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Abstract The gene of the human L-glutamate transporter 
hGLAST-1 (EAAT-1) has been isolated and characterized. The 
1626 bp cDNA open reading frame (542 aa) is distributed over 
ten exons and at least 85 kb on chromosome 5pll-p12. The gene 
is unrelated to any other previously described neurotransmitter 
transporter gene family, but its exon/intron structure corresponds 
largely to that of the Na+-dependent neutral amino acid 
transporter ASCT-I.  GLAST-1, ASCT-1 and the glutamate 
transporters GLT-1 and EAAC-1 have strongly similar amino 
acid sequences. The L-glutamate transporter gene structures 
might help to understand the correlation of L-glutamate reuptake 
in neurodegenerative disorders. 
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ers (dopamine, serotonine, glycine, GABA, adrenaline) [10] in 
which transmembrane domains largely correspond to single 
exons the topology of all GLAST-l-related transporters con- 
vincingly reveals only a six TMH motif in the N-terminal half 
but an undefined C-terminal membrane topology [1-3,11]. 

Here we report the cloning and characterization of the first 
gene structure of the excitatory amino acid (Glu/Asp) trans- 
porter family, hGlast-1 (EAAT-1). The coding sequence is 
distributed over nine exons with one untranslated exon I pre- 
ceding. 

We determined the hGlast-1 locus on chromosome 5pl l -  
p12 by fluorescence in situ hybridization. In a previous com- 
munication the mouse and human gene EAAT-1 was assigned 
to mouse chromosome 15 and a region of syntenic homology 
on human chromosome 5p13 [12]. 

1. Introduction 

Neurotransmitter transporters have important functions in 
the clearance of the synaptic cleft from small neurotransmitter 
molecules following their interaction with specific receptors at 
the postsynaptic membrane. The concentration of the neuro- 
transmitter L-glutamate in excitatory synapses of CNS is regu- 
lated by Na+-coupled L-glutamate/L-aspartate transporters, 
GLAST-1 (EAAT-1) [1], GLT-1 (EAAT-2) [2], EAAC-1 [3] 
and EAAT-4 [4] which form a new family of membrane pro- 
teins. Sequence analysis of these four eukaryotic glutamate 
transporters, of the neutral amino acid transporter ASCT-1 
and the bacterial H+-dependent glutamate transporter GltP 
[5], Na +- dependent GLS [6] and the C4-dicarboxylate carrier 
DCTA [6] suggests a topology common to all members of this 
family of polytopic membrane proteins, although the similar- 
ity of their amino acid sequences ranges only between 25 and 
50%. This is largely due to the different ions. Na + ions drive 
the transport in eukaryotic and H + ions in prokaryotic cells 
against the gradient of the transported compounds. They co- 
transport Na + and countertransport K + ions [7-9]. 

The hydropathy plot of all transporters of this family is 
almost identical. Unlike the 12 transmembrane helix (TMH) 
topology of the Na+/C1 --coupled neurotransmitter transport- 
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The nucleotide sequences reported in this paper have been submitted to 
the EMBL/GeneBank data repository and assigned the accession 
numbers Z 31703-31710 and Z 31713. 

2. Materials and methods 

2.1. Vectors, chemicals and enzymes 
The human brain cDNA and the human placenta genomic library 

in ~.-EMBL3-Sp6/T7 were obtained from Clontech (Palo Alto, CA). 
Oligonucleotides were prepared using an Applied Biosystems 380A 
oligonucleotide synthesizer. [7-32P]ATP, [t~-32p]dATP and [35S]dATP 
were purchased from Amersham-Buchler (Braunschweig, Germany), 
Taq DNA polymerase, restriction endonucleases and other enzymes 
from Boehringer Mannheim (Germany). DNA sequencing was per- 
formed using the T7 sequencing kit from Pharmacia (Uppsala, Swe- 
den). Digoxigenin-11-dUTP and anti-digoxigenin conjugated to rho- 
damine were purchased from Boehringer Mannheim (Germany). 
Biotin-ll-dUTP was purchased from Sigma, avidin conjugated to 
FITC was obtained from Vector Laboratories. 

