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Abstract

Nodamura virus (NoV; family Nodaviridae) contains a bipartite positive-strand RNA genome that
replicates via negative-strand intermediates. The specific structural and sequence determinants for
initiation of nodavirus RNA replication have not yet been identified. For the related nodavirus
Flock House virus (FHV) undefined sequences within the 3'-terminal 50 nucleotides (nt) of FHV
RNAZ2 are essential for its replication. We previously showed that a conserved stem-loop structure
(3'SL) is predicted to form near the 3’ end of the RNA2 segments of seven nodaviruses, including
NoV. We hypothesized that the 3'SL structure from NoV RNAZ2 is an essential cis-acting element
for RNA replication. To determine whether the structure can actually form within RNA2, we
analyzed the secondary structure of NoV RNAZ2 in vitro transcripts using nuclease mapping. The
resulting nuclease maps were 86% consistent with the predicted 3'SL structure, suggesting that it
can form in solution. We used a well-defined reverse genetic system for launch of NoV replication
in yeast cells to test the function of the 3'SL in the viral life cycle. Deletion of the nucleotides that
comprise the 3'SL from a NoV2-GFP chimeric replicon resulted in a severe defect in RNA2
replication. A minimal replicon containing the 5'-terminal 17 nt and the 3'-terminal 54 nt of RNA2
(including the predicted 3'SL) retained the ability to replicate in yeast, suggesting that this region
is able to direct replication of a heterologous mRNA. These data suggest that the 3'SL plays an
essential role in replication of NoV RNAZ2. The conservation of the predicted 3'SL suggests that
this common motif may play a role in RNA replication for the other members of the Nodaviridae.
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1. Introduction

Members of the virus family Nodaviridae, which include Nodamura virus (NoV) and Flock
House virus (FHV), are small riboviruses that contain bipartite positive strand RNA
genomes (Ball and Johnson, 1998). The study of nodavirus RNA replication mechanisms
has been greatly facilitated by their broad host ranges. Introduction of the isolated RNA
genomes of NoV or FHV into cultured cells of mammalian, insect, plant, or yeast origin
results in exponential RNA replication (Ball, 1992; Ball et al., 1992; Johnson et al., 2004;
Lu et al., 2005; Price et al., 2005; Price et al., 1996; Selling et al., 1990; Tesh, 1980). The
ability of cells from such a wide variety of organisms to support nodavirus RNA replication
may suggest that any cellular host factors involved in this process are ubiquitous and/or
highly conserved.

The viral requirements for genome replication and assembly are naturally segregated onto
two separate genome segments that are co-packaged into the same virion. The larger
genome segment, RNA1, encodes Protein A, the catalytic subunit of the viral RNA-
dependent RNA polymerase (RdRp), while RNA2 encodes the capsid protein precursor, a.
A small subgenomic RNA, RNAZ3, is synthesized during RNAL replication. RNA3 encodes
nonstructural proteins B1 and B2 from overlapping open reading frames (Johnson et al.,
2003; Johnson et al., 2004). The function of B1 is unknown, while B2 suppresses RNA
interference (RNAI) in both insect and mammalian cells (Johnson et al., 2004; Li et al.,
2004; Sullivan and Ganem, 2005). Protein A catalyzes replication of both genomic RNAs
and subgenomic RNAS3 via negative strand replication intermediates. During RNA
replication, dimeric negative-sense RNAs are synthesized for both FHV and NoV (Albarifio
et al., 2001; Johnson et al., 2003); these RNAs consist of covalently linked, head-to-tail
monomers of RNAs 1, 2, and 3 (homodimers), and RNA2 covalently joined to RNA3
(heterodimers). When introduced into cells, synthetic FHV RNA dimeric templates of either
polarity could be resolved to their monomeric counterparts by the RdRp, suggesting that the
RdRp can recognize terminal cis-acting signals when they are located internally (Albarifio et
al., 2003; Albarifio et al., 2001). For this reason, a possible role for the dimers as replication
intermediates has been proposed, although it is also possible that naturally occurring dimers
are dead-end products of the RdRp. Indeed, the exact mechanism of nodavirus RNA
replication remains unclear. For example, the specific cis-acting signals required for
initiation of negative strand synthesis have yet to be identified.

For many plant viruses with positive-strand RNA genomes, tRNA-like structures at the 3’
end of the genomic RNA play key roles in both translation and RNA replication. Indeed, the
promoters for synthesis of negative strand replication intermediates of brome mosaic virus
and tomato bushy stunt virus genomic RNAs have been identified within structural motifs
near their 3’ termini (Chapman and Kao, 1999; Pogany et al., 2005). It was therefore
reasonable to suspect that cis-acting signals (promoter elements) required for nodavirus
RNA replication would lie at or near the genomic 3’ termini and would perhaps be
influenced by the structures these sequences adopt. Two lines of evidence support this
hypothesis. First, sequences from the 3’ terminal 50 nt of FHV RNA2 are sufficient to direct
replication of a heterologous mRNA, indicating that an as-yet undefined cis-acting
replication element must lie within this region (Albarifio et al., 2003; Eckerle et al., 2003).
Second, Kaesberg et al. (Kaesberg et al., 1990) predicted the existence of secondary
structures within the 3'-noncoding regions of the RNA2 segments from BBV, BoV, FHV,
and NoV. The role of these predicted structures in the viral replicative cycle was not
examined, although they were hypothesized to function in RNA replication (Kaesberg et al.,
1990). In order to further define the cis-acting elements required for nodavirus RNA2
replication, we previously extended these studies to include RNA2 segments from a total of
seven nodaviruses: FHV, BBV, BoV, NoV, Pariacoto virus (PaV), Striped jack nervous
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necrosis virus (SINNV) and Greasy grouper [Epinephelus tauvina] nervous necrosis virus
(GGNNYV). Since many viral RNA replication elements such as those found in plant viruses
form pseudoknot structures, we used software tools that are able to predict these structures.
RNA structure predictions were performed on the 3" terminal 200 nucleotides of each
segment using the RNA Virtual Laboratory (RNAVLab) platform (Taufer et al., 2008)
running programs PseudoknotsRE (Rivas and Eddy, 1999), PseudoknotsRG (Reeder and
Giegerich, 2004) and NuPack (Dirks and Pierce, 2003; Dirks and Pierce, 2004). RNAVLab
consistently predicts a similar stem-loop structure for each virus, in each case positioned just
upstream of the 3’ end of RNA2 (Taufer et al., 2008). The 3'SL predicted for NoV RNA2 is
shown schematically in Figure 1; it comprises nt 1299-1322, just 14 nt upstream of the 3’
terminus located at nt 1336. Despite our use of software that allowed for the prediction of
pseudoknots, our results for NoV are similar to those of the previous analysis (Kaesberg et
al., 1990). In most cases, the predicted 3'SL structure formed a part of a larger pseudoknot
structure, but prediction of the pseudoknot was not conserved for NoV or BBV (Taufer et
al., 2008). Whether the sampled 3’ termini in NoV and BBV were too short to detect
pseudoknots that might be predicted to form in a longer sequence and whether pseudoknot
structures play any role in viral RNA replication remains to be determined. Nevertheless, the
predicted 3'SL element is structurally conserved among all seven nodaviruses examined,
although each predicted structure is comprised of different primary sequences (Taufer et al.,
2008).

