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Abstract 
Three-dimensional RNA structures are notoriously difficult to determine, and the link 

between secondary structure and RNA conformation is only beginning to be 

understood. In this dissertation, the development of a pattern recognition technique will 

be discussed that utilizes differential binding of a receptor to a known analyte to 

develop patterns of structural motifs, which are then used to evaluate unknown 

analytes. This method is applied to RNA structures for the first time, revealing guiding 

principles in RNA:small molecule recognition and supporting our long term goal of 

classifying unknown RNA conformations and even function. Specifically, an 

aminoglycoside receptor library was obtained with commercially available 

aminoglycosides and through simple synthetic approaches. A training set of highly 

defined RNA secondary structure sequences was identified by computational modeling. 

Benzofuranyl uridine, a fluorescent base analogue, was incorporated into the secondary 

structure of interest prior to exposing the training set to the small molecule library and 

the fluorescence changes were used as input for PCA. RNA structures were 

differentiated based on the five canonical RNA secondary structure motifs. Additionally, 

unique secondary structures within the Trans-Activation Response element, fluoride 

riboswitch and pre-queuosine 1 riboswitch could be differentiated based on the position 

of the fluorophore using the training set clusters. This method provides insight into both 
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the RNA topological and conformational elements and the small molecule ligand 

properties critical to RNA recognition.  
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1. Introduction   
RNA molecules have recently been revealed to play regulatory roles in a wide array 

of biological processes, ranging from the initial steps of embryonic development to the 

progression of metastatic cancer.1, 2 At the same time, a myriad of questions remain 

regarding their fundamental biochemistry and the principles behind RNA molecular 

recognition.3, 4 Experimentally, the recognition of RNA by proteins has largely been 

probed from a sequence-dependent point of view to date,5, 6 though several cases of 

structure-based recognition have been reported7 and a lack of sequence conservation in 

several long non-coding RNA protein recognition elements suggests that RNA topology 

can play an equally important role in their regulatory activities.8, 9 Elucidation of the 

regulatory and/or disease-related roles of these RNA:protein interactions thus requires a 

fundamental understanding of how shape impacts RNA recognition. At the same time, 

RNA structural characterization remains a difficult problem. For 2D structures, i.e. base-

pairing, computational predictions can be vastly improved using chemical probing 

techniques such as Selective 2'-Hydroxyl acylation Analyzed by Primer Extension 

(SHAPE) and related techniques.10-12 These techniques are widely used and have led to 

the elucidation of an impressive range of RNA structures,13-15 though in some cases these 

techniques can yield multiple possible structures and require input from other 

experimental and phylogenetic analyses.16, 17 For 3D RNA structures, computational 

prediction is currently limited to short sequences18 while experimental characterization 



 

 2 

can be difficult, time-consuming and often impossible using traditional methods such as 

NMR and X-ray diffraction. Ongoing work in the combination of 2D probing and 3D 

predictions19 as well as NMR-observable connections between junction topology and 

RNA dynamics20, 21 demonstrate the extant need for a wide range of tools to understand 

RNA three-dimensional structure and its connection to molecular recognition. Indeed, 

recent NMR and computational studies have suggested that the shape or topology of 

internal bulge and loop motifs, i.e. two-way junctions, is critical to determining global 

RNA conformations.20, 22  Relationships between such topologies and the molecular 

recognition of RNA are not entirely defined. 

 Small molecule probes offer a promising solution for RNA studies and have proven 

highly effective tools for investigating proteins. While the difficulties in the 

characterization of RNA 3D structure have hindered the rational design of RNA ligands, 

interest in the targeting of RNA with small molecules has surged.23-25 Indeed, recent 

successes of in vivo RNA targeting suggest that RNA structures other than the ribosome 

may constitute plausible drug targets.26-29 In contrast to synthetic oligonucleotides, which 

are limited to targeting single-stranded sequences, small molecules offer the opportunity 

for three-dimensional structure-based targeting.30-32 Many unanswered questions 

remain, however, regarding both the small molecule properties and the RNA structures 

that allow selective interactions, and insights into this relationship would facilitate both 
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RNA-targeted drug discovery and the development of small molecule probes for RNA 

structure and function.  

1.1 Scope of this work 

Molecular-scale pattern-based sensing offers an opportunity to elucidate complex 

recognition properties through the use of receptors that interact differentially with the 

analyte of interest without the need for highly specific receptor:analyte pairing.  This 

method mimics the olfactory sense, where hundreds of cross-reactive receptors are 

thought to distinguish up to 1 trillion stimuli.33 Small molecule receptors have been 

employed to detect and classify analytes ranging from inorganic ions34 to protein 

functional classes35, 36 to whole cells,37 allowing for single-step optical assays that can 

answer questions ranging from the differentiation of red wines38 to the disease state of a 

human cell.39 To our knowledge, however, this technique has not been used to 

differentiate structural motifs of bio-macromolecules. It was sought to determine if 

RNA-binding small molecules could be used as receptors to differentially sense RNA 

structures as analytes. Further examination of the RNA:small molecule interactions can 

be utilized to understanding guiding principles of RNA molecular recognition, as well 

as to provide evidence of the effect of RNA dynamics on small molecule differential 

binding. Overall, these studies are focused on providing a greater understanding of 

RNA recognition. This new technique is designed to be able to classify important 

structural and dynamic differences in RNA sequences and provide insight into small 
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molecule binding properties. Our method has the potential to reveal both the required 

small molecule properties for selective RNA binding and the components of RNA 

topology that define the molecular recognition of RNA and will allow future researchers 

the tools to synthesize specific RNA binding small molecules. Finally, RNA 

conformation changes are examined to determine the robustness of the assay with 

riboswitch RNA sequences. Riboswitches conformationally switch upon ligand addition, 

and therefore are useful for examination of RNA dynamics and RNA conformations. 

This work has provided a new orthogonal assay to rapidly classify RNA structures and 

investigate guiding principles in RNA molecular recognition. 

1.2 Background 

1.2.1 RNA Biological Importance and Drug Targeting 

In recent years, research has uncovered regulatory roles of RNA in a wide array 

of biological processes, spanning from embryonic development to cancer metastasis.1, 2, 40 

While it has been well established that RNA structure and dynamics can be critical for 

RNA function,17, 41-49 a multitude of unanswered questions remain regarding the 

principles behind RNA molecular recognition, in part due to RNA-specific technical 

challenges in the determination of high-resolution structures.3, 4, 8 The need to 

understand RNA molecular recognition has become increasingly pressing given the 

newly discovered roles for RNA in multiple disease states.50, 51 These studies imply that 

selective RNA targeting could be a potential treatment method, yet nearly all medicinal 
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compounds approved by the FDA target proteins.52-55 While synthetic oligonucleotides 

can be used to target specific RNA sequences, these methods are currently limited by 

delivery and clearance issues as well as target obstruction due to RNA structures or 

binding partners.56-60 Small molecules offer the opportunity for 3D structure-based RNA 

targeting, but identifying selective ligands for RNA is challenging due to the ability of 

RNA to sample multiple energetically stable conformations, the minimal chemical 

property differences between the four nucleobases, and the negatively charged 

backbone.30-32, 61, 62 In part due to these challenges, the driving forces behind differential 

affinity and selectivity of small molecules for RNA structural motifs and the topological 

and sequence dependence of RNA:small molecule interactions are only beginning to be 

discovered. Moving forward, the use of several complementary methods will be needed 

to elucidate principles of RNA molecular recognition, which will in turn yield insight 

into the fundamental biology, disease-relevance and therapeutic targeting of RNA. 

