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ABSTRACT-The  molecular  ba$is of  the  circadian  clock  is an  autoregulatory  feedback loop in which  the
RAS  domain-containing protein PERIOD  periodically inhibits its own  transcription, ln the present study  on

PERIOD  of the silk moth  BombJLx mori, we  have cloned  two distinct period mRNA  homologues  with dif-
ferent RqS domajn sequences  either with  or  without  the pentapeptide GTQEK.  A  periodcDNA  fragment
first amplified  by PCR  exhibited  a 15 bp-deleted nucleotide  sequence  in the RAS domain, compared  with

the database sequence,  A possible alternative spiicing  mechanism  was  examined  by PCR  analyses,  and

a 15 bp-inserted clone  was  also  amplified.  The  entire  sequences  of  these  period a  and  period6  isoforms
were  then determined by the 3' and  5' RACE  methods,  lsoform period a  consists  of a 3,324 bp oligonu-

cleotide encociing  1,108 amino  acid  residues,  whereas  isoform periodB  comprises  3,309 bp corresponding

to 1,t03 amino  acids,  lsoforms period a  and  period fi were  found to be exactly  identical except  for the 15
bp deletiontinsertion site. Such  a pair of  isoforms with  a  deletionlinsertion sequence,  namely  two splice
variants, has previously been  reported  only  for the PERIOD  proteins of  the  two  honeybees, Apis mellitera
and  A. cerana.  The  occurrence  of  an  alternative  splicing  mechanism  in the  B. mori  period gene  was

hypothesized based  on  the genome structure  recently  clarified, Bomkuoc mori  PER[OD  a  and  B proteins
are the isomers that reveal firstly the different RAS  domain  sequences.
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              INTRODUCTION

   Circadian clocks  are  endogenous  timing mechanisms

that generate daily rhythms  in diverse organisms  from
cyanobacteria  to humans.  A[though  rhythms  controlled  by
circadian  clocks  are  self-sustained  and  persist robustly  with

a  period close  to 24 hours under  conditions  of  constant

darkness and  temperature,  they  are  entrained  by environ-

mental  time cues  (zeitgebers) such  as  light, temperature,
and  food intake (Soriano, 1981; Rusak  et  al., 1993). The

period gene  has been  demonstrated  to play a  crucially

important role in circadian  rhythms  of  both eclosion  behavior
and  locomotor activity  in the fruit fly Drosophila melano-

gaster (Konopka and  Benzer  1971), the  giant silk moth

Antheraea  pemyi (Sauman et aL, 1996), and  the silk moth
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BomQJLx mori  (ltoh et at,, 1995), The  major  role  played by

periodgenes has been  clarified  by analysis  ot  various  types

of mutants.

   Circadian oscillations of a w]de  variety of organisms

from insects to vertebrates  are  controlled through autoregu-

latory ieedback loops involving PERIOD  gene  expression

(Dunlap, 1999). In Drosophila, the lateral neurons  (LNs),
candidates  for the fly's circadlan  pacemaker,  in addition  to

period also express  a  series of other  clock genes, such  as

timeless, clock,  and  qycle (Shirasu et al., 2003), Each  cor-

responding  protein except  for TIMELESS  produced  from

timeless, namely,  PERIOD, CLOCK, and  CYCLE, respec-

tively, contains  a  so-called  PAS  domain  that enables  the
molecule  to construct  rigid heterodimers,  The  PERIODf
TIMELESS  dimer is translocated from the cytoplasm  to the
nucleus  to function as  a  negative  regulator  of  its own  posi-
tive transcription factor CLOCK/CYCLE  (Saez and  Young,
1996; Lee etal., 1999).

   The  importance of  the PAS  domain  for dimerization has
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PERIOD  with  GTQEK-like  sequences

 B.mori(a) RDRSTFASQITSGLAVPKTAN  ,

 i4.torrqfacttl  RDRNTFASQITSGLAVPKIvN  
,

 D.plexippus  RDRNTEASQITSGLAVPKNVN  
,

 RinterpunctelltI RDRNIEASQITNGLI"IPKVVN  
,

 P.alitemenatis RDRNTFASQITNGLAVPK!VN  ,

 L.conijienarum RDRNTFASQITSGZAVPTIVN  
,

 H. cecmpia  KDIxuITFASQITNGLAIPKIVN  
,
 

,

 ,4.perayi  RDRNTFASQITNELAIPKIVS

 A. surako  RDRNTEASQITNGLAIPKSVN  
-

               :"  . *k*kdede.  **:*.  
..

 k:

PERIOD  without  GTQEK  sequence

B. mori  (P)
M. sexta

C  eut:ytheme

P. nryops

P. tharos

C. pomonetla
E. clemataria

*

 QSPGNSGSTMVCRIRRYRGLSTG

XK----tSNSTIVCRIRRYRGIKSG

 PVPGNHVSTMVCRIRRYRGINLG

 QSPGSSTSTMVCRIRRYRGLNAG
'
 QVSGNAISTMVCR]Z,RRYRGLASG
-･---GNPASTMVCRIRRYRGLSTS

 QIFGTQGSTMVCRrRRYRGLSSG

DQTMEKPGS[I])CVCRIRRYRGZSCG

 DAIENQGS[I]MVCRIRRYRGLSCA
        de*."*s.t*t***

Fig. 1. Comparisen of the primary structures  of Lepidoptera PERIOD  proteins aiigned around  the GTQEK-like  sequence.

sequences  in a  black box  represent  GTQEK-like sequences,  
'"

 Residues in that column  are  identica] in all sequence$  in the alignment.

served  substitutions  have  been  observed,  
`,'

 Semi-conserved  substitutions  have been observed.

RDRSTFASQITSGLAVPKTAN  -- -･---  AQSPGNSGS  TMVCRIRRYRGLSTG

RDRNTFASQITSGLAVPKIVNG  ------- QSPGNPASTMVCRIRRYRGZTTG

RDRNTFASLITNGLAAPKI]VN  -------  ---- GNTVSTMVARIRRYRGLTSG

RDRNTFASQITNRI[,AVPKNIN  ---- -- -- ELSPGSPLSSMVCRIRNYKGLGNS

RDRNTFASQITNGLAVPKNVN  -･ -- -- --- APATGNQTSTMVCRIRRYRGLTSG

LDHNTFASQITDGLAVPKEVN  
----

 
---

 VQSPGNSVSTMFCRIRKYRAI,AMG

KDRTTEASQITNGLASPKVGNG  -----  QA[P--SGSTb(VCRIRRYRSLCTG
 t.  *S*t  k*  k*  de*  *  k.*  de**  *.*  -- - ---  ---  -

                                            The  amino  acid

                                                
':'

 Con-

been  shown  by mutations  at the PERL  site and  PAS  B

repeat  regions, both of which  substantially  decreased dimer-
ization efficiency (Huang etai., 1993;  Gekakis et  al., 1995).

The  PAS  domain  is an  important signaling  module  not  only

for protein-protein interaction but also  for monitoring  several

environmental  changes  such  as  light, oxygen,  and  redox

potential (Getzoff, 2002),  The  PAS  domain  itself would  be

exposed  in the isolated PERIOD  protein, but should  be cov-

ereci  by the  binding partner protein when  PERIOD  is in a

dimer configuration,

  ln addition  to dimerization with  TIMELESS,  the PERIOD

protein may  also  interact with  CLOCK  or CYCLE  to sup-

press the  transcriptiona[ function of  the CLOCKICYCLE

dimer, PERIOD  may  also  exist as  a homodimer,  though no

physiological evidence  has yet been  reported  on  its function

in that contiguration  (Huang et  ai., 1 993}, lt is thus likely that

PERIOD  possesses a  molecular  contrivance  to select a

counterpart  protein. In our effort to identify the clock  genes
and  their proteins in the silk moth  BombJof mori, we  initiated
the cDNA  cloning  of the  clock  protein PERIOD.  When  the

region  corresponding  to the  PAS  domain  was  amplified  by

PCR, a  15 bp-deleted nucleotide  sequence  was  identified

with  respect  to the sequence  reported  in the GenBank  data-

base (accession number  AF063429),  This 15 bp nucleotide

sequence  corresponds  to the amino  acid  sequence  GTQEK.
PAS  domain  sequences  are  highly conserved  among  the

various  insect PERIOD  homologues  (Regier et aL, 1998).

