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ABSTRACT Structural RNA domains are widely involved in the regulation of biological functions, such as gene expression,
gene modification, and gene repair. Activity of these dynamic regions depends sensitively on the global fold of the RNA, in partic-
ular, on the binding affinity of individual conformations to effector molecules in solution. Consequently, both the 1) structure
and 2) conformational dynamics of noncoding RNAs prove to be essential in understanding the coupling that results in biological
function. Toward this end, we recently reported observation of three conformational states in the metal-induced folding pathway
of the tRNA-like structure domain of Brome Mosaic Virus, via single-molecule fluorescence resonance energy transfer studies.
We report herein selective 2’-hydroxyl acylation analyzed by primer extension (SHAPE)-directed structure predictions as a func-
tion of metal ion concentrations ([M"*]) to confirm the three-state folding model, as well as test 2° structure models from the
literature. Specifically, SHAPE reactivity data mapped onto literature models agrees well with the secondary structures observed
at 0-10 mM [Mg?*1, with only minor discrepancies in the E hairpin domain at low [Mg?*]. SHAPE probing and SHAPE-directed
structure predictions further confirm the stepwise unfolding pathway previously observed in our single-molecule studies. Of spe-
cial relevance, this means that reduction in the metal-ion concentration unfolds the 3’ pseudoknot interaction before unfolding
the long-range stem interaction. This work highlights the synergistic power of combining 1) single-molecule Férster resonance
energy transfer and 2) SHAPE-directed structure-probing studies for detailed analysis of multiple RNA conformational states. In
particular, single-molecule guided deconvolution of the SHAPE reactivities permits 2° structure predictions of isolated RNA con-
formations, thereby substantially improving on traditional limitations associated with current structure prediction algorithms.

INTRODUCTION

The structure and dynamics of catalytically active, noncod-
ing RNAs represent a highly active field that promises new
insights into the regulation of fundamental biological pro-
cesses with applications in nanotechnology and nanomedi-
cine (1-4). Biological functions that are regulated through
noncoding RNAs are observed across many forms of life,
including bacteria (5), viruses (6-8), plants (9), and humans
(1,10). Processes that involve RNA-mediated regulation
cover essential cellular mechanisms such as gene expression
(5), gene modification (11,12), and gene repair (13,14). Asa
result of this functional diversity, noncoding RNAs are
observed in great variety, e.g., from individual small inter-
fering RNA to structure-forming domains on long mRNA
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transcripts that act as riboswitches (10,15) and regulatory
elements on viral genomes.

Despite this variability in function, these elements all
have one common denominator: their biological activity
depends on the formation of recognizable three-dimen-
sional structures commensurate with timescales for the
subsequent biological processes in living systems (16).
Essential in the formation of active structures are tertiary
contacts (17) that stabilize the global fold of the RNA
(18). Intramolecular interactions require that the molecule
overcome the electrostatic repulsion from the negatively
charged phosphate backbone (19). This interplay of attrac-
tive tertiary interactions, electrostatic repulsion from the
RNA backbone, and charge neutralization from the ionic
environment, provides an intricate landscape for RNA
folding (20). As a result, RNA molecules can sample
multiple conformations, leading to heterogeneity and
conformational distributions in the ensemble equilibrium
(21,22).
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Under physiological conditions, such structural dynamics
often provide an important mechanism for active sampling
of environmental factors, e.g., metabolites in riboswitch
regulation. Valuable insights into the function of active do-
mains can thus be gleaned from studying RNA structure and
folding dynamics. To this end, a particularly useful probe is
the process of metal-ion [M""]-induced RNA folding,
whereby increase in the counterion concentration reduces
electrostatic repulsion through site-specific coordination
and nonspecific electrostatic screening (19,23,24). [M™"]-
induced folding then provides a means to control the
thermodynamic equilibrium and inspect the structure inter-
conversion mechanisms. Of special relevance, RNA struc-
ture and dynamics can be accessed in combination with 1)
selective 2’-hydroxyl acylation analyzed by primer exten-
sion (SHAPE) structure probing and 2) single-molecule For-
ster resonance energy transfer studies (smFRET) (25-28),
which this study demonstrates to be a particularly powerful,
synergistic combination.

By way of example, we have recently performed
smFRET folding studies of the tRNA-like structure (TLS)
domain in Brome Mosaic Virus (BMV) (8). This TLS
domain has previously been implicated as an essential struc-
tural feature in the regulation of the BMV replication cycle
(29,30). Population analysis has revealed an intricate
folding scheme of at least three distinct conformations, de-
pending on mono- and divalent ion concentration levels in
solution (see Fig. 1). Under saturating [M™"] conditions,
the TLS presents itself in a compact (F) conformation stabi-
lized by two intramolecular 1) stem and 2) pseudoknot
(PSK) interactions. Reduction in the metal-ion concentra-
tion unfolds the 3’ PSK interaction before unfolding the
long-range stem interaction. This leads to a three-state,
sequential folding pathway (F <> I <> U) that therefore pre-
dicts significant concentrations of interconverting F and I
under physiologically relevant salt conditions. In this article,
we perform SHAPE probing studies on the BMV TLS
domain to demonstrate the complementarity of [M""]-
dependent structure probing and single-molecule folding
in correctly deconstructing the multiple RNA conformations
that can occur under physiologically relevant and structur-
ally heterogeneous solution environments.

In the following, we present results from SHAPE struc-
ture and smFRET investigations of the TLS domain for
BMV RNA3 over a systematic series of monovalent
[Na®] and divalent [Mg>"] cation conditions. Structure
probing and single-molecule folding studies are performed
at identical conditions and compared to currently accepted
2° structure models for F and U in the literature. SHAPE-
directed secondary structure predictions supplement sin-
gle-molecule folding studies, and thereby demonstrate
strong confirmation of our previously proposed three-step
folding model. We further show that deconvolution of
SHAPE probing data using SmFRET fractional populations
provides a powerful means to compensate for 1) conforma-

smFRET Deconvolution of SHAPE Probing

FIGURE 1 Stepwise folding dynamics in the TLS of BMV. The F
conformation at high salt is stabilized by two intermolecular interac-
tions—a stem (green) and a PSK (red). Decrease in [M""] first breaks
the 3’ PSK interaction before breaking the long-range stem. To see this
figure in color, go online.

tional heterogeneity and 2) overinterpretation of base-
pairing probabilities at low [M"] conditions. This
work highlights the powerful combination of smFRET
methods with SHAPE-directed 2° structure predictions,
in particular, for detailed elucidation of biologically
active conformational states as a function of environmental
conditions.

MATERIALS AND METHODS

RNA preparation for single-molecule and
structure probing experiments

SHAPE constructs are prepared following Wilkinson et al. (31) by exten-
sion of the desired gene product, the 169-nucleotide (nt) minimum TLS
element of BMV RNA3, by 14-nt 5’ and 43-nt 3’ structure cassettes. The
resulting 251-nt DNA template (including a 7-nt spacer and 18-nt T7 pro-
moter) is built up from eight custom primers purchased from Integrated
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DNA Technologies (Coralville, IA) using the Phusion High Fidelity PCR
Kit (New England Biolabs, Ipswitch, MA). The quality of the PCR reaction
is assessed in denaturing polyacrylamide gel electrophoresis and DNA
sequencing. PCR products are transcribed in vitro using the T7 High Yield
RNA Synthesis Kit (New England Biolabs). Transcribed RNA is purified
on a native polyacrylamide gel, passively eluted into TE buffer
(10 mM TrisHCI, 1 mM EDTA), and concentrated using Amicon Ultra
15 Centrifugal Filter Units (Millipore, Billerica, MA).