Currently, researchers have been able to develop and implement a range of techniques 

to determine RNA structure and dynamics, as well as examining small molecule 

binding, which have been invaluable in understanding the biochemistry of known RNA 

sequences. 
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1.3 RNA Structure and Dynamics 

1.3.1 RNA 3D Structures and Dynamics 

In order to understand the secondary and 3D structures of RNA, computational 

studies and chemical probing techniques have been designed. State of the art 

computational methods can predict structures of 700 nucleotides (nts) with 73% 

accuracy and, in some cases, allow input up to 4,000 nts. 10, 63, 64 In order to improve 

computational predictions, experimental chemical probing techniques, such as selective 

2'-hydroxyl acylation analyzed by primer extension and mutational profiling (SHAPE-

MaP), can provide structural constraints that reduce the potential structures determined 

by the software algorithms. 10-12, 65 Through SHAPE reagents, the more exposed 2’-OH 

groups in secondary structure motifs are acylated at higher rates compared to base 

paired nts (Figure 1-1).66, 67  The derivatized RNA is then analyzed through error prone 

primer extension, allowing for mutations at acylated sites. Through sequencing and 

comparisons with control RNA sequences, computationally derived structures are able 

to obtain higher accuracy in structure prediction. These data are added to computational 

prediction programs to provide experimentally constrained structure predictions, thus 

enabling higher accuracy and elucidation of an impressive range of RNA structures.13-15 

Several other chemical probing techniques also provide valuable insight, including 

dimethyl sulfate (DMS),68, 69 terbium-induced cleavage,70, 71 Light Activated Structural 

Examination of RNA (LASER),72, 73 and in-line probing techniques.74, 75 Each technique 



 

 7 

mentioned utilizes different reactivity patterns toward RNA structure, and the data can 

be combined to provide additional constraints for RNA computational predictions. At 

the same time, in vivo RNA secondary structure determination techniques have been 

developed to understand important structural motifs in biologic systems.43, 65, 66, 76, 77 

Current research has been focused on merging 2D probing and tertiary predictions to 

contribute insight into RNA global structure and interactions. 10, 19  

 

Figure 1-1: Overview of SHAPE reactivity. 2’ hydroxyl acylation reactivity is 
dependent on local environment, where constrained base pair nucleotides are 

unreactive compared to flexible nucleotides with secondary structure motifs. SHAPE 
reactivity based on nucleotide position provide additional constraints for structure 

prediction models. Adapted with permission from reference 66. 
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The accuracy of computational predictions for three-dimensional RNA structure 

is currently limited due to the computational cost of probing a wide range of potential 

conformations and tertiary interactions within a given sequence and the paucity of high-

resolution structures from which to train the algorithms.16, 17, 78-80 Nonetheless, great 

progress has been made in this area. For example, 3D Motif Atlas is able to correctly 

predict the bacterial 16S rRNA subunit 3D structure and highlight the differences 

between the bacterial and eukaryotic 16S rRNA subunit.  Future computational progress 

is expected to include analysis of conformationally flexible and electronically equivalent 

RNA structures. Experimentally, RNA interaction groups by mutational profiling 

(RING-MaP) can help identify potential tertiary contacts using data from DMS probing 

and single-molecule sequencing experiments.81 Specifically, if two or more sites have 

statistically similar mutation frequencies within an individual RNA molecule and are 

not predicted to form secondary structures, a through-space interaction is predicted, and 

thus provides insights into RNA tertiary interactions and global folding of RNA 

structures. Mutate-and-map read-out by next-generation sequencing (M2-Seq) is a 

complementary technique developed to analyze RNA structure in a one-pot 

experiment.82  M2-Seq simplifies these difficult experiments using M2-net, an algorithm 

that recovers helices, to achieve a low false positive rate (<5%).  These current techniques 

are useful for in vitro RNA tertiary structure prediction, and future work is focused on 
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examining in vivo RNA tertiary structures with minimal biologically perturbing 

experiments.83 

RNA dynamics and conformational sampling are also critical to RNA molecular 

recognition.84-88 Techniques such as NMR spectroscopy, FRET and molecular dynamics 

simulations have been invaluable in elucidating these processes.21, 22, 87, 89-107 For example, 

residual dipolar coupling (RDC),  heteronuclear single-quantum coherence (HSQC), 

and nuclear Overhauser effect (NOE) NMR investigations, combined with 

computational simulations, have revealed that despite the general flexibility of RNA, 

RNA structures only sample a specific subset of the potential conformations.22, 108-110 111 

Nucleotide identity, buffer composition, and magnesium concentration were each 

shown to alter this conformational sampling,87, 112 and it has been proposed that both 

charge and topological constraints play important roles.21, 113 These constrained 

dynamics can also impact binding interactions, including with small molecules. Indeed, 

recent work has suggested that small molecules can bind to specific but minor RNA 

conformers, implying a conformational selection in small molecule:RNA interactions.87, 

88, 114  

In addition to a detailed understanding of RNA structure and dynamics, it is 

important to understand the specific interactions RNA utilizes in binding and 

selectivity. In general, small molecule:RNA recognition is achieved through a 

combination of non-covalent interactions such as electrostatics, π-stacking, and 
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hydrogen bonding. Other biomacromolecules, including proteins, also utilize these non-

covalent interactions to bind RNA, and multiple reviews are available that discuss these 

in greater detail. 52, 115-118  

One approach toward a better understanding of small molecule:RNA recognition 

is to analyze the properties of small molecules that have achieved selective recognition. 

To this end, the differences in cheminformatic parameters of bioactive RNA targeted 

small molecules were examined, which were consolidated into the RNA-targeted 

Bioactive ligaNd Database (R-BIND), compared to FDA approved small molecules, 

which are thought to largely target proteins.62 Although many “drug-like” properties 

were consistent across both libraries, bioactive RNA-targeted small molecules had 

statistically significant differences in structural and spatial properties. These included 

increased nitrogen count over oxygen count as well as an increase in aromatic and 

heteroatom containing rings. These and other differences underscore the importance of 

hydrogen bonding, stacking and complementarity of both electrostatics and shape in 

small molecule:RNA recognition. 

Computational and experimental techniques have been developed to analyze 

selective small molecule:RNA interactions. Computational docking studies typically 

model a single biomacromolecule conformation with likely binding partners, but the 

ability of RNA to adopt multiple conformations has hindered such investigations.79, 103, 119-

121 To address this issue, the Al-Hashimi laboratory constructed an ensemble of RNA 
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structures derived by NMR and molecular dynamics (Figure 1-2).88, 102, 114, 122, 123 

Specifically, NMR studies are used to determine structural constraints of RNA in 

solution, which are then utilized to select appropriate conformations found through 

molecular dynamic simulations of the RNA structure. Docking studies with this 

ensemble of conformations thus offers improved predictive power because small 

molecules are virtually screened against RNA structures that better resemble those 

present in solution. These studies have successfully identified small molecule leads for 

HIV-1 trans-activation response element (TAR) RNA and are being continually refined 

via comparison with experimental screens.123 Docking studies have great potential to 

elucidate the importance of conformational dynamics in selective small molecule:RNA 

recognition.   
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Figure 1-2: Ensemble determination of the Trans-Activation Response element 
(TAR) utilizing NMR residual dipolar couplings (RDCs) and molecular dynamics. A. 
Rotational and molecular observation and the impact on RDCs. B. Elongation of TAR 

allows decoupling of alignment vs local structural changes, allowing for RDC 
structural analysis. C. Utilizing RDC from B, along with molecular dynamics in order 

to select a structural ensemble of most likely native structures. Image reproduced 
from reference 114. 

