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ABSTRACT

Characterization of Upstream Sequences Required for 
Transcriptional Control of the a/s Gene Encoding A Subunit of 
A Neuronal Nicotinic Acetylcholine Receptor from  Drosophila

by

Dongdong Ma

Adviser: Professor Thomas Schm idt-Glenewinkel

The a/s gene (nAcRa-96Aa) encodes an a-like subunit o f a 

neuronal nicotinic acetylcholine receptor (nAChR) from  

Drosophila. To understand how a/s expression is regulated, w e  

report here the m olecular characterization of the a/s gene and in 

vivo analysis of upstream  regulatory sequences which confer the  

correct tem poral and spatial expression. Prim er Extension and 

RACE-PCR analysis in both em bryo and adult flies allowed us to  

establish the transcription start site of a/s. Upstream fragm ents  

of 2.9 kb and 1.25 kb including the transcription s tart site and 

partial noncoding exon w ere cloned into the P-elem ent vector 

pCaSpeR-AUG-(3gal generating prom oter fusions w ith  iacZ  

reporter gene and used to transform  Drosophila. Both 

upstream fragm ents w ere shown to  drive a/s expression in the
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central nervous system and reproduce the tissue and 

developm ental expression pattern as com parable to  th a t of the  

endogenous gene a/s (in  em bryo) and ard  (in adu lt).
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INTRODUCTION

General Background

The nervous system requires fast and efficient intercellular 

communications among neurons. Rapid responses of a neuron to 

neurotransm itter release into the synaptic cleft are accomplished 

through the action of ligand-gated ion channels (LGICs) that either 

excite or inhibit postsynaptic neuronal response. Nicotinic acetylcholine 

receptors (nAChRs) belong to the supergene family of LGICs and can be 

divided into two types: the muscle type with stoichiometry (a^P iyiS i 

which is found at the skeletal neuromuscular junction mediating 

neuromuscular transmission; and the neuronal type, distributed 

throughout the peripheral and central nervous system where it is 

involved in fast excitatory synaptic transmission. The neuronal nAChRs 

can be subdivided into two classes based on their subunit composition, 

either as heteropentamers with general composition of two a-type 

subunits and three p-type subunits (Anand et al. 1991; Cooper et al. 

1991), or as homopentamers which is composed only of a subunits 

(Chen and Patrick 1997; Drisdel and Green 2000).
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Structure of a neuronal nicotinic acetylcholine receptor (nAChR)
Expert Reviews in Molecular Medldne © 1899 Cambridge University Press

Figure 1. Structure of A Neuronal Nicotinic Acetylcholine Receptor.

Pentameric structure of a neuronal heteromeric nicotinic acetylcholine receptor 
indicating a and p type subunits, binding sites for neurotransmitter, the ion 
channel and topology of a ligand-binding subunit, (adopted from Louise Bate 
and Mark Gardiner, Expert Reviews in Molecular Medicine, Cambridge 
University Press 1999).

nAChRs are pentameric structures that are made up of a combination

of individual subunits. The central ion channel delineated by five
2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



subunits functions as an allosteric protein in which effects arising from 

the binding of a ligand to a site on the protein can lead to changes in 

another part of the molecule. Each individual subunit consists of an 

N-terminal extracellular domain; four putative transmembrane domains 

denoted M l through M4, among which M2 is believed to be the 

pore-lining domain; a cytoplasmic loop between M3 and M4; and other 

shorter loops connecting the domains (Figure 1). A ligand-binding 

subunit, designated as the a-type (characterized by neighboring 

cysteine residues in the vicinity of neurotransmitter binding sites), 

contains binding sites for numerous agonists and antagonists on the ir 

extracellular domain. While structural subunits, missing the binding 

sites, are refered to as the p-type subunits.

Functional studies have revealed that nAChRs contribute to the 

control of resting membrane potential, modulation of synaptic 

transmission and mediation of fast excitatory transmission. A variety of 

structural and genetic experiments have suggested an all-p sheet folding 

of the N-terminal extracellular domain, with the connecting loops 

contributing to the acetylcholine (ACh) binding pocket and to the subunit 

interfaces that mediate the allosteric transitions between conformational 

states. The allosteric transitions of the protein underlying the

3
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physiological ACh-evoked activation and desensitization possibly involve 

rigid body motion of the extracellular domain of each subunit, linked to a 

global reorganization of the transmembrane domain responsible for 

channel gating (Corringer and Changeux et al, 2000).

Neuronal nAChRs are widely distributed in the nervous system. The 

diverse ion channels assembled from multiple subunits involved in 

synaptic signaling, and participate in key developmental processes (Role 

and Berg 1996; Dani et al. 2001; Rezvani and Levin 2001; Nai et al.

2003). Recent data from knockout animals has extended the 

understanding of nAChR function. The activity of these ionotropic 

receptors contributes to a wide range of brain processes from cognitive 

functions such as learning, memory formation or reward (Jones et al.

1999), to cellular events such as degeneration (Zoli e t al. 1999) and 

neural development (Jones e t a l 1999; Lauder 1993; reviewed by 

Linstrom 1997). Abnormalities in nAChR number and function have 

been implicated in a number of human neuropathologies such as 

schizophrenic syndrome (Freedman et at. 1995; Gault et al. 2003; 

Faraone and Tsuang 2004), Alzheimer's (Wilson et at. 1995; Robbins et 

al. 1997; Zoli and Changeux eta /. 1999; Narahashi and Zhao e ta l. 2003; 

Dougherty and Nichols 2003; Cook and Rubinsztein et al. 2004), Gilles
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de la Tourette's syndrome (Sandyk 1995; McEvoy and Allen 2002), 

Autism (Martin-Ruiz and Perry et al. 2004) and Parkinson's diseases 

(Whitehouse et al. 1983; Aubert e t al. 1992). nAChRs also play a 

significant role in nicotine addiction (Marks and Collins et al. 1992; 

reviewed by Larsson and Engel 2004), which is another major public 

health concern. A genetically transmissible epilepsy, ADNFLE 

(Autosomal Dominant Nocturnal Frontal Lobe Epilepsy), has been 

associated with specific mutations in the gene coding for the a4 or p2 

subunits, which lead to altered receptor properties (Kuryatov and 

Lindstrom e t al. 1997; Meisler and Escayg et al. 2001; Hirose and 

Mitsudome eta l. 2002, Loschereta/. 2003). The essential physiological 

role of neuronal nAChRs in synaptic signaling and the dire consequences 

of nicotinic synapse-related pathology underscore the importance of 

defining molecular mechanisms that regulate nAChR expression in the 

vertebrate system.

Diversity of Neuronal nAChR Subtypes

Perhaps the most striking finding is the considerable diversity of 

neuronal nAChRs. This diversity takes several forms: open-channel 

conductance, gating, agonist and antagonist potencies. At least one 

source of this diversity is the multiplicity of nAChR genes (Deneris et al.

5
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1991).

There is a great diversity of nAChR subtypes expressed in 

vertebrates. To date, 12 neuronal nAChR subunit genes have been 

cloned from vertebrates (Le Novere and Changeux 1995; Elgoyhen e ta l. 

2001). In the CNS and PNS, different cholinoceptive neuron 

populations express distinct combinations of neuronal nAChR subunit 

genes. Within a single cholinoceptive neuronal population, the different 

subunits segregate to assemble into two homomeric- or heteromeric- 

receptors that differ in subunit composition, functional properties, and 

spatial distribution (Gundelfinger 1992). There is great interest in 

defining, within one neuronal population, the diversity of nAChR 

subtypes that are expressed and the ir subunit composition. This 

interest stems from the observation that nAChR functional properties are 

exquisitely sensitive to subunit composition (Sargent 1993; McGehee 

and Role 1995). The two general classes of neuronal nAChRs have 

different biophysical properties. In particular, the a-BgtX-sensitive 

receptors have higher level of calcium permeability, and in some 

neuronal populations faster kinetics of activation and desensitization, 

but a slowly desensitizing response in others (Seguela e ta l. 1993; Ullian 

et al. 1997; Chang and Berg 1999; Cuevas et al. 2000). Within one

neuron, the diverse nAChR subtypes are spatially segregated relative to

6
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one another and target to discrete synapse-associated sites: the 

presynaptic term inal, the specialized postsynaptic membrane, and the 

perisynaptic dendritic surface membrane (Jacob and Berg 1983; Jacob 

et al. 1984, 1986; Moss and Role 1993; Horch and Sargent 1995; 

McGehee and Role 1995; Gray et al. 1996; Shoop et al. 1999). The 

spatial segregation and distinct biophysical properties of the diverse 

nAChR subtypes are likely to create functionally specialized 

synapse-associated microregions and establish distinct spatial and 

temporal patterns of calcium influx that locally target different 

downstream signaling events (reviewed by Berg and Conroy 2002).

I t  is increasingly clear that neuronal function is affected not only by 

ion channel properties but also by receptor subtype heterogeneity. The 

enormous diversity of nAChR subunit gene expression has raised many 

questions: How many a and p subunit genes are expressed in one

individual neuron? What is the functional specificity of different nAChR 

subtypes? How do neurons govern the expression and distribution of 

various receptor subtypes? What is the control mechanism for 

intracellular trafficking and surface expression of the different nAChR 

subtypes? In this laboratory, we choose to address the important issue 

of transcriptional regulation of nAChR subunit genes. We hypothesize

7
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that co-expression of a ligand-binding subunit and a structural subunit is 

sufficient for receptor assembly of a representative heteromeric receptor 

subtype. The coordinate regulation of ligand-binding and structural 

subunits at the level of transcriptional regulation is testable with our 

experimental approaches using molecular cloning and in vivo studies in 

Drosophila.

Extensive genetic and biochemical analysis of Drosophila 

melanogaster has made this system an important model for 

characterization of transcriptional regulatory elements and factors. 

Many fundamental ideas -  such as c/s-acting control elements that act 

over long distances, the regulation of development by hierarchical 

cascades of transcription factors, dosage compensation, and position 

effect variegation- originated from studies of the fru it fly. Besides being 

a most convenient, economical animal model for its small size, short life 

cycle, fast reproduction rate, the entire Drosophila genome has recently 

been sequenced. The Drosophila system also carries the "magic 

markers" of polytene chromosomes, enchants biologists for several 

decades with the powerful tool of P-element transformation and 

availability of balancer chromosomes for genetic manipulation. Given 

the striking conservation of transcriptional controls in metazoans,

8
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general principles derived from studies of Drosophila are expected to 

continue to illuminate transcriptional regulation in other systems, 

including vertebrates. Therefore Drosophila has been selected as the 

animal model for various research projects in our laboratory. I would 

like to dedicate the next section for a discussion on insect nAChR subunit 

genes before I lay out specific aims for my thesis research topic.

Insect nAChR Subunit Genes

The insect nervous system is an unusually rich source of 

nicotinic-type receptors. Most sensory input pathways as well as many 

CNS interneurons and projection neurons use ACh as the excitatory 

transm itter, while in contrast with vertebrates, neuromuscular 

transmission appears to be glutaminergic (Sattelle 1992; Tornoe et al. 

1995).

Molecular probes from vertebrate receptors have opened up the way 

for the molecular cloning of insect nAChR DNAs. The cDNA encoding 

the y subunit of the nAChR from the electroplax of the fish Torpedo 

californica was used by two groups to isolate the cDNA and the gene for 

the firs t non-a subunit from Drosophila: the AChR64B gene

9
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(Hermans-Borgmeyer 1986; Sawruk and Gundelfinger 1988; 

Wadsworth and Nelson 1988). This gene and the cDNA of the first 

a-like subunit (ALS) were identified by the ir cross-hybridization with a 

fragment of the chicken neuronal a2 subunit gene (Bossy and Spierer 

1988). In general the sequence sim ilarity of insect nAChR protein 

subunits appears to be higher when compared with vertebrate neuronal 

receptors than with the nAChR subunits expressed in vertebrate 

muscles.

Like the ir vertebrate counterparts, insect nAChRs display a 

substantial diversity, which becomes apparent at the pharmacological 

and physiological level, as well as by the number of different genes 

encoding nAChR proteins. To date, there are ten identifiable nAChR 

genes in Drosophila (see Table 1). Among the ten nAChR subunits so 

far cloned from the fru it fly Drosophila melanogaster, seven have been 

classified as a subunits (ALS, Da2, Da3, Da4; Da5; Da6 and Da7) (Bossy 

e ta /. 1988; Sawruk e ta /. 1990; Schulz e ta l. 1998; Grauso e ta /. 2002; 

Lansdell and Millar 2000, 2004) and three as non-a or (3 subunits (ARD, 

SBD and Dp3) (Herm ans-Borgm eyer e t a/. 1986; Sawruk et a/. 1990; 

Lansdell and Millar 2002).

10
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As in the vertebrate nervous system, where the m ajority of nAChRs 

are not affected by snake a toxins, receptor subtypes insensitive to 

a-BgtX were disclosed by elecrophysiological and pharmacological 

studies on grasshopper (Goodman and Spitzer, et al. 1979), cockroach 

(Lees and Botham et al. 1983), locust (Macallan e t al. 1988) and 

Drosophila (Gorczyca and Wu et al. 1991) neurons. Furthermore, a 

detailed examination of the association, dissociation and equilibrium 

binding of [ 125I]a-BgtX  to Drosophila head membrane extracts has 

revealed a heterogeneity within the toxin-binding receptors. At least 

two physically distinct classes of high-affinity binding sites were 

observed with KD values of ~0.1 nM (Class 1) and ~4 nM (Class 2) 

(Schloss and Gundelfinger e t al. 1988). Class 1 represents about 25% 

and Class 2 about 75% of all high affin ity a-BgtX binding sites found in 

the heads of flies.

Since identification of insect nAChR subunits was initially 

accomplished by cloning the genes and cDNAs via cross-hybridization 

with vertebrate probes, a correlation between the encoded proteins and 

the pharmacologically and electrophysiologically defined receptors is 

required. Two different approaches are in progress to address this

li
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problem: the production of subunit-specific antibodies, and the 

expression of insect nAChR subunits in the Xenopus oocyte system.

Antisera against bacterially expressed fusion proteins from two 

different regions of ARD subunit (see Table 1) immunoprecipitated class 

1 (but not class 2) high-affinity a-BgtX binding sites in Drosophila 

(Schloss and Gundelfinger 1988). As ARD itself is not expected to bind 

the toxin, it was proposed that ARD is a structural subunit of class 1 

receptors. Based on indirect evidence, i.e. immunoprecipitation of 

a-BgtX binding sites, it has been suggested that ALS and ARD are 

components of the same receptor complex (Schloss et al. 1991, 1992). 

Subunit-specific antibodies directed against the cytoplasmic regions of 

various nAChRs subunits have been used to study the subunit 

composition of Drosophila nicotinic receptors. In  vivo 

immunoprecipitation data shows that Da3 (see Table 1) and ARD 

subunits co-assemble within one type of a-BgtX binding receptor 

complex (Chamaon and Gundelfinger et at. 2000), and that ALS and Da2 

(see Table 1) are integral components of another receptor complex 

(Schulz et al. 2000). So far at least three physically distinct receptor 

complexes in the Drosophila synaptic neurophil has been proposed: one 

including the subunits ALS, Da2 and SBD (see Table 1); the second

12
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harbouring Da3 and ARD -  but not the other three subunits; the third 

with ALS and ARD. All three heteromeric receptor complexes are 

considered as toxin-binding receptors.

Considerable difficulties have been encountered in attempts to 

express functional nAChRs by heterologous expression of cloned insect 

nAChR subunits (reviewed by Millar 1999; Gundelfinger and Schulz

2000). Heterologous expression studies have been reported with six 

cloned Drosophila nAChR a subunits [Dal/ALS, Da2/SAD, Da3, Da4, 

Da6 and Da7 (see Table 1 for all Drosophila subunit genes), (Bossy e ta /. 

1988; Sawruk et al. 1990; Schulz e ta l. 1998; Lansdell and Millar 2000,

2004)] and with three p subunits [Dpi/ARD, Dp2/SBD and Dp3 

(Hermans-Borgmeyer et al. 1986; Sawruk et al. 1990; Lansdell et al. 

1997; Lansdell and Millar 2002)]. Although no combination of these 

seven cloned nAChR subunits has been shown to be capable of forming 

functional nAChRs or a high-affinity binding site for nicotinic radioligands, 

this has been achieved when Drosophila a subunits have been 

co-expressed with vertebrate nAChR non-a subunits (Bertrand et al. 

1994; Lansdell e ta l. 1997; Schulz e ta l. 1998; Lansdell and Millar 2000); 

while in the case of Da6 and Da7, none forms nicotinic 

radioligand-binding sites, even when co-expressed as heteromeric

13
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complexes with vertebrate non-a subunits, but only to chimeric subunits 

(Da6/5HT3A and Da7/5HT3A) (Landsdell and Millar 2004). The more 

likely explanation for problems in heterologous expression may be that 

Drosophila nAChRs require host-cell specific factors which are not 

provided by expression systems such as Xenopus oocytes, mammalian 

kidney cells or Drosophila S2 cells (Lansdell and Millar 2004). Also, it is 

possible tha t efficient folding and/or assembly requires essential 

neurone-specific chaperone/interacting proteins (Jeanclos et al. 2001). 

Whilest relatively few proteins have been identified which interact with 

neuronal nAChRs, there have been recent reports that such proteins can 

influence nAChR assembly and trafficking, for example the mammalian 

chaperone protein 14-3-3ti (Jeanclos e ta l. 2001) and the Caenorhabdltis 

elegans transmembrane protein RIC-3 (Halevi e ta l. 2002).

Theoretically, the varying combination of the ten Drosophila nAChR 

subunit genes could give rise to thousands of receptor subtypes. I t  is 

currently unknown how many receptors are actually assembled into 

various subtypes and in which way these receptor subtypes functionally 

differ. Regulatory mechanisms that govern the expression and 

distribution of the distinct nAChR subtypes within one neuron are 

essential for the proper formation and function of interneuronal nicotinic 

synapses.
14
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Table 1. List of identified nicotinic acetylcholine receptor subunit genes in Drosophila 
melanogaster

GENES Svnonvms Chromosoma i 
1 location

cDNA
.ccession#

Protein
Accession#

Lenath of 
Protein (aa'S

BAC Clone 
Match

als nAcRa-96Aa, C G 5 6 10 96A1-A2 X07194 | AAF56301 567 BACR13M04

Da2 nAcRa-96Ab,
C G 6844

96A3 X52274 |
CAA36517

576 BACR47D16

Da3 nAcRa-7E
C G 2302

7E1-E2 Y15593 | AAF46361
CAA75688

783, 795 BAC RP98-4P5 
.(RPCi)................

Da4 nAcRa-SOF. 80F1-F3 AJ272159 | CAB77445
AAL28838

568
384

BAC RP98- 
22B15 (RPCI)

Da5 nAcRa-34E, C G 4 4 9 8 , 
B G :D S 0 5 8 9 9 .4

34F3-F4 AF272778 AAM13390
AAK67256

807, 482 
570

BACR18J08

Da6 nAcRa-301)
C G 4128

30D1-D3 AF321445 | AAM13396 
AAF52817 
AAM13395 
AAM13394

523, 544 
509, 494

BACR22H06

Da7 nAcRa-18C 
CG8109, CG8082

18C2-C3 AY036614 | AAK67257
AAF48950

219, 545 BACR02B03

ard nAcR/3-64B, 
C G 12606

64B6 X07956 | CAA27641 521 BAC RP98-5M7 
(RPCI)

sbd nAcR/i-96A. 
C G 6798 , D/32

96A5 Y14678 | CAA39211 519 BACR47D16

D/33 nAcR/3-21C, 
C G I 1822

21D1 AJ318761 | AAF51485 541 BACR48E08



Molecular Mechanisms That Regulate Neuronal nAChR 

Expression

The important issue, how differential expression of the genes 

encoding the receptor in the temporal and spatial restricted fashion 

required for the orderly development of the nervous system, has been 

exploited more extensively in recent years. There is evidence that the 

expression of nAChR is not only determined by an invariable genetic 

program but also subject to regulatory signals provided by neurotrophic 

factors (Yang and Role 1998; Belluardo and Fuxe e ta l. 2000), synaptic 

partners (Rosenberg and Jacob et al. 2002), soluble factors (Harborne 

and Smith 1988) and electrical activity (Levey and Jacob 1995). That is, 

the combination of the above factors act on neurons to trigger signaling 

events tha t control nAChR level. In this context, several levels of 

regulation, including transcriptional as well as posttranscriptional control, 

should be considered.

One level at which nAChR expression can be regulated is the 

transcriptional control of the subunit genes. The p4, a3 and a5 subunit 

genes from a unique gene cluster in mammals and birds (Boulter et al. 

1990; Couturier et al. 1990; Raimondi et al. 1992). These three 

subunits can co-assemble into the same receptor complex (Conroy and

16
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Berg 1995). The gene cluster is organized with p4 being most 5', 

followed by a3 and a5; a5 is transcribed in the opposite direction from p4 

and a3. These three genes are often coexpressed in central and 

peripheral neurons and this, along with the ir tigh t linkage, suggests 

coordinate regulation (Boulter et al. 1990; Corriveau and Berg 1993; 

Mandelzys et al. 1994). A neural-specific enhancer element identified 

in the 3' untranslated exon of the (34 gene may be important for 

regulating neuronal expression of these clustered nAChR subunit genes 

(McDonough and Deneris, 1997, McDonough e ta l. 2000). These data 

suggest that different transcription factors likely mediate the regulatory 

effects of the distinct synaptic partners.

The Drosophila genes nACRa96Aa, nACRa96Aab and nACRp96A 

encoding the nAChR subunits ALS, Da2 and SBD map to the same 

chromosomal band in the 96A region of the third chromosome. 

Alignment of the available cDNA and EST sequences (Flybase at: 

www,flvbase.ora/3 with the corresponding genomic region revealed that 

the transcription units for ALS and Da2 are arranged head-to-head, 

whereas those encoding Da2 and SBD are oriented ta il-to -ta il 

(Chamaon and Gundelfinger e t al. 2002). No other transcription unit is 

predicted within this region, indicating that the three subunits are 

encoded in a gene cluster that spans about 120kb. In both cases
17
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clustering may facilitate coordinate expression of the nAChR genes and 

regulation of coassembly of the respective subunits (Chamaon and 

Gundelfinger et al. 2002).