In the present study, we used nuclease mapping to determine whether the predicted 3'SL
structure within NoV RNA2 can form in solution and found that the resulting nuclease map
was consistent with the predicted structure. Deletion of the NoV RNA2 3'SL from an
RNA2-GFP subgenomic replicon resulted in a mutant that was unable to replicate in
transformed yeast cells, suggesting that this structural element is essential for viral RNA
replication. Finally, a minimal GFP-containing replicon that retained only the 5'-terminal 17
nt and the 3'- terminal 54 nt of NoV RNA2 (including the 3'SL structure) was still able to
replicate in transformed yeast cells, suggesting that the sequences that comprise the
predicted structure retain the ability to direct replication of a heterologous mMRNA.

2. Materials and methods

2. 1. Cells and viruses

All recombinant plasmids were amplified in Escherichia coli strains Jn109 (Promega),
NEB5a or NEB10B(New England Biolabs) grown in Luria-Bertani (LB) broth or on LB
agar plates supplemented with ampicillin. RNA replication studies were performed in the S.
cerevisiae synthetic deletion strain BY4733 (MATa his34200 leu240 met1540 trp1463
ura340) (Brachmann et al., 1998), as described previously (Price et al., 2005; Price et al.,
1996). Competent yeast cells were prepared and transformed using a Frozen-EZ Yeast
Transformation 1™ kit (Zymo Research Corp., Orange, CA). Plasmids containing
appropriate selectable markers were co-transformed with experimental plasmids to allow
growth of yeast cells in media selective for LEU2 and TRP1. For selection of leu+ trp+
colonies, yeast cells were plated on glucose-containing solid minimal medium (YNB)
supplemented with histidine, methionine, and uracil and lacking leucine and tryptophan and
incubated at 30°C. For induction of the GAL1 promoter, leu+ trp+ cells were inoculated into
selective liquid medium containing 2% galactose and grown at 30°C for 24h prior to harvest.

2.2. Plasmids

We previously described our ability to reproduce the entire NoV replicative cycle in cells of
the yeast S. cerevisiae from plasmids expressing cDNA copies of NoV RNA1 and RNA2
(plasmids pN1 and pN2, respectively) under transcriptional control of an inducible yeast
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GAL1 promoter (Price et al., 2005). Synthesis of replicable primary transcripts in
transformed yeast cells is induced with galactose and authentic 3’ termini of the transcripts
are generated by self-cleavage by the hepatitis delta virus (HDV) antigenomic ribozyme, as
described previously (Price et al., 2005). Plasmids pN1 and pN2 also contain yeast TRP1
and LEU? selectable markers, respectively, and pN2 contains the yeast ADH1 termination
and polyadenylation sites immediately downstream of the HDV ribozyme (Price et al.,
2005). Plasmid pNoV2(0,0), which contains the NoV RNA2 cDNA and HDV ribozyme
sequences under transcriptional control of a bacteriophage T7 promoter, was described
previously (Johnson et al., 2003).

2.2.1. Plasmid pT7-N2AMIuIN2—For use as a template for in vitro transcription
reactions, we used standard cloning techniques to construct a plasmid, pT7-N2AMIuIN2,
which contains a head-to-tail dimer of the NoV RNA2 cDNA under control of a
bacteriophage T7 promoter (Sambrook and Russell, 2001). We deleted a 319 bp Mlul
fragment (nt 780 — 1099) from the upstream copy of NoV2, which is followed by a complete
downstream copy of NoV2, all within the plasmid backbone of pNoV2(0,0) (Johnson et al.,
2003). The deletion removed an Eagl site from the upstream copy, allowing us to use the
single remaining Eagl site in the downstream copy to linearize the plasmid. The junction
between the two cDNA sequences is 5'-...CTTGGT/GTAAAC...-3', where the 3'-terminus
of the upstream copy of the NoV RNA2 cDNA is juxtaposed with the 5’ terminus of the
downstream copy. A T7 transcript of the resulting dimer is shown schematically in Figure
2A.

2.2.2. Plasmid pG4-N2AMIuIN2Pvull—We constructed an NoV2 dimer subclone in the
pGEM®-4 vector (Promega), using a 1017 bp Pvull fragment from pT7-N2AMIuIN2 that
contained the primer junction, to yield plasmid pG4-N2AMIuIN2Pvull. This subclone,
which contains a single binding site for the primer used in primer extension and DNA
sequencing, was used to generate the DNA sequencing ladder for the nuclease mapping
analysis.

