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Cloning and Expression of a Rat Brain

GABA Transporter
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NorMAN DAvVIDSON, HENRY A. LESTER, BARUCH 1. KANNER*

A complementary DNA clone (designated GAT-1) encoding a transporter for the
neurotransmitter y-aminobutyric acid (GABA) has been isolated from rat brain, and
its functional properties have been examined in Xenopus oocytes. Oocytes injected with
GAT-1 synthetic messenger RNA accumulated [PH]JGABA to levels above control
values. The transporter encoded by GAT-1 has a high affinity for GABA, is sodium-
and chloride-dependent, and is pharmacologically similar to neuronal GABA trans-
porters. The GAT-1 protein shares antigenic determinants with a native rat brain
GABA transporter. The nucleotide sequence of GAT-1 predicts a protein of 599 amino
acids with a molecular weight of 67 kilodaltons. Hydropathy analysis of the deduced
protein suggests multiple transmembrane regions, a feature shared by several cloned
transporters; however, database searches indicate that GAT-1 is not homologous to
any previously identified proteins. Therefore, GAT-1 appears to be a member of a
previously uncharacterized family of transport molecules.

HE PLASMA MEMBRANES OF NEU-
rons and glia, and the synaptic vesi-
cle membranes of neurons, have ion-
dependent transporters capable of bidirec-
tional neurotransmitter transport. The plas-
ma membrane transporters probably
terminate synaptic activity, although other
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functions have been proposed. Neurotrans-
mitter transporters have been extensively
studied pharmacologically, but the molecu-
lar features of these proteins are largely
unknown.

The amino acid GABA is the predomi-
nant inhibitory neurotransmitter in the
mammalian brain. Plasma membrane trans-
porters for GABA are widely distributed in
the central and peripheral nervous systems
(1, 2). Pharmacological and kinetic studies
suggest the presence of a variety of GABA
transporter subtypes (1-3). Thus, GABA
transporters may make up a family of pro-
teins possessing considerable molecular di-
versity. The purification of a rat brain
GABA transporter protein (4) provided a
reagent for the molecular cloning of a

GABA transporter cDNA. We report the
isolation and sequence of such a cDNA
clone and its functional characterization in
Xenopus oocytes.

Rat brain GABA transporter protein, pu-
rified as described (4), was subjected to
cyanogen bromide degradation, and several
of the resulting fragments were sequenced
(5). The sequence of the longest peptide
(QPSEDIVRPENG) (6) was used to design
oligonucleotide probes. Because sucrose
density gradient RNA fractionation had
shown that GABA transporter mRNA was
in the 4- to 5-kb size range (7), a N-ZAPII
rat brain cDNA library containing inserts of
4 kb and greater (8) was screened with
conventional plaque hybridization tech-
niques. Two plaques were positive through
successive platings. The mRNA was synthe-
sized in vitro from each of these clones and
was tested for its ability to express functional
GABA transporters in Xenopus oocytes. One
clone, which tested positive in the oocyte
assay, was selected for detailed characteriza-
tion and designated GAT-1 (GABA trans-
porter 1).

Oocytes injected with GAT-1 RNA accu-
mulated 50 to 100 times as much
[PH]GABA as water-injected or uninjected
control oocytes (9) (Fig. 1A). In contrast,
oocytes injected with 50 ng of rat brain
polyadenylated RNA accumulated only 10
to 15 times as much [°’H]GABA as controls.
Kinetic studies showed that GABA uptake
by oocytes injected with GAT-1 mRNA is
saturable (Fig. 1B), indicating the expres-
sion of a carrier-mediated uptake system.
Eadie-Hofstee plots of three experiments
revealed a Michaelis constant (Kj) of 3.1
to 10.6 pM (mean, 7.0 pM), which is
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within the range of values reported for high-
affinity GABA uptake systems in the brain
(2). The maximum velocity of uptake
(Vmax) varied considerably, from 3 to 26
pmol per oocyte per hour; this is not unex-
pected, given the variability of foreign RNA
expression among different batches of oo-
cytes.

