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Excitatory amino-acid carrier 1 (EAAC1) is a high-af®nity Na+-
dependent L-glutamate/D, L-aspartate cell-membrane transport
protein1. It is expressed in brain as well as several non-nervous
tissues. In brain, EAAC1 is the primary neuronal glutamate
transporter2,3. It has a polarized distribution in cells and mainly
functions perisynaptically to transport glutamate from the extra-
cellular environment2±4. In the kidney it is involved in renal acidic
amino-acid re-absorption and amino-acid metabolism5±7. Here we
describe the identi®cation and characterization of an EAAC1-
associated protein, GTRAP3-18. Like EAAC1, GTRAP3-18 is
expressed in numerous tissues8,9. It localizes to the cell membrane
and cytoplasm, and speci®cally interacts with carboxy-terminal
intracellular domain of EAAC1. Increasing the expression of
GTRAP3-18 in cells reduces EAAC1-mediated glutamate trans-
port by lowering substrate af®nity. The expression of GTRAP3-18

can be upregulated by retinoic acid, which results in a speci®c
reduction of EAAC1-mediated glutamate transport. These studies
show that glutamate transport proteins can be regulated potently
and that GTRAP can modulate the transport functions ascribed to
EAAC1. GTRAP3-18 may be important in regulating the meta-
bolic function of EAAC1.

Using the C-terminal intracellular domain of EAAC1 (the last 87
amino acids) as bait in a yeast two-hybrid screen of an adult rat
brain complementary DNA library, we isolated 78 clones displaying
b-galactosidase activity. Restriction and sequencing analyses
revealed that 10 of the clones with the strongest b-galactosidase
activity were identical. This clone, designated E18, was completely
sequenced and was found to be unique after GenBank analysis. JWA
protein, (GenBank NP006398) a human, differentially displayed,
vitamin-A-responsive gene, is 95% identical to E18, suggesting that
E18 is a JWA protein homologue of rat.

E18 is a full-length complementary DNA containing an initiation
methionine and a poly(A) tail. We named the protein glutamate
transporter EAAC1-associated protein (GTRAP3-18). GTRAP3-18
encodes a protein of 188 amino acids (see Supplementary Informa-
tion), with a calculated relative molecular mass of 22,500 (Mr 22.5K).
Protein analysis indicated that it is a very hydrophobic protein with
four possible transmembrane domains. Both the C-terminal and
amino-terminal domains contain protein kinase C motifs and may
be intracellular.

To con®rm the yeast two-hybrid results, we examined the inter-
action of GTRAP3-18 with EAAC1 using in vitro and in vivo
methods. For in vitro cell-free binding, EAAC1 was expressed as a
fusion protein with glutathione S-transferase (GST), and GTRAP3-
18 was produced and labelled with [35S]methionine by in vitro
transcription and translation. Puri®ed GST or GST±EAAC1 fusion
proteins immobilized on glutathione±sepharose were incubated
with [35S]labelled GTRAP3-18 protein. GTRAP3-18 bound speci-
®cally to immobilized GST±EAAC1 (lane 2) but not to GST alone
(lane 3), indicating that they interact in vitro (Fig. 1a).
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Figure 1 GTRAP3-18 interacts with EAAC1 in vitro and in vivo. a, SDS±PAGE analysis of

cell-free in vitro binding. In vitro synthesized [35S]-labelled GTRAP3-18 bound speci®cally to

immobilized GST±EAAC1 and not to the negative control GST. b, Western blot analyses of

immunoprecipitations from transfected HEK293 cells extracts, using anti-c-Myc antibodies

for immunoprecipitation and anti-EAAC1 or EAAT4 antibodies for western blot. EAAC1

(monomer, arrowhead; dimer, arrow) was speci®cally co-immunoprecipitated with c-Myc±

GTRAP3-18. An immunoprecipitation artifact is present in each lane at about 50±60K. c,

