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ABSTRACT cDNA clones representing five of the genes of
Sendai virus (P, HN, NP, F, and M) were isolated and used to
identify the viral mRNAs by hybridization. Five mRNAs that
were monocistronic transcripts of these genes were identified.
A sixth transcript, which was identified on the basis of size and
of hybridization to viral RNA but not to the cDNA of the other
five genes, is thought to represent the message for the L pro-
tein. In addition, polycistronic transcripts of the NP and P
genes and of the M and F genes were also found. The latter
establishes the position of the F gene adjacent to the M gene;
these results confirm and extend the previously reported par-
tial gene order of the virus. Nucleotide sequences and derived
amino acid sequences of two biologically important regions of
the F protein-approximately 25% ofF proximal to its COOH
terminus and the region spanning the site of the proteolytic
cleavage that activates the fusion activity of the protein-are
presented. The F protein has an unusually large "cytoplasmic
domain" of 42 amino acids beyond the hydrophobic region by
which it is anchored in the viral membrane. A single possible
trypsin cleavage site was found at the junction of the F1 and F2
polypeptides, and 26 hydrophobic amino acids extend from
this cleavage site at the NH2 terminus of the F1 polypeptide.

the cell membrane was further supported by our finding that
the activating cleavage of the F protein involves a conforma-
tion change that exposes a hydrophobic region on the protein
(15) and that Sendai virions with a cleaved F protein, but not
those with uncleaved F, can fuse with liposomes containing
phospholipids and cholesterol (16). The precise nature of this
interaction of the NH2 terminus of the F1 polypeptide with
the target membrane is still unknown.
An understanding of the mechanism of action of the F pro-

tein and of the other viral proteins would be enhanced by
further knowledge of the structure of the proteins. The pri-
mary structures of the proteins can be derived most easily
from cDNAs of the viral genes. We have cloned five Sendai
protein genes (P, HN, F, NP, and M) from their mRNAs.
The mRNAs from Sendai-infected cells were analyzed with
the cDNAs by hybridization, and the previously proposed
gene order on the Sendai virus genome (17) was confirmed
and extended by examination of polycistronic mRNAs. The
cDNA and amino acid sequences of two functionally impor-
tant regions of the F protein-25% of F proximal to the car-
boxyl end of the molecule and the sequence which spans the
activating cleavage site-are presented.

The proteins of Sendai virus, a member of the paramyxo-
virus group, consist of two surface glycoproteins (HN and
F), a nonglycosylated membrane protein (M), the structural
protein of the nucleocapsid (NP), two proteins associated
with the viral transcriptase (L and P), and a nonstructural
protein (C) (1-3). The two glycoproteins, HN and F, mediate
viral-cell membrane interactions. HN is responsible for ad-
sorption of the virus to the receptors and has neuraminidase
activity (4, 5). The F protein is involved in virus penetration,
which occurs through fusion of viral and cell membranes,
and in virus-induced cell fusion and hemolysis (6). The ac-
tive F protein consists of two disulfide-linked polypeptides,
F1 and F2, which are derived by proteolytic cleavage of an
inactive precursor, FO, by a host-cell enzyme (7-10). Much
effort has been directed to understanding the mechanism of
F-protein-induced membrane fusion. A hydrophobic interac-
tion between the F protein and the target membrane has
been proposed on the basis of the following findings: (i)
There is a long hydrophobic amino acid sequence at the NH2
terminus of the F1 polypeptide that is generated by the acti-
vating cleavage (11, 12). (ii) This sequence is highly con-
served among paramyxoviruses (12, 13). (iii) Oligopeptides
with sequences resembling this NH2-terminal sequence spe-
cifically inhibit the fusion action of the F protein (13) and act
at the cell membrane, presumably by competition with the
F1 NH2 terminus for a specific site(s) (14). A fusion mecha-
nism involving direct interaction between the F protein and

MATERIALS AND METHODS
Preparation of Sendai Virus-Specific RNA. mRNAs were

purified from CV-1 cells, 16 hr after infection with the RU
strain of Sendai virus, by Dounce homogenization and phe-
nol/chloroform extraction of the postnuclear supernatant
(18), followed by oligo(dT)-cellulose chromatography (19);
SOS viral RNA was prepared by disruption of egg-grown vi-
rus with 2% NaDodSO4 and purification on a sucrose gradi-
ent (15-30% wt/wt).
Cloning and Identification of Virus-Specific DNA.

