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Abstract

Conformational changes in RNA play vital roles in the regulation of many biological systems, yet 

these changes can be challenging to visualize. Previously, we demonstrated that Pattern 

Recognition of RNA by Small Molecules (PRRSM) can unbiasedly cluster defined RNA 

secondary structure motifs utilizing an aminoglycoside receptor library. In this work, we 

demonstrate the power of this method to visualize changes in folding at the secondary structure 

level within two distinct riboswitch structures. After labeling at three independent positions on 

each riboswitch, PRRSM accurately classified all apo and ligand-bound riboswitch structures, 

including changes in the size of a structural motif, and revealed modification sites that prevented 

folding and/or led to a mixture of states. These data underscore the utility and robustness of the 

PRRSM assay for rapid assessment of RNA structural changes and for gaining ready insight into 

nucleotide positions critical to RNA folding.
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INTRODUCTION

Noncoding RNA has been shown to adopt a multitude of roles in viral, bacterial, and 

mammalian systems.1 RNA structures are often responsive to binding partners or 

environmental conditions, and RNA conformational changes can be important in the 

modulation of cellular activities, especially gene expression.2–5 A range of current 

techniques allows structural insight into these changes, including NMR,6–16 fluorescence 

resonance energy transfer (FRET),17,18 single molecule force microscopy,19–22 and selective 

2’-hydroxyl acylation by primer extension (SHAPE).23–27 While powerful, these techniques 

also suffer from limitations, including the time and/or quantity of sample needed for initial 

experiments. We proposed that our previously developed Pattern Recognition of RNA by 

Small Molecules (PRRSM) method could be used to provide rapid initial assessment of 

secondary-structure conformational changes with a single fluorophore label, as this 

technique requires minimal sample, no a priori structural insights, and simple 

instrumentation.

PRRSM has been shown to successfully classify RNA secondary structures utilizing an 

array of small molecule receptors.28 We have so far used a selection of 11 aminoglycoside 

receptors to distinguish the five canonical RNA motifs: bulges, hairpin loops, stems, 

symmetrical internal loops, and asymmetrical internal loops. We employ a fluorescence 

assay with the solvatochromic chemosensor, benzofuranyl uridine (BFU), which was 

initially incorporated into 16 RNA structures with variable sequences.28–34 The BFU 

modification is less bulky than other fluorophores, making it possible to modify more sites 

within compact RNA structures. Using the raw fluorescence data in principal component 

analysis (PCA), an unbiased statistical method, we were able to classify the five motifs with 

100% predictive power and gained insight into the important topological differences that 

allowed structural differentiation. Recently, we extended the method to classify 13 

individual sequences and differing secondary structure motif sizes, increasing the utility of 

PRRSM to determine the identity and nucleotide count of individual RNA secondary 

structures and sequences.35 This foundational work has shown PRRSM is an inexpensive, 

rapid throughput method for classifying simple RNA structure and for gaining insight into 

fundamental RNA: small molecule recognition principles, including the contributions of 
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RNA topology and dynamics. Building upon this work, we herein demonstrate the utility of 

PRRSM to classify complex RNA structures and global conformation changes as well as to 

reveal critical tertiary interactions through perturbation to the native structure. These insights 

are achieved through the strategic placement of individual BFU modifications within a given 

RNA. As model systems, we employed multiple RNA constructs of BFU-modified pre-

queuosine 1 riboswitch (PreQ1-RS) and fluoride riboswitch (F-RS) and analyzed the 

secondary structures in both the free and ligand-bound states.

RESULTS/DISCUSSION

Pre-Queuosine 1 Riboswitch.

To begin, we examined the Bacillus subtilis PreQ1-RS, which is an important regulator in 

the queuosine biosynthesis pathway through control of downstream queuosine biosynthesis 

genes.8,3–39 PreQ1-RS is a small 36 nucleotide (nt) riboswitch with an ~20 nM binding 

affinity for the prequeuosine 1 (PreQ1) ligand. The bound structure of the riboswitch is 

highly compact,10,38 and it was expected to test the limits of BFU chemosensor in the 

PRRSM assay.

The PreQ1 unbound and bound states show several structural changes within the secondary 

structure motifs. In the unbound state, PreQ1-RS consists of a hairpin loop followed by a 12 

nt single-stranded section; upon addition of PreQ1 ligand, the single-stranded region folds 

and forms base pairs with the hairpin loop, creating a smaller hairpin loop pocket for the 

PreQ1 ligand (Figure 1).8,36 Three uridines were chosen (U9, U11, and U14) to be replaced 

with BFU based on their structural transitions in the RNA upon binding of the PreQ1 ligand. 