RNA constructs for single-molecule FRET are prepared as described pre-
viously. In brief, the RNA construct is designed around a FRET-pair
consisting of a 3 Cy3 and a 5’ Cy5 fluorophore for observation of confor-
mational dynamics. For utilization in smFRET microscopy, the 169-nt TLS
sequence is 5" extended by 20 nt and the resulting 214-nt DNA template
(including a 7-nt spacer and 18-nt T7 promoter) transcribed, as described
above. The FRET pair is incorporated posttranscriptionally via 3" hydrazide
end-labeling and annealing of the 5" extension to a complementary Cy5-
and biotin-labeled oligomer (5-UGU GU/iCy5/GUG UGU GUG UGC
GGG CCC/BioTEG/-3’, Integrated DNA Technologies) (32). The doubly
labeled FRET-competent Cy3/Cy5 RNA constructs are purified using ion-
pair reverse-phase chromatography.

SHAPE assay

SHAPE assays are performed according to McGinnis et al. (33) as out-
lined in Fig. 2. Briefly, 2 pmol RNA is denatured at 95°C for 5 min
and refolded at the desired probing conditions. Solutions are equilibrated
at RT for 15 min and split in two separate reaction tubes for 1) SHAPE
probing (+) and 2) control (—) experiments. N-methylisatoic anhydride,
freshly dissolved in dimethyl sulfoxide, is added to the probing (+4) reac-
tion at 5 mM, whereas neat dimethyl sulfoxide is added to the control (—)
reaction. Both samples are incubated for 4 h at RT to allow for 2'O-adduct
formation, then ethanol-precipitated and resuspended in 10 uL. HPLC
water. 2’O-adduct sites are converted to DNA fragments using primer
extension with SuperScript III Reverse Transcriptase (Life Technologies,
Carlsbad, CA). Specifically, resuspended RNA is denatured at 65°C for
5 min and annealed to fluorescent dye-labeled cDNA primers (VIC;
Applied Biosystems, Foster City, CA) at 37°C for 1 min. TLS-cDNA com-
plexes are then primer-extended to yield fluorescently (VIC) labeled
ssDNA fragments of lengths corresponding to the 2’O-adduct position at
the modified RNA. Sequencing reactions are performed on untreated
RNA using the same primer extension procedure but with the addition
of 5 mM dideoxynucleotides (Trilink Biotechnologies, San Diego, CA)
and NED-labeled cDNA primers. Samples from sequencing reaction and
primer extensions are finally combined, ethanol-precipitated, washed
twice with 70% cold ethanol, and resuspended in 10 uL. HiDi Formamide.
Samples are then shipped to GENEWIZ (South Plainfield, NJ) overnight
and fragments analyzed using capillary electrophoresis on an ABI 3730
data analyzer instrument.

Analysis of SHAPE reactivities has been performed using QuShape soft-
ware algorithms (34). SHAPE reactivities are determined from the differ-
ence in fluorescence intensities of the probing and control experiments.
To improve the statistical analysis, the SHAPE reactions are performed at
least threefold for each positive and negative control experiment. For
each condition, at least six combinations of + and — N-methylisatoic anhy-
dride runs are performed, with averages and standard deviations calculated
to determine the statistical significance of the SHAPE signal for each nucle-
otide as a function of probing conditions. RNA degradation, premature
enzyme termination, and other experimental factors can affect the repro-
ducibility of the SHAPE signal at specific nucleotides within the sequence.
Such nucleotides were identified as outliers (>3¢) and removed from sec-
ondary structure predictions (see Supporting Material). SHAPE reactivities
are normalized using a model free boxplot analysis and converted into
pseudo free energies, which in turn are used to guide secondary structure
predictions via RNAstructure (35,36) and SHAPEKnots (37) software
analysis.
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FIGURE 2 SHAPE assay. Outline of the four main steps in the SHAPE
assay: (1) incorporation of the SHAPE structure cassettes, (2) SHAPE
chemistry in 2'O-adduct formation, (3) fragmentation and cDNA formation
in primer extension, and (4) analysis of fragmentation patterns via capillary
electrophoresis. To see this figure in color, go online.

Freely diffusing single-molecule burst
spectroscopy

Single-molecule experiments are performed on an inverted scanning
confocal microscope (IX70; Olympus, Center Valley, PA) with alternating
laser excitation and single photon detection, as described previously
(38,39). Briefly, two synchronized picosecond pulsed lasers (532 nm,
LYNX; Time-Bandwidth Products, Zurich, Switzerland and 635 nm,
PDLS800; PicoQuant, Berlin, Germany) at a repetition rate of 20.6 MHz
are spatially overlapped and temporally delayed to obtain a train of equally
spaced pulses of alternating excitation wavelength. The laser beams are
expanded to overfill the back aperture of the objective and focused to the
diffraction limit by a 1.2 NA water immersion objective (UPlanApo
60XW; Olympus), which delivers 0.5-100 uW at the focal plane. Fluores-
cence is then collected by the same objective, spatially filtered on a 50-um
confocal pinhole, split into donor (Cy3) and acceptor (Cy5) channels
(645DCXR; Chroma Technology, Rockingham, VT), bandpass-filtered
(HQ585/70M and HQ700/75M; Chroma Technology), and detected
with individual single-photon counting avalanche photodiodes (SPCM-
AQR-14; Perkin-Elmer Optoelectronics, Fremont, CA). Photon arrival
events are recorded on a four-channel time-correlated single-photon count-
ing module (SPC-134; Becker & Hickl, Berlin, Germany) and stored



time-tagged and time-resolved with respect to both 1) the excitation pulse
and 2) start of the experiment, with <100 ps and 50 ns uncertainties,
respectively.

Single-molecule burst studies are performed on 125 pM RNA constructs
in 50 mM HEPES buffer (pH 7.5; H9897; Sigma-Aldrich, St. Louis, MO)
containing the triplet quencher Trolox (2 mM, 9-hydroxy-2,5,7,8-tetrame-
thylchroman-2-carboxylic acid, 238813; Sigma-Aldrich) and the enzymatic
oxygen scavenging system PCA/PCD (10 mM, 3,4-dihydroxybenzoic acid,
37580; 0.1 mg/mL, protocatechuate 3,4-dioxygenase, P2879; Sigma-
Aldrich) to increase the photostability of the Cy3/Cy5 FRET pair (40,41).
Salt-dependent investigations of the folding-unfolding dynamics are per-
formed by adding desired concentrations of NaCl and MgCl,. Samples
are studied in a microliter flowcell assembled from a microscope slide
and a No. 1.5 cover glass (22 x 22 mm; Corning, Corning, NY) secured
by two pieces of double-sided tape separated by 1-2 mm to form a narrow
channel with a ~5 uL sample volume. This channel is flushed with 50 uL of
sample solution just before the experiment.