Poly(A)+ mRNAs from infected cells were used as templates
for reverse transcription primed with oligo(dT)10-12. The sin-
gle-stranded cDNAs were given oligo(dC) tails and primed
with oligo(dG)1012 for second-strand synthesis by reverse
transcriptase. The double-stranded cDNAs were inserted
into the Pst I site of pBR322 plasmid DNA by (dG)n-(dC)n
hybridization. The resulting recombinant DNA molecules
were used to transform Escherichia coli strain HB101 (ref.
20, pp. 229-251). Tetracycline-resistant colonies were
screened for virus-specific DNA by hybridization to 50S vi-
ral RNA that had been subjected to alkaline hydrolysis (0.1
M NaOH, 30 min on ice) and 32P-labeled with T4 polynucleo-
tide kinase (21). The cDNAs in the positive colonies were
identified by hybrid-arrested translation in a wheat germ
cell-free system (22). The unglycosylated HN and F proteins
obtained by cell-free translation were identified by tryptic-
map comparisons with proteins from Sendai virus-infected
cells (23). A second cDNA library specific for the F gene

Abbreviations: VS, vesicular stomatitis; ND, Newcastle disease.
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was obtained using a restriction fragment of clone A21,
which maps at the 3' end of the mRNA of the F gene (see
Results), to prime and reverse-transcribe the mRNA from
infected cells. The order among the clones of the F gene was
established by hybridization with Southern transfer blots
(24) and restriction endonuclease mapping.

Analysis of Viral mRNAs by Transfer Blotting. Poly(A)+
mRNAs were electrophoretically separated on a 1% agarose
gel containing 10 mM methylmercury, 100 mM Tris, 100 mM
borate and 2 mM EDTA and transferred to diazobenzyloxy-
methyl paper (25). Cloned DNA inserts for each viral gene
were 32P-labeled by nick-translation and hybridized to
mRNAs (26).

Nucleotide Sequence Analysis. Restriction endonuclease
analyses were carried out on each cDNA. Restriction frag-
ments were 32P-labeled at their 5' ends with T4 polynucleo-
tide kinase and sequenced by the procedure of Maxam and
Gilbert (27), except that formic acid was used for chemical
modification of purine residues (28).

RESULTS
In Vitro Translation of Sendai Virus mRNAs. A wheat germ

cell-free system was used for in vitro translation of viral
mRNAs isolated from infected cells (Fig. 1). The P, NP, and
M proteins of the in vitro translated products were identified
by their migration on a polyacrylamide gel with marker pro-
teins obtained from infected cells. Since the two glycopro-
teins, F and HN, are not glycosylated in vitro and, therefore,
their migration in gels would differ from the proteins synthe-
sized in vivo, positive identification of these two proteins
was achieved by trypic peptide mapping (Fig. 2). Proteins 2
and 4 (see Fig. 1) from the in vitro translation were shown to
be HN and F, respectively. When tunicamycin was used to
block glycosylation in infected cells, the unglycosylated F
protein from those cells migrated as a slightly smaller protein
than the in vitro translation product (Fig. 1), presumably due
to the lack of cleavage of the signal peptide from the F pro-
tein in the cell-free system. However, the unglycosylated
HN protein from tunicamycin-treated cells had the same mo-
bility as the in vitro translation product. This could indicate
that HN retains its signal peptide and, thus, that its NH2
terminus remains membrane-associated.
Clones Containing Virus-Specific Sequences. After

