
Copyright 0 1996 by the Genetics Society of America 

Molecular  Characterization of Neurally  Expressing  Genes  in  the para Sodium 
Channel  Gene  Cluster of Drosophila 

Chang-Sook Hong' and Barry Ganetzky 

Laboratory of Genetics,  University of Wisconsin, 445 Henry  Mall,  Madison,  Wisconsin 53706 
Manuscript received  August 30, 1995 

Accepted for publication December 11, 1995 

ABSTRACT 
To elucidate the mechanisms regulating expression of para,  which encodes the major class  of sodium 

channels in the Drosophila nervous  system, we have tried to locate upstream &acting regulatory ele- 
ments by mapping the transcriptional start site and analyzing the region immediately upstream of para 
in region 14D  of the polytene chromosomes. From these studies, we have  discovered that the region 
contains a cluster of neurally expressing genes. Here we report the molecular characterization of the 
genomic organization of the 14D region and the genes within  this region, which are: calnexin (Cnx), 
actin related protein 14D (Arpl4D), calcineurin A 14D (CnnAl4D), and chromosome associated protein 
(Cap). The tight clustering of these genes, their neuronal expression patterns, and  their potential 
functions related to expression, modulation, or regulation of sodium channels raise the possibility that 
these genes represent  a functionally related group sharing some coordinate regulatory mechanism. 

T HE distinctive signaling properties of individual 
neurons  are primarily established by the specific 

types  of ion channels they express. Voltage-sensitive so- 
dium  channels mediate the rapid phase of action poten- 
tials and therefore have a critical role in the  generation 
and propagation of electrical signals  in neurons  (re- 
viewed by CATTERALL 1993). Like other ion channels, 
sodium channel polypeptides are  encoded by members 
of a multigene family in Drosophila and mammals that 
have different spatial and temporal patterns of expres- 
sion (SALKOFF et al. 1987; LOUGHNEY et al. 1989; RAMAS 
WAMI and TANOWE 1989; MANDEL 1992; HONG and 
GANETZKY 1994).  In Drosophila, two sodium channel 
structural genes have been identified, para and Dsc (SAL 
KOFF et al. 1987; LOUGHNEY et al. 1989; WSWAMI and 
TANOWE 1989).  The para locus appears  to  encode  the 
predominant class of sodium channels expressed in 
most or all neurons in the  central and peripheral ner- 
vous  systems  (CNS and PNS) at all developmental 
stages, whereas expression of Dsc is  very limited until 
the  pupal  and  adult stages when its expression becomes 
much more widespread and overlaps  with para expres- 
sion at least in the CNS (TSENGCRANK et al. 1991; AMI- 

CHOT et al. 1993; HONG and GANETZKV  1994).  The dif- 
ferential expression of para and Dsc suggests that they 
have different effects on neuronal excitability and  that 
normal  function of the nervous system depends on ex- 
pression of the  correct sodium channel  gene in selected 
subsets of neurons. Normal neuronal activity  also  re- 
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quires that these channel genes be expressed at  the 
correct levels.  For example, gene dosage studies dem- 
onstrated  that changes in the level  of para' expression, 
in either  direction,  had  profound effects on neuronal 
excitability and  further suggested that  the level  of para 
expression was regulated primarily at the transcrip- 
tional level (STERN et al. 1990). Despite the  importance 
of understanding how individual neurons acquire their 
characteristic signaling properties,  the regulatory mech- 
anisms ensuring selection of the  right  channel  gene for 
transcription at  the  right time and in the right amount 
are not well understood. 

To study this problem, we have been interested in 
elucidating the transcriptional control of the para locus. 
Achieving  this goal has been complicated by the size 
and complexity of this gene. The  open  reading  frame 
of -6 kb consists  of a minimum of 35 exons distributed 
over 260 kb  of genomic DNA. The mature transcript 
is >15 kb, indicating the presence of long untranslated 
segments at the 5' and/or 3' ends. In addition, exten- 
sive alternative splicing of the para transcript is capable 
of generating  a minimum of several hundred distinct 
coding sequences (LOUGHNEY et al. 1989;  THACKERAY 
and GANETZKY 1994,1995). As a first step in elucidating 
the mechanisms that regulate para expression, we set 
out to map  the transcriptional start site and to  try to 
locate upstream &acting regulatory elements. 

In the course of  this  analysis, we have carried out 
a detailed molecular analysis of the -60 kb genomic 
segment immediately upstream of the para locus  in  re- 
gion 14D of the polytene chromosomes. Here we report 
the identification, molecular characterization, genomic 
organization, and expression pattern of the  next  four 
genes upstream of para, which are calnexin (Cnx) , actin- 
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related protein 14D (Arpl4D), calcineurin A 14D 
(CnnAI4D) and chromosome  associated  protein (Cap). 
The distance  separating  adjacent  pairs of genes  in  this 
region  ranges  from 1 to 4 kb. Two  of  these  genes, 
Aql4D and CnnA140, have been previously  identified 
o n  the basis  of  other  studies (BROWN et al. 1994; Fk- 
BER<; et al. 1994) a n d  the o ther  two are reported here 
for the first  time. At least  three  of  these  genes  and 
possibly Cup as well,  have  functions  that are plausibly 
related  to  the  expression,  modulation, or regulation of 
sodium  channels.  Moreover,  for  some of those  genes 
that were examined, we were  unable to identify up- 
stream  regulatory  elements  capable  of  conferring the 
endogenous  expression  pattern on reporter  constructs. 
O n   t h e  basis of these  results, we discuss the possibility 
that  the  genes in the para cluster  represent a group of 
functionally  related  genes  that  share  some  coordinate 
regulatory  mechanism. 

MATERIALS  AND METHODS 

Fly stocks: Drosophila melanogastwwere grown on  standard 
medium at 25". The wild-type strain used for all in situ hybrid- 
ization and  Northern blot analyses was Canton Special (CS). 
zu, A2-?(99B)/TM6 or TM? embryos were used as recipients 
for germ-line transformation. 

Isolation and sequencing of cDNA clones: Genomic DNA 
fragments  upstream were used to screen the  adult  head cDNA 
libraries, a XZAP library (kindly provided by T. SCHWARZ, Stan- 
ford University) and a XEXLX library (PALAZOLLO et al. 1990). 
Genomic  clones, X12.3 and cos35.1 were isolated from  the 
previous work (LOUGHNEY et al. 1989) and LC, MA and PC 
were provided kindly by  R. MIASSOD (CNRS, Marseille, 
France). Library screening, radioactive labeling of  DNA 
probes, hybridizations, and  preparation of DNA were per- 
formed using standard methodology (SAMBROOK et al. 1989). 
After purification of phage, cDNA clones (XZAP library) in 
pBluscript SK-plasmids were autoexcised using the Exassist 
helper phage system (Stratagene)  or cDNA inserts (XEXLX 
library) were released by SacI/ApaI double restriction diges- 
tion and  then subcloned into pBluscript vectors. Each cDNA 
was mapped using restriction enzymes (New England Biolabs; 
Promega). 

