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Abstract In vertebrates, excitatory amino acid transporters
(EAATSs) are believed to mediate the removal of glutamate
released at excitatory synapses and to maintain extracellular
concentrations of this neurotransmitter below excitotoxic levels.
Glutamate is also used in insects as an excitatory neurotrans-
mitter at the neuromuscular junction and probably in the central
nervous system where its role remains to be established. We
report the molecular characterization and developmental expres-
sion pattern of two Drosophila cDNAs: dEAAT1, which has
recently been identified as a high affinity glutamate transporter
[1], and dEAAT?2, a novel protein sharing strong homology to
dEAAT1 and to the mammalian EAAT protein family. The
developmental expression pattern of the two Drosophila EAAT
genes has been compared by Northern blot analysis and whole-
mount in situ hybridizations. The two transporters are tran-
scribed in distinct cell types of the nervous system and are
strongly expressed in the adult visual system.
© 1999 Federation of European Biochemical Societies.

Key words: Glutamate transporter; Central nervous system;
Visual system; Drosophila

1. Introduction

Glutamate is the major excitatory neurotransmitter in the
mammalian central nervous system (CNS). It plays an essen-
tial role in brain development [2] and in the neural networks
controlling memory [3], learning and motivity [4]. The termi-
nation of glutamatergic synaptic transmission is controlled by
the high affinity excitatory amino acid transporters (EAATS),
which are expressed in neurons and glial cells [5]. These trans-
porters are believed to capture the neurotransmitter released
in the synaptic cleft and prevent glutamate-induced neuronal
death (or excitotoxicity) by maintaining a low extracellular
concentration of this neurotransmitter [6]. They also play a
role in developmental processes in the brain [7]. Increased
levels of extracellular glutamate are observed in several neuro-
degenerative processes in humans such as Alzheimer’s, Hun-
tington’s, Parkinson’s diseases and amyotrophic lateral scle-
rosis [8-11], but the mechanisms by which glutamate is
increased are unknown. A defect in glutamate transport could
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be in part responsible for the neurological disorders in amyo-
trophic lateral sclerosis and ischemia [12].

By now, five glutamate transporters have been identified in
human: hEAATI1 or GLAST, hEAAT2 or GLT, hEAATS3 or
EAAC, hEAAT4 and hEAATS [13-16]. Homologous genes
were found both in vertebrates and in invertebrates. All these
proteins form a family with functional and structural homol-
ogies [17].

In insects, glutamate is the excitatory neurotransmitter at
the neuromuscular junction [18,19] and it is also used in the
CNS where its role remains to be established [20]. Several
glutamate receptors have been characterized which are ex-
pressed in the Drosophila CNS [21-24] or in somatic muscles
[25,26]. However, little is known about the physiology of the
glutamatergic synapse and the occurrence of excitotoxicity in
insects.

We report here the isolation and molecular characterization
of two Drosophila cDNAs that encode proteins belonging to
the family of high affinity glutamate transporters, named
dEAATI1 and dEAAT2. While this work was in progress, a
cDNA encoding dEAAT1 was reported and the correspond-
ing protein shown to be a high affinity glutamate transporter
[1]. We have extended this work by analyzing the developmen-
tal expression profile of dEAATI and its cellular expression
pattern from embryo to adult in the Drosophila CNS. In ad-
dition, we have identified and characterized dEAAT2, a novel
protein which is distinct from dEAATI but equally related to
glutamate transporters. These two transporters are expressed
most strongly in the adult fly heads. Whole-mount in situ
hybridizations show that the two genes are expressed in differ-
ent cellular populations of the nervous system from embryo to
adult. Our results suggest that glutamate plays a significant
role in the Drosophila visual system as is the case for verte-
brates.

2. Materials and methods

2.1. Reverse transcription linked to polymerase chain reaction
(RT-PCR)

The procedures used for RNA isolation and RT-PCR have been
described previously [27]. Total RNA was extracted from larval CNS
and adult heads of Drosophila melanogaster Oregon R strains. Reverse
transcription was performed with SuperScript II reverse transcriptase
(Gibco-BRL). Typically, for PCR reactions, cycles of 1 min at 94°C,
1 min at 60°C and 30 s at 72°C were repeated 35 times, followed by a
final step of 10 min at 72°C.

2.2. Isolation of a dEAATI PCR probe

To isolate a Drosophila glutamate transporter homologue, the fol-
lowing EAAT degenerate primers were used: for the reverse transcrip-
tion step, 5-(G,C)(A,T,C)(A,G)TC(A,T)CC(A,C,G)A(A,G)(A,C,G,
T)AC(A,G)TT (antisense, corresponding to amino acids 439-435 in
the dEAAT1 sequence), for the subsequent PCR, 5'-GC(A,T,C)-

0014-5793/99/$19.00 © 1999 Federation of European Biochemical Societies. All rights reserved.

