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Screening for cDNAs encoding proteins similar to
the sodium-coupled glutamate transporter GLAST1
led to the isolation of a ¢DDNA clone coding for a protein
that turned out to be identical to the recently de-
seribed neutral amino acid transporter ASCT1. The
new member of the GLAST-related transporter family
does not transport glutamate or aspartate but alanine,
serine, cysteine, and threonine instead. The expressed
sequence tag EST02446, a short cDNA sequence found
in the course of & Iarge-scale sequencing project of ha-
man brain-derived cDNAs, showed significant similar-
ity to the eukaryotic glutamate transporter GLAST1
and was therefore used as prohe in the search for fur-
ther glutamate transporter cD)NAs. Fragments of the
¢DNA were used for the isolation and characterization
of human ASCT1 genomic clones. The ORF of 1572 bp
encoding 524 amino acid residues is distributed over
8 exaons, which span at least 40 kb of human chromo-
somal DNA. The ASCT1 gene locus was assigned to
chromosome 2p13-pl16 by chromosomal in sifu sup-
pression (CISS) studies. The gene structure is not re-
lated to any other previously characterized trans-
porter gene. In contrast to the genes of the sodium-
coupled nonglutamate neurotransmitter transporters,
it shows no obvious correspondence between ipntron/
exon structure and transmembrane organization. The
transcription start site in human liver tissue was de-
termined by primer extension analysis to be located
291 bp upstream of the initiating ATG codon. The DNA
region immediately upstream of the transcription
start lacks any TATA or CAAT hoxes but contains sev-
eral binding sites for the transcriplion factors Sp1 and
Egr-1. The ASCT1 gene (SLC1A4) structure reported
here will facilitate the characterization of the genes of
the other members of the GLAST-related transporter
family and might be useful in the elucidation of amino

acid transport-related defects. #1994 Academic Press, buc.

INTRODUCFHON

Three related sodium-coupled glutamate/aspartate
transporters, GLASTI1 (Storck et al, 1992), GLT1

The nucleotide sequences reported in this paper have been depos-
ited with the GenBank data repository under Accession Nos, U05229
to 1JO5235,
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(Pines et al., 1992), and EAAC1 (Kanai and Hediger,
1992), have been discovered recently. They share no
homology to other previously characterized neuro-
transmitter transporters and therefore form a new
family of ion-coupled transport proteins. The report ot
a short cDNA fragment derived from & human brain
c¢DNA library (Adams ef al., 1992), exhibiting sequence
similarity to GLASTI, suggested the existence of fur-
ther mammalian members of this protein family. We
screened a human ¢cDNA library for clones correspond-
ing to the expressed sequence tag EST02446 and iso-
lated a cDNA encoding a protein that proved to be iden-
tical to the recently described neutral amino acid trans-
porter ASCT1 (Arriza et al., 1993; Shafyat et al., 1993).
This is the fourth eukaryotic member of the family of
GLAST-related transport proteins.

