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In positive-strand RNA viruses, 5’ untranslated regions (5" UTRs) mediate many essential viral processes,
including genome replication. Previously, we proposed that the 5’'-terminal portion of the genomic leader
sequence of Tomato bushy stunt virus (TBSV) forms an RNA structure containing a 3-helix junction, termed the
T-shaped domain (TSD). In the present study, we have carried out structure-function analysis of the proposed
TSD and have confirmed an important role for this domain in mediating efficient viral RNA amplification.
Using a model TBSYV defective interfering RNA replicon and a protoplast system, we demonstrated that various
TSD subelements contribute to the efficiency of viral RNA replication. In particular, the stabilities of all three
stems (S1, S2, and S4) forming the 3-helix junction are important, while stem-loop 3—a terminal extension of
S2—is largely dispensable. Additionally, some of the sequences forming the 3-helix junction are required in an
identity-dependent manner. Thus, both secondary structure and nucleotide identity are important for TSD-
mediated viral RNA replication. Importantly, these results are fully consistent with the dual functions we
defined previously for the sequences corresponding to loops 3 and 4, respectively, in facilitating 5’ cap- and 3’
poly(A) tail-independent translation of the genome by forming a loop-loop interaction with the 3’-proximal
translational enhancer and in mediating viral RNA replication through formation of a pseudoknot with the
adjacent downstream RNA domain. Also, since comparable TSDs and associated interactions are predicted in
the 5’ UTRs of all sequenced Aureusvirus genomes, members of at least one other genus in the family

Tombusviridae appear to utilize this type of multifunctional RNA domain.

Genome replication is an essential feature of virus repro-
duction. For positive-strand RNA viruses, efficient genome
replication proceeds through a negative-strand RNA interme-
diate and is regulated by viral RNA elements, viral proteins,
and host factors (2). The 5’ untranslated regions (5" UTRs) in
viral genomes contain primary, secondary, and tertiary RNA
structures that are involved in genome replication. Accord-
ingly, structural and functional assessments of these 5" UTRs
have led to important advances in our understanding of viral
genome replication and related regulatory mechanisms (2).

Tomato bushy stunt virus (TBSV), the prototype member of
the genus Tombusvirus in the family Tombusviridae, is a mono-
partite positive-strand RNA virus (25). Its 4.8-kb genome en-
codes five viral proteins with known functions (10) (Fig. 1A).
Viral RNA replication requires only p33 and its translational
readthrough product p92 (the RNA-dependent RNA polymer-
ase, RdRp) (17). These two proteins are also able to replicate
defective interfering (DI) RNAs, which are small deleted
forms of the genome that maintain cis-acting viral RNA rep-
lication elements (e.g., promoters and enhancers) (28). As
such, tombusvirus DI RNAs have been very useful for defining
RNA sequences and structures involved in the genome repli-
cation (3, 5, 6, 8, 9, 20, 21, 22). A prototypical TBSV DI RNA
comprises four noncontiguous regions (RI through RIV) de-
rived entirely from the viral genome (28) (Fig. 1B). Most
relevant to this study is RI, which corresponds to the TBSV 5’
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UTR and also includes the start codon for p33/p92 (Fig. 1B
and C).

Previous studies have defined RI as an important sequence
for efficient DI RNA replication in vivo (30). A surprising
finding revealed by these analyses was that DI RNAs lacking
all of RI are still capable of low-level replication (i.e., ~10%
that of wild-type [wt] DI RNAs), indicating the dispensability
of the 5" UTR (30). However, when RI is present, certain
mutations introduced into RI abolish replication of DI RNAs
(23, 32). Thus, while RI is dispensable for low levels of DI
RNA replication, it can act in a cis-dominant-negative manner
when present in a mutated form.

The secondary and tertiary structures of the TBSV 5" UTR
have been investigated previously within the context of a pro-
totypical DI RNA (23, 32). The results support the existence of
two major RNA domains, the T-shaped domain (TSD) and the
downstream domain (DSD), both of which contribute to effi-
cient DI RNA replication (23, 32) (Fig. 1C). These two RNA
domains are separated by an intervening hairpin, termed stem-
loop 5 (SL5), the formation of which is also necessary for
robust DI RNA replication (23) (Fig. 1C). The TSD and DSD
have been shown to communicate through the formation of a
pseudoknot, PK-TD1, that also promotes efficient DI RNA
replication (23). PK-TD1 is formed by base pairing between a
sequence at the 3" end of the DSD, designated s8, and the loop
of the predicted SL4 in the TSD (Fig. 1C).

Stem 1 (S1), the largest predicted helix in the TSD, is the
only domain subelement characterized in any detail thus far.
Its formation in the positive strand has been shown to be
critical for efficient DI RNA replication (32). The sequence
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FIG. 1. TBSV genome and relevant viral RNAs. (A) TBSV RNA
genome. The genome is represented by a thick black line with coding
regions depicted as boxes, and approximate molecular masses (in thou-
sands) of the encoded proteins are shown, prefixed with “p.” (10). Two
subgenomic mRNAs (sg mRNA1 and sg mRNA2) produced during
infections are shown as arrows above the genome. (B) Prototypical
TBSV DI RNAs DI-72SXP and DI-73. Shaded boxes represent TBSV
genomic segments present in DI RNA, whereas black lines represent
genomic segments that are absent. DI-73 is similar to DI-72SXP in that
it contains RI through RIV (RI and RII are not shown). However, the
former has an extra 3'-proximal sequence, region 3.5 (dark grey box),
that is absent in the latter. (C) RNA secondary structure model for the
TBSV 5" UTR. The TBSV TSD, SLS, and the DSD are indicated by
brackets below the structure (23, 32). Sequences forming a TSD-DSD
pseudoknot (PK-TD1) are shaded in grey. RNA stem and loop struc-
tures are labeled, and TBSV genome coordinates are provided. is5/6,
intervening sequence 5/6. (D) Sequences of the TBSV promoter (cPR)
and enhancer (PPE) for positive-strand RNA synthesis located at the
3’ terminus of the DI RNA negative strand.

