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We have previously described the efficient homologous recombination system between 5’ subgenomic
RNA3a (sgRNA3a) and genomic RNA3 of Brome mosaic virus (BMV) in barley protoplasts (Sztuba-Solifiska
etal., 2011a). Here, we demonstrated that sequence alterations in the coat protein (CP)-binding cis-acting
RNA motifs, the Bbox region (in the intercistronic RNA3 sequence) and the RNA3 packaging element (PE,

in the movement protein ORF), reduced crossover frequencies in protoplasts. Additionally, the modifi-
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cation of Bbox-like element in the 5’ UTR region strongly debilitated crossovers. Along the lines of these
observations, RNA3 mutants not expressing CP or expressing mutated CPs also reduced recombination. A
series of reciprocal transfections demonstrated a functional crosstalk between the Bbox and PE elements.
Altogether, our data imply the role of CP in sgRNA3a-directed recombination by either facilitating the
interaction of the RNA substrates and/or by creating roadblocks for the viral replicase.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Genetic RNA-RNA recombination is the process of joining non-
contiguous RNA fragments and is one of the dominant forces
shaping the architecture of RNA viral genomes (Sztuba-Solinska
et al., 2011b). The process of replicase-driven template switch is
the most widely accepted mechanism of recombination (Ranjith-
Kumar et al., 2002; Shapka and Nagy, 2004; Hu et al., 2003).
Highly structured cis-acting replication elements stall the pro-
gressing RNA-dependent RNA polymerase (RdRp) complex, which
subsequently forces the dissociation of the replicase from the orig-
inal template and promotes its re-initiation at the acceptor site
on another template (Suzuki et al., 2003; Dedepsidis et al., 2010;
Draghici and Varrelmann, 2010; Sztuba-Solifiska et al., 2011b).
Studies with Brome mosaic virus (BMV) demonstrated that the
homologous crossovers occur near the secondary structures, e.g.,
within a 3’ tRNA-like structure (TLS), which appear to serve as
roadblocks for the progression of RdRp. Interestingly, the effects
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were more evident during (+)-strand synthesis (Olsthoorn et al.,
2002).

Moreover, viral proteins have been shown to affect
the distribution of crossover sites (Figlerowicz et al,
1997, 1998; Panaviene and Nagy, 2003) or even to mediate
recombination. For example, HIV-1 nucleocapsid protein (NC), an
RNA chaperone, not only enhanced homologous strand transfer
during reverse transcription but also facilitated the annealing of
complementary strands (Negroni and Bus, 2000; Roda et al., 2003).
In addition, coronavirus nucleocapsid protein (N) enhanced the
frequency of template switching (Zaiiiga et al., 2010), and the
close association between the protein N and structural protein
nsp3 (a component of replicase complex) implied a role in the
replicase-driven process (Hurst et al., 2010).

BMV is a tripartite RNA virus, where RNA components 1 and 2
(RNA1 and RNA2) encode, respectively, replicase proteins 1a and
2a, while RNA3 encodes a movement protein (3a) and a coat pro-
tein (CP) (Fig. 1). The CP is expressed from subgenomic (sg) RNA4.
The multipartite composition of BMV genome and the production
of subgenomic RNAs make it a useful model for studies on RNA
recombination. Both inter- or intra-segmental crossovers in BMV
RNAs were observed at the 3’ TLS (Nagy and Bujarski, 1994, 1996,
1997, 1998). Moreover, the RNA3 subgenomic promoter (sgp) was
mapped as an active recombination hot-spot (Wierzchoslawski et
al.,, 2004), additionally engaged in the formation of nonreplicating
5’ subgenomic RNA3a (sgRNA3a) (Wierzchoslawski et al., 2006).
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Fig. 1. Binding of BMV CP molecules to the RNA3 elements. This schematic summarizes the secondary elements on BMV RNAs known to serve as binding sites to either CP
or RNA-dependent RNA-polymerase (RdRp) proteins. BMV genomic RNAs are represented as thick black lines with the 5’ cap structure and 3’ tRNA-like element shown at
the ends. CP is indicated with a purple asterisk, while RdRp is represented as a red circle. The names for each binding site are shown below with exact nucleotide positions.
The predicted secondary structures (with MFOLD) are represented on the top of the diagram. Sequences altered in the RNA mutants tested are indicated by solid boxes. The
question marks above the 5' UTR Bbox-like elements indicate the potential, unconfirmed CP/RdRp binding(s).

Recently, we reported the efficient homologous recombination
between BMV sgRNA3a and genomic RNA3 in barley protoplasts
(Sztuba-Solifiska et al., 2011a). Both in vitro and in vivo data sug-
gested that the exposed 3’ terminal polyA tail of sgRNA3a can
prime the extension of (+) strand RNA synthesis on the (—) sense
RNA3 templates. In addition, more upstream regions also supported
homologous crossover events, most likely by internal strand trans-
fers during (—) sense RNA synthesis.

Among the cis-acting motifs known to bind BMV CP (Fig. 1),
the Bbox element is located within the intercistronic region of
the RNA3 (+) strand as part of the intergenic replication enhancer
(IRE) (Pogue et al., 1992; Baumstrak and Ahlquist, 2001). Another
motif is a highly structured position-dependent RNA3 packaging
element PE that is localized between nucleotides (nts) 550 and
820 and is considered as a selective domain for CP interaction
facilitating specific packaging of BMV RNA3 (Choi and Rao, 2003).
Since sgRNA3a represents an exact copy of the 5" half of (+) strand
RNA3, it also carries these two cis-acting elements. In this work, we
show that sequence alterations within both motifs, either on RNA3
and/or on the sgRNA3a components, diminished the recombina-
tion frequency in protoplasts. A series of reciprocal transfections
revealed putative interactions between these motifs in establishing
the crossover locations. Moreover, the transfection of protoplasts
with the RNA mutants incapable of CP expression or that expressed
the CP variants with altered domains recognizing the CP-binding
motifs also reduced the recombination frequency. Our study offers
novel insight into BMV RNA recombination and indicates that asso-
ciations of CP with the RNA cis-acting motifs can mediate RNA
recombination process.