The transporter encoded by GAT-1 has
an absolute requirement for extracellular
Na™* jons. Replacement of sodium chloride
with either lithium chloride or choline chlo-
ride reduced transport to background levels
(Fig. 1C). The GABA transporter encoded
by this clone is also Cl™-dependent; replace-
ment of CI” ions with acetate abolished
uptake, and replacement by nitrate de-
creased uptake by 64 to 83% (Fig. 1C). The
ability of nitrate ions to substitute partially
for ClI™ agrees with the results of GABA
uptake assays with rat brain membrane vesi-
cles (10).

The pharmacological sensitivity of GAT-1
was tested with five well-characterized
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Fig. 1. Expression of GAT-1. Oocytes were injected with 1 ng of GAT-1 RNA unless otherwise
indicated. Background values are [>H]GABA uptake by water-injected or uninjected control oocytes.
Each value is the mean = SEM of four or five samples. The length of incubation with [*’H]GABA was
60 min. (A) GABA transporter expression induced by 50 ng of rat brain polyadenylated RNA (RB) and
by 10 ng of GAT-1 RNA (GAT-1). (B) Transporter kinetics. [?’HJGABA accumulation was measured
with GABA concentrations from 0.5 pM to 40 uM. The values in the saturation curve represent total
GABA uptake; uptake by uninjected oocytes (representing the nonspecific component) comprised 2 to
6% of the total. (Inset) Eadie-Hofstee plot obtained with substrate concentrations from 0.5 uM to 15
M. The data points are the difference between uptake values measured in injected and uninjected
oocytes. [V, GABA uptake (picomoles per oocyte per hour); S, free substrate concentration. ] (C) Effect
of different incubation media on total GABA transport. Oocytes were assayed in ND96 (Ctrl) or
modifications of this saline. Li, 96 mM LiCl; Cho, 96 mM choline chloride. (D) Effect of GABA uptake
blockers on specific GABA transport. Oocytes were incubated in ND96 for 15 min in the absence of
drugs. Drugs were then present during a 60-min incubation period at a concentration of 100 uM,
except for NIP which was at 10 uM. Data are expressed as a percentage of uptake seen in the absence of

any drugs.
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GABA uptake blockers (Fig. 1D): nipecotic
acid (NIP), a potent, nonselective blocker
(11); cis-3-aminocyclohexane carboxylic acid
(ACHC) and 2,4-diaminobutyric acid
(DABA), which are selective for neuronal
uptake (12); and 4,5,6,7-tetrahydroisoxa-
zolo[4,5-c]pyridin-3-ol (THPO) and B-ala-
nine (B-Ala), which are selective for glial
uptake (13, 14). NIP was the most effective
inhibitor, reducing uptake by about 50% at
10 uM. ACHC and DABA were less potent
than NIP, each resulting in about 50%
inhibition at 100 uM. THPO and B-Ala
were the least effective of the blockers, each
resulting in about 20 to 30% inhibition at
100 pM. We have not yet determined
whether any of these drugs act as substrates
for this transporter.

The protein encoded by GAT-1 cross-
reacted with an antiserum (15) against the
native rat brain GABA transporter (Fig. 2).
SDS—polyacrylamide gel electrophoresis
(SDS-PAGE) of immunoprecipitated sam-
ples (16) showed a major band of 67 kD,
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similar to the estimated molecular weight of
the GABA transporter core protein (15).
This band was absent in samples without
mRNA template or samples treated with
control serum. Thus, the GAT-1 protein
shares antigenic determinants with the na-
tive rat brain GABA transporter.

