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The synthesis of Sindbis virus minus-strand and genomic and subgenomic RNAs is believed to require
specific cis-acting sequences or structures in the template RNAs and a combination of virus-specific proteins
and host components which act in trans. A conserved sequence of about 21 nucleotides in the junction region
and encompassing the start site for the subgenomic RNA has been proposed to function as the promoter on the
minus-strand template for synthesis of the subgenomic RNA (J.-H. Ou, C. M. Rice, L. Dalgarno, E. G.
Strauss, and J. H. Strauss, Proc. Natl. Acad. Sci. USA 79:5235-5239, 1982). We introduced a three-base
insertion in this sequence, which also inserts a single amino acid near the COOH terminus of nsP4, in a cDNA
clone of Sindbis virus from which infectious RNA transcripts can be generated. The phenotype of this mutant,
called Toto1100CR4.1, was studied after RNA transfection of chicken embryo fibroblasts or BHK cells. The
mutation leads to a drastic reduction in the level of the subgenomic RNA but does not alter the start site of the
RNA. Probably as a consequence of depressed structural-protein synthesis, very few progeny virions are
released and the mutant makes tiny or indistinct plaques even after prolonged incubation. The cis-acting effect
of this mutation was demonstrated by incorporating either a wild-type or mutant junction region into a
defective-interfering RNA and examining the relative synthesis of defective-interfering RNA-derived subge-
nomic RNA in vivo in the presence of wild-type helper virus. These results show that the junction region is
recognized by yet unidentified viral trans-acting components for subgenomic RNA synthesis. When the
Toto1100CR4.1 mutant was passaged in culture, plaque morphology variants readily arose. A total of 24
independent revertants were isolated, and 16 were characterized in detail. All revertants analyzed showed an
increase in the level of subgenomic RNA synthesis. Sequence analysis of the junction region showed that all
were pseudorevertants, with only two containing potentially compensating changes in the junction region. An
assay was developed to identify revertants with second-site changes in frans-acting viral components involved
in subgenomic RNA synthesis. At least two such revertants were identified. Mapping of these and other
second-site compensating mutations may provide genetic clues as to which virus-specific protein(s) is

responsible for interaction with the conserved junction region to promote subgenomic RNA synthesis.

Sindbis virus, the type species of the Alphavirus genus
(family Togaviridae), and the closely related Semliki Forest
virus have been widely studied (reviewed in reference 36).
Members of this genus are enveloped viruses which mature
by budding through host membranes and are transmitted by
mosquitos to a wide variety of vertebrate hosts. The genome
of Sindbis virus consists of a single molecule of single-
stranded RNA, 11,703 nucleotides in length (39). The ge-
nomic RNA is infectious, is capped at the 5’ terminus and
polyadenylated at the 3’ terminus, and serves as mRNA and
is therefore, by convention, of plus polarity. The 5’ two-
thirds of the genomic 49S RNA is translated early during
infection to produce two polyproteins that are processed by
cotranslational and posttranslational cleavage (13) into four
nonstructural proteins (called nsP1 through 4, numbered in
order as they appear in the genome sequence [39]) which are
required for RNA replication. A full-length minus strand
complementary to the genomic RNA is first synthesized, and
it then serves as a template for the synthesis of new 49S
genomic RNA molecules. The minus strand is also tran-
scribed from an internal site to produce a 26S subgenomic
mRNA that is 4,106 nucleotides long and colinear with the
3’'-terminal one-third of the 49S genome. This subgenomic
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mRNA is capped, polyadenylated, and encodes the three
virion structural proteins (the capsid protein C, and the two
envelope glycoproteins E1 and PE2, the precursor of the
virion E2). In contrast to the 49S RNA, 26S subgenomic
RNA does not serve as a template for minus-strand synthesis
nor is it packaged into mature virions.

Synthesis and packaging of Sindbis virus-specific RNAs in
vertebrate cells require trans-acting components (both virus
encoded and host specified) which act on specific viral RNA
structures or sequences. The viral proteins and cis-acting
RNA sequences mediating these regulated steps in the virus
life cycle and the molecular mechanisms involved are still
largely undefined. Comparison of several different alphavi-
rus sequences (24-26) revealed at least four conserved RNA
domains which could act as cis-acting RNA sequences or
structures. A conserved sequence of 19 nucleotides adjacent
to the 3’-terminal poly(A) tail was hypothesized to be
important for initiation of minus-strand synthesis (25). De-
letion mutagenesis studies, in which a defective-interfering
(DI) RNA cDNA clone which could produce biologically
active RNA transcripts was used, showed that this sequence
was important for replication and/or packaging of DI RNA
(17), although direct evidence of its role in initiation of
minus-strand synthesis has yet to be obtained. The other
three conserved RNA features in the alphavirus genome
include a 5'-terminal secondary structure (26), a 51-base
conserved sequence near the 5’ end of the genomic RNA
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(26), and a stretch of 21 bases encompassing the start of the
subgenomic RNA in the junction region (24). The junction
region is defined as the region of the genome immediately
preceding and including the beginning of 26S RNA (24). For
DI RNA replication and packaging, the 5'-terminal second-
ary structure, the S51-base conserved sequence, and the
junction region are nonessential (17). Mutagenesis studies
aimed at defining the function of these sequences in wild-
type Sindbis virus replication have not yet been reported.

The conserved 21-base sequence in the junction region
was proposed to function, in the minus strand, as the
promoter for subgenomic RNA synthesis (24). This se-
quence is absent from naturally occurring DI RNA genomes
which have been sequenced (16, 23), and such DI genomes
do not make DI-derived subgenomic RNAs. Recent experi-
ments have shown that translocation of a segment of the
viral genome containing the junction region into a DI genome
leads to the production of DI-derived subgenomic RNA,
thus allowing us to map the minimal sequences required for
subgenomic RNA synthesis (R. Levis, S. Schlesinger, and
H. V. Huang, submitted for publication). In this study, by
using a full-length cDNA clone of the Sindbis virus genome
from which infectious transcripts can be generated by in
vitro transcription (29), we report the construction of a
three-base insertion mutation in the junction region and the
characterization of its effects on subgenomic RNA synthesis
in both the Sindbis virus genome and in engineered DI RNA
genomes. Furthermore, in the context of the full-length
genome, the mutant phenotype is unstable and revertants
arise at high frequency. The phenotypes of several indepen-
dent revertants have been characterized, including two
which may contain compensating second-site changes in
viral components which allow more efficient recognition of
the mutant subgenomic RNA promoter.

MATERIALS AND METHODS

General recombinant DNA materials and methodology. All
restriction enzymes, SP6 DNA-dependent RNA polymer-
ase, RNasin, DNase I, T4 DNA ligase, T4 DNA polymerase,
and Escherichia coli DNA polymerase I and its large frag-
ment (poll-K) were obtained from New England BioLabs
Inc., Bethesda Research Laboratories, Boehringer Mann-
heim Biochemicals, or Promega Biotec. Avian myeloblasto-
sis virus reverse transcriptase was from Life Sciences, Inc.,
Moloney murine leukemia virus (M-MLYV) reverse tran-
scriptase was from Bethesda Research Laboratories, and
Taq DNA polymerase was from Cetus. All radioactive
materials were purchased from either Amersham Corp. or
ICN Pharmaceuticals, Inc. Enzymes were used essentially
as recommended by the manufacturers. Plasmids were
grown, purified, and analyzed by using standard methods,
with minor modifications (21).