2. Materials and methods
2.1. Materials

Full-length cDNA clones, corresponding to wt BMV RNAs 1, 2,
and 3 (Russian strain) were obtained from P. Ahlquist laboratory
as plasmids pB1TP3, pB2TP5, and pB3TP7, respectively (Janda et
al., 1987). The plasmids were used as templates to synthesize the
capped full-length transcripts in vitro using the MEGAscript T7
kit (Ambion, Austin, TX). Moloney murine leukemia virus (MMLV)
reverse transcriptase, Pfu DNA polymerase (Agilent Technologies),
restriction enzymes, and dNTPs were obtained from the Promega
Corporation or New England Biolabs, Inc.

2.2. Generation of RNA3 and sgRNA3a variants

All RNA3 variants were PCR-amplified from plasmid pB3TP7
using the primers listed in supplementary Table 1. Primer 1 was
used to introduce the 5’ A to U substitution at nt position 2, which
was shown to increase both the (—) strand RNA3 production (Hema
and Kao, 2004) and the frequency of RNA3-sgRNA3a crossovers
(Sztuba-Solinska et al., 2011a).

The Bbox-RNA3 derivative carrying UU to AA substitutions at
nts 1102-1103 was generated using fusion PCR. The 5’ segment
was generated with primers 1 and 2, whereas the 3’ segment was
generated with primers 3 and 4 followed by PCR amplification using
both fragments and primers 1 and 4. Similarly, the APE-RNA3 vari-
ant was generated using fusion PCR with flanking primers 1 and
4 of the 5’ fragment (synthesized using primers 1 and 5), carrying
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the PE deletion (nt 660-762) and the 3’ fragment (synthesized with
primers 6 and 4).

The 5'box-RNA3 construct carried U to A substitutions at nts
23-24 and nt 29, which were generated using single-step PCR with
primers 7 and 4. The CPO-RNA3 construct carried a G to C sub-
stitution at position 1242 and an A to C substitution at position
1239, which were both and generated using primers 8 and 9. Sub-
sequently, the PCR products were purified using the Qiaquick® PCR
Purification Kit (Qiagen), digested with PAIMI (nt 816) and Sall (nt
1254) enzymes and re-ligated between the PfIMI and Sall sites into
pB3TP7. The resulting product was used as template for the next
round of PCR with primers 1 and 4.

The CP-Bbox RNA3 construct expressing the CP derivative carry-
ing alanine substitutions within the aa residues T145, D148, N151,
Y155,Y157, 5159, V162, P163, and K165, was created using fusion
PCR with primers 1 and 10 for the 5’ fragment (carrying the desired
mutations plus the 5 A to U substitution at nt position 2) and
primers 11 and 4 for the 3’ fragment. Subsequently, the overlap-
ping segments were mixed and co-amplified in the next round of
PCR using primers 1 and 4. Likewise, the CP-SLC construct carry-
ing alanine substitutions within the CP aa residues V27, P29, V30,
V32, P34, Q39, and K41 was created using fusion PCR with flank-
ing primers 1 and 4 and two fragments: the 5’ fragment (generated
with primer 1 and 12; the latter carrying the desired mutations
plus the 5’ A to U substitution at nt position 2) and the 3’ segment
(obtained with primers 13 and 4).

The previously published pJS-22 plasmid (Sztuba-Solifiska et al.,
2011a)was used as a template to generate sgRNA3a derivatives: SG,
Bbox-SG, APE-SG, 5'box-SG using fusion PCR with primers specific
for each corresponding RNA3 derivative (indicated above). For each
construct, the obtained PCR product was digested with Bglll to tran-
scribe the full-length sgRNA3a. These sgRNA3a-derived transcripts
carried the polyA tail plus four extra bases (GAUC) at the 3’ end.

The cDNA templates comprising either the Bbox (Fr Bbox) or
the PE (Fr PE) fragment RNA3 sequences were synthesized using
PCR amplification of the above corresponding full-length RNA3
cDNA clones (wt or mutated) with the following oligonucleotides
(supplementary Table 1): primers 27 and 28 for the Bbox Fr (nts
1070-1140) and primers 29 and 30 for the PE Fr (nts 633-817).
The cDNA templates were subsequently transcribed in vitro in the
presence of alphaP32-CTP, and the unincorporated radioactivity
was removed on a Sephadex G-25 spin minicolumn. Radioac-
tive RNA3 probes were used for the RNA-CP filter binding assays
(below).

The cDNA templates for the synthesis of wt and mutated
variants in the cis-acting RNA motifs were generated from the
corresponding RNA3 cDNA derivatives using one-step PCR with
primers 21 and 22 for the intergenic Bbox motif, 23 and 24 for
the packaging element (PE), and 25 and 26 for the 5’ Bbox related
region.

The final cDNA templates were sequenced to confirm their cor-
rect assembly. Subsequently, the RNAs were synthesized in vitro
using the MEGAscript T7 kit (Ambion, Austin, TX) and purified using
MicroSpin™ G-50 columns (GE Healthcare).

