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Purpose: The inhibitory neurotransmittgraminobutyric acid (GABA) is believed to play a crucial role in the processing

of information within the vertebrate retina. Extracellular concentrations of GABA are thought to be tightly regulated by
carrier-mediated transport proteins in neurons and glial cells. The purpose of this work was to isolate the gene that encodes
one of these transport proteins in the skate retina.

Methods: cDNA clones were isolated from a skate retinal cDNA library using a mouse retinal GABA transporter (GAT1)
cDNA as a probe. The PCR technique was used to fill sequence gaps, and 5' and 3' RACE were employed to amplify the
5'and 3' untranslated regions. The amplified fragments were subcloned into a T-vector. Blots containing RNA from 10
different tissues were probed to determine the size of the transcript and the tissue distribution.

Results: Sequence analysis revealed that the skate retinal GABA transporter cDNA shared 72% identity with the mouse
GABA transporter-1 at the DNA level and 80% identity at the amino acid level. Multiple sequence alignments showed that
our sequence is closest to ffmpedoGABA transporter-1. Two transcripts, 4.5 and 7 kb, were detected in retina and
possibly brain by RNA blot analysis. Fourteen introns were detected in the skate GABA transporter gene.
Conclusions:We successfully isolated a full length GABA transporter cDNA from the retina of the skate. The size of the
full length sequence of the skate retinal GABA transporter is in agreement with the size of the smaller transcript detected
on RNA blots. The larger transcript observed on the RNA blot may be the result of either alternative splicing or utilization
of a downstream poly A signal.

GABA (y-aminobutyric acid) is a major inhibitory is the homologue of BGT-1 (initially isolated from Madin-
neurotransmitter in the mammalian brain and is widelyDarby canine kidney cells and which transports betaine as well
distributed throughout the nervous system [1,2]. GABAergias GABA). Mouse GAT-3 is the homologue of rat GAT-2.
transmissions are involved in many aspects of normal neurondllouse GAT-4 is the homologue of rat GAT-3. GABA
function, and dysfunction of GABAergic transmission istransporters from other species such as human [23&pedo
associated with numerous neurological and psychiatric diseasealifornica [26,27], andManduca sext§28] also have been
[3-5]. In the retina, GABA may be involved in the regulationcloned. All these transporters share 50-70% identity in their
of the dynamic range of retinal neurons, the establishment pfedicted amino acid sequences [22,29], and they transport
the surround portion of the receptive field of visual neuronsGABA with high affinity in a sodium- and chloride-dependent
the establishment of color opponency, the mediation afanner, but they show distinct distribution patterns [30-34]
movement detection, and may also be involved in the proceasd pharmacological properties [35-40].

of visual adaptation [6]. GABA is thought to be released by We have undertaken to clone GABA transporters from a

certain classes OT horizontal a”‘?' amacr_ine.cells [7-14]. Un“kﬁssue source that offers the potential to correlate molecular
the neurotransmitter acetylcholine, which is degraded by th&ological analyses with function in the cells in which the

enzyme acetylcholinesterase in .the synap.tlc cleft, the aC'['Olﬂsdnsporters are normally expressed. In this respect, the retina
OT GABA are thought to be_termlnated by |t§ rapid re-uptak%f the skate offers a particularly favorable model system in
via GAB_A trqnsporters into presynaptic neurons anthich to compare the nature and distribution of GABA
surrounding glial cells [1,5,'18]' GAB_A transporters a_LIso a_‘retransporters with their function in enzymatically isolated cells
proposed to have an additional function. Electrophysmloglcaalls well as in the intact isolated retinal preparation. In the present

studies show that GABA release from catfish horizonta! Ce"§tudy, we report the isolation from a skate retinal cDNA library
may be mediated also by GABA transporters [19-21] since 8f a GABA transporter cDNA, named SGAT-1 due to its high

portion of the GABA release from the horizontal cells of thes%egree of similarity to other GAT-1 transporters. We also

SPECIES IS Cét-independent, but does require f\an ion describe its tissue distribution as revealed by northern blot

crucial to the process of GABA transport. analysis, and discuss the gene structure of this GABA
Four different GABA transporter cDNAs (GAT-1-4) have transporter.

been isolated from rat and mouse brain (cf. [22] for review).

Mouse GAT-1 is the homologue of rat GAT-1. Mouse GAT-2

METHODS
“To whom correspondence should be addressed: Muayyad R. Al- . )
Ubaidi, Ph.D., UIC Eye Center (M/C 648), 1855 West Taylor Street!S0lation of Skate Retinal GABA Transporter cDNASke

Chicago, IL, 60612. skate retinal cDNA library used in this study has been
email: muayalub@uic.edu previously described [41]. A low-stringency screening protocol
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was used to isolate GABA transporter cDNAs from the skatéupstream primer pGAT25, 5'-TTCTCATACGGG-
retina library. Approximately 1@)plaque-forming units were TTGGGTCTTG-3' and downstream primer pGAT26, 5'-
spread on Petri dishes and lifted onto nylon filters (MicrolCGCAGTTATGAAACCTT-3', Figure 1). A second
Separations, Westborough, MA) for screening. A mouse retinamplification was performed using the primary PCR products
GAT-1 clone, kindly provided by Dr. Vijay Sarthy astemplates and two sets of nested primers (upstream pGAT21,
(Northwestern University Medical School, Chicago, lllinois), 5'-GAAACTCATCCACCAGCGCAG-3' and downstream
was used as the probe. The probe fragment was excised frg@®AT22, 5'-ATACGGGTTGGGTCTT-3', Figure 1). Final

its vector, gel purified, labeled with-32P-dATP by nick PCR products were cloned into a T-vector produced by
translation (Nick Translation Kit, Boehringer Mannheim, digesting pBluescriptll KS (Stratagene, Carlsbad, CA) with
Indianapolis, IN) and used to probe the filters. HybridizationEcoRV and adding 3' Ts by incubation with Tag polymerase
was performed at 37C in a solution containing 30% for 30 min at 75Cin Tag buffer containing only dTTP. PCR
formamide, 1.5X SSPE (1X SSPE = 150mM NacCl, 10 mMproducts were ligated into this vector at a 10:1 molar ratio of
NaHpPOy, pH 7.4, 1 mM EDTA), 0.5% nonfat dry milk, 2% PCR product to vector, and plasmids containing an insert were
SDS and 0.5 mg/ml salmon sperm DNA. The filters wereselected from ampicillin-resistant transformants by disruption
washed sequentially at A% for 30 min each in solutions of B-galactosidase activity. Clones were restriction mapped
containing 2X SSC (1X SSC = 150 mM NacCl, 15 mM and then sequenced using vector-specific primers.

