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Abstract

We determined the nucleotide sequence of the fusion (F) gene of three strains (Osaka-1, -2, and -3) of
nonproductive variants of measles virus (MV). These viral strains were isolated in Osaka, Japan, from brain tissues
of patients with subacute sclerosing panencephalitis (SSPE). Phylogenetic analysis revealed a close relationship among
the three strains of SSPE virus. The cytoplasmic tail of the F protein, predicted from sequence analysis of the gene,
is altered in all three SSPE strains when compared to the MV field strains. However, the extent and mode of
alteration are different in each strain. The F protein of the Osaka-1 strain has six nonconservative amino acid
substitutions and a 29-residue elongation of its cytoplasmic tail. The F protein of the Osaka-3 strain has two
nonconservative substitutions and a 5-residue truncation of its C-terminus. Although the termination codon is not
altered in the F protein of the Osaka-2 strain, five or six amino acids are changed in the cytoplasmic tail of the F
protein of the two sibling viruses of this strain. The significance of the altered cytoplasmic domain of the SSPE viruses
in the SSPE pathogenesis is discussed. © 2002 Elsevier Science B.V. All rights reserved.
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The fusion (F) gene of measles virus (MV)
(2373-nucleotides long for the Edmonston strain)
encodes an inactive F precursor glycoprotein (F0,
550-amino acids long). This spike protein is trans-
ported to the Golgi apparatus where cellular
proteases cleave the F0 into disulfide-linked sub-
units, F1 and F2. In general, the F gene has been

� The nucleotide sequence data reported in this paper for
nucleotide sequences with accession numbers AF179430–
AF179441 have been deposited in the DDBJ, EMBL, and
GenBank™ databases.
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thought to be well conserved among the paramyx-
oviruses (Barrett et al., 1987; Buckland et al.,
1987), particularly among MVs (Rota et al.,
1992). In combination with the hemagglutinin (H)
protein, another glycoprotein spike of MV, the F
protein is responsible for fusion of the viral envel-
ope with the host cell membrane and for syn-
cytium formation in the virus-infected cells. In
contrast to MV isolated from acute measles, ge-
netic information is limited on the F protein of
subacute sclerosing panencephalitis (SSPE) virus.
This nonproductive MV variant with defective
matrix (M) protein is isolated from brains of
patients with SSPE, a fatal degenerative disease of
children caused by its persistent infection of the
central nervous system. The molecular mecha-
nisms of cell-to-cell spread of SSPE virus in the
brain are still unclear, although a recent report
(Lawrence et al., 2000) has shown that a microfu-
sion not mediated by CD46 might be associated
with in vitro transmission of MV from neuron to
neuron.

The envelope genes (F, H, and M) of MV
might have evolved in the transition from acute to
persistent infection in infected brains. In such
specific environments, some specified mutations
might have selectively survived. For example, al-
terations of the cytoplasmic tail of the F protein
have been reported in MV persistent infection (for
a review, see Griffin and Bellini, 1996). However,
most sequence data were obtained from directly
cloned genes from SSPE brain specimens, and
might not represent the replicating viral genome.
Several (the MF, Biken, Niigata-1, Yamagata-1,
and IP-3-Ca strains) of a few replicable isolates of
SSPE virus from diseased human brains have
been sequenced (Cattaneo et al., 1987, 1988a,b,
1989; Ayata et al., 1989, 1991; Komase et al.,
1990; Yoshikawa et al., 1990; Wong et al., 1991).
Therefore, genetic data from more isolates are
needed to clarify whether the persistence and neu-
ropathogenicity of the virus are associated with
particular mutations.

We have reported three strains (Osaka-1, -2,
and -3) of nonproductive SSPE virus isolated in
Osaka, Japan (Ogura et al., 1997), and have char-
acterized the defective M gene from the Osaka-1
and -2 strains (Ayata et al., 1998a; Seto et al.,

1999) and compared it with those from local
contemporary isolates from patients with acute
measles (Ayata et al., 1998b). In this paper, we
further determined the complete nucleotide se-
quences of the F gene of these strains of SSPE
virus in order to analyze their common mutations
associated with viral persistence in the brain. The
several sibling viruses isolated from different por-
tions of the same patient’s brain by cocultivating
with the different cell types were compared with
each other in order to investigate viral spreading
in the brain.

MV strains and sibling viruses of SSPE strains
sequenced for this study were previously described
(Ogura et al., 1997; Ayata et al., 1998b). All of the
strains, including those referred to in this paper,
are listed in Table 1.

