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Fig. 2. Recovery of the clone virus from an infectious cDNA clone of pKRT and the
growth properties of the clone and original virus. (a) Recovery of infectious clone
Vero and RK13 cells were transfected with viral genomic RNA synthesized from
pKRT. The culture medium was harvested and the infective titer was determined by
the plaque assay. The average uter for two independent experiments 1s shown. (b)
Growth kinetics of KRT and rKRT at 35 and 39+°C. RK13 cells were infected at a MOI
of 0.01. The culture medium was harvested and the infective titer was measured
by the plague assay. The results show the average for three independent experi-
ments and the error bar indicates +standard deviation (5D). (c) Growth kinetics of
RVi/Matsue JPN/68 and rRViM at 35 and 39°C.

Nde | (gp 1872), Nhe I (gp 2803, Bsm | (gp 3243). and Eco RV (gp
4213), shown in Fig. 5.

There were three nucleotide substitutions with two amino acid
changes [G and D at amino acid (a.a.) position 1007, H and Y
at 1042] in the Nhe I-Bsm [ region of p150 between the KRT
strain and wild-type RVi/Matsue JPN/68 strain. Nucleotide muta-
tions were introduced either independently or in combination into
pKRT by PCR amplification with the GeneTailor™ Site-Directed
Mutagenesis System (Invitrogen), using as a forward primer, 5'-
GCCGGCGaCCCGGGCCGACCGGCTCAGCG-3' (gp 3053-3082), and
as a reverse primer, 5'-GGTCGGCCCGGGICGCCGGCGGGGCAAGAT-
3’ (gp 3043-3072), for the mutation of G to A at gp 3060 (G
to D at a.a. position 1007) and 5-GGTGCGAACTCTGCCGGLAL-
ACGCGCGTCA-3' (gp 3147-3176) and 5'-CCGGCAGAGTTCGCACCC-
CTGGCATCCGC-3' (gp 3135-3163) for the mutations of C to T at gp
3164 and Cto T at gp 3166 (H to Y at a.a. position 1042, nucleotide
mutations indicated in lower case). The three point-mutated
viruses were designated G1007D, H1042Y and G1007D-H1042Y,
respectively (Fig. 6). Two recombinant viruses H1042Y-RViM pS0
and H1042Y-RViM SP were constructed, using the restriction
enzyme sites Bsm 1 (gp 3243), Not | (gp 6623), Xmn | (gp 6514),
and Eco RI (3 end) as shown in Fig. 7.
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Fig. 3. Construction of a series of recombinant viruses based on rKRT and growth
at 35 and 39°C. {a) Construction of rKRT-rec1-8 based on the rKRT. The genomic
structure of RV 1s indicated in the panel. The broad boxes demonstrate ORFs con-
taining the NSP (p150 and p90) at the 5' end and the SP (capsid, E2, and E1) at the
3" end. Narrow boxes between two ORFs indicate untranslated regions (5 UTR, -
UTR. and 3' UTR). A series of viruses, rKRT-rec1-8. based on rKRT backbone were
constructed by replacing the fragments of rKRT with those of rRViM after digestion
with appropriate restriction enzymes. Fragments derived from rRViM are shown as
gray bars and from the rKRT backbone. as open bars. (b) Infectivity of respective
recombinant viruses at 35 and 39°C. RK13 cells were infected at a MOI of 0.01. The
culture medium was harvested at 96 hpi, and the infective titer was measured. The
black columns indicate the infective titers at 35°C and the gray columns, those at
39°C. The average infective titers in three independent experiments are shown and
the error bar indicates +SD

2.5, Recovery of clone viruses from infectious cDNA clones of RV

The full-length viral genomic RNA was synthesized from the
infectious cDNA clones with the mMESSACE mMACHINE T7 kit
(Applied Biosystems) following the instruction manual. Vero and
RK13 cells were prepared at 8.0 x 105 cells/well in 6-well Plates 24 h
before RNA transfection. After the cells were washed with 2.0m]
of OPTI-MEM, RNA transfection was carried out with a mixture of
12.5 g of synthesized RNA and 15.0 .l of DMRIE-C (Invitrogen)
in 1.0 ml of OPTI-MEM. After incubation at 35°C for 4 h, the mix-
ture was removed and replaced with 2.0 ml of MEM containing 5%
FBS. For calculating the recovery kinetics of clone viruses, a 100-p.l
aliquot of culture fluid was harvested every 24 h until 120 h after
transfection. The kinetics of infectious clone viruses was monitored
with a plaque assay.

