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Nicotinic acetylcholine receptors (nAChR) are found both
in vertebrate and insect central nervous systems. We have
isolated a Drosophila gene by crosshybridization with a
vertebrate probe. Structural conservation of domains of
the deduced protein and of intron/exon boundaries indi-
cate that the Drosophila gene encodes an nAChR o-like
subunit (ALS). That the Drosophila gene product most
resembles the neuronal set of vertebrate nAChRs o-sub-
units is also indicated by the failure of an ALS-3-galacto-
sidase fusion protein to bind a-bungarotoxin on blots in
contrast to vertebrate endplate o-subunit constructions.
The ALS encoding gene exceeds 54 kb in length and the
transcript has a very long and unusual 5’ leader. As we
found previously for a gene whose product is also involved
in cholinergic synapses, acetylcholinesterase, the leader
encodes short open reading frames, which might be in-
volved in translation control. We also note the presence
of opa repeats in the gene, as has been found for various
Drosophila genes expressed in the nervous system.
Key words: acetylcholine receptors/a-bungarotoxin/
Drosophila melanogaster/protein homology

Introduction

Physiological responses to a limited set of neurotransmitters
can be varied by increasing the diversity of receptors for
a given neurotransmitter. Acetylcholine (ACh) is the neuro-
transmitter that best illustrates this situation. It is recogniz-
ed by two unrelated receptor families, the nicotinic and
muscarinic ACh receptors, that coexist in vertebrates as well
as in insects (Dudai, 1980). In vertebrates, the number of
known members of both receptor families has recently in-
creased (Goldman ez al., 1987; Nef et al., 1988; Bonner
et al., 1987).

Nicotinic acetylcholine receptors (nAChRs) have been
shown to constitute a receptor family whose members are
expressed in different regions of the vertebrate central and
peripheral nervous systems, including different mammalian
brain areas (Goldman et al., 1987; Whiting et al., 1987).
According to pharmacological and structural criteria (Martin,
1986), this receptor family can be divided into two groups.
The members of the first group are specifically antagonized
by the neurotoxin a-bungarotoxin (e-BTX), whereas in the
second group of nAChRs «-BTX does not block function.
This pharmacological criterion has been found to be deter-
mined by a toxin-binding amino acid sequence overlapping
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the ACh binding site located close to a conserved pair of
vicinal cysteines found in all the nAChRs «-subunits that
have been analyzed (Wilson er al., 1985; Neumann et al.,
1986; Barkas et al., 1987).

The first group includes the endplate nAChR, the electro-
plax receptor and possibly a brain a-BTX binding compon-
ent (Conti-Tronconi et al., 1985). Endplate and electroplax
receptors are complexes built of four different subunits in
the stoichiometry o,(vy6 (reviewed by Changeux, 1984;
Hucho, 1986). Members of the second group are located
in the central nervous system and in sympathetic ganglia
(Clarke, 1985; Patrick and Stallcup, 1977). Three different
receptor subtypes belonging to this second group have been
described so far (Boulter et al., 1986; Goldman et al., 1987;
Nef et al., 1988). They may assemble from only two dif-
ferent subunits, one of which (the non-o) may be common
to several receptor subtypes (Boulter e al., 1987).

nAChRs have been analyzed cytologically, pharma-
cologically and biochemically in several insect species in-
cluding Drosophila (Hall and Teng, 1975; Schmidt-Nielsen,
1977; Dudai, 1977; Rudloff er al., 1978). These studies sug-
gested the presence of nAChRs with properties similar to
those of the vertebrate endplate receptor and including an
a-BTX binding component. Purification of nAChR from
locust (Locusta migratoria) ganglia by o-BTX affinity (Breer
et al., 1985), and subsequent receptor reconstitution in planar
bilayer (Hanke and Breer, 1986) indicated that in this insect
species, at least, one form of the nAChR is an oligomer com-
posed of identical subunits, a structure predicted for an
ancestral AChR protein. More recently, Drosophila cDNA
clones encoding a protein (named ARD) homologous to the
vertebrate nAChR non-« subunits were isolated and analyzed
(Hermans-Borgmeyer et al., 1986). We describe here the
isolation and analysis of an insect nAChR «-subunit gene
and of the corresponding cDNA clones. Interestingly, its
deduced amino acid sequence has a closer homology to the
vertebrate neural nAChR «a-subunits than to the neuro-
muscular a-subunits, as is also the case for the Drosophila
non-« subunit (Hermans-Borgmeyer et al., 1986). Further-
more, a Drosophila nAChR-3-galactosidase (Escherichia
coli) hybrid protein did not bind o-BTX in vitro. Thus the
protein product of this Drosophila gene has properties
analogous to those of the vertebrate neural nAChR «-
subunits that do not bind a-BTX. The structure of the ALS
gene differs from the structure of its vertebrate counterparts.
First, it spans more than 50 kb of DNA and its major tran-
scription product is 10.5 kb long. In addition, one intron
conserved in all the vertebrate nAChR subunits is not found
in this gene, whereas four remaining introns occur at
precisely the same sites in vertebrates and in Drosophila.
Three repetitive elements of the opa family are present in
the 5’ and 3’ sequences flanking the main open reading frame
(ORF) on the cDNAs. Such elements are also found in other
Drosophila genes expressed in the nervous system (Wharton
et al., 1985).
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Results

Genomic and cDNA clones isolation
A Drosophila genomic library was screened at low strin-
gency with a fragment of the chick neuronal nAChR o2 gene
(Nef et al., 1988) encoding amino acids 96— 195 of the o2
subunit. Genomic clone ¢4 (Figure la) was the original
isolate. The nucleotide sequence around a BamHI restric-
tion site (co-ordinate zero, Figure 1b) located within the
crosshybridizing region confirmed the existence of an ORF
having 66% conserved nucleotides with the probe.
Additional vertebrate receptor probes allowed the identifi-
cation of some neighbouring exons on the same Drosophila
genomic clone (data not shown). Restriction fragments con-
taining these Drosophila exons were used to screen cDNA
libraries (a gift of L.Kauvar). Three different cDNA clones
were selected from a first and second instar larval library
and sequenced. One clone (no. 3, Figure 1d) overlaps the
other two (no. 8 and no. 16), which are separated by just
one nucleotide. The combined nucleotide sequence from
these three clones defines a single long ORF of 1701 nt
(Figure 2) bracketed by 1282 nt and 514 nt in 5’ and 3’
respectively.

cDNA deduced amino acids sequence

The main ORF encodes 567 amino acids presenting struc-
tural domains homologous to those of the vertebrate nAChR
subunits. The 20 first residues have the expected features
of a putative signal peptide and the N terminus of the mature
protein is probably Asn 1 at nucleotide position 1346 (Figure
2 and 3) as the residues at —1 and —3 conform to the rules
of Von Heijne (1983). The first 218 residues of the mature
protein are homologous to the extracellular domain of the
vertebrate nAChRs with two conserved Cys at positions 128
and 142, and the Cys doublet identifying all the « subunits.

