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Riboswitching on RNA virus replication
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Positive-strand RNA viruses direct different virus-specific processes
during their infection of host cells. Fundamental events such as
viral RNA genome replication are controlled by viral regulatory
RNA elements (REs). Here, we have investigated the possibility of
specifically modulating the action of a viral RE using RNA aptamer
technology. Through rational design, a tombusvirus RE, which has
the structure of a perfect RNA stem loop in the plus-strand RNA
genome, was replaced with a theophylline-binding RNA aptamer
sequence, an imperfect stem loop. The aptamer-RE hybrid was
designed so that, upon binding theophylline, it would become
more stable and structurally mimic the functional RE (i.e., represent
a ligand-inducible RE riboswitch). Initial experiments were con-
ducted with a small noncoding virus genome-derived RNA replicon,
and the results showed that replication was inducible, up to
~10-fold, in a theophylline-specific and dose-dependent manner. A
similar level of theophylline-dependent induction was also ob-
served when a full-length viral genome containing an RE ribos-
witch was tested. Analysis of this engineered viral genome re-
vealed that this RE, located in the 5’ untranslated region,
specifically mediates efficient accumulation of plus-strands of the
virus genome. Therefore, in addition to allowing for modulation of
virus reproduction, the RE riboswitch system also provided insight
into RE function. The ability to chemically induce a viral process via
modulation of virus genome structure could be useful for basic and
applied aspects of research.
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NA aptamers are RNA molecules that are capable of
specifically binding to cognate ligands. Small molecule-
binding RNA aptamers were first identified through artificial
selection by using systematic evolution of ligands by exponential
enrichment (i.e., SELEX) (1). Surprisingly, some of these RNA
aptamers showed favorable binding affinities and high levels of
specificity (1). These observations suggested that natural RNA
aptamers might exist and function in nature. Indeed, naturally
occurring RNA aptamers, present as components of ribos-
witches, were subsequently identified in bacteria and shown to be
involved in regulating translation or transcription of cellular
mRNA (2). These riboswitches contain two mutually exclusive
structures, one functional and the other nonfunctional, and
ligand binding to the aptamer domain within the riboswitch acts
to stabilize one of the two structures (2). In this way, the presence
or absence of the ligand dictates which RNA structure dominates
and, thus, the activity of the functional RNA module.
Engineered RNA-based regulation of gene expression in
living cells is now a rapidly expanding area of biotechnology.
RNA aptamers that bind to small-molecule ligands (e.g., the-
ophylline) have been instrumental in the development of novel
systems that allow for ligand-dependent regulation of mRNA
translational activity (3-10), ribozyme activity (10, 11), or other
cellular processes (3, 9, 12, 13). In these systems, the aptamers
are able to directly or indirectly influence their targets through
ligand-binding-induced changes in RNA structure (3-13). This
ability to modulate RNA conformation makes aptamers ame-
nable for use in the development of other biologically based
regulatory systems. In this respect, an unexplored application for
small molecule-binding RNA aptamers is in the modulation of
viral processes.
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Viruses that possess RNA genomes represent obvious candi-
dates for the development of this type of regulatory system.
During RNA virus infections, various processes are controlled by
the action of viral genomic RNA sequences and/or higher-order
RNA structures, herein termed regulatory RNA elements
(REs). Accordingly, the ability to modulate the activity of an RE
would provide a means to control the viral process that it directs,
and this could potentially be accomplished through rational
design with RNA aptamer technology. This goal could be
achieved by integrating an RNA aptamer into the viral RNA
genome in such a manner that binding of its cognate ligand
affects the structure and function of an RE, thereby creating an
RE riboswitch. Here, we have explored the use of RNA aptamer
technology for activating viral RNA replication in cells. The
tombusvirus tomato bushy stunt virus (TBSV) is particularly well
suited for this purpose as the structures of the REs involved in
regulating the replication of its 4.8-kb-long single-stranded,
positive-sensed RNA genome are among the best characterized
(14) (Fig. 14). Using TBSV, we show that an RE-riboswitch
strategy can be applied successfully to modulate the activity of
viral RNA replication and can provide useful information on RE
function. The utility of such systems for basic and applied studies
is discussed.

