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A plasmid, Robo102, which contains a cDNA copy of the rubella virus (RUB) genomic RNA from which
infectious transcripts can be synthesized in vitro, was recently developed (C. Y. Wang, G. Dominguez, and T. K.
Frey, J. Virol. 68:3550-3557, 1994). To increase the specific infectivity of Robo102 transcripts (~5 plaques/10
pg of transcripts), a modified reverse transcription-PCR method was used to amplify nearly 90% of the RUB
genome in three fragments, which were then used to replace the corresponding fragments in Robo102.
Replacement of a fragment covering nucleotides (nt) 5352 to 9759 of the RUB genome yielded a construct,
Rob0202, which produced highly infectious transcripts (10* plaques/pg), indicating the presence of an unrec-
ognized deleterious mutation (or mutations) in this region of the Robo102 cDNA. Robo102 was based on the
w-Therien strain of RUB, which forms opaque plaques in Vero cells, while the PCR replacement fragments
were generated from a variant, f-Therien, which produces clear plaques in Vero cells. Although Robo0202
contains over 4,000 nt from f-Therien, Rob0202 virus produces opaque plaques. However, when the other two
PCR fragments amplified from f-Therien (nt 1 to 1723 and nt 2800 to 5352) were introduced into Robo202, the
resulting construct, Robo302, yielded transcripts that produced a virus that formed clear plaques. This
indicates that the determinants of plaque morphology map to the regions of the genome covered by these two
fragments, both of which are in the nonstructural open reading frame. Generation of Rob0202/302 chimeras
indicated that the most 5’ terminal fragment (nt 1 to 1723) had the greatest effect on plaque morphology. The
plaque morphology was correlated with the ability of the viruses to kill infected cells. The only difference at the
molecular level detected among the viruses was that the more cytopathic viruses produced more nonstructural
proteins than did the less cytopathic viruses. This finding, as well as the mapping of the genetic determinants
to the region of the genome encoding these proteins, indicates that the nonstructural proteins can mediate cell

killing.

Rubella virus (RUB) is the sole member of the Rubivirus
genus of the Togaviridae family of animal viruses, whose only
known natural host is humans (reviewed in reference 7). The
RUB virion consists of an icosahedral nucleocapsid sur-
rounded by a lipid bilayer of cellular origin in which are em-
bedded two virus-specified glycoproteins, E1 and E2. The nu-
cleocapsid is composed of multiple copies of a virus-specified
capsid protein, C, and contains single-stranded, positive-polar-
ity genomic RNA of roughly 10,000 nucleotides (nt). In the
cytoplasm of infected cells, the genomic RNA functions as an
mRNA to produce a polyprotein precursor that is posttrans-
lationally cleaved into the two virus nonstructural proteins,
P150 and P90, that function in virus RNA replication. The
open reading frame encoding the nonstructural proteins (NSP-
OREF) occupies the 5'-terminal two-thirds of the genome. The
genomic RNA also serves as a template for synthesis of a
complementary minus-strand RNA, which, in turn, is the tem-
plate for synthesis of genomic RNA as well as a subgenomic
RNA. The subgenomic RNA functions as an mRNA for the
RUB structural proteins (C, E2, and E1), which are encoded
by an ORF (SP-ORF) contained within the 3’-terminal one-
third of the genome. Synthesis of the subgenomic RNA is
initiated on the minus-strand template at a site located be-
tween the two ORFs.

We determined the entire nucleotide sequence of the ge-
nome of a wild-type RUB strain, w-Therien (5), and con-
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structed a so-called infectious clone (Robo102) from clones
used in sequence determination (19). The Robo102 plasmid
contains a complete cDNA copy of the w-Therien genome,
which can be transcribed in vitro by using bacteriophage SP6
RNA polymerase to produce genomic transcripts. A problem
encountered with Robo102 was the low infectivity of the tran-
scripts (~5 plaques/10 wg of transcripts) (19). A likely reason
for the low infectivity was the presence of unrecognized dele-
terious mutations in the Robol02 genomic cDNA. Similar
problems have been encountered with infectious clones of
other viruses (e.g., the Sindbis virus infectious clone [17]). To
overcome this problem, the present study was initiated to am-
plify the RUB genome in a minimum number of fragments by
using recently developed PCR techniques with which long se-
quences can be amplified (1, 3) and to use these fragments to
replace the corresponding regions in Robo102.

A fundamental question in virology is how viruses kill cells.
With RUB, as well as with the majority of other viruses, the
molecular basis of cell killing is unknown. In most mammalian
cell lines, RUB replicates noncytopathically; however, in a few
cell lines (Vero, BHK-21, and RK-13) cytopathic effect (CPE)
is induced and RUB can form plaques (reviewed in reference
7). Differences in plaque morphology and extent of replication
between RUB strains have been reported (10, 14). For the
RUB strains used in our laboratory, the w-Therien strain of
RUB on which Robo102 was based induces moderate CPE and
forms opaque plaques in Vero cells and transfection of Vero
cells with Robo102 transcripts resulted in the formation of
opaque plaques (19). As a template for long PCR, we used a
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variant of the w-Therien strain, called f-Therien, which was
obtained by selection of a clear plaque from a plaque assay of
w-Therien stock (18a). The f-Therien variant stably maintains
its distinctive clear plaque phenotype and induces more pro-
found CPE in infected Vero cells than does w-Therien. In the
process of upgrading the specific infectivity of Robo tran-
scripts, we generated several chimeras between the two Ther-
ien variants that expressed the difference in plaque morphol-
ogy. These chimeras differed in the NSP-ORF region of the
genome, indicating that this region determines the difference
in plaque morphology.