(dC)-(dG) hybridization of 0.1 ,g of double-stranded cDNA
reverse-transcribed from poly(A)+ mRNA and 0.2 ug of
pBR322 plasmid DNA and transformation of E. coli. 669 tet-
racycline-resistant colonies were screened for virus-specific
DNA sequences by hybridization to alkaline-hydrolyzed,
32P-labeled 50S viral RNA. Positive colonies were analyzed
for the size of virus-specific sequences in their plasmid DNA
by alkaline lysis of 1.5 ml of cells, followed by Pst I excision
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_X... _ _s FIG. 1. Synthesis of Sendai virus
proteins in infected CV-1 cells and in
vitro translation of poly(A)+ mRNAs
isolated from infected cells. At 16 hr
after infection, cells were labeled
with [35S]cysteine for 2 hr, lysed, and
subjected to NaDodSO4/PAGE. I,

infected cells; It, infected cells with
tunicamycin (0.5 ,g/ml) added to the
medium at the time of infection; U,
uninfected cells. At 16 hr post infec-
tion poly(A)+ mRNAs were isolated
from infected cells and translated in
wheat germ extract with [35S]cys-
teine (lane IV). Fo is the uncleaved F
protein.

I

I
RI

Om

oo bw9

rl. -a W, 1.-

FIG. 2. Tryptic peptide maps of Sendai virus proteins synthe-
sized in vivo and in vitro. Proteins were separated by gel electropho-
resis. The stained protein bands (see Fig. 1) were cut out, eluted,
and digested with trypsin, and the digested products were separated
by thin-layer chromatography.

of the virus-specific sequences from the plasmids (ref. 20,
pp. 368-369). The viral genes represented in each of the posi-
tive colonies were identified by hybrid-arrested translation
(22). The cloned DNA excised from CsCl2-gradient-purified
plasmid hybridized to the corresponding viral mRNA and in-
hibited the translation of the protein for which it codes (Fig.
3). Clone B393 inhibited the synthesis of NP, identifying it as
containing sequences specific for NP; B273 inhibited synthe-
sis of P; A21 and S4, of F; B96, of M; and B446, of HN. In
some instances, a smaller polypeptide appeared, due to the
premature termination of its translation by the cDNA hy-
bridized to the mRNA-e.g., hybridization with B273 result-
ed in an abbreviated P polypeptide migrating between Fo and
M.

Analysis of Viral mRNAs with cDNA Specific for Each
Gene. 32P-labeled cDNAs to genes for P, HN, F, NP, and M
were hybridized to poly(A)+ mRNAs from infected cells on
an RNA transfer blot (Fig. 4). When alkaline-hydrolyzed
Sendai 50S viral RNA was used as a hybridization probe,
three bands were seen (Fig. 4 Upper). However, five Sendai
proteins were translated in vitro from the mRNAs. Hybrid-
ization to cDNA specific for each gene revealed comigration
of the mRNAs for the P and HN proteins in band 1 and of the
F and NP mRNAs in band 2. Band 3 is the mRNA for the M
protein. The estimated sizes of the mRNAs in bands 1, 2,
and 3 are 1850, 1670, and 1150 nucleotides, respectively.
This is in agreement with the reported sequences of the P

FIG. 3. Hybrid-arrested translation of proteins from Sendai
mRNAs by specific cDNA clones. Purified insert DNA (2-3 ,ug)
from each clone (identified at the top of each lane) was hybridized
with mRNA purified from a 10-cm plate of Sendai-infected CV-1
cells. Lanes Cl: in vitro translation of Sendai mRNA without added
DNA. The proteins and the clones that inhibited their synthesis are
as follows: NP (B398), P (B273), F (A21 and S4), HN (B446), and M
(B96).
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FIG. 4. Separation of Sendai mRNAs on methylmercury/agar-
ose gel and identification by hybridization with virus-specific cDNA
probes. Poly(A)+ mRNAs from Sendai-infected CV-1 cells were
separated on a methylmercury/agarose gel and transferred to diazo-
benzyloxymethyl paper, and individual lanes were hybridized with
32P-labeled specific cDNA probes characterized in Fig. 3. Specific-
ities: A21, F; B446, HN; B398, NP; B273, P; B96, M. 32P-labeled
ribosomal RNAs from HeLa cells were used as size markers, indi-
cated on the right. RNAs 1-3 (Upper) and 4-7 (Lower) were detect-
ed by short and long autoradiographic exposures, respectively.