2.3. Protoplast assays

Barley mesophyll protoplasts were isolated from the five-day-
old barley seedlings according to the protocol of Rao (2007) with
modification performed in our laboratory (Sztuba-Solifiska et al.,
2011a). On average, one million protoplast cells were inoculated
with 1 g of each desired combination of the in vitro-capped tran-
scripts using a PEG-mediated transfection protocol, as described
previously (Sztuba-Solinska et al., 2011a).

2.4. RT-PCR and cloning

Total RNA extracted from protoplast samples was separated in
denaturing 1.2% agarose gels (Sambrook and Russell, 2001). The
RNA3-size material was cut out from the gel and purified using spin
columns (Ambion, Cat# 605 AM10065) followed by chloroform
extraction and ethanol precipitation. The final RNA preparation was
subjected to RT-PCR with primers 17 and 18 (supplementary Table
1) and the products were purified with the Qiaquick® PCR Purifi-
cation Kit (Qiagen) and cloned into the pGEM-T Easy VectorSystem
(Promega). The resulting clones were analyzed by restriction diges-
tion.

2.5. Northern blot analyses

The accumulation of BMV RNAs in protoplasts was detected
using northern blotting (Kroner et al., 1989). The blots of the
total RNA extracts (see above protocol) were hybridized with
a probe specific to the 200 nts at the 3’ end of the (+)-
strand RNA as described previously (Wierzchoslawski et al.,
2004). The hybridization signals were quantified on scanned
X-ray films using ImageQuant 5.0 software from Amersham
Biosciences.

2.6. RT-PCR controls

To verify that the recombinant RNAs emerged during RNA
replication rather than during RT-PCR (Cocquet et al., 2006), pro-
toplasts were co-transfected with a mixture of wt BMV RNA3
and SG construct, but without wt RNAs 1 and 2. Another control
involved the RT-PCR amplification of the RNA3 sequences from a
mixture of wt BMV RNAs and SG construct, omitting the proto-
plast transfection. The RNA transcripts used in these experiments
were pre-treated with an excess of RNase-free DNase (Ambion) to
remove the plasmid DNA template and prevent the occurrence of
DNA-amplified PCR products. Subsequent analyses of cDNA clones
did not detect RNA3 recombinants (not shown). In yet another con-
trol, total RNA was extracted from protoplasts that were transfected
with wt (virion) BMV RNA. No false positive recombinants were
identified.

2.7. Expression and purification of BMV CP variants

The wild type and mutated CP sequences were amplified from
pB3TP7 plasmid or from the corresponding fusion PCR products:
CP-Bbox and CP-SLC (described above) using primers 19 and 20 that
carried, respectively, the BamHI and Xhol restriction sites. The PCR
products were digested with restriction enzymes and re-ligated
into the corresponding sites on the pET21a(+) expression vector
(EMD Biosciences). The resulting constructs were transformed in
Escherichia coli BL21 (DE3) cells. Following a 5 ml overnight incuba-
tionat37°C,a 50 ml LB/amp subculture was inoculated with 1 ml of
the overnight culture. Once at mid-log phase growth (0.D.ggo = 0.6),
the subculture was used to inoculate a 1L LB/amp culture. The
expression of the BMV-CPs was induced with 0.1 mM IPTG once
the cells reached mid-log phase. After 3 h incubation at 37 °C, the
cells were harvested by centrifugation at 8000 x g for 15 min. The
pellet was resuspended in 10mM Tris/pH 8 and sonicated for 4
one min on/off cycles with a Model 60 Sonic Dismembrator (Fisher
Scientific) at an output power of 21 W. The lysed cells were cen-
trifuged at 22,700 x g for 15 min, and the supernatant fraction was
loaded onto a Histrap HP column (GE Healthcare), and the col-
umn was washed with 20 mM imidazole, 50 mM phosphate and
500mM NaCl pH 7.4. The protein was eluted with 500 mM imi-
dazole, 50 mM phosphate and 500 mM NaCl pH 7.4, and further
purified on a HiLoad 26/60 Superdex 75 prep grade FPLC column
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(10mM Tris, 150 mM NaCl, pH 8.0). Finally, the protein was dia-
lyzed in a buffer containing 50 mM Tris-HCl, pH 7.5, 300 mM NaCl
and 1 mM DTT to keep the molecules in a monomeric stage (Yietal.,
2009b).

2.8. Filter-binding assays for CP-RNA interactions

Purified wt or mutant CP preparations (200 ng) were incubated
with serial dilutions of 1 nM of radiolabeled RNAs (ratios 1:0; 1:10;
1:100 and 1:1000) in the RNA binding buffer (50 mM Tris-HCl, pH
7.5, 50 mM NaCl and 4 mM MgCl,, as described in Yi et al., 2009a),
in a total volume of 20 wl. Two microliters of each reaction mixture
were applied on the nitrocellulose membrane, irradiated with UV
at 1000 m] for 2 min, dried, washed with the binding buffer, dried
again and the retained radioactivity was visualized using autora-
diography on an X-ray film.