$9

This Cys doublet is found at position 201 —202 instead of
the expected 192—193 co-ordinates, because of a nine-
residue insertion in the small variable region between
residues 158 and 174. We therefore call this Drosophila
amino acid sequence ALS (a-like sequence). Like the
vertebrate neuronal o2, a3 and o4 subunits, ALS contains
two potential glycosylation sites (Asn 24 and 212) instead
of one in vertebrate endplate a-subunits. Moreover, the Asn
24 site is conserved in the ARD and vertebrate neuronal
subunits.

Barkas et al. (1987) defined the interval between residues
160 and 216 as containing the «-BTX binding site of the
mouse a-subunit. This sequence corresponds to co-ordinates
167 —224 (Figure 3) in the ALS protein. Interestingly, the
highest similarity in this interval is found between ALS and
rat neuronal o3 (25 identical residues out of 57). Homology
between ALS and the vertebrate endplate « subunits at the
a-BTX binding site is lower (e.g. 19 identical amino acids
out of 57 in the mouse muscle « subunit). Proper alignment
of vertebrate neuronal with endplate o subunits in the region
of the Cys doublet requires introducing a gap of one amino
acid, and so does ALS.

The next structural domain contains three stretches of
hydrophobic amino acids that define three putative trans-
membrane regions according to Kyte and Doolittle (1982),
separated by stop transfer residues. This region (co-ordinates
219-308, Figure 3) probably constitutes the transmembrane
segment of the cation channel in co-operative assembly with
the homologous regions provided by the other subunits in
the complex (Giraudat et al., 1986). This region is highly
conserved between insects and vertebrates with 58 % iden-
tical residues between ALS and mouse muscle or Torpedo
electroplax a-subunits, 70% with rat o3 or o4 neural
subunits and up to 90% similarity when conservative amino
acid exchanges are considered.
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Fig. 1. Correspondence between the ALS gene and its cDNA products. (a) Chromosomal walk in the 96A region. The horizontal bars indicate the
overlapping chromosomal fragments isolated from a Drosophila genomic library. (b) Restriction map of the cloned genomic interval. R, EcoRI; B,
BamHI; H, Hindlll; S, Sall. (c) Exons localization. Filled boxes indicate the ALS encoding exons and open boxes indicate exons that code for ALS
5’ and 3’ flanking sequences. The dashed lines specify that the 5'- and 3'- most exons might extend further. The scale is identical for (1), (b), and
(c), and is indicated in kb. (d and e¢) cDNA map. The horizontal line corresponds to the sequence of 3498 nt reconstituted from the three cDNA
clones (nos. 8, 3, 16) mentioned in (e). The large box symbolizes the ALS-encoding region with the following landmarks: S, signal peptide; C, Cys
at amino acids positions 132, 148, 201, 202; A, amphipathic region; 1, 2, 3, 4, the four hydrophobic regions. Starred boxes indicate the opa
repetitive elements. Triangles localize the additional AUGs in the 5’ leader region. The scale is the same for (d) and (e). It has been magnified 20x
relative to (a), (b), and (c). The correspondence between the exons in (c) and the cDNA sequence in (d) is visualized by oblique lines.

612



The next peptidic interval extends between positions
309 —444. The sequence that is immediately adjacent to the
third transmembrane region is well conserved over about
30 residues and then diverges considerably. This interval
is generally thought to constitute the cytoplasmic domain of
the receptor (Claudio ez al., 1983; Finer-Moore and Stroud,
1984; Ratnam et al., 1986). Its length is variable, but the
vertebrate a3 and o4 subunits are characterized by a cyto-
plasmic domain at least 30 amino acids longer than in the
vertebrate endplate « subunits, an observation that also ap-
plies to ALS. ALS does not contain potential Ser phosphory-
lation sites in this interval.

The last region corresponds to the putative amphipathic
a-helix (Finer-Moore and Stroud, 1984; Guy, 1984),
followed by a fourth hydrophobic domain and the C-terminus
of the subunit. Both the primary structure and the amphi-
pathic nature of an «- helix are conserved between ALS or
ARD and vertebrate nAChR subunits. This conservation be-
tween insects and vertebrates suggests a structural role for
this domain in nAChRs, in as much as the amphipathic «

-

GACTGCTAAC TGGAATTGCT TCGAACCATC ACCATTAAAA AACGAAAAAA CATTCGCAAC
61 AAAATGCTGC CACGAATCGC AGGCAAATGA GCCCGCTAGC CCCTAACGGC TCCCATCTGC
121 GGCTGCTGCA CAGCAGCGAG CCCGAGCCCG GTCCCGCATC CGCACTCGCA TCCGCATACG
181 CATCCGTCTA CGTATCCGCA TTCTCATCCA CATCCGCATC AGCCACTCGC CGCGTCTCCC
241 AGTGTTTGTG CCAGTGTTCA GCCAAAGCGG ACCGCCAGCA ATTGCAGTGT AAGGCGTCCG
301 CCATTCGCAT CCAAGCAGCA AACTAATCTA AACGGCGGCG AGTGTCGCAT CTGAAATTGA