CeHsNagO7, pH 7.0), 0.5% SDS, and 0.5X SSC, 0.5% SDS. — pmpjification of 3' and 5' Untranslated Regions by

Primary sgreening of the library “”‘?'ef these conditions yieldeﬂACE—TotaI RNA was isolated from skate retina using Trizol
63 potential clones. Twenty potential clones were selected f%agent (Life Technologies, Gaithersburg, MD) according to
further purification and yielded three clones (c13-4a, c12-2§1ne manufacturer's protocol. For 5' RACE, gene-specific
and cl1-1) representing portions of a putative GABAprimers (PGAT27: 5-CGAGACCCACGCCTTTGAAC-3,
transporter mMRNA. One clone was used as a probe to ScreﬁéATSS' 5 CATTCCAGCAAAGATCAGTGTCAGG-3'. and

the remaining 43 primary clones under high string;;enc;bGA—l—32 5'-CCACAAGCGTTTTCGGTTTG-3") were
conditions (hybridization solution contained 50% formamide elected in clone c7-1 (Figure 1). First strand cDNA was

X SSC, 1X Denha.rd(ti;:solutior_], 0.5% SDS, and O.S&n;g/m everse-transcribed from mRNA using pGAT27 as a primer
salmon sperm DNA; 45C). The filters were washed at and a polyC tail was added to the 3' end. Anchor primer (5'-

sequentially in buffers containing 0.5% SDS plus 2X SSCeUACUACUACUAGGCCACGCGTCGACTAGTACGGGIIG-
0.5X SSC a_nd 0.1X _SSC_for 30 min each. One additional Clor@GIIGGGIIG-S‘), containing the sequence complementary to
(c7-1) was isolated in this screen. the polyC and a multiple cloning sequence (UAP 5'-
Polymerase Chain Reaction (PCR) Screening and CloninGUACUACUACUAGGCCACGCGTCGACTAGTAC-3),
of cDNA Fragments-Sequences that were not represented irand pGAT35 were used to amplify the 5' end sequence. The
any of the isolated cDNA clones were obtained by PCRecond round PCR was performed on the product by using
amplification from the cDNA library. The PCR was performedUAP and nested primer pGAT32 (Figure 1) as a pair and the
with 10l (7 x 107 pfu) of the cDNA library and 200 ng each final product was subcloned into T vector.

of 5"and 3' primers in a 1Q0 reaction mixture. The primary For 3' RACE, cDNA was reverse transcribed from mRNA
amplification was carried out with two external primersby using an oligo-dT adapter primer MIN109 (5'-
GGCCACGCGTCGTCTAGTACGACTTTTTTTTITTITTTITTI-

3"). Specific cDNA was then amplified by PCR using gene-
specific primer pGAT52 in clone c13-4a and an adapter primer

cll-1 TAGmm= cl3-4a MIN121 (5-GGCCACGCGTCGTCTAGTACGAC-3'). The
c7-1 TAGmm ¢12-2b locations of the primers are indicated in Figure 1.
pGAT2S, FAT2H
'mm:- : :gnm Amplification of the Open Reading Frame by RT-PCR—
. roATY POR rlone 100 The first strand cDNA was synthesized with gene-specific
_;l’. < AT .»u.i'f_] primer pGAT59 (5'-CATATTTGTGGTAGGAGGTAGGTG-
N e AT P TAG 3") located at the 3' untranslated region (Figure 1). The full
5* RACE subclone 3' RACE subclone length of the coding region was amplified by primer pGAT66
I (5-GCCCAGATCTAAAGCCATGGCGACCAACAG-3) and
POATES i €~ POATSS primer pGAT68 (5'-TACACTTAATAAAAGATCTAC-
ATG TAG ATATATGCTTCGTCACTTG-3') using an Expand Long

RT-PCR subclone X . i X
Template PCR kit (Boehringer Mannheim) according to the

manufacturer’s protocol. The primers introduced a Bglll site

at each end of the open reading frame. The PCR product was
Figure 1. Diagram depicting the relative position of six partial clonegyt with Bglil and cloned into the Bglll site of the pSP64T
with respect to the RT-PCR fragment. Arrows represent the IocatiopectOr [42]. The orientation of the insertion was confirmed by
and orientation of primers used in PCR, RACE and RT-PCR. Dar CR using primers SP6 and pGAT41l (5

lines denote nucleic acid sequence of each clone, and the gray line ,
indicates the incompletely sequenced 3' RACE product. (ATG: stalgjleCA'A‘GAACCCAGGCG'A‘TGG'3 )-

codon; TAG: stop codon).
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Sequencing-All isolated clones were restriction mapped  ,sscrscocmsrorssmsasasascatacoce oo TeTTose TeTeRACETETSE 26
and further characterized by direct DNA sequencing. e At eetat e tmacAC TAAG TCTACGO T TCAGLCOICTICAT 216
SequenCIng was performed by the dldeoxy Chaln termlnatlon TCCCAGAGAAGCAAGCGAGGGCTGGAACGCAATCATAGAGCCCELGTGATATTTTACATGAG Z76
technique (Sequenase kit, United States BiOChEMICAl,  rreaTTTiascTans cormi TTorCoToAC T T CAR I TCEATARTAGEACEIA 355

GUCAATCGCCGAGTGAAGGUACGTGCGTCTGGUTGTTTCTATCGTTACCAAAGUTAGCCT 456

Cleveland, OH) using a double-strand sequencing ProtoCol  cig:rroorrereTorITooaGoAToTeTCO0OTTEOTTCARTECTCACGOCASCOTOAT 516
involving a-32P-dATP incorporation. Sequencing reactions oo i o e oo T T h et e arreerar 21t
were routinely analyzed on 5% denaturing polyacrylamide TGAAAATTTCCGATOGGOTCOCCCGTGGECGCCCAGGTTTARAGCCATOGCGACCARCAG 636
. . . M A T N 3 &
gels. Atypical sequencing gel yielded 300-400 bases. Sequence a
CGCAAAGACGCCCGACGGACAARTCTCCACCGAACTCCACGACGCCCCCACCTCGAACGA 756

data were digitized and analyzed with PCGene software A ETPDGOQIS TETLTETDALTPTSHND 25

(|n'[e||iGenetiCS, Mountain View, CA) CARACCGAAAACGC TTGTGGTGAAGGTGCARAAGTCGAAACCGATTCOCGAGAGGGAGAL B16
K P K T L V V KY¥ QK & KP I P ERE K 45
Sequence Analysis Using PCGene Softwakenino acid GTGEOGAGGARAATATOAGTTTO TGO TCTEC TOTATTGATATGCAATCOGCC TRGOGAA 876

