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ABSTRACT

We previously determined the 3' proximal 5,824 nucleotides of the
Sendai virus genome RNA (Nucleic Acids Res. 11, 7317-7330, 1983; Nucleic
Acids Res. 12, 7965-7973, 1984), and present here the sequence of the
remaining 5' proximal 9,559 nucleotides. Thus, this is the first
paramyxovirus to have its genome organization elucidated. The set of
complementary DNA clones used was prepared by the method of Okayama and Berg
from polyadenylylated viral genome RNA. We sequenced the region containing
the 5' proximal half of the F gene, and the subsequent HN and L genes, and
predicted the complete amino acid sequence of the products of these genes.
Sequence analyses confirmed that all the genes are flanked by consensus
sequences and suggest that the viral mRNAs are capable of forming
stem-and-loop structures. Comparison of the F and HN glycoproteins of
Sendai virus with those of simian virus 5 strongly suggests that the

cysteine residues are highly important for maintenance of the molecular
structures of these glycoproteins.

INTRODUCTION

. Recently, the molecular cloning of complementary DNA (cDNA) to RNA has
greatly contributed to the elucidation of the gene and genome structures of
several RNA viruses. Analyses of the viral gene and genome structures
provide essential information for the solving of several important problems
such as the mechanisms of viral replication and transcription, the nature of
each viral protein, biological events caused by viruses and genetical
relationships among viruses.

Of paramyxoviruses, Sendai virus has been most extensively studied as a
prototype, its genome being a single continuous RNA of about 15 kilobases
long with negative polarity. Sendai virus contains six structural proteins,
i.e. large (L), RNA polymerase (P), nucleocapsid (NP), hemagglutinin-
neuraminidase (HN), fusion (F) and membrane (M) proteins. 1In addition, at
least one non-structural viral protein designated as C (1) and a small
transcript called leader RNA (2) have been identified in infected cells. 1In

previous communications (3,4), we reported the sequence of the 5,824
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nucleotides from the 3' end of the Sendai virus genome RNA and determined
the complete primary structures of the first three genes and a part of the
fourth gene. Our results as well as data presented by others established
that the gene order is 3'-leader-NP-P+C-M-F- (3,4,5,6,7,8,9), and the
subsequent gene order has been proposed to be -HN-L-5' (10,11). In order to
fully elucidate the genome structure of Sendai virus, we continued to
construct cDNA clones toward the 5' end, and present here the full sequence
of the remaining region, that is, the 5' proximal 9,559 nucleotides, which
contains the 5' proximal half of the F gene and the subsequent HN and L
genes. Thus, we have determined the complete primary structure of the
genome of Sendai virus strain Z, and have predicted the amino acid sequence
of each gene product. We also compare the predicted structures of the F and
HN glycoproteins of Sendai virus with those reported for another

paramyxovirus, simian virus 5 (SvV5) (12,13).

MATERIALS AND METHODS

Preparation of viral RNA

Sendai virus strain Z was used. Viral 50S genome RNA was prepared from
virions purified from infectious allantoic fluids of chicken eggs as
described previously (3). Sendai virus mRNAs were prepared in a similar way
to as described previously (3) using BHK-21 cells as the host cells, and RNA
was extracted by the guanidium thiocyanate method (14). The mRNAs were
selected from crude RNA by oligo(dT) cellulose column chromatography.

Synthesis and cloning of the complementary DNA (cDNA)

Sendai virus genome RNA was polyadenylylated according to Inokuchi et
al. (15) except that the amount of ATP:RNA adenyltransferase (poly A
polymerase) was increased to 20-fold. Synthesis and molecular cloning of
cDNA from the polyadenylylated genome RNA were performed according to
Okayama and Berg using a pSV7186-derived vector-primer (16). E. coli K12
strain HB10l was transformed with the resulting recombinant plasmids by the
standard method (17).

Sequence determination of cDNA

CDNAs were cleaved into fragments with appropriate restriction
endonucleases, and after subcloning of the fragments into M13 phage (18),
their nucleotide sequences were determined by the method of Sanger et
al.(19).

Colony hybridization

Bacterial colonies grown on nitrocellulose filters were lysed and fixed
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according to Grunstein and Hogness (20). The nitrocellulose filters were
used for hybridization (21) with the viral 50S RNA probe labeled with [y~
32p) ATP (22) or the cDNA probe labeled with [a->2P] dGTP (23).

Northern blot hybridization

Viral mRNA resolved in an agarose gel was transferred to a
nitrocellulose filter as described previously (3). Hybridization of this
filter with 32P-labeled cDNA was performed as described above.

Enzymes and other materials

ATP:RNA adenyltransferase, E. coli DNA ligase, terminal
deoxynucleotidyl transferase and ribonuclease H were purchased from P-L
Biochemicals, Milwaukee, U.S.A.; avian myeloblastosis virus reverse
transcriptase from Seikagaku Kogyo, Tokyo, Japan; M13 cloning and sequencing
kits, nick-translation kits and all the radioactive compounds from Amersham
Incorporation plc, Amersham, England; HAWP nitrocellulose membrane filters
from Millipore, Bedford, U.S.A.; and bovine alkaline phosphatase, T4
polynucleotide kinase, E. coli DNA polymerase I, the Klenow fragment of DNA
polymerase I, T4 DNA ligase and all the restriction endonucleases from

Takara Shuzo, Kyoto, Japan.

RESULTS

Cloning and sequence determination of cDNA

We previously described the molecular cloning and sequencing of the
Sendai virus genome cDNAs which cover the 3' proximal 5,824 nucleotides
(3,4). In order to obtain cDNA clones which represent the remaining genome
region, we tried to clone cDNAs which were prepared by reverse-transcription
of partially digested and then in vitro polyadenylylated viral genome RNA.
For this, 6 micrograms of Sendai virus genome RNA was incubated with 4 units
of poly A polymerase, which is about 20-fold the amount used for the
standard polyadenylation reaction. After the incubation, the 50S genome RNA
was found to have been digested to an average size of about 28S (data not
shown), which was most likely caused by the ribonuclease activity
contaminating the poly A polymerase preparation. Subsequent synthesis and
molecular cloning of cDNAs from the polyadenylylated RNA were performed
according to Okayama and Berg (16).

Transformation of E. coli HB10l with the recombinant plasmids yielded
about 500 ampicillin-resistant colonies, from which 41 were selected on the
basis of the intense hybridization signals with the Sendai virus genome RNA
probe. Out of these clones, 27, which did not hybridize with probes of cDNA
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Fig. 1. Locations of previously obtained cDNA clone 2013 and newly prepared
cDNA clones 3S-2073, 3S-2201, 3S-222, 3S-134, 3s-1051, 3S-2215, 3s-2042,
35-87 and 3S-118 in the genome RNA and the sequencing strategy. Arrows
indicate the cDNA fragments sequenced and the direction of sequencing.

fragments corresponding to the NP, P+C or M genes (3,4), were selected by
the colony hybridization technique. The mutual relationships among the 27
clones as well as their relationships to the previously reported clones were
determined by colony hybridization tests using appropriate cDNA probes in
combination with restriction map analyses, and it was found that these
clones could be lined without any gap in order from the 3' proximity to the
5' proximity. We selected 9 clones for sequencing. The sequential
relationships between these 9 clones and to the previously reported clone
2013 together with the sequencing strategy are shown in Fig. 1. Clone
35-2073 showed an overlap of about 400 nucleotides with clone 2013, which
had been shown to cover the 5' proximal 331 nucleotides of the M gene and
the 3' proximal 1,013 nucleotides of the F gene (4). Clone 3S-118, which
was identified as the most 5' proximal clone, had an identical sequence with
the reported 5' terminal 70 nucleotides of the Sendai virus genome RNA (24)
except for 3 substitutions, which was followed by 6 guanine residues and a
Pstl site derived from the linker DNA fragment. This indicates that 3S-118
included the very 5' end portion of the genome, and that we had obtained a
set of cDNA clones that covered the entire genome RNA. By analyzing these 9
clones, we determined the sequence of the 9,559 nucleotides of the Sendai
virus genome, which followed the 3' proximal 5,824 nucleotides that we had

previously determined (3,4). Thus, we concluded that the total length of
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the Sendai virus genome RNA is 15,383 nucleotides, which is in good
agreement with the previous value estimated from the sedimentation
coefficient obtained with a sucrose density gradient (25,26). The
nucleotide sequence from position 4,781, the 5' end portion of the M gene,
to 15,383, the 5' end of the genome RNA, is shown in Fig. 2.