and NP genes, 1894 and 1683 nucleotides, respectively (29,
30, 56). The smaller RNAs hybridized to each cDNA in Fig.
4 could be breakdown products.
Longer autoradiographic exposure revealed four higher

molecular weight mRNAs (designated 4-7 in Fig. 4 Lower).
From the pattern of hybridization to cDNA specific for each
gene and the size of the RNA, RNAs 5 and 6 are polycistron-
ic-i.e., RNA 5 contains sequences specific for NP and P,
and RNA 6 contains sequences for F and M. RNA 4 (=7800
nucleotides) did not hybridize to any of the five cDNAs and
is therefore probably a transcript of the L gene. RNA 7 hy-
bridized to only the cDNA of the NP gene. The origin of this
RNA is not clear.

Nucleotide Sequences Proximal to the 3' End of the mRNA.
Clone A21 has a poly(A) stretch of 21 nucleotides (Fig. 5).
Therefore, it corresponds to the region of the F gene encod-
ing the 3' end of the mRNA. The sequence contains 437 nu-

10

cleotides, excluding the poly(A) sequence and the oligo(dG)
tail. The sequence 5'-G-T-A-T-A-T-A-A-T-3' next to the
poly(A) sequence corresponds to the sequence at the end of
one of the five Sendai viral genes reported by Gupta and
Kingsbury (31); the identity of this gene was not reported.
These authors also found a common polyadenylylation sig-
nal on the viral genome; i.e., 3'-A-(U)2-C-(U)5-5', which is
similar to the sequence 3'-A-U-A-C-(U)7-5' in vesicular sto-
matitis (VS) virus (32, 33). The cytidine residue preceding
the five uridine residues is not present in clone A21. This is
probably due to the use of oligo(dT) to prime first-strand
synthesis.
A second library specific for the F gene was constructed

by priming and reverse-transcribing the mRNAs with a sin-
gle-stranded fragment of 408 nucleotides of clone A21 (Ava
II/Bgl II fragment, positions 15-423). The order of the
cDNA starting at the 3' end of the F mRNA was established
by hybridization and restriction endonuclease mapping.

Derived Protein Sequence of Clone A21. Of the 3 reading
frames of clone A21, reading frame 1 encodes a protein se-
quence of 124 amino acid (Fig. 5). The following characteris-
tics indicate it is the correct reading frame for the F protein:
(i) It is the longest open reading frame and is followed by
three successive termination codons, at positions 373, 400,
and 421. (ii) It encodes a stretch of 24 hydrophobic amino
acids, residues 59-82, which could span a lipid bilayer and
anchor the F protein into the viral membrane. This is in
agreement with previous work from this laboratory showing
that the COOH terminus of the F protein is embedded in the
membrane (9). An unexpected finding is the unusually long
sequence, 42 amino acids, between the hydrophobic se-
quence and the COOH terminus, a region which is presum-
ably on the cytoplasmic surface of the cell membrane during
virus assembly. There is one potential glycosylation site at
residues 8-10.
The Amino Acid Sequence Spanning the Site of the Cleavage

That Activates the F Protein. Clone S4 contains -770 nucleo-
tides. Fig. 6 shows the sequence of 166 of these nucleotides
and the derived amino acid sequence that spans the activat-
ing cleavage site on the F protein. A portion of this sequence
was determined previously by amino acid sequencing of the
NH2 terminus of the F1 polypeptide (11-13). The F protein is
activated by cleavage with trypsin or trypsin-like proteases
(7-10). Among the 18 amino acid residues upstream from the
known NH2 terminus of the F1 polypeptide there is no site

20
Asp-Ala-Thr-Trp-Gly-Val-Gln n-Leu-Thr Val-Ser-Pro-Ala-Ile-Ala-Ile-Arg-Pro-Val-Asp-Ile-

GAT GCC ACT TGG GGG GTC CAG A6,C TTG ACA GTC AGT CCT GCA ATT GCT ATC AGA CCC GTT GAT ATT

30 40

Ser-Leu-Asn-Leu-Ala-Asp-Ala-Thr-Asn-Phe-Leu-Gln-Asp-Ser-Lys-Ala-Glu-Leu-Glu-Lys-A~a-Arg-
TCT CTC AAC CTT GCT GAT GCT ACG AAT TTC TTG CAA GAC TCT AAG GCT GAG CTT GAG AAA GCA CGG