361 GTTTCGCTTC CGGTTCCGCC GCGCGTCGCC CAATCCGTTT GGCCAAGTCG GTCGGTTGGT
421 CCGCTTAGAG ACGTTCCGTT CCGCACCGGT CGGTCGGTCG TTCGTTCGTC CGTTCAGACA
481 GTTTTTCCTG TTCAAAAATT GATGACAACA GCGCAGCCCT mﬁm ACAACATTCA
541 AGACTGCTAA CTGGAATTGC TTCGAACCAT CACCATTAAA AAACGAAGAA ACAACCACAA
601 CAAAGTGCTG CCAGCAACAA AAACGTAATC AGGAATTTAA GCAAAACCAA AAAGAAACAT
CAGGGACAGG CAGGTAGACC CAGGGAGCAT GTTTATGGAA TTGTCATCGT TAGCGAGCAA
CTGACGCAAC AGCTCAAGGC ATGTGGCAAC AGCAGCAGCA ACAGCAGCAG CAGCAACACT

* - x o x * % * * % *

66

-

72

-

78

-

GAGCGGCAGG AGCAGAAACA CCTGGCAAGA GAAGCAACTA GGAGCAGGAC AACCTCCGCG

84

-

GACAGGTGGT GTGCTGCTAT AAAGCAGCAC CATAGCTGCC ATTAAAATAG ACGCCGCGGC
901 GCAACAGCAA CGCTGCCGTC GTCATAATCA ACGCCAGCGA CAACACCACC CGCATCATCG

96

-

CCATCGCAGA CGACGACGGC GCAGCAGCAA CATCAGCAGC AACATCAGCA GCAACAGCAA
* o« w - o * x x w o

1021 CTGCAACATC AGCAACTGCA GCAGCAGCGG GCTGTTGGGC GCAGTGGGCG TGGCCGGCAG
* * - -

1081 CTGCCCATTG CTCGCCACAC AGCAACTAAT CGAGGAGCCT GGCAGCAGCA ACAACACAGG
1141 CGACGACGAC GGCGGCGCAA CAACGCAGCA GCAACACTGC AGCCTGCAAC ATCAGCAATC

1201 CGGTCGACGG CGACACTACG ACGGCCTGTC ATCTGTAGGC AATGCAACGC GCTGTGCAGC

$
1261 AACGGGTTGG ACCTGGCCTA AGATGGGTAG CGTGCTATTC GCAGCTGTAT TCATAGCATT
-21 M G S vV L F A AV F I A L

1321 ACACTTTGCC ACCGGCGGCC TGGCCAACCC AGATGCGAAG CGACTCTACG ACGACCTGCT
-8 H F A T G G L A NP D A K D L

1381 GAGCAACTAC AATCGCCTCA TCCGACCCGT GGGCAACAAC TCGGACCGTC TCACCGTCAA
13 S N Y N R L I R P S D R L T V K

v
1441 GATGGGTCTG CGCCTCTCCC AGCTGATCGA TGTGAATCTA AAGAATCAAA TTATGACAAC
33 M G L R L s Q L I D V N L K N Q I M T T

+
1501 CAATGTCTGG GTGGAACAGG AATGGAACGA CTATAAATTG AAATGGAATC CGGATGACTA
53 N V W V E Q E W N D Y K L K W N P D D Y

1561 TGGCGGCGTG GACACTTTGC ACGTTCCCTC CGAGCATATA TGGCATCCGG ATATTGTGCT
73 G GV DTUL HV P S E H I W H P DI VL
1621 CTATAACA}E GCCGATGGCA ACTATGAAGT GACAATAATG ACAAAAGCAA TTCTTCATCA
93 Y N N A D G N Y E V T I M T K A I L H H

1681 CACGGGCAAA GTGGTGTGGA AACCGCCCGC CATTTACAAA TCCTTCTGCG AAATTGATGT
113 T G K v v w K P P A I Y K 8§ F C I DV

1741 CGAGTACTTT CCCTTCGACG AGCAGACATG TTTCATGAAG TTCGGATCCT GGACCTACGA
133 E Y F P F D E QT C F M K F G s W T Y D

1801 TGGTTATAﬂ: GTGGACTTGA GGCACTTGAA GCAGACCGCC GATTCGGACA ACATCGAGGT
153 G Y M vV D L R H L K Q T A D s D N I E V

Drosophila neural nicotinic acetylcholine receptors

helix is not conserved in vertebrate glycine receptor and
GABA , receptor subunits that belong to the same receptor
super-family (Grenningloh et al., 1987; Schofield et al.,
1987). After a fourth hydrophobic region that is conserved
in all nAChR subunits, ALS ends by a particularly long
(residues 511—546) and lysine-rich C-terminal domain.

Forty to forty-four percent of the Drosophila ALS residues
from the putative mature protein are conserved in vertebrate
neuronal o subunits, 42% in the Drosophila ARD subunit,
35.5% in mouse « and 34 % in electroplax « subunit. The
best similarity (44 % of ALS residues) has been found in the
chick o2 subunit (Nef ez al., 1988). In the strychnine-binding
subunit of the rat glycine receptor, 20% of the residues are
identical to ALS and there is a similar amount of conserva-
tive exchanges. This percentage is very close to that obtained
with ARD which exhibits the best homology found between
an nAChR subunit and this rat glycine receptor subunit. The
bovine GABA, receptor a-subunit is slightly more similar
(19% identical residues) to ALS than is the B-subunit
(16.5%) of the same receptor.