Analysis of the nucleotide sequence

Distribution of the translation termination codons in the plus strand
(complementary strand to the genome) of the above region is shown in Fig.3,
indicating the presence of three large open reading frames. Open reading
frame op-4, which starts from nucleotide position 4,865 and encodes the F
protein as reported previously (4), was found to terminate at nucleotide
position 6,559, encoding a polypeptide of 565 amino acids with a molecular
weight of 61,495. Downstream of op-4, two open reading frames, designated
as op-5 (from 6,692 to 8,416) and op-6 (from 8,555 to 15,238), were
observed. Op-5 corresponds to 575 amino acids, the calculated molecular
weight of which is 63,408, and op-6 encodes a giant polypeptide of 2,228
amino acids with a calculated molecular weight of 252,864.

Previous studies (3,4,5,6,7,8) showed that the Sendai virus NP, P+C and
M genes are flanked by consensus sequence Rl (UCCCACUUUC or UCCCAGUUUC) at
the 3' end and by R2 (AUUCUUUUU) at the 5' end, and that the junctiuon
between these genes is composed of R2-GAA-R1. This structure was also found
for op-4, op-5 and op-6, i.e. they are preceded by UCCCUAUUUC, UCCCACUUUC
and UCCCACUUAC, respectively, which were assigned for R1, and followed by
AUUCUUUUU (R2), and the junction between Rl and R2 was GAA or GGG. Thus, we
assigned the sequences from Rl starting at position 4,812 to R2 ending at
6,632, from 6,636 to 8,523 and from 8,527 to 15,326 as the fourth, fifth and
sixth genes, respectively, and GAA as the intergenic sequence with one
exception between the fifth and sixth genes where it was -GGG-. It is of
interest to note that the sequence, ~-GAA-, was again found after R2 of the
last gene.

Since we have already assigned the first to fourth genes for NP, P+C, M
and F, respectively, the fifth and sixth genes correspond to the HN and L
genes. The coding capacity of op-5, 63,408, is very close to the reported
value for the molecular weight of the unglycosylated form of the HN protein
of 63K (27,28), while that of op-6, 252,864, is very similar to the
estimated molecular weight of the L protein of about 200K (29). In order to
confirm that op-6 really produces a large transcript, northern blot

hybridization was performed between mRNAs from infected cells and a probe,
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wolfuuuuca avceclluny cacooarcac ucacaAACcA AcGUULUGAG AGGoGAACCE UUUGTRETET COURUAURGE ICUCURGUGU CACGURGRGD] 4900
mﬁﬁﬁﬁzTEﬁaﬁi?ﬁﬁEﬁETEEaaFﬁﬁEEEFEﬁEEE15;2;::;;;;::;;;;:——_——3 5000
UCUAUCGACC UAGGGUGCUU AGCUCCAUGU AUCAUGACUC AGAUCAAGGC CCCCAUCUGA AACUCUUACC CACGCCUUGU CGGGUCCAAU AGGUCAUGUU| 5100

T [ cucceAuGAC UUGUCCGACA AUUAGGGUAR CUCCCUACGG AAUCUAGAAG UCCUCCGAGA CUAUUGACAG UGGUUACUAU GCUGUGUUUU ACGGCCACGA] 5200
© | GGGGUCAGCU CUAAGARGCC ACGACACUAA CCAUGAUAGC GUGAACCUCA CCGCUGUAGU CGUGUUUAGU GGCGUCCCUA ACGUGAUCGG cuuceucee] 5300
UCCGGUUUUC UCUGUAUCGC GAGUAGUUUC UUAGCUACUG UUUUUGUGUG UUCAGAUAUC UUGACGACGU UUUGCGACAC CCCCUUGUUU AAGAACGAGA| 5400
UUUCUGUGAG GUCCUAAAGC ACUUACUACU CUAGUUUGGG CGUUAUUCGC UUAAUCCGAC ACUCUGACGA CGGAAUUCUG ACCCAUAUUU UAACUGUGUC| 5500
GUAAUGAGGC UCGACAAUUG ACGCAAGCCG AGCUUAAAGC CUUGGUAGCC UCUCUUCUCG GAGUGCGACG UCCGCGACAG AAGUGAAAUG AGACGAUUGU| 5600
AAUGACUCUA AUACUGGUGU UAGUCCUGUC CCGUCAGAUU GUAGAGACUA CAGUAAAUAU GUCUUGUCUA GUUUCCUUGC CACUAUCUAC ACCUAGAUCU| 5700
CUCUAUGUAC CAGUGGGACA GACACUUCUA GGGAUAAGAA AGACUUCAGG GUCCACACGA [ A GuAucugeee| 5800
CUCCUUACCA UACACUGACA GGGGUCGGUA UAUGAGUCAG CACGAAGAAA GAAUCCCCCA CGUCUGUAUU GGCUAACACA ACUCAGGUCU AACUGGAUAU| 5900
AUACGGGGUC CCUAGGGCGU GUUGACUAUG GACUGUCGGU CGUUUUCACA UAGGACCCCC UGUGUUGUUC CACAGGACAG UGUUUUCAAC ACCUGUCGGA| 6000
AUAGGGGUUC AAACGARAAC ACUUACCCCC GCAACAACGA UUGACGUAUC GUAGGUGUAC AUGGACGCCC UGUCCGGCUU CUGGUUAGUC AGUCCUAGCG| 6100
CAC AUCAUAAGGA UG UUGACACCAG AAUAUCCACA GUUACCCCAU CUUAACAUAC GAUUGGCCUC UCCCGUGCUA G cc| 6200
CCCAGGUCUU GAACUGUCAG CCAGGACGUU AACGAUAGUC UGGGCAACUA UAAAGAGAGU UGGAACGACU ACGAUGCUUA AAGAACGUUC <G| 6300
ACUCGAACUC UUUCGUGCCU UUUAGGAGAG CCUCCAUCCA UCUACCAUGU UGAGUUCUCU CUGACACUAA UGCUAGUAUC AUCAAUACCA GCAUUAUAAC 6400
CACCAGUAAU AUCACUAGUA GUAGCACGAA AUAUCUGAGU CUUCCAGUUA CGAUUACC 6500
UCGGCUUCUA_GUCUGUAUAC AUGUGUUUGC CACCCAAACU ACGUUACCGA CUCUUUUCUA CUAGUGCUGG UAAUAGUCUA CAGAACAUUU CGUCCGUAUC 6600
AUAGGCAACU CUAGACAUAU AUUAUUCUUU_UUGAAUCCCA' CUUUCACUCC AGCGCGCCAU GAAAUCGAAA GUGGAGUUUG UUCGUGUCUA UACCUACCA] 6700
UC UUGCACUGAG CAUGACCAGA UGAAGAGGAU CACCAUCGUG UUUUGGU CGUAG! AG A JACCA' 6800
ACGACUAAGA GAGUAAGUGG GUCACCCGAA ACAGUUAACG GUGUCACUAG UAGACAUAGU AUUAAAGACG AUCUGUUCCC AUAUCAUACU UUCUCAUGAG| 6900
“?‘ UUACUGACAU CUCCGUAACU UGUACUCGUC GUCCCUCCAC UUUCUCAGUG AAUGGUCAGA UUAUUCCGUU CUCCAAUAUC GUUCCCGACA GUUGUAAGUC 7000
© [UCGAGACACG UUUGGCCUUA GGGUCAGAAC AACUUGUUUU UGUCGUCCCU ACAGUAGGUC UACUAACUAU UCAGCACGUC GUCUGUUCUC G| 7100
UGACACUCUC AUGCUAGCGU CAGGUGGUAC GGCUACCUUA ACGGGGUGAA CUCGGUGUAU CAARAGACCUC UACGGGACAG CCUCUUGGCA UAGAAUCGAG 7200
UCUAGGACUU UAGAGUAACG ACGGACCAGG CUCGAACAAU AGACCAAGAU GUUGCUAGAG ACCUACACAA UCCGAGGGAA GUGAGAGUUA ACCGCUCCGU 7300
UAGAUACGGA UAAGUAGUUU AGAGUAAUGU GUUCCAACAC GACUGUAUCC CUUUAGUAUA GUCCAGGACG UCGAUCCCAU GUAUAGUGAG UUAAGUCUAU| 7400
ACAAGGGACU AGAAUUGGGG CAUCACAGGG UGUGAAUACU GUAGUUGCUG UUAGCCUUUA GUACGAGACA CCACCGUUGG CCCUGAUCCC CAAUAGUCGA| 7500
AACGAGGUAC GGCUGACAUC UGCUUUCUUG GCUGAUGAGA UCACUACCAU AACUCCUAGA CCAGGAACUA CAGGACCUAG AGUUUCCCUC UUGAUUCAGA| 7600
GUGGCCAUAG CGUUGUCGCU CCAUCUAGAA ¢ A AGAGACGUGA A CAUCCGUUGC CGUAACGUUG UCUUCCGAGU AACUAUAAAG| 7700
AACCCAUACC ACCUGAUUGG UGGGGAGACG UCCCACUAUG UUUUACAUCC UGGGUUCCUA CGGUUGUCCA CAGCGUUCUG UGUACGUUAC UCCGAGACUU| 7800
UUAAUGUACC GAUCCUCCCU UUGUCCACCA GUCGCACUAG UAGGUCCAGU UACUGAUAGA GAGUCUCUCC GGUUUCUAUU CUCAGUGUUG GUAAGGUUAG| 7900
UGAGUUUUGA UAGAGCCCCG CCUUCCAUCU AAUAAUUUUA ACCCACUAGC CCACAUGUAG AUAUGUUCUA GUAGUCCGAC CGUGAGAGUU GACGUCUAUC| 8000
CUCAUGAACU ACAGUCGGUG GGARACUGAU AGUUGACCUG UGGAGUACUU CGGAACAGAU CUGGUCCUUU AUUUCUCACG UUAACCAUGU UAUUCACAGG| 8100
CUUCCUUACG cGe U ACGA ) AACAGGGGAC UACGUCGAUU GCAGCGAUGG CAGUGCGAUA UACGGUUAUG UAGCGCACAG| 8200
UUGGGUUGUU AGUACAUAAG AUUGUGAUGA UUGUAAUAUU UAUACAAUUC CUAUUUCCUA CAAGUUAAUC UCCGACGUAU AUGGUGCUGU AGCACAUAGU 8300
8400

