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Abstract 

We compared the biological properties of Oshima 5-10 (tick-borne en­
cephalitis [TBE] virus isolated in Hokkaido, Japan) and Sofjin-HO (Far­
Eastern subtype TBE virus) including plaque formation, virus replication and 
virus protein synthesis in BHK-21 cell cultures to reveal strain differences. We 
also determined the complete nucleotide sequences of both strains and com­
pared the deduced amino acid sequences. Plaques of Oshima 5-10 were 
smaller than those of Sofjin-HO. Virus titers in culture fluid of Oshima 5-10 
were 1/100 of those of Sofjin-HO at 9 and 12 hr after infection. Less viral pro­
tein and RNA syntheses of strain Oshima 5-10 was observed than with Sofjin­
HO. Genetic analysis revealed 1. 4 % of amino acids to differ with Sofjin-HO. 
No difference between the two strains was detected in the motif sequence of 
the viral enzyme, cleavage sites of viral protein or glycosylation sites ofNS1. 

Key words: Tick-borne encephalitis virus, flavivirus, genome sequence, bio­
logical property 

Introduction 

Tick-borne encephalitis (TBE) VIrus IS a 

member of the genus Flavivirus in the family 
Flaviviridae and causes a fatal encephalitis 
in humans. TBE virus is a single-stranded 

positive-polarity enveloped RNA virus. The 

RNA genome is about llkb in length. A single 
large open reading frame encodes three struc­
tural proteins (core [C], membrane [prM] 

and envelope [E]) and seven nonstructural 
proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4 
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Band NS5). The 5' and 3' end of the viral 
genome is a non-cording region (NCR) 6,29) • 

E protein is associated with the virus en­
velope and mediates both receptor binding 
and fusion, therefore, E protein is assumed to 
be an important determinant of virulence and 
pathogenicityI619,27). NS3 protein contains mo­
tifs for serine protease3

, 10,25), nucleotide 

triphosphatase411
, and helicasew. NS5 protein 

contains motifs for methyltransferase24
) and 

RNA-dependent RNA polymerase23
,32). NS2B 

protein makes a complex with NS3 protein, 
and NS 1 ,NS2A and NS4A proteins are as­
sumed to be involved in RNA replication com­
plex2J,22) • 

Based on phylogenetic analysis, TBE vi­
rus can be divided into three subtypes, Far­
Eastern, European and Siberian2

,s,13,14). The 

Far-Eastern subtype is known as the Russian 
spring summer encephalitis (RSSE) virus and 
prevalent in Far Eastern Russia. It is known 
to be highly pathogenic in humans, with a 
mortality rate of 5 to 20%S). 

In October 1993, a human case of TBE was 
reported in Kamiiso, Hokkaido, where TBE 
had not been reported as endemic. The virus 
strain, Oshima 5-10, was isolated from senti­

nel dogs in the same area in 1995, and identi­
fied as a TBE virus of the Far-Eastern sub­
type from an analysis of antigen and viral en­
velope (E) protein gene nucleotide sequence38

). 

In Far East Russia, the annual number of 
TBE patients is more than 500 and fatality 
rates are around 15% each yearS). In contrast, 
very few cases of TBE and no fatal cases had 
been reported in Hokkaido. Heterogenous 
strains with different levels of virulence are 
reportedly distributed in endemic areas. Our 
previous study showed that Oshima 5-10 
strain was less virulent and replicated slower 
than another TBE virus, strain Sofjin-HO (the 
prototype of the Far-Eastern subtype) in a 
mouse modeF) . 

In this study, we compared the biological 
properties of the two strains including plaque 
formation, virus replication, and virus genome 
RNA and protein syntheses in BHK - 21 cell 
cultures to clarify strain differences. We also 
determined the complete nucleotide se­
quences of both strains and compared the de­
duced amino acid sequences. We discuss the 

correlation between biological and genetic 
properties. 