When  we  aligned  the sequence  of PAS  domains  very  care-

tully, however, the domains  were  classified into two  groups:
namely,  PAS  domains  with GTQEK  or a related pentapep-
tide and  PAS  domains  lacking such  a fragment (Fig, 1). AII
these results strongly  suggested  the  occurrence  of  an  alter-

native splicing mechanism  in the B. mori  periodgene. Thus,

in the present study, we  carried  out  a full sequence  analysis

of possible alternative spfiicing mRNA  products to confirm

the presence of PERIOD  isoforms  that possess PAS

domain  with either a deletion or  an  insertion of a  GTQEK

pentapeptide. Here  we  report  the  cDNA  cloning  of two  splice

variants  of B  mori  PERIOD  protein and  their circadlan  pro-
file of accumulatlon.

MATERIALS  AND  METHODS

Animals

  Silk moths  (female) were  obtained  from Kyoya  (Kyoto), and

malntained  in a  lighVdark LD  17:7 photoperiod at 25"C.  To  collect

samples  for cDNA  cloning,  B. mori  brains and  optic  lobes were
excised  at ZT17  and  ZT9  (ZT/ Zeitgeber time denotes  the time

entrained  by environmenial  time cues,  whereby  lights on  is ZTO  and

NII-Electronic  



The Zoological Society of Japan

NII-Electronic Library Service

TheZoologicalSociety  of  Japan

lsoforms of ClockProteinPERIOD 905

light$ off is ZT17>, The  samples  were  frozen in liquid nitrogen  and

stored  at -800C unt[1 use.

cDNA  cloning  with  degenerate PCR

   mRNA  was  purified using  a  QuickPrepO Micio  mRNA  Purifica-

tion Kit (Amersham Biosciences; Piscataway, NJ, USA) according
to the manufacturer's  instructions. For the extraction  of  mRNA,  fro-

zen  brains and  optic lobes described above  were  homogenized in
a  buffer solution containlng  guanidinium  thiocyanate. The extract

was  diluted by 10 mM  Tris-HCI (pH 7,5) containing  1 mM  EDTA,
then the solution  was  incubated with  oligo  deoxythimidylic acid

dTrattached  cellulose  to bind the poly A  of mRNA  molecules.

After the cellulose  was  washed,  extracted  mRNA  was  reverse  tran-
scribed  into cDNA  by dTv-adapter primer (5'-GGCCACGCGTC-
GACTAGTAC-dTi7-3')  using  AMV  reverse  transcriptase (Promega,
Madison,  WI, USA)  as  previously described (Frohman et aL,  1988}.
After phenol extraction  fol[owed by ethanol  prec]pitation, the result-

ing single  strand  cDNA  was  used  as  a  template  for subsequent
PCR,  The PCR  mixture  (1OO pl) included 20 mM  Tris-HCI (pH 8.4),
50 mM  KCi, 1.5 mM  MgC[2, O.2 pM  of each  primer, O.2 mM  dNTP
mix,  and  2,5 units  of  DNA  polymerase.

   PCR  was  carrled  out  by using  a  sense  primer PAS-AF  (5L
GGVMGDTCV-7YATHGAYMYGTKCA-3')  and  an  antisense

prLmer PAS-CR  (5LTCRTGRTGNGGHGRDATHYCDCCVAGYAT-
3'}. These primers were  desLgned with  reference  to highly con-

served  amino  acid  sequences  of  in$ect PERIODs  aligned  for the
so-called  C2 region  (Colot et  aL, 1988), ln these  primers, the letters

D, H, K, M, N, R, V, Y denote the nucleotides  (not C), (not G), {G
or  T), (A or  C), (any}, (A or  G), (not T), and  (C or  T), respectively.

The reaction  was  periormed on  a  Geneamp  PCR  system  2400

(Perkin Elmer, MA,  USA)  using  PLATINUM  laq  DNA  polymerase
(lnvitrogen, Carlsbad, CA,  USA)  with  the following conditions/  3 min

at  94"C  followed by 35 cycles  denaturation at  940C  for 30  sec,

annealing  at 55-C  for 30  sec,  extensien  at 72MC  for 90  sec,  and  final

extension  for 1O min  at 720C. Sing[e-primer control  PCRs  were  also

carried  out  in parallel. Two  primer-specific PCR  products were  elec-

trophoresed  on  a  1%  agarose  gel, and  recovered  by phenol extrac-
tien foilowed by ethanol  precipitation, The  gel-purified PCR  prod-
ucts  were  subcloned  into pCR  2,1-TOPO  cloning  vector

{lnvitrogen).

3' RACE  for identification of  the 3: end  ot  Bombyx  mori  period
mRNA

   Te ampllfy  the 3' end  of B  mori  period cDNA,  we  carried  out  3'
RACE  as  described by Frohman  et aJ, (1988) by using  the primers
designed  from the identif[ed fragment sequence  of B. mori  period
cDNA.  Reverse-transcrlbed cDNAs  obtalned  above  were  amplified

with  a  series  of sense  primers and  an  antisense  adapter  primer (5:-
GGCCACGCGTCGACTAGTAC-3'),  Sense primers utilized are

bmpersensei  (5'-ATCGCTGACGGCTACACTC-3'), bmpersense2

(5'-ITCGInrCATCCAAGGGACCG-3'), and  bmpersense4 {5'-GGT-
TATGATATATGAAGAGAACGCTCC-3')  {Fig. 2). Nested PCR  was

performed  by the touchdown  PCR  method  (Don et  aL,  1991) with  a

combination  of bmpersensel primer and  adapter  primer in the tirst
PCR  followed by the subsequent  second  PCR  with  bmpersense2
primer and  adapter  primer using  the first PCR  product as  a  template.

The  first PCR  was  carried  out  by Pfu TUthtfD hotstart DNA  poly-
merase  (Stratagene, La  JoHa, CA, USA) w[th  the  following conditions:
3 min  at  940C  followed by  3 cycles  of 940C  fer 60  sec,  62"C  for 60

sec,  and  72DC  for 1O  min,  4 cycles  of 940C  tor 60  sec,  61 
MC

 for 60

sec,  and  720C  for 4 min,  8 cycles  of  940C  for 30 sec,  600C  for 30  sec,

and  72eC  for 4 min,  10  cycles of 940C for 30 sec, 590C for 30 sec,

and  72eC  for4  min,  and  then  15  cycles of 940C for 30 $ec, 58eC for

30  sec,  and  finally 72MC  for 4 min.  The  second  PCR  was  done  by

PLATINUMO  Tkiq DNA  polymerase (lnvitrogen) under  the same  con-

ditions described tor the first PCR.  Afier electrophoresis,  gel-purified
PCR  products were  subclened  inte pDrive clening  vector  (Qiagen,

Hilden, Germany) according  to the nnanutacturer's  instructions.

