FEBS Letters 337 (1994) 81-87

FEBS|
LETTERS

FEBS 13480

n and characterization of a gene for a ryanodine receptor/calcium

release channel in Drosophila melanogaster

Hiroshi Takeshima®*, Miyuki Nishi®, Naoyuki Iwabe®,
Ichiro Masai¢,

Takashi Miyata®, Toshihiko Hosoya®,

Yoshiki Hotta®®

International Institute for Advanced Studies, Shimadzu N-80, 1 Nishinokyo-Kuwahara-cho, Kyoto 604, Japan
®Department of Biophysics, Kyoto University Faculty of Science, Kyoto 606-01, Japan
Department of Physics, Faculty of Science and *Molecular Genetics Research Laboratory, Tokyo University, Tokyo 113, Japan
National Institute for Basic Biology, Okazaki, Aichi 444, Japan

Received 19 November 1993

Abstract

The nucleotide sequence of a 25.7 kilobase Drosophila melanogaster genomic DNA segment containing a gene for a ryanodine receptor/calcium
release channel homologue has been determined. Computer analys1s and partial cDNA cloning revealed 26 exons comprising the protein-coding
sequence in this gene, The predicted protein is homologous in amino acid sequence and shares characteristic structural features with the mammalian
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ryanodine receptors. In blot hybndlzatlon analysis, a ~16 kilobase RNA species was identified abundantly in a 6-12 h embryo as the transcript from
this gene. In situ hybridization to polytene chromosomes indicated that this gene locates at band position 44F on the second chromosome.
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1. Introduction

The release of Ca?* from intracellular stores is an im-
portant process in many signal transduction systems.
The Ca?* release is mediated by at least two classes of
channel proteins, the inositol 1,4,5-trisphosphate (IP,)
receptor and the ryanodine receptor, in mammalian cells
[1]. The ryanodine receptor has been best characterized
in skeletal muscle as the calcium-induced calcium release
channel which is activated by cytoplasmic Ca?*, caffeine
and ryanodine [2], and as the ‘foot’ protein which spans
the junction between the transverse tubules and the sar-
coplasmic reticulum [3,4]. Recent studies have shown
that three types of the ryanodine receptor, namely skele-
tal muscle, cardiac and brain types, exist in mammalian
tissues [5-10] and the distribution of the mRNAs has
also been investigated [10]. These ryanodine receptors
are composed of ~5,000 amino acid residues, comprising
the carboxy-terminal channel region which has four pu-
tative transmembrane segments, and the remaining por-
tion which apparently constitutes the ‘foot’ structure
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Abbreviations: IP,, inositol 1,4,5-trisphosphate; PCR, polymerase chain
reaction; ER, endoplasmic reticulum.

[5.8,10]. By expression of the ryanodine receptor
c¢DNAs, functional calcium release channels have been
formed in Chinese hamster ovary cells [11,12], Xenopus
oocytes [8] and COS cells [13].

The fruit fly Drosophila melanogaster is amenable to
genetic analysis and provides an ideal system to examine
the role of many proteins. Ryanodine, a natural plant
alkaloid, was originally identified as an insecticide and
then shown to have profound effects on muscle from a
variety of vertebrates and invertebrates [14]. The ryan-
odine receptor may therefore take part in Ca®* signalling
of muscle and nervous systems in Drosophila. We present
here the existence of a D. melanogaster counterpart of the
mammalian ryanodine receptor gene.

2. Materials and methods

2.1. DNA cloning

A D. melanogaster genomic library [15] was screened with the 1.9-kbp
Smal fragment derived from clone pRR616 [5] as a probe to yield
ADRRG2. The 1.9-kbp EcoRI fragment derived from the 5’ end of
DNA insert in ADRRG?2 was used as a probe for next screening to yield
ADRRG27 and ADRRG33. DNA fragments generated by various re-
striction endonucleases from the clones were subcloned into pBluescript
(Stratagene) and a total of 25,680 bp of contiguous genomic DNA from
the overlapping clones was completely determined [16,17]. Nucleotide
residues are numbered from the most 5 residue in DNA insert of
ADRRG27.

Protein-coding sequences were predicted by computer analysis using
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the amino acid sequences of the mammalian ryanodine receptor sub-
types; however, several junctions between protein-coding sequences
could not be determined with the analysis. We therefore, determined
them by partial cDNA cloning using polymerase chain reaction (PCR)
as follows. To determine the boundary of the protein-coding sequence
9 (P9), a synthetic primer complementary to nucleotide 9,635 to 9.664
was elongated by the procedures described perviously [5] using a mix-
ture of D. melanogaster poly(A)* RNA preparations from male adults,
female adults and embryos. The resulting cDNAs were further ampli-
fied with AmpliTaq DNA polymerase (Perkin Elmer Cetus) using 40
pmol of 5’-synthetic primer corresponding to nucleotides 7,801 to 7,825
(sense) and 3’-primer corresponding to position 9,606 to 9,634 (anti-
sense). Sequencing the amplified cDNA fragments showed that they
divide into two different fragments in sequence and indicated that the
genomic sequence corresponding to either 7,969-8,068 (P9) or 8,310—
8,409 (P9) is incorporated as an exon into the mRNA by alternative
splicing. Similar procedures were repeated to determined the bounda-
ries between P11 and P12, P12 and P13, P17 and P18, P19 and P20 and
P21 and P22. In the analysis of the junction between P12 and P13, two
amplified fragments that differ in length were obtained. Sequence anal-
ysis of the fragments indicated that P13 carries two splice-acceptor sites
and that two forms of transcript can be generated at this region by
alternative splicing (insertion/deletion of residues 12,059-12,095).

