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AbShCt 
The ard gene encodes a jkurbunit of Drosophila nicotinic acctylcholine receptors specikally expressed in a subset of neurons. To identify the 

&-regulatory region responsible for this cell-specific expression, various 5’ fragments of the ardgene were fused to a ZacZreporter gene and introduced 
into the Drosophila genome. A DNA fragment spanning -760 bp upstream and - 140 bp downstream of a cluster of putative transcription start sites 
produced a pattern ofj?-galactosidase activity that resembles the distribution of ARD transcripts. Both in embryos and adults the levels of lacZ RNA 
were similar to those of endogenous ARD transcripts, suggesting that the 900 bp fragment harbors all essential elements for proper expression of 
the ard gene. 
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1. Iutroduetlon 

Nicotinic acetylcholine receptors (nAChRs) are mul- 
timeric glycoproteins of the cell membrane. They are 
involved in acetylcholine-mediated signal transmission 
between nerve cells or from nerve cells to muscle fibers. 
Subunits of the various subtypes of nAChRs are encoded 
by a large gene family [1,2]. To express a particular 
nAChR subtype the genes contributing to this receptor 
must be regulated in a highly coordinate way, i.e. they 
must be expressed in the same cell, at the same time and 
possibly even in a defined ratio. 

ALS and ARD, indeed, are components of the same 
receptor complex [8,9]. To understand coordination of 
biosynthesis of nAChRs in the fly CNS we began to 
isolate the genes of various nAChR subunits [ 10,l I] and 
to functionally study their promoter regions. Here we 
report an initial characterization of the genomic region 
responsible for the physiologically correct expression in 
vivo of the ard gene encoding the ARD structural sub- 
unit of Drosophila nAChRs. 

2. Materials and methods 
nAChRs are the predominant class of excitatory neu- 

rotransmitter receptors in the insect central nervous sys- 
tem (CNS) [3]. To date, five different nAChR genes have 
been identified from the fruitfly Drosophila melano- 
gaster. Three of these genes encode ligand-binding a- 
subunits, called ALS, DaUSAD and Da3, and two code 
for structural /V-subunits, ARD and SBD (for review see 
[4,5]). Three of the subunits, i.e. ALS, Da2 and ARD, 
share a widespread and very similar distribution in syn- 
aptic neuropil regions of the Drosophila CNS ([6,7] and 
Jonas et al., in preparation) suggesting that they may be 
expressing an overlapping, if not identical, set of neu- 
rons. Immunoprecipitation experiments have shown that 

2.1. Oligonucleotiaks 
The following oligonucleotides derived from ard and kxcZ sequences 

were used in this study: ARDPRX, CCGCTGAAACGCITCGAAT- 
CGTAGTTGACAAACTTGTCCACATCC; ARDRACEl, GACTC- 
GAGTCGACATCGAF ARDRACEZ, CG- 
GTACCTGCAGAATTCITACTCCAGGGACATG; ARDPCRI, 
GACGGCTCCAG’ITCAAGACGGAAAGTTCGAAAG’ITCGG; ARDPCRZ, 
GACAITGATTAGCTGTACGAACGCCAAACCAAATC; ARDP- 
CR3, GATGGCAACTACGAGiTGCGCI’ACAAGTCCARDPC- 
R4, GGTGCCGGACITCCAGTAATCCGACAGATCCAC, LACZ- 
PCR, GGGATGTGCTGCAAGGTTGGGTAAC; AR- 
DlHYB, TTCCCTGAAAAATCAGTGAAA; ARDZHYB, ACAAG- 
TCCAACGTGCTGAT. 

2.2. Primer extension and RACE experiments 
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Primer extension experiments were performed as described in [12]. 
End-labeled oligonucleotide ARDPRX was annealed to 5 pg poly(A) 
RNA from l-day-old d”’ flies. Complementary DNA was synthexised 
in a standard reaction at 42°C for 1 h with MMLV reverse transcriptase 
(Gibco BRL). Extension products were separated on a 4% poly- 
acrylamide gel and sized by comparison to appropriate DNA sequenc- 
ing reaction products. 