Plasmid constructions. Plasmids were constructed by using
standard methods, and brief descriptions are presented
below. The structures of the relevant clones are shown in
Fig. 1. Plasmid structures were verified by appropriate
restriction digests and sequence analyses. Nucleotide num-
bers are given relative to the Sindbis virus genomic RNA or
DI genomic RNA 5’ termini, unless otherwise noted. The
genomic and subgenomic RNA sizes do not include that of
the poly(A).

Toto1100CR4.1. The nsP4 coding sequence from HindIII
(nucleotide [nt] 6267) to the filled-in Ncol site (nt 8038) of
Totol000 (a plasmid capable of yielding infectious RNA
transcripts [29]) was subcloned into wAN7 (20), which had
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been digested with HindIIl and HinclIl. The resulting plas-
mid, wNSP4C (2,638 base pairs), was partially digested with
Sau96l. Linear molecules were isolated from preparative
agarose gels (41), treated with poll-K to fill in the 5’
protruding ends, and religated. Mutants were identified and
mapped by restriction digestion with Sau96I and were veri-
fied by sequence analysis. A mutation in which the Sau961
site at position 7590 in the Sindbis virus cDNA sequence was
filled in was designated CR4.1. The HindIII (nt 6267) to
Aatll (nt 7999) fragment from this mutant subclone was then
used to replace the corresponding region in Toto1100, giving
the plasmid Toto1100CR4.1. Toto1000, Toto1100, and Toto
1101 contain identical Sindbis virus cDNA sequences, with
minor differences in the plasmid vector. Plasmids in the
Toto1100 series have, downstream from the 3’ wild-type tail,
a unique Xhol site used for production of linearized tem-
plates for runoff transcription, which replaces the SstI site in
Tot01000. Toto1100 and Toto1101 also contain a deletion in
the pBR322-derived sequences between the EcoO109 and
Aatll sites, rendering the AatII site (nt 7999) in the Sindbis
virus cDNA sequence unique. Toto1100, in addition, con-
tains a high-copy-number mutation in the plasmid replication
origin (3). Virus stocks derived from Tot01000, Toto1100, or
Toto1101 are considered to be identical and in this paper are
defined as the parental or wild-type virus.

JNSH and JNSH.A. JNSH is a modified version of a cDNA
clone, KDI2S (17), of a DI RNA genome. Its 3’ terminus is
derived from Totol100, and it also contains a fragment
encompassing the junction region (see Fig. 1). The 3'-
terminal region of KDI25 from the Nael site at base 2245 to
the EcoRlI site at base 2373 (for a description of KDI25, see
reference 17) was replaced with the Ms?I (nt 11546) to EcoRI
[immediately 3’ of the poly(A)] fragment from Toto1100.
This clone, called KDI25.3, has a unique Nael site in the DI
cDNA at position 1340. The Sspl (nt 7499) to Hincll from
TSCAT (the Hincll site is in the polylinker region upstream
from the chloramphenicol acetyltransferase [CAT] gene in
TSCAT [42]), containing the junction region (from —98 to
+117 relative to the subgenomic RNA start), was then
inserted into the Nael site of KDI25.3, resulting in JNSH (DI
genomic RNA length of 2,671 bases; predicted subgenomic
RNA length, 1,280 bases). JNSH.A is identical to JNSH
except that the Avall (Sau96]) site in the junction region was
filled in with poll-K, resulting in the same three-base inser-
tion found in Toto1100CR4.1.

TRCAT and TRCAT.A. TRCAT contains the bacterial
CAT gene replacing the coding region for the Sindbis virus
structural proteins in Toto1002 ([42] between positions 7612
and 11087). The size of TRCAT genomic RNA is 8,969 nt,
and the size of the subgenomic RNA encoding CAT is 1,412
bases. TRCAT.A is identical to TRCAT except that the
Avall (Sau96]) site in the junction region was filled in with
poll-K, creating the same three-base insertion mutation
found in Toto1100CR4.1.

DIJCAT and DIJCAT.A. These DI cDNA constructs were
derived from KDI25 (17), in which the unique HindIII site
was destroyed by filling in with poll-K. A polylinker con-
taining a HindIII site was inserted into the Ball site at nt 241
of the DI cDNA. This construct was then fused at this
HindIII site to the HindIII (nt 6267) site of TSCAT (42).
DIJCAT.A is identical to DIJCAT except that the Avall
(Sau96l) site in the junction region was filled in with poll-K,
creating the same three-base insertion mutation found in
Toto1100CR4.1.

Cell cultures, virus growth, plaque assay, and revertant
isolation. Chicken embryo fibroblasts (CEF) were propa-
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FIG. 1. Structure of clones. Diagrams and sizes of genomic-length RNA transcripts derived by in vitro transcription of plasmid templates
used in this study are shown. Details of the construction of the plasmids are given in Materials and Methods. Sindbis virus sequences (solid
bar), the CAT gene coding sequences (open bar), and DI RNA sequences (shaded bar) are indicated. Arrows mark the locations in the
genomic RNAs corresponding to the start site of subgenomic RNAs. Constructs with the mutant junction (4.1) containing a three-base

insertion (solid diamond) are indicated.

gated as previously described (27). BHK-21 cells (from the
American Type Culture Collection via Robert E. Johnston,
University of North Carolina) were grown in minimal essen-
tial medium supplemented with 10% tryptose phosphate
broth and 10% bovine calf serum. Virus stocks were derived
from either the full-length Sindbis virus c¢cDNA clone
Totol101 or its mutagenized derivatives by in vitro tran-
scription of linearized plasmid DNAs by using SP6 DNA-
dependent RNA polymerase, followed by RNA-mediated
transfection of CEF cells (29). Virus stocks were titered on
CEF monolayers as described previously (37). Revertants
were isolated by passaging supernatants from 24 indepen-
dent Toto1100CR4.1 RNA transfections and were selected
on the basis of plaque morphology at 30°C. Since the original
mutant produced fuzzy, indistinct plaques under these con-

ditions, revertants which produced clear, discrete plaques at
30°C after 48 h were chosen. Individual plaques were recov-
ered from second-passage supernatants and were purified
with an additional cycle of plaque purification on CEF
monolayers at 30°C. Stocks were grown at 30°C and har-
vested at 48 h.

In vitro transcription and capping. 5'-Capped RNA tran-
scripts were synthesized in vitro by SP6 DNA-dependent
RNA polymerase by using plasmid template DN As digested
with appropriate restriction endonucleases for production of
runoff transcripts (29). Trace quantities of [PHJUTP or
[a->?P]CTP included in the transcription reactions allowed
quantitation and gel analysis of the RNA transcripts. Incor-
poration was measured by adsorption to DE 81 (Whatman)
filter paper (21). Template DNA was removed by digestion
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with DNase I, followed by extraction with phenol-chloro-
form and recovery of the RNA by ethanol precipitation.