PII: S0014-5793(98)01695-0



98

1041

303
1171

346
1301

389
1431

433
1561

476
1691
1821
1951
2081
2211
2341
2471
2601
2731

i

131
261
391
521

651

781
84
911
128
1041
171
1171
214
1301
258
1401
301
1561
344
1691
388
1821
431
1951
474
2081
518
2211
561
2341
2471
2601
2731
2861
2991

M.T. Besson et al.[FEBS Letters 443 (1999) 97-104

tttactttatattagagggaggagataggctgaggcgacgcattgactgccaategtgetttggagtacataaaaaggggtttccagecaggacccagggttgtccagaccectgaaccaatecatagatet
tcacdETGACGCGACCCARACAGGATGGCGGCAAGTTCAAGGCCT TCATGCAGGAGAATGTCCTTACCATGGCCACCGTTATCGGT GTGTT TGTGGGT GGACTCATCGGCTTCATCATCAARAATAGCAC

M T R P KQ DG G K F KA FMOQENYVILTMATVIGVFV GGUL I GTFTITIK QD S T
TGGCGAGTGGTCGAAGAGAGAGATCATGTACATATCCTTCCCCGGCGAGATTTTCTTGC! TGCTTAAATGTTTGATTGTGCCGCTTTTGGTCTCATCAATCACCAGTGCCATTGGTGGACTCGACCTG

G E W K R E I Yy I S F P GETIVFLIRMLIZEKTECULTIUVU®PZLILVsS s ITSATIGS GTLDTL
AGCATGTCCAGCAAGATTGCTACCAGAGCCATTACTTACTACTTTGTGACCACCATATCGGCCGTGATTCTGGGAATATGTCTGGTTACCACACTGCGTCCCGGCCAGGGAGCCAAGATCGTGGAGACCC
s M) s Kk I A TRATITYYFVTTTISAVILGTIZCTILUVT Ez L R P G G A K I V E T