50 60

Lys-Ile-Leu-Ser-Glu-Val-Gly-Arg-Trp-Tyr-Asn-Ser-Arg-Glu-Thr-Val-Ile-Thr-Ile-Ile-Val-Val-
AAA ATC CTC TCT GAG GTA GGT AGA TGG TAC AAC TCA AGA GAG ACT GTG ATT ACG ATC ATA GTA GTT

70 80
Met-Val-Val-Ile-Leu-Val-Val-Ile-Ile-Val-Ile-Val-Ile-Val-Leu-Tyr-ArS-Leu-Lys-Arq-Ser-Met-
ATG GTC GTA ATA TTG GTG GTC ATT ATA GTG ATC GTC ATC GTG CTT TAT AGA CTC AAA AGG TCA ATG

90
100 110

Leu-Met-Gly-Asn-Pro-Asp-Asp-Arg-I le-Pro-Arg-Asp-Thr-Tyr-Thr-Leu-Glu-Pro-Lys-Ile-Arg-His-

CTA ATG GGT AAT CCA GAT GAC CGT ATA CCG AGG GAC ACA TAT ACA TTA GAG CCG AAG ATC AGA CAT

120
Met-Tyr-Thr-Asn-Gly-Gly-Phe-Asp-Ala-Met-Ala-Glu-Lys-Arg

ATG TAC ACA AAC GGT GGG TTT GAT GCG ATG GCT GAG AAA AGA TGATCACGACCATTATCAGATGTCTTGTAAA

GCAGGCATGGTATCCGTTGAGATCTGTATATAAT P1Y(A)

FIG. 5. Nucleotide sequence of the mRNA
sense-strand of clone A21 and the derived ami-
no acid sequence. The hydrophobic, mem-
brane-anchoring region is enclosed in horizon-
tal lines. A potential glycosylation site (amino
acids 8-10) is boxed, and the acidic and basic
residues at the COOH-terminal hydrophilic do-
main are underlined with dashed lines.
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15 10 5 F2 F1
Leu-Ile-Thr-Val-Thr Asn-Asp-Thr Thr-Gln-Asn-Ala-Gly-Val-Pro-Gln-Ser-Arg-Phe-Phe-

CTG ATA ACT GTC ACC AAT GAT ACG ACA CAA AAT GCC GGT GTT CCA CAG TCG AGA TTC TTC

S 10 15 20

Val-Ile-Gly-Thr-Ile-Ala-Leu-Gly-Val-Ala-Thr-Ser-Ala-Gln-Ile-Thr-Ala-Gly-Ile-Ala-

GTG ATT GGT ACT ATC GCA CTT GGA GTG GCG ACA TCA GCA CAG ATC ACC GCA GGG ATT GCA

30 35
Gl u-Ala-Arg-Glu-Ala-Lys-Arg-Asp-Ile-Ala-Leu

GAA GCG AGG GAG GCC AAA AGA GAC ATA GCG CTC

FIG. 6. Nucleotide sequence of the mRNA
sense-strand of clone S4 and the derived amino

-Gly-Ala- acid sequence. Only part of the S4 sequence,
GGT GCT which spans the activating cleavage site (indi-

cated by an open arrow) is showp. The NH2 ter-
25 minus of the F1 polypeptide and the COOH ter-
-Leu-Ala- minus of the F2 polypeptide are indicated by
CTA GCC horizontal arrows, and the amino acids are

numbered in each direction starting from these
termini. The hydrophobic sequence at the F1
NH2 terminus is enclosed in horizontal lines. A
possible glycosylation site is boxed.

for trypsin cleavage, except between arginine and pnenylala-
nine (Fig. 6). Since there is no loss of amino acids upon acti-
vation cleavage of the F protein large enough to be detected
by NaDodSO4/PAGE (7, 9), the activation of the F protein
apparently involves only a single trypsin cleavage.
The hydrophobic sequence at the NH2 terminus of F1 in-

cludes a stretch of 26 uncharged residues, followed by 6
charged residues in the next 8. There is a possible glycosyla-
tion site at residues 11-13 from the F2 COOH terminus.

