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ABSTRACT
By analysing complementary DNA clones constructed from geniomic RNA of

bovine parainfluenza 3 virus (BPIV3), we determined the nucleotide sequence
of the region containing the entire F and HN genes. Their deduced amino acid
sequences showed about 80 % homologies with those of human parainfluenza 3
virus (HPIV3), about 45 % with those of Sendai virus, and about 20 % with
those of SV5 and Newcastle disease virus (NDV), indicating, together with
the results described in the preceding paper on the NP, P, C and M proteins
of BPIV3, that BPIV3, HPIV3 and Sendai virus constitute a paramyxovirus
subgroup, and that BPIV3 and HPIV3 are very closely related. The F and HN
proteins of all these viruses, including SV5 and NDV, however, were shown to
have protein-specific structures as well as short but well-conserved amino
acid sequences, suggesting that these structures and sequences are related
to the activities of these glycoproteins.

INTRODUCTION

The paramyxovirus hemagglutinin-neuraminidase (HN) and fusion (F)

glycoproteins, which project as spikes from the viral envelope, are deeply

concerned with the biological activities and serological characteristics of

the viruses. The virions attach to receptors on the cell surface via HN

protein, and penetrate into the cells by envelope-cell membrane fusion, a

process which requires F protein. The release of mature virions from the

infected cell surface is mediated by HN protein's neuraminidase activity

(for example, 1, 2). The paramyxoviruses are classified into subgroups

according to their antigenicity, which is predominantly determined by the

glycoproteins. Thus there have been many studies on paramyxovirus

antigenicity using monoclonal antibodies against the glycoproteins (for

example, 3, 4, 5). However, the structures of the functional domains and

antigenic epitopes of these glycoproteins still remain obscure, and this

situation has prompted many research groups to perform sequence studies of

the F and HN genes. We have been carrying out such studies on Sendai virus

and bovine parainfluenza 3 virus (BPIV3), and have already reported our

results on the former (6).
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BPIV3, which is the causative agent of "shipping fever" of calves,

shows considerable strain differences in its glycoprotein activities (7, 8,

9), and is known to have a close antigenic relationship with human

parainfluenza 3 virus (HPIV3) which causes a respiratory infection of

children, although these two viruses can be distinguished from each other by

detailed serological examinations (4, 10, 11).

We previously showed by use of monoclonal antibodies against the viral

glycoproteins that F protein of BPIV3, like other paramyxoviruses (for

example, 12), consists of Fl and F2 subunits linked to each other by

disulfide linkages, that the cleavage of the precursor F protein into these

subunits is achieved by some cellular endoprotease, and that the HN protein

of BPIV3 really does carry both hemagglutinin and neuraminidase activities

(13).

In the preceding paper, we presented the nucleotide sequence of the

BPIV3 genome from its 3' end to the terminal point of the membrane (M)

protein gene, through the nucleocapsid (NP) protein and polymerase-

associated (P) protein, as well as the non-structural "C" protein genes.

Here we report the nucleotide sequence of the subsequent genome region in

which the F and HN genes are located, and compare their deduced amino acid

sequences with those reported for Sendai virus (6, 14, 15, 16, 17), HPIV3

(18, 19), SV5 (20, 21), Newcastle disease virus (NDV) (22, 23) and measles

virus (24).

MATERIALS AND METHODS

Viruses, preparation of viral RNA, synthesis and cloning of

complementary DNA (cDNA)

CDNAs of viral genome RNA were constructed and cloned from the 910N

strain of BPIV3, and cDNAs of viral mRNAs from the 910N, M and SC strains of

the virus (8, 9) according to the method of Okayama and Berg (25, 26) as

described in the preceding paper. Bacterial colonies carrying plasmids were

screened for the presence of viral cDNA inserts with the viral 50S RNA

probe, and for overlapping cDNA inserts with appropriate cDNA probes, as

described previously (6).

Sequence determination of cDNA

CDNAs were cleaved with appropriate restriction endonucleases into

fragments and which were sequenced mainly by the dideoxy method of Sanger et

al. (27) using the M13 phage system (28). In some experiments the chemical

cleavage method of Maxam-Gilbert (29) was also employed.
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Gene expression from cDNA

SV40 transformed CV-l (COS-l) cells were transfected according to Wong

and Hiranao (30) with plasmids containing cDNA inserts, which were primed

and cloned with a pcDVl expression vector from the viral mRNAs. The cells

were stained by indirect immunofluorescent techniques using rabbit antiserum

against 910N virus (31) and mouse monoclonal antibodies directed to the F

and HN glycoproteins (13) of the same virus.

Enzymes and other materials

Fluorescein isothiocyanate conjugated (FITC) goat antibody against

rabbit IgG was purchased from Behringwerke AG, Marburg, West Germany; FITC

rabbit antibody against mouse IgG from Miles-Yeda, Israel; and others were

the same as described in the preceding paper.