AGACGGAGAGCATTGATAAGGCATCCAAGGTGCTCACCCCAGACACGCTTATGGATCTGGTGCGAARACATGTTCACGGACAACATCATTCAGTCGACCATGTTCCAGCACCGCACTGAGATCTATGAGAA
Q T E $§$ I D K4A S K VL T?PDTILMDZ LV RNMT FTU DN NTITIOQSTMTFUQHRTETIZYE
TACTAGCATTAGCCCAGCACAGCCCATGGAARACTGGGAGTTCAAGTCGGCTCAGCGCGAGGGTTCTARTGTCCTGGGTCTTGTGATGTTCAGTGT TATCCTAGGTACCACTATTGGAAGAATGCGGGAG
T S I S P A Q PMENWETFU K SAQRETGS NV G L VMF S$ VI L GTTTIGIRMTR RE
AAGGGACAACTGCTGCAGGATTTCTTCACCACACTGAGCGAGGCAATGATGACCATCACCTCATGGGT TATTTGGATT TCCCCGCTGGGTGTTGCCTTCCTGATAGCCGCCAAGATTAT TGAGATGGAAT
K 6 Q LLQDFFTTTULSEAMMTTITSWVIW,IT S PLGVATFTULTIAATZEKTITIEME
CGATAGCAGCAACGATTCAGTCATTAGGATGGTATTTCATAACGGTCATGATAGGTCTATTCCTTCACGGT TTTGGTACGATTGCGGTGATCTTTTTCCTGGGCACCCGACGTCTCCCGTACCGCTATAT
s I AATTI Q@ SL GWY FTITUVMTIGTLU FILHGT FSGTTIMA AV IVFUFILG R R L P Y R Y I
TGCCAAGCTTAGTCAGGTCCTGGCCACTGCATTCGGAACAGGT TCCAGCTCGGCCACCATGCCGC TGACCATCAAGTGCTTGGACAACATGGGCATCGATCCGCGGGTTACTCGATTTGTCATTCCTGTT
A KL S Q VL ATATFGTG GS S S ATMTZPIL I K ¢ L DNMGTIDU PRV TR RFUV I PV
GGTGCCACAATAAACATGGACGGAACGGCTCTCTATGAGGCTGTGGCTGCTCTGT TCATCGCCCAARTACCGTGAGATGAGCTATTCCT TCGGCACCATTGT GGCCGTCAGCATAACAGCCACGGCGGCAT
G A TTINMDGTA ATLYE AV A AL F I A QY REMSYSVFOGTTIVAUV S I,TATAA
CGATTGGAGCTGCTGGAATCCCGCAGGCTGGACTTGTTACCATGGTCATGGTGCTGGACACAGTGGGC TTGGAGCCGAAGGATGTGTCCCTCATCATAGCCGTCGATTGGCTACTGGATCGCTTCCGCAC
S I GAAGIPQQAGLVTMVMVLDTVGUL E P K Vv s5LITIAUVDWILULUDURTFTRT
CACCATTAATGTAATGTGCGATGCTCTAGGCACTATTTTGGTTAACCATC TGTCGAAGAATGATT TGGCCAGCGTGGATAGGCTGAAT GCCGAGCCCCATGAGCTCCTCGAGCTGGGACCCAATGGCCAC
T I NVMCDALGTTITULVNUHTILSI KNDT LA AS VDI RTILNAEUZPHETLTLETLTGT?PNGH
GAGATGAAGGAPE:Ehggcagtcttcgcttggcgcctataaccgcaaacgatgagtggacatgtcccggctgtgggcctgtttccacatcctgcccagcaacgatagcgatagcgatgactacgacgacg
E M K E *
acgacgaggagttttaaaggatcgecgeaggatcgtattgtatcagegetggaaaggagtcatcacgtttgtttgegaattattttgggtgaccaagtegeatctaattttcagattgatcaatttgaag
cagctcctecggecagaggatagatatectgecagagtacaagtactaagecagcaacgaatttaagtgacacattcgttaaaatagtttgttttttccaaaatgaatagatcgaaaagecagegagaacage
aataagatttaagatgaaaacaacgtaacatttatcgectaaattagggatacttttcaaggtgtacataatttttaaatataattatattaaattgagttcaaatttgecattacattctecectatgatt
agtattacaattgagcagtaaaattagttaaattccaagcaagcaatcccaactttaagcaattgcatttgattaggtcgcaaattgttgagattcgtatctagtatttgttaaaacatattetataact
ttttgacatagcaaagcgaaacaaaataattaaaaaagacaaatatttaacaatagaacacagattaattaacatactaataggtgaaaagcaaaaccaaatccaatccaaatcaaaccacaatttcaaa
tgccgttacaagttegtgttcatagttgagetttgtaaatacttaatagettaagtatacatacataaaactttatggaaatatttatatttaaagegtggaaaccgaattettggatgacaataataga
gtgctgcaatcacacataaagtcaatttatacgagtaacgaattatttataaaatattaataaaactaatataaattaggtcacatcttttcagaaatcaaccaaatattgacacaaatacacaaaatca
ataaaacaaagtaaatactttaatgtttgccatgetttcageccaagaaggagaattttttaggttacgaatcaccaaaatgtttgtagttgtgegtagtctaaatatatgtttactaataaatectttat
gaatattaaacg
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tgaagatccctttgaatatcageccatgactttctgttcaattggegageccageggacatcggaggagecgettcagategegttcagttcagagtggattecgttegagattecgttecgttagagege
tcagcgtcegtegatcgecaggeagttaagaccgegacctegeggeattecggetgeagtetecggtteegtgtegegtegategtttegtettaaggtagaagacaatectetacaacggetacageag
tgcaacgcattttgaaactgttgatgcaacggcagcagaaattgctgeggaaaatattccaactgactgeattggcaaaacgttaagtattcgecagtggtgtgegegecaaaaaaaccaaaaggeggtgat
aaagtgccaagcaaaataccaacgagtgagtggaaagtgagacatacagcacagaacaataattatcgeggggagtgecatcaaccageteccatectgggtaatetgtggttaategtecegadgattacet
cttcgccaadE::FGTCCCCCCACCTCAACTGAGCTGCCTCCGAAGACCACGGAATGCAGCGATGCCCCCGTGGAGTTGACCGGTTACCGCAGGTGGCTCTCCGAGAATCTAATGCTCCTGGTCACCCTT
M G p P TS, T EL PP KTTZETCSUDA AZ®PVETLTS GYH®RIRWILSENILMMTILT LUVTTL
TCCGGAGTTCTCCTTGGTGTAATACTAJEACTCTCCTTACGGCCGCTTAATTTACATGGGGACTCCATCATGCTGATTTCCTATCCTGGCGAACTGTTTATGCGCGTACTCAAGCTGATGATTTTGCCGC
s G VLLGVIULGILE?LR®PILNILHGDSTIMILTISY®PGETZLTFM®RYVYILIEKTILMTITLFP
TAGTTATATCGAGCCTTATTGCCGGATCGGCCAGCCTTAACGCCAAAATGAACGGCAAGATAGCGCTGCGCACGTTGGTTTACTTTGCCAGCACTTCGTTCTTTAACGCTGCACTGGGAATCGCTCTCGT
L Vv I S S L I AGSASLNAIKMNGTZEKTIALUZRTILVYFASTSF N A AL G I AL V
TCTGCTCATCCATCCTGGAAATCCGGATCTGCACAATGCGGACGATCGATC TACAGATCGGCGGGCAGTTAACCTTCTAGATAGTCTTTTGGATTT GGGCAGGARCGTATTCCCGGACAACCTGTTTCAG
L L I HPGNUPUDU LHNA ADDR S D RRAVNILIULDSULILDUIL G RNV F P DNTILTF Q
GCCTCCATTCAGCAGGCGCACACCGTCTACTTGCCCAAGCCGAGTATCCTGCACGTCTTCARCGAAACGATGAATGACACCTTGGCATCCGGATCGGAGGCCCAACGCTTGTCTGAAGACCTTACGGAGG
AS I Q QA HTVYTL®PEKZ©PsILHV F@®ETM@®DTTLASSGSE EAOQRTILSETDTILTE
ATGTGGTGCTGGTGAGAGACATCCAGTACCGCAGTGGAACCAACACCCTGGGCATCGTCTTCTTCTGCCTGGTGTTTGGTACTTTT TTGGGAACCATCGGCCAGAAGGGTCAGGTCGTGGTTGACTTCTT
D VVILVRDTIO QY RSGTNTZULGTIVZ FZ FOCILVZ FSGTT FTILGTTISGI QZEKSGQVVVDTFF
TGCCGCCATTTTTGAGGTGATCATGAAGATGGTCACCTGCGTGATGTGGCTGACACCCGTGGGCAT TAGT TCTGTGATCGC TGGGAARGATACT GAGCGTGGGCGAT TTGGGCCTGGTGATGTCGCAACTC
A A I FEVIMIEKMYVTCVMWILT®PVGISSVIAGEKTIZLSVSGDILGTLVMSQTL
ATGTGGTTCATCGTCACGGTGGCCATCGGCGTCTTTATCTACCAGT TTGTGGTGATGCAGGCCATATATTTCGTCGTCGTGCGTCGARATCCGTTCAAGTTCTACGCCGGACTCATCCAGGCCATGCTTA
M W F I VT V I GV F I Y QFVVMOQ@ATIYTFVVVRRNZPTFZ KT FYAGILTIQAMIL
CCGCATTCGCCACGGCCTCAACCGCCGCTGCCCTGCCCATTACATTCCGCT GCATGGACGAGAAACTCAAGGT GGATCCGC GGATCACGCGATTTGTCCTTCCAATCGGATGCAACATCAACATGGACGG
T A F A TA S TA AR AA ATL P I F RCMDEIZ KT LI KUVD®PRTITIRTE FUVLZPTIGT CNTINMDG
AACGGCCCTATATATCGCAGTGGCATCGATATTCATTGCCCAGATGAGCGGCATGGTTCTGGGATT TGGAGAGCTCCTTACGGTCCTTCTGACCTCCACGGCTGCCTCCATGAGCTCGGCCAGCGTTCCG
T AL Y I AV ASIVFIAQMSGMUVLGT FGETZLTLTV L L s T A A S M S S A S V P
AGTGCTGCCCTGGTACTCCTTCTCGTGGTGCTGACCGCCATTGATGCGCCTGTTCAGGATGTCACGCTGCTCTTCGCCGTGGACTGGTTTG TCGGATTCGCACCACCAATAATATGCTGGGTGACT
S A AL VL L L VVLTATIUDA APV QDUVTILTILTF VDWZ FVDIRTIIRTTNNMTILGD
GCTACACTGCTGCCGTAGTCGAGGAGTTGTCGCGARAGGAGTTGATGGCTTTGGATGCCGCTTCCGTTAACTATCAGGACATGCCCGCTGGCACCCCCARTGGACAT GGACATGGACACCACGATGGAGG
cC Y T A A V V E E L R K EL MAILUDA AASVNYQDMZPA ASGTU?PNGHG GHGHUHTD GG
ACTTCTCGAGGGGCAGACCGAGT TGGAGACGAGCAGCAAGTGCGTTATGACAATGACGGACTCGGT GGTGGTGGACAT TAGTGCGGTGATGAATAACGTGAACCTGCAGCAGGAGCACTGTAACCGCAGG
L L E G Q T E L E T Ei s K ¢cvVvM™MTMTUDSVVVDTISAVMNNUVNILG QI QEHTCNRR
GTCEEEbatgttttgaacagaccagattcgattttagttcgtcagcatcagctctatagtcccagtagcgccaccaccacaattacaacacatatgatatcaccaccaatagaccgcagtgttccccaac
v