RNA transfection with lipofectin. For first-cycle analysis,
slightly subconfluent monolayers of BHK or secondary CEF
cells in 35-mm tissue culture plates (about 10° cells) were
used for RNA transfection. Transfection mixtures were
made by adding 8 pg of lipofectin, a cationic liposome (8;
lipofectin was a generous gift from P. L. Felgner and G. M.
Ringold, Syntex), to 200 pl of ice-cold phosphate-buffered
saline (PBS) (lacking Ca?* and Mg?*) and this was followed
by 100 ng of RNA (or in some cases 20 pg of the liposomes
and 200 to 250 ng of RNA were used). This ratio was
determined empirically, and increasing the amount of the
cationic liposomes did not significantly increase transfection
efficiency. The transfection mixture was incubated on ice for
10 min prior to use (it is not known if this step is necessary).
After washing monolayers twice with PBS, the cells were
incubated with 200 .l of the RN A-lipofectin mixture at room
temperature for 10 min with occasional rocking. The mono-
layers were then washed once with PBS and incubated in
minimal essential medium containing 2% fetal bovine serum.
Incubation times are given in Results, and, unless otherwise
indicated, cultures were incubated at 30°C. To examine
replication and transcription of DI genomes, DI RNA tran-
scripts and virion RNA were used to cotransfect 60-mm
plates of CEF monolayers. A 200-ng portion of the DI RNA
was mixed with 250 ng of virion RNA in 160 pl of PBS, and
40 pg of lipofectin was added. This mixture was diluted to
500 pl with PBS and used to transfect the cells as described
above.

RNA analysis. Monolayers of BHK or secondary CEF
cells were infected with Sindbis virus or revertant stocks at
a multiplicity of infection (MOI) of 10 PFU per cell or
transfected with RNAs as described above. Virus-specific
RNAs were labeled in the presence of minimal essential
medium containing 2 pg of dactinomycin and 100 wCi of
[*H]uridine per ml for various intervals, as described in the
Results. Cytoplasmic RNAs were isolated, denatured with
glyoxal and dimethy] sulfoxide, and analyzed by electropho-
resis in 1% agarose gels containing 10 mM phosphate buffer
(21).

Primer extension analysis. Samples of total cytoplasmic
RNA prepared from mock, wild-type virus, mutant, or
revertant-infected (or transfected) CEF cells were annealed
to 0.5 pmol of a 5'-end-labeled oligonucleotide (complemen-
tary to nucleotides 7644 to 7662 of Sindbis virus) and
extended by using M-MLYV reverse transcriptase. The reac-
tion mix (10 pl) contained 1X polymerase chain reaction
(PCR) buffer (10 mM Tris hydrochloride, pH 8.3 [at 20°C],
1.5 mM MgCl,, S0 mM KCl, 0.01% gelatin), 4 mM dithio-
threitol, 1.0 mM of each deoxynucleoside triphosphate, 400
U of RNasin per ml, and 2,000 U of M-MLV reverse
transcriptase per ml. After incubation at 37°C for 30 min,
discrete extension products corresponding to the 5’ end of
26S RNA were resolved by electrophoresis on 5% polyacryl-
amide sequencing gels (22), visualized by autoradiography,
and, in some cases, quantitated by scanning densitometry or
excision of the bands and liquid scintillation counting.

CAT assay. At various times after RNA transfection,
monolayers were washed three times with PBS, scraped into
0.5 ml of PBS, and transferred to a microcentrifuge tube.
After centrifugation, cell pellets were suspended in 0.25 M
Tris hydrochloride, pH 8, and stored at —70°C. After thaw-
ing and two more freeze-thaw cycles, portions or dilutions of
the clarified supernatants were assayed for CAT activity as
previously described (9). [**C]chloramphenicol and its acet-
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ylated forms were separated by thin-layer chromatography,
localized by autoradiography, and quantitated by liquid
scintillation counting.

Immunofluorescence. Productively transfected cells were
identified and quantitated by immunofluorescence staining of
fixed BHK monolayers with a rabbit antiserum specific for
Sindbis virus nsP3. BHK cells were seeded in 35-mm tissue
culture dishes containing 12-mm cover slips which had been
coated with rat tail collagen (2). Monolayers were used for
transfection when they were about 40% confluent. Parallel
plates were used to determine the number of cells at the time
of harvest and for quantitation of CAT activity as described
above. For immunofluorescence staining, monolayers were
fixed and permeabilized and nonspecific binding sites were
blocked as previously described (42). Monolayers were
incubated for 30 to 60 min with nsP3 antiserum that was
diluted 200-fold with PBS-0.1% bovine serum albumin
(BSA). The nsP3 antiserum (13) was preadsorbed with
acetone-fixed CEF and BHK cells to reduce nonspecific
binding. After washing three times with PBS-BSA, mono-
layers were incubated for 45 min with fluorescein isothiocy-
anate-conjugated goat antibody directed against rabbit anti-
body (1:100 dilution, filtered through a 0.22-um cellulose
acetate membrane), washed three times with PBS-BSA and
once with PBS, and mounted in PBS—glycerol (2:1). Stained
cells were counted by immunofluorescence microscopy.
Fluorescent cells were not seen in mock-transfected mono-
layers.

PCR amplification and sequencing. To sequence the junc-
tion region of Toto1100CR4.1 revertants, total cytoplasmic
RNA was isolated from infected (MOI of 10 PFU per cell) or
mock-infected CEF cells at 8 h postinfection as previously
described (17). Approximately one-tenth of the RNA iso-
lated from a 60-mm tissue culture dish (~3 x 10° cells per
plate) was used for reverse transcription. A 0.1-pmol portion
of a negative-sense primer corresponding to nts 7690 to 7710
(called PCR2) was annealed to the RNA and extended for 15
min at 37°C with M-MLYV reverse transcriptase. The reaction
mix (10 pl) contained 1x PCR buffer, 5 mM dithiothreitol,
0.2 mM each deoxynucleoside triphosphate, 400 U of RNasin
per ml, and 2,000 U of M-MLYV reverse transcriptase per ml.
After heating the reaction to 70°C for 10 min, 10 ul of a
mixture containing 0.2 mM deoxynucleoside triphosphates,
20 pmol of PCR2 and PCR1 (a positive-sense primer corre-
sponding to nts 7463 to 7483 of Sindbis virus), and 1 U of Taq
DNA polymerase in 1X PCR buffer was added. The reaction
was covered with paraffin oil, and DNA was amplified by 25
consecutive cycles of the PCR (31) with a 1-min denaturation
step at 94°C, a 3-min polymerization step at 72°C, and no
annealing step. Reactions were terminated by addition of
EDTA to 10 mM; 20 pg of tRNA was added as carrier, and
the samples were extracted with chloroform, followed by
phenol and then chloroform, and the DNA was ethanol
precipitated. One-fifth of the DNA from the first round of
amplification was further amplified in a 50-pl reaction under
the same conditions, except that a 1-min 55°C annealing step
was added and only 20 amplification cycles were used. The
products were extracted, precipitated and washed with
ethanol, and suspended in 10 pl of TE (10 mM Tris hydro-
chloride, pH 7.5, 0.1 mM EDTA). Since initial attempts to
sequence these products by using several modifications of
the Sanger method (32) gave unsatisfactory results, we end
labeled and sequenced the products by using the chemical
method (22). A 1.5-ul portion of the DNASs from the second
amplification was digested with Mspl (nt 7481) and 3’ end
labeled by using poll-K and [a-3?P]dCTP. After heating the
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samples to 70°C for 10 min to inactivate the poll-K, they
were digested with Hinfl (nt 7657) and the reaction was
terminated by addition of EDTA to 10 mM and formamide to
35%. DNA was denatured by heating to 90°C for 5 min, and
the fragments were resolved by electrophoresis on 5%
polyacrylamide sequencing gels (30). The 179-nt band corre-
sponding to the junction region was localized by autoradiog-
raphy, excised, eluted, and sequenced by the chemical
method (22, 30).

