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ABSTRACT 
The  genomic  organization of a gene  coding  for an a1 subunit of a voltage-gated calcium channel of 

Drosophila  melanogaster (DmcaIA) was determined.  Thirty-four  exons,  distributed  over 45 kb of  genomic 
sequence, have  been  identified  and  mapped,  including  exons in three  regions  involved in alternative 
splicing and new  sites  potentially  involved in RNA editing.  The  comparison of the  intron/exon  bound- 
aries of this channel with a mammalian counterpart shows that the genomic  structure of these two  genes 
has  remained  fairly similar during  evolution, with more  than  half  of  the  Drosophila intron  positions 
being  perfectly  conserved  compared  to  the  human channel. Phylogenetic analysis of the mutually exclu- 
sive alternative  exons  revealed  that  they  have  diverged  considerably. It is suggested  that this divergence, 
rather  than  reflecting  evolutionary age, is the likely result of accelerated rates of  evolution  following 
duplication. 

M UTATIONS  involving  voltage-sensitive ion  chan- 
nels in Drosophila melanogaster have been impli- 

cated in phenotypes as  diverse as paralysis, olfactory 
defects and  learning (COWAN and SIEGEL 1986; WU and 
GANETZKY 1992; LILLY et al. 1994). This variety of pheno- 
typic effects seems to correlate with the diversity and 
functional  importance of these channels with respect 
to different cellular phenomena  (HILLE  1992). 

Courtship and vision appear to be further  pheno- 
types influenced specifically by certain  ion-channel vari- 
ants.  In  the  former behavior, D. melanogaster males vi- 
brate  the wings, producing  a “lovesong.” A few genetic 
variants have been isolated that affect distinct features 
of this courtship  song (HALL 1994). One of these mu- 
tants, cacophony (cac) ,  is characterized by longer in- 
terpulse intervals (IPIs) and pulses that  contain  more 
cycles than  normal  (SCHILCHER  1977). This mutation 
maps to a locus on  the X chromosome  that is also the 
site of night-blind-A ( n b A )  visual mutations and  the le- 
thal mutations  at  a locus called l(l)L13. However,  while 
the l(I)L13 mutations fail to complement  the  song  and 
visual defects of cac and nbA, respectively, cac/nbA flies 
are  apparently  normal (KULKARNI and HALL 1987). The 
complex complementation  pattern  among these ge- 
netic variants suggests a similar complexity at  the molec- 
ular level. Recently, we have cloned cDNAs that  map 
to this locus and  encode a new a 1  subunit of a voltage- 
sensitive calcium channel,  named DmcalA (SMITH et al. 
1996). 

Voltage-gated calcium channels  are usually formed 
by four or five proteins; they are involved in a  number 
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of important processes, such as neurotransmitter re- 
lease and muscular contraction (MCCLESKEY  1994; DUN- 
LAP et al. 1995).  The a1 subunit is the calcium-conduct- 
ing  pore; it is usually formed by four homologous 
domains or repeats, each one composed of  six putative 
a-helical  transmembrane  domains  (TANABE et al. 1987). 
The  fourth  transmembrane  domain in each repeat has 
positively charged residues every three to four  amino 
acids and is thought to be the voltage sensor of the 
channel;  the link between the fifth and sixth transmem- 
brane  domains in each repeat forms part of the  pore 
of the  channel (TANABE et al. 1987). 

Six different classes  (A, 8, C, D, E and S) of voltage- 
gated calcium channels have been identified so far, 
based on sequence similarities,  tissue distribution and 
electrophysiological and pharmacologxal characteristics 
(HOFMANN et al. 1994;  STEA et al. 1995). Preliminary anal- 
ysis of the predicted amino-acid sequence of Drosoph- 
ila’s DmcalA indicated that this channel is more related 
to the non-L-type, dihydropyridine-insensitive mamma- 
lian calcium channels compared to other vertebrate sub  
types (SMITH et al. 1996). Previously  only one  other volt- 
age-sensitive  calcium channel was known  in Drosophila 
(ZHENG et al. 1995).  A Musca domestica homologue has 
also been cloned (GRAFJNER et al. 1994). However, the 
amino-acid sequence encoded by these two genes show 
stronger sequence similarity  to dihydropyridine-sensitive, 
Ltype calcium channels from mammals. 

In  this paper we present a detailed analysis  of the geno- 
mic organization of the Drosophila gene (DmcalA) en- 
coding this  new calciumchannel a1 subunit. We have 
also examined the evolution of  two pairs of mutually 
exclusive exons involved in alternative  splicing. The data 
not only  establish the necessary  basis for further experi- 
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ments and evolutionary  analysis  involving genomic DNA 
from the cuc/nbA/l(I)L13 locus but also  reveal the extent 
to  which the genomic structure of  calcium channels is 
conserved throughout evolution. 

MATERIALS  AND METHODS 

Isolation of cosmid clones: Library screens and  other mo- 
lecular  techniques followed SAMBROOK rt d .  (1989) unless 
stated otherwise. For the isolation of cosmid 3.2a, the Tamkun 
library (TAMKUN et nl. 1992) was screened with a fragment 
from a  phage clone called 320, which had been derived from 
a  chromosomal walk through  the gustrulutiwn dPfertiuP locus 
(GOIULSKI 1985; SMITH et al. 1996), which neighbors CQC and 
interacting  mutations. The cosmid LST-1  was also isolated 
from the  Tamkun library, using a PCR-generated probe de- 
rived from  the cDNA  cS9a (SbtrrH et ul. 1996), which encodes 
part of the intracellular C-terminal tail of the DmcnlA channel 
(residues 1556- 1802). 