complementary to the 5" half of S1, i.e., the 3’-terminal nucle-
otides in the negative strand, also possesses activities impor-
tant to viral RNA replication. This negative-strand sequence
corresponds to the core promoter for positive-strand synthesis,
termed the cPR, that was defined by in vitro studies using a
partially purified tombusvirus RdRp preparation (16, 19) (Fig.
1C and D). Directly adjacent to the cPR in the negative strand
is the promoter-proximal enhancer (PPE) (Fig. 1D). The PPE
increases the efficiency of initiation of positive-strand synthesis
from the 3'-terminal cPR and maps to the 5" half of SL2 in the
TSD (18) (Fig. 1C and D). The presence of important repli-
cation activities in corresponding sequences of opposite polar-
ities necessitates that modifications in these regions be consid-
ered in both contexts.

The results of previous chemical and enzymatic solution
probing studies are consistent with the structural model pre-
sented in Fig. 1C (32). However, with the exception of S1, the
functional relevance of the other predicted subelements (i.e.,
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SL2, SL3, and SL4)—as they relate to viral RNA replication in
vivo—is unknown (32). In this study, we have used a TBSV DI
RNA to analyze previously uncharacterized portions of the
TSD and to define structural features that facilitate viral RNA
replication in vivo. Our results are consistent with the RNA
secondary structure model proposed previously (32) (Fig. 1C)
and suggest a fundamental role for the TSD in viral RNA
replication.

MATERIALS AND METHODS

Viral constructs. Construction of a full-length TBSV genome plasmid, pT100
(10), and DI RNA pDI-72SXP (21) and DI-73 (29) has been described previ-
ously. Mutations were introduced into pDI-72SXP templates by using oligonu-
cleotide-mediated PCR mutagenesis (Table 1). Mutations corresponding to mu-
tants ASL2, ASL3, ASL2/SL3, S2-1a, S2-1b, AL1-1, AL1-2, S1-1a, S1-2a, S1-3a,
sub5, and sub6 were generated using a common P9 primer and PR129, PR130,
PR131, PR132, PR133, PR127, PR128, PR162, PR164, PR166, PRBI1, and
PRB2, respectively, from a pDI-72SXP template. PCR fragments were digested
with Sacl and Xbal, isolated, and ligated into a pDI-72SXP vector digested with
Sacl and Xbal. S2-1c was constructed by using PR132-P9 to generate a mutant
PCR product from an S2-1b template, digesting with Sacl and Xbal, and insert-
ing the isolated fragment into a similarly digested pDI-72SXP vector. Many
additional constructs were made using three-part ligations. For mutants AL4-1,
SL4-1a, SL4-1b, SL4-1c, SL4-2a, SL4-2b, SL4-2c, SL4-3a, SL4-3b, SL4-3c, S4-
1U1, and S4-1A1, a wt fragment was generated by PCR using phosphorylated
oligonucleotides PR83 and PF7. Respective mutant PCR fragments were gen-
erated using phosphorylated oligonucleotides PR90, PR84, PR85, PR86, PR87,
PR88, PR89, PR138, PR139, PR140, PR108,and PR109 and P9 from a pDI-
72SXP template. For mutants L1-42, L1-46G, and L1-46A, a common wt PCR
fragment was generated using phosphorylated PR170 and P9, whereas mutant
PCR products were produced using PF7 and phosphorylated PR159, PR157, and
PR158, respectively. For mutants ASL4, S1-1b, S1-2b, S1-3b, HN54, HNSS,
HNS56, and HN57, mutant PCR products were generated using primers PF7 and
phosphorylated PR65, PR163, PR165, PR167, PHN54, PHN55, PHN56, and
PHNS7, respectively, and common wt PCR products were made using phosphor-
ylated PR171 and P9. Identical common wt PCR fragments were used for the
construction of mutants S1-1c, S1-2c, and S1-3c; however, mutant PCR frag-
ments were made using phosphorylated primers PR162-PR163, PR164-PR165,
and PR166-PR167, respectively. All mutant and wt fragments were digested with
Sacl and Xbal, respectively, isolated, and ligated into a pDI-72SXP vector
digested with identical enzymes. For mutants HN64, HN65, HN66, and HN67,
PCR products were generated from HN54, HN55, HN56, and HN57 templates,
respectively, using primers PF7 and PR152. These fragments were digested with
Sacl and Xbal, isolated, and ligated into a similarly treated pDI-72SXP vector.
All PCR-derived regions in constructs were sequenced to ensure that only the
intended modification was present.

Computer-aided analysis of viral RNA. The nucleotide sequences for TBSV
(NC_001554), TBSV statice isolate (AJ249740), TBSV pepper isolate (U80935),
Artichoke mottled crinkle virus (X62493), Cucumber Bulgarian latent virus
(AY163842), Cymbidium ringspot virus (X15511), Cucumber necrosis virus
(M25270), Carnation Italian ringspot virus (X85215), Pear latent virus (AY100482),
and Pothos latent virus (X87115) were obtained from the National Center for Bio-
technology Information’s GenBank genetic sequence database. The nucleotide
sequence for Cucumber leaf spot virus has been published previously (15). RNA
secondary structures were predicted at 37°C using mfold version 3.1 (13, 33).