aaacaaatttttgatataggatctttaaacaacaaatgatcggatatatatcgagagactgtctgacgaacccaccegeattgaatttactectettttggaccagtgtegatagecaattaattagectyg
aacacttaaaggactccgcatacgtaaatatggaatattcaccttgtaggactcgcataagaatattatatgccacatttaagcacacacattttaccttaaacccaaaggacgaaaaaacgetgagege
gggattttttgggatccatcctgggaactatgtgecataatctatgggtattattttgtaagctegattgtgatggggtcaccaagetgatttgttttataatgttgtttatttatacgttatatatgtgt
tgtttgggaatattatgagagatcaatgtttaagttgattgaggagggattgaaaggtagaattgcaggttgtacaagaagctggeccaggtttagttttagttgacctectatttteccgaaactcacyg
tttggttatacgccecctgataaacaattaacaactaatggectatggaatatcacttaccaattactcattttcagttactgataccaaatatcacacatgcattegtagactgatagecagacttagtage
gataacaaaatgtatctgcatatatgcaatacttactaaccaatatccgacattcgatttgtacgcggacgcatacgctgaatacaataaagttattataccacctaatag
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Fig. 1. Nucleotide sequences of the Drosophila EAAT ¢cDNAs and schematic organization of their genomic regions. A, B: dEAATI. C, D:
dEAAT?2. A: Sequences of the isolated cDNA clone and 3’ and 5 RACE-PCR products were combined to construct the complete dEAAT1
cDNA sequence. 5" RACE-PCR yielded only a few more bases upstream of the clone insert. C: The sequence of the longest dEAAT2 cDNA
clone is presented. The deduced amino acid sequences are indicated below the nucleotide sequences. Nucleotide and amino acid positions are
numbered in the left margins. The 5’ and 3’ untranslated regions are in lower case and the coding sequences in upper case. The translation
start sites and the termination codons are boxed. The polyadenylation signals are in bold letters. Putative sites for N-linked glycosylation are
circled. Consensus sites for phosphorylation by protein kinase C are in squared circles. Positions of the intron/exon boundaries are indicated by
the ¢ symbols. For both genes, the untranslated sequence is not complete since the size of the transcripts estimated on Northern blot is larger
than the size of the cDNAs. B, D: The exon/intron structure of the dEAAT genes was deduced by comparing the cDNA sequences with the
genomic sequences available from the BDGP database. The exons (E) are represented by boxes and the introns (i) by a solid line. The coding