The known members of this protein superfamily vary
considerahly in the specificity of transported sclutes
as well as in their ion requirements. The eukaryotic
transporters GLAST1, GLT1, and EAAC1 and the bac-
terial gltT (Tolner et al., 1992a; Wallace ef al., 1990)
and gltP (Toluner et al., 1992b) transport glutamate and
aspartate while the bacterial transporter dctA (En-
gelke ef al., 1989) can also transport other dicarboxylic
acids like malate. The human ASCT1 does not work
with glutamate or aspartate but transports alanine,
serine, cysteine, and threonine instead. All eukaryotic
GLAST-related transporters studied so far use a co-
transport of Na™ ions together with a countertransport
of K' tons and probably of pH-changing anions to drive
the transport process against the gradient of the trans-
ported compound (Bouvier et al., 1992; Kanner and
Schuldiner, 1987; Klickner ef afl., 1993). Their prokary-
otic counterparts, however, utilize the pH gradient over
the bacterial plasma membrane by coupling the sclute
transport to a cotransport of protons. The heterogene-
ity of transport properties is accompanied by a substan-
tial sequence variability of the proteins. The identity
of amino acid sequences ranges between 25 and 40%
over the whole family. However, there are several re-
gions that exhibit a higher degree of similarity. Most
notably, the motif AAxFIAQ, x being a hydrophobic
residue, is completely conserved in all members known
so far. Moreover, sequence analysis suggests a common
transmembrane topology f{or the whole transportes
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family although the topology of the C-terminal part
following the six putative a-helical transmembranal
segments is contradictory in the proposed models (Jord-
ing and Piihler, 1993; Kanai and Hediger, 1992; Pines
et al., 1992; Storck et al., 1992). For the superfamily
of Na*/Cl™ ion-coupled neurotransmitter transporters
with its common 12-transmembrane helix topology,
several gene structures have been described (Liu et al.,
1992), showing a correspondence between exon/intron
structure and transmembrane topology. In contrast, no
such data are available for the family of GLAST-related
transporters. We report the structure, organization,
and chromosomal localization of the human gene for
ASCT1, a neutral amino acid transporter and member
of the family of GLAST-related transporters.

MATERIALS AND METHODS

Vectors, chemicals, and enzymes. pBluescript II SK(+) was ob-
tained from Stratagene (La Jolla, CA), and the human hippocampus
cDNA library in xgtl0 and the human placenta genomic library in
AEMBL3-SP&/T7 were obtained from Clontech (Palo Alto, CA). Hu-
man DNA samples were prepared from blood of white Caucasian
healthy volunteers, and human liver mBNA was prepared from bi-
opsy tissue samples obtained from the University Hospital, Cologne,
Germany. Oligonucleotides were prepared using an Applied Biosys-
tems 380A oligonucleotide synthesizer, [y-**P]ATP, [a-**P]dATP, and
[**SIdATP were purchased from Amersham—Buchler (Braunschweig,
Germany), Tag DNA polymerase was from Gibco—~BRL (Bethesda,
MD), and restriction endonucleases and other enzymes were from
Boehringer Mannheim (Germany) unless stated otherwise. DNA se-
quencing was performed using the T7 sequencing kit from Pharmacia
(Uppsala, Sweden). Digoxigenin-11—-dUTP and anti-digoxigenin con-
jugated to rhodamine were purchased from Boehringer (Mannheim,
Germany}. Biotin-11-dUTP was purchased from Sigma, and avidin
conjugated to FITC was obtained from Vector Laboratories.

e¢DNA cloning. Oligonucleotide primers Cls, TCAGATTCCTCC-
TGGGCCTCCTCGCCCCAT, and Clas, TCCAGGATAATGGCA-
ATGGTGAGGACCCC, both derived from the sequence of EST02446
(Adams et al., 1992), were used for PCR amplification of a 320-bp
¢DNA fragment from a human hippocampus ¢cDNA library. Sereen-
ing of the above ¢cDNA library with the randomly labeled PCR frag-
ment {PCR320) yvielded the clone Acl0 with an insert size of 3 kb.
The ¢DNA insert was released by EcoRI digestion, subcloned into
pBluescript IT SK(+), and mapped by double digestion with the re-
striction enzymes EcoRI, BamHI, Sacl, Xbal, and Xhol. The coding
portion of the insert was sequenced using the dideoxy chain termina-
tion method (Sanger ef al., 1977).