MATERIALS AND METHODS

Cells and viruses. Vero cells (obtained from the American Type Culture
Collection) were maintained in Dulbecco’s modified Eagle’s medium (Gibco/
BRL) containing 5% fetal bovine serum and gentamicin (10 wg/ml) at 35°C
under 5% CO,. The w-Therien strain of RUB, originally obtained from J.
Wolinsky, and the f-Therien strain of RUB, originally obtained from J. Chantler,
were propagated as described previously (6, 11, 19). Plaque assays and trypan
blue exclusion tests were done as described previously (11, 19).

Preparation of f-Therien virion RNA and RT-long PCR. Monolayers of Vero
cells grown in four 225-cm? flasks (roughly 4 X 107 cells/flask) were infected with
f-Therien RUB at a multiplicity of infection (MOI) of 0.5 PFU/cell. At 4 days
postinfection (when moderate CPE was observable), the culture medium was
harvested and virion RNA was prepared by one of two methods. Briefly, in the
first method (19), virions were precipitated from the medium with polyethylene
glycol (PEG) and purified by centrifugation in a 25 to 50% discontinuous sucrose
gradient. The virion band at the interphase was collected, digested with protein-
ase K, and phenol-chloroform extracted, and virion RNA was precipitated with
ethanol. Alternatively, the PEG-precipitated virions were redissolved in 2.5 ml of
phosphate-buffered saline and virion RNA was extracted with TRI-Reagent LS
(Molecular Research Center, Cincinnati, Ohio) as specified by the manufacturer.
Virion RNA recovered following each of the two extraction protocols was further
purified by oligo(dT)-cellulose chromatography, redissolved in 50 wl of H,O, and
stored at —70°C.

First-strand cDNA synthesis was done with avian myeloblastosis virus reverse
transcriptase from a RiboClone cDNA Synthesis System kit (Promega) as spec-
ified by the manufacturer (in the presence of sodium pyrophosphate). In each
20-pl reaction mixture, 5 wl of virion RNA was used as a template. First-strand
syntheses were primed with 0.5 pg of one of three oligonucleotides: 5'-GGGA
AGCTTGCACGACACGGACAAAAGCC (oligonucleotide 79; the underlined
sequence is complementary to nt 1897 to 1916 of the RUB genome [numbering
as in reference 5], and the resulting single-stranded product was subsequently
used to generate PCR fragment I [see Fig. 1]), 5'-TAGTCTTCGGCGCAAGG
(oligonucleotide 125; complementary to nt 5744 to 5760; PCR fragment II), and
5'-CGCGAATTC(T),,CTATACAGCAACAGGTGC (oligonucleotide F1; con-
tains an EcoRT site [doubly underlined], a dT,, stretch, and a sequence comple-
mentary to nt 9740 to 9757 [singly underlined]; PCR fragment III). The single-
stranded products were phenol-chloroform extracted and precipitated twice with
ethanol, first in the presence of 2 M ammonium acetate and second in the
presence of 0.3 M sodium acetate. The precipitates were redissolved in 10 pl of
H,0, and 2 to 5 pl was used in 50-pl PCRs that contained 2.5 U of ExTaq
temperature-stable DNA polymerase (TaKaRa LA PCR kit; Pan Vera Corp.,
Madison, Wis.) in buffer provided by the manufacturer and supplemented with
10% dimethyl sulfoxide DMSO, 5.76 mM B-mercaptoethanol, and 0.1 mg of
bovine serum albumin per ml. The following pairs of primers and amplification

TGACACTATAGCAATGGAAGCTATCGGACCTCGCTTAGG (oligonucle-

otide F2; contains a HindlIII site [doubly underlined], the SP6 RNA polymerase
promoter [dot underline], and nt 1 to 28 of the RUB genome [singly underlined])
and oligonucleotide 79, 30 cycles of 20 s at 98°C, 1 s at 55°C, and 3 min at 70°C;
for fragment II, 5'-TTTGCCAACGCCACGGC (oligonucleotide 251, contain-
ing nt 2600 to 2616) and oligonucleotide 125, 30 cycles of 20 s at 98°C, 1 s at 50°C,
and 5 min at 70°C; and for fragment III, 5'-AGCTCACCGACCGCTAC (oligo-
nucleotide 106, containing nt 5319 to 5335) and oligonucleotide F1, 30 cycles of
20 s at 98°C, 1 s at 52°C, and 7 min at 68°C. The resulting PCR fragments were
purified with QIAquick Spin PCR purification kit (QIAGEN Inc., Chatsworth,
Calif.) and recovered in 50 ul of water.

Analysis to determine which fragment conferred improvement of infectivity
and construction of plasmids. In these protocols, standard recombinant DNA
techniques were used (13) with minor modifications. Enzymes were obtained
from New England BioLabs or Boehringer Mannheim Biochemicals.