Results and Discussion

Designing a Theophylline-Inducible Viral RNA Replicon. A replication-
specific RE in the 5" untranslated region (UTR) of the TBSV
genome was selected to assess the possibility of controlling virus
RNA accumulation with a small molecule-binding RNA aptamer.
The 166-nt-long 5" UTR folds into a complex higher-order RNA
structure that includes a small stem loop (SL), termed SLS5, which
is an RE that is necessary for efficient viral RNA replication (15)
(Fig. 24). SLS separates two RNA domains, the T-shaped domain
and the downstream domain, which interact via a functionally
relevant pseudoknot, PK-TD1 (15) (Fig. 2A4). The importance of
the SL5 RE for viral RNA replication was demonstrated previously
by using a small, replicable, noncoding TBSV genome-derived
RNA, herein termed replicon (Fig. 1B). Although this viral RNA
encodes no proteins, it maintains replication REs and is efficiently
amplified when cotransfected into host cells along with a full-length
“helper” TBSV genome, which provides essential viral replication
proteins (p33 and p92) in trans (14). Previous studies using this
helper/replicon system showed a direct correlation between the
thermodynamic stability of the SL5 and the efficiency of replicon
amplification in vivo (15). Specifically, the introduction of mis-
matches into the lower stem portion of this RE inhibited viral RNA
replication, whereas a compensatory mutant containing transposed
base pairs was able to replicate to WT levels (15). Importantly, the
same study also showed that the identity of the residues in the stem
and terminal loop of SL5 was not relevant to its activity and that SL5
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Fig. 1. Schematic structures of the TBSV genome and a viral replicon. (A)
Linear representation of the TBSV RNA genome. Encoded viral proteins are
depicted as boxes with their molecular masses (in thousands) prefixed by “p."”
The 5’ UTR is delineated. Initiation sites for sg mRNA transcription are labeled
sg1 and sg2, and corresponding structures of the two sg mRNAs are repre-
sented by arrows above the genome. (B) The TBSV-derived replicon shown is
composed of four noncontiguous regions (I-1V) that correspond to different
segments of the viral genome (delineated by vertical dotted lines). Note that
regionlintherepliconisthe 5’ UTR from the viral genome. The horizontal line
joining the four regions represents genomic segments that are not present in
the replicon.

operates as a plus-strand structure (i.e., it functions as part of the
5" UTR) (15).

The defined structural requirement and critical role of the SLS
RE made it an ideal experimental candidate for conversion into
an RE riboswitch. The strategy devised to accomplish this
involved replacing SL5 with an RNA aptamer. The rationale for
a SL5-to-aptamer substitution was that an unbound aptamer
would mimic a destabilized nonfunctional SL5 RE, whereas a
ligand-bound aptamer would emulate a stable functional SLS,
thus potentially allowing for ligand-mediated control of viral
RNA replication (i.e., an inducible “on” riboswitch). A theo-
phylline-binding RNA aptamer was selected for the replacement
because its size and shape are similar to those of SL5 (1) (Fig.
2 A and C). Additionally, this aptamer-ligand pair displays a high
degree of specificity and affinity (Kq = 0.2-0.4 pM), and
theophylline (Fig. 2B) is membrane-permeable and relatively
noncytotoxic (5). The initial screening for an appropriate RE
riboswitch involved replacing the SL5 RE in the replicon with a
typical aptamer (Fig. 2C) (1) or modified versions that contained
different closing base pairs (Fig. 2D). However, mfold secondary
structure analysis of the RNA sequences in these replicons
revealed that a section of the ligand-binding pocket in the
aptamer (5'-GGCAGC) could potentially base pair to a nearby
complementary sequence in the loop of SL4 within the T-shaped
domain (5'-GUUGCU). The latter sequence participates in a
pseudoknot interaction, PK-TD1, that is essential for viral RNA
replication (15) (Fig. 2A4), whereas the former sequence is
critical for ligand binding (16). Therefore, to preclude this
possible dual interference, the L4 sequence and its complemen-
tary pseudoknot partner sequence in the downstream domain
were modified to create Rep-TDlc (Fig. 2A Inset); thereby
providing a context that was predicted to be free of such steric
hindrance. Importantly, previous studies showed that replicons
containing this modified pseudoknot are fully functional (15).
Consequently, Rep-TD1c was used as the base replicon for
testing potential RE riboswitches (Fig. 2D). Also, to avoid
possible RNA recombination between the helper virus genome
and the riboswitch-containing replicons (17) (that could restore
a WT SL5 in the latter), the helper TBSV genome used in
cellular cotransfection studies, sg1T100, contained a modified
functional 5" UTR that did not contain SL5. Rep-TD1c deriv-
atives containing different potential RE riboswitches in place of
the SLS RE were analyzed in vivo for replicon responsiveness to
theophylline.