Genomic cloning. Four independent and partially overlapping ge-
nomic clones were obtained by screening a human placental genomic
DNA library with several ASCT1 ¢DNA fragments as hybridization
probes. Application of the 320-bp PCR fragment (PCR3203, pre-
viously used for cDNA screening, yielded the genomic clones Ag2 and
Agl2. A further hybridization probe was obtained by PCR using Acl0
as template and the cligonucleotides C2s, GCTGCTCACCGTGTC-
CGGGGTGCTGGCGGGC, and C2as, GCAAACAGGACCAATCCT-
AAAATGTTCATCC, as primers. The resulting 555-bp fragment
(PCR555) contains the 5" coding region of the cDNA clone Ac10. Appli-
cation of this PCR procedure was necessary since the original Ac10
contains the artifact of foreign cDNA fused to the 5" end of the au-
thentic ASCT1 coding region. Screening of the genomic library with
the fragment PCR555 yielded the genomic clones Ag6é and Agl0. For
further characterization, the four independent genomic clones were
mapped using the enzymes EcoRI, BamHI, Sacl, Xbal, and Xhol.
Genomic fragments containing coding sequences were identified by
Southern blot analysis with ¢DNA fragments and ¢cDNA-derived oli-
gonucleotides as hybridization probes. Positive genomic fragments
were isolated, if necessary submapped with Pstl, HindIII, Kprl, and

Puull, and subsequently sequenced. Mapping, hybridization analy-
sis, and cloning were carried out according to standard procedures
{Sambrook ef al., 1989).

Genomic Southern blot. For estimating the size of the gap be-
tween genomic clones Ag6 and Agl2, human leukocyte-derived geno-
mic DNA samples of three unrelated individuals were digested using
EcoRI, BamHI, and Sacl, respectively, and separated on a 0.7% agar-
ose gel. Fragments were transferred to a nylon membrane by capil-
lary blotting and hybridized with either a 400-bp Kpnl fragment of
Ag6 (containing exon 3 and flanking sequences) or a 200-bp Rsal
fragment of the cDNA clone Ac10 (containing exons 3 and 4).

Genomic PCR amplifications. The Southern blot suggested a
short gap length between the genomic clones Ag6 and xgl2. This
result was confirmed by PCR analysis of genomic DNA samples of
three unrelated individuals using the primers G6s, AGCAGCTCTG-
GAAATGTAACCCATGAAAAG, and Gl2as, TCTAGCATTTACT-
CATCACTCTTGGTTTCT. The identity of the resulting 352-bp prod-
uct (PCR350) was confirmed by blunt-end cloning into pBluescript
and subsequent DNA sequencing, To study the authenticity of the
in-frame stop codon within exon 5, DNA samples of three unrelated
individuals were studied by PCR using the primers G41s, GGCAT-
CATGTTCCTTGTTGGAAGCAAGAT, and G42as, GTCGCAAATGG-
GGCGAGGAGGCCCAGGAG. The resulting 200-bp fragment was
blunt-end cloned into pBluescript and analyzed by DNA sequencing.

Primer extension analysis. Determination of the transcription
start site was carried out using the antisense oligonucleotide PElas,
CGGGGGTCTCCGGGCCTGGCGCAGGAGCAGGTG, which is lo-
cated 138 bp upstream of the initiating ATG codon and poly(A)* RNA
prepared from human Liver RNA. The 5'-labeled oligonucleotide was
hybridized to 6 ug of RNA. The primer extension reaction was per-
formed following the standard procedure (McKnight and Kings-
bury, 1982),

Chromosomal mapping. Chromosome preparations were ob-
tained from phytohemagglutinin-stimulated human lymphocytes
cultured for 72 h. After denaturation at 70°C for 2 min in 70% deion-
ized formamide/2x SSC, the slides were dehydrated in ice-cold etha-
nol. Hybridization with labeled DNA fragments at 37°C and posthy-
bridization washes were performed as described previously (Lichter
et al., 1988).

Genomic clone xgl2 was labeled by nick-translation using digoxi-
genin-11-dUTP (Kessler et al., 1990) or biotin-11-dUTP (Langer et
al., 1981). This probe was used for chromosomal in sifu suppression
(CISS) hybridization to elongated metaphase chromosomes as de-
scribed previously (Lichter et al., 1988, 1990). Photographs of an
electronic superposition of FITC and DAPI images were taken di-
rectly from the video screen.