To determine which of the three PCR fragments would improve the infectivity
of the Robo102 transcripts, fragments I, II, and III were digested with HindIII
and Kpnl, Nhel and Bglll, or Bg/Il and EcoRI, respectively, and ligated with
Robo102 from which the corresponding fragment had been removed (see Fig. 1).
Each ligation reaction mixture contained 1 pg of DNA composed of roughly
equimolar amounts of the fragments. Following overnight incubation at 14°C, the
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DNAs were digested with EcoRI, phenol-chloroform extracted, and used for in
vitro transcription followed by Lipofectin-mediated transfection of Vero cells.
The transfected cells were incubated and observed for the appearance of RUB-
induced CPE.

Subsequently, Robo202 was generated by introduction of fragment III into
Robo102. Then fragments I and II were introduced in one step into Robo202,
producing Robo302. Robo202/I and Robo202/IT plasmids were obtained by ex-
changing the corresponding regions between Robo202 and Robo302. In these
manipulations, WM1100 (a RecA™ derivative of MC1061 [obtained from S.
Schlesinger]) was used as the host strain. Robo102 is based on the low-copy-
number, spectinomycin-resistant vector pCL1921 (12, 19), and thus selection for
and growth of plasmid-containing cells were done in the presence of 50 pg of
spectinomycin per ml. Plasmids were extracted from bacteria by the alkaline
procedure and purified by CsCl-gradient ultracentrifugation. Sequencing was
done with a dideoxy chain termination sequencing kit (United States Biochemi-
cals, Cleveland, Ohio).

In vitro transcription and transfection of Vero cells. Linearization for runoff
transcription was done with EcoRI. A 1-pg sample of in vitro ligation products
or linearized plasmid was transcribed in vitro with SP6 RNA polymerase (Epi-
centre Technologies) in the presence of m’G(5")ppp(5')G cap structure analog
(New England BioLabs) as described previously (16). For such reactions, we use
freshly linearized Robo plasmids, since linearized plasmids stored at —20°C
exhibited decreased yields of transcripts. In indicated experiments, no cap ana-
log, G(5")ppp(5")G, or G(5")ppp(5')A (New England BioLabs) was used instead
of m’G(5")ppp(5')G. The transcripts were analyzed by electrophoresis of ali-
quots of the reaction mixtures in 1% agarose gels in the presence of ethidium
bromide. In some experiments, precise yields of the transcripts were determined
spectrophotometrically. Typical yields were 6 to 7 wg of RNA per 25-pl reaction
mixture containing 1 pg of linearized Robo plasmid. Lipofectin-mediated trans-
fections of Vero cells grown in 60-mm plates were done by the method of Rice
et al. (18) with the modification that Opti-MEM I reduced-serum medium was
used instead of phosphate-buffered saline. To determine the efficiency of trans-
fection, 10-fold serial dilutions of transcripts with known concentrations of RNA
were made in Opti-MEM 1 prior to the addition of Lipofectin. The transfected
monolayers were then overlaid with agar, and plaques were visualized on days 5
to 6 posttransfection. To produce virus stocks for replication studies, transfected
cells were incubated in growth medium. Following development of significant
CPE, the medium was harvested and virus was amplified by one passage in Vero
cells.

Sequencing of 5’ termini of virion RNA. RUB virions were PEG precipitated
from 5 ml of infected culture medium and redissolved in 250 pl of TNE buffer
(10 mM Tris-HCI [pH 7.5], 100 mM NaCl, 1 mM EDTA). Virion RNA was
isolated with TRI-Reagent LS (Molecular Research Center) as specified by the
manufacturer (10 pg of glycogen was added prior to RNA precipitation) and
redissolved in 10 pl of water. First-strand cDNA synthesis was done at 45°C for
1 h in a 20-pl reaction mixture containing 5 pl of virion RNA, 0.1 pg of
oligonucleotide 36 (5'-TGGTCTCTTACCCAACT) complementary to nt 101 to
117 of the RUB genome, and 200 U of SuperScript II RNase H™ Reverse
Transcriptase (Gibco/BRL) in buffer provided by the manufacturer, containing 1
mM deoxynucleoside triphosphates and 1 U of RNasin (Promega) per pl. Then
1 ng of RNase I was added, and the reaction mixture was boiled for 1 min and
incubated at room temperature for 5 min. The primer extension product was
purified with a QIAquick Spin PCR purification kit (QIAGEN Inc.) and 3'-
terminally tailed with dATP by using terminal deoxynucleotidyltransferase (Unit-
ed States Biochemical). The poly(A)-tailed primer extension product was phe-
nol-chloroform extracted and precipitated twice with ethanol, first in the
presence of 2 M ammonium acetate and second in the presence of 0.3 M sodium
acetate. The precipitate was redissolved in 10 pl of H,O, and 5 pl was used in a
50-pl PCR that contained 0.5 g each of oligonucleotide 51 [5'-ACGTGCATG
CCTGCAGT,, which contains an oligo(dT) tail and a PstI site (underlined)]
and oligonucleotide 292 (5'-GTGTGAATTCTGGTCTCTTACCCAAC, which
contains the same region complementary to the RUB genome as oligonucleotide
36 and an EcoRI site [underlined]) and 1 U of Deep Vent DNA polymerase
(New England BioLabs) in buffer provided by the manufacturer and supple-
mented with 200 pM deoxynucleoside triphosphates. The amplification protocol
consisted of one cycle of 1 min at 92°C, 1 min at 45°C, and 1 min at 72°C followed
by three cycles of 1 min at 45°C and 1 min at 72°C (Deep Vent DNA polymerase
was added at the 45°C step of the last of these cycles) and 29 cycles of 1 min at
92°C, 1 min at 55°C, and 1 min at 72°C. The PCR amplification product of
roughly 150 nt was digested with EcoRI and PstI and cloned into the pGEM1
vector. Several isolates of the resulting plasmid were sequenced.