1.3.2 Experimental RNA:Small Molecule Binding Assays  

To elucidate RNA:small molecule interactions, researchers have also used assays 

that compare multiple RNA:small molecule binding events as well as structural studies 

when possible. These experiments include small molecule microarray (SMM)40, 48, 124, 125, 

indicator displacement assay (IDA)126-128, NMR98, 99, 114, 123, 129-132, FRET46, 133-136, isothermal 

titration calorimetry (ITC)137-141, surface plasmon resonance (SPR)142-146, thermal 

denaturing studies147, and x-ray crystallography29, 106, 148-153 have been used with a range of 

RNA constructs. Additionally, the Disney group has utilized 2- dimensional 

combinatorial screening (2DCS) to determine the binding affinities of multiple small 
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molecules simultaneously to a range of RNA secondary structure motifs (Table 1-1).154-158 

These techniques discern binding potential and/or position of small molecules upon 

binding to RNA, both highly useful in determining selective binding propensities of 

individual small molecules. 

Table 1-1: Current methods for determining RNA:small molecule interactions 

 

ITC employs the heat of binding to calculate thermodynamic parameters for 

small molecule binding, allowing for determination of dissociation constants. Thermal 

denaturing studies analyze the shift in RNA melting temperatures (Tm) in the absence 

and presence of small molecule. Upon addition of small molecule, Tm’s can be 

modulated through stabilization or destabilization of the RNA structure, although it 

should be noted that some small molecules do not affect RNA stability and have no 

Method Obtainable Data 

SMM Specific small molecule binders, 

IDA Binding constants, insight into potential binding sites 

NMR 
Secondary and tertiary structures, insight into 

potential binding sites 

FRET RNA conformational change upon ligand binding 

ITC 
Thermodynamic binding parameters, binding 

constants 

SPR Binding and dissociation constants and kinetics 

Thermal Denaturing Small molecule stabilization of RNA structure 

X-ray Crystallography 
Secondary and tertiary RNA structures, small 

molecule binding sites, insight into targetable structures 

2DCS 
Specific Small molecule RNA binders, insight into 

RNA targeted small molecule chemical space 
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change in Tm upon binding.  IDA uses indicators that differentially fluoresce whether 

bound to RNA or in buffer, allowing for monitoring of dose dependent small molecule 

binding (Figure 1-3).126, 127, 159-162 IDA experiments are able to provide binding constants 

and potential binding sites if the fluorophore is known to bind to a unique secondary 

structure. NMR studies are more robust in determining potential site specificity of small 

molecules to RNA secondary structures. Recently, band-Selective Optimized Flip Angle 

Short Transient Heteronuclear Multiple Quantum Coherence (SOFAST-HMQC) has 

become important in determining RNA:small molecule interactions.132, 163 Titration of 

small molecule into the RNA NMR solutions allows for screening of small molecule 

induced perturbations based on 13C and 1H peak shifts, suggesting potential binding 

sites of small molecules in relation to RNA secondary structure. FRET is commonly used 

in either structurally dynamic RNA to monitor ligand modulation of RNA structure, or 

within a two-body system, where the FRET fluorophore pairs are covalently attached to 

both the RNA and the small molecule and allowing for monitoring of ligand binding. X-

ray crystallography is the gold standard of structural determination and visualizing 

RNA:small molecule interactions, and the known structures have provided important 

insight into RNA molecular recognition.151 However, because of the inherent flexibility 

of RNA structure, there are few RNA:small molecule crystal structure complexes, thus 

reducing the ability for researchers to determine guiding principles in RNA:small 

molecule interactions.164, 165  SMM utilizes spatially separated and covalently attached 



 

 15 

small molecules on a chemically modified microscope slide surface, allowing for 

fluorescently tagged RNA to be washed over the slide and fluorescence output to 

indicate yes or no binding.40, 124, 166 Utility of SMM techniques are able to determine small 

molecule RNA binders for unique RNA structures in a rapid throughput method.  

Finally, 2DCS has been utilized to determine selective small molecule RNA binders. An 

RNA library with a randomized secondary structure motif is incubated with a library of 

small molecules, allowing probing of unique RNA motifs that are selective to a range of 

small molecules.154, 158 Combination of these experiments are able to provide insight into 

specific RNA:small molecule interactions, allowing researchers to determine the binding 

modes, thermodynamic properties, and binding constants.  

 

Figure 1-3: Indicator displacement assay utilizing a peptide indicator with 
covalent fluorophore, which upon binding to RNA, is able to fluoresce. The 

displacement of the fluorophore peptide by λN protein, inducing quenching of the 
peptide fluorophore. Image reproduced from reference 162. 
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Although these assays are able to determine selective binding of small molecules 

to RNA structures, it would be time consuming to apply these techniques to examining 

the guiding principles of discrete RNA:small molecule interactions given the magnitude 

of RNA structures and small molecule ligands that must be examined. Ideally, a single 

experiment could be used to generate generic principles important to RNA binding. To 

this end, pattern recognition of RNA by small molecules (PRRSM) has been utilized as a 

succinct method to investigate these properties in a range of RNA secondary structures 

motifs and a small subset of small molecule receptors to begin elucidating these guiding 

principles. 

1.4 Pattern Recognition  

1.4.1 Background of Pattern Recognition 

Pattern-based sensing is a technique used for the determination of complex recognition 

properties in which a suite of receptors with reasonable affinity and selectivity are able 

to classify analytes of interest through differential interactions (Figure 1-4).159, 167-170  

Similar to the olfactory and gustatory senses that differentially sense an expansive 

number of stimuli, pattern-based sensing assays are able to discriminate among highly 

similar analytes,33 including nitrated explosives,171 ions in aqueous solutions,172 tannins 

in red wines,173 and normal, cancerous, or metastatic cells.174, 175 While traditional 

detection methods utilize lock-and-key receptor design to achieve highly specific 

binding of a single analyte, receptors for pattern-based sensing need only show 
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differential binding and thus can often be purchased commercially or designed with 

simple and rapid synthetic schemes. Our work has focused on extending pattern 

recognition research to classify RNA secondary structure and understand the 

fundamental properties important in small molecule:RNA recognition. 

 

Figure 1-4: Example pattern recognition assay. A. An array of receptors is 
tested for background interference. B. An analyte is examined with the receptor array 

and background signal is removed (A), C. The resulting pattern is used to classify 
similar unknown analytes. D. Utilizing the same receptor array, additional analytes 

can be examined. E. After repeating the assay and removing background, a 
differential pattern will form to classify additional analytes. Image reproduced from 

reference 170. 

1.4.2 Statistical Methodology of Pattern Recognition 

Pattern recognition assays create multidimensional datasets whose analysis can 

be inefficient for classifying analytes. Therefore, statistical techniques are necessary for 

dimensional reduction. Within the differential sensing literature, researchers have 
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largely utilized linear discriminant analysis (LDA) and principal component analysis 

(PCA) as dimensional reduction analyses.171 LDA differentiates predetermined groups 

through maximum differentiation distance between group means, removing 

unnecessary dimensions, and decreasing cluster variance.176, 177 Although useful, LDA 

potentially biases datasets through group identification determined by researchers 

instead of the statistical method. PCA is an unbiased statistical method to reduce dataset 

dimensionality based on variance, and researchers do not group the data beforehand.178, 

179 Specifically, new axes (principal components) are determined with repetitively 

reducing variance (for example: PC 1 has the highest variance, PC 2 the next highest 

variance, and so on), removing dimensions with little effect on variance importance. 

Advantageously, groups determined through PCA are based on variance differences 

inherent in the data set and are not determined based on researcher input.180, 181  

Additionally, the receptor effects on the determined principal components can be 

analyzed and provide insight into receptor:analyte binding properties without the need 

for additional statistical analyses.   