Analysis of Theophylline-Induced Replication of a Viral RNA Replicon.

Cells were cotransfected with in vitro-generated RNA transcripts
of helper sglT100 viral genome and different riboswitch-
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Fig. 2. Designing and testing a ligand-inducible viral replicon. (A) RNA
secondary structure of the 5" UTR of the TBSV RNA genome (which also
corresponds to region | of the replicon). The 5'-proximal T-shaped domain
(TSD) and 3’-proximal downstream domain (DSD) are indicated. These do-
mains are separated by SL5, which is outlined by shading. A tertiary interac-
tion, PK-TD1, is indicted, and substitutions in Rep-TD1c are shown in the box.
(B) Structure of theophylline (*, N7). (C) A theophylline-binding RNA aptamer
(1). (D) The structures of putative RE riboswitches that were used to replace SL5
in Rep-TD1c are shown at the top. Sequence differences in the closing stems
are boxed. Replicons were cotransfected with helper TBSV genome sg1T7100
into plant-cell protoplasts, incubated in the absence (—) or presence (+) of 0.3
mM theophylline, and their accumulation levels quantified by Northern blot
analysis at 22 h after cotransfection. The values at the bottom represent means
that were normalized to that for uninduced Rep-TD1c (set at 100%) with
standard deviations from three separate experiments.

containing replicons and then incubated in liquid medium in the
presence or absence of theophylline. Three representative ex-
amples from a larger pool of candidates that were screened (data
not shown) are presented in Fig. 2D. Results from the replicon
analysis were divided into three categories based on theophylline
responsiveness and replicon accumulation: (i) non- or weakly
responsive with constitutively high levels of replicon accumula-
tion, (if) non- or weakly responsive with constitutively low levels
of replicon accumulation, or (iii) responsive with inducible
replicon accumulation. Rep-2A (iii) showed a notable increase
in accumulation in the presence of 0.3 mM theophylline, whereas
Rep-1A (i) and Rep-3A (i), which contained aptamers with
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Fig. 3. Analysis of an RE riboswitch in a viral replicon. (A) The effect of
increasing concentrations of ligand (theophylline or caffeine) on the relative
levels of Rep-2A or Rep-2Am accumulation in plant-cell protoplasts at 22 h
after cotransfection. (B) Modified RE riboswitch in Rep-2Am (the substitution
iscircled). (C) Induction of Rep-2A accumulation at various times after cotrans-
fection. For both A and C, the graphed values represent means that were
normalized to that for uninduced Rep-TD1c control (set at 100%) with stan-
dard deviations from three separate experiments. cont., control.

closing stems that were predicted to be either more or less stable,
respectively, were far less responsive (Fig. 2D). The notable
induction observed for Rep-2A indicated that an appropriate
balance of stability for the unbound aptamer was achieved; it was
unstable enough to inhibit viral RNA replication, yet ordered
enough to bind to its ligand.

Next, a ligand dose-response assay was carried out to assess
the effectiveness of induction. With increasing concentrations of
theophylline, Rep-2A accumulation was enhanced up to ~10-
fold, or to ~25% of the level of the Rep-TD1c control (Fig. 34).
Maximal induction was achieved with 0.75 mM ligand, whereas
further increases in concentration led to reduced levels of
accumulation. To determine whether the observed induction
required a functional aptamer, a replicon containing a mutated
aptamer was tested (Fig. 3B). Rep-2Am, in which an essential
nucleotide in the theophylline-binding pocket was substituted
(16), was not responsive to theophylline (Fig. 34). In addition,
the necessity and specificity of theophylline for induction was
evaluated by using caffeine as a ligand. Caffeine is a molecular
analogue of theophylline that differs in that it contains a methyl
group at N7 (Fig. 2B). This structurally similar ligand was not
able to activate replication of Rep-2A (Fig. 34). Collectively,
these analyses indicate that the induction of viral RNA replica-
tion is aptamer- and ligand-dependent, as well as theophylline-
specific and ligand-dose-dependent.