trans-Complementation assay. Duplicate sets of tertiary
CEF cells were infected with Toto1101 or Toto1100CR4.1
revertants at an MOI of 5 PFU per cell. After 1 h at 30°C, the
inoculum was removed and the cells were washed three
times with PBS. Cells were transfected with 200 ng of
capped RNA transcripts derived from either DIJCAT or
DIJCAT.A by using 5 ug of lipofectin as described above.
After 30 min at 30°C, the monolayers were washed with
PBS, minimal essential medium containing 3% fetal bovine
serum was added, and incubation was continued for 16 h.
The cultures were shifted to 37°C for 2 h, harvested, and
assayed for CAT activity as described above. The 37°C
incubation was included to increase the sensitivity of the
assay, since higher temperatures have been shown to in-
crease the level of CAT produced from preexisting CAT
mRNA (42).

RESULTS

Phenotype of virus derived from Toto1100CR4.1. The mu-
tation in Toto1100CR4.1 results in a three-base insertion
(GUQ) in the conserved sequence of the junction region,
between nucleotides —4 and —S5 relative to the subgenomic
RNA start (Fig. 2). The mutation also inserts an arginyl
residue between amino acid residues 608 and 609 of nsP4
(approximately 610 amino acids in length [39]).

5'-Capped RNA transcripts were produced by in vitro
transcription of Xhol-linearized Totol1100CR4.1 plasmid
DNA with SP6 DNA-dependent RNA polymerase. CEF
transfected with this RNA showed very little if any cyto-
pathic effect even after 72 h at 30°C (with Totol1101 virus,
dramatic cytopathic effect is seen after 8 to 12 h at 37°C or 15
h at 30°C). When the ability of the RNA to initiate plaque
formation at various temperatures was examined, very small
diffuse plaques could be seen when monolayers were incu-
bated for 96 h at 30°C and stained with neutral red. While
these plaques were difficult to count, there did not appear to
be a significant difference between the specific infectivity of
RNA transcripts derived from Totol100CR4.1 compared
with the parental Toto1101. Plaques were apparent but more
difficult to visualize at higher temperatures (37 or 40°C).
Samples of the media from these primary transfection exper-
iments typically gave very low titers of small diffuse plaques
at 30°C (~10° PFU/ml, compared with >10° PFU/ml for the
parental virus) and very indistinct plaques at 40°C which
were difficult to quantify. The presence of plaque morphol-
ogy variants in early passage virus stocks suggested the
presence of revertants in the population. These initial results
showed that the insertion mutation was deleterious (but not
lethal) and suggested that the mutant phenotype was unsta-
ble, thus emphasizing the need to study the phenotype as
early as possible, i.e., immediately after transfection.

First-cycle analysis. Analysis of the effects of mutations on
viral RNA and protein synthesis in transfected cells was
hampered by the low transfection efficiency of RNA with
DEAE-dextran (29), which at best results in only about 0.1%
of the cells being productively transfected. We therefore

J. VIroL.
A.
-30 -20 -10
| : | : | : m» 26S mMRNA
SIN GGAAAUAAAGCAUCUCUACGGUGGUCCUAAAUAGUCAGCAUAGUAC
SFV ACCUG-U-UA--C C U-GUGCGU--A-~--
MID ACCCG-U-UUG-C UGCGUG-A--~
EEE UC-CCCC-UAACC-======= CU-A-—=-—————- GUU-UGC-U--G
RRV ACCC--CGUA--C C AUGCAGAGAC--
ONN -CCCG-CGUAACCU-G ——A: GU-CGCACUACA
VEE --CCCCU-UAAC CUAA G-A-UA-GACA--G
B.
SIN GluIleLysHisLeuTyrGlyGlyProLystrm
SFV ProvVallle LeuValArgtrm
MID ProVallleAsp trm
EEE HisProIleThr--------- trm
RRV Pro---vVal -trm
ONN ProvalvalThr-----------—-—-—--- trm
VEE AlaProIleThr--------- trm
C.
-30 -20 -10
| : | : | : -
SIN GGAAAUAAAGCAUCUCUACGGUGGUCCUAAAUAGUCAGCAUAGUAC
GluIleLysHisLeuTyrGlyGlyProLystrm
-33 -23 -13
| : | : | : -
4.1 GGAAAUAAAGCAUCUCUACGGUGGUCGUCCUAAAUAG
GluIleLysHisLeuTyrGlyGlyArgProLystrm
-30 -20 -10
| : | : | : -
R12 GGAAAUAAAGCAUCUCUACGGUGGUCGUAARUAG
GluIleLysHisLeuTyrGlyGlyArgLystrm
-33 -23 -13
| : | : | : -
R22 GGAARUAAAGGAUCUCUACGGUGGUCGUCCUAARAUAG

GluIleLysAspLeuTyrGlyGlyArgProLystrm

FIG. 2. Alphavirus junction region sequences. (A) Alignment of
the genomic sequences in the junction region from several alphavi-
ruses: Sindbis virus (SIN [24]), Semliki Forest virus (SFV [24]),
Middelburg virus (MID [24]), Eastern equine encephalitis virus
(EEE [7]), Ross River virus (RRV [24]), O’Nyong-nyong virus
(ONN [38]), Venezuelan equine encephalitis virus (VEE [15]). The
complement of these sequences in the negative-strand template was
proposed to function as the promoter for subgenomic RNA synthe-
sis. Sequence identity with respect to the Sindbis virus sequence is
indicated by dashes. Nucleotides are numbered relative to the 26S
mRNA start (shown by an arrow; see reference 24). (B) Deduced
amino acid sequences of nsP4 in this region are compared. (C)
Nucleotide (double underline) and amino acid (underline) sequences
of the 4.1 mutant and the R12 and R22 revertants that differ from
that of the parental virus, Toto1101.

established RNA transfection conditions by using the cati-
onic liposome, lipofectin (8), which increased the percentage
of transfected cells to about 1% for CEF or BHK cells (data
not shown; the procedure is given in Materials and Meth-
ods).

When viral RNA patterns of transfected BHK cells were
examined at different temperatures (30, 37, and 40°C), the
mutant showed a dramatic reduction in the level of 26S RNA
relative to 49S RNA (Fig. 3A). While the 26S RNA species
produced by the mutant was barely detectable, the produc-
tion of small diffuse plaques implied that sufficient levels of
structural proteins were produced to allow some virus as-
sembly to occur.