UUGACUG AUCGUCCGAA CAGCCGGAAC GAX 8500

c caumwuct vucacucectheuuacceuy caarcaouay CoAdTRETOR COTGICTICA GORGITUTT COGRRGACS TAUGRGRUAT] 8600
GUCUUACGGU GGACUUGAGA GGGUAUCAGU CCCCCUUCUA UCGUGUCARC GUGCAGAACA AUCUACACUU ue cc 8700
UUAUUUAUAA UGUUUCGUGU UUUAAUCCUU GCCUCCUAAC AGGGGGGCAG UUUAAUUCUA GUCCAGAGAC CCAUUCCGAG AAGUUGCGUG UUAUUUCCUA| 8800
2 [Asucusecun usuccARACY UGGCAUGGGU UGGAUGAGAG UCCUUAAUGA AUCCGAACUA UAUGGUCUCU AUACACUGUU UUAGGCUAGS CAGAMGEGCE| €900
° AGAGCCUAGC CGACUGGUCC CUCAAUAGAU CACCCAAGGU CCUAGAAACC AACUUAUAGA AGUUCGUUGA X 9000
AGGCAACGUC CUAUAGCCGU GGUAGGGCCU CUAUUGACUA UUCAUGUCGU CCUUAUCUAC CAUAUCCGGU AAGGAUUGAA CCAAGUCGUA 9100
UACGCCACCY ACGUCUUCUG GUCUGGECCE CC UUA ¢ AU 9200
UAGAACAGUA CUAUGACUUG UUCAACUGUA ACUGUCCCAU AUAGGAUUGG GGACUCGACC AGAACUACAU AACACUACAA CAUCUUCCUU CCACCUUAUA 9300
CAGACGACGU CCCGUAGAUC UAUUCUUCAG GUAACCCUAU UGUUCGUUUC CACUCCUUAA UACCCUUGAU CACCUAAGGG AGAAGAGUUC AGAACCUCUC 9400
CUUUAUAUGU UACAGUAGCG UGAUAACCUC AXC CUAGGACAAU AUGGAGAUGC ACCCCGUAAA UACUCCGUAC| 9500
ACAACUGUCU CGAUGUCUGA CAAAAUUGUU CAUCUCUGCA CAUGUGUCUA CGACUUCGUC UGUGAUAACA CCUCAGCAAU GAGCGGUAAA AGGUACCUUG 9600
GAGAUAACUA CUCUUUCGUC UCUAGAAAAG GAAGAAAUCC UGUAAACCGG UGGGGUCGAA UCUCCGACAG UGACGGCGGC UGUUCCAUUC CCGGGUAUAC| 9700
AUACGUGUUU UCCGUUAUUU CGAAUUCUGG GAUAUGCUCA CAGUACGUCA AAAAACGUGA UAGUAGUAUU UACCCAUAUC UCUCUCCGUA CCGCCUGUCA 9800
CCGGGGGGAC ACUGAAGGGA CUAGUGCACA CAGAUCUUGA UUCCUUGCGA GUUCCCAGGU UAUGCCGUUA GAGAAUACUU ACACGACAUC UGUUGAUAUG 9900
UUCAAAGUAU CCGAAGUUCA AAGCCUUCAA AUAUCUUGGU UAC UUC UUUCUGUUUC GUGAUAGGGG GUCCUUCCUC 10000
CGUACCCUGA GACAUAUGGG CCUAUCAUUA GACAUGAUAU UUCGGGGUCU CAGACUUCUC UGGGCCGCCG AAUAACUUCA CAAGUAUUUA CUACUCUUAA 10100
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AGUUGGGUCU UCUUUAAUAG UUAAUACACC UCAGUCCUCU AACCAACUUU CUGCUCCUCA AGUUGUAGAG CAUGUCAGAG UUUCUCUUUC UCUAGUUCGU 10200
UCUCCCAGCA GAUAAGCGUU UUUACUGAAU AUUCUACGCU CGGCAUGUCC ACGACCGUCU CUGUGAUGAC CGAUUUCCUU AUCCUCUCGA UAAGUCCCUU| 10300
UUACCCUACC AAUUCCCUCU CUAUCUGGAU GAAUUUUCUA ACUGAUGAGA AAGACAGAGU CCGCAGGGGU CCUGACUAAG UCACAUGUUA UUGAGAUUUA | 10400
GUAGUCUCUU CUCUUUGCUU CCGUACCUUU UAUUCUUGAG ACCCCCCAUG ACCCUGCUUU UCUUCUCCAG GUCUGUACUU AAGUUCCGUU GUCUAAGUAG | 10500
UUGUCUGCCG AUACUUUGCA AUUCAACGAA GGAGUGUUGU CUGGAGUUCU UUAUGACGAA UUUGACCUCU AAACUCUCAU GACGUAACAA ACCAGUCUCU 10600
ACGUUGCUCU AUAAACCGAA GUUCUGGAAG AAAUUGACCU ACGUAGGUCA GGAACUUUCC ACAUGBUAUA UACAACCUCU AGGAAUGACA GGUCAGCGGC 10700
UGGCCUACGU AGCUGUUGAG GUCCUAGUAC GUCUGAGACC GUAAAAGUAU GUAUUAGGAU CCCCCCCGUA UCUUCCAAUG ACGGUCUUCG ACACCUGGAA 10800
UUAGAGUUAG UCACGUUAGG UGGAUCGUCG ACACUCUCAC CCACAGUCCC AGAGACGUUA CCAAGUCCCA CUGUUAGUUC GAUAUCGGCA CUGUAGUUCU | 10900