PCR and DNA sequencing: PCR  was carried out in a PTC- 
100 (MJ Research) for 30 cycles (95" for 1 min, 65" or 60" for 
1 min and 70" for 1-5  min). Taq DNA polymerase from 
Promega or  the TaqPlus Long PCR  System (Stratagene) were 
used. Reactions were performed in 50 p1 using 200 ng of 
genomic DNA  as template,  primers at 1 p ~ ,  and dNTP  at 
0.25 IIIM each (each of these being final concentrations). In 
most cases primers used were based on  the cDNA sequence 
(SbiITlI et nl. 1996). PCR fragments were purified using either 
the QIAEX I1 Gel Extraction kit (QMGEN) or the QIAQUICK 
Spin PCR Purification kit (QMGEN). Sequencing reactions 
were also carried out  on a PTC-100 for 25  cycles (96" for 30 
sec, 50" for 20 sec and 60" for 4 min) using the PRISM  Dye- 
Deoxy Terminator Cycle Sequencing Kit (Perkin-Elmer/Ap- 
plied Biosystems). The reactions were run on a Perkin-Elmer/ 
Applied Biosystems model 373A DNA sequencer. PCR frag- 
ments were sequenced directly o r  were cloned first, using the 
pGEM-T Vector System 1 (Promega)  or  the TA cloning kit 
(Invitrogen). Additional sequencing reactions were carried 
out using subcloned  fragments  from cosmids or using the 
cosmid clones directly as template; both vector-based and 
gene-specific primers were used in these sequencings. 

Analysis of DNA and protein sequences: The GCG Package 
Version 7 (GENETl(:S < h M P L T T E R  G R O U P  1991) was used for 
the assembling and analysis  of  rhe DNA sequences. BLAST 
(XI,TX:HI~I. PI al. 1990) was used for database searches. The 

protein and DNAsequence  alignments and phylogenetic anal- 
ysis. Alignments were performed using the BLOSUM matrices 
and trees were constructed using the neighbor-joining 
method (S.UI.<)LI and NEI 1987), excluding positions with gaps 
and  not correcting for multiple hits. 

CLUSTAL. W SOftWdrC! (TI-~OMPSON ~t d .  1994) Was Used for 

RESULTS 

Genomic  organization of DmcalA One of the first 
steps in  the molecular analysis  of a genomic region 
known  to contain cacophony ( r a c ) ,  night-blind-A (nbA) ,  
and  the 1(1)L13 lethals was to isolate the cosmid  3.2a 
(see MATEIUALS AND METHODS and  TAMKUN et al. 1992) 
using as a  probe  a  fragment from a phage clone; this 
material (called 320) had  been derived from a  chromo- 
some walk through  the nearby locus gastrulation deJi?ctive 
(GOKALSEC[ 1985) and had  been shown to recognize 
restriction fragment  length polymorphisms associated 
with inversion breakpoints in  this region ((L;OKAI.SKI 

1985; SMITH et al. 1996). Extensive sequence analysis  of 
this cosmid was carried  out showing that  the insert in 
3.2a contains  a genomic fragment  that includes DmcalA 
exons from number 2 to 23 (see Figure 1). A second 
cosmid (LST-1) was isolated from the same library using 
as a  probe  a cDNA fragment  containing  part of the 
intracellular C-terminal tail (see Figure 1, bottom left). 
Sequence analysis revealed that  the insert in this  case 
did not overlap with the previous one but  contained 
sequences including exons 26-34 (Figure I ) .  Genomic 
sequences containing  the missing exons were then ob- 
tained by PCR (see MATERIALS AND METHODS). 

Figure 1 shows a diagrammatic representation of the 
channel with its four homologous domains or repeats 
(called I ,  11, 111 and IV), each one composed of six 
membrane  spanning regions (ISl, IS2, IS3, . . . to  IVS6). 
The figure also  shows a schematic representation of the 
genomic organization of the  gene with the  correspond- 
ing positions of  all these channel  domains. A total of 
34 exons, of which  32 contain  coding  sequences, distrib- 
uted over  45  kb  of genomic  sequence have been  identi- 
fied and mapped. In two of the homologous repeats, 
domains I and IV, the six transmembrane  domains  are 
usually found in different exons. That is not  the case 
for  the I1 and 111 repeats,  for which single exons encode, 
respectively, four  and five transmembrane domains (see 
also  Figure 2).  

Two mutually exclusive alternative exons (nos.  5  and 
6) that  code  for  the IS3/IS4 extracellular loop plus 
the IS4 transmembrane  domain were found. They were 
called, respectively,  IS4a and IS4b.  Two other mutually 
exclusive alternative exons  coding  for  part of the  loop 
between homologous domains I and I1 (exons 10 and 
11 called, respectively, I/IIa  and  I/IIb) have  also been 
identified. 

Intron/exon boundaries in DmcalA Table 1 shows 
the  length of each exon,  the sequences at  the  5' splice 
donor  and 3' splice acceptor sites, and the  approximate 
intron sizes. The consensus sequences at  the  intron/ 
exon boundaries and  the frequency of occurrence of 
each base are shown at  the bottom of the table. The 
amino-acid positions at which introns  are  found in the 
DmcalA gene  are also shown. "Intron phase" in the 
last colunln of Table 1 refers to the base position within 
the  coding  sequence  in which a given intron falls (phase 
0 + before first base, phase 1 + after first  base and 
phase 2 + after second base). 