For sequencing cDNAs, single-stranded  template DNA  was 
prepared by polyethylene glycol precipitation (SAMBROOK et 
al. 1989) and  sequenced using the dideoxy nucleotide  chain- 
termination methods with %-labeled dATP (Sequenase ver- 
sion 2.0 DNA sequencing kit; United States Biochemical). 
Sequence  information was read using MacVector  3.5 (IBI) 
software and if necessary, a  composite cDNA sequence  includ- 
ing a single open  reading frame was assembled. Computer 
searches of databases and  alignment  and analysis  of sequences 
were carried out using the BLAST (ALTSCHUI. et al. 1990) 
server at National Center  for Biotechnology Information 
(NCBI) and  the PILEUP and DISTANCES programs in  the 
Genetics Computer  Group software package (DEVEREUX et 
al. 1984). Pairwise protein alignments were done using the 
MEGALIGN program  in the DNASTAR software (HEIN 1990). 

Southern  blot  analysis: Southern analysis of cDNAs or ge- 
nomic clones was performed using "P-labeled probes or non- 
radioactive probes. Southern blotting of radiolabeled  probes 
was at high stringency as described  in SAMBROOK et al. (1989). 
Nonradioactive Southern analysis was performed using en- 
hanced chemiluminescence  detection (ECL; Amersham) and 

probe labeling, hybridization, washes and detection of  hy- 
bridizing  bands were carried out according to  manufacturer's 
instructions. 

Primer extension analysis  and  Northern blot analysis: Total 
RNA  was isolated from CS adults,  third-instar larvae and un- 
staged embryos and  poly(A)+ RNA selection was performed 
as described  in MCLEAN et al. (1990)  except that tissues  were 
homogenized using a Brinkman  homogenizer. Primer-exten- 
sion analysis was done as described  in DOMDEY et u1. (1984) 
with some modifications. Oligonucleotide  primers were ''2P- 
labeled at  the 5' end with T4 polynucleotide kinase (New 
England  Biolabs). cDNA  was synthesized in a 50-p1 reaction 
mixture containing -lo6 cpm of "P-labeled primer; 10 pg 
poly(A)+ RNA or 100 pg total RNA 500 pM each  dNTP;  5 U 
of RNasin; 10 mM DTT; and 100 U of murine leukemia virus 
(MuLV) reverse transcriptase  in the buffer  supplied by manu- 
facturer (GIBCO-Bethesda Research Labs) for 90 min at 37". 
The mixture was preincubated  at 65" for 5 min and  then 
chilled on ice before adding MuLV reverse transcriptase. The 
RNA  was then hydrolyzed by adding 12.5 pl of 0.5 M NaOH 
and incubating at 100" for 3 min,  then chilled on ice. The 
NaOH was neutralized by adding 12.5 pl of 0.5 M HC1 and 
12.5 pl of 1 M Tri-HC1 (pH7.4). Primer-extension  products 
were ethanol-precipitated and analyzed on sequencing gels. 
Northern blot hybridization was performed at  high stringency 
according to  the  manufacturer's instructions (Hybond-N; Am- 
ersham);  the blots were kindly provided by C. MERKILL., R. 
OKDWAY and L. PAILANCK (University of Wisconsin, Madison). 
In situ hybridization: Nonradioactive in situ localization of 

RNA in whole embryos and larval  tissues was done essentially 
as described  in HONG  and GANETZKY (1994). Cloned DNA 
probes were digested into small pieces using multiple restric- 
tion enzymes before random priming. 

Germ-lime  transformation  and immunostaining of p-galac- 
tosidase: Genomic DNA fragments were cloned  into  the 
pCaSpeR-ATGlacZ transformation vector (THUMMEI. rt al. 
1988). P-element mediated  transformation was carried out as 
described in SANTAMAIUA (1986) and SPRADI.ING (1986) with 
some modifications. Dechorionated embryos of w, A2-3 
(99B)/TM? or TM6 were injected with the plasmids at 1000 
pg/ml in 5 mM KCI, 0.1 mM PO4 (pH7.8), with 3% Durkee 
green  food coloring.  Transgenic stocks were kept as homozy- 
gotes or established over the  appropriate balancers. Immuno- 
staining of  ,&galactosidase was performed as described  in 
HONG  and GANETZKY (1994). Embryos of transformants were 
incubated for 2 hr with anti-P-galactosidase antibody  (Boeh- 
ringer-Mannheim; diluted 1:2000), washed, and incubated  for 
1 hr with horseradish peroxidase-conjugated goat anti-mouse 
IgG (Boehringer-Mannheim; diluted 1:500).  Detection was 
done according to manufacturer's  instructions  (Boehringer- 
Mannheim). Mounting and  photographing were as described 
in HONG  and GANETZKY (1994). 

Accession  numbers: The GenBank accession numbers  for 
the sequences reported  here are: U30492 for the Cap se- 
quence, U30493 for the CnnA14D sequence, U30604 for the 
promoter region of CnnA14D, U30603 for the  genomic seg- 
ment  containing  the 3'  UTR of CnnAl4D and  the 5' UTR  of 
Arpl4D, and U30466 for  the Cnx sequence. 

RESULTS  AND DISCUSSION 

Deliitation of neuronal expression pattern by em- 
bryo in situ hybridization: We  initiated a molecular 
analysis  of the 14D region  with  the  aim  of  characterizing 
the  transcriptional  start  site of the para sodium  channel 
gene.  In  previous  work, a set  of  overlapping  cDNAs 
representing  the  complete  6-kb  open  reading  frame  of 
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para was isolated (LOUGHNEY et al. 1989; RAMASWAMI 

and TANOWE 1989). However, on  Northern blots the 
size  of the para transcript is -15  kb (THACKERAY and 
GANETZKY  1994),  indicating  that  there  are  long  untrans- 
lated segments at  the 5' and/or 3' ends. Genomic DNA 
encompassing the  entire  upstream  region of para 
should be contained within the extensive chromosome 
walk carried out by SURDEJ et al. (1990), which extends 
-500  kb upstream beyond the para translational start 
site. The rudimentary ( r )  locus has been located on this 
walk at -130  kb upstream of para (SURDEJ et al. 1990), 
providing an  outer limit for  the  extent of the para locus. 

We previously characterized  the embryonic expres- 
sion pattern of the para transcript by tissue in situ hy- 
bridization and  found that  beginning at stage 13 it is 
present  throughout  the  entire CNS and PNS (HONG 
and GANETZKY  1994). To obtain an approximate limit 
of the  5'  end of the para transcript, we used upstream 
genomic DNA probes  for tissue in situ hybridization to 
determine which of these probes  detected  the  neural 
expression pattern characteristic of para. One concern 
was whether  a  genomic  probe  that  contained  a small 
exon  and a large intron would  still be able to detect 
the  transcript by in  situ hybridization. To test this, we 
used a known para intron  probe  for in  situ hybridization 
and  found exactly the same embryonic expression pat- 
tern as  with a cDNA probe  (data  not  shown),  except 
that, as expected, the  intron  probe hybridized exclu- 
sively to nuclei. 