Northern blot hybridization and radioimmunoprecipitation. Vero cells grown
in 24-well plates were infected at an MOI of 2 PFU/cell. At 22 and 40 h
postinfection, total intracellular RNA was extracted from each well with TRI-
Reagent as specified by the manufacturer (Molecular Research Center). Ali-
quots of the extracted RNAs were analyzed by Northern blot hybridization as
described previously (4). [**P]dCTP nick-translated Robo102 plasmid was used
as a probe for total RUB-specific RNAs, and [*?P]JUTP-labeled Robo302 RNA
transcripts were used as a probe for minus-strand RNA.

For analysis of virus protein production, Vero cells grown in 60-mm plates
(Corning) were infected at an MOI of 2 PFU/cell. At the indicated times postin-
fection, the cells were radiolabeled for 1.5 h with [**S]methionine (Amersham;
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1,000 Ci/mmol) and lysed in 1 ml of RIPA buffer (16). Aliquots (200 pl) of these
lysates were mixed with 2 pl of a mixture of monoclonal antibodies E1-20, E2-1,
C2, and C8 (20) to immunoprecipitate the RUB structural proteins. Aliquots
(800 wl) of the lysates were mixed with 5 pl of a mixture of rabbit polyclonal
antisera GU1 and GUS (6) to immunoprecipitate the nonstructural proteins of
RUB (antipain dihydrochloride protease inhibitor [Boehringer Mannheim] was
also added to 74 wM). The immune complexes were recovered with protein
A-Sepharose beads (Pharmacia), boiled for 2 min in sodium dodecyl sulfate
(SDS) sample loading buffer, and resolved by SDS-polyacrylamide gel electro-
phoresis (7.5 to 25% polyacrylamide gradient), and the dried gels were autora-
diographed. To measure quantities of radioactivity present in the protein (or
RNA) bands, the gels (or the hybridized filters) were analyzed in a Fujix
BAS1000 bioimaging analyzer (Fuji Photo Film, Tokyo, Japan) with software
provided by the manufacturer.

RESULTS

Restriction fragment replacement in Robo102 by RT-long
PCR. To overcome the problem of low infectivity of Robo102
transcripts, we used a modified RT-long PCR technique (1, 3)
to amplify roughly 90% of the f-Therien RUB genome in three
fragments. An unusual feature of the RUB genome is its G+C
content of nearly 70% (5, 7), which makes lengthy RUB se-
quences difficult to amplify by PCR. To overcome this diffi-
culty, we routinely add 10% DMSO to PCR amplifications of
RUB sequences. We find that Tag DNA polymerase retains
full activity in 10% DMSO whereas Deep Vent DNA polymer-
ase (New England BioLabs) does not. However, in our expe-
rience, addition of 10% DMSO also leads to a very high rate of
mutations introduced by Tag polymerase (1 mutation per 100
to 300 nucleotides amplified). The RT-long PCR procedure
utilizes thermostable ExTaq DNA polymerase that has a 3’ —
5" exonuclease proofreading activity. We found that ExTaq
polymerase also requires 10% DMSO to amplify large frag-
ments of the RUB genome and is fully active in the presence
of 10% DMSO. To assess the proofreading activity of the
enzyme in the presence of 10% DMSO, a 938-bp fragment
(PstI-BamHI, nt 8227 to 9165) of the RUB sequence amplified
from the Robol02 template with ExTaq polymerase was
cloned into pGEM1 plasmid vector and sequences of three
independent clones were determined (a total in excess of 2,700
nt), with the result that no changes were detected. Thus, the
enzyme retains proofreading activity in 10% DMSO.

We found three pairs of primers which could be used to
efficiently amplify three specific fragments of 1920 to 4430 nt
that spanned convenient restriction sites for insertion into
Robo102 (Fig. 1). We found that for successful amplification,
template virion RNA had to be purified by oligo(dT) cellulose
chromatography. Interestingly, we were unable to amplify a
PCR fragment that covered the region between Kpnl (nt 1723)
and Nhel (nt 2800) sites (Fig. 1), either from virion RNA or
from Robo102 template, presumably due to peculiarities of
secondary and/or tertiary structure in this region.