Primer extension products were used as template for the rapid ampli- 
fication and cloning of 5’ ends following the RACE protocol [13]. 
Nucleotides and primer were removed on agarose gels and isolated 
fragments ranging from 150 to 400 nucleotides were A-tailed. The PCR 
reaction was performed with oligonucleotides ARDRACEl and 
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ARDRACEZ as 5’ and 3’ primers, respectively [13]. Amplified DNA 
was cloned into the Bluescript pKS’ vector (Stratagene) using the CIaI 
and EcoRI restiction sites of the PCR products. Several independent 
clones were isolated and sequenced using a T7 sequencing kit (Pharma- 
cia). 

2.3. Promoter constructs 
Three different ard promoter constructs, P-171, P-177 and P-178, 

were cloned into the P-element vector pW8 [14] to take advantage of 
a Hind111 restriction site at nosition + 133 and man-760 bn (P-171) and 
- 4.3kb (P-177) of the 5’ flanking region of theard gene. Ke third one 
(P-178) includes the first four introns of the ard gene in addition to the 
4.3 kb upstream region (see Fig. 1A). For constructs P-171 and P-177 
the restriction fragments were fused to the AUG-lacZ-SV40-poly(A)- 
containing EcoRI fragment from the vector pCCAUG#gal [15] and 
cloned into pW8. P-178 was constructed by fusing the XbaI-SstI frag- 
ment of the ard gene in frame to the 1acZ gene. The correct fusion of 
the reading frames in P-178 was confirmed by sequencing. 

2.4. Transformation of flies 
Primary transformants were generated using standard protocols [16] 

by injecting 0.6 pg/@ construct DNA and 0.3 ,u&l of the helper 
P-element pn25.7~~ [17] into w “I8 Drosophila embryos. Additional 
lines with independent insertion sites were generated by mobilizing 
P-elements from existing lines using P[ry’ d2-3](99B) flies as jump 
starter [18]. New integration sites were detected by a variant eye colour 
and confirmed by genetic means to be located on a different chromo- 
some. All experiments were done with transformant lines homozygous 
for individual P-element insertions. 

2.5. X-gal staining 
For the detection of the expression pattern of /?-galactosidase, em- 

bryos were dechorionated in 2.4% sodium hypochloride and rinsed 
several times with water. The embryos were fixed for 20 min in n- 
heptane saturated with glutaraldehyde (1 ml 100 mM cacodylate buffer, 
pH 7.3; 1 ml 50% glutaraldehyde were mixed with 2.4 ml n-heptane, the 
phases were allowed to separate and the n-heptane phase was used). 
Fixed embryos were washed with phosphate buffered saline (PBS) and 
incubated for 30 min in PBS containing 0.03% Triton X-100. Subse- 
quently, /&galactosidase activity was visualized by incubating overnight 
in staking-solution (20 mM K9Fe[CN16, 20 mM K.,Fe[CN],, 1 mM 
MeCl,. 0.04% X-gal in PBS) containing 0.03% Triton X-100. CNS’s 
weie &ssected fro& third insiar larvae in PBS, fixed in 0.75% glutaral- 
dehyde for 25 min on ice and stained as above. Cryosections (12-18 
mm) of 1- to B-h-old flies were fixed with 2% glutaraldehyde in PBS for 
5 min on ice and incubated overnight in staining solution to detect for 
/3-galactosidase activity. 

2.4. PCR-based semi-quantitative determination of transcript levels 
Single-stranded DNA was synthesized from 5 pg of DNase-treated 

total RNA with a first-strand cDNA synthesis kit (Pharmacia). Three 
primers were used in each PCR reaction to simultaneously amplify the 
cDNAs from transcripts of both the endogenous ard gene and the 
transgene. For P-171- and P-177~transformed fly lines oligonucleotide 
ARD?CRl (1 pg) was used as sense-strand (53.primer for both kinds 
of transcrints and the olirronucleotides ARDPCRZ (0.5 ug) and 
LACZPCL (0.5 pg) as antiiense (3’) primers for ard and lac? tran- 
scripts, respectively. For Pl78-transformed strains a similar strategy 
was applied using oligonucleotides ARDPCR3 (1 pg), ARDPCR4 (0.5 
pg) and LACZPCR (0.5 pg). Reaction conditions for cDNA synthesis 
were adopted from the manufacturer’s instruction booklet. Samples 
were amplified in 20 or 30 cycles (1 min 94”C, 1 min 6O”C, 2 min 72°C). 
PCR products were separated on agarose gels and hybridized to radio- 
labeled oligonucleotides ARDHYBl and ARDHYB2 which recognize 
both endogenous and transgene transcripts of P- 17 1 -/P- 177-trans- 
formed lines and P-178-transformed lines, respectively. 