Analysis of freely diffusing molecules has been described elsewhere in
detail (38,42). Briefly, fluorescence time traces for both excitation of donor
and acceptor molecules are obtained by sorting single-photon arrival events
into 1 ms bins. For fluorescence bursts that exceed a threshold count (typi-
cally 25 kHz) in both traces (25), FRET efficiencies (Egrgr) are calculated
from cross-talk- and background-corrected donor (I°p) and acceptor (I4)
intensities according to Errgr = I°4/(I°4 + I°p) (38). Energy transfer effi-
ciencies are then histogrammed for ~10°-10* individual burst events,
with the resulting distributions analyzed by nonlinear least-squares fits to
a sum of Gaussians that characterize the statistical probability of finding
an RNA molecule at a given FRET value and conformation.

RESULTS

Single-molecule studies of M"*-induced TLS
folding

Our previous Na'-and Mg -induced single-molecule
folding studies revealed three distinct conformations for
the BMV3 TLS domain. To show that these conformations
are relevant at physiological salt conditions, we here extend
our single-molecule experiments to include K'-induced
folding. [K*]-dependence in TLS folding is then observed
by systematically increasing the [K'] from 0 to 1000 mM
under standard HEPES buffer conditions (50 mM
HEPES, pH 7.5). Accordingly, the placement of Cy3 donor
and Cy5 acceptor labels near the 3’ and 5’ termini (Fig. 3)
permits one to quantitatively characterize the TLS
conformational folding dynamics by statistical analysis of
single-molecule burst FRET efficiencies. For consistency,
hemi-sodium HEPES buffer was used in all burst experi-
ments, which adds a background [Na™] concentration of
25 mM. This is accounted for in Fig. 3 by plotting both
[Na*] and [K™] burst population series versus the total [M*].

Three distinct populations are observed that evolve from
low through high Eggrgr levels and then back to medium
Eprer With increasing [K™] (see Fig. 3 for details). These
three values correspond to the 1) unfolded (U) (Egrgr =
0.040(2)) and 2) folded (F) (Eprer = 0.685(3)) states
known from the literature, as well as 3) a heretofore un-
known intermediate conformational state (I) with medium
FRET efficiency (Erger = 0.211(2)). To minimize param-
eter correlation, the full set of K"-dependent Epggr histo-
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FIGURE 3 Single-molecule burst fluorescence. (a) Single-molecule
probability distributions are shown of FRET efficiencies at 0—1000 mM
[K*]. (b) Fractional distributions are shown of single-molecule burst
studies on [M""]-induced TLS folding experiments. TLS constructs in U
conformation are shown in blue, I conformation in green, and F conforma-
tion in red. To see this figure in color, go online.

grams is simultaneously fit to a sum of three Gaussians
(i = 1-3) with common but adjustable peak centers (ErreT:)
and widths (FWHM;). Integrating areas under the Gaussian
peaks permits accurate determination of the three subpopu-
lations over the entire [K"] range, with the resulting fits
reconfirming the presence of three distinct TLS conforma-
tional populations.

The results clearly indicate that the U conformation pre-
dominates for [K*] = 0 mM, whereas the F conformation
becomes the major component for [K*] > 250 mM. For in-
termediate [K*] values, a more complex distribution of all
three conformations is naturally observed, with the frac-
tional population of the corresponding I maximized
at ~70-200 mM [K']. Comparison with our previous
[Na™] and [Mg”"J-induced folding studies (Fig. 3 b) shows
that this three-step folding mechanism is retained across all
three metal-ion titration series. These results suggest an
electrostatics-driven exchange of all three TLS confor-
mations, with both I and F dominating the equilibrium un-
der physiological salt conditions. Interestingly, comparing
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Na"- and K*-induced folding (Fig. 3 b, top two panels) in-
dicates that K™ drives TLS folding more efficiently than
Na™. In particular, Na*-induced folding leads to a plateau
with 20% nonfolded molecules, whereas in the presence
of K™, this residual 20% drops to zero and predominantly
converts into the I conformation between 70 and 250 mM
M. Consequently, in the 0.5-1 mM [Mg”] range, the I
conformation is expected to prevail over the F conformation
even more so in the presence of K* than Na™.

SHAPE probing of M"*-induced TLS folding

To further correlate these single-molecule conformations
with RNA 2° structure, we perform both burst fluorescence
and SHAPE probing at identical salt and buffer conditions.
Conditions are specifically chosen to include previous struc-
ture probing studies that led to the currently accepted U and
F structure models (50 mM [Na'] and 50 mM [Na'] +
10 mM [Mg”"], respectively). Specific M™" concentrations
probed are: 1) 25, 50, 100, and 330 mM [Na*t]and 2) 0, 0.1,
0.25, 0.5, 1, and 10 mM [Mg*"] at 50 mM [Na™].

SHAPE reactivity data, in particular when comparing
conformations probed at varying [M™"] conditions, can be
somewhat counterintuitive to interpret. We have thus added
to the Supporting Material a more detailed explanation of
the SHAPE signal analysis and how the changes therein
can be correlated with structural rearrangements. In brief,
hybridized and constrained nucleotides exhibit negligible
SHAPE reactivity (R = 0), whereas flexible nucleotides
do provide partial access to the SHAPE reagents (R > 0).
Hence, it is the lower end of this reactivity scale that we
will be most interested in. The reactivities are normalized
onto a 0 < R < 2 scale, with only a few hyperreactive nucle-
otides well outside this scale (R > 2). Most importantly,
structural changes in hybridization, i.e., nucleotides shifting
from single-stranded to double-stranded or vice versa,
are observed on the lower end of this reactivity scale
(R = 0-1). Reactivity changes above R > 1, although often
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much larger in magnitude, are more reflective of changes in
the microconformation of a flexible (single-stranded) nucle-
otide and thus not indicative of structural changes in the
RNA construct.

To help facilitate comparison of SHAPE probing results
with RNA 2° structure, the literature model for F is illus-
trated with color-coding of the basepairing regions in
Fig. 4. A regional map of structural elements (Fig. 4 a) is
provided as arched lines across the nucleotide sequence rep-
resenting nucleotide basepairing (e.g., E, B2, B3, D). Sec-
ond layer arched curves indicate long-range interactions
(e.g., BI-B1 and A-A’). Furthermore, regions indicated in
structural reorganization are highlighted in the SHAPE
reactivity plots. To illustrate changes in SHAPE reactivities
upon structural reorganization, SHAPE traces for [Mg> "]
values of 10, 0.5, and 0 mM corresponding to F, I, and U
conformations in single-molecule studies, respectively, are
discussed in more detail below.

SHAPE analysis at high [Mg?*] confirms the
literature 2° structure model

As a first step, we compare SHAPE probing experiments at
10 mM [Mg”*"] (in 50 mM [Na"] and 50 mM HEPES
buffer) to the 2° structure model of the F conformation
from the literature. SHAPE reactivities are represented in
Fig. 5 a as a heat map indicating nonreactive nucleotides
in black (R < 0.4), moderately reactive nucleotides in or-
ange (0.4 < R < 0.85), and highly reactive nucleotides in
red (R > 0.85) (36,37,43). Finally, the same data is color-
coded onto the 2° structure model to provide a heat map
of SHAPE reactivities in Fig. 6.