3. Results
3.1. The PE element and sgRNA3a-RNA3 recombination

The previously described barley protoplast recombination sys-
tem (Sztuba-Solifska et al., 2011a) involved wt BMV RNAs 1 and
2, and wt or modified RNA3 and sgRNA3a. Recombination events
were tracked based on the inheritance of three restriction marker
mutations (BamHIIl, HindIll and Pstl) located within the 3a ORF
and near the 5 and 3’ sides in all the sgRNA3a constructs (Fig. 2).
The marker mutations were translationally silent, stable, and they
did not affect the accumulation of progeny RNA3 recombinants
in protoplasts (Sztuba-Solifiska et al., 2011a). Moreover, all of the
RNA3 constructs that were used contained a 5’ A to U substitution
at nt 2, which was shown previously to decrease the accumula-
tion of (+) RNA3 strands without affecting (—) strands (Hema and
Kao, 2004). In our previous study, this particular substitution was
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Fig. 2. The distribution of crossover sites between recombining RNA3 and sgRNA3a derivatives in co-transfected barley protoplasts. The RNA3/sgRNA3a inocula are indicated
on the left of each transfection experiment panel (for further description of the RNA constructs, see Section 2). All RNA3 derivatives bear a point mutation (A to U) at nt position
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also shown to increase RNA3-sgRNA3a crossovers in protoplasts,
as well as it kept the (+) RNA3 strand synthesis at lower level (mut-
RNA3) (Sztuba-Solifiska et al., 2011a). Since mut-RNA3 recombined
with sgRNA3a (SG) at elevated frequency (42%), we hypothe-
sized that sgRNA3a primed RNA recombination on (—) sense RNA3
templates.

The APE-RNA3 construct, in addition to the A to U mutation,
it also carried PE deletion (nts 660-762), whereas the APE-
SG sgRNA3a construct, besides containing the same deletion, it
contained three previously described silent restriction marker
mutations (BamHI, HindIll and Pstl, see Fig. 2). These marker muta-
tions allowed mapping of the recombination sites within the 5’
region of RNA3 and were present in all the sgRNA3-derived con-
structs used in this work (Sztuba-Solifiska et al., 2011a). The
APE-RNA3 and APE-SG constructs were co-transfected (together
with wt RNA1 and 2) into barley protoplasts (Fig. 2A). Only three
recombinant clones were identified among 100 RT-PCR-generated
cDNA clones, thus the recombination frequency (3%) was greatly
reduced as compared to the previously published results for mut-
RNA3 and SG co-transfection (42%) (Sztuba-Solifiska et al., 2011a).
The control amplifications did not show RT-PCR generated recom-
binants (see Section 2). The three characterized clones all caried
the 5’-most BamHI marker mutation which implied that the resid-
ual RNA3-sgRNA3a crossovers occurred within the regions 5’
upstream to PE element.

In yet another experiment, the APE-RNA3 derivative was
co-transfected with SG construct (Fig. 2A). Similarly, the recom-
bination frequency approached only 3%, with three recombinant
RNAS3 clones containing the 5’ BamHI marker site, implying internal
strand switching. Again, the level of RNA3 (Fig. 3, lane 6) was alike
that of mut-RNA3, reflecting an equal availability of RNA3 substrate
for crossovers. Overall, when compared with the 42% frequency
between mut-RNA3 and SG, the lack of functional PE in RNA3 effec-
tively reduced the recombination frequency to a marginal value,
demonstrating the importance of the PE motif. However, the pres-
ence of the PE region in the sgRNA3a donor did not seem to be
critical because both SG and PE-SG recombined at comparably low
rate.

3.2. The Bbox motif and sgRNA3a-RNA3 recombination

A structured region near the 3’ sgRNA3a polyA tail, referred to
as the intergenic Bbox motif, participates in the assembly of the
BMYV replicase complex on RNA3 via interactions with protein 1a
(Baumstrak and Ahlquist, 2001), and it binds CP molecules via a spe-
cific peptide domains, as mapped by Yi et al. (2009b). To determine
whether Bbox structure contributes to RNA3-sgRNA3a crossovers,
UU to AA substitutions previously found to lower the affinity for
BMV CP (Yi et al., 2009a) were introduced within the Bbox hair-
pin loop (Fig. 1). Co-transfection with a mixture of Bbox-RNA3



J. Sztuba-Solifiska et al. / Virus Research 170 (2012) 138-149 143

and Bbox-SG generated only three RNA3 recombinants (per 100
cDNA clones analyzed): two clones contained all three marker sites,
whereas one clone contained only the 5 BamHI site.

In a separate experiment, the Bbox-RNA3 was co-transfected
with SG construct to determine whether the presence of the wt
Bbox motif in sgRNA3a could rescue the previously reported high
recombination frequency for unmutated RNAs. Indeed, among 100
cDNA clones, there were 42 recombinants (Fig. 2B), of which
the majority carried all three marker restriction sites (74%, 32
clones), while few had either single (BamHI - four clones) or double
(BamHI/HindIll - three clones, BamHI/Pstl - one clone, HindIll/Pstl
- two clones) restriction sites. This distribution of crossovers
suggested that the recombination was mainly governed via the
incorporation of sgRNA3a (referred to as primer extension). Here,
the unchanged 3’ end motifs of sgRNA3a, the 3’ polyA tail and Bbox,
would efficiently prime the (+) sense RNA3 synthesis.

3.3. Reciprocal APE-Bbox co-transfections

Next, we examined the potential interplay between the PE and
Bbox motifs. The co-transfection of protoplasts with the APE-RNA3
and Bbox-SG constructs resulted in only two recombinants: one
containing the central HindlIIl site and one with the 3’ Pstl site
(Fig. 2C). Thus, the absence of PE in RNA3 along with the Bbox muta-
tion in sgRNA3a minimized the crossover frequency. However, the
reverse arrangement (Bbox-RNA3 and APE-SG) supported a 13%
recombination frequency (Fig. 2C). In this case, all recombinants
contained three marker mutations. These results suggested that
the disrupted interaction of CP with the RNA3 Bbox lowers the fre-
quency of internal crossovers, while the presence of unchanged 3’
end motifs, in particular the Bbox in sgRNA3a supports the incorpo-
ration of full-length sgRNA3a during synthesis of progeny (+) sense
RNA3 molecules.