W s 6 KE Y E F L L S§ € ¥ ¢ ¥ A I ¢ L G H a5

sequence translated from compiled skate retinal GAT-1 cDNA
. . . . TETGTGGCGUTTTCCCTATC TTTC TGO GAAGAACGGUGGAGGGGCATTTCTCATTCCCTA 936
was aligned with all GAT-1 amino acid sequences fron ¥ W R F P Y L CGEKENTSGG®GATFLIP ¥ 85
different SpeCieS available in the GenBank database by USing TTTCCTGACACTGATC TTTHC TGGAATGCC TATC TTCC TGO TGRAGTGC TCCCTGGGTCA 996
. . I F L T L I F A 66 M P I F L L E C 5 L G Q 105

the Clustal alignment function and a dendrogram was
. GTACACATCTGTCGGCGGGUTCGGCATC TGGAGACTGGCGCCAATGTTCAAAGGCGTGES 1056
constructed afterwards. The alignment parameters wereas ¥ T s v 6 ¢ L ¢ I & & L 2 P N F ¥ & ¥ @ 125
follows: K-tup|e value: _']_, Gap pena|ty: 5, Window size: ]_O' TCTCGCAGCCGCCGTGC TTTC TTTC TG TGAATATC TACTACGTGGTGATCATTGCTTG 1116
. . III L A A A VvV L 5 F W L H I ¥ ¥ ¥ ¥ I I A& W 145

Filtering level: 2.5, Open gap cost: 10, Unit gap cost: 10. The
R GGCCATTTATTAC TTGTATAATTCTTTCACGTCGGAAC TTCCTTGGCAAAGOTGCGGARR 1176
homology of each domain of SGAT-1 was comparedtothose # 1 ¥ ¥ . v w 5 F T s EL P U Q5 C 6 N 165

-1- CGCCTGGAACACTGARAGATGCTCCTCAAAC TACAGTATGTCCAACACAACCAATTTCAC 1236
of mouse GAT-1-4 as well. A9 N TERCSSHNYSHNSNTTHNTFT 18
Northern (RNA) Blot Ana|ysis_'|:9ta| RNA was isolated CAACCCGATCGTGGAGTTCTGGGJ:!\GCGGAACATGCATCAGTTATCTGACGGATTGGATCA 1296
\ . . . NP I VETFTWUERINMEEHG QLS DG L D Q 205

from skate retina, brain, heart, stomach, kidney, spleen, liver,
. . . . GCCGAGECAAATTC GAGCECCGC TTECALTAACGCTAGCCATEGCCTGEETTCTTGTGTE 1566
skeletal muscle, and skin using Trizol reagent (Life PGOQIRZAPLATITLATRWYILYY 225

. . . 4
Technologlesl Galthersburg, MD) accordlng to ther TT;TTSCA}'TT&GA.:GGgTG‘T,CAgTTgGAgGGgAAiGGgGG;TTiCT;'TTEAG;CAECTQ ;3;6
) . - A

manUfaCturer S prOtOCOI' Forty mlcrograms Of eaCh tOtaI RNA TCCCTACATCATGC TCCTCACGTTGTTTTTCCGTGGAGTCGACACTGCCAGGIGCCCGTZA 1476
was run on a 1% agarose gel containing 6.7% formaldehyde = t—S—-t-tLt-L & F & & ¥ T L "G &R E 26
in buffer of 20 mM 3-[N-morpholino]propanesulfonic acid, T T A TEOCr [OR AT CORGEIRTIOET  Ja2f
pH 7'0| 8 mM SOdIum aCetate, 1 mM EDTA' The gel was GGACGCCGCCACGCAGATATTCTTCTCCTACGGGTTGGGTCTTGGTTCGCTGGTGGCGET 1596
stained with ethidium bromide and the RNA was transferred ~ * * * 7T 1 fEf st e L 6Ll ¢S L VAL WS
to a nitrocellulose membrane (Schleicher & Schuell, Keene,; g g s g A A A Ao T oA e T T Ta AT 152"
NH) by capillary diffusion in 20X SSC. Transcript size was ABATTCCACCACCAGCATGTTTGCGGGATTTGTCATTTTC TCCATTGTCGGTTTCATGEE 1716
determined by comparison to an RNA molecular weight laddet™* *—=—+—+—*SH#fA ¢ E S L E S L4 ¢ F & & 245

. . ACACGTGACCAACAGGCCTATCGCCGATGTGGCAGCTTCAGSTCCTGGTCTGGCATTTTT 1776
(LlfeTeChnologleS). Y TN R P I & L V & & 3 ¢ PF G L A F L 385

The blot was probed With—32P—IabeIed 1 kb fragment GGEAT.%TCgTG%AG;AGgGAgACéGTEAC;M'IFATgTC;GT;TT;GTETA;FCEGT;CT; ;ggs
that contains 800 bp of the 3' end of the open reading frame. TTCCATGTTACTTATGCTGGGTATTGACAGCCAG¢TTTTGCACCGTCGAAGGTTTCATAAC 1896
The probe was prepared by random priming (Boehringef™ * * * * * * ¢ * P & @ f & T ¥ 8 ¢ F & 7 %2
Mannheim random primed DNA labeling kit) and hybridized ™" i v 2 & 5 5 5 L L 5 6 8 ® B I B 1 & ¥ 225
to the blot under hlgh Stringency conditions. The hybridization GGTCTGCATTATTTCTTACTTGATAGGTTTATCGAACATAACCCAGJ'GGTGGTCTATATGT z016

. . . % ¥ € I I § ¥ L I & L S W I T @ 6 G L ¥ ¥ 445

0 )

SOIUt!On contained 50% formamide, 5X SSC, 1X Denhardt's CTTTARACTTTTTOACTACTACTCTECTAGTO B AR TOTOTTTGCTCTTICTAGTTTTCTT | 2076
solution, 0.5% SDS, and 0.5 mg/ml salmon sperm DNA, the FELF DY Y5 45 6M S L LFLUYFF 455
hybridization was pel‘fOI’med at 25 The blot was washed TGAGACCATCTCAATATCOTGOTOC TATGOTOTOAACAGATTCTTTGOTAACATCGAGGE 2136
t65 C sequentially in buffers containing 0.5% SDS plus 2X~ R e e r T e
a q y g ’ P GATGGTTGOCCATAAACCTTGCC TETEGTGCARACTTTGU TGGTCATTCTTCACTCCAAT 2196
SSC, 0.5X SSC and 0.1X SSC for 30 min, coupled to X-ray mVeWEPCLEUKLCYSFPIPI S
film (Kodak X-Omat AR, Rochester, NY) at _90 for5 days - TATCGTGEGEGETETGTTTC TC TTCAGCGLARTTCARATGARACC GO TCACAATGOGGAG 2256

I v 6 ¢ v F L F 5 A I QQ M K P L T H G 5 5Z5

. . . . TTATATCTTCCCAAAGTGGGGCCAAGGTGTGGGUTGGTTCATGGC TCTCTCCTCCATGAT 2316
Figure 2 (Right). Nucleotide (GenBank Accession number ¥IFREWEQEVEFEMALSSMM S