In addition to the existence of large numbers of genes encoding 

many of the subtypes of channel or receptor subunits, diversification of 

components of these molecules also utilizes many of the other molecular 

mechanism capable of generating variation. With the completion of 

genome sequencing, interest has been focused on the diversity in gene 

products arising from alternative splicing and RNA editing (Caceres and 

Kornblihtt 2002; Schaub and Keller 2002). Both are important 

post-transcriptional modifications that play a role in expanding protein 

diversity in an organism with a small genome such as Drosophila while 

the gene number does not correspond to animal complexity. 

Comparing with the large families of nAChR genes identified: 11 in 

mammals (Le Novere and Changeux 1999; Elgoyhen e ta l. 2001), 27 in 

C. elegans (Mongan et al. 1998; Sattelle et al. 2002) and 28 in Fugu 

rubripes, the pufferfish (Jones and Sattelle e ta l. 2003), the ten numbers 

of the Drosophila nAChR subunit gene so far identified does not seem to 

make sense in terms of its more complex CNS with more than 200,000 

neurons, while C. elegans has only 302 neurons, yet a larger number of

genes. Therefore, variants of gene products at the genomic and mRNA
18
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level must be playing a very important role.

Alternative splicing as a means of generating diversity is particularly 

prominent in the primary subunits of large-conductance Ca2+-activated 

K+ channels. The gene encoding these proteins has at least 4-5 

independent alternative splicing sites, with the possibility of generating a 

large number of isoforms, of which more than 10 have already been 

found. This alternative splicing serves to produce a large variety of 

Ca2+-activated K+ channels differing in Ca2+ sensitivity, and may be a 

key molecular mechanism used to tune individual auditory hair cells to 

respond to specific sounds. The alternative splicing of these molecules 

may be modulated under interesting physiological conditions (Xie and 

McCobb 1998). The Drosophila nAChR subunit Da4 (Lansdell and Millar 

2000) and Da6 have been reported to be subject to alternative splicing 

diversity. Furthermore, alternative splicing in Da6 involves exons 

encoding nAChR functional domain (Grauso 2002).

RNA editing is another mechanism to modify channel components 

posttrancriptionally (Scott 1997; O'Connell 1997). I t  is firs t discovered 

in AMPA glutamate receptors by Peter Seeburg, and has now been 

observed in Na+ channels (Reenan e ta l. 2000), K+ channels (Patton e ta l. 

1997), serotonin receptors (Burns et al. 1997) and neuronal nAChRs 

(Hoopengardner and Reenan et al. 2003). RNA editing can profoundly
19
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alter ion selectivity and gating properties of ion channels (Sommer et al. 

1991; Higuchi et al. 2000) as well as subunit maturation and transport 

from the endoplasmic reticulum to the cell membrane (Greger et al. 

2002). Transcripts that are edited in Drosophila also encode ion 

channel subunits, but the numer of sites per transcript is more than is 

found in vertebrates. The cacophony (cac) transcript encoding the 

pore-forming a l  subunit of a voltage-gated calcium channel is edited at 

12 sites (Kawasaki e ta l. 2002).

Editing of nAChRs in Drosophila occurs in several conserved regions 

including the ligand-binding domain, transmembrane (TM) domains 

involved in gating and agonist sensitivity and, importantly, the lining of 

the conducting pore, TM2. Editing sites found in TM2 in ion channels are 

in hydrophilic or charged residues that have been shown by mutagenesis 

studies to affect ion selectivity and channel conductance. Given the 

spatially and temporally hierarchical events that occur in neurons on the 

time scale of milliseconds, it is proposed that the advantage of regulating 

VGICs, LGICs, and the synaptic release machinery by RNA editing lies in 

a finer level of control than discrete genetic change permits 

(Hoopengardner and Reenan et al. 2003). The first case in any 

organism where a nAChR gene is the target of mRNA editing is Da6,

whose editing is dADAR dependent, seven adenosines could be modified
20
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in the extracellular ligand-binding domain region of Da6, four of which 

are also edited in the Da6 ortholog in the tobacco budworm Heliothis 

virescens. The conservation of an editing site between the insect orders 

Dipter and Lepidoptera makes nAChR editing the most evolutionarily 

conserved invertebrate RNA editing site so far described (Grauso et al. 

2002).

As we know, the electrical properties of a cell are produced by the 

coordinated activity of a suite of channels that conduct ions across the 

membrane. To manifest the appropriate electrical character, a cell 

must regulate gene expression so that the proper subset of ion channels 

is expressed at appropriate levels. The need for controlled and 

coordinated expression makes it likely that the transcriptional control 

region of nAChR subunit genes contributes a key role resulting in 

collections of phenotypically characteristic neurons.

Despite the wealth of information available on the gene expression 

and physiological profiles of neuronal nAChRs, our knowledge of the 

molecular mechanisms involved in the transcriptional regulation of 

nAChRs is still rudimentary. Since neuronal nAChR subunit genes 

exhibit distinct, yet overlapping temporally and spatially restricted 

pattern of expression, which are consistent with the proposed

heteromeric compositions of neuronal nAChRs in vivo, these patterns of
21
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expression suggest specific molecular mechanisms for generating 

functional diversity within the nervous system (Hu et al., 1995). The 

discrete DNA elements that are directly involved in regulating the 

transcription of genes, and the proteins that interact specifically with 

these elements are the emphasis of a molecular biologist.

One aspect of the research in our laboratory has focused on 

transcriptional control of the ard  gene. Previous thesis project by 

Lee-Chuan Yang has established the transcription start site and minimal 

promoter of the ard  gene. Germ line transformation with fusion 

constructs of upstream sequences with an E.coli (3-galactosidase 

reporter gene was used to isolate a 325 nucleotide fragment which 

confers spatial and temporal correct expression in embryo, pupae and 

adult when compared with the known distribution pattern of the ard  

mRNA by in situ  hybridization (Hermans-Borgmeyer 1989). Deletion of 

further 156 nucleotides on the 5' side of the upstream sequence 

abolished lacZ expression (Yang 1996).

The Drosophila gene encoding a nAChR a-like subunit ALS was 

isolated by crosshybridization with a vertebrate probe (Bossy e t al. 

1988). The ALS encoding gene exceeds 54 kb in length and the 

transcript has a very long and unusual 5' leader. The ALS gene product

most resembles the neuronal set of vertebrate nAChR a-like subunits
22
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that do not bind aBgTx. We were tempted to the project of studying the 

transcriptional regulation of als, because it had been suggested that ALS 

and ARD are components of the same hetero-oligomeric receptor 

complex based on immunoprecipitation of a-BgtX binding sites (Schloss 

et al. 1991, 1992). The als gene has been mapped to chromosomal 

region 96A (Bossy et al. 1988) while ard  is located at 64B10-B12 

(Sawruk et al. 1988). We expect not only to make a fundamental 

contribution to our understanding of the developmental regulation of the 

cholinergic receptor in general, but also add to our previous knowledge 

about the structural-subunit-encoding gene ard, whose gene product is 

part of the same receptor complex with ALS subunit, tha t constitutes one 

of the major nAChR subtypes (Gundelfinger and Hess 1992). I t  would 

be very interesting to investigate if the expression of the als and ard 

genes are coordinately regulated; furthermore, if the same molecular 

switches are used in all neurons, which express various nAChR genes 

and which other neuronal proteins are under control of the same 

transcription factors.

The specific aims of this study are: (1) to characterize the molecular 

structure of the als gene, which encodes the ligand-binding subunit of a 

neuronal nAChR in Drosophila central nervous system; (2) to identify the 

als 5' upstream regulatory sequence which governs its spatial and
23
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temporal expression. Specifically, the contribution of transcriptional 

mechanisms in the regulations of als expression levels in Drosophila CNS 

was assessed and evaluated by several complementary approaches.
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CHAPTER 1.

IN  SEARCH OF GENOMIC DNA CLONES CARRYING THE 
a/s GENE AND ITS UPSTREAM REGULATORY SEQUENCE

The complex temporal and spatial expression patterns of 

developmentally regulated genes often reflect the action of modular 

regulatory elements, generally 300-700 bp in size that can be located up 

to 100 kb 5'- from the transcription start site. To begin with the 

investigation of the transcriptional regulatory elements controlling the 

expression of the Drosophila neuronal nAChR als subunit gene, my firs t 

goal was to isolate genomic clones that harbor the als gene and its 

5'-flanking sequence. My effort to reach this specific goal evolved from 

the initial attem pt to isolate a/s-containing genomic clones from 

bacteriophage X library of Drosophila melanogaster early in 1997, to 

screening PI clones in 1998, until Bacterial Artificial Chromosome (BAC) 

became available as the Berkeley Drosophila Genome Project (BDGP) 

and Celera Genomics collaborated in 1999-2000 to sequence the 

Drosophila melanogaster genome. Two different experimental 

approaches are presented in this chapter, both of which aim at the same 

specific goal. "Material and Method" and "Result" are described for each 

approach, followed by a "Discussion".

25
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I .  Experimental Approach I

Early Strategy: Conventional Genomic Library Screening w ith  

a/s-specific probe

1. M aterial and Method

A genomic DNA library from Drosophila melanogaster (Canton S) 

constructed in the lambda bacteriophage EMBL3 SP6/T7 vector 

(Clontech Inc.) was screened at low stringency with a 32P-end-labeled 

oligonucleotide probe derived from the 2576-2599 bp of the als gene 

(based on the published als mRNA sequence, GenBank Accession No. 

X07194, Bossy e t al. 1988) (Figure 2A). The 24 mer oligonucleotide: 

5' -cgcagaaccgccgctgcc ctcctc -3' was verified to be specific to als (1) 

by blast search against the Drosophila genomic DNA database; (2) by 

sequence comparison with the then-known subunit genes Da2, ard  and 

sbd using GCG program (Figure 2B). The GCG package is a collection 

of programs used to analyse or manipulate DNA and protein sequence 

data. The als probe was synthesized by the Sequencing and Synthesis 

Facility of Hunter College.
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exon4
exon5

exonS
exon3 Genomic Library Screening Probe

exon2 \ exon 7
5’-utr exonl \  \

\ & exon8 3'-utr

JsK 1

als
3839 bp

Figure 2A. The Design of a/s-specific Oligonucleotide Probe for
Genomic Library Screening (1 )
The 24-base pair als-specific probe was derived from the coding sequence
of the als gene, as indicated in the molecular map (VectorNTI Suite 8.0).

Approximately 1.3 x 107 phages were first hybridized under 

low-stringency condition (6X SSPE, 5X Denhardt's, 0.5% sodium 

pyrophosphate, 100pg/ml sheared and denatured salmon sperm DNA, 

and 0.25% SDS) at 45°C overnight. The filters were then washed with 

two changes of 6X SSPE. After washing, autoradiography was carried 

out and the film was developed. The second and tertia ry screening 

conditions were the same as the first screening except for the 

high-stringency condition of hybridization tem perature at 60°C.
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Figure 2B. The Design of a/s-specific Oligonucleotide Probe for 
Genomic Library Screening (2 )
The result of GCG -  sequence alignment of the designed probe (in bold letter 
underlined) with then-known Drosophila subunit genes indicated that the 
designed oligonucleotide probe was unique to the gene of interest, als.

PileUp of @alpha. list: Dalpha2, sad, alsspier, sbd, ard

Dalpha2
2501
cggctccagt ccagactccc tgcggcggat gcaaggtcgt

2550
gtgggtgctg

sad cggctccagt ccagactccc tgcggcggat gcaaggtcgt gtgggtgctg
alsspier ctacggcatt ccagcactac ccgcttcgca tcgcttcgat ttggctgcgg

sbd caacttaaca cccgaagtgc tgcaggcgtt acg...... ....... tg
ard tcgcatca. t cgagatttac aggggaaagt aagcgagtga ggacttggag

Dalpha2
2551
gtgggtgcaa tggcatgcac gtgaccacgg ccacaaacag

2600
attcagcggc

sad gtgggtgcaa tggcatgcac gtgaccacgg ccacaaacag attcagcggc
alsspier cgggcgggat tagcgcccac tgtttcgcag aaccgccgct gccctcctca

sbd cggtcagatt tattgcgcag catatcaagg atgccgacaa ggataacg..
ard cagccggggg ctgattgaaa tggttaacag cattgcaaac gcaacaataa

Dalpha2
2601
ttg... gtgg gggctttggg

2650
cggcggactg agcaccctga gcggctacaa

sad ttg... gtgg gggctttggg cggcggactg agcaccctga gcggctacaa
alsspier ctgccactcc cgggcgccga cgacgatctg ttcagcccgt cgggcctcaa

sbd . agattgtgg aggactggaa gttcgtatcg atggtgctgg accgcttctt
ard taagcaaacg aggtattgag aca. gaggaa aacaatgaaa attgcaacaa

Positive clones after three rounds of genomic library screening were 

picked using sterile toothpicks and stored in 1ml of SM solution (lOOmM 

NaCI, lOmM Mg2S04, 50mM Tris pH 7.5 and 0.1% gelatin). To further 

prove the identity of the positive clones, southern blotting analysis were 

carried out according to the procedure described in Current Protocols in 

Molecular Biology (Ausubel e ta l. 1988).

The X DNA from positive clones were digested with Xhol (New

England Biolab), separated by 0.6% agarose gel electrophoresis (Figure
28
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2C), and then transferred onto a nylon membrane (Zeta-Probe Blotting 

Membranes) with 0.4N NaOH as transfer buffer via downward capillary 

transfer. The same 24 mer a/s-specific probe was end-labeled to 

specific activity at 1.2 X 105 cpm/pig. Hybridization was carried out 

under high stringency at 60°C overnight. The washing condition was at 

60°C, with the blot soaking in a rolling tube set in rotating motion in the 

prewarmed incubator. The next two changes of 6X SSPE for 5 min and 

10 min was performed in the same way.

The inserts of the positive X phage DNA confirmed by Southern 

blotting were excised by digestion with Sfil, isolated by agarose gel 

electrophoresis, and purified using a GeneClean Kit (BIO101). The 

X DNA fragments obtained from the purification were subcloned into the 

same digestion site of the phagemid pBluescript KS (+ ) E.coli strains 

SRB (Stratagene) transformation.

The nucleotide sequence of each clone was determined by automated 

sequencing performed by the Sequencing & Separations Facility at 

Hunter College (Center for Study of Gene Structure & Function, Hunter 

College) using the als-specifc probe as sequencing primer. The 

resulting sequencing information from genomic clones was analyzed 

using nucleotide-nucleotide BLAST program (Altschul et al. 1997) from 

both NCBI GenBank database (Drosophila genomic DNA) and Flybase to
29
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compare with the als gene and its 5'-flanking sequence.

2. Result

Four positive clones designated "C", "M", "Y" and "Z " were isolated 

after three rounds of genomic library screening. They were initially 

analyzed by restriction enzyme digestion followed by gel electrophoresis 

and visualized on ethidium bromide-staining agarose gel. The four 

clones were shown to be different, with clones "M" and "Z " sharing very 

sim ilar digestion patterns.

Figure 2C. X ho l Digestion of Four Positive Clones from  Genomic 
Library Screening.
Fragmentation on 0.6%  agarose gel as a result of restriction enzyme digestion 
indicated that the four clones are different from each other.

C M Y Z

pi
12 kb-
10kb-«#w*-*»» 
9 kb
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To further confirm tru ly positive clones, the A DNA of each clone was 

analyzed by southern blotting using the same 24 mer a/s-specific probe. 

As shown in Figure 2D, clone "C" and "Y" displayed strong positive 

signals, while clone "M " displayed weak signal. Clone "C" and "Y" were 

chosen for further analysis.

Figure 2D. Southern Blotting of Four Genomic Clones.

The inserts of the recombinant A, phage DNA "C" and "Y" were 

subcloned into pBluescript KS (+ ) for amplification and DNA sequencing 

analysis. Technique obstacles arose during the DNA sequencing 

process at Sequencing and Synthesis Facility of Hunter College in 1997. 

I t  was a frustrating period of repeated troubleshooting cycles 

scrutinizing quality and quantity of DNA purified from the subcloned A 

DNA clones. Finally, the DNA sequences were obtained from the DNA 

Sequencing Resource Center at the Rockefeller University. However, 

based on computer analysis (BLASTN 2.0.8) of the resulting sequencing
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information from genomic clone "C" and "Y", none of them matched the

als gene and its 5'-flanking sequence.

I I .  Experimental Approach I I
The Post-Genome Era and the Bacterial Artificial Chromosomes 

(BAC) -  An A lternative strategy to  identify and m anipulate the  

a/s locus

1. M aterial and Method

Large-scale sequencing of human and model organism genomes, 

cDNAs and expressed sequence tags (ESTs) is identifying tens of 

thousands of genes about which little is known. Several clone-based 

physical maps have been described previously. Low-resolution yeast 

artificial chromosome maps of the genome have been produced by 

polytene chromosome in situ  hybridization (Garza et al. 1989), and 

cosmid maps of regions of the X chromosome have been made by STS 

content and fingerprint mapping (Siden-Kiamos e ta l. 1990). The most 

complete previous map is the Pl-based map constructed by polymerase 

chain reaction-based 348 sets of contiguously overlapping clones 

(contigs), each with at least two STS markers (Kimmerly et al. 1996). 

However, the contiguity of the PI map was limited by the shallow 

genome coverage of the library (about sixfold) and the relative small

32
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insert size of the clones (80 kb).

Because of its historical importance, a large research community, and 

powerful research tools, as well as its modest genome size, Drosophila 

was chosen in 1990 as a test system to explore the applicability of the 

whole-genome shotgun (WGS) sequencing for large and complex 

eukaryotic genomes (Venter e t al. 1998). Under the auspices of the 

federally funded Human Genome Project, genome projects in the United 

States, Europe, and Canada have produced a battery of genome-wide 

resources. In 1999-2000, the Berkeley and European Drosophila 

Genome Projects (BDGP and EDGP) initiated genomic sequencing and 

produced a BAC-based physical map and defined a tiling path of 

overlapping BAC clones that span the euchromatic portion of the genome. 

The BAC map and other genomic resources available for Drosophila serve 

both as an independent confirmation of the assembly of data from the 

shotgun strategy and as a set of resources for further biological analysis 

of the genome (Hoskins et al. 2000). Celera Genomics collaborated 

with BDGP in this vast project with its WGS approach. The annotated 

genome sequencing of Drosophila melanogaster was published on the 

March 24th 2000 issue of Science. The nucleotide sequence of nearly all 

of the ~120 Mb euchromatic portion of the Drosophila genome had been

33
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determined using WGS sequencing strategy supported by extensive 

clone-based sequence and a high-quality bacterial artificial chromosome 

physical map. The sequence of all the scaffolds (including 

heterochromatin), predicted transcripts, and predicted proteins are also 

available on a download page of BDGP 

(,http://www.fruitflv.ora/seauence/release4aenom ic.shtm n.

BAC technology allowed researchers to overcome the lim itations of 

the cloning vectors. The backbone of a BAC clone is a ~7 kb vector that 

can stably hold several hundred kilobases of exogenous DNA (Frengen et 

al. 1999; Hoskins et al. 2000). The BAC is propagated in E. coli as a 

supercoiled plasmid at a copy-number of one per cell. As the BACs are 

propagated in recombination-deficient E. coli, they are not prone to 

chimerism (Shizuya 1992).

The RPCI-98 Drosophila melanogaster BAC library has been 

constructed in Children's Hospital Oakland Research Institu te  (CHORI) 

laboratory by Aaron Mammoser and Kazutoyo Osoegawa in collaboration 

with BDGP headed by Gerald M. Rubin and co-directed by Susan E. 

Celniker at Lawrence Berkeley National Laboratory. This library has two 

different names as a result of different nomenclature guidelines used by 

the BGDP and CHORI (BACPAC Resources).

34
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2. Result

The availability of nucleotide sequences of BAC clones allowed us to 

identify the genomic source that carries the als gene and it's 5'-flanking 

sequence. Blast search of the als published cDNA sequence (Bossy e t at. 

1988) against the Drosophila database, resulted in the BAC clone "RPCI 

98-13.M.4" or"BACR13M04" that carries the gene of interest (Figure 3).

The BDGP followed the established nomenclature for various 

Drosophila BAC libraries and BACPAC Resources followed the NCBI 

recommendations. Hence, our clone called "BACR13M04" by the BDGP 

is referred to as "RP98-13M4". The BAC clone was ordered from CHORI 

(BACPAC Resources), as bacterial LB agar stab culture. Single colonies 

were streaked onto LB agar plate supplemented with 20 ^g/m l of 

chloramphenicol. BAC clone DNA was purified using QIAGEN 

Large-construct DNA Preparation Kit. The identity of the BAC clone was 

checked by PCR with als-specific primer set (see Table 3).
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Figure 3. The a ls  Gene Versus BACR 13M 04

complete BAC 13 M4 als
172282 bp

als exonlO 

als exon9 

als exo/76 

'  a/s exon 7 

■ , als exon6 

als exonS 

. a/s exon4 

alsexon3

translation start site

\ \
5' UTR exon2 

als 5'-UTR
predicted promoter 

transcription start site 

5 UTR exonl

The vector NTI molecular map of 172 kb BACR13M4 genomic DNA clone which 
carries the complete als gene and its 5'-flanking sequences. The identified 
non-coding exon 1 and exon 2, transcription start site, coding exon 3 through 
exon 1 0 ; translation start site, as well as computer-predicted promoter are all 
indicated on the map as we know now.

