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Abstract
We have developed a model for the secondary structure of the 1058-nucleotide plus-strand RNA
genome of the icosahedral satellite tobacco mosaic virus (STMV) using nucleotide-resolution
SHAPE chemical probing of the viral RNA isolated from virions and within the virion,
perturbation of interactions distant in the primary sequence, and atomic force microscopy. These
data are consistent with long-range base pairing interactions and a three-domain genome
architecture. The compact domains of the STMV RNA have dimensions of 10 to 45 nm. Each of
the three domains corresponds to a specific functional component of the virus: The central domain
corresponds to the coding sequence of the single (capsid) protein encoded by the virus, whereas
the 5′ and 3′ untranslated domains span signals essential for translation and replication,
respectively. This three-domain architecture is compatible with interactions between the capsid
protein and short RNA helices previously visualized by crystallography. STMV is among the
simplest of the icosahedral viruses but, nonetheless, has an RNA genome with a complex higher-
order structure that likely reflects high information content and an evolutionary relationship
between RNA domain structure and essential replicative functions.

Icosahedral plus-strand RNA viruses are diverse and infect organisms from all branches of
life.1 The RNA genomes in these plus-strand viruses encode information at two levels: in
their primary sequences, which direct synthesis of viral proteins, and in higher-order
structures, which govern RNA packaging and form complex regulatory signals.2–4 For
several icosahedral viruses, it has been possible to visualize portions of the RNA structure in
crystallographic studies.2 Global secondary structure models for the genomes of several
icosahedral viruses have been proposed based on interpretation of crystallographic
information, computational secondary structure prediction, and chemical probing
experiments. The resulting models have emphasized both simple local stem-loop
structures2,5–10 and more complex structures that feature long-range base pairing between
nucleotides distant in the primary sequence.11–16 The well-defined partial helices seen in
some crystal structures2 and compact RNA structures visualized in imaging studies14,17,18

point to high levels of organization, but there have been few direct evaluations of long-range
base pairing and its contribution to higher-order structure in RNA viruses.

Satellite tobacco mosaic virus (STMV) represents the “hydrogen atom” for plus-strand
icosahedral viruses. STMV forms a well-defined icosahedral capsid, contains an RNA
genome of 1,058 nucleotides, and encodes the protein that forms 30 protein dimers that
eventually coalesce to form the capsid.6,19 As visualized crystallographically, each capsid
dimer binds a short RNA helix (Fig. 1A). Averaged over all symmetry positions, each helix
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spans 5–7 base pairs with well-defined density and weaker density extending out to ~9 base
pairs. Roughly 45% of the RNA forms base-paired elements that are ultimately visualized in
the context of 60-fold crystallographic symmetry.20,21 The terminal nucleotides in each
helix are less well defined, with higher crystallographic B-factors, than the nucleotides in the
centers of the helices. The connectivities between helices are not visualized by
crystallography. The internal diameter of the capsid is 10 nm. The RNA occupies 75% of the
available internal space in the capsid; most of the unused space appears to be in the
center.6,21

Until recently, secondary structural modeling has not been reliable for RNAs of the lengths
of the genomes of icosahedral viruses. Methods for modeling of RNA secondary structures
have recently become more robust due to the improved ability to incorporate experimental
information into structure prediction algorithms.22–26 Here, we used SHAPE chemistry27,28

to probe authentic STMV RNA genomes at single-nucleotide resolution and used this
reactivity information to develop an experimentally-constrained secondary structure model.
The results contrasted with current models positing simple arrayed stem-loop structures
(shown schematically in Fig. 1B). Instead, our experimentally-directed structure model
supported formation of extensive long-range base pairing interactions (shown schematically
in Fig. 1C). We performed two tests of the proposed long-range interactions: First, we
selectively disrupted putative base pairings and measured induced changes in SHAPE
profiles, and, second, we directly visualized the RNA with atomic force microscopy (AFM).
Data from these experiments were consistent with a complex three-domain architecture for
the STMV RNA genome that contains a set of internal base-paired elements sufficient to
account for the RNA helices visualized by crystallography. All experiments in this project
were designed, implemented, and interpreted by undergraduate students in the
Undergraduate Transcriptome Project at the University of North Carolina.