The calcium-channel encoding exons vary in length 
between 6 to >500 bp (Table l ) ,  whereas intron sizes 
range from 62 bp to -6 kb. The consensus sequences 
for the  5' donor  and 3' acceptor sites agree well  with 
the previously reported Drosophila consensus se- 
quences (MOUNT et al. 1992). Note that  exon 23 has 
only six bases.  However, eight of the flanking intronic 
bases  (cagCACGATgtaag)  show a perfect match to the 
Drosophila consensus sequences (MOUNT et al. 1992) 
as well  as to the consensus shown  in Table 1. Analysis 
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FIGURE 1.-Genomic 
organization of DmcalA. 
The left  side  of the fig- 
ure shows a diagram of 
the putative  topology of 
the channel. There are 
four homologous do- 
mains, or repeats, called 
I, 11, 111, and IV. Each 
one is composed of 
six transmembrane do- 
mains called, respec- 
tively, S1, S2, S3, S4, S5, 
and S6. Therefore IS1, 
for example, is the first 
transmembrane domain 
from the homologous 
repeat I. The right  side 
of the figure shows a 
schematic representa- 
tion of the genomic or- 
ganization of the DNA 
cloned  from the rele- 
vant  X-chromosomal l e  
cus. W, the 34 exons so 
far identified; 0, in- 
tervening introns. The 
approximate position  of 
the transmembrane do- 
mains is indicated. The 
exons containing the 
start and stop codons as 
well as the intracellular 
C-terminal tail are also 
indicated. Note that 
there are two alternative 
exons  coding  for the IS4 
domain  (called IS4a and 
IS4b) and two for part 
of the loop  between 
homologous  domains I 
and I1 (called I/IIa and 
I/IIb). The length ofin- 
trons and exons is not 
to  scale.  Boxes repre- 
senting introns >2  kb 
are shown  with broken 
lines. 

of cDNAs (SMITH et al. 1996) indicated  that this exon 
is an  optional  insertion  in  the IVS3/IVS4 loop  not pres- 
ent  in all transcripts. 

Among  the 29 introns  that  interrupt  the  coding se- 
quence  (thus  excluding  the  introns between  mutually 
exclusive alternative exons)  the  three phases occur  at 
similar  frequencies (10 for  phase 0,  9 for  phase 1 and 
10 for  phase 2).  However, an excess of exons  that  are 

symmetric,” that is, which  start and  end  in  the same 
phase,  seems  to  occur (14 out of 28, therefore SO%, 
compared  to  an  expectation  of -33%; yet this difference 

“ 

failed  to  reach statistical significance with this small sam- 
ple size, x‘ = 3.39, d.f. = 1, 0.10 > P > 0.05). They also 
tend  to cluster  together.  For  example,  exons 20-24 start 
and  end in  phase 0,  exons 12-14 start and  end in  phase 
1, and  exons 15-18 start and  end in  phase 2. 

Position and conservation of  intron/exon bound- 
aries: In Figure 2 the  predicted  protein  sequence of 
DmcalA is aligned  to  the  human calcium channel CAC- 
NLlAl (SOLDATOV 1992,1994). The  approximate loca- 
tions  of the  transmembrane  domains  are  highlighted 
above the  sequences,  and  intron  positions  are  marked 
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TABLE 1 

Intron/exon boundaries in DmcalA 

5’ donor site 
Length 

3’ acceptor site 
Intron size Amino Intron 

Exon (bp) -3 -2 -1 1 2 3 4  5 (kb) -3 -2 -1 1 2 3 acid phase 

1 >38 C T G g t  g a g 3 c a g T T C  
2 414 A C G g t a c g 0.61 c a g G T T  
3 319 T T G g t a a g 0.074 t a g [G A A]  Glu74 (0) 
4 140 G [ G  G g t  a a a 0.47 c a g A I  G C Gly120* (2) 
5 101 C A { A  g t a a g 1.5 c a g A I  T T Glyl20* (2) 

7 156 C A [A g t  a a t 0.064 c a g A C ]  A Asn206 (1) 
8 221 T G G g t a a g 0.099 c a g [A C C l  Thr280 (0) 
9 104 T [G G g t a a g 0.55 c a g A I  G A Gly314* (2) 

10 116 C A [ G  g t  t t a 1.4 t a g T I  G A Gly314* (2) 
11 116 C T ( G  g t a t g 0.74 c a g A G I  G Glu353 (1) 
12 60 A G [G g t a a g 0.063 c a g C TI  C Ala373 (1) 

6 101 C T [ A  g t g a g 0.42 c a g G TI T Ser154 (1) 

13 105 A T [G g t t a g 1.0 t a g G TI  T Gly408 (1) 
14 198 T G [T g t a c g 0.073 c a g A C ]  T Tyr474 (1) 
15 514 T [A T g t a a g 0.79 c a g A]  T A Ile645 (2) 
16 336 T [C C g t  a a a 1.1 c a g C ]  A T Pro757 (2) 
17 564 C [C A g t  a a g 5 a a g G I  G G Gln945 (2) 
18 144 A [C A g t a a g 0.37 t a g G I  G T Gln993 (2) 
19 202 C A G g t  g a g 1.5 t a g [A A A] LyslO61 (0) 
20 165 A A G g t a a g 0.11 c a g [ T  A TI Tyr1116 (0) 
21 111 A A G g t g a g 0.126 t a g [A A C] Asn1153 (0) 
22 84 G G G g t a  a t 2 c a g [C A C] His1181 (0) 
23 6 G  A T g t a  a g 6 c a g [T C G I  Ser1184 (0) 
24 183 C A G g t a  a g 2 t a g [G T G I  Val1245 (0) 
25 95 C [ A  G g t a  c g 2 c a g G I  T G Arg1276 (2) 
26 282 G [ A  C g t  a a t 0.62 t a g TI G G Thr1370 (2) 
27 203 C G [C g t a t g 0.21 c a g C TI  G Pro1438 (1) 
28 209 C C G g t a  a g 5 t a g [A T G I  Met1508 (0) 
29 122 G [ A  G g t a a g 0.062 c a g G I  C A Arg1548 (2) 
30 164 G A [G g t  a t t 0.57 t a g G TI  T Gly1603 (1) 
31 201 T G [G g t  a c a 2 c a g G TI  G Gly1670 (1) 
32 152 C A T g t a a g 0.19 c a g [A C A] Thr1721 (0) 