We proceeded to use genomic clones for in situ hy- 
bridization and  found  that  three overlapping clones, 
X12.3, cos35.1 and PC, extending -75 kb upstream 
from  the para translational start site, detected tran- 
scripts with a  neuronal expression pattern similar to 
that of para, whereas, genomic  probes MA and LC, fur- 
ther upstream,  did not  detect this pattern (Figure l). 
These results delimited the para transcriptional initia- 
tion site to within  75  kb upstream of the translational 
start site. The genomic  probes  that  detected  the neu- 
ronal expression pattern were then used to screen an 
adult  head cDNA library. Over 40 independent cDNAs 
were isolated and characterized by restriction mapping, 
Southern  blot hybridization, and sequence analysis. 
From these studies we were able to map  the 5' end 
of the para transcript (C.-S HONC  and B. GANETZKY, 
unpublished data). Unexpectedly, we discovered that 
all the isolated cDNAs representing neurally expressed 
transcripts were not derived from  the para locus but 
represented  the  next  four  genes upstream of para and 
that all four  are transcribed in the same direction as 
para. Two of these genes, actin-related protein (Arpl4D) 
and calcineurin  A (CnnAI4D) were also identified re- 
cently in other laboratories using different  approaches 
(BROWN et al. 1994; -ERG et al. 1994). Two other 
genes, Drosophila homologues of calnexin (Cnx) and 
chromosome-associated polypeptide (Cap),  are de- 

scribed here for  the first time. Below  we provide the 
results of our analyses  of each of these genes. 

Characterization of Cnx: The intiation site of the para 
transcript was pinpointed to position 15 kb on  the mo- 
lecular map (Figure 2) on  the basis  of  cDNA  analysis 
and  primer extension  experiments (C.-S. HONG  and B. 
GANETZKY, unpublished  observations). Less than  4 kb 
upstream from this site, we identified another transcrip- 
tion unit  defined by two overlapping cDNAs  with a com- 
bined  length of 2 kb (Figure 2). Because the cDNAs 
detect  a  transcript of -3 kb on Northern blots (Figure 
3A) and a poly(A) tail is present on  one of them,  the 
cDNA sequence is apparently  incomplete by -1 kb at 
the  5'  end. Although the  gene  defined by these cDNAs 
is clearly distinct from para, the embryonic expression 
pattern as revealed by tissue in situ hybridization (Fig- 
ure 4B) is remarkably similar to that of para (Figure 4A; 
HONG and GANETZKY 1994).  In particular, expression 
occurs throughout  the CNS and PNS beginning well 
after early neurogenesis and continuing until the com- 
pletion of embryogenesis. It will be of interest to deter- 
mine  whether  the similar expression patterns of  this 
gene  and para is maintained  at  later developmental 
stages as  well. 

Analysis of partial cDNA sequence revealed an incom- 
plete open reading  frame of -1 kb. The ORF begins 
downstream from the  amino  terminus because an ini- 
tiating methionine is lacking. In addition,  our  sequence 
is incomplete  at  the carboxy terminus. Database 
searches show that  the  deduced  sequence shares -30% 
amino acid identity with mammalian and Drosophila 
calreticulins (Figure 5). Calreticulin is a major Ca2+- 
binding  protein of the ER lumen  and is thought to 
function as a buffer in the storage and release of Cay+ 
(SMITH and KOCH 1989). The cDNA sequence  encodes 
a conserved calreticulin-like segment  that includes four 
repeats of one consensus motif (IPDPXAXKPEXWDE) 
and  three repeats of a second consensus motif (GKW- 
XAPLIXNPNY) present in a  segment  that has been 
shown in mammalian calreticulins to bind Ca"  with 
high affinity (Figure 5). 

However, the greatest similarity of the  deduced ORF, 
58% amino acid identity, was found with another mam- 
malian relative of calreticulin known  as calnexin (Fig- 
ure 5). Consequently, the  gene  product  appears to be 
a Drosophila homologue of calnexin and we have 
named  the  gene Cnx. Sequence alignments suggest that 
the Drosophila calnexin sequence shown in Figure 5 
lacks  -150 amino acids at  the  amino  terminus  and - 110 amino acids, including  a  membrane-spanning 
segment and  an ER retention signal, at  the carboxy 
terminus. 

Mammalian calnexin was originally isolated as a Ca'+- 
binding  phosphoprotein from endoplasmic reticulum 
(ER) membranes (WADA et al. 1991) and is thought to 
function as a molecular chaperone  that binds tran- 
siently to newly synthesized glycoproteins retaining in- 
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FIGURE 1.-Molecular  map and embryonic in si/u hybridization pattern of genomic  clones  from  region 14D on the Xchromo- 

some. An EmRI map of a genomic segment that extends from the para translational start site  to the .5’ region of ris shown. The 
map is based on four overlapping  cosmids  clones  (LC, MA, PC and cos35.1) and a phage  clone (X12.3)  shown at the top. The 
para  translational start site is very close  to coordinate position 0 kb and the orientation of para transcription is marked by an 
arrow. The .5’ end of r , whose orientation is opposite that of para, is located at about coordinate - 135  kb (SURDF.J p t  nl. 1990). 
Aligned with the genomic  map at the bottom are the staining patterns of embryos  hybridized in situ with DNA probes  from  the 
cosmids MA,  PC, and cos35.1 digested into small pieces  using  multiple  restriction  enzymes  before  random  priming.  Note  that 
genomic DNA probes  from coordinates 0 kb to about -7.5 kb hybridize in si/u in the CNS and PNS (arrow and arrowhead, 
respectively),  whereas no such pattern is observed in embryo  hybridized with probes  from  beyond the -80 k h  region. 

telomere + 
(kb) -80 -70 -60 -50 -40 -30 -20 -1 0 0 10 

-1kb 1.7kb <I& <4& 

cap CnnAl4D Arpl4D Cur Pam 

FIGURE 2.-Molecular map of region 14D  on the X chromosome showing the alignment of  cDNAs from the f o u r  genes 
upstream of the para locus. Coordinates are as in Figure 1. All five genes shown are transcribed in the sitme direction as indicated. 
Boxes represent exons deduced by comparison of restriction maps ofcDNA and genomic  clones and by hybridization of cDNAs 
to  genomic  restriction  fragment.. . The .5‘ ends of Cap and Cnx were not mapped  precisely. The approximate distances between 
genes are shown. The distance  between CnnAl4D and Av1l4D was determined precisely by sequencing. 

correctly or  incompletely  folded  proteins in the ER (re- very similar  expression  patterns of Cnx and pnrn raise 
viewed by BEKGERON PI 01. 1994). Because  many the question of whether  calnexin  might  act as a chaper- 
glycosylated proteins, ~.g., ion  channels,  are  expressed one  for  the glycosylated sodium  channel  polypeptide. 
specifically o r  primarily  in  neurons, it will he of interest In mammals,  multiple  isoforms of calnexin have been 
to  determine if Drosophila  calnexin  functions as a mo- found  including  some  that  are  expressed in a tissue- 
lecular  chaperone  for  these  proteins. In particular,  the specific manner (OHSAKO PI nl. 1994; M‘ATANXRE PI crl. 
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FIGURE 3.-Northern  blot analvsis of polv(A)' RNA iso- 
lated  from CS adults and larvae. Northern  blots of  adult RNA 
were probed with cDNA  clones from each of  the  genes indi- 
cated.  The blot probed with the Cop cDNA (D) includes  both 
adult (a) and lawal ( I )  RNA. The size of  the bands  for  blots 
A-C are marked on the left, and for blot  D on the right. 