Materials and Methods 

Cells lines and viral strains 
The baby hamster kidney (BHK - 21 ; 

leN Biomedicals, Aurora, OH) cell line was 
grown at 37°C in Eagle's minimum essential 
medium (MEM; Nissui Pharmaceutical, Tokyo, 
Japan) containing fetal calf serum (FeS; 

leN Biomedicals). The strain of TBE virus 
used were Oshima 5-10 (Far-Eastern subtype 
TBE virus isolated from dog's blood in Hok­
kaido, Japan) 3S), and Sofjin-HO (RSSE vi­

rus; the prototype of the Far-Eastern subtype 
of TBE virus) 42) • Langat virus TP-21 strain, 
tick-borne flavivirus isolated from ticks in 
Malaysia in 195612

) was used to obtain im­
mune mouse ascites. The brains of virus­

inoculated one-day old suckling mice were ho­
mogenized and diluted into a 1 % suspension 
in phosphate-buffered saline (PBS; pH7.6) 
containing 10% FCS and stored at - 80°C for 
use as virus stock. The infectious virus titer 
was assayed by the focus count assay de­
scribed previouslYO). Briefly, monolayers of 
BHK - 21 cells grown in 96 - well plates were 
inoculated with serially diluted virus. Mter 38 
hours at 37°C, foci of virus on the monolayer 
were visualized by immunohistochemical 
staining by using the peroxidase-antipero­
xidase procedure. 

Plaque forming assay 
Monolayers of BHK 21 cells grown in 6-
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well plates were infected with serially diluted 
virus in culture medium. After 90 minutes at 
37°C, cells were washed twice in PBS and 
were overlaid with 2 ml of MEM containing 
10% FCS and 7 % agarose (SEA KEM ME: 
FMC BioProducts, Rockland, ME). At 96 hr 

post-infection (p. i. ), the cells were stained 
with 2 ml of MEM containing 10%FCS, 7 % 
agarose and 5 % neutral red. After incubation 
for 24 hr, the plaque morphology was observed. 

Growth curve 
Monolayers of BHK -21 cells grown in 24-

well plates were infected with virus in culture 

medium at a multiiplicity of infection (m. o. 
i.) of 1 focus forming unit (FFU). After 90 
min at 3rC, cells were washed twice with 
PBS and 1ml of MEM containing 4 % FCS 
was added. At 6, 9 , 12, 18,24 and 30 hr p. i., 
samples were harvested from the cell culture 
medium, stored at - 80°C and titrated by focus 
count assay for quantification of the infectious 
virus titer. 

Western blotting 
Viral protein production was measured 

by Western blotting. Monolayers of BHK-21 
cells grown in 35-mm -dishes were infected 
with virus in culture medium at an m. o. i. of 1 

FFU. After 90 min at 37°C, cells were washed 
twice with PBS and 1 ml of MEM containing 
4 % FCS was added. At 6, 9 and 12 hr p. i., 

the cells were harvested and lysed with 200 Jil 
of sodium dodecyl sulfate (SDS) buffer 
(62.5 mM Tris-HCI buffer (pH 6.8), 2 % 
SDS, 5 % 2 mercaptethanol,10% glycerol 
and 0.005% bromo-phenol blue). After heat­
ing for 2 min at 100°C, the samples (10 Jil) were 

separated by 10% SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE). For calculation 
of the molecular weights of proteins, a mo­
lecular standard was included in each gel. 

Samples were transferred to nitrocellu-

lose membranes by electroblotting, the mem­
branes were blocked with Block Ace (Dainip­
pon Pharmaceutical Co., Ltd., Osaka, Japan), 
and the blotted membranes were incubated 
with anti-Langat virus immune mouse ascites 
(diluted of 1 : 200) in PBS. Bound antibodies 

were reacted with horseradish peroxidase­
conjugated anti-mouse IgG goat antibody 
(Zymed Laboratories, Inc., South San Fran­
cisco, CA) as a second step, and bands were 
visualized with 2. 5 mg/ml of 4-chloro-1-naph­
thol (SIGMA-Aldrich Co., St Louis, MO) , 17% 
methanol and O. 25% H202 in PBS. 

Northern blotting 
Digoxigenin (DIG) labeled positive- or 

negative-sense RNA probes, encompassing 
the pr M and E region of the Oshima - 5 -10 
genome, were produced by in vitro transcrip­
tion using a DIG RNA labeling kit (Roche Di­
agnotics, Basel, Switzerland) . 

Monolayers of BHK - 21 cells grown in 35 
mm dishes were infected with virus in cul­

ture medium at an m. o. i. of 1 FFU. At 
5 , 6 , 7 , 8 and 9 hr p. i., the cells were har­

vested and RNA was extracted using an Iso­
gen Kit (Nippon Gene, Tokyo, Japan). The 
RNA samples (10 Jig) were denatured with 
glyoxal and dimethyl sulfoxide and used in 

Northern blot hybridization reactions which 
were performed as described previously35l. 