2.2. RNA blot hybridization analysis

Poly(A)* RNA samples, prepared by the method of Jowett [18], were
electrophoresed on a formaldehyde/1% agarose gel and transfered to
a nylon membrane [19]. The filters were hybridized with *’P-labelled
DNA insert of ADRRG2 in buffer containing 20% formamide, 5x SSC,
0.1 M sodium phosphate (pH 6.8), 0.2% bovine serum albumin, 0.2%
polyvinylpyrolidone, 0.2% Ficoll (M, 400,000), 250 #g/ml salmon DNA
at 42°C. Extensive washing was done in 0.5 x SSC/0.1% SDS at 65°C.

2.3. Chromosome in situ hybridization

Chromosome squashes for hybridization were prepared as in [20].
The procedure for hybridization and post-hybridization was identical
to the method described in [21]. The DNA insert of ADRRG2 was
labelled with digoxigenin and used as a hybridization probe to polytene
chromosome.

3. Results and discussion

3.1. Gene structure from the DNA sequence and partial
¢DNA cloning
Fig. 1 shows a ~30-kbp Drosophila genomic DNA seg-
ment from the overlapping phase clones, which was de-
tected by its ability to cross-hybridize with the rabbit
skeletal muscle ryanodine receptor cDNA. A total of
25,680 bp of the contiguous DNA segment was com-
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pletely determined. Computer analysis using amino acid
sequences of the mammalian ryanodine receptor sub-
types and partial cDNA cloning (see section 2.1) revealed
a gene with 26 exons comprising the protein-coding
sequence (P1-P26). All the exon/intron boundaries as-
signed follow the GT/AG rule [22]. The nucleotide se-
quence ACGAAATGG surrounding the putative trans-
lation iniation codon (residues 344-346) agrees reasona-
bly well with the consensus sequence for eukaryotic initi-
ation condons CC(A/G)CCATGG [23] and the proposed
Drosophila translation initiation sequence (C/A)AA(A/
C)ATG [24]. The deduced amino acid sequence in P1,
following the initiation methionine, is highly similar to
amino-terminal sequences of the mammalian ryanodine
receptor subtypes. Cloning and sequencing of the partial
cDNA fragments indicated that multiple mRNAs can be
generated by two different splicing patterns in two inter-
nal sections: (i) the mutually exclusive incorporation of
P9 or P9’ into mRNA, and (ii) the choice of one out of
two splice-acceptor sites in P13 (see section 2.1). The
3’-most protein-coding sequence (P26) contains the pre-
sumed stop codon (25,190-25,192) and a putative poly-
adenylation signal AATAAA [22] exists 260-bp further
downstream. These observations suggest that the Droso-
phila gene can produce ~16-kb mRNAs carrying 15,378
(or 15,336 in another form) bases as the protein-coding
sequence.

3.2. Proposed structure of the gene product

The predicted protein-coding sequence in this gene
suggests a primary translation product composed of
5,216 (or 5,112) amino acid residues. Fig. 2 shows the
predicted amino acid sequence of the product. Compari-
son of the amino acid sequence with those of the mam-
malian ryanodine receptor subtypes reveals 45%, 47%
and 46% identities between the Drosophila product and
the skeletal muscle type-, the cardiac type- and the brain
type-ryanodine receptor, respectively. The hydropathic-
ity profile of the product is similar to those of the mam-
malian ryanodine receptors. Four transmembrane seg-
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Fig. 1. Structure of the gene for the Drosophila ryanodine receptor homologue. The restriction map of the genomic region of the Drosophila ryanodine
receptor homologue, the exons comprising the predicted protein-coding sequence (P1-P26) and the DNA inserts of genomic phages isolated are
shown. The sequences of the exons are as follows: P1 (344-397), P2 (3,244-3,447), P3 (4,393-4,470), P4 (4,534-4,922), PS5 (4,987-5,508), P6
(5,568-5,692), P7 (5,752-7,174), P8 (7,230-7,833), P9 (7,969--8,068), P9’ (8,310-8,409), P10 (9,606-9,810), P11 (9,865-10,621), P12 (10,681-11,840),
P13 (12,054 or 12,096-12,248), P14 (12,321-12,436), P15 (12,743-15,015), P16 (15,524-16,003), P17 (16,604-16,741), P18 (16,895-17,181), P19
(17,243-19,341), P20 (19,690-19,802), P21 (20,439-20,784), P22 (21,007-21,307), P23 (21,592-21,702), P24 (21,760-22,179), P25 (22,248-22,449) and
P26 (22,513-25,192). The sequence data for the genomic DNA segment will appear in the DDBJ/GenBank/EMBL Nucleotide Sequence Database

under the accession number D17389.
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B HRVEAIVAFGDIYVSKLQANQKFRYNELMQALNMSAALTARKTREFRSPPOEQINMLLNFQ- - - - - LGENCPCPEEIREELYDFHEDLLVHCGVP- LEEEEEEEEDTS- - - ~-WTGKLRTLVYKIKGPPKPEKEQPTEE- - - EERCPTTL- 1960

D RRVLIKTIVSWAEESQIENPKLVREMFSLLLRQYDTVGELVRALEKTYV INTRARDDVA EMWVGLSQIRALLPVOMSQEEEELMRKRLWKLVNNATFFQH PDLT RILRVHENVMAVMMNT IGRRAQAQS DA PTQSEVAEGAPSKEKDTSH 2310
Sk QELVSHMVVRWAQEDYVQS PELVRAMFSLLHRQYDGLGELLRALPRAYT IS PSSVEDTMSLLECLGQIRSLLIVQMG POEENLMIQS [GNIMNNKVFYQHPNLMRALGMHETVMEVMYNVLG - - - - -~ -~~~ - - - - - -GGETKEIRFPK 2227
€ QQLISETMVRWAQESVIEDPELVRAMFVLLHRQYDGIGGLVRALPKTYT INGVSVEDT INLLASLGQIRSLLSVRMGKEEEKLMIRGLGDIMNNKVEYQHPNLMRALGMH ETVMEVMVNVLG - GGESKEITFPK 2191
B KELISQTMIRWAQEDQIQDAELVRMMFNLLRRQYDSIGELLQALRKTYT ISHASVSDT INLLAALGQI RSLLSVRMGREEELLMINGLGDIMNNKVEYQHPNLMRVLGMHETVMEVMVNVLG - -~-----TEKSQIAFPK 2092