34 >557 
33 245 A [A G g t g a g 0.065 c a g A] C T Arg1802 (2) 

Consensus C A G g t a a g c a g A T T  
0.4 0 . 5  0 . 6  1 1 0.8 0.8 0.8 0 . 7  1 1 0.4 0.4 0 . 3  

The length of exons are exact, whereas intron sizes are  in most cases  only approximations. Intron sequences are shown in 
lower  case. The  amino acids at the intron/exon boundaries are shown in the sixth column. The bases coding  for these amino 
acids are shown between brackets, [ 1, except  for those from mutually exclusive alternative exons (5  and 6; 10 and l l ) ,  which 
are shown between braces, [ 1; note also that  the relevant amino acids are marked with  asterisks. “Intron phase” refers to  the 
base position in the  coding sequence  for which the intron occurs (phase 0 + before first base, phase 1 + after  first base, and 
phase 2 + after  second  base). The consensus sequence and the  frequency of occurrence of each base for the intron/exon 
boundaries are shown at  the  bottom. 

with triangles in CACNLlAl and inverted triangles in 8, 9,  14,  16,  17, 18, 19, 20, 21, 22, 24, 25, and 26) seem 
DmcalA. Of the 29 introns  that  interrupt  the  coding perfectly conserved compared to the  human  channel. 
sequence of the Drosophila channel, 16 (nos. 3, 4, 6, Not only the positions but also the phases in which the 

FIGURE 2.-Position and conservation of intron/exon boundaries. The predicted  protein  sequence of DmcalA (cJ: SMITH et 
al. 1996) is aligned  to  the human calcium channel CACNLlAl (SOLDATOV 1992, 1994). Asterisks between the  sequences  indicate 
positions with identical amino-acids, while the  dots  indicate similar ones. The approximate locations of the transmembrane 
domains are highlighted above the sequences. Intron positions are  marked with A in CACNLlAl and V in DmcalA. The introns 
are  numbered according  to the preceding  exons  (see also Table 1, and Table 1 of SOLDATOV 1994).  The  amino acids at  the 
intronexon boundaries are  underlined.  The  10 differences observed between genomic and cDNA sequences, which might reflect 
RNA editing, are shown above the DmcalA sequence (see text and Table 2). The putative 3-bp exon  encoding the aspartic acid 
(D)  at position 1183 (see SMITH et al. 1996) has not been mapped yet and for  that reason this amino acid is shown in lower 
case. 
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TABLE 2 

Putative RNA editing sites in DmcalA 

Amino acid Genomic cDNA 
position sequence sequence 

514 
815 
839 
906 
937 

1016 
1185 
1368 
1580 
1602 

AGT (S) 
ATA (I) 
AAT (N) 
AAC (N)  
AGT (S) 
ATG (M) 
AAC (N)  
AAT (N) 
AAT (N) 
AGA (R) 

GGT (G) 
ATG (M) 
AGT (S) 
AGC (S) 
GGT (G) 
GTG (V) 
AGC (S) 
GGT (G)" 
GAT (D) 
GGA (G) 

Base differences between genomic and cDNA codons are 
shown in bold, whereas the encoded amino acids are shown 
in parentheses. 

" Two nucleotide  differences at this codon. 

intron occurs were taken into  account in specifying  this 
level  of conservation. Three  others  (nos. 7, 13  and 27) 
map to very similar positions and  are in the same phase. 
Note that in both genes the  introns usually  fall between 
rather  than within transmembrane domains. The puta- 
tive  3-bp exon encoding  the aspartic acid (D) at posi- 
tion 1183,  which was found in some cDNAs (SMITH et 
ul. 1996), has not been  mapped yet. For that reason 
this amino-acid is shown in lower case. 

Figure 2 also  shows 10 amino-acid positions for which 
differences were found between the  predicted  protein 
used in the  alignment, which is based on cDNAs  se- 
quences  (SMITH et al. 1996),  and  the  predicted  protein 
based on  the  genomic sequences. Six  of those differ- 
ences have been observed previously among c D N h  In 
all 10 cases the differences are  due to A -+ G changes 
in which the  adenosine is  always found in the genomic 
sequence.  Therefore, these differences might be caused 
by RNA editing similar to  what is found in mammalian 
glutamate receptors (see DISCUSSION). In one case two 
adjacent nucleotides from the same codon were 
changed  (see Table 2). 