1
AF049108) and amino acid sequences of the skate retinal GABA  GCTGATTCCTGGCTACATGGGTTACCTGTTCCTCACTTC GAAGGGC TCTTTAAAACAGLG 2376
R . . XII L I P ¢ ¥ M G ¥ L F L T § K G 5 L K 0 R 5&5
transporter. The 12 putative transmembrane domains are in bold face & &
and underlined, and numbers denoting them are on the left. Potential ™ g g g e g R o oA TR TE T HCEATARTOERCITORAE  Lae°
N-gl_ycosylatlon sites _are _Indlcated by-aSFe”SkS. POt_entlal phOSphO- ACCCGAGCATGGCATTACTCCAAGTGACGAAGCATATATGTAGATTATTTATTAAGTGTA 2496
rylation sites by protein kinase C are indicated by triangles, and by FEHRGITFEDEATHE- =98

casein kinase |l are indicated by dots underneath their residues. IN- AGGTACTAACACTGCCCAGAGTATARATTCTTACAATGGTTGATCGAGACCAAGGACTGT 2556
. - . AGTTACATTATTGTGCACCTACCTCCTACCACAAATATGACCAATAGTTTTTTARRARAL 2616

tron positions are indicated by arrows above the nucleotide Sequence, GGCTATAAACCTTTGTTCTTGGACATCAAGTAARACTCTTAACTAAAAGARAATCATTTC 2676
. R K AGGTTTTGATAACAATGTAATTTTGGIARAC GACCARCARCAGAGGLAGACTGTTAGCAT 2736

and the pO|y(A) S|gnal is double underlined. The number of the nucle- TTTTARACCATGGTTTTCTE TTTTGAAGAGTGAGCACAAGUACGATGGGCGAATGGCTTC 2796
. f ' . . . CTCCTGAGTTGTATGG TCARAGACTTTG TGATCACATGGACGGGATTATAATCACTGTCT 2856
otides starting from the 5' RACE product is labeled on the right Side  tat16Tac60aCATCAACOTTTCAGTOCGTCAAGTTTATAGCAC TALGAGCATTAATCAL 2916

H H H AATTATGGTTTTACGATAAA TG TG TAGAATTTCCTTTCCTACACTTTAATTGTCCAGCCA 2976
and the number of the deduced amino acids is labeled below, start- ficTrccaseacToTacT e ToT T T oe e oo o TAATATATAATOAGTC O A AR A

H H 1 GAGAGTATTCTTT TG TAGATTTATAAATGTTACATTCGATCAAATGTACAGTTTTCAACGT
Ing at the ATG The daShed llne r_epresen_ts the Unsequenced portlon ATATATTACATGGTCTAGTTAAGTTC TARATGG TG TTATTGATAAAAGGGCATGATTGTC
of the 3' RACE product. Alternative versions of the sequences are = *TATATATGTTGTCARATTTTTGGAAAGC AARTARARACTTTATCTTACACCATA () ~4500

available.
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with intensifying screens. RESULTS

Determination of Intron Locations by PCR Isolation of GABA Transporter cDNA Clones-tow
Amplification—Fragments of skate genomic DNA were stringency screening of a skate retinal cDNA library with a
amplified by PCR using an Expand long template PCR kimouse retinal GAT-1 clone [44] yielded 63 primary clones.
(Boehringer Mannheim). The reactions were performed witiwenty of these were selected for further purification, and three
250 ng genomic DNA and 200 ng of each primer in @50 partial clones with high sequence homology to the mouse
reaction mixture. The putative intron positions wereretinal GAT-1 were finally obtained. The 600 bp clone, c11-1,
determined by comparing the intron positions in mouse andontained predicted transmembrane domains Il to VII (Figure
human GAT-1 and the primers were selected using the PCGehg The 1 kb clones, c13-4a and c12-2b, contained 800 bp of
program. Amplification of fragments from cDNA clones wasthe open reading frame from the middle of transmembrane
used as positive controls. PCR products containing the GAT-domain VIII to the C terminus and 296 bp (clone c13-4a) or
introns were either directly sequenced or subcloned int@9 bp (clone c12-2b) of 3' untranslated region (Figure 1).
pGEM-T vector (Promega, Madison, WI) and then sequenceBecause these clones did not cover the entire coding region,
using vector-specific primers. the remaining 43 primary clones were screened under high

Southern Blot Analysis of Skate Genomic DNBeromic stringency conditions using c11-1 as a probe. Another partial
DNA was isolated from the brain of a single ské®aja clone, c7-1 (Figure 1), which covered transmembrane domains

erinacea)by published protocols [43]. Fifteen microgram I'to VII, was isolated. However, the middle portion of the cDNA

aliquots were digested with each of the following enzymes(.betWeen transmembrane domains VIl and VIll) was still

BamHI, EcoRl, Ncol, Pstl and Xbal. The enzymes were chosef!SSiNg. To obtain this portion of cDNA, the PCR technique
based upon analysis of the entire SGAT cDNA sequence; N§*S employed to amplify this missing fragment directly from
sites for these enzymes were detected. After complettgle skate retinal cDNA library. A 386 bp fragment was
digestion, each digested DNA sample was run on a 0. ggyroduced with 103 bp and 72 bp overlap with clones c11-1

agarose gel and subsequently transferred to a Nytran Plﬁgd c13-4a (Figure 1), respectively. I_ts sequence showed a
membrane (Schleicher & Schuell) by capillary diffusion inhlgh ‘?'egree of homology to mouse retinal GAT-1 CDNAI" The
0.4 M NaOH and 10X SSC. remainder of the sequence was completed by RACE. 5' RACE

) ~_ produced a 769 bp fragment which completed the 5' end of
The blot was probed under moderate stringency conditionge coding region and contained a 680 bp 5' untranslated region
with a DNA fragment containing the entire open reading frameys \well. 3' RACE generated 2 kb of the 3' untranslated region
The fragment was released from the RT-PCR clone by BgH&ontaining a poly (A) signal. The full coding region was
digestion and labeled Wim'32P5dATP by nick translation.  gptained by RT-PCR and subcloned into the SP64T vector.
The blot was probed for 24 h at 42 in a solution containing  The relative position of the clones is diagrammed in Figure 1,

50% formamide, 1.5X SSPE, 0.5% nonfat dry milk, 2% SDnd the primers used for the PCR, RACE and RT-PCR are
and 0.5 mg/ml salmon sperm DNA. The blot was washed at

55°C in buffers containing 0.5% SDS plus 2X SSC for 30
min and then in 0.5% SDS plus 0.5X SSC for 15 min, andrable |. GmpARISONOF AMINO ACID SEQUENCESOF SKATE AND
coupled to Kodak Biomax MS film at -7 for 7 days with Mouse GABA TRANSPORTERS

intensifying screens.