Molecular cloning of the upstream als sequence using the above 

described BAC clone for in vivo analysis will be further described in

Chapter 5.
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Discussion

The initial attem pt to screen genomic library with radioactive-labeled 

als-specific probe was designed with various cautious steps, including 

the choice of location at a highly variable cytoplasmic region of als gene; 

its high GC content (75% ) for high melting temperature that allows 

relatively high stringency hybridization conditions; while using several 

confirming approaches available at the time to make sure it is sequence 

-specific to the als gene. Both nucleotide sequence alignment using 

GCG pile-up and Blast search (BLASTN 1.4.9MP, 3-26-1996) against the 

Drosophila database were carried out. The original record of blast 

search with the probe on 10/30/1996 showed a satisfying single match 

to the als published mRNA. However, no expected results were 

obtained after DNA sequencing verification.

Given the fact that the main repository nucleotide database has been 

updated in the pubic domain along with rapid progression of on-going 

genome sequencing projects in the past few years. In 1999, the als 

probe was checked again against the Genbank (BLASTN 2.0.8, 1-5-99). 

Our record showed four matches: in addition to als, there were three  

mouse genomic matches. As for blast search with the DNA sequencing 

results of clone C and clone Y, they were found to match an unrelated
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segment on BACR48E02. We suspect that the short 24 mer als probe 

actually found its way during hybridization not to the a/s-containing 

clones, but rather any possible matching genomic regions in the vast 

genome of Drosophila. To prove that, an updated blast search with the 

same 24 mer probe was conducted. As compared to the combined 

database of GenBank, EMBL, DDBJ, PDB from that of October 1996 with 

only 274,177 sequences, 386,744,762 total letter, now there is a myriad 

of sequence database containing 35,532,003 sequences,

40,325,321,348 total letter. Not surprisingly, the current blast search 

results in more than a dozen matches other than the expected clone 

(Table 2). As people always say, "Hindsight 20/20". This is definetly 

a good lesson for anyone who designs any primers for various molecular 

approaches.

After ail, the year 2000 completion of the euchromatic DNA 

sequences of Drosophila is a breakthrough that highlight important 

unanswered questions. For example, only one-fifth of the 124 Mb of 

Drosophila euchromatic DNA codes for protein. The function of the 

remaining 100 Mb of mostly unique DNA is largely unknown. Some 

proportion of this non-reading frame DNA must encode the functional 

recognition sites targeted by the approximately 700 sequence-specific 

DNA binding proteins that regulate transcription in Drosophila.
38
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Ion channels are the physical substrates that underlie neuronal 

signaling and behavior of higher organisms. With the completion of the 

C. elegans and Drosophila melanogaster genome sequences predicting 

18,424 (C. elegans Sequencing Consortium, 1998) and 13,601 (Adams 

e t al. 2000) protein-coding genes, while the human genome sequence 

nearing completion, its genome is likely to surpass 80,000 

protein-coding genes. An initial evaluation and characterization of the 

molecular machinery that drives three strikingly different nervous 

systems, with distinct morphologies and levels of complexity: the simple 

nervous system of worms with 302 neurons, the more complex 

Drosophila nervous system with ~250,000 neurons, and the 

substantially more elaborate human brain with an estimated 1012 

neurons. Despite the huge differences in complexity, comparison of 

genes encoding ion channels and synapse assembly proteins reveals 

considerable conservation at the molecular level. The basic framework 

for neuronal signaling and synaptic organization was completed early in 

metazoan evolution, and evolution of much more complicated nervous 

systems did not entail extensive alteration of this framework. Thus, 

genomic analysis fully confirms the belief that one can obtain 

fundamental neurobiological insights from studies of simple model 

organism.
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Table 2. List of Matching Clones w ith  24 m er a/s-specific oligonucleotide probe.

List of Matching Clones with 24 mer als-specific oligonucleotide probe against All Drosophila Database Sequences. 
Besides the expected als gene and the specific genomic region containing als gene, other clones with 100%  
nucleotide similarity were shown in this table.

High Score Matching 
Clones

Clone Length 
(m atching length)

Genebank Nam e of the  
Matching Clone

Chromosome Location 
of Matching Clone

ab|X07194 3498 (24) X07194 3R: 96A-96A
AC008366 172282 (24) BACR13M04 3R: 96A-96A

AC008204 199016 (24) BACR04E17 3R: 95E-95F
BACR18B10-TET3 fSTS'i 1109 (24) BACR18B10 n/a

BACR15G24-TET3 fSTSl 97 7 (2 4 ) BACR15G24 n/a
BACR10A19-TET3 fSTS^ 933 (24) BACR10A19 n/a
SEG:AE003747 206741 (24) gadfly-seqname:AE003747 3R: 95F5-96A2

AC010706 159513 (16) BACR36D15 X, 13C-13E

AC007581 156508 (16) BACR03I24 2R, 60E-60E
AC007574 171151 (16) BACR11C07 2R, 60D-60D
CG9198-RA 6380 (16) FBgn0030639 X: 13C3-13C4
AC016792 164970 (15) BACR26A02 3R: 8 8 B-8 8 B

AC016368 80017 (15) BACR36A03 2R: 42A-42B
SD09926.complete 4797 (15) EST SD09926 2R: 42A12-42A13

O



CHAPTER 2.

IDENTIFYING THE TRANSCRIPTION START SITE OF
THE als GENE

The major transcriptional machinery of many eukaryotic genes are 

located upstream of the ir transcription start site(s). We assumed this 

to be the case for the a/s gene. Therefore, extensive effort has been 

made to define the transcription start site. A combination of RT-PCR, 

primer extension assay, RACE-PCR and computer analysis were 

employed to address this major issue.

When Spierer's lab firs t reported (Bossy et al. 1988) isolation of the 

als gene with 96-195 of the chick neuronal nAChR a2 gene, the structure 

of the ALS-encoding gene differed from the structure of its vertebrate 

counterparts and other known Drosophila neuronal nAChRs. First, the 

als gene spans more than 50 kb of DNA and its major transcript is 10.5 

kb long, the abundance of this transcript reached its maximum at late 

embryogenesis and remains stable up to early pupal stage, with 2 fold 

decrease at late pupal stage, followed by a further 3-fold decrease at 

adulthood (7-days after eclosion). Second, it possesses one of the 

longest (1282 nt) 5' leader ever mentioned in literature. The first two
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exons contain 5' leader sequences which contain only 15% U and has 

many GC-rich stretches frequently separated by groups of 2-6 A. This 

leader sequence is separated from the eight coding exons by 28 kb of 

intervening sequence (Bossy et al. 1988).

Besides these noteworthy features of the als gene and its transcript, 

I had reasons to believe that the 5'-end of the published als mRNA was 

erroneous. Blast search of the existing als mRNA (with GenBank 

Accession Number X07194) against Drosophila nucleotide database 

revealed cDNA versus genomic DNA mismatching. The gaps were 

between 36-51nt, 745-776nt, 979-1049nt. At this point, it became 

critical to sort out the sequence puzzle of the 5'-end of the als gene 

before any serious steps can be taken to design experiments to map the 

transcription start site. To address this important issue, als-specific 

primer sets were designed to "w alk" through exon 5 to exon 1 towards 

the 5' -end (Figure 4A) to ensure that (1) the two non-coding exons do 

exist, despite of its encoding long leader sequence being separated 29 kb 

from the coding exons; (2) to verify the sequence contiguity from the 

non-coding exons to coding exons; and (3) to get some ideas about the 

transcription start site by assembling the sequencing information.
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AS1650 forRT-PCR

exonS 
exon4 

exon 3 
S1351 for RT-PCR \

AS1267 forRT-PCR \\ I
exon8S'-UTR exon2 

S656 forRT-PCR \ 
S306 forRT-PCR \

S'-UTR exonl \  \

exon9
als exon 10

3'UTR

exon 6
exon

als cDNA RTPCR primers
3839 bp

Figure 4A. The Design of a/s-specific Primers for Exon-W alking.
The design of a series of a/s-specific primer pairs for exon-walking by RT-PCR. 
Location of als-specific sense and antisense primer sets, in the 
5'-untranslated region, and within the coding exons (based on the sequence 
GenBank Accession No. X07194, Bossy et al. 1988) were shown in the 
molecular map._______________________________________________________

In this chapter, I will describe three major experimental approaches 

that are substantial to studying molecular structure of the als gene: (1) 

RT-PCR for als exon-walking; (2) Primer extension analysis; (3) 

RACE-PCR. The latter two techniques allow mapping of the 

transcription start site of the als gene. Two sections: "Material and 

Method", "Results" are described below. A combined discussion 

following bioinformatic analysis will be found in Part I of the next 

chapter.
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MATERIAL AND METHOD

1. Fly Culture

Wild-type Oregon R flies were maintained at 25°C on cornmeal agar 

media supplemented with yeast. Standard Drosophila husbandry 

protocols were followed in the care, handling, and collection of embryos 

(Ashburner, 1989). For embryo collection, w ild-type flies were 

propagated in large population cage. Prior to a timed collection, flies 

were provided with a pre-warmed, fresh and heavily-yeasted food tray 

to minimize retention of fertilized embryos. Embryos were collected on 

agar trays in large population cage and aged at 25°C before harvesting. 

Larvae and pupae were from 6-hour egg collections that were aged and 

collected in large plastic boxes containing fly food.

2. Preparation o f Total and P o ly(A )+ RNA

Total RNA was prepared using RNeasy Midi Kits (QIAGEN). 250 mg 

of frozen tissue from Drosophila 12-24 hour embryos was used as 

starting material. Drosophila polyadenylated RNA from 12-24 hour 

embryos was isolated according to the manufacturer's (Pharmacia) 

instructions. 1.25mg of total RNA was precipitated from the ethanol 

suspension and dissolved in 1ml of Elution buffer (lOmM TrisCI, pH 7.4
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and ImM EDTA). The RNA solution was heated to 65°C for 5 minutes 

and then chilled on ice. After adding 0.2ml of sample solution (Elution 

buffer containing 3M NaCI), the RNA was applied to an oligo-dT cellulose 

column which had been pre-equilibrated with high-salt buffer (elution 

buffer containing 0.5M NaCI). Once the entire RNA solution passed 

through the column under gravity, the column was centrifuged at 350xg 

for 2 minutes. Using the same centrifugation routine, the column was 

washed twice with 0.25ml high-salt buffer and three times with 0.25ml 

low-salt buffer (elution buffer containing 0.1M NaCI). The bound 

poly(A)+ mRNA was eluted with four successive 0.25ml aliquots of 

prewarmed (65°C) elution buffer in the same manner. The poly(A)+ 

mRNA was stored frozen at -75°C as an ethanol precipitate.

3. RNA gel electrophoresis

The integrity and size distribution of total RNA purified with QIAGEN 

RNeasy Kits was checked by formaldehyde-agarose (FA) gel 

electrophoresis and ethidium bromide staining. 1.2% of FA gel was 

made with 1.2g agarose, 10 ml of 10X FA Gel buffer (200mM 

3-[N-morpholino] propanesulfonic acid (MOPS), 50mM sodium acetate, 

lOmM EDTA, pH to 7.0 with NaOH), and RNase-free water to bring the 

volume to 100ml. The above m ixture was heated to melt agarose,
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cooled to 65°C in a waterbath, added 1.8 ml of 37% (12.3M) 

formaldehyde and 1 jal of a 10 mg/ml ethidium bromide stock solution, 

mixed thoroughly and poured onto gel support. Prior to running the gel, 

it was equilibrated in IX  FA gel running buffer for at least 30 min.

RNA samples were added in a 4:1 ratio with 5X loading buffer (16 p.1 of 

saturated aqueous bromophenol blue solution, 80 1̂ of 500mM EDTA, pH 

8.0, 720 |J of 37% formaldehyde, 2ml of 100% glycerol, 3084 pil 

formamide, 4 ml 10X FA gel buffer, bring volume up to 10 ml with 

RNase-free water). The sample m ixture was incubated for 3-5 min at 

65°C, chilled on ice, and loaded onto the equilibrated FA gel. The gel 

was run at 80 V/cm in IX  FA running buffer (100ml 10X FA gel buffer, 

20ml 37% formaldehyde, 880 ml RNase-free water).

4. RT-PCR

Successful RT-PCR requires proper design of optimal gene-specific 

primer pairs, the use of appropriate primer concentrations, and the 

correct storage of primer solutions. For the purpose of verifying two als 

5'-non-coding exons (exon 1 and 2) and the coding exons (exon 3, 4 and 

5) that are 28 kb far apart, primer pairs were designed (see Figure 4A). 

Following are the Sense(S) and Antisense(AS) als-specific primers
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designed: als S656 (located within exon2)

5'-AACATCAGGGACAGGCAGGT-3'; als S306 (located within exo n l) 

5'-CGCATCCAAGCAGCAAACTA-3'; als AS1267 (located within exon3) 

5'-CCATCTTAGGCCAGGTCCAA-3'; als S I 351 (located within 

exon3)5'-AGATGCGAAGCGACTCTACG-3'; als antisense primer AS1650 

(located within exon5) 5'- ACTTCATAGTTGCCATCGGC-3' (also see Table 

3, Page 61-62).

0.96 ^g of poly(A) mRNA prepared from late embryo was used as 

starting material for RT-PCR analysis, which was carried out using the 

QIAGEN OneStep RT-PCR kit. RT-PCR conditions (prim er concentrations, 

input RNA, choice of RT primer, cycling conditions) were initially 

optimized and were identical for all samples. Appropriate precautions 

e.g., dedicated areas for sample preparation and analysis, use of 

RNase-free pipette tips and DEPC-treated distilled water were taken to 

avoid contamination and RNA degradation. Both control (not shown) 

and sample were prepared using common master mixes containing the 

same RT and PCR reagents and were run in parallel.

With QIAGEN OneStep RT-PCR kit, reverse transcription and RT-PCR 

were carried out sequentially in the same tube. All components 

required for both reactions were added during setup. The reaction was 

performed in a total volume of 50 \i\ containing: 5X RT-PCR buffer IX ,
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400 î M of each dNTP, 0.6 jaM of forward and reverse als-specific primer, 

5 units of RNase Inhibitor, RT-PCR enzyme mix and 0.96 |ag of poly(A) 

mRNA. Thermal cycler conditions were as follows: reverse transcription 

at 50°C for 30 min, initial PCR action step at 95°C for 15 min, 30 rounds 

of cycling w ith: denaturation at 94°C for 1 min, annealing at 62°C for 1 

min, and extension at 72°C for lm in ; final extension took place at 72°C 

for 10 min. All RT-PCR products were run on 1.4% gel electrophoresis, 

visualized and purified with GeneClean Spin Kit (BIO101) to remove salts, 

proteins, enzymes, oligomers, primers and trace of detergents or 

organic solvents, followed by DNA Sequencing.

5. Prim er extension analysis

To map the 5' term ini of the als transcript, poly(A)mRNA was 

hybridized with an excess of a single-stranded als-specific 

oligodeoxynucleotide primer, which is complementary to the target RNA, 

radiolabeled at its 5' term inus prior to hybridization. Reverse 

transcriptase was then used to extend the primer. The resulting cDNA 

was complementary to the RNA template and was equal in length to the 

distance between the 5'-end of the priming oligonucleotide and the 5' 

term inus of the RNA. The protocol from Current Protocols in Molecular 

Biology (Ausubel e t a l.r 1988) and part of the manufacture instruction
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(5'-AmpliFINDER Kit, Clontech lab, Inc.) was modified and adapted.

Two oligonucleotide probes were designed based on the published als 

sequence that are complementary to the als coding sequence close to 

the 5'-end (Figure 5A). They are:

(1) "PE100"5'-GCTAGCGGGCTCATTTGCCTGCGATTCGTGGCA-3'

(2) "PE202" 5'-AATGCGGATACGTAGACGGATGCGTATGCGGAT-3'

Figure 5A. The Design of Oligonucleotide Probes for Primer Extension 
Analysis.

PE202D - for primer extension exon5
5 ’UTR e x o n ll 5'-UTR exon2 exon4 

PE100D - for primer extensionred/eted a/s \exon3

exon6 
exon7

predicted als

exon8
exon9

als exonlO

m m #

3'-UTR

als
3839 bp

The location of two oligonucleotide probes "PE202D" and "PE100D"in relevance 
to the transcription start site is shown in the molecular map (VectorNTI 8.0).

The two primers were synthesized by the Sequencing & Separations 

Facility at Hunter College (Center for Study of Gene Structure &

49

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Function). The ATP-labelled oligonucleotide (3|iC i/mmol) was mixed 

with 9|jg of poly(A)+ mRNA in 30(jl of RNA hybridization buffer (4 part 

of formamide and 1 part of 5x stock solution; 5x stock solution contains 

200mM PIPES, pH 6.4, 2M NaCI and 5mM EDTA). After heating at 85°C 

for 10 minutes, the m ixture was quickly moved to a 37°C water bath and 

incubated overnight. Following hybridization, the annealed RNA was 

precipitated in ethanol and redissolved in 10 pi of dH20.

The reverse transcription reaction was carried out by adding 20 pi of 

master mix (1.5xReverse transcriptase buffer, 50units of RNase inhibitor, 

1.5mM dNTP mix and 12.5 units of AMV reverse transcriptase) and 

incubated at 37°C for 2 hours. The reaction was stopped by adding lp l 

of 0.5 M EDTA and the RNA template was removed by digesting with 

RNase (0.33pg/pl) at 30°C for 30 minutes. After phenol/chloroform 

extraction, the cDNA was precipitated in ethanol and redissolved in lOpI 

of TE buffer. The cDNA product was analyzed in a 6% polyacrylamide 

gel/7M urea followed by autoradiography to reveal the length of 

extended primer.

6. RACE-PCR

To ascertain and define precisely the als transcription start site,
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RACE-PCR experiments were designed and conducted.

Nothing in molecular cloning is more frustrating than to isolate a 

cDNA clone that lacks sequence representative of the 5' end of the 

corresponding mRNA. RACE-PCR involves three sequential enzymatic 

steps: reverse transcription, addition of homopolymeric tails, and PCR, 

none of which is foolproof. The specificity of amplification depends 

entirely on the anchoring primer and is generally low. The population of 

amplified DNAs is therefore enriched for 5' sequences of the target 

mRNA but is by no means pure.

The SMART cDNA systhesis technology by CLONTECH was adopted 

(Figure 6A). First-strand cDNA synthesis was primed using a modified 

oligo(dT) primer. After reverse transcriptase reaches the end of the 

mRNA template, it adds several dC residues. The SMART II 

Oligonucleotide anneals to the tail of the cDNA and serves as an 

extended template for Superscript I I  RT.
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Figure 6A. Mechanism of SMART cDNA synthesis.
The Schematic drawing is adopted from Clontech, BD Biosciences.

Poly A+ RNA

5‘ polyA 3’

-66G <F

SMART II A™ 
Oligonucleotide

Oligo (dT) primer

First-strand synthesis 
coupled with 
(dC) tailing by RT

5' \ s \s \y \ / \ / \s \ / \ / \ / \s ^  polyA 
006------------------------ i= >

Template switching 
and extension by RT

5‘mmmmGGG\s\/\s\j\/\s\s\s\/\r' polyA
— ccc------------------------ 1 = 1

( l )P r im e r  design:

The SMART II  Oligonucleotide and other anchor primers were 

synthesized as follows:

SMART I I  O ligonucleotide (30mer):

5'-AAGCAGTGGTAACAACGCAGAGTACGCGGG-3'
Tm = 7 0 .1°C

5'-RACE cDNA Synthesis Prim er (5CDS, 27mer)
5' - (T) 25 v N - 3'

(V = A, G, or C; N = A, C, G; or T)
Tm = 51.1 °C

3'-RACE cDNA Synthesis Prim er (3CDS, 57mer)
5' - A A G C A G T G G T A A C A A C G C A G A G T A C T ( 3 0 ) V  N-3'

(V = A,G or C; N = A,C,G or T)
Tm = 72.2 °C
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Long Universal Prim er (LUP)
5'- CTAAT ACGAC TCACT ATAGG GCAAG CAGTG GTAAC 

AACGC AGAGT -3' Tm = 72.9°C

Short Universal Prim er (SUP, 22 mer)
5'-CTAATACGACTCACTATAGGGC-3'

Tm = 4 5.1 °C

a/s antisense prim er A 448 for 5'-RACE cDNA synthesis 

(GSP1, 29 mer) Tm = 7 3 . 8 ° c  

5'-CGGTGCGGAACGGAACGTCTCTAAGCGGA-3'

a/s antisense prim er A 323 for 5'-RACE cDNA synthesis 

(nested GSP1, 29 mer) T m  = 7 4 . 8  °c

5'- GTTTGCTGCTTGGATGCGAATGGCGGACG -3'

a/s antisense prim er A 280 for 5'-RACE cDNA synthesis 
(nested GSP1, 28 mer) Tm = 7 4 . o ° c

5'-TGCTGGCGGTCCGCTTTGGCTGAACACT-3'

a/s sense prim er S2992 for 3'-RACE cDNA synthesis 

(GSP2, 26 mer) Tm = 73.5 °c

5'-ACTTGGGTTCGCGGCTGGCTGGTGGA-3'

a/s sense prim er S2031 for 3'-RACE cDNA synthesis 

(nested GSP2, 30 mer) Tm = 7 4.1 °c

5 ' - C C T G C G T G G G C A T C T C G T T C C T G T C C G T T C - 3 '
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Figure 6B. The Design of prim ers for RACE-PCR.

Schematic drawing indicating primer locations of 5'- and 3'- RACE-PCR. 
AS280. AS323, AS448 and AS1650 are a series of nested 5'- antisense 
primers for 5'-RACE in light bold underlined letters; S2992, S2031  and 
S1351  are nested sense primers for 3'-RACE, in bold black ita lic ized letters.