The three PCR fragments were then tested individually for
their ability to improve the infectivity of Robo102 transcripts.
Each fragment digested with appropriate restriction enzymes
was ligated into Robo102, and aliquots of the ligation mixtures
were linearized by digestion with EcoRI and directly tran-
scribed in vitro. The transcripts were used to transfect Vero
cells. The ligation that contained PCR fragment III led to CPE
within 5 days; the other ligations, as well as the Robol02
control, did not induce CPE within 8 days (the specific infec-
tivity of Robo102 transcripts of ~5 plaques/10 g was mea-
sured in BHK cells [19]; the efficiency of transfection is lower
in Vero cells, and thus transfection with Robo102 transcripts
frequently led to recovery of no virus). This indicated that the
deleterious mutation(s) in Robo102 is between nt 5352 (Bgl/I1
site) and the 3’ end of the genome. Therefore, the remainder
of the Robo102-PCR fragment III ligation mixture was used to
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FIG. 1. Construction of Robo202/302 plasmids. Roughly 90% of the RUB
genome (top diagram) was amplified in three fragments (I, II, and III) by a
modified RT-long PCR technique with purified f-Therien RUB virion RNA as a
template. The three PCR products were then used to replace the corresponding
regions in Robo102 plasmid, which was based on w-Therien RUB (19), to
produce the constructs shown. First, PCR fragment IIT was introduced into
Robo102 to generate Robo202. PCR fragments I and II were then introduced in
one ligation step into Robo202, resulting in Robo302. Robo202/1 and
Robo202/IT were obtained by introduction of fragments I and II, respectively,
derived from Robo302 into Robo202.

transform E. coli cells. Plasmids from 32 colonies were tran-
scribed in vitro, and the transcripts were used to transfect Vero
cells; transcripts from two of these plasmids yielded virus. One
of these, designated Robo202, was used for further manipula-
tions. PCR fragments I and II were introduced into Robo202
in one ligation step. Of 23 resulting plasmids tested, 1 yielded
infectious transcripts that induced CPE that appeared more
rapidly and was more pronounced than the CPE induced by
Robo202 (2 plasmids produced less pronounced CPE than
Robo202, and 20 did not produce CPE). This plasmid was
designated Robo302. Subsequently, fragments I and II derived
from Robo302 were introduced individually into Robo202 to
produce Robo202/I and Robo202/11, respectively. With regard
to the low proportion of “successful” plasmids in these exper-
iments (2 plasmids of 32 clones analyzed and 1 plasmid of 23
clones for Robo202 and Robo302, respectively), since ExTaq
polymerase retains its high fidelity in the long PCR amplifica-
tion protocol used, it is possible that this is due to heteroge-
neity of the virion RNA template population or mistakes by
avian myeloblastosis virus reverse transcriptase during first-
strand cDNA synthesis on the high-G+C-content RNA tem-
plate.

The specific infectivity of both Robo202 and Robo302 tran-
scripts in Vero cells is roughly 10* plaques/pg. In comparison,
we find that the specific infectivity in Vero cells of transcripts
of Toto1101, a Sindbis virus infectious clone (17), is 5 X 10*
plaques/pg. To determine whether the infectivity was stable
during propagation of the Robo plasmids in E. coli WM1100
cells, an initial minipreparation of Robo202 and a large-scale
preparation of Robo302 were used for transformation of bac-
teria. Plasmids isolated from a total of 13 different colonies
were individually transcribed in vitro, and Vero cells were
transfected with the resulting RNA transcripts. All 13 trans-
fections resulted in CPE within 4 to 5 days posttransfection.
We have also made four independent large-scale preparations
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TABLE 1. Specific infectivity of Robo302 transcripts:
effect of cap structure”

RNA used for
transfection

Specific infectivity
(plaques/ng)

Robo302 transcripts
No cap’...coccmveene. e 0

m’G(5")ppp(5)G° .. 10*

A(5")ppp(5")G....... e 3% 10°

G5 IPPP(5 )G erereereesseesesseesseessesseesseeseseeesseee 0.6 X 10°
RUB Virion RNA®.......ooooervevminencecemiassseeesmsssssesecsmssneeeee 9.3 x 10*

“ The specific infectivity was determined by using serial 10-fold dilutions of the
in vitro RNA transcripts. Monolayers of Vero cells were transfected with Lipo-
fectin and overlaid with plaque assay agar. Plaques were visualized on day 6
posttransfection.

> The transcripts were synthesized in the absence of cap analog. In three
independent experiments, no plaques were observed.

¢ The mean value of three independent experiments is given.

4 The result of one experiment is given.

¢ The infectivity of purified RUB virion RNA was determined previously (19).

of Robo302 (each starting from a different colony), all of which
yield infectious transcripts.

Effect of cap structure, the additional 5’ G, and poly(A)-tail
length on infectivity of Robo transcripts. As shown in Table 1,
the specific infectivity of Robo302 RNA transcripts synthesized
in the presence of m’G(5")ppp(5')G cap analog is 10* plaques/
ng. We also tried two other commercially available cap ana-
logs, G(5")ppp(5')G and A(5")ppp(5')G. In vitro transcripts
synthesized in the presence of these caps were also infectious
but had a lower specific infectivity. In three independent ex-
periments, no plaques were detected when the cells were trans-
fected with Robo302 transcripts synthesized in the absence of
cap analog, indicating that the cap structure at the 5" end of the
transcripts is an absolute requirement for transcript infectivity.
This is consistent with the findings of Oker-Blom et al. (15),
who reported the presence of a caplike structure on virion
RNA of RUB (the specific type of cap and the nucleotides
within the structure were not identified).