Percentage Percentage of Similarity
of

120 Identity SGAT1 mGAT1 mGAT2 mGAT3 mGAT4
el
g sGAT1 100 89.6 64.7 64.7 65.9
F4
__% MGAT1 81.2 100 64.2 64.4 657
Q
E MGAT2 48.7 48.3 100 66.5 63.7
2 MGAT3 49.8 495 78.0 100 78.9
% —B-mGATI
o —~mGAT3 R mGAT4 51.3 50.8 74.6 67.6 100
g2 ——mGAT4
& -0-mGAT2

l)l\' MI L1 M2 L2 M3 L3 M4 L& M5 L5 M6 L6 ,\;7 L7 ,\;R L8 M9 L9 MI0 LIO MII LI MI2 C

DOMAIN ON GABA TRANSPORTER The predicted amino acid sequence of the skate GABA transporter

was aligned with mouse GAT-1-4. The numbers in red (left of ‘100’
Figure 3. Percentage of amino acid identity of each domain of SGATiagonal) are the percentage of identity calculated by dividing the
1 compared to mouse GAT-1-4. Each domain of SGAT-1 (N and @umber of identical amino acids by the total number of amino acids.
termini, transmembrane domain M1-12 and loop L1-11) was alignetlumbers in blue (right of ‘100’ diagonal) are the percentages of
with mouse GAT-1-4 respectively. The percent of identical amincsimilarity that include identical amino acids and conserved
acids was calculated by PCGene. substitutions.
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indicated also. All of the clones were fully sequenced (indicategercentage of similarity is increased to 90% to mouse GAT-1,
by dark lines in Figure 1) except for the 3' RACE productwhile only 65% compared to mouse GAT-2-4 (Table I).
(gray line in Figure 1), where only 200 bp of both the 5" and 3Consequently, the isolated cDNA is designated as SGAT-1.
ends were sequenced. The comparison of the identity of each domain demonstrated
ntpat the regions from the middle of the first transmembrane
rq main to the beginning of the second transmembrane domain
a61-81; IGLGNVWRFPYLCNKNGGGAF) and the fifth
extracellular loop, loop IX (aa442-456: GLYVFKLF-

Figure 2 shows sequences compiled from the differe
clones as well as the translation of the predicted open readi
frame of 1,797 bp. A number of features identify this as
member of the GABA transporter family. First, hydrophobicity

analysis [45] revealed 12 regions that may represe
transmembrane domains (bold face and underlined in Figu

rQYYSAS) are the most conserved; the N and C termini are
fgost variant (Figure 3).