Methods
STMV Virion and RNA Purification

STMV virions were purified from leaves of infected tobacco plants21 and dialyzed against
25% ammonium sulfate, which induces the virions to crystallize. This solution (~2 mL, at
~1.5 mg virion/mL) was dialyzed overnight against 2 L of 50 mM HEPES (pH 8.0), 200
mM NaCl, and 5 mM MgCl2. These virions were frozen at −20 °C and were thawed
immediately before use. For purification of ex virio RNA, dialyzed STMV particles were
treated with proteinase K (1 mg/mL) and 1% (w/vol) sodium dodecyl sulfate for 1 h at 37
°C. Purified genomic RNA was then isolated by three extractions with phenol (equilibrated
with virion dialysis buffer) and five with chloroform. Virion and viral RNA preparation
protocols avoided use of denaturants, high temperature, or metal ion chelation that would
disrupt STMV RNA structure.

SHAPE and RNA Structure Modeling
For ex virio analyses, STMV RNA was incubated in folding buffer [50 mM HEPES (pH
8.0), 200 mM potassium acetate (pH 8.0), and 3 mM MgCl2] for 20 min and modified by a
5-min treatment with one-tenth volume 50 mM 1-methyl-7-nitroisatoic anhydride (1M7) in
DMSO. For in virio experiments, one-tenth volume 20 mM 1M7 was incubated with
dialyzed virions prior to capsid removal with proteinase K and SDS treatment and phenol
and chloroform extractions. Locations of 2′-O-adducts were detected using reverse
transcription with fluorescently labeled primers. cDNA products were quantified by
capillary electrophoresis. Each DNA primer was 21 nucleotides in length; primers were
designed to bind the RNA at positions 285-264, 514-493, 622-601, 793-772, 854-833, and
1058-1037. The 1508-1037 primer contained five locked nucleic acid (LNA) residues at
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positions 1058, 1055, 1052, 1049, and 1046. Data were corrected for signal decay,
quantified, and normalized by the box-plot approach22 using ShapeFinder.29 Two to four
replicates were obtained for each primer read, and the average of these was used to generate
a continuous profile across the full-length STMV RNA. Secondary structure models were
generated by inputting single-nucleotide reactivities into the RNAstructure program as
pseudo-free energy change terms22 using recently optimized parameters26 of m = 1.9 and b
= −0.7. No pseudoknots were detected when data for the ex virio and in virio states were
analyzed using a new algorithm able to detect pseudoknots26.

LNA-Induced Structure Perturbation
LNAs (Exiqon) were nine nucleotides long and complementary to positions 180-188 or
536-544; every position except the 3′-most contained an LNA nucleotide. LNA oligomers
were designed to hybridize to single sites within the RNA based on hybridization strengths
estimated using the OligoWalk routine in RNAstructure.30 STMV RNA (1 pmol) was
incubated with a 1.5-fold molar excess of LNA in folding buffer (10 μL final volume) for 20
min at 37 °C. The LNA-bound RNA and no-LNA controls were subjected to a standard
SHAPE experiment, and the RNA was recovered by precipitation with ethanol. The two
SHAPE experiments were processed independently. Final SHAPE traces for the no-LNA
experiments were scaled to those for the plus-LNA experiments over 251-nt windows,
calculated every 10 nts and summed across the full RNA sequence. An LNA-induced
perturbation factor at each nucleotide was calculated as: Perturbation factor = [(plus-LNA
reactivity − no-LNA reactivity) / (1 + no-LNA reactivity)]. Data were then smoothed over a
window of 5 nucleotides. LNA-induced perturbations were taken to be significant at regions
where multiple consecutive peaks had absolute perturbation factors ≥ 0.15.

Atomic Force Microscopy
STMV RNA was diluted to 2 nM in sterile 50 mM ammonium acetate (pH 8.0). Aliquots of
10 μl of this solution were deposited onto freshly peeled mica and dried in desiccator for 10
minutes or under a gentle stream of N2 gas. Imaging was performed with a Nanoscope III
AFM (Veeco) with 512 × 512 pixel resolution and a scan rate of 2 Hz in tapping mode.
AFM tips were from Olympus (resonance 280–325.5 kHz and spring constant 34.3–54.2 N/
m) or Nanosensors (resonance 146–236 kHz and spring constant 21–98 N/m). Images were
flattened using Nanoscope 5.12r5 software, and volume measurements were made using
ImageSXM [S.D. Barrett (2012) http://www.ImageSXM.org.uk]. Individual molecules with
estimated volumes of 320 ± 100 nm3 were selected for analysis. This range was selected to
allow for uncertainties in volume measurements created by the likely compressibility of
mica-immobilized RNA molecules and convolution by the dimensions of the imaging tip.
Molecules were classified based on their overall structure into one of seven categories (Fig.
5). The length of each branch or major feature was measured. The most compact states that
we visualized in this work were similar to the spherical states seen in prior AFM studies of
STMV; however, we saw many fewer extended and fewer aggregated structures.17,31 The
differences likely reflect the fact that the RNA was not precipitated with ethanol or heated
(to ≥65 °C) as was done previously. Instead, low ionic strength buffer was used to inhibit
aggregation and favor formation of partially spread out structures.