Briefly, pre-hybridization and hybridiza­
tion were carried out in hybridization buffer 
( 7 % SDS, 50 mM sodium phosphate buffer 
(pH7.2) , 2 % Blocking Reagent [Roche Diag­
notics J , 50 % deionized formamide, 5 X SSC (pH 
7.0), 1 m M EDTA and 50 Jig/ml yeast tRNA 

[Roche DiagnoticsJ) at 70°C. Both positive­

and negative-sense DIG-labeled RNA probes 
were diluted to O. 2 Ill/ml for use. 

After hybridization, the membranes were 
blocked with blocking buffer (1 % Blocking 
Reagent [Roche Diagnotics], 0.15 M NaCI and 
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O. 1 M Tris-HCI [pH 7. 5J), the bound probes 
were reacted with alkaline phosphatase­
conjugated anti-DIG Fab fragments (Roche 
Diagnotics), and the bands were visualized 

with 2. 5 ~M CDP-Star (Roche Diagnotics) in 
buffer containg 0.1 M Tris-HCI (pH 9.5),0.1 
M NaCI and 50 mM MgClz. 

Genome sequence analysis 

The nucleotide sequences of the viral 
genome were determined by directly sequenc­
ing the RT-PCR products. Viral RNA was ex­
tracted from brains of virus-inoculated suck­
ling mice with the Isogen Kit. For cDNA syn­

thesis, RT-PCR was performed with a THER­
MOSCRIPTTM RT-PCR System Kit (Invitro­
gen, Carlsbad, CA). The cycle sequencing re­
action was performed with the DNA Sequence 
Kit (Applied Biosystems, Foster city, CA), and 
the sequence was determined by fluorescene 
auto sequencer (ABI PRISM 310 Genetic Ana­
lyser, Applied Biosystems). Nucleotide se­
quences and deduced amino acid sequences 

were aligned out with GENETYX-MAC ver.lO 
(Software Development, Tokyo, Japan). 

Results 

Plaque forming assay 

To distinguish Oshima 5-10 from Sofjin­

H 0 based on biological characteristics, we ex­
amined their plaque morphology in BHK 21 
cells (Fig. 1). BHK - 21 cells in 6 well plates 
were infected with 50 FFU/well of each TBE 
virus and the plaques were observed at 120 hr 

p. i .. The plaques of Oshima 5-10 were smaller 
than those ofSofjin-HO. 

Growth curve 

To identify differences in viral replication 
between the two strains, the infectious virus 
titer of culture fluid harvested at various time 
points was assayed by the focus count method 
(Fig. 2). Virus titers in the culture fluid of 
Sofjin-HO increased at 9 hr p. i .. In contrast, 
those of Oshima 5-10 remained low until 9 hr 
p. i. and then increased at 12 hr p. i. to be 1/ 

100 the level of Sofjin-HO. This result reveals 
that strain Oshima 5-10 replicates slower 

than strain Sofjin-HO. 

Fig. 1 Morphology of plaques at 120 hr p. i .. BHK-21 cells were infected with Oshima 5-1O(A) and Sofjin-HO 
(B) . 
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Fig. 2. Growth curve of TBE virus. BHK -21 cells 
were infected at an m. o. i. of 1 FFU with 
either Oshima 5-10 (.) or Sofjin -HO (<»). 

The titer of virus released during each time 

period was determined by focus counting as­
say in BHK-21 cells. 

Western blotting 
Viral protein synthesis levels were com­

pared between the two strains by Western 
blotting (Fig. 3) . No viral protein was detected 

in samples from cells infected with either 

Oshima 5-10 or Sofjin-HO at 6 hr p. i .. At 9 hr 
p. i., parts of various viral proteins (E, NS1 

and NS5) were detected from Sofjin-HO­

infected cells, but not from Oshima 5-10-
infected cells (Fig. 3). Furthermore, at 12 hr 

p. i., the viral proteins of Oshima 5-10 was 
less abundant than those of Sofjin-HO. The 
results show that the viral proteins of strain 

Oshima 5 lOin BHK 21 cells were pro­
duced later than those of strain Sofjin-HO. 