2.2.3. Plasmid pN2GFPN2,35—We used PCR to construct a plasmid, pN2GFPN253g,
which contains the coding region for mammalian-codon optimized green fluorescent protein
(GFP), flanked by sequences from the NoV RNA2 cDNA. In this case, the GFP ORF serves
as a common heterologous core region to which we can direct strand-specific probes,
providing a uniform assay for testing the activity of different N2GFPN2 deletion variants, as
previously described for FHV (Albarifio et al., 2003; Eckerle et al., 2003). The resulting
plasmid contains 17 nt (nt 1 — 17) from the 5’ end of RNA2, the GFP central core, and 236
nt (nt 1100 — 1336) from the 3" end of RNAZ2. This replicon is shown schematically in
Figure 2B.

2.2.4. Plasmid pN2GFPN2,1,A3'SL—We deleted the 3'SL structure from
pN2GFPN2234 using PCR-based circular mutagenesis followed by Dpnl selection, as
described (Sambrook and Russell, 2001). The region of interest was confirmed by
sequencing and a small DNA fragment containing the desired mutation was re-ligated into
parental plasmid pN2GFPN2,3¢ using standard techniques (Sambrook and Russell, 2001).
The resulting plasmid, pN2GFPN2,15,A3'SL, contains 17 nt (nt 1 — 17) from the 5’ end of
RNAZ2, the GFP central core, and 212 nt (nt 1100 — 1298, 1323 — 1336) from the 3’ end of
RNAZ2, with a perfect deletion of the nt (nt 1299 — 1322) that form the predicted 3'SL; the 3’
terminal 14 nt are authentic to NoVV RNA2. This replicon is shown schematically in Figure
2B.

Virus Res. Author manuscript; available in PMC 2011 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rosskopf et al.

Page 5

2.2.5. Plasmid pN2GFPN25,—PCR was used to remove the sequences between nt 1100
and 1281 from pN2GFPN2,3, retaining the 3’ terminal sequences 1282-1336, including the
nt that form the predicted structure (nt 1299-1322) as well as the authentic 3’ end. The
resulting plasmid contains 17 nt (nt 1 — 17) from the 5’ end of RNAZ2, the GFP central core,
and 54 nt (nt 1282 — 1336) from the 3’ end of RNA2. This replicon is shown schematically
in Figure 2B.

2.3. Nuclease mapping and primer extension analysis

Nuclease mapping studies were performed on NoV?2 in vitro transcripts as described
(Hanley et al., 2002; Romero et al., 2006; Tuplin et al., 2004). Plasmid pT7-N2AMIuINZ2,
which contains the head-to-tail dimer of NoVV RNA2 under transcriptional control of a
bacteriophage T7 promoter, was linearized with Eagl and used as a template in in vitro
transcription reactions using T7 RNA polymerase (Promega). The resulting transcripts were
purified using an RNeasy Mini Kit (QIAGEN) and eluted in water; these transcripts are
represented schematically in Figure 2A. Nuclease digestion of in vitro transcripts of the
NoV2 dimer was carried out using single- or double-strand specific ribonucleases (RNases)
A, 1, T1, and V1 (Applied Biosystems/Ambion), as described (Romero et al., 2006; Tuplin
et al., 2004) except that 5 pmol of RNA was incubated in structure buffer (10 mM Tris, pH
7,100 mM KCI, 10 mM MgCl,) at 65°C for 2 min. and room temperature for 5 min. The
RNA was treated with 0.05 U RNase A, 0.5 U RNase T1, 10 U RNase I, 0.005 U RNase V1
(Ambion), or no RNase (for no nuclease control), and incubated at room temperature for 10
minutes. Digestion was halted and samples precipitated in a solution containing 5 g yeast
tRNA, 2 ul of GlycoBlue (Ambion) and 25 pl Precipitation/Inactivation buffer (Ambion).

The digested samples were subjected to primer extension analysis using Superscript 111
Reverse transcriptase (Invitrogen) and an infrared dye-labeled primer (IR700; LI-COR
Biosciences), which allowed us to map the sensitive sites for each nuclease. The primer
contained the sequence 5-GGGGCCGCTCTTCGGCGGCG-3', which is complementary to
nt 57-38 of NoV RNA2. A DNA sequencing ladder was generated with a SequiTherm
EXCEL™ Il DNA sequencing kit (Epicentre Biotechnologies) using the same IR700-
labeled primer and plasmid pG4-N2AMIuIN2Pvull as template. Samples were analyzed on a
polyacrylamide sequencing gel (LI-COR Biosciences 3.7% gel matrix) using a LI-COR
4200 DNA Analyzer running e-Seq V2.0 software (LI-COR Biosciences). For ease of
interpretation, the raw gel images were reversed so that the complement of the negative
sense primer extension products can be read directly from the gel. Similarly, the DNA
sequencing ladder was labeled with its complement, and T’s replaced with U’s, so that its
correspondence to the computer prediction is readily apparent. Finally, the contrast of the
entire gel image was adjusted slightly using Adobe Photoshop for optimal viewing of the
bands. To calculate the percentage of consistency between the empirical map and the
structure prediction, we divided the total number of enzymatic cleavages observed (22) by
the number of cleavages that were consistent (19/22) or inconsistent (3/22) with the
prediction and multiplied the result by 100, as described (Romero et al., 2006).

2.4. Northern blot hybridization analysis

Total RNA was isolated from plasmid-transformed yeast cells using hot phenol as described
previously (Leeds et al., 1991; Newman et al., 1993). The RNA (0.5 ug for detection of
positive strands and 2 ug for detection of negative strands) was separated on denaturing
formaldehyde-agarose gels and stained with ethidium bromide to allow quantitation of
ribosomal RNAs, as described below. The RNA was then transferred to charged nylon
membranes (Nytran SuPerCharge (SPC), Whatman), and Northern blot hybridization was
performed as described previously (Leeds et al., 1991; Newman et al., 1993), using strand-
specific 32P-labeled RNA probes that contained positive- or negative-strand sequences of
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NoV RNA1 nt 2732-3204 (the entire RNA3 region) or of the entire coding region for
mammalian codon-optimized GFP (nt 20-736 of plasmid pN2GFPN2536). The results were
visualized with a Bio-Rad Personal Molecular Imager and quantitated using Quantity One 1-
D Analysis Software (Bio-Rad Laboratories). Levels of N2GFPN2 RNA replication
products were normalized to those of yeast cellular 25S ribosomal RNA (visualized by
ethidium bromide staining of the gel before transfer) and are presented as a percentage of the
WT N2GFPN2,36 values in Figures 4 and 5. The relative RNA values from three (Figure 4)
or four (Figure 5) independent experiments are presented as mean values + standard
deviations.