1994) and some  that  are  present in membranes  other 
than ER including  cardiac  sarcoplasmic  reticulum and 
hepatic  nuclear  membranes  (CAM et al. 1993; GILCH- 
RET and PIERCE  1993).  Thus, Cnx may be  just  one mem- 
ber of a gene family in Drosophila, other  members of 
which function  in cells outside the nervous system. 

Characterization of Arp24D: Five overlapping cDNAs 
mapped by Southern  blot hybridization to a segment 
of the  genomic DNA between 25 and 32  kb  upstream 
of the porn translational  start  site and  <1 kb  upstream 
of the Cnx transcription  unit.  (Figure  2). The composite 
cDNA of 3 kb is the  same size as the  transcript  detected 
by cDNA probes on  Northern blots  (Figure  3B),  indicat- 
ing  that  the  composite cDNA is full length. 

Expression of the  corresponding  transcript is readily 
detected by in s i / u  hybridization throughout  em- 
bryogenesis beginning  at  the stage of germ  band  elon- 
gation (data  not  shown). In mature embryos, the  tran- 
script is strongly  expressed in the CNS, as well as in the 
hindgut  and proventriculus  (Figure 4C). Faint  expres- 
sion is also seen in the  epidermis  and  antennomaxillary 
complex. All of the  expressing tissues are  ectodermal 
derivatives (CAMPOS-ORTXA and HARTENSTEIN  1985). 
The embryonic  expression  pattern of this gene overlaps 
that of pnrn and Cnx but is distinct  from both. Expres- 
sion of Arj,l4Il  outside the CNS was not  detected in our 
initial in si/u hybridization experiments using cosmid 
sequences as probes  (Figure 1). Most  likely, this differ- 
ence is because of the  greater sensitivity of detection 
when Arf11411 expression is examined with a specific 
cDNA probe 71s. probes  from a large  genomic  segment 
that  contains  the  gene. In third  instar larvae, the  tran- 
script is expressed  strongly in the brain  hemispheres 
and in some cells in the  ventrolateral  and  dorsolateral 

regions of the ventral  ganglion  (Figure 4F). In s i t u  hy- 
bridization at later stages has not  been  examined. 

Sequence analysis of the cDNAs revealed a complete 
ORF of 395 aa, which is identical with that of Aq)l4D, 
one of five previously cloned actin-related  protein  genes 
in Drosophila (FYRRERG P I  al. 1994). Actin related pro- 
teins (ARPs) are divergent relatives of conventional ac- 
tin that have been identified  in a broad  range of phyla 
(SCHROER et nl. 1994).  "hereas  conventional actins 
share 70-95% amino acid  identities,  most A R P s  are 33- 
55%  identical  to  actin. The role ofARF's  is currently  not 
known, although  their divergence  from  conventional 
actins and  among themselves in intermolecular  contact 
sites, including the myosin-binding  site, suggest that 
they may interact with a variety of different  proteins 
other  than myosin (FRA~YKEL et al. 1994).  Arljl4Dshares 
-46% identity with conventional  Drosophila  actins  but 
has greater similarity (65% identity) with the Act2 pro- 
tein of Saccharomyces cwmisiae (FYRBERG et al,, 1994; data 
not  shown). Both proteins have conserved amino acids 
in  the ATP and Ca'+-binding core  domain  but lack 
myosin-binding sites (SCHWOR and MARTIS 1992; data 
not  shown). 

We analyzed the  genomic region between Aq14D 
and its immediate 5' neighbor  (see below) to  initiate 
studies of the transcriptional  regulation of Aql4D.  The 
transcriptional  start  site was mapped by primer  exten- 
sion  experiments. From embryonic and  adult poly(A)' 
RNA, a single  extension  product was synthesized using 
a primer  that hybridized to  the 5' end of our  Aq14D 
cDNA (Figure  6A). The size of this product  indicated 
that  transcription of Aq)14D began 38 bp upstream 
from  the  5'  end of our cDNA. The  sequence of the 
identified  initiation  site (ATGCATCT) has a good 
match with the consensus [ATCA(G/T)T(C/T)] se- 
quence  for Drosophila  transcriptional  start sites ( HCLT- 
MARK et al. 1986).  Although no  apparent TATA box is 
present  in  the region 30 bp upstream  from  the  start 
site, a TA-rich region is present  at  43  bp upstream (Fig- 
ure 7A). 

The distance  between the transcriptional  start  site of 
Aq14Dand  the polyadenylation signal of the  next  gene 
upstream  (see below) is  17.59 bp. To delimit  segments 
within this region important  for Aqh141l expression, we 
inserted varying extents of this genomic DNA including 
-300 bp of the  untranslated  leader  sequence upstream 
of the lac% reporter in the pCaSpeR-ATGlncZ vector 
(TI-ILWMEI. et 01. 1988). Several independent trans- 
formants were produced  for  each  construct  and  the 
embryonic  pattern of P-galactosidase expression was ex- 
amined by immunostaining.  Four  constructs, RKII,  NK, 
RK, and SK, containing 1694, 1449, 1187, and 126 bp, 
respectively, of 5"flanking DNA (Figures 7 and 8 ) ,  were 
examined. The RKII construct  produced  faint  staining 
in the CNS, hindgut,  and proventriculus  (Figure 8) and 
essentially the same  expression  pattern was observed for 
the NK and RK constructs. In contrast,  transformants 



FIGURE 4.-Embryonic and larval expression patterns of the four genes upstream of pura determined by whole-mount in situ 
hybridization. The embryos are  oriented with anterior to the left and ventral down. The larval  ganglia are  oriented with anterior 
up. (A) Stage  16 embryo hybridized  with pura probe is shown for comparison with expression patterns of the other genes. Note 
that  strong staining appears  in the antennomaxillary complex (arrow) and ventral ganglion of the CNS (arrowhead). (B) Cnx 
expression is seen  in  the antennomaxillary complex and throughout  the  entire CNS and PNS in a  pattern very similar to pura. 
(C)  In stage 16 embryos, Arpl4D is expressed in the CNS and hindgut (small arrowhead) and proventriculus (large arrowhead). 
(D) CnnA14D expression is detected  throughout  the CNS and PNS in a  pattern similar to pura. (E) Cup is expressed in the CNS, 
gonad (arrow) and antennomaxillary complex. (F) In the third instar larva, Aq14D expression is detected in the brain hemi- 
spheres and the ventral ganglion (arrows). ( G )  Cup expression also appears  throughout  the larval brain and ventral ganglion, 
as well  as in the wing and leg discs (H) and  in the salivary gland (I) of third instar larvae. 