The mapping of SHAPE reactivities onto the 2° structure
at single-nucleotide resolution shows overall good agree-
ment with the literature model (Fig. 5 a (fop) and
Fig. 6 a). Stem regions composed of hybridized nucleotides
show up as predominantly black, indicating low reactivity
and thus low flexibility. Few exceptions are observed

B

FIGURE 4 [M"*]-dependent SHAPE probing of
the TLS domain. (a) Color-coded diagram is given

25 mM [Na'] of 2° and 3° interactions in the TLS construct in F
50 mM [Na'] conformation, (b) color-coded regional map is
0.1 mM [Mg™] given of the TLS construct in F conformation,
0.25 mM [Mgz T and (c) changes are shown in normalized SHAPE
?m"[’:\/{g"ﬂ% ] reactivities with increasing [M""]. To see this
10 mM [Mg?"] figure in color, go online.
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FIGURE 5 SHAPE analysis at the U, I, and F
conditions. (a) Normalized SHAPE reactivities
are shown at 10 mM [Mg®'] + 50 mM [Na']
(top), 0.5 mM [Mg2+] + 50 mM [Na't] (middle),
and 25 mM [Na™'] (bottom). (b-d) Color-coded
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(e.g., G37), in general for terminal bases that display partial
flexibility and appear as moderately reactive (orange). No
hybridized region with more than one highly reactive nucle-
otide in a row is observed, indicating that the stem domains
at high [Mg”>"] are well assigned in the literature model
(44). Similarly, most nucleotides in loop and bulge regions
show up as red (highly reactive) and orange (moderately
reactive), indicative of their flexible nature and high acces-

sibility to the SHAPE chemical reagent. In total, only eight
bases within loop regions remain nonreactive, i.e., G8, A9,
U52, A53,U79, G139, A141, and A142, which may indicate
that these bases exhibit low flexibility.

However, despite these few individual nucleotides, the
overall secondary structure is remarkably well captured in
the literature model. In particular, the reactivity at high
[Mg*"] in structurally important regions at the 3’ PSK of
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region A (52-59) and A’ (160-165), the linker between A’
and B2 (151-159), the C bulge (113-117), and the long-
range stem interaction B1 (122-128 and 37-43) are well
matched with secondary structure predictions and expecta-
tions from the literature model. The high fraction of nonre-
active sites further support a highly structured domain
for ~3/4 of the nucleotides. This is also in good agreement
with recent observations from H,O, probing and short-angle
X-ray scattering experiments, which suggest a highly struc-
tured and compact core for BMV TLS at high [Mg*']
(45,46).

SHAPE analysis at low [Mg®*] shows slight
discrepancies from the literature model

Next, we compare SHAPE probing experiments at 0 mM
[Mg>*] (in 50 mM [Na'] and 50 mM HEPES buffer) to
the 2° structure model of the U conformation from the liter-
ature. SHAPE structure probing data for the U conforma-
tion, depicted in Fig. 5 a (bottom), shows a significant
increase in SHAPE reactivity, which signals an increased
flexibility and conformational dynamics in the unfolded U
versus folded F conformations. The majority of differences
are observed in a few key regions indicative of a specific
structural reorganization. More quantitatively, the regions
that undergo the most relevant signal changes (regions
with SHAPE changes in the 0-1 range) are 1) the hairpin
E, 2) the loop of stem A (52-59), 3) the bulge connecting
A with D (66-72), 4) the 5’ region of the extended C
stem (89-92), 5) the 3’ side of the long-range stem Bl
(122-129), and 6) the 3’ terminal A’ domain (151-158).

The majority of these changes correspond to an increase in
reactivity. For example, nucleotides 122—129 of stem B1 are
nonreactive at high salt (F) conditions, but achieve signifi-
cant reactivity for low salt (U) conditions, indicating that a
decrease in ionic strength results in loss of basepairing for
this long-range stem interaction. By way of contrast, nucle-
otides 151-158 in A’ exhibit a significant decrease in SHAPE
reactivity, indicating that a previously single-stranded region
has been converted to a basepaired region. Both observa-
tions, as well as the increased reactivity in stem loops A
and C, confirm a loss upon unfolding (F — U) of the two
long-range intramolecular interactions previously reported
in the literature for the F TLS conformation.

On closer inspection, however, inconsistencies with the
literature model for the U conformation are also clearly
apparent (see Fig. 6 b); e.g., the 5’ side of stem Bl
(37-43) shows little increase in reactivity, whereas the
A-D bulge domain (66-72) does. SHAPE reactivities in
the stem domains of A, A’, B2, B3, C, and D are consistently
small, indicating that, with exceptions for a few terminal nu-
cleotides (e.g., Ul13), these regions remain hybridized
down to low [Mg?"]. Consequently, it would appear that
all stem loops remain intact over the full [Mg”] range
probed, with the possible exception of A’ and E. Indeed,
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the stem of loop E shows significant increase in reactivity,
indicating perhaps that the 5’ terminal domain becomes
more dynamic at low salt conditions. In addition, a signifi-
cant number of nucleotides in the loop and single-stranded
regions remain nonreactive at low [Mg2+], i.e., in contrast
with the proposed secondary structure model in the litera-
ture for the U conformation.

SHAPE analysis at 0.5 mM [Mg?*] shows high
similarity to the F conformation

As discussed above, a completely new conformation (I) for
BMV RNA3 TLS domain has been recently noted in
smFRET experiments at intermediate Mg®" values. To
directly observe the 2° structure elements responsible for
the TLS folding dynamics, SHAPE probing experiments
are displayed in Fig. 5 a (middle) at moderate [Mg>"] condi-
tions (0.5 mM [Mg2+]), where the I conformation reaches its
highest fractional population. Interestingly, SHAPE studies
for the I conformation reveal features nearly indistinguish-
able to those observed above for the F conformation. Conse-
quently, a reduction of [Mg?*] from 10 to 0.5 mM results in
only minor structural rearrangements. Of the domains
involved in the long-range interactions, only the terminal
A’ domain (nucleotides 151-158) exhibits significant
changes. For this domain, decreasing [Mg>"] leads to a
reduction in reactivity from moderate to low, signaling a shift
in nucleotide hybridization in the 3’ PSK region.

Complete removal of [Mg2+], on the other hand, leads to
considerable changes in the nucleotide reactivities, indi-
cating additional rearrangements in the secondary structure
of the TLS domain (Fig. 5 b). Although the C loop (103-
105) and C-bulge (113-117) as well as a few individual nu-
cleotides (35, 36, and 81) exhibit further decreases in reac-
tivity, the majority of changes observed between I and U
probing conditions reflect increases in reactivity. The most
dominant regions that exhibit such effects are the E stem
(2-4), B1 stem (38-43 and 128-122), the A loop (52-59)
and the bulge connecting stem loops A and D (66-72).
While loss of B1 hybridization is expected from the litera-
ture models, changes in E stem, A loop, and the A-D bulge
indicate deviations from these predictions. To extract the
most valuable structural information from such data, the
full set of SHAPE reactivities are leveraged as restriction
parameters for refining 2° structure for each of the U, I,
and F conformations, as described in the following sections.