1.4.3 Potential of Pattern Recognition 

To our knowledge, pattern recognition has not been used to differentiate 

structural motifs of bio-macromolecules. It was therefore examined to determine if 

RNA-binding small molecules could be used as receptors to classify RNA structures as 

analytes. The secondary structures of RNA are separated into five canonical RNA 
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secondary structure motifs: bulge (Blg), asymmetrical internal loop (AIL), symmetric 

internal loop (IL), hairpin (HP), and stem (Figure 1-5). Therefore, the analysis was 

focused on these canonical structures. PRRSM has the potential to reveal both the 

required small molecule properties for selective RNA binding and the components of 

RNA topology that define the molecular recognition of RNA. This provides additional 

support to the potential of separating RNA structures, which can adopt a range of 

conformations but have unique constraints for different RNA secondary structure 

motifs.21, 22, 87, 88, 99, 106, 130, 182-185   

 

Figure 1-5: Five canonical RNA secondary structure. 

Within this thesis, the design and optimization of the PRRSM assay will be 

discussed, along with the important environmental, structural, and small molecule 

properties which provided clustering. The classification of unknown RNA secondary 

structures will be studied to show the robustness and utility of the PRRSM assay. In 

addition, comparison of the chemical and physical properties of aminoglycosides with 

their differentiation ability will be examined. A deeper look within each RNA structural 

class revealed a potential to further distinguish motif size and sequence. A 
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comprehensive overview of environmental conditions and the individual effect on both 

clustering and motif size discrimination will be assessed. Finally, the ability of RNA 

pattern recognition to distinguish RNA structures not utilized within the assay will be 

tested. These results will be important for RNA:small molecule recognition and support 

the potential of small molecules to differentiate more complex RNA topologies in the 

future.  
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2. Design and Optimization of a Pattern Recognition 
Assay for RNA:Small Molecule Interactions 

2.1 Introduction 

As discussed, the guiding principles of RNA binding have been difficult to 

determine with current techniques. Therefore, a development of an assay based on the 

differential binding of RNA toward an array of small molecules for quick analysis of 

small molecule binding properties with a range of secondary structure motifs was 

performed. A library of known RNA-binding ligands was chosen and designed a 

training set of small RNA constructs that contained five canonical RNA secondary 

structure motifs. The RNA construct was fluorescently labeled at the structural motif of 

interest, and changes in the emission intensity at different concentrations of ligand were 

recorded. The fluorescence data collected was used as the input for principal component 

analysis (PCA) to reveal unbiased clustering of the RNA training set according to the 

canonical secondary structure definitions 

2.2 Assay Design 

To design the PRRSM assay, a library of known RNA-binding ligands was 

selected and a designed training set of small RNA constructs that contained canonical 

RNA secondary structure motifs. Additionally, a solvatochromic fluorophore nucleotide 

mimic, benzofuranyl uridine, was synthesized to label the RNA motifs selectively and a 

fluorescent titration assay was optimized for a range of differential binding. The 

purpose behind the statistical analysis of the fluorescent data was to reveal unbiased 
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clustering of the RNA training set according to the canonical secondary structure 

definitions. In the following sections, the potential choices for the statistical methods will 

be discussed, along with the RNA motif structures and sequences, and aminoglycoside 

receptors for the PRRSM assay. Additionally, the advantages and disadvantages of the 

chosen assay design will be discussed.  

2.2.1 Statistical Methods 

Different statistical methods were initially examined used with previous pattern 

recognition studies.159, 171, 173, 176, 186, 187 LDA is a biased statistical method that classifies 

datasets through predetermined groupings.171, 177 These groups are then discriminated 

based on minimizing overlap when projected onto a linear axis. Since the groups are 

predetermined, the maximal separation of clusters can be increased, allowing for greater 

differentiation. However, LDA has multiple drawbacks as a statistical method, such as 

input bias through group selection and exaggeration of outliers. Therefore, It was 

decided to utilize PCA as the statistical method for PRRSM. 

PCA is a non-biased statistical method, with no groups being delineated prior to 

statistical analysis.178-181 PCA utilizes the inherent variance within a dataset to increase 

data clustering while reducing the dimensionality of the dataset (Figure 2-1).188 

Additionally, since the data is translated through linear combinations, the magnitude of 

influence the original variables on the new axes (principal components) can be 

determined compared to LDA, which must utilize a secondary analytical technique such 
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as multivariate analysis of variance (MANOVA) to quantify the variable effect on the 

LDA clusters. These comparisons allow for identifying correlations that increase or 

decrease clustering through a loading biplot.  For the purposes of PRRSM, PCA has the 

ability to cluster RNA structures using raw fluorescent changes based on receptor 

binding, which can also be used to distinguish similarities across multiple RNA 

structures.  

 

Figure 2-1: Example of PCA, where a 4-dimensional dataset of the physical properties 
of 3 species of iris are shown. When PCA is performed, the dataset dimensionality is 

reduced to 2 dimensions, and clustering of the 3 species is visualized.172 

In order to perform PCA, a covariance matrix is created from a multivariate 

dataset in order to analyze similarities within the variables and to be utilized in future 

equations. Equation 1 is the formula for covariance matrix: 

                                   𝐶𝑛𝑋𝑛 = (𝑐𝑖,𝑗, 𝑐𝑖,𝑗 = 𝑐𝑜𝑣	 𝐷𝑖𝑚𝑖, 𝐷𝑖𝑚𝑗 )                                  (eq. 1) 

where CnXn is the covariance matrix with n row and n columns and Dimi/j are the 

dimensions of the initial variable matrices. Once the covariance matrix has been 



 

 24 

established, the eigenvalues and eigenvectors must be determined. Eigenvectors are 

non-zero vectors that change by a scalar factor (eigenvalue) when a linear 

transformation is applied.179 Utilization of the eigenvectors and eigenvalues allow 

transformation of the dataset into a new principal component space, where the axes are 

dependent on the variance within the original dataset. The highest eigenvector 

corresponds to principal component 1, which is also equivalent to the largest portion of 

variance in the data that can be explained through a single linear axis. Subsequent 

principal components have a decreased percentage of variance. Based on literature, the 

number of principal components that equals 95% of the total variance retained is 

necessary in order to prevent partial or incomplete analysis. Therefore, PCA is able to 

determine important axes that contain the majority of relevant information while 

reducing the number of dimensions necessary to analyze the dataset. Previously, PCA 

has been used through multiple studies to provide insight into important information 

while removing redundant data.178, 179, 181 Based on these considerations, it was decided to 

use PCA as the statistical method with PRRSM. 

2.2.2 Cross Validation 

Although PCA is able to cluster analytes through dimensional reduction, the 

method is unable to determine the predictive power of the assay in order to correctly 

cluster new unknown analytes. Additional statistical methods must be utilized with the 

ability to examine the distance between clusters and determine if clustering is 
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statistically significant and can be used in a predictive assay. Cross validation methods 

are used to analyze models as a way to determine the data fitting, preventing under or 

over fitting bias, as well as provide insight into the model performance. The three 

commonly used cross validation methods are bootstrapping, jackknifing, and leave-one-

out cross validation (LOOCV).189, 190 Bootstrapping statistics resamples a subset of a 

dataset to examine potential bias and variance within the data.190, 191 However, 

bootstrapping usually assumes a normal distribution, which can cause a 

misrepresentation of the data and predictiveness of the assay. To remove the 

assumption of a normal distribution, jackknifing is a viable alternative, which removes a 

subsection of data from the dataset and predicts the analysis for the dataset left in the 

analysis.190, 191Although useful, jackknife methods do not examine both the removed and 

initial dataset, focusing only on the data left in the dataset, which can cause unforeseen 

bias and misinterpreted analyses. Finally, LOOCV is functionally similar to jackknifing, 

but instead of only using the remaining dataset, LOOCV determines the statistical 

differences of a small test subset compared to its original determination if left within the 

entire dataset. For the analysis, LOOCV was determined as the preferred validation 

method, as it is mostly used by pattern recognition assays and provides accurate 

prediction for large datasets. 