Computational sequence enalysis. Database searching and pro-
tein comparisons were performed using the software package of the
Wisconsin Genetics Computer Group {Devereux ef al, 1984). For
hydrophobicity analysis, the program PROFILEGRAPH (Hofmann
and Stoffel, 1992) was used. Restriction maps were verified and re-
fined by the program COMAP (K. Hofmann, unpublished).

RESULTS AND DISCUSSION

EST02446 Encodes a Neutral Amino Acid
Transporter

The recent discovery of the three related Na+/K+-
coupled glutamate transporters GLAST1, GLT1, and
EAAC1 (Kanai and Hediger, 1992; Pines et al., 1992;
Storck et al., 1992) raised the question of the molecular
diversity of mammalian glutamate transporters. Since
not all pharmacologically described high-affinity glata-
mate transport systems (Ferkaney and Coyle, 1986;
Fletcher and Johnston, 1991; Robinson et al., 1991)
have their counterparts in the three cloned transporter
species, there is a considerable probability that more
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FIG. 1. Organization of SLC1A4. The upper trace shows the ar-

rangement of the eight exons (depicted by boxes and numbers). Filled
hoxes represent protein coding regions, 5'- and 3'-untranslated re-
gions are represented by open boxes. The result of restriction map-
ping using four enzymes is shown in the four traces labeled B
(BamHI}, S (Sacl), E (EcoRI), and X (Xhol), respectively. In the bot-
tom trace, the positions of the four genomic phage clones Agl0, Ag6,
Agl2, and Ag2 are denoted. The label PCR350 indicates the position
of the PCR fragment used to determine the gap between Ag6 and
Agl2.

glutamate transporting proteins remain to be found.
The expressed sequence tag EST02446, a short cDNA
sequence found in the course of a large-scale sequenc-
ing project of human brain-derived ¢DNAs (Adams et
al.,, 1992), showed significant similarity to all three
eukaryotic glutamate transporters. For that reason,
EST02446 seemed to be a good candidate for being part
of a further glutamate transporter.

Screening of a human hippocampus ¢DNA library
with an EST02446-derived DNA probe yielded the
cDNA clone Ac10, encoding 486 amino acids of a protein
with 40—44% sequence identity to the three eukaryotic
glutamate transporters. Very recent reports of the clon-
ing of the ASC-type neutral amino acid transporter
ASCTI1 (Arriza et al., 1993; Shafqat et al., 1993) re-
vealed that the protein encoded by our Ac10 clone was
identical to ASCT1 transporter,

Cloning of the Human ASCTI Gene (SLC1A4)

Fragments of the ASCT1-encoding ¢cDNA clone Ac10
were used to screen a human placental genomic DNA
library. In two rounds of screening, the four partially
overlapping phage clones Agl0, Ag6, Agl2, and Ag2 were
obtained (Fig. 1). These four clones span 52 kb of the
human genome and harbor the complete coding region
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of the ASCT1 gene. The length of the gene is at least
40 kb; it is organized in eight exons interrupted by
seven introns (Table 1). The size of the exons varies
considerably. While exon 1 contains 527 coding bp and
additionally 291 bp 5'-untranslated region, exon 2 con-
sists of only 43 bp, coding for 14 amino acids. Intron
sizes range between 276 bp for intron 6 and >19.5 kb
for intron 1. Since the size of the gap between Ag10 and
Ag6 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 unknown.

The size of the gap between Ag6 and xgl2 was esti-
mated by genomic Southern blot analysis. DNA probes
made from exons 3 and 4, respectively, hybridized to
the same 14-kb Sacl fragment and 10-kb EeoRI frag-
ment, suggesting a very small distance between the
two genomic clones (data not shown). This result was
confirmed by PCR amplification using one primer from
Ag6 and Agl2 each. A 350-bp fragment containing re-
gions from both genomic clones was obtained.