D EMVVACCRFLCYFCRTGRONQKAMFDHFDFLI,DNANILLARPSLRGSTPLOVAYSSLMENT ELALALREHYLEK IAVYLSRCGLOSNSELVEKGY PDLGWD PVEGERYLDFLRYCVWVNGESVEENANLV I RLLTRRPECLGPALRGEG - 2459
Sk -MVTSCCRFLCYFCRISRONQRSMFDHLSYI, LENSGIGIX}--»Pms'l‘PLWAMSVIDNNEMLALOEX)DLEKWSYMGCGLOSCPHLLAKGVPDIGWNPCGGERYLDFLRFAVFVNGESVEENANVWRLLTRKPEX?FGPALRGB;G 2373
€ ~MVANCCRFLCYFCRI DHLSYLL PLDVA, ALALREPDLEKVVRYLAGCGLOSCOMLVSKGYPDI YLDFLRFAVFCI VVRLLIRRPECFGPALRGEGG 2340
B -MVASCCRFLCYFCRISRONQKAMFEHLSYLLENSSVGLA TPLDVA ALGLEEPDLEKVVT YLAGCGLQSC PMLLAKGY PDVGWNPTEGERYLSFLRFAVFVNSESVEERASVVVKLL IRRPECFGPALRGEGG 2241

0 EGLFRAIVEANRMSERIS- DRCKMQDEAEGT IAGLNFTHPLPEGEEDEDYIDTGAAILNFYCTLVDLLGRCAPDASV IEQGKNESLRARASLRSLVPLEDLQGVLSLKFTLSQTAPGEEK PKSDMPSGLLPNNKQS IVLFLERVYGIEAQ 2608
Sk SGLLAAIEEAIRISEDPARDGPGVRRDRRREHSG- - EEPPEENRVHLGHAIMSFYAALI DLLGRCAPEMHL IQAGKGEALRIRAILRSLVFLDDLVGI ISLPLQIPTLGKDGALVQ PKMSASFVPDHKASMVLFLDRVYGIENQ 2515
€ NGLLAAMEEA IXIAEDPSRDGPSPTSGSSKTL-D- ‘TEEEEDDTIHMGNAIMT FYAALI DLLGRCAPEMHL IHAGKGEATRTRS ILRSLI PLGDLVGY ISTAFQMPT IAKDGNVVEPDMSAGFCPDHKAAMVLFLDRVYGIEVQ 2481
B NGLLAAMQGATKISESPALDLPSQ- -GYKREVPE- -DGEEEEEIVHMGNAIMSFYSALI DLLGRCAPEMHL IQTGKGEATRIRS ILRSLVPTEDLVGI ISI PLKLPSLNKDGSVSEPDMAANFCPDHKAPMVLFLDRVYGIKDQ 2381

D DLFYRLLEDAFLPDLRTATILDKSDGSESDMALAMNRY IGNSTLPLLIKHSKFYNEAENYASLLDATLHTVYRLSKNRMLTKGQREAVS DFLVALTSQMQPAMLLKLLRKLTVDVSKLSEYTTVALRLLTLHFDRCAKYYGSTQGQGSYG 2758
Sk DFLLHVLOVGFLPDMRAAASLDTATFSTTEMALALNRYLCLAVLPLITKCAPLFAGTEHRAIMYDSMLHTVYRLSRGRSLTKAQRDV I EDCLMALCRY IRPSMLQHLLRRLVFDVPILNEFAKMPLKLLTNHYERCWKYYCLPTGWANFG 2665
€ DFLLHLLEVGFLPDLRAAASLOTAALSATDMALALNRYLCTAVLPLLTRCAPLFAGTEHHASLIDSLLHTVYRLSKGCSLTKAQRDS IEVCLLSICGOLR PSMMQHLLRRLVF DVPLLNEHAKMPLKLLTNHYERCWKY YCLPGGWGNFG 2631
B TFLLHLLEVGFLPDLRASASLDTVALSTTESALALNRYICSAVLPLLTRCAPLFAGTEHYTSLIDSTLQTIYRLSKGRSLTKAQRDT IEECLLAICNHLAPSMLOQLLRRLVF DV PQLNDYC KMPLKLLTNHFEQCWKYYCLPSGWGSYG 2531

Fig. 2. (I).
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] ASSDEEKRL’!‘MLLP SNT F‘DSLSNMD‘{DPELFGKALPCLIA IGCALPPDYSLSKN'FDEDY‘{GRQHGAPDQPQYMPNPI UI'NNVHLDNDI:N I NOKF SEHVHDAWASRRLEGGWT‘{GDI RS DNDRKH PRLKPYNMI.SEYERERYRDPVRECL 2908
Sk VTSEEELHLTRKLFWG1FDSLAHKKYDQELYRMAMPCLCA IAGALPPDYVDASYSSKAEKKATVDA - - EGNFDPRPVETLNVI T PEKLDSFINKFAEYTHEKWAF DK IONNWS YGENVDEELKTH PMLRPYKTFSEKDKE 1 YRWPTKESL 2813
C  AASEEELHLSRKLFWG 1 FDALSQKKYEQELF KLALPCLSAVAGAL PPDYMESNYVSMMEKQSSMDS ~ - EGNFNPQPVDTSNI T I PEKLEYF INKYAEHSHDKWSMDKLANGWI YGE [ YSDSSKIQPLMKPYKLLSEKEKF 1 YRWPTIKESL 2779
B LAVEEELHLTEKLFWGIFDSLSHKKYDPDLFRMSLPCLSA IAGALPPDYLDTRITATLEKQVSVDA - - DGNFDPKPINT INFSLPEKLEY IVTKYAEHSHDKWACEKSQSGWKYGT SLDENVKTHPL I RPFKT LT EXFKE T YRWPARESL. 2679