In vitro transcription. Viral transcripts were synthesized in vitro by transcrip-
tion of Smal-linearized DNAs with an Ampliscribe T7 RNA polymerase tran-
scription kit (Epicenters Technologies) as described previously (17). Transcript
concentrations were determined spectrophotometrically, and RNA integrity was
verified using agarose gel electrophoresis.

Isolation and inoculation of protoplasts. Protoplasts were prepared from 6- to
7-day-old cucumber cotyledons (var. Straight 8) as described previously (29).
Isolated protoplasts were inoculated, using polyethylene glycol-CaCl,, as de-
scribed previously (29) with uncapped viral RNA transcripts (1 pg for DI RNA
and 3 pg for genomic T100 transcripts) and were incubated in a growth chamber
under fluorescent lighting at 22°C (unless otherwise noted) for 22 to 24 h.

Analysis of viral RNA accumulation in vivo. Total nucleic acids were harvested
from protoplasts as described previously (29). One-fifth of the total nucleic acid
was separated in denaturing 4.5% polyacrylamide gels containing 8 M urea. Gels
were stained with ethidium bromide to ensure even loading of samples. Northern
blot analysis of viral positive-strand accumulation was conducted by transferring
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TABLE 1. Oligonucleotides used in the study
Oligo- Position” RE si S . S 4
nucleotide osition site equence ense
P9 4757-4776 Sphl/Smal GGCGGECCCGCAT CCCGEGECTGCATTTCTGCAATGTITCC -
P50 4754-4776 GGAACATTGCAGAAATGCAGCCC +
P51 1420-1443 BamHI GCGCCGGATCCAGCGGT GCGAAACTCCGTACTTAC +
PF6 4398-4417 Pstl GCGCCCTGCAGAGCCGAGTAAGACAGACTCTT +
PEF7 1-20 Sacl GGCGGAGCTCTAATACGACTCACTATAGGAAATTCTCCAGGATTTCTC +
PR21 4645-4668 Nsil CCGCGCATGCATATTCCTGI TTACGAAAGT TAGG +
PR29 4568-4595 CCGAAGGGT GAGATCAACCGT GTCTGGG -
PR35 4437-4467 GGAGATGAGT GTAAATCTGCCATAGCATACAGGT TACTGCA +
PR37 4686-4708 GACCCAGACACGGTTGATCTCAC +
PR38 4727-4739 GATCGCTGGAAGCACTACCGGAC +
PR47 4730-4749 GI'CCGGTAGTGCTTCCAGCG -
PR63 14261445 GCGAAACTCCGTACTTACAC +
PRB1 1-66 Sacl GGCGGAGCTCTAATACGACT CACTATAGGAAATTCTCCAGGATTTCTCGACCTAGT TCGTTTATCTGGTGAC +
TTACGCTACCGTTGCTTTGCG
PRB2 1-82 Sacl GGCGGAGCTCTAATACGACT CACTATAGGAAATTCTCCAGGATTTCTCGACCTAGTI TCGTTTATCTGGTGAC +
TTGCGCTACCGTTCCTTTGCCTAGAGAATTTCTCTCC
PR65 21-78 AGAAATTCTC AGTCACCAGATAAACGAACTAGGTC -
PR83 24-46 AGTCACCAGATAAACGAACTAGG -
PR84 47-82 TGCCGTACCGT TGCTTTGCGTAGAGAATTTCTCTCC +
PR85 47-82 TGCGCTACCGTTGCTTTCGGTAGAGAATTTCTCTCC +
PR86 47-82 TGCCGTACCGTTGCTTTCGGTAGAGAATTTCTCTCC +
PR87 47-82 TGGCCTACCGTTGCTTTGCGTAGAGAATTTCTCTCC +
PR88 47-82 TGCGCTACCGTTGCTTTGGCTAGAGAATTTCTCTCC +
PR89 47-82 TGGCCTACCGT TGCTTTGGCTAGAGAATTTCTCTCC +
PR90 47-82 TGCGC TTGCTTTGCGTAGAGAATTTCTCTCC +
PR108 47-94 TGCGCTACCGTTCCTTTGTGTAGAGAATTTCTCTCCATAATTATTATC +
PR109 47-71 TGCACTACCGTTGCTTTGCGTAGAG +
PR127 1-65 Sacl GGCGGAGCTCTAATACGACT CACTATAGGAAATTCTCCAGGATTTCTCGACCTAGTI TCGTTTATCTGGTTGC +
GCTACCGITGCTTTGCG
PR128 1-65 Sacl CGCGGAGCTCTAATACGACT CACTATAGGAAATTCTCCAGGATTTCTCGACCTAGT TCGTTTATCTGACT TG +
CGCTACCGTTGCTTTGCG
PR129 1-60 Sacl GCCGGAGCTCTAATACGACT CACTATAGGAAAT TCTCCACGACCTAGT TCGGGT GACT TGCGCTACCGT TGC +
PR130 1-56 Sacl GGCCGAGCTCTAATACGACTCACTATAGGAAATTCTCCAGGATTTCTTTTATCTGGT GACT TGCGCTACCG +
PR131 1-60 Sacl CGCGGAGCTCTAATACGACT CACTATAGGAAATTCTCCAGGT GACTTGCGCTACCGTTGC +
PR132 1-41 Sacl GCCGGAGCTCTAATACGACTCACTATAGGAAATTCTCCAGCTCTTCTCGACCTAGITCGTTTATCTGG +
PR133 1-56 Sacl GGCGGAGCTCTAATACGACT CACTATATAGGAAATTCTCCAGGATTTCTCGACCTAGI TCGT TTGAGIGGTG +
ACTTGCGCTACCG
PR138 47-66 AGCGCTACCGITGCTTTGCG +
PR139 47-82 TGCGCTACCGTTCCTTTGCGI TGAGAATTTCTCTCC +
PR140 47-82 AGCGCTACCGTTCCTTTGCGTI TGAGAATTTCTCTCC +
PR152 130-168 Xbal CCGCGTCTAGACATGT GGAATGT TTGT TGGAAGT TACAATTTATCCCCCCG -
PR157 24-46 CGT CACCAGATAAACGAACTAGG -
PR158 24-46 TGTCACCAGATAAACGAACTAGG -
PR159 24-46 AGATGCCAGATAAACGAACTAGG -
PR162 1-32 Sacl CGCCCGAGCTCTAATACGACTCACTATAGGAAATTCTGCAGGATTTCTCGACCTAGI TCG +
PR163 47-78 AGAAATTCT GT ACGCAAAGCAACGGTAGCGC -
PR164 1-25 Sacl CGCGCGAGCTCTAATACGACTCACTATAGGT TATTCTCCAGGATTTCTCGACC +
PR165 47-71 AGTTATTCTCTACGCAAAGCAACGG -
PR166 1-25 Sacl CGCGCGAGCTCTAATACGACT CACTATAGGATTTTCTCCAGGATTTCTCGACCAGATTTTCTCTACGCAAAG +
CAACGG
PR167 47-71 AGATTTTCTCTACGCAAAGCAACGG —
PR170 47-66 TGCGCTACCGITCCTTTGCG +
PR171 79-107 CTCCATAATTATTATCTTTAGT TGTGGGG +
PHN54 31-78 AGAAATTCT CGCCGCAAAGCAACGGT AGCGGCAGT CACCAGATAAACG -
PHNS5 31-78 AGAAATTCT CGACGCAAAGCAACGGT AGCGT CAGT CACCAGATAAACG -
PHNS56 31-78 AGAAATTCT CAACGCAAAGCAACGGT AGCGT CAGT CACCAGATAAACG -
PHNS7 31-78 AGAAATTCT CAT CGCAAAGCAACGGT AGCGATAGT CACCAGATAAACG