part of the exons is in gray.
bl

AC(G,T,C)(A,G)T(C,T)A(A,C)(A,C)ATGGA(C,T)GG (sense, corre-
sponding to amino acids 347-353 in dEAATI) and 5-C(G,T)
(A,G)TC(A,C)AG(A,G,C)A(A,G)CCA(A,G)TC(A,G,C)AC (antisense,
corresponding to amino acids 429-422 in dEAAT1). The 248 bp RT-
PCR product obtained was sequenced and specific oligonucleotides
were synthesized for amplification of cDNA ends. 3’ RACE was per-
formed as described [27] and 5" RACE with the Gibco-BRL kit (5’
RACE System, Version 2.0). After gel separation, the specific bands
amplified were purified, cloned and sequenced.

2.3. Isolation of a dEAAT2 PCR probe

By comparison with the vertebrate glutamate transporters, a ho-
mologous Drosophila genomic sequence has been found by performing
a BLAST search on the Berkeley Drosophila Genome Project (BDGP)

database (see Section 3.1). Specific sense and antisense oligodeoxynu-
cleotides (respectively 5'-ATGCGCGTACTCAAGCTGATG, start-
ing 219 nucleotides after the ATG in the dEAAT2 cDNA, and 5'-
TCGCACTGTAGGACTTGTCCG, starting 1357 nucleotides after
the ATG in dEAAT?2) were synthesized and used for PCR amplifica-
tion. The template was a single-stranded cDNA obtained by reverse
transcription of Drosophila adult head RNA and oligo-dT priming.

2.4. Screening of Drosophila head ¢cDNA library

The probes were radiolabeled with [0-*?P]JdCTP (New England Nu-
clear) by random priming and used to screen a cDNA library from
Drosophila adult heads in AZap II (generous gift of Y.N. Jan, UCSF,
kindly provided by Y. Grau). Hybridizations were carried out at 42°C
in 50% formamide, 5XSSC, 2.5 X Denhardt’s, 0.05 M sodium phos-

MTRE--KQDGGK N
________ MGPPTSTELPPKTTECSDAR---VELTG N
hEAAT2  MASTEGANNMPKQVEVRMPDSHLGSEEPKHRHIGLRICDKLGKN

STGEWS!
N--LHGDSIMLISYPG
~PIHPD AFIPG

ATTY LGICLV JGAR LVRM JHRITETY-ENTSISPAQPMENWEFKSAQ
dEAAT2 YFASTSFFNAALGIALV YNLLDST ¢ PDNLFOA AHIT PKPSILHVFNETMNDTLASGS--EAQRLSEDLTEDVVLVRDIQY

LLEGQTELETSSKCVMTMTDSVVVDISAVMNNVNLQQEHCNRRV
SNSNQCVYAAHNSVIVDECKVTLAANGKSADCSVEEEPWKREK

DRLN--AEPHELLELGPNG!
DAR AGTPNGHGHG]
IEMTKTQSIYD!

hEAAT1 hEAAT2 hEAAT3 hEAAT4 hEAATS Ceglut-1 TrnEAAT1
dEAAT1 41 35 42 37 37 41 59
dEAAT2 39 40 42 36 36 45 39

Fig. 2. Homology of the Drosophila EAAT proteins with previously identified glutamate transporters. A: Amino acid sequence alignment of
dEAATI and dEAAT2 with human EAAT2 (hEAAT?2). Identical residues are shaded and conserved residues are boxed. Comparable align-
ments were obtained with the other EAAT proteins. B: Amino acid identity score of human and invertebrate glutamate transporters with the
dEAAT proteins. The sequence of each EAAT protein was aligned with dEAAT1 and dEAAT?2 respectively to determine the percent identity.
Ceglut-1: Caenorhabditis elegans glutamate transporter [45]. TrnEAATL: Trichoplusia ni glutamate transporter [32]. All alignments were gener-
ated with the Clustal W software [46].
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Fig. 3. Hydrophobicity profiles of dEAAT and hEAAT2 proteins.
Hydropathy analysis was performed with the TopPred II software
[47] using the Goldman, Engleman and Steitz algorithm [48]. The
hydrophobic peaks that qualify as certain transmembrane domains
(above 1.0 GES units) are numbered.

phate buffer pH 6.8, 125 pug/ml heat-denatured herring sperm DNA,
10% dextran sulfate, 0.1% N-lauroyl sarcosine, 0.02% SDS. The filters
were washed at 65°C with 0.2 XSSC-0.1% SDS as a final wash. Auto-
radiography was performed at —70°C using BioMax (Kodak) film
and screen. After the third round of screening, isolated positive clones
were characterized with regard to insert size. The largest EcoRI insert
was recovered by in vivo plasmid excision. The complete sequence of
the selected clones was performed and compared to the corresponding
genomic sequences available on the BDGP database.