5: RACE  for identitication ot  the  5' end  of  Bombyx  mori  period
mRNA

   For amplification  of the 5' end  of  B, mori  periodcDNA, we  per-
formed 5' RACE  using  rapid  amplification  of cDNA  ends  (version
2.0: lnvitrogen) mostly  according  to the manufacturer's  protocel,
First-strand cDNA  was  synthesized  from mRNA  isolated by using  a

gene specitic  primer bmperantisensel  (5'-GAGGTAGATGA-
CATPrCCCTCTTC-3')  (Fig. 1) and  ThermoScfipt'M  RNase  H'
Reverse Transcriptase (lnvitrogen) at 60-C.  The  product was

digested by RNase  H to remove  the original  mRNA  template. The
remaining  dNTP,  primer, and  contained  protejns were  separated

from synthesized  cDNA  by using  a  GLASSMAX@  DNA  lsolation

Spin Cartridge System  (GIBCO BRL@;  RockviUe, MD,  USA),  A

homopolymeric tall poly(C) was  attached  to the 5' end  of purified
cDNA  by using  terminal deoxynucleotidyl transferase and  a sub-

strate  dCTP  in a  PCR-compatible  buifer,

   PCR  amplificatjon  was  accomplished  using  PLATINUM  taq
DNA  polymerase (lnvitrogen) and  gene specific  antisense  primers
such  as  bmperantisense2  (5'-TGCTCAGACCTCTGTAACGTC-3'),
bmperantisense3  {5'-CCGACACACCATAGTCGATCCAGA-3') (Fig.
1) and  deoxyinosine-containing anchor  primers provided in the kit
(GIBCO BRLO). PCR  products with  bmperantisensel  and  Abridged
Anchor  Primer  <AAP) (5LGGCCACGCGTCGACTAGTACGGGIIG-
GGIIGGGIIG-3') was  further amplified  with  bmperantisense2 and

Abridged  Universal Anchor  Primer  {AUAP) (5'-GGCCACGCGTCG-
ACTAGTAC-3').  These  nested  PCR  amplifications  were  carried out
under  the following conditions/  3 min  at  940C  telLewed by  35  cycle$

of denaturation at 940C  for 30 sec,  annealing  at 55'C for 30 sec,  and

extension  at  72'C  for 90 sec.  PCR  products were  then electrophore-
$ed  on  an  agarose  gel and  the resulting  pure product was  subcloned

into pDrive cloning  vector.

PCR  amplifications  for identifying Bombyx  mori  period  iso-
torms

   To  identify spliced  and  non-spliced  clones,  two  PCR  strategie$
were  systematically  periormed, focusing on  the expected  sequence

ditferences between  the isoforms, The  two  predicted gene isoforms
were  denoted  as  period a  including a  15 bp  oligonucleotide

sequence  that cerresponds  to the pentapeptide GTQEK,  and  period
P wh]ch  lacks this sequence  {Fig. 2). In the first PCR,  a  set  of syn-

thetic oligenucleotides  of  bmperGTQEK  primer and  bmpera-

ntisensel  primer were  used  to amplify  period a  specifically. In the
second  PCR,  a set  of bmpersense3  (5'-GACCGTAGCACGT-
TCGCGTCACAG-3')  and  bmperantisense3  primers was  used  to

amplify  period a  and  period6 simultaneously.  These PCRs  were

carried  out  by PLATINUM@  Tlaq DNA  polymerase  as  follows: 3 min

at  94eC  foMowed by 35 cycles  (29 cycles  for the second  PCR)  of

denaturation at 940C  for 30 sec,  annealing  at 560C  for 30  sec,  and

extension  at 720C  for 30  sec.  These PCR  products were  used  for
electrophoresis  en  a  2%  agarose  gel, and  the gel-purified PCR
products were  subcloned  into pBluescript ]1 SK' cloning  vector

(Stratagene) tor subsequent  sequence  analyses.

Quantitative analyses  by  RNase  protectien assay  and  RT-PCR
tor Bombyx  mori  period  mRNA

   Bombyx  rnori  brains and  optic  lobes (10 each)  were  collected

every  4 h for a  full day. Total RNAs  were  extracted by centrifugation
using  a  silica column,  RNase  protection analysis  was  performed
using  5 pg of totai RNA  from each  time-point, A  cDNA  of ribosomai

protein 49  (abbreviated here a$: RP49  for the protein, and  rp49  for
the gene) was  utilized as an  internal standard  for mRNA  transcrip-
tion. [32P]UTP-labeled rp49 complementary  RNA  antisense  probe
was  prepared by  the in w'tro transcription driven from the T3  RNA

polymerase  promoter. The  periodcDNA  fragment  obtained  by  PCR

amplitication  uslng  the primer bmpersense2  and  antisense  primer
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(5'-AAGCATTACCGAATCACGC-3') was  digested by restriction earized by restriction  enzyme  Xhol and  [32P]UTP-labeled
enzyme  EcoRl  and  then the smaller  iragment was  subcloned  into complementary  RNA  antisense  probe was  prepared  by the

pBluescript 11 SK' cloning  vector  (Stratagene). The plasmid was  lin- transcription driven from T3  RNA  polymerase promoter. The

                                                                       attegtgtttagagcgtttaaa[:ctcaag  29

             acataagttttgtgtagaggcgatgctgataaaatatttttatgctattaatgttcatatagaaagtaatttaggattttaccgttcaac  119

             aatgtgggtgtctctaagtaacttttgcaaataattaactacaataaaagtgccataaataaataaacatagtttagaaacgaaeaaata  209

             aatttacacttttgaaacatacttctctaeaaetgtatggaettttcacactattaagtttggattaacgttcattttaaagtcttcata  299

             atggataaccttgaaaactctgagaacaetgacaaaatatcagattcggcatactcaaacagctgcagttacagtcaatcaagaagaagt  3B9

             M  D N L E N  S E N  T  D  K  I  S  D  S A  Y  S  N  S C S Y  S Q S R  RS  (30}
             cacagctcaaaatctactcattccgggagttattctagcggeagtagcggataeggaggtcgacatgttactggcactaacagtaataag  479

             HSSKSTHSGSYSSGSSGYGGRHVTGTNSNK  (60)

             ttggctcagtcaccaaataaagataaagagttaaagaaaaagaaacaatcacaaacagagctaacgaetaceaaagaacaaaatgaagga  S69

             LAQSPNKDKELKKKKQSQTELTTTKEQNEG  (oo)

             gaaagcggacctcaagaatctgtgaacctggaaactctagaggaggagaagcatgatgttacgagcgcaccctctccagcgcatgtacag  659

             E  S G  PQ  E  S  V  N  L  E  T  L  EE  E  K  H  D  V  TS  A PS  P A  HVQ  (120)

             gtcgagaagggaeetgagaatatggatatagcttcaacagacactgaaggcgacaaggtagaggttttatcgtgtgacctgcaaccgcag  749

             VEKGPE  NMDIASTDTEGDKVEVLSCD1QPQ  (150)
             aactgtactgtcgatgtagttacgagtcgttcgaatctaatctgttaeactgatggattttcatgcgttatatcgatgcacgatggaatc  S3g

             NS  TV  D  V  V  T  S  RS  N  L  IC  Y  T  D  G  F SC  V  IS  M  H  DGr  (180)
                                        primr  hnpersense2                             bmpersensel

             gtaatgtacacgacatcEEt5aiYariiffff31IEEiEtcgctgacggctacactcggtttcccgaaggacatgtggatcgggaggtcatttatcgatttcgttcatcca  g2g

             V  M  Y  TT  S  SL  T  A  TL  G  F  PK  D  M  W  IG  RS  FI  D  F  VHP  (210)

             prUner  tmpersense3  primer  bmperGTQEK  primr  bmperantiGTQEK

             a-gggaccgtagcacgttcgcgtcacagataaccagtggtttggccgtcecgaaaactgcaaac  TAeGeAILww  tcaatcgacg  1019