Nucleotide Sequence of SLC1A4

All coding portions of SLC1A4 together with some
of their flanking regions were characterized by DNA
sequencing. The 5" untransiated region, exon 1, intron
1, and exon 2 are presented in Fig. 2. The nucleotide
sequence of the eight exons encoding the human
ASCT1 protein was identical to the Acl0 ¢cDNA se-
quence (confirmed by the original ASCT1 sequence (Ar-
riza et al., 1993)), apart from one major difference. At
position 164 counted from the start of exon 5, thymine
has replaced the cytosine present in the cDNA se-
quence. This mutation would change the codon for
Arg®® into a stop codon, resulting in a grossly trun-
cated protein. Interestingly, this mutation was found
on both independent genomic clones Ag2 and rgl2. To
check the authenticity of this inframe stop codon and
to exclude the operation of processes such as RNA edit-
ing, we amplified the region under consideration by
PCR using genomic DNA of three unrelated individuals
as template and primers located within exon 5. All
three DNA samples yielded 200-bp PCR fragments
with sequences identical to the ¢cDNA, containing the

TABLE 1
Splice Junction Sequences, Exon Sizes, and Estimated Intron Sizes of the Human ASCT1 Gene (SLC1A4)

Exon Exon/intron junction

Intron size
No. Position* Donor sequence Acceptor sequence (kh)
1 1-527 GCCAG gtaaca caacag AAACC >19.5
2 528-570 GTACG gtaagg tcacag TATGC ~2.5
3 571-634 AAAAG glaaag ctgeag ATCCC ~5.4
4 635-802 ATGTG gigagt ceetag GTACG ~5.9
5 803-1037 TCCAG gtgagt ttetag CTCAG ~2.0
6 1038—1233 ATTCT gtaagt cettag AGTGA 276 bp
7 1234-1419 ATTGT gtaagt caccag GGACC ~2.5
8 1420-1652°

% Exon positions in coding sequence.
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gqatcctcccctctcctcctctcttctcccctCccctccctcccctcccacaqtcctcagqaggagqaacgccgetgcgttctaagttctcccgggccctctggcccqaqqactcagatc
ceggecgegggagagggeceggeaggt gecaaggageccgageggt cct tcagecegeact teccegeggt egoceggageecggectcegtt ageegagegagiaggeggetattggege
caggat LggecggeegeagoacygagEaeeageagect cgggtggagect copgoecggeegeccect geggeacecgegacacgggtggggaceagagget eeceggeggeagetecegge
gchgctcccqqqctqtgattggccangccacagggggggggacqgacgggcgtgaagtgagcgggctgggccgtgggacagagcggccqzcctacttcCchtCtgchtgcgctcgcg

gotooogthtgoat cat ot ccagoegggeggctget ceagggagget gggacggogat corcbogeecogegyet ccaaceegeactetgegect et cetegect ttcicgoacetygate
tgegocaggeeeggagacecacggggegget teccagaacstgcggagaacaactggeegaccgacceat tcattggaaceeogt ct it tgocagageccacgtcccetgecacetatag
thgqagcqchtgtagcgccATGGAGAAGAGCAACGAGACCAACGGCTACCTTGACAGCGCTCAGGCGGGGCCTGCGGCCGGGCCCGGAGCTCCGGGGACCGCGGCGGGACGCGCACGG

MetGluLysSerAsnGluThrasnGly TyrbeubspSeralaGinAlaGlyProaladiaGlyProGlyRlaProGlyThrhlablaGlyvArghlahrg

23

CGTTGCGCGGECTTCC TELGGEGCCARGEGE TCETEC TGC TCACCGTGTCCOEEGTOC TEECHEGCECEEGCC TEGECECEGCOTTECGCgEGCTCAGCCTEMECCECACGCAGGTCACT 1

ArgCysAlaGlyPhelLeuArgArgGlnhlaleuValleuleuThrValSerGiyValLeuAlaGlyAlaGlyLeuGlyAlaAlaleuArgGly LeuSerLeuSerArgThrGlnValThr

TACCTGGCO T TCCCOGGCGAGATEC TG TCCGCATGL TGCGCATGATCATCC TGCCECTGGTGGTCTGCAGCCTGGTGTCGGgegeCGCCTCGCTCGATGCCAGC TGCCTCGGGLGTCTG
TyrLeuAlaPheProGlyGluMet LeuleuArgMet LeuArgMet IlelleleuProleuvalvalCysSerleuvalSerGlyAlahilaSerLeuhsphlaSerCysieuGlyArgley