RESULTS

Nucleotide sequences of the F and UN genes of BPIV3 genome RNA

The nucleotide sequence of a viral genome region, following the M gene

region presented in the preceding paper, was determined from cDNA clones

5 6 7 8 9 Kb
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P155 -

P147

PT 134

PT67

PAI _ __ _ _

PA 109

P152

4 ~~~~~5

Fig. 1. Locations of cDN'A clones (PT38 to P152) in the genome RNA and the
sequencing strategy. The numbers in kilobases (Kb) under the top line show
nucleotide positions from the genome 3' end. Restriction map is also
presented on the top line. Arrows indicate the cDNA fragments sequenced and
the direction of sequencing. Positions of the open reading frames of the 4th
and 5th genes are denoted in the bottom.
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3'--- GCGUU AAAAGGUCGG AAGUAAUGGA CCACUUAAAU CUAUGAUGGG UUUAUAGUAU CGUUUUCCUC AGCCCUUUUA GUCUGUCAUU UUGGUUGUUA 4800

GGACUGUGGG CUGUGGCGUC UGGUCCGAUG GGUGUCCUCU UUUUAGUUUU UGAAUCCUAG UUUCCCUAGU GGUGUUUGAG GCUCGUUGUC AAUUUGGUUG 4900
R2 Rl

GUUAUGUAUC UAGUGUCCUC UUUUCUUUUC CUUUUUCUUU UUCUUUUUCU UUUUUUGUGG CGUUUCUGGC UCUAGUUAGU CUCGUGGGUG UUGGUUCGUC 5000

UUCUUUCGGU UCCGGGCGGU GGGUGUUUGU GUGGUUGUUG GGACGUCUGU UCGUGGCCUG ACUUCUGGUU UUCUUUUUCU CGUAGUCUG| ACUAGUAGUG 5100

UUUGUGUUAG UAUUAGUAUG AUUAUUAUAG GGGUAGUAAA ACAGUUUAUC UGUAUUGUUU UGAAGUUGCA CAUCCACAUA AUCAGUUAUU GGGGUUUCCA 5200

UACUUCUAAA GUGUUUU0AA GCUUUGCUCU AUGAAUUAUA AUUCAAACUA UGGGUUUUAU CUCUUGAGUG UGAGUACACC CCUAGUUGUC UAUUUGGUUA 5300

UGUUCUUUGA UAACCUGUCU AACUAGUAAG GAGAUAUACU ACCUGAUUUU AAUGUUUUUC UACACUAUCA UCAUUCAGUA CUCUGAUUGU UAUUGUGGUU 5400

AGAUCCUGU UUCGCUAAAA AGCCUCUUUA UUAACCCUGU UAACGCUAUC CCUAUCGGUG GAGUCGUGUC UAAUGGCGUC GUCAGCGAGA ACAGCUCCGU 5500

UUUGUCCGUU UCAGUCUGUA UCUCUUUGAG UUUCUUCGAU AUUCUCUGUG UUUAUUCCGU CAUGUUAGUU AAGUUUCAAG ACAUCCAUUA GACUAACAAC 5600

GUCAAUUUAG UCAAGUUCUA AUACAGUUGU UACUUUAACA UGGAAGUUAG UGUUCUAAUC CAACACUUCG UCGACCCGAU UUUGAUCCUU AACGUAAUUG 5700

GGUUGUAAUG AGUCUU6AUU GUUUAUAUAA ACCACUAUUA UAUCCCUGUG ACUUUCUUUU CCCCUAUUUU AAUGUCCCCU AUCGUAGCGA UAUGGUGUGU 5800

UUGUAUUGUC UUUAUAAAUG AUGAAGUUGU CAACUGGUUA UACUGUAAAU ACUAGAUAAU AAGUGACUUA GUUAGUUUUA CUCUCAUUAU CUACAACUAA 5900

ACUCACUAAU GAGUUAGUGA GAAGUUCAAU CUGAAGGAAA CAAUUGAUUU UAUAGUUUAU GAGUUUAAAU AUUUCAUCUA AGAUAUAGUA UGUUGUAUGU 6000

UCCGUUUCUC ACCAU6UA6G GCGA0GGGUU AGUGUAUUAC UGUUUUCCUC GAAAGGAUCC ACCACGACUA UAAUUUCUUA CGUAUCUUCG UAAGUCGUCA 6100

AUAUAUACAG GAAGACUGGG UCCGAAAUGU GAUUUAGUGC UCUAUCUCUU AACAAAUAGU CCCUUAUAUU GUGUCACAGG AUUCUGAUAA CAAUGUAGUC 6200

UACAUCAUGG UGCUAUACGU AAACACUUAC CACCUAAUUA ACGUUUGACA UAUUGUUGAU GUACAUGUAC AUUACCUCAA CUGUUAUCUU AUUUAGUUAG 6 300

UGGACUAGUU CCUUAUUUUU AGUAUUGUGU AUUUCUUACA GUUCAUUAUC CAUAUUUGCC UUACAAUAAG UCAUGGUUAU CUCUUCCCUG UAAUCGUUGA 6400

AUAUGUAAAC UACUGUAGUA UAAUUUAUUG AGACAACGGG AAUUAGGCUA ACUAUAUAGA UACCUUGAGU UGUUCCGUUU UAACCUUGAC CUUCUUAGCU 6500

UUCUUACCUA UUUCUUUAGU UUAGUUUUCA AUCUAAGACA ACCUUCAACC AUAGUUAGAU CACGUUGUUA AUGGUAUUAG UAUCACUACU AUCAGCAGGA 6600

UAAGUAUUAG UUAUAUUGUU AAUAACAUCA GUAUUAGUCU GUGGUAUCUU AAGUCCCCUU UUUAGUUUUG CUGUUUUUAU CACUUGGCAU ACAUGAUUGU 6700

IUCAUC aUUW CUCUAAUAUG CACUAAUUUA UAUCUUUCAU GUUUUUUGAA UCCUUGUUUC AACGAGUUGU GUCGUUGUGG UCUGUCUGGU UUUCAGUCAC 6800
R2 RI