RNA Dimension Calculations
Estimates for lengths of features in the STMV RNA secondary structure models assumed a
rise of 2.5-Å rise per base pair and a 26-Å length span for each nested helix. Symmetrical
mismatches were counted as an equivalent number of canonical base pairs. For intermediate-
sized single-stranded loop regions (for example, positions 320-323 and 553-554 in Fig. 3A),
the strand with the smaller number of residues was used to estimate the effective length of
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the segment. These length estimates apply to a (theoretical) state in which the base paired
RNA is fully extended.

Results
Strategy for Examining STMV RNA Secondary Structure

We interrogated the authentic STMV RNA genome in two states, in each case starting with
virions obtained from tobacco leaves (Fig. 1D). An initial dialysis step functioned to remove
plant-derived polymeric material that otherwise caused viral particles and genomic RNA to
aggregate. First, we analyzed the protein-free ex virio state, in which the genomic RNA was
extracted from the virion and subjected to SHAPE. Second, we examined the STMV RNA
genome structure by SHAPE inside intact virions – the in virio state. STMV virions and
STMV RNA were maintained in buffers containing monovalent and divalent ions to
stabilize native RNA structures. No denaturing or precipitation steps were used prior to
structure probing. SHAPE structure probing was performed using the 1M7 reagent.25,32

Data for >90% of STMV nucleotides were obtained using a series of six overlapping primer
extension reactions (Fig. 2); products were detected by capillary electrophoresis and
analyzed as outlined previously.29,33 Data could not be collected on ~10 and ~40
nucleotides at the 5′ and 3′ ends, respectively, and a small number of internal positions.

Ex Virio Secondary Structure
SHAPE data were initially used to direct modeling of the ex virio state by incorporating the
chemical probing data as pseudo-free energy change terms into a nearest-neighbor
thermodynamic model. SHAPE-directed secondary structure modeling has proven highly
accurate in experiments closely analogous to those performed here. For example, the 16S
and 23S ribosomal RNAs from E. coli, at 1542 and 2904 nucleotides, are both longer than
the STMV genome. When total RNA is gently extracted from E. coli cells using methods
similar to those used to extract STMV RNA in this work, SHAPE-directed folding recovers
>90% of the accepted base pairs in the protein-free, native-like 16S and 23S rRNAs.22,23,26

SHAPE-directed modeling of the STMV genome suggests that the RNA forms a three-
domain structure (Fig. 3A). The central domain is a large T-shaped structure with three long
helical branches. Flanking the T-shaped domain are 5′ and 3′ domains. The base pairs in the
central domain are very well defined by the SHAPE data. Structures in the 5′ and 3′
domains are likely to be generally accurate, but the SHAPE data are consistent with multiple
structures with local variations. In the STMV RNA structure model, 62% of all nucleotides
are base paired (328 base pairs total), with most helices between five and 10 base pairs in
length. Most single-stranded elements linking these helices are short; the ex virio structure
model contains no single-stranded regions longer than 19 nucleotides (Fig. 3A). The SHAPE
data were essential for defining the structure; only 40% of base pairs in the SHAPE-directed
structure are identical to those calculated using a similar minimum free energy algorithm34

but omitting the experimental data.