GGCGGCATCgcTGTCGCCTACTTTGGCCTCACCACACTGAGTGCCTCGGCGCTCGCCGTGGCCTTGGCGTTCATCATCAAGCCAGGATCCGGTGCGCAGACCCTTCAGTCCAGCGACCTG
GlyGlyIleAlavalAlaTyrPheGlyleuThrThrleuSerAlaSeralaleuAlavalAlalevAlaPhellelleLysProGlySerClyAlaGinThrleuGlrSerSerAspleu

GGGCTGGAGGACTCGEGECCTCCTCC TS TCCCCARAGAGACGGTGGACTCTTTCCTCGACCTGGCCAGgt aacactctae
GlyLeuGluAspSerGlyProProProvalProlysGluThrvalAspSerPheleuAsplavAlaAr

|
»18.5 kb
i

aacaguygaccteateotetaaaaatigttttaaaagaatactgacagaatgot it ottt ocaacaghArCCTGTTTCCCTCCARTCTTGTIGGTTGCAGCTTTCCCTACGytaaggetlga 2

ghAsnleuvPheProSerAsnLeuvalvValalaAlaPheArgThr

tactttgctaaaaatatgaaactrigatggaagaaatgtaccaattacigetatagagttaggtaaggtagaacagggagagatggtggtgtaacaaaactiggtaagattggect aaac

ttttatcaatgggtace

FIG. 2. Nucleotide and deduced amino acid sequence of SLC1A4, The complete nucleotide sequences of the eight exons and large parts
of the intron sequences flanking the exons were determined. Those of the 5’ untranslated region, exon 1, intron 1, and exon 2 are presented.,
The other sequence data are deposited in the GenBank repository, Accession Nos. U05229 to U05235. The distances between the exons
were calculated from the restriction map. The major site of transcription initiation, located 291 bp upstream of the start codon ATG, is
denoted by a double-underlined capital T. Five consensus Sp1 recognition sequences at positions —55, —152, ~160, —234, and —291 relative
to the transcription start are underlined. Two overlapping recognition sequences for the transeription factor Egr-1 in the region —193 to —179
are denoted by a dotted line. A direct repeat consisting of two complete copies and one truncated copy of the sequence GGCTCCCGGCGGC in
the region —113 to —78 is double underlined. Two copies of the dispersed Alu-repeat contained in introns 2 and 5 are emphasized by dotted
lines. The C—T mutation obhserved in exon 5 is denoted by the letter T above the sequence.

unaltered codon for Arg™®. Therefore, we conclude that

in the DNA used for the preparation of the genomic
library, at least one allele of SLC1A4 codes for a mu-
tated, probably dysfunctional protein.

Characterization of the 5' End of SLC1A4

The site of transeription initiation was determined
by primer extension analysis using human liver
poly(A)* RNA. One major transcription start was deter-
mined 291 bp upstream of the ATG start codon (Fig.
3). The nucleotide sequence immediately upstream of
the transcription start site is extremely GC-rich (80%
of the proximal 250 bp) and lacks TATA and CAAT
boxes in proper spacing to the transcription start.
There are, however, several consensus sequences for
Spl binding at positions —55, —152, —160, —234, and
—291 as well as consensus sequences for other tran-
scription factors. At positions —193 and —187, there
are two overlapping recognition sites for members of
the Egr-family of transcription factors comprising Egr-
1 (krox24), Egr-2 (krox20), Egr-3, and Egr-4 (NGFI-
C). These early growth response genes involved in cell
differentiation have been reported to be involved in
gene expression in brain and muscle (Li ef al.,, 1993).
The observed relative lack of well-defined cis-elements,
common to genes with low tissue specificity, agrees
with the expression of ASCT1 mainly in brain, muscle,
and pancreas, but it is also detectable in heart, liver,
and kidney (Arriza et al., 1993; Shafqat ef al., 1993).