1861 GGGCATCGAC CTGCAGGACT ACTACATCTC CGTGGAGTGG GACATCATGC GTGTGCCGGC
173 G I D L QD Y Y I s V E W D I M R V P A

1921 GGTGCGGAAC GAGAAGTTCT ACAGCTGCTG CGAGGAGCCG TATCTGGACA TAGTGTTCAA
193 V R N E K F Y 8 ¢ ¢ E E P Y L D I V F N

1981 CCTGACGCTC CGCCGGAAGA CCCTCTTCTA CACGGTCAAC CTGATCATAC CCTGCGTGGG
213 L T L R R K T L F Y T V N L I I P C V G

2041 CATCTCGTTC CTGTCCGTTC TGGTCTTCTA CCTGCCCAGC GACTCTGGCG AGAAGATCTC
233 I s F L s Vv vV F Y L P s D S G E K I s

2101 GCTCTGCATC AGCATCCTGC TCTCGCTTAC CGTGTTCTTC CTCCTGCTGG CCGAGATCAT
253 L ¢ I $§ I L s L vV F F L L L A E I I

2161 TCCGCCCACG TCGCTGACGG TGCCGCTGCT GGGAAAGTAT CTGCTCTTCA CCATGATGCT
273 P P T s L T V P L L G K Y L L F T M M L

2221 GGTCACGCTC TCTGTCGTGG TCACCATTGC CGTGCTCAAT GTGAATTTTA é&TCCCCTGT
293 vV T L s v v V T I A vV L N V N F R s P V

2281 CACGCATCGC ATGGCACCGT GGGTGCAGCG CCTCTTCATC CAGATCCTGC CCAAGCTGCT
313 T H R M A P W V Q R L F I Q I L P K L L

2341 CTGCATCGAG CGGCCCAAGA AGGAGGAGCC CGAGGAGGAC CAGCCGCCCG AAGTGCTCAC
333 C I E R P K K E E P E D Q P P E V L T

2401 CGATGTCTAT CACCTGCCGC CGGATGTGGA CAAGTTTGTC AACTACGATT CGAAGCGTTT
353 D V Y H L P P DV D K F V N Y D S K R F

4
2461 CAGCGGCGAC TACGGCATTC CAGCACTACC CGCTTCGCAT CGCTTCGATT TGGCTGCGGC
373 s G D Y 6 I P A L P A S H R F D L A A A

2521 GGGCGGGATT AGCGCCCACT GTTTCGCAGA ACCGCCGCTG CCCTCCTCAC TGCCACTCCC
393 G G I S A H C F A E P P L P S s L P L P

2581 GGGCGCCGAC GACGATCTGT TCAGCCCGTC GGGCCTCAAC GGAGACATCA GTCCCGGCTG
413 G A D D D L F s P s G L N G D I s P G C

2641 CTGCCCGGCC GCTGCAGCCG CCGCTGCCGC CGATCTCAGT CCTACGTTCG AGAAGCCCTA
433 C P A A A A A A A A D L s P T F E K P Y

2701 CGCCCGCGAA ATGGAGAAGA CCATCGAAGG ATCCCGCTTC ATCGCGCAGC ACGTGAAGAA
453 M E K T I E G S R F I A Q H V K N

+
2761 CAAGGATAAG TTTGAGAGTG TGGAAGAGGA CTGGAAGTAC GTTGCCATGG TATTGGATCG
473 K D K F E S V E E D W K Y V A M vV L D R

2821 TATGTTTCTG TGGATCTTCG CGATCGCTTG CGTGGTCGGC ACAGCGCTGA TTATCCTGCA
493 M F L W I F A I A C vV vV G T A L I I L Q

2881 GGCTCCCAGC TTGCACGACC AATCGCAGCC GATCGATATA CTCTACTCGA AGATTGCCAA
513 A P S L H D Q s QP I DI L Y s K I A K

2941 GAAGAAGTTC GAGCTGCTCA AGATGGGCAG CGAGAACACC TTATAGCGAC CACTTGGGTT
533 K K F E L L K M G s E N T L

3001 CGCGGCTGGC TGGTGGAATC TAATCATCAG CTCGCTGCGG ACCCTGTTCG CCGCTCGCGA
3061 CGATGATCGT GGATAATATA CGATGAGCCA AACCATGAGT ATTTCCTCGG CGTTGTACAA
-
3121 CtCTAACtGC QGC?GCQGCQ GCtTCtGTAT GAGCAACGCC AGTGACAGTG GCAGTGTCAT
3181 CGGCAGTGCT GTAAAGGTTA TTGTGAGTAG TGTTGGCAGC ACCAACGAAA CGGATGACTC
3241 GTGGAGCCCA TCGTAAATGT GCGCGAGGCG AGTGAAGTGA ACATTGCGAA ATGAATTGAG
3301 ATACAATCGA ATGGAGGCAA GTTTTTGGAG CAGTTGATCA AAATATGTAT GTAATGTAAT
3361 TTGATGGGGT TGTAGTGTTG ATTAACCGTG ACAGTGCTGG ACAGCGACGC AAGCCACAAG
3421 ATCGCTGCGG AGCGGAGATT AGTTTGTAAG TTTTTTGATG TACTTGATGT ATGATTGTGT