Northern blotting 

Northern blotting analysis was carried 
out to compare the viral RNA synthesis of 
Oshima 5 - 10 and Sofjin-HO (Fig. 4). To make 

sure that DIG-labeled positive- or negative­
sense RNA probes detect only complementary 

viral RNA of both senses, we carried out 
Northern blotting with synthesized non­
labeled complementary RNA. The results 
showed that both probes could detect only the 
corresponding RNA (data not shown). We 

used both positive- and negative-sense RNA 

probes to detect viral RNA in infected BHK -
21 cells, but found no negative-strand RNA 

(data not shown). Positive-strand viral RNA 
was detected in samples from cells infected 
with either strain from 5 to 9 hr p. i.. Less vi­
ral RNA of Oshima 5-10 than Sofjin-HO was 
produced in the cells (Fig. 4). 

The result shows that the RNA synthesis 

of Oshima 5 -10 was delayed in BHK - 21 cells 
at an early stage, as compared with that of 
Sofjin-HO. 

Genome sequence analysis 
Nucleotide sequence analysis revealed 

that there were 11,100 nucleotides in the 
genome of Oshima 5-10 and 10,894 nucleo­
tides in that of Sofjin-HO. This difference is 

caused by the shorter length of 3' NCR in 
Sofjin-HO as compared with Oshima 5-1015). 

On the other hands, numbers of deduced 
amino acid were same (3414 a. a.) in both 
strains. Oshima 5-10 differed by a total of 46 

amino acids 0.4%) from Sofjin-HO (Table 

1). No difference between the two strains was 
detected in the motif of the NS3 serine pro­
tease3

•
1O

•
25

) Ihelicasell
), NS5 RNA-dependent 

RNA polymerase23.32) / methyltransferase24
) , 

cleavage sites of viral protein1.6.9.36.37)and glyco-

sylation sites ofNS16
). 

Amino acid differences included 15 non­

conservative changes which affect the charac­
teristics of the amino acid such as polarity or 

hydrophobicity. NS3 protein has the most non 
-conservative changes (Table 1). In the 5' 
NCR, Oshima 5-10 and Sofjin-HO differed by 
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Oshima 5-10 Sofjin-HO 
I I 

N P M 6 9 12 6 9 12 (hrs p. L) -- ~ ,."... -E-NS5 

.... - ~ - ' -E-E+NS1 

Fig. 3 Viral protein synthesis. Samples were sepa­
rated by 10% sodium dodecyl sulfate­
polyacrylamide gel electrophoresis (SDS­
PAGE). Lane N: Negative Control (BRK-
21 cells) , P: Positive Control (BRK-21cells 
infected with Oshima 5-10 48 hr p. i.), M: 
Marker. 

Samples were transferred to nitrocellulose 
membranes by electroblotting, and the blot­

ted membranes were incubated with anti­

Langat virus immune mouse ascites. Bound 
antibodies were reacted with horseradish 
peroxidase-conjugated anti-mouse IgG goat 
antibody as a second step, and bands were 
visualized with 2.5 mg/ml of 4-chloro- 1 -
naphthol. 

Oshima 5-10 Sofjin-HO 
i 
5 6 7 8 9 5 6 7 8 9 (hrs p. L) 

Fig. 4 Analysis of viral RNA replication by detec­
tion of positive-strand viral RNA. 

RNA samples 00 /lg) were denatured and 
used in Northern blot hybridization reac­
tions which were performed as described 
previously35l. Pre-hybridization and hybridi­

zation were carried out in hybridization 

buffer at 70°C. After the hybridization, the 
membranes were blocked with blocking 

buffer, the bound DIG-labeled probes were 

reacted with alkalinphosphatase-conjugated 
anti-DIG Fab fragments and bands were 
visualized with CDP-Star. 

Oshima 5-10 5' 
Sofjin-HO 5' 

1 AGATTTTCTTGCACGTGCATGCGTTTGCTTCGGATAGCAACAGCAGCGAC 50 
50 

Oshima 5-10 5' 
Sofjin-HO 5' 

Oshima 5-10 5' 
Sofjin-HO 5' 

1 •••••••••••••••••• G ••••••••••••••••••••••••••••••• 
****************** ******************************* 

51 AGGCTTGAGAGAGACAATCTTTTGTTTGATCAGTCGTGAACGTGTTGAGA 
51 ... T .................. CAC ........................ . 

***.****************** ************************* 

101 AAAAGACAGCTTAGGAGAACAAGAGCTGGGG 
101 .............................. . 

******************************* 

100 
100 

131 
131 

Fig. 5 Comparison of the 5' NCR of Oshima 5-10 and Soijin-RO. 