GUCUCUGCUG UGGUUU,AAGU UUU|UACCUUA UAACCUUUGU GUGUUUGUCG UGUUUCCUGU GAUUGUUACU UGAACCCUGU UGGUCUCUGU CUGUGUCGUC |6900

GUUUCGGUGU UUAUAGUAUU ACAUGUAGAA GACCUGUUGU UGUAGUUGUU AUAAUAGUCA GUAAAAAUAU UACUAUAACU AUUUAAAUUA AGUUCUCUUG 7000

UUAGUGUUGU UUAAUUACAA CGUCCUUUAU UCCUUUCUUA AGCGUCGUUA UCUAUGGUUU UAAGUUUUCU GGAGUCUACU GUAACCAUGG AGUUAUGUUA 7100

GUCCUUAUUU GUGUUCUGAA GAAUGUUAAG UCUCAGUACA AGUUUUGAUA UAAGGUAAUA GUAAUUGUGU UGUUUACAGU CUAGAGUCUU UUAAAUAGUU 7200

GCUAGAGUGC UGAUUUUCUC UUGUAGUUCU CCAUGGUUAU GUCUCUUACU GAGUACUAUC ACCAUAUCUU GGAGAUUUAG GCCUGUUUAA GACCUCUACA 7 300

UGUAGACCAU UAGGUAGAAA UUGUUCAUCA GGGUUCUAUU CUGAUUAUGG UCCCGGUCCA AAUAAUCGUU GUAGGUGAUG ACAUUUACCG ACGUAAUCUG 7400

AGGGUAGAAA UCGUUAGUUA UUAGAUUAGA UGCGAAUGUG GAGAUUAGAA UAAUGGGUCC CGACAGUUCU AUAUCCUUUU AGAAUGGUUC AUGAUGUUUA 7500

UCCCUAUUAA UGAUAUUUAA GUCUAAACCA UGGACUAAAC UUGGGUUCUC AGUGUGUAUG UAAAUUAUAA CUACUGUUAU CCUUUAGGAC GAGGGAACGU 7600.

GAUAACUUGU GUCUACAAAU AGUUGAUACA AGUUGGGGUU UUCAACUACU CUCUAGUCUA AUGCGUAGUU GUCCAUAACU CCUGUAACAU GAACUGUAAC 7 700

AGUGAUCAUU ACCUAAUUAA UAUUGUUGUU CUAAGUGCUU AUUAUUAUAU UGAAAACUAU UUGGAAUACG UCGUAAUAUA GGUAGUCAUC CUGGUCCUUA 7800

UAUAAUAUUU CUGUUUCAAU AGAAGGAGCC UAUACCUCCA GAUCUCGUAC UUCUUUUGCC CCUGCAUUAU ACGUUGUGUU GACCAACAGG ACCGUUUUGU 7900

GUCUCUCUGA CGUUAGUCCG GAGAAUGUCG GGUACCAAGA GUUUAUCCUC UUACCAUUUA AGGUAAUAGC AACAACUAUU UCCAUAUCUA UGUUGGAAAU 8000

CGAAUUCUCA CACCUGAUAA GGUUACUCUG UUUUGAUAAC CCCCAGUCUU CCUUCUGACG AAAAUAAUCC ACUGUCUUAU AUGUAUAUAU GAUCUAGAUG 8100

CUCAACCGUG UCAUUUAAUG UCAAUCCCCA UUAACUGUAA AGACUAAAAU UAUUAUAUUC UUAUUUAACC UGAACCGUAU UACAUGAUAG UGCCGGUCCC 8200

UUACUACUUA CAGGUACCCC AGUAAGUACG GGUCUGCCUA CGUAUUGUCC UCAAAUGUGA CUACGUAUAG GUGAUUUGGG UAGUCCCUCA UAACAUAGGA 8300

GUCAGUAAGA ACUAAGUGUU UUUAGGUCUC UUUUGGGUUA GUAAUGGAUA AGUUGUCGAU GUUUAUCCCA UUUACUUAAC CGAUAUAUGU UGUCUUGUGA 8400

AGGUCGACGU AUGUGUUGUU GUUUAACAUA GUGUGUGAUA CUAUUUCCCA UAACAAAAGU AUAUCAUCUU UAUUUAGUGU CUUCAAACUU GUGCAAAGUU 8500

GGAUACAAUA AAUUUUGUCU UCAAGGCUUU UUGACGUCG; UUUGACUAGG GGCGUGUGAC UUGUAAUCUA CUGUGUGUAU CUUUGGUGGU UUGUCUGUUG 8600

UGUCCUCUAU UACGUUCUGU GUUUCUUUAA UGUUUUUUGA AUCCUCCUUU CACACAUGUU CUCUACCUGU GGCUUAGGGU GUCGCCAUGU UGUAGACUGU 8700
R2 Rl

Fig. 2. The RNA sequence of the BPIV3 genome (91ON strain) following the 3 '

proximal 4705 nuc leot ides presented in the preceeding paper, expressed in
negat ive sense . Enc losed sequences correspond to the open reading frames . Rl
and R2 are the repeating consensus sequences.

according to the sequencing strategy illustrated in Fig. 1. The cDNA clones

were constructed from genome RNA by the method of Okayama and Berg ( 25, 26)
after in vitro polyadenylation of the RNA. The cDNA clones, PT38 and P95,
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_ Fig. 3. Immunofluorescent monoclonal antibody
staining of cDNA-transfected COS-1 cells. Left;
transfected with cDNA clone M420 and positively

_J___ stained with monoclonal antibody #31 against
the F protein. Right; transfected with cDNA
clone M176 and positively stained with
monoclonal antibody H-1 against the HN protien.
Two examples are presented for each.