Ag an interesting feature a direct repeat was found in

the proximal promoter region of the SL.LC1A4 at position
—T78 to —113. It consists of two copies of the sequence
GGCTCCCGGCGGC, followed by a third truncated
copy. Single copies of this GC-rich sequence, especially
of the core sequence GGCGGCGGCTCC, oceur in up-
stream regions of several genes, notably in most early

PE

FIG. 3. Primer extension mapping of the transcription start site.
The transcription start site was analyzed by primer extension using
the oligonucleotide PElas and 6 ug human liver poly(A)" RNA (lane
PE}. The exact position was determined by aligning the eorrespond-
ing sequence ladder (lanes A, G, C, and T). The main site of transcrip-
tion initiation is marked by an asterisk.
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FIG. 4. Localization of ASCT1 to human chromoesome 2p13-p15.
The digoxigenin-labeled insert of the genomic clone Agl2 was hybrid-
ized to human metaphase chromosomes and detected by anti-digoxi-
genin antibodies conjugated to rhedamine, Chromoesomes were coun-
terstained with DAPI, The hybridization signal was assigned to chro-
mosome 2pl3-plb {(arrowheads).

growth response genes (Egr family, junD) where they
are present in reverse orientation and are highly con-
served between species. A similar repeat structure is
found only in the 5’ untranslated region of the tran-
scription factor Egr-1 (Suggs et al., 1990).

The significance of this observation remains to be
investigated. The upstream region of SLC1A4 contains
an unusually large open reading frame of 960 bp in
reverse orientation. The corresponding polypeptide se-
quence, which has a high content of Gly and Arg, shows
no detectable similarity to any characterized protein.

Chromosomal Localization of the SLCIA4

To localize the gene for human ASCT1, we applied
the technique of chromosomal in situ suppression hy-
bridization, The genomic clone Agl2, spanning exons 4
to 7, was hybridized to elongated metaphase chromo-
somes, Detection of the biotinylated or digoxigenin-la-
beled probes with avidin or antibodies coupled to fluo-
rescent dyes resulted in specific signals in the short
arm of chromosome 2 (Fig. 4). For quantitative evalua-
tion 17 metaphase spreads were analyzed. In all cases
specific hybridization signals were cbhserved on both
homologs of chromosome 2 {see Fig. 4). Comparison of
the hybridization signal to chromosomal bands ob-
tained by DAPI staining allowed us to narrow the re-
gion of the human ASCT1 locus to chromosome 2p13-
pl15. This region, which also contains the gene for the
early growth response gene Egr-4 (NGFI-C) (Crosbhy ef
al., 1992; Holst et al., 1993), has been shown to contain
a constitutive fragile site (FRAZE) (Yunis and Soreng,
1984). Knowledge of the gene organization and the
chromosomal localization of human ASCT1 will be use-
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ful in the elucidation of hereditary defects connected
to altered cellular uptake of neutral amino acids.

Transmembrane Domain Structure of ASCT1

When the first three mammalian glutamate/aspar-
tate transporters were cloned, it was not surprising
that they did not belong to the superfamily of Na™/
Cl -coupled transporters. Several attempts to find new
members of this protein family by homology screening
had led to the characterization of more than 15 differ-
ent transport proteins, none of them able to transport
glutamate (Amara and Kuhar, 1993; Liu et al., 1992).