5nucleotides (Fig. 5). 

Discussion 

In this study, we compared the biological 
and genetic characterisics of the viral strains 
Oshima 5-10 and Sofjin-HO to reveal differ­
ences between TBE virus strains of the Far­
Eastern subtype. 

Oshima 5-10 strain replicated more 
slowly in BHK 21 cell cultures than did 
Sofjin-HO. Plaques of Oshima 5-10 were also 
smaller than those of Sofjin-HO (Fig. 1) and 
virus titers in culture fluid were 1/100 of 
those of Sofjin-HO at 9 and 12 hr after infec­
tion (Fig. 2) . 

N ext, we examined viral protein and 
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Table 1 . Amino acid differences between Sofjin-HO and Oshima 5 - 10. * 
Amino acid diffrences 5- Total 

C Arg-32-Gln* 5 95.5 
Met-43-Leu 
Ala-54-Val 

Asn-64-Lys* 
Val-Ill-Leu 

prM Ile-134-Met 2 9S.S 
Val-145-A1a 

E Ala -153-Val 4 99.2 
Val-30S-Met 
Met-462-Val 
Ala -463-Val 

NS1 Leu-5S-Val 5 9S.6 
Val-72-Ala 
Phe-93·"Leu 
He -138-Thr* 
Val-346-He 

NS2A Arg-52-Lys 4 9S.3 
IIe-16S-Thr* 
Ala-169-Val 
Val-225-lIe 

NS2B 0 100 
NS3 Asp-2-Gly* 9 98.6 

Phe-45-Ser* 
Ser-62-Tyr 
Val-63-He 
Val-68-Ala 

Gly-124-Arg* 
He-184-Thr* 

Thr-3S0-Ala * 
Gly-85-Ser * 

NS4A Ala-63-Gly 1 99.3 
NS4B Leu-24-Val 4 98.4 

Phe-SS-Leu 
Ser-19S-Ala * 
Ser-227-»Gly * 

NS5 Lys-15-»Arg 12 98. 7 
Arg-lOl-Lys 
Met -130- V al 
Tyr-519-»His * 
Thr-634-Ser 
Phe-642-Leu 

Arg-677-Gly * 
Val-692-IIe 

Phe -778-» Leu 
Gly-827-Ser* 
Val-S31-»Ala 

01 rotein 46 9S.6 

*The sequences used in this analysis were as follows (GenBank numbers in parentheses) : Oshima 5-10 (AB 
062063), Sofjin -HO (AB062064). 
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RNA levels of both strains early in the infec­
tion when the difference was most evident. 
Protein production was delayed in Oshima 5-
10 infected cells as compared with in Sofjin­
HO infected cells (Fig. 3). Viral RNA was also 
detected later in strain Oshima 5-10 than 
Sofjin-HO (Fig.4). The later onset of protein 
and RNA production in Oshima 5-10 may be 
related with the slower viral replication in 
BHK - 21 cells. 

We also determined the complete nucleo­
tide sequences of both strains and compared 
their deduced amino acid sequences. There 

were 5 nucleotides differences in the 5' NCR 
gene between Oshima 5-10 and Sofjin-HO 

(Fig. 5). There are reports that attenuation 
of flavivirus was caused by changes of nucleo­
tides in the 5' or 3' NCR5

, 28, 31,33). The 5' NCR 

is capped6
) and the 5' and 3' NCR make sec­

ondary structure and have the inverted com­
plementary repeat sequences which are con­
sidered to play an important role in viral 
transcription13

). But in this study, there was 

no difference in those regions between the two 
strains and we could not conclude that above 
mentioned 5 nucleotide differences had influ­
ence on virus replication. 

Oshima 5 -10 possesed a total of 46 amino 
acids (1. 4 %) that differed from Sofjin-HO (Ta­
ble1). There are reports that attenuation of 
flavivirus was caused by changes of amino ac­
ids in the motif sequence of the NS pro­
teins4,27,40) , cleavage sites of viral protein1,9,16,36l 

and glycosylation sites ofNS1 30). Particularly, 
a lack of motif sequence of NS3 serine pro­
tease3

,lO,25) / helicaselll
, NS 5 RNA-dependent 

RNA polymerase23
,32) /methyltransferase24

) is 

lethal. But in this study, there was no differ­
ence in those regions between the two strains. 