D  KGLLAIGWIVEHS-EVEV - - PLNHRGSTRROSKPQINEFQNEGSPFNYNPHPVDMSNLT LSREMQNMAERLAENSHD TWAKKKNEELNGCGGY THPQLVPYDLLTDKEKKKDRERSOEF LKYMQYQGY KLHK PSKGGAVEEGGATQAAVE 3055

Sk KAMIAWEWTTEKAREGEE- - ERTEKKKTRKIS- - QTAQ- - TYDPREGYNPOPPDLSGVTLSRELQAMA EQLAEN YHNTWG RKKKQELEA KGCGTHPLLVPYDTLTAKEKARDREKAQELLKFLQMNGYAV - - - - FRGLKDMELDTSSIE 2952
C  KTMLAWGWRIFRTREGDS- - -MALYNRTRRIS- -QTSQV- SVDAAHGYSPRATDMSNVTLSRDLHAMA EMMAENYHN IWAKKKKLE LESKGGGNH PLLVPY Y. TAKEKAKDREKAQD LLKFLQI NGYAV - - SRGFKDLELDTPSTE 2918
B KTMLAVGWIVERTKEGEALVQLRENEKLRSVS- -QTSQ---- - - GNSYNPAPLDLSNVVLSRELQGMVEVVAENYHN IWAKRKKLELESKGGGSHPLLVPY DTLTAK EKFRDREKAQDLFKFLQUNGVIV- - - SRGMKDMELDAFSME 2816

D LRFSYSLLEKLIQYLDRAT INMKLLKPSTTFSRRSSFKTATRDIKFFSKVVLPLMEKYFSTHRNYFIAI-ATATNNIGAASLKEKEMVAS]FCKLAALLRNRLSAFG PDVRITVRCLQOVLVKGI DARTL.PKNCPEF IRTSMLTFFNQTSD 3204
Sk KRFAPGFLQQLLRWMDISQEFIAHLEAVVSSGRVEKS - PHEQEIKFFAKILLPLINQYFTNHCLYFLST PAXVLGSGGHASNKEKEM T SLFCKLAALVRHRVSLEGTDA PAVVNC LHILARSLDARTVMKSGPEIVKAGLRSFFESASE 3101
C  KRFAYSFLOQLIRYVDEAHQYILEFDGG - SRSKGEHF - PYEQEIKFFAKVVL PL1 DQYFKNHRLYFLSAASRPLCSGGHASNKEKEMVT SLECKLGVLVRHR [SLFGNDATSIVNCLH]I LGQPLDARTVMKTGLESVKSAL RAFLDNAAE 3066
B KRFAYKFLKKILKYVDSAQEFIAHLEA[VSSGKTEKS - PHDQEIKFFAKVLI, PLVDOYFTNHRLYFLSSPLKPLSSSGYASHKEKEMVASLFCKLAALVRHRTSLFGSDSTTMVSCLHTLAQTLDTRTVMKSGS EI VKAGLRAFFESAAE 2965

D DLGNTILNOQDGKYSHLRGTHLKTSTSLGYVNQVVLPVLTAMFDHLAAC DYGSDLLLDEIQVASYK I LAALYHLGTDGTL PTHDRKY LKT £ 1 ERHR PALCSCLGAYSSCF PVAFLEPHLNKHNQYS LLNRIADHS | FAQDIMVKMESCMPN 3354
Sk DIEKMVENLRLGKVSQARTQVKGVGONLTYTTVALLPVLTTLFQHIAQHQFGDDY ILDDVQVSCYRTLCSTYSLGTT- - -- KNTYV - EKLRPALGECLARLAAAMPVAF LEPQOLNEYNACSVYTTKS PRERATLGLPNSVEEMCPD 3242
C  DLEKTMENLKQGQFTHTRNQPRGVTQIINYTTVALLPMLSSLFEHIGOHQFGEDL ILEDVQVSCYRILTSLYALGTS ~KSIYV -- - -ERQRSALGECLAAFAGAFPVAFLETHLNKHNIYS [ YNTKSSRERAALSLPANVEDVCPN 3207
B DLEKTSENLKLGKFTHSRTQIKGVSQNINYTTVALLPILTSIFEHVAQHQFGVDLLLGDVQISCYRILCSLYSLGTG - ~KNIYV - ERQRPALGECLASLAAAT PVAFLEPTLNRYNALSVENTKT PRERS 1 LGMPDTVEEMCPD 31106

D ---LETILGEVDQFVESDKTYNDAPHIIDVILPLLCAYLPFWWSQGPDN - - - - VS PTSGNHVTMVTADHMNPLL RNVLKM | KKNIGNDNAPWMTRIAAYTQQ | L INTSFELLKDPFLPLAERVKKRTENMLHKEDSMRGF LKSATDDTSQ 3497

Sk IPVLDRLMADIGGLAESGARYTEMPHVIEITLFMLCSYLPRWWERG PEAPPPALPAGAPPPCTAVTSDHLNSLLGNILRI IVNNLG IDEATWMKRLAVFAQP ! VSRARPELLHSHF I PT IGRLRKRACKVVAFEQLRLEAKAEAEEG- - 3390
C IPSLEKLMEEIVELAESGIRYTQWM 1LPMLCSY ES---- CTALNSEHMNTLLGNILKI 1YNNLG LDEGAWMKRLAVFSQP [ INKVKPQLLKTHFLPLMEKLKKKAAMVVSEEDHLKAFARGDMSEA - - 3351

B IPQLEGLMKEINDLAESGARYTEMPHVIEVILPMLCNYLS YWWERGPEN-~ - - -[L.S PSTGPCCSKVTSENLSLILGNILKI INNNLG [DEASWMKR IAVYAQP [ I SKARPDLI.RSHF I PTLEKLKKKAVKTVQEEFQLKADGKGDTQEA- - 3250