(2 )F irs t-s trand  cDNA synthesis:

A total of 1.2 pg of polyadenylated RNA from Drosophila late embryo 

was mixed with SMART oligo and 5' RACE cDNA synthesis primer (10 pM 

of each) in 5 pi, incubate at 72°C for 2 minutes, cool on ice for 2 minutes; 

then added 5X first-strand buffer (250 mM Tris-HCI pH 8.3, 375 mM KCI, 

30 mM MgCh), 20mM of DTT and 50mM of dNTP ( lp l of each), the above 

m ixture was converted to 5 prime-ready cDNA employing MMLV RNase 

H' point mutant reverse transcriptase (Superscript II, GIBCO BRL) in a 

final volume of 10 pi at 42°C for 1 hour in an air incubator. The resulting

exon 5 
exon 4 

exon 3 
S13S11

translation start site I 
S’-UTR exon2

exon 6
GSP2 for 3 ’RACE
exon 7

exon 8 
exon 9AS448 fo r  5"-RACE

exon 10
I nested GSP2 for 3 'R A C t
I 3'UTR

A S280
S'-UTR exonl

A S 1650
exon 5 

exon 4

als cDNA RacePCR primers
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full-length, single-stranded cDNA contains the complete 5'end of the 

mRNA, as well as sequences that are complementary to the SMART 

oligonucleotide. The smart anchor sequence and the poly A sequence 

serve as universal priming sites for end-to-end cDNA amplification. The 

reaction was terminated by placing the tube on ice, then diluted with 250 

p.1 of Tricine-EDTA buffer (10 mM Tricine-KOH pH 8.5, 1.0 mM EDTA), 

heat at 72°C for 7 minutes, cool down on ice briefly and stored in -75°C.

3'-ready cDNA was prepared at a sim ilar fashion except w ithout 

adding SMART oligo, plus using 3' RACE cDNA synthesis primer to carry 

out the reverse transcription reaction.

(3 )5 '-  and 3 '- RACE-PCR

5'- or 3'-RACE-PCR reactions were performed in 50 jal of mix 

containing: High-fidelity PCR Buffer IX , 200 piM of dNTPs, 1 unit of 

Platinum Taq DNA Polymerase High Fidelity DNA Polymerase (GIBCO 

BRL), 200 jaM of long and short universal primers as adaptor anchor 

primers, plus 200 pM of reverse (GSP1, for 5'RACE) or forward (GSP2, 

for 3'RACE) a/s-specific primer in two separate reactions with 2.5 |al of 

the 5'- or 3'-RACE-ready cDNA. Thermocycler conditions were as 

follows: 5 cycles at 9 4 °C, 5 sec, and 72 °C, 3 min; 5 cycles at 9 4 °C, 5
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sec, 70 °C, 10 sec and 72 °C, 3 min; 20 cycles at 94 °C, 5 sec, 68 °C, 10 

sec, and 72 °C, 3 mins.

(4)C loning and verification of RACE-PCR products

RACE-PCR products were checked by nested PCR and then cloned 

into pGEM-T Easy vector (Promega) employing the TA cloning technique, 

transformed into JM 109 competent cells, >108cfu/pg (Promega), 

amplified and sequenced by the Sequencing Facility at Hunter College.

RESULTS

RT-PCR

In order to ascertain the presence of leader exons and the far-apart 

(29 kb) coding exons, we set up a series of RT-PCR studies using 

forward oligonucleotides chosen from within the leader exons (S306, 

S656) that matches the genomic sequence, from coding exon (S1351); 

and reverse oligonucleotides from exon 3 and exon 5. The RT-PCR 

products obtained in reproducible experiments with polyA+mRNA 

extracted from late embryos are shown in Figure 4B to illustrate the 

results yielded by exon-walking. In the case of leader exon 1 and 2, 

RT-PCR products were at the expected sizes 980 bps and 600 bps. The
56
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primer set in exon 3 and exon 5 generated a product of ~270 bps. In 

all experiments, RT-PCR products were never detected for negative 

controls. DNA sequencing data verified the identity of various length 

of als cDNAs.

Figure 4B. RT-PCR Products.

500 b| ■ ■ ■ ■ I

RT-PCR products were analyzed on 1.4% agarose/EtBr gel electrophoresis, 
indicating various specific cDNA bands of the expected sizes._____________

These experiments ensure that: (1) the existing exon 5 through exon 

1 are present in the als transcript; (2) there seems to be no alternative 

splicing in the 29 kb intron between the first untranslated exon and the 

third exon where translation start site is located; (3) DNA sequencing 

data of various resulting RT-PCR products allowed us to assemble the 

als cDNA sequence and further confirmed by comparing with the
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Drosophila genomic database for the ir presence and contiguity. 

However, the nucleotide sequence discrepancy at the very 5' end still 

remains between the als mRNA and the genomic sequences in the 

Drosophila. The transcription start site of the als gene awaits to be 

identified.

Prim er extension analysis

Primer extension was one independent approach utilized to map the 

transcription start site. In order to determine the size of the 

untranslated exon in the als gene, two different primers were designed 

based on the Spierer's published als cDNA sequence in question, one 100 

bp, the other 202 bp near the questionable 5'-end. Both primer 

sequences corresponded to the genomic sequence in the Drosophila 

database based on blast search. Parallel primer extension experiments 

were carried out using mRNA from 12-24 hour embryos and from 1-day 

old adult fly  head. The extension reaction yielded a product of around 

400 base pairs, which for the first time indicated the distance of the 5' 

end of the als transcript. Consistent expression was observed in both 

late embryo and adult fly head with the PE202 primer (Figure 5B). 

This result reasonably matches our precise mapping of 5' end of als with 

the RACE-PCR approach. I t  also corresponds to the predicted promoter
58
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identified by computer-assisted analysis (see Chapter 3).

Figure 5B. Autoradiography of Prim er Extension Products.

Autoradiography showing a primer extension product around 400 bp 
obtained from Drosophila late embryo poly-A+mRNA (two right lanes). 
Lane 1 shows a 32P-labeled 0X174 Hinfl dephosphorylated marker 
with band sizes as indicated.

417b

311 b

■*«

cf

^  o i

$
500 bp-

>

D-

RACE-PCR

Based on sequence identity of the als gene exon-walking established 

by previous RT-PCR results, we have designed a/s-specific antisense 

primers aimed at extending a/s progressively to the transcription start 

site (primers involved as shown on page 52, 53 and in Figure 6B, page 

54). 5'-RACE-PCR generated three fragments of 653-bp, 528-bp, and 

485-bp (Figure 6C) with repeated efforts using a/s antisense primers 

A448, A323 and A280. Sequencing data from various 5'-RACE PCR
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products yielded identical sequence that were 746-bp upstream of the 

published mRNA by Spierer's lab (GenBank accession No. X07194). 

This led to the identification of "true " a/s transcription start site, with 

5'-noncoding sequence extended further upstream.

Figure 6C. Results of 5'RACE-PCR

5 ’RACE 
als AS448 5‘RACE

alsAS280-1000 bp

-800 bp

600bp

5’RACE 
als As32 3

By the same token, a/s-specific sense primers (see Table 3 and 

Figure 6A) were designed for 3'-RACE-PCR experiments, which 

generated a 1.8-kb fragment, and a 850-bp fragment with nested PCR 

primer (Figure 6D), the sequencing data indicated an additional 136 

nucleotides (with reference to GenBank X07194) in 3'-noncoding region.

Therefore, full-length a/s cDNA was established based on the 5'- and 

3'-RACE-PCR experiment. The 5'-end of a/s was further extended by 

746 base pairs, which included a new non-coding exon of the a/s gene.
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Figure 6D. Results of 3'RACE-PCR

1636 b p - M M *

2054 bp-*- ■-«*
p ’RACE-PCR 
product with 
lense primer 
S2031

-1 .8  kb
1038 bp-

^ - 3 ’RACE-PCR
product with 
sense primer 

1S2992506 bp- ~850bp

And 3'-end was extended by 136 base pairs, as depicted in Figure 7. 

The als primary transcript was shown to have a longer size than 

previously reported (Bossy et al. 1988) at 3,839 base pairs. The 5' 

leader has 1487 nucleotides, including two non-coding exons 730 bps 

and 757 bps in length respectively. The 3'-UTR has 651 nucleotides. 

Reassuringly, the als cDNA sequence in both 5'- and 3'-RACE region has 

a perfect match to the corresponding BDGP genomic region (AC008366 

and BACR13R4M).

To complete the structural description of the als gene, 

computer-assisted analysis using an array of updated bioinformatics 

softwares will be further discussed in the next chapter.
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Figure 7. Full-length a/s cDNA. Full-length als cDNA was fully established based on the 5'- and 3'-RACE-PCR 
experiment. The 5 prime of als was further extended for 746 base pairs; and to the 3prime end, 136 base pairs 
(shown in black arrow bars). The first non-coding exon contains 730 nucleotides, and the second 757 nucleotides. 
All ten exons are represented by open shadowed arrow bars. The als primary transcript has a longer size at 3,839 
base pairs, as compared to original Spierer's lab published mRNA indicated by the gray line at the bottom of the 
graph. The 5'-UTR was 1487 bps, and the 3'-UTR was 651 bps. The als cDNA sequence in both 5'- and 3'-RACE 
region matched perfectly to the BDGP genomic sequence (AC008366). The original 5' end in question is in light 
underlined legend.

Spierer Lab a ls mRNA

exon  7

ORFSoierer Lab 5-end (exon 1 & 2?) in question 

non-coding exon 2
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Table 3. Primers Designed for Various Applications as Described in the Text

Experiment Prim er name Prim er sequence
Genomic
screening a/s2545-2568 5 ' -  C G C A G A A C C G C C G C T G C C C T C C T C  - 3 '

Primer Extension PE100 5 ' - G C T A G C G G G C T C A T T T G C C T G C G A T T C G T G G C A  - 3 '

Primer Extension PE202 5 - A A T G C G G A T A C G T A G A C G G A T G C G T A T G C G G A T - 3 '

RT-PCR S1351 5 ' -  A G A T G C G A A G C G A C T C T A C G  - 3 '

RT-PCR S656 5 ' -  A A C A T C A G G G A C A G G C A G G T  - 3 '

RT-PCR S306 5 ' -  C G C A T C C A A G C A G C A A A C T A  - 3 '

RT-PCR AS1267 5 ' -  C C A T C T T A G G C C A G G T C C A A  - 3 '

RT-PCR AS1650 5 ' -  A C T T C A T A G T T G C C A T C G G C  - 3 '

1st strand cDNA 
synthesis for 
RACE SMART I I  Oligo 5 ' -  A A G C A G T G G T A A C A A C G C A G A G T A C G C G G G  - 3 '

als 5’ RACE
5'RACE cDNA (5CDS) 
Synthesis Primer

A  A

5 ' -  ( T )  25 G C -  3 '  

C G
T

als 3' RACE
3'RACE cDNA (3CDS) 
Synthesis Primer

5 ' -  A A G C A G T G G T A A C A A C G C A G A G T A C T (30)V N  - 3 '  

( N = A ,  C ,  G o r  T  a n d  V =  A , G  o r  C )

RACE adaptor 
anchor primer

Long Universal 
Primer(LUP) 5 ' - C T A A T A C G A C T C A C T A T A G G G C A A G C A G T G G T A A C A A C G C A G A G T  - 3 '

Osu>
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(Table 3. Continued)

RACE nested 
adaptor anchor 
primer

Short Universal 
Primer(SUP) 5 ' -  C T A A T A C G A C T C A C T A T A G G G C  - 3 '

als 5' RACE A448-GSP1 5 ' - C G G T G C G G A A C G G A A C G T C T C T A A G C G G A  - 3 '

als 5' RACE A323 5 ' - G T T T G C T G C T T G G A T G C G A A T G G C G G A C G  - 3 '

als 5' RACE A280 5 ' - T G C T G G C G G T C C G C T T T G G C T G A A C A C T - 3 '

als 3' RACE S2031-GSP2 5 ' - C C T G C G T G G G C A T C T C G T T C C T G T C C G T T C - 3 '

als 3' RACE S2992 5 ' - A C T T G G G T T C G C G G C T G G C T G G T G G A - 3 '

als upstream seq 
amplification Forward "7646" 5 ' - C A G A T A A G T T C A A T G A T G T C C A G T G C - 3 '

als upstream seq 
amplification

Reverse
"7873" 5 ' - T G T C C A G A C C A A T G C C T C C C - 3 '

Sequencing 
Primer of 
pCaSpeAUG|3gal Forward 5 ' - C A G A T A A G T T C A A T G A T G T C C A G T G C - 3 '

Sequencing 
Primer of 
pCaSpeAUGpgal Reverse 5 ' - T G T C C A G A C C A A T G C C T C C C - 3 '

o



CHAPTER 3.

BIOIN FORMATIC ANALYSIS OF THE a/s GENE AND ITS
ENCODING PROTEIN

In this chapter, further exploration of the als gene and its encoding 

protein using various bioinformatics tools is depicted and analyzed. 

These include genomic organization of the als gene, amino acid 

deduction from the als cDNA, peptide alignment, promoter and 

regulatory sequence analyses, and finally, molecular phylogenetic study 

of the als gene and its large family of siblings and cousins. "Material and 

Method", "Result" and "Discussion" are presented under two sections:

Part 1. The als gene and the ALS protein;

Part 2, Phylogenetic study of nAChR subunit genes.

PART 1. The als Gene and the ALS Protein

I.  MATERIAL AND METHOD

1. Analysis o f Genomic Organization
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The 3,839 bp cDNA sequence of the als gene was compared with the 

genomic sequence of Drosophila in GenBank. Both the DotPlot and the 

Gap methods were used to deduce the intron-exon boundaries. 

Genebank/Flybase accession numbers of the nAChR subunit sequences 

used in this study were as follows: Drosophila als gene, nAcRalpha-96Aa, 

DNA: X07194; protein: CAA30172; BACR13M04, AC008366;

CG5610-PA, NM_079757. The experimentally defined 3,839 bp of the 

als cDNA has not been deposited into the GenBank.

2. Amino Acid Sequence Analysis and M ultiple Peptide

Sequence A lignm ent

The a/s-encoding protein was deduced by the translation software 

provided by VectorNTI Suite 8.0 (Inform ax), also in parallel by the "DNA 

to protein" program available at the public domain of ExPASy Proteomics 

Server (www.expasv.chT

The deduced ALS protein was aligned using AlignX program, an 

integrated component of VectorNTI Suite 8.0 (Inform ax).
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3. Computer-assisted analysis o f prom oter regions and 

m otif-scanning of transcription factor binding sites

A 32 kb genomic region spanning the als 5'flanking sequence, the 

two leader exons, and the third exon that carries the translation start site 

was submitted to software McPromoter MM:II -  The Markov Chain 

Promoter Predication Server (h ttp ://genes.mit.edu/McPromoter.h tm l/1) 

and the Neural Network Promoter Prediction for promoter prediction 

(www.fruitflv.ora/sea tools/promoter, h tm l/T

The 2.9 kb (Figure 14, page 110) and 1.25 kb (Figure 11A, page 79) 

fragments containing 482 bp of 5'-untranslated exon were scanned for 

potential consensus transcription factor binding sites using three 

different programs:

(1) TESS: Transcription Element Search System 

(www.cbil.upenn.edu/tess/1):

(2) TRANSFAC 6.0 

(www.gene-reaulation.com/pub/data base. h tm l# transfac/h

(3) Matlnspector version 2.1. 

(http://w w w .asf.de/b iodv/m atinspector. h tm l/T
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RESULT

1. Genomic Organization o f the als gene

The transcription unit of the a/s gene spread over ~57 kb of genomic 

region, which contains ten interrupted exons. The firs t two 

5'-non-coding exons comprise the unusual long leader sequence of 

1,487 base pairs and are separated by an intron of 29 kb from the eight 

exons that encode the ALS subunit. These eight coding exons map 

within a 21 kb chromosomal interval (Figure 8).

Figure 8. Transcription unit of the a/s gene.
The als gene spans over 57 kb of genomic region. The two non-coding 
exons and eight coding exons are far apart by 29 kb. The transcription start 
site and computer-predicted promoter coincide with each other, and 
are indicated by two bent arrowhead pointing downstream. The 
translation start site is carried on exon 3, indicated by a third arrowhead.

als exon 3 
translation start site 
Translation Start Site

exon 4 
exon 5

5'-UTR exon 2 
Transcription Start Site

exon 6 
I exon 7 

exon 8
5'-UTR exonl

predicted promoter
exon 9 
I exonl0

als transcription unit
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The exon-intron boundaries of the als gene is shown in Table 4. 
Four out of seven introns in the ALS coding sequence have splice site 

localizations that are perfectly conserved throughout evolution since 

they occur at precisely the same nucleotide in vertebrates (Bossy e ta /. 

1988). The three remaining introns are located in two poorly conserved 

coding regions which vary in length depending upon the subunit type. 

One intron which splits the signal peptide coding sequence into two 

exons in all known vertebrate nAChR genes is absent from the a/s gene 

(Bossy e t a/. 1988). No introns separated the firs t three ALS 

transmembrane coding sequences, a situation that also occurs in 

vertebrate neuronal nAChR genes (Nef e ta /. 1988), whereas in endplate 

nAChR genes introns do separate the coding sequences for 

transmembrane regions.
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Table 4. Exon/Intron Boundaries of Drosophila als Gene.
Capital bold letters and lower cases indicate exon and intron sequences, 
respectively. The length of intron is indicated above.

(exon 1 

(exon 2  

(exon 3 

(exon 4 

(exon 5 

(exon 6  

(exon 7 

(exon 8  

(exon 9

3,801 bp
GCCCTGTAATgtaagtcaga ttttgcagCGACAACAAC (exon 2)

29,900 bp
TGCAGCAACGgtaagtgtag ctttacagGGTTGGACCT (exon 3)

6,803 bp
GATCGATGTGgtaagtgcgg acttgcagAATCTAAAGA (exon 4)

2,225 bp
GTGGAACAGgtaagttatt tgcaatttCAGGAATGGAA (exon 5)

5,009 bp
TCTATAACAAgtaagtacc atttcagcGCCGATGGCAA (exon 6 )

1 , 8 8 8  bp
TGGTTACATGgtgagttgg cttttccagGTGGACTTGA (exon 7)

75 bp
TGTGAATTTTaggtaagat cttcctctttAGATCCCCTGT (exon 8 )

1,170 bp
ACGGCATTCCaggtacga ttttccccaGCACTACCCGC (exon 9)

1,266 bp
TTTGAGAGTgtgagtaat acctttcagGTGGAAGAGGA (exon 1 0 )

2. Amino Acid Sequence Analysis

The full-length 3,839-bp als cDNA defines a single long open reading 

frame (ORF) of 1,701 nucleotides. The main ORF encodes 567 amino 

acids presenting structural domains homologous to those of the 

vertebrate neuronal nAChR subunits. The entire nucleotide sequence 

and the deduced amino acid sequence is shown in Figure 9. There are 

two conserved Cys at positions 128 and 142, which identify all the 

a subunits.
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Figure 9. Nucleotide sequences and putative amino acid 
sequences of the a/s gene.
Nucleotides are numbered in the 5'- to 3'-direction. The putative amino acid 
sequences are shown above the nucleotide sequences in three letter code. A 
single major open reading frame of 1701 bp is present encoding a protein of 
567amino acids. Four transmembrane (TM) domains are shaded in gray. 
In-frame stop codons upstream to the start codon are underlined. Several 
small ORFs in the 5' UTRs are underlined by wave lines.