3481 GGTCGAAGAT GTTTAGGG

Fig. 2. Nucleotide and deduced amino acid sequence of overlapping cDNA clones 8, 3 and 16. Arrows localize intervening sequences. The small
OREFs in the 5' part of the transcript are underlined. Stars are put below the CAX codons of the opa repetitive elements. The cDNA clones nos. 8,
3 and 16, respectively, extend from nucleotides 1—2021, 1492—2093 and 2023 —3498.
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RA3 MGVVLLPPPLSMLMLVELMLLPAA
ALS MGSVLFAAVFIALHFATGGL]A| -1
ARD MESSCKSWIILCSI[LVLVAFSLYV
SP -
RA3 [S E|A[E]H FQY ED EI[TRP V|A vup@r
ALS N P|D[A K Y D LSN R[LIRPV[GN|N|[S/IDRT T 30
ARD [S_E D EJE VR R G X[L I R P V/Q[N/MT @ X[V]G
RA3 IQ[FIJEVSM v X[VID[E]V/N @ T M|E[T N|L/W L) K[Q]I
ALS KRL D|VN[LIK N Q I M[T|T NV W[V E[Q|E 60
ARD [V]R A FV|Q N[VNEKNQ[VIM[K SINVWILIRLV
RA3 NDYKLKHKSDYGVBPHRVPAEKIWKPDI
ALS |[NDYXKLKWN[P|DIDYGG VD T[L[H]V P|S|E[H]I W[H]P D I| 90
ARD vnvqnowonnnvce:cv&:ﬂppo VIWKPDI
RA3 vnvuunncnrvnoxvrc:vr I
ALS [VLYNNADGNYEVTIMN [T]L)H H|T G[X]V|V|W|K|P|120
ARD (VL[FINNADGNYEVRYXSNV[LTYPTGEVLWV
RA3 [PAI|F[KS S[C|K[IDVTYFPFD|YQ|NC|TMKF G s wis
ALS (PAIYKS[F|c|e|T D Vv[E]Y F P F DIE|Q|T|C|F|M K F G S W T|150
ARD |PATI Y[Q|sS|cjTIDVTYFPFDQQITc/IMXKFGSWT
RA3 KAKI V[@)-=--=-=---- G s s M N[L]K
ALS YN RHLKQTADSD EVGI Q Y 180
ARD F N|G|D Q|V[s|L/A[L]- - - - - - - Y(N[NKNFV s
RA3  E[Ss G E WA/T I]K A[P|G[Y]K H[E|I K NI Q
ALS I(S[VJEWD I[MR VR K FlY|s plylL V 210
ARD K[S G|T|WD I IJE LINNVYEGDSNHPTET
RA3 vslﬂv:nnbpn!vr:n:.xxpcz,Jrsrx.-rv:.v
ALS N TLRRKTLFYTVNLIIPCUV[GIISFL[S|VLV|240
ARD YTIITRRKTLFYTVNLILIP[TIVLISFL|C[VLV
RA3 [FYLPSD|C[GEKVTILCISVELSLTVFLLVIT
ALS |[FYLPSD|S|GEK[ITS|ILCISILLSLTUVF(FLL|LA[E[270
ARD |F YLPAEAGEKVTLGIISILLSLVIVFLLL|VSK
——— T™Z
RA3 T[TPS[TSLV|JI[PLIGE[YLLFTHMIF[VTLS I V|I[T
ALS TIPPTSLTVIPLLIGKYLLFTMML|VTLS[V]VV T30
ARD |I[L|P P TS LVJL|PLIJA|KYLLFTFIM N|T[V]S vT
e TMI
R [V]P[V L N V|H ¥[R|T TTHTHPTKAV NL R
ALS TAlVLNVNFR|SPIVTHRMAPWV/QRLF[TQI X 330
ARD (V]I T I|N[W|N F R|G[PJRITHRMPIMYIRSI HY A
| i -l
RA3 VHTRPTSGGDTPKTR@FYGAELSNLNC
ALS L[L[C I E(R P|K[K|E[E/JPEEDQPPEV TDVYHLPDJGO
ARD FEIHKRPR --------- [TR[L/R w M M E M[PG M
RA3 FSRAIDSKSCIKIEGYPCQDGTCGYCH RVKI
ALS VDKFVNYD arsanx LPAS FDLA 39
ARD S M P[(AJH P H P[S[- = -~ - - s ELPK[H[---1IS5
RA3 SNFSANLTRSSSSESVNAVLSLS[RA]------
ALS EIA ISAHCFA PPLPSPLPG DDDLFS 420
ARD 1 --KQSKMEVMEL[S[DILIHH[PINCKINRKYV
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Fig. 3. Comparison of the deduced amino acid sequences of three
acetylcholine receptor subunits. The sequences mentioned are: top, the
rat neuronal a3 subunit (RA3) from the PC12 cell line (Boulter et al.,
1986); middle, the Drosophila, a-like sequence (ALS) deduced from
Figure 2; and bottom the Drosophila non-a (ARD) sequence
(Hermans-Borgmeyer et al., 1986). Identical amino acids are boxed
and ALS is numbered from its probable mature N terminus. Putative
signal peptide (SP), transmembrane (TM 1-—4), amphipathic helix
(AM) sequences are underlined and bold boxes surround conserved
cysteine residues.

A complex 5’ leader sequence

cDNA no. 8 contains one of the longest (1282 nt) 5’ leader
ever mentioned in the literature. This leader sequence con-
tains only 15% U and has many GC-rich stretches frequently
separated by groups of 2—6 A (Figure 2). A 10 bp purely
GC palindrome is present around the Sacll restriction site
at position 896. Seven AUGs are located in the 5’ leader
sequence, and they define putative start codons for six small
OREFs (the fifth AUG being internal to the fourth frame) that
code for between 8 and 79 amino acids (Figure 2). In addi-
tion to the probable start site for the receptor coding
sequence, at least two AUG environments (positions 64 and
689 in Figure 2) are compatible with the Drosophila con-
sensus sequence proposed by Cavener (1987) for translation
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initiation. One small ORF codes for 13 amino acids con-
taining 10 adjacent glutamine residues. This polyglutamine
pattern corresponds to a repetitive element termed opa or
M repeat, which exists in 400—500 copies per haploid
Drosophila genome (Wharton et al., 1985). Two other opa
repeats are found in the cDNA sequence, one again in the
5’ leader sequence, the other 3’ of the ALS coding region.
These latter two repetitive elements consist of CAN triplets
(usually CAG or CAA) which are not included in any ORF.
They are also partially degenerated with some interspersed
modified triplets (1 nt substituted). Moreover, the first and
the third opa repeats are short, three times shorter than the
Notch opa repeat (Wharton et al., 1985).

cDNA no. 16 does not contain a poly(A) tail at its 3’ end,
nor any polyadenylation consensus signal. It is therefore
probable that the 3' untranslated region of the mRNA ex-
tends beyond the 514 nt listed in Figure 2.

Expression of the ALS coding gene through
Drosophila development

Poly(A)* RNA was purified from a series of Drosophila
developmental stages and analyzed on Northern blots. In
order to avoid crosshybridization to the opa repeats we used
a single-stranded DNA probe which was complementary to
the coding region 2023 —2580 (5’ end of cDNA no. 16).
One main band of 10.5 kb was present in all developmental
stages from late embryogenesis to adulthood, but not during
the first 2 h of development (Figure 4). A much fainter band
of 7.7 kb is present at late embryogenesis and at the limit
of detection at early pupal stage. In late embryonic and lar-
val stages a larger and more diffuse band is also apparent.
This larger band was also labelled with the actin 5C and Ace
(acetylcholinesterase) probes used to standardize the tran-
script size (data not shown). It probably consists of genomic
DNA with AT rich sequences that may have copurified with
poly(A)* RNA during the oligo(dT) chromatography. The
abundance of the 10.5 kb transcript seems to have reached
its maximum at late embryogenesis and to stay relatively
stable up to early pupal stage. A 2-fold decrease is seen at
the late pupal stage (pupae with red eyes) and is followed
by a further 3-fold decrease at adulthood (7 days after
eclosion). Rehybridization of the same blot with an actin
probe confirmed that equal amounts of poly(A)* RNA
were loaded in each lane (data not shown).