D VETQLQEDWNLLVRDIYSFYPLLIKYVDLORNHWLKDNIPEAEELYNHVAEIFNIWSKSQYFLKEEQNFISANE IONMAL TMPTAT RRSA 1 SEGAPAVGCKVKKKKKNRDKKR DKDKEVQASLMVACLKRLLPVGLNLFAGREQELVQHC 3647
Sk -ELLVRDEFSVLCRDLYALYPLLIRYVI AHWLTEP ELFRMVGEIF1Y REEQNFVVONE INNMSFLTADSKSKMAKAGDAQSGGSDQFRTKKKRRGDR - - - YSVQTSLIVATLKKMLPTGLNMCAPTDQDL IMLA 3536
C - ELLILDEFTTLARDLYAFYPLLIRFVDYNRAKWLKEPTPEAEELFRMVAEVFIY VVONE INNMSFLIT DT -~ ~AVSDQE! )R- -- YSMQTSLIVAALKRLLPTGLNICAPGDQEL TALA 3492
B -ELLILDEFAILCRDLYAFYPMLIRYVDNNRSNWLKS PDGDSDQLFRMVAEVFILWCKSHNFKREEQNFV IQNE INNLAFLTGDSK SKMSKAMQVKSGGQDQERKKTKRRGDL - - - YSIQTSLIVAALKKMLPIGLNMCT PGDOELISLA 3396

D KDRYLKKMPEYDVIEFARNQLTLPDKLDPSDEMSWQHYLYSKLGKTEEPVDEQALEKANVNSNEKGKDKTOETVDRIVAMAKVLFGLHM - - IDHPQQQSKNVYRSVVSIQRKRAV IACFRQTSLHSLPRHRACKIFARSY 3785
Sk KTRYALKDTDEEVREFLONNLHLQGKVEGS PSLRWOMALYRGL PGREEDADD - ~PEKIVRRVQEVSAVLYHLEQ - -~ TERPYKSKKAVWHXLLSKORRRAVVAC FRMT PLYNL PTHRACNMFLESY 3657
C  KNRFSLKDTEDEVRDI TRNNIHLQGKLE - DPAIRWQMALYKDLENRTEETSD - PEKTVERVLDIANVLFHLEQKSKFIGRRYYNLVEH PQRSKKAVWHKLLSKQRKRAVVAC FRMAPL YNLPRHRAVNLFLQGY 3624
B KSRYSYRDTDEEVKEHLRNNLHLQEKSD- DPAVKWQLNLYKDVL-KSEEPSN- -~ - -----~- oo no o PEKTVERVQRISAAVFHLEQ- - ---- - -~ - - VEQPLRSKKAVWHKLLSKQRKRAVVAC FRMAPLYNL PRHRSINLFLHGY 3515

D YEQWLQEENVGQEV-MVEDLTQTFEDSEKSKKEGEET DSKPDPLTQLVTTFCRGAMTERSGALQEDLL YMS YAQ IAAKSTGKEFEEGGDEEGCEGGEEGEGTS IHEQEMEKQKLLFHOARLSNRGVAEMVLLHISASKGI PSEMVMTTLN 3934
Sk KAAWILTEDHSFEDRMIDDLSK-AGEQREEEEEVEE- - KKPDPLHQLVLHFSRTALTEKS~KLDEDYLYMAYAD IMAKSCHLEE - - GGEN- -GEAEEEEVEVSFEEKEMEKQRLLYQQSRLHTRGAAEMVLOMI SACKGETGAMVSSTLK 3799
C  EKSWIETEEHYFEDKL [EDLAK- PGAEPPEEDEVT- - - KRVDPLRQLILLFSRTALTEKC -KLEEDFLYMAYAD IMAKSCHDE!] DDDGEEEVKSFEEKEMEKQKLLYQQARLHDRGAAEMVLQTISASKGETGPMVAATLK 3760
B QRFWIETEEYSFEEKLVQDLAKSPKVEEEEEEEME- - - KOPDPLHQIILHFSRNALTERS-KLEDDPLYTS QSGE EEDKEKTFEEK EMEKOKTLYQQARLHERGAAEMVLOMI SASKGEMSPMVVETLK 3652

D LGIAILRGGNIDIQMGMLNHLKEKKDVGFFTSIAGLMNSCSVLDLDAFERNTKAEGLGVGSEGAA - - - GEKNMHDAEFTCALFRF TQLTCEGHNLEWONYLRTQAGNTTTVNVVICTVDYLLRLOESIMDFYWHYSSKEI IDPAGKA 4078
Sk LGISTLNGGNAEVQQKMLDYLKDKKEVGFFQSIQAIMQTCSVLDLNAFERQNKAEGLGMVNEDGT VI DDEFTQDLFRFLQLLCEG! QNYLRTQTGNTTT INT [ICTVDYLLRIQESISDF YWY YSGKDVIEEQGKR 3949
LGIAILNGGNSTVQOKMLDYLKEKKDVGFFQSLAGLMQSC SVLDLNAFERQNKAEGLGMVTEEGS - - - - - ~ GEKVLQDDEFTCDLFRF1.QLLCEGHNSDFONYLRTQTGNNTTVNI LISTVDYLLRVQESISDF YWY YSGKDV IDEQGQR 3904
B LGIAILNGGNAGVQOKMLDYLKVKXDAGFFQSLSGLMQSCSVL.DLNAFERQNKAEGLGMVTEEGT LIVRERGEKVLONDEFTROLFRFLQLLCEGHNS DFQNFLRTOMGNTTTVNV I ISTVDYLLRIQESI SDFYWYYSCGKDI TDESGQH 3802