3. Results and Discussion

3.1. The predicted 3'SL structure in NoV RNA2 forms in solution

As described previously, the RNAVLab analysis predicts a conserved stem-loop structure
(3'SL) involving nt 1299 — 1322 of the NoVV RNA2 3’-noncoding region. 3'SL is comprised
of a 7 bp stem (nt 1299 — 1305 base-pairing with nt 1316 — 1322) and a 10 nt loop (nt
1306-1315), located just 14 nt from the 3’ end (Taufer et al., 2008). This structure is shown
schematically in Figure 1. Its conservation among seven nodaviruses suggests that the
predicted structure may play a functional role in the nodavirus life cycle. Prior to assessing
that role, we first determined whether the predicted structure could form in solution using in
vitro transcripts of NoV RNA2.

As described in the Introduction, we consistently detect dimeric negative strand RNA
species during NoV RNA replication. These molecules have been proposed to function as
RNA replication intermediates. We hypothesized that our use of NoV RNA2 dimers as
templates in the nuclease mapping studies would allow us to place a primer near the 5’ end
of the downstream copy that could be extended across the dimer junction and allow mapping
of the 3'SL present in the upstream copy (shown schematically in Figure 2A).
PseudoknotsRE predicted formation of an internal copy of the 3'SL within the context of the
RNAZ2 dimer (data not shown), strengthening our confidence in this approach.

Therefore, dimeric in vitro transcripts were synthesized and subjected to digestion with
ribonucleases specific for single- (RNases I, A, and T1) or double-stranded RNA (RNase
V1) or left untreated as controls to detect non-specific cleavage and intrinsic stops
(premature transcription termination) during reverse transcription. RNase | cleaves 3’ of all
four single-stranded nucleotides, RNase A cleaves 3’ of single-stranded C and U
nucleotides, RNase T1 cleaves 3’ of single-stranded G nucleotides, and RNase V1 cleaves
double-stranded nucleotides. The results of a representative experiment are shown in Figure
3: the nuclease mapping results are shown in Figure 3A, alongside a DNA sequencing
ladder. The resulting nuclease cleavage pattern was projected onto the predicted structure in
Figure 3B. It is worthwhile to note that, since RNases I, A, and T1 cleave 3’ of the reactive
nucleotide, the corresponding DNA sequencing product generated by primer extension stops
one base short of the reactive residue on the dideoxy sequencing ladder, while RNase V1
generates primer extension products that co-migrate with the sequencing ladder (Jacobson et
al., 1993). However, the relative scarcity of G residues in the predicted structure (4 of 24
total nt) prevented us from generating a sequencing ladder by digesting denatured RNA with
RNase T1.

The nuclease mapping (Figure 3) showed enzymatic cleavage of 17 out of the 24 total
nucleotides in the predicted structure (71%). Of the 17 cleaved nucleotides, 5 nt were
cleaved by two different nucleases for a total of 22 enzymatic cleavages. Inefficient
ribonuclease cleavage may be attributable to steric radii within the nucleases that can block
access to solvated nucleotides (Christiansen and Garrett, 1988). In addition, in vitro
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transcripts can be expected to undergo multiple, temporary conformational changes,
exposing sites that may not be present in the majority structure conformation and resulting
in minor cleavage events (Tuplin et al., 2004). The nuclease mapping results we obtained
show that eighty-six percent of the observed enzymatic cleavages corresponded to the
prediction generated by PseudoknotsRE, PseudoknotsRG, and NuPack (Figures 1 and 3).
The percent consistency (86%) was calculated by dividing the total number of cleavages
observed (22) with the number of cleavages that were consistent with the prediction (19), as
described (Romero et al., 2006). Eight nucleotides were cleaved with RNase I, which
cleaved 3’ of nt U1306, U1314, U1323, U1324, C1325, and A1326, all of which are found
in regions predicted to be single-stranded (Figure 3, lane 1). These six cleavages are
consistent with the predicted structure. Two additional RNase | cleavage products were
detected (G1299 and U1316), resulting from cleavage of nucleotides predicted to be found
in double-stranded regions; these and other inconsistent cleavages are discussed further
below. We also detected five cleavages by RNase A, which cleaved 3’ of nt C1298, U1306,
U1324, C1325, confirming the single-stranded nature of these residues (Figure 3, lane 3).
One additional nucleotide, U1316, was cleaved with RNase A, but it was predicted to lie in a
double-stranded region, as discussed further in the next paragraph. Some experiments also
resulted in RNase A cleavage 3’ of nucleotides C1309, A1311, C1315, all of which lie in the
predicted single-stranded loop (data not shown). However, since this additional cleavage
was not seen in all experiments, these cleavages were not included in the percent
consistency calculations. Digestion with RNase T1 resulted in only one unambiguous
cleavage product in this region of the gel (Figure 3, lane 5); this product is considered
further below. Such inefficient T1 cleavage was expected, since G residues comprised only
4 of the 24 nucleotides in the predicted structure (17%), as noted above, and all of them are
predicted to base-pair with other nucleotides within the structure.

The double-strand specific ribonuclease V1 cleaved 8 residues within the predicted stem,
including C1301, C1302, C1303, and U1304 from the upstream side of the stem and
residues A1317, G1318, G1319, and C1322 from the downstream side (Figure 3, lane 7). In
this experiment, the two additional V1 cleavages (at nt G1320 and U1321) are visible, but
since there are apparent intrinsic stops at these positions in the absence of ribonuclease
treatment (no nuclease; Figure 3, lanes 2, 4, 6, and 8), these potential cleavages were not
included in the percent consistency calculations. Taken together, the nuclease V1 results
were consistent with a double-stranded region in the area of the predicted stem.