CAUGGACAUC GAGUCUGAAU GUUCGUCUUC UUUUUAGUAC AGAUACUCCU CUAGUGGUUU AUAAAGCCAC GAGAUUCUGU GCAGUACAAA CUACAUCCCG 11000
UGCUCGAUUU UAACUUGCUC UGGUAGUAAU CAUCGUUCUA CAAACAGAUA UCAUUUUCCU AUAUGAUACU ACCCUUCUAA AAUGGUGUCA CGGACUUUCG 11100
GAACUGGUUC ACACAUAAGA CCAGGCUCUG UGACCAUCUA CUUUUGUCUA GACGAACAAG CUUGUAGAGU UGUAGGUAUC GUUUUCGAUA GCUUUUACCC 11200
AUAAGAGGAU AUGAUCCGAU GACGUAACGC AACAUAUUCU GGACAGUCGU CCACACGUAU AGUGAUCCCU ACUGAUAUUU AGGUUGAUAG UCGGGCUGGC 11300
AUUCUCUAGU UAUGAAAUUC CCAUUCUUAA CCGACUCUAC ACGUCACAAC UAAGGUCGUU UACAACCUCC UAAGUUGAUG UACAGAUGUA GAUCUACGAA 11400
ACAAUCUUUA UAACCUCUGG GGCGUCAUCG UCGGGAUCGA CUAGAGUUUU CUAAGUAGUC UCGCCUAGAC AAUCUGUUCG UCCAUAAUAU GUCCCAGUAC | 11500
UUAGUUCUUG GGCCACUGAG AUCAAAAGAU CUAACCCGAA GUCUGGGAAU AAGCACAUUG GAGGGCGUAA GAGUCUCAUA UUGAUGCUAA UAUUUCUUAU 11600
AGUGACGAUC UAGACACGAC GUCCUUAGGG GCUUAGGAGA UGACAGACCA GAGAAGUGGC UCUGAUCACC UCUUCUCCUA GAGUUGGACC GGAGCAAGGA 11700
AUACCUGGCC UUUCAGUAGG ACGGCUCUCA CCGAGUACUC UAGGACCCAU UAAGGAAUUG ACCUCAAUCC CUCCGCUAAC GUCCCUACGA ACUAUGCUGG 11800
UUCAGAGAUC ACUCUCGGUC GCAAUCCUUU CCUCCUAAUA GUAUACCCUA UAACUCCUCC GAACAGUUAA UACUAGAUAA CGUCAUGCUC UGUGACUGAU 11900
CUUGAGAGUC CUUUGGCCAC UUUCUGUUGU AGCUUAUACU CAUAUACACA AGUCAACUCG AUCGACAGCC AGAUUCCGUC UUUUACACCU AGGUGGACUG 12000
AAUGCCCUCU GGGUAUGUAC CCGAUCUUUG UGGUCUGGGA AAUCUCGAGA ACUCCCCUUA UAAAUAGCUU CCAAGUCUCC ACACGUUCGA AACGUCCAGA 12100
CUUCCUCGUC UGGGGUAGAU AUGUACCAAG AUAGAAGGAC UGUUAUAUCU GGACCUGUGC GAAUGUUUGC CUACAGGCCG AUAUUCUUAG GGGAUAAAAC 12200
CUAGUCGGUG ACUACUUUCC AGCCUUCGGG UUGAGCCCAU ACAUUCUUUA GAUUCGUUUG GGCGUUUCCG CCGGUAGGCC UAUCGAUACC ACAUAUGCAC 12300
CCGGAUGCCC UGACUACUCU AUAGCACCUA CCUUCGGCGA GAAUAUCGGG UUUGUUCUCG AUUAGACUCG AAUCUCUUAG AUUUCGACGA CUGAGGACAA 12400
AGUUGGAGGU GAUUAGAUAG AGUAUCCAAC UUUCUAUGCC GUUGGGUCUA CUUCAAGAGA UCACGUUGUG AUCAGGCACG UUCAGCCAAG UAUUGUUAUA 12500
GUUUACUAUU GUACCGUGAG UUUCUUCGUC CCCUCAGCUU CCUAUGAUUA GAGCACAUAG UCGUCUAAUA CGAUUGACCC GAUUCGAACA AGCUCAAGUU 12600
AUACUCUAUA UUCUUUCCAA GGAAUCCCUU CGGUGACUAU AACGUGAAUG UAGAAUUAUU GCCCACGACA UAUUACCUCA GGGGUGUCCU CCGCUUAUAG 12700
GGGGGUUCCA GGUGUAAUCU AAAUCUCUAA UGUGUUCUCU UGUUAUUUAA CUAGAUACUA GGACUAGGUG AGUUCCUACA CCUGGAACUC GAUAAAUCGU 12800
UCCAGUCUCU ACAACAUGUG UGUCAACUGU ACUGAAUAAC CAGUCUACUA CUUCAAUAGU CUCGUUGGUC AUAGACAUGA CGUUACUGCU AUCGACUAUG 12900
UUACAGAGUU AAUCUAUCUC UGUUGAAUUU UCUCUACUAG CGUGAUCAUU UACUGCUACU ACAGUUGUCG AACUAAUGAC UCAAAUACCA CUAACUACAA | 13000
GGAAAURAAA CGAGUUGCAA GCCCCCAUAA GAUCAGUUAG UCAAACGUAU GAGUGAGAUG CCGAAUUUGU AGUCUCCUUC CCUUCUUUAU ACCCCUGUAC | 13100
AUCAGGCCUA AGAAUUUCUA UGGAGGGUGC GUCAAAAUUU UCAGAAUAGA UUACGAGAUA GAGUAGGGUU UUAGAAGUUU GCUAAGACCU UACGUCCACA 13200