2.2. cDNA cloning 
Screening of the human brain cDNA library with the randomly 

labeled rat GLAST-1 cDNA yielded the clone X-hGlast-1 with an 
insert size of 3 kb [13]. Its product is active in heterologously expres- 
sing HEK-293 cells. The cDNA insert was released by EcoRI diges- 
tion, subcloned into pBluescriptlI SK+ and mapped by double diges- 
tion with the restriction enzymes EcoRI, BamHI, SacI, XbaI and XhoI 
and sequenced using the dideoxy chain termination method [14]. 

2.3. Genomic cloning 
Four independent and partially overlapping genomic clones ~,-g4, 

~,-g3, )~-g14, X-g3/9c were obtained by screening a human placenta 
genomic library in X-EMBL3-Sp6/T7 with several hGlast-1 cDNA 
fragments suitable as hybridization probes. For further characteriza- 
tion the four independent genomic clones were mapped using the 
enzymes EcoRI, BamHI, SacI and XhoI. Genomic fragments contain- 
ing coding sequences were identified by Southern blot analysis with 
cDNA fragments and cDNA-derived oligonucleotides as hybridiza- 
tion probes. Positive genomic fragments were isolated, if necessary 
sub-mapped with PstI, Hindlll, KpnI and PvulI and subsequently 
sequenced. Mapping, hybridization analysis and cloning were carried 
out according to standard procedures [15]. 
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2.4. Chromosomal mapping 
Phytohemagglutinin-stimulated human lymphocytes were cultured 

for 72 chromosome preparations. After denaturation at 70°C for 
2 min in 70% deionized formamide/2 × SSC the slides were dehydrated 
in ice-cold ethanol. Hybridization with labeled DNA fragments at 
37°C and posthybridization washes were performed as described pre- 
viously [16]. Biotin- or digoxigenin-labeled probes were detected by 
incubation with avidin conjugated to fluorescein isothiocyanate 
(FITC) or anti-digoxigenin conjugated to rhodamine, respectively. 
For chromosomal banding counterstaining with 4,5-diamino-2-phen- 
ylindol-dihydrochloride (DAPI) was applied. 

Genomic clone ~,-g4 was labeled by nick translation using digoxi- 
genin-11-dUTP [17] or biotin-11-dUTP [18]. This probe was used for 
chromosomal in situ suppression (CISS) hybridization to elongated 
metaphase chromosomes as described previously [16,19]. Briefly, 80- 
160 ng labeled probe were combined with 10 mg Cotl DNA, preci- 
pitated by ethanol and resuspended in 10 ml hybridization cocktail 
(50% formamide, 10% dextran sulfate, 2× SSC). After heat denatura- 
tion at 75°C for 5 min preannealing of probe and competitor DNA 
was done at 37°C for 10 min. Hybridization signals were evaluated 
using a Zeiss Axioplan microscope equipped for epifluorescence mi- 
croscopy and recorded with a CCD camera (Photometrics). Photo- 
graphs of an electronical superposition of FITC and DAPI images 
were taken directly from the video screen. 

2.5. Computational sequence analysis 
Database searching and protein comparisons were performed using 

the software package of the Wisconsin Genetics Computer Group 
[20]. For hydrophobicity analysis the program PROFILEGRAPH 
[21] was used. Restriction maps were verified and refined by the pro- 
gram COMAP (K. Hofmann, unpublished). 