5'-UTR-exon 1

1 AGTTGTCTCA GAGCCCGCGG GTTGAAGAAA TCGTACGCAT CGAGCGAGTG ACAAGCGCCG CGTCTCACCA
71 AACAAAGAAA AGCAAAAGCA GAGCCCCAAA AAAAGGAAAA AGAAAAAACA AAAATCCAAA TAAAAAACAA

141 CAAAAATCCA AGCTAAAACA ACAGAAAAAC GTAGAAAACC CGCTACACTG ACACAAAAAC ATAGCCAGTC

211 TAACGAATAT TTTGTAGAAA CCTCCCACAA CAGAAAAAAA AAAAACATTC GCAACAAAAT GCTGCCACGA

281 ATCGCAGGCA AATGAGCCCG CTAGCCCCTA ACGGCTCCCA TCTGCGGCTG CTGCACAGCA GCGAGCCCGA
351 GCCCGGTCCC GCATCCGCAC TCGCATCCGC ATACGCATCC GTCTACGTAT CCGCATTCTC ATCCACATCC
421 GCATCAGCCA CTCGCCGCGT CTCCCAGTGT TTGTGCCAGT GTTCAGCCAA AGCGGACCGC CAGCAATTGC
491 AGTGTAAGGC GTCCGCCATT CGCATCCAAG CAGCAAACTA ATCTAAACGG CGGCGAGTGT CGCATCTGAA

561 ATTGAGTTTC GCTTCCGGTT CCGCCGCGCG TCGCCCAATC CGTTTGGCCA AGTCGGTCGG TTGGTCCGCT
631 TAGAGACGTT CCGTTCCGCA CCGGTCGGTC GGTCGTTCGT TCGTCCGTTC AGACAGTTTT TCCTGTTCAA

5-UTR exon2
701 AAATTGATGA CAACAGCGCA GCCCTGTAAT CGACAACAAC ATTCAAGACT GCTAACTGGA ATTGCTTCGA
771 AAGAAACAAC CACAACAAAG TGCTGCCAGC AACAAAAACG TAATCAGGAA
841 TTTAAGCAAA ACCAAAAAGA AACATCAGGG ACAGGCAGGT AGACCCAGGG AGCATGTTTA TGGAATTGTC
911 ATCGTTAGCG AGCAACTGAC GCAACAGCTC AAGGCATGTG GCAACAGCAG CAGCAACAGC AGCAGCAGCA
981 ACACTGAGCG GCAGGAGCAG AAACACCTGG CAAGAGAAGC AACTAGGAGC AGGACAACCT CCGCGGACAG
1051 GTGGTGTGCT GCTATAAAGC AGCACCATAG CTGCCATTAA AATAGACGCC GCGGCGCAAC AGCAACGCTG
1121 CCGTCGTCAT AATCAACGCC AGCGACAACA CCACCCGCAT CATCGCCATC GCAGACGACG ACGGCGCAGC
1191 AGCAACATCA GCAGCAACAT CAGCAGCAAC AGCAACTGCA ACATCAGCAA CTGCAGCAGC AGCGGGCTGT
1261 TGGGCGCAGT GGGCGTGGCC GGCAGCTGCC CATTGCTCGC CACACAGCAA CTAATCGAGG AGCCTGGCAG
1331 C A G C A A C A A G A C A G G C G A C G A C G A C G G C G G C G C A A C A A C G C A G C A G C A A C A C T G C A G C C T G C A A C A T C A G

1401 CAATCCGGTC GACGGCGACA CTACGACGGC CTGTCATCTG TAGGCAATGC AACGCGCTGT GCAGCAACGG

— «

1471 GTTGGACCTG GCCTAAGATG GGTAGCGTGC TATTCGCAGC TGTATTCATA GCATTACACT TTGCCACCGG
Exon 3
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•GlyLeuAIa AsnProAspAla LysArgLeu TyrAspAsp LeuLeuSerAsn TyrAsnArg LeuIleArg

1541

1611

1681

1751

1821

1891

1961

2031

2101

2171

2241

2311

2381

2451

CGGCCTGGCC AACCCAGATG CGAAGCGACT CTACGACGAC CTGCTGAGCA ACTACAATCG CCTCATCCGA 
ProValGlyAsn AsnSerAsp ArgLeuThr ValLysMetGly LeuArgLeu SerGlnLeu IleAspValAsn■ 

CCCGTGGGCA ACAACTCGGA CCGTCTCACC GTCAAGATGG GTCTGCGCCT CTCCCAGCTG ATCGATGTGA

•ALeuLysAsn GlnlleMet ThrThrAsnVal TrpValGlu GlnGluTrp AsnAspTyrLys LeuLysTrp-

ATCTAAAGAA TCAAATTATG ACAACCAATG TCTGGGTGGA ACAGGAATGG AACGACTATA AATTGAAATG 
Exon 4 Exon 5

•AsnProAsp AspTyrGlyGly ValAspThr LeuHisVal ProSerGluHis IleTrpHis ProAspIle
GAATCCGGAT GACTATGGCG GCGTGGACAC TTTGCACGTT CCCTCCGAGC ATATATGGCA TCCGGATATT

ValLeuTyrAsn AsnAlaAsp GlyAsnTyr GluValThrXle MetThrLys AlalleLeu HisHisThrGly•
GTGCTCTATA ACAACGCCGA TGGCAACTAT GAAGTGACAA TAATGACAAA AGCAATTCTT CATCACACGG

Exon 6

•GLysValVal TrpLysPro ProAlalleTyr LysSerPhe CysGluXle AspValGluTyr PheProPhe-

GCAAAGTGGT GTGGAAACCG CCCGCCATTT ACAAATCCTT CTGCGAAATT GATGTCGAGT ACTTTCCCTT

•AspGluGln ThrCysPheMet LysPheGly SerTrpThr TyrAspGlyTyr MetValAsp LeuArgHis

CGACGAGCAG ACATGTTTCA TGAAGTTCGG ATCCTGGACC TACGATGGTT ATATGGTGGA CTTGAGGCAC
Exon 7

LeuLysGlnThr AlaAspSer AspAsnlle GluValGlylle AspLeuGln AspTyrTyr IleSerValGlu• 
TTGAAGCAGA CCGCCGATTC GGACAACATC GAGGTGGGCA TCGACCTGCA GGACTACTAC ATCTCCGTGG

•GTrpAspIle MetArgVal ProAlaValArg AsnGluLys PheTyrSer CysCysGluGlu ProTyrLeu■ 

AGTGGGACAT CATGCGTGTG CCGGCGGTGC GGAACGAGAA GTTCTACAGC TGCTGCGAGG AGCCGTATCT

•AspIleVal PheAsnLeuThr LeuArgArg Lys|
GGACATAGTG TTCAACCTGA CGCTCCGCCG GAAGACCCTC TTCTACACGG TCAACCTGAT CATACCCTGC

|Pro SerAspSer GlyGluLys 

GTGGGCATCT CGTTCCTGTC CGTTCTGGTC TTCTACCTGC CCAGCGACTC TGGCGAGAAG ATCTCGCTCT

|Glu IlelleProPro ThrSerLeu- 

GCATCAGCAT CCTGCTCTCG CTTACCGTGT TCTTCCTCCT GCTGGCCGAG ATCATTCCGC CCACGTCGCT

- ThijrVa.lPj:o L e u L e u G l y L y a  

GAC66T6CC6 CTGCTGGGAA AGTATCTGCT CTTCACCATG ATGCTGGTCA CGCTCTCTGT CGTGGTCACC

isn PheArgSer ProValThrHis ArgMetAla ProTrpValGlnArgLauPha•
ATTGCCGTGC TCAATGTGAA TTTTAGATCC CCTGTC&CGC ATCGCATGGC ACCGTGGGTG CAGCGCCTCT

Exon 8
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■PIleGlnlle LeuProLys LeuLeuCysIle GluArgPro LysLysGXu GXuProGXuGXu AspGXnPro-

2521 TCATCCAGAT CCTGCCCAAG CTGCTCTGCA TCGAGCGGCC CAAGAAGGAG GAGCCCGAGG AGGACCAGCC

■ProGXuVal LeuThrAspVal TyrHisLeu ProProAsp ValAspLysPhe VaXAsnTyr AspSerLys

2591 GCCCGAAGTG CTCAGCGATG TCTATCACCT GCGGCCGGAT GTGGACAAGT TTGTCAACTA CGATTCGAAG

ArgPheSerGXy AspTyrGXy IXeProAXa LeuProAXaSer HisArgPhe AspLeuAXa AXaAXaGXyGXy•

2 661 CGTTTCAGCG GCGACTACGG CATTCCAGCA CTACCCGCTT CGCATCGCTT CGATTTGGCT GCGGCGGGCG
Exon 9

•GIXeSerAXa HisCysPhe AlaGluProPro LeuProSer SerLeuPro LeuProGXyAXa AspAspAsp- 

2731 GGATTAGCGC CCACTGTTTC GCAGAACCGC CGCTGCCCTC CTCACTGCCA CTCCCGGGCG CCGACGACGA

•LeuPheSer ProSerGXyLeu AsnGXyAsp IXeSerPro GXyCysCysPro AXaAXaAXa AXaAXaAXa 
2801 TCTGTTCAGC CCGTCGGGCC TCAACGGAGA CATCAGTCCC GGCTGCTGCC CGGCCGCTGC AGCCGCCGCT

AXaAXaAspLeu SerProThr PheGluLys ProTyrAXaArg GX

2871 GCCGCCGATC TCAGTCCTAC GTTCGAGAAG CCCTACGCCC GCGAAATGGA GAAGACCATC GAAGGATCCC

■PhelXaAXa GXnHisVal LysAsnLysAsp LysPheGXu SerVaXGlu GluAspTrpLys TyrVaXAXa'

2 941 GCTTCATCGC GCAGCACGTG AAGAACAAGG ATAAGTTTGA GAGTGTGGAA GAGGACTGGA AGTACGTTGC
ExonXO

TM4
•MetValLeu AspArgMetPhe LeuTrpIXe PheAXaIXe AXaCysVaXVal GXyThrAXa LeuXleXIe

3011 CATGGTATTG GATCGTATGT TTCTGTGGAT CTTCGCGATC GCTTGCGTGG TCGGCACAGC GCTGATTATC

LeuGXnAXaPro SerLeuHis AspGXnSer GXnProIXeAsp IXeLeuTyr SerLysIXe AXaLysLysLys•
3081 CTGCAGGCTC CCAGCTTGCA CGACCAATCG CAGCCGATCG ATATACTCTA CTCGAAGATT GCCAAGAAGA

■LPheGXuLeu LeuLysMet GXySerGXuAsn ThrLeu
3151 AGTTCGAGCT GCTCAAGATG GGCAGCGAGA ACACCTTATA GCGACCACTT GGGTTCGCGG CTGGGTGGTG

3221 GAATCTAATC ATCAGCTCGC TGCGGACCCT GTTCGCCGCT CGCGACGATG ATCGTGGATA ATATACGATG

3291 AGCCAAACCA TGAGTATTTC CTCGGCGTTG TACAACACTA ACAGCAGCAG CAGCAGCATC AGTATGAGCA

3361 ACGCCAGTGA CAGTGGCAGT GTCATCGGCA GTGCTGTAAA GGTTATTGTG AGTAGTGTTG GCAGCACCAA

3431 CGAAACGGAT GACTCGTGGA GCCCATCGTA AATGTGCGCG AGGCGAGTGA AGTGAACATT GCGAAATGAA

3501 TTGAGATACA ATCGAATGGA GGCAAGTTTT TGGAGCAGTT GATCAAAATA TGTATGTAAT GTAATTTGAT

3571 GGGGTTGTAG TGTTGATTAA CCGTGACAGT GCTGGACAGC GACGCAAGCC ACAAGATCGC TGCGGAGCGG

3641 AGATTAGTTT GTAAGTTTTT TGATGTACTT GATGTATGAT TGTGTGGTCG AAGATGTTTA GGGTGGTTCC

3711 CGAACCAGTG TTGTAAAAAG CGTATGGAGT TTTGTAAGTT ATATTGTATT TTTGAGCGCC AAAAAGTTCC

378.1 TTGTTACATC. TTTTAGTTAT AAAGTTCCAC ACAACACAAA GCAACAAAGC TAACAAAAA
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As observed previously (Bossy e t al. 1988), als was found to share 

42% overall sequence identity to ARD subunit. An updated alignment 

of the deduced amino acid sequences of all Drosophila nAChR subunits 

was performed using AlignX provided by VectorNTI Suite 8.0 (Informax, 

Inc.). The result is shown in Figure 10, along with pairwise subunit 

identity score indicated in Table 5. Several highly conserved regions in 

the transmembrane segments M1-M4 were revealed by the alignment. 

Other regions such as the N-terminus and cytoplasmic domains are 

generally more variable. Three of the Drosophila nAChRs are most 

closely related to mammalian a7 subunits, the predominantly expressed 

bungarotoxin-sensitive a subunits in mammalian brain. In contrast, the 

seven remaining fly nAChRs are more closely related to each other than 

to any known mammalian a or (3 subunits. The encoded protein of 567 

amino acids displays high sequence identity with Da2 (76% ), SBD (75% ), 

Da4 (74% ) and ard  (68% ). Identity scores between the neuronal 

subunits demonstrate that ALS, DALPHA2, DALPHA4 and SBD are 

significantly more homologous to one another than to DALPHA3, 

DALPHA5, DALPHA6 AND DBETA3, this agrees with the result from our 

phylogenetic studies.
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Figure 10. Protein Sequence Pile-Up of all known Drosophila nAChR 
subunits. Comparison of the deduced amino acid sequences of all currently 
known Drosophila nAChRs.
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Table 5. Amino Acid Sequence Id e n tity  Score o f Pileuped nAChR 
subunits.

Level of amino acid sequence identity (% ) among ten Drosophila nAChR 
subunits. Alignments were calculated using Clustal W as an integrated 
component of the VectorNTI Suite 8 program.

A_LS_DALPHn AR DALPH
c

DALPHA,DALPHA
n

DBETA DALPHA
n

DALPHA
M

SBD

lS 100 76 68 40 63 57 56 58 7A 75
ALPHA2 100 68 41 63 57 56 53 70 73
RD 100 44 66 61 60 50 68 71
ALPHA5 100 65 50 37 23 40 42
ALPHA7 100 72 57 46 63 65
ALPHA6 100 56 39 57 60
BETA3 100 36 57 61
ALPHA3 100 62 55
ALPHA4 100 74
BD 100

3. Computer-assisted analysis of prom oter regions

The als gene 1.2 kb region including the first leader exon was 

submitted to software McPromoter MM:II -  The Markov Chain Promoter 

Predication Server (http://aenes.m it.edu/M cProm oter.htm n and the 

Neural Network Promoter Prediction (www.fruitflv.ora/sea tools/ 

promoter.htmH. Both programs predict the same promoter (from -43

76

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

http://aenes.mit.edu/McPromoter.htmn
http://www.fruitflv.ora/sea


to +7) that coincides with our transcription start site (+1).

Motifs of transcription factor binding sites were searched for in the 

2.9 kb and 1.25 kb fragments containing a common region of 482 bp 

from the 5'-untranslated exon. Analysis of the upstream sequences 

revealed the absence of TATA and CCAAT boxes, although one TATA-box 

was found at -357 to -353, three CCAAT-boxes were observed from -460 

to -457; -259 to -255; -372 to -369 (on the reverse strand), they were 

too far away from the vicinity of the transcription start site to be 

associated with transcriptional control of the als gene.

Potential binding motifs for several known regulatory sequences 

were observed as illustrated in Figure 11B (1 .2 5  kb upstream  

fragm ent). There were GC-like boxes (GGGCGG) at -53 to -44 and 

-13 to -7 located immediately upstream from the first exon. Two 

E-boxes were found from -40 to -35, and from +322 to +327. Five 

Zeste binding sites were revealed at -586 to -581, -224 to -219, -68 to 

-63, +45 to +50, +371 to +376 and two potential GAGA binding sites at 

-216 to -210, -124 to -118 were also discovered. All of the above sites 

form around the cluster within 793 bps upstream of the als transcription 

start site.
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Figure 11A. Molecular Map of the 1 .25 kb Fragm ent.
The 1.25 kb fragment contains 482 bp of the first non-coding exon and 793 bp nucleotide upstream o f the 
als transcription start site. The partial first exon is indicated by the solid arrow bar; the predicted 
promoter is shown in a short arrowhead immediately upstream of the transcription start site.
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Figure 11B. Analysis of 1.25 kb Upstream  Fragm ent of the a/s Gene.
DNA sequence of the 1.25 kb als upstream fragment surrounding the als transcription start site. Exon sequences 
are in bold italic le tters  with the transcription start site designated as "+1", the initial nucleotide "A" is shown 
taller. The predicted als promoter is underlined and shaded gray. Proximal transcription factor binding elements 
are indicated. Four GAGA motifs are shown in filled box, with double arrow line on top; Zeste binding sites are in 
open boxes; Two-E boxes are enclosed by oval frame; two GC-like boxes are underlined by one-way arrowhead 
line.

- 7 9 3

- 7 1 3

- 6 3 3

- 5 5 3

- 4 7 3

- 3 9 3

- 3 1 3

- 2 3 3

- 1 5 3

1 6 8

2 4 8

3 2 8

4 0 8

C G C T G G A G A G  T T T T T C G G C C  G G A G A A A A A T  C C A C G C C C T A  T A T G T A A A T T  A T T A G C C T G A  C T G C T T T T T G  T T C G C C C A A C

T C G C G G C G A C  A C A A G T C C C C  T G G A G T T T C T  C G C T A A C A A T  T T G C G G G C G A  C T G A G A A G T G  G T G G C C G A A A  A A A A A A C C C A  
< ►

IC A C  C A A A T A A A A A  A G A A A G A G A C  A C T T T C A A G C  G G A A G A G T G A  G T G A G T T G G G  C G A A G G A T G C  T C T C G G T T T G

T A G A C T T T T G  C C A T G T G G C T  C A A A G T A A A A  C G C C C T T T T G  G A G T T G C A G A  T A A G A G A G T G  A A A G G C T A A G  A G A A C C A T T T

A T T T T T A T T T  T G T C A A T A G A  A C A A A A T T A C  A A A A C T A A T C  T A A T A A A A T A  A G G G G A A T A C  A A T T A A C T A A  A A T C T T G A C A

C A T C T T T T C G  T A C G A A A A T C  T A T T G C C T A C  C T A C A A T A T A  A T C T A T C A A C  G C A C C G C T G A  A A T T T C T T A A  C T A A T T T C A A

G C T A G C G C A A  G A C A T T A C C A  A A C A C G 7 U \GG C T G T G A C C G C  T T G A G A A C C A  A A G C C C A A T G  C T T A C T T A C C  A T C A T G C C A A

A G G A C C T G C C ACTCG, G AGCGAG A A G  G T C C T G T A T C  T C A G A G A T T C  A A A G C A A A A A  G G G T G G C T G C  C C G C T C T T C A  
 ► < ►

A A T T T T G T C G  C T T T G T G G C C  C A G C A T G C G C  AGAGCG

7 3 G C A T C C A C T C  C A A A G G A C C A  G C G G C G G C .

G AGAGAAjCG T T  G G C G A G C G C C  A C A C G G C C A C  A T C C C G A G C A

TCAGAGCCCG CGGGTTGAAG A AATCG TACG  CATCGAGCGA GTGACAAGCG CCG CG TCTCA CCAAACAAAG AAAAG CAAAA

GCAGAGCCCC AAAAAAAAGG AAAAAGAAAA A AC AA AA ATC  CAAATAAAAA ACAACAAAAA TCCAAGCTAA AACAACAGAA

AAACGTAGAA AACCCGCTAC ACTG ACACAA AAACATAG CC AG TCTAACG A A T A T T T T G T A  GAAACCTCCC ACAACAG AAA
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DISCUSSION

One of the most surprising and important discoveries in the field of 

metazoan transcription is the demonstration that large protein 

complexes are required for linking sequence-specific upstream 

regulatory factors to the Pol I I  transcription machinery. Metazoan 

development requires precise temporal and spatial expression of 

numerous genes. Studies on gene activation in evolutionary diverse 

organisms is consistent with the idea tha t activator proteins recruit basal 

transcriptional machinery such as TATA-binding protein (TBP) and RNA 

polymerase I I  holoenzyme to the promoter (Ptashne and Gann 1997).

The primer extension analysis and RACE-PCR experiment suggested 

one transcription start of the als gene, which is located 29 kb upstream 

from the translation start site. Common start sites were identified in 

both late embryonic stage and one-day-old adult, indicating a 

conservation of transcription initiation during development in embryonic 

as well as one-day-old adult stages.

Computer-assisted analysis of the nucleotide sequence upstream of 

the cluster of the transcription start sites reveals the absence of TATA 

and CCAAT boxes. Although one TATA and three CCAAT boxes are 

found further upstream, they are located too far away to be associated
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with control of als expresson. The absence of a TATA-box is a notable 

feature of many housekeeping genes, oncogenes, growth factors, and 

transcription factors. There are two classes of promoters that lack 

obvious TATA boxes, one is GC-rich and the other is not. The GC-rich 

promoters are found primarily in housekeeping genes that are 

constitutively active, contain several transcriptional initiation sites 

spread over a fairly large region, and usually contain several binding 

sites (i.e. 5'-CCCCTCCC-3') for the transcription factor S p l (Dynan and 

Tjian , 1983). The other class which does not contain GC-rich sequence 

are regulated during development and initiate transcription at a few 

tightly clustered sites. In addition, this type of promoters contains 

multiple copies of the binding sites for the transcription factors, ZESTE 

and GAGA (Biggin and Tjian 1988; Mulholland and Kingston e ta l. 2003). 

The promoter structures of several developmentally important 

Drosophila genes, such as engrailed (e/7), Ultrabithorax (Ubx), 

Antennapedia (Antp ) and E74 have been reported to fall in this class 

(Biggin and Tjian, 1988; Thummel, 1989).

Searching for more possible sequence motifs of known c/'s-regulatory 

elements has suggested that the proximal promoter sequence might 

harbor binding sites for several other sequence-specific transcription

factors including two GC-like boxes (-53 to -44;-13 to -7), two E-boxes
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(-40 to -35, +322 to +327), five Zeste binding sites (-586 to -581, -224 

to -219, -68 to -63, +45 to +50, +371 to +376) and at least three GAGA 

binding sites (-216 to -210, -124 to -118, -114 to -107).

The GAGA transcription factor is encoded by the Trithorax-like (Trl) 

gene (Farkas et al. 1994) and was firs t discovered as an activator of the 

ubx and en genes by its association with heat shock and histone gene 

promoters (Biggin and Tjian 1998; Soeller et al. 1998; Gilmour 1989). 

Normal expression of several developmental genes, including homeotic 

genes, requires GAGA (Farkas et al. 1994; Bhat et at. 1996).

Immunofluorescent staining of polytene chromosomes revealed that 

many euchromatic genes include binding sites for GAGA, suggesting a 

general role in transcriptional control (Benyajati et al 1997). GAGA is 

known to enhance transcription from promoters containing d(GA-TC)n 

sequences (Tchoubrieva and Gibson 2004). I t  has been shown to 

counteract chromatin repression at all levels (Okada and Hirose 1998), 

and by so doing, trigging the active transcription of genes subject to 

repression. Evidence has been presented that GAGA is essential for 

enhancer trapping. Inspection of ~250 Drosophila promoter sequences 

(Arkhipova 1995) reveals that ~15%  contain at least one optimal GAGA 

element within 50 bp 5' of the transcription start site. The function of

GAGA is not restricted to that of a gene-specific transcriptional activator.
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GAGA has also been implicated in the functioning of the polycomb 

response elements (S tru tt et al. 1997). Immunolocalization studies 

revealed a strong association of GAGA with the GA-rich centric 

heterochromatin throughout the cell cycle in early embryos (Raff et al. 

1994). Thus, GAGA is a multipurpose protein that mediates 

gene-specific regulation but also plays a global role in chromosome 

function. Although there is considerable variability in GAGA sites, 

optimal binding sequences contain a minimal GAGAG pentanucleotide.

Zeste, a member of the Trithorax group of proteins, binds DNA in a 

manner that is reminiscent of that of GAGA. Zeste is an 

interchromosomal facilitator required for the ability of enhancers to 

activate a promoter on a paired chromosome, for example, the 

interchromosomal interactions Ultrabithorax (Ubx) and yellow. Zeste 

binds to a specific DNA sequence through an amino-terminal 

DNA-binding domain (Benson and Pirrotta 1987), and self-interacts 

through hydrophobic repeats at the carboxyl term inus (Bickel and 

Pirrotta 1990). The interchromosomal effects of Zeste require both 

DNA binding and self-interaction. Thus it has been suggested tha t Zeste 

supports long-range and interchromosomal enhancer-promoter 

interactions by crosslinking enhancers and promoters together (Qian 

and Pirrotta 1992).
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The E boxes with consensus sequences CANNTG is the binding sites 

for transcription factors containing a helix-loop-helix (HLH) domain. E 

boxes have been reported to exist in all 5' flanking regions of 

characterized muscle nAChR subunit genes within the ir putative 

promoter regions, although they are different in the ir number and 

distance to the transcriptional start site. At least two functional E box 

elements, separated only by a short stretch of nucleotides, are present in 

the promoter regions of the chicken, mouse and rat y subunit gene and 

in the a subunit enhancer of chicken and mouse. In contrast, the 

mouse p, the rat and mouse e and rat 5 minimal promoter regions 

contain only one CANNTG consensus sequence. In addition, a number 

of transcription factors bearing a basic helix-loop-helix (bHLH) m otif 

have been described that are required for regulation of the neural 

programme. In Drosophila, the proneural genes containing the HLH 

m otif have also been found to be involved during neurogenesis (for 

review see Campos-Ortega, 1991). They are important for 

development of the central and peripheral nervous system in the embryo. 