Primer extension analyses were used to verify the exist-
ence of the 26S RNA in Toto1100CR4.1-transfected cells and
to compare the start site of the subgenomic RNAs produced
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FIG. 3. First-cycle RNA analyses of Totol100CR4.1. (A) Levels of 49S and 26S RNAs in BHK cells transfected with Toto1101 or
Toto1100CR4.1 transcripts. Monolayers of BHK cells were transfected with transcripts from either Toto1101 (wt), Toto1100CR4.1 (4.1), or
mock transfected (m), as described in Materials and Methods. After incubation at 30, 37, or 40°C for 2 h, the cells were labeled with
[*Hluridine in the presence of 2 pg of dactinomycin per ml. At 8 h posttransfection, cytoplasmic RNAs were isolated, denatured, and
separated on a 1% agarose gel. The positions of the genomic 49S RNA and the subgenomic 26S RNA are indicated. The absolute levels of
virus-specific RNA synthesis cannot be compared in this experiment due to the dramatic differences in the rate and amount of virus released
from the Totol100CR4.1 mutant versus Totol101-transfected cells and subsequent infection of additional cells during the course of the
experiment. (B) Mapping the initiation site for subgenomic RNA synthesis. Intracellular RNAs were isolated from CEF cells transfected with
either Totol101 or Totol100CR4.1 or mock transfected as described in Materials and Methods. A 5’-end-labeled negative-sense
oligonucleotide hybridizing from nt 47 to nt 65 downstream from the wild-type subgenomic RNA start was extended by using reverse
transcriptase. The products were denatured and run on a 5% acrylamide-urea sequencing gel. Extension products from Toto1100CR4.1 and
mock-transfected cytoplasmic RNAs were loaded in lanes 3 and 4, respectively. Relative to amounts loaded for the mutant and mock control,
1/25th and 1/100th of the extension products from the Toto1101 intracellular RNA were loaded in lanes 1 and 2, respectively. The four lanes
at the right (C, T, A, and G) show extension products from dideoxy sequencing (32) of Toto1101 plasmid DNA with the same primer. The
nucleotide complementary to the start site of wild-type Sindbis virus subgenomic RNA is marked in the sequence ladder with an arrow.

from the wild-type versus the mutant junction region. A
5'-end-labeled oligonucleotide complementary to the se-
quence from 47 to 65 bases downstream from the wild-type
subgenomic RNA start was annealed to total cytoplasmic
RNA from mutant, wild-type, or mock-infected cells and
extended by using reverse transcriptase. Virus-specific ex-
tension products which corresponded to the 5’ terminus of
26S RNA were seen for both wild-type and mutant intracel-
lular RNAs (Fig. 3B). Although present in greatly reduced
quantities, the sizes and distribution of the extension prod-
ucts of the mutant were identical to those of the wild-type
virus. This suggests that the three-base insertion in Toto1100
CR4.1, while dramatically decreasing the level of 26S RNA
synthesis, does not alter the start site or the extent of 5’
capping. Since the start site of the wild-type and mutant
subgenomic RNAs appeared to be identical by this analysis,
the simplest interpretation of these data would argue for a
direct effect of the insertion on the efficiency of subgenomic
RNA synthesis, rather than an effect on 26S RNA stability.
We note, however, that other possible effects, such as the
capping efficiency of the 26S RNA affecting its stability,
have not been examined.

Quantitative examination of the effects of the Toto1100
CR4.1 mutation. We measured the relative levels of sub-
genomic RNA synthesis by using two packaging-defective
but replication-competent Sindbis virus genomes: TRCAT
(42) and TRCAT.A (Fig. 1). In TRCAT, the Sindbis virus
structural genes are replaced by the CAT gene, such that a
subgenomic RNA encoding CAT is produced by the Sindbis
virus replication-transcription machinery (42). TRCAT.A is
identical to TRCAT except for the three-base insertion
corresponding to the Toto1100CR4.1 mutation in the junc-
tion region. Since these genomes lack the structural protein
genes, no virus will be released from transfected cells and
the levels of genomic and subgenomic RNAs in transfected
cells can be more easily compared. Furthermore, translation
of the subgenomic RNA leads to production of enzymati-
cally active CAT, which can then be assayed to provide a

more sensitive albeit indirect estimate of the relative subge-
nomic RNA levels. When the level of CAT produced per cell
by these constructs was compared at different times post-
transfection, TRCAT.A produced between 200- to 500-fold
less CAT per cell than TRCAT did (Table 1). Examination of
the dactinomycin-resistant RNA patterns from BHK cells
transfected with these constructs, incubated at 30°C, showed
that while the three-base insertion drastically reduces sub-
genomic RNA synthesis, relatively little difference was seen
in the level of genome-length RN As (data not shown). This
implies that the mutation does not lead to any obvious
defects in genomic RNA synthesis at this temperature.
Effects of the three-base insertion on subgenomic RNA
production in trans. Since the Toto1100CR4.1 mutation also
affects the structure of nsP4 (Fig. 2C) by insertion of an
arginyl residue two residues from the C terminus of the

TABLE 1. Measurement of CAT activity in cells transfected

with TRCAT or TRCAT.A“

Ratio of

CAT expression® CAT trimers per cell4 trimers

Time per cell
® p1” TRCAT/
TRCAT TRCAT.A TRCAT TRCAT.A TRCAT.A

15 6x10° 4x107% 4x10° 8 x 10? 5 x 10?
20 7 %1073 1x1077 §5x10° 3 x 10° 2 x 10?
23 1x107* 1x 1077 1x10° 3x10° 3 x 102

2 Duplicate plates of BHK monolayers were transfected with TRCAT or
TRCAT.A transcripts or mock transfected for each time point, as described in
Materials and Methods. After incubation at 30°C for the indicated times, one
monolayer was harvested and assayed for CAT. The duplicate monolayer was
fixed and stained with antisera specific for Sindbis virus nsP3 to determine the
number of productively transfected cells.

® Monolayers were harvested for CAT assay or fixed for immunofluores-
cence at the indicated times posttransfection (p.t.).

¢ Units of CAT per monolayer, as determined in reference 9.

4 Total number of enzymatically active CAT trimers in the extract divided
by the total number of positively staining immunofluorescent cells.
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FIG. 4. Effect of the insertion mutation on subgenomic RNA
synthesis in trans. CEF monolayers were transfected with RNA
from JNSH (lane 1), INSH.A (lane 2), 49S virion RNA (lane 3),
cotransfected with virion RNA and JNSH (lane 4), or virion RNA
and JNSH.A (lane 5). RNAs were labeled with [*H]uridine in the
presence of 2 pg of dactinomycin per ml from 1 to 15.5 h posttrans-
fection. Total cytoplasmic RNAs were isolated, denatured, and
separated on a 1% agarose gel. Transcripts from JNSH and INSH.A
used for transfection were run in lanes 6 and 7, respectively. The
positions of the genomic 49S RNA (11703 bases), the subgenomic
26S RNA (4106 bases), the DI genomic RNA (DI genomic, 2671
bases), and the DI subgenomic RNA (DI subgenomic, 1280 bases)
are indicated at the right. The identity and structure of the DI
subgenomic RNA was verified by S1 analysis of in vivo-labeled
intracellular RNAs (Levis, Ph.D. thesis).

protein, the phenotypes of Totol1100CR4.1 and TRCAT.A
may result from deleterious effects of the insertion mutation
on the subgenomic RNA promoter, an effect of the inserted
amino acid on the function of nsP4, or both. The predicted
carboxyl termini of alphavirus nsP4s are rather variable (Fig.
2). The nsP4 coding region of Semliki Forest virus contains
three additional carboxyl-terminal residues, whereas Vene-
zuelan and Eastern equine encephalitis viruses contain a
stop codon three residues upstream from the position ho-
mologous to the Totol100CR4.1 insertion mutation. Al-
though these observations suggest that this region of nsP4
may not be functionally significant, and, therefore, that the
Toto1100CR4.1 insertion mutation acts primarily in cis, a
direct test is clearly desirable.