i
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Fig. 2. The GAT-1 protein cross-reacts with an
antiserum to the GABA transporter. GAT-1 RNA
was translated in vitro and incubated with antise-
ra, and the translation products were analyzed by
SDS-PAGE (16). The exposure of this photo-
graph was optimized to show the 67-kD bands in
lanes 6 and 8; in shorter exposures the difference
in density between the 67-kD band in lane 2 and
background staining is greater. Lanes 1 and 2,
total translation mixtures (no immunoprecip-
itation) incubated without GAT-1 mRNA tem-
plate (lane 1) and with 1 pg of GAT-1 mRNA
template (lane 2); lanes 3 through 8, pellets from
immunoprecipitated lysates under the following
conditions: lane 3, no GAT-1 mRNA template,
control antiserum; lane 4, no GAT-1 mRNA
template, antiserum to the GABA transporter;
lane 5, 1 pg of GAT-1 mRNA template, control
serum with Triton X-100; lane 6, 1 pg of GAT-1
mRNA template, antiserum to the GABA trans-
porter with Triton X-100; lane 7, 1 pg of GAT-1
mRNA template, control serum, no Triton X-
100; lane 8, 1 ug of GAT-1 mRNA template,
antiserum to the GABA transporter with no
Triton X-100. DF, dye front.

Fig. 3. GAT-1 labels a 1.2 34
4.2-kb brain transcript.
Rat brain polyadenylat-
ed RNA (4.5 pg) was
separated by electropho-
resis through a 1% agar-
ose-formaldehyde mini-
gel, transferred to Im-
mobilon-N, and hybrid-
ized to the nick-
translated Hind III-Apa
I fragment of GAT-1. Hybridization conditions
were 50% formamide, 1.08 M NaCl, 0.06 M
Na;PO,, 0.006 M EDTA (6% SSPE), 5X Den-
hardt’s, 0.5% SDS, salmon sperm DNA (100
pg/ml) at 42°C for 20 hours. RNA size standards,
run in parallel lanes, were stained with ethidium
bromide. Lane 1, cerebrum; lane 2, cerebellum;
lane 3, brainstem; lane 4, liver. Numbers in left
margin represent kilobases.
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We conclude that GAT-1 encodes a high-
affinity, Na*- and Cl™-dependent, plasma
membrane GABA transporter with a drug
sensitivity similar to the neuronal subtype.
The protein encoded by GAT-1 shares anti-
genic sites with the native GABA transport-
er. The fact that a single clone can express
GABA uptake activity suggests that the
GABA transporter functions as a single sub-
unit or as a multimer of identical subunits.

We examined GAT-1 expression in rat
brain by probing polyadenylated RNA from
cerebrum, cerebellum, and brainstem with
nick-translated GAT-1 (Fig. 3). A single
band of about 4.2 kb was visualized in each
brain sample, a size that agrees with the
results of RNA fractionation experiments
(7); no bands were detectable in liver
mRNA. This result contrasts with reports
that rat cerebellar mRNA contains GABA
transporter transcripts in the 2.0- to 3.0-kb
size range (17). The reason for this discrep-
ancy is not known.

The nucleotide sequence of GAT-1 indi-
cated that the clone contained an insert that
was 4054 nucleotides long, with a predicted
open reading frame of 1797 nucleotides, a

5’ untranslated region of 149 nucleotides,
and a 3’ untranslated region of 2108 nucleo-
tides (Fig. 4) (18). The region immediately
surrounding the putative start codon con-
tains purines at positions +4 and —3, and
therefore represents a reasonable Kozak
consensus sequence (19); furthermore, the
proposed start codon is 89 bases down-
stream from a single in-frame stop codon.
The open reading frame predicts a protein
containing 599 amino acids with a molecu-
lar weight of 67 kD, which agrees with the
molecular weight of the deglycosylated
GABA transporter protein (15) and with the
size of the in vitro translation product (Fig.
2). The sequence of the peptide used to
design the oligonucleotide probes is present
near the COOH-terminus of the deduced
protein, as are the sequences of four other
peptides isolated from the cyanogen bro-
mide fragment mixture. The deduced pro-
tein contains four potential glycosylation
sites (Fig. 4). One potential protein kinase A
phosphorylation site and seven potential
protein kinase C phosphorylation sites are
present.