Such proteins are thought to form two amphipathic helices separated by 

a loop that mediates dimer formation. This would enable the formation 

of homodimers or heterodimers with specific DNA-binding and 

transcription regulatory properties. Expression of these genes is
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thought to provide the cells with neural potential. Homologues of these 

genes have been found in a number of vertebrate species in which they 

are expressed in developing nerve cells. Analyzing the upstream 

sequence from the transcription start site, two E boxes are found within 

350 bp region. One of them is within the critical sequence from -40 to 

-35. Whether this single E box is involved in the expression regulation 

or additional downstream E box is required needs further investigation.

So far, ten different subunits of nAChR genes in Drosophila 

melanogaster have been identified, i.e. ALS, Da2, Da3, Da4, Da5, Da6, 

Da7, ARD, SBD and D|33. Two of the subunits (i.e. ALS and ARD) have 

been suggested by using immunoprecipitation experiments to be 

components of the same receptor complex (Schloss e ta /., 1991; Schloss 

e ta /., 1992). In addition, ALS, Da2, and ARD have been shown to share 

a widespread sim ilar distribution in the central nervous system of 

Drosophila and the ir expression may be overlapping (Schuster e t a/., 

1993; Jonas e ta /., 1994). These subunit genes must be regulated in a 

highly coordinate way. Therefore, it is interesting to compare the 

promoter regions between these subunits genes. To date, only the 

5'-flanking regions required for transcriptional regulation of ard  and Do2 

have been reported (Hess e ta /., 1994; Jonas e ta /., 1994). Just like the 

ard  gene, the Do2 gene does not have TATA box-like sequence. The
85
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only common sequence between ard  and Da2 in the 5' upstream regions 

is located between -998 and -984 relative to the translation start site of 

the ard  gene and between -676 and -662 relative to the transcription 

start site of the Da2 gene. These two region share 14 identical 

sequences and include an E-box. I t  is noted that, in the Da2 gene, six 

GAGAG sequence motifs are found within the first 350 bp upstream of 

the transcription start site.

The variable transcription of the genes encoding nAChR subunits 

across the nervous system generates a diversity of distribution and thus 

of colocaliation of subunits. The combinatorial assembly of these 

subunits produces a wide structural diversity of receptor oligomers, 

targeted to different subcellular compartments, which exhibit variable 

electrical properties (conductance, ion selectivity, rectification), 

pharmacologic characteristics (affinities for agonists, competitive 

antagonists and allosteric effectors, potency orders) and kinetics of 

activation and desensitization. Different subunits of the same subtype 

may mutually replace each other within hetero-oligomeric receptors, yet 

with the obvious condition that they are expressed at the same cellular 

and subcellular locations.

86
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PART 2. Phylogenetic Study of the nAChR Subunit

Genes

MATERIAL AND METHOD

1. Sequence Collection

Nucleotide sequences (coding portion) were obtained from the public 

databases (NCBI Entrez: http ://w w w .ncb i.n lm .n ih .aov.entrez/I for a 

representative subset of 111 neuronal nAChR subunit nucleotide 

sequences from 24 different organisms. A combination of keyword 

search and BLAST probing with the als cDNA sequence against the 

nucleotide databases was performed with the BLASTN (Altschul et at. 

1997) using default parameters. Blast probing returns a taxonomic 

view of BLAST hits, where each individual sequence was directly 

retrieved from the GenBank into VectorNTI Suite 8.0 (Inform ax, Inc.), 

where ORF were readily analyzed. Redundant data of subunit types for 

each species was excluded. The resulting 111 coding sequences were 

then collected into the initial dataset (Table 6).
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Table 6. nAChR Subunit Nucleotide Sequences Used in Phylogenetic Study

Species Common
Name

Subunit Abbreviation Accession No. References

Homo sapiens Human a l Hu_alphal S77094 Gattenlohner et al. (1994)
a2 Hu_alpha2 U62431 Elliott et al. (1996)
a3 Hu_alpha3 M37981 Mihovilovic and Roses 

(1991)
a4 Hu_alpha4 Y08421 Groot-Kormelink et al. 

(1997)
a5 Hu_alpha5 Y08419 Groot-Kormelink et al. 

(1997)
a6 Hu_alpha6 NM_004198 Ebihara eta l. (2002)
a7 Hu_alpha7 NM000746 Burghaus et al. (2003)
P2 Hu_beta2 X53179 Anand and Lindstrom (1990)
P3 Hu_beta3 Y08417 Groot Kormelink et al. 

(1997)
P4 Hu_beta4 NM_000750 Graham eta l. (2003)

Bos Taurus Cow a Cow_alpha X57032 Craido et al. (1992)
a3 Cow_alpha3 NM_174719 Maneu et al. (2002)
a5 Cow_alpha5 AF487464 Campos-Caro et al. (1997)
a7 Cow_alpha7 X93604 Garcia-Guzman eta l. (1995)

PI Cow_betal X00962 Tanabe et al. (1984)
P4 Cow_beta4 AF487465 Campos-Caro et al. (1997)

Rattus
norvegicus

Rat a2 Rat_alpha2 AY574253 Groot-Kormelink (2004)

a3 Rat_alpha3 AY574254 Groot-Kormelink (2004)
a4 Rat_alpha4 NM_024354 Cucchiaro and Commons
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a4 Rat_alpha4 NM_024354 Cucchiaro and Commons 
(2003)

a5 Rat_alpha5 AY574255 Groot-Kormelink (2004)
a6 Rat_alpha6 NM_057184 Boulter (unpublished data 

1993)
a l Rat_alpha7 AY574256 Groot-Kormelink (2004)
(52 Rat_beta2 AY574258 Groot-Kormelink (2004)
(53 Rat_beta3 AY574259 Groot-Kormelink (2004)
P4 Rat_beta4 AY574260 Groot-Kormelink (2004)

Mus mu scut us House mouse a2 Mo_alpha2 AY574261 Groot-Kormelink (2004)
a3 Mo_alpha3 AY574262 Groot-Kormelink (2004)
a4 Mo_alpha4 AY574263 Groot-Kormelink (2004)
a5 Mo_alpha5 AY574264 Groot-Kormelink (2004)
a6 Mo_alpha6 AY574265 Groot-Kormelink (2004)
P2 Mo_beta2 AY574267 Groot-Kormelink (2004)
P3 Mo_beta3 AY574268 Groot-Kormelink (2004)
P4 Mo_beta4 AY574269 Groot-Kormelink (2004)

Gallus gallus Chicken a l Ch_alphal NM_204816 Nef and Ballivet (1988)
a2 Ch_alpha2 NM_204815 Nef and Ballivet (1988)
a3 Ch_alpha3 M37336 Couturier and Bertrand 

(1990)
a4 Ch_alpha4 AJ250361 Nef and Ballivet (1988)
a5 Ch_alpha5 J05642 Couturier and Bertrand 

(1990)
a6 Ch_alpha6 NM_205364 Fucile and Eusebi e ta /. 

(1998)
a l Ch_alpha7 X68246 Matter-Sadzininski and 

Matter (1992)
00vO



R
eproduced 

with 
perm

ission 
of the 

copyright ow
ner. 

Further reproduction 
prohibited 

w
ithout perm

ission.

a8 Ch_alpha8 X52296 Schoepfer and Lindstrom et 
al. (1990)

a9 Ch_alpha9 AF082192 Hiel and Fuchs eta l. (2000)
32 Ch_beta2 AJ250362 Nef and Ballivet (1988)
33 Ch_beta3 X83739 Hernandez and Matter et al. 

(1995)
34 Ch_beta4 NM_204819 Couturier and Bertrand 

(1990)
Danio rerio Zebrafish al Zf_alphal U70438 Sepich e ta l. (unpublished 

data)
a2 Zf_alpha2 AY256908 Zirger, J.M., et al. (2003)
a7 Zf_alpha7 AY247962 Zirger, J.M., eta l. (2003)
P3 Zf_beta3 AY256909 Zirger, J.M., eta l. (2003)

Carassius
auratus

Goldfish a2 Gf_alpha2 X14786 Cauley, Agranoff, and 
Goldman (1989)

a3 Gf_alpha3 X54051 Hieber et al. (1990)
P2 Gf_beta2 X54052 Hieber et at. (1990)

Fugu rubripes Pufferfish a2 Pf_alpha2 AY299460 Jones and Sattelle et at. 
(2003)

a3 Pf_alpha3 AY299461 Jones and Sattelle et al. 
(2003)

a4 Pf_alpha4 AY299462 Jones and Sattelle et at. 
(2003)

Hypnos
monopterygiu
m

Electric ray a Hypalpha AY472106 Tierney and Howitt et at. 
(2003)

P Hypbeta AY472107 Tierney and Howitt et al. 
(2003)

SO
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Caenorhabditi
s

C elegans a7-like acr-7 NM_063246 Mongan and Sattelle eta l. 
(2002)

elegans a7-like acr-9 NM_077884 Mongan and Sattelle et al. 
(2002)

acr-10 NM_076291 Kamath and Ahringer et al. 
(2003)

a7-like acr-11 NM_059505 Mongan and Sattelle eta l. 
(2002)

acr-12 NM_077861 Mongan and Sattelle et al. 
(2002)

acr-15 NM_072805 Mongan and Sattelle et al. 
(2002)

a7-like acr-16 NM_072806 Raymond and Sattelle et al. 
(2000)

acr-19 NM_060028 Mongan and Sattelle eta l. 
(2002)

Drosophila Fruitfly a-like
(al)

Dm_als AAF56301 Bossy and Spierer et al. 
(1988)

melanogaster a2 Dm_alpha2 SWP:P17644 Jonas et al. (1990)
a3 Dm_alpha3 SPTREMBL:Q9W3

G6
Schulz et al. (1998)

a4 Dm_alpha4 SPTREMBL:Q9NF
R5

Lansdell and Millar (2000)

a5 Dm_alpha5 SPTREMBL:Q9VJ
T9

Grauso et al. (2002)

a6 Dm_alpha6 SPTREMBL:Q8IP
E2

Grauso et al. (2002)

a7 Dm_alpha7 SPTREMBL:Q9V
W I9

Grauso et al. (2002)

PI Dm_ard SWP:P04755 Hermans-Borgmeyer et al. 
(1986)



R
eproduced 

with 
perm

ission 
of the 

copyright ow
ner. 

Further reproduction 
prohibited 

w
ithout perm

ission.

vON)

(32 Dm_sbd SWP:P25162 Sawruk et al. (1990)
P3 Dm_beta3 SPTREMBL:Q8

IPV6
Lansdell and Millar, (2002)

Myzus
persicae

Green peach 
aphid

a l Myz_alphal X81887 Sgard and Windass et al. 
(unpublished data 1997)

a2 Myz_alpha2 X81888 Sgard and Windass et al. 
(unpublished data 1997)

a3 Myz_alpha3 AJ236786 Huang and Millar (1999)
a4 Myz_alpha4 AJ236787 Huang and Millar (1999)

Aphis gossypii Cotton aphid a l Ag_alphal AF527784 Li, F. and Han, Z.J. (unpublished 
2002)

a2 Ag_alpha2 AF527783 Li, F. and Han, Z.J. (unpublished 
2002)

PI Ag_beta 1 AF527785 Li, F. and Han, Z.J. (unpublished 
2002)

Nilaparavata
lugens

Brown
planthopper

a BpAl AY378698 Liu and Zhang eta l. (unpublished 
2003)

a BpA2 AY378699 Liu and Zhang eta l. (unpublished 
2003)

Locusta
migratoria

Migratory a l Lm_alphal AJ000390 Hermsen and Maelicke et al. 
(1998)

locust a2 Lm_alpha2 AJ000391 Hermsen and Maelicke et al. 
(1998)

a3 Lm_alpha3 AJ000392 Hermsen and Maelicke et al. 
(1998)

P Lm_beta AJ000393 Hermsen and Maelicke et al. 
(1998)

Schistocerca
gregaria

Desert locust a Sgre_alpha X55439 Marshall and Barnard et al. 
(1990)
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Haemonchus
contortus

Barber pole 
worm

a Hc_alpha U72490 Hoekstra and Visser et al. (1997)

Manduca
sexta

Tabacco
hornworm

a-like
(al)

Ms_alpha Y09795 Eastham and Wonnacott et al. 
(1998)

Chilo
suppressalis

a Chsup_alph
a

AF418987 Han,Z. and Han, Z. Sr. 
(unpublished data 2001)

Heliothis
virescens

Tobacco
budworm

al Hv_alphal AJ000399 Jafarigorzini and Maelicke 
(unpublished data 1997)

a2 Hv_alpha2 AF096878 Schulte and Adamczewski et al. 
(unpublished 1998)

a3 Hv_alpha3 AF096879 Schulte and Adamczewski et al. 
(unpublished 1998)

PI Hv_betal AF096880 Schulte and Adamczewski et al. 
(unpublished 1998)

Schistosoma Blood fluke a Sman_alpha AY392154 Bentley and Agnew et al. (2004)
mansoni non-a Sman_beta AY392155 Bentley and Agnew et al. (2004)

Schistosoma Blood fluke a Shae_alpha AY392150 Bentley and Agnew et al. (2004)
haematobium non-a Shae_beta AY392151 Bentley and Agnew et al. (2004)

Schistosoma
bouis

a Sbou_alpha AY392152 Bentley and Agnew et al. (2004)

non-a Sbou_beta AY392152 Bentley and Agnew et al. (2004)

U>



2. Phylogenetic reconstruction

The amino acid sequences translated from the 111 coding sequences 

were aligned by CLUSTAL W (Thompson et al. 1994). Divergent 

sequences (less than 30% sequence identity) were eliminated from the 

analysis, resulting a final dataset of 107 sequences.

In order to infer the ancestor-descendant relationships of the 

sequences, we used the bilateria Schistosoma haematobium  (blood fluke) 

as the outgroup in this study.

The alignment were analyzed using a Bayesian approach 

implemented in MrBayes version 2.0 (Huelsenbeck and Ronquist 2001), 

based on a nucleotide evolution model with three separate substitution 

rates for the three codon positions. Four MCMC (Markov chain Monte 

Carlo) chains were run for 10 million generations to reach convergence. 

Trees were saved every 1,000 generations and a total of 10,000 trees 

were obtained. A m ajority-rule consensus tree with posterior branch 

supports were obtained from the last 2,000 sampled trees.

RESULT

Figure 12. Phylogenetic relationships among 107 nAChR subunit 
genes. Nucleotide coding sequences of 107 representative members of 
nAChR subunit genes from vertebrates and invertebrates were aligned using 
the clustalX program package. Numbers at the nodes represent the 
probability in support of each tree branch baesd on analysis of a Baysian 
approach. Abbreviations are shown in Table 6. (See next page)

94

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Ffevlaienelic Stidy af Nicatinic AcetylcfeMlm RocepMrs
nAChR
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Homo sapiens Human Hu.alpkal 57709. Gaiwnlohnet.S., 41II (1994)

*2 Hu_alpha2 062431
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u6 Hu_4lpha9 709419 GrootKormaink. till. (1997)
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M 0o.b6Ui XS3179 AfltnStnd Undatrom (1990)
» Hu_b«t*3 YOP417 GroolKo.roWnk, 41.1 (1997)
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Figure 12 shows a phylogenetic tree constructed from 107 coding 

sequences of neuronal nAChR subunit genes from 24 different species in 

the CNS (see Table 6). The Bilateria Schistosoma haematobium  (blood 

fluke) was selected as the outgroup in this study. This tree contains 

more subunits from invertebrates comparing with those in previous 

works (Gundelfinger 1995; Le Novere and Changeux 1995; Ortell and 

Lunt 1995), which reflects our immediate interest in the Drosophila 

nAChR subunits, the ir relationship with other insect nAChR subunits and 

the ir vertebrate counterparts.

The phylogenetic relationships among the nAChR subunit genes are 

well resovled by the Bayesian phylogenetic analysis. Almost all 

branches on the tree are highly supported by the data (most posterior 

probabilities are close to 1). Several conclusions can be drawn from 

this phylogenetic analysis:

(1) Ancestor of Drosophila nAChR genes

It  has been hypothesized that the ancestral subunit which had a 

ligand-binding site appeared first in the nervous system (Le Novere and 

Changeux 1995; Ortells and Lunt 1995). The ancestral subunit may 

have functioned as a homooligomer in the prim itive Bilateria 

(Tsunoyama and Gojobori 1998). The phylogenetic relationship 

demonstrated in this tree also indicated that the vertebrate a7 and a9 

subunits, both of which are capable of forming homooligomeric receptors,

96

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



diverged from the Nematode C.elegans subunit genes, who share the 

common ancestor Bilateria. Drosophila Da6 and Da7 (indicated by two 

arrowheads) are the most prim itive Drosophila subunit genes that split 

early from the remainder, as shown in the purple square box. Both are 

derived from the vertebrate neuronal a7 and a9 subunits which can yield 

functional receptors as homooligomers, whereas the other a-type 

subunits need p-type subunits to form an integral single nAChR. All 

subunits of vertebrate a7, a9 and insects emerged after the divergence 

of the nematodes from the common ancestor, Bilateria. The 

subsequent duplication may have occurred during the evolution of 

Deuterostomia that have yielded two types of subunits, a and p.

(2) Ancestral gene duplication and functional divergence among 

paralogous genes

As highlighted on the phylogenetic tree, events of gene duplication 

and divergence were evident throughout evolutionary history of nAChR 

subunit genes in both invertebrates and vertebrates. At least five 

phylogenetic groups of nAChR subunit gene homologs: Dm_sbd, 

Dm_dalpha4, Dm_dalpha3, Dm_als, Dm_dalpha2 (marked in red 

rectangular boxes) can be pointed to on the tree; while ten functional 

groups of vertebrate nAChR subunit homologs are shown in rectangular 

(for a-type subunit genes) and oval (for p-type subunit genes).

The divergence of Drosophila nAChR subunits seems to be

97

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



lineage-dependent. In other words, its evolution took place 

independently from that of the vertebrates, although they shared a 

common ancestor. Noticeably shown in blue rectangular boxes along 

with the ir invertebrate counterparts from Myzus persicae (Myz, green 

peach aphid), Aphis gossypii (Ag, cotton aphid), Apis mellifera (Apisa, 

honey bee), Heiiothis virescens (Hv, Tobacco budworm), Drosophila 

subunit genes a/s, Da2, Da3, Da4 and sbd (each individually framed in a 

red/lighter box) appear to be paralogous genes resulting from gene 

duplication events. The only exception ard  along with the other insect 

pi subunit genes, seem to diverge earlier as an independent group 

directly from the mammalian a9 and alO, proceeding to all other 

vertebrate and invertebrate nAChR subunit genes. These earliest p 

subunit genes are probably the firs t ones serving as structural 

components in heteromeric receptor subtypes.

Meanwhile, phylogenetic groups of vertebrate nAChR genes appear 

to derive from the common ancestral homomeric receptor genes and 

undergo divergence through gene duplication in parallel with the 

invertebrates. This tree showed that an early separation took place 

between a l ,  a2, a3, a4, a5, a6, p3 and p i, p2, p4 vertebrate subunits, 

which is consistent with the view of Ortells and Lunt (1995), Tsunoyama 

and Gojobori (1998). I t  is believed that these two subunit groups 

separated after the emergence of the insect and nematode subunits,
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although there has been sharp disagreement among different research 

groups on the members constituting the two groups (Tsunoyama and 

Gojobori 1998).

(3) Diversification of nAChR during metazoan evolution are 

associated with the evolution of neural system.

The abundance of a- and (3-type subunits genes resulting from gene 

duplication and divergence give rise to diversification of nAChR subunit 

genes. The possible varying combination of distinct subunit genes are 

most likely associated with the evolution of neural systems. This is 

evident on the phylogenetic tree which shows an increasing number of 

phylogenetic and functional groups in both invertebrates and vertebrate 

lineages.

DISCUSSION

In an attem pt to understand the evolutionary relationship of 

Drosophila nAChR subunits in a larger frame of picture, we have 

performed phylogenetic analyses of the ir nucleotide and deduced amino 

acid sequences. Both the sim ilarities between organisms as a 

consequence of the ir common descent and the differences between 

them that have occurred in the ir evolution are the objects of inquiry.
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Over a billion years ago, the fam ily of nicotinic receptor subunits 

began to emerge by a series of gene duplications from a single common 

subunit (LeNovere and Changeux 1995; Ortells and Lunt 1995; 

Cockcroft 1995). The first branch of the family evolved into the 

subunits found in neuronal bungarotoxin-sensitive receptors, which 

include a7, a8, and a9 subunits. Of these three nicotinic subunits, only 

a7 subunits are found in mammalian nervous tissue. a9 subunits are 

only present in cochlea and vestibular organs (Elgoyhen e t al. 1994; 

Vetter et al. 1999), whereas no mammalian homolog for chick a8 

subunits has been observed (Elgoyhen et al. 1994). I t  has been 

suggested that among ail the nicotinic receptor subtypes, neuronal 

bungarotoxin-sensitive receptors have the most features in common 

with the primordial nicotinic receptor. One important feature is that 

both have homomeric structure. All other mammalian nicotinic 

receptors, with perhaps the exception of a9-containing receptors, 

appear to be heteromeric receptors (Lindstrom, 1997). I t  is 

hypothesized that the subunits of the primordial nicotinic homomer were 

folded and processed into different conformations ju s t as we have 

observed for neuronal a7 subunits. Such folding and processing may 

serve as a post-translational mechanism used to generate subunit 

diversity and may be critical for proper functioning of the receptors 

(Rakhilin et al., 1999). The different subunit conformations found in
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homomeric neuronal bungarotoxin-sensitive receptors could play a role 

sim ilar to that of different subunit isoforms found within heteromeric 

nicotinic receptors. The additional proteins and/or factors needed to 

mediate the neuron-specific folding and processing of a l  subunits may 

provide an important regulatory role by determining when and where 

functional homomeric receptors are produced. The evolutionary 

pressure for additional nicotinic subunit isoforms may have been to 

produce the different subunit conformations w ithout the additional 

accessory proteins needed for proper folding (Drisdel and Green 2000).