DISCUSSION

SHAPE refinement predicts F dominates at
physiological salt conditions

An extremely powerful use of the SHAPE probing data is
for refinement of 2° structure predictions, with the SHAPE
reactivities implemented as experimental constraints



(36,37). Indeed, de novo prediction of RNA secondary
structures often achieves only quite limited accuracies of
50-70%, due to neglect of base stacking, noncanonical
interactions or PSKs that can significantly modify the free
energy landscape for RNA folding. By way of contrast,
the use of data input from SHAPE probing studies as restric-
tion parameters typically improves the accuracy of RNA
structure predictions to 90-95%. Furthermore, such SHAPE
probing studies can be performed in a range of salt and
buffer conditions as well as in the presence of proteins, li-
gands and even inside cells (47,48).

To make use of such capabilities for improved TLS sec-
ondary structure predictions, we applied SHAPE reactivity
data taken over a range of 1) 25-300 mM [Na'] and 2)
50 mM [Na™] + 0-10 mM [Mg2+] as refinement parameters
for RNAStructure and SHAPEKnots algorithms (35-37).
The lowest free energy SHAPE-directed structure predic-
tions are represented in Fig. 8 as 2° structure models (bottom)
as well as circle plots (fop). In good agreement with our pre-
vious smFRET folding experiments, three distinct conforma-
tions are again observed. While the structural features of the
lowest free energy predictions are discussed in detail below, a
comparison of structure prediction and single-molecule dis-
tributions is presented in Fig. 7 for all salt conditions tested.
Although 2° structure predictions are observed for F, I, and U
conformations, the F conformation is clearly predicted to
predominate throughout the range of cation probe conditions.
For instance, a contribution of as little as 28% of the solution
ensemble at 0.1 mM [Mg2+] +50mM [Na™]still predicts the
F conformation to predominate. The I conformation is pre-
dicted as the lowest free energy structure at 50 mM [Na*]
with the U conformation suggested to be the lowest structure
at 25 mM [Na*] or lower.

SHAPE-directed structure predictions largely
confirm the literature models

Having access to SHAPE-directed structure predictions
yields a quantitative metric with which to refute, refine, or

2° structure predictions
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FIGURE 7 Comparison of single-molecule folding and SHAPE-guided
2° structure predictions. Fractional populations from single-molecule
folding are displayed in a bar graph for all [M"*] conditions explored. Re-
sults for the lowest free energy conformer from SHAPE-guided structure
predictions are presented above the bar graph. Comparison of both tech-
niques indicates that predictions overestimate the stability of the F confor-
mation at low cation concentrations. To see this figure in color, go online.
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confirm the literature TLS models at high (10 mM
[Mg®*]) and low (50 mM [Na']) salt conditions. In
conjunction with commonly used 2° structure models, we
therefore use circle plots to highlight intramolecular interac-
tions and facilitate visualizing changes thereof in response
to altering salt conditions. To this end, the TLS sequence
is displayed clockwise from 5’ to 3’ (on a circle starting
with stem loop E). Relevant intramolecular interactions
are represented by lines connecting hybridized nucleotides
and color-coded across both representations. The use of cir-
cle plots allows rapid differentiation between domains
involved in 2°, i.e., stem loops, and 3° structure interactions,
i.e., long-range interactions and PSKs. For example, stem
loops are easily recognized as parallel curves centered
around a locus of nonhybridized (loop) nucleotides, e.g.,
B2 (dark blue) or A (yellow). Long-range interactions can
be seen as lines crossing the circle. Finally, PSKs show up
as lines that intercept stem loops and/or long-range interac-
tions. Individual nucleotides are heat-map color-coded with
respect to SHAPE reactivity to demonstrate the impact of
experimental data on SHAPE-guided structure prediction.

At high [Mg>"], these SHAPE reactivity-refined struc-
tural predictions (Fig. 8 a) show a number of stem loops,
B2, C, D (blue), A (yellow), B3, E (gray), as well as a
1-nt bulge in stem B3 and a 4-nt bulge in stem C. In addi-
tion, a long-range interaction is observed in B1 (green) as
well as a 6-nt PSK interaction connecting the loop of stem
A with the 3’ terminal nucleotides 160-165. As indicated
more clearly in the 2° structure representation, these interac-
tions at high [Mg®"] are in excellent agreement with the F
structure reported in the literature.

Complete removal of [Mg2+] (i.e., Fig. 8 b) maintains all
secondary interactions, except for the loop in stem A and the
3’ terminus. The 3’ terminal 20 nucleotides refold into an
alternate stem loop A’, at the loss of the long-range PSK
interaction. Further reduction of the [Na™] results in several
additional changes (Fig. 8 c¢). First of all, the stem loop C
loses its bulge due to lack of stabilization of its peripheral
4-nt stem interaction between nucleotides 91-94 and 122-
119. In addition, the long-range stem interaction B1 unfolds
and contributes partially to the formation of interactions be-
tween nucleotides 41, 42 and 70, 69 (A-D bulge) as well as
38-40 with 12-10 (E domain), which have not been re-
ported in the current U literature model.

SHAPE probing confirms that three-state TLS
folding is dynamic

A key finding of this study is that both experimental ap-
proaches, 1) M""-induced single-molecule folding (Fig. 3)
and 2) M""-dependent SHAPE structure probing (Figs. 4,
5, and 6), successfully reveal the presence of three different
conformational states for the TLS domain in solution. Spe-
cifically, both methods clearly provide evidence for a step-
wise folding mechanism in which the PSK in F, as a
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FIGURE 8 SHAPE-directed structure prediction. Circle diagrams (fop) and 2° structure representations of all three TLS conformations are shown: (a)
predicted F, (b) predicted I, (¢) and predicted U conformations. To see this figure in color, go online.

function of decreasing [M"*], unfolds independently to
form a new intermediate I, before breaking the B1 stem
interaction to unfold completely into the U species.

In smFRET folding studies (Fig. 3), the U, I, and F con-
formations predominate the solution ensemble at 0, 0.5, and
10 mM [Mg2+] (all at 50 mM [Na™]), respectively. SHAPE
reactivities observed under identical conditions (Fig. 5)
clearly indicate the release of the 3’ PSK upon conversion
from F to I and loss of the long-range stem interaction B1
in conversion from I to U species. This conformational
dynamic is further substantiated by SHAPE-refined 2° struc-
tures predicted in Fig. 8 for high, intermediate, and low M" "
conditions. However, relatively minor but nonvanishing dif-
ferences are observed in the M"" concentrations required
to stabilize TLS conformations in single-molecule folding
studies versus SHAPE-refined structure predictions, as dis-
cussed below.