In the unbound state, all modified uridines were within a 12 nt hairpin loop structure. Once 

in the bound state, U9 (PreQ1-BFU-9) is located in a 3 nt bulge motif, U11 (PreQ1-BFU-11) 

in a stem motif, and U14 (PreQ1-BFU-14) in a 4 nt hairpin loop as revealed by the solution 

structure (PDB 2L1V).8 As a control, we also labeled U22 (PreQ1-BFU-22), which is 

expected to remain in a stem structure in both the unbound and bound structures. After 

determining the uridine modification sites, we tested the four RNA constructs in the PRRSM 

assay.

We utilized both a standard ligand:RNA binding buffer ideal for separating motif classes 

(Condition (A), 10 mM NaH2PO4, 25 mM NaCl, 4 mM MgCl2, 0.5 mM 

ethylenediaminetetra-acetic acid (EDTA), pH 7.3 at 25 °C)28 and the same buffer with 

increased temperature and polyethylene glycol (PEG) added (Condition B, 10 mM 

NaH2PO4, 25 mM NaCl, 4 mM MgCl2, 0.5 mM EDTA, 8 mM PEG 12 000 pH 7.3 at 

37 °C),35 which is known to denature secondary structures and stabilize tertiary structures, 

respectively.40 Condition (B) has previously been shown to allow separation of a range of 

individual nonstem secondary structure sequences and similar secondary structures with 

differing motif size.35

Under Condition (A), we found that the labeled nucleotides in all three experimental RNA 

constructs were correctly predicted by the PRRSM assay to be in hairpin loops in the 

absence of PreQ1 ligand (Figure 2, data shown in Figure S5–1). The control RNA construct 

(PreQ1-BFU-22) was also accurately predicted to be in a stem (Figure S1–1A). In this 
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analysis, we start with the PCA plots previously determined for the RNA training set in 

which the axes represent a combination of variables best explaining the variance and 

covariance within the training set data. After defining the motif clusters of the training set, 

we input the data from the PreQ1-RS constructs and determined into which secondary 

structure motif class these constructs are most predicted to fall.

PreQ1 ligand was then titrated into 200 nM RNA for all three PreQ1-RS constructs. The 

BFU fluorophore caused a shift in the equilibrium of the ligand:riboswitch binding toward 

the apo state; therefore, a higher concentration of ligand was necessary to induce maximal 

binding compared to literature (Figure S1–2).36 For all four constructs, addition of 1.2 μM 

ligand (6 times the concentration of RNA) was utilized for the binding experiments. Upon 

addition of PreQ1 ligand, PreQ1-BFU-9, PreQ1-BFU-14, and PreQ1-BFU-U22 RNA 

constructs were predicted to adopt the expected secondary structure motifs (Figure 2 and 

Figure S5–1). While the PreQ1-BFU-U11 RNA construct did not fall within the 95% 

confidence interval predicted for stem structures by PRRSM, it was closely positioned to the 

stem cluster and was thus indeed predicted to be a stem structure through our standard of 

leave-one-out cross-validation (LOOCV). This difference could have been caused by the 

modified nucleotide being near the end of the stem, compared to the training set RNA stems, 

where the BFU is in the center of a stem structure. The central position is expected to 

increase the likelihood of a BFU to be base paired relative to a more flexible end position. 

Even with this difference, these results demonstrate that the PRRSM assay is able to 

correctly determine global conformational changes within complex RNA structures.

We then tested whether the size of the respective motifs, particularly the change in the 

hairpin loop size of the U14 label, could be detected by PRRSM using Condition B. It is 

important to note that, in previous work using Condition (B), individual stem sequences 

were not well-differentiated, and their inclusion negatively impacted the prediction of other 

secondary structures by PCA.35 As a result, they are not included in the PRSSM analysis 

with Condition (B), and therefore we did not include PreQ1-BFU-11 in this second analysis.

The PreQ1-BFU-9 and PreQ1-BFU-14 constructs were first tested based on the previous 

differentiation of individual sequences with Condition (B). In the unbound state, the PreQ1-

RS hairpin loop is larger than the motifs in the training set, and thus both constructs were 

predicted to be the same size as the largest hairpin loop from the training set (six 

nucleotides). Future work will thus be focused on expanding the size of the motifs within the 

training set.