F HN

were the same clones as those used in the preceding paper to determine the

NP, P+C and M genes. Other overlapping clones were selected by colony

hybridization tests using appropriate cDNA probes. The nucleotide sequence

from position 4,706 to 8,700 of the genome RNA thus deduced is presented in

Fig. 2.

The regions between nucleotide positions 4,855 and 6,747 and between

6,751 and 8,638 were considered to be the 4th and 5th genes, respectively,

since each contained a large open reading frame (boxed in Fig. 2) flanked

upstream by the starting consensus sequence Rl and downstream by the

terminating consensus sequence R2.

The 4th and 5th genes were identified as the F and HN genes,

respectively, by immunofluorescent monoclonal antibody staining of the gene

products expressed in COS-1 cells. These cells transfected with clone M420,

which was constructed from mRNAs of the M virus, and colony-hybridized with

a fragment of the 4th gene cDNA of the 910N virus genome, were positively

stained with monoclonal antibody #31 directed to the F protein of 910N virus

(13) (Fig. 3) . CDNA clone M176, constructed from M virus mRNAs, and

corresponding to the 5th gene of the 910N virus, produced a protein which,

upon transfection of COS-1 cells, could be stained by the monoclonal

antibody H-1 directed to the HN protein of the 910N virus (31) (Fig. 3).

When compared with Sendai virus, SV5 and NDV, it was very

characteristic of the BPIV3 genome for the 3' non-coding region following

the Rl of the F gene to be extremely long (235 nucleotides) and highly

U-rich. Although a similar feature was also observed in the F gene of HPIV3,

the non-coding region of BPIV3 was 42 nucleotides longer (18).

Amino acid sequence of the F protein and its comparison with those of

other paramyxoviruses

The F protein of BPIV3 91ON strain, deduced from the nucleotide

sequence, consisted of 540 amino acids, calculated molecular weight of the
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E.PIV3 MIITNTI IIILI ISPSFCQIDITNLQRVGVLVNNPKGMKISQNFETRYLILS
HPIV3 .PT*IL* ..TTM.MA ...... K. .H. SS
Sendai MTAYIQRSQC. *T***** .TTL VS.. .PRDR.SN*. *.DEG.SL. AGSH. .. ** ..

SV5 GTIIQF***SC*LAGAGS*.PAA.MQ*..*PT.V*QLMYYTEAS*AF***K
NDV ----SSTRIPIPLM*.IR.A*A.SCVHI,ASS*.GRP.AAA.**.TGD.AVN.YTSSO.GS* iK

BPIV3 LIPKIENSH SCGDQQINOYKKLLDRLIIP LYDGLKLQKDVIVVSHETNE2NSRTKRFF
HPIV3 ...... N...... K .. K. * SNQ. *.E........
Sendai .G**FEN G..TA.*I.R..S..N..*...R.A.D..EA.*T.* Q.AGAPQS ...I
SVS .M.T. *SPISG.B; .SS.|i*A-T* . *O_.*G*N.ETI*NQ**P* R. R* ..A
NDV . *.NMPKDKEA.AKAP*EA.IN*TJ.TT. *T. .G.S**RIQ*S*TT.GG R.Q. ... I

BPIV3 GEI IGTIAIGIATSAQITAAVALVEAKOAKSDIEKLKEAIRDTNKAVQSIQSSVGNLIVA
HPIV3 .G*.....*. ............... *
Sendai A*... .A*. .. R.*E.RAL* ..SMTK.H.S*EL* .NA ..EO.*.
SV5 .V* ..LA .*. .A.*..A.* K.NENAAA.LN. .N..QK... .AD*VQATQS.GT.
NDV .A..**.*.*. ......S*Q.N.NAAN.L*...S.TA.IE..HE*TDG*SQ.A..

BP IV3 VKSVQDYVNNEIVPSITRLGCEAAGLKLGIALTQHYSELTNIFGDN IGTLKEKGIKLQGI
HPIV3 . ...... K....KA........ ........*.Q .......
Sendai *.** .F..D. .K.A.* .... T.A.' .K.. LTA ..S.F. .*G. .S*T. A
SV5 .QA . .. H*.SV*S.A. .AAN.K.QDAI*.SI.NLYL* .. T.T.HNQ.TNPALSP.T*.A*
NDV .GKM.QF ..DQFBAQE.D.IKITOQ*.*E.NLYL*...T*..PQ.T*PALTn*T*.A*

BP IV3 ASLYHT TvE I FTTSTVDQYDIYDLLFTES IKMRVIDVDLSDYS ITLQVRLPLLTK ISNT
HPIV3 ....R. K. V. N .... A. **L.
Sendai S.. SAj M. .IRTG.SED. '**Y..Q..GT. ER.M* ..'.'.*.*E*PGV
SVS RI.LG*T*PT*VEK.FNT.ISAA*..S*GL*TGO**G*.. *YMQMV*K*E. .T. .VQPA.
NDV YN.AGG.MDY*L.KLG.GNNQ*SS.*G*GL.TGNP.LY.SQTQL*G*..T..S*GN*N.M

BPIV3 QIYKVDSISYNIQGKEWYIPLPNH IMTKGAFLGGADIKECIEAFSSYICPSDPGFTLNHE
HPIV3 .*....... . N* ....... S ............. *.................. V ....
Sendai L.H.AS ...... D.E. ...'T'.S. .L**AS ..... T*.*.SRL* .... R. .AQL*PDS
SV5 ..ID*A*..AF.NNQ.VMAQ..TR*.VT.SL*QAYPASQ.TITPN*VY.RYNDAQV.SD*
NDV RATY****.VSTTKGFASAL*.KV*TQV.SV*EEL.TYS ... TDLDLY.TRIVT.PMSPG