2); thus the secondary structure prediction for the skate retlna&ml MATNGSKYADGQISTEVIEAPYANDKPKTLVVKVOKKAACLPDRDTWKGE 50
AT 1 MATDNSKVADGOTSTEVS EAPVASDKE KTLVVKYQKKAGDLE DRDTHEGR 50
GABA transporter is very similar to that of other members OfMGATl MATDNSKVADGQISTEVE EADVASDKD KTLVVKVOKKAGDLT DRDTWECE 50
MRGAT]  MATDNSKVADCGQISTEVESEADVASDKPKTLVVEVOKKAGDLT DRDTWKGER 50
the Na and Ct- dependent CO- transporter fam"y SeCOI"Id TGATI MATHNGAKTPDGQTSTELHDAPVS NDKP KTLVVKVQK-TRKIPEREKWGGR 43
3G MATHNSAKTPDGOTATELHDAP TS HDKR KTLV VKV QK-S K TP EREKNGGK 49
there is a large extracellular loop between rANSMEMDIANG | Frrooeskrbrotns rnsairireternnie o Ltttk 21
M I M II
domains Ill and IV. Thll’d SiX consensus sites for potentlaIHGATl FDFLMSCVGYAIGLGNVWRFPYLCGKNGGGAFLIPYFLTLIFAGVPLFLL 100
FDFLMSCVGYAIGLGNVWRFPYILCGKNGGGAFLIPYFLTLIFAGVPLFLL 100
phOSphOI’y|at|0n obtained by PCGene ana|y5|s are present @pml FDFLMSCVGYAIGLENVWRFPYLCCKNGCOGAFLIPYFLTLIFAGVEPLFLL 100
Tl  FDFLMSCVGYAIGLGNVWRFPYLCGKNZGGAFLIPYFLTLIFAGVPLFLL 100
the Cyt0p|asm|c N- and C- terminal reg|ons and |nt|’ace”u|a|TGATl ¥DFLLSCVGYAIGLGNVHRFPYLCGKNGGEAFL IPYFMILIFAGMPIFLL 95
YEFLLSCVGTAIGLENVHRFPEL,CGKNGGEAFLIPYFLTLIFAGHPIFLL 29
loop 1. There is a protein kinase C phosphorylation consensus ¢ e S
site (85 indicated by tr|ang|es) and a casein kinase HGAM ECELGQYTSTGELGVWKLAPMFKGVELARAVLSFWLNITYIVIISWATYY 150
ECSLGOYTSIGELCVWKLAPMFKGVELARAVLSFHLNITYIVIISWATYY 150
phosphory|at|on consensus site (T22 indicated by dots) at th‘@ATl ECELGQYTSIGELCVWHWAPMFKGVAVARAVLSFWLNITYIVIISWALYY 150
MREGAT ECELGOYTESIGGLGVWNYAPMFRKGVGLARAVLSFWLNITIIVIISWATLYY 150
N terminus. Another protem kinase C phosphory|at|onTGAT1 ECALGOYTAVGELGTWRLAPMFKEGVELARAVLSFHLNI TYVVI IAWATYY 149
. . 2GATL ECSLG0YTEVEGELCIWRLAPMFKEVELAAAVLSFHLNIFYVVIIAWATYY 149
consensus site was found at intracellular loop Il (T35), and R R AR R R e ks
two protein kinase C phosphory|ati0n consensus sites (T551$AT1 LYNSFTTTLPWKQCDNPWHT DRCFS Y SMYNT THNMT SAVVEFWERNMHOM 200
) i N RGATL LYNSFTTTLDWKQCDNDWHTDRCFENY SLYNT THMT SAVVEFWERNMHOM 200
and 8561) and one casein kinase Il phosphory|at|on consensegsrl LYNSFTTTLEWKQCDNPWNTDRCFSNYSLYNTTHMT SAVVEFWERNMHOM 200
) . MRGAT]  LYNSFTTTLEWKQCDNEWHTDRCFSHYSLUNTTHMTSAVVEFWERMMHOM 200
site (ngl) were located at the C terminus. Furthermore' thregsar: LYNSFTEELPWQSCGNSWNT DRCFS MY SMT NS TNILS 8P TVEFWERNMHQT, 199
) ) . N BGATL LYNSFTSELDWQSCOHAWNTERCSSNY SMENTTHFT NP IVEFWERNMHQL, 199
potential N-glycosylation sites (N175, 180, 183, indicated by RRERER L S S el
i i i CSATL TDCLDKPGOIRWPLAITLAIAWILVEFC IWKEVOWT GKVVEFSATIPYIM 250
asterisks in Flgure 2) _[46] were found on th_e large eXtrace”u'aEGATl TDGLDKPG%IRWPI.AITI.AIRMVIFC IWKEVCWTGKVVIFSATIPYIM 250
1 - 248
loop between potential membrane domains Ill and IV, Thuges::,  reaecioamanmyremever om0
i 1 1SF TDGLDQPGEQIRAPLAITLAIAWVLVIFC INKGVEIWT GKVVIFSAIYIPYIM 249
the predicted 12 transmembrane domain structure character_lsg T T T Ty 31
of GABA transporters is likely to be conserved in the protein SRR R
i HEATL LIILFFRGVILEGAKEGILFYITPNFRKLSDEEVWLDARTQIFFSIGLEL 300
coded by this sequence. RGAT1 LIILFFRGVILEGAKEGILFYITPNFRELSDIEVWLDAATQIFFSIGLEL 300
MGAT 1 LIILFFRGVTLEGAKEGTLFYITPNFRKLSDSEVIFDARTQIFFSIGLEL 299
H0m0|ogy of Skate GABA Transporter to Other GABAMRGATI  LIILFFRGVILPGAKEGILFYITPNFRKLEDSEVWLDAATQIFFSYGLGL 299
) : | g TGEATL LLTLFFRGVILEGAREGILFYITPDFRRLEDEEVWLDAATQIFFSIGLGL 299
Transporters_To determine the re|at|0nsh|p of the isolated s=ar1 LLTLFFRGYVTLP GAREGILFYITPDFSRLIDSEVWLDAATQIFFSIGLGL 299
skate GABA transporter to other GABA transporters, the aming M VI M VII
HEATL GSLIALGSINSFHNNVYRDSIIVCC INSCTSMFAGFVIFSIVGFMAHVTE 350
acid sequence was a"gned and Compared with mouse GAT-4=ar1 GSLIALGSYNSFHNNVYRDSIIVCC INSCTSMFAGFVIFSIVGFMAHVTE 350
MEAT1 GSLIALGSINSFHNNVYRDSIIVCC INSCTSMFRGFVIFSIVGFMANYTE 349
4 using the Clustal program in the PCGene software (FigureaGATl GSLIALGSYNSFHNNVYRDSIIVCC INSCTSMFAGFVIFSIVGFMAHVTE 349
TEATl GSLVALGSINKFHNNVYRDSIIVCCINSTTSMFAGFVIFSIVGFMANYTH 349
3) The percentage of identity was calculated as the number &far: GSLVALGSYNTFHNNIYRDSIIVCCINSTTSMFAGFVIFSIVGFMAHYTH 349
identical amino acid residues divided by the total number of —
amino acids after the alignment. The percentage of similarity e e e At r o msmarragror 400
i i Ut i 1 399
included conservative substitutions. The comparison revealeg ., 15 T A A o e A e rbogkor 295
i T1 RPTADVAASGPGLAFLAYPEAVTQLPISPLWSILFFSMLLMLGIDSQFCT 399
th_at the isolated Skate_ GAT clone sh_ared_the greateSt_homO!og ATl RPIADVAASGPGLAFLAYPEAVTSLPISPE‘WSILE‘FSHI.I.HI.GIDSSFCT 399
with mouse GAT-1, with over 80% identity at the amino acid Stttk et
level as compared with only 55% identity to mouse GAT-2-4. . Co o AL IAAVe [VoTLIOLoNI ToeoT vEKLE 450
i i i 1 449
If the conservative substitutions are counted also, thgeer, o Ty or onts iR P r TARVE TVSTEIGL NI TQGOT VERTE 117
TGAT1 VEGFTTALVDEFPKLLRGRREIFIAMVC IVSYLIGLSNITQESLYVFKLE 449
2GATL VEGFITALVDEFPKLLRCRREIFIAVVCIISYLIGLSNITQGCLYVEKLE 449
Figure 4 (Right). Multiple sequence alignment of several GAT-1 o wx ' ]
HGATL DVYSASGMSLLFLVFFECVSISWFEGVNRFYDNIOEMVESRPCIWHELGW 500
cDNAs from different sources with SGAT-1. The alignment was Cre-rearl  DrvoASGMSLLFLVFFECVSISWFEIGVNREYDNIQEMVCSEPCIWWELCHW 500
1 499
ated with Clustal software using sequences available in the EMBURGATI  DyvassGMSLLFLVFFECVSTSHF FGVNRFYDNT SRV GRRECTHWRLCH 495
database. The tissue sources of the Sequences arelisted along theJgf ~ ZFizi-memyrrenimrevmer o ommey 4
edge of the alignment. Gaps in the alignment are noted with a dash (- [P
), while residues conserved within the alignment are designated witfFarl  SFFIPIIVAGVFIFSAVQUIPLIMGNYVEPKWCOGVGWLMALSSMVLIPG 550
RGATL SFFTPIIVAGVFLFOAVOMTELTMGS Y VFPEWG)GVGHWLMALSSMVLIPG 550
an asterisk (*) and conservatively-replaced residues with a dot (.Jear, — Somees ey e e Tre 1)
The conservatlvely replaced residues are: A S T D E N Q R KTGATI SFFTPIIVGGVFLFSAIQMEPLEMGEY IFP KWCQGVGWFMALSSMMLIPG 549
I, L, M, V: F, Y, W. The positions of the transmembrane domains aréSGATl SEFTPIIVGGVFLFIAIQMKELTMGSY IFPEWG)GVEGHWFMALSSMMLIPG 549
in bold face and underlined. The first through twelfth transmembrang..,;  suarsrLackcsLEQRIOVMVOPSEDTVRPENCDERAQAGSSTEKERYT 599
i f . . 1 HEE
domains are labeled MI through MXII. (Tissue source: HGAT-1: o, B o VT CpamD TV RE PGP RLPORCaSASKRAYT  £30
human brain; RGAT-1: rat brain; MGAT-1: mouse brain; MRGAT-1: MRGAT1  ¥MAIMFLTLKGSLKQRLOVMIQPSEDIVRPENGDEQPQAGSSASKEAYI 598
. TEATL TMGYMFLTSKGSLKQRLELMT QP HEDMKCRENGE EQTECGNTPSDEAYM 593
mouse retina; TGAT-Torpedoelectromotor nucleus; SGAT-1: skate scarl  EMEPLFLTSKGSLKQRLRLMTGPTEDTKCRENGPEQPEHGITESDEAYM 508

retina)

dedk k ke | ckkkdkkdk Lk kk ko Lkkdekk L kL ok kkA



Molecular Vision4: 6, 1998<http://www.emory.edu/molvis/v4/p6> © Molecular Vision

SGAT-1 showed extensive homology with GAT-1 probed with the SGAT-1 coding region. The averaged sum of
sequences obtained from human, rat, and mouse brain, mouabeled fragment sizes is about 30 kb. However, the transcripts
retina, andorpedcelectromotor nucleus (Figure 4). This high detected on the RNA blot were only 4.5kb and 7.0kb. This
degree of homology is maintained throughout the speciesuggests the presence of introns in this gene.