Structure of the ALS coding gene and genomic
localization

In order to verify whether the 3 cDNA clones are really
transcripts from the same gene (cDNA nos. 16 and 3 only
overlap by 70 nt) and whether the long 5’ leader sequence
of cDNA no. 8 is not a cloning artifact, corresponding exons
were localized on the Drosophila genome. Restriction
fragments from the 5’ and 3’ ends of clone ¢4 were used
to select adjacent genomic clones by the walking method
(Bender et al., 1983). In parallel, a subclone from cDNA
no. 8 containing only the first kilobase of the 5’ leader se-
quence was used to jump directly to the corresponding
exon(s). The genomic fragments cloned by both strategies
overlap very slightly (on less than 0.5 kb, see ¢9 and ¢15
in Figure la) and the size of a common Sall fragment was
determined on a Southern blot (data not shown). The restric-
tion map spanning the 70 kb of cloned genomic DNA was
determined (Figure 1b), and most of the exons localized on
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Fig. 4. Northern blot of poly(A)* RNA from 6 developmental stages
(2 pg/lane): e. em., early embryos; l. em., late embryo; 2 i. la.,
second instar larvae; e. pu., early pupae; l. pu., late pupae; ad., adult
flies. The size estimates are given in kb. The probe is a single-
stranded cDNA fragment described in Materials and methods.

it were subcloned for sequencing (Figure 1c). Their corre-
spondence to the cDNA sequence is given in Figure 1d and
the intron localization is also indicated by arrows in Figure
2. Ten different exons spread over 54 kb were identified.
The last exon was sequenced only up to its opa repeat. The
first and third 5’ exons were only localized on the restric-
tion map. Within the receptor coding exons, only one non-
conservative substitution was found, in the C-terminal region
at position 517, where a Tyr replaces a His.

The first two exons contain 5' leader sequences, and they
are separated from the eight coding exons by 28 kb of inter-
vening sequence. The exon encoding the putative signal pep-
tide is not split by an intron in contrast to all vertebrate
nAChRs genes analyzed so far. On the other hand, four out
of seven splice sites between homologous exons occur at
precisely the same nucleotide in ALS (after positions 1474,
1519, 1629 and 2779) and its vertebrate equivalents. the
splice site after position 1810 is 15 nt more 5’ than its
equivalent in the human muscle « subunit. The first splice,
which is located in the cytoplasmic domain coding sequence
(after position 2271) is in the Arg codon that lies immediately
after the third membrane-spanning region, 40 nucleotides
more 5’ than in vertebrates. The next splice site, after posi-
tion 2483, is in an unconserved region that does not allow
comparison. The sequences corresponding to the first three
membrane spanning regions are part of the same exon, a
situation also found in all vertebrate neuronal genes (Nef
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Fig. 5. In sitv hybridization to polytene chromosomes. The nick-
translated phage DNA ¢4 probe is seen to hybridize to the 96A region
of the 3R chromosome.
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Fig. 6. a-Bungarotoxin binding assay. Left panel: protein blot on
nitrocellulose filter colored with amido black. MC1061, E.coli
pEMBLY, same strain transformed with pEMBL9; 20b19 1 and 2,
same strain transformed with a hybrid ALS—/acZ gene cloned in
pEMBLI19. The two slots correspond to two independent but identical
clones; pCaX2, same strain transformed with a hybrid mouse «-lacZ
gene cloned in pUC8 (Barkas et al., 1987). Right panel: same blot
incubated with iodinated «-bungarotoxin and autoradiographed as
described in Materials and methods.

et al., 1988) in contrast to the neuromuscular receptor genes,
where they are split in two or three exons (Nef et al., 1984).

In order to localize the ALS coding gene cytogenetically,
genomic clone ¢4 was used to probe the Drosophila genome
on salivary gland polytene chromosomes. The ALS gene
maps on the 3R chromosome at position 96A as shown in
Figure 5.

a-BTX does not bind to a hybrid ALS-lac Z protein

A cDNA fragment generated by exonuclease III digestion
of cDNA no. 8 was cloned in phase in a lacZ expression
vector (pEMBL19) in order to create a Drosophila—E. coli
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hybrid protein. This recombinant (clone 20b19) codes for
135 ALS amino acids (positions 91 —225, Figure 3) in a sum
of 228 residues creating a 25 kd fusion protein. This pro-
tein was one of the main proteins constitutively expressed
in strain MC1061 (Figure 6). However, it was much less
abundant than the chick neuromuscular a-subunit fragment
cloned in phase in the recombinant pCoX2 (Barkas ez al.,
1987) used as positive control. Iodinated o-BTX binds
strongly to this positive control and not more than to the
nitrocellulose background to the clone 20b19 (Figure 6), even
after overexposure (data not shown). Barkas et al. (1987)
demonstrated that the DNA encoding the 160—216 amino
acid fragment of the mouse neuromuscular « subunit, when
cloned in phase as a lacZ hybrid recombinant was able to
bind specifically a-BTX on a nitrocellulose blot. Recently,
the equivalent regions from the vertebrate neuronal genes
(a2, a3, ad) were shown to be unable to bind «-BTX under
similar conditions (Ballivet ez al., unpublished). The negative
result obtained with the 20b19 clone supports but does not
prove that the ALS subunit is unable to bind a-BTX.

Discussion

nAChRs from vertebrate skeletal muscle and Torpedo elec-
troplax are cation-selective transmembrane channels that
open transiently upon acetylcholine binding to their extra-
cellular domain. The resulting depolarizing ion flow gener-
ates a specific response in the postsynaptic cell. Recently,
nAChRs from the vertebrate central nervous system have
been analyzed at the cDNA level. These neuronal nAChRs
have a quaternary structure that probably differs from the
a3v6 stoichiometry of muscle receptor. They apparently
contain only two different subunit types, one of which («)
binds acetylcholine (ACh) (Boulter et al., 1987).