BPIV3 IENCLSGFI-TCPKTIVTSDVVPRYAFVNGGLIANCITTTCTCNGVDNRIDODGIKI
HPIV3' M. S L ... |K..*.... .* . ....
Sendai QQK .*L .DT. R. .VK.VDS** *F...... .. A'..... GTGRRP.S.DRSK. *VF
SV5 TMA ..Q. *R.TF*P.VGSF*T.FVLFD.I*Y ... R*ML.K.MQPAAV.L.PSSSP*T*
NDV YS N. LTjA.MY*KTEGA*TTP.MT*K.S*.. KM...R.ADPPGI.S.NYGEA*S*

BPIV3 ITHKECQVIGINGMLFSTNREGTLATYTFDDII +iN vALNPIDISMELNKAKLELEESK
HPIV3 NT. N...... ..PN. .T . ..... 'I .S*
Sendai * ..DN.G* .. * ..VELYA. .R.HD. .WGVCESElGPA* .*R. * ....LN.AD.TNF.Q*. .

SV5 *DMYK.*VS*Q*DNLR **ITQLAE3eUiK*ESSOI *S*D .* . .. QN .AAVFKii. S*AL
NDV .DRHS . N. *S*D. ITLRLSG. FDATY0KkL7J.*DSQV*VTGN* . .. T..GNVkL&SNAL
BPIV3 EWIKKSNQKLDSVGSWYQSSATITIIIVMIVVLFIINITIIVVI IRHHRIQGKNQNDKNS
HPIV3 . . *.N.H ... .T. ..***..** ..... * ... **A**YY ... K *.RV.Q.D
Sendai AE*E.ARKI.SE..R..N.RL.*IT ...VM..*L**I.V..*.*Y.LR.SMLMGNP.DRI
SV5 QH*AQ.DTY.SA*T.ATT*.VLSI.A.CLGS*GL.*I.L*S..*W*LLT.VVA.R.RMEN
NDV *K*EE..S ... K.NVKLT.*SA*ITY.ALTA*SL*CG.LS*.*ACYLMYK.KAO.KTLLW

BPIV3 EPYVLTSRQ (540)
HPIV3 K. N* (539)
Sendai PRDTY.LEPKIRHMYTNGGFDAMAEKR (565)
SV5 FV.HK (529)
NDV LGNNTLGQMRATTKM (553)

BPIV3 F PROTEIN MOLECULAR WEIGHT = 60006

ALA=24 4.44%
CYS= 1 1 2.04%
HIS= 9 1 .67%
MET= 7 1.30%
THR=42 7.78%

ASN=39 7.22%
GLN=27 5.00%
ILE=79 14.63%
PHE= 142 5 9 t
TRP= 3 .56%

ASP-26 4.81%
GLU=26 4 .81%
LEU-45 8.33%
PRO=15 2 . 7 8%
TYR=17 3.15%

ARG=15 2 . 7 8%
GLY=30 5.56%
LYS=36 6.67%
SER=41 7.59%
VAL=34 6.30%

Fig. 4. Comparison of the deduced amino acid sequence of the F protein of
BPIV3 with those of HPIV3, Sendai virus, SV5 and NDV, and the deduced amino
acid composition of BPIV3 F protein. Underlines and dashed underlines
indicate hydrophobic regions and regions well conserved by all viruses,
respectively. Enclosed sequences are the putative carbohydrate attachment
sites. Arrow indicates the putative cleavage site. (.); amino acid identical
with that of BPIV3. (*); amino acid of similar nature to that of BPIV3 (R
and K, S and T, D and E, and, I, L and V).
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Table 1. Amino acid homologies (%) of
viral proteins between viruses.

Protein
Combination F HN

BPIV3 - HPIV3 80 77

BPIV3 - Sendai 44 47

BPIV3 - SV5 23 21

BPIV3 - NDV 22 21

BPIV3 - Measles <10

Sendai - SV5 24 22

Sendai - NDV 22 23

Sendai - Measles (10

SV5 - NDV 32 32

SV5 - Measles (10

NDV - Measles (10l

non-glycosylated form and estimated one of the glycosylated form being 60K

and 75K (31), respectively. Its amino acid sequence, together with those for

the F proteins of Sendai virus (6, 14, 15), HPIV3 (18), SV5 (20) and NDV

(23) are presented in Fig. 4, where the amino acid sequences are aligned by

insertion of minimal gaps to illustrate the maximum homology between the

viruses. The deduced amino acid composition of the F gene product of BPIV3

is also presented in Fig. 4.

Comparison of the sequences showed that 80 % of amino acids were

conserved between BPIV3 and HPIV3, and that the former was only one amino

acid residue longer than the latter. The most different region was located

near the carboxyl terminal. In contrast, the overall homologies between

BPIV3 and Sendai virus, between BPIV3 and SV5, and between BPIV3 and NDV are

44 %, 23 % and 22 %, respectively (Table 1). However, all these F proteins

shared common structural characteristics. In all the most hydrophobic region

was near the carboxyl terminal (underlined in Fig. 4), which is thought to

act as the anchor in the viral envelope (6, 14, 15, 18, 20, 23). Another

hydrophobic sequence, which was detected at the amino terminal of the Fl

proteins of Sendai virus, SV5 and other paramyxoviruses, and is thought to

act as a functional domain during membrane fusion (32, 33), was also well

conserved in BPIV3 and HPIV3 (underlined in Fig. 4), strongly suggesting

that the Arg residue, which was immediately followed by this sequence and

preceded by Lys, was also the cleavage site (indicated by arrow in Fig. 4)
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for the BPIV3 F protein. This basic amino acid layout was identical to that

of the cleavage site of the HPIV3 F protein (18). Another common hydrophobic

region, located right at the amino terminal end, and ending in Cys followed

by Gln (also underlined in Fig. 4), was most probably, based on evidence

from Sendai virus (14), the signal peptide.