carrying the smallest construct, SK, had uniform strong 
staining in  the  entire embryo. These results suggest the 
possibility that  normal expression pattern of Arpl4D 
may depend on some silencer element(s) located be- 
tween 1187 and 126 bp upstream of the transcription 
start site that restrict expression to  certain tissues. Ex- 
pression of Arpl4D in the nervous system  may also  re- 
quire  the activity of upstream enhancing elements. Da- 
tabase searches of the  entire upstream sequence of 
Arpl4D identifed only one stretch with  similarity to 
other known transcriptional regulatory elements. This 
sequence between 887 and 902 bp upstream of the  start 
sites matches well  with an  element  (element I) in  the 5' 
flanking region of the Drosophila dopa decarboxylase 
(Ddc) gene (Figure 7B). This element is highly con- 
served between the Ddc genes of D. melanogaster and D. 
vim'lis and is necessary but  not sufficient for expression 
of this gene in the CNS (SCHOLNICK et al. 1986; JOHN- 

SON and HIRSH 1990). Expression  of Ddc in the hypo- 
derm is not influenced by element I (SCHOLNICK et al. 
1986). Sequences closely related to element I and the 
Arpl4D upstream element have been  found in several 
other genes expressed in the nervous system including 
the  rat type I1 sodium channel  gene, SCG10, and hu- 
man dopamine @hydroxylase gene (MAUE et al. 1990; 
Mom et al. 1992; ISHIGURO et al. 1993). However, the 
effect of the  element  on expression of those genes has 
not yet been investigated. The role of this element as 
well  as that of the putative silencer element(s) in expres- 
sion of Arpl4D will require  more detailed fimctional 
dissection of the region between 126 and 1187 bp up 
stream of the transcriptional start site. 

Characterization of CnnAI4D: Ten  independent 
overlapping cDNAs hybridized to  the genomic DNA at 
coordinates -63 through -34 kb, immediately u p  
stream of Arpl4D (Figure 2). On Northern blots, these 



Analysis of the pnm gene  cluster 885 

A Aa B 

- - - A R ~ # S F D I ~ ~ 5 - - 1 ~ 1  - - - @ I D  DGWGLI ~ B A A E L G E M L E ~ E  R---THS 459 

AAE@WTQ E K K M I  IB VQI K D E E E A K K ~ D  377 

FIGL'RE: .i.-Alignment of  the  deduced  amino  acid  sequence of a partial Cnx cDNA sequence (DCALNEXIN)  with those of a 
mouse  calnexin (MMCALNEXIN; SCIIREIRER PI 01. 1994) and Drosophila  calreticulin (DCALRETICULIN; S\IITH 1992).  Amino 
acid  identities  are  shaded. 

cDNAs detect two transcripts of 4.5 and 2 kb  in  adult 
poly(A)' RNA (Figure 3C). The same hvo transcripts 
were also detected in land  RNA (data  not  shown).  The 
composite cDNA has a total  length of 4.2 kb with a 
poly(A) tail at  the 3' end  and thus  appears to represent 
the  4.5 kb  transcript.  Although the 2-kb transcript a p  
pears  to  be  more  abundant  on  Northern blots, none of 
the  ten c D N h  isolated specifically correspond  to  the 
2-kb transcript. One possible explanation is that  the 2- 
kb  transcript may be  more  abundant in locations other 
than  the  head because cDNAs in this study were isolated 
from a head library. 

Transcripts  from  this  gene  detected by in s i fu  hybrid- 
ization with  cDNA probes are expressed in several dis- 
tinct  patterns at different  stages of embryogenesis. Re- 
fore  gastrulation,  strong expression  occurs throughout 
the  embryo  but expression is no  longer  detectable 
shortly  after  gastrulation (data  not  shown). Shortly  after 
neurogenesis,  expression is detected in the CNS and 
PNS in a pattern  that is similar  to that of para (Figure 

A Arpl4D n CnnA14D 

Z T A G  

4D).  These results suggest that  the  encoded  protein 
may have several different  functions  during embryogen- 
esis-an early function  required  throughout  the em- 
bryo and a later  function  that is neuronally specific. 

Sequence analysis of the cDNAs revealed a complete 
ORF encoding a deduced polypeptide of 578 amino 
acids (form I; Figure 9). A  second  splice isoform (form 
11) that  differs  from the first in the 5' untranslated 
leader  sequence  and in the N-terminal 176 amino acids 
was also identified. Database searches  indicate  that  the 
form I1 polypeptide is identical with a Drosophila cal- 
cineurin  A  homologue (originally termed PP2B 14D 
and  renamed  here as CnnA14D) previously cloned via 
PCR (BROWN P I  al. 1994). The polypeptides encoded 
by CnnAI4D are -75% identical  to  mammalian cal- 
cineurin  A  polypeptides. Mammalian calcineurin (also 
termed  protein  phosphatase-2B) is a highly conserved, 
calcium-activated protein  phosphatase  consisting of a 
catalytic subunit (A) and a regulatory subunit (R) that 
functions 

G 

:I T T A 

T 

in a wide variety of signaling pathways 

FIGURE  6.-Determination of the 5' ends of 
the Arj,l4D and CnnA14D transcript5 by primer 
extension analysis. Adult (a) and  embryonic  (e) 
poly(A)' (A7pI4D) or total (CnnAI4D) RNAwere 
used.  Sequencing  reactions (C, T ,  A, G) of geno- 
mic  clones  corresponding to the cDNAs were car- 
ried  out  using  the  same  primers as in the  exten- 
sion  reactions. The  complete  sequence of the 
genomic  region of Arp1411 is shown in Figure 7. 
Both Atp1411 (A) and CnnA14D (R) are  tran- 
scribed  from  single  start sites in  adults  and  em- 
bryos. The  sequences of their  respective  initiation 
sites  (ATGCATCT) and  (GTAATTT)  are in good 
agreement with the  Drosophila  consensus se- 
quence  (see  text). 

a e  
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poly(A) signal of CnnAllD 
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-1715 

-1630 AATCCTCCACCACAACTATATAATTATTGAAAGTTGATGAAAGCTGTTGGGCCGTTTAAGTTTCAGAGTTTCTGTTCTATATGTG 

-1545 GTTAAAATTGTTAATGTTGTTACACCGCAAATGCATACTTAGTTAGTTAGTCGAGTGAAATGGGAGTTCCCCCAAATCACATTTA 

-1290 TTAGGCTATAAACAAATGTTTCTATTGATGGACAACATTTCAGGTATAATTTTTGAAAAACAACAAATATTTATTTCAATTGTTA 

-1205 ATACCAAAATACGCATA cr TCAACAATTAAGTTTTAATTTTTTTTTTTTAATATAGTTTAATTATCAAAGAACTATACATTTTAA 
-1120 GCCATTAAACGTAGGCAATATTCAGATAATTTTCTGAAATAAATTAATTGTAAATTTTGGATTCTCTTAGGGCGATTTGCATTCC 