Total RNA preparation from the virus-infected
cells passaged in the least possible times was
subjected to reverse transcription primed with a
random primer (nonadeoxynucleotide mixture,
Takara Shuzo, Otsu, Japan) according to the
method described previously (Ayata et al., 1998b).
The sequence including the open reading frame
for the F protein was amplified by polymerase
chain reaction (PCR) with a set of primers, MVF-
m5 (5�-AATGTCCATCATGGGTCTCAAGGT-
3�) and MVF-g6 (5�-CATTGTGGATGATCTTG-
CACCCTA-3�) prepared on the basis of the pub-
lished sequence for the Edmonston strain of MV.
To amplify the F gene of the Osaka-1 strain,
MVF-m6 (5�-AACGTCCATCATGGGTCTCAA-
GAT-3�) was substituted for the MVF-m5 for-
ward primer. Amplification was performed with
30 cycles of three steps (98 °C for 10 s, 55 °C for
30 s, and 72 °C for 1 min), and Pyrobest DNA
polymerase was used as recommended by the
manufacturer (Takara Shuzo). Amplified products
were purified according to the method described
previously (Ayata et al., 1998b). A portion of the
F gene was sequenced directly with a Thermose-
quenase II dye terminator cycle sequencing kit
(Amersham Phamacia Biotech, Piscataway, NJ)
and a model 373S or Prism 310 sequencer (Ap-
plied Biosystems, Foster City, CA). Also, the
PCR products covering the open reading frame
for the F protein were cloned into a pBluescript II
KS plasmid and several clones were sequenced.
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The sequences for the 5� noncoding and 3� non-
coding region of the F gene were determined by
the PCR products encompassing the M–F and
F–H junctions, respectively. The primer pairs
used were MVM-m7 (5�-CAGCCAGCAGC-
CGACGGCAA-3�) and MVF-g5 (5�-GACCG-
GTTCAGAGTGTAGCTTCA-3�); and MVF-m4
(5�-ATCCTGATTGCAGTGTGTCT-3�) and
MVH-g3 (5�-CCACTCTTCAAAATCATCGG-3�)
for PCR encompassing the M–F and F–H junc-
tions, respectively. These primers were con-
structed based on the published sequences for
several MVs and SSPE viruses. Amplification was
performed with 40 cycles of two steps (98 °C for
20 s and 68 °C for 5 min), and an LA-PCR kit
was used as previously described (Ayata et al.,
1998b). A portion of the PCR products was se-
quenced directly as described above. Additional
nine primers were constructed for sequencing F
genes for both orientations, on the basis of the
sequences conserved among several strains of
MVs and SSPE viruses. These primers were
MVF-m1 (5�-GGAATCCCAKAATCAAGACT-

CATC-3�), MVF-m2 (5�-CTACTAATCAG-
GCAATTGAG-3�), MVF-m3 (5�-CAACCCAAG-
GGTACCTTATC-3�), MVF-g2 (5�-TTGATGAC-
GAAGRGGAGACTTGTG-3�), MVF-g3 (5�-
TGCCCGGTAGTCGAGGTGAA-3�), MVF-g4
(5�-GAGTTATCCGGGCCTTTATT-3�), and
MVF-g7 (5�-TGTGGTGGATTGATCTTTCG-
3�).

An unrooted phylogenetic tree drawn by a
CLUSTAL W analysis, based on the sequence of
the F protein coding region of the Edmonston
strain (1653 nucleotides), showed all sibling
viruses of the three SSPE strains, and the
Nagahata and the Masusako strains of MV in the
same cluster in agreement with the results shown
by our previous M gene analysis (Ayata et al.,
1998b) and also by the phylogenetic analysis
based on the sequence of the 3�end of the N gene
of selected sibling SSPE viruses (Osaka-1 Fr/V,
Osaka-2 Fr/V, and Osaka-3 Bs/V) (data not
shown).