The 46 amino acid changes included 15 
non -conservative types. In flavivirus, E pro­
tein is assumed to be an important determi­
nant of virulence and pathogenicity, because 

it is associated with the viral envelope and 
mediates both receptor binding and fu­
sion16-

19
,27,29,34). However, sequence analyses of 

the E protein gene of Oshima 5 -10 showed 

high identity with Sofjin-HO and the amino 
acid differences between the two strains did 
not include non-conservative changes15

). 

Therefore, other proteins may influence the 
biological characteristics and virulence. But 
we could not correlate these amino acid differ­
ences with the biological differences between 
the strains. 

We demonstrated that in BHK 21 cells, 

Oshima 5-10 replicated at a more slowly pace 
and produced protein and RNA later than 
Sofjin-HO. The results encourage further 
study to correlate the biological, genetic and 
pathogenetic characteristics of the two strains 
for understanding the virulence of the TBE vi­
rus. 

References 

1) Amberg, S. M. and Rice, C. M. 1999. 

Mutagenesis of the NS 2 B-NS 3 -medi­
ated clevage site in the flavivirus cap­
sid protein demonstrates a require­
ment for cooridinated processing. J. Vi­
rol. ,73 : 8083-8094. 

2) Bakhvalova, V. N., Rar, V. A., Tkachev, S. 
E., Matveev, V. A., Matveev, L. E., Kara­
vanov, A. S., Dobrotvorsky, A. K. and 
Morozova, O. V. 2000. Tick-borne en­

cephalitis virus strains of Western Si­
beria. Virus Res. , 70: 1 12. 

3) Bazan, J. F. and Fletterick, R. J. 1989. 
Detection of a trypsin -like serine pro­
tease domain in flaviviruses and pes­
tiviruses. Virology 171 : 637-639. 

4) Butrapet, S., Huang, C. Y. H., Pierro, D. 
J., Bhamarapravati, N., Gubler, D. J. 

and Kinney, R.M. 2000. Attenuation 
markers of a candidate dengue type 2 
vaccine virus, strain 16681 (PDK - 53), 



Akiko Goto et al. 305 

are defined by mutations in the 5' non­
coding region and nonstructural pro­
teins 1 and 3. J. Viral. ,74 : 3011-3019. 

5) Cahour, A., Pletnev, A., Vazeille-Falcoz, 
M., Rosen, L. L. and Lai, C.1995. 
Growth-restricted dengue virus mu­
tants containing deletions in the 5' non­
coding region of the RNA genome. Vi­
rology, 207 : 68-76. 

6) Chambers, T. J., Hahn, C. S., Galler, R. 
and Rice, C. M.1990. Flavivirus genome 
organization, expression, and replica­
tion. Annu. Rev. Microbial., 44 : 649-
688. 

7) Chiba, N., Iwasaki, T., Mizutani, T., 
Kariwa, H., Kurata, T. and Takashima, 
1.1999. Pathogenicity of tick-borne en­
cephalitis virus isolated in Hokkaido, 
Japan in mouse model. Vaccine, 17 : 
779-787. 

8) Dumpis, V., Crook, D. and Oksi, J.1999. 
Tick-borne encephalitis (Review). Clin. 
Infect. Dis. ,28 : 882 -890. 

9) Falgout, B. and Markoff, L. 1995. Evi­
dence that flavivirus NS 1 - NS 2 A 
cleavage is mediated by a membrane­
bound host protease in the endoplasmic 
reticulim. J. Viral . ,69 : 7232 -7243. 

10) Gorbalenya, A. E., Donchenko, A. P., 
Koonin, E. V. and Blinov, V. M.1989. N­
terminal domains of putative helicases 
of flavi-and pestiviruses may be serin 
proteases. Nuc. Acids Res., 17 : 3889-
3897. 

11) Gorbalenya, A. E., Koonin, E. V, Don­
chenko, A. P. and Blinov, V M.1989. 
Two related superfamilies of putative 
helicases involved in replication, recon­
bination, repair and expression of DNA 
and RNA genomes. Nuc. Acids 
Res. , 17 : 4713-4729. 

12) Gordon Smith, C. E. 1956. A virus re­
sembling Russian spring-summer en-

cephalitis virus from an Ixodid in Ma­
laya. Nature, 178 : 581-582. 