¢ Coordinates correspond to those of the TBSV genome (10).
b Restriction enzyme site.
¢ Viral sequences corresponding to the coordinates shown are underlined. Restriction enzyme sites are italicized.

@ Refers to the sense of the oligonucleotide in reference to the positive-sense viral RNA.

total nucleic acid onto nylon, followed by hybridization with a 3?P-end-labeled
oligonucleotide probe (P9) complementary to the 3’-terminal 23 nucleotides of
the TBSV genome. The intensity of the hybridization signal was quantified by
radioanalytical scanning using an InstantImager (Packard Instrument Co.) and is
represented graphically with standard error derived from results of three inde-
pendent experiments unless otherwise noted. Analysis of viral negative strands
was performed as described previously (22). Northern blot analysis was con-

ducted using 3*P-end-labeled oligonucleotide probes P50, PR21, PR37, PR38,
PF4, PF6, PF7, P51, PR35, and PR63.

DI RNA stability assay. Analysis of DI RNA in vivo stability was performed as
described previously (21). Briefly, protoplasts were inoculated with 5 pg of DI
RNA transcripts only (i.e., without T100) and subsequently treated with RNase
A (final concentration, 10 wg/ml) to remove transcripts outside of the proto-
plasts. Total nucleic acids were extracted from protoplasts at 1, 4, 12, and 20 h
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FIG. 2. Analysis of DI RNA mutants containing deletions of vari-
ous TSD subelements. (A) Depiction of TSD sequences deleted in the
indicated DI RNA mutants. (B) Northern blot analysis of positive- and
negative-strand DI RNA accumulation in protoplasts. Cucumber pro-
toplasts were inoculated with transcripts of TBSV helper genome
(T100) only or T100 and wt (72SXP) or mutant DI RNA transcripts as
indicated above the lanes. Total nucleic acids were isolated 24 h posti-
noculation, separated in 8 M urea—4.5% polyacrylamide gels, trans-
ferred onto nylon membranes, and probed with 3*P-end-labeled probes
to detect either positive- or negative-sense DI RNA strands. Bands
corresponding to TBSV genomic RNA (g), subgenomic mRNAs 1 and
2 (sgl and sg2), and DI RNAs (DI) are indicated. For quantification of
DI RNA accumulation, the level of wt DI-72SXP was set at 100% and
mutant levels were normalized to this value. Relative DI RNA accu-
mulation levels are presented as histograms. The values are means
(with standard errors) of results from three separate experiments. (C)
In vivo stability analysis of wt and mutant DI RNAs depicted in panel
A. Protoplasts were inoculated with DI RNAs only, and total nucleic
acids were extracted at 1, 4, 12, and 20 h postinoculation. DI RNA
levels were determined by Northern blot analysis and quantified by
radioanalytical scanning of membranes. The graph represents relative
DI RNA levels as a function of time. The values are means of results
from two separate experiments. (D) Effects of deletions on the se-
quences of the cPR and PPE. Sequence changes relative to the wt
sequence are shown in bold.

postinoculation, and DI RNA levels were analyzed by Northern blotting using a
32p_end-labeled P9 probe.