2.6. Analysis of temperature sensitivity
Monolayers of RK13 cells in 6-well plates were infected at a mul-

tiplicity of infection (MOI) of 0.01. After adsorption, each well was
washed twice with 2.0 ml of PBS and replaced with 2.0 ml of MEM
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Fig.4. The plague morphology of rKRT. rRViM, the original KRT and RVi/Matsue JPN/68, and the chimeric viruses. Plaques were visualized by fixation with a staining solution

containing crystal violet.

containing 5% FBS and antibiotics. The plates were incubated at 35
or 39°C in a 5% CO; incubator, and the culture medium was col-
lected at 24, 48, 72, 96, or 120 h post-infection (hpi). The infective
titer of the medium was determined by the plaque assay.

2.7. Viral titration by plague assay

Maonolayers of RK13 cells in 6-well plates were infected with 10-
fold serial dilutions of samples. The inoculum was removed after
1h of contact at room temperature and replaced with 3.0ml of
MEM containing 2% FBS, 40 g/ml of DEAE dextran, 0.07% sodium
bicarbonate, 0.7% agarose, penicillin 100U/ml and streptomycin
100 U/ml. The plates were incubated at 35°Cina 5% CO; incubator.
On day 7 post-infection, plaques were visualized by staining with
PBS containing 0.1% crystal violet and 4% formalin [9,14,15].

2.8. Nucleotide sequence accession numbers

The entire sequences of the KRT vaccine strain and wild-type
RVi/Matsue.]PN/68 strain were submitted to the GenBank database
with accession numbers AB222608 and AB222609, respectively.

3. Results

3.1. Identification of the full-length genome sequence of the KRT
vaccine strain and wild-type RVi/Matsue JPN/68 strain

The live attenuated rubella vaccine KRT was developed by pas-
saging a wild-type rubella virus in rabbit cells. It has been reported
that the progenitor wild-type virus of the KRT strain was iso-
lated from a patient with rubella in Matsue city, Japan in 1968 [6].
Although the progenitor was not available, the RVi/Matsue.|PN/G8
strain was isolated in the same city in the same year. Consequently,
RVi/Matsue JPN/68 was used a reference for the wild-type of the

KRT strain in this study. KRT has a temperature sensitivity (ts) phe-
notype, while the wild-type strains have no temperature sensitivity
(non-ts) phenotype. The ts phenotype of KRT means restricted viral
replication at 39°C [7]. Although little is known about the mech-
anism of ts, it is widely recognized that the phenotype relates
to viral attenuation [716-19]. The genome of both the KRT and
RVi/Matsue JPN/68 strains was 9762 nt in length. Both genomes
consisted of a 40-nt 5 UTR, 6348-nt NSP, 123-nt J-UTR, 3189-nt
SP, and 62-nt 3’ UTR, and were classified into the clade la. At the
nucleotide level, the entire genomes of the two strains varied by
2.38% (232/9762 nt), while at the amino acid level, they varied
by 1.04% (33/3179 a.a.). Tables 1 and 2 show the nucleotide and
amino acid differences between the KRT and RVi/Matsue JPN/G8
viruses. Nucleotide differences in the E2 region were highest at
3.19% (27/846 nt) with 2.84% (8/282 a.a.) of amino acids differing.
In each region 1.77-3.19% of nucleotides differed and 0.12-2.84% of
amino acids differed.