Western blot (WB) analyses of immunoprecipitations (IP) from rat brain extracts. GTRAP3-18

(open arrowhead) was speci®cally co-immunoprecipitated with EAAC1. EAAC1 (monomer,

arrowhead; dimer, arrow) was co-immunoprecipitated with GTRAP3-18. PB, peptide block.
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We carried out immunoprecipitation experiments to test whether
EAAC1 and GTRAP3-18 interact in vivo. Initial experiments were
performed in transfected HEK293 cells using N-terminal c-Myc-
tagged GTRAP3-18. As shown in Fig. 1b, EAAC1 co-immunopre-
cipitated with c-Myc±GTRAP3-18 in the cell extract prepared from
co-expression cells (lane 4), but not from EAAC1 (lane 2) or c-Myc±
GTRAP3-18 (lane 3) single-expression cells, which eliminated the
possibility of artefacts arising from nonspeci®c immunobead bind-
ing or an antibody cross-reaction, respectively. A truncated EAAC1
lacking the interacting C-terminal domain (see below) did not co-
immunoprecipitate with c-Myc±GTRAP3-18 (lane 5), further
indicating an interaction between EAAC1 and GTRAP3-18. This
interaction was speci®c, as EAAT4, another neuronal glutamate
transporter subtype, was not immunoprecipitated with c-Myc±
GTRAP3-18 (lane 6). Identical results were obtained using other cell
lines (COS-7 and C6 glioma; data not shown).

To study the protein interaction in vivo, we used anti-EAAC1 or
GTRAP3-18 polyclonal antibodies to immunoprecipitate EAAC1 or
GTRAP3-18 from rat brain extract. EAAC1 co-immunoprecipitated
speci®cally with GTRAP3-18, but not GLAST, GLT-1 or EAAT4
(Fig. 1c). Similarly, GTRAP3-18 co-immunoprecipitated with
EAAC1. These studies suggest that EAAC1 and GTRAP3-18 can
interact in vivo.

GTRAP3-18 messenger RNA was widely expressed in brain
regions and body organs, consistent with the distribution of
EAAC1 (Fig. 2a)8,9. Similarly, GTRAP3-18 protein was expressed
in many neural and non-neural tissues, when examined using a
polyclonal oligopeptide antibody to the N terminus of GTRAP3-18
(Fig. 2b). GTRAP3-18 protein seemed to aggregate as multimers.

The dimeric form of GTRAP3-18 was the predominant species in
tissue homogenates, and it was also observed when puri®ed
GTRAP3-18 protein was detected using the N-terminal GTRAP3-
18 antibody (Fig. 2b, lane 1), and when c-Myc±GTRAP3-18 protein
was detected using anti-c-Myc antibodies (Fig. 2b, lane 2).

Immunohistological analysis of rat brain revealed that GTRAP3-
18 protein was expressed widely (Fig. 2c) and primarily localized to
neurons such as cerebellar Purkinje cells (Fig. 2e, g), identical to the
expression and localization4 of EAAC1 (Fig. 2f, g)2. In transfected
HEK293 cells, EAAC1 protein (red) seemed to be aggregated at the
cell membrane (Fig. 2h), whereas GTRAP3-18 protein (green) was
typically localized to the cell membrane and cytosol, and co-
associated with EAAC1 protein (yellow) at the cell membrane.

We tested whether GTRAP3-18 modulates EAAC1 function by
studying, 72 h after transfection, sodium-dependent [3H]glutamate
transport3,10 in HEK293 cells co-expressing both proteins. Total
glutamate transport decreased progressively with increasing expres-
sion of GTRAP3-18 protein (Fig. 3a). This effect was speci®c for
EAAC1; co-expression of GTRAP3-18 with EAAT4 had no effect on
transport activity. The inhibition of transport was not caused by a
decrease of EAAC1 protein level by the co-expression of GTRAP3-
18, as quantitated by western blot (Fig. 3b). Similarly, the loss of
EAAC1 activity was not due to altered protein traf®cking. Even at
high levels of GTRAP3-18 expressionÐwhen little EAAC1-
mediated transport was observedÐsurface biotinylation and con-
focal microscopy showed that EAAC1 surface expression was
unaltered (Fig. 3b).