GCACCUUGGA CACAUACCCG UUUAGUCCUA UUC ACC ACAGACACUU AUAAGACACC UAGAUAAGUA CGUGCUAACC | 13300
GUUCCCCCAC AUGGCGAACU CUAGARAUAG ACACUGUUAC UGGGUCUACA CCGGCUGUAC UCCUCCAGGA GAAAGAACCG UUCUGUAGAA CGUAUGGAUA | 13400
CGUCGAACCG UCUCUAUAGA UCCCUACCCG GUUCUAAUCU UAGUUACUUG AGAGAUCUCU CCGAGCUCAG UGAUUUCUCA AUGGACCUUG AGUGUARAGA | 13500
ACUACUGGGC CAUGACUCCA UGUCAGUCAA CUGACCGGAU CAGUAGUUUC AUAAGGGUAG AUGAAACUGG AUAUAGGCCU UCAGUAGAUA UUUUCACAAU | 13600
UCCUGUUCUC CAUAUCCUCA GGGACUUCAG AAUCUUCUAA CCCUAGGGCU CCGUCUAUUA CGUGACAAUC UACCAUAGCG CCGUCUUUAU GUUGUCUUAU | 13700
AAGGAAACCC UGUAGUCUGA UCUCGGGGAA AAACCCCCAA CUCUCAUAGG UUCAGUGUCC AUGACGCAGA GGCCCCCAUG UUCCUCUAGU GUUCUCCACU | 13800
CUAUCCGUCU AGUCCACAAC CAGACUGCAA UGGUAAGCUA CCUUCUAUAG AUAGAGUGGU CGACUCCGAG AAACCGUAGU UGUCAUGAUC GACGAACUUU [ 13900
CGUGAACUUG AAUGGAUGGA UAACUCGGGG AAUCAACUGU UCCUAUUUCU AUCCGAUAUA AAUCCCCUUC CUCGACCCCG GUACGAAAGG ACAAUACUGC | 14000
GAUGAGAACC GGGUACGUAG UUGAUAAUAU UGAGUCCCCA UAUGAGAACA CUACAGUUAC CCGUCUCUCU CAAUUUAUAU AUAGGACGAC UCCACCGUGA | 14100
UCACCCUUUC UUUAAUUUGU UACAAUGAUC AGACCCAGUU UCUCAAUUUC ACAAUAAGUU GCCCUUAGGA CCGAGCUGUA CCUAACCCUU ACUACUCACA | 14200
CUCCGAAACU AAACCUUACU UAAUGUCUUA UCGAGCUAUC CGGAUCAGGU GACACUGUAC CUCCCUCCUC UAGUAUUCCU ACUAGUUCAA CAUGACGUAC | 14300
UCGUAAUGUC ACAUUAGGCC UAGCGCAUAG ACCACCCCCU AGCUCUGCAA CACGAAUAUU CGUUCUAACG AGGGUCCGAC CCGUGCCUAR CCUGGUCCGU | 14400
CGAGUCGGAU AUAGACUCUA UGACCCUGCU CCAAUUGGAU UAUCACGAAU UUUGUAGAUU GGGACGAAGG UGUCUCUACA UAGAGGAUAG CUCCGUGGGG | 14500
UUUAGACUGU AAUAUCUCCU GUCGUUCUGU CACAAUCGAU CAGAGGAGGG AAACAGUUUU CUUCUAUCGU AGUUCUAUCU UUUCACCUAG AAUUAUCUCU| 14600
UCCGUUUCCG AGUGCUUACC CAAUGAGCCC UUAACUCUCU UCCUUCGAGA AGUAGUCCCU ACGAAUCUGG AAUGGUAGUU CGUGACGUCU GCAAACCGAA | 14700
ACUUGGUUUG AACAUAUUUA ACUCGUCUCU AAAGAACAGG UGGUACUUGU AUCGACUAUG UGUGUUGACG UACUAUCGAA AGUUGUCCCA AAACUUCCUA| 14800
UGUUAGAAGC UUACCCGAUC UUAUUGACUC AGUCUAUUUU CCGAAUUUGA UUGACCAUUC AUACUGGACA UAGGACACUC UCUAAGUCCG UUCAACUUCU| 14900
GUUAAAGAUC UUCUGAACAC GAUAGAACCU AUAGAAAUAG AUACAGGUGU UCUAACCAUU GACCCAGUAA GGGACUGGUC UUCAAACUUC GUUCUGAAGU | 15000
UAACCCUUAU CAAAGUAAUA GUAGGGCACU UUAGUCCUUG GACUCCCAAU AGUGUUUUUG AAAUAAUCUG UCCAAACUCC UAUAAUAUGU AUCAUAUUGC | 15100
AUAUCUAAGG AGUGGUUUCU UUAUUUCUAA AACUACUUCU CCCCG_UCAGUUCUAC AAGCCCCGGU CCGUU! U 15200
UACCUAGUGA UCCACUAUAG CUCGGUAUAC ucucchu UAUUAAUCAG GGAUAGCACG UCUUGCUAGC UUCGAGGCGC CAUGGACCUU CAGAACCUGA 15300

R
ACAGGUAUAC UGUUAUCAUU {'uuuuucuu GUUCUUCUGU UCUUUUAAAU UUUCCUAUGU AUAGAGAAUU UGAGAACAGA CCA 15383

Fig. 2. The RNA sequence of the Sendai virus genome (Z strain) from
nucleotide position 4,781 to 15,383, the 5' end of the genome. Rl and R2
are the repeating consensus sequences. Op-4, op-5 and op-6 denote the large
open reading frames.
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Fig. 3. Distribution of translation termination codons (vertical bars) in
the plus strand RNA of the genomé region presented in Fig. 2. An arrow
indicates the direction of translation.

namely a cDNA fragment correponding to the 3' end portion of op-6 (from
8,540 to 9,719), which was prepared from clone 3S-222 by digestion with
HindIII, followed by labeling in vitro by nick-translation. This probe
hybridized with the largest virus specific poly(A) RNA as shown in Fig. 4.
From these observations, we concluded that op-5 and op-6 encode the HN and L
proteins, respectively.

No open reading frame was detected within the sequence of the 5°'
terminal 54 nucleotides following -GAA after the last gene, and the 3' half
of this sequence was found to be U-rich and the 5' half to be A-rich. Thus,
this region may be considered as the 5' leader region as reported for
vesicular stomatitis virus (VSV). It is interesting to note that the most
5' terminal 12 nucleotides of this region are complementary (including one

wobbling base pair) to the most 3' terminal 12 nucleotides of the genome,

1 23 45 6 Fig.4. Left: Agarose gel
electrophoresis of 32P-labeled
mRNAs from Sendai virus infected
BHK-21 cells (lane 3) and those
from uninfected cells (lane 2).

~ Right: Hybridization of 32p-labeled

B cDNA corresponding to the 3' end

A o portion of OP-6 (nucleotide

position 8,540 to 9,721) with mRNAs
i from infected cells (lane 4) and
& 28S uninfected cells (lane 5). 32p-
i labeled ribosomal RNA from
- uninfected cells served as size
markers (lanes 1 and 6). "a"
188 indicates the largest mRNA. "Or"
means the origin.
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Fig. 5. A schematic illustration of the entire Sendai virus genome RNA. Le
and Le' indicate the 3' leader region and the putative 5' leader region,
respectively. I is the sequence, GAA or GGG, and J the sequence, AAAA.

which is in good agreement with a previous observation by Re et al. (24).
This observation suggests the possibility that both ends of the genome RNA
construct a stable secondary structure, giving the genome RNA a panhandle

structure.