3.2, Construction and characterization of infectious cDNA clones
of KRT and RVi/Matsue JPN/68

Infectious cDNA clones were constructed from the KRT and
RVi/Matsue.JPN/68 viruses (Fig. 1). The amplified cDNA fragments
were cloned into pUC18 and these clones were assembled into a
full-length cDNA clone by using appropriate restriction enzymes.
To synthesize the viral RNA, the T7 promoter sequence and a polyA
tract were introduced into the full-length cDNA clone. The infec-
tious cDNA clones of KRT and RVi/Matsue JPN/68 were named pKRT
and pRViM, respectively.

Clone viruses of rKRT and rRViM were obtained after transfec-
tion of RNA synthesized in vitro from the infectious cDNA clones
of RVs. To monitor the kinetics of recovery after the transfection
of RNA into Vero and RK13 cells, aliquots were harvested and viral
titers were determined by plaque assay (Fig. 2a). Maximum infec-
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tivity of the infectious clone virus (rKRT), 1.0 x 108 PFU/ml, was
obtained in Vero cells 96 h after transfection, while the peak of
infectivity in RK13 cells reached 2.0 x 10° PFU/ml 72 h after trans-
fection. Thereafter, the clone viruses were recovered at 96 h after
transfection in Vero cells. The viruses were propagated within two
passages in Vero cells and used for further experiments.

It has been reported that KRT had the ts phenotype but the
wild-type strain did not [7]. The growth of KRT at 39°C decreased
to 1/1000 of that at 35°C. The infectivity of RVi/Matsue JPN/68 at
39°C was approximately 1/5 of that at 35 °C. The growth patterns
of the recombinant viruses, rKRT and rRViM, were similar to those
observed for the original viruses (Fig. 2b and c).

The clone viruses were efficiently recovered from the infec-
tious ¢DNA clone of the KRT vaccine strain and of the wild-type
RVi/Matsue,JPN/68 strain, The clones retained the characteristics
of the original viruses in vitro.

3.3, Construction of chimeric viruses and properties of viral
replication at 35 and 39°C

In order to determine the genomic region responsible for the ts
phenotype of the KRT vaccine strain, eight recombinant chimeric
viruses were constructed based on rKRT, replacing parts of the KRT
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Fig. 6. Growth kinetics of point-mutated RVs at 35 and 39°C. (a) Amino acid differ-
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genome with the corresponding sequence of RVi/Matsue JPN/68
(Fig. 3a). Suitable restriction enzymes were used in order to
exchange the fragments of individual proteins and UTR regions
between the KRT and RVi/Matsue JPN/68 viruses. For example, rec2
was constructed by exchanging the amino acids in the p150 gene
without exchanging those in the p90 gene.

Toidentify the region responsible for the ts phenotype, we exam-
ined the growth properties of the recombinant chimeric viruses
(rKRT-rec1-8), rKRT, and rRViM, in RK13 cells at 35 and 39°C. As
shown in Fig. 3b, the rKRT-rec1-8 chimeric viruses, except rec2,
demonstrated a reduction in growth at 39°C and the difference in
infective titer at 39°C versus 35°C varied from 1/100 to 1/10000,
similar to that for rKRT. However, rKRT-rec2 grew well at 39°C
in comparison with the other recombinant viruses, its infectiv-
ity being 1/10 that at 35°C. We also obtained complementary
results with recombinant chimeric viruses based on rRViM (data
not shown). Replacement of the p150 of rKRT with that of rRVIM
abrogated the ts phenotype and the introduction of the p150 of rKRT
into rRViM reduced the growth at 39°C with less efficiency. Thus,
the ts phenotype of KRT depends on the p150 region.

The morphology of plaques was reported to differ among
strains [9,10.20.21). and such a difference between KRT and
RVi/Matsue JPN/68 is shown in Fig. 4. KRT produced mainly small
plaques with sharp and clear margins, while RVi/Matsue JPN/68
generated mainly large plaques with vague and opaque margins.
The clone viruses, rKRT and rRViM, exhibited the same plaque mor-
phology as the original viruses. In addition, the plaques differed
in,size among the recombinant chimeric viruses. Among a series
of rKRT-recs, rKRT-rec1, 2, 3, 4, 5, and 8 showed similar plaques,
while rKRT-rec6 and rec7 generated apparently large plaques with
clear and sharp margins. These results suggested that the envelope
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proteins, E1 and E2, of RVi/Matsue.JPN/68 were relevant to large
plaques.