3.4. The 5' Bbox-like motif and sgRNA3a-RNA3 recombination

Previous studies implied that the 5 UTR region was another
possible RNA3-sgRNA3a recombination hotspot (Sztuba-Solifiska
et al,, 2011a). The 5’ Bbox-like motif was mutated by replacing U
with A residues at nt positions 23-24 and at nt position 29 in order
to change its 7-nt hairpin-loop sequence (Fig. 1, top). The resulting
5 box-RNA3 and 5’ box-SG constructs (Fig. 2D) did not generate
any recombinants in protoplasts. Likewise, the 5'box-RNA3 x SG
(Fig. 2D) produced only one recombinant per 100 clones analyzed,
and it carried the internal Hindlll site. Thus, the intact 5° UTR of
RNA3 seems to be required for efficient crossovers. We conclude
that the 5 UTR must participate in the recombination activity of
the RNA3 template.

3.5. Effect of mutations within the BMV CP ORF on recombination

The BMV CP was shown previously to specifically bind not only
to Bbox and PE elements (Rao, 2006; Yi et al., 2009a,b) but also to
stem-loop C (SLC) of the 3’ TLS in RNA3 (Fig. 1). The CP domains
responsible for the binding to Bbox and SLC motifs were mapped
(Yi et al.,, 2009b). To address whether the absence of CP affects
sgRNA3a-RNA3 recombination, CPO-RNA3 was created. CPO-RNA3
did not transcribe sgRNA4 due to mutations introduced within the
sgRNA4 promoter region (+1 G to C and -2 A to C), as previously
reported (Sivakumaran et al., 2004), and thus in the above system
the expression of CP is debilitated. The results of disrupted sgRNA4
transcription along with an unaffected level of RNA3 accumulation
in protoplasts are shown in Fig. 3 (compare lanes 12 and 13). Among
four identified recombinants (per 100 analyzed cDNA clones), three
acquired a complete set of SG-derived restriction markers, while
one clone inherited only the central Hindlll and the 3’ Pstl sites

(Fig. 2E). This suggested that the remnant recombination activity
could occur via extension of sgRNA3a serving as a primer during
copying of progeny RNA3.

To test this idea further, two previously mapped specific RNA
binding domains on CP (Yi et al., 2009b) were mutated, including
critical amino acid regions 143-165 (Bbox motif binding domain)
and 27-41 (the 3’ SLC stem-loop binding domain). Since the PE
binding domain was not mapped on BMV CP molecule, the corre-
sponding amino acids could not be mutated. Two CP derivatives
were generated: the CP-Bbox mutant carrying alanine substitu-
tions for residues T145, D148, N151, Y155, Y157, 5159, V162, P163
and K165, and the CP-SLC variant carrying alanine substitutions for
residues V27, P29, V30, V32, P34, Q39 and K41. To examine recom-
bination frequency, both RNA3 CP mutants were co-transfected
separately with SG in barley protoplasts. The CP-Bbox RNA3 gen-
erated the following recombinants: three carrying all sgRNA3a
marker restriction sites (likely reflecting sgRNA3a extension on
progeny RNA3), one carrying the 5 BamHI and the 3’ Pstl sites,
and one carrying only the 5’ BamHI site (Fig. 2F). In the case of CP-
SLC RNA3, only one recombinant emerged, containing the inner
Hindlll site (Fig. 2G). Taken together, these results revealed that
either the elimination of CP expression or the disturbed CP binding
to cis-acting motifs on the RNA substrates, or both, inhibited the
RNA3-sgRNA3a recombination.

3.6. Accumulation of mutant BMV RNAs in protoplasts

To determine if sequence modifications affected the accumu-
lation of BMV RNA3 and/or sgRNA3a substrates in host cells,
barley protoplasts were co-transfected with transcripts of RNA3
and sgRNA3a (1:1 molar ratio) along with wt RNAs 1 and 2. The
subsequent Northern blot analysis of total RNA extracts confirmed
previously reported observations (Hema and Kao, 2004; Sztuba-
Solifiska et al., 2011a); a noticeable reduction in the production of
(+) strands was observed in all mutated RNA3 variants that carried
the A to U substitution in their 5’ noncoding regions (lanes 3-9 and
12-15 in Fig. 3), with all RNA3 and sgRNA3a derivatives accumu-
lating to levels comparable with the control inoculum (Fig. 3, lanes
3 and 12). Moreover, the addition of full-length sgRNA3a (SG con-
struct) (Fig. 3,lanes 4, 6, 8,12, 13, 14, and 15) did not affect the ratio
of accumulating BMV RNA components versus the control inocu-
lum (Fig. 3, lane 3 and 12), and the ratios of BMV RNAs were not
affected by mutations introduced within the CP ORF (Fig. 3, lanes
13, 14, 15) as compared to the control transfection with BMV RNA1
and 2, mut-RNA3 and full-length sgRNA3a (SG construct) (Fig. 3,
lane 3 and 12). Furthermore, the CP0-RNA3 mutant did not pro-
duce sgRNA4 as expected (Fig. 3, lane 13), and the addition of the
SG construct did not markedly influence the accumulation of the
remaining BMV RNA components. Overall, we concluded that the
observed differences in the recombination frequencies and in the
distribution of crossover sites were not due to the altered stability
or distorted accumulation of the tested RNA derivatives.