Combining the present results with the previous ones (3,4), we present
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Fig. 6. Proposed secondary structures of the mRNAs for the F, HN and L

proteins. The initiation and termination codons are underlined. Rl and R2
are the consensus sequences.
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F protein
10
MTAYIQRSQC
LLNRLLIPLR
THKSIELLQN
LYSARITEIM
SHILSRASFL
CGTGRRPISQ
LEKARKILSE
MAEKR

HN protein

10
MDGDRGKRDS
REVKESLTSL
CPVGEPYLSS
LNPVVSHTYD
YPSVGNGIAT
IPITQNYLGA
AYPLSPDAAN
MLFKTSIPKL

L protein
10
MDGQESSQNP
KDLDRYTFEP
TDKYSRNRWY
DVVEGRWNMS
QTVLTSRDVY
CTIIINGYRE
KEAWDSVYPD
MRAVQVLAET
HEFKATDSST
QLQDHADSGI
TKYFGALRHV
NGYSPILGYC
LADLKRFIRA
EDLNLASFLM
PVKDNIEYEY
DTLTNGCPAIL
PVSTSTNLSH
LILHLHLNNG
CTAMTIADTM
KDTSHAVLKV
DMRRSSFLAR
VLRTRGIGVP
FDGRYLSHQL
NIYPAEVALV
IRIAYLVGDR
SKEDSIKIEK
KDTIFEWARI
RNLRVITKTL

20 30
ISTSLLVVLT TLVSCQIPRD
DALDLQEALI TVIHNDYIQNA
AVGEQILALK TLQDFVNDEI
TTIRTGQSNT FOVIYTEQIK
GGADITDCVE SRLTYICPRD
DRSKGVVFLT HDNCGLIGVN
VGRWYNSRET VITIIVVMWV

40
RLSNIGVIVD
GAPQSRFFGA
KPAISELGCE
GTVIDVDLER
PAQLIPDSQQ
GVELYANRRG
ILVVIIVIII

50 60
EGKSLKIAGS HESRYIVLSL
VIGTIALGVA TSAQITAGIA
TAALRLGIKL TQHYSELLTA
YMVTLSVKIP ILSEVPGVLI
KCILGDTTRC PVTKVVDSLI
HDATWGVCNL BVGPAIAIRP
VLYRLRRSML MGNPDDRIPR

(565)

20
YWSTSPSGST
IRQEVIARAV
DPEISLLPGP

30
TKPASGWERS
NIQSSVQTGI
SLLSGSTTIS
INDNRKSCSV VATGTRGYQL
EGSLIFLGYG GLTTPLQGDT
EGRLLKLGDR VYIYTRSSGW

40
SKADTWLLIL

50
SFTQWALSIA

60
TVIICIIISA

PVLLNKNSRD
GCVRLPSLSI
CSMPTVDERT
KCRTQGCQQV
HSQLQIGVLD

VATVTLY ANT_SRVEEDImMys FFINIINMLR

CKAES (575)

20 30
SDILYPECHL NSPIVRGKIA
YPTYSQELLR LDIPEICDKI
RPFLTWFSIK YDMRWMQOKTR
AAGHLDKKSI GITSKGEELW
TDAEADTIVE SLLAIFHGTS
RHGGQWPPCD FPDHVCLELR
SNLYYKAPES EETRRLIEVF
LLAKGIGELF
DGYETLSCFL
FIHNPRGGIE
MFDVGHELKL
TALYKTCQQV
DLLDKQVLYR
DRKVILPRVA

RENGMVKGEI
TTDLKKYCLN
GYCQKLWTLI
NETIISSKMF
CISLGMTINP
VMNQEPGDSS
HEILGNSLTG
ROKMWIHLTY
ERSEAQLGYV
FSSATLVRAS

MCSVELAVGL
RIPYFGSATD
RLKDTATQMK
CCIMESPQEA
SQLDRDNLKE
LSNALSHPKI
HLAYLCSLAE
EVLEDWDPEA
RLFGINSTSC
GKKLNNVTSL
DVVLISKIAP
WILIEKAKAH

NIPPRSTLDL
MIALVNDDDV
FKRFWNAGVV
ISRDGPRLES
DNALLDGIAA
LXALELTYLL
GQRVKVLFNG
RLGTDWTRQL
EWVTRELREG
TESDKRLKLT GKYDLYPVRD

LDRFEDIIHS ITYRFLTKEI

40
QLHVLLDVNQ
RSVFAVSDRL
PGGPLDTSNS
ELVDSLFSSL
IDEKAEIFSF
NAQGSNTAIS
INDENFNPEE
DLLKRLTTLS
WRFESTALFG
SISATHLAAV
VYSKRIYYDG
TISPTVRDQY
FLDWASDPYS
VREAIAGMLD
GRPIHGLETP
RNLSKPAKAA
RFITISNDNM
EITQENNKLI
NSLITEFMVI
EPVYGPNLSN
MNSLERLESL
EIQONIPLGH
SPLVDKDKDR
NPGSTWIGND
SLYLRYWDEV
SSSSGMLRPY
SGKLKTISRR
KILMKILGAV

VIQMIDKSCS
GEAIYAYSSN
DYSSDGIEDL
SQDTCNEALK
VSHPLT WY
IKDVQLEAAY

RQELTQHCES
LITQGCADIG
VLDVLDLKGR
ITWLGGKQWV
PHEALSRPGN
TTTSCITHFG

50
PYRLKDDSII
TRELSSGFQD
HNLLECKSYT
GEEIYNVIAL
FRTFGHPSLE
YECAVDNYTS
1INYVESGDW
VSGVPRTDSV
QRCNEIFGFK
RVGVRVSAMV
KILPQCLKAL
FKGKNWLRCA
CNLPHSQSIT
TTKSLVRASV
DPLELLRGIF
IRIAMVYTWA
ALKEAGESKD
YDPDPLKDVD
DVPLFCSTFG
ODKILLALSV
KSYLELTFLD
QTRAPFWGLR
LYLGEGAGAM
ECEALIWNEL
NLIVLKTSNP
HQALQTFGFE
LVLSWISLSM
KMFGARQNEY

60
NITKHKIRNG
LWLNIFKQLG
LVTYGDLVMI
LEPLSLALIQ
AVTAADKVRA
FIGFKFRKFI
LKDEEFNISY
YNNSKSSEKR
TFFNWMHPVL
QGDNQAIAVT
TKCVFWSETL
VLIPANVGGF
TIIKNITARS
RKGGLSYGIL
IEGSEVCKLC
YGTDEISWME
TNLVYQQIML
LELFSKVRDV
GILVNQFAYS
CEYSVDLFMH
DPVLRYSQLT
VSKSQVLRLR
LSCYDATLGP
QNSSIGLVHC
ASTEMYLLSR
PNLYKLSROF
STRLVTGSFP
TTVIDDGSLG

70
VPGVDFENGC
LAEAREAKRD
FGSNFGTIGE
HKASSISYNI
PKFAFVNGGV
VDISLNLADA
DTYTLEPKIR

70
ROGYSMKEYS
TIAVHHADGL
KSYQVLQLGY
TKSHRYRNSE
SVIIQUNDYL
KECNWYNKCP
KGYCFHIIEI

70
GLSPRQIKIR
NIEGREGYDP
LNKLTLTGYI
LNDPVIPLRG
HMYAQKAIKL
EPQLDEDLTI
SLKEKEIKQE
NEGMENKNSG
ERCTIYVGDP
SRVPVAQTYK
VDENRSACSN
NYMSTSRCFV
VLQESPNPLL
RRLVNYDLLQ
RSEGADPIYT
AALIAQTRAN
TGLSLFEFNM
VHTVDMTYWS
LYGLNIRGRE
DWQGGVPLET
GLVIKVFPST
GYKEITRGEI
CINYYNSGVY
DMEGGDHKDD
HPKSDIIEDS
LSTMNIADTH
DOKFEARLQL
DIEPYDSS

80
GTAQVIQYKS
IALIKESMTK
KSLTLQALSS
DGEEWYVTVP
VANCIASTCT
TNFLQDSKAE
HMYTNGGFDA

80
wrveALfEEs
APLEPHSFWR
ISLNSDMFPD
VDLOHPFSAL
SERPKIRVTT
KECISGVYTD
NQKSLNTLQP

80
SLGKALQRTI
LQDIGTIPEI
LTPELVLMYC
AFMRHVLTEL
KTLYECHAVF
YMKDKALSPR
GRLFAKMTYK
GYWDEKKRSR
YCPVADRMHR
QKKNHVYEET
ISTSIAKAIE
RNIGDPAVAA
SGLFTETSGE
YETLTRTLRK
WFYLPDNIDL
LSLENLKLLT
RYKKGSLGKP
DDEVIRATSI
EIWGHVVRIL
FICDNDPDVA
LTYIRKSSIK
GRSGVGLTLP
SCDVNGQREL
QVVLHEHYSV
KTVLASLLPL
NCMIAFNRVL
GIVSLSSREI
(2228)

80
160
240
320
400
480
560

80
160
240
320
400
480
560

80
160
240
320
400
480
560
640
720
800
880
960

1040
1120
1200
1280
1360
1440
1520
1600
1680
1760
1840
1920
2000
2080
2160
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here the primary structure of the entire Sendai virus genome, which is
schematically illustrated in Fig. 5. As a whole, 99.17% of the Sendai virus
genome is transcribed into mRNA and 93.63% is translated into proteins,
indicating that the structure of the genome is utilized quite efficiently.