13) Gritsun, T. S., Venugopal, K., Zanotto, P. 
M. de A., Mikhailov, M. V., Sall, A. A., 
Holmes, E. C., Polkinghorne, 1., Frolova, 
T. V., Pogodina, V. V., Lashkevich, V. A. 
and Gould, E. A.1997. Complete se­
quence of tick-borne flaviviruses iso­
lated from Siberia and the UK: analy­
sis and significance of the 5' and 3' -
VTRs. Virus Res. ,49 : 27 -39. 

14) Hayasaka, D., Ivanov, L., Leonova, G., 
Goto, A., Yoshii, K., Mizutani, T., Kariwa, 
H. and Takashima, 1. 2000. Distribu­
tion and characterization of tick-borne 
encephalitis viruses from Siberia and 
far-eastern Asia. J. Gen. Viral., 82 : 
1319-28. 

15) Hayasaka, D., Suzuki, Y., Kariwa, H., 
Ivanov, L., Volkov, V., Dmenev, V., Mizu­
tani, T., Gojobori, T. and Takashima, 
I. 1999. Phylogenetic and virulence 
analysis of tick-borne encephalitis vi­
ruses from Japan and far-eastern Rus­
sia. J. Gen. Virol. ,80 : 3127-3135. 

16) Heinz, F. X. and Allison, S. L.2000. 
Structures and mechanisms in flavivi­
rus fusion. Adv. Virus Res., 55 : 231 
269. 

17) Heinz, F. X. and Mandl, C. W.1993. The 
molecular biology of tick-borne en­
cephalitis virus.APMIS, 101 : 735-745. 

18) Holzmann, H., Heinz, F. X., Mandl, C. 
W., Guirakhoo, F. and Kunz, C. 1990. A 
single amino acid substitution in enve­
lope protein E of tick-borne encephali­
tis virus leads to attenuation in the 
mouse model. J. Virol. ,64 : 5156-5159. 

19) Jiang, W. R., Lowe, A., Higgs, S., Reid, H. 
and Gould, E. A.1993. Single amino 
acid codon changes detected in louping 
ill virus antibody-resistant mutants 
with reduced neurovirulence. J. Gen. 



306 Tick-borne encephalitis viruses from Hokkaido and Far-Eastern Russia 

Virol. ,74 : 931-935. 
20) Kariwa, H., Yoshizumi, S., Arikawa, J., 

Yoshimatu, K., Takahashi, K., Taka­
shima, I. and Hashimoto, N.1995. Evi­

dence for the existence of Puumula­
related virus among Clethrionomys 

rufacanus in Hokkaido, Japan. Am. J. 

Trop. Med. Hyg., 53 : 222-227. 
21) Khromykh, A. A., Sedlak, P. L. and 

Westaway, E. G. 1999. trans-Comple­

mentation analysis of the flavivirus 
Kunjin ns 5 gene reveals an essential 
role for translation of its N-terminal 
half in RNA replication. J. Virol . , 73 : 
9247-9255. 

22) Khromykh, A. A., Sedlak, P. L. and 
Westaway, E. G. 2000. cis- and trans­

acting elements in flavivirus RNA rep­
lication. J. Viral. ,74 : 3253-3263. 

23) Koonin, E. V.1991. The phylogeny of 
RNA-dependent RNA polymerases of 
positive-strand RNA viruses. J. Gen. Vi­

ral.,72 : 2197-2206. 

24) Koonin, E. V.1993. Computer-assisted 
identification of a putative methyl­
transferase domain in NS 5 protein of 
flaviviruses and A 2 protein of reovirus. 
J. Gen. Viral. ,74 : 733-740 

25) Krishna Murthy, H. M., Clum, S. and 
Padmanabhan, R. 1999. Dengue virus 
NS 3 serine protease. J. BioI. Chem., 

274 : 5573-5580. 
26) Lindenbach, B. D. and Rice, C. M. 1999. 

Genetic interaction of flavivirus non­
structural proteins NS 1 and NS 4 A as 
a determinant of replicase function. J. 

Viral. , 73 : 4611-4621. 
27) Mandl, C. W., Allison, S. L., Holzmann, 

H., Meixner, T. and Heinz, F.X. 2000. At­
tenuation of tick-borne encephalitis vi­
rus by structure-based site-specific 
mutagenesis of a putative flavivirus re­
ceptor binding site. J. Virol. , 74 : 9601-

9609. 
28) Mandl, C. W., Holzmann, H., Meixner, T., 

Rauscher, S., Stadler, P. F., Allison, S. L. 
and Heinz, F. X.1998. Spontaneous and 

engineered deletions in the 3' noncord­
ing region of tick-borne encephalitis vi­
rus: construction of highly attenuated 
mutants of a flavivirus. J. Viral., 72 : 
2132-2140. 