An analysis of the GAT-1 deduced pro-

Fig. 4. Nucleotide se-
quence of GAT-1. Only
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ary structure of the
GAT-1 deduced protein.
(A) Kyte-Doolittle anal-
ysis with a window of
nine amino acids (28).
Twelve putative trans-
membrane regions are
numbered. (B) Schemat-
ic diagram of possible
membraue orientation of
GAT-1. Individual ami-
no acid residues are
shown as circles. Puta-
tive transmembrane seg-
ments are depicted as
cylinders; the end points
of these segments are

tein suggests the presence of at least 11 to
13 transmembrane regions (Fig. 5A). This
large number of membrane spanning do-
mains is an emerging structural motif of
transport proteins. The NH,-terminal end
of GAT-1 is only moderately hydrophobic
and does not score as a signal sequence with
von Heinje’s algorithm (20). We have mod-
eled GAT-1 secondary structure with 12
transmembrane regions (Fig. 5B). Because
of the apparent absence of a signal sequence,
the NH,-terminal end of the protein has
been placed in the cytoplasm. This orienta-
tion puts three of the four putative glycosy-
lation sites on the extracellular face of the
protein, which is consistent with the ob-
served neuraminidase sensitivity of GABA
uptake by synaptosomes (21). The trans-
membrane regions are portrayed as a helices
that are 21 residues long; however, in multi-
spanning membrane proteins, these regions
could be shorter or could assume other
secondary structures (22).

A search of the available databases did not
uncover any significant sequence similarities
between GAT-1 and other proteins (18).
Furthermore, direct sequence comparisons
of GAT-1 with the following proteins did
not reveal any extended regions of homolo-
gy: the Na*-dependent glucose, proline,
and branched-chain amino acid transporters
(23); the GABA, and glycine receptors
(24); the brain anion exchanger AE3 (25);

Hydropathy

100 200 300 400 500
Residue number

Extracellular

numbered according to predictions from the method of Eisenberg and co-
workers (29). Three putative protein kinase C phosphorylation sites (Ser™,
Thr*, and Ser®®?) are shown as black circles and marked with arrowheads. The
remaining four protein kinase C sites and the single protein kinase A site are
located externally or within membrane segments and are not illustrated. Three
of the four putative glycosylation sites are located on the large extracellular
loop connecting membrane segments 3 and 4 and are depicted as branched
lines; the remaining putative glycosylation site is located within membrane
segment 9 and is not shown.

‘REPORTS 1305



and a Na*-H*antiporter (26). GAT-1 ap-
pears to be a member of a novel family of

15 min at room temperature in ND96 (96 mM
NaCl, 2 mM KCl, 1 mM MgCl,, and 1.8 mM
CaCl, buffered to pH 7.5 with 5 mM Hepes)
containing 100 pM aminooxyacetic acid, and the
transport reaction was initiated by the addition of
[*H]GABA (111 Ci/mmol; New England Nuclear)
to a final concentration of 0.2 wM. After a 60-min
incubation period, the oocytes were rapidly washed
and solubilized in 10% SDS, and the radioactivity
was measured by liquid scintillation counting. For
the pharmacology experiments, drugs were present
only during the incubation with [*H]GABA. RNA
was extracted from rat brain with the LiCl-urea
method of C. Auffray and R. Rougeon [Eur. J.
Biochem. 107, 303 (1980)] or the guanidinium

thiocyanate method of P. Chomczynski and N.
Sacchi [ Anal. Biochem. 162, 156 (1987)]. For syn-

7.3, 1 mM EDTA, and 100 mM NaCl). The
mixture was divided into two identical aliquots.
Triton X-100 was added to one aliquot to a final
concentration of 0.1%. Then 5 pl of control antise-
rum or antiserum against the GABA transporter
[isolated as in (4)] were added, and the mixture was
shaken overnight at 4°C. Ten milligrams of Protein
A-Sepharose L-4B was added, and shaking was
continued for another 4 hours. The samples were
centrifuged, and the pellets were washed five times
with 1 ml of incubation buffer supplemented with
1% Triton X-100 and then analyzed by SDS-PAGE
[U. K. Laemmli, Nature 227, 680 (1970)]. Size
standards were run in parallel and visualized by
Coomassie blue staining.