It is noteworthy that an open reading frame corresponding to 249 amino
acids was detected in the genome sense strand within the L gene region (from
nucleotide position 9,588 to 8,842), which is longer than that of the Sendai
virus C protein, and the only one long open reading frame capable of coding
for more than 150 amino acids in the genome strand. However, this frame is
not flanked by R1 and R2, nor could a single stranded cDNA probe
complementary to this open reading frame detect any subgenomic transcript
from the infected cells, either poly (A) plus or poly (A) minus (data not
shown). From these observations, it seems unlikely that this open reading
frame is transcribed, although further studies should be carried out before
a definite conclusion is drawn.

Proposed structures of mRNAs for the F, HN and L proteins

From the nucleotide sequence of the genome RNA, the nucleotide
sequences of mRNAs for the F, HN and L proteins were deduced. On detailed
examination of these sequences, it was found that in every mRNA, a part of
the 5' noncoding sequence was complementary to that of the 3' noncoding
sequence, suggesting that these ends might form a double-stranded structure,
which gives the mRNA a panhandle structure (Fig. 6). These secondary
structures seems to be fairly stable on the basis of the free energy levels
(30) .

Characteristics of the F, HN and L gene products

The amino acid sequences of the F, HN and L gene products are shown in
Fig. 7. The .deduced amino acid sequence of the F protein indicates that the
F protein is highly hydrophobic overall. As we reported previously (4), a
signal peptide of 24 to 27 amino acids was detected in its N terminus, and
the cleavage site for the F1 and F2 proteins was assumed to be the arginine
residue at position 116. The most hydrophobic region of this protein is
located near its C terminus (from amino acid position 500 to 523), which is
followed by a hydrophilic region of 42 amino acids. The F protein of Sendai
virus has been reported to penetrate the viral envelope, leaving an at least

3K portion exposed to the inside of the envelope (31), which is similar to

Fig. 7. The predicted amino acid sequences of the F, HN and L proteins.
The putative N-linked carbohydrate attachment sites are boxed. The
underlining indicates the most hydrophobic regions.
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Fig. 8. Locations of the cysteine residues (vertical bars) and the putative
N-linked carbohydrate attachment sites (Y) within the F proteins of Sendai
virus, simian virus 5 (SV5) and respiratory syncytial virus (RSV), and the
HN proteins of Sendai virus and SV5. To align the N termini of the F1
subunits, small gaps are left between the F2 and Fl1 subunits of Sendai virus
and SVS.

in the case of hemagglutinin of influenza virus (32). Thus, it is probable
that the hydrophobic region near the C terminus may anchor the F protein
within the viral envelope and the very C terminal hydrophilic region may be
located at the inner surface of the viral envelope, interacting with the
viral M protein. As shown in Fig.8, the F protein has 12 cysteine residues,
of which 2 are found in the signal peptide, 1 in the F2 portion and 9 in the
“F1 portion. Eight of the 9 cysteine residues in the F1l portion are
clustered in its middle part, from position 338 to 424. Since the results
of secondary structure analysis (33) indicated many reverse turns within the
cysteine-rich portion of the F1 protein, this cluster may stabilize the
tertiary structure of the F protein by forming intramolecular disulphide
bonds. We could detect four putative N-linked carbohydrate attachment sites
(Asn-X-Ser or Asn-X-Thr) (34) in the F protein, i.e. from position 104 to
106, 245 to 247, 259 to 261, and 449 to 451, respectively, which is in good
agreement with the results reported by Kohama et al. (35) showing that the F
protein of Sendai virus has four N-linked carbohydrate chains.
The most hydrophobic region of the HN protein is, in contrast to in the
F protein, located near the N terminus, i.e. from position 36 to 58, which
is precedgd by a hydrophilic domain of 35 amino acids. This structure
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resembles that of influenza virus neuraminidase (36,37), in which the
hydrophobic region near the N terminus serves as an signal for membrane
translocation and as an anchor in the membrane. Thus, it is plausible that
this hydrophobic region near the N terminus of the HN protein may act as a
signal and an anchor, and the preceding hydrophilic region of 35 amino acids
is exposed to the inside of the viral envelope, since the HN protein was
reported to penetrate the viral envelope and the molecular weight of the
portion exposed to the inside of the envelope was estimated to be at least
2K (31). Within the deduced amino acid sequence of the HN protein, we found
five N-linked carbohydrate attachment sites, i.e. 77 to 79, 448 to 450, 499
to 501, 504 to 506, and 511 to 513, which is in accordance with previous
suggestion that the HN protein of Sendai virus has at least four N-linked
carbohydrate chains (35).

Analyses of the deduced amino acid sequence of the L gene product
provided us with little special information as to the structure of the L
protein or its functional domains, except that Ser-Asp-Asp found from
position 1,429 to 1,431 or Leu-Asp-Asp from 1,649 to 1,651 might be the
active site of RNA synthesis as in the case of reverse transcriptases of
retroviruses and RNA polymerases of picornaviruses (38). It is interesting
to note that there is a possibility that another L gene product might be
present which starts from the sixth AUG codon in mRNA, corresponding to the
methionine at position 249 of the L protein or nucleotide position 9,299 to
9,301 with a calculated molecular weight of 224,005, since this codon is
preceded by A 3 nucleotides upstream while the first five AUG codons are
preceded by G or U, and according to Kozak (39), A might be preferentially
recognized by ribosomes.

Comparison of the Z and Harris strains as to the F and HN genes

Recently, Blumberg et al. (8) reported the complete nucleotide sequence
of the F gene of the Harris strain of Sendai virus as well as the sequence
of the tripeptide of the N terminus of the F2 protein purified from virions
of the same strain. On comparison of the results presented in this paper
with theirs neither insertion nor deletion could be detected, and 98.63% of
the nucleotides and 97.88% of the amino acids were found to be conserved
between these two strains. The observation that the N terminus of the F2
protein of the Harris strain was glutamic acid at amino acid position 26 is
in good agreement with our previous prediction as to the cleavage site of
the signal peptide (4), thus we concluded that the peptide from 1 to 25 is
the signal peptide and that from 26 to 116 is the F2 protein.
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During preparation of this manuscript, the nucleotide sequences of the
HN genes of the Harris strain (40) and Z strain (41) of Sendai virus were
also presented. Comparing our present results for the Z strain with those
for the Harris strain, we found that the latter is longer than the former by
one amino acid residue, namely, the genome of the latter strain has an
additional -AAA- between nucleotide positions 8,288 and 8,289 of that of the
former, which led to an insertion of a serine residue. This insertion seems
to make no significant difference as to the structure of the HN protein
between these strains. Except for this insertion, most of the nucleotide
sequence as well as the amino acid sequence was conserved between these two
strains, giving 98.52% and 97.57% homology, respectively. On comparison of
our results and those presented by Miura et al. (41) on the HN protein of
the Z strain, four substitutions of amino acid residues were found while
neither insertion nor deletion was detected.
Comparison of Sendai virus and SV5 as to the F and HN proteins

The nucleotide sequences of the F and HN genes of SV5, another

paramyxovirus, were also reported recently (12,13). When the amino acid
sequence of the F protein of the Sendai virus Z strain described above was
aligned with that of SV5 to give minimal gaps for comparison, 133 amino
acids of the F proteins were found to coincide with each other, but the
overall homology was estimated to be only 23.5%. Interestingly, however,
certain portions of the proteins show more than 50% homology, which were
found from amino acid position 116 to 135 and from 458 to 477 of the F
protein of Sendai virus (Fig. 9). This suggests the importance of these
sequences for the function of the protein, since the N terminal portion of
the F1 protein seemed to act as a functional domain during membrane fusion
(42) . It is noteworthy that the distribution of cysteine residues within
the F proteins was well conserved between these two viruses. Both the F
protein of Sendai virus and that of SV5 have 12 cysteine residues, out of
which 10 could be aligned at the same positions, 1 in the F2 portion and 9
in the Fl1 portion, as shown in Fig. 8. The eight cysteine residues
clustered in the middle part of the Fl protein of Sendai virus are all
conserved at the corresponding positions of the F protein of SVS. In spite
of these similarities, however, there is no indication that the carbohydrate
attachment sites are distributed similarly in the F proteins of the two
viruses.