Finally, LOOCV was achieved using R-studio with both the carat and klaR 

packages. To begin, data sets analyzed by principal component analysis (PCA) are 
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imported into R-studio. The data is then partitioned into training and validation sets. 

The training set is the data used in Bayesian prediction to recapitulate the experimental 

data. The validation set is data that was removed and externally validated to determine 

the predictive power of the experimental data. The data sets are created utilizing the 

“createDataPartition” function, using the initial data set classified by the name. A 

partition fraction (p) argument is used to randomly separate the data used in the 

training set. Based on literature, 8-fold cross validation was utilized, so p was set to 

0.875, but any partition from 0-1 can be used. The entire process is named “trainIndex” 

in order to quickly import the partition into future computations. After partitioning the 

data, the data sets are named in order to be used easily in future computations. The 

training set is named data_train and is correlated to the first partition (trainIndex), while 

the validation set is the remaining data (-trainIndex) and is named data_test. After 

partitioning, a Naïve Bayes algorithm (NaiveBayes function) is run on the training set to 

create a predictive model. For ease, the Bayesian function was named “model” and the 

only arguments necessary are the classifier, and the data set (data_train). Afterwards the 

validation set was externally validated utilizing the Bayesian model, with the RNA 

motifs as the basis of the prediction. Finally, the data is compiled from the functions 

above and exported as a confusion matrix and the predictive percentage for each motif. 

A predictive power of 100% suggests the validation set is recapitulating PCA clusters as 



 

 27 

if the data was not removed, with a lower percentage signifying a deviation from the 

original PCA plot. 

2.3 RNA Training Set 

To understand the binding patterns between the RNA secondary structures and 

small molecule receptors, a set of well-known RNA secondary structures must be 

designed. Since RNA is highly dynamic, with multiple energetically stable structures, it 

was necessary to rationally design sequences which fold into a singular secondary 

structure and with a reasonably high melting temperature to avoid partially folded RNA 

sequences. Constant stem and hairpin sequences were necessary to remove non-specific 

binding. At the same time, to determine the importance of sequence or secondary 

structure nucleotide size, variable sequences within the RNA secondary structure motifs 

were utilized. Finally, the folding of RNA during solid phase synthesis had the potential 

to prevent complete RNA synthesis, therefore significant examination of the real-time 

folding of RNA sequences was also undertaken.  

2.3.1 RNA Sequence Constraints 

To minimize unexpected structures and increase the stability of the chosen RNA 

structures, a number of constraints applied to all RNA sequences used in the assay were 

chosen. Computational predictions were utilized to determine the physical properties of 

each RNA structure designed. Although the stability of RNA was paramount in the 
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decision of each constraint, efforts were taken to maintain the biological relevance of the 

RNA secondary structure by maintaining motif sizes based on known RNA structures.  

The first constraint examined was the guanine:cytosine (GC) content within the 

RNA sequences. Watson-crick (WC) base pairs are formed through hydrogen bonding 

between the nucleotide basepairs, GC and adenine:uracil (AU). Each hydrogen bond 

within the WC pairs leads to ~2 kcal/mole stabilization energy.192 Therefore, the 

additional third hydrogen bond within GC pairs provides additional stability to RNA 

structures. Human chromosomes have an average GC percentage of 42%, although it is 

known there are GC poor regions called isochores which are important in coding 

sequences.193 Due to these considerations,  a minimum of 50% GC content constraint 

within all designed RNA sequences. Secondarily, the position of GC pairs impacts RNA 

stability. RNA, and DNA, are able to “breath” at the distal end of stem structures 

through equilibration between base paired and single sequence structure (Figure 2-2).81 

Depending on the final base pair ends, the equilibrium can be shifted towards the 

unpaired nts. Thus, at least 1 GC base pair was positioned at the end of all stem 

sequences, both at secondary structure motifs as well as the terminal base pairs. The 

overall effect of these nucleotide constraints allows for an RNA structure with reduced 

potential to form multiple secondary structures. 
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Figure 2-2: Sequence constraints of RNA training set. G:C base pairs were 
positioned at the end of the stem sequences. The remaining sequences were a mixture 

of all nucleotides (N). The overall G:C content was held near 50%. 

Additionally, RNA sequences were designed to have high (greater than 60°C)  

melting temperaturess (Tm) to reduce the potential of partially unfolded structures. 

Higher Tm minimizes unfolding RNA sequences at either room temperature (25°C) or 

biologically relevant temperature (37°C).. Since the PRRSM RNA training set must have 

a single secondary structure, an increased Tm is important to reduce the possibility of 

secondary structure switching. The MFold RNA folding software (version 2.3) allows for 

examination of RNA structures with varied temperature from 0-100°C.194, 195 All of the 

RNA sequences designed were analyzed with Mfold to verify the correct secondary 

structures were formed up to 37°C. It was determined that each structure with a Tm of at 

least 60°C was able to form singular secondary structures, suggesting minimal 

perturbation to the RNA training set at room temperature (25°C) or 37°C.196 
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The final constraint is dependent on the current RNA synthetic difficulties. For 

the PRRSM assay, each RNA sequence needs a specific fluorophore modification site 

with non-native nts, which limits utility of in vitro transcription. Therefore, solid phase 

RNA synthesis can be used, but the solid phase synthesizer has a sequence length 

limited to ~60-70 nts because of exponentially increasing aborted sequences. Higher 

yields of RNA (200-300 nanomoles) are obtained with reduced sequence length (~40 

nts).197 Overall, the RNA sequences were designed to be approximately 30 nts in length, 

which allows for high yielding but stable RNA sequences and structures.  

During synthesis of the RNA sequences, 2-3 sequences were consistently aborted 

prematurely. Through iterative analysis, each sequence was aborted at specific nts, 

suggesting an external issue was preventing complete RNA sequence synthesis. 

Utilizing ETERNA, an online, public RNA folding program that examines structures 

with real-time addition of nts, each sequence tested was found to form highly stable 

hairpin structures before complete synthesis.198 Therefore, single nucleotide 

modifications were changed to minimize highly stable structures during synthesis, and 

these will be discussed in the following sections.198, 199 With these range of constraints, 

structures and sequences with differential secondary structure motif sizes and sequences 

were designed. 
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2.3.2 RNA Training Set Sequence Determination 

RNA training set sequences were designed with the constraints discussed above 

and analyzed with computational prediction methods to examine the physical 

properties of the designed RNA sequences.  RNAStructure was employed to determine 

the most stable structures of RNA sequences with 95% predicted probable structural 

motif formation.200 Each sequence contained a constant stem and hairpin sequence to 

increase stability except for the hairpin training set motifs, which had only a constant 

stem sequence. The variable sequences and number of nts were inserted at the 

secondary structures of interest to increase the diversity of the RNA training set. 

Importantly, the motif sizes designed were similar to known RNA motifs, thereby 

focusing the PRRSM assay on relevant RNA structures.201 As a secondary analysis, MC-

FOLD202 was used to check the RNA sequences, with the correct structure having less 

than -4 kcal/mol Gibbs free energy compared to other predicted structures at 25°C. The 

lower energy suggests each sequence folds into a single, highly stable secondary 

structure. Therefore, the sequences chosen were predicted to form highly  stable 

structures to allow for analysis of specific motifs. 

2.3.2.1 Constant Sequence 

For stability and consistency, a constant sequence was designed. Off-target 

binding of constant sequence sections by the small molecule receptors would be 

effectively removed through PCA analysis because of the redundancy in the fluorescent 
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changes.203 The constant sequence was designed to minimize incorrect structures while 

providing maximum stability to the fully folded structure. Two stem structures were 

designed to flank the secondary structure motifs of 5 to 6 nts in length (Table 2-1). For 

the hairpin structures, the stem sequences were combined into a single stem. Although 

attempts were made to keep the constant sequences consistent with all RNA motif 

libraries, single base pairs had to be changed from G:C to A:U to prevent synthesis 

difficulties. Specifically, an adenine to uracil mutation in the hairpin sequences at 

position 21 (Table 2-2), allowed for complete synthesis of the hairpin sequences. In the 

end, the designed constant sequence was able to consistently fold properly into a range 

of secondary structures with randomized sequences. 