Out of the 22 total enzymatic cleavages detected in these experiments, 3 cleavages were
inconsistent with the predictions made by PseudoknotsRE, PseudoknotsRG, or NuPack
(14% inconsistency; calculated by dividing the total number of cleavages observed with the
number of cleavages that were inconsistent with the prediction, as described ((Romero et al.,
2006). Nt U1316 was cleaved by both RNase A and RNase I, despite its position at the top
of the predicted double-stranded stem (Figure 3); neither cleavage is consistent with the
prediction. However, in some experiments, RNase V1 also cleaved this residue (data not
shown). U1316 is predicted to form a U-A base pair with A1305 at the top of the stem, so it
is conceivable that breathing at this position could result in its being sensitive to cleavage by
both single- and double-strand specific ribonucleases. Alternatively, perhaps this U-A base
pair at the top of the stem does not form at all and U1316 is actually single-stranded. If so,
this change would have minimal impact on the overall predicted structure, resulting in a
stem of six rather than seven base pairs. Also inconsistent with the model is our observation
that nt G1299 was sensitive to digestion by single-strand specific RNases | and T1, since it
is predicted to base pair with residue C1322 at the bottom of the stem. As noted above,
C1322 was sensitive to digestion with RNase V1, suggesting that it is indeed base-paired,
possibly with nt G1299 or with another nt. In the case of both U1316 and G1299, the
absence of bands at these positions in the untreated controls suggest that the bands detected
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in the treated samples were not due to intrinsic stops (Figure 3A, lanes 2, 4, 6, and 8), but
instead represented actual enzymatic cleavages. A high proportion of similar dynamic
cleavages have been described during structure mapping studies of dengue and West Nile
virus RNA (Romero et al., 2006; Shi et al., 1996; Tilgner et al., 2005; Tilgner and Shi,
2004). Shi et al. attributed these dynamic cleavages to higher order structures, such as
pseudoknots, that could alternate between different conformations (Shi et al., 1996). For
NoV RNAZ2, the position of both inconsistencies at the top or bottom ends of the predicted
stem suggest that breathing at this position could result in its being sensitive to cleavage by
both single- and double-strand specific ribonucleases. Alternatively, this structure may
participate in transient, long-range interactions (pseudoknots).

Together the results of the nuclease mapping studies are 86% consistent with formation of
the predicted 3'SL in solution. However, the functional significance of the structure in the
viral life cycle remained unknown. To determine the functional role of the predicted
structure, we used the reverse genetic system for launch of NoV RNA replication in
transformed yeast cells to delete the sequences that comprise the structure from a GFP-
containing RNAZ2 replicon and to test the effect of this deletion on RNA replication.

3.2. A 3'SL deletion mutant exhibits a severe defect in RNA2 replication

We constructed an RNA2-based replicon, pPN2GFPN2,36, Which contains 17 nt from the 5’
end of RNA2, the GFP ORF (716 nt) as a central core region to which probes can be
directed, and 236 nt from the 3’ end of RNA2, including the 3'SL. To test the role of the
predicted 24 nt 3'SL in RNA replication, we deleted it from the pN2GFPN2,34 replicon
while leaving the 3'-terminal 14 nt unchanged, resulting in plasmid pN2GFPN2,1,A3'SL.
These replicons are shown schematically in Figure 2B. Yeast cells were transformed with
PN2GFPN2535 or pPN2GFP212A3'SL, together with pN1 as a source of RdRp. Total yeast
RNA was isolated and subjected to Northern blot hybridization analysis with probes specific
for the positive (panel A) or negative strands (panel B) of RNA3 (which also detect RNA1
species) or of the common GFP core region within the N2GFPN2 replicons (Figures 4 and
5, respectively). Since negative strand replication intermediates are present in the cell at a
much lower level than positive strands (on the order of one negative strand for each 100
positive strands), we loaded four times more RNA onto each gel, and used exposure times
that were approximately ten-fold longer, for detection of negative strands than for positive
strands. To allow direct comparison between the relative amounts of RNA1 and RNA3
produced by WT and mutant RNA2 replicons, we defined the levels detected in the presence
of the WT replicon as 100% (Figures 4C and 4D).

As shown in Figure 4, we detected positive strands of monomeric RNA1 and RNA3 species
when cells were transformed with pN1, either alone (Figure 4A, lane 5) or in the presence of
WT pN2GFPN2,34 (Figure 4A, lane 6). Co-transformation of yeast cells with mutant
pN2GFPN25,1,A3'SL and pN1 resulted in only a modest decrease in levels of RNA1 or
RNAZ3 (Figures 4E and 4G), suggesting that the deletion of the predicted structure in RNA2
did not primarily affect RNA1 replication or RNA3 synthesis (Figure 4A, lane 7). We also
detected negative strand replication intermediates (both monomeric and dimeric) of RNA1
and RNA3 in the presence of the RdRp (Figure 4B, lanes 6 — 8). The monomeric negative
strand RNAs are quantified in Figures 4F and 4H; the observed pattern was similar to that
seen for the positive strands.

In Figure 5, the same RNA samples were subjected to Northern blot hybridization analysis
with a probe specific for the GFP central core. When yeast cells were transformed with
pPN2GFPN2535 or pPN2GFPN25,12A3'SL in the absence of pN1 (Figure 5A, lanes 2 and 3),
positive-strand primary transcripts were detected; these differed in size from the N2GFPN2
replication products due to the presence of uncleaved HDV ribozyme sequences (Price et al.,
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2005). When yeast cells were co-transformed with pN1 and pN2GFPN2,36, the N2GFPN2
chimera replicated; monomeric positive strands (Figure 5A, lane 6) and both monomeric and
dimeric negative strand intermediates (Figure 5B, lane 6) were detected. However, when
cells were co-transformed with pN1 and the N2GFPN25,1,A3'SL mutant, only very low
levels of monomer length positive (Figure 5A, lane 7, and Figure 5C) or negative strands
(Figure 5B, lane 7, and Figure 5D) of the N2GFPNZ2 replicon were detected, indicating a
severe defect in RNAZ2 replication in the absence of the predicted stem-loop. Quantitative
analysis showed that the N2GFPN2,1,A3'SL replicon produced only 7% of the control
(N2GFPN2236) level of positive strands (Figure 5E) and 9% of the control level of negative
strands (Figure 5F).