Moreover, not only 10 Cys residues but also 7 Gly and 4 Pro residues

were completely conserved at corresponding positions in these five viruses.

These amino acids are important in determination of tertiary structure of

proteins, since Cys forms intramolecular disulfide linkages, and both Gly

and Pro promote turns in the secondary structure (34).

In addition, four short but well-conserved regions were noted in all

the F proteins (dashed underlines in Fig. 4).

As to the presumed Asn-linked carbohydrate attachment sites, which are

also indicated in Fig. 4 (the carbohydrate signal sequences in the anchoring

domain were neglected), there was considerable variation, and none was

conserved among these five viruses, although one site was shared by BPIV3,

HPIV3 and Sendai virus, and another by BPIV3, HPIV3, SV5 and NDV. Even

between the closely related BPIV3 and HPIV3, each had two and one unique

sites, respectively, although they shared three common sites.

Amino acid sequence of the BM protein and its comparison with those

of other paramyxoviruses

The HN protein of BPIV3 consisted of 572 amino acid residues. Its

molecular weight deduced for the non-glycosylated form was 65K while that

estimated for the glycosylated form was 76K (13). The deduced amino acid

sequence of the HN protein of BPIV3, as well as those reported for Sendai

virus Z strain (6), HPIV3 (19), SV5 (21) and NDV (22) are presented in Fig.

5 in the same manner as employed for alignment of the F proteins. The

deduced amino acid composition of the BPIV3 HN protein is also presented in

Fig. 5. The HN proteins of BPIV3 and HPIV3 had identical numbers of amino

acid residues, and BPIV3 showed 77 %, 47 %, 21 % and 21 % homology with

HPIV3, Sendai virus, SV5 and NDV, respectively (Table 1). A region of about

100 amino acids proximal to the amino terminal showed the most difference

between BPIV3 and HPIV3, a tendency which was much more obvious between

BPIV3 and Sendai virus, SV5 or NDV.

Similarly, as with the F proteins, the HN proteins of these five

viruses shared common structural features, despite the variation in amino

acid homology among the viruses. The most hydrophobic region in all the

viruses was located near the amino terminal (underlined in Fig. 5), which is
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BPIV3 MEYWKHTNSTKDTNNELGTTRDRHSSKATNI IMYIFWTTTSTILSVIFIMILINLIQENN
HPIV3 ........ HG. .AG. .E.*MAT.GN.I. .K.T..L. .IILV* ....**I* .. S.KSEK
Sendai .*GD*GKRD*YW*TSPS.*.TKPA.GWERSSKADTWLLIL.FTQWA*S.AT*.IC.IISA
SV5 MVAE.APVRATCR**FRTTTLIFLCT.LA*S.S..YES*ITQK
NDV MD.AVSQVALE.DEREAKN.WRLIFRIA.L*LT**T.ATSVA

BPIV3 HNKLMLQEIRKEFAAIDTKIQKTSDDIGTS IQSGINTRLLTIOSHVQNYI PLSLTQQMSD
HPIV3 AHESL..**NN..ME*TE...MA..N.NDL.....*... *
Sendai RQGYSMK.YSMTVE . REVK*S*T*L.R2E*IA.A*N ... S..TG..*L.NKNSR.
SVS QIMSQAGSTGSNSGLGSITDLLNNILSVANOIIYNSAVA.P*.LDTLESTL.*A
NDV SLVYSMGASTPSDLVGIPTRISRA**KI..ALGSNQDV*DR.YKQ.ALES..A.LNTE*T

BPIV3 LRKFINDLTTKREHQEVPIQRMT HDSGIEPLNPDKFWRCTSGNPSLTSSPKIRLIPGP
HPIV3 S... . I*N*N . ... P... . V. .K....D. L. .MK * ..... M ...

Sendai *IQM.DKSC**Q.LTQHCESTIAVH.AD..A..E.HS....PV.E.Y.*.D.E.S *

SV5 .KS.Q.SDKLE CWSAA LINDNRYINGINO.YFSIAEGR-LG. .*NM.
NDV *MNA TS.*YQINGAA .PDFIGGIG .ELIVDDASDVT*FY.SA F9EHL

BPIV3 GLLATSTTVNGCIRLPSLAINNLIYAYTSNLITQGCQDIGKSYQVLIGI IITINSDLVPD
HPIV3 .....D..D ........ . R.................. *.......
Sendai S.SG.... *S. .. S.GEA ....*. A... ...... ...MF.
SV5 SF*P. A.PE..T.*..FS*TKTHWC.H.*.LN HVS.N.F*SM...EPT.AGF.F
NDV NF*PAP..GS..T.*..FDMSATH.C..H *.LS..R.HSH.H.Y.A*.**RTTATGRIF

BPIV3 LNPRVTHTFNIDDNRKSCSLALLNTDVYQLCSTPKVDERSDYASTGIEDIVLDIVTSNGL
HPIV3 .... ..... N...N*..........NHD.S
Sendai ... V. * .YD.N... *VATG.RG .MT.... *..S.D0.... ....**DLK.R
SV5 FRTLK.LYLSDGV ...... *ST*PGGCMMY.FVSTQP..D..SF AAPPEQRI.*MYYF
NDV FSTLR*I*LDDTQ. *SATPLGCDM ... KVTET.EE. .N.AVPTLMAHGR*GFD.