Table 2-1: Constant sequence for RNA training set sequences. Variable 
sequences shown with N random nucleotides. 

 

2.3.2.2 Variable Sequences 

Along with the constant RNA sequences, secondary structure motifs were 

designed with differences in sequence and motif size for a chemically and structurally 

diverse library to test. In our laboratory, Dr. Gary Kapral  examined known secondary 

structure motifs and sequences using the RNA secondary STRucture and statistical 

ANalysis Database (RNA STRAND).201 Examination of the database showed specific 

Secondary Motifs RNA Sequences
Bulge GGACAC NNN CAGAGUACCUCUGGUGUCC

Internal Loop GGACAC NNN CAGAGUACCUCUG NNN GUGUCC

Asymmetric Internal Loop GGACAC NNN CAGAGUACCUCUG NN GUGUCC

Hairpin GGACACUGGACAC NNNN GUGUCCAGUGUCC

Stem GGACAC NNNNNN CAGAGUACCUCUG NNNNNN GUGUCC
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sizes of bulges, hairpins, and internal loops more frequently found within RNA 

structures (Figure 2-3). Hairpin and internal loops motifs are commonly between 3-5 nts, 

while fewer nts are found within bulge structures. Utilizing this information, our motif 

libraries were designed to contain relevant structural sizes currently examined. 

However, it should be noted that while one nt bulges are prevalent motif structures, the 

small secondary structure size is likely to hinder small molecules and thus they were not 

included in this assay. Additionally, it is important to note that these motif structures are 

more stable and therefore more amenable to structure determination compared to larger 

motifs, which may bias the database of 3D structures to smaller motifs.  

 

Figure 2-3: RNA secondary structure motif sizes based on RNA STRAND database. 2-
5 nucleotides are commonly determined structure size motifs within known RNA 

structures. 

 For the 5 canonical RNA motifs, the nucleotide sequences were randomized 

within the RNA motifs and were computationally examined using RNAStructure. A 
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total of 60 sequences (12 sequences per motif) were designed that followed the 

constraints earlier discussed. As a secondary selection step, each sequence was 

computationally analyzed to remove RNA unable to fold into the correct structures. For 

each motif, three sequences were chosen to be synthesized, except for bulges, which had 

four sequences selected. To examine sequence and structural binding differences, two 3-

nucleotide bulges and three 3x3-nucleotide internal loop motifs were chosen with a 

range of sequences.  

Table 2-2: Selected RNA sequences for training set 

 

 It was important to determine if there were any trends in the variable sequences 

in order to prevent bias in the results. Initially, each RNA construct was visually 

analyzed and designed to prevent repeating sequences (same nt order in the variable 
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motif section) within similar RNA secondary structures. However, unintentionally 

biased repeat sequences were possible. Therefore, Dr. Gary Kapral utilized WebLogo 

graphical consensus representation to visualize the randomness within our sequences.204, 

205 WebLogos allow for alignment of RNA sequences, while examining similar nts 

(Figure 2-4). Examination of the WebLogos showed complete consensus in the constant 

RNA sequence regions and little to no trends within the variable sequences. This 

suggests the sequences utilized for the PRRSM assay are diverse and unlikely to have 

inherent bias based on the design of the RNA. 
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Figure 2-4: WebLogo consensus graphs for the RNA training set. A. AIL, B. IL, C. Blg, 
D. Hp, E. Stm. 

2.3.3 Fluorophore Design and Synthesis 

In order to examine site-specific small molecule binding, a fluorescent assay was 

chosen, with a solvatochromic fluorophore incorporated into the RNA secondary 

structures to report on small molecule binding. Initially, the commercially available and 

commonly used 2-aminopurine (2-AP) was examined to be utilized in the PRRSM assay. 



 

 37 

Although useful, 2-AP can pair with either uracil through Watson-Crick  base pairing or 

with cytosine through wobble base pairing , thus reducing its ability to form well-

predicted and singular secondary structures.206   Therefore, after reviewing the literature, 

benzofuranyluridine (BFU) was chosen as the most practical solvatochromic fluorophore 

to incorporate into the RNA motifs of interest. First reported by Srivatsan and 

coworkers, BFU offers native Watson-Crick hydrogen bonding to adenine and the 

additional benzofuranyl group is positioned in the stem major groove to prevent steric 

clashes.207-213 Additionally, BFU offers a higher quantum yield (0.4 vs 0.2 in RNA) and 

longer wavelength emission (422 nm vs 370 nm) than 2-AP, which allows for a reduction 

in the amount of RNA necessary and minimizes small molecule fluorescent 

interference.212 It is important to note that BFU is not commercially available and had to 

be synthesized, which will be discussed later in the chapter.  

The differences in the changes of fluorescence were examined between BFU and 

2-AP by titrating a promiscuous RNA binder, kanamycin, with a well-known, 

biologically relevant RNA structure, the Trans-Activation Response element (TAR) 

(Figure 2-5).48, 124, 132, 214, 215 Kanamycin, 0.1-20µM, was titrated with 200 nM TAR RNA 

modified with either 2-AP or BFU within a 3 nt bulge motif, and the change in 

fluorescence was plotted as a function of kanamycin concentration. It was found under 

these experimental conditions that BFU had increased sensitivity to kanamycin binding, 

indicated through a sharper binding curve. At the same time, the increased quantum 
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yield of BFU allowed a greater signal to noise ratio, reducing the error associated with 

the change in fluorescence, suggesting the BFU fluorophore is able to read out 

RNA:small molecule binding with greater sensitivity than 2-AP. All experiments were 

therefore performed with BFU modified RNA.  

 

Figure 2-5: Comparison of 2-AP (red diamond) and BFU (purple square) 
RNA:kanamycin titration. Kanamycin (0.1-20 µM) was titrated with 200 nM TAR 

RNA. Error bars show the relative standard error for triplicates. Buffer was 10 mM 
NaH2PO4, 25 mM NaCl, 4 mM MgCl2, 0.1 mM EDTA, pH 7.3 at 25°C. Excitation: 322 

nm, emission: 370 nm (2-AP), 455 (BFU). 

The BFU fluorophore phosphoramidite had to be synthesized to be utilized on 

the solid phase synthesizer. All reactions were performed under a nitrogen atmosphere 

passed through drierite absorbents (Fisher Scientific), unless otherwise indicated. 

Reagents and anhydrous solvents (excluding CH2Cl2) were purchased from Glen 

Research, Sigma-Aldrich, Acros, Fisher, ChemImpex, and Oakwood Chemicals and 
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were used as received without further purification. Anhydrous CH2Cl2 was obtained 

using a Pure Solv (Innovative Technology) solvent purification system at Duke 

University. Deuterated chloroform (CDCl3), methanol (CD3OD), dichloromethane 

(CD2Cl2), and dimethyl sulfoxide ([d6]DMSO) for all NMR experiments were purchased 

from Cambridge Isotope Laboratories, and the former was deacidified using potassium 

carbonate prior to use. The RNA construct was fluorescently labeled at the structural 

motif of interest, and changes in the emission intensity at different concentrations of 

ligand were recorded. 

2.3.3.1 Fluorophore Synthetic Scheme 

The following syntheses were performed and optimized by Jordan Forte in the Hargrove 

Laboratory. 
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Scheme 2-1: Overall benzofuranyl uridine synthetic scheme. 