The SHAPE-directed ex virio secondary structure is quite different from models proposed
for the genome structures of icosahedral viruses including STMV.6,8,10 In general, previous
models have proposed that the 30 short helices visualized by crystallography are arrayed as
a series of short stem-loop elements connected by short linkers (Fig. 1B). In contrast, the
SHAPE-directed model includes long-range base pairing interactions. The 30-nm arm
features interactions between nucleotides 260 residues apart in primary sequence, and the
base of the T-domain is formed from base pairs ~460 nucleotides distant in the sequence
(Fig. 3A). It is possible to obtain a model of the STMV RNA that contains only short stem-
loop structures by prohibiting base pair formation by nucleotides greater than 50 residues
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apart (Fig. 3B); however, this linked stem-loop structure has a net thermodynamic stability
much lower than that of the three-domain model.

SHAPE-directed modeling makes use of two energy change terms: The first nearest-
neighbor term, ΔG°NN, reflects contributions from each base pair stack, calibrated from
extensive experimentation.35,36 The second SHAPE pseudo-free energy change term, ΔG
°SHAPE, is added at each base pair stack and provides a base pairing bonus or penalty for
nucleotides with low and high SHAPE reactivity, respectively.22,23,26 This ΔG°SHAPE term
provides an analytical measure of agreement of any two structures, given an experimental
SHAPE dataset. The much lower and more favorable values for the three-domain model
compared to those of the model constrained to form only short-range pairs (Table 1) suggest
that the three-domain model is more consistent with in-solution structure probing
information.

The overall structures for the two models are very different in terms of both connectivity and
linear dimensions. Using standard estimates of 2.5 Å rise per base pair and a 26 Å length
across each nested helix, we approximated the lengths of the major branches of the SHAPE-
supported three-domain model and of the model with only short-range base pairing (Fig. 3,
dimensions are emphasized with gray lines). Individual features of the three-domain model
are expected to span 10–30 nm and have overall dimensions of 40–45 nm. In contrast, when
fully extended, the linked stem-loop model would span ~127 nm (Fig. 3). We pursued two
approaches to further distinguish between the three-domain and linked stem-loop models:
measurement of reactivity changes after perturbation of specific helices by binding of locked
nucleic acid (LNA) oligonucleotides and direct visualization by atomic force microscopy.

Long-Range Interactions Detected by Site-Selective LNA Binding
LNA oligonucleotides are able to bind to and locally disrupt the structure of an RNA
molecule37, and SHAPE readily detects long-range RNA structure perturbations.33,38 We
incubated the STMV RNA under our standard conditions and added a 1.5-fold excess of 9-nt
long LNAs targeted to positions 180-188 or 536-544 (Fig. 4A, open boxes). These segments
are base paired through long-range interactions in the three-domain model. We first
confirmed site-specific binding by each LNA by its ability to inhibit reverse transcriptase-
mediated primer extension. SHAPE experiments were then performed on the LNA-bound
STMV RNA, LNAs were removed by adding an excess of oligonucleotide complementary
to the LNA, and primer extension was used to detect the sites of SHAPE adducts in the
RNA. Data were compared with that from otherwise identical experiments performed on
LNA-free RNA. We calculated a structure perturbation factor, the difference in SHAPE
reactivities normalized by the SHAPE reactivity of the free RNA (see Methods), to identify
sites that underwent large changes in structure upon LNA binding. We focused on positive
perturbation values of 3 or more standard deviations greater than the baseline changes, equal
to positive perturbations of ≥0.15.

Binding by the LNA complementary to positions 180-188 induced two large disruptions to
the RNA structure, one immediately adjacent to the LNA binding site (positions 173-179)
and the second spanning positions 625-635 (Figs. 4A, 4B; emphasized in blue). This latter
region, located ~450 nucleotides away from the LNA binding site, is the site predicted to
form the other half of the long-range interaction that defines the central T-shaped domain in
the three-domain model. Binding by the second LNA, complementary to positions 536-544,
also caused large perturbations to the RNA structure. These RNA structure changes occurred
immediately adjacent to the LNA binding site (positions 525-535 and 545-553) and at
positions 356-369, consistent with the proposed structure of a long, base-paired “arm” in the
three-domain STMV structure model (Fig. 4A, 4C; emphasized in green). Binding of the
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536-544 LNA also induced low-level perturbations throughout the RNA (Fig. 4C),
suggestive of additional long-range structural communication.

Visualization by Atomic Force Microscopy
To visualize the ex virio STMV RNA by AFM, two experimental procedures were used to
produce extended RNA structures and to reduce RNA aggregation. First, extensive dialysis
(Fig. 1D) removed plant-based contaminants. Second, the RNA was diluted into a low ionic
strength, volatile [50 mM ammonium acetate (pH 8.0)] buffer to destabilize low affinity and
non-specific interactions and to reduce accumulation of salt on the mica substrate. RNAs
were deposited onto freshly cleaved mica, dried under nitrogen gas, and visualized in air.