3. Results and discussion 

3.1. Cloning o f  the human GLAST-1 (hGlast-1) gene 
Fragments  of the GLAST-l -encoding  cDNA clone were 

used to screen a human  placenta genomic D N A  library. In 
two rounds of screening the four partially overlapping phage 
clones )~-g4, )~-g3, ~-g14, and ~,-g3/9c were obtained (Fig. 1). 
These four clones span a min imum of 85 kb of the human 
genome and harbor  the complete coding region of the 
GLAST-1 gene. The gene is organized in ten exons inter- 
rupted by nine introns (Table 1). The exon sizes vary consid- 
erably. While exon I contains the noncoding region the trans- 
lation start codon A T G  is preceded in exon II by a 5' 
untranslated region of additional 104 bp. The smallest exon 
V consists of  only 43 base pairs coding for 14 amino acids. 
The largest intron sizes are those of introns 2 and 3 of about  
30 and 33 kb, respectively. The sizes of the gap between )~-g4 
and ;~-g3 could not  be determined by Southern blot analysis 
and no contig-forming phage clone was obtained for that 
region; the exact size of intron 1 is therefore arbitrary. 
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Fig. 1. Organization of the human GLAST-1 gene. The upper trace 
depicts the arrangement of the ten exons (filled boxes with Roman 
numbers). Protein-coding regions are represented by filled boxes, 5' 
and 3' untranslated regions by open boxes. Restriction sizes of three 
enzymes B (BamHI), E (EcoRI) and S (SacI) used for the restriction 
mapping are shown in the linearized hGlast-I gene locus which is 
expanded over more than 85 kb. 

Table 1 
Splice junction sequences and exon sizes of the human GLAST-1 
gene 

Exon Size Donor Acceptor 
no. (bp) sequence sequence 

I* 104 AAAAGgtaagtgtca 
II 76 cccattctagTTGTG TGTGGgtgagtcatt 
III 138 tttccttcagGTACA CACAGgtacc 
IV 205 cctccaccagGAATG ATCAGgtatgtcctt 
V 43 ttctttgcagGAACA AACAGgtaaacactc 
VI 293 tatttttaagTTTAA ATGTGgtatgtattt 
VII 234 cgtgtggagGTATG TCAAGgtagtatgta 
VIII 195 ctgttctcagTTCTG ATCAGgtacaaggaa 
IX 135 ctgttaacagCATCA TTCCTgtgagtatgc 
X 205 ctgcctgcagGGATC 

*Non-coding. 

3.2. Nucleotide sequence o f  hGlast-1 
All coding portions of the GLAST-1 gene together with 

some of their flanking regions were characterized by D N A  
sequencing (Table 1). The sequence data are retrievable under  
the accession numbers  Z 31703-31710 and Z 31713 in the 
GeneBank. 

The nucleotide sequence of the ten exons encoding the hu- 
man  GLAST-1 protein was identical to the cDNA sequence 
(confirmed by the original hGlast-1 sequence [22]). 

3.3. Characterization o f  the 5' end o f  the human GLAST-1 
gene 

We tried to determine the site of transcription initiation by 
primer extension analysis using poly(A) + R N A  obtained from 
human  fetal brain tissue samples. However no transcription 
start signal was observed. Although Glast-1 is expressed ex- 
clusively in brain [1] no well-defined cis-elements were ob- 
served in the 5' nucleotide sequence upstream of the transla- 
tion start. 

3.4. Chromosomal localization o f  hGlast-1 
In order to localize the gene for the human  GLAST-1 we 

applied the technique of chromosomal in situ suppression 
(CISS) hybridization. The genomic clone ~,-g3/9c spanning 
exons 7 to 10 was hybridized to elongated metaphase chromo- 
somes. Detection of the biotinylated or digoxigenin-labeled 
probes with avidin or antibodies coupled to fluorescent dyes 
resulted in specific signals in the short arm of chromosome 5 
(Fig. 2). For  quantitative evaluation 17 metaphase spreads 
were analyzed. In all cases specific hybridization signals 
were observed on both homologs of chromosome 5 (see Fig. 
2). Comparison of the hybridization signal with chromosomal 
bands obtained by DAPI  staining allowed the region of the 
human  GLAST-1 locus to be narrowed to chromosome 5pl l- 
p12. 