Our sequence result for the F gene of the
Nagahata strain was different by three nucleotides

Table 1
Measles and SSPE virus strains compared in this study

Location, year of isolationaPortion of brain for Cell line for isolationSibling virusStrainVirus
isolation

Measles Boston, 1954Human kidneyEdmonstonb

Toyoshima Vero Osaka, 1959
Osaka, 1971VeroNagahatac

Masusako Vero Osaka, 1983

Osaka-1 Osaka, 1993 (1969)SSPE
VeroFrontal lobeFr/V

Fr/H Frontal lobe TIG-1d

Oc/V Occipital lobe Vero

Osaka, 1994 (1984)Osaka-2
Fr/V Frontal lobe Vero
Fr/B Frontal lobe B95a

Osaka-3 Osaka, 1995 (1971)
Bs/V Brain stem Vero

Brain stemBs/B B95a
Oc/V Occipital lobe Vero

a Year of primary measles infection is shown in parentheses.
b Richardson et al. (1986).
c The F gene sequence of the Nagahata strain was first reported by Watanabe et al. (1995), but it differed by three nucleotides

from our sequence.
d Diploid cells derived from human embryonic lung cells.
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Fig. 1. Comparison of total nucleotide differences and total predicted amino acid differences among MV strains (a), among sibling
viruses of SSPE virus Osaka-1 (b), -2 (c), or -3 (d) strains. Position of amino acid replacement is shown in parentheses.

from that previously reported by Watanabe et al.
(1995). In their sequencing data, an A to G substi-
tution at nucleotide number 1158 resulted in an
additional amino acid substitution, a glutamine to

arginine change, at residue 192 (numbered from
the second AUG codon according to Cathomen et
al., 1995). Total nucleotide differences and total
amino acid differences among the MV strains
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were shown in Fig. 1a. The Masusako strain
isolated in 1983 was different from the Nagahata
strain isolated in 1971 by 32 nucleotides and from
the Toyoshima strain isolated in 1959 by 51 nucle-
otides. Despite the numerous nucleotide substitu-
tions, only two nonconservative changes were
found in the deduced amino acid sequence, show-
ing that the F protein of the three MV strains
isolated in Osaka was highly conserved. When the
F protein sequences of the three MV strains were
compared with that of the Edmonston strain, only
a single amino acid change was noted in each
strain. There were no insertions or deletions in the
F gene sequence of these strains. In addition, it
was confirmed that the Nagahata and the Ma-
susako strains, which were isolated at roughly the
same time and the same place as the primary
measles infection in our SSPE patients, were the
most adequate strains for use as a reference in
comparison with the F gene of the Osaka-1, -2,
and -3 strains (Table 2). This result was consistent
with that from our previous M gene analysis
(Ayata et al., 1998a).

When whole F gene sequences were compared,
a single G insertion was observed in the 5� non-
coding region of the Osaka-1 and Osaka-3 strains
(data not shown). For detailed analysis, we com-
pared numbers of nucleotide differences of the F
genes and amino acid differences of the predicted
F proteins among the eight sibling viruses of the

three SSPE virus strains and the two selected MV
strains (the Nagahata and the Masusako) (Table
2), and among the sibling viruses of each SSPE
strains (Fig. 1b, c, and d). The F gene sequence of
the Osaka-1 Fr/V sibling virus of the Osaka-1
strain was different from that of the Nagahata
strain by 45 nucleotides (Table 2). The sequence
of the Osaka-1 Fr/H virus was identical to that of
the Osaka-1 Fr/V virus, and only one nucleotide
difference without amino acid replacement was
found in the sequence of the Osaka-1 Oc/V virus
(Fig. 1b). The F gene sequence of the Osaka-2
Fr/V sibling virus was different from that of the
Nagahata strain by 51 nucleotides. The Osaka-2
strain was more closely related to the Masusako
strain; the nucleotide differences of the F gene
between the Osaka-2 Fr/V and the Masusako
strain decreased to 27 (Table 2). There were three
nucleotide differences in the sequence between the
Osaka-2 Fr/V and the Osaka-2 Fr/B viruses, and
two of the three differences were nonconservative
changes (Fig. 1c). The F gene sequence of the
Osaka-3 Bs/V sibling virus was different from that
of the Nagahata strain by 46 nucleotides (Table
2). The F gene sequence of the Osaka-3 Bs/B virus
was identical to that of the Osaka-3 Bs/V virus
excepting a single nucleotide, which difference did
not result in an amino acid change (Fig. 1d). A
total of 26 nucleotide differences, 12 of which
were nonconservative changes, were noted be-
tween the Osaka-3 Bs/V and the Osaka-3 Oc/V
sibling viruses (Fig. 1d), whereas the F gene se-
quence was very similar among the sibling viruses
of the Osaka-1 or -2 strains and among the Os-
aka-3 Bs/V and Bs/B sibling viruses (Fig. 1b, c,
and d).