To evaluate the biochemical nature of altered transport, we
carried out kinetic analyses with HEK293 cells co-expressing
EAAC1 and GTRAP3-18. EAAC1 and GTRAP3-18 co-expressing
cells showed a decrease in af®nity (Michaelis constant,
Km � 40 mM, n � 4, P , 0.01) without a shift in maximal velocity
(V max � 0:99 nmol min 2 1 per mg protein), when compared with
cells only expressing EAAC1 (Km � 9mM; Vmax � 1:02 nmol min 2 1

per mg protein; Fig. 3c). Similar results were observed with other
cell lines (COS7 and C6 glioma; data not shown).

These studies indicate that GTRAP3-18 modulates EAAC1 trans-
port activity by decreasing its af®nity for glutamate. On the basis of
these results, we thought that GTRAP3-18 might tonically modulate
EAAC1 activity. To test this, we used antisense oligomers to lower
GTRAP3-18 expression in HEK293 cells. Notably, western blot
analyses and glutamate uptake assays revealed that HEK293 cells
endogenously express some EAAC1 and GTRAP3-18 protein, but
do not express the transporter subtypes GLAST, GLT-1 or EAAT4.
We transfected antisense oligomers, targeted to the 59 GTRAP3-18
transcript, into HEK293 cells. Antisense oligomers speci®cally
reduced endogenous GTRAP3-18 protein level (Fig. 3d, grey
bars); EAAC1 protein level was not affected. Signi®cantly, glutamate
transport activity was elevated concomitantly with the reduction of
GTRAP3-18 protein level (black bars).

We determined whether the in vitro modulation of EAAC1 by
GTRAP3-18 is physiologically relevant, by administering GTRAP3-
18 antisense oligomers intraventricularly. Eleven days of antisense
treatment resulted in a reduction of GTRAP3-18 protein level and a
signi®cant increase in cortical glutamate uptake, whereas glutamate
uptake was not altered in animals treated with the sense oligomer
(Fig. 3e). The effect was due to increased EAAC1-mediated trans-
port because it was not altered by dihydrokainic acid (DHK), an
inhibitor of GLT-1-mediated glutamate transport11. In kinetic
studies of DHK-insensitive, cortical glutamate uptake from anti-
sense-treated animals, the apparent af®nity for glutamate was
increased (antisense Km � 10 mM; Vmax � 1:08 nmol min 2 1 per
mg protein) compared with arti®cal cerebrospinal-¯uid (CSF)-
treated or sense-treated control animals (control Km � 19:7 mM;
Vmax � 1:08 nmol min 2 1 per mg protein; Fig. 3f). These results
suggest that GTRAP3-18 negatively modulates EAAC1 glutamate
transport activity in vivo.
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Human GTRAP3-18 (JWA protein), as described above, was
originally identi®ed as a retinoic-acid-responsive gene. We therefore
tested whether retinoic acid could upregulate GTRAP3-18 expres-
sion and consequently inhibit EAAC1-mediated glutamate trans-
port in HEK293 cells. Retinoic acid induced a large increase in
GTRAP3-18 expression, over a non-toxic dose range from 1 to
10 mM (Fig. 4a). A signi®cant decrease in glutamate transport
activity paralleled the increase of GTRAP3-18 protein level (Fig.
4a). Fluorescence microscopy indicated that this loss of transport
activity was not due to changes in EAAC1 protein level (Fig. 4a) or
in the cellular membrane localization of EAAC1 protein induced by
retinoic acid (Fig. 4b).