Specifically, at 10 mM [Mg>"] the F conformation is
observed in both experimental techniques. Upon lowering
the [M"*] concentration, SHAPE analysis systematically
predicts TLS conformations to predominate at lower salt
conditions than smFRET, e.g., 0.5 vs. 0 mM [Mg>"] for I
and 50 vs. 25 mM [Na™t] for U species. However, this trend
is consistent with the anticipated overestimation of the near-
est-neighbor basepairing parameters that were obtained un-
der higher salt conditions (1 M [NaCl]). Indeed, because
positively charged cations screen Coulombic repulsion
from the negatively charged RNA backbone, the Gibbs
free energy for basepair formation becomes more favorable
with higher [M"*], and thus weakens base interactions at
lower ionic strength. RNAstructure prediction with SHAPE
restraints uses nearest-neighbor thermodynamic parameters
that were determined at 1 M [Na']. Although salt correc-
tions of thermodynamic basepairing parameters have been
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extensively studied and are available for routine structure
predictions, at this point, RNAstructure does not support
salt corrections in concert with using SHAPE restraints
(35-37). This is likely due to SHAPE restraints being
used to calculate pseudo free-energy terms (AGsyapg) as
additive contributions for the calculation of nearest-
neighbor basepairing probabilities. Thus, AGsyapg terms
are designed to drive the structure prediction toward the
most likely geometry. Yet, constructs probed under low
salt conditions exhibit an overestimate of unreactive nucle-
otides as 1) their thermodynamic parameters are overesti-
mated due to the mismatch in salt conditions and 2)
SHAPE free-energy terms add a negative AGsgapg contri-
bution to nucleotides with R < 0.4. This effect leads to over-
estimation of basepairing probabilities and thus prediction
of the mostly basepaired, F conformation at low [M" "] con-
ditions. The lower [M"*] required to stabilize U and I con-
formations compared with single-molecule studies is thus
consistent with the underestimated stabilization arising
from the much higher [M™*] conditions assumed in the
SHAPE probing and SHAPE-directed structure predictions
(49,50).

Combining SHAPE with smFRET allows
deconvolution of RNA conformations from
ensemble SHAPE traces

This work further highlights the complementarity of single-
molecule folding and SHAPE probing studies in the evalu-
ation of RNA structures and their [M"*]-dependent
conformational dynamics. SHAPE-directed structure pre-
diction has been shown to significantly improve the pre-
dictive accuracy of RNA secondary structures (36,37).
Nonetheless, SHAPE probing is inherently an ensemble



technique that probes all molecules in solution simulta-
neously. SHAPE reactivities thus represent an average of
the fractional contributions for all conformations in the
ensemble equilibrium at each respective [M""]. This limited
dynamic range typically requires structure determinations to
be conducted at elevated cation concentrations to achieve
homogeneity in the 2° and 3° RNA structures (19,20,51).
As a result, the structural information obtained does not
necessarily represent the biologically active state of the
RNA construct. Simply stated, accurate structure-function
predictions benefit considerably from studies under environ-
mental conditions for which the biologically relevant RNA
folding dynamics are indeed taking place.

SmFRET is ideally suited for this purpose, as it provides
access to kinetics and thermodynamics of intramolecular in-
teractions over a large range of environmental conditions
(25,42). Single-molecule detection further allows for clean
rejection of signals from contaminants and nonactive mole-
cules, thus permitting detailed analysis of thermodynamic
folding parameters. In particular, the fractional populations
for each state can be determined over a wide range of [M" "]
in the presence and absence of small molecule ligands, pro-
teins, and even inside living cells.

Combination of both smFRET and SHAPE probing data
at identical salt conditions provides us with the unique op-
portunity to apply single-molecule fractional populations
to deconvolve SHAPE probing patterns into the individual
contributions from each TLS conformation. To obtain 2°
structure information of pure TLS conformations we solve
a system of linear equations for each nucleotide according to

an diz aps X1 b,
dzy dy dx X2 = b |, (D
dasy  dz  dsz X3 b3

B1 B2 C B1 D A

<Reactivity>

<Reactivity>

<Reactivity>

0 20 40 60 80 100 120 140 160

TLS Sequence

smFRET Deconvolution of SHAPE Probing

where a;; are the fractional populations of the U, I, and F
conformations (i = 1-3) atj salt condition, x; are the SHAPE
reactivities of pure TLS conformations, and b; are the exper-
imentally observed SHAPE reactivities.

Implementing this analysis for the TLS data in Figs. 3
and 4, we obtain the SHAPE probing profiles in Fig. 9 for
isolated U, I, and F conformations. In comparison to the
0, 0.5, and 10 mM [Mg2+] profiles in Fig. 5, a significant in-
crease in dynamic range is readily apparent. Most impor-
tantly, small fractions of highly reactive nucleotides in F
do not significantly contribute to I and U deconvoluted
SHAPE traces. This is observed, for instance, in the B2
loop (80-82), the C loop (103-106), the C bulge (113—
116), and the A’ domain (150-160). Similarly, highly reac-
tive nucleotides in U and I do not affect F, e.g., the stem and
loop in E. Furthermore, some nucleotides in I lack the reac-
tivity expected based on the TLS folding model in Fig. 1,
e.g., the A (52-59) and A’ loops (160-162). Such an absence
of SHAPE reactivity might indicate that these nucleotides
do not sample SHAPE reactive conformations or contribute
to additional alternative conformations.

The benefits of extracting isolated SHAPE profiles for
individual conformations in a complex dynamic equi-
librium ensemble extends also to 2° structure predictions.
Decreasing the impact of highly reactive nucleotides in
the conformational ensemble improves the predictive accu-
racy for the F, I, and U conformations, as presented in Fig. 8.
Indeed, increasing the dynamic range of salt concentrations
probed from smFRET deconvolution of SHAPE traces
reduces the overestimation of nearest-neighbor thermody-
namic parameters. Thus, the combination of single-mole-
cule folding and SHAPE structure probing provides
valuable 2° structure information for individual confor-
mations in a complex mixture under heterogeneous

FIGURE 9 Single-molecule folding guided de-
convolution of SHAPE probing. Clean SHAPE
profiles after deconvolution with fractional popula-
tion from single-molecule folding experiments are
displayed for F (top), I (middle), and U (bottom).
Regions that undergo structural reorganizations
are highlighted and color-coded with respect to
the 2° structure models on the right. To see this
figure in color, go online.
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biologically relevant conditions. Although not implicitly
studied herein, the above principles apply equally well to
RNA interactions with proteins and small-molecule
metabolites.

In summary, SHAPE reactivity studies function superbly
in refinement of 2° structures and thus predictions of RNA
conformations at specific mono- and divalent cation concen-
trations, thereby providing nucleobase-resolved structural
information under biologically relevant environmental con-
ditions. Conversely, interconversion kinetics among these
RNA conformations, their fractional populations, and equi-
librium constants are more accurately extracted from single-
molecule folding studies. The synergistic combination of
SHAPE reactivity probing with smFRET solution dynamics
provides a considerably more powerful, conformation-
resolved picture of the biologically relevant folding energy
landscape.

Biological implications

This combination of SHAPE probing and single-molecule
RNA folding suggests an intriguing mechanistic view for
BMV TLS structure-function relations. This mechanism is
based on an RNA switch between individual virus replica-
tion steps that is driven by selective stabilization of one of
the TLS conformations. A number of viral enzymes as
well as host factors have been reported to interact with a
specific structural feature in the BMV TLS domains. Of
particular interest are the 3’ PSK and 3’ terminal stem loops
that are observed in the F and I conformation, respectively.
Specific interaction with one of these structural features
likely leads to selective stabilization of that conformation.
As the 3’ PSK (F conformation) has been associated with
virus replication and the 3’ hairpin (I conformation) with
virion assembly, this mechanism could effectively result in
a switch of the virus replication stage. A crucial component
of this RNA switch is that both 3’ terminal features are
accessible at environmental conditions, thus sampling the
solution ensemble for replication-stage-specific host factors.