In all three SSPE strains no amino acid substi-
tution was found at the glycosylation sites (amino
acid residues 29, 61, and 67), at the subtilisin-re-
lated protease cleavage site (amino acid residues
108–112), at the disulfide sites (amino acid
residues 68 and 195), or at the palmitoylation sites
(amino acid residues 503, 515, and 521) (data not
shown). In addition, the hydrophobic region lo-
cated at amino acid residues 113–136 was con-
served (data not shown). This conservation may
be natural, given that these sites are essential for
viral multiplication, especially through fusion ac-

Table 2
Comparison of nucleotide differences between SSPE strains
and MV field strains

NagahataSibling virus MasusakoStrain

45a (13)bOsaka-1 57a (13)Fr/V
Fr/H 57a (13)45a (13)
Oc/V 46a (13) 58a (13)

27 (12)Osaka-2 51 (12)Fr/V
Fr/B 48 (10) 24 (10)

Osaka-3 56a (14)46a (14)Bs/V
Bs/B 45a (14) 55a (14)
Oc/V 59a (14)48a (14)

a A single nucleotide insertion is included in the 5�-noncod-
ing region.

b Amino acid differences in the region of amino acid
residues 1–550 are shown in parentheses.
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Fig. 2. Deduced amino acid sequence of the carboxyl terminal region (the cytoplasmic tail) of the F protein of the measles and SSPE
viruses. Asterisks indicate amino acids identical to the corresponding residues of the Edmonston strain. Positions relative to the
second AUG codon of the open reading frame of the F protein are indicated at the top. The F protein sequences of the Biken,
IP-3-Ca, and Yamagata-1 strains of SSPE viruses were from Watanabe et al. (1995), Cattaneo et al. (1989) and Komase et al. (1990),
respectively.

tivity. There was no common amino acid substitu-
tion found only among the three SSPE strains,
and the substitutions were scattered in the extra-
cellular domain of the protein.

Concerning the cytoplasmic domain of the F
protein, however, all three strains of SSPE virus
were markedly affected, whereas the extent and
the mode of alteration differed among the strains
(Fig. 2). The predicted F protein sequences of the
three sibling viruses of the Osaka-1 strain showed
six nonconservative amino acid substitutions, in
addition to elongation of the C-terminus by 29
residues. In contrast, C-terminal truncation with
two nonconservative substitutions was found in
the sequences of the three sibling viruses of the
Osaka-3 strains. The Osaka-2 Fr/V and Osaka-2
Fr/B sibling viruses of the Osaka-2 strain had six
and five amino acid substitutions, respectively,
showing neither elongation nor truncation.

The common feature among the F genes of the
SSPE viruses was the overall conservation of the
F protein-coding capacity despite the predicted
numerous amino acid substitutions. This contrasts
with the mutation of the M gene of SSPE viruses,
which severely affected the expression of the M
protein (Cattaneo et al., 1986, 1987, 1988a,b; Ay-

ata et al., 1989, 1998a,b; Seto et al., 1999). Biased
hypermutation, which was commonly found in
the M genes of the SSPE virus Osaka-1, -2, and -3
strains (Ayata et al., 1998a), was not obvious in
the F genes of the same strains. A subtilisin-re-
lated protease cleavage site at amino acid residues
108–112 and the hydrophobic region located at
amino acid residues 113–136, which has been
postulated to play an important role in fusion
activity (Richardson et al., 1986), was perfectly
conserved. Cysteine residues used for the disulfide
bond formation at amino acid residues 68 and 195
(Griffin and Bellini, 1996) were also conserved.
There was no amino acid substitution at the po-
tential sites of glycosylation (at amino acid
residues 29, 61, and 67) or of palmitoylation (at
amino acid residues 503, 515, and 521) (Caballero
et al., 1998). An A to G transition generated an
arginine to glycine substitution at residue 70,
which was found in two of the three sibling
viruses of the Osaka-3 strain, might be significant
for viral survival in the brain based on the fact
that amino acid residue 70 plays a role in the
dominant antigenic site of the F protein (Fayolle
et al., 1999). In addition, no common substitu-
tions in the F protein sequences were found
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among the four SSPE viruses including the Biken
strain (Watanabe et al., 1995), an SSPE virus
closely related to the Osaka-1 and -3 strains (Ay-
ata et al., 1998b).