Volumes of individual species measured after image processing fell in a broad peak centered
at 320 nm3 (Fig. 5A), in good agreement with the calculated volume for an RNA of this
size.39 Molecules with lower volumes were likely genome fragments, and those with higher
volumes were presumably aggregates. Molecules within 100 nm3 of the expected volume
(263 molecules total) were sorted into seven categories based on visualized structural
features (Fig. 5B). The most compact molecules were approximately spherical and similar in
appearance to compact forms of the STMV RNA visualized by AFM previously.17,31 The
remaining molecules had less compact structures.

The multiple forms reflect different orientations of deposition and the degree to which the
RNA spread out on the mica substrate. For each category of RNA (Fig. 5B), we measured
the end-to-end distances of each major feature (Fig. 5C). The lengths of the most common
features were approximately 10, 20, 30, 45, and 55 nm. These distances corresponded
closely with the estimates of feature dimensions in the predicted ex virio structure (distances
shown in Figs. 3 and 5C). Very few molecules (~6%) had features with lengths greater than
60 nm. None of the forms observed had the 127-nm length expected of a fully extended
structure with a series of short stem loops connected by single-stranded regions. In sum, as
visualized by AFM, the STMV RNA populates a family of conformations whose features
are consistent with a compact overall structure.

In Virio STMV RNA Genome Structure
Finally, we examined the structure of the unperturbed STMV genome RNA inside virions.
We performed SHAPE on intact virion particles by inverting the modification and extraction
steps in our experimental approach (Fig. 1D). The overall pattern of SHAPE reactivity for
RNA in the intact viral particle was similar to that for the protein-free RNA (Fig. 2, in virio
panel), and the resulting SHAPE-directed structure predicted for the in virio STMV RNA
was similar to that of the ex virio structure. Most long-range pairings, the three-domain
architecture, and an overall T-shape for the central domain were present in both models
(compare Fig. 3 and 6). Intriguingly, in regions where the SHAPE reactivities did differ, the
in virio RNA was generally more reactive towards the 1M7 reagent than was the ex virio
RNA (Fig. 2, difference panel); this suggests that capsid binding weakens or strains some
intramolecular RNA interactions or that removal of the coat protein allows the RNA to form
additional structure.

The largest differences between in virio and ex virio RNA occurred at positions 460-465,
490-510, and 579-590 (Fig. 6, labels a, b, c). In each case, the in virio RNA was highly
reactive, whereas the ex virio was unreactive. Differences at the latter two sites resulted in
differences in the secondary structure models: At these sites, the RNA is predicted to form
base pairs ex virio but is predicted to be single stranded in virio. In the right-hand branch of
the central domain, the in virio structure has additional stem loops and more local pairings
than the ex virio structure. Both the 5′ and 3′ domains are also less structured, on average,
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in virio than ex virio. In the 5′ domain, four stem-loop elements occur in both models but
with different inter-helix connectivities. Of the nine stem-loop elements in the 3′ domain in
the in virio structure, eight are present in the ex virio model. In general, for both ex virio and
in virio structures, the 5′ and 3′ domains are less well defined than is the central T-shaped
domain. This difference may reflect sampling of different low free-energy structures.

Discussion
Structural motifs within icosahedral viral genomic RNAs play important roles in multiple
distinct stages of viral replication.3,4,40,41 Most current working models for retrovirus,42

rhinovirus,7 STMV,6,8,10 and satellite tobacco necrosis virus (STNV)9 RNA genomes
emphasize short single-stranded and stem-loop motifs without long-range base pairing.
Recent exploratory studies using chemical probing experiments lead to two very different
models for the structure of STMV RNA.8,16 Here, we report multiple lines of evidence that
support a model in which the STMV RNA genome folds into three structural domains
stabilized by long-range base pairing (shown schematically in Fig. 1C). These structures are
likely to influence genome compaction and packaging.