The Robo transcripts start with an additional G residue at
their 5’ ends that is contributed by the last nucleotide of the
SP6 promoter; the first nucleotide of the RUB genome is C
(19). To learn the fate of this extra G, we determined the 5’
termini of virion RNA from preparations of Robo302 virus
harvested following one and five passages of the virus obtained
after transfection. After one passage, 60% of 5’-terminal
clones still had the extra G, but after five passages, no clones
containing the extra G were found. After five passages, plaques
of the virus appeared to be larger and the virus grew to a
higher titer than did the virus harvested after one passage (data
not shown); to what extent this was correlated with the loss of
the extra G is not known.

The Robo202/302 constructs all contain a 20-nt poly(A) tract
at the 3’ end of the RUB cDNA preceding the EcoRI linear-
ization site. The mean length of the poly(A) tail in the RUB
genomic RNA is 53 nt, and Robo102 has a 52-nt poly(A) tract
(19). We produced a Robo202 derivative in which the length of
the poly(A) tract was increased from 20 to 40 nt; however, this
did not lead to an increase in specific infectivity.

Phenotypic differences between Rob0202 and Robo302: as-
sociation with the nonstructural region of the genome. As
discussed above, Robo102 was derived from the w-Therien
strain, which forms opaque plaques, while the f-Therien vari-
ant, which forms clear plaques, was used in construction of
Robo202 and Robo302. Although both Robo202 and Robo302
contain the same 3'-terminal 4405 nt derived from f-Therien,
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Robo202 virus forms opaque plaques, as does w-Therien virus,
while Robo302 virus forms clear plaques similar to f-Therien
plaques although somewhat smaller (Fig. 2). The difference in
plaque morphology between Robo202 and Robo302 is thus
associated with the nonstructural (5'-terminal) part of the
RUB genome, the region of the genome in which these two
constructs differ.

Two PCR fragments (I and II [Fig. 1]) from the nonstruc-
tural region of the f-Therien genome were used in construc-
tion of Robo302 from Robo202. As can be seen in Fig. 2,
Robo202/1 virus, which contains only fragment I, forms clear
plaques that are slightly smaller than Robo302 plaques, while
Robo202/IT virus, which contains only fragment II, forms
plaques that are the same size as Robo202 and Robo302
plaques and somewhat less opaque than Robo202 plaques.
Thus, both fragments appear to contain determinants that af-
fect plaque morphology; however the contribution by fragment
I is more pronounced. The nucleotide sequences of the frag-
ment I and II regions from both Robo302 and Robo202 plas-
mids were determined. A summary of the differences is given
in Table 2. Fragments I and II of Robo202 and Robo302 differ
at 10 and 7 nucleotide residues, respectively. Seven of these
differences in fragment I and five in fragment II lead to amino
acid substitutions in the NSP-ORF.

To elucidate the basis of the difference in plaque phenotype
between the Robo constructs, we determined the growth
curves of these viruses and their ability to kill infected cells.
Because of the limited titer to which one of the viruses
(Robo0202/T) replicates, an MOI of 2 PFU/cell was used in
these experiments. The growth curves are shown in Fig. 3. As
can be seen, the growth kinetics of all of these viruses were
similar, with a lag phase of roughly 12 h, an exponential phase
between 12 and 24 h postinfection, and a slower exponential
phase through 55 h postinfection. f-Therien produced the high-
est titers, while w-Therien, Robo302, Robo202, and Robo202/

f- Therien Q o w- Therien
Robo302 O. Robo202

- -

e

Robo202/1 | Robo202/11

FIG. 2. Plaque morphology of f- and w-Therien RUB and the Robo202/302
chimeras. Monolayers of Vero cells grown in 60-mm plates were infected with
indicated viruses, overlaid with 5 ml of agar (0.4% agar [Oxoid no. 1] in Eagle’s
minimal essential medium, 1% fetal bovine serum, 0.1% DEAE-dextran, and 10
ug of gentamicin per ml), and incubated at 35°C under 5% CO,. Plaques were
visualized by staining with 0.1% crystal violet in 4% formalin on day 6 postin-
fection.
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TABLE 2. Summary of nucleotide differences in fragments I
and II between Robo202 and Robo302“

Nucleotide in: Codon change”

Nucleotide

position Fragment ;

Robo202 Robo302 Residue no.  Change
49 1 A G 3 —
431 1 A G 131 S—G
775 1 C T 245 —
1124 1 T A 362 C—-S
1334 1 C T 432 L—F
1509 1 A C 490 E—A
1578 1 A C 513 Q—P
1691 1 C T 551 P—>S
1701 1 C T 554 P—L
1708 1 A C 556 —
3162 I A G 1041 Y—C
3382 1T T G 1114 H—Q
3713 I G A 1225 A—-T
3778 1T T C 1246 —
4217 11 A T 1393 I—-F
4436 1T C A 1466 R—S
4441 11 G A 1467 —

“ Fragments I and IT of Robo302 and Robo202 (Fig. 1) were sequenced, and
the resulting sequences were compared. Nucleotide and amino acid residue
numbering is that of Dominguez et al. (5).

b Amino acid differences in the NSP-ORF (Robo202—Robo302) resulting
from nucleotide differences. —, means no change (silent mutation).