I t  can be speculated that the power of generating variation by gene 

duplication and divergence may have played a role in the generation of 

complexity in the nervous system of animals with elaborate nervous 

systems. The conservation of sequence throughout evolution indicates 

selective pressures acting at the level of the protein, and therefore that 

if a protein is conserved it must be doing something important.

The importance of gene duplication in supplying raw genetic material 

to biological evolution has been recognized since the 1930s (Ohno 1970, 

Springer). Recent genomic sequence data provide substantial evidence 

for the abundance of duplicated genes in all organisms. Prevalence of 

gene duplication in all three domains of life has been observed. In 

Bacteria Mycoplasma pneumoniae, there are 298 duplicated genes, 

which account for 44% of total 677 genes; in Eukaryotes: 8,971
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duplicate genes in C.elegans, 49% of total 18,424 genes; 5,536 

duplicate genes in Drosophila, 41% of total 13,601 genes (Zhang 2003, 

see table 1).

The presence of duplicated genes can be beneficial simply because 

extra amounts of proteins or RNA products are produced. However, it is 

proposed that unless the presence of an extra amount of gene product is 

advantageous, two genes with identical functions are unlikely to be 

stably maintained when they differ in some aspects of the ir functions 

(Nowak 1997), which can occur by subfunctionalization, in which each 

daughter gene adopts part of the functions of the ir parental gene 

(Hughes 1994). One form of subfunctionalization that is potentially 

important in the evolution of development is division of gene expression 

after duplication (Force 1999). The other can occur at the protein 

function level and can lead to functional specialization when one of the 

duplicated genes becomes better at performing one of the original 

functions of the progenitor gene. The divergent event of Drosophila a- 

and p-type subunits seem to fit into the first form of subfunctionalization, 

in which following gene duplication, the p-type subunit genes lose one 

part of the c/'s-acting elements controlling expression of ligand-binding 

gene product; while the a-type retains the original function. Such 

hypothesis appears to explain the emergence of heteromeric receptor 

subtypes in higher animals and in a later time frame during the evolution
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of nAChRs in general.

The evolutionary analysis of the nAChR genes, although speculative, 

has proven to be a useful tool in the study from a non-evolutionary 

perspective, proving new insights into the ir possible structure and 

function. Also the knowledge of the phylogenetic relationships between 

various species could be an invaluable aid in the design of mutations, or 

chimeras, or in extrapolating known functional characteristics of a 

particular subunit to those that are evolutionarily related.
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CHAPTER 4. 
In  Vivo Study of the Upstream Regulatory Sequence of 

the als Gene

Eukaryotic transcriptional elements and proteins have been studied 

extensively in Drosophila and vertebrates, and it is clear that many 

aspects of the transcription machinery are highly conserved, facilitating 

comparisons among systems. The sim ilarity of complex elements in 

higher metazoans and the availability of advanced genetic techniques 

make Drosophila particularly well suited to studies of transcriptional 

regulatory systems. The most amazing advantage offered by fru it fly 

Drosophila meianogaster is the availability of vectors for stable germline 

transformation (Rubin and Spradling, 1982; Rubin 1988). Although 

large-scale genome sequencing projects have yielded comprehensive 

information about the protein coding capacity of entire Drosophila 

genome, however, transcriptional regulatory elements are considerably 

more difficult to identify from primary sequence alone. Identifying the 

function of putative regulatory regions requires direct experimental 

testing. The last episode of my study involves in vivo analysis of 

potential regulatory sequences coupled to reporter genes, permitting the 

analysis of native enhancer and promoter combinations in a 

physiologically relevant setting, while DNA sequences can be
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systematically manipulated and then transferred into the germline via 

P-element derived vectors.

Three general classes of experiments have been performed using 

P-element-mediated fly  transformation. In the firs t class of 

experiments, a wild-type gene is inserted into a P-element vector and 

used to rescue a mutant phenotype by germline transformation. This 

provides evidence that the cloned DNA corresponds to the gene 

disrupted by the mutation (Haenlin et al. 1985). The second type of 

P-element experiment involves expression of an ORF under the control 

of an inducible promoter, usually derived from the hsp70 heat-shock 

gene (Moran et al. 1979). In this case, a mild heat shock directs 

expression of the corresponding protein throughout the transformed fly 

(Lis et al., 1983). In the third class of P-element experiments, a 

Drosophila promoter fused to a reporter gene is used to trace the spatial 

and temporal activity of that promoter during development. The lacZ 

gene has frequently been used as a reporter due to the availability of 

chromogenic substrates for fi-galactosidase (Lis e ta l. 1983; Hiromi and 

Gehring 1987).

My experimental approach employed the third class of P-element 

mediated transformation described above, that is, to construct fusion 

genes by linking putative regulatory elements, i.e. various DNA 

fragments from the 5'-upstream region of the als gene, to the lacZ
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reporter gene into a P element transformation vector. These constructs 

can then be inserted in a P-element cloning vector and co-injected with 

a helper P-element encoding transposase into Drosophila eggs prior to 

the stage of pole cell formation, where the DNA transposes into the 

germline. The intention is to transform the germline cells so that a 

stable, transmissible transformant is created (Rubin and Spradling

1982).

Upon P-element mediated transformation, the fusion construct is 

expected to integrate onto the Drosophila chromosomes. The 

/acZ-encoding E.coli p-galactosidase is readily assayed in embryos, 

larvae, and adults. Expression of the fusion genes in transgenic flies 

can then be analyzed in the natural cellular environment both qualitively 

and quantitively. Based on experimental and computer-predicted data 

presented in the previous chapters, we expect to regenerate an 

appropriate pattern of als expression using defined segments of DNA 

containing potential transcriptional regulatory sequences.

We are aware that Drosophila has an endogenous p-galactosidase 

gene; however, this enzyme is expressed only in specific tissues and is 

not detectable at all developmental stages. Moreover, Drosophila 

p-galactosidase is localized in the lysozomes and has an acidic pH 

optimum. By performing enzyme assays at a slightly basic pH, we can
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selectively detect bacterial p-galactosidase in transgenic flies (Lis e t al.

1983).

In this chapter, I will describe "Making Fusion Construct", 

"M icroinjection" and "Analyzing Transgenic Flies" in M aterial and 

Method section, followed by Results and Discussion.

MATERIAL AND METHOD

1. Making Fusion Construct:

Two upstream fragments: 2.9 kb and 1.25 kb of the als 5'-flanking 

sequence was fused in phase with the transcriptional reading frame, to 

the E.coli $-galactosidase gene.

The pCaSpeR-AUG-pgal vector contains a Drosophila white+ gene, 

heat-shock promoter Hsp 70 and pUC8 with ampicillin resistant gene 

(ampR), flanked by P-element ends. The white+ger\e is comprised of both 

genomic and cDNA sequences and contains 300 bp of 5'-flanking DNA. 

Transformants can be identified by screening for restoration of eye 

pigmentation in white' flies. There are three unique restriction sites for 

the insertion of foreign regulatory sequences: EcoRI, BamHl and Kpnl 

(Tummel and Lipshitz 1988). The annotated map of this vector was 

constructed using the Vector NTI 8.0 program, shown in Figure 13.
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Figure 13. Molecular Map of the P-elem ent vector 
pCaSpeR-AUG-pgal.

SV40 P3’

pCaSpeR-AUG-[3gal vector was kindly provided by Professor Carl S. 

Thummel's lab from Howard Hughes Medical Institute. The restriction 

enzyme sites for EcoRI, BamHI and Kpnl in front of Adh-lacZ  reporter 

gene enable us to operate directional cloning of the als upstream 

fragments.

To facilitate construct making and sequence verification later on, 

forward and reverse sequencing primers flanking the polylinker region 

were designed as following: forward sequencing primer "7646": 

5'-cagataagttcaatgatgtccagtgc-3' and reverse sequencing primer "7873": 

5'-tgtccagaccaatgcctccc-3' (listed in Table 3).

Sequencing
Adh

Seque i

w+0.8(Sp,H3)

PUC8

pCaSpeR-AUG-betagal
12130 bp

K p n \ \ M  
Bam H f ^  

E c o R \/ /  
Polylinker/
/
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As illustrated in the Figure 11A and 14, two upstream fragments 

were prepared by PCR amplification, and subsequently cloned into 

pCaSpeR-AUG-pgal vector. The primers designed to amplify genomic 

fragments are: M4 RsrII, 27 mer, 5'-ggtacccggtccgctttggctgaacac-3';

M4 Bsp, 30 mer, 5'-gaattccgatgtactcgtaatgaaatcccc-3'; M4 Eag, 25 mer, 

5'-gaattcgctggagagtttttcggcc-3' (listed in Table 3). PCR reactions were 

carried out in 50(j,l total volume with 600ng of BAC DNA from "13 M4" as 

template, using 200fiM of forward and reverse primers, in presence of 

High-fidelity DNA Polymerase buffer IX , 200|aM of dNTP mix and 1 unit of 

High-fidelity DNA Polymerase (Strategene). Thermal cycler parameters 

for touchdown PCR reaction was as follows: ten cycles at 94°C for 30 sec, 

68°Cfor 1 min with 1 .5°C less each consecutive cycle, and 72°C for2  min; 

25 cycles at 94°C for 30 sec, 58°C for 1 min, and 72°C for 1 min and 40 

sec; final extension at 72°C for 15 min. PCR product at expected size 

1.25 kb and 2.9 kb were checked on 1.0% agarose gel electrophoresis, 

and then cloned in pCR4Blunt vector (Invtirogen). The two different 

inserts of 2.9 kb and 1.25 kb were verified by DNA sequencing performed 

by the Sequencing & Separations Facility at Hunter College (Center for 

Study of Gene Structure & Function).
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Figure 14. The 2.9 kb a/s upstream  fragm ent.

predicted promoter

exon

m 2.9kb fragment
2899 bp

als

2. M icroinjection

Each fly lab has a different set-up for microinjection, especially where 

needle pullers, micromanipulators, and dissecting scopes are concerned. 

The following is an established protocol in our laboratory.

(1 )  Supplies:

•  Agar plates with fru it juice (we use apple);

•  Yeast paste to feed flies, which is also believed to encourage 

mating, store at 4°C;

•  Embryo wash, "PBTx" (0.002%  Triton X-100 in PBS) in a squeeze 

bottle;

•  Small mesh basket for washing and dechorionating embryos;

110

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



•  Superfrost/Plus Microscope Slides (Fisher Scientific);

•  Double-sided tape (Scotch, 3M);

•  Halocarbon oil (Series 95; Halocarbon Products, SC);

•  Moist chambers for incubating injected embryos -  large Petri 

dishes with two supporting bars made from broken pipettes; 

moistened by putting wet Kimwipes;

•  Needles ("home-made", method described later);

•  Drying box with Drierite (Aldrich Chem. Co. Inc.);

•  Inverted microscope stage (Model: Bio Star; Reichert, Inc.)

•  3-way tim er

•  Tissue Freezing Medium for frozen tissue specimens (Electron 

Microscopy Sciences, PA)

(2 )  Procedures:

i) Preparation of egg-laying plates

1.5 g of agar in 50 ml of apple juice was dissolved by heating in 

microwave oven, another 50 ml of apple juice was added, brought to boil 

by microwaving, cooled down and added 1.5g of sugar, mixed by 

swirling gently and poured onto small plates (about 5cm in diameter for 

up to 12 plates). Plates were stored at 4°C. Yeast paste was added
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onto the center of the plate, warmed up before egg collection.

ii) Collection of em bryos

yw  flies that are deficient in the allele that is to mark the 

transformants, in this case, w 1118, must be in abundant supply, both for 

egg collections and later crosses. At least ~ 150 flies per egg laying 

plate are required to get a reasonable amount of embryos in 30 minutes.

Flies were transferred with a funnel into a disposable cup of which 

the diameter fits right onto the egg-laying plates. The cup was closed 

with the yeasted plate. The plates were turned over and let sit at least 

overnight. Usually flies were given two to three days to adapt to the 

chamber with frequent feeding, before egg collection for injection. 

Before injection began every day, eggs laid during the firs t 1~2 hours 

were discarded since they could have been kept in female flies too long. 

Ideal temperature range for injections range from 18 to 22 (including the 

microscope stage); low temperature improves the viscosity of the 

cytoplasm and slightly delays embryo development which gives higher 

success rate for injections.

yw  fly embryos were collected on apple juice agar plates with yeast 

paste at 30 minutes intervals and brushed into a 25-ml beaker 

containing about 3 ml of tap water. Chorions were removed by filling up
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the beaker with an equal volume of 3% sodium hypochlorite and 

incubating for 1 min at room temperature. The embryo suspension was 

then poured through a small basket. The small basket was made by 

removing the bottom of a scintillation vial and drilling a hole into its cap, 

which was used to secure a nylon mesh (opening 140 um). Embryos 

were rinsed thoroughly in a gentle stream of tap water for at least 2 

minutes, dried by touching with kimwipes, disassemble the nylon mesh 

basket, transfer the embryos to the non-taped part of a pre-taped slide 

by several gently touches of the nylon mesh.

iii) Lining up of em bryos

A stretch of double sided sticky tape (1 /4 " 3M, type 415 tape, 

Scotch) was mounted about 0.5 ~ 1mm to the edge of a microscopic 

slide lengthwise. Using a dull probe with tilted end at the tip, embryos 

were positioned to form a line w ithout touching one another on the edge 

of a double sticky tape with each embryo oriented in the same direction 

(posterior poles of embryos facing the edge). The anterior end of an 

embryo can be recognized by the dorsal appendages, which are two 

string like parts that come off the egg with the chorion. Also located on 

the anterior end is the micropile, a small nipple-like extension from the 

egg that should be visable after removing the chorion. A space of about 

1 to 1.5 embryo-widths were left between lined-up embryos, to avoid
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oxygen depletion. 40-50 embryos were usually lined up on each slide, 

with one quarter to one fifth of the ir posterior ends over the edge of the 

double stick tape.

Usually the young embryos look homogeneous and dark provided 

they are well dechorionated; while older embryos look more transparent, 

sometimes cellularization in the peripheral area already begins.

To complete the preparation for injection, embryos were 

desiccated in a petri dish containing Drierite (Aldrich Chem. Co. Inc.,). 

The time for embryo lining-up and drying varied depending upon room 

temperature and humidity. Typically, 5 - 7  minutes for lining-up and 3 

- 4 minutes for drying were applied for the first round. While the 

embryos of the first round were drying, a second round of lining-up was 

carried out ( 3 - 4  minutes) and then the second round embryos were 

dried for 1 -2 minutes. After desiccation, the embryos were covered 

with a thin layer of Halocarbon oil (Series 95; Halocarbon Products 

Corporation, North Augusta, SC, USA).

iv) Preparation of glass needle for injections

Needle-pulling technique depends on the configuration of the 

needle puller. In our lab, needles were pulled from capillaries (o.d. 1.0 

mm, i.d. 0.5 mm; World Precision Instruments, Sarasota, FL, USA) using
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a Vertical Pipette Puller (Model 700B; David Kopf Instruments, Pasadena, 

CA, USA). Examine pulled needles under dissection microscope, 

qualified needles were placed in a large Petri dish.

Before injection, sharp tips (proximal diameter of 2 nm) were 

generated by cutting the apex of the needle with a razor blade under 

dissection microscope.

v ) Preparation of DNA

Three plasmids were used for m icroinjection: the RB-construct 

(2.9 kb insert); the RE-construct (1.2kb insert) and the 

pCaSpeR-AUG-pgal vector alone as control). The injection solution was 

prepared with a 3:1 molar ratio of insert to helper plasmid. 3 jag of 

purified transformation plasmid along with 1 jag of "helper" plasmid was 

ethanol precipitated, washed in 70% Ethanol, and resuspend in 10 jal 

injection buffer (O.lmM Sodium Phosphate pH7.0, 5mM KCI). Samples 

were usually spun at maximum speed for a few minutes to pellet junk 

before load onto the needle. 1 nl of DNA was pipetted into the needle. 

The tip of the needle should fill by capillary action in a few minutes. The 

needle was checked under dissection microscope for air bubbles near the 

tip.
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vi) In jection

The construct-filled glass needle was carefully inserted into a 

needle holder which was mounted on an inverted microscope stage 

(Model: Bio Star; Reichert, Inc.). The needle holder was joined by a 

polyethylene tubing (i.d. 1.14 mm; o.d. 1.57 mm) to a 60-ml syringe. 

Needle tip was centered under scope. Rear end of embryo was focused 

on, then needle tip was brought into focal plane. Embryos were slowly 

moved towards the needle until it punctures the membrane, the tip of 

the needle was positioned within the embryo at 5% - 10% egg length 

(posterior pole = 0%) by moving the stage toward it. A tiny amount of 

DNA solution was injected using air pressure generated by pressing the 

syringe and quickly withdrew. Enough DNA should be flowing that one 

can see stuff moving inside the embryo. Most of the DNA was left in the 

most posterior cytoplasm, where the pole cells will form. The membrane 

should stretch inward w ithout crumpling, then instantly spring back 

when punctured. Wrinkled embryos and over aged embryos (indicated 

by clear cortical cytoplasm, a bumpy posterior surface) were avoided 

and destroyed.

v ii )  P o s t-in je c tio n

After microinjection, embryos were kept on the cover slip under oil 

in a moisture chamber and incubated in the fly room and scoop larvae

the next day. Slides are usually kept and closely observed for two days.
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Be sure to scoop the larvae before they crawl away. But do not collect 

larva until they have freed themselves from their egg shell.

Eclosed larvae were transfer to a labeled vial of fresh food 

containing cornmeal agar medium. The surface of the food were scored 

before adding scoopees. Place around 10 larva in each vial. Once they 

have pupated, male and virgin females of the wild-type flies should be 

collected.

v iii) Collecting Gos and making genetics crosses of 

transform ants

After hatching, each newly eclosed adults of Go flies must be collected 

before mating. Approximately half of these flies will be sterile, due to 

damage of the developing sex organs done by injecting. Go survivals 

were crossed with the original marker stock, yw. Each G0 was placed in 

a vial with four to five of yw  of the opposite sex. Their progeny (G i) were 

screened for transformants by identifying yw+ with restored eye colors, 

ranging from light yellow, orange to read. Each individual transformant 

was mated in the same fashion as before.

The G2 yw+ flies were crossed to yw  stocks containing appropriate 

Balancer chromosomes to establish homozygous stocks. Males/virgin 

females earring the P-transposon were mated with balancer stock of the
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opposite sex. The following balancer stocked were kindly provided by 

the Bloomington Stock Center: "4728" of genotype y [ l ]  w [ l ]  sn [3 ] f[36a ] 

ado[4P l]/FM 7a  detects transposon insertion on X chromosome; 

"4899" of genotype w [1118]; EcR[225]/CyO detects second 

chromosomal insertions; "3607" of genotype w [1118]; TM3, S b [l]/C xD  

(genetic crosses were set up to generate heterozygous flies earring 

RE/RB insert on the 3rd chromosome).

3. Analysing Transgenic Flies

(1 )  p-galactosidase activ ity  assay

p-galactosidase activity assay was determined according to Kitamoto 

et al. (1992) with slight modifications. Ten heads of 1-day old fly of 

each yw+ transformant line were homogenized in 200 p.1 of 

homogenization buffer (50mM Tris-CI pH 8.0, 0.1 M NaCI, and 0.5% 

Triton X-100). The homogenates were centrifuged at 14,000 rpm for 15 

minutes at 4°C. 25 |J of the supernatant was mixed with 50 jal of 10 mM 

chlorophenol red-p-D-galactopyranoside (CPRG, Boehringer annheim) 

and 450 1̂ of 50 mM sodium phosphate (pH 7.5) and 1 mM MgCb- 

Reactions were incubated at 37°C for 1 hour, and the absorbance was 

read at 574 nm. Samples were assayed in duplicates.

The amount o f protein was determined in parallel.
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The Microassay procedure from the Bio-Rad Protein Assay (Bio-Rad) 

was adopted. Serial dilutions of Rabbit gamma globulin (Sigma) were 

prepared which were representative of the protein solution to be tested. 

The linear range of the assay for IgG is 1.2 - 25 i^g/rnl. Pipeted 800 fil of 

each standard and sample solution into a clean, dry microtube. 200 fJ 

of dye reagent concentrate was added to each tube and vortex. 

Incubated at room temperature for at least 5 minutes (samples should 

be incubated at room temperature for no more than 1 hour). 

Absorbance was measured at 595 nm. Samples were assayed in 

duplicates.