In the SHAPE-directed RNA secondary structure model, approximately 60% of the
nucleotides are involved in base pairs (Fig. 3A), consistent with the high level of structure
visualized crystallographically.20,21 The SHAPE structure probing data are more consistent
with the three-domain model than models with only short-range stem-loops (Fig. 3, Table
1). We did not find support for the pseudoknots previously proposed to form at the 3′ end of
the STMV genome,44,45 suggesting that a non-pseudoknotted structure predominates in the
STMV RNA isolated from virions. The structure of the central T-shaped domain is
essentially identical to that suggested by recent SHAPE experiments that probed an in vitro
transcript corresponding to the STMV RNA.16 This agreement emphasizes the robustness of
SHAPE-directed secondary structure modeling. The median correlation between the ex virio
SHAPE data (Fig. 2) and the data obtained using in vitro transcripts was high in most
regions (R ≥ 0.8). In regions of lower correlation, the in vitro transcript was generally more
highly structured (lower SHAPE reactivities) than the authentic ex virio STMV RNA, which
was, in turn, more highly structured than the RNA inside virions (Fig. 2). This trend
suggests that virion assembly and protein-RNA interactions destabilize some RNA
structures.

The long-range domain organization we propose is consistent both with detection of
interactions between nucleotides far apart in the primary sequence as measured by LNA-
induced structure disruption (Fig. 4) and with AFM imaging at low ionic strength (Fig. 5).
The dimensions estimated based on calculation of helix lengths and measured after
deposition on a flat surface by AFM are consistent with formation of compact domains
(Figs. 3A and 5C). AFM imaging shown here (Fig. 5B) and performed previously17,31

shows that the RNA maintains higher-order structure even after the capsid is removed. A
reversible structural transition occurs when the STMV RNA is heated from 4 to 65 °C with a
discontinuity around 55 °C.31 This transition may correspond to a rearrangement of the
three-domain STMV architecture. The domains in our proposed model (Fig. 3 & Fig. 6,
emphasized in color) are consistent with the branched structures visualized by AFM, and the
most compact structures observed by AFM would fit into and largely fill the 10-nm internal
diameter of the STMV capsid.

Crystallographic experiments with STMV indicate that short RNA helices are bound at the
dimer interfaces of the STMV viral capsid protein.20,21 Given the icosahedral symmetry of
the virus, this suggested that the RNA likely forms roughly 30 helices that occupy similar
sites in the virion (Fig. 1A). The helices predicted by SHAPE-directed modeling of both the
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ex virio and in virio RNAs can be arranged to match the 30 edges of the capsid (Fig. 6, see
numbered helices). The stem-loop structures in the 5′ and 3′ domains are connected by
single-stranded RNA elements and can be placed at the helix interaction sites formed by the
capsid dimer, similar to prior models.6,10 Unique to our model, helices in the extended
structure of the central T-domain are 6 to 11 base pairs in length and connected by bulges
and loops whose constituent nucleotides are reactive by SHAPE. If the sequence of helices
traces a short path through the binding sites, then the angles between the helices would be
acute (roughly 60 degrees; see Fig. 1A and Fig. 6, inset). Compilations of helix junctions
from the crystallographic databases show clearly that internal loops of approximately 2
nucleotides in each strand are sufficient to allow for sharp, ~60° bends in an RNA.46 The
STMV secondary structure model accommodates the bulge structures required for the tight
bends needed to thread short helices through the binding sites on the capsid (Fig. 6, inset).
Other specific arrangements of extended helices can be fit within the geometric constraints
of the capsid. Critically, the proposed STMV RNA genome model – with extensive long-
range base pairing interactions – is fully compatible with the icosahedral virus structure of
STMV.