The Drosophila subunit sequences described previously
(Hermans-Borgmeyer et al., 1986) and in this report exhibit
an extensive conservation with the vertebrate neural subunits.
Forty to forty-five percent of the Drosophila ARD or ALS
amino acids have been conserved since the divergence be-
tween vertebrates and arthropods. Some sequence elements
are particularly useful when attempting to classify the
different subunits into subtypes. Such is the case for the
putative ALS glycosylation site on Asn 24, a site that does
not exist in non-neuronal vertebrate nicotinic receptors. In
addition to the Cys at position 128 and 142 found in all
nAChR subunits, the ALS Cys doublet at positions 201 —202
corresponds in location and environment to the vertebrate
192 —-193 Cys doublet involved in ACh binding, a landmark
identifying « subunits. We suggest that ALS is the a-like
component of a neuronal AChR that does not bind o-BTX
because the sequence extending between residues 169 —224
(ALS numbering) is signficantly more conserved between
ALS and rat neural a3 (45% similarity) than between ALS
and all known endplate « subunits (33% similarity). This
region constitutes the core element of the toxin-binding site
in endplate « subunits, whereas reconstituted receptors in-
corporating rat o3 are not blocked by «-BTX (Boulter et
al., 1987). Within the same interval, another landmark
resides in an additional residue (Pro) at position 194, adja-
cent to the Cys doublet in all the «-BTX binding « subunits.
This residue is absent in the neural o2, a3, a4 and ALS
subunits. Additionally, we constructed and expressed a
Drosophila—FE.coli hybrid protein containing the ALS
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sequence extending from residues 91 —225. This polypep-
tide does not bind «-BTX on blots, under conditions where
similar constructions from vertebrate endplate « subunits do
specifically bind this ACh antagonist. Thus the evidence
obtained so far suggests that ALS is a neuronal « subunit
that does not bind a-BTX. It can therefore be considered
as a Drosophila equivalent of the vertebrate o2, o3 or o4
subunits.

The ALS transcript and the ALS gene have a number of
noteworthy features. First, the main transcript (10.5 kb) as
well as the minor species (7.7 kb) detected on Northern blots
greatly exceed the minimum of about 1.7 kb necessary to
encode a nicotinic « subunit. Calf muscle 6-subunit mRNA
(6 kb) is probably the longest mRNA known to code for a
vertebrate nAChR subunit (Noda et al., 1983a). A transcript
of 7 kb has been described by Hermans-Borgmeyer et al.
(1986) as one of the Drosophila ARD transcription products.
The strychnine-binding subunit of the rat glycine receptor,
which has a primary structure homologous to the nAChRs,
also has a long major transcription product (9 kb) with some
less abundant smaller transcripts (Grenningloh et al., 1987).
In the latter case, only 1.3 kb is required as coding sequence.
The existence of such large poly(A)* RNAs corresponding
to the bulk of the detectable transcription products of these
genes is intriguing. The possibility that they may be in-
completely processed, given their size and nuclear localiza-
tion, remains to be investigated. If the mature mRNAs have
a smaller size they have to be much less abundant than their
precursors. That would suggest either a rate-limiting pro-
cessing step or a labile fully processed mRNA.

In the 3.5 kb of ALS cDNA, 1.3 kb are located 5' to the
coding sequence. This leader sequence, although incomplete,
is probably one of the longest ever described. Three copies
of repetitive elements belonging to the opa family are pres-
ent in the non-coding sequences of the ALS transcript. This
family of (CAX), repeats are dispersed in the Drosophila
genome and copies were found in the bithorax and Antenna-
pedia complexes and in the engrailed locus, all three involved
in pattern formation, and in the two neurogenic loci Notch
and mastermind (Wharton et al., 1985; Weigel et al., 1987).
It may be noticed that the long 3’ non-coding sequence from
calf muscle a-subunit transcripts also contains repetitive
elements that are not related to opa repeats but to a repetitive
sequence family interspersed in the bovine genome (Noda
et al., 1983b).

Furthermore, the ALS cDNA 5’ leader sequence is
characterized by seven ATG triplets, two of them at least
being in a favorable context for translation initiation in
Drosophila according to statistical data (Cavener et al.,
1987). These leader peptides evoke the procaryotic upstream,
ORFs involved in the attenuation process. In eucaryotes, 5’
leader AUGs and small upstream ORFs are implicated in
the translation regulation of the yeast GCN4 gene by two
trans-acting genes to modulate GCN4 translation in response
to starvation (reviewed by Fink, 1986). The scanning hypo-
thesis for translation initiation (Kozak, 1978) is not
necessarily incompatible with mRNAs containing additional
upstream AUG codons, and a termination-reinitiation pro-
cess in the 5' leader sequence has been described in mam-
malian cells (Peabody and Berg, 1986). Translation initiation
can occur at an internal AUG if the translation starting
upstream stops before or just after the internal initiation
codon (Peabody et al., 1986). In as much as only 5—10%



of eucaryotic mRNAs contain additional upstream AUGs
(Kozak, 1983) and as both the transcripts that code for the
Drosophila Ace and two putative nAChR subunits (ALS
and ARD) are in this situation, this similarity in their 5’
leader sequences might not be fortuitous. Because acetyl-
cholinesterase, nAChR o and non-« subunits have to partici-
pate together in cholinergic transmission in some central
nervous system synapses, it is quite probable that the Ace,
ALS and ARD genes are simultaneously expressed in some
neurons. It is tempting to imagine a translation regulation
of their mRNAs for a co-ordinated expression of their pro-
tein products.

The genomic structure of the ALS gene has also been
studied. The three overlapping ALS cDNA clones are
derived from 10 exons spread over 54 kb of genomic DNA.
The first two exons contain most of the 5’ leader sequence
and are separated by an intron of 28 kb from the 8 exons
that encode the ALS subunit. These 8 coding exons map
within a 21 kb chromosomal interval. The ALS gene must
extend beyond this vast interval since we can only account
for exons within the 3.5 kb of cloned cDNA. Four out of
seven introns in the ALS coding sequence have splice site
localizations that are perfectly conserved throughout evolu-
tion since they occur at precisely the same nucleotide in
vertebrates. The three remaining introns are located in two
poorly conserved coding regions which vary in length de-
pending upon the subunit type. One intron which splits the
signal peptide coding sequence into two exons in all known
veretebrate nAChR genes is absent from the ALS gene. No
introns separate the first three ALS transmembrane coding
sequences, a situation that also occurs in vertebrate neuronal
nAChR genes (Nef et al., 1988), whereas in endplate nAChR
genes introns do separate the coding sequences for transmem-
brane regions.