Upon addition of ligand, PreQ1-BFU-9 is correctly determined to be in a three-nucleotide 

bulge. Even more notably, the shift of PreQ1-BFU-14 from a 12 nt hairpin loop to a 4 nt 

hairpin loop in the bound state could be accurately predicted via PRRSM (Figure S1–3, data 

shown in Figure S5–2). These data underscore the utility and robustness of the PRRSM 

assay by demonstrating its ability to distinguish not only conformational changes but also 

motif size in unbound and bound states. Additionally, these data are consistent with minimal 

perturbation of riboswitch conformations by the BFU label, which was further confirmed by 

NMR (Figure S2–1,2,3). PRRSM was able to classify all preQ1-RS RNA constructs with 
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100% accuracy, showing the effectiveness of this technique in analyzing riboswitch 

structural conformational changes.

Fluoride Riboswitch.

To further evaluate the generality of the PRRSM assay, we analyzed conformational changes 

in the Bacillus cereus fluoride riboswitch (F-RS; Figure 3).16,41 F-RS regulates gene 

expression for fluoride toxicity response genes and is widespread in bacteria and archaea.5 

Specifically, F-RS upregulates the transcription of fluoride transporters that facilitate 

expulsion of fluoride from the cell.5 In the presence of fluoride and magnesium, the 

riboswitch forms a tight binding site for the fluoride anion encapsulated by three magnesium 

cations, which was revealed by the crystal structure of the fluoride-bound Thermotoga 
petrophila fluoride riboswitch.41 Recently, it has been shown that the B. cereus F-RS folds 

into essentially identical structures in the presence of magnesium regardless of the presence 

of fluoride, wherein the magnesium-bound state undergoes a distinct fleeting dynamic 

process and has a reduced stability compared to the fluoride-bound state.16 In the absence of 

magnesium, the B. cereus F-RS is largely unfolded, only forming one 4 nt loop hairpin and 

one 6 nt loop hairpin structures, and undergoes a large conformational change upon ligand 

binding (Figure 3). This complex ligand-dependent conformational transition,16 together 

with a highly compact ligand binding pocket,41 makes the F-RS an interesting model for 

characterizing RNA conformational change using PRRSM. Thus, we studied conformational 

changes of the B. cereus F-RS.12

Within the F-RS structure, we decided to modify three uridine sites (F-RS-BFU-6, −9, and 

−11) located in the 6 nt hairpin loop of the unfolded riboswitch. U9 and U11 sites transition 

from the loop structure into a stem structure in the bound state, while U6 nucleotide 

transitions to a 2 nt bulge motif. As a U6-to-C6 mutation was previously found to be 

deleterious to folding, the BFU-6 modification was designed to serve as an additional 

control on the ability of BFU-labeled structures to recapitulate established conformations.16 

In this case, the BFU-6 label was expected to similarly disrupt folding of the F-RS, and thus 

the FR-BFU-U6 construct would demonstrate no change in structure in the presence of 

fluoride. We again selected a control RNA construct labeled at a position not expected to 

change upon riboswitch folding, in this case U25 (F-RS-BFU-25). The fluoride riboswitch 

constructs were tested in the PRRSM assay in the absence and presence of fluoride utilizing 

a standard ligand:RNA binding buffer ideal for separating motif classes, Condition (A) (10 

mM NaH2PO4, 25 mM NaCl, 4 mM MgCl2, 0.5 mM EDTA, pH 7.3 at 25 °C).28,35 

Interestingly, F-RS-BFU-6, −9, and −11 in the unbound states were determined to be in a 

hairpin loop even in the presence of magnesium (Figure 4, data shown in Figure S5–3). 

Since the magnesium-bound pseudoknot structure of F-RS is metastable,14 these results 

suggest that BFU modification may introduce subtle steric effects on the compact structure, 

shifting the conformational equilibrium toward the extended magnesium-free hairpin loop 

structure12 in the absence of fluoride. We then used saturating conditions of fluoride (10 

mM) to determine the classification of the F-RS bound structures.14 Upon the addition of 

fluoride, the F-RS-BFU-6 showed little change in clustering between the unbound and 

bound states, consistent with the published mutation studies.16 On the other hand, F-RS-

BFU-9 was successfully classified into the correct folded conformation, and F-RS-BFU-11 
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was determined to be folding to a stem structure only ~50% of the time. The F-RS-BFU-11 

modification is positioned near the end of a stem motif in the pseudoknot, suggesting that 

either the receptors interacted differently with this region as compared to the more rigid 

central stem position or the modification impacts the folding of the riboswitch. F-RS-

BFU-25 was accurately predicted to be in a stem in both the unbound and bound forms. 