Sequence  analysis of mutually  exclusive  alternative 
exons: As a result of the extensive sequence analysis  of 
cosmid 3.2a we found two regions in which the same 
protein domain seem to be encoded by  two different 
exons. In  one case, alternative exons coding for  the 
IS3/IS4 extracellular loop  and the IS4 transmembrane 
domain (called IS4a and IS4b) were identified within 
2.5 kb  of intronic sequences separating  domains IS3 
and IS5. These exons were  easily recognized by  BLAST 
searches of databases, due to the high conservation of 
the  transmembrane  domain IS4. Later a cDNA con- 
taining the form IS4b was found  (SMITH et al. 1996); 
one that would encode form IS4a has yet  to be isolated. 
However, the precise intron/exon boundaries of IS4a 
were confirmed by  RT-PCR and sequencing. The  other 
pair of alternative exons  (deduced from cDNAs) codes 

for  part of the  loop between homologous domains I 
and I1 (called I/IIa  and  I/IIb). 

To gain additional insight on  the origin and rate of 
divergence of these alternative exons and  on the ones 
coding  the IS3/IS4 extracellular loop  and  the IS4 trans- 
membrane  domain,  a phylogenetic analysis of the re- 
gions encoded by these exons was carried out.  One 
gene  representing each one of the six  classes (A, B, C ,  

D, E and S) of mammalian calcium channels was in- 
cluded in the analysis  as  well  as the only other Drosoph- 
ila calcium channel known so far (DmcalL)). 

Figure 3a shows a  gene  tree based on  the amino-acid 
sequences encoded by the IS4a and IS4b alternative 
exons and  the mammalian sequences for  the  region. 
Figure 3b shows a similar tree  for  the 1/11 loop region. 
The alignments for  the two regions with alternative ex- 
ons  that were used in the  tree constructions are shown 
in Figure 4, a and b. The overall  topolocgy  of both trees is 
similar to a preliminary analysis using whole sequences 
(SMITH et ul. 1986). Based on this previous analysis the 
roots of these trees fall between the non-L-type, dihy- 
dropyridine-insensitive channels classes A, B and E- 
plus the Drosophila gene DmcalA-on one side; and 
the L-type, dihydropyridine-sensitive channel classes C, 
D and S-plus the Drosophila gene DmculD-on the 
other. An outgroup such as a voltage-sensitive sodium 
channel was not used to construct  the trees in Figure 
3, a and b, because the alignments in the regions en- 
coded by the alternative exons were found to be very 
poor  (not shown). 

The results obtained  for  the IS3/IS4 extracellular 
loop and  the IS4 transmembrane  domain (Figure 3a) 
show that  the isoforms IS4a and IS4b appear as inde- 
pendent splits from the lineage that gave  rise to classes 
A, B and E. This could be interpreted as meaning  that 
the duplication giving  rise to these alternative exons was 
before the  arthropod/vertebrate  separation. However, 
because the region compared is  very small and  the boot- 
strap value low (55%), these results should be viewed 
with caution. Moreover, as can be seen in Figure 4a, 
the  alignment  in  the IS3/IS4 loop  (see also Figure 2) 
is  very difficult with  obvious  past deletion and insertion 
events. In fact, the position of the gaps in the  alignment 
clearly  suggests that IS4a and IS4b are  more closely 
related to each other than to  any other  channel.  Other 
possible alignments are  obtained if different gap penal- 
ties are used or if the conserved IS3 domain is used  to 
"anchor"  the  alignment. However the trees obtained 
from these other alignments are  rather similar  to Figure 
3a, and even when IS4a and IS4b are placed on  the 
same branch,  the  node is  very deep. Note that  the pro- 
tein divergence between the two mutually exclusive  al- 
ternative exons for  the whole region (including  the 
gaps in the multiple alignment) is 39% (13/33). This 
value is similar to, for  example,  the divergence of the 
mammalian genes D and S (18/47 = 38%) and much 
higher  than  the divergence between channel classes A 
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FIGURE 3.-Phylogenetic  analysis  of  alternative  exons.  Representatives of the six  classes  of  mammalian channels and the 
Drosophila  gene DmcalD (ZHENG et al. 1995) were compared to DmcalA. The following  mammalian  genes  were  used:  rabbit 
classes A (MOM et al. 1991), B (FUJITA et al. 1993), E (NIIDOME et al. 1992), and S (TANABE et al. 1987); and  human classes C 
(SOLDATOV 1992) and D (WILLIAMS et al. 1992). The  trees  were  constructed with the  neighborTjoining  method (SAITOLI and NEI 
1987) using  CLUSTAL W software (THOMPSON et al. 1994). The numbers  on  the  trees  represent  the  branch  lengths  (placed 
upon branches) and the percentage  bootstrap values (in italics)  based  on 1000 replicates (FELSENSTEIN 1985). (a) A tree  for 
the protein  sequences encoded by the  alternative  exons IS4a and IS4b and the  mammalian  sequences  for  the  same  region. (b) 
A similar  tree  for the protein sequences  encoded by the  alternative  exons I/IIa and I/IIb. The  alignments  for  the two regions 
with alternative  exons  that were  used  in the  tree  constructions are shown  in  Figure 4, a and b. 

and B (2/30 = 7%). The phylogenetic analysis, there- 
fore,  does  indicate  that  the divergence  between the two 
alternative  exons is very high. 

Figure 3b shows an even more striking  result. The 
alternative exon  I/IIb seems much closer  to channel 
classes A, B and E than  to  exon  I/IIa. While, for exam- 
ple, the  protein  divergence between I/IIb  and  the mam- 
malian channel A is only 16% (6/38), the divergence 
between the two alternative  exons is 61 % ( 2 3 / 3 8 ) .  That 
is the  same value for  the divergence  between I/IIa  and 
channel class A, and  higher  than  the value for  the diver- 
gence between I/IIa  and  channel classes C or D (20,' 
38 = 53%).  In fact,  taken at face value, the result of 
Figure 3b suggests that  I/IIa  separated very early from 
the lineage  that gave rise to  I/IIb  and  the non-L-type, 
dihydropyridine-insensitive channels classes A, B and E, 

perhaps  about  the  same time the  separation between L 
and non-L type channels  occurred.  Once again,  in  spite 
of the associated high  bootstrap value in this case 
(99%),  due to  the  short  sequences involved, this result 
must be  regarded with caution. Yet it does  point  to a 
very high  divergence  between  those two isoforms. 