17. R. Blakely, M. B. Robinson, S. G. Amara, Proc.

Natl. Acad. Sci. U.S.A. 85, 9846 (1988).

. thesis of GAT-1 RNA in vitro, the plasmid harbor-  18. The sequence of GAT-1 was obtained via primer-
proteins. ing GAT-1 was linearized with Not I and used as a directed dideoxy nucleotide sequencing of double-
template in transcription reactions that contained 1 stranded templates. Regions containing ambiguities

mM each of adenosine triphosphate, cytidine tri- were resequenced after subcloning into M13. All but

phosphate, and uridine triphosphate, 0.2 mM of 5% of the clone was sequenced on both strands.

guanosine triphosphate, 1 mM of 5’-(7-methyl)- Sequence analysis was performed with the gene

REFERENCES AND NOTES guanosine-guanosine triphosphate, and 80 U of T7 anglysis progra}r’n PC Gcrf:: (Intelligenetics). Seagrch-

. L. L. Iversen and J. S. Kelly, Biochem. Pharmacol. 24, RNA polymerase in a total volume of 100 wl. The es of the National Biomedical Research Founda-
933 (1975). reaction mixtures were incubated for 2 hours at tion—Protein database (Release 21.0) were per-

. D. Martin, in GABA in Nervous System Function, T. 37°C and then treated with 40 U of deoxyribonucle- formed with the FASTA program in the University
N. Chase and D. B. Tower, Eds. (Raven, New York, ase I for 30 min at 37°C. After two phenol extrac- of Wisconsin Genetics Computer Group package.
1976), pp. 357-358. tions, the RNA was recovered by ethanol precipita-  19. M. Kozak, Nucleic Acids Res. 12, 857 (1984); Cell

. J. D. Wood and H. S. Sidhu, J. Neurochem. 49, tion, and the free nucleotides were removed with a 44, 283 (1986).

1202 (1987). Sephadex G-50 spin column. 20. G. von Heijne, Eur. . Biochem. 133, 17 (1983).

. R. Radian, A. Bendahan, B. I. Kanner, J. Biol.  10. B. I Kanner, Biochemistry 17, 1207 (1978). 21. M. M. Zaleska and M. Ereciriska, Proc. Natl. Acad.
Chem. 261, 15437 (1986). 11. A. Schousboe, P. Thorbek, L. Hertz, P. Krogs- Sci. U.S.A. 84, 1709 (1987).

. The methods used in the protein sequencing are gaard-Larsen, J. Neurochem. 33, 181 (1979). 22. H. F. Lodish, Trends Biochem. Sci. 13, 332 (1988).
described in M. Mandel et al., Proc. Natl. Acad. Sci. 12. N. G. Bowery, G. P. Jones, M. J. Neal, Nature 264, ~ 23. M. A. Hediger, M. J. Coady, T. S. lkeda, E. M.
U.S.A. 85, 5521 (1988). 281 (1976). Wright, Nature 330, 379 (1987); T. Nakao, I

. The single-letter amino acid codes are A, alanine; C,  13. F. E. Schon and J. S. Kelly, Brain Res. 66, 275 Yamato, Y. Anraky, Mol. Gen. Genet. 208, 70
cysteine; D, aspartic acid; E, glutamic acid; F, (1974); ibid., p. 289. (1987); T. Hoshino, K. Kose, Y. Uratani, ibid. 220,
phenylalanine; G, glycine; H, histidine; I, isoleu-  14. A. Schousboe, H. Hjeds, J. Engler, P. Krogsgaard- 461 (1990).
cine; K, lysine; L, leucine; M, methionine; N, Larsen, J. D. Wood, J. Neurochem. 47, 758 (1986). 24. P. R. Schofield et al., Nature 328, 221 (1987); G.
asparagine; P, proline; Q, glutamine; R, arginine; S,  15. B. 1. Kanner, S. Keynan, R. Radian, Biochemistry 28, Grenningloh et al., ibid., p. 215.
serine; T, threonine; V, valine; W, tryptophan; and 3722 (1989). 25. R. R. Kopito et al., Cell 59, 927 (1989).