BPIV3 IITTRFTNN.TDKPYAALYPSVGPGIYYKDKVIFLGYGG LEHEENG
HPIV3 .S .... . .......Q... ... PPI.E
Sendai TK*H.YR.SE*DL.H.FS .......N..ATEGS* .TTPLO.
SV5 j.VE.II.PPGVL. VW.T.N.GT.S.*..LGW.*.PI ... VIKGTSLWNNQANKYFIPQ
NDV QYHE*DLDVTTL. *D WV.N. .G. .G.SFIDG* .W.SV... .KPNSPS

BPIV3 DVIC0lrXC PGKTORDCNQAS YSPWFSNRRMVNSIIVVDKGIDTTFSL
HPIV3 NA L.. ............ H . D.... *N*IPK.
Sendai .TK.R.Q.. QQV*.DT..E.L KIT.LGG*QV.SV..Q.NDY*SERPK*
SV5 M.AALC*QN QATQVQNAKSSY . .S. .G. .MIOSG.*ACPLRQ.L.NEC
NDV .T*QEGKYVIYK*Y'3.PDEQDYQIRMAKSSYKPGR.GG*.IQOA.*S*KVSTSLGEDP

BPIV3 RVWTIPMRQNYWGSEGRLLLLGDRIYIYTRSTSWHS KLQLGVIDISDFNNI RI"W
HPIV3 *.... . N ... * *.YSD ...K
Sendai ..T... A ..K. L .A.K. ..... *G HP*T.E
SV5 L.LPFSND.VLM.A....YMY..S*.Y.Q..N..WPMTM.YKVT.TF*NGQPSA.SAQNV
NDV V*TVP.NTVTLM.A.. ..T*.TSHF*.Q.G*.YF. PAL.YPMT*. r,%ATLH*
BPIV3 WHNVLS RPGNDECPWGHSCPDGCITGVYTDAYPL NPSGSIVSSVI L
HPIV3 ..N....................N ..*
Sendai P.EA ..K.K .N.YNK ..KE. S.DAAN.A.AT
SV5 PTQQ*P ... TG* .SATNR. GF. .... A .WL.TNPSSTSTFG.EATF*GSY
NDV PYTFNAFT ... SIP.QASAR. NS.*......P... IFYIFPLRG*FGTM.
BPIV3 DSQKSRENPIITYSTATNRVNELAIYFin.PAAYTTTNC ITHYDKG YCFHIVEINH
HPIV3 ...... .....V..S.E ....... A'.S. ....S.
Sendai YA.V ..T.M. .|ii. I* .M.R.KDVQ.E..S. .....FG. .....Q
SV5 N*ATQ.I. ..TMYI l,NN .I:)I*SSQQFGSSGQE ... GH.T FRDTGSVP4V. .IY.*.*SS
NDV ..EQA.L..TSAVFDS.S.SRITR*SSS*TK ... *T.FK*VKEI LS.A .SN

BPIV3 RSLNTFQPMLFKTEVPIE (572)
HPIV3 * .D .*..... .S.. (572)
Sendai L...L. S*. .L.KAES (575)
SV5 SL.GQ..IVP.IRQ.TLS (565)
NDV TLFGE.RIVPLLV. *L. .DGVREARSG (577)

BPIV3 HN PROTEIN MOLECULAR WEIGHT = 64589

ALA=16 2.80% ASN=46 8.04% ASP=33 5.77% ARG=28 4.90%
CYS=14 2.45% GLN'21 3.67% GLU=19 3.32% GLY=32 5.59%
HIS=14 2.45% ILE=60 10.49% LEU=47 8.22% LYS=24 4.20%
MET= 9 1.57% PHE'15 2.62% PRO=27 4.72% SER=49 8.57%
THR=58 10.14% TRP=10 1.75% TYR=24 4.20% VAL=26 4.55%

Fig. 5. Comparison of the deduced amino acid sequence of the HN protein of
BPIV3 with those of HPIV3, Sendai virus, SV5 and NDV, and deduced amino acid
composition of BPIV3 HN protein. See the legend for Fig. 4.
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3' |Le |Ri1 [45) NP(515) |[37] R2|

Ri[69) (2OlP(596)[11ElR-I

Ri [22) M(351)| [55] JR2

Ri [235) F(540) [38) R2

Ri [73) HN(572) I[99) JR2

fRi| [12) | L /- - 15'

Fig. 6. Schematic illustration of
the BPIV3 genome RNA. The region
having been elucidated to date is
written in solid line. Numbers in
[ ] and ( ) denote nucleotide
numbers in non-coding regions and
amino acid numbrers of the gene
products, respectively. It was

determined that in the L gene a

large reading frame opened after
the 3' proximal non-coding region
consisting of 12 nucleotides ex-

cluding Rl (data not shown). Le;
leader region, Rl and R2; repea-

ting consensus sequences, and I;
intergenic trinucleotide (GAA).

thought to act both as an anchor in the viral envelope and as a signal

peptide for membrane translocation (6, 16, 17, 19, 21, 22) Furthermore, 9

Cys, 12 Gly, 6 Pro and 6 Tyr residues were aligned in corresponding

positions. Moreover, 9 corresponding positions were occupied by basic

residues, Arg or Lys, and 12 by Ser or Thr. In addition, as marked by dashed

underlines in Fig. 5, seven small regions were fairly well conserved in

these five viruses, and were therefore thought to have roles in the

hemagglutinating and neuraminidase activities.