e>.<arn|ned and distributed throughout the V,VhOIE SEQUENCE. T putative intron positions were estimated by aligning
Similar toTorpedoGAT-1, SGAT']: Ia_cks alysine at position o SGAT-1 with mouse and human GAT-1, since the intron
37. Adgndrogram, bas_ed on multi-alignment of the fuI.I SGAT' ositions in these two species have been determined, although
1 protein sequence with all GABA transporters available i hey are not identical [23,47]. Fourteen pairs of primers were
the database _charIy revealed that SGAT-1 bglongs to the GAliade and the PCRs were performed on the skate genomic
1 group .and 't, IS clos_est fﬁ)rpedoG_A'I_'—l.(Flgure 5) with DNA. All fourteen amplified fragments were longer than
94% amino acid identity and 97% similarity. control fragments amplified from the cDNA, indicating that
Tissue distribution of SGAT-1Fhe tissue distribution at least fourteen introns were present in the SGAT-1 gene. Two
of SGAT-1 expression was examined by northern (RNA) blotarge introns (10 kb) were found between predicted
analysis. Total RNAwas isolated from a number of skate tissugsansmembrane domains IX and XI. The precise positions of
and probed with the c13-4a clone (Figure 1), covering the Gall introns were determined by DNA sequencing and are
terminal of the GABA transporter. This probe recognized twdndicated in Figure 2 by arrows. One intron is located prior to
transcripts (4.5 and 7.0 kb) in the retina and possibly braithe ATG translation initiation site. Table Il shows the size of
(Figure 6A). Probe hybridization was faint but detectable fothe various introns and the sequences of the exon-intron
brain RNA. The amount of RNA loaded in each lane igunctions. All determined splice donor and acceptor sequences
represented by the ethidium bromide staining of the ribosomabntained the consensus [48] splice signal GT at 5' and AG at
RNA bands. The lower amount of brain RNA loaded into the8' of each intron except the first intron in the 5' untranslated
lane may account for the lower degree of signal detected iegion, which is GC at 5' and AG at 3'.
brain as compared to retina (Figure 6B). Probe hybridization
was not evident in RNA from heart, stomach, kidney, liver,
spleen, skin, or skeletal muscle, in spite of the relatively long DISCUSSION
exposure time (5 days). The smaller transcript (4.5 kb) waseveral GABA transporter cDNAs have been cloned from both
more strongly labeled than the larger (7.0kb) transcript (Figur@ertebrate and invertebrate animals [35,36,38,47,49]. These
6A). transporters appear to be members of a larger family of sodium-
The Gene Structure of SGAT-1Figure 7 shows a f';md chloride.—dependent. neurotrgnsmitter transporters, which
Southern blot of skate genomic DNA digested with thdnclude carriers for glycine, proline, taurine, dopamine, and

restriction enzymes BamHlI, EcoRlI, Ncol, Pstl and Xbal, angerotonin [18,50,51]. The common features of this family are
a secondary structure believed to be composed of 12
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Figure 5. Dendrogram of a multiple amino acid sequence alignmei..
of all the GABA transporter sequences available in the database. The
alignment was created with Clustal program of PCGene. The den-
drogram plots the similarity of the sequences to each other based bigure 6. Northern blot analysis of skate total RNA. Forty micro-

the Dayhoff MDM-78 amino acid similarity matrix. The distances of grams of total RNA were run on a formaldehyde agarose gel and
the horizontal lines represent the similarity of one GABA transportetransferred to nitrocellulose. A. The blot was probed with c13-4a
compared to next one. (HGAT: human brain; RGAT: rat brain; MGAT:clone and exposed to film for 5 days. Hybridization was detected in
mouse brain; MRGAT: mouse retina; TGAbrpedoelectromotor  retinal and possibly brain samples. B. Ethidium bromide staining of

nucleus; SGAT-1: skate retina; DBGT: dog betaine/GABA transthe gel to show the amount of RNA loaded in each lane. The 18S
porter). rRNA band is shown.
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hydrophobic transmembrane domains, both amino- anthrough the first half of transmembrane domain Il, where 31
carboxy- termini located in the intracellular side, and putativemino acids are identical. This result is consistent with previous
glycosylation sites on the large extracellular loop betweestudies showing a high degree of similarity in this region [18].
transmembrane domains Il and IV. The second most highly conserved region is the fifth

Starting with low stringency screening of a skate retimpxtraeellular loop and the first half of transmembrane domain

cDNA library using a mouse retinal GAT-1 probe, and ther¢ (Y444-E464). Three potentiall glycosylation sites located
using PCR from a cDNA library and RACE amplification of be.t\_/vee.n transmembrane domains II! and_ IV are conserved.
the 5' and 3' untranslated regions, we cloned a GAT.1-|ikéJ““?a“°n_0f these three glycosylat!on sites was recentl_y
GABA transporter, named SGAT-1. It contains 598 amino acig§onfirmed in rat G_AT',l by N-glycosylation screen mutagenesis
and has one amino acid deletion in the N- terminus comparééo]' The potential intracellular phosphorylation sites by

to mouse retinal GAT-1. This deletion is located at K37. LikeProtein kinase C and casein kinase Il also were conserved. All
other members in the Naand Ci-dependent transporter the critical residues (Typtophan 68, 222, 230, Arginine 69 and

family, hydrophobicity analysis shows that SGAT-1 ContainSGIutamate 101) necessary for the function and GABA binding

12 putative transmembrane domains and a large extracellul§2'54] are well conserved.

loop between transmembrane domains Ill and IV. Sequence To determine the distribution of mMRNA encoding SGAT-
alignment reveals high homology (over 80% amino acidl, northern blots were carried out using skate tissue. Two
identity) to the GAT-1 from other species, including humantranscripts were detected only in skate retina and very faintly
rat, mouse, andorpedo This homology is throughout the in brain. The larger transcript is about 7.0 kb and the smaller
whole sequence. The most conserved region is S55 to F8&8anscript is about 4.5 kb. The size of the small transcript is
corresponding to the second half of transmembrane domairsimilar to the transcripts detected in human, rat, Tamgdedo
GAT-1 [25,27,35]. Adding the 680 bp of the 5' untranslated
region obtained by 5' RACE, 2 kb of the 3' untranslated region
obtained by 3' RACE, and the 1.8 kb of the coding region,
yields a transcript 4.5 kb in size. This is in agreement with the
size of the smaller transcript detected by northern blot analysis.
The 7.0 kb band is not likely to be the transcript of another
1 member in the N& and Ct-dependent transporter family even
‘ though there is high homology throughout this family, because

bp

Xba I
Pst I
co |
EcoR |
BamH [

the hybridization was done under high stringency conditions.
However, it may result from initiation of transcription at an
upstream site or utilization of a poly(A) signal downstream
from the predicted poly A site. Alternatively, it may indicate
the existence of an alternative splicing mechanism. Multiple
transcription initiation sites have been reported in rat liver
9,416 betaine/GABA transporter [55]. It is also worth noting that
Nelson et al. detected a 6.5 kb band when rat brain mRNA
)4 was probed with human GAT-1 [25].
6,557. “ '