DISCUSSION 

The  al-subunits of voltage-gated calcium channels  in 
vertebrates are  encoded by an extensive gene family, 
broken down into six different classes (HOFMANN et al. 
1994; STEA et al. 1995).  These  channels  mediate a  num- 
ber of functions  in many different tissues (MCCLESKEY 
1994; STEA et al. 1995).  In insects only three  genes cod- 
ing  for  al-subunits have been  cloned so far (GRABNEK 
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a 

IS4a -AMTIFAF.ANIDV-------------DLRMLRSFRVLRPLKLVSRIP 
IS4b -FMTQYPQIGPEV-------------DLRTLRAIRVLRPLKLVSGIP 
A "" ILATVGTEF-------------DLRTLRAVRVLRPLKLVSGIP 
B 
E 

ILATAGTD--------DLRTLRAVRVLsRPLKLVSGIP 
ILATAGTHFN---------TLRTLRAVRVLRPLKLVSGIP 

"" 

"" 

C LFSAILEQATWANALG-GKGAGFDVK&LRAFRVLsRPLRLVSGVP 
D LFSVILEQLTKETEGGNHSSGKSGGFDVKALRAFRVLRPLRLVSGVP 
S WTAILEQWIQSNTAPMSSKGAGLDWALF3SRVLRPLRLVSGVP 
hncalD AISTALSQLMKDA------------FDVKALRAFRVLRPLRLVSGVP 

*,.  ** ,  ****** .***  , *  

b 

sequence of most  known mammalian homologues are 
intronless (CHANDY and GUTMAN 1995). In contrast,  the 
comparison of the  intron/exon  boundaries of DmcalA 
with a  human  counterpart  (CACNLlAl) revealed a 
much higher  degree of conservation in the genomic 
structure of these two calcium-channel genes during 
evolution. Because the  human calcium channel used 
here  for  the comparison with DmcalA is an L-type  class 
C channel (SOLDATOV 1994),  the  separation between 
the two genes is actually older  than  the split of the 

I/IIa EFSNERNRVERRMEFQKCRFRAMFQTAMVSYLDWITQA lineages that gave  rise to arthropods  and vertebrates. 
I/IIb EFAKEREKVENRQEFLKLRRCGQLERELNGWEWICKA 

B EFAKERERVENRRAFLKLRRQRQQQIERELNGYLEWIFKA 
E EFAKERERVENRRAFMKLRRCGQIERELNGWWIDKA 
C EFSKEREKAKIIRGDFQKLREKQQLEEDLKGYLDWITQA 
D EFSKEREKAKARGDFQKLREKRQQQLEEDLKGYLDWITQA 
S 
hncalD EFSKEFNKAWRGDFQKLREKQQIEEDLRGYLDWITQA 

A EFAKERERVENRRAFLKLRRQRQQQIERELNGYMEWISKA In spite of that, 16 out of  29 intron/exon boundaries 
seem perfectly conserved between the two genes, with 
three  additional  ones occupying very similar relative 

EFTKEREKAKSRGTFQKLREKQQLEEDLRGYMSWIW positions within the Drosophila and  the mammalian 
* * ,  t +  , * * * * .  . . * + +  , loci. With  this  level  of conservation it is  very  likely that 

FIGLIRE 4.-Protein alignments of the regions encoded by 
the mutually exclusive alternative  exons. Asterisks indicate 
positions with identical amino acids, while the dots  indicate 
similiar ones. (a) Alignment of the  protein sequences en- 
coded by the alternative exons IS4a and IS4b and  the mamma- 
lian  sequences for  the same  region. A gap penalty equal to 3 
was used. (b) Similar alignment  for  the region encoded by 
the alternative exons  I/IIa  and  I/IIb. 

et al. 1994; ZHENG et al. 1995; SMITH et al. 1996). Analysis 
of the evolution of many gene families (IWABE et al. 
1996) suggests that most gene duplications giving  rise 
to different functions occurred before the vertebrates- 
arthropods  separation, whereas duplications concern- 
ing genes with similar functions  but  different tissue  dis- 
tributions usually occurred  later. Phylogenetic analysis 
indicates that  the  separation of the lineages giving  rise 
to the dihydropyridine-insensitive mammalian calcium 
channel classes A, B and E, and  the dihydropyridine- 
sensitive  L-type mammalian calcium channels classes 
C, D and S, occurred before the  vertebrate-arthropod 
separation. DmcalA seems more  related to the dihy- 
dropyridine-insensitive mammalian calcium channels 
(SMITH et al. 1996), whereas the other two insect genes 
(GKABNER et al. 1994; ZHENC et al. 1995) seem more 
related to the L-type channels.  That implies that  the 
duplications that putatively  gave rise, for  example, to 
the  gene classes A, B and E occurred after the verte- 
brate-arthropod  separation; it remains to be seen 
whether similar duplications  occurred  in insects. 