3.4. Identification of the amino acid residue in p150 responsible
for the temperature sensitivity

The chimeric viruses altered in the p150 region (rKRT-rec2) var-
ied in ts phenotype. Since there were 15 amino acid differences in
the p150 region between the two strains, four recombinant viruses
(rKRT p150-rec1-4) were generated based on rKRT, replacing the
fragments in the p150 region between rKRT and rRViM (Fig. 5a).
The growth of the rKRT p150-recs was investigated at 35 and 39°C
in RK13 cells and the results are shown in Fig. 5b and c. All rKRT
p150-recs showed similar infectivity, over 10° PFU/ml at 35°C, but
the infective titers of p150-rec1, 2, and 4 were less than 10% PFU/m
at 39°C. Only rKRT p150-rec3 demonstrated efficient growth, over
10% PFU/m, at 39°C. rKRT p150-rec3 consisted of the fragment
between Nhe land Bsm [ in the p150 region of rRViM which seemed
to be relevant to the ts phenotype of KRT. There were two amino
acid differences in the Nhe 1-Bsm | region of p150 between the two
strains, at positions 1007 and 1042 (see Table 2). The amino acid
at position 1007 of p150 was changed from aspartic acid (D) in
RVi/Matsue.]PN/68 to glycine (G) in KRT. The other at position 1042
was changed from tyrosine (Y) in RVi/Matsue.JPN/68 to histidine
(H) in KRT. In order to decide the amino acid residue(s) responsi-
ble for the ts phenotype, three mutated viruses, G1007D, H1042Y,
and G1007D-H1042Y, containing a substitution at position 1007,
1042, or both of RVi/Matsue JPN/G8, were constructed (Fig. 6a).

The growth kinetics at 35 and 39°C are shown in Fig. 6b and c.
G1007D, H1042Y, and G1007D-H1042Y grew well at 35°C with
similar titers, but G1007D showed poor growth similar to rkKRT at
39°C. Whereas, H1042Y and G1007D-H1042Y showed more effi-
cient growth at 39°C with 100-fold higher titers than rKRT. These
results indicated that the histidine at position 1042 of p150 was
responsible for the ts phenotype of the KRT.

3.5. Additive effect of other regions on the ts

The histidine at position 1042 of p150 was considered to be
responsible for the ts phenotype of KRT, but the growth kinetics
of H1042Y and G1007D-H1042Y at 39°C did not completely match
that of rRViM. The peak infective titers of those viruses at 39°C
were about 1/10 lower than those of rRViM (Fig. 6¢). There remained
the possibility that other gene(s) influenced the growth properties
at restrictive temperatures in relation with the tyrosine at posi-
tion 1042, thus we examined the additive effect of other gene(s) to
allow better growth at 39 °C. We constructed two additional recom-
binant viruses having p90 or structural proteins (SP) including
capsid, E2, and E1 of RVi/Matsue.JPN/68 together with the substi-
tution H1042Y (Fig. 7a). There was no difference in growth among
the recombinant viruses (H1042Y, H1042Y-RViM p90 and H1042Y-
RVIM SP)at 35°C. The growth kinetics of H1042Y and H1042Y-RVIM
p90 showed a very similar pattern at 39°C, while the growth of
H1042Y-RVIiM SP was greater than that of H1042Y, the maximum
titer (at 96 hpi) approaching that of rRViM. These results suggested
that the p90 of RVi/Matsue JPN/68 had no additive effect with the
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tyrosine at position 1042 of p150 on the growth at a restrictive tem-
perature, whereas the SP region of RVi/Matsue JPN/68 did have an
additive effect.