All Na*/Cl -coupled transporters possess a clearly
defined arrangement of 12 hydrophobic domains proba-
bly spanning the membrane. For the GLAST-related
family of transporters, a clear decision on the trans-
membrane topology is not possible from sequence con-
siderations alone. In ASCT1, as well as in GLAST1,
GLT1, EAAC1, and the prokaryotic H'/glutamate sym-
porters, there are six hydrophobic regions in the N-
terminal half of the molecule, all of them large enough
to span a membrane bilayer in a-helical manner, In
ASCT1 and the other mammalian family members,
there is a seventh extended hydrophobic region that is
absent in the prokaryotic transporters, located shortly
after the proposed transmembrane helix VI. The most
intriguing feature with regard to the prediction of
transmembrane topology is a relatively long region of
intermediate hydrophobicity within the C-terminal
half of all superfamily members. A hydrophobicity
analysis of this region with a window width of 9 reveals
the presence of six short hydrophobic stretches in al-
most equal spacing. This feature, which is strictly con-
served in both mammalian and prokaryotic GLAST-
related transporters, had prompted us to speculate
about alternatives to a classical a-helical transmem-
brane organization (Storck et al., 1992).

In a recent report on the topology of the prokaryotic
glutamate transporter dctA from Rhizobium meliloti,
it was demonstrated that a series of detAflacZ and detA/
phoA fusion proteins with their fusion sites located at
different points between the six short hydrophobic
stretches exhibited an alternating outside—inside pat-
tern of the reporter enzyme activity (Jording and
Piihler, 1993). Under the assumption of a common
transmembrane topology for the whole protein family,
this finding suggests that the short hydrophobic
stretches are indeed membrane spanning. Whether
they form the core of relatively short transmembrane
a-helices or span the membrane in some different way
remains subject to speculation. Figure 5 gives a model
of ASCT1 transmembrane organization that is in accor-
dance with the existing experimental data. The sev-
enth transmembrane region, which is detectable in
only the mammalian members of the family, is drawn
as a helix, while five of the six shorter hydrophobic
stretches are tentatively drawn as a S-sheet structure.
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FIG. 5. A model for ASCT1 transmembrane topology. The proposed model for ASCT1 transmembrane topology is defined by seven
transmembrane helical segments and five shorter hydrophobic segments, either forming the core of further bilayer-spanning helices or
spanning the membrane in a different conformation. Both N- and C-termini are depicted on the cytoplasmic side of the plasma membrane
represented by the shaded horizontal bar. The positions of the intron insertions are indicated by black lines with associated exon numbers.
Residues conserved throughout all eukaryotic members of the family of GLAST-related transporters are given in white letters on dark
background. The two putative glycosylation sites are labeled by asterisks.

Position of the Intron Sites in Relation to
Transmembrane Organization

In many transmembrane proteins there is a striking
correlation between their transmembrane arrange-
ment and the position of the intron insertions into the
sequence. Usually single transmembrane segments are
encoded by individual exons while the intron positions
are located within the connecting loops, as suggested
by the exon-shuffling hypothesis (Gilbert et al., 1986)
under the assumption that transmembrane helices are
autonomous folding domains (Popot and de Vitry,
1990). The gene family of the Na"/Cl -coupled neuro-
transmitter transporters, which also includes members
transporting nonneurotransmitters, is an additional
example of the common relation between transmem-
brane organization and intron site position. The mouse
gene for the GABA-transporter, which is relatively
compact (12 kb), contains 12 introns, none of which
dissects a putative transmembrane domain (Liu et al.,
1992). With only one exception, each of the exons con-
tains only a single transmembrane domain.

However, the situation in SLC1A4 is quite different
{Fig. 5). Introns 1, 2, and 3 al! dissect the nucleotide
sequence of the extracellular loop between transmem-
brane helices IIT and IV; intron 4 is inserted in the
middle of the sequence coding for transmembrane helix

V. Introns 5 and 7 are at “conventional” positions
within the hydrophilic loops following helix VII and the
fifth hydrophobic stretch, while intron 6 dissects the
third short hydrophobic region. No correlation between
the sites of the ingertion of introns interrupting the
coding sequence of the transporter and the hydropho-
bicity profile of its polypeptide chain is apparent in
the proposed model of its membrane topology (Fig. b).
Whether the exonfintron structure or the hydropho-
bicity prefile is more reliable in the theoretical predic-
tion of the transmembrane organization of the GLAST-
related transporter superfamily can be answered only
by topochemical studies,
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