13,130-

' The dendrogram of the multiple amino acid alignment
revealed that the SGAT-1 belongs to the GAT-1 group and
appears to be most closely related to Thepedo GABA

4361- L transporter (TGAT-1). In situ hybridization studies in the
U electromotor nucleus dbrpedoshow that TGAT-1 is restricted
to glial cells [27]. However, studies examining the distribution
of GAT-1 in mammalian brain have suggested that GAT-1 is
u primarily, although not exclusively, found in neuronal
populations [38,56,57]. In situ hybridization and
immunoreactive investigations examining the distribution of

2,312 GAT-1 within the mammalian retina have shown that GAT-1
is mainly associated with amacrine cells and ganglion cells,

2,027- and weakly expressed by Miller cells [32,44,58-61]. In
salamander retina, polyclonal antibodies directed against the

- C-terminus of rat GAT-1 stain amacrine cells, interplexiform

cells, and cells in the ganglion cell layer, as well as a
Figure 7. Southern blot analysis of skate genomic DNA. Fifteen miSubpopulation of bipolar cells, but no labeling is seen in either
crogram aliquots of skate genomic DNA digested with BamHI, EcorIorizontal or Miiller cells [62]. This raises the question of
Ncol, Pstl and Xbal were run on an agarose gel, transferred towahich cells in the retina of the skate express the SGAT-1 protein
nylon membrane, and probed with SGAT-1 coding region. The sizegsnd what its precise role might be. Electrophysiological
of theA phage DNA Hind IIl marker are denoted on the left. experiments have provided clear evidence for the presence of
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GABA transporters in both horizontal cells (neural elementyia intron-mediated recombination of exon modules that code
receiving input directly from the photoreceptors), and Mdillerfor functional or structural elements [67-69]. However, there
cells (the radial glial cells) in the skate retina [63,64].is no absolute correlation between intron-exon structure,
Autoradiographic experiments also have demonstrated thepological organization, or functionality since the 12 putative
presence of a GABA transport mechanism in Miiller cells ofransmembrane domains of the mouse and human GABA
the skate. It has been suggested that the GABA transportertodinsporters are encoded by 10 and 11 exons, respectively. In
horizontal cells may regulate the release as well as uptake thfe SGAT-1 gene, like the human GAT-1 gene, the 12 putative
GABA [63,65]. In this context it is interesting to note that, intransmembrane domains are coded by 11 exons.

all species so far examined, GAT-1 transporters have notbeen |, summary, a GAT-1 like cDNA, named SGAT-1, was

ob;erved to be present in_ hprizontal cells. It may be t,hactloned from the skate retina. It codes for a 598 amino acid
horizontal cells possess a distinct GABA transportmechanlsryequence that has over 80% identity to other GAT-1s. The

geared specifica!ly for the dual rc_>|e of uptake_ and release. T%‘?edicted secondary structure is also very similar to that of
cellular localization of SGAT-1 in skate retina needs t0 beihar GAT-1s. RNA blot shows that SGAT-1 is mainly

further mvgstlgated l:_)y in situ .hybrldlz_atlo.n and expressed in the retina along with a weak expression in the

|mmqnolocal|zat|on _studles. Its precise physiological role, .- | ike the human and mouse GAT-1 gene, the gene

remains to be established. structure of SGAT-1 is complex. It has 14 introns with the
The gene structure of SGAT-1 was determined by Southetffirst intron located prior to the translation initiation site. The

blot and PCR techniques. Fourteen introns were identified frorfirst intron position in the coding region is similar to that of

the skate genomic DNA and precisely located. The total introthe mouse gene, while the remaining intron positions in the

size is about 40 kb. Adding the transcript size of the 4.5 kboding region are in agreement with the human gene. The

signal detected on the RNA blot, the gene size would be oveellular localization of the SGAT-1 messenger is currently

44 kb. The averaged sum of labeled fragment sizes is about B8ing examined by in situ hybridization.

kb, which is smaller than the total intron size. The difference

in the estimated sizes is very likely due to the presence of

restriction enzyme sites within the two large introns. Since ACKNOWLEDGEMENTS
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Drosophilagene, is identical to mouse [66], but is different

from the human GAT-1 gene [23]. All other intron positions
in the coding region are identical to what has been seen in the REFERENCES

human GAT-1 gene. Most exons encode only on€. Bloom FE, Iversen LL. LocalizingH-GABA in nerve terminals
transmembrane domain. It has been proposed that genes evolve of rat cerebral cortex by electron microscopic autoradiography.

Table Il. Sze AND JUNCTION SEQUENCESOF INTRONSIN THE SKATE GAT1 Gene

Intron  5'junction sequence Size, bp  3'junction sequence Position consistent with
1 GAGCCggcaagc ~1.5k tttcaggTGATA

2 GCGGAGgtaaaa ~700 tccaagGGGCAT mouse

3 TCAAAGgtatgg ~700 tcacagGCGTGG human / mouse
4 ACGTCGgtaagt ~300 ttgcagGAACTT human

5 CTGGGAgtaaga 97 ctgcagGCGGAA human / mouse
6 GGAAAGgtaaac ~1.5k ccgcagGTGGTT human / mouse
7 TCCGAGgtaggt 127 tctcagGTATGG human

8 ATACAGgtaaca ~2.3k gttcagAGACTC human / mouse
9 CTTCAGgtatga ~2.3k ttcaagGTCCTG human / mouse
10 AGCCAGgtaagc ~4.5k tttcagTTTTGC human / mouse
11 ACCCAGgtaaat ~10k ccctagGGTGGT human / mouse
12 GCTATGgttagt ~10k ctccagGTGTGA human

13 GTGGGGgtaaga ~700 cctcagGGTGTG human

14 AAACAGgtagtg ~4.5k gttgagCGTCTG human / mouse

The introns in the SGAT-1 gene were obtained by PCR from the skate genomic DNA and the intron positions were determiaadibg.sequ
The exon sequence is shown in the upper case and the intron sequence is shown in the lower case. The intron positidfsliodda§G
region were compared with that in the human and mouse GAT-1 genes as shown in the rightmost columns.
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