             RDRSTFASQITSGLAVPKTAN  m o  QSP  (240}

                      hmperantisense3  brnperantisense2
             ggtaatietggategactatggtgtgtcggataagacgttacagaggtctgagcacggggttcggagttaaggaaagagtggtcacgttc  ll09

             GNSGSTMVCRIRRYRGLSTGEGVXERVVTF  (270}
                                                          bmperanttsensel

             atgccgttcettttgaaattcacgttgaagaacataagcgatgaagagggaaatgtcatctacctcgtcatacaggceacaccatttttt  1199

             M P F LL  K F TF  K NI  S DEE  G N  V : YL  V  ! QA  TPFF  {300}
             taagcgttcaaaacgtcgtttgaaatattaccgaaagttaatcctttcgtgatgcgtcactccgcgaatggtaatctegagtacttagac  12B9

             SAFKTS  ff EILPKVNPFVMRHSANGN]EY]D  {330}
             ccagaatctgtacettatctcggatatttacctcaagatgtccaagaaaaggacgcattgcaactctatcatccggaagatttggaatac  1379

             PESVPYLGYLPQDVQDKDALQLYHPED]EY  (360)
             ctccageaagtatacgaggtaatcgttaaggatggtggcatgccgcgttccaaaacttacagaatgatgacacaaaacggtgattacata  1469

             LQQVYEVIVKDGGMPRSKTYRMMTQNGDYI  {390}

             aaaatcgaaaccgaatggt:cttcgtttattaatccttggtcgaagaagctggaattcgtcatcgggaaacattacatcattgaaggcccc  IS59

             KIE  cr EWSSeINPWSKKLEFVIGKHYIIEGP  (420)

             gagaatccagatgtattccagtcccaagatccggagaaacatacaaaattatgcgaegaacaaataaaaaagtccatggtatttegcgag  1649

             E N P DV  F Q S Q D PE  K H T K]  C D E QI  K  KS  M  V  FRE  {4SO)
             aatatcgttaaaettatgaatgaggctctaacgaaaccagaggaagttgccaaacagcaaatgagcaagcgttgccaggacttagcgtcg  17S9

             NIVKLMNEALTKPAEVAKQQMSKRCQDLAS  (480)

             ttcatggagagcctcatggaggaaccaccgaaaaatgaegaggaattaegcetagaaatacaggatccggaccacagttattatgagcgt  1829

             F  M  E  S L  M  E  E  P P  K  N  D  E E  b  R  1  E I Q D  P D  H  S Y  YE  R  (SIO)
             gattcggtaatgctcggcgggatatctccccatcacgactacaatgacagcaaatcaagcacagaaacaccgctgagttataatcaacta  1919

             DSVM]GGISPHHDYNDSKSSTETPLSYNQL  (540)
             aactataaegagacattacaaagatatttcgacagtcatgaacccttttcgagcgagaacttcaataecttgattgtggcaaaggagcca  2009

             N  Y  N  E  T  I Q R  Y  F D  S  H E  P  F  S  S  E  N  F  N  P L  I  V  A  KE  P  (570)
             aataatttaaaatcgatactaagtacttgtttateaccaatggctcagaactctggcgattcgaccgagttgaatagttcgtccgattct  2e99

             N N  LK  S r l S TC  ]S  P MA  Q NS  G  DS  TE  L  NS  S  SDS  (600)
             agtagtatggeectgggaggagtaagtcetgtgggtatattaggcgaataccaccacgttcggctcaccgagttcctaetaaccaaacac  2189

             SSMALGGVSPVGILGDYHHVRLTEFLLTKH  (63a)
             aatgatgaaatggaaaaggaactgataaatatgcatagagagagccggtccaatagtaaaggagaaagagataagacatctaacgaaacg  2279

             NDEMEKE1INMHRESRSNSKGERDKTSNET  (66e)
             agacagaagaaaaaggaacatctagcgaggtgtaaagcttcgtttcatccaaccgcgaccageaecacaactgtggacaaagaagtgtat  236g

             RQKKKEHLARCKASFHPTATSTTPVDKEVY  (6Y(})
             aaaaaaectcacggtgtcaaacgtgcttcgaaagatatcgaaacggaaactgtatcgcacaaataceattgtceatcgeccagagcgtct  2459

             KKPHGVKRASKHIETETVSHKYHCPSPRAS  (720)

             agacctaggcaaaceaccagtgcggegcctgtacaaacttcgtccactttgactacttctgttgcctcgactacctggccacecageacc  2549

             RPRQTTSAAPVQTSSTITTSVASTTWPPST  (750)
             aatgetgetggaaatatgaacacattcatactaggagtcggaatggctccacagatgtecettataagtccggtt=cgccaatggcagga  2639

             NAAGNMNTFILGVGMAPQMS1ISPVPPMAG  (7Be)
             atgcttccgttgtattacactcegatggceacaatggctcecgtgccttccacatcggaggccgcgaaceateaaaatctteataataat  2729

             ML?LYYTPMATMAPVPSTSEAANHQN]HNN  (810)

             aeacagcagtatgctccacctccaatgcaatgtgtattgtacggLcagectatatacggtcagccgatgtacagttcgcegttcgtgtac  2819

             PQQYAPPPMQCVLYGQPIYGQPMYSSPFVY  (S40}
             tcaccaatgaacccgcacactaactatcctatgcaacagaccacgccgcaaccgaatgcteagttcaeacceacaaacacaatgaatccc  2909

             SPMNPHTNYPMQQTTPQPNAQFTPTNTMNP  {g70}

             ttgtgtttggccaatagcaactatgaagagagaacagaagaagggcatgccacaacgccatetaaagacattaagaaaacgagcaggttg  2999

             ilC1ANS  NYEERTEAGHATTPSKDIKKTSRL  (900}

             ggtaacaccgaggaggttgtagacaaaactgaeggagaatctagctattcctcgttttactcgtcgtttttcaagacggaatctggcagc  3e89

             G  N  TE  E V  V D K  T  DG  E  S  S YS  S  F  YSS  F  F  KT  ESG  S (!BO)
                                                                                     Figure  2-1

periodin
 vitropen'od
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gcggaagagagtggcgaaagcaagaaaagggacacaagaaatcacgtcaaattttgggataaaaactatcgtggcgacgatgggatggcg
AEESGESKKRDTRNHVKEWDKNYRGDDGMA

atgcctggttcaacggaggtccgccaaactttttccgatcaccatattccagcgaaggtacccagaegaaacattgaaccacgatggatg

MPGSTEVRQTFSDHHIPAK  VPRRNIEPPWM
gagcaggtatgeetgacgteagagctcgtctacaattaccagataaggacaaaaaaaatggaggaagtaetttcatctgacaagcagaag
EQVCLTSELVYNYQIRTKTMEEVLSSDKQK

attagtaaecttgagcagccgtcactagtgaacgagcaaettggtcagetgtacctggaccttcagttggaaggtgtcgccgagcgactc

ISNLEQPSLVNEQLGQIYLDLQLEGVAARI

accctcgaggagggtatcaccagttccagcagttceggtgaagagacaacaacctcgtccaagaggaaacgggaatacagcaaattggtt

T L E E G I T S  S S S S G E E T T  T S SKR  K R E Y S K L V

 hmpersense4  primer
EEtEEIEIiEEEIE:EiEEEEI2:gatatatgaagagaacgctcccttcccacctcccccttctgaagagatacaagagataccgaeagceaatcagtccgagtcctagteg
M  I  Y  E E N  A  PF  P P P PS  E E  IQE  IPTA  N  QS  E S .

aacagtatttctaccacttcgtgttgtcgaggtacaaaagaattacgacattacttttttgcaattattatatattgcaatgattataet

gggt:gttaggaaatcgcttccgaaaacgaagacagacgatagtacaaatgacaccttagatgataggteggaaaaaaatagatcatgatt

taaaaaaaaaaaaaaaaa

3179(Y6C))3269(990)3359(1020}3449(10so)151g(lose)3629(11os)37193eeg3827

Fig. 2. Nucleotide and  deduced  amino  acid  sequence  of  Bomb)Lx  mori  period cDNA.  Residue  numbers  in nucleotide  and  amino  acid

sequences  are  shown  at the right side  of  each  ]ine. The  end  of translation (stop coden)  is marked  by an  asterisk  ('). The  alternatively  spliced

nucleotides  and  deduced  amino  acid  residues  in PAS  domain are  boxed  and  deneted  with  capital  and  small  letters conversely. Location$ of
DNA  primers used  forthe RACE  methods  and  for identification of isoforms are  indicated by the arrows,

riboprobe  protected nucleotides  1526-1844  of  the  period cDNA.