(Figure S1–1B).

Given that clustering of F-RS-BFU-11 “bound” state was found to be between the stem and 

hairpin loop training set clusters, we first tested the hypothesis that both the bound and 

unbound states are present and represented. Accordingly, we subjected differing ratios of 

representative stem and hairpin loop structures to the PRRSM assay. While keeping the total 

RNA concentration at 200 nM, the relative percentage of two RNA constructs was shifted 

from 100% stem to 100% hairpin loop in 25% increments. At either 75% stem or hairpin 

loop, there is a minimal shift from the 95% confidence intervals of the corresponding 

constructs (Figure S1–4). When the two constructs are at equal concentrations, the RNA 

clusters shift near stem, hairpin loop, and bulge clusters. Similar trends were seen with the 

F-RS-BFU-11 construct in the presence of fluoride. These results are consistent with the 

hypothesis that both the unbound and bound states are present and suggest a change in the 

conformational equilibrium, though a uniform misfolded structure cannot be ruled out.

To examine the potential effect of BFU modification on conformational equilibrium of the 

F-RS, we further performed 1H imino NMR titration studies of all three modified F-RS 

constructs. Each RNA construct was initially titrated with magnesium from 0 to 5 mM, 

followed by titration of fluoride from 0 to 5 mM at both 10 and 30 °C. The folding and 

binding ability of the BFU-modified constructs were then compared to the unmodified 

riboswitch. The F-RS-BFU-6 construct displays no binding to either magnesium or fluoride 

under the measured conditions, consistent with the PRRSM assay results and previous 

mutation studies (Figure S2–4). This result further suggests PRRSM may be a tool to 

visualize modifications that perturb folding interactions in unknown RNA structures.

The NMR spectra of F-RS-BFU-9 showed the expected conformational changes upon the 

addition of magnesium and fluoride, though higher concentrations of ligand were required 

(Figure 5). In addition, the broadened NMR spectrum of F-RS-BFU-9 in the presence of 5 

mM magnesium indicates that the unbound F-RS-BFU-9 does not adopt the well-folded 

pseudoknot of the unmodified riboswitch, which is also consistent with the PRRSM results. 

The final RNA construct, F-RS-BFU-11, had reduced magnesium and fluoride binding 

compared to the unmodified construct. The BFU modification at the U11 site was likely 

positioned within the binding pocket, impacting the ability of magnesium to bind in the less 

stable prefolded structure. With addition of the fluoride anion, the equilibrium was shifted 

significantly to the bound state at saturating conditions. PRRSM was thus able to accurately 

classify 80% of the F-RS constructs, and reduced classification was confirmed to be the 

result of perturbation by BFU of native contacts. It is important to note that the PRRSM 

assay is an ensemble measurement, and, while it is not able to distinguish two coexisting 

structures, our results demonstrate that it does reveal the occurrence of multiple structures. 

PRRSM thus can serve as a simple and rapid technique to determine if RNA sequences, 

including modified RNA sequences, are able to switch conformations.
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Given literature evidence that some small molecules can shift the conformational 

equilibrium of RNA,42–44 we took advantage of the fluoride riboswitch system to examine 

the potential effect of our aminoglycoside receptors on RNA conformational equilibrium and 

therefore the PRRSM clustering. Utilizing the one-dimensional (1D) 1H imino proton NMR 

measurements, we analyzed the conformations of F-RS-BFU-9 in the presence of two 

aminoglycosides, namely, apramycin and kanamycin (Figure 6). Based on fluorescence 

changes with these aminoglycosides, we expected apramycin, which demonstrates 

significant differences in fluorescence between the unbound and bound states of the F-RS-

BFU-9 construct, to serve as a positive binding control and kanamycin, which showed little 

fluorescence change between the two states, to serve as a negative binding control. The 

equilibrium of the RNA construct characterized by NMR was unaffected by either 

aminoglycoside receptor at both 10 and 30 °C. Importantly, these data further support the 

versatility and robustness of the PRRSM assay toward more complex RNA by 

demonstrating that any changes in RNA secondary structure clustering are the direct result 

of RNA folding and not interference by the receptors.