IT produced similar, intermediate titers. Robo202/I virus grew
to noticeably lower titers than the other viruses. Over a more
prolonged course of infection (4 days), w-Therien titers caught
up with f-Therien titers; Robo202, Robo302, and Robo202/11
titers were approximately 2-fold lower than f- and w-Therien
titers; and Robo202/1 titers were 8- to 18-fold lower than those
of any of the other viruses (Table 3). Thus, clear plaque mor-
phology is not correlated with the level of virus production.
When cell viability in cultures infected by these viruses was
assayed by trypan blue exclusion, f-Therien was found to in-
duce a higher level of cell death (~10% viability compared to
the mock-infected control) than w-Therien (~40%) (Fig. 4).
This level of cell viability in Vero cells infected with w-Therien
is similar to observations in an earlier study (11). Correspond-

6—!
£ 5
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= ’ .\ —O— rThenen
=0 am—
) N o
| 4 Lt e w-Thenen
Bl . O Roboao
= R ol ,",'ﬁ ~---f~--  Rgbo202
3 ‘H'. ---B--- Robazozn
=-#- Raba20241
2 T T T T T T 1
0 10 20 ig 40 50 B0

Hours FPost-Infection

FIG. 3. Growth curves of f- and w-Therien RUB and the Robo202/302 vi-
ruses. Vero cells were infected with the indicated viruses at an MOI of 2
PFU/cell. At various times postinfection, 50-l aliquots of the infected culture
media were harvested and stored at —70°C prior to titer determination on Vero
cells. The graph shows mean values of titers determined in two independent
experiments.
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TABLE 3. Average titers produced by Therien and Robo viruses*

. Titer

Virus (PFU/ml)
f-Therien 2.6 X 107
WTIICI ettt eeaeeeesaeeeeeeeeeeneeene 2.5 % 107
Robo302 1.4 x 107
Robo202 1x 107
Robo202/1 1.36 X 10°
Robo202/11 1.2 X 107

“ Vero cells were infected at an MOI of 2 PFU/cell. Media were collected on
day 4 postinfection, and the titers of the virus preparations were determined.
Mean values of titers produced in two independent experiments are given.

ingly, Robo302 virus was a more efficient inducer of cell death
(~20% cell survival) than was Robo202 (~60%). Therefore,
the plaque phenotype difference is correlated with the ability
of these viruses to kill infected cells.

To analyze molecular differences between these viruses that
could account for the difference in plaque morphology and cell
killing, virus macromolecular synthesis was characterized. Pro-
duction of the RUB-specific RNAs (of both positive and neg-
ative polarities) was examined by Northern blot hybridization
of total intracellular RNAs extracted from infected cells, with
the result that all of these viruses produced equivalent amounts
of all the virus RNA species (data not shown). NSP and SP
synthesis was analyzed by immunoprecipitation of the proteins
from lysates of infected cells radiolabeled for 1.5 h. As shown
in Fig. 5A, SP synthesis was similar for all of the viruses.
However, production of the NSPs (Fig. 5B and C) was higher
in cells infected with the more cytopathic viruses (f-Therien
and Robo302) than in those infected with the less cytopathic
viruses (w-Therien and Robo202). Robo202/I also produced
more NSP than did Robo202/II. These differences were not
due to differences in the number of infected cells in the culture,
since at 40 h postinfection a similar percentage of cells (rough-
ly 60%) was infected with f-Therien, w-Therien, Robo302,
Robo202, and Robo202/II viruses as determined by indirect
immunofluorescence (results not shown). However, only 35%
of Robo202/I-infected cells were infected, probably due to the
slower replication of this virus. Therefore, the amount of NSPs
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FIG. 4. Viability of Vero cells infected by f-Therien, w-Therien, Robo302,
and Robo202 viruses. Vero cells grown in 24-well plates were infected with the
indicated viruses at an MOI of 2 PFU/cell. At the indicated times postinfection,
cells were trypsinized, washed with phosphate-buffered saline, and mixed with
0.4% trypan blue stain (Gibco/BRL) before live cells were counted. To ensure
statistical accuracy, three aliquots of each trypsinized cell suspension were
counted.



VoL. 71, 1997
A.
m F W 302 202 kDa 202/ 202/
= B B Sog BNG 200 Tn
o
&

(1%
Wy
I

m F W 302 202 kDa 20211 202/l

frmroeg o e e 200 e o+ precursor
e — e~ +—p150
— — +—pYo

975

40007

3000+

2000

10004

Total Radioactivity (densitometry units)

AN

F W 302 202 | ]

FIG. 5. (A and B) Production of the RUB SPs (A) and NSPs (B). Vero cells
were mock infected (lanes m) or infected with f-Therien, w-Therien, Robo302,
Robo0202, Robo202/I, or Robo202/I1 (lanes F, W, 302, 202, 202/I, and 202/I1,
respectively) at an MOI of 2 PFU/cell. At 40 h postinfection, the cells were
radiolabeled for 1.5 h with [**S]methionine and lysed in RIPA buffer. The RUB
proteins were immunoprecipitated and resolved by SDS-polyacrylamide gel elec-
trophoresis (7.5 to 25% polyacrylamide gradient). Positions of each of the RUB-
specific proteins are indicated. Lanes kDa contain molecular mass standards. A
similar result was obtained when the experiment was done at 22 h postinfection
(results not shown). (C) Diagram of the total radioactivity present in all three
NSP bands in the autoradiogram in panel B (precursor, p150, and p90) for each
of the viruses. To determine these radioactivities, the gel was analyzed in a Fujix
BAS1000 phosphoimager with the manufacturer’s software.

produced by Robo202/I is probably underrepresent in the di-
agram in Fig. 5C.