The SHAPE-directed structure-probing studies in this
work have confirmed the presence of a stepwise folding
mechanism first reported in smFRET studies from our labo-
ratory (8). In this three-conformation kinetic model, the TLS
domain maintains a dynamic equilibrium among U, I, and F
conformations, whereby the relative abundances of each
conformation depend on [Mg®"] and [Na']. At zero
Mg”, the U conformation predominates, which in turn
can fold spontaneously into the I and fully F conformations
with increasing divalent ion concentration. Under physio-
logically relevant cation conditions (150 mM [Na'],
0.5-1 mM [Mg”>*]), however, the long-range stem interac-
tion is already formed. As a result, only I and F species
contribute significantly to the TLS conformational equi-
libria, with very little U present. Most importantly, the inter-
mediate I conformation is structurally quite similar to F,
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with the only changes being 1) loss of PSK interaction
between six nucleotides in the stem loop A (54-59) and 3’
terminal domain (160-165), and 2) refolding of the 3’ termi-
nus into an alternate 5-nt stem loop A’ (154-166).

Precisely due to the modest extent of such structural
changes, switching between I/F conformations offers a
feasible switching mechanism for regulation of the RNA
replication process (22,27,51). For example, the F confor-
mation and in particular, the 3’ terminal PSK, has been
implicated as a critical structural feature for aminoacylation,
which is an essential property in all tRNAs and commonly
observed in TLS domains. Aminoacylation requires interac-
tion of aminoacyl tRNA synthetase with the TLS domain
and therefore recognition of its TLS features, which requires
accessibility of the 3'— terminal CCAgy that is available
only in the PSK interaction. Conversely, the lack of a 3’
terminal PSK in I would inhibit recognition and thus poten-
tially render the aminoacylation process inactive. Interest-
ingly, aminoacylation assays have shown that tyrosylation
of the TLS 3’ termini can be achieved at stoichiometric
ratios, suggesting that TLS-enzyme binding shifts the equi-
librium toward the F conformer (52). This clearly would be
consistent with the presence of a dynamic equilibrium
between I and F conformers under physiological salt
conditions.

Taking this idea one step further, one could envision a
mechanism for which interaction with a host factor or viral
protein might shift this dynamic equilibrium from F back
toward the I conformer. Because the 3’ terminal CCApy
group in the F conformer is required for recognition of
viral and host factors, such an equilibrium shift would be
equivalent to an on-off switch for virus replication. In
fact, such a mechanism has been observed for members
of the related Ilarvirus genus of the Bromoviridae that
share similarities with BMV, such as Alfalfa Mosaic Virus
(30,53). The members of this genus require interaction of
coat protein (CP) with a series of stem loops near the
3’-end for switching between viral replication steps. This
3'-terminal domain is capable of folding into an alternative
tRNA-like conformer that has some resemblance to the
TLS of BMV. As for BMV, the tRNA-like conformer is
recognized by the viral replicase and thus is required for
minus-strand synthesis. Binding of CP to the 3'-terminal
hairpin could result in unfolding of the PSK and thus inhi-
bition of minus-strand synthesis. Mg”, on the other hand,
was found to interfere with CP binding due to stabilization
of the PSK interaction (30). In agreement with such a
mechanism, BMV has developed a complex scheme result-
ing in delayed translation of its CP (54). Consequently, the
[CP] increases at later steps during the viral replication cy-
cle, thus presenting a plausible factor for timed regulation
of replication. In a similar manner, riboswitches turn off
gene expression by binding to a downstream product,
thus regulating expression as a function of the RNA-ligand
binding equilibrium.



In summary, this study of solution dynamics for BMV
TLS reveals a dynamic equilibrium between I and F confor-
mations at biologically relevant salt conditions. The F
conformation provides access to the 3’ PSK for aminoacyla-
tion, which is essential in virus replication. The I conforma-
tion, on the other hand, provides access to the 3’ stem loop
for CP binding in virus assembly. Sampling of both confor-
mations offers an elegant concentration-dependent solution
for switching between replication and assembly in viruses of
the Bromoviridae family.

CONCLUSIONS

We have performed detailed SHAPE probing studies of the
TLS domain of BMYV, yielding nucleotide-specific SHAPE
reactivity data as a systematic function of divalent [Mg>"]
and monovalent [Na'] concentrations. These reactivities,
in turn, have been used to provide nucleotide-specific
pseudo free energies, which permit refinement of thermo-
dynamic parameters for folding and thus remarkably
detailed predictions on the stability of various TLS confor-
mations as a function of the cation environment. Specif-
ically, mapping of the SHAPE reactivities onto secondary
structure models provides strong experimental validation
for current structural models of the TLS domain at both
vanishing (0 mM) and saturating (10 mM) levels of
[Mg*"1], corresponding to fully U and F conformations.
Furthermore, the SHAPE probing studies also predict
the presence of a new I TLS conformation at 0.25-
0.50 mM Mg>" concentrations, corresponding to the un-
folding of the 3’ terminal PSK, but without subsequent
breakage of the long-range B1 stem interaction to form
the unfolded U conformation. This is in excellent agree-
ment with and confirms the presence of a novel three-
step folding pathway (U — I — F) first proposed and
motivated by previous SmFRET experiments (8).
Furthermore, the SHAPE-directed structure predictions
support a stepwise unfolding mechanism of these two ter-
tiary interactions as a function of Mg”>". With decreasing
[Mg®™], the 3’ terminal PSK in the fully F TLS conforma-
tion unfolds first, stabilized by formation of an alternate
3’ terminal hairpin (I), which is then followed by unfold-
ing of a long-range B1 stem interaction to form U. The
SHAPE studies clearly reveal that under physiological
divalent and monovalent cation conditions, TLS has
essentially no population in the U state, but still exists
in a dynamic equilibrium between I and F conformations.
This is particularly important, as recognition of the 3’ ter-
minal hairpin on the F conformer is known to be a trigger
for viral replication, and yet this moiety disappears in the
I conformation with unfolding of the PSK. Thus, environ-
mentally controlled shifts in the equilibrium between F
and I conformation could act as an effective switch
for the viral replication pathway. This dynamic equilib-
rium offers an intriguing mechanism for differential

smFRET Deconvolution of SHAPE Probing

recognition by F and I conformations of host factors dur-
ing the virus life cycle and thus potential regulation of
viral replication.

We further observe that SHAPE probing at low [M""]
conditions can lead to overestimation of basepairing proba-
bilities in a 2° structure prediction. This is in part due to the
structural heterogeneity in the conformational equilibrium
that leads to overinterpretation of highly reactive nucleo-
tides. In addition, nearest-neighbor thermodynamic parame-
ters incorporated in RNAstructure and ShapeKnots software
correspond to basepairing probabilities under quite high 1 M
[Na™] concentrations. Deconvolution of SHAPE probing
data using smFRET fractional populations provides a
powerful means to overcome both effects by providing clean
SHAPE traces of conformational states as restriction param-
eters for 2° structure prediction. These combined efforts
highlight the strong potential for combining 1) single-mole-
cule folding studies with 2) SHAPE-directed structure-
probe analysis for detailed elucidation of biologically active
conformational states as a function of environmental cation
conditions.