3.7. The stability of RNA3 and sgRNA3a derivatives in protoplasts

To determine whether the altered stability of transfected RNA
substrates affected the observed crossover frequencies in proto-
plasts, stability assays were performed as previously described
(Sztuba-Solinska et al., 2011a). Various combinations of the tran-
scribed genomic RNA3 and sgRNA3a radioactive variants were
co-transfected into barley protoplasts along with unlabeled RNA1
and 2. The protoplasts were thoroughly washed to remove the un-
transfected radioactive material, and the total RNA was extracted at
three time points. The stabilities of the RNA3 and sgRNA3a variants
were assessed in comparison with the previously tested wt RNA3
and wt sgRNA3a transcripts. All of the transcript variants were
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Fig. 4. The stability of the RNA3 and sgRNA3a constructs used in protoplast co-transfection experiments. Left. Autoradiogram representing the intensity of bands corre-
sponding to mixtures of radioactive RNA3 and sgRNA3a variants that were co-transfected (together with nonradioactive RNAs 1 and 2) into protoplasts and extracted after
incubation for 15, 45, or 75 min. M marks the lane where the input RNA3 and sgRNA3a radioactive transcript constructs were run as size standards; the positions and names
of the constructs are indicated on the left-hand side. Right. The results of densitometric analysis of the bands shown in A, calculated as the percentage of the initial band
intensity. The experiments were repeated twice to average the obtained results (Sztuba-Solifiska et al., 2011a).

stable to a similar degree within the 75 min assay time (Fig. 4), indi-
cating that the observed frequencies during the protoplast assays
reflected recombination rates rather than altered RNA stability.

3.8. RNA-CP binding in vitro

To determine whether the lack of recombination activity corre-
lated with diminished CP-RNA3 binding, both the wt and two BMV

CP mutants were expressed in E. coli and purified as described in
Methods section. A single band corresponding to CP was identified
after sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) (shown in Fig. 1 Supplement).

The affinity of these CP mutants to the RNA3 templates was
analyzed with filter-binding assays. Equimolar concentrations of
serially diluted (1; 1:10; 1:100; 1:1000) radioactive wt or mutated
RNA3 probes (comprising the regions of individual cis-acting
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of RNA3.

sequences, as shown on top of Fig. 5), were incubated with equimo-
lar wt or mutated CP preparations. The complexes were transferred
onto nitrocellulose filters, washed, and the bound radioactivity was
determined via autoradiography. As shown in Fig. 5, the wt CP
bound efficiently to wt and mutated full-length RNA3 probes (top
section), as well as to wt PE (wt PE Fr) and to wt Bbox (wt Bbox Fr)
RNA3 fragments (Fig. 5, second section, lines 1 and 2), because the
interaction was at the detectable level even with 1:1000 diluted
probe. This reflected the fact that more than one CP peptides were
found to be cross-linked to the BMV RNAs by using the reversible
cross-linking and peptide fingerprinting (RCAP) assays (Yi et al,
2009b). However, the deleted APE ( APE Fr) and mutated Bbox (mut
Bbox Fr) RNA3 fragments interacted at least 100 fold less efficiently
with wt CP (Fig. 5, second section, lines 3 and 4, respectively) as
the 1:10 diluted probes barely generated detectable signal. Like-
wise, the CP variant with mutated peptide recognizing Bbox motif
(CP-Bbox) also bound inefficiently to both APE Fr and mut Bbox
Fr probes (Fig. 5, third section, lines 3 and 4, respectively) and to

an increased (three-fold) amount of wt Bbox Fr probe (line 1), yet
binding to wt PE Fr was reasonably high (Fig. 5, line 2). This analy-
sis revealed separate PE and Bbox binding sites on the CP molecule,
which is consistent with the previously published data of Yi et al.
(2009b). The CP-SLC mutant bound with relative efficiency to both
wt PE and Bbox Fr (Fig. 5, bottom section, lines 1 and 2) but it bound
with much less efficiency to the PE and Bbox mutated counter-
parts (Fig. 5, lines 3 and 4). Collectively, our data suggest that all
three RNA3 motifs interact with separate regions on the BMV CP
molecule, and confirm that the inhibition of CP binding parallels
the diminished RNA3-sgRNA3a recombination frequency.

4. Discussion

Both RNA secondary structures and protein factors participate
during RNA recombination in BMV (Bujarski and Dzianott, 1991;
Nagy and Bujarski, 1993; Figlerowicz, 2000; Olsthoorn et al., 2002;
Panaviene and Nagy, 2003) and in other RNA viruses (Suzuki et
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al.,, 2003; Dedepsidis et al., 2010; Draghici and Varrelmann, 2010;
Zaiiiga et al., 2010). Here, we report about coat protein-binding cis-
acting RNA motifs as essential factors supporting RNA3-sgRNA3a
homologous recombination in BMV system.

The starting point of our analysis was the recombination
frequency between mut-RNA3 and SG construct (wt sgRNA3a
sequence carrying three additional silent marker mutations) that
previously reported to be at high 42% level (Sztuba-Solifiska et al.,
2011a). The mut-RNA3 x SG experiment generated only six recom-
binants with more random distribution of three markers; thirteen
carrying BamHI-Pstl double markers; one and two carrying (respec-
tively) BamHI-HindlIll or Hindlll-Pstl double markers; and eleven,
one, and eight carrying (respectively) Pstl, HindIll, or BamHI sin-
gle markers. This suggested that crossovers happened near the 3’
end of sgRNA3a or more internally, likely near the PE encapsida-
tion region. Based on prior and current studies we speculated that
recombination occurred by two mechanisms (Fig. 6A and B): (1)
sgRNA3a-directed primer extension on (—) strand RNA3, where
the exposed 3’ terminal regions of sgRNA3a would promote the
template switch during (+) strand RNA synthesis, or by (2) strand
switching between (+) strands [during (—) strand synthesis] which
could engage internal secondary structures of RNA3 and sgRNA3a.
Here, the sgRNA3a would act as a “docking partner” that anneals
to the newly synthesized (—) sense RNA3. Both, the BMV RdRp
capability to participate in primer extension with sgRNA3a on (-)
RNA3 templates as well as its potency to switch among RNA tem-
plates were demonstrated previously in vitro (Sztuba-Solifiska et
al,, 2011a).