DISCUSSION

To date, full-length genomic cDNA clones that can be used
for synthesis of infectious RNA transcripts in vitro or in vivo
have been developed for over 40 different plant and animal
plus-strand RNA viruses (reviewed in reference 2). Successful
generation of infectious cDNA clones is a difficult and multi-
step process, which is often problematic due to the presence of
mutations in the virus RNA template population as a result of
the inherent mutability of RNA viruses, the relatively low fi-
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delity of the DNA polymerases used in cDNA synthesis, the
instability and toxicity of viral sequences in bacterial hosts, and
the infidelity of the RNA polymerases used for in vitro tran-
scriptions. A common result is the introduction of unrecog-
nized lethal or deleterious mutations in the cDNA clone.
These mutations are usually located and removed by restric-
tion fragment replacement from a cDNA library. We used the
recent technological development of high-fidelity long PCR to
greatly facilitate this replacement process. By ligating the am-
plified products into the cDNA clone and directly transcribing
without intermediate transformation, we were rapidly able to
ascertain that infectivity was recoverable and localize the mu-
tation. Since the mutation was in a large fragment derived from
an alternate strain, we have not attempted to identify it. Sub-
sequently, a stable infectious clone was recovered. The specific
infectivity of transcripts (10* plaques/ug) was 10*-fold en-
hanced over the previous construct and approached the infec-
tivity of the Sindbis virus infectious clone. This improved in-
fectivity will greatly enhance the utility of the Robo constructs
in the analysis of RUB replication.

The original infectious clone, Robo102, was constructed by
using the w-Therien strain of RUB, which forms opaque
plaques on Vero cells. In upgrading the specific infectivity of
Robo102, we used a variant, f-Therien, that produces clear
plaques, in hopes of obtaining a construct that would also
produce clear plaques. Fortuitously, we were able to generate
two constructs, Robo202 and Robo302, which expressed
plaque phenotypes similar to the parental viruses (opaque and
clear, respectively). We found that Robo302 and f-Therien
killed a greater proportion of the infected cells than did
Robo202 and w-Therien, explaining the difference in the
plaque phenotypes. Since Robo202 and Robo302 contain the
same 3’-terminal half derived from the f-Therien genome
(fragment IIT) but differ in the two fragments (I and II) from
the 5'-terminal part of the genome, the difference in plaque
morphology of Robo202 and Robo302 is associated with the
NSP-ORF. Presumably, this difference is due to genetic deter-
minants in the parental w-Therien and f-Therien viruses. Of
the Robo chimeras that contained either fragment I or frag-
ment II, Robo202/1 produced distinctly clearer plaques than
did Robo202/II. Thus, a major determinant of plaque mor-
phology appears to reside in fragment I sequences. However,
important differences between Robo202 and Robo302 are
present in fragment II as well as fragment I. First, Robo202/11
also differed from Robo202 in plaque morphology. Further-
more, Robo202/1 replicated less well than the other viruses,
and thus some mutation that is necessary for Robo302 to
replicate efficiently as well as to form clear plaques must exist
in fragment II.

At the molecular level, we found that NSP synthesis was
higher in cells infected with the more cytopathic viruses
(Robo302 and f-Therien) than with the less cytopathic viruses
(Robo0202 and w-Therien) while production of the RUB-spe-
cific RNAs and SPs was similar. This correlates with mapping
of the genetic determinants to the nonstructural region of the
genome and suggests that the NSPs are involved in RUB-
induced killing of Vero cells. Although these findings suggest
that the level of NSP production is correlated with cytopatho-
genicity, we cannot exclude the possibility that some of the
point mutations in the f-Therien NSPs cause more efficient cell
killing. The simplest explanation for the different amounts of
NSPs would be a difference in the efficiency of translation of
the NSP-ORFs. In this regard, each virus that contained frag-
ment I from f-Therien (Robo302 and Robo202/T) produced
more of the NSPs than did the viruses with fragment I from
w-Therien (Robo202 and Robo202/IT). The 40-nt 5" untrans-
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lated region preceding the AUG initiation codon for the NSP-
OREF is identical in f- and w-Therien and the Robo viruses,
indicating that the difference in expression of the NSPs is
associated with sequences located downstream from the initi-
ation codon. A similar enhancing effect of sequences located
downstream from the AUG initiation codon on the efficiency
of translation was recently described for the subgenomic RNA
of Sindbis virus (8, 9). With the availability of the pair of
efficient infectious clones Robo202 and Robo302, it will be
possible to determine the effect of individual nucleotides on
both translation efficiency of the NSP-ORF and RUB-induced
cell killing.
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