3. Results 

3.1. The 5’ end of the ard transcription unit 
The structural organization of the ard gene was re- 

ported previously [10,19] (see Fig. IA). A primer exten- 
sion experiment was performed to locate the start site of 
transcription. Multiple extension products were de- 
tected, a major one ending at a position defined as + 1, 
and at least three minor ones ending at positions - 9, + 4 
and + 13 (Fig. 1B). Neither a TATA box nor any other 
canonical promoter element were found at appropriate 
distances from these positions. Therefore we decided to 
clone and sequence the primer extension products em- 
ploying a RACE protocol to rule out the possibility that 
additional introns are located in the 5’ untranslated re- 
gion of the ard gene. All analyzed RACE clones were 
co-linear with the genomic sequence and ended in the 
vicinity of the determined cluster of primer extension 
endpoints (Fig. 1 B). This suggests that the ard gene lacks 
a TATA box and has multiple transcription start sites. 

3.2. Characterization of ard promoter fragments in vivo 
To identify DNA regions essential for the expression 

of the ard gene three different promoter fragments were 
fused to the 1acZ gene from E. coli as a reporter gene 
(Fig. 1A) and introduced into the Drosophila genome. At 
least two independent lines of transgenic flies were analy- 
sed for each construct (Table 1). The P- 177- and P- 17 l- 
transformed lines showed significant p-galactosidase ex- 
pression in the central nervous system of late embryos, 
third instar larvae and adults (Fig. 2). The line P-171-30-1 
expresses the transgene in many tissues outside the CNS. 
This may be caused by activating sequences at the 
genome integration site, as mobilization of the insert 
from this line using P[ry’ d2-3](99B) flies as jump starter 
yielded a transformed line with an ard-specific 1acZ ex- 
pression pattern (Table 1). No X-gal staining was detect- 
able in P-178-transformed lines, although transcript 
levels from the transgene are normal (see below). A 
PCR-based assay revealed that at least the fourth (155 
bp) intron of the ard gene is poorly removed from tran- 
scripts of the fusion gene (data not shown), suggesting 
that ineffecient splicing is responsible for the failure to 
express #Lgalactosidase in P-178-transformed flies. 

The 1acZ expression patterns produced by the 0.9 kb 
and the 4.3 kb genomic 5’ fragments of the ard gene are 
virtually identical (Fig. 2): in the embryo the entire CNS 
is stained with X-gal. In the CNS of third instar larvae, 
weak 1acZ expression is observed in the brain hemi- 
spheres and the anterior part of the ventral nervous sys- 
tem, whereas a subset of prominently stained neurons is 
located in the posterior part of the ventral ganglion (Fig. 
2C). This restricted expression in the larval CNS is con- 
sistent with the low ARD transcript level observed in 
larval stages [20]. In the adult CNS X-gal staining is 
detected in all perikaryal regions of the brain and the 
thoracic ganglionic center (Fig. 2D-F) except for the 
lamina of the visual system. Both in the embryo and the 
adult CNS, the distribution of /%galactosidase activity 
coincides well with the distribution of ARD transcripts 
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aagcttacaagcccaaagccatttggcaatataattccaaatgtaattaaaggttaata atgagaattgggaatttgaccaaa 

aggtcaaactgaagccatattatacaagagtttaaaaataatgcacttgcatttttagaa~tctggaacaaatatcgtgaaatgtgggtactcgaaagca 

ttgccgttgttgggaaacatttatttaaatcatttacgcgccatgagga_octgcgtt~atgataaccataagcgattggacgctgtgaaaaaata 

tataaaaaaaactatgaaataacaaattaaattccactcccacctgacctttacgtcgttagtttttttttttttttgttattcgcttaatttataggcc 

caagtcttatgtccataactaaacottttttataacaaaataaaacgagattgc~agc~gcattcttccactaactttcacaatcactgtggtg 

gaaactttttgtgggcgccggcaactctggaggccaagcacatgtaaacaaatattatcaacagctgatagggccaactgctattgtttacaaactaaag 
L 

attatcoaaagggttggttttggaaaaaacacctttagaaatgagagagctttccattttcatctcagtta~atttttcgcgcctgcgctcagctc 