0

D NFFKAIEVASQVFNTLIEVIQGPCTLNQQALAHSRLWDAVGGF LFLFSHMODKLSKHSSQVDLLKELLNLQKDMITMML.SMLEGNVVNGT IGKQMVDTLVESASNVELILKYFDMFLKLADLIES PSFHEVDMKNEGWVT PKDFREKMEQ 4228
Sk NFSKAMSVAKQVFNSLTEY IQG PCTGNQQSLAHSRLWDAVVGF LHVFAHMMMKLAQDSSQI ELLKELLDLOKDMVVMLLSLLEGNVVNGM TARQMYDMLVESSSNVEM1LKFFDMFLKLKDIVGSEAFQDYVTDPRGL ISKKDFQKAMDS 4099
C  NFSKAIQVAKQVFNTLTEY IQGPCTGNQOSLAHS RLWDAVVGFLHVFAHMOMKLSQDSSQ I ELLKELMDLQKDMVVMLLSMLEGNVVNGT IGKQMVDMLVESSNNVEMI LKFFDMFLKLKDLTSSDTFKEYDPDGKG 1 ISKRDFHKAMES 4054
B NFSKALAVTKQIFNSLTEY IQGPCIGNQQSLAHSRLWDAVVGFLHVFANMOMKLSODSSQ 1 ELLKELLDLLQDMVVMLLSLLEGNVVNGT IGKQMVDT LVESSTNVEMI LKFFDMFLKLKDLTSS DTFKEYDPDGKG L ISKKEFQKAMEG 3952

D SKNYTPEEMDF‘LLACC ERNNEGKTDYRAF’VE‘HFHEPSKEIGFNLAVLL’I’NLS EHM PNEPRLAR!- LETAGSVLNYFEPFLGRIF ILGSSKRIERVYFEIKDSNIEQWEKPQIRESKRAFFYSIVTEGGDKEKLEAFVNFCEDAIFEMTHAS 4378
Sk QKOFTGPEIQFLLSCSEADENEMINFEEFANRFQEPARDIGFNVAVLLTNLSEHV PHDPRLRNFLELAES ILEYFRPYLGRIETMGASRR]1 ERIYFE] SETNRAOWEMPQVKESKRQF I FDVVNEGGEAEKMELFVSFCEDTIFEMQIAA 4249
C  HRHYTQSETEFLLSCAETDENETLDYEEFVKRFHEPAKDIGFNVAVLLTNLSEHMPNETRLQTFLELAESVLNYFQPFLGRIE IMGSAKRIERVYFE] SESSRTQWEKPOVKESKRQF I FDVYNEGGEKEKMELFVNFCEDTIFEMQLAA 4204
B QKQYTQSEIDFLLSCAEADENDMFNYIDFVDRFHEPAKDIGFNVAVLLTNLS EHMPNDSRLKCLLDPAESVLNY FEPYLGRIEIMGGAKKI ERVYFETSES SRTOWEKPQVKESKRQF T FDVYNEGGEQEKMELFVNFCEDTIFEMQLAS 4102

D GLMATDDGGGNVKRDTAY- SSYMSEEEEERAARDPIRRTITAVKEGLKFG- - - - - - - -VHMLSPANIKHQIGVMOQTKSTPELIVGFFK] [FY IFYYTGYARFCVVRY IFG ILLNLMRGPAPEQEEEPVVEEETFGRALPPLPLE- - - - - - 4513
Sk QISEPEGEPEADEDBEGMGE - -AAAEGAEE - GAAGAEGAAGTVAA-GATARLAAAAARALRGLSYRSLRRRVRRLRRLTAREAATALAAL [ WAVVARAGAAGAGAAAGALRLLWGSLFGCGLVECAKKVTVTELLAGMPDPTSDEVHGEQP 4395
C  QTSESDLNERSANKEESEK----- ERPEEQG PKMGFFSVLTVRS -ALFA - LRYNILTLMRMLSLKSLKKOMKKMKKMTVKDMVTAFFSS YWS I FMTLLHFVASVFRGFFRIVCSLLLGGSLVEGAKK I KVAELLANMPDPTODEVAGD- - 4345
B QISESDSADR YVLEINGEEEEDKSF SAFAM-ACAS - LKRNITNLLRKATLKNLRKQOY RNVKKMTAKELVKVE FSFFWMLFVGLEQLFFTIVGG IFQ ILWSTVFGGGLVEGAKNI RVTKILGDMPDPTQFGIHDD- - 4248

D ----- EPPGTVQAFGLDINKEENGMYKVVVHESPANS - - - - ~ SMEEGGESSPEDGAMSGELVL ******** GEPHQEP1SIVDLLGGEAAKKA- - - AQERQEAQKAQEAAMASI EAEAKKSSSA-- - - --- - - - PQETPA 4623
Sk DGAGEGEGEGDAAEGL --PF GDMGDTT PAEPPTPEGSPILKRKL - GVDGEEEELVPEPEPEPEPEPEKADEENGEKEEVPEAPP -EPPKKAPPSPPAKKEEAG 4534
C  ---GEEGERKPMETTLPSEDLTD-LKELTEESDLLSDIFGLDLKREGGQYKLIPHNPNAGLSDL-~~ - - -| MSNPVLIPEEQEKFQE-QKTKEEEK - - - EEKEETKSEPEKAEGEDGEKEEKVKEDK - - - -- - - - GKQKLRQLHTHRYGEPE 4474
B - --AMEAERAEVAEAG ITTELVHFVKGERGDTELMSDLFGLHPKKEGG- - - - VKRGPEVGLGDLSEI IGKDEPPTLESTVRKKRK~AQAAETKA - - - EHFAEGKVESEKADLEDGEKEDKAKEEERAEYLWAEVTKKKKRRRGOKVEKPE 4387

D VHQIDF- ---SQYTHRAVSFLARNFYNLKYVALVLAFSINFMLLFYKVTSFT. DSSAEEELIL DIT hnmbl)blPELVHVDEDFFYMEHVLRlAACLHSLVSLAMLIAYYHLKVPLAH'KREKEIAR 4769