In studies described in detail elsewhere (Levis et al.,
submitted), insertion of a fragment containing the junction
region into a DI RNA results in the synthesis of a DI-derived
subgenomic RNA in the presence of a helper virus. We
constructed DI RNAs which contained either the wild-type
(JNSH) or the mutant (JNSH.A) junction region (Fig. 1) and
tested their ability to support subgenomic RNA synthesis
when wild-type nonstructural proteins were supplied in trans
by helper virus. The respective DI RNAs and wild-type
virion RNA were used to cotransfect CEF cells, and the
virus-specific RNAs were examined after labeling with
[*Hluridine in the presence of dactinomycin. The DI genome
containing the junction region with the three-base insertion
(JNSH.A) produced little, if any, subgenomic RNA com-
pared with the DI with the wild-type junction region (JNSH,
Fig. 4). These results clearly showed that the mutation was
cis acting. Thus, the depressed synthesis of 26S RNA by
Toto1100CR4.1 is primarily due to the deleterious effect of
the three-base insertion on the efficiency of the subgenomic
RNA promoter.

Isolation of Toto1100CR4.1 revertants. While plaque mor-
phology variants of the Toto1100CR4.1 mutant made the
initial characterization of the mutant phenotype difficult, the
variants might allow us to isolate and study potential second-

J. VIROL.

site revertants that could prove useful for identifying viral
proteins which interact either directly or indirectly with the
subgenomic RNA promoter. To isolate independent rever-
tants, 24 individual wells of CEF monolayers were trans-
fected with Toto1100CR4.1 RNA transcripts. After passag-
ing the media twice (at 30°C), revertants showing altered
plaque morphology (at 30°C) were plaque purified twice from
each of the 24 transfections. Since the Totol100CR4.1
mutant makes small diffuse plaques under these conditions,
revertants were easily identified. The data on plaque pheno-
type, temperature sensitivity, growth properties, RNA pat-
terns, subgenomic RNA start site, and sequence of the
junction region for many of these revertants (called Toto1100
CR4.1R1 through 24 and abbreviated here as R1 through
R24) are summarized in Table 2 and described below.

All of the revertants produced plaques at 30°C, clearly
distinguishable from Toto1100CR4.1, ranging from small or
medium plaques to large plaques (revertant R12) indistin-
guishable from Toto1101. With the exception of R12, most
revertants either did not plaque at 40°C or produced small
diffuse plaques, indicating some temperature sensitivity in
plaque formation. The RNA patterns and the growth prop-
erties of the revertants that gave reasonably high titers were
examined in detail. Differential growth curves for R1, R3,
R9, R11, R12, R17, R22, and R23 compared with Toto1101
virus at 30°C are shown in Fig. 5. With the exception of R12,
all of these revertants showed delayed virus production
relative to Toto1101 but eventually produced high (107 to 10°
PFU/ml) virus yields. Examination of virus-specific RNA
patterns revealed that R12 made nearly wild-type levels of
26S RNA, compared with 49S RNA. The other revertants
produced greatly elevated levels of 26S RNA relative to
Toto1100CR4.1 (see Fig. 3A) but were still depressed for
subgenomic RNA synthesis relative to Toto1101 (Fig. 6A).
In all cases examined thus far (Fig. 6B), the 26S RNA start
site was unchanged, except that R9 shows a weak additional
product approximately four bases longer than the wild-type
26S RNA extension product.

To examine the junction region of the revertants for
possible local changes that might compensate for the original
three-base insertion, the sequence of this region was deter-
mined for Toto1101, Toto1100CR4.1, and most of the rever-
tants by chemical sequencing of PCR-amplified cDNA (see
Methods). The revertant R12, which made nearly wild-type
levels of 26S RNA, contains a three-base deletion in the
junction region, with the net result being a single base
change at the —4 position (C to G) which also restores the
wild-type nsP4 carboxyl-terminal sequence (Fig. 2C). Rever-
tant R22 retained the original three-base insertion but has a
C to G change at the —23 position, resulting in the substitu-
tion of Asp for His at residue 604 of nsP4 (Fig. 2C). This
residue is present in the homologous position in Middelburg
virus (Fig. 2), and one possibility is that the inserted Arg
residue in Toto1100CR4.1, if deleterious, is compensated by
the acidic Asp substitution. The remaining revertants were
identical to Toto1100CR4.1 in the region sequenced (from nt
7555 to nt 7655 of the genomic RNA sequence, or from —43
to +58 relative to the subgenomic RNA start). These results
demonstrate that all of the revertants thus far characterized
are second-site revertants and that many involve changes
outside of the junction region.

trans-Complementation assay to identify second-site rever-
tants in frans-acting viral components. Most of the second-
site revertants described above retained the mutant junction
region and must therefore contain compensating changes
elsewhere in the genome. To screen for revertants which
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TABLE 2. Characterization of Toto1100CR4.1 revertants

Incubation temp

% Conversion relative

:a 30°C 40°C Junction Ratio of CAT activit,
Strain sequence’ (DIJCAT/DIJCAT.A{‘ to Totol101 on a
Plaque Titer” Plaque Titer’ wild-type junction
morphology® tte morphology* e
Totol1101 L 2 x 108 M 2 x 108 wt 4.1,5.5,6.0 100, 100, 100
Toto1100CR4.1 SD ND vSD ND 4.1 — —
R1 S 2 x 107 SD 4 x 109 4.1 ND, 8.3,7.9 ND, 49, 14
R2 S 2 x 107 SD 2 x 10% 4.1 — —
R3 M 5 x 108 N, CPE ND 4.1 — —
R4 SM 3 x 107 N, CPE ND 4.1 — —
RS S 2 x 108 N, CPE ND 4.1 — —
R6 S 4 x 107 N, CPE ND 4.1 — —
R7 vS 2 x 10° N ND ND — —
R8 M 4 x 107 SD 2 x 107) 4.1 — —
R9 SM 2 x 108 SD 2 x 107) 4.1 — —
R10 SM 5 x 107 vSD 3 x 10% 4.1 — —
R11 S + M# 1 x 108 vSD 1 x 107) 4.1 1.2,24,1.1 19, 32,11
R12 L 6 x 108 M 3 x 107 + ND, 14,1.1 ND, 9, 17
R13 S 3 x 10* SD 3 x 10%) ND — —
R14 M 2 x 104 N ND 4.1 — —
R15 M 5 x 106 SD 2 x 10% 4.1 ND, 2.7, 2.7 ND, 28, 24
R16 M 4 x 104 N ND 4.1 — —
R17 ML 4 x 107 N, CPE ND 4.1 ND, 2.5, 2.0 ND, 18, 12
R18 S 5 x 10! N ND 4.1 — —
R19 SM 1 x 104 SD 2 x 10%) 4.1 — —
R20 SM 2 x 10* N ND 4.1 —_ —
R21 M 2 x 10° SD 2 x 10% 4.1 — —
R22 M 3 x 107 N, CPE ND + — —
R23 M 2 x 106 N, CPE ND 4.1 ND, 4.5, 5.2 ND, 15, 41
R24 SM 8 x 10° N ND 4.1 — —

2 Virus stocks of Totol101 and Totol100CR4.1 were derived from RNA transfection supernatants. Revertant stocks were derived from independent
transfections and plaque purified twice as described in Materials and Methods.