Effective induction was also observed when theophylline
treatment was delayed for up to 6 h after cotransfection of viral
RNAs (note that Rep molecules are very stable within cells) (15)

10408 | www.pnas.org/cgi/doi/10.1073/pnas.0704178104

(Fig. 3C). This result demonstrates that ligand treatment does
not have to immediately follow transfection of its target RNA
and suggests that riboswitch-containing viral RNAs that are
expressed constitutively in cells at low levels from either a DNA
vector or a genome-incorporated transgene would also be in-
ducible by using this approach. Indeed, the ability to control both
the timing and level of activation provides a powerful combina-
tion for modulating a viral process.

Design and Analysis of Theophylline-Induced Replication of a Full-
Length TBSV Genome. Next, theophylline-based induction of rep-
lication was tested in the more complex and biologically relevant
context of the TBSV genome. Gen-60A through Gen-66A were
constructed from PK-TDI1cT, which is a TBSV genome that
contains the same pseudoknot substitutions present in Rep-
TDl1c (Fig. 24 Inset). Interestingly, the RE riboswitch that
functioned best in the replicon (Rep-2A) was not nearly as
responsive when tested in the full-length TBSV genome, Gen-
60A (Fig. 44). This finding was not surprising because the
genome contains an additional ~4 kb of sequence that could
affect the structure and/or stability of the aptamer. Additional
screening of a small group of viral genomes that contained
aptamers with different closing stems in place of SL5 allowed for
identification of one, Gen-65A, that was suitably responsive (Fig.
44). Gen-65A accumulation was inducible (=~10-fold) in a
dose-dependent manner to a level ~50% that of the control
PK-TD1cT genome (Fig. 4B), thus verifying that this regulatory
strategy is also amenable to a complete virus genome.

To gain possible insight into the function of the SL5 RE in
genome replication, the accumulation levels of both plus and minus
strands of viral RNAs, including subgenomic (sg) mRNAs, were
analyzed. In the absence of theophylline, Gen-65A genome levels
were comparatively low, whereas its associated sg-mRNA levels
were similar to those for the control genome, PK-TDI1cT (Fig. 54,
compare lanes 2 and 3). The corresponding levels of minus-strand
sg mRNAs for Gen-65A were also similar to those of the control
genome, but the minus-strand genome level was greater than that
of the control genome (Fig. 5B, compare lanes 2 and 3). With
increasing concentrations of theophylline, the relative plus-strand
genome levels were markedly restored, with sg mRNA levels
increasing moderately (Fig. 54, lanes 4-8). In contrast, the corre-
sponding minus-strand genome and sg-mRNA levels were much
less affected by changes in theophylline concentration (Fig. 5B,
lanes 4-38).

These findings are significant in several respects. First, they
indicate that SLS, which functions as a plus-strand RE in the
genome (15), is required for efficient accumulation of progeny
viral genomes. This concept is supported by the fact that, in the
absence of theophylline (which corresponds to an inactive or
“off” mode for the RE riboswitch), the levels of progeny
genomes from Gen-65A were dramatically decreased, whereas
activation of the RE riboswitch by the addition of ligand
alleviated this defect (Fig. 54). Second, these data show that this
RE is not required for efficient synthesis of genome minus
strands, as minus strands accumulated efficiently when the RE
function was not induced (Fig. 5B). Third, the results show that
this RE is not necessary for the synthesis of sg mRNAs, as they
accumulated well, regardless of RE activity (Fig. 54). Impor-
tantly, when a WT SL5 was destabilized (by the introduction of
mismatches in its stem) in the context of a WT TBSV genome,
the same profile of plus- and minus-strand viral RNAs as
described above for the uninduced RE riboswitch was observed
(data not shown). This result suggests that the preferential defect
in plus-strand viral genome accumulation seen in Fig. 5 is
authentic and not specifically related to the presence of the RE
riboswitch. Instead, the effect correlates well with the lower
thermodynamic stability of the unbound aptamer structure, as
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were quantified by Northern blot analysis at 22 h after transfection. The graphed values represent means that were normalized to that for the uninduced

PK-TD1cT genome control (set at 100%) with standard deviations from three separate experiments. cont., control.

compared with its ligand-bound counterpart (AGping =~ —8.9
kcal/mol) (18).