To con®rm that loss of transport activity was speci®cally due to
GTRAP3-18 and not by other factors induced by retinoic acid or
direct effects on EAAC1, we constructed a truncated EAAC1 cDNA,

lacking the last 93 amino acids. The truncation corresponded to the
region used as bait in yeast two-hybrid screening, and was not able
to interact with GTRAP3-18 (Fig. 1b, lane 5). Nevertheless, after
transient expression in HEK293 cells, the truncated EAAC1 trans-
ported glutamate. Retinoic acid treatment did not alter activity of
the truncated EAAC1 protein; even though GTRAP3-18 protein
expression was elevated markedly (Fig. 4c). Thus, the loss of
transport activity caused by retinoic acid was the result of
GTRAP3-18 induction. Notably, truncated EAAC1 had increased
glutamate transport activity as compared with wild type. Truncated
EAAC1 had a Km of 5.4 mM, which was more than a threefold
increase in af®nity over that of wild-type EAAC1 (Km = 17 mM;
Fig. 4d). This might mean that endogenous EAAC1 is normally
inhibited by GTRAP3-18Ðan effect that was eliminated in a
truncated EAAC1, and that was mimicked by GTRAP3-18 antisense
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Figure 3 GTRAP3-18 negatively modulates EAAC1-mediated glutamate transport.

a, Glutamate transport in HEK293 cells transfected with the indicated plasmids. GTRAP3-

18 inhibited EAAC1-mediated transport, but had no effect on EAAT4 (n = 6). b, Western

blot showed that the co-expression of GTRAP-3-18 had no effect on total EAAC1 protein

expression (top, left). Analysis of HEK293 cells by confocal microscopy (top panel, right)

and surface biotinylation (bottom) revealed no alteration in the membranous localization of

EAAC1. I, intracellular fraction; M, cellular membrane fraction; W, whole cell. Superoxide

dismutase (SOD1) was used as a control. c, Eadie±Scatchard plot of glutamate transport

in transfected HEK293 cells showed a 4±10-fold decrease in af®nity (n = 4). d, Antisense

GTRAP3-18 oligomers reduced endogenous GTRAP3-18 expression in HEK293 cells and

produced an increase in EAAC1 transport. Asterisks indicate statistical signi®cance

(Students t-test; P , 0.01) versus untreated control (n = 4). e, Intraventricular antisense

delivery led to a 50% loss of cortical GTRAP3-18 levels and a signi®cant increase in

dihydrokainate-insensitive glutamate uptake. Asterisk indicates statistical signi®cance

(Students t-test; P , 0.05) versus arti®cial CSF (aCSF) control (n = 7). f, Kinetic analysis of

cortical tissue from rats treated with antisense GTRAP3-18 shows an increase in apparent

af®nity for glutamate. All errors bars represent standard deviation.
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treatment (Fig. 3f).
To test this hypothesis in vivo, retinoic acid was infused intraven-

tricularly. After 4 d of treatment, cortical GTRAP3-18 protein
expression was increased in a dose-dependent manner, and this
was associated with a signi®cant decrease of total glutamate uptake
(Fig. 4e, top panel). This effect was speci®cally due to decreased
EAAC1-mediated transport because it was not altered by the
glutamate transport inhibitor dihydrokainic acid, at a concentra-

tion that predominantly effects GLT-1 (Fig. 4e, bottom panel)11.
Kinetic analysis of DHK-insensitive, cortical glutamate transport
from animals treated 4 d with intraventricular retinoic acid revealed
a fourfold decrease in af®nity over control transport (Fig. 4f)Ðvery
similar to that seen in vitro (Fig. 3c). In addition, retinoic acid
inhibition of glutamate transport could be reversed in vivo; chronic
intraventricular treatment with antisense GTRAP3-18 oligomer
(50±100 ng d-1, for 7±10 d) blocked the retinoic acid (2.5 mM)
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retinoic acid (5 mM; n = 3). d, Truncated EAAC1 expressed by HEK293 cells has

increased apparent af®nity for glutamate compared with wild type (WT) EAAC1.