If we assume that the receptor incorporating the ALS
subunit does not bind «-BTX, one or several additional «
subunits should exist in the Drosophila nervous system.
Previous genetic work on Drosophila nicotine-resistant
mutants localized a nictotine-resistant locus on the X-chromo-
some (Hall ez al., 1978; Hall, 1980). Iodinated a-BTX has
been described to bind to most of the Drosophila adult brain,
to larval brain hemispheres and to the larval ventral ganglion
(Hall and Teng, 1975; Rudolf et al., 1978. Dudai, 1980).
This extensive presence of «-BTX binding sites in the
Drosophila central nervous system (CNS) suggests that if
different nAChRs are simultaneously present in the CNS,
one of them being the a-BTX binding component, they might
be expressed in the same neurons. Such a situation may also
occur in the mammalian CNS, where the o3 and o4
transcripts are both present in the substantia nigra pars com-
pacta and in the medial habenula. These two brain areas con-
tain both presynaptic and postsynaptic nicotinic receptors
(Lichtensteiger et al., 1982; Sakurai et al., 1982). One
possibility which has been proposed (Goldman ez al., 1987)
is that the o3 and o4 subunits each participate separately
in one of these nicotinic receptors. It will be interesting to
discover whether the apparently simpler Drosophila CNS
exhibits a neural nicotinic receptor diversity that is more
restricted than in the vertebrate CNS or if the analogy men-
tioned above can be extended to other «-like subunits,
possibly defining further receptor subtypes.

The molecular mapping of the ALS gene on the
Drosophila genome described here will help develop genetic

Drosophila neural nicotinic acetylcholine receptors

approaches to select new nictotinic receptor mutants and to
map chromosomal rearrangements in this locus. Such
mutants may contribute to a better understanding of the
nAChR structure, functions and developmental regulation
during synaptogenesis.

Materials and methods

Screening of genomic and cDNA libraries

A Drosophila Canton S genomic library (Maniatis, 1978) was screened at
low stringency according to Benton and Davis (1977). The hybridization
was performed in 4 X SSCP (480 mM NaCl, 60 mM sodium citrate, 52 mM
NaH,PO,, 1 mM Na,EDTA, pH 6.5), 0.25% SDS, 4x Denhardt,
0.1 mg/ml denatured salmon sperm DNA at 55°C. Filters were washed
twice at room temperature with 2X SSC, 0.1% SDS. The probe was a
nick-translated cDNA fragment (pBB64) from the chick neuronal o2 subunit
(Nef et al., 1988). The further genomic and cDNA libraries screenings were
performed at high stringency. In this case, prehybridization and hybrid-
ization were performed at 65°C, and the final washes were 0.1X SSC,
0.1% SDS, at 55°C. cDNA libraries from Oregon R strains were generously
provided by L.Kauvar (Poole et al., 1985) and the three cDNA clones we
describe were obtained from the 1—2 instar larvae G2 pool.

DNA sequence analysis

Purified cDNAs were cloned in pEMBL18 and deletions were generated
with exonuclease III according to Henikoff (1984). Deleted subclones were
selected after plasmid minipreparation, restriction digestions and agarose
gel electrophoresis. pPEMBL single-stranded DNAs were prepared accord-
ing to Dente er al. (1983) with either f1 or M13KO07 (a gift of F.Karch)
as helpers. The dideoxy nucleotide sequencing technique of Sanger (1977)
was used according to Amersham International (1984). Both cDNA strands
were sequenced, except for the first 25 5’ nt. The programs of Staden (1982)
were used to compile sequence data from overlapping or complementary
clones.

RNA purification and Northern blots

Drosophila Oregon R wild type eggs were collected after a 2 h laying period,
following a 1 h prelaying lag. Eggs were then incubated at 20°C and embryos
were collected at 25 h, larvae at the first or second instar stages, pupae
at early and late pupation (red eyed pupae), adults 7 days after their eclosion.
Drosophila from these successive stages were then frozen in liquid nitrogen
and homogenized in a mortar. Poly(A)* RNA was purified and Northern
blots were performed as detailed by Hall er al. (1983). The probe was a
single-stranded cDNA fragment complementary to nucleotides 2023 —2580
(Figure 2).

Polytene chromosome in situ hybridization

Salivary glands from Drosophila third instar larvae were squashed and their
polytene chromosomes were hybridized with a nick-translated probe labelled
with o[**S]dATP, according to Spierer er al. (1983).

a-Bungarotoxin binding assay

Expression clone 20b19 is derived from an exonuclease III generated dele-
tion of cDNA no. 8 bracketed by HindlIII and EcoRlI restriction sites. This
cDNA fragment was recloned in phase in the 3-galactosidase gene frag-
ment of the plasmid vector pPEMBL 19 (Dente et al., 1983) and resequenced.
Transformed E.coli strain MC1061 was grown at 37°C to an Agy of 1.
After centrifugation, the cells were suspended in a lysis buffer containing
5.5% glycerol, 0.7 M B-mercaptoethanol, 1.65% SDS, 30 mM Tris/HCl
pH 6.8 and 0.05% bromophenol blue. The sample was heated to 100°C
for 5 min before loading on a 12.5% SDS —polyacrylamide gel. After gel
separation, proteins were electroblotted to a nitrocellulose membrane (BA8S;
Schleicher and Schuell). The membrane was then washed in PBS, Tween
0.05%, 0.1 mM PMSEF for 1 h at room temperature. lodinated a-BTX was
added at 2.5 nM and incubated at room temperature for 160 min in a sealed
bag. Finally, the membrane was washed in 20 ml of PBS, 0.05% Tween
for 20 min at room temperature and autoradiographed. Proteins were
visualized on the membrane by staining in 0.1% amido black, 10% acetic
acid, 45% methanol for 5 min, followed by a wash in 40% methanol, 2%
acetic acid.
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