RESULTS

Deletion of SL2, SL3, or SL4 affects DI RNA replication. As
an initial step to investigate the roles of previously uncharac-
terized subelements of the TSD, SL2, SL3, SL.2 and SL3, or
SL4 was deleted from the prototypical DI RNA, DI-72SXP
(Fig. 2A). These deletions also modified the PPE sequence in
the negative strand, as indicated in Fig. 2D. In vitro-generated
transcripts of the mutant DI RNAs, ASL2, ASL3, ASL2/SL3,
and ASL4, were coinoculated individually with wt TBSV ge-
nome (T100) into plant protoplasts, and DI RNA accumula-
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tion levels were monitored 24 h postinoculation via Northern
blot analysis. Deletion of SL4 had the most dramatic effect and
virtually eliminated DI RNA accumulation (Fig. 2B). In con-
trast, removal of SL3 was least detrimental, allowing for accu-
mulation of up to ~80% that of wt DI RNA (Fig. 2B). Mutants
lacking SL2 or both SL2 and SL3 showed intermediate levels of
accumulation (~30 to 40%) (Fig. 2B).

To determine whether the modifications introduced were
causing significant changes to the physical stabilities of the DI
RNAs, in vivo RNA decay assays were performed (Fig. 2C).
The profiles observed for the various mutant DI RNA tran-
scripts showed very similar patterns, indicating that differences
in physical stabilities were not contributing markedly to the
varied levels of accumulation seen in replication assays. In
addition, analysis of corresponding DI RNA negative-strand
levels in replication assays revealed that their decreases were
proportional to those observed for positive strands (Fig. 2B)
and, thus, that accumulation levels of both strands were af-
fected to similar extents.

Collectively, these data most strongly indicate increasing
levels of importance for SL3, SL2, and SL4 in defects related
to RNA replication. Although these results are consistent with
TSD defects, the corresponding modifications in the PPE may
also contribute to the defects observed. However, our results
from additional analyses of the TSD and cPR-PPE elements
provide persuasive evidence that the defects observed are in-
deed TSD related (see below and Discussion).

Base pairing of terminal regions of S1 is important for TSD
activity. Previous analysis of S1 established that its formation is
essential for efficient DI RNA replication (32). In the previous
study, three noncontiguous base pairs were targeted for com-
pensatory mutational analysis and the mismatches introduced
were predicted to effectively disrupt the entire S1 (Fig. 3A). In
order to obtain more detailed information on the role of dif-
ferent regions of S1, we assessed the importance of base pair-
ing at either end. The rational for this analysis was twofold.
First, we proposed previously that the lower end of the S1 helix
may coaxially stack on that of the adjacent helix of S5 and that
this interaction may be important for TSD activity (Fig. 1C). If
this proposal is correct, local disruption of the lower end of S1
would have a negative effect on the ability of S1 to coaxially
stack on S5 and would lead to decreased DI RNA accumula-
tion. Second, the upper portion of S1 forms part of the pre-
dicted 3-helix junction in the TSD. Therefore, the extent to
which S1 pairs at its upper end may affect the physical and
functional properties of this junction (Fig. 1C). For example,
the formation of the upper C,,G,, base pair may influence the
possibility of S1 coaxially stacking with the predicted lower end
of S4 (Fig. 1C).

Two different sets of tandem substitutions (S1-2 and S1-3)
that were designed to disrupt (mutants S1-2a, S1-3a, S1-2b,
and S1-3b) and then restore (mutants S1-2c and S1-3c) base
pairing were introduced into the lower region of S1 (Fig. 3A).
The two 5'-terminal residues were not targeted, as they are
known to be important for efficient positive-strand synthesis
(16, 19). The a and ¢ mutants of each series also contained
modifications in their cPRs (Fig. 3A). For both sets of mutants,
disruptive substitutions reduced DI RNA accumulation no-
ticeably, whereas compensatory substitutions led to near-wt
levels of recovery (Fig. 3B). Interestingly, the tandem UU
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FIG. 3. Analysis of DI RNA mutants containing compensatory mu-
tations in S1. (A) Depiction of S1 mutants where boxes show the res-
idues modified and substitutions are shown in bold. The asterisks show
the base pairs targeted for compensatory mutational analysis in a pre-
vious study (32). The grey box shows the effects of the substitutions on
the sequences of the cPR and PPE. Sequence changes relative to the
wt sequence are shown in bold. (B and C) Northern blot analysis of DI
RNAs and quantification of their accumulation levels. An asterisk in-
dicates the position of DI RNA head-to-tail dimers. sgl and sg2, sub-
genomic mRNAs 1 and 2; g, genomic mRNA.

mismatches were less debilitating than the tandem AA mis-
matches. This result is consistent with (i) reports that tandem
UU mismatches can be quite stable (12) and (ii) the observa-
tion that a naturally occurring tandem UU mismatch exists in
S1 of the TSD in cymbidium ringspot virus satellite RNA (32;
O. A. Cheryesheva and K. A.White, unpublished data). In
addition, the more biologically active tandem UU mismatch-
containing mutants also had modifications in their cPRs. The
higher level of biological activity observed for these mutants
than for the tandem AA mismatch-containing mutants with no
modification to their cPRs suggests that the identities of two
substitutions in the cPR are less important than the base pair-
ing of S1 in this region (Fig. 3B). The near-wt levels of recovery
observed for the compensatory mutants S1-1c and S1-2c—also
containing the cPR modifications—further indicate the greater
importance of base pairing in the lower portion of SI.
Similar compensatory mutational analysis was carried out
with the upper terminal base pair of S1 (Fig. 3A and C). A
strong correlation between decreased base pair stability and
reduced DI RNA levels was observed, with the CC mismatch in
S1-1b being more detrimental than the GG mismatch in S1-1a
(Fig. 3C). The compensatory mutant S1-1c showed near-wt
recovery, confirming a central role for the uppermost base pair

J. VIROL.

in S1. In addition, the high level of recovery observed for S1-1c,
which also contained a G-to-C substitution in the cPR, indi-
cates no major effect on the activity of this promoter (Fig. 3A
and C).