2.5. Cytological localization of the dEAAT genes

A biotin-labeled dEAATI1 probe was used to map the localization
of the gene by hybridization to polytene chromosomes of salivary
glands as described in [28]. The result was confirmed by hybridization
on a Drosophila P1 clone array filter (Genome Systems) and by the
recent sequencing of the genomic region by the BDGP. Localization
of dEAAT2 was deduced from mapping of a P1 clone containing this
gene by the BDGP.

2.6. Northern blot analysis

Total RNA was isolated from time-staged embryos, larvae and
adult heads and bodies. Ten micrograms of RNA were fractionated
by electrophoresis on denaturing formaldehyde-1% agarose gels and
blotted onto a positively charged nylon membrane (ICN) by capillary
transfer. RNA blots were hybridized as described above for the
cDNA library screening, with a final 0.1 XSSC-0.1% SDS wash at
65°C. The blots were successively probed with the radiolabeled inserts
of the dEAAT1 and dEAAT2 cDNA clones, and a ribosomal DNA
probe to control loading. Blots were stripped by two 0.01 X SSC-0.1%
SDS, 1 mM EDTA washes at 100°C between each probe. Sizes of the
mRNA were deduced by comparison with the migration of standard
RNAs (Perfect RNA markers, Novagen).

2.7. Whole-mount in situ hybridization
In situ hybridization was carried out essentially as described in [29].
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Drosophila embryos were treated for 8 min in 4 pg/ml activated pro-
teinase K (Amresco) at room temperature with agitation [30]. Third
instar larval CNS and adult brains were dissected at 4°C in PBS and
fixed for 20 min in 4% paraformaldehyde in PBS. After four washes,
they were treated for 4 min only in 4 pg/ml activated proteinase K.
Single-stranded digoxigenin-labeled RNA probes were synthesized
from linearized cDNA plasmids using the Boehringer-Mannheim
DIG RNA labeling kit. After the labeling reaction, the RNA was
size-reduced by mild alkali hydrolysis with 2 volumes of 100 mM
carbonate buffer pH 10.2 for 20 min at 65°C. The final pellet was
resuspended in 70 pl of hybridization buffer (50% formamide,
5XSSC, 100 ug/ml heparin, 100 pg/ml heat-denatured herring sperm
DNA, 0.1% Tween-20) and 5 pl were used for each labeling reaction.

3. Results and discussion

3.1. Isolation and characterization of dEAATI and
dEAAT2 ¢cDNA

The C-terminal part of high affinity glutamate transporters
presents the highest level of amino acid identity [17]. Degen-
erate oligonucleotides were chosen in this region for RT-PCR
experiments, leading to the isolation of a 248 bp cDNA frag-
ment homologous to glutamate transporters from Drosophila
larval CNS. Using this sequence, a larger 1.1 kb cDNA frag-
ment was subsequently amplified from Drosophila adult head
RNAs by 3" RACE. This 1.1 kb fragment was used as a probe
to screen a Drosophila head cDNA library, yielding several
positives cDNA clones from the same gene that was called
dEAATTI. The largest cDNA insert obtained (2.4 kb) contains
a 1437 bp open reading frame but lacks the polyadenylation
signal, which was identified by sequencing the 3’ RACE frag-
ment. The deduced amino acid sequence of dEAATI1 predicts
a protein of 479 residues (Fig. 1A). The dEAATI nucleotide
sequence presents some base discrepancies in the coding re-
gion with the sequence reported recently [1] but the predicted
amino acid sequences are identical. In situ hybridization to
polytene chromosomes indicates that the gene is located at
position 30A7-8 on the left arm of the second chromosome.
The dEAAT]I gene is included in two P1 clones, DS06478 and
DS03809, which were mapped by the BDGP at the same
chromosomal locus.

To isolate other glutamate transporter candidates from
Drosophila, a BLAST search was performed on the BDGP

EMBRYO LARVA ADULT
[ 11 1T 1
)
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Ea23 3883 28%
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3.3 kb —» . s dEAATI
3.2 kb = . dEAAT2

vope--wepy -

Fig. 4. Developmental pattern of the dEAAT transcripts determined
by Northern blot analysis. The same developmental Northern blot
was probed successively with radiolabeled dEAAT1 cDNA,
dEAAT2 cDNA, and finally ribosomal DNA to quantify RNA
loading. The dEAAT probes corresponded to the entire cDNA se-
quences. The size of transporter mRNAs is indicated on the left (ar-
rows).
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Fig. 5. Whole-mount in situ hybridization on stage 15-16 Drosophila embryos. A, B: Lateral and ventral views of embryos stained with an
antisense dEAATI probe. No signal is detected out of the CNS. Arrows indicate a population of ventrally located cells. C, D: Lateral and ven-
tral views of embryo stained with an antisense dEAAT2 probe. Small clusters of cells are labeled in the frontal part of the embryos (arrow-
heads), which are probably in the larval photoreceptor organs. Anterior part of embryos is on the left and dorsal on top. Br: brain; Vc: ven-

tral cord. Bar =100 um.

