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ABSTRACT

By analysing complementary DNA clones constructed from genomic 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 F1 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), sSv5 (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-1 (COS-1) cells were transfected according to Wong
and Hiranao (30) with plasmids containing cDNA inserts, which were primed
and cloned with a pcDV1 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 HN 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
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Fig. 1. Locations of cDNA 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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2. The RNA sequence of the BPIV3 genome (910N strain)

following the

proximal 4705 nucleotides presented in the preceeding paper, expressed
negative sense. Enclosed sequences correspond to the open reading frames. Rl

and R2 are the repeating

consensus sequences.
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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
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.

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 910N strain, deduced from the nucleotide

sequence, consisted of 540 amino acids, calculated molecular weight of the
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HIS= 9 1.67% ILE=79 14.63% LEU=45 8.33% LYS=36 6.67%
MET= 7 1.30% PHE=14 2.59% PRO=15 2.78% SER=41 7.59%
THR=42 7.78% TRP= 3 .56% TYR=17 3.15% 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
SsvV5 - NDV 32 32
svS - Measles <10
NDV - Measles <10

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 HN 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  MEYWKHTNSTKDTNNELGTTRDRHSSKATNIIMYIFWTTTSTILSVIFIMILINLIQENN
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
svs MVAE.APVRATCR**FRTTTLIFLCT.LA*S.S..YES*ITOK
NDV MD.AVSQVALE.DEREAKN.WRLIFRIA.L*LT**T.ATSVA
BPIV3  HNKLMLQEIRKEFAAIDTKIQKTSDDIGTSIQSGINTRLLT SHVONYIPLSLTOQMSD
HPIV3  AHESL..**NN..ME*TE...MA..N.NDL....*%..... . e
Sendai RQGYSMK.YSMTVE.NMSSREVK*S*T*L.RQE*IA.A*N S..TG..*L.NKNSR.
sVs QIMSQAGSTGSNSGLGSITDLLNNILSVANQIIYNSAVA.P*.LDTLESTL.*A
NDV SLVYSMGASTPSDLVGIPTRISRA**KI..ALGSNQDV*DR.YKQ.ALES..A.LNTE*T
BPIV3  LRKFINDLTTKREHQEVPIQRMT HDSGIEPLNPDKFWRCTSGNPSLTSSPKIRLIPGP
HPIV3 .. ... S** I*N*N....P..I. ..V..K.....De...... L...MK*..... M...
Sendai *IQM.DKSC**Q.LTQHCESTIAVH.AD..A..E.HS....PV.E.Y.*.D.E.S.*...
svs .KS.Q.SDKLE SAA LINDNRYINGINQ.YFSIAEG G.  .*NM.
NDV *MNA.TS.*YQINGA WGAPI..PDFIGGIG .ELIVDDASDVT*FY.SA FOEHL
BPIV3 GLLATSTTVNGCIRLPSLA!NNL!YAYTSNLITQGCODIGKSYQVLOIGIITINSDLVPD
HPIV3 . MP...D..*.T...V..D..... T
Sendai  S..SG. -s.. LS.GEA....* .. LMF..
sVs SFeB.A..PE..T.+..FS*TKTHWC..H. % LN, .. HVS.N.FvSM.. EPT.AGF.F
NDV ..ronsnru C..H.*.LS..R.HSH.H.Y.A*. 4**RTTATGRIF
BPIV3  LNPRVTHTFNIDDNRKSCSLALLNTDVYQLCSTPKVDERSDYASTGIEDIVLDIVTSNGL
HPIV3 R NHD.S
Sendai .*...**DLK.R
svs FRTLK.LYLSDGV......*ST*PGGCMMY.FVSTQP..D. SF AAPPEQRI. -uvvﬁé
NDV FSTLR*I*LDDTQ, .. ... *SATPLGCDM...KVTET.EE..N.AVPTLMAHGR*GFD-
BPIV3  IITTRFTN DKPYAALYPSVGPGIYYKDKVIFLGYGG LEHEENG
HPIv3  Ls....k.etoaa il ... .. .PI.E
Sendai TK*H.YR.SE*DL.H.FS....... N.LATEGS®....... .TTPLO.
svs T.VE.I1.PPGVL. VW.T.N.GT.S.*..LGW.*.PI...VIKGTSLWNNQANKYFIPQ
NDV QYHE*DLDVTTL.*D WV.N..G..G.SFIDG*.W.SV... .KPNSPS
BPIV3 C PGKTQRDCNQAS YSPWFSNRRMVNSIIVVDKGIDTTFSL
HPIV3 RO e BevuwiDevennnnnnnnnn *N*IPK.
Sendai .TK.R.Q.. QQV*.DT..E.L KIT.LGG*QV.SV..Q.NDY*SERPK*
sVs M.AALC*QN QATQVQNAKSSY ..S..G..MIQSG.*ACPLRQ.L.NEC
NDV .T-Qscxvvxvx'qﬁfa.rDEQDvQIRMAKsvaPGR.Gc‘.1QQA.-s'xvsrchEDp
BPIV3 RVHTIPMRQNYHGSEGRLLLLGDRIYIYTRSTSWHS KLOLGVIDISDFNNIRINWT
HPIV3 %L . S.......eeeiinneaN* oiooooia... Cee . *.L.%.YSD...K..
Sendai . . “*G... Q..*..*.*.  HP*T.|
svs L.LPFSND.VLM.A....YMY. S*.Y.Q..N.. WPMTH.YKVT.TF*NG PSA.SAQNV
NDV V*TVP.NTVTLM,A...*.T*.TSHF*.0Q.G*.YF. PAL.YPMT*. @uwﬁ
BPIV3  WHNVLS RPGNDECPWGHSCPDGCITGVYTDAYPL NPSGSIVSSVI L
HPIV3  ...... e N e e .
Sendai P.EA.. .K..N.YNK..KE..* S.DAAN.A.T .
svs PTQQ*P ...TG*.SATNR..GF.%....A..WL.TNPSSTSTFG.EATF*GSY .
NDV PYTFNAFT...SIP.QASAR..NS.*...... P... IFYRNHTLRG*FGTH.
BPIV3  DSQKSRENPIITYSTATNRVNELAI ITHYDKG YCFHIVEINH
HPIV3  ......V..*.....S.E...... e e
Sendai v@‘v..r.n...l-.n.n.xnvg.:......s. LL.FG.. ... *...0
svs N*ATQ.I..TMYI P 1*SSQQFGSSGQE...GH.T. FRDTGSVMV..IY.*.*SS
NDV - +EQA.L..TSAVFDS.S.SRITR*SSS*TK.....*T FK*VKT.1] ..LS.A..SN
BPIV3  RSLNTFQPMLFKTEVPKECS] (572)
HPIV3  *..D......... R e (572)
Sendai *....L.......S*..L.KAES (575)
svs 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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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

l—{R1I [22]|M(351)|[55]|R2|I_h products, respectively. It was

. L . £
3'[Le IF”IUSJI NP(515) Itsnl;zw_’ Fig. 6. Schematic illustration o

determined that in the L gene a

large reading frame opened after
R1l[235]| F(540) I[nﬂRzllh the 3' proximal non-coding region

consisting of 12 nucleotides ex-
cluding R1 (data not shown). Le;

lead r ion, R1 nd R2; repea-
L‘ml[m, HN(572) [[se]lﬂzllh ader region, 2 P

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

- = [ .
15’

-
ploeal 27
- - L = 4
’ 7

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

2954



Nucleic Acids Research

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 F1 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 F1 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 Fig. 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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