4. Discussion

For the prevention of CRS and rubella epidemics. live attenu-
ated rubella vaccines have been used in vaccination programs in
many countries. Although these vaccines have high efficacy and
a low incidence of adverse reactions, their attenuation mecha-
nism is not well understood. A few studies reported replication
properties, plaque morphology and cell tropism of the RA27/3 and
Cendehill vaccine strains, leading to some insight into the atten-
uation. RA27/3 has been used widely for vaccination programs
and was reported to have unique characteristics in vitro, proba-
bly related to the attenuation, in comparison with the wild-type
virus (Therien strain). RA27/3 formed smaller plaques with lower
growth than Therien due to mutations in the 5" UTR, the pro-
tease motif of p150, and the capsid region [8-10.22|. The Cendehill
strain is known to cause acute arthritis at a very low incidence,
a phenomenon that seems to correlate with a drastic reduction
in growth in synovial cells compared with the wild-type virus
[8.23]. Chantler et al. [20] also reported differences in plaque mor-
phology and growth properties among rubella virus strains. All
Japanese vaccines, RA27/3, and Cendehill, exhibit the ts phenotype,
which is probably linked with immunogenic markers in rabbits
and guinea pigs [7,16,20,24]. In some single positive strand RNA
viruses, such as Togaviridae and Flaviridae family viruses: sind-
bis virus, semiliki forest virus, tick-borne encephalitis virus and
dengue virus, the ts phenotype was shown to be related to atten-
uation in animal models [17.19,25,26]. Therefore, the ts phenotype
of the KRT vaccine strain was considered a biological marker of
attenuation.

In this study. the biological characteristics of the KRT vac-
cine were compared with those of RVi/Matsue |[PN/68, which was
isolated in the same city and year as the KRT progenitor. The
genomes of both strains consisted of 9762 nt and there were 232
nucleotide differences with 33 amino acid changes between the
two. These differences were more frequent than those between
the TO-336 vaccine and TO-336 progenitor wild-type strains:
Kakizawa et al. [27] reported that the two genomic sequences
differed at 21 nt with 10 amino acid changes. Although KRT and
RVi/Matsue.JPN/68 belong to genotype la of rubella virus, con-
sisting of the RA27/3. Cendehill, and TO-336 vaccine strains, and
other wild-type strains, none of the mutations observed in KRT
was common to those vaccine strains |8,27-32]. Thus, the region(s)
responsible for the ts phenotype would differ among vaccine
strains.

In order to investigate the genetic determinant(s) of the ts
phenotype in KRT, we developed a RG system with KRT and
RVi/Matsue JPN/68. There were significant biological differences
between KRT and RVi/Matsue JPN/68. The clone virus, rkKRT, and
its original' virus produced small plaques with sharp and clear mar-
gins, while rRViM and its original virus produced large plaques with
vague and opaque margins. riKRT, rRViM, and their original viruses
grew well at 35°C without any changes in growth kinetics, but the
growth kinetics differed significantly at 39 °C. The clones, rKRT and
TRViM, showed the same biological characteristics as the original
viruses.

A series of recombinant viruses (rKRT-rec1-8) based on rKRT
and rRViM were generated, to investigate the contribution of indi-
vidual regions of the genome to the ts phenotype of KRT. rKRT-rec2
(replacement of the p150 region) differed in phenotype from the
original virus, however, the others showed similar growth prop-
erties to the parental viruses. We also found that some parts of