Y, tyrosine. 16. For in vitro translation experiments, 1 ug of GAT-1 ~ 26. C. Sardet, A. Franchi, J. Pouysségur, ibid. 56, 271
7. J. Guastella, unpublished observations. mRNA was incubated with 52.5 pl of nuclease- (1989).

. T. P. Snutch, J. P. Leonard, M. M. Gilbert, H. A. treated reticulocyte lysate (Promega), 60 U of RNa-  27. The GenBank accession number is M33003.
Lester, N. Davidson, Proc. Natl. Acad. Sci. U.S.A. sin, 2.5 wM of the amino acid mixture, and 90 pCi ~ 28. J. Kyte and R. F. Doolittle, J. Mol. Biol. 157, 105
87, 3391 (1990). of [*S]methionine (1300 Ci/mmol; Amersham) in (1982).

. [PH]GABA uptake assays were performed on indi- a total volume of 72 ul. For immunoprecipitations, ~ 29. D. Eisenberg, E. Schwarz, M. Komaromy, R. Wall,
vidual oocytes injected with 50 nl of various RNA 30 pl of the translation product mixture was added ibid. 179, 125 (1984).
solutions or water. The oocytes were incubated for to 1 ml of incubation buffer (20 mM tris-HCl, pH ~ 30. We thank R. Radian and A. Bendahan for protein

purification, and I. Ahmed, J. Hoger, D. Krafte, C.
LaBarca, T. Snutch, and A. Walter for sharing
protocols and expertise. We also thank T. Snutch for
participating in the construction of the cDNA li-
brary, S. Celniker and the Caltech fly group for the
use of their oligonucleotide synthesizer, and S.
Bajjalieh for comments on the manuscript. We
especially thank A. Gouin for oocyte preparation.
Supported by NIH grants GM 29836, GM 10991,
and NS 16708, by U.S.—Isracl Binational Science
Foundation grant 86-00147, and by an NIH post-
doctoral fellowship to J.G.

30 March 1990; accepted 8 June 1990

AAAS—Newcomb Cleveland Prize

To Be Awarded for an Article or a Report Published in Science

The AAAS-Newcomb Cleveland Prize is awarded to the

Throughout the competition period, readers are invited to

author of an outstanding paper published in Science. The value of
the prize is $5000; the winner also receives a bronze medal. The
current competition period began with the 1 June 1990 issue and
ends with the issue of 31 May 1991.

Reports and Articles that include original research data, theo-
ries, or syntheses and are fundamental contributions to basic
knowledge or technical achievements of far-reaching conse-
quence are eligible for consideration for the prize. The paper must
be a first-time publication of the author’s own work. Reference
to pertinent earlier work by the author may be included to give
perspective.

nominate papers appearing in the Reports or Articles sections.
Nominations must be typed, and the following information
provided: the title of the paper, issue in which it was published,
author’s name, and a brief statement of justification for nomina-
tion. Nominations should be submitted to the AAAS—Newcomb
Cleveland Prize, AAAS, Room 924, 1333 H Street, NW,
Washington, D.C. 20005, and must be received on or before 30
June 1991. Final selection will rest with a panel of distinguished
scientists appointed by the editor of Science.

The award will be presented at the 1992 AAAS annual
meeting. In cases of multiple authorship, the prize will be divided
equally between or among the authors.

1306

SCIENCE, VOL. 249