3.5. Polytopic transmembrane domain structure o f  GLAST-1 
More than 15 different transport  proteins belonging to the 

superfamily of Na+/C1--coupled transporters were success- 
fully cloned by homology screening facilitated by sequence 
similarity of previously cloned transporters such as the 
GABA transporter [23] and the noradrenaline transporter 
[10,24,25]. Among  the 15 new members of this protein family 
obtained by homology screening none is able to transport  the 
excitatory neurotransmitter  L-glutamate [10,25]. This was not  
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Fig. 2. Localization of GLAST-1 gene to human chromosome 5pl 1- 
p12. The genomic clone ~,3 was randomly labeled with dioxigenin 
and used for the hybridization to human metaphase chromosomes 
and detected by anti-digoxigenin antibodies conjugated to rhoda- 
mine. For chromosome banding counterstaining with DAPI was 
performed. The hybridization signal was assigned to chromosome 
5pl 1-p12 marked with arrowheads. 

surprising when the first three mammalian glutamate/aspar- 
tate transporters were cloned. GLAST-1 (EAAT-1) [1], 
GLT-1 (EAAT-2) [2], EAAC-1 (EAAT-3) [3] and EAAT-4 
[4] form a novel family of  integral membrane proteins com- 
pletely different in their structure from the neurotransmitter 
transporters described before. 

The hydropathy plot of the Na+/C1--coupled transporters 
suggests twelve clearly defined hydrophobic domains most 
likely spanning the lipid bilayer as transmembrane helices. 
For  the GLAST-related family of transporters a clear predic- 
tion of the transmembrane topology is not possible based on 
sequence considerations alone. GLAST-1, GLT-1, EAAC-1, 
ASCT-1 and the prokaryotic H+-dependent glutamate sym- 
porters have six distinct hydrophobic domains in the N-ter- 
minal half of the molecule, all of them large enough to span 
the lipid bilayer as c~-helices (Fig. 3). In the eukaryotic trans- 
porters GLAST-1, GLT-1, EAAC-1, ASCT-1 there is a se- 
venth extended hydrophobic region located shortly after the 
proposed transmembrane helix VI of GLAST-1 (Cys asS- 
Ser237), GLT-1 (CyslS4-Phe 235) and EAAC-1 (Cys15S-Tyr2°6), 
which is absent in the prokaryotic transporters. The most 
intriguing feature with regard to the prediction of the trans- 
membrane topology is an extended region of intermediate 
hydrophobicity within the C-terminal part of all members of 
the glutamate transporter family. A hydrophobicity analysis 
of  this region with a window width of 9 reveals the presence 
of up to six short hydrophobic stretches with almost equal 
spacing. This feature, which is strictly conserved in both mam- 
malian and prokaryotic GLAST-related transporters, had 
prompted us to speculate about alternatives to the classic a-  
helical transmembrane organization [1]. 

In a recent study on the topology of the prokaryotic gluta- 
mate transporter dctA from Rhizobium meliloti, truncated 
DCTA polypeptides ending at different positions between 
the six short hydrophobic stretches were fused to reporter 

enzymes to yield DCTA/lacZ and DCTA/phoA fusion pro- 
teins. The protein exhibited an alternating outside-inside pat- 
tern of the reporter enzyme activity [11]. This finding suggests 
that the short hydrophobic stretches are indeed membrane- 
spanning. Whether they form the core of relatively short 
transmembrane or-helices or span the membrane in some dif- 
ferent way remains subject to speculation. The hydropathy 
plots of all excitatory amino acid neurotransmitter transport- 
ers including ASCT-1 make a transmembrane topology likely 
which is common to the whole protein family. 