On the other hand, no Asn-linked carbohydrate attachment signal was

conserved in the viruses. All three presumed carbohydrate attachment sites

(Asn-Pro-Thr or Ser was excluded, and the signal sequence in the region

which seemed to be on the inside of the viral envelope was neglected) of

HPIV3 were shared by BPIV3, but the latter had two additional sites, one of

which was shared by Sendai virus.

It is very interesting to note that the H protein of measles virus (24)

showed only chance homologies (less than 10%) with the HN proteins of these

viruses.

DISCUSSION

In the present study, we determined the genome structure of the F and

HN gene regions of BPIV3 910N strain by analysis of cDNA copies constructed

from genomic RNA. Thus, together with the results in our preceding paper,

the genome has been elucidated, without gaps, from its 3' end to the

terminal point of the HN gene, covering 8,638 nucleotides. This region is
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schematically illustrated in Fig. 6. The corresponding region of HPIV3,

apart from the M gene, has already been determined (18, 19, 35, 36, 37, 38,

39) .

The F and HN genes of BPIV3 share the universal feature of genes of

paramyxoviruses in that they are flanked at the 3' end by the starting

consensus sequence, here named Rl, and at the 5' end by the terminating

consensus sequence, R2, which is regarded as the signal for polyadenylation.

A characteristic feature common to BPIV3 and HPIV3 (18) is that the 3'

non-coding region of the F gene, from the Rl to the opening of the coding

frame, is extremely long and U-rich, though it is more marked in BPIV3. This

could cause the viral RNA polymerase to incorrectly recognize the

polyadenylation signal of the M gene, as described in the preceding paper.

The high F and HN amino acid homologies of about 80% observed between

BPIV3 and HPIV3 indicate that the viruses are closely related. However, the

homologies are not as high as those observed between virus strains of Sendai

virus, which are more than 95 % (6) . Furthermore, differences in the

presumed carbohydrate attachment sites and the nucleotide sequences of

non-coding regions of these genes indicate that they are not substrains of

the same virus. These findings are consistent with the previous findings of

Abinanti et al. (10) that guinea pig antisera against BPIV3 and HPIV3 showed

much higher neutralization and hemagglutination inhibition titers aginst the

homologous than against the heterologous virus, and also that in similar

tests sera from HPIV3-infected children exhibited much higher titers against

HPIV3. In this context, alteration of glycoprotein carbohydrate attachment

sites may be important in antigenic differentiation between BPIV3 and HPIV3,

as suggested by Skehel et al. for influenza virus (40) and Vandepol et al.

for vesicular stomatitis virus (41).

In comparison of amino acid sequences of the F and HN proteins, the

BPIV3-HPIV3 group showed considerably higher homologies with Sendai virus

than with SV5 and NDV. As presented in the preceding paper, the NP and M

proteins, both of which constitute the basic structure of virion, show most

conservation between BPIV3 and Sendai virus, while the P and C proteins,

which seem to be functionally important within infected cells, are not so

well conserved. The degree of conservation of the F and HN glycoproteins,

which mediate attachment and penetration of virus into the cells, is lower

than that of the NP and M proteins, but higher than that of the P and C

proteins, suggesting that the evolutionary shifts between viruses vary from
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one group of proteins to another. This tendency is also detectable even

between BPIV3 and HPIV3.

On the other hand, although the amino acid homology varies greatly

depending on the combinations of BPIV3, HPIV3, Sendai virus, SV5 and NDV,

the F as well as HN proteins show basic structures common to all these

viruses. The distribution of important hydrophobic domains in F protein

(signal peptide, amino terminal of Fl subunit and anchoring region) is very

similar in all viruses. Moreover, 10 Cys, 7 Gly and 4 Pro residues, which

seem to be important in determination of protein structure, are conserved at

corresponding positions. Four well-conserved short sequences (dashed

underlines in Fig. 4) could have some role either in maintaining the F

protein structure or in membrane fusion in concert with the amino terminal

hydrophobic domain of the Fl subunit.

As for the HN proteins of these viruses, they all have their most

hydrophobic domain near the amino terminal, which is thought to act as both

signal peptide and anchor. Here again, 9 Cys, 12 Gly and 6 Pro residues are

conserved at the same corresponding positions. Moreover, 9 basic residues

(Arg or Lys) , 12 hydroxy residues (Ser or Thr) and 6 Tyr residues are also

conserved at corresponding positions, although their significance remains

unclear. Furthermore, seven short regions (dashed underlines in Fiq. 5) are

locally well conserved in the HN proteins of these viruses, and are thought

to act as functional domains in hemagglutination and hydrolysis of sialic

acids. It is surprising that the H protein of measles (24) virus shows only

chance homologies with any of the HN proteins of BPIV3, HPIV3, Sendai virus,

SV5 and NDV. This may be a reflection of the fact that measles virus lacks

neuraminidase activity and agglutinates red blood cells from only a limited

number of animal species, in sharp contrast to parainfluenza viruses.

Thus, accumulating information is delineating the common basic

structures as well as the evolutionary changes of the paramyxovirus

glycoproteins, and it now seems essential to compare the genes of virus

mutants carrying defects in activities mediated by the glycoproeins, in

order to obtain more insight into functional domain structures.

During preparation of this manuscript, an amino acid sequence

corresponding to the region between the 65th and 549th residue of the HN

protein of the BPIV3 910N strain was reported for BPIV3 SF-4 strain (42).

The main bulk of the sequence was virtually identical in the two strains,

but the last region from the 523rd to 549th residue was completely
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different. Our own analysis demonstrated that there was no such difference

between the 910N, SC and M strains of BPIV3 (data not shown).
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