-1035 GAGTGTATCAAGAGCCATGGTAAATAATAAAGCTAAGAAGTATTAATAATTCTACACTATGTATGACTAACAATACATTTGCTTA 

-950 GTTCCCTCGATAAAGAAAGTACATAACTATTGCATGAGGCATAGGCPTTCCTG~ACAT~TAAAAGTAAATAATTGAATA 

-865GAACGGCTGAGGAGGAGATGAGTAGATTTTGATAATATGTACTGTCAAGACCATGCC~CATGCTTATGGG~CTATTTAAAAAG 

-6lOACATATACATACTATATAAACGAATAAAATAAATCAGCAACAAACTTTCCATTTTATGGCGTTCGATCACTTAACTTTTTATCCT 

-525 TGGGAGCAGTATTGTCAAGTTATCATTTTTCTTCTTAATTGCTTAAATTACAATTCTTTAAATGCATGCATGTATTCAATGATGG 

-440 CGCCGAAATTTTGAACCTGTTTTAAGTCTTAATTCAAGAATATTTTTCCAAGTAT~~TGAAC~GCAAGAGCGCAAACG 

-355 AAAAATACCAGAAATCAATGTGAGTATTTTGAAATTTCAGCAATTGCCGAATTGGTTTTTCAAATAGATGTGATTAGTTGTTAAA 

-270 TTGCCAAATCTTTAATCCAATAATTTAATTAATAAAGTCTTAATTGAATTGAAATTGTTTTGTGTAAATCCTGTGCAAGTAACAT 

-185 ATATTACTAACAAACTTGTATTTTTTAATCTTTTTTAAATTGTTAAAAGTGGCACACA 

-100 TAAAATAATAAAAAAATATATTGGATCTAGTATCTAAACGGTTCTGGTATTTATTTTCGGTGTTTTGTACGCTTCAGTCCAACG 
+I Arpl4D 

-15 C C G A T A G T A T C G A A T B T E L ; B T I ; T A T T T T T A T T C A A C T C T A  
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AVMD -902 aaCtTCCTGGCacAt a -887 
Ddc -57 ggCgTCCTGGCcaAgt -72 

DddD.airilis) -83 ggCgTCCTGGCcaAgt -97 

FIGURE 7.-Sequence  analysis of the genomic region between the 5' end of Arpl4D and the poly(A)  signal of CnnAI4D. (A) 
The transcriptional initiation site of Arpl4D and the putative  poly(A)  signal of CnnAI4D (underlined) are shown. Arrows mark 
the 5' end of the  four transformation constructs (SK, RK, NK, and RKII)  shown in Figure 8. Two putative GAGA factor binding 
sites (bold face) and several repeats of  CATA residues (underlined) are shown. A  short segment of homology with the Drosophila 
Ddc (dopa decarboxylase) promoter region is boxed. The alignment of this segment with the  element I sequence from the D. 
melanogmter and D. vivilis Ddc genes is  shown in B. Identical nucleotides are highlighted. Note that the orientation of these 
elements in the region upstream of the Ddc genes is opposite from that in the Arpl4D promoter region. 

(SCHREIBER 1992; ENSLEN and SODERLING 1994). Cal- Calcineurin B is the  Ca*+-binding  subunit  and is a p  
cineurin is highly  enriched  in  mammalian  brain  where parently  encoded by a single  gene  in  mammals,  whereas 
it  modulates  the activities of  several  different  ion  chan- a t  least  three  genes  encoding  calcineurin A polypep- 
nels  (LUAN et al. 1993;  MURPHY et al. 1993; LIEBERMAN tides  have  been  isolated.  Transcripts  from  each  of  the 
and MODY 1994)  and is also  involved in  synaptic vesicle three  genes  undergo  alternative  splicing,  further  in- 
recycling  (LIU et al. 1994; ROBINSON et al. 1994). creasing  the diversity of  calcineurin A isoforms.  Each 



FIGURE 8.-Embryonic expression patterns of fusion constructs containing various extents of upstream DNA fused to a lac2 
reporter. A schematic diagram of the genomic region between Arpl4D and CnnA14D indicating the extents of four different 
fusion constructs is shown.  Each  fusion contains -300 bp from the first exon of Arpl4D. Representative staining patterns with 
anti-/3-galactosidase antibodies of embryos carrying each of the transformed constructs are shown at right. Three constructs, 
RKII, NK, and RK all reproduce  the  endogenous expression pattern of A 9 1  4 0  in the CNS, hindgut  (arrowhead), and proventricu- 
lus (arrow) in stage 16 embryos. In contrast, the construct SK give uniform expression over the  entire embryo. 

isoform is predominantly expressed in different tissues 
(GUERINI et al. 1992; MUARMATSU and KINCAID 1993). 
The cDNA probes used in our in situ hybridization were 
from segments common to forms I and 11, so we do 
not know whether  the splice  isoforms  of  CnnAl4D  have 
differential expression. 

Another calcineurin A homologue  (referred  to  here 
as CnnA21EF) that maps to 21EF on the polytene chro- 
mosomes has been isolated by  low stringency hybridiza- 
tion (GUERINI et al. 1992). The CnnA21EFpolypeptide 
is -71% identical with mammalian calcineurin A but 
only -67% identical with the CnnA14D polypeptide 
suggesting that  the two Drosophila genes originated 
after a duplication that  occurred before the evolution- 
ary separation of vertebrates and invertebrates -600 
mya. The N and C termini of the CnnAl4D and 
CnnA21EF polypeptides are highly divergent but  the 
catalytic and regulatory domains (Figure 9) are well 
conserved. The regulatory domain is composed of sub- 
domains containing a putative calcineurin-B binding 
site, a calmodulin-binding site, and  an autoinhibitory 
region (COHEN 1989). Although the respective func- 
tions of the two genes remain to be studied, CnnA2lEF 
is expressed at low  levels (GUERINI et al. 1992) compared 
with  CnnA14D, which apparently encodes  the predomi- 
nant  form(s) of Drosophila calcineurin. 