3.6. Position of  the &tron sites of  hGlast-1 and Asct-1 & 
relation to transmembrane organization 

Hydrophobic amino acid sequences sufficiently long to span 
the lipid bilayer are assumed to form transmembrane helices 
as autonomously folding domains [26]. Single transmembrane 
segments of many polytopic membrane proteins are encoded 
by individual exons with the intron positions located within 
the connecting hydrophilic loops. Exon modules that code for 
structural and functional elements recombine to form the 
gene. From this observation the exon-shuffiing hypothesis 
has been deduced [27]. The gene family of the Na+/C1 - 
coupled neurotransmitter transporters, which also includes 
members transporting non-neurotransmitters, is an additional 
example for the common relation between transmembrane 
organization and intron site position. The mouse gene for 
the GABA transporter, which is relatively compact (12 kb), 
contains eleven introns, none of which dissects a putative 
transmembrane domain [10]. With only one exception each 
of the exons contains only a single transmembrane domain. 

However, the organization in the human GLAST-1 and 
ASCT-1 genes is quite different, Fig. 3. Amino acid sequences 
encoded by the first three exons of the two genes have very 
little similarity. In hAsct-1 intron 1 dissects the nucleotide 
sequence encoding the amino acid sequence of the extracellu- 
lar loop joining transmembrane helices III  and IV. The coding 
sequence within the primary transcript of hGlast-1 up to this 
position is proceded by exon I of the untranslated 5' region 
and is split by three more intron sequences. Introns 2, 3 and 4 
dissect transmembrane helices I, II and III, respectively. The 
nucleotide sequence of  intron 7 dissects the transmembrane 
helix VI of hGlast-1, but introns 8 and 9 are at 'conventional' 
positions within the hydrophilic loops following putative hy- 
drophobic transmembrane domains. Closely related modules 
with exons VIII, IX and X of hGlast-I and exons VI, VII and 
VIII of hAsct-1 are assembled in the highly conserved C-ter- 
minal part of both transporters with an almost identical hy- 
dropathy plot, Fig. 3. Exon sizes are very similar and introns 
dissect at almost identical positions in this part of the genes 
which encodes the very similar C-terminal part of both trans- 
porters. Their membrane topology and likewise that of GLT-1 
and EAAC-1, the other members of this new family of plasma 
membrane transporters, is structurally ill-defined. Only topo- 
chemical studies will decide whether the exon-intron structure 
or the hydrophobicity profile on the amino acid sequence level 
has a higher predictive value for the theoretical prediction of 
the transmembrane organization of the GLAST-1. 

3. 7. Assignment of  hGlast-1 locus to chromosome 5pll-p12 
We assigned the hGlast-1 locus to chromosome 5pll-p12. 

The gene loci of mouse and human Glast-1 have previously 
been assigned to chromosome 15 of the mouse and slightly 
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different from our localization to a region of synthenic homol- 
ogy on human  chromosome 5p13. Eaac-1 was localized on 
chromosome 9q24 [28] and we have recently described the 
gene structure and chromosome locus of hAsct-1 on chromo- 
some 2p13-p15 [29]. 

Although numerous speculations have been put  forward 
which relate a disrupted glutamate transport  and metabolism 
to neurodegenerative diseases, e.g. amyotrophic lateral sclero- 
sis (ALS), Alzheimer's and Hunt ing ton ' s  disease, no firm link- 
age analysis warrants any conclusion. 

So far no association of a clinical phenotype to this 
GLAST-1 gene locus on chromosome 5p l l -p12  has been 
found. This locus is too far distant from the critical region 
5p15.3, a segment which is deleted in cri du chat syndrome 
[30,31]. However, the report that 5p interstitial deletions can 
cause a wide spectrum of clinical phenotypes requires an un-  
derstanding of the role of the complete chromosomal region 
in 5p [32]. The hGlast-1 locus might therefore prove to be an 
additional valuable marker  of  chromosome 5p. 

The Na+-dependent ,  high affinity glutamate transporters 
known so far show complex expression patterns in neuronal  
and glial cells as well as in different regions of central nervous 
system [1,33,34]. Therefore an understanding of the associa- 
t ion of neurodegenerative disorders of excitatory neurons with 
glutamate transporter mutat ions on the molecular level is pi- 
votally associated with the knowledge of the gene structure 
and chromosome localization of  all glutamate neurotransmit-  
ter transporters known so far. 
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