It is possible that, as in the case of the voltage-gated 
potassium channels  (STRONG et al. 1993; CHANDY and 
GUTMAN  1995), Drosophila has fewer calcium-channel 
genes than vertebrates. In this respect, at least within 
the Shaker ( S h )  subfamily,  this apparent lack  of  diversity 
in terms of gene  number in Drosophila is compensated 
by more complex patterns of alternative splicing com- 
pared to the mammalian counterparts of Sh (see be- 
low). Comparison of Shuker with  its mammalian rela- 
tives  shows that they  have quite  different genomic 
structures. Whereas Shaker itself contains multiple ex- 
ons (KAMR rt al. 1988; SCHWARTZ et al. 1988),  the  coding 

the  genomic organization will prove  to  be very con- 
served  within the Drosophila genus, as observed in a 
number of other genes (e.g., SWIMMER et c d .  1990; 
HOOPER et al. 1992; LEICHT et al. 1993; THACKERAY and 
GANETZKY  1995). 

Comparison of the genomic structure of a  human 
sodium-channel gene  and a Drosophila locus encoding 
that kind of function (para) shows that many of the 
intron/exon  boundaries  are also conserved (LOUGHNEY 
et al. 1989; GEORGE et al. 1993). For these sodium-chan- 
ne1 genes (in Drosophila and in a  mammal), little corre- 
lation between the genomic and protein  structure 
seems to  exist. This correlation is stronger in the case of 
the calcium-channel genes-as exemplified by DmcalA 
and  the  human calcium channel CACNLlAl-where 
the  intron/exon  boundaries  tend to fall between rather 
than within calcium-channel transmembrane domains. 
The families  of  voltage-gated calcium and sodium chan- 
nel genes are  thought to  have diverged from a  common 
branch within a superfamily of ion channels  that also 
includes potassium and cyclic nucleotide-binding chan- 
nels (JAN and J A N  1990; STRONG et al. 1993). In fact, 
our closer examination of the genomic structure of 
both types  of ion channel genes, calcium and sodium, 
suggests that some of the  intron/exon  boundaries 
might have remained conserved between then. 
Whether  exons  correspond to discrete protein  domains 
has been  an  important issue on  the theories dealing 
with the age and origin of introns  (STOLTZFUS et al. 
1994). Also relevant is the  apparent excess of symmetric 
exons and the fact that they tend to occur in clusters; 
this  seems to occur in DmcalA and is common to many 
genes (LONG et nl. 1995).  The  phenomena has been 
argued to be evidence for  the  importance of exon shuf- 
fling during evolution (LONG et al. 1995). 

Alternative splicing is a major source of genetic vari- 
ability in voltage-sensitive ion channels. As noted, Shaker 
shows extensive diversity due to alternative splicing 
(KAMB et al. 1988; SCHWARTZ et al. 1988), with the vari- 
ous isoforms showing differences in expression patterns 
and in electrophysiological properties (reviewed in PER- 
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NEY and KACZMAREK 1991). The para gene also under- 
goes alternative splicing, which is developmentally regu- 
lated (THACKERAY and GANETZKY 1994). In mammalian 
calcium channels  there are a number of examples of 
alternative transcripts that involve either mutually ex- 
clusive exons  coding  for  the same domain or optional 
inclusion/exclusion of exons (HUI et al. 1991; SNUTCH 
et al. 1991; DIEBOLD et al. 1992; SOLDATOV 1992, 1994; 
WILLIAMS et al. 1992). 

So far,  three regions have been identified in which 
alternative splicing seems to  occur  in DmcnAl. One of 
these is the IVS3/IVS4 extracellular loop where cDNAs, 
differing for  one to three  optional amino-acid inser- 
tions in  the  region in question have been identified 
(SMITH et al. 1996). We have  now found a genomic 
sequence  that seems to correspond to a 6-bp exon; this 
would explain the origin of part of this variability. Al- 
though  unusual, examples of such small exons exist 
(COLEMAN et al. 1987; SANTONI et al. 1989; REYES et al. 
1991),  and alternative splicing involving a three-amino 
acid insert in the  loop between domains I1 and I11 has 
been  reported  for a class-C calcium channel from rat 
(SNUTCH et al. 1991).  The possible significance of the 
variability in the IVSS/IVS4 loop is unclear. However, 
it is interesting to note  that alternative inclusion/exclu- 
sion of a 33-bp exon,  encoding a central  part of this 
loop, occurs in some mammalian calcium channels 
( SOLDATOV 1994). 

The second region of DmcaAl giving  rise  to alterna- 
tive exons  encode  the IS3/IS4 loop  and  the IS4  voltage 
sensor. There,  the two isoforms, differing with respect 
to a 33-amino acid region of the  polypeptide, vary in 
the  number of positively charged residues in the voltage 
sensor (six in IS4a and five in  IS4b); this could affect 
the voltage  sensitivity of the  channel.  The two forms 
are also quite  different  in  the IS3/IS4 loop, which has 
been shown to have a critical role in the activation kinet- 
ics in mammalian L-type calcium channels (NAKAI et al. 
1994).  Therefore, this alternative-splice is likely to affect 
the electrophysiological properties of the two channel 
forms in question. 

The third region that  undergoes alternative splicing 
is the  loop between homologous  domains  I and 11, 
where two 116-bp mutually exclusive alternative exons 
exist. Interestingly, the region of the  loop  encoded by 
these exons has been implicated in the  binding of the 
calcium-channel @subunit, which modulates channel 
activity (PKAGNELL et al. 1994). Because the two iso- 
forms-I/IIa and I/IIb-show  many amino-acid differ- 
ences,  including some at putatively important positions 
(SMITH et al. 1996), it possible that they interact with 
different 0-subunits. 