e, Intraventricular delivery of retinoic acid (3±5 d) inhibited glutamate uptake; the effect

was blocked by concomitant treatment with GTRAP3-18 antisense oligomers (5 mg ml-1;

1 ml h-1; top panel). This effect was speci®c for DHK-insensitive transport (bottom panel,

grey bars)Ða crude partial estimate of EAAC1 activity in vivoÐbut not for DHK-sensitive

transport (EAAT2-mediated) (black bars; n = 5). f, Kinetic analysis of cortical uptake from

rats treated with retinoic acid (2.5 pmol l-1 h-1 for 4 d) showed a large decrease in

apparent af®nity for glutamate (n = 3). All errors bars represent standard deviation.
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induction of GTRAP3-18, and also blocked the inhibition of
glutamate transport seen with retinoic acid treatment (Fig. 4e, top
panel). Retinoic acid had no effect on glutamate transport by cells
expressing GLT-1 or EAAT4.

In brain, glutamate serves as an excitatory neurotransmitter, a
metabolic substrate for other neurotransmitters (that is, GABA
(g-amino butyric acid)), and an amino acid for general cellular
metabolism. In brain, glutamate transporters maintain low extra-
cellular glutamate and in¯uence the kinetics of glutamate receptor
activation12±14. Little is known about the molecular and protein
regulation of glutamate transporters, or for neurotransmitter
transporters in general. In tumour cell lines, for example, the
cell-surface expression of EAAC1 appears to be regulated by
pathways mediated by both protein kinase C and phosphatidyli-
nositol-3-OH kinase, albeit through as yet unidenti®ed
proteins7,15. GTRAP3-18 appears to be an endogenous inhibitory
regulator of EAAC1. EAAC1 is found throughout the brain on
somas and dendrites of small and large pyramidal neurons2,4.
EAAC1 is also localized to pre-synaptic GABA-containing term-
inals, and may have a metabolic role in providing glutamate for
GABA metabolism4,16. Loss of brain EAAC1 expression interferes
with GABA synthesis and results in epilepsy3,17. In kidney, EAAC1
may contribute to renal acidic amino-acid reabsorption, acid/base
balance, cell volume regulation, and amino-acid metabolism5,6.
GTRAP3-18 may have a critical role in the regulation of the
neurotransmitter and metabolic functions of EAAC1. M

Methods
Yeast two-hybrid screening

The MATCHMAKER Two-Hybrid System (Clontech) was used for screening. We screened
a rat brain cDNA library with a bait protein corresponding to C-terminal intracellular
domain of EAAC1 (last 87 amino acids, cDNA position 1,458±1,719). The positive clones
were selected and assayed for b-galactosidase activity. Plasmid DNAs were isolated from
positive clones and co-transformed with bait cDNA back into yeast to recon®rm the
interaction.

GST fusion proteins

The GST Gene Fusion System (Pharmacia) was used to construct and generate GST±
EAAC1 and GST±GTRAP3-18 fusion proteins using pGEX±6P-1 vector.

In vitro cell-free binding assay

The TnT Coupled Reticulocyte Lysate System (Promega) was used to generate
[35S]methionine-labelled GTRAP3-18 protein using the pRK5±GTRAP3-18 plasmid
DNA as a template, driven by SP6 RNA polymerase. GST±EAAC1 fusion proteins were
expressed in Escherichia coli and recovered on glutathione±sepharose beads as described
above. The beads were incubated with lysate which containing [35S]labelled GTRAP3-18
protein for 1 h at 4 8C and then washed ®ve times with NETN buffer (20 mM Tris pH 8.0,
100 mM NaCl, 1 mM EDTA, 0.5% NP-40). The beads were boiled in sample buffer (SB)
(2% SDS, 10% glycerol, 62 mM Tris pH 6.8) and bound proteins resolved in SDS±PAGE.