To look for regions involved  in the transcriptional 
control of  CnnA14D,  we first determined  the location 
of the  promoter region. Because the two forms of  cal- 
cineurin  encoded by CnnAl4D  have different untrans- 
lated leader sequences, CnnAl4D  may  have multiple 
promoters. Consistent with this interpretation, a cDNA 
probe specific for  the 5’ end of form I mapped to coor- 
dinate -63 kb whereas a probe specific for  the 5’ end 
of form I1 mapped to -45  kb (Figure 2).  We chose to 
map  the distalmost promoter with greater resolution by 
primer extension experiments. A primer  near  the 5’ 
end of form I cDNA resulted in the synthesis  of a single 
extension product using either embryonic or adult total 
RNA  as template (Figure 6B).  The size of this product 
indicates that transcription of CnnAl4Dform I initiates 
at 349 bp upstream from the 5’ end of our form I cDNA. 
The initiation site of this transcript (GTAATTT)  is in 
good agreement with the Drosophila consensus se- 
quence (HULTMARK et al. 1986). No recognizable TATA 
box was found in this region but several  AT-rich  ele- 
ments are located nearby and overall features of the 
promoter region fit the characteristics of  TATA-less pro- 
moters in Drosophila including a CGTG element  at 
+25 downsteam and the T-rich initiation site (-1- 
POVA 1995). Because the distance between the 5’ end 
of the CnnAI4D form I transcript and  the next  gene 
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FIGURE !J.--Alignment oP Drosophila  calcineurin A subunits. Thc amino acid sequences 01 two alternatively spliced cDNAs, 
CnnA14D(I) and (,'nnA1411(11) are  compared with another calcineurin A subunit  encoded by a gene, Cn?~A211& mapping to 
polytene chrorrlosonle region 21EF. Only the first 176 amino acids of (:NNAI4D(IT) arc  shown; it is identical with CNNA14D(I) 
thereafter.  The overlined 11 amino acids wcrc not in thc. prcvious sequence (BROW% P I  nl. 1994) but exist in  both  our cDNAs. 
Identical amino acids are  shaded. 

upstream  (see below) is only -1 kb  (Figure 2) ,  wc 
tested this region  to  see if it  contained  the  information 
necessary to drive expression of a  reporter  construct  in 
the  appropriate  pattern.  A 2-kb fragment  containing 
400 bp of the  upstream  leader  sequence was fused up- 
stream of the l a d  reporter  in  the pCaSpeR-ATGlacZ 
vector and 210 independent  transformants were iso- 
lated.  None of these  transformants  reproduced  the  en- 
dogenous  expression pattern of CnnAl4Il in either 
young or  mature embryos (data  not  shown).  These re- 
sults suggest  that the regulatory  elements necessary for 
normal  expression of CnnAI4D do  not reside  in the 
region  between the distalmost promoter  and  the  next 
gene upstream but may lie within introns  upstream of 
the  form I1 promoter. 

Characterization of Cap: Five independent overlap- 
ping cDNAs mapped to coordinates  -75  through -64 
kb on  the genomic  map. The composite cDNA has a 

length of 4.7 kh and has  a  poly(A) tail at  the 3' end. 
The distance  separating  the 3' end of this transcription 
unit  from  the 5' end of CnnA14L) is only - 1 kb. North- 
ern  blot analysis  of adult and larval poly(A)+ RNA re- 
veals  two transcripts of 4 and 7 kb  (Figure  3D). Expres- 
sion  in larvae appears  to  be  higher  than  in adults and 
the '7-kb transcript  predominates  in larvae, whereas 
both  arc cxprcsscd about equally in  adults. The com- 
posite cDNA has a  total  length oP 4.7 kb with 406 bp 
of nntranslated  sequence  at  the 3' end  and 548 bp of 
untranslated  sequence  at  the 5' end. Thus,  our cDNAs 
apparently  represent  the 7-kb transcript and  are incom- 
plete  at  the 5' end by -2 kb. 

Transcripts  from this gene  are first detected by in situ 
hybridization with  cDNA probes  during  the  blastoderm 
stage and  continue to be  present  throughout  the  germ 
band  (data  not  shown). After germ  band  retraction, 
expression is dctcctcd only in the CNS and gonads (Fig- 
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ure  4E). At later stages of development,  strong expres- 
sion is detected in larval brains and imaginal discs in- 
cluding wing and leg discs (Figure 4, G and H).  
Expression in imaginal discs occurs throughout  the  en- 
tire disc without any specific pattern. Expression was 
also  readily detected in larval  salivary glands (Figure 
41). These results suggest preferential expression of the 
gene in mitotic cells and in  cells containing polytene 
chromosomes. 

Sequence analysis revealed a single complete OW 
encoding a deduced polypeptide of 1231 amino acids 
(Figure 10A). Database searches demonstrated  that  the 
polypeptide shares significant similarity  with the re- 
cently discovered SMC family  of proteins (Figure 10, 
B-D) that  are  required  for mitotic chromosome assem- 
bly and organization (STRUNNIKOV et al. 1995). SMCl 
(stability of minichromosomes)  protein was identified 
originally from an S. cmwisiae mutant  that  had  an in- 
creased frequency of minichromosome  nondisjunction 
(STRUNNIKOV et al. 1993). Subsequently, related family 
members have been  identifed in C. elegans, Xenopus, 
and mammals. The  encoded  proteins  are  abundant 
chromosome  proteins  required  for  normal  chromo- 
some condensation and chromatin organization (Hw 
ANO and MITCHISON 1994; SAITOH at al. 1994; STRUNNI- 
KOV e1 al. 1995).  The family member in nematodes is 
encoded by the dpy-27gene, which was originally identi- 
fied by a  mutational defect in dosage compensation, 
indicating that  the effect of these proteins on chromo- 
some organization can also affect global regulation of 
gene expression (CHUANC: et al. 1994). 

Of the various known  family members, the Drosoph- 
ila gene  appears to be most closely related to the XCup- 
E gene  (Xenopus  chromosome associated protein E; 
Figure 10) so we have named  the Drosophila gene Cap. 
The Cap  gene  product  contains several structural fea- 
tures in common with other SMC family members in- 
cluding  the  presence of three globular domains  in  the 
amino-terminal,  central, and carboxy-terminal regions 
connected by  two coiled coil segments. There is little 
sequence conservation in the coiled coil regions but 
the globular regions are  more highly conserved. Within 
the globular domains  at  the  amino-  and carboxy-termini 
are NTP-binding sites A and B, respectively. In  other 
proteins  containing these sites such as the DEAD box 
RNA helicase proteins,  the NTP-binding A site is known 
to be involved in binding ATP and  the NTP-binding €5 
site is required  for ATP  hydrolysis (PAUSE and SONEN- 
BERG 1992; SAITOH el 01. 1994). Although XCap-E and 
Cap share only -23% amino acid identities overall, the 
NTP-binding A and B sites are, respectively, 55 and 62% 
identical. 