When the predicted amino acid sequences of
the F proteins were compared in order to consider
the evolutionary relationship between the Osaka-3
Bs/V (or the Osaka-3 Bs/B) and the Osaka-3
Oc/V sibling viruses, a newly created premature
termination and eight substitutions, for 14 and 14
amino acid differences between the Nagahata
strain and the Osaka-3 Bs/V, and between the
Nagahata strain and the Osaka-3 Oc/V, respec-
tively (Table 2), were common to the two sibling
viruses. Six and six amino acid substitutions inde-
pendently occurred in the Osaka-3 Bs/V and the
Osaka-3 Oc/V sibling viruses, respectively. There-
fore, it is likely that the Osaka-3 Bs/V and the
Osaka-3 Oc/V viruses emerged separately, accord-
ing to the progression of SSPE, from an interme-
diate ancestor that contained the common
substitutions.

As previously indicated by Schmid et al. (1992),
it is noteworthy that the cytoplasmic tail of the F
protein was found to be largely affected in all
three strains of SSPE viruses, whereas the extent
and the mode of alteration were different among
the strains. These variations might have been the
result of selectivity for persistence in the brain.
Thirty-three residues of the cytoplasmic tail of the
F protein were identical among the known wild-
type MVs, whereas the predicted F protein of
three sibling viruses of the Osaka-1 strain had six
nonconservative amino acid substitutions in this
region. Further, a U–C transition at the authentic
termination codon for the F protein of MV re-
sulted in elongation of the C-terminus by 29
residues. Similar elongation of the cytoplasmic
tail was found in the brain of SSPE patient P
(Schmid et al., 1992). In contrast, in the sequence
of the Osaka-3 strain, a U–G transversion gener-
ated a premature termination codon and resulted
in a truncation of the C-terminus by five residues,
in addition to two nonconservative substitutions.
Truncations of the cytoplasmic tail were very
common, and were found in the brains of SSPE
patients A, B, F, G, O, R, and S (Schmid et al.,
1992), as well as in the F protein of the Biken

(Watanabe et al., 1995) and the IP-3-Ca strains
(Cattaneo et al., 1989). The C-terminus of the
Yamagata-1 strain was also truncated and had an
altered reading frame (Komase et al., 1990). Al-
though the termination codon conserved for the F
protein of the Osaka-2 strain was similar to that
found in the brains of SSPE patients D and K
(Schmid et al., 1992), five and six substitutions
were predicted in the F protein of the sibling
viruses of Osaka-2 Fr/B and Osaka-2 Fr/V, re-
spectively. These changes could greatly alter the
primary and the secondary structure of the cyto-
plasmic tail of the F protein, and would affect
possible interaction with other proteins such as
M, H, and N to alter the virus assembly within
membrane rafts, virus release (Naim et al., 2000;
Vincent et al., 2000), and fusogenic activity. Cath-
omen et al. (1998b) reported that the recombinant
MV with altered cytoplasmic tails of the envelope
glycoproteins produced a larger syncytium than
that of its parental MV. In addition, M-less MV
showed enhanced syncytium forming ability and
restricted virus production (Cathomen et al.,
1998a), suggesting that F and H proteins need to
interact M protein at the cell membrane. Since all
of our SSPE strains are defective M protein ex-
pression, both acquired characters of M protein
defectiveness and altered cytoplasmic tail of the F
protein might be much of significance in develop-
ing of MV into SSPE virus in patient brains. The
reason why the F genes with a highly mutated
cytoplasmic tail are selected in the brains of SSPE
patients is not fully understood. An exception was
the F protein analyzed directly from a cloned gene
from SSPE patient C, a patient with measles
inclusion body encephalitis (MIBE), in which the
cytoplasmic tail was not altered (Cattaneo et al.,
1989). Although the characteristics of the viruses
isolated from SSPE and MIBE patients might be
similar (Roos et al., 1981; Ohuchi et al., 1987), the
mechanisms of the emergence or the evolution of
the virus might be different. It is of great interest
that the recombinant virus with an SSPE virus-
like cytoplasmic tail of the F protein penetrated
more deeply into brain parenchyma but demon-
strated rather reduced neurovirulence to mice
when it was inoculated into the brains of CD46
transgenic mice (Cathomen et al., 1998b). Studies
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of mutations commonly found in SSPE viruses
using reverse genetics technology will provide fur-
ther evidence to clarify our understanding of the
molecular mechanisms of MV persistence in the
brain.
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