sequence database. A single sequence presenting a significant
homology to glutamate transporters was detected. This se-
quence is included in the P1 clone DS02649 that maps to
the 21D chromosomal region. Oligonucleotides were designed
from this sequence to amplify a 1 kb cDNA fragment from
adult fly head RNA by RT-PCR. This fragment was used as a
probe to screen the Drosophila head cDNA library, resulting
in the isolation of several clones. The cDNA clone with the
larger insert size (3.1 kb) contains an open reading frame

encoding a protein of 561 amino acids, named dEAAT?2 since
it is the second member of this family characterized in Dro-
sophila (Fig. 1C). A polyadenylation signal is located 16 nu-
cleotides upstream of the cDNA end. The translation start site
at nucleotide 531 matches for the Drosophila consensus se-
quence [31].

The exon/intron structure of the dEAAT genes was deter-
mined by comparing the cDNA sequences with the corre-
sponding genomic sequences recently available from the

—

Fig. 6. Localization of the dEAAT1 mRNA in Drosophila larval CNS. A: Third instar larval CNS stained with the antisense dEAAT1 probe.
Large cells are labeled in the ventral chain (arrows) but the staining is more intense in the brain and optic lobes. B: Same CNS as in A but
less exposed to show the large cell bodies that are stained in the brain (arrow). C: Deeper focus plan of the same CNS showing the characteris-
tic half-ring structure labeled in the optic lobes and more cell bodies (arrow). Anterior is on top. Br: brain; Ol: optic lobes; Vc: ventral cord.

Bar =50 um.
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Fig. 7. Whole-mount in situ hybridization on adult Drosophila brain and visual system. A: Localization of dEAAT] transcripts in adult brain.
dEAATI is mostly detected in large cortical cells of the medulla. Note that retina and lamina have been peeled off this brain. B: Localization
of dEAAT?2 transcripts in adult brain, ocelli and retina. C: dEAATI mRNA is not detected in the retina or lamina. D: dEAAT?2 is strongly
expressed in the retina. Apparent differences in staining intensity come from the unequal thickness of the preparation and wrapping of the
whole-mounted brain by the retina in the lower half of the figure. Br: brain; La: lamina; Me: medulla; Oc: ocelli; Re: retina. Arrows indicate
the midline of the brains. Bar =50 um (same magnification for A, C and D).

BDGP. dEAAT1 contains nine exons and eight introns (Fig.
1B) and dEAAT?2 eight exons and seven introns (Fig. 1D).
Both genes may contain one additional exon in 5 which
would comprise the transcription start site. Southern analysis
shows that the dEAAT genes are not redundant in the Dro-
sophila genome (not shown).

3.2. Sequence analysis of dEAAT proteins

BLAST searches revealed that dEAAT1 and dEAAT2 are
more homologous to the family of high affinity glutamate
transporters than to any other known proteins. This is illus-
trated by the alignment of dEAATSs with a human glutamate
transporter (hHEAAT?2) (Fig. 2A). The identity scores of sev-
eral human and invertebrate glutamate transporters with
dEAAT! and dEAAT?2 are presented on Fig. 2B. It can be
seen that both Drosophila proteins have similar high levels of
amino acid identity (35-45%) with previously identified
EAAT sequences. Similarly, dEAAT1 and dEAAT2 are 36%
identical. An exception is the recently isolated lepidopteran
Trichoplusia glutamate transporter (TrnEAATI) [32], which
is specifically more homologous to dEAATI1 (59% identity).
A less significant homology (31-33%) is observed between

dEAATS and the vertebrate sodium-dependent neutral amino
acid (ASC) transporters, which are related to the glutamate
transporter family [33,34].

As shown in Fig. 3, the dEAAT proteins display almost
identical hydrophobicity profiles with the glutamate transport-
ers: seven conserved distinct hydrophobic peaks correspond-
ing to transmembrane o-helical domains and a long and
rather hydrophobic region in the C-terminal half of the se-
quences. This region is the most highly conserved between the
different EAAT transporters [17], but the number of mem-
brane-spanning domains is not well defined in this region.
The N-terminal parts of the two proteins are hydrophilic sug-
gesting a cytoplasmic localization of their N-terminus.

For dEAAT?2, two sites of N-glycosylation are present in
the large loop between the transmembrane segments 3 and 4,
which must be extracellular. Such glycosylation sites are lo-
cated in the same domain in other glutamate transporters [35].
Protein kinase C phosphorylation sites are also found in
dEAAT?2 (Fig. 1C) like in vertebrate glutamate transporters.
As shown in Fig. 1A, dEAAT]I presents the same pattern of
putative sites for post-translational modifications. Therefore,
sequence analysis shows that the two Drosophila proteins
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share the general structural features and topology of gluta-
mate transporters, strongly suggesting that they belong to the
EAAT protein family.