The  sample  ot iotal RNAs  was  resuspended  in a  hybridizatbn
bufter (40 mM  piperaz[ne-1,4'-bis(2-ethanesulfonic acid)  (PIPES)
(pH 6.4}, 400  mM  NaCl, 1 mM  EDTA  in the final solutien)  containing

a  set  of  probes (50,OOO cpm  each  of  rp49 and  pe"'ocO. Hybridization
was  carried  out  at  450C  overnight  after  heat denaturation at  850C
for 3 min.  The  reaction  mixture was  treated with  RNases A  and  Tl
at 13MC  for 30 min,  and  then the digest was  treated with  phenoV
chloroform  foliowed by centrifugation. The supernatant  was  treated
with  EtOH  to precipjtate RNA. Protected double-stranded RNAs
were  separated  on  a gel of 6%  acrylamide  with  8 M  urea  and  visu-

alized  by autoradiography.  Quantifi¢ ation  of the protected frag-
ments  was  performed  with  a  Lane and  Spot Analyzer  (ATTO,
Tokyo) by calibrating  ihe  amount  of  period relative  to that of rp49.
Two  independent  experiments  were  performed  with  similar  results.

   A  semi-quantjtative  RT-PCR  was  carrled  out  by amplifying  the
actin  gene as  an  internal standard.  Primers  used  were  a  gene-spe-
cific sense  primer bmactinl  (5'-ATGTGCAAGGCCGGTTTCGC-3')
and  an  antisense  primer bmactin2  (5'-CGACGCAGCTCAIIF-
GTAG-3'), which  correspond  to nucleetides  49-68 and  332-341
re$pectively  (Nicole et  aJ,, 1987). The actin  gene  was  ampFified

under  the following condition$: 3 min  at  94-C, followed by 28 cycles
of denaturation at 940C tor 30 sec, annealing  at 58'C for 30 sec,

and  extension  at  72MC  ior 30  sec.  PCR  for the period  gene  was  per-
formed  with  bmpersense3 and  bmperantisense3 as  follows/ 3 min

at 94"C  followed by 29  cycles of denaturation at 940C for 30 sec,

annealing  at  560C  tor 30  sec,  and  extension  at  72eC  for 30 sec.

These  PCR  products were  analyzed  by electrophoresis  on  a  2%

agarose  gel,

Sequenceanalyses

   Sequence  analysis  was  carried  out  on  a  Thermo  Sequenase

Cy5,5 dye  terminator cycle  sequencing  kit (Amersham Biosciences)
to determine the nucleotide  sequence  ot plasmid DNA  containing

period. All the subcloned  PCR  products descrlbed above  were  ana-

lyzed from both 5' and  3' directions. For  sequence  determlnation,

at least three individual c[ones  were  analyzed,

RESULTS

lsolation of  a  BombJo(  mori  period  cDNA  fragment

   The  first PCR  amplification  with  a pair of the primers
PAS-AF  and  PAS-CR  for B. mori  cDNA  afforded  an  oligonu-

cleotide  fragment with  969 bp (Fig. 2). The deduced

sequence  with  323  amino  acids  was  judged to be the region

corresponding  to PAS  domain  from its similarity  to those of
other  insect PERIOD  PAS  domains. When  this amino  acid

sequence  was  compared  with the sequence  reported  by

Regier et at. (1998), however, we  found that the sequence

of  Bombyx  mori  PERIOD  reported  in the database  contained

an  additional five amino  acid residues  in this PAS  domain.

The insertionldeletion of GTQEK  pentapeptide was  found

between  the Asn<=N) and  Ala(=A> residues  in a  proline-trun-
cated  site PKTANAQSP.

   As  shown  in Fig. I, there is a  group of  PERIOD  proteins
with GTQEK  or related peptides in the PAS  domain, while

there is another  group of PERIOD  proteins lacking GTQEK

at the same  site. This strongly  suggested  the presence of  an

alternative  splicing mechanism  for the insertionldeletion of

the pentapeptide. When  the database oligonucleotide

sequence  was  exam[ned  carefully, it was  indeed found that
the B. mori  period mRNA  consisted  of consensus  splicing

sequences  at this particular site (see Discussion), To  con-

firm the existence  of PERIOD  with a proline-truncated site

of  PKTANGTQEKAQSP,  we  turther carried  out  PCR  exper-

iments to identify a  clone  containing  the oligonucleotide

fragment corresponcting  to the pentapeptide jnserted.

ldentitication ot  novel  period  isotorms  that diftered in
their PAS  domain  open  reading  frame

   ln order  to amplify  a  clone  consisting  of  oligonucleotide

GTACGCAAGAAAAAG  that encodes  GTQEK,  we  carried

out  PCR  by using  a set  of primers of bmperGTQEK  and

bmperantisensel (Fig. 2). The  primer bmperGTQEK  that

contains  an  oligonuc]eotide  fragment GTACGCAAGAA-

AAAG  (=:GTQEK) is expected  to hybridize to a  clone  of

cDNA  i$oform that is being explored.  As  a  result,  a  single

cDNA  of approximately  193 bp was  amplified  (Fig, 3A), and

the sequence  analysis  of this PCR  product revealed  indeed

the presence  of 15 bp oligonucleotide  corresponding  to the

pentapeptide GTQEK.  The result clearly indicated that a

clone  having GTQEK  was  definitely present. We  designated
the clone  having the oligonucleotide  corresponding  to
GTQEK  as  period a. Thus, PERIOD  ot appears  to be a  dis-
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Fig,3. Electrophoresis protiles of PCR  amplitication  products for
detectlon of the a[ternative splicing  site, {A) Lane  1/ marker;  and

Lane  2/ Ampliiication product of period a  specific  band  correspond-

ing to 193  bp with  bmperGTQEK  primer and  bmperantisensel

primer, (B) Lane 1: marker;  Lane  2: Amplif[cation of  the gel
bands corre$ponding  to 102  bp period a  and  117  bp period P
oligonucieotide  fragments,  respectively,  with  bmpersense3  and

bmperantisense3  at ZT  17. Black arrowheads  indicate period cr,

while  white  arrowhead  shows  period 6 .

tinct protein isoform in the  silk moth  B. mori.

   When  PCR  was  carried  out  with  bmpersense3 and

bmperantisense3 primers (Fig, 2), two distinct bands of

cDNA  clones  were  detected in the  gel electrophoresis,  i,e,

one  with 102 bp, and  the other  with  117  bp, 15  bp larger

(Fig. 3B). The results of their sequence  analysis  revealed

that the shorter  cDNA  is a  fragment of  cDNA  with  a  15 bp-

deletion in the  PAS  domain, while  the  longer cDNA  is a  frag-

ment  of period cr. We  designate hereafter the cDNA  clone

with  a  15 bp-deletion as  period fi. It should  be noted  that

both period a  and  period 6 are  simultaneously  identified

from the same  source.