S2 is important for DI RNA fitness. The deletion analyses
described earlier in this work implicated SL2 as a determinant
of DI RNA replication efficiency (Fig. 2). To determine wheth-
er formation of SL2 was biologically relevant, disruptive and
compensatory mutations were introduced into this helix. The
disruptive mutations in S2-la and S2-1b reduced DI RNA
accumulation to ~60% of wt levels, and the restorative muta-
tions in S2-1c yielded near-wt levels (Fig. 4A and B). These
results at 22°C support our ideas about the formation and
importance of S2; however, the decreases observed were much
less pronounced than those seen for S1 disruption (compare
Fig. 3B and C with Fig. 4B). In an attempt to verify that these
more modest reductions were indeed meaningful, the incuba-
tion temperature for the S2 mutant infections was raised from
22 to 28°C. This increase was predicted to provide more ther-
modynamically stringent conditions for testing the functional
relevance of RNA secondary structures. At the higher temper-
ature, the importance of S2 formation was unmistakable (Fig.
4B).

In addition, clear differences in accumulation levels were
also observed when the same mutants were tested under com-
petitive conditions at 22°C (Fig. 4C). When both wt DI-72SXP
and the larger DI-73 (see Fig. 1B) were coinoculated in equi-
molar amounts, the more competitive DI-72SXP dominated
and suppressed accumulation of DI-73 (29) (Fig. 4C). In con-
trast, disruptions in S2 in DI-72SXP resulted in decreased
competitiveness and restoration of S2 led to recovery of com-
petitiveness (Fig. 4C). These results clearly illustrate that the
maintenance of S2 contributes significantly to the fitness of DI
RNAs under competitive conditions. These effects can be at-
tributed to S2 activity, as corresponding modifications of the
PPE in S2-la and S2-1c did not appear to affect function
markedly (Fig. 4).

S4 formation markedly stimulates TSD activity. Previous
studies of the 5" UTR have shown that sequences in the TSD
that map to the loop of the predicted SL4 interact with 3’-
proximal residues in the DSD to form a functionally relevant
pseudoknot, PK-TD1 (23) (Fig. 1C). If S4 does indeed form, it
would facilitate presentation of the loop 4 (L4) residues that
form PK-TD1. SL4s with stems ranging from 4 to 6 bp in length
have been predicted previously for different tombusviruses by
the program mfold (13, 32, 33). This comparative sequence
analysis also revealed that the upper regions of the different
S4s were variable (i.e., the base pairs covaried) but that in the
lower regions the two terminal base pairs G,3Ug; and U,,A
were absolutely conserved (Fig. 1C). This analysis suggested
that maintenance of S4 secondary structure is important but
that the identities of the two base pairs at the bottom of this
stem may also be of functional significance.

The importance of base pairing in the upper portion of S4 in
TBSV was well supported by the analysis of two sets of com-
pensatory mutations (i.e., the SL4-1 and SL4-2 series) (Fig. SA,
B, and C). These results indicate that efficient DI RNA accu-
mulation requires S4 formation but does not require specific
nucleotides within the upper portion of S4. The presence of the
conserved G,3Ug, base pair suggests that S4 formation is rel-
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evant in the positive strand, since this base pair would corre-
spond to a less stable AC mismatch in the negative strand. This
concept is also consistent with the model that PK-TD1 forms in
the positive strand (23) (Fig. 1C). To distinguish more defini-
tively between possible positive- and negative-strand functions
of S4, substitutions were introduced into the variable upper
portion of S4 that would preferentially destabilize this helix in
either the negative strand (mutant S4-1U1) or the positive
strand (mutant SL4-1A1) (Fig. 5SA). Accumulation levels for
S4-1U1 were ~70% of those for the wt, whereas a more dra-
matic decrease to ~30% was observed for S4-1A1 (Fig. 5D).
The greater sensitivity of S4 to reduced positive-strand stability
is consistent with its function in the positive strand and its
modeling as an important subelement of the TSD (Fig. 1C).
The conserved residues in S4 facilitate TSD activity. While
the results described above and comparative sequence analysis
support a primarily structural role for the upper portion of S4,

the absolute conservation of the lower two base pairs in tom-
busviruses suggests that their identities may be important.
The latter concept was supported by compensatory mutational
analysis of the terminal U,,A4g base pair (Fig. 6A and B). The
results showed an approximately twofold decrease in accumu-
lation for both mutants containing disruptions, SL4-3a and
SL4-3b, and an even greater 10-fold reduction for the mutant
SL4-3C, in which the base pair was restored (Fig. 6A and B).
Thus, the identity of this terminal base pair is relevant to
function.

The significance of identity in the adjacent base pair G,4U,
was also investigated (Fig. 6A and C). The replacement of this
base pair with a G,4C,, base pair had no major effect, whereas
conversion of this base pair into an A,3U, base pair markedly
reduced DI RNA accumulation—implicating the guanylate as
important. Considered along with the results for the adjacent
A,;Ugq base pair, these findings suggest that S4 function relies
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to some degree on the identities of the lower two conserved
base pairs. Thus, both maintenance of base pairing and nucle-
otide identity seem to be important for S4 activity.