Surprisingly, we also detected negative strand RNA replication products of dimer length
with the N2GFPN2,1,A3'SL replicon (Figure 5B). Over the course of four independent
experiments, the level of dimers averaged only 30% less than that detected for the
N2GFPN2,36 control (71%), with a range of values from 44 to 100% of the control (Figure
5G). For FHV, these species have been proposed to function as possible RNA replication
intermediates. The exact mechanism by which dimeric nodavirus RNAs are synthesized is
unclear, although it has been hypothesized that dimers form when the viral RdRp fails to
release a nascent strand after synthesis and instead makes a template switch to initiate a
second round of RNA replication, resulting in two nascent strands that are covalently linked
(Albarifio et al., 2003; Albarifio et al., 2001). These authors showed that synthetic dimeric
FHV RNAs could function as templates for synthesis of the corresponding monomers,
suggesting that the cis-acting signals could be recognized internally within the dimeric
template (Albarifio et al., 2003; Albarifio et al., 2001). Since the NoV RNA2 dimers were
seen in the presence (Figure 5B, lanes 5-8) but not the absence of RNA1 (Figure 5B, lanes
2-4), we must conclude that their synthesis was catalyzed by the RdRp, even from a
template that lacked the 3'SL (Figure 5B, lane 7). The accumulation of dimer length
negative strands of NoVV RNAZ2 in the absence of the 3'SL could mean that initiation of
negative strand synthesis does not require this structural element, but rather an as-yet
unidentified cis-acting signal is required instead. Alternatively, the 3'SL may indeed serve as
an essential cis-acting signal for negative strand initiation but in its absence, another
structural element (such as the HDV ribozyme present in an uncleaved primary transcript)
may provide a substitute, leading to formation of dimer-like molecules that could contain
non-NoV sequences. In either case, the 3'SL element appears to be required for resolution of
the dimers, since even the WT level of dimeric negative strands synthesized by the 3'SL
mutant failed to result in a WT level of monomeric positive strand synthesis. The
implications of this result will be considered further at the end of section 3.3.

These results establish the necessity of the sequences that comprise the predicted 3'SL
structure for efficient replication of RNA2, regardless of their mechanism of action. If this is
an essential RNA replication element, we hypothesized that it should be sufficient to direct
replication of an RNA2-based replicon that lacked most other RNA2 sequences. Therefore
we tested whether a minimal replicon containing only the 3'SL and the authentic 3’ terminus
could still replicate.

3.3. A minimal replicon containing the 3'-terminal 54 nt of NoV RNA2 (including the 3'SL)
replicates in transformed yeast cells

We constructed a minimal replicon, N2GFPN2s4, which besides the 17 nt at the 5’ end
retains only the 3'-terminal 54 nt of RNA2 downstream of GFP, a net deletion of 181 nt
(RNA2 nt 1100-1281) relative to pPN2GFPN2,3¢ (shown schematically in Figure 2B). As
before, the extreme 3’ terminus is authentic. The ability of this mutant to replicate was tested
in yeast cells co-transformed with pN1 and pN2GFPN2s4. As before, total yeast RNA was
subjected to Northern blot hybridization analysis with probes specific for the positive (panel
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A) or negative strands (panel B) of RNAS3 or of the common GFP core in the N2GFPN2
replicons (Figures 4 and 5, respectively). The N2GFP54N2 replicon exhibited a modest
decrease in levels of RNA1 and RNA3 detected (Figure 4A and 4B, lane 8) relative to the
WT N2GFP,36N2 replicon (lane 6), synthesizing 50% the WT level of monomer positive
strands (Figure 4E) and 63% the WT level of monomer negative strands (Figure 4F) of
RNAZ; similar effects were observed for RNA3 in Figures 4G and 4H. In contrast, when we
probed for the RNA2-based replicon, we detected monomeric positive strand RNA2
replication products (Figure 5A, lane 8) and both monomeric and dimeric negative strands
(Figure 5B, lane 8), indicating that the minimal replicon retained the ability to replicate,
albeit at a lower level than the parental replicon.

Quantitative analysis showed that the N2GFPN2s,4 replicon produced 42% of the
N2GFPN2,3¢ level of monomeric positive strands (Figure 5E), and 35% of the
N2GFPN2,36 level of monomeric negative strands (Figure 5F). We also consistently
detected dimer length negative strand RNA replication products (Figure 5B) at a level that
averaged 1.4 times greater than that detected with the pN2GFPN2,3¢ control, with a range of
77-200% of the control level (Figure 5G). Although in the gel shown the level of yeast 25S
rRNA is slightly greater for the minimal replicon than for the parental replicon (Figure 5D,
compare lanes 6 and 8), such variance was accounted for in the quantitation by normalizing
all of the samples to the most intense species detected. The reason for this apparent
accumulation of dimer length negative strands by the minimal replicon is unclear, but it may
be related to the reduction in positive strand synthesis relative to the parental replicon (42%
of the WT level). Perhaps this mutant has removed additional regulatory sequences that
allow, for example, efficient use of a dimeric template for positive strand synthesis. In that
case, full RNA replication may require additional sequences that are absent in the minimal
replicon. The observation that this minimal replicon replicated less well than the parental
N2GFPN2,3¢ replicon, which in turn replicated less well than full length RNA2 (data not
shown), lends support to this hypothesis. While the 3'SL in the context of the pN2GFPN254
replicon is sufficient to direct its replication at a basal level, full replication of RNA2 may
require additional sequences. At this point, we are unable to rule out the possibility that
sequences upstream of the stem-loop in full-length RNA2 contribute to the cis-acting signal
for RNA replication, perhaps via long-range structural interaction. Nevertheless, these
results indicate that the sequences contained in the last 54 nt of RNA2, including the
predicted 24 nt 3'SL structure, were able to direct replication of RNA2.