5: RACE  to determjne  the  5' end  sequence  ot Bombyx

mori  PERIOD  cDNA  isotorms

   To determine the 5' end  structure  of the B, mori  period
mRNA  isoforms, the 5' RACE  method  was  carried out for
both respective  isoforms. First-strand cDNAs  having a 5'

structure  with  a  15 bp  splice site was  synthesized  by the

reverse-transcription  reaction  using  mRNAs  and  a gene-
specific antisense  primer bmperantisensel, The  fjrst PCR

was  performed with  an  AAP  primer and  a gene-specific anti-

sense  primer bmperantisense2, and  using  this PCR  product
as  a template, subsequent  nested  PCR  was  carried  out  with

a AUAP  primer and  a  gene-specific bmperantisense3

primer. Because all these three antisense  primers were

designed downstream  of  the  15 bp splice  site,  the  resulting

PCR  products should  contain  both isoforms of  period a  and

period fi. A band with  the  largest molecular  size  in the elec-

trophoresis  products from the second  PCR  was  isolated and

the  cDNA  obtained  was  subcloned  into pDrive cloning  vec-

tor. From the  sequence  analysis  ot several  clones,  as

expected,  two  different oligonucleotide  fragments were

determined, These  contained  5' UTR,  and  were  5: terminal

fragments originating  from the period or and  period fi mRNA
isoforms,

   ln order  to confirm  the amplification  of a unique  period

a  fragment, another  nested  PCR  was  carried out with AUAP
and  a  period cr-specific  primer bmperantiGTQEK.  The

primer bmperantiGTQEK  has an  antisense  sequence

against  an  oligonucleotide  corresponding  to the entire

GTQEK,  and  was  expected  to hybridize to the clone  of the

period a  cDNA.  Eventually, the  sequence  of  period a  5'

region was  ascertained,  by repeatedly  analyzing  a  number

of clones.  The  overlapped  oligonucleotide  sequences  of

period a  and  period fi isoforms were  found to be  exactly

identical, ln addition  to the 15 bp corresponding  to GTQEK,

a  sequence  difference between period a  and  period P was

seen  for the 5' end  in the 5' UTR, The  isomer period a  pos-
sesses  about  a  65  bp longer UTR  at the 5' terminal  (Fig, 2).

3' RACE  to determine  the 3' end  sequence  of  BombJLx

mori  PERIOD  cDNA  isoforms
   To  obtain individual perioda  and  period6cDNA  clones

including 3' UTR,  3' RACE  by the  touchdown  PCR  proce-
dure was  first performed using  a gene-specific sense  primer
bmpersensel and  adapter  primer. Subsequent  nested  PCR

was  carried  out with  another  sense  primer bmpersense2

and  adapter  primer. These  sense  primers bmpersensel  and

bmpersense2 were  designed for the  region  upstream  of  the

alternative splice site, and  thus  amplified  PCR  products
should  comprise  both oligonucleotide  fragments from period
a  and  period fi (Fig. 2). PCR  products isolated from a  gel
band  of  approximately  2,800 bp in electrophoresis  were

subcloned  into the cloning  vector  for sequence  analy$is.

When  several  clones  were  analyzed  randomly,  exactly  the

same  nucleotide  sequence  was  clarified  from a set of clones

and  it was  judged to be  a  compiete  3' terminal fragment of

period fi . This fragment lacked the 15 bp that corresponds

to GTQEK.  On  the other  hand, another  set  of clones  was

also sequenced  and  identified to be  a 3' terminal fragment

of period a, These  included a  15 bp oligonucleotide  sequ-

ence.  Collectively, the sequences  analyzed  by the 3' RACE

method  for fragments of period a  period fi were  found to be

exactly  identical except  for the alternative splicing site of 15

bp.

   The entire sequences  of these  period a  and  period fi
isoforms were  thus determined by the  3' and  5' RACE  meth-

ods, ln summary,  isoform period or consists  of a 3,324 bp oli-

gonucleotide encoding  1,108 amino  acid  residues,  whereas

isoform  period fi comprises  3,309  bp  corresponding  to l,103

amino  acjd residues.  Isoforms period a  and  period fi were
found to be indistinguishable with  the exception  of  the 15 bp

deletionlinsertion site.  Such  a  pair of  isoforms with  a  dele-

tionlinsertion sequence,  namely  two splice  variants,  has pre-

NII-Electronic  
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viously  been reported  only  for the PER[OD  proteins of  the

two honeybees, Apis mellitera  and  Apis cerana  iaponica
(Toma et aL, 2000; Shimizu et  ai., 2001).

    In these 3' RACE  reaction$,  a  band of smaller  molecu-

Iar size  was  often  observed  in the gel electrophoresis.  If we
were  to carry  out  nested  PCR  using  sense  primer
bmpersense4  designed downstream  from the alternative

splice  site, amplified  PCR  products should  comprise  only  a

single oligonucleotide  fragment from both period or and

period fi. Our  careful  search  for the  cDNA  sequence  found
a  fragment (5'-GTCCTAGTCGACGCGTGGCC-3') near  the
stop  codon,  to which  the  antisense  nucleotide  sequence  of

adapter  primer was  very  much  similar. 1n particular, 5' termi-
nal  sequences  of "  nucleotide  residues  were  almost  com-

pletely identical. When  an  adapter  primer was  utilized as  an

antisense  primer, one  major  amplified  product was  obtained

with  a  small  amount  of sub-product  having about  200  bp
less than  the  major  product. When  we  utilized a  dTi7-
adapter  primer, no  such  sub-product  was  detected. These
results  clearly show  that mis-hybridization  occurred  with  the
solo  adapter  primer, while  the  addition  of dTi7 prevented
this unnecessary  hybridization,

RNase  protection assay  tor exploration  of circadian

oscillation  of periodmRNA

   The fruit fly Drosqphita melanogasterand  the silk moth
Antheraea pernyi both exhibit a  prominent circadian  oscilla-

tion of period mRNA,  which  functions for example  for circa-

dian rhythmicity  in eclosion  behavior and  locomotor activity,
ln order  to expiore  such  a  temporal pattern of mRNA  abun-

dance of the periodgene  in B. mori  brains and  optic lobes,

the RNase protection assay  was  performed. Since the
assay  to differentiate gene  isoforms appeared  to complicate
the  outcome,  we  set  a  probe at a  site away  from the dele-

tsfs7sv.Lksat
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Fig, 4, Cyciing of period mRNA  levels in Bombyx  mori.  RNA  pro-
tectbn assay  for period mRNA  expression  was  carried  out  twice

lndependently. The  white-black  bar  represents  the timing ot  the

17L/7D light-dark cycle  exper[enced  pr[or to eclosion,  Relative level
(%) of mRNA  refers  to the ratio of period / rp49  mRNAs  that were

converted  to percentage  of maximal  level,
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 tionfinsertion site, The  radio-labeled  B. mori  rp49 and  period

 cRNA  antisense  probes were  hybridized with  the  respective

 mRNA  obtained  at 4-h intervals throughout the 24-h cycle

 and  then the protected fragments were  electrophoresed.

 The  autoradiograph  intensities of the gel bands  were

 assessed  by calibrating  the amount  of period relative to that

 of ip49  (Fig, 4). RP49  served  as  a  control  for the amount  of

 RNA  loaded in each  lane, lt was  found that the B, mori

 period mRNA  also  fluctuated in a  circadian  manner  with the

 highest mRNA  level in the  early  night  (around ZT  17} and

 the lowest level in the  day (around ZT  13), showing  a cycle

 similar to those seen  in the period mRNA  expression  of

 other  insects. The magnitude  of  the  daily mRNA  oscillation

 was  about  3.5-fold.