DISCUSSION
In vitro translation of the P, NP, M, C, and C' proteins of
Sendai virus has been reported previously (17, 34, 35); hpw-
ever, unequivocal translation of the glycoproteins in vitro
has been elusive. Using a cell-free wheat germ extract and
mRNAs prepared by phenol/chloroform extraction of post-
nuclear supernatant of infected cells, we were able to obtain,
in addition to the nonglycosylated proteins, translation of the
F and HN proteins. The authenticity of these in vitro transla-
tion products was shown by tryptic mapping (Fig. 2). This
enabled us to identify unambigously cDNAs to five of the
Sendai virus genes. In addition, RNA 4 in Fig. 4 could be the
transcript of the L gene because it hybridized to the viral
RNA, but not to the cDNA of the other five Sendai genes.
The size (-7800 nucleotides) and low abundance of this tran-
script may explain the lack of a detectable in vitro translation
product.
RNAs 5 and 6 in Fig. 4 appear to be polycistronic on the

basis of their size and hybridization pattern. Polycistronic
transcripts, resulting from transcriptional read-through,
have been reported for VS virus (36, 37), respiratory syncy-
tial virus (38), and Newcastle disease ND virus (39-41).
Transcriptional read-through at each gene junction was
shown for VS (37) and ND viruses (41). We have detected
such read-through in Sendai virus between NP and P (RNA
5) and between M and F (RNA 6). The relative abundance of
these read-through transcripts to the single-gene transcripts
appears to be <1%, which is much less than what was found
with the VS and ND viruses.
A partial gene order, 3'-NP-(P+C)-M, has been estab-

lished by mapping and direct sequencing of cDNAs derived
from the Sendai 50S genonme (17, 29, 30). The polycistronic
transcript of NP and P in the present studies is consistent
with this gene order, the polycistronic transcript ofM and F
indicates that the gene next to M is F. The L gene has been
reported to be at the 5' end of the genome (42). Therefore,
the complete gene order on the Sendai genome would be 3'-
JVP-(P+ C)-M-F-IIN-L-5 .
An unusual featule of the COOH terminus of the Sendai

virus F protein is the long sequence of 42 amino acids be-
yond the membrane-spanning hydrophobic sequence. This
"cytoplasmic domain" of the surface glycoproteins of enve-
lope viruses is believed to interact with the membrane pro-
tein M during virus assembly and to play a role in the intra-
cellular transport. Eleven or fewer amino acids have been
found in the cytoplasmic domain of the HA protein of differ-
ent strains of influenza virus (43), and 24 amino acids in that
of respiratory syncytial virus (44). The G protein of VS virus

has a cytoplasmic domain of 28 and 29 amino acids for the
New Jersey and Indiana serotypes, respectively (45, 46),
longer than that of the HA of influenza or respiratory syncy-
tial virus, but smaller than that of the Sendai F. The cyto-
plasmic domain of the F protein is highly charged and basic,
with 11 basic and 5 acidic residues among the 42 amino ac-
ids, a composition somewhat similar to that of the cytoplas-
mic domain of the VS virus G protein. Further studies are
required to elucidate the biological role of the cytoplasmic
domain of the F protein and to find out whether differences
in sequence, size, or charge in this region of various viral
proteins have any functional significance.