As a final comment, although the combination of
smFRET and SHAPE methodologies are clearly quite
powerful, such capabilities do currently rely on Gibbs free
energies for basepair formation obtained for fixed and often
quite nonphysiological cation conditions, despite the fact
that these free energies clearly depend on the identity and
concentration of the cation environment. We note that exten-
sion of such combined smFRET and SHAPE efforts could
benefit enormously from further systematic study of mono-
valent- and divalent cation [M""]-dependent thermody-
namics for basepair formation, and which are extensively
used as input into current RNA structural prediction
algorithms.
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S1: SHAPE reactivity

The SHAPE reagent (N-Methylisatoic anhydride (NMIA)) is an electrophile that
preferentially reacts with nucleotides that display an electron density at a 2’OH position that is
favorable for oxyanion formation. Nucleotides constrained in hybridized domains present a
proximal 3’ phosphodiester due to the RNA C3’-endo conformation. The proximity of the 3’-
phosphodiester anion to the 2’-hydroxyl destabilize the oxyanion, thus, rendering such
conformations unreactive to the SHAPE reagent. [MerinoWeeks2005]

In contrast, single-stranded nucleotides are flexible and can sample micro-conformations
that promote oxyanion formation and thus reactivity toward the NMIA electrophile. Based on
comparison of SHAPE reactivities with X-ray chrystallography data, reactive conformations are
rare conformations that are sampled by single-stranded, non-hybridized nucleotides.[54] As
demonstrated by McGinnis et. al., the most reactive nucleotides, so called hyper-reactive
nucleotides, exhibit conformations that present the 3’ phosphodiester far from the 2° OH. These
reactive conformations are sampled during dynamics of flexible nucleotides.

During data analysis, SHAPE reactivities are normalized based on benchmarking results
onto a 0-2 scale. On this scale hybridized nucleotides that are inert to electrophilic attack are
observed with low reactivities (R < 0.45), while highly flexible nucleotides sampling reactive
conformations exhibit high reactivities (R > 0.8). Intermediate reactivities indicate structurally
dynamic RNA domains that result in nucleotides sampling flexible and constrained micro-
conformations (0.45 < R < 0.8). In addition, hyper-reactive nucleotides which are locked in a
highly reactive micro-conformation are observed outside the regular scale with reactivities above
2(R>2).

To extract [M™]-induced structural changes to the overall RNA conformation, one thus
focusses on nucleotides in the 0 < R < 2 range that show significant changes in SHAPE
reactivity. Small changes in this range, especially between 0 and 1, are most informative as they
indicate a change in the hybridization between conformations, i.e. single-stranded to double-
stranded and vice versa. Hyper-reactive nucleotides, on the other hand, may exhibit a large
change in reactivity but due to the origin of the SHAPE reactivity, this change is merely
indicative of a change in nucleotide micro-conformation rather than an insignificant structural
rearrangement.

S2: SHAPE data analysis

Data processing, analysis and sequence alignment are performed in QUSHAPE [46].
SHAPE reactivities are normalized using a model-free boxplot analysis. To this end, the
interquartile range (IQR) is determined for all SHAPE reactivities of the construct and outliers
are determined that are larger than 1.5 x IQR (limited to 9%). The reactivities are then
normalized to the average of the 10% most reactive nucleotides after exclusion of the outliers.
This procedure typically normalizes reactivities onto a 0-2 scale with a few hyperreactive
nucleotides showing reactivities above 2. Normalized SHAPE reactivities are represented using a
ternary color code (black: R < 0.4; orange: 0.4 < R < 0.85; red: R > 0.85) that is based on
benchmarking results and comparison with x-ray chrystallography data [54] [41, 42]. This color



in orange, and

code displays non-reactive nucleotides in black, moderately reactive nucleotides

highly reactive nucleotides in red.
S3: MaxExpect and Probknot structure predictions of 226nt TLS construct
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Figure S1: MaxExpect and ProbKnot 2° structure prediction of 226nt TLS construct for SHAPE probing. The 5’
nucleotides 1-14 and the two 3’ nucleotides 184-226 fold into hairpins that form the structure cassette for SHAPE
probing. Prediction from RNAStructure suggests that these additional regions will not interfere with the folding of

the TLS construct. (Left: MaxExpect, Right: ProbKnot, Insert: Prediction Probability)



S4: Averages and Standard Deviations of SHAPE probing results
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Figure S2: TLS SHAPE probing statistics. Three biological repeats of both positive and negative SHAPE probing
experiments were analyzed using QUSHAPE. Individual QUSHAPE results were averaged for each probing condition.
Standard deviations were determined at each nucleotide position to determine statistical significance of SHAPE
signal intensity and changes thereof with varying SHAPE reactivities.



S5: Rejected nucleotides

Condition [Na*](mM) [Mg?*](mM) Outliers  Rejected Nucleotide positions
0

1]25 9 1013142324 |25|26]92|168

2| 50 0 7 10|14 | 23| 25|61 |62 |92

350 0.1 8 14123242561 6292|168

4|50 0.25 9 4]5|10|14|25|61|62]92]|168

5 50 05 12 10]14 1523242526 |61]62]91|92|168
6 50 1 10 1014|2324 |25|26|61|62|92|168
7|50 10 10 1014|1523 |24 25|26 |62|92|168

Table S1: Nucleotides that were rejected based on statistical considerations.



S6: Base-pairing probabilities of SHAPE predicted 2° structures
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Figure S3: Probability functions of SHAPE-directed structure predictions.

S7: Structure prediction of deconvoluted SHAPE traces
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Figure S4: Overlap of deconvoluted SHAPE traces onto 2° structure predictions.



	Synergistic SHAPE/Single-Molecule Deconvolution of RNA Conformation under Physiological Conditions
	Introduction
	Materials and Methods
	RNA preparation for single-molecule and structure probing experiments
	SHAPE assay
	Freely diffusing single-molecule burst spectroscopy

	Results
	Single-molecule studies of Mn+-induced TLS folding
	SHAPE probing of Mn+-induced TLS folding
	SHAPE analysis at high [Mg2+] confirms the literature 2° structure model
	SHAPE analysis at low [Mg2+] shows slight discrepancies from the literature model
	SHAPE analysis at 0.5 mM [Mg2+] shows high similarity to the F conformation

	Discussion
	SHAPE refinement predicts F dominates at physiological salt conditions
	SHAPE-directed structure predictions largely confirm the literature models
	SHAPE probing confirms that three-state TLS folding is dynamic
	Combining SHAPE with smFRET allows deconvolution of RNA conformations from ensemble SHAPE traces
	Biological implications

	Conclusions
	Supporting Material
	Author Contributions
	Acknowledgments
	References

	bpj_8890_mmc1.pdf
	bpj8890_mmc1_gs2qw1 1
	smFRET_vs_SHAPE_suppl