In  the two regions where mutually exclusive alterna- 
tive exons exist, sequence analysis showed that in both 
cases the isoforms are considerably different (Figures 
3 and  4). If this  simply reflects the age of  the putative 
(intragenic)  duplication events that  created  the addi- 

tional forms, one would expect to find perhaps  the 
same exons  duplicated in some related vertebrate chan- 
nel genes or in distantly related  arthropod species. That 
remains  to be seen. Among the large number of verte- 
brate calcium channels  that have been  cloned  (re- 
viewed in HOFMANN et al. 1994;  STEA et al. 1995), to our 
knowledge no alternative exons have been  reported  on 
these regions. 

Another possible, and perhaps  more likely, explana- 
tion for  the high level  of protein divergence between 
the mutually exclusive alternative exons is that, instead 
of reflecting evolutionary age, those differences re- 
sulted from accelerated rates of divergence. This could 
be the result of relaxation of constrains due to the  “re- 
dundancy” following duplication, positive selection 
that took advantage of  new variants to perform new 
functions, or more likely both  (OHTA 1991, 1994; 
THOMAS 1993). The fact that this gene is internally re- 
petitive could mean that  not only point mutations but 
also other mechanisms, such as gene conversion and 
slippage (reviewed in DOVER 1993), also  played a role 
in the rapid evolution of these alternative exons. 

Whereas gene duplications and alternative splicing 
are  a rich source of complexity in ion  channels, we have 
preliminary evidence for an extra level  of  variability in 
DmcalA, putatively caused by  RNA editing.  A  number 
of sites  were identified at which an  adenosine is found 
in the  genomic  sequence  (Table 2), whereas a guano- 
sine is found  in at least one of the cDNAs analyzed 
(SMITH et al. 1996). This finding indicates that a mecha- 
nism  of RNA editing, like that known for glutamate 
receptors of vertebrates (HIGUCHI et al. 1993; RUETER 
et al. 1995; HERB et nl. 1996),  might  occur in this  Dro- 
sophila calcium channel. Note that all edits in the gluta- 
mate receptors are A -+ G, and that this is a  particular 
subcategory of  this kind of posttranscriptional modifi- 
cation (reviewed in BASS 1993). 

In the mammalian ligand-gated channels, RNA edit- 
ing has an  important effect on kinetic properties (Lo- 
MELI et al. 1994); it occurs via adenosine  deamination, 
which requires a double-stranded RNA structure 
formed by exonic and intronic sequences. Recently, a 
candidate  gene  encoding  the enzyme  involved in this 
editing was cloned in mammals ( MELCHER at al. 1996). 
We examined  the RNA secondary structure of exonic 
and intronic sequences around  the  edited sites and 
found possibly analogous sequences ( i e . ,  related to  sec- 
ondary  structure of the DmcnlA transcript). However, 
important differences regarding  the  double-stranded 
RNA structure exist between the examples of  RNA edit- 
ing  reported  for  the  glutamate  receptor  (HIGUCHI et al. 
1993; RUETER et al. 1995; HERB et al. 1996), so the mean- 
ing of sequences flanking the  edited sites for DmcaIA 
is highly speculative. One way to examine these editing 
issues further in Drosophila would  be to carry out an 
evolutionary analysis  of the  edited sites and neigh- 
boring sequences in relatives  of D. melanogastfr. Allied 
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to the analysis  (via  RT-PCR)  of the frequency of the 
different  editing events in different species, this would 
give insights on  the importance of these flanking se- 
quences and  on how conserved is the editing. A similar 
approach was used, for  example, to show the conserva- 
tion of alternative splicing patterns of para (THACKERAY 
and GANETZKY 1995). 

An interesting  point raised by the putative RNA edits 
in DmcalA's primary transcript is its evolutionary sig- 
nificance. Assuming that  the frequency of editing is not 
100% per site, as suggested by  cDNA analysis (SMITH et 
al. 1996),  and  that  the  editing of one site is independent 
of others,  there are  >lo00 possible combinations for 
the 10 different  editing events that cause amino-acid 
changes. Although the RNA editing might be develop- 
mentally and/or tissue regulated, and many of the com- 
binations might never occur, it is conceivable that  at 
least part of  this  variability might be not functionally 
meaningful and, as a corollary, selectively neutral. 

As mentioned  before,  the DmcalA calcium-channel 
al-subunit was cloned  during  the molecular character- 
ization of a  genomic  region originally identified by the 
cacophony song  mutation,  the night-blind-A visual muta- 
tions, and l(l)L13 lethals. Inasmuch as cac and l(l)L13.s 
are allelic and  the  latter  do  map with the DmcalA tran- 
scription unit (SMITH et al. 1996), cue is  very  likely also 
to be mutated  there. This large gene  indeed presents 
a large target for changes that could affect the  song, 
perhaps by altering  patterned  neuronal  (or muscle) 
output ($ HILLE 1992) via protein-structural variations. 
In this respect, molecular analysis  of  this gene  in differ- 
ent species could be evolutionarily interesting  from  the 
reproductive behavioral perspective. The song pro- 
duced by males  of different Drosophila species usually 
have distinct features, and these are  thought to be one 
of the factors in the reproductive isolation (e.g., KYRIA- 
C:OU and HALL 1982, 1986).  Thus, analysis  of the species 
differences at  the molecular level and how those affect 
the lovesong will determine  whether variation at this 
ion-channel locus could have  played a role in speciation 
(COYNE 1992),  in  addition to the  matter of  its function 
underlying the basics  of song  control. 

We thank BECKY MEYERS for helping with the DNA sequencing. 
This work was supported by National  Institutes of Health grant GM- 
21473 to J.C.H. 
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