The  dendrogram shown in Figure 11 indicates that 
Cap belongs to a  subgroup of the SMC family containing 
the yeast SMC2 gene,  the  Xenopus XCap-E gene,  and 
the chicken SCII gene (HIKANO and MII'CHISON 1994; 
SAITOH e1 al. 1994; STRUNN~KOV at al. 1995).  It is reason- 
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FIGURE 10.-Thc Drosophila Cap gene  encodes a member 
of the SMC family. (A) The  deduced  amino acid sequence of 
the  complete ORF is shown. Two signature sequences,  the 
NTP-binding A site and  the NTP-binding R site present  in all 
member of the SMC protein family are  underlined  and  in 
boldface.  A central  hinge  domain  (underlined) also shares 
significant similarity with other  members of the family. (B- 
D) Amino  acid  sequenccs of the NTP-binding  A site, the 
hinge  domain,  and  the NTP-binding B sites are shown in 
alignment with SMC family members XCAPE (Xenopus), 
SCII (chicken), SMC2 ( X  cmeuisin~), XCAPC (Xenopus), DPY- 
27 (C. eleguns), and SMC: 1 (S. cerwisine). Amino acid identities 
are shaded.  The  underlined region of NTP-binding A site is 
a putative ATP-binding site. 

able to anticipate  that  additional SMC-related genes will 
be identified in Drosophila including some that  are 
more closely related to the  subgroup  containing  the 
XCap-C, Dpy-27, and SMCl genes. 
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FIGURE 11.-Dendrogram  showing  the relationship among 
various proteins in  the SMC family including DCAP. The hori- 
zontal branch  lengths  are inversely proportional to the simi- 
larity between the seequences.  The  distances were calculated 
on the basis of identities  throughout  the  entire amino acid 
sequence of each  protein  using  the  DISTANCES program 
from the GCG software package. 

Concluding remarks: Our results demonstrate  the 
existence of a cluster of  five genes, including the para 
locus, all of which are transcribed in the same direction 
and all of which  have a  neuronal expression pattern 
during embryonic and larval stages. In describing this 
collection of genes as a cluster, we are  referring specifi- 
cally to the tight spacing between adjacent genes in this 
group (c& STATHAKIS et al. 1995). The distance between 
genes in this cluster ranges from <1 to 4 kb  with an 
average of <2 kb (Figure 2). If the primary transcripts 
of these genes  extend  for  hundreds of nucleotides be- 
yond the polyadenylation signal, the gaps between 
genes are potentially even smaller. Consequently, 
294% of the  genomic  segment of >125 kb that in- 
cludes this gene cluster is transcribed. For comparison, 
we  may consider  the Ddc cluster, which is one of the few 
examples in Drosophila where a large genomic  region is 
known to contain  a very high  proportion of transcribed 
sequences (STATHAKIS et al. 1995). The Ddc cluster in- 
cludes two dense subclusters of genes, a proximal 23- 
kb subcluster that is 75% transcribed and a distal 27.4 
kb subcluster that is 82%  transcribed. However, in con- 
trast with the Ddc cluster where expression of each gene 
appears to be regulated individually, in  the para cluster 
we have been  unable to identify regulatory elements  in 
the intervals upstream of promoter regions that  direct 
the  normal expression patterns of these genes. Such 
regulatory elements may be contained within introns. 
Another possibility is that some regulatory elements 
may be shared by one  or  more genes in the cluster. 

Other densely arranged  gene clusters have been 
found  in Drosophila and in most of these cases the 
genes in the cluster are known to be functionally and/ 

or structurally related (e.g., EVELETH and MARSH 1986; 
WRIGHT 1987; KNUST et al. 1992; FURIA et al. 1993;  STA- 
THAKIS et al. 1995). Consequently our results raise the 
questions of whether  there  are  functional  interactions 
among these genes in the para cluster and whether  the 
expression of these genes is coordinately regulated to 
some degree. Although we cannot yet  definitively an- 
swer these questions one way or the other, functional 
relationships between the upstream gene  products and 
pareencoded sodium channels can readily be envi- 
sioned. The para polypeptide contains 10 putative glyco- 
sylation  sites and several putative sites for phosphoryla- 
tion by CAMP-dependent protein kinase or protein 
kinase C  (LOUGHNEY et al. 1989; THACKEKAY and GANET- 
ZKY 1994).  In mammals, recent studies have  shown that 
calcineurin modulates sodium channel activity by de- 
phosphorylating residues that have been phosphory- 
lated by CAMP-dependent protein kinases (MURPHY et 
al. 1993) and that calnexin is involved in appropriate 
folding and transport  into  membranes of  glycosylated 
proteins  including  a  chloride  channel  protein (PIND et 
al. 1994). In addition, cytoskeletal proteins such as actin 
filaments and ankyrin interact with sodium channels 
and regulate channel activity in mammals (SRINIVASAN 
et al. 1992; PUT et al. 1993).  Thus,  calnexin,  calcineurin 
and actin-related protein could be involved in im- 
portant aspects of para-encoded sodium channel pro- 
cessing, function,  modulation, or distribution. 

The Cap locus is the only member of the cluster 
whose gene  product lacks  any apparent  relationship 
with sodium channels. In this regard, it is  of interest to 
note  that  there  are some similarities between the  gene 
products of  Cap and rnle. Like the Cap polypeptide, the 
rnle polypeptide also contains  both NTP-binding sites 
A and B and is a chromosomally associated protein 
(KURODA et al. 1991).  A  homologue of Cap in nema- 
todes is involved in dosage compensation as  is the mle 
protein  in Drosophila. The existence of unusual alleles 
of mle, rnle""'', with a temperature-sensitive paralytic phe- 
notype associated with a block in action potential  propa- 
gation (Wv et al. 1978; GANETZKY and WU 1986) re- 
vealed that this gene somehow affected sodium 
channels.  Subsequent studies indicated  that expression 
of para is reduced  in  an rnlenaf i  background (STERN et al. 
1990). This phenotypic effect is known  to be distinct 
from the effect of rnleon dosage compensation (KERNAN 
et al. 1991). Recent results have  shown that processing 
of the para transcript is defective in rnle""!' mutants (R. 
REENAN and B. GANETZKY, unpublished  results).  Thus, 
it is possible that Cap  is also  involved in regulating some 
aspect of para expression. 

If other  members of the para cluster do affect expres- 
sion or function of sodium channels,  there is still the 
question of why they are so tightly spaced. The polypep- 
tides encoded by the genes in this cluster do  not inter- 
act exclusively  with sodium channels and must have 
other  important biological functions. Possibly the ar- 
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rangement of these genes is coincidential but again it 
is tantalizing to speculate that  there is some functional 
basis for it that provides a selective advantage. It will be 
of interest  to carry out a detailed genetic analysis of 
the  other genes in the para cluster, which should  help 
answer some of these questions. 

Finally, it is worth noting  that  the existence of a  gene 
complex in  the  region  including  the Sh potassium chan- 
nel  gene has been  proposed on the basis  of genetic 
interactions and similar phenotypes among mutations 
in this region (FERRUS et al. 1990; DE LA POMPA 1994). 
Recently, a  protein kinase, a  troponin  I homologue and 
a  Ca2+-binding  protein  (Frequenin) have been  cloned 
from the Sh complex. Several of these proteins have 
been shown to affect development of the nervous sys- 
tem or synaptic transmission (BARBAS et al. 1991; PONGS 
et al. 1993). The molecular organization of genes within 
the Sh complex has not  been characterized yet so it 
remains to be seen whether  there will be a  dense cluster- 
ing similar to that of the para region. Perhaps more 
detailed genetic and molecular studies of the Sh region 
as  well  as regions containing  other ion channel struc- 
tural genes will reveal that  dense clustering of function- 
ally related genes is common for reasons that remain 
to be determined. 
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