Synthesis of 5-(2-benzofuranyl)-uridine (2) 

Adapted from the Len Laboratory.216 

 

Scheme 2-2: Suzuki Miyauro coupling of 5-iodouridine and benzofuranyl 
boronic acid  

In a microwave vial, 5-iodouridine (1, 260.9 mg, 0.70 mmol), 2-

benzofuranylboronic acid (150.8mg, 0.93 mmol, 1.3 equiv.), and potassium hydroxide 

(81.4 mg, 1.45 mmol, 2.0 equiv.) were dissolved in 4.0 mL degassed water. A solution of 
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Na2PdCl4 (1.0 mL, 0.007 mmol, 0.1 mol%) was added (0.14 M total). The solution was 

stirred under microwave irradiation at 100°C, high absorption, for 1 hour. The solid 

product was cooled, collected by filtration, and rinsed with water, ethyl ether (1 mL), 

and hexanes (5 mL x 3). Crude product was dissolved in a 1:1 MeOH/acetone solution 

and cooled and concentrated under a stream of nitrogen to precipitate out the 

impurities. The solution was filtered, and the organic filtrates were collected and 

concentrated in vacuo, dissolved in ~1 mL water and lyophilized to yield 2 as a white 

solid (190.4 mg, 0.53 mmol, 76%). 1H NMR ([d6]DMSO, 500 MHz, 30°C) δ 11.76 (s, 1H), 

8.84 (s, 1H), 7.62 (dd, 1H, J = 8.0, 0.5 Hz), 7.55 (d, 1H, J = 8.0 Hz), 7.30-7.26 (m, 1H), 7.23-

7.20 (m, 1H), 5.88 (d, 1H, J = 4.5 Hz), 5.46 (d, 1H, J = 5 Hz), 5.35 (t, 1H, J = 4.0 Hz), 5.11 (d, 

1H, J = 5.5 Hz), 4.16 (q, 1H, J = 5.0 Hz), 4.09 (q, 1H, 5.5 Hz), 3.97-3.94 (m, 1H), 3.79 (dt, 1H, 

J = 11.0, 4.0 Hz), 3.67 (dt, 1H, J = 12.0, 3.5 Hz). 13C NMR ([d6]DMSO, 126 MHz) δ 161.0, 

153.7, 150.3, 149.7, 138.0, 129.5, 124.9, 123.7, 121.7, 111.5, 105.4, 104.6, 89.4, 85.3, 75.1, 70.1, 

60.8. HRMS (ESI+) Calculated for C17H17N2O7 - 361.1030; Found - 361.1031 (± 1.2 ppm). 
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Synthesis of 5´,3´-O-Bis(t-butylsilyl)-2´-O-(t-butyldimethylsilyl)-5-(2-benzofuranyl)-

uridine (3)  

Adapted from the Burrows Laboratory.217  

 

Scheme 2-3: 2’, 3’, and 5’ hydroxyl protection of benzofuranyl uridine (2)  

Compound (2) (319.0 mg, 0.88 mmol) was dissolved in anhydrous N,N-

dimethylformamide (DMF, 4.4 mL, 0.2 M) with 3 Å molecular sieves stirring in an ice 

bath under a stream of nitrogen. Di-tert-butylsilyl-bis(trifluoromethansulfonate) ((t-

Bu)2Si(OTf)2) (490 µL, 1.5 mmol, 1.7 equiv.) was added drop-wise over 45 minutes and 

then allowed to react at room temperature for 15 minutes. The solution was diluted 

using 0.3 mL DMF, and an additional (t-Bu)2Si(OTf)2 (50 µL, 0.15 mmol) was added, and 

the reaction proceeded for 20 minutes. The solution was quenched with imidazole (793.0 

mg, 11.6 mmol, 13.0 equiv.) for 10 minutes while stirring. Tert-butyldimethylsilyl 

chloride (572.9 mg, 3.82 mmol, 4.3 equiv.) was added and a reflux condenser was 

attached to the reaction flask. The solution was heated to 60°C and reacted for 1 hour. 

The reaction was cooled on an ice bath and quenched with 5 mL of water. The 
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precipitate was collected by vacuum filtration and washed with a minimal amount of 

chilled (4°C) MeOH. Product in the MeOH filtrate was isolated via silica column flash 

chromatography (86:9:4:1 hexanes:EtOAc:MeOH:TEA). The remaining solid product 

was dissolved in EtOAc and concentrated in vacuo. Both pure products were combined 

to give 3 as a white solid (485.3 mg, 0.75 mmol, 89%).1H NMR (CDCl3, 500 MHz) δ 9.12 

(s, 1H), 8.05 (s, 1H), 7.61 (d, 1H, J = 7.5 Hz), 7.52 (dd, 1H, J = 0.5 Hz), 7.43 (dd, 1H, J = 8.0, 

1.0 Hz), 7.32 (td, 1H, J = 8.5, 1.5 Hz), 7.26 (td, 1H, J = 7.5, 1.0 Hz), 5.88 (s, 1H), 4.65 (dd, 

1H, J = 9.5, 5.0 Hz), 4.38 (d, 1H, J = 4.5 Hz), 4.30 (td, 1H, J = 9.5, 5.0 Hz), 4.21 (dd, 1H, J = 

10.5, 9.0 Hz), 4.09 (dd, 1H, J = 10.0, 4.5 Hz), 1.12 (s, 9H), 1.08 (s, 9H), 0.99 (s, 9H), 0.25 (s, 

3H), 0.20 (s, 3H). 13C NMR (CDCl3, 126 MHz) δ 160.1, 153.9, 148.9, 147.7, 135.0, 129.4, 

125.0, 123.4, 121.7, 110.8, 106.7, 106.3, 93.9, 76.2, 75.8, 75.0, 68.0, 27.8, 27.2, 26.1, 23.2, 20.6, 

18.5, -4.1, -4.8. HRMS (ESI+) Calculated for C31H47N2O7Si2 - 615.2916; Found - 615.2920 (± 

0.6 ppm). 
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Synthesis of 2´-O-(t-butyldimethylsilyl)-5-(2-benzofuranyl)-uridine (4)  

Adapted from the Burrows Laboratory.217  

 

Scheme 2-4: Selective deprotection of 3’, 5’ hydroxyl benzofuranyl uridine (3) 

Anhydrous (3) (171.0 mg, 0.28 mmol) was dissolved in anhydrous CH2Cl2 (1.4 

mL, 0.2 M) in a polypropylene test tube while stirring under a stream of nitrogen in at     

-10°C. A separate solution was prepared by diluting HF-pyridine (36.1 µL, 1.39 mmol, 

5.0 equiv.) with anhydrous pyridine (224 µL) at 0°C in a polypropylene test tube. The 

HF-pyridine solution was slowly added to the CH2Cl2 solution and reacted for 2 hours. 

The solution was then diluted with 1.4 mL CH2Cl2 and quenched with a 2.8 mL of a 

saturated, aqueous Na2CO3 solution, and then allowed to warm up to room temperature 

(25°C). The solution was washed with a saturated aqueous Na2CO3 solution (5 mL), and 

then the organic layer was washed with NaHCO3 (5 mL x 2), and again with a brine 

solution (5 mL x 2). Organic layer was then dried with anhydrous Na2SO4, filtered, and 

dried in vacuo. Crude product was purified with silica column flash chromatography 

(73:24:3 hexanes:EtOAc:MeOH) to yield 4 as a white solid (106.6 mg, 0.22 mmol, 81%). 
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1H NMR (CD3OD, 400 MHz) δ 8.88 (s, 1H), 7.52 (d, 1H, J = 7.2 Hz), 7.48 (d, 1H, J = 8.0 

Hz), 7.32 (s, 1H), 7.23 (td, 1H, J = 8.0, 1.2 Hz), 7.16 (t, 1H, J = 7.6 Hz), 5.78 (d, 1H, J = 4.0 

Hz), 4.39 (t, 1H, J = 4.4 Hz), 4.19 (t, 1H, J = 5.2 Hz), 4.11-4.07 (m, 1H), 3.98 (dd, 1H, J = 

12.4, 2.4 Hz), 3.83 (dd, 1H, J = 12.4, 2.4 Hz), 0.90 (s, 9H), 0.11 (s, 6H). 13C NMR (CD2Cl2, 

126 MHz) δ 160.1, 154.0, 149.6, 148.1, 137.8, 129.3, 124.9, 123.3, 121.5, 110.8, 106.8, 105.8, 

92.7, 85.7, 75.1, 71.0, 62.2, 25.6, 18.1, -4.8, -5.1. HRMS (ESI+) Calculated for C23H31N2O7Si - 

475.1895; Found -475.1896 (± 1.6 ppm). 