29) McMinn, P. C. 1997. The molecular ba­
sis of virulence of the encephalitogenic 
flaviviruses. J. Gen. Viral., 78 : 2711-
2722. 

30) Muylaert, I. R., Chambers, T. J. ,Galler, 
R. and Rice, C. M. 1996. Mutagenesis of 
the N-linked glycosylation sites of the 
yellow fever virus NS 1 protein: effects 
on virus replication and mouse neur­
ovirulence. Virology, 222 : 159-168. 

31) Ni, H., Burns, N. J. , Chang, G. J., Zhang, 
M., Wills, M. R., Trent, D. W., Sanders, 
P. G. and Barrett, A. D. T. 1994. Com­
parison of nucleotide and deduced 

amino acid sequence of the 5' non­
cording region and structural protein 
genes of the wild-type Japanese en­
cephalitis virus strain SA 14 and its at­
tenuated vaccine derivatives. J. Gen. 

Virol. , 75 : 1505-1510. 
32) O'Reilly, E. K. and Kao, C. C. 1998. Ana­

lysis of RNA-dependent RNA polym­
erase structure and function as guided 
by known polymerase structures and 
computer predictions of secondary 
structure. Virology, 252 : 287 -303. 

33) Proutski, V., Gritsun, T. s., Gould, E. A., 
Holmes, E. C.1999. Biological conse­
quences of deletions within the 3'­
untranslated region of flaviviruses may 
be due to rearrangements of RNA sec­
ondary structure. Virus Res. ,64 : 107-
123. 

34) Rey, F. A., Heinz, F. X., Mandl, C., Kunz, 



Akiko Goto et al. 307 

C. and Harrison, S. C.1995. The enve- pan and isolation of the virus. J. Clin. 
lope glycoprotein from tick-borne en­

cephalitis virus at 2 A resoltion. Na­
ture, 375 : 291-298. 

35) Sambrook, J., Fritsch, E. F. and Mania­
tis, T. 1989. Molecular Cloning: A Lab­
oratory Manual, 2 nd edn., Cold Spring 

Habor Laboratory, New York 
36) Stadler, K., Allison, S. L., Schalich, J. 

and Heinz, F. X.1997. Proteolytic acti­
vation of tick-borne encephalitis virus 
by furin. J. Virol. , 71 : 8475-848l. 

37) Stocks, C. E. and Lobigs, M. 1998. Sig­

nal peptidase cleavage at the flavivirus 

C-prM junction: dependence on the vi­
ral NS 2 B 3 protease for efficient 

processing requires determinants in C, 
the signal peptide, and prM. J. Vi­
rol. , 72 : 2141-2149. 

38) Takashima, I., Morita, K., Chiba, M., 

Hayasaka, D., Sato, T., Takezawa, C., 
Igarashi, A., Kariwa, H., Yoshimatsu, 

K., Arikawa, J. and Hashimoto, N. 1997. 
A case of tick-borne encephalitis in Ja-

Microbiol. ,35 : 1943-1947. 

39) Wallner, G., Mandl, C. W., Ecker, M., 
Holzmann, H., Stiasny, K., Kunz, C. and 

Heinz, F. X.1996. Characterization and 
complete genome seqences of high-and 

low-virulence variants of tick-borne en­

cephalitis virus. J. Gen. Virol., 77 : 
1035-1042. 

40) Wallner, G., Mandl, C. W., Kunz, C. and 
Heinz, F. X.1995. The flavivirus 3' 
noncording region: Extensive size het­

erogeneity independent of evolutionary 
relationships among strains of tick­

borne encephalitis VIrus. Virology, 
213 : 169-178. 

41) Wengler, G., Wengler, G. 1993. The NS3 
nonstructual protein of flavivirus con­
tains an RNA triphosphatase activity. 
Virology, 197 : 265 -273. 

42) Zilber, L. A. and Soloviev, V. D. 1946. Far 
Eastern tick-borne spring-summer (spr­

ing) encephalitis. Am. Rev. Soviet 
Med . ,5 (special suppI. ) 