                  DtSCUSSION

Sequence  simjlarity  and  identity of  PERIOD  proteins

   Whether  or  not  the structurally  elucidated  BombJ4x mori

proteins are  PERIOD  was  examined  by comparing  their
whole  structures,  aligning  the sequences  with other  reported

PERIOD  proteins, When  the full-length sequences  were

compared,  B. rriori PERIOD  showed  considerably  high
homologies with  other  insect PERIOD  proteins, Calculated
sequence  similarity and  identity are  48%  and  29%  for

Drosophila melanogaster  PERIOD,  56%  and  42%  for
Antheraea pernyi PERIOD,  and  73%  and  58%  for Danaus
piexippus PERIOD.  PERIOD  proteins are  distinguished by
having a  series  of  characteristic  conserved  (C) domains
numbered  Cl-C7,  and  Cl-C3  are  particularly highly homol-
ogous  among  insect PERIOD  proteins (Colot et  ai., 1988;

Lin et al., 2002). As  shown  in Fig. 5, these Cl-C3  charac-

teristic regions  are  highly conserved  in the B. mori  PERIOD

proteins clarified in the present study. It should  be noted  that

B. rr]ori PERIOD  proteins are  significantly highly homolo-

gous with  Danaus  plexippus PERIOD  in their entire  struc-

tures.

   PERIOD  proteins also have several  other  signals  and

domains  that are  functionally important in exhibiting  poten-
tia] cycling activities. When  the primary structure of B. mori
PERIOD  proteins was  depicted by a  rod  model  as  shown  in
Fig. 6, a  domain construction  was  found to be almost  the
same  as  other  insect PERIOD  proteins. These  include the
nuclear  localization signal  {NLS) (Vosshall et aL, 1994;

Chang et al., 2003; Chang and  Reppert, 2003), the PAS
domain  (Crews et  aL,  1988), the  cytoplasmic  localization

domain  (CLD) (Saez and  Young, 1996),  and  the nuclear

export  signal (NES) (Fukuda et aL, 1997; Vielhaber et al.,

2001), lt was  found that all of these  sequences  are  highly
conserved  in B. mori  PERIOD  proteins with  70-10096

sequence  similarities,  [n particular, the most  important char-
acteri$tic domain  structure  PAS  showed  considerably  high

homologies: i.e., calculated  sequence  similarity  and  identity

for PAS-A  and  PAS-B  domains, (88% similarity  and  69%
identity for PAS-A)  and  (67% similarity  and  38%  identity for
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NLS
  ,ttv

H:GGEs=swHuT-[vsDsAYsSSCSHSgSptSGSsKsKLsasHssGsssyGait?SrpasSSD----Hu  bmsR  NKCncgtenagApnlsAsTsutanvEEK?RPSaTecv

"sa-EsTtsTHsTKvsDsAysesesNsgsgEscssKszLsGsHssGsseyccK?sTgTss::----HITKlt  thftIL gKessTvrHALosgsDnmETKApEEIs-----
---M:ETATHuTKIsDs-rsu-ssrtSgsPRSSCS-SKSRHS"ssqsssycGHGsslgCSSH!?!PgeSVTzatM:tt zaSSVTTAA:A7vT$vvTTvsE!nHEnaTSmuSvaabw"te#
----"EETATHNTK:SpsAxsv.ssHsQsRRssGS-SKSRHSnSSGs$GvcaHApsMgGsssn?VPg??ST
--"}osE!IsTENAxuSOSGVSorTCSHSgSptsscs-s:sansNmstssarcenRPST!CSSH=AL?ae-:SKR-eeS.'.Hp"sg

   efisez-[kLSTrnnsAT-------.EcESAT.----
SKT:LAyumoIT-.-m----""J"--"---
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Fig. 5. PERIOD  protein sequences  alignment  comparison  among  eight  insect species,  PERIOD  protein sequences  are  aligned  by inserting

gap <-} to achieve  maximum  homology. Functional motif  structures  such  as  NLS,  PAS-A,  PAS-B,  NES,  and  CLD  are  boxed. The  defined Cl-

C7  regions  are  underlined  with  labels below. Seven different insect PERIOD  protein homologues  are  aligned  with  Bombyx  mori  (B.m.)
PERIOD  proteln, and  those proteins are  from Drosophiia melanogaster(D.m.),  Musca domestica (M. d.), Peripianeta americana  (P.a,}, Blattella

gerrnanica (B.g.), Apis  mettiiera  (A.rn.}, Antheraea  pernyi (A.p.), and  Danaus  ptexippus (D,p,), 
'"Resldues

 in that column  are  identical in all

sequences  in the alignment.  
`:'Conserved

 substitutions  have been observed.  
`.'Seml-conserved

 substitutions  have  been  ob$erved.
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Bombyx  moriPERIOD

v NES

                   NLS  -  NLS
                              PAS  domain
Fig. 6. Schematic  look of the primary structure  deduced from the  nucleotide  sequences  of Bomb)oc  mori  periodcDNA. Functional motifs  and

domains  are  NLS  (resjdue numbers  of  amino  acid  sequences/  PERIOD  or, 68-75, 697, 698, and  71 1-713  and  PERIOD  P, 68-75, 692, 693,
and  706-708),  PAS-A  (or, 170-228  and  B, 170-228), PAS-B  (a, 323-371  and  P, 318-366),  cytoplasmic  localization domain (CLD} (a, 380-417
and  P, 375-412),  and  NES  (a, 449-462 and  P, 444-457). The arrow  head shows  the splicing  site with  5 amino  acid  difference for PERIOD  a

and  PERIOD  P isoforms.

PAS-B)  for Drosophila melanogaster  PERIOD,  (95% and

83%  for PAS-A)  and  (88% and  71%  for PAS-B)  for Anther-

aea  pernyi PERIOD,  and  <96% and  86%  for PAS-A) and

<85% and  75%  for PAS-B)  for Danaus  piexippus PERIOD.

The  results clearly indicate that the protein$ elucidated  in

this study  are  genuine PERIOD  proteins,

    ln the present study, we  were  able  to clone  two  different

B. mori  period cDNAs.  The  structures  of  their open  reading

frames were  completely  elucidated  and  these isoforms

showed  totally identical sequences  except  for a  deletionl

insertion difference of 15 bp, Thus, our  inltial purpose to find

a clone  having a  fragment corresponding  to the pentapep-
tide GTQEK  was  successfully  achieved  by cloning  an  iso-

form containing  this 15  bp. The  resulting  PERIOD  a  and  B
proteins are  the first period transcript pairs with  different

PAS  domain  sequences  present in a  single  insect species,

A  similar  set  of  PERIOD  isoforms has been  reported  only  for

the honeybees, Apis melb'iera  and  Apis cerana,  but in that

case  for a  deletion/insertion of  eight  amino  acid  residues

near  the so-called  petS mutation  slte  (Shimizu et  ai., 2001),

    Most recently,  genome  structurai  analyses  have been

reported  for the silkworm  BombJo( mori  (Mita et al., 2004)

and  the  genome  sequence  has been  opened  as  an  lnternet

web  site  <http:Usgp,dna.affrc.go.jp). Even  though sequence

data are  said to include only  up  to about  80%  of protein
encoding  genes, we  attempted  a  BLAST  search  of genomic
DNA  sequences  using  our  cDNA  sequence  in order  to

reveal the genomlc period. We  hit a  series  of fragments, but

not a single gene, that cover  the entire periodcDNA  sequ-

ence  elucidated  in this study.  We  found three cDNA  regions

that are  absent  from the  genome DNA  sequences,  i.e. two

regions  in the open  reading  frame with  about  42 bp  and  90

bp corresponding  to 14 and  30 amino  acid  residues,  respec-

tively, and  one  region  in 5' UTR  with  about  48 bp. It is thus

evident  for period that although  the  genome  sequence  is

incomplete at  the  moment,  the  cDNA  structure  we  have clar-

ified is almost  completely  compatible  with  the  genome
sequence  and  that of  3,800 bp-overlapped regions,  only  9

mismatched  nucleotides  were  found.