® Nucleotide sequences from nt 7555 to 7655, as determined from sequencing PCR products and as described in the text. No revertants were found with
sequences in this region identical to wild-type Sindbis virus (wt). Except for R12 and R22, all revertants sequenced were identical to Toto1100CR4.1 (4.1) in the
junction region. Two sequences were not determined. +, Sequences determined for the junction regions of R12 and R22 are shown in Fig. 2.

¢ The ability of the revertant to use the 4.1 junction region incorporated into a DI RNA better than the wild-type parent was assayed as described in the text
and Fig. 7. This number gives the ratio of enzymatically active CAT produced in CEF monolayers transfected with DIJCAT RNA divided by the level produced
in cells transfected with DIJCAT.A RNA in the presence of either the wild-type virus or the revertants indicated as helper viruses. The results of two or three
independent repetitions of the experiments are presented. Although transfection efficiency is quite variable between experiments, this ratio is quite consistent.
ND, Not determined. —, Level of CAT activity detected in trans-complementation assay was too low for reliable comparisons or the titer of the revertant was
too low for a high multiplicity infection.

4 Percentage of the chloramphenicol aceylated normalized to the amount converted by using Toto1101 as the helper virus for DIJCAT. The levels of CAT
produced were normalized to that of the wild-type virus in each experiment to correct for the variable transfection efficiencies between experiments. Although
the levels of CAT produced by the revertants are lower than the those found with Toto1101, these values are still 10- to 100-fold greater than the background levels
of CAT activity seen in the absence of helper virus. ND, Not determined. —, As defined in footnote c.

¢ Plaque morphology is given relative to Toto1101: S, small; M, medium; L, large; SM, ML, intermediate sizes; SD, small and diffuse; vSD, very small and
diffuse plaques; N, no discrete plaques; CPE, cytopathic effect apparent at lower dilution, although discrete plaques could not be counted.

/ Titer is given in PFU/ml. Those numbers enclosed in parentheses are tentative due to difficulties in counting the small diffuse plaques present at 40°C. ND,
The absence of plaques or the inability to accurately count small diffuse plaques did not allow titers for these samples to be determined.

2 A heterogeneous mixture of small and medium plaques was noted for R11.

might contain compensating changes in trans-acting viral
proteins important for subgenomic RNA transcription, an
assay was developed on the basis of the activity of the
junction region when translocated to DI RNAs (Fig. 7). DI
clones were constructed with the CAT gene downstream
from a wild-type (DIJCAT) or mutant junction (DIJCAT.A)
region (Fig. 1). These constructs do not encode functional
nonstructural proteins and are inactive in the absence of
helper virus. In the presence of Totol101 helper virus,
DIJCAT RNAs replicate, transcribe a subgenomic RNA,
and express high levels of CAT enzyme. In the case of
DIJCAT.A, much less CAT enzyme is made. Presumably,
this is due to lower levels of subgenomic RNA production,
as was found for JINSH.A. The Totol100CR4.1 revertants
were then tested as helpers, screening for those that show
enhanced recognition of the mutant junction region. CEF
cells were infected with either Toto1101 or the Toto1100

CR4.1 revertants and were then transfected with capped
transcripts from either DIJCAT or DIJCAT.A. Cells were
harvested after ~20 h, and the level of CAT enzyme activity
was determined (Table 2). The ratio of CAT activity (DIJ-
CAT/DIJCAT.A; shown in Table 2, second to last column)
was used as a measure of the use of the mutant junction
region relative to the wild-type junction region by each virus.
Totol101 appeared to use the mutant junction region 4- to
6-fold less efficiently than the wild-type junction region.
Revertants R11 and R12 gave similar CAT expression with
wild-type and mutant junction regions, suggesting that they
contain changes in viral proteins which facilitate use of the
mutant junction region relative to the wild-type junction
region in trans. Revertants R15 and R17 seem to recognize
the mutant junction region somewhat less efficiently than
R11 and R12, while revertants R1 and R23, like Toto1101,
appear to recognize the mutant junction region poorly by this
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FIG. 5. Differential growth curves of selected Toto1100CR4.1 revertants. CEF monolayers were infected with Toto1101 or Toto1100CR4.1
revertants R1, R3, R9, R11, R12, R17, R22, and R23 at an MOI of 10 PFU per cell. The amount of virus released during incubation at 30°C,
for the time intervals shown, was determined by plaque assay on CEF monolayers at 30°C.

assay. The ratios obtained in independent experiments were region is indeed a cis-acting element involved in subgenomic
consistent, although there was variation in the absolute RNA transcription. The three-base insertion in the putative

levels of CAT produced (Table 2, last column). subgenomic RNA promoter of Toto1100CR4.1 depresses
subgenomic RNA synthesis, leading to extremely low virus
DISCUSSION yields and indistinct plaques. DI RN As containing either the

wild-type or the mutant junction region were used to dem-
Alphavirus subgenomic RNA promoter. We have shown onstrate that the mutation led to depressed levels of subge-
that the conserved sequence in the Sindbis virus junction nomic RNA in cis in the presence of wild-type nsP4. Thus at
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FIG. 6. Virus-specific RNA synthesis and subgenomic RNA start site of Toto1100CR4.1 revertants. (A) Patterns of virus-specific RNAs.
CEF cells were either mock infected (lane 1), infected with Toto1101 (lane 2), or infected with Toto1100CR4.1 revertants R1, R3, R9, R12,
R17, and R22 (lanes 3 through 8, respectively) at an MOI of 10 PFU per cell. Cultures were incubated at 30°C, and RNAs were labeled with
[*H]uridine in the presence of 2 pg of dactinomycin per ml from 4 to 8 h posttransfection. Total cytoplasmic RNAs were isolated, denatured,
and separated on a 1% agarose gel. (B) Primer extension mapping of the subgenomic RNA initiation site for these RNA samples. Primer
extensions were done as described in Materials and Methods and the legend to Fig. 3. The RNA samples used for primer extension,
corresponding to lanes 1 through 8, are as described for panel A. In the four lanes at the right (C, T, A, and G), Toto1101 plasmid DNA was
sequenced by using the same primer by the dideoxy method. The nucleotide complementary to the start site of wild-type subgenomic RNA
is marked in the sequence ladder with an arrow.
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A. Screening for second-site revertants in
trans-acting viral proteins

41
DLJCAT DLJCAT.A
5- AAAA T S CAT AAAA 3'
DI with CAT expressed DI with CAT expressed via

via a wild-type promoter a mutant (4.1) promoter

B. Predicted results of
trans-complementation assay

Level of CAT produced
Helper Virus DLJCAT DLJCAT.A
Wild-type (Toto1101) high low
Toto1100CR4.1 mutant ? low
Second-site revertants
Class I
changes in junction region high low
Class I1
increased packaging efficiency high low
Class III
changes suppressing nsP4 defect high low
Class IV ”
changes in trans-acting viral proteins . low-high

FIG. 7. Screening for second-site revertants in trans-acting viral
proteins. (A) A schematic of the rationale used for design of an assay
to screen for revertants with potential changes in trans-acting viral
proteins involved in subgenomic RNA synthesis. In the presence of
a helper virus, the CAT activity produced was determined for DI
RNAs which expressed a CAT subgenomic RNA either under the
control of the wild-type promoter (DIJCAT) or the promoter con-
taining the three-base insertion mutation (DIJCAT.A). A discussion
of some of the possible classes of pseudorevertants (panel B) which
could compensate for the Totol100CR4.1 insertion mutation is
presented in the text. The results of this assay for several of the
second-site revertants are presented in Table 2. The behavior of the
original Totol100CR4.1 mutant in this assay is unknown, since
high-titered stocks of this virus, free of revertants, could not be
obtained. If the insertion mutation does not affect the activity of
nsP4, Toto1100CR4.1 should use the mutant and wild-type junction
regions like the wild-type helper virus.

least part of the mutant phenotype is due to a direct
cis-acting effect of the insertion mutation on promoter effi-
ciency.