Gene constructions and mammalian cell expression system

We used the eukaryotic expression vectors pcDNA3 and pRK5 for expression of cDNAs in
mammalian cell lines. Full-length EAAC1 cDNA was subcloned into NotI, EcoRI sites of
the pcDNA3 vector. For the truncated EAAC1, the last 279 nucleotides were removed by
AatII and EcoRI digestion in a pcDNA3/EAAC1 construct and blunt ended. For tagging
GTRAP3-18 with c-Myc, GTRAP3-18 cDNA was ®rst subcloned into downstream of c-
myc gene (NotI site) in the pTYGL vector. The EcoRI /BamHI fragment containing Myc±
GTRAP3-18 fusion gene was then subcloned into pRK5. The constructed plasmid DNA
was transfected into HEK293, COS-7 or C6 glioma cell lines by standard electroporation,
and 72 h later cells were collected for various assays.

Immunoprecipitation, biotinylation and transport assays

For the transfected cells, cells were solubilized in 1 ml of IPB buffer (10 mM Tris pH 7.6,
5mM EDTA, 5 mM EGTA, 1 mM sodium orthovanadate, aprotinin 15 mg ml-1, 0.1 mM
PMSF) with 1% triton at 4 8C for 30 min with gentle rotation. Cell debris was removed
(15,000g, 15 min), and supernatants were incubated (4 8C, 16 h) with protein A/sepharose
beads (150 ml, CL-4B, Amersham) and primary antibodies (1.5 mg ml-1). The immuno-
bead-bound protein complexes were washed three times (IPB buffer in 1% triton X-100,
100 mM NaCl) followed by three IPB buffer washes. Immunoprecipitated proteins were
boiling in SB and analysed by western blotting.

For the rat brain, coronal sections of brain were sliced at 1±2-mm intervals from the
cerebellum to the olfactory bulbs. The cortex region was excised from the brain and placed
in cold buffer A (50 mM Tris pH 7.5, 2 mM EDTA, 150 mM NaCl, 0.5 mM dithiothreitol).

The tissue was washed three times in buffer A and then weighed. The tissue was then
homogenized using a blender in 2.5 volumes of buffer B (50 mM Tris pH 7.5, 10% glycerol,
5 mM magnesium acetate, 0.2 mM EDTA, 0.5 mM dithiothreitol, 1 mM PMSF). The
particulate material was removed by centrifugation at 15,000g for 30 min at 4 8C. The
supernatant fraction was incubated with protein A/sepharose beads and primary anti-
bodies as above.

Biotinylation was performed as described15 with modi®cations. Glutamate uptake
assays were done as described on either cells grown on six-well plates (up to 1 mg protein)
or brain tissues (100±150 mg protein). To block GLT-1 transport activity, homogenates
were pre-incubated with dihydrokainic acid (300 mM, Sigma) for 20±60 min before assay.

Blotting, immunostaining and antibodies

The methods for isolation of RNA and northern blotting, western blotting and immu-
nostaining have been described18. We synthesized a synthetic peptide corresponding to an
N-terminal domain of GTRAP3-18 protein NH2-K14FFPGSDRFARPDFRD28-COOH and
used this to generate polyclonal, af®nity-puri®ed antibodies from New Zealand White
rabbits2,19. Confocal microscopy of transfected cells of brain sections was performed with a
Zeiss LSM 510 laser scanning microscope using ¯uorescein (Vector, FI1000) and Texas red
(Vector, TI2000) ¯urochromes.

Intraventricular antisense/drug administration

We used the following sequences for the new phosphodiester oligonucleotides: sense
GTRAP3-18, 59-GTGAACCTTGCCCGCTC-39; antisense GTRAP3-18, 59-GAGCGG
GGCAAGGTTCAC-39. Oligonucleotides (5 mg ml-1), retinoic acid (1±20 mM;
0±20 pmol ml-1) separately or in combination were administered intraventricularly over
3±11 d, by mini-osmotic pumps (Alza Corporation, Palo Alto, CA) as described3.
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