When the amino acid sequences of the HN proteins of these viruses were

aligned, 138 amino acids coincided and the overall homology was about 24s.
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IDPLDISQNLAAVNKSLSDA CSATNRCPGFCLTGVYADAW
444 463 448 467

Fig. 9. Highly conserved regions of the F and HN proteins of Sendai virus
and SV5. Numbers indicate the amino acid positions. Asterisks indicate the
identity of amino acid residues.

As in the case of the F proteins, however, highly conserved portions were
found from amino acid position 409 to 428 and from amino 463 to 483 (Fig.9),
which may be included in the active sites for hemagglutinin and
neuraminidase. Similarities could also be found between these two viruses
in the locations of the cysteine residues in the HN proteins and those of
carbohydrate attachment sites, three of which were found in the C terminal

regions of the proteins.

DISCUSSION

At the beginning of our work concerning the determination of the
nucleotide sequence of the Sendai virus genome RNA, we obtained relatively
long cDNAs, of about 3,000 to 4,000 nucleotides in length, starting from its
3' end, which could be sequenced satisfactorily (3). However, attempts to
elongate these cDNAs by the primer extension method generally only yielded
short cDNA clones of about 600 to 1,000 nucleotides in length (4), which
greatly hampered the determination of the entire nucleotide sequence of the
Sendai virus genome RNA. Thus, we decided to adopt a new cDNA cloning
strategy, which involved starting cDNA synthesis from multiple sites in the
genome RNA in combination with the cloning method of Okayama and Berg (16).
It was nesessary for this purpose to cut the genome RNA into a few fragments
and to add a poly(A)-tail to the resulting fragments. We found that this
could be achieved by using an excess amount of poly A polymerase (P-L
Biochemicals, lot no. 206-7) during the polyadenylylation reaction of the
genome RNA, since we had found that a trace amount of ribonuclease activity
contaminated the poly A polymerase preparation. Thus, we succeeded in

establishing a set of cDNA copies that completely covered the Sendai virus
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genome RNA, and could determine the whole sequence of the genome RNA of
15,383 nucleotides, which revealed that the gene structure of the Sendai
virus is 3'-NP-P+C=-M=-F-HN-L-5"'.

One of the characteristic features of the genome is that each gene is
flanked by consensus sequences at both ends, that is, Rl at the 3' end and
R2 at the 5' end. Since Rl shows minor variations from gene to gene, i.e.
UCCCAGUUUC for the NP gene (3), UCCCACUUUC for the P+C (3), M (4) and HN
genes, UCCCUAUUUC for the F gene (4), and UCCCACUUAC for the L gene, its
common structure was deduced to be UCCC-A/U-C/G/A-UU-U/A-C or UCCCNNUUNC.
On the other hand, R2 was found to be AUUCUUUUU for all genes. It is highly
possible that Rl is the recognition sequence for viral RNA polymerase, minor
differences in which may play a role in the control of the expression of
each gene, while R2 is a polyadenylation signal. Consensus sequences
similar to Rl and R2 were also reported for non-segmented negative stranded
RNA viruses, i.e. VSV (43,44), respiratory syncytial virus (RSV) (45) and
measles virus (46), suggesting their common importance in the transcription
and/or replication process of these viruses. It is interesting to note that
the sequence, GAA or GGG, which was found between two adjacent genes (or
between R2 and R1l) and thought to be an intergenic sequence (3,4), was
detected after R2 of the L gene. This strongly indicates that R2 together
with this trinucleotide may constitute a signal sequence for the termination
of transcription as well as for polyadenylation. The finding that the 12
nucleotides of the very 5' end of the genome are complementary to the 12
nucleotides of the very 3' end of the genome is very important because it
supports the prediction that the genome would form a very stable panhandle
structure, which will provide the signal sequences for recognition by viral
RNA polymerase and for association between the RNA and nucleocapsid proteins
(47) .

In VSV, it has been reported that about 50 nucleotides of the very 3'
end of both the genome and antigenome RNA are transcribed to small RNAs
designated as plus and minus leader RNAs, respectively (2,48). In Sendai
virus, however, plus leader RNA but not minus leader RNA was detected in
infected cells (2). Accordingly, it is of interest to investigate whether
the 3' terminal 54 nucleotides of the Sendai virus antigenome, which is
complementary to the 5' terminal 54 nucleotides of the genome RNA, can be
transcribed to produce minus leader RNA, and to determine the function of
minus leader RNA.

It is noteworthy that a stable secordary structure could be formed
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within the non-coding portions of all the mRNAs for the F, HN and L
proteins, giving each mRNA a panhandle structure, and similar structures are
also possible for the construction of mRNAs for the NP, P+C and M genes (not
shown). This type of secondary structure has been proposed for the mRNA of
gene 10 of human rota virus (49), although the panhandle structure involves
coding sequences in this case. The model presented in the present paper is
of special interest, since the panhandle is constructed from only non-coding
sequences, leaving the initiation as well as the termination codon within
the single-stranded loop structure. According to this model, this secondary
structure of the mRNA may be very important for its translation, because
ribosomes may select the first AUG in the loop as the initiation codon, and
bind directly to it with the aid of the initiation factors. 1In this regard,
it is interesting to note that two forms of the secondary structure are
possible for the construction of the mRNA of the P+C gene, which has two
open reading frames that overlap (3). In one form, the initiation codon as
well as the termination codon for both the P and C proteins are present
within the loop structure, whereas in the other form, both the initation and
termination codons for the P protein are buried in the stem structure, while
those for the C protein remain in the loop structure. Details of these
structures will be published elsewhere.

Recently, the nucleotide sequence of the F gene of respiratory
syncytial virus (RSV) was reported (45,50). As expected from the fact that
this virus is classified as a pneumovirus different from paramyxoviruses
(51), there is little homology between the deduced amino acid sequence of
this gene and that of the Sendai virus F gene. It is noteworthy, however,
that the F protein of RSV also has a cluster of cysteine residues in the
middle portion of the F1l protein (Fig. 8) as the F proteins of Sendai virus
and SV5 do, indicating that this structure may be very important in the
determination of the tertiary structure of biologically active F proteins.

The L protein of paramyxoviruses is expected to exhibit multifunctional
activities as to viral transcription and replication, including the
initiation, elongation, termination, polyadenylation, methylation and
capping reactions, as in the case of the L protein of VSV. However, we
could not find any significant homology in the amino acid sequence between
the L gene product of Sendai virus and that of VSV (52), and it is too early
to infer the functional domains of L proteins, and it is necessary to have

further information on the structures of the L proteins of other
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paramyxovirus. Therefore, we have started analyzing the L gene of bovine

parainfluenza type 3 virus.
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