Alternative  spliclng  mechanism  to afford  a  and  B
PERIOD  isoforms

    ln the present study,  we  identified novel  periodisoforms
that possess a  deletionfinsertion of 15 bp in the PAS

domain. The  cDNA  structure of period a clearly exhibited the

existence  of  sp]ice  consensus  sites <Norton et aL, 1994;

Maniatis and  Tasic, 2002), i.e. GU  (GT in cDNA>  at the 5'

side  and  AG  at  the 3" side  of the specific 15 bp sequence
GTACGCAAGAAAAAG.  This strong]y  suggests  that the iso-
forms with  the 15 bp sequence  djfference were  produced by
either  ordinary  processing (a) or by alternative splicing (P).
Alternative splicing  would  be brought about  from an  intron

longer than 15 bp or trom DNA  itselt. Since the genome
sequence  indicates that there is an  intron adjacent  to this

splicing  site, the alternative  splicing mechanism  illustrated in

Fig, 7 is speculated  as  shown,  lt is clear that GT  and  AG

splicing  consensus  sites truncate the intron, At this moment,
the structural  trigger to cause  this mechanism  is not  known.

   As  shown  in Fig, 1, PERIOD  proteins having GTQEK-
like sequences  have  been found in a  series of species  of

Lepidoptera, ln particular, PER[OD  proteins of Apatetodes,

Danaus, and  Ptodia, consist  of exactly  same  pentapeptide
GTQEK.  However, no  isoform lacking GTQEK  has so  far
been  reported  for any  of the PERIOD  proteins having a

GTQEK(-like) sequence,  and  it is not  clear at this moment

whether  their isogene is simply  missing.  When  we  carefully

examined  the  oligonucleotide  sequences  corresponding  to

these  GTQEK(-like) sequences,  however, it was  found that

the  splice  consensus  sites  existed  in all genes  (Fig. 8).

Some  Lepidopteran periodgenes  clearly  show  a  distinct l5

bp GT-AG  fragment, whi]e  some  other  genes  exhibit  more

than 15 bp of  GT-AG  fragments. Of course,  this so-called

consensus  frame sequence  for splicing is not  always  essen-

tial for alternative  splicing  mechanisms.  Moreover, PERIOD

proteins devoid of  GTQEK(-like) sequences  have also  been

isolated from several  Lepidoptera insects (Fig. 1). There is

a  possibility that these PERIOD  proteins are  the products of

alternative  splicing  and  thus there are  isoforms containing

GTQEK(-like) sequences.  No  reports have been  announced

for such  splice variants, however.

   When  the secondary-structure  of the PAS  domain ot B.
mori  PERIOD  isoform cx was  analyzed  by the  Chou-Fasman
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Fig. 7, The putative mechanism  of alternative  spNcing  to produce period cr and  period rs mRNA,  respectively,  from premature  Bombyx  mori
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Fig, 8. Nucleotide sequence  and  its deduce amino  acid  sequence  of various  Lepidoptera  PERIOD  proteins around  GTQEK-like site. The
nucleotide  sequences  depicted in Fig. 1 are  analyzed  in the putative alternatlve  splicing  site {gray letters). It is probable that a  PERIOD  isoform

lacking GTQEK  or  GTQEK-like sequence  is present in each  insect.

method  (Nishikawa and  Noguchi, 1991; lto etal., 1997), GTQEK
in a  proline-truncated tetradecapeptide  PKTANGTQEKAQSP

frame was  predicted likely to be in a  loop structure.  The  par-
ticular PAS  $ite  of  B. rriori PERIOD  isoform 5, PKTANAQSP
lacking GTQEK  is also  in a  Ioop. These  loop structures  may

be exposed  to the molecular  surface  when  the protein is not

bound  in a complex.  The  presence  or  absence  of  GTQEK

might  therefore affect  the preferred interaction with  other

protejns, for example  TIMELESS.  The  side  chains  of

T(=Thr), Q(=GIn), E(=Glu>, and  K(=Lys) are  all hydrophllic

and  act simultaneously  as  both proton donor and  acceptor.

lt is not clear at the moment  whether  or not GTQEK  is a  key

structure  to differentiate the complementary  binding protein.

Questions to be an$wered  for ct and  B PERIOD  isoforms

  Although we  may  have identified two distinct mRNA,  or

protein isomers of  PERIOD  a  and  B, there  are  still a  number

of  questions to be answered.  The  first question is whether
or  not  the presence of  these jsoforms is a  simple  conse-

quence of  indMdual differences between  silk  moths.  Since

we  found a  splice  site  for pentapeptide GTQEK  in the exon

of  the silkworm  genome  DNA  sequence,  it is likely that there
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is a specific alternative splicing  mechani$m  to produce
either period a  mRNA  or  period fi mRNA.  If such  a  mecha-

nism  is dependent upon  the individual silk moth,  there might

be no  significant functional difference between  PERIOD  a

and  B. In order  to solve  these questions, it wil[ be necessary

to quantify the ratio of isoform a  and  isoform P in PERIOD

protein forms or period mRNA  forms. So  far, we  have not

succeeded  in such  quantifications in spite of attempts  to dif-

ferentiate the ratio between period a  and  period fi mRNAs.
As  shown  in Fig. 3B, the amount  of  period 6 mRNA  was

judged to be  a few times larger than that of  perioda  mRNA.

To  quantify this difference more  firmly, we  may  need  an  elite

system  to amplify  each  mRNA  isoform accurately  and  quan-
titatively.

   The  RNase  protection assay  performed for period
mRNA  exhibited  a distinct temporal pattern of  mRNA  abun-

dance  of the B. mori  period gene with  an  approximately  3.5-

fold daily oscillation  in the amount  of mRNA.  The question
therefore arose  as  to whether  the isomers exhibited  the

same  temporal  pattern of such  oscillation. Using a semi-

quantified PCR  method,  we  attempted  to quantify the period
mRNA  isoforms, but were  unable  to measure  the amount  of

each  isoform accurately,  so  that the ratio varied  consjder-

ably,  resulting  in our  inability to see  a prominent osciHation.

The  period fi mRNA  is several  tlmes more  abundant  than

period a  mRNA  throughout the entire day. Again, we  need

a  selected  system  to amplify  each  mRNA  isoform precisely
and  quantitatively.
    Another important issue is whether  these two period
mRNA  isoforms are  expressed  in the same  neurons,  We
first attempted  in situ hybridization for adult  silk  moth  brains

by using  probes prepared from various  sites of the  cDNA

clone. However, this ordinary  hybridization is not  yet suc-

cessful  for reasons  that are  not  yet clear,  On  the  other  hand,

isoforms  of the  PERIOD  proteins should  be detected by

sophisticated  monoclonal  antibodies  that can  differentiate

the  insertionldeletion of  pentapeptide GTQEK,  so  that

immunocytochemical  study  could  then  c]arify  their localiza-

tion in different cells.  Thus, we  are  now  preparing antibodies

for further investigation of  the PERIOD  protein. Nonethe-

less, the  present study  has shown,  for the first time, the

presence of  two periodtranscripts with  different PAS  domain

sequences  present in a  single  insect species.  It will now  be

important to analyze  or  specify  the functions of the two jso-

forms, whether  these may  be different or differently local-

ized, especially  in order  to explore  the essential molecular

mechanism  of circadian  rhythms  in this species.
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