Our results with NoV are consistent with those for FHV described by Albarifio et al.
(Albarifio et al., 2003), who showed that a region comprising the 3’ terminal 50 nt of RNA2
was sufficient to direct replication of a heterologous RNA replicon. In the absence of FHV
RNA3, replicons that contained the 3’ terminal 50 nt of FHV2 were unable to replicate,
demonstrating that the cis-acting RNAZ2 replication signal was absolutely dependent on the
presence of RNA3 (Albarifio et al., 2003). Since all of the experiments described here were
performed in the presence of RNA3, provided from the NoV1 plasmids used as a source of
RdRp, it remains to be determined whether the 3'-terminal cis-acting element in NoV RNA2
requires RNAS3 to function in RNA replication.

On the basis of the data presented here, we hypothesize two potential functions for the 3'SL
structure, or the sequences that comprise it, in replication of RNA2. First, it may play a role
as a key cis-acting signal for initiation of negative strand synthesis. We hypothesize that the
3'SL at the 3’ end of the RNA2 positive strand could bind the NoV RdRp and direct its
synthesis of a negative strand replication intermediate. As suggested by Albarifio et al.
(Albarifio et al., 2001), the RdRp could then either release the nascent strand (resulting in
synthesis of a negative strand monomer) or retain it, leading to synthesis of a negative strand
dimer. This hypothesis has yet to be fully addressed, particularly in light of our observation
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that the 3'SL deletion mutant appears still able to synthesize nearly WT levels of dimer
length negative strands but only 9% the WT level of monomer negative strands (Figure 5).
This result might be explained if the dimer length molecules produced by the A3'SL were
the result of aberrant initiation by the RdRp on an alternate cis-acting signal. One candidate
for such a cryptic initiation signal could be the pseudoknot-like structure of the HDV
ribozyme that is still present on the uncleaved primary transcripts. Perhaps the RdRp binds
so tightly to the putative aberrant signal that it is unable to release the nascent strand, leading
to exclusive production of the dimeric rather than the monomeric form of the negative
strand. Experiments are in progress to sequence the dimeric RNA species produced by the
3'SL deletion mutant and compare it to that of the dimers produced by the N2GFP replicons
to determine whether there are non-NoV sequences present. This hypothesis also predicts
that the 3'SL signal functions in the positive strand, which remains to be determined.

Second, we hypothesize that the complement of the 3'SL is required in the negative sense to
initiate synthesis of positive strands from a dimeric template. This hypothesis predicts that
the NoV RdRp could bind the complement of the 3'SL, present near the 5’ end of the
negative strand and internally just 3’ of the dimer junction. Binding to the internal copy
would allow synthesis of positive strand monomers. The data presented here are consistent
with this hypothesis, since the 3'SL deletion mutant produced nearly WT levels of dimeric
negative strand RNA2 yet was unable to produce the monomeric positive strand. This
hypothesis predicts that the complement of the 3'SL functions internally and in the negative
strand. Experiments are in progress to disrupt the 3'SL in a strand specific manner, to
determine whether this structure is required in the positive or negative polarity, and to
determine whether it can function internally within an synthetic dimeric template. The
results of these experiments will help to pinpoint the mechanistic role of the 3'SL in RNA2
replication.

It remains to be determined whether it is the stem or the loop component of the 3'SL that
plays a key role in NoV RNA2 replication, or if both are required. Mutations that alter the
ability of the nucleotides in the stem region to base pair are currently being constructed and
tested. However, preliminary results suggest that mutation of nucleotides in the loop result
in decreased RNA2 replication in yeast (Rosskopf, Melendez, Betancourt, and Johnson, data
not shown). If this loop region is required for RNA replication, perhaps the nucleotides in
the loop participate in RNA-RNA interactions - potentially long-range interactions such as
pseudoknots - or in RNA-protein interactions. perhaps with the viral RdRp. Indeed, both
hypothetical functions for the 3'SL predict that the cis-acting signal might interact with the
RdRp, either directly or indirectly. If so, perhaps this is a global mechanism used by NoV to
synthesize not only RNA2, but also RNAL.

In that case, we hypothesize that a similar cis-acting signal exists in RNA1 to mediate its
own interaction with the RdRp. Indeed, our preliminary data show that a similar stem-loop
is predicted to form near the 3’ end of NoV RNA1 and that its loop region shares primary
sequence identity with the 3'SL loop in RNA2 (Rosskopf, Melendez, and Johnson,
unpublished observation). This apparent sequence and structural conservation lends
credence to the hypothesis, but the significance of the predicted structure in RNA1
replication remains to be determined. Perhaps the 3’ terminal cis-acting signal, which is
structurally conserved among seven members of the nodavirus family even if the primary
sequence in this region is not (Kaesberg et al., 1990; Taufer et al., 2008), is a motif common
to all nodaviruses. For example, it may form the basis for template specificity by the viral
RdRp. Given the apparent preference of the NoV RdRp for its cognate template over a
heterologous (FHV) template (Gallagher, 1987; Price et al., 2005), it is possible that
template recognition could occur at the level of RdRp binding. Therefore, the FHV RdRp
may be unable to bind to an NoV promoter sequence with which the NoV RdRp can
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interact. However, further work will be required to determine the exact role of the 3'SL
sequence in NoV RNAZ2 replication.