(2 )  p-galactosidase Histochem istry

i) Frozen Sections

Tissue was mounted in O.C.T. compound (Lab-Tek Division, 

Miles). One drop of O.C.T. was added onto the surface of specimen 

holder. The holder was immersed half-way into liquid nitrogen until the 

O.C.T. compound began to freeze at the bottom. The holder was 

removed from the liquid nitrogen and placed on a fla t surface. The O.C.T. 

continued to freeze from bottom to top. A second smaller drop of O.C.T. 

was added when the unfrozen area had contracted to a ring of about 0.5 

cm in diameter. To ensure proper contact between the two blocks, the
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second drop of embedding medium was added before the first drop was 

completely frozen. The second drop, in which the tissue would be 

embedded had a diameter of approximately 0.5 cm. Before the second 

drop froze, the tissue was added -  either one-day old fly whole body or 

only head. Late stage pupae or adult flies were transferred to the block 

using a fine-tip forceps. Usually tissues of interest were embedded at 

high density in the center of embedment but not in contact with each 

other. The block was immersed again half-way into liquid nitrogen and 

allowed it to freeze completely. The block was transferred into the 

cryostat chamber and equilibrated for approximately 30 min. After the 

block has been equilibrated to chamber temperature, it was mounted to 

the microtome and trimmed if necessary. 10 -1 5  pm sections were cut 

and collected on subbed microscope slides. After the sections covered 

an area of about 18 x 36 mm of the slide, it was placed on a hot plate at 

about 52°C for 3 min to dry and flatten the sections onto the gelatin 

matrix of the slide. Now the slides were ready for fixation.

ii) X-gal Staining in Frozen Sections

The frozen sections on slides were fixed with 3% glutaraldehyde in 

PBS for 15 minutes at room temperature in a coplin jar. Slides were 

washed three times with PBS, 10 minutes each. After the wash, excess

PBS was removed with a Kimwipe gently and the slides were placed on a
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level surface in a moist a irtight chamber. A large Petri-dish with two 

sheets of water-soaked Kimwipes works well for this purpose. 50 |J of 

prewarmed X-gal staining solution (10 mM NaPC>4 (pH 7.2), 150 mM NaCI, 

1 mM MgCI2, 3 mM K4[FeII(CN)6], 3 mM K3[FeIII(CI\l)6], 0.3% Triton 

X-100, and 0.2% X-gal (in N,N-dimethyformamide, stored at -20°C); 

recipe obtained from Dr. Ballinger) was applied onto the dried slides as 

quickly as possible, put on all the coverslips, and immediately put the 

sealed chamber in a 37°C incubator. (50 [i\ suffices a 22 X 40 mm cover 

slip -  adjust accordingly for different sizes). Allow the staining reaction 

proceed for as long as necessary (from 1 hour to overnight). The slides 

were examined periodically under a dissection microscope. When the 

staining appears to be complete, the cover slips were floated off in PBS 

and washed with 2 changes of PBT (PBS with 0.05% Tween 20), 1 

change of 70% ethanol (the slides may be dehydrated through a graded 

ethanol series; the ethanol helps remove X-gal crystals deposited on the 

tissue sections during the staining reaction) and 2 changes of PBS 

sequentially. The slides were mounted in 90% glycerol in PBS. The 

glycerol mounting gives better morphology for photomicroscopy.

iii) X -gal Staining in W hole-m ount Embryos

A protocol from Dr. Leslie Pick (personal communication) was 

adapted for X-gal staining of whole mount embryos. Aged embryos (10
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- 22 hours) were collected and dechorionated in 3% sodium hypochlorite 

for 90 seconds. Dechorionated embryos were then fixed in freshly 

prepared fixation solution (heptane : 50% glutaraldehyde : PBS = 2 : 1 :  

0.5) for 10 to 15 minutes at room temperature. After settling, embryos 

in interface were transfered onto a glass slide in small drops and allowed 

heptane to evaporate. Embryos were picked up on the corner of a piece 

of double stick tape and placed on a new glass slide with embryos facing 

up. Covered with a drop of Ringer’s solution, embryos were 

devitellinized by poking them with a needle. Devitellinized embryos 

were collected in a microfuge tube and rinsed once with warm staining 

solution (10 mM NaP04, 150 mM NaCI, 1 mM MgCh, 3.05 mM 

K4[Fe(III)(C N )6], 3.5 mM K3[Fe(II)(CN)6]). The embryos were then 

stained at 37°C overnight in pre-warmed staining solution with 0.2% 

X-gal (in N,N-dimethyformamide). Stained embryos were rinsed with 

70% ethanol and 100% ethanol once of each and stored in 90% 

g lycero l/lX  PBS overnight. The embryos were mounted on a slide 

between two small coverslips, covered with long coverslip and observed.

iv ) P -G alactosidase H is to c h e m is try  in Larvae

Larvae from transgenic strains were also stained for p-galactosidase 

activity to assess a/s-reported expression in the larval CNS. The

method is the same as the above for whole-mount embryo staining
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except no need for the dechorionation step.

(3 )  Im m unohistochem istry -  Antibody stainings of frozen  

sections

Embryo, larvae, and one-day old adult flies from transgenic strains 

involving two different -lacZ  fusion genes were immunostained with 

anti-(3-galactosidase antibody to assess a/s-reported expression in the 

CNS. Fusion gene transformants were tested with polyclonal antiserum 

raised against ALS.

Frozen sections were prepared as described before, slides were fixed 

in 2.0% Glutaraldehyde in PBS at 4°C. For Drosophila heads, firs t the 

proboscis were removed and the head capsule fixed for 60-90 minutes. 

For other types of tissues, the fixation time can be adjusted according to 

their relative size and estimated efficiency of filtration. For 

Glutaraldehyde, depth of penetration is 2-3 mm/hour. The slides were 

washed in PBS and transfered to 12% sucrose in PBS at 4°C. Sucrose 

solution was allowed to infiltrate the tissue for 16 hrs. Then the tissue 

was removed from the sucrose solution and submerged in a drop of 

O.C.T. compound (Lab-Tek Division, Miles). Allow the tissue to be 

permeated by the O.C.T compound for 10-30 minutes at room 

temperature and then embeded in frozen O.C.T. compound using an 

ethanol-dry ice bath. 10-14 |am frozen sections were made in the
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cryostat and transfer section ribbons onto slides. Slides were heated 

briefly at ~40°C on a drying plate for no more than one minute to dry the 

sections onto the slides. Overheating may adversely affect the 

antigenicity of the protein of interest and the morphology of the tissue.

The sections were fixed immediately 0.5% glutaraldehyde in PBS 

for 20 minutes at room temperature and washed three times for 2-3 

minutes in PBS. Slides were blocked for 30 minutes in PBSG (0.2% 

BSA, 1% goat serum, 0.01% saponin in PBS), then washed through 

several changes of PBS/0.01% saponin.

75-150 |J of the primary antibody was applied at 1:200 ~ 1:50 

dilution in PBSG to each slide, cover slips were placed gently on the 

slides to evenly spread the antibody solution over the tissue sections. 

Slides in primary antibody were incubated for 30-60 minutes at room 

temperature or overnight at 4°C in a moist, a irtight chamber, 

subsequently washed through several changes of PBS/0.01% saponin 

(float off the cover slips in the firs t wash).

The sections were incubated with secondary antibody at the 

appropriate dilution in PBSG exactly as described for the primary 

antibody. For Bio-Rad Laboratories HRP-conjugated goat-anti-rabbit 

IgG, a 1:200 dilution for 30-60 minutes at room temperature works 

well.
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For an HRP-conjugated secondary antibody, the slides were again 

washed through several changes of PBS/0.01% saponin and then 

incubated in 0.5 -  1.0 ml of staining solution per slide w ithout cover 

slips or 100-150 \i\ with cover slips. (0.5 mg/ml diaminobenzidine 

(DAB), 0.003% H2O2, 1.5 mM C0 CI2, and 1.5 mM NiCI2. The latter two 

components were optional. In the ir absence, a brown product formed, 

whereas in the ir presence, a more intense blue-black product was 

obtained (Since the extent and localization of background staining can 

vary considerably between intensified and non-intensified preparations, 

it is often worth trying both methods in parallel).

The staining reaction was monitored under a dissection microscope. 

I t  usually takes 5-30 minutes fo r the reaction to proceed to completion. 

The reaction was stopped by washing the slides through a few changes 

of PBS. Slides were mounted under cover slips in 70% glycerol/PBS 

after air drying w ithout dehydration.

RESULTS

To identify transcriptional control elements regulating the a/s gene 

expression, transformant lines with two different upstream fragment at 

2.9 kb (RB) and 1.25 kb (RE) were initially analyzed. As illustrated in 

Figure 11A and Figure 13, both constructs contain the common region
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bp of upstream sequence flanking the als transcription start site, and the 

predicted promoter immediately proceed it. The 1.25 kb fragment was 

analyzed for transcription factor binding sites with computer-assisted 

programs. Several consensus c/s-elements has been identified which 

may play important role in spatial and temporal control of the als gene 

expression. The resulting transgenic flies after microinjection of both 

fusion constructs were analyzed for expression patterns of reporter gene 

construct in late embryos, larvae, late pupae, and frozen section of 

one-day old whole flies and head using X-gal staining and anti-p-gal 

antibody.

Q uantitative analysis of expression

Levels of expression from the transformed lacZ fusion genes were 

determined quantitatively with a simple liquid p-galactosidase assay 

system that uses CPRG as a substrate. CPRG produces a water-soluble 

product and is preferable to ONPG because it is reported to be ten times 

more sensitive (Simon and Lis 1987). For crude fly extracts, CPRG has 

the additional advantage over ONPG that the product absorbs at a 

wavelength not significantly interfered with by fly pigments. In CPRG 

assay of crude fly extracts, the rate of color development was constant 

over at least four hours of reaction time at 37°C and the relationship 

between extract concentration and CPRG cleavage was linear over a
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100-fold range of extract concentration (Simon and Lis 1987).

The results of p-galactosidase activity assay were shown in Figure 

15. The transformant lines of RB and RE constructs were studied. The 

p-galactosidase activity was expressed in arbitrary units as O.D. 

units/mg protein. Background due to endogenous fly p-galactosidase 

activity and light scattering material present in the crude extracts was 

measured by using extracts prepared in parallel from the 

nontransformed strain (yw). This background was subtracted 

numerically from p-galactosidase levels in transformant extracts. In 

addition, the previously establish positive transformant line "2-37M " was 

selected as positive control. As expected, the transformant lines with 

the expression vector alone (i.e. V) has only background level of 

p-galactosidase activity. All of the transformant lines with various 5' 

flanking regions showed various levels of p-galactosidase activity. The 

p-galactosidase activities directed by E3, E9, E l l ,  E13, E18, E27, and B l, 

B2, B5 and B9 were in a range between 0.3 and 0.8 O.D. units/mg 

protein. These results correspond to the results of X-gal staining.
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Figure 15. p-galactosidase Activity Assay.

Schematic representation of p-galactosidase levels in transformant extracts. The activity is expressed in arbitrary 
units as O.D. units/mg protein on Y-axis. "2-37M" is the positive control; "V" is the negative control. The bars 
indicate the average of all available isolines of each construct. The background was measured by using extracts 
prepared in parallel from the nontransformed strain (yw) subtracted numerically from p-galactosidase levels in 
transformant extracts.
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Expression specificity in Transform ed Lines

The expression patterns of one-day-old transgenic flies examined by 

X-gal staining were summarized in Table 7, along with the chromosomal 

location of P-element insertion of RB and RE constructs, respectively. 

The X-gal staining pattern observed for all positively expressing lines 

was qualitatively similar. No X-gal staining were detected in control 

transformant lines of yw. Most of RB and RE transformant lines (4 RB 

and 6 RE isolines of each) demonstrated sim ilar expression patterns. 

Some transformed lines showed no significant X-gal staining (data not 

shown), possibly indicating insertion into a nonfunctional chromosome 

position.

Table 7. Sum m ary of X-gal Staining in Iso lines of Transgenic flies.

Constructs Iso line
Name

Chromosome
Location

X-gal Staining  
(1  day-old adults)

2.9 kb B1 II +

B2 II +

B5 I I I +

B9 II +

1.2 kb E3 II +

E9 II +

E l l I I +

E13 II +

E18 I I I +

E27 II -
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Vector only V II -

"+ " , positive staining in Cl\ S

no staining detectable

In one-day-old adult horizontal head section, X-gal staining is 

detected in the cortical regions of the midbrain, the cellular cortex of the 

optic lobe area and the cortical regions of thoracic ganglia (see Figure 

17A, 18A). The intensity of staining varies in different CNS regions. 

The most intensely stained structures observed include the second and 

third order ganglia of the visual system, the optic lobes, large areas of 

the ventral-lateral and posterior protocerebrum, and the thoracic 

ganglion.

The patterns of p-galactosidase expression is also compared to that of 

the endogenous als gene expression. As shown in Figure 16A, the 

staining of whole-mount preparation of late embryo reveals intense 

X-gal staining pattern in subesophageal ganglion (sbg), 

supraesophageal ganglion (spg) and ventral cord (vc) which coincide 

with localization of als transcripts detected by whole mount in situ 

hybridization (Figure 16B, adopted from Sawruk and Schmitt 1990).
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Figure 16. |3-galactosidase distribution pattern in embryos.

The X-gal staining patterns in whole mount preparation of late embryos 
(16A) in comparison with in-situ hybridization diction of als expression 
(16B) (Sawruk et al. 1995). vc, ventral cord; spg, supraesophageal 
ganglion; sbg, subesophageal ganglion.

16A

As shown in Figure 17A, 18B, 18C and 19B, one-day old adult head 

section reveals a uniform X-gal staining in the cortical regions 

surrounding the lobula, lobular plate and medulla, while the cellular 

cortex of the lamina contains no X-gal staining. This agrees with the 

immunohistochemical data tha t the distal structure in lamina which is 

strongly immunoreactive with anti-ARD, but not with anti-ALS antisera 

(Schuster and Gundelfinger 1993). The optic lobe contains four
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neuropil regions, i.e., from distal to proximal: the lamina, the medulla, 

the lobula, and the lobular plate (Flybrain, Interactive database 

f http.V/flvbrain.neurobio, arizona.edu/). They are involved in the 

processing of visual information and its transmission to the central brain. 

All four neuropiles are organized in columns that are interconnected by 

perpendicularly running elements (Fischbach and Dittrich 1989). The 

lamina intrinsic (amacrine) cells and medulla neurons make their 

synapses in the lamina neuropile. The X-gal staining patterns observed 

in most of the transformant lines indicate the presence of moderate 

amounts of ALS-containing nAChRs in the entire synaptic region except 

for the lamina, where ARD might assemble with other a-like subunits to 

form a different nAChR subtypes. There are several evidence 

supporting this hypothesis. So far, the distribution of ALS, ARD, 

Da2/SAD and Da3 has been studied in the adult
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Figure 17. Distribution of p-galactosidase activ ity  in one-day  
old head section of RE-3 transform ed isolines.

The X-gal staining pattern in frozen section of one-day old RE-3 adult 
head are shown in 16A, as compared to 16B, head section of yw  strain as 
negative control. Abbreviations: cb, central brain; r, retina; m,
medulla; Ip, lobular plate; lo, lobular; v, ventral body; I, lamina

17A

cb
vb

% *..
lo Ip ■<
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Figure 18. D istribution of p-galactosidase activity in one-day  
old head section of RB-2 transform ed isolines.

The X-gal staining pattern in frozen section of one-day old RB-2 adult 

head are shown in 17B (enlarged partial head), 17C (head section), as 

compared to 17A, a schematic drawing showing the optic lobe and the 

neuropile regions at its vicinity. Abbreviations: cb, central brain; 

r, retina; I, lamina; m, medulla; Ip, lobular plate; lo, lobular; 

vb, ventral body;
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Figure 19. D istribution of (3-galactosidase activ ity  in RE-11 
transform ed isolines

The X-gal staining patterns in frozen section of one-day old adult brain 
(19B) as compared to ard  RNA transcript detected by in situ 
hybridization (Hermans-Borgmeyer and Gundelfinger eta /. 1989) (19A). 
cb, central brain; la, lamina; m, medulla; lo, lobular; vb, ventral 
body.
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Figure 20. D istribution of (3-galactosidase activity in thoracic  
region in RE-13 transform ed isolines

The X-gal staining patterns in frozen section of one-day old adult 
thoracic ganglionic center in an enlarged view (A) and in the thoracic part 
of a frozen section (B). tg, thoracic ganglion

A
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Figure 21. D istribution of (3-galactosidase activity in larvae of 
RE-18 transform ed isolines.

The X-gal staining patterns in frozen section of 1st instar larva (A) and in 
2nd instar larva (picture was taken with its ventral side up) (B). vns, 
ventral nervous system.
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Figure 22. D istribution of [3-galactosidase activ ity  in prepupae  
of RB-9 transform ed isolines.

The X-gal staining patterns in pre-pupae of control V-line (A), and 
transformant line RB-9 (B), an enlarged version of head region (C).

brain (Schuster and Gundelfinger 1993; Jonas and Gundelfinger 1994). 

While all four subunits are essentially co-distributed in most synaptic 

neurophil regions, only ARD and Da3, but not ALS and Da2, 

immunoreactivity is detected in globular cholinergic structures in the 

distal lamina. The identity of these structures is presently unclear 

(Chamaon e ta l. 2000). Second, ARD and Da3 are proved to be integral 

components of the same receptor complex by co-immunoprecipitation of 

both protein with anti-ARD and anti-Da3 antibodies respectively, as well 

as by immunohistochemical studies showing co-distribution of ARD and 

Da3 in synaptic neuropil regions of the optic lobe.
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I t  would be interesting to elucidate the complete quaternary 

structure of insect nAChRs at the ultrastructural level to decide whether 

any of those nAChR subunits sharing sim ilar distribution in the adult 

synaptic neuropil regions actually are present at the same synapse.

The patterns of p-galactosidase expression is determined by the 

extent of the specific putative regulatory DNA to drive lacZ expression. 

Expression specificity of the fusion constructs from transformant isolines 

of the 1.25 kb fusion gene containing 793 bp of upstream sequence was 

shown to be sufficient to drive als expression in CNS through different 

development stages, whereas the distinct staining pattern with X-gal 

identifying neurons in the CNS was qualitatively sim ilar to that of the 

endogenous als gene expression by immunohistochemistry and in situ 

hybridization reported by other research groups. We have also 

exploited expression of fusion proteins in neuronal population by 

immunohischemistry using a monoclonal antibody against 

p-galactosidase (Promega Biotech). However no satisfactory result has 

been achieved so far due to some technique problems.

Based on our in vivo analysis of the transformed flies, we conclude 

th a t the 793 bp 5 '-flanking sequence contains the essential c/s-acting  

regulatory elements responsible for spatial and temporal als gene 

expression.

The coincidence of als gene expression with periods of formation of
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the larval and adult nervous system ‘in Drosophila raises the question 

whether the als gene product is required for proper differentiation or 

whether its role is restricted to signal transmission in the functional CNS. 

Genetic studies using mutant defective in vertebrate neuronal nAChRs 

suggested involvement of development and maintenance of the CNS. 

Production of mutants of the als gene and a subsequent genetic analysis 

will be necessary to understand the precise role of the ALS protein in 

Drosophila development.

DISCUSSION

The Isolation and characterization of the gene coding for the 

Drosophila nAChR als subunit gene has been described previously 

(Bossy e ta /. 1988). Distribution of the als transcript was detected in all 

developmental stages from late embryogenesis to adulthood, but not 

during the first 2 hours of development. The als transcript seems to 

reach its maximum of expression at late-embryogenesis and to stay 

relatively stable up to early pupal stage, followed by 2-fold decrease in 

late pupal stage and 3-fold decrease at adulthood (7 days after eclsion) 

(Bossy et al. 1988). Spatial expression pattern of the als gene was 

detectable in the developing central nervous system but was not in any 

other tissues. Our in vivo data is in accordance with the temporal
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distribution, the a/s transcript was detected at a very high level in the 

CNS during early embryogenesis, in larvae, and early pupae stage. The 

main goal of this study is to define the molecular structure which lay 

down the fundamental blueprint for temporal and spatial regulation of 

the a/s gene encoding the ligand-binding a subunit of nAChRs in central 

nervous system.

The primer extension analysis and RACE-PCR suggested one 

transcription start of the a/s gene, which is located 29 kb upstream from 

the translation start site. Common start sites were identified in both 

late embryonic stage and one-day-old adult, indicating a conservation of 

transcription initiation during development in embryonic as well as 

one-day-old adult stages. In  vivo study was performed with fusion 

constructs that contain upstream fragments (RB -2.9 kb) and RE-1.25 kb) 

including transcription start site and part of the first non-coding exon. 

Analysis of transformed lines after P-element mediated transformation 

indicated the 1.25 kb construct with 793 upstream sequence contains 

sufficient promoter activity flanking the transcription start sites, i.e. 793 

bp upstream sequence around the transcription start site is shown to 

drive tissue-specific expression during the development from early 

embryogenesis, larval, early pupal, late pupal to young adult stages. 

The temporal and spatial expression pattern of lacZ fusion gene is sim ilar 

to that of the endogenous als gene expression. This confirms our
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mapping of the transcription start sites and our assumption that the 

regulatory sequence resides in vicinity of the transcription start site.

Given the fact that expression patterns of RE and RB constructs do 

not appear to differ, it may also be possible that the critical region is the 

promoter per se, independently of its type. Now with the essential 793 

bp sequence required for correct expression of the als gene, the 

transcriptional regulation of the als gene is complex and needs further 

investigation.

The 793 bp als upstream region was further compared to the 5' 

flanking regions of other genes encoding proteins involved in 

neurotransmission in the Drosophila nervous system, such as 

acetylcholinesterase (ace) (Fournier e t a!., 1989), choline

acetyltransferase (ChAT) (Carbini e ta l. 1990). No significant sequence 

sim ilarity has been found between the als regulatory region and the 

promoter regions of those genes.

In summary, by using P-element-mediated transformation, we were 

able to identify the upstream regulatory sequences which confer 

neuronal specificity on the Drosophila nAChR als subunit gene. During 

development (including late embryonic, late pupae and one-day-old 

adult stages), the 793 bp upstream sequence within a 1.25 kb fragment 

of the als gene directed reporter gene expression to specific subsets of 

neurons in CNS of transformed flies. The expression pattern is sim ilar
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to that reported for the als transcript detected in embryo by in situ 

hybridization (Sawruk et al. 1990) and the ard transcript detected in 

adult CNS (Hermans-Borgmeyer e t al. 1989). Our results suggest that 

the 1.25 kb DNA fragment around the transcription start site contains at 

least several c/'s-acting regulatory elements and is sufficient to confer 

spatial and temporal transcriptional specificity. However, it cannot be 

excluded that additional c/s-acting elements further upstream of the 5' 

flanking DNA contribute to the expression pattern of the als subunit gene. 

In addition, some possible sequence motifs of known c/'s-regulatory 

elements have been identified within the 1.25 kb fragment while the 

functional significance of all potential c/s-elements remains to be 

established.
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