Collectively, this RE riboswitch analysis has (i) confirmed that
the RE functions in the plus strand, given that the stereospecificity
of the RNA aptamer restricts its activity to the plus strand, and (i7)
defined the RE as a major determinant of viral plus strand genome
accumulation, suggesting that it may function specifically in pro-
moting synthesis of progeny genomes (Fig. 5C). Thus, although the
main objective of this work was to provide a proof-of-concept for
a chemically-inducible viral RE-riboswitch system, further facile
analysis of the associated viral phenotypes revealed important
insights into the structure and function of the RE and, moreover,
demonstrated that the system can be useful for addressing funda-
mental questions about molecular mechanisms.

Utility of RNA Aptamer-Based Control of Viral Processes. Through
rational design, we have succeeded in generating an in vivo viral
system based on TBSV that allows for the dose-dependent
control of virus genome accumulation via the administration of
a small molecule ligand. The mechanism of control is unique in
that it relies on direct allosteric regulation of a genomic RNA
element that functions in a virus-specific process. Additionally,
the system allows for systematic assessment of the dose-
dependent effect of a specific RNA element within an invariant
viral context. In contrast, in traditional approaches, where a
series of different mutant REs are analyzed, each of the RE
variants may have a different undesirable and/or unanticipated
collateral effect, which could lead to misinterpretations. By using
a common viral context, as with the RE riboswitch system, the
chances of such complications are diminished. Another advan-

Wang and White

tage of this system is that the activity of the RE can be modulated
systematically, which allows for assessment of its function over a
defined and broad range. This approach could potentially un-
cover dose-dependent effects that would be missed if the as-
sessment were performed with more traditional all-or-nothing-
type mutational approaches. Moreover, by combining the dosage
control with temporal modulation, multidimensional analysis of
a viral RNA element is also possible.

An obvious question about this regulatory system is: How
stable is the engineered RE riboswitch in the viral genome?
Maintenance will depend on many factors, including the RE that
is targeted, the structure of the riboswitch, the length of the in
vivo experiment, and the propensity of the particular virus to
evolve. In our study, the Rep-2A and Gen-65A riboswitches were
stably maintained in their viral contexts, irrespective of theoph-
ylline concentration, over the entire course of the experiments
(data not shown). This 22-h period provided us with ample time
to induce RE activity and to observe associated phenotypic
effects.

A second logical question is how applicable is this approach to
other RNA virus systems. The particular design strategy that we
used involved the bound aptamer mimicking a functional RE.
However, other schemes using a different RNA aptamer or
designing the bound aptamer to interfere with the formation of
a functional RE (i.e., an inducible “off” RE riboswitch) are also
viable alternatives. Of course, some basic knowledge of the
target RE structure and/or sequence in a virus is necessary;
however, its specific function need not be known, and RE
riboswitch analysis could help to uncover this role (as shown in
this study). Importantly, the candidates for this strategy extend
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The TBSV genome is shown in the middle. Synthesis of progeny genomes, i.e.,
replication, proceeds via the synthesis of a full-length complementary minus-
strand RNA of the genome that then serves as the template for progeny genome
production (as shown in the upper half). In contrast, transcription of sg mRNAs
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shown in the lower half). A defective SL5 RE (depicted by “X"') specifically inhibits
the accumulation of progeny genomes, suggesting a defect in plus-strand ge-
nome synthesis.

beyond plus-strand RNA viruses and include those with nega-
tive, ambisense, and retroviral RNA genomes, as well as DNA
viruses (see below).