Sk GAGMEFWGELEVQRVKFLNYLSRNFYTLRFLALFLAFAINFILLFY AGDLAGAG- - SEEAEG- - DEDENMVYYFLEESTGYMEPALWCLSLLHTLVAFLC I IGYNCLKV PLVIFKREKELAR 4679

C  VPESAFWKKITAYQOKLLNYFARNE' YNMRMLALF'VAFAINFILLFYKVS’I‘SSWEGKELPSRS~ - -TSENAKVTTSLDSS- - - -SHRITAVHYVLEESSGYMEPTLRILAILHTVISFFCIIGYYCLKVPLVIFKREKEVAR 4603

B AFMANFFKGLEIYQTKLLHYLARNFYNLRFLALFVAFAINFILLFYKVTEEPLEEE -+ --~TEDVANLWNSLNDE - - - EEEEAMVFFVLQESTGYMAPTLRALAVVHTIISL.VCVVGYYCLKVPLVVFKREXEIAR 4515
M1 -~ ce- M2 -

D RLEFEGLFIAEQPEDDDFKSHWDKLV1SAKSFPVNYWDKEVKKKVROKYSETYDFDSISNLLGMEKSTFAAQESEET - - - -GIFKYIMN [ DWRYOVWKAGVTFTDNAFLYSLWYFSFSYMGNFNNFFFAARLLDVAVGFKTLRTILQ 4912
Sk KLEFDGLY I'TEQPGDDDVKGOWDRLVLNT PSFPSNYWDKFVKRKVLDRHGDI FGRERTAELLGMDLASLEITAHNER- KPDPPPGLLTWLMS 1 DVKYQ IWKFGV I FTDNSFLYLGWYMVMSLLGHYNNFFFAAHLLD IAMGVKTLRTILS 4828
C  KLEFDGLYITEQPSEDDIKGOWDRLVINTQSFPNNYWDKFVKRKVMDKYGEFYGRDRISELLGMDKAALDFSDAREKKK PKKDSSLSAVLNS I DVKYQMWKLGYVETDNSFLYLAWYMTMSTLGHYNNFFFAAHLLDIAMGFKTLRTILS 4759
B KLEFDGLYITEQPSEDDIKGQWDRLVINTPSFPHNYWDKFVKRKYVINKYGDLYGAERIAELLGLDKNALDFSPVEET - - TAEAASLVSWLSS IDMKYH IWKLGVVETDNSFLYLAWYTTMSVLGHYNNFFFAAHLLD IAMGFKTLRTILS 4663

D SVTHNGKQLVLTVMLLTIIVYIYTV IAFNFIRKFYIQEEDE- EVDKKCHDMLTCFVFHLYKGVRAGGG IGDEIGDPDGDDYEVYRI 1FDITFFFFVIIILLAI1QGL 1 IDAFGE! ROQLESVKDNMESNCF ICGMGKDEFDIVPHGFDTH 5061
Sk SVTHNGKQLVMTVGLLAVVVYLYTVVAFNFFRKFYNKSEDEDE PDMKCDDMMTCYLFHMYVGVRAGGG IGDEI EDPAGDEYELYRVVFDITFFFFVIVILLATIQGL I IDAFGELRDQQEQVKEDMET KCF ICGIGSDYFDTT PHGFETH 4978
¢ SVTHNGKQLVLTVGLLAVVVYLYTVVAFNFFRKFYNKSEDGDT PDMKCDDMLTCYMFHMYVGVRAGGG IGDETEDPAGDEYEIYR] [FDITFFFFVIVILLAIIQGL I IDAFGELRDQQEQVKEDMETKCF 1CG IGNDYFDTVPHGFETH 4909
B SV’I‘HNGKOLVLTVGLLAWVYLYTVVAFNFFRKFYNKSEDDDEPDMKCDDMM’PCYLFHHYVGVRAGGG IGDEIEDPAGDPYEMYRIVFDITFFFFVIVILLAIIQGL IIDAFGELRDOOEQVREDMETKCF ICG IGNDYFDTT PHGFETH 4813
Y

D VQKEHNLANYMFFLMHLINKPDTEYTGQETYVWNMYQORSWDFFPVGDCFRKQYEDELSGGGGGG 5126

Sk TLEEHNLANYMFFLMYLINKDETEHTGQESYVWKMYQERCWDF FPAGDCFRKQYEDQLS - -- 5037
C  TLQEHNLANYLFFLMYL INKDETEHTGQESYVWKMYQERCWEFFPAGDC FRKQYEDQLN - -- 4968
B TLQEHNLANYLFFLMYLINKDETEHMTGQESYVWKMYQERCWDFFPAGDCFRKQYEDQLG--- -~ - 4872

Fig. 2. Predicted amino acid sequence of the Drosophila ryancdine receptor homologue (D) and its alignment with those of the rabbit skeletal muscle
(Sk), the rabbit cardiac (C) and the rabbit brain (B) ryanodine receptor. Amino acid residues are numbered from the putative initiating methionine
and the numbers at the right-hand end of the individual lines are given. Deletions are indicated by gaps (). The putative transmembrane segments
(M1-M4) are also shown; the termini of each segment are tentatively assigned. Two sets of the sequence corresponding to residues 1,134-1,166 and
insertion (or deletion) of residues 1,875-1,888 were observed (see section 2.1). The sequence data for the mammalian receptor subtypes were taken
from [5,8,10].