An alternative explanation for these results may be that the
substitutions introduced into lower S4 led to misfolding of the
SL4 region. To address this possibility, four additional mutants
with substitutions in both conserved base pairs were tested
(Fig. 7A). These modifications were predicted by the mfold
program to maintain SL4 and TSD structure (data not shown).
In the four mutants tested, HN54, HN55, HN56, and HN57,
significant reductions in DI RNA levels were observed (Fig.
7B). These lower levels support the idea that nucleotide iden-
tity in lower S4 is important.

Although misfolding of these mutants is not predicted by
mfold, we sought additional evidence to preclude it as the
cause of the defects observed. We reasoned that, if the substi-
tutions introduced did indeed cause misfolding of SL4, such
structural changes would likely interfere with the presentation
of L4 residues and the formation of PK-TDI. If this were the
case, disrupting PK-TD1 in these mutants would not further
reduce their accumulation. Conversely, if the SL4s were fold-
ing properly and promoting PK-TD1 formation, then disrup-
tion of PK-TD1 in these mutants should cause further reduc-
tions in their accumulation. The latter result would support the

identity hypothesis and indicate a function independent of
PK-TD1 formation.

To test this concept, PK-TD1-disrupting modifications were
introduced into the four S4 mutants, thereby generating cor-
responding double mutants HN64, HN65, HN66, and HN67
(Fig. 7A). The substitutions added in the s8 region of the DSD
(Fig. 1C and 7A) were shown previously to effectively disrupt
PK-TD1 and cause a fivefold decrease in DI RNA accumula-
tion levels (23). Thus, if PK-TD1 was still forming efficiently in
HNS54, HNSS5, HN56, and HNS57, its disruption in HN64,
HNG65, HN66, and HN67 would be predicted to cause corre-
sponding ~5-fold decreases in the levels of accumulation in
the latter mutants. When these double mutants were tested,
they were found to have ~5-fold lower levels of accumulation
than their single mutant counterparts (Fig. 7B). These results
indicate that these mutants were still PK-TD1 dependent. Ac-
cordingly, the defects caused by modifications of lower S4 were
likely not due to misfolding of SL4 and instead are better
explained by an identity requirement at these positions.

L1 sequences and a putative L1-L4 pseudoknot do not con-
tribute notably to TSD activity. Examination of the TSD sec-
ondary structure revealed the possibility of a tertiary base-
pairing interaction between 1.4 and L1 resulting in a putative
pseudoknot tentatively termed PK-T1 (Fig. 8A). Deletion of
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residues in the two segments within L1 and L4 that would form
PK-T1 (mutants AL1-1 and ALA4-1, respectively) did not nota-
bly alter DI RNA accumulation (Fig. 8B and C), suggesting no
central role for this putative pseudoknot. Similarly, deletion of
a more 3’-proximal segment of L1 did not affect DI RNA
accumulation nor did replacement of a highly conserved UGA
sequence in L1 that may potentially act as a UNR-type U-turn
motif (mutants AL1-2 and L1-42, respectively) (Fig. 8B and C).
Taken together, these data indicate no major role for the L1
sequences analyzed or for the 5" portion of L4 in facilitating DI
RNA accumulation.

DISCUSSION

The present study has defined additional subelements within
the TSD that are relevant to DI RNA replication. Of these,
SL4 was identified as the most important, followed by S2 and
lastly S3. Further analyses of the TSD revealed additional
structural properties that facilitate its activity. Below, these
findings are considered in relation to the TBSV reproductive
cycle and in comparison with replication mechanisms utilized
by other viral systems.

TSD versus cPR-PPE activities. An interesting feature of
the TBSV 5’ UTR is that it contains important RNA replica-
tion elements in both its positive and negative strands, namely,
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the TSD (32) and the cPR-PPE (18, 19), respectively. Several
of the TSD deletion mutants analyzed also contained deletions
in the PPE. For these mutants, the reduction in DI RNA
positive and negative strands was found to be proportional.
The absence of strand-preferential effects in our mutants sug-
gests that the PPE activities were not affected markedly and
that this element may be able to tolerate considerable modi-
fication without noticeable compromise of its function. This
idea is supported further by in vitro analyses with partially
purified tombusvirus RdRp that revealed that AU-rich se-
quences can functionally replace the PPE (18). All considered,
the defects associated with our deletion mutants are most
readily explained by modifications that affect TSD function.
The 5’ half of S1 is complementary to the cPR, and both of
these elements have important activities in the positive and
negative strands, respectively (19, 32). However, the structural
requirements of each are quite distinct, with S1 functioning
through secondary structure and the cPR operating as a linear
element (19, 32). The lower six base pairs in S1 are absolutely
conserved among tombusviruses, as are the corresponding six
3’-terminal nucleotides in the cPR (32). This conservation may
be related to cPR function. However, our results from com-
pensatory analysis of the lower region of S1 indicate no strict
sequence requirement at positions 3 through 5 in the cPR, as
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changing its sequence from (—)3'UCUUUAAGAGG to (—)3’
UCUAAAAGAGG (mutant S1-1c) or (—)3'UCAAUAAGA
GG (mutant S1-2c; substitutions are in bold) did not signifi-
cantly affect DI RNA accumulation. In contrast, this analysis
showed clearly that substitutions disrupting S1 secondary struc-
ture were very detrimental. The sensitivity of S1 to helical
disruption in its lower region may be related to the proposed
coaxial stacking of the base of S1 with that of S5 (23). It was
proposed previously that this interaction may act to further
stabilize S1 and/or protect the uncapped 5' terminus of the
RNA from exonuclease attack (23). Overall, our results sug-
gest that base pairing at these lower positions in S1 is more
important than sequence identity in the cPR.