10410 | www.pnas.org/cgi/doi/10.1073/pnas.0704178104

Another question is whether this system could be useful for
applied technologies (e.g., virus vector systems). In this respect,
the RNA-based regulatory approach adds another technique to
the existing tool kit for controlling and using viruses for bene-
ficial purposes. Challenges associated with this scheme include
the requirement for custom design of the RE riboswitch and its
possible instability over extended infections. Custom designing is
an unavoidable aspect of this strategy; however, this requirement
is common to other regulatory approaches, such as RNAi-
mediated targeting of viral RNAs (19). Similarly, the potential
instability of the RE riboswitch also applies to virtually all
foreign sequences that are inserted into an RNA virus. With
respect to these two parameters, a design and test approach will
be required. However, one way of getting away from the
instability of RNA virus genomes is to use DNA viruses. In this
case, the RE riboswitch could be designed to function in one or
more of the viral mRNAs transcribed by the DNA virus. For
example, it could be devised to control the translational activity
of the viral mRNA (and thus expression of its encoded protein),
as has been achieved artificially with eukaryotic cellular mRNAs
(4). There is obvious potential for this regulatory strategy to be
used for (i) modulating virus-vector replication in cases where
temporal considerations and/or viral loads are important (e.g.,
plus-strand RNA vectors and retroviral vectors) and (ii) con-
trolling the amount and timing of production of foreign proteins,
potentially at either the level of sg-mRNA transcription (e.g.,
plus-strand RNA vectors) or viral mRNA translation (e.g.,
adeno-, baculo-, retrovirus vectors). Moreover, other RNA-
based processes such as RNA virus encapsidation, where RNA
origins of assembly control assembly, also represent viable
targets for regulation. In conclusion, it is hoped that the proof-
of-concept provided herein provides incentive for others to
pursue the development of novel and useful viral RE riboswitch
control systems.

Materials and Methods

Plasmid Construction. The majority of the clones used in this study
were generated from previously described constructs. These
include: T100, the WT-TBSV genome construct (20); Rep, a
prototypical TBSV defective-interfering RNA (21); and Rep-
TDlc, a modified replicon clone (15). Rep-1A, Rep-2A, and
Rep-3A were generated from Rep-TD1c by replacing their WT
SL5s with modified theophylline-binding aptamers (1). Rep-
2Am is a derivative of Rep-2A in which the adenylate, in the
CAG portion of the internal loop in the aptamer, was substituted
with a cytidylate. sg1T100 is a modified TBSV genome clone
generated by replacing its 5" UTR with the 5" UTR of sg mRNA1
(which does not contain SL5). Gen-60A through Gen-66A were
constructed from PK-TD1cT, which contained the pseudoknot
substitutions present in Rep-TDlc. PK-TDIcT replicates its
genome and transcribes its sg mRNAs at WT levels (data not
shown). Where relevant, detailed structures of the modifications
introduced into these different base constructs are presented in
the respective figures. All modifications were introduced by
using PCR-based mutagenesis and standard cloning techniques.
The PCR-derived regions introduced into constructs were se-
quenced completely to ensure that only the intended modifica-
tions were present.

In Vitro Transcription and Protoplast Inoculation. /n vitro RNA
transcripts of TBSV replicons and genomes were generated with
T7 RNA polymerase as described (22). Preparation and trans-
fection of cucumber protoplasts were carried out as described
(22). Briefly, isolated protoplasts (=~300,000) were prepared
from cucumber cotyledons and inoculated with in vitro-
generated viral transcripts. For all genomes, 3 ug of transcript
was used, and for replicons, 1 ug of transcript was used. For
replicon experiments, transfected protoplasts were incubated at
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22°C for 22 h with or without the indicated concentrations of
theophylline or caffeine. Genome analysis was performed in a
similar manner except that infected protoplasts were incubated
at 27°C.

Viral RNA Analysis. Total nucleic acid preparations isolated from
virus-inoculated protoplasts were subjected to Northern blot
analysis for detection of plus- and minus-strand viral RNAs as
described (22). Nucleic acids were either treated with glyoxal and
separated in 1.4% agarose gels (for genome and subgenomic
RNA analysis) or denatured in formamide-containing buffer
and separated in 4.5% polyacrylamide/8 M urea gels (for rep-
licon analysis). Equal loading of lanes was confirmed before
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transfer via staining the gels with ethidium bromide. After
electrophoretic transfer to nylon membranes, viral RNAs were
detected with 3?P-labeled DNA oligonucleotide probes or RNA
riboprobe (for plus- and minus-strand detection, respectively)
and their relative levels were determined by using a phospho-
imager (Bio-Rad, Hercules, CA). RNA secondary structures
were predicted with the mfold computer program (23, 24).
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