3.3. Developmental expression profiles of dAEAATI and
dEAAT?

dEAAT1 and dEAAT2 mRNAs are most strongly ex-
pressed in adult fly heads in the course of development, as
shown by Northern analysis (Fig. 4). They are also expressed
in late embryos, larval stages and adult bodies but the signal
is much weaker for dEAAT1 and hardly detectable for
dEAAT?2 on Northern blots. The dEAATI mRNA migrates
as a single 3.3 kb band. The dEAAT2 mRNA is apparently
more complex, with a major 3.2 kb transcript and three larger
minor transcripts (3.8, 4.3, and 4.8 kb) that could result from
differential RNA processing (Fig. 4). A similar mRNA poly-
morphism has been observed for hEAAT?2 [36,37].

3.4. Cellular localization of dEAATI] and dEAAT2 mRNAs by
whole-mount in situ hybridization

The pattern of dEAAT expression was first examined by in
situ hybridization with antisense RNA probes to 9-17 h old
Drosophila embryos. This developmental stage coincides with
differentiation of the central and peripheral nervous system.
At stages 15-16, the dEAATT transcript is strongly expressed
in the brain and ventral nerve cord but no signal is detected in
the peripheral nervous system or in other tissues (Fig. 5A,B).
Control embryos hybridized with a sense RNA probe had no
detectable staining at any embryonic stage (not shown). In the
ventral cord, several populations of cells express dEAATI.
The ventral view shows a segmentally repeated pattern of
four large clustered cells in each abdominal neuromere at
the level of the longitudinal connectives (Fig. 5B). The loca-
tion of these cells appears similar to that of neurons RP1, 3, 4,
5 [38]. Other cells are stained near the longitudinal connec-
tives. A distinct population is found more ventrally (Fig.
5A,B, arrows): these ventro-lateral cells are smaller than the
others and not clustered. At the same embryonic stages,
dEAAT?2 is expressed in the ventral nerve cord in four to
six cells per abdominal neuromere (Fig. 5C,D). In the anterior
part of the embryos, three symmetrical clusters of cells also
express dEAAT?2 that could correspond to the Bolwig’s organ,
the larval photoreceptor organ [39] (Fig. 5C,D, arrowheads).
Therefore, in the embryonic CNS, dEAATI is expressed in
several cell populations that probably include motoneurons
whereas dEAAT?2 is expressed in a smaller number of appa-
rently distinct nerve cells, which could be interneurons or glial
cells.

The expression profile of dEAAT mRNAs was then exam-
ined in isolated CNS of third instar larvae. Fig. 6 shows local-
ization of the dEAATI transcript. This gene is strongly ex-
pressed in a characteristic half-ring structure in the optic lobe
(Fig. 6C). This structure could be part of the proliferative
centers that give rise to the adult optic lobes [40]. In addition,
numerous large cell bodies are stained in the brain and ventral
ganglia (arrows). The morphology and location of these cells
suggest that they are motoneurons in the ventral ganglia and
interneurons in the brain. For dEAAT2, no signal could be
demonstrated in third instar larval CNS by in situ hybridiza-
tion, suggesting that expression of this transporter is down
regulated at this stage. However, expression of dEAAT2 can
be detected by RT-PCR from larval CNS RNA (not shown).
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In the adult brain, in situ hybridization reveals that
dEAATTI is strongly expressed in cells of the medulla cortex
in the optic lobe (Fig. 7A). For dEAAT?2, an intense labeling
is observed in the retina and the three dorsal ocelli (Fig.
7B,D). No specific staining was obtained in the retina with
a sense dEAAT? probe (not shown) or the antisense dEAATI
probe (Fig. 7C). Thus, the two dEAAT genes are expressed in
distinct regions of the visual system in adult Drosophila. These
results suggest that the neurotransmitter glutamate plays a
significant role in the fly visual system as is the case for verte-
brates.

In conclusion, dEAAT1 and dEAAT?2 are two Drosophila
proteins highly homologous to glutamate transporters which
seem to be expressed in distinct cellular populations from
embryo to adult. Until now, we have not found other mem-
bers of this protein family in Drosophila either by searching
the genome databases or by RT-PCR with degenerate pri-
mers. The strong expression of dEAAT1 and dEAAT2 in
the nervous system, particularly in adult fly heads, argues
for a role of these transporters in neurotransmission in Dro-
sophila. The dEAATT] transcript is present in large cell bodies
that probably include motoneurons. This protein could there-
fore play a role at the neuromuscular junction. The two trans-
porters are expressed in the adult visual system, but in differ-
ent cells. dEAATTI is present in large neuronal cell bodies of
the medulla cortex whereas dEAAT?2 is in the retina and
ocelli. Several glutamate transporters are similarly expressed
in the vertebrate retina [41-44], where they contribute to the
regulation of the extracellular glutamate concentration. In
embryos, the expression pattern of the two dEAAT genes is
clearly different from the glial cell pattern. In addition, the
size and shape of the dEAAT expressing cells suggest that
they are neuronal. However, these transporters could also
be expressed at a lower level in other cell types of the CNS.
This point will be clarified once antibodies are available to
detect these molecules. The specific functions of dEAATI1 and
dEAAT?2 and the role of glutamate in the insect brain and
visual system can now be addressed by a genetic analysis in
Drosophila.
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