the genome affected the morphology of plaques in the process of
detecting the region responsible for the ts phenotype. The differ-
ence in the morphology of the plagues between the two strains
was determined with crystal violet staining. Crystal violet stains
living cells, and therefore plaque morphology. e.g. vague, opaque,
clear and sharp may reflect apoptotic cell distribution, probably
related to the difference in the regulation of viral replication and
cytopathic effect between the two strains. Moreover, the intro-
duction of E1 and E2 proteins of RVi/Matsue.JPN/68 changed the
small plaques of rKRT to large ones. E1 and E2 having N-linked gly-
cosylation sites (Asn-X-Ser/Thr) form heterodimers and compose
the viral particle. After the formation of the heterodimer. N-linked
glycosylation occurred during transport to the budding site. E1
and E2 play a key role in budding at the plasma membrane of
infected cells, and the attachment to and entry of an uninfected
cell occur through the fusion activity of these proteins [33,34].
It has also reported that the formation of the heterodimer and
N-linked glycosylation influence infectivity and membrane fusion
activity [35-41]. There were 13 amino acid differences in the E1
and E2 proteins, one of which was in the predicted N-linked gly-
cosylation site at amino acid position of the E1 region (Table 2).
This difference causes the absence of one predicted N-linked gly-
cosylation site in E1 of KRT. As a result, two predicted N-linked
glycosylation sites exist in the E1 region of KRT and three sites
in that of RVi/Matsue JPN/68, and a difference in the molecular
weight of E1 between the two strains was observed by West-
ern blotting (data not shown). The recombination of E1 and E2
(rKRT-rec6 and rec7) obviously altered plaque size. Thus, the large
plaques of RVi/Matsue JPN/68 might suggest an efficient expansion
of infection in vitro. The different numbers of predicted N-linked
glycosylation sites and amino acid changes may be involved in
the membrane fusion activity and conformational change of those
proteins leading to an influence on viral spread from cell to cell.
Further investigation is required to clanfy whether the charac-
teristic morphology of plaques is correlated with the attenuation
process.

There are 15 amino acid differences in the p150 region between
the KRT and RVi/Matsue,JPN/68 strains. Four recombinant viruses
(rKRT p150-rec1-4) and mutated viruses (G1007D, H1042Y, and
G1007D-H1042Y) demonstrated that the histidine at position 1042
was critical for the ts phenotype of KRT. Although the growth of
the H1042Y mutant was 100-fold greater than that of riKRT at
39°C, the peak infective titer was 1/10 that of rRViM. Therefore,
the additive effect of the other region(s) on growth at 39°C was
investigated, together with H1042Y. Although the p90 region of
RVi/Matsue,JPN/68 had no additive effect on the ts phenotype.
SP (structural proteins: capsid. E2, and E1) exhibited an additive
effect on replication at 39°C. The reduction in peak titer of the
H1042Y mutant may be due to the differences in genetic back-
ground between KRT and RVi/Matsue.JPN/68.

In this study, we did not evaluate the effect of this histidine on
p150 and the defective viral life cycle. The p150 region encodes
a methyltransferase motif having a role in the capping of viral
RNA and a cysteine protease domain that cleaves a precursor p200
polyprotein to p150 and p90 proteins as functional units. Balistreri
etal. [42] reported that variation in the ts phenotype of Semliki for-
est virus having mutations in the protease domain indicated a great
reduction of protease activity compared to the wild-type virus at a
restricted temperature. The change in the ts phenotype of Sindbis
virus with mutations in the protease domain reduced subgenomic
RNA synthesis [43-46). These reports provided new insights into
the mechanism of the ts of KRT. Because the histidine at position
1042 is located in the protease domain, it may cause defects in NSP
processing or viral RNA replication; synthesis of negative strand
RNA (cRNA), subgenomic RNA, and progenitor genomic RNA.
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HHIZEH®E (Bordetella pertussis) DXUE
BRI X > T ERT T NS AN RSERBIETH
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FRGE W OE EERORRIC K DR L, B
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HEE-WER=MEST 77 (DPT)NEAEIH,
FOEBERIBEICRIMEmICSS. LHL, &
£, DVFUMRENIBIELULEE - AABLEEX
ICRETHILNALMEED, DAETLMOE
HEE & [FERICHE - RADRESIRHE L TWAS.
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B, AOCTREAXBLUNIEZOKE L
ERIAMEMTHEHME T 5. BRIRERERICERT
LEAZBNTVAY, MEHHLEHRED7EE
ENIEFIVENTHAREEN TS, BHK
ELLAMC & RIS % Bordetella [BH#IEIC (3735
Fi HR%i# (B. parapertussis), B. holmesii %% A% 2
A, BEEECEE L TEOTEER
EHRBEEEHMER, 7T oIVBEY 75—+
BE BHEROIREERE BRE —EFI7FV
REODEBEHRTEEEXL, FICEELREE T
BEHMEZE (PT) TH3. AHHEL Bordetella /&
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