A final intriguing observation is that the three-domain architecture of the viral genome
corresponds closely with the evolutionary origins of each functional component of the virus.
The central T-shaped domain almost exactly spans the coding sequence of the capsid protein
(Figs. 3 and 6, start and stop codons are boxed). STMV is a satellite virus that requires the
tobacco mosaic virus (TMV) for replication. STMV is thought to have arisen in plant cells
co-infected by multiple viruses.19 During mixed replication, a 3′-UTR replicase recognition
element of ~350 nucleotides (from the TMV helper virus) became genetically linked to an
expressed icosahedron-forming coat protein. The 5′-UTR, which includes signals for
translation initiation, was likely derived from a second virus. Strikingly, each functional
region of the virus – the 5′ and 3′ untranslated regions important for translation and genome
replication, respectively, and the capsid open reading frame – is encoded within its own
modular domain (Fig. 6). The sequestration of regulatory and coding sequences into distinct
domains may reflect an evolutionary and structural relationship between RNA and protein
structure and may prove to be an organizational feature of many viral RNAs. Although
STMV is among the simplest of the icosahedral viruses, this work indicates that the RNA
genome forms a complex and stable higher-order structure with high information content
encoded in all levels of its organization, principles likely to apply broadly to viral RNA
genomes.
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Figure 1.
Models for the organization of RNA helices in the STMV capsid and analysis of native
RNA genome structure by SHAPE. (A) Crystallographic model of helices and capsid
interactions in STMV (1a34).21 Three capsid dimers and their respective bound RNA
helices are shown. (B, C) Schematic interpretations of the helices visualized by
crystallography in terms of (B) linked stem-loop and (C) long-range base pairing models.
(D) Approach for analyzing STMV genome structure under native-like conditions by
SHAPE.
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Figure 2.
SHAPE reactivity profiles for ex virio (top) and in virio (middle) STMV RNAs. Difference
plot of SHAPE reactivities (bottom). Positive and negative values indicate protection from
versus enhanced SHAPE reactivity in virio.
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Figure 3.
Secondary structure models for the STMV RNA ex virio. (A) SHAPE-directed model.
Maximum allowed base pairing distance was 600 nucleotides.22 The start and stop codons
for the capsid protein are boxed. (B) Linked stem-loop model, created using SHAPE data
and parameters designed to force formation of short stem-loop motifs by restricting the
maximum base pairing distance to ≤50 nucleotides. Nucleotides are colored by SHAPE
reactivity (see legend); gray indicates no data were obtained. Calculated lengths of major
structural features in each structure are shown (in nanometers).
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Figure 4.
Analysis of long-range interactions in the STMV RNA genome by LNA-mediated structure
disruption. (A) Schematic image showing sites of LNA binding (open boxes) and the
resulting SHAPE-detected perturbation (heavy lines). Quantification of LNA-induced
structure perturbations for (B) an LNA bound at positions 180-188 and (C) an LNA bound at
positions 536-544. The largest observed changes for each LNA (≥ 0.15) are indicated by
color.
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Figure 5.
AFM visualization of STMV RNA structure. (A) Volume distribution for all species in
AFM images. The peak at 320 nm3 is consistent with the calculated molecular volume of a
1058-nt RNA. (B) Classification of single RNA molecules by structural features. Central
chart shows the fraction of RNAs in each category. Observed species suggest a general
unfolding from most condensed to extended conformations of three branches. (C) Lengths of
observed features based on branch length and peak-to-peak distance. Feature lengths
corresponding to peaks in each histogram are labeled explicitly. A single length was
measured for the uniform height, two peaks, one branch, and variable height molecules; two
and three lengths, respectively, were measured for the two and three branches molecules. No
molecules had a length greater than 100 nm.
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Figure 6.
Model for the secondary structure and domain architecture of the STMV RNA genome
derived from SHAPE measurements performed inside intact virions. Thirty representative
helices (numbered in brackets) that constitute plausible sites of interaction with capsid
protein dimers21 are emphasized with colored lines. Three regions with the largest
differences relative to the ex virio structure are identified as a, b, and c. The start and stop
codons for the capsid protein open reading frame are boxed. Nucleotides are colored by
SHAPE reactivity using the scheme shown in Fig. 3. (inset) Schematic map of STMV RNA
helices and connectivity superimposed onto icosahedral geometry. Each edge corresponds to
an RNA-capsid interaction site.
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Table 1

Nearest-neighbor (ΔG°NN) and SHAPE pseudo-free energy (ΔG°SHAPE) changes for the three-domain and
linked stem-loop models for the STMV RNA genome.

Model base-pair cutoff ΔG°NN ΔG°SHAPE ΔG°Total

Three-domain 600 −296 −366 −662

Linked stem-loop 50 −253 −293 −546

difference 43 73 116

Free energy changes in kcal/mol; lower (more negative) energies are more favorable or are more consistent with the experimental SHAPE probing

information. ΔG°NN is the standard Turner nearest-neighbor free energy change36 and provides an estimate for the relative stability of each

structure. ΔG°SHAPE is not a physical energy but represents a measure of the relative agreement of each structure with the experimental in-

solution SHAPE probing information. ΔG°Total is the sum of ΔG°NN and ΔG°SHAPE.
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