We focused our current study on analyzing the potential role
of specific cis-acting RNA motifs in RNA3-sgRNA3a crossovers.
Our recent data (Sztuba-Solifiska et al., 2011a) suggested that
the RNA3 position-dependent packaging element (PE) (Choi and
Rao, 2003; Annamalai and Rao, 2006) focuses the RNA3-sgRNA3a
crossovers. It was shown that removal of PE did not inhibit
RNA3 accumulation in barley protoplasts (Choi and Rao, 2003).
Here, we confirm that the deletion of a large portion of PE
did not affect replication of RNA3 in protoplasts (Fig. 3) but it
strongly debilitated recombination (transfection APE-RNA3 x SG
supported only 3% recombination frequency; Fig. 2A). Similarly,
the APE-RNA3 x APE-SG transfection, in which both constructs
were missing the PE motif, generated only three recombinants,
all carrying the 5 BamHI marker mutation. In contrast, when the
same PE motif was deleted only in sgRNA3a (transfection Bbox-
RNA3 x APE-SG), this alteration was much less debilitating for
recombination (reduction to 13%), likely as a combined effect with
the mutated Bbox element (Fig. 2C) that was shown to increase
recombination.

The observed effects could be due to disrupted interactions
between the APE-RNAs and the CP, suggesting a link between
recombination and encapsidation (Annamalai and Rao, 2006;
Annamalai et al., 2008). Previously, it was shown that partial PE
deletion eliminated RNA3 packaging (Choi and Rao, 2003). Since
PE is functional only in (+) strands we speculate that the lack of CP
binding to this motif might disrupt the initial interaction between
the (+) strands of RNA3 and sgRNA3a, which in normal conditions
would be supported via CP-CP dimerization/oligomerization. BMV
CP ability to bind small RNA motifs together with RdRp was previ-
ously proposed to regulate the timing of BMV RNA synthesis and
viral encapsidation (Zhu et al., 2007). Additionally, BMV CP was
shown to co-purify with BMV replicase (Bujarski et al., 1982), and
both BMV CP and viral RNAs were found to co-localize at viral “repli-
cation factories” (Bamunusinghe et al., 2011; Schwartz et al., 2004;
Diaz etal., 2012; Seo et al., 2012). The bound CP might then support
RNA crossovers during replication inside the factories. In addition,
the bound CP might create obstacles for the replicase complex and
promote strand switching.

Opposite effects were observed after mutating another CP-
binding element, the Bbox hairpin loop (Baumstrak and Ahlquist,
2001). This structured motif participates in the assembly of the
BMV replicase complex (via interaction with protein 1a) as well
as it binds CP molecules (Baumstrak and Ahlquist, 2001; Yi et al.,
2009b). However, mutations within the CP-Bbox binding region did
not repress BMV RNA accumulation in vivo (Yi et al., 2009a). Addi-
tionally, its proximity to the RNA3 polyA region, previously shown
to concentrate the crossovers (Wierzchoslawski et al., 2004), is sug-
gestive of its involvement in RNA3-sgRNA3a recombination. In our
studies, the Bbox mutations debilitated recombination, but while
occurring in sgRNA3a rather than in RNA3 (Fig. 2B). For the lat-
ter (Bbox-RNA3 x SG) the frequency maintained the wt level (42%)
(Sztuba-Solifiska et al., 2011a) with the majority of recombinants
carrying all three marker mutations (32 out of 42 recombinants).
This effect suggested the prevalence of sgRNA3a-directed primer
extension (Fig. 6A).

Mechanistically, we speculate that the Bbox-bound CP can
expose the 3’ end in sgRNA3a, facilitating its annealing to
another (—) sense RNA3 template (template switch) followed
by the sgRNA3a-directed extension into the progeny (+) sense
RNA3 (Fig. 6A). In addition, the sgRNA3a-bound CP might inter-
act with the replicase complex that is already present at the
subgenomic promoter, which would also facilitate primer exten-
sion. At the same time, CP binding at the internal RNA3 Bbox
motif would create an obstacle for progressing RdRp sup-
porting the inner strand switching process. In addition, the
presence of the polyA tail in sgRNA3a primer might be essen-
tial. We have demonstrated that BMV RdRp can initiate at
the polyA tail of sgRNA3a in vitro (Sztuba-Solifiska et al,
2011a).

The results from reciprocal protoplast inoculations support
these observations. The transfection with APE-RNA3 x Bbox-SG
practically eliminated recombination (Fig. 2C) which might be due
to missing PE in RNA3. Along these lines, a reverse transfection
with Bbox-RNA3 x APE-SG generated recombinants that carried
all three sgRNA3a markers; again reflecting the sgRNA3a-directed
primer extension on (—) templates. Since the Bbox-RNA3 x APE-SG
experiment supported the crossovers near the 3’ end of sgRNA3a
we conclude that the unmodified sgRNA3a Bbox structure sup-
ported primer extension due to binding to both BMV CP and BMV
replicase proteins. Additionally, the lack of CP binding to the modi-
fied Bbox in RNA3 likely removes the road block for BMV replicase,
and thus prevents the RdRp from inner strand switching. The results
from the Bbox-RNA3 x SG co-transfection experiment (76% recom-
binants with all three marker sites) agree with the lines of this
hypothesis.