In summary, we have shown that a sequence in the 3'noncoding region of NoV RNAZ2,
containing the predicted 3'SL stem-loop structure, plays a key role in nodavirus RNA
replication. Together, our data suggest that the sequences that comprise the 3'SL form a part
of an essential cis-acting signal for replication of NoV RNAZ2, where they may play a role in
synthesis of negative strand replication intermediates and synthesis of monomeric positive
strands from a dimeric negative strand template. The conservation of the predicted structure
suggests that this common motif may play a similar role in RNA2 replication for the other
members of this virus family. The exact role of these sequences, and of the predicted 3'SL
structure, in RNA replication remains to be determined. However, we have generated a set
of experimental tools that will continue to help us to elucidate the mechanism of nodavirus
RNA replication.
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Figure 1. A conserved stem-loop structure (3'SL) predicted to form at the 3’ end of NoV RNA2
RNA structure predictions of progressively shorter lengths from the 3’ end of RNA2 were
performed on the RNAVLab platform (Taufer et al., 2008) using three programs:
PseudoknotsRE (Rivas and Eddy, 1999), PseudoknotsRG (Reeder and Giegerich, 2004) and
NuPack (Dirks and Pierce, 2003; Dirks and Pierce, 2004). Shown is the common prediction
generated by all three programs for the 3'-terminal 50 nt of NoV RNAZ2.
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Figure 2. Schematic of RNA transcripts used in these studies

Panel A: A head-to-tail dimer of NoVV RNA2 contains a 319 nt Mlul-fragment deletion in
the upstream copy and a full-length downstream copy. In vitro transcription is initiated from
a T7 promoter in plasmid pT7-N2AMIuIN2, which is linearized at the unique Eagl site
shown. The transcript contains two binding sites for the IR dye-labeled primer. On primer
binding at the upstream site near the 5’ end, extension of the primer results in a short run-off
product, while p3limer binding at the downstream site results in longer extension products
that span the dimer junction. Panel B: Replicons N2GFPN2536, N2GFPN2,1,A3'SL, and
N2GFPN2s54 contain 17 nt (nt 1 — 17) from the 5’ end of RNAZ2 followed by the GFP central
core and 236 nt (nt 1100 — 1336), 212 nt (nt 1100 — 1298 and 1323-1336), or 54 nt (nt 1282
—1336) from the 3’ end of RNA2. Primary transcription of each is initiated in transformed
yeast cells from an inducible GAL1 promoter in plasmids pN2GFPN253g,
pPN2GFPN251,A3'SL, and pN2GFPN2s4, respectively.
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Figure 3. Nuclease mapping studies show the predicted structure can form in solution

In vitro transcripts of the NoVV RNA2 homodimer shown in Figure 2A were synthesized and
subjected to digestion with ribonucleases specific for single- (RNases I, A, and T1) or
double-stranded RNA (RNase V1), or left untreated. After digestion, samples were
subjected to primer extension analysis using an infrared dye-labeled primer complementary
to NoV RNA2 nt 57-38. A DNA sequencing ladder was generated with the same primer and
the corresponding plasmid DNA template, as described in Material and Methods. Samples
were analyzed on a polyacrylamide sequencing gel using a LI-COR 4200 DNA Analyzer.
Panel A, nuclease map with sequencing ladder; I, RNase I (lane 1); A, RNase A (lane 3);
T1, RNase T1 (lane 5); V1, RNase V1 (lane 7); minus (), no nuclease (lanes 2, 4, 6, and 8);
U, G, C, A (lanes 9 — 12), sequencing ladder. The sequencing ladder was labeled with the
nucleotides complementary to the sequence obtained, and U’s were substituted for T’s, to
allow direct comparison with panel B. Panel B, predicted structure annotated with the
results of the nuclease mapping. Open circles (o), RNase | digestion product; closed circles
(e), RNase A, closed squares (m), RNase T1; closed diamonds (4), RNase V1.
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Figure 4. A3'SL mutant doesn’t affect RNA1 replication or RNA3 synthesis

Total yeast RNA isolated from cells transformed with pN2GFPN2536, PN2GFPN2,1,A3'SL,
or pPN2GFPN2s,4, together with pN1 as a source of RdRp, was separated on a denaturing gel
and subjected to Northern blot hybridization analysis using probes specific for the positive
(Panel A) or negative (Panel B) strands of RNA3 (labeled as NoV3(+) and NoV3(-),
respectively). A representative blot is shown. Prior to transfer, gels were stained with
ethidium bromide to allow visualization of yeast cellular 25S and 18S rRNAs (Panels C
and D) for use as loading controls. Both monomeric and dimeric forms of NoV RNA1 and
RNAZ3 were detected, indicated in the figure as N1M or N3M (monomers) and N1D or N3D
(dimers). Quantitation of the positive- and negative-strand RNA1 and RNA3 species
detected, compared to the levels detected for the WT N2GFP,3gN2 replicon in the presence
of RdRp (lane 5) are shown in Panels E-H; : Panel E, RNA1(+); Panel F, RNA1(-); Panel
G, RNA3(+); Panel H, RNA3(-). The relative RNA values from three independent
experiments are presented as mean values * standard deviations.
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Figure 5. Stem loop mutant A3’SL exhibits a defect in RNA2 replication, while the 3'-terminal 54
nt of NoV RNA2 are sufficient to direct replication of a heterologous mMRNA

Total yeast RNA from cells transformed with pN2GFPN2,35, pPN2GFPN251,D3'SL, or
pN2GFPN2s4, together with pN1, was subjected to Northern blot hybridization analysis as
described in the legend to Figure 4, except that the probes were specific for the positive
(Panel A) or negative (Panel B) strands of the GFP core region within the N2GFPN2
replicons (labeled GFP(+) and GFP(-), respectively). A representative blot is shown;
ethidium bromide-stained cellular 25S rRNA was used as a loading control (Panels C and
D). Both monomeric and dimeric forms of the N2GFPN2 replicons were detected, indicated
in the figure as N2M (monomer) or N2D (dimer). The closed arrowhead indicates the
position of the uncleaved positive-sense primary transcript. Quantitation of positive strand
monomers (Panel E), negative strand monomers (Panel F), or negative strand dimers
(Panel G) is shown; the relative RNA values from four independent experiments are
presented as mean values + standard deviations.
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