CONCLUSIONS

In conclusion, we have demonstrated the ability of the PRRSM assay to distinguish multiple 

complex RNA structures across ligand-induced conformational changes. The BFU 

fluorophore, when positioned away from the ligand binding pocket, minimally affects RNA 

structures with conformational changes. Importantly, the PRRSM assay accurately reported 

any impact of these modifications, which were confirmed using 1D NMR. PRRSM is thus 

an orthogonal technique that adds to the existing repertoire of RNA structural and 

conformational interrogation methods by enabling the rapid classification of highly flexible 

RNA secondary structures and potentially revealing critical interaction sites in the folded 

structure. We note that labeling an RNA construct at multiple positions, as performed here, 

will be important for the determination of unknown RNA structure changes. Subsequent 

experiments will focus on expanding the RNA training set, which will both enhance the 

current classification ability of PRRSM and provide additional insight into RNA:small 

molecule interactions, and the screening of alternative or inhibitory riboswitch ligands that 

introduce structural changes. Future work will focus on transitioning PRRSM to more 

sophisticated machine-based learning techniques, investigating conformational switching in 

other disease-relevant RNAs such as the regulatory RNA elements in HIV,45 and utilizing 

PRRSM to ascertain classification of RNA tertiary structures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) PreQ1-RS riboswitch secondary structure in the unbound and bound state. (B) The 

bound tertiary structure of PreQ1-RS (PDB 2L1 V) with sites of BFU fluorophore insertion 

(U9-red, U11-blue, U14-green) and PreQ1 ligand (orange).8
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Figure 2. 
(A) The expected secondary structures of the PreQ1-RS constructs in the unbound (w/o Lig) 

and bound (w Lig) states. (B) PCA plot of the U9, U11, and U14 modified RNA in the 

absence (w/o Lig) and presence (w Lig) of PreQ1 ligand. All constructs were predicted to be 

the correct structure in both the unbound and bound states. Condition (A): 10 mM 

NaH2PO4, 25 mM NaCl, 4 mM MgCl2, 0.5 mM EDTA, pH 7.3 at 25 °C.
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Figure 3. 
(A) B. cereus fluoride riboswitch in the unbound (F-RS) and bound (F-RS + F) states. (B) 

Tertiary structure of T. petrophila Fluoride riboswitch (PDB 4ENC), which folds into a 

nearly identical structure of B. cereus F-RS, with the three BFU modification sites, F-RS-

BFU-6 (red), F-RS-BFU-9 (green), and F-RS-BFU-11 (blue).
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Figure 4. 
(A) The expected secondary structures of the F-RS constructs in the unbound (w/o Lig) and 

bound (w Lig) states. (B) PCA plot of the U9 and U11 modified RNA in the absence (w/o 

Lig) and presence (w Lig) of fluoride. U9 was correctly determined, while U11 was not 

predicted to be a stem structure in the bound state. F-RS-BFU-11 was positioned near the 

end of a stem and thus may interact differently with the aminoglycoside receptors compared 

to central stem modification. Condition (A): 10 mM NaH2PO4, 25 mM NaCl, 4 mM MgCl2, 

0.5 mM EDTA, pH 7.3 at 25 °C.
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Figure 5. 
B. cereus fluoride riboswitch in the bound (A) and unbound (B) states. (C) 1D 1H imino 

NMR of F-RS-BFU-U9 from 0 to 5 Mm magnesium followed by 0−5 mMfluoride at 30 °C. 

Titration of magnesium shifted the peaks, suggesting a change of the equilibrium between 

the unbound and bound states. Upon addition of fluoride, there was a complete shift to the 

bound state. Similar results were seen at 10 °C. The F-RS-BFU-U6 and U11 1D 1H imino 

NMR are shown in the Supporting Information (Figure S2–S4,5,6). Buffer conditions: 10 

mM NaH2PO4, 50 mM KCl, and 50 μM EDTA, pH 6.4.
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Figure 6. 
1D 1H imino proton NMR of F-RS-BFU-U9 (0.1 mM) in the presence of 0.5 mM apramycin 

or kanamycin. Addition of either receptor showed no change at both 10 and 30 °C. Buffer 

conditions: 10 mM NaH2PO4, 50 mM KCl, and 50 μM EDTA, pH 6.4.
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