H. Takeshima et al. | FEBS Letters 337 (1994) 81-87

85

E

100
100 SkRR
DRR
IP3Ry
100
36 Xenopus IP3R

— IP3R2

IP3R3
100

Drosophila IP3R

Fig. 3. Phylogenetic tree of intracellular calcium channel family. The sequences compared are as follows: BRR (rabbit brain ryanodine receptor
homologue) [10], CRR (rabbit carciac ryanodine receptor) [8], SkRR (rabbit skeletal muscle ryanodine receptor) [5], DRR (Drosophila ryanodine
receptor homologue in this study), IP;R, (mouse cerebellum IP; receptor) [30], IP;R, (rat IP, receptor type 2) [31], IP;R; (rat IP; receptor type 3)
[32], Xenopus IP,R [33] and Drosophila IP,R [28]. The arrows indicate the expected nodes of divergence between fishes and other higher vertebrates,
which has been inferred by assuming 350 and 400 million years for the divergences of frog and mammals and fishes and mammals, respectively. The
neighbor-joining method [34] was used for the analysis. The number at each node indicates the probability that two lineages are joined together at
the node to form a single cluster, which have been estimated by a standard procedure with 1,000 times resampling [35]. Lengths of horizontal lines
of the tree are proportional to estimated numbers of amino acid substitutions.

ments (M1-M4) are predicted in the carboxyl-terminal
tenth of the molecule and the remaining amino-terminal
portion, which shows a largely hydrophilic profile, is
assigned to cytoplasmic side of the endoplasmic reticu-
Ium (ER). Thus, this product, as well as the mammalian
ryanodine receptors [5,8,10], is suggested to consist of
two main parts, that is, the carboxyl-terminal channel
region and the large cytoplasmic region that apparently
corresponds to the ‘foot’ structure. These observations
indicate that the Drosophila product functions as a cal-
cium release channel/ryanodine receptor on the ER.

In local amino acid sequence comparison between the
Drosophila product and the mammalian ryanodine re-
ceptors, the carboxyl-terminal region including segments
M3 and M4 is highly conserved whereas, the region
around amino acid residue 1,400 and the region preced-
ing segment M1 are rather divergent; these observations
are consistent with previous results from the analysis of
the mammalian receptor subtypes [8,10]. The Drosophila
product also contains four repeated sequences occurring
in two tandem pairs (residues 842-955, 956-1,075,
2,831-2,939 and 2,940-3,062), as shown in mammalian
ryanodine receptors [6,8,10]. These region are encoded
by P7-P8 and P16-P19 in the gene. However, the ar-
rangement of these protein-coding sequences is not rem-
iniscent of gene duplication. The gene may have been
heavily diverged after the duplication.

It has been suggested that exons correlate to func-
tional domains of the molecule for many proteins. P26
codes the carboxyl-terminal region composed of 891
amino acid residues and might represent the channel
region of the product. On the other hand, more than 5

exons exist to code the ~840 carboxyl-terminal residues in
the rabbit skeletal muscle ryanodine receptor gene [25].
This discrepancy suggest that the exon organization in
the Drosophila counterpart gene is highly simplified and/
or significantly different from those in the mammalian
ryanodine receptor genes.

3.3. Molecular evolution of intracellular calcium channels
The ryanodine receptor shows amino acid sequence
similarity to the IP, receptor and these intracellular cal-
cium channels represent a family of structurally related
gene products [1]. On the basis of a sequence alignment
(data not shown), a phylogenic tree exhibiting the evolu-
tionary relationships among known members of the in-
tracellular calcium channel family was inferred as in Fig.
3. This tree indicates that mammalian ryanodine recep-
tors and the Drosophila product arose from a common
ancestor and that the three mammalian subtypes di-
verged at about the same time. A quite similar branching
pattern was obtained in the IP, receptor subfamily. The
tree also suggests that three subtypes of the mammalian
IP; receptor had diverged in the early evolution of verte-
brates; the time of divergence possibly antedates the di-
vergence of fishes and other higher vertebrates. This ob-
servation is consistent with those from phylogenetic
analysis in twenty different subfamilies of evolutionarily
related proteins [26]. The same may hold in molecular
evolution of the mammalian ryanodine receptors.

3.4. RNA blot hybridization analysis
Drosophila RNA preparations in various developmen-
tal stages were subjected to blot hybridization analysis
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Fig. 4. Autoradiogram of blot hybridization analysis with a Drosophila
ryanodine receptor homologue genomic DNA probe. Poly(A)* RNA
preparations (20 ug) from 06 h embryo (lane 1), 6-12 h embryo (lane
2), 12-24 h embryo (lane 3), second instar larva (lane 4) and third instar
larva (lane 5) were analysed.

with a probe specific for the ryanodine receptor counter-
part (Fig. 4). A hybridizable RNA species of ~16-kb was
found abundantly in a 6-12 h embryo. A low level of the
transcript could be detected in second and third instar
larval stages. On the other hand, no significant signal
was found in pupa or in adult stages (data not shown).
In a 6-12 h embryo, major morphogenic events take
place; gastrulation, segmentation, germ-band elonga-
tion/contraction and primordia formation for larval or-
gans occur successively [27]. The results obtained, to-
gether with the finding that the IP; receptor mRNA is
highly expressed in Drosophila embryo [28], imply that
Ca? signalling regulated by these intracellular Ca?*
channels may be involved deeply in morphogenic events
during the embryonic development.

3.5. In situ hybridization to polytene chromosomes

To determine the cytogenetic locus of the gene for the
Drosophila ryanodine receptor homologue, in situ hybri-
dization to polytene chromosomes of larval salivary
glands was performed. The probe hybridized to a single
site which was identified as position 44F on chromosome
2, as shown in Fig. 5. To elucidate functional aspect of

Fig. 5. Chromosomal localization of the Drosophila ryanodine receptor
homologue gene. A hybridization signal is shown by the arrow at the
44F of the second chromosome; no other hybridizations were observed.
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the gene, we need to isolate mutations which map to this
region.

Recently, the isolation of a partial cDNA (~ 0.25 kbp)
for a Drosophila ryanodine receptor homologue has been
reported [29]. In the article, the gene was mapped at band
position 76C-D of chromosome 3L. In spite of extensive
sequence identity between their sequence and ours (85
out of 87 match in amino acids), no signal was observed
at 76C-D in our analysis.
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