Xba I 
I 7 7’ 7 

tttttgtcagatttggctgctgcgctctagaaagtcagaatcccattGA~ATCCA~~CCC~AGTAGA~C~AA~CACCCAAACTGACG 

? +l5?4E ? Hind III 

GCTCCAGTT~AGb~~~~CC~~TCAGT~~~AAGAAAATA~CAT~AGCACTAGCTA~~AA~~G~ 

TGAGATAAGGTGAAGTGTGCTG~AAGGG~GTCTGGATTAAAGGCCTCAmA1TGTGTCTACAC;TmGGGGCGTGGGCCAGCGAAATCCCA 

ATGCGAAAAAATATAAArrAGCCATGTCCCTGGAGTAAGTAAAATCATG... 
Met 

Fig. 1. Promoter constructs and DNA sequence of the promoter region of the ard gene. (A) Structure of the ard gene and gene fragments fused to 
the ZacZ gene from E. coli. Relevant cleavage sites for restriction endonucleases, transcription and translation start sites, and positions of oligonu- 
cleotides (1, ARDPCRl; 2, ARDPCR2; 3 ARDPCR3; 4 ARDPCR4; 5, LACZPCR) used for the assessment of transcript levels are indicated. (B) 
DNA sequence of the region between the Hind111 site at position -763 and the translation start site. The 5’ extensions of primer extension products 
(arrow heads above the sequence) and RACE products (arrow heads underneath the sequence, numbers give the number of independently isolated 
clones) are indicated. E-boxes are underlined. Ets-like protein binding sites and the inverted repeats are indicated by arrows underneath and above 
the sequence, respectively. The Da2 similarity region is boxed. The sequence will appear in the EMBUGenBank database under the accession number 
X78591. 

detected by in situ hybridization [ 19,211 and is in good 
agreement with the widespread occurrence of ARD-like 
immunoreactivity [6]. 

A PCR-based strategy was designed to get a rough 
estimate of the abundance of transcripts produced from 
the ZucZ reporter gene as compared to the level of en- 
dogenous ARD transcripts. The results are shown in Fig. 
3. In the embryo as well as in the adult head, RNA levels 

transcribed from the transgene are in the same range as 
endogenous transcript levels. Line P-171-30-1 which ex- 
presses the ZucZ gene non-specifically (Table 1) appears 
to produce higher 1ucZ transcript levels than other trans- 
formant lines (Fig. 3 and not shown). Both the overlap 
of the distribution of ard gene products with the X-gal 
staining pattern and the comparable abundance of en- 
dogenous and transgenic transcripts suggest that all es- 
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Fig. 2. Distribution of B-galactosidase activity in P-171- and P-177-transformed Drosophila lines. The X-gal staining patterns in whole mount 
preparations of the late embryos (A,B) and the CNS of a third instar larva (C), as well as horizontal sections of the adult thoracic ganglionic center 
(D) and the adult brain (E,F) of transformant lines P-171-9-1 (A,E) P-177-1-2/4 (B,C,D,F) are shown. cb, central brain, 1, lamina; lo, lobula; lp, lobula 
plate; m, medulla; r, retina; tgc, thoracic ganglionic center. 

sential &acting elements responsible for the spatial and 
temporal regulation of ard gene expression are located 
between nucleotides -763 and + 138. 

4. Discussion 

An initial step to understand the temporal and spatial 

regulation of nAChRs in the CNS is to define the 
genomic region responsible for specitic gene expression. 
For the ard nAChR gene no identifiable promoter ele- 
ments were found upstream of several isolated cDNA 
clones. Primer extension and RACE cloning experiments 
have suggested that the urd gene has multiple transcrip- 
tion start sites and lacks classical promoter elements like 
a TATA box or a CUT box. This is in common with 
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