Lyles (47) reported that 2-3 kDa of the F protein were
digested with proteases when sealed, inside-out ghosts of
erythrocytes were prepared after fusion of Sendai virus with
the cells, Suggesting that -20-30 amino acids were removed
from the cytoplasmic surface by the protease. The larger cy-
toplasmic domain found in the present studies may indicate
that a portion of the protein is not susceptible to protease
due to its secondary structure.
A stretch of 20 hydrophobic amino acids at the NH2 termi-

ni of the F1 polypeptides of Sendai, simian virus 5 (SV5), and
ND viruses was found previously by amino acid sequencing
(12, 13). Work from this laboratory has also indicated that
this hydrophobic sequence is directly involved in the mem-
brane fusion reaction (12-16, 48). The amino acid sequence
of the Sendai F1 derived from the cDNA sequence of clone
S4 shows that the first charged residue, arginine, is at posi-
tion 27 from the NH2 terminus of F1. This length of hydro-
phobic sequence is comparable to or longer than the mem-
brane-embedding sequence of some membrane proteins;
e.g., the F protein reported here has a hydrophobic sequence
of 24 amino acids near the carboxyl end of the protein to
anchor it in a lipid bilayer. Despite its hydrophobic nature,
the following evidence suggests that at least part of the hy-
drophobic sequence at the NH2 terminus of F1 is exposed to
the aqueous surroundings: (i) the F protein of tissue-culture-
grown virus can be cleaved in vitro by trypsin (7, 10) and (ii)
the NH2 terminus of F1 can be chemically modified in intact
virus by addition of a dansyl group (unpublished data); and is
accessible to aminopeptidase (49). How a hydrophobic se-
quence of this length is transported across the membrane of
rough endoplasmic reticulum during its biosynthesis and pre-
cisely how it is involved in the membrane fusion reaction are
two intriguing questions. There is some evidence to suggest
that it interacts with specific site(s) on the target-cell mem-
brane during fusion (14).
An amino acid variation was found in the hydrophobic se-

quence of the NH2 terminus of F1 derived from clone S4, as
compared to the previously published amino acid sequence
from this laboratory (13): serine at position 16 instead of ala-
nine. This change involves a single nucleotide substitution.
This is not surprising because the sequence reported here is
derived from a single clone, and the virus has undergone sev-
eral passages between the amino acid sequencing and the
cloning. In addition, the amino acid substitution does not al-
ter the hydrophobic nature of this part of the F protein.
The amino acid sequence derived from clone S4 shows

Biochemistry: Hsu and Choppin
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only a single possible cleavage site for trypsin or trypsin-like
protease for the activation of the F protein. There is no other
site within 18 amino acids of the COOH terminus of F2. Al-
though no loss of amino acids has been detected by gel elec-
trophoresis after cleavage, it is possible that the arginine is
removed from the COOH terminus of the F2 polypeptide by
carboxypeptidase, as occurs to the HA protein of influenza
virus (43, 50, 51) and the F protein of ND virus (52). It is of
interest in this regard that the COOH terminus of the Sendai
F2 (Gln-Ser-Arg) is similar to those of the HA1 of the influen-
za A H10 strain (Gln-Ser-Arg) (50) and H3 strain (Gln-Thr-
Arg) (51).
Very recently (44) the nucleotide sequence of the fusion

protein of respiratory syncytial virus, a member of another
genus of the paramyxovirus family, has been obtained. Al-
though amino acid analyses of the termini of the polypep-
tides of this virus are not available, there is a hydrophobic
stretch of 19 amino acids preceded by several arginine and
lysine residues. By analogy to other paramyxoviruses, this
represents the site of cleavage that activates this protein.
This region of the respiratory syncytial virus protein is simi-
lar to the NH2-terminal region of Sendai, simian virus S
(SV5), and ND virus F proteins (12, 13) in being hydrophobic
and in having a phenylalanine at the NH2 terminus and a
glycine at residue 3, but the remainder of the sequence is not
the same. The NH2 terminus of the HA2 polypeptide of influ-
enza viruses, which is generated by the proteolytic cleavage
that activates membrane fusion and penetration of these vi-
ruses (53-55), is highly conserved among different strains
and consists of 10 hydrophobic amino acids, with a glycine at
the NH2-terminus and in position 4 (43). Thus, the primary
structure of the NH2 terminus of the polypeptides of the dif-
ferent viruses that are involved in membrane fusion and vi-
rus penetration are conserved within virus genera and show
some similarities between virus families. The exact mecha-
nism whereby these proteins cause membrane fusion re-
mains to be determined.
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