies are needed to evaluate the actual in-
volvement of PKC in the inhibition of hBGT-1.

The expression of hBGT-1 is quite widespread, having been
found in kidney, brain, liver, heart, skeletal muscle and to a
lesser extent in placenta. This pattern resembles that observed
in mouse [7], whereas canine BGT-1 was found exclusively in
kidney [3]. The physiological meaning of this kind of expression
is not clear, and it is made more complex by the presence of at
least three transcription products which may arise from alterna-
tive splicing. Being betaine plasma levels about two hundred
times those of GABA (180 M vs. less than 1 M), one
should assume that GABA uptake function is restricted to the
CNS. Outside the CNS, the major role for hBGT-1 could be
the uptake of betaine to contrast a hyperosmotic extracellular
medium. Nevertheless, prolonged hypertonic shocks are only
experienced by kidney inner medulla during the concentration
of urine. Therefore, the possibility of additional functions for
this transporter cannot be ruled out and needs further investi-
gation.
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