S1 functions optimally as a 10-bp-long helix. Previous stud-
ies have demonstrated the importance of S1 formation in the
positive strand (32); however, the upper boundary of helical
structure required for its activity was not investigated. Com-
pensatory mutation analysis of the uppermost canonical base
pair predicted in S1, C,;Gy, revealed a clear requirement for
pairing. The necessity for this terminal base pair may be rele-
vant for two reasons, which may not be mutually exclusive.
First, as part of the 3-helix junction, it may contribute to func-
tionally relevant organization. For example, it has been pro-
posed previously that S1 may coaxially stack on S2 or S4 and
the closing C,,Ggo base pair of S1 would be integral to either
of these interactions (27, 32). Second, this terminal base pair
defines S1 as a 10-bp-long helix. This additional property may
be functionally relevant as all S1s analyzed to date have the
potential to form 10-bp-long helices. This is also true for the
S1s in tombusvirus satellite RNAs (32) and newly sequenced
tombusviruses (Fig. 9A). In addition, members of Aureusvirus
(15, 24)—the genus in the family Tombusviridae whose mem-
bers are most closely related to tombusviruses—also possess
potential TSDs with S1s that are 10-bp long (Fig. 9B). The
relevance of conservation of an almost complete helical turn is

unclear but may be related to a specific size requirement for
positioning of other associated RNA elements and/or for rec-
ognition by other cis- or trans-acting factors.

Accessory role for SL2 and dispensability of SL3 and L1. A
major component of the 3-helix junction is L1. Despite its
central location in the TSD and a significant degree of conser-
vation among tombusviruses (32), the L1 sequence was dis-
pensable for wt levels of DI RNA accumulation. This expend-
ability rules out any major function for L1 related to the
potential pseudoknot, PK-T1, or the 3-helix junction. This
finding does not, however, preclude possible functions for it in
other viral processes.

Our results indicate that SL3 is readily dispensable for pro-
ductive viral RNA replication. However, previously, SL.3 was
shown to be essential for facilitating efficient cap- and poly(A)
tail-independent translation of TBSV proteins (6) (Fig. 9A). In
this capacity, L3 residues pair with those in the loop sequence
of an RNA hairpin present in the 3’-proximal translational
enhancer (6)—which is located in the 3" UTR of the TBSV
genome (31). This defined role in translation helps to explain
SL3’s expendability for efficient DI RNA replication. Further-
more, the dual roles of the TSD in facilitating both translation
and RNA replication suggest that it may also participate in the
coordinated regulation of these processes (6).

A central role for SL4 in TSD activity. Our evidence for SL4
formation and activity in the positive strand validates the
proper assignment of SL4 in the TSD secondary structure
model and is consistent with the participation of SL4 in the
formation of PK-TD1 (23, 32). The upper portion of S4 is
sequence independent and likely facilitates presentation of L4
for PK-TD1 formation. In contrast, the lower portion of S4
shows a clear preference for particular residues. These con-
served residues adjoin the 3-helix junction and may represent
specificity determinants within this context. Alternatively, or
additionally, the formation of these lower base pairs may also
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allow for coaxial stacking of S4 with S1—a concept supported
indirectly by the importance of the uppermost base pair in S1.
It is possible that such coaxial stacking is favored by the pres-
ences of certain base pairs at these positions in the S4 helix. In
addition to these putative functions, the G,3Uy; and Uy,Agg
base pairs would contribute to the overall stability of S4 and
thus aid in the presentation of L4 for PK-TD1 formation.
Taken together, these data establish S4 as a complex subele-
ment of the TSD that contributes to both intra- and interdo-
main functions.

Role of TSD in viral RNA replication. We have further
defined important structural features of the TSD that contrib-
ute to its activity (Fig. 9A). This and other studies point to a
function for the TSD in viral RNA replication (23, 32). Its
contribution may be at any of several steps in the replication
process, including template targeting to replication complexes,
facilitating of negative-strand synthesis, and/or enhancing of
positive-strand synthesis. Examples of 5" UTR RNA elements
mediating each of these types of activities have been reported
for different positive-strand RNA viruses. For instance, target-
ing of Brome mosaic virus RNA2 to replication complexes re-
quires a hairpin in its 5" UTR (4). In Poliovirus (1, 11), Sindbis
virus (7), and Alfalfa mosaic virus (26), 5’ UTR elements pro-
mote negative-strand synthesis, and for Potato virus X (14), an
RNA structure in its 5" UTR facilitates positive-strand synthe-

sis. For TBSV, analyses of positive- and negative-strand DI
RNA accumulation levels in this and other studies have not
revealed any strand-specific functions for the TSD, SLS, or the
DSD (23). Additionally, previous studies have shown that
TBSV DI RNAs lacking the entire 5" UTR (i.e., RI) can still
replicate, albeit at 10% of wt levels (30). The latter finding
indicates that TBSV RNAs can still be targeted to replication
centers and copied into negative and then positive strands
without the presence of the TSD, SLS, and the DSD. Although
none of the RNA elements in the 5’ UTR are essential in cis
for RNA replication, this region clearly facilitates one or more
steps in the RNA replication process. Further studies will be
required to elucidate the precise mechanism(s) by which these
RNA elements confer their activities. It is anticipated that the
mode(s) by which the TBSV TSD functions will also be appli-
cable to all tombusviruses and other viral replicons that possess
TSDs—namely tombusvirus satellite RNAs (32) and aureusvi-
rus genomes.
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