The extent of 5’ and 3’ sequences actually necessary for a
functional Sindbis virus subgenomic promoter element in the
context of a DI RNA have been mapped, and they include
the conserved junction sequence (Levis et al., submitted).
The three-base insertion mutation described here disrupts
the conserved sequence originally proposed to be the sub-
genomic RNA promoter element ([24] Fig. 2A). The mech-
anism by which the insertion mutation leads to depressed
subgenomic RNA synthesis is unknown. One likely possi-
bility is that the insertion of three bases alters the interaction
of the promoter element with one or more trans-acting
components (either viral or host) required for subgenomic
RNA transcription. Since Toto1100CR4.1 subgenomic RNA
transcripts apparently initiate at the same position as normal
26S RNA, the insertion of these three bases near the middle
of the conserved sequence neither abolished transcription
completely nor affected the subgenomic RNA start.
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trans-Acting transcription factors. Little is known about
the identity of the factor(s) involved in initiation of subge-
nomic RNA synthesis. Minimally, promoter recognition and
RNA polymerase activities are necessary. In addition, the
26S RNA is capped and methylated. Some clues have begun
to emerge from mapping the causal lesions in Sindbis virus zs
mutants defective in RNA replication (RNA™ mutants),
which were previously grouped by genetic complementation
into four groups (4-6, 14, 33-35, 37; reviewed in reference
40). These data indicate that nsP1 may play a role in
negative-strand synthesis (group B [12, 34]) and methyl
transferase activity (22a), that lesions in nsP2 affect the ratio
of genomic to subgenomic RNA and polyprotein processing
(groups A and G [12, 33]), and that lesions in nsP4 can
exhibit generalized defects in RNA synthesis (group F [1,
11])) and shutoff of negative-strand synthesis (35; D. L.
Sawicki, D. B. Barkhimer, S. G. Sawicki, C. M. Rice, and
S. Schlesinger, submitted for publication). Thus at least one
possibility is that nsP2 and nsP4 play major roles in initiation
of subgenomic RNA synthesis. Indeed, genetic data exist
which can be interpreted as evidence for a complex of these
two proteins (11).

In this study, we have begun to characterize second-site
revertants which may help to identify virus-specific proteins
that participate in subgenomic RNA synthesis. There are at
least four formal classes of second-site revertants which
might compensate for the Toto1100CR4.1 mutation (Fig. 7).
One class could involve cis-acting secondary changes in the
Toto1l100CR4.1 junction region that restore or partially
restore promoter function. A second class might involve
changes in the structural proteins or RNA sequences in-
volved in encapsidation, increasing the efficiency of that
process even in the presence of low concentrations of the
structural proteins. A third class could involve reversions
which compensate for a possible effect of the insertion
mutation on nsP4 function. A fourth class involves changes
in the protein(s) which recognize the promoter, increasing
the efficiency of transcription initiation at the mutant junc-
tion region. Since large numbers of revertants are easily
obtained, rapid methods for screening and classifying are
clearly of value for identifying representatives in each of
these classes.

Our current emphasis is on the fourth class of revertants,
and a rapid assay was developed and used to identify at least
two second-site revertants, R11 and R12, with potential
compensating changes in virus-encoded rrans-acting factors
that allow better recognition of the Toto1100CR4.1 mutant
junction region. Revertant R12 has a three-base deletion in
the junction region, changing the wild-type nsP4 carboxyl-
terminal sequence and resulting in a single base substitution
at the —4 position of the putative promoter (Fig. 2C). This
revertant makes nearly normal levels of subgenomic RNA.
In addition to recognizing its own promoter, this revertant
also recognizes the wild-type promoter and the Toto1100
CR4.1 mutant promoter, as shown by the frans-complemen-
tation assay. It may also contain additional changes else-
where in the genome. The other revertant, R11, retains the
Totol1100CR4.1 mutation and recognizes both the mutant
and the wild-type promoter. It, too, is likely to have changes
in one or more trans-acting viral transcription factors.

General approach and importance of first-cycle analysis.
The experiments described here are encouraging for the use
of molecular genetics to help understand the mechanism of
alphavirus replication and transcription. The initial step in
this approach is the creation of a deleterious mutation in the
region of interest, characterization of the mutant phenotype
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(see below), and the isolation of a set of preferably early-
passage second-site revertants. The compensating changes
in the second-site revertants may be mapped by using
essentially the same strategy previously outlined (10-12, 19,
22a, 29). The mapping and characterization of such second-
site revertants should be extremely valuable in elucidating
functional interactions between the nonstructural proteins
and in understanding the interactions of the nonstructural
proteins with cis-acting regulatory sequences.

Since care was taken to isolate early-passage revertants in
our experiments, we expect relatively few changes in the
revertants relative to the Toto1100CR4.1 mutant. Also, once
the compensating changes in the revertants are cloned, more
thorough studies of the phenotypes of the revertants on the
Totol100CR4.1 and wild-type (Toto1101) backgrounds can
be undertaken. Such studies will help to identify those viral
proteins involved in recognizing the junction region for
transcription of the subgenomic RNA.

An important observation emerging from the work re-
ported here and elsewhere (10, 18) is the remarkable plas-
ticity of the alphavirus genome, as well as the facile gener-
ation of revertants. Deleterious mutations which allow RNA
replication, even at low levels, coupled with the high muta-
tion rates characteristic of RNA viruses will strongly select
for revertants. As shown by sequence analysis of pseudor-
evertants of Toto1100CR4.1, changes involving either sub-
stitutions or deletions arise even in early-passage stocks.
While the genome flexibility and high mutation frequency are
useful in allowing revertants to be easily isolated, our results
with Toto1100CR4.1 underscore the need to study the mu-
tant phenotypes as early as possible, ideally without gener-
ating virus stocks. In the case of Toto1100CR4.1, if we had
transfected cells, harvested the media, and produced a stock
after plaque purification, we would have been studying a
pseudorevertant (which upon sequencing would probably
contain the mutant junction sequence). Precautions that we
have adopted include routine examination of the specific
infectivity of mutant RNA transcripts and the characteriza-
tion of the phenotype of a mutant immediately after primary
transfection, and these then serve as a standard for compar-
ison with the phenotype of any subsequent virus stocks
generated by passaging. With these precautions, there is less
risk of reporting a mutant phenotype that is actually that of
a revertant.
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