Previously, Yi et al. (2009a) reported that the Bbox motif in
the 5" UTRs of BMV RNAs 1 and 2 mediates CP binding. Analogous
motif was also reported at the 5 UTR of RNA3 (Pogue et al., 1992);
however, its CP-binding activity was not reported. Here we show
that mutations in the Bbox like element did not affect the level
of RNA3 (+) strands in protoplasts (Fig. 3). Similar observations
were reported by Pogue et al. (1992) after deleting the 5 Bbox
like sequence from BMV RNA3. Apparently, this region does not
participate in the initiation of RNA3 (+) strands. However, two co-
transfections involving RNA3 and/or sgRNA3a 5'box-like mutants
(5’box-RNA3 x 5’box-SG and 5'box-RNA3 x SG) dramatically debil-
itated recombination (none and one recombinant, respectively, per
100 clones; Fig. 2D). These results complement our previously
published low recombination rates with the 3’-nested sgRNA3a
derivatives that were lacking the 5 Bbox-like motif (Sztuba-
Solifiska et al., 2011a). The effect of the disruption of the 5’
Bbox-like sequence on sgRNA3a-RNA3 recombination might be
dueto changes in the entire topology (structure and/or communica-
tion with other motifs) of the recombining RNAs, making them less
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prone to crossovers. These possibilities will be a subject of further
experimentation.

To substantiate our conjectures, an RNA3 mutant that cannot
transcribe sgRNA4 and thus did not synthesize CP (CPO-RNA3) was
tested. Here as well, the accumulation of BMV RNAs in protoplasts
was not detectably affected. This agrees with earlier reports that
blocking sgRNA synthesis had little effect on BMV RNA3 accu-
mulation in barley protoplasts (Grdzelishvili et al., 2005). The
corresponding recombination frequency was at very low level
(Fig. 2E). Thus, the lack of CP per se diminished recombination
between RNA3 and sgRNA3a even if sequences of the cis-acting
CP binding elements remained intact. Therefore, we conclude that
CP plays an important role during homologous recombination
between RNA3 and sgRNA3a.

To address further the role of RNA-CP interactions from the pro-
tein side, two CP domains mapped to bind RNA3 were altered by
replacing codons of several amino acids with those for alanine, and
then tested for recombination activity. One domain was the previ-
ously mapped Bbox binding region on CP (Yi et al., 2009a,b). Indeed,
the amino acid substitutions diminished the interaction in vitro of
the corresponding mutant CP preparation (CP-Bbox mutant) with
the Bbox RNA probe (Fig. 5), and the recombination frequency in
protoplasts was minimal (5%).

Yet another CP mutant (named CP-SLC) carried multiple amino
acid replacements (again with the alanine residues) within a sepa-
rate domain that was mapped to bind to the 3’ SLC hairpin (Yi et al.,
2009b), the RNA3 () strand replication signal (Chapman and Kao,

1999). Similar to CP-Bbox, the recombination frequency with CP-
SLC was very low after co-transfecting with wt sgRNA3a (Fig. 2G).
Collectively, these observations revealed that either the lack of CP
or the disrupted binding of CP molecules to their cognate RNA bind-
ing signals debilitated significantly the recombination activity. One
can speculate that the 3’ SLC-bound CP increases the interaction
between sgRNA3a and RNA3 molecules via long distance oligomer-
ization (dashed arrow in Fig. 6B). Under this scenario, the strand
switching during (—) strand synthesis could be facilitated. Alter-
natively, the 3’ SLC-bound CP could boost the (—) strand synthesis
(Chapman and Kao, 1999), which would increase the frequency of
strand switching.

Filter binding assays revealed significant inhibition of CP~-RNA
binding for mutated sequences, as compared to the unchanged RNA
or CP regions (Fig. 5). This was observed for point mutations within
the Bbox element, for a large deletion within the PE region, as well
as for CP amino acid substitutions within binding domains to Bbox
and 3'-SLC elements. These observations confirm previous reports
of Yi et al. (2009b) and Choi and Rao (2003). Most importantly, the
strength of CP binding directly correlates with the recombination
frequency, which further supports the predictions on the important
contribution the CP plays during homologous recombination.

In conclusion, our data reveal important role of CP in homol-
ogous BMV RNA recombination and both mechanisms, the
sgRNA3a-mediated primer extension and internal strand switch-
ing. As regarding the biological meaning of homologous crossovers
with subgenomic components, these mechanisms can serve as
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an efficient strategy that RNA viruses may use to diversify their
RNA genomes and/or to guard the integrity of viral genome.
It allows them to not only shuffle their genes so to adjust to
ever-changing environment, but also to exploit subgenomic com-
ponents as potential backup in case of extensive damage of their
replication-competent genomic RNAs. The fact that BMV utilizes
its multifunctional CP to orchestrate recombination proves once
more the economical nature of virus life cycle under the limited
resources. It is possible that CP-mediated recombination might be
acommon process among (+) stranded RNA viruses. The accumulat-
ing evidence demonstrates close proximity of viral RNA replication
and CP translation inside the host cell (Annamalai et al., 2008; Seo
etal., 2012). Thus, itis tempting to assume that RNA recombination
processes are linked not only spatially but also they share protein
factors. Yet, further studies are necessary to define more details of
these mechanisms.
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