Synthesis of 5’-O-(4,4’-Dimethoxytrityl)-2’-O-(t-butyldimethylsilyl)-5-(2-

benzofuranyl)-uridine (5)  

Adapted from the Burrows Laboratory.217  

  

Scheme 2-5: Protection of 5’ hydroxyl with 4,4’ dimethoxytrityl chloride 

Dried (4) (117.1 mg, 0.25 mmol) was dissolved in anhydrous pyridine (2.5 mL, 0.1 

M) while stirring at -10°C under a stream of nitrogen, and 4,4’-dimethoxytrityl chloride 

(7) (430.4 mg, 1.27 mmol, 5.0 equiv.) was added. The solution was then allowed to warm 
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to room temperature and stirred for 6 hours. Solution was quenched with 2 mL MeOH 

and stirred for 5 minutes and dried in vacuo. The solid was dissolved in EtOAc and 

washed with saturated aqueous NaHCO3 (5 mL x 2) and then brine (5 mL x 2). The 

organic layer was dried using anhydrous Na2SO4, filtered, and dried in vacuo. Crude 

product was purified with silica column flash chromatography (50:49:1 

hexanes:EtOAc:TEA) and dried in vacuo to yield 5 as a yellow foam (180.2 mg, 0.23 

mmol, 90%). 1H NMR (CDCl3, 500 MHz) δ 9.60 (br s, 1H), 8.56 (s, 1H), 7.57 (d, 2H, J = 7.5 

Hz), 7.49 (s, 1H), 7.47-7.41 (m, 5H), 7.21 (t, 2H, J = 8.0 Hz), 7.10 (t, 1H, J = 7.0 Hz), 7.05 (t, 

1H, J = 7.5 Hz), 6.84 (t, 1H, J = 7.0 Hz), 6.74-6.70 (m, 4H), 6.22 (d, 1H, J = 5.5 Hz), 5.84 (d, 

1H, 8.0 Hz), 4.60 (t, 1H, J = 5.5 Hz), 4.24-4.20 (m, 1H), 4.17-4.14 (m, 1H), 3.73 (dd, 1H, J = 

10.5, 2.0 Hz), 3.63 (s, 3H), 3.61 (s, 3H), 3.27 (dd, 1H, J = 11.0, 3.0 Hz), 2.73 (br s, 1H), 0.92 

(s, 9H), 0.15 (s, 3H), 0.13 (s, 3H). 13C NMR (CDCl3, 126 MHz) δ 160.1, 158.5, 158.5, 153.4, 

149.5, 147.1, 144.5, 135.7, 135.4, 134.7, 130.1, 130.0, 128.7, 128.1, 127.8, 126.9, 124.0, 122.5, 

120.7, 113.2, 113.1, 110.8, 107.3, 106.1, 87.7, 86.9, 84.0, 75.9, 71.1, 63.2, 55.1, 25.6, 17.9, -4.7, -

5.1. HRMS (ESI+) C44H48N2O9SiNa - 799.3021; Found - 799.3015 (± 0.8 ppm). 
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Synthesis of 5´-O-(4,4´-Dimethoxytrityl)-3´-O-[(2-cyanoethoxy)(N,N-

diisopropylamino) phosphino]-2´-O-(t-butyldimethylsilyl)-5-(2-benzofuranyl)-uridine 

(6)  

Adapted from the Krishnamurthy laboratory.218, 219 

  

Scheme 2-6: Addition of phosphoramidite to 3’ hydroxyl   

To an oven-dried microwave vial purged with argon, anhydrous (6) (150.0 mg, 

0.193 mmol) and 5-ethylthio-1H-tetrazole (16) (35.4 mg, 0.27 mmol, 1.4 equiv.) were 

added sequentially and maintained under argon. The compounds were dissolved using 

anhydrous CH2Cl2 (1.2 mL, 0.16M). Reagent (9) (80 µL, 0.25 mmol, 1.3 equiv.) was then 

added dropwise via syringe. The solution was stirred under microwave irradiation at 

65°C, low absorption, 30 sec prestir, for 1 hour. Solution was concentrated to dryness, 

and purified by silica column flash chromatography (gradient from 10% EtOAc in 

Hexanes + 3% TEA to 80% EtOAc in Hexanes + 3% TEA, loaded using ~2mL CH2Cl2) and 

dried in vacuo to yield 6 as a white solid (176.4 mg, 0.181 mmol, 93%). Both major 
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products observed by TLC were isolated and determined to be diastereomers based on 

identical mass spectral characterization and 13P-NMR chemical shifts characteristic of 

phosphoramidites (150.95 and 148.84 ppm). An H-phosphonate impurity of 2.6% of the 

total yield was observed (8.01 and 7.57 ppm) but is not expected to interfere with the 

solid phase synthesis because it is unable to react with the 5’ hydroxyl group of the 

preceding nucleoside.  Diastereomer 1: 1H NMR (CDCl3, 500 MHz): δ 8.87 (br s, 1H), 8.63 

(s, 1H), 7.60 (d, 2H, J = 7.5 Hz), 7.48-7.43 (m, 6H), 7.23 (t, 2H, J  = 8.0 Hz), 7.12 (t, 1H, J = 

7.0 Hz), 7.03 (t, 1H, J = 7.5 Hz), 6.78 (t, 1H, J = 7.5 H), 6.73 (d, 4H, J = 8.5 Hz), 6.18 (d, 1H, J 

= 6.5 Hz), 5.64 (d, 1H, J = 8.5 Hz), 4.58 (t, 1H, J = 5.5 Hz), 4.17-4.12 (m, 1H), 3.80 (d, 1H, J = 

10.5 Hz), 3.63 (s, 3H), 3.62 (s, 3H), 3.60-3.50 (m, 4H), 3.18 (dd, 1H, J = 11.0, 2.5 Hz), 2.33-

2.21 (m, 2H), 1.18 (d, 6H, J = 6.5 Hz), 1.14 (d, 6H, J = 6.5 Hz), 0.88 (s, 9H), 0.08 (s, 6H). 13C 

NMR (CDCl3, 126 MHz) δ 160.0, 158.5, 153.4, 149.3, 147.3, 144.6, 135.8, 135.4, 135.0, 130.19 

(peak overlap), 130.17, 128.7, 128.3, 127.9, 126.9, 124.0, 122.5, 120.6, 117.2, 113.2, 113.1, 

110.8, 107.1, 105.8, 87.5, 86.9, 84.1, 75.09 (peak overlap), 75.06, 73.0, 72.9, 62.8, 57.5, 57.4, 

55.2, 43.4, 43.3, 25.7, 25.6, 24.74, 24.67, 24.61 (peak overlap), 20.11, 20.05, 18.0, -4.7, -4.9. 

Diastereomer 2: 1H NMR (CDCl3, 400 MHz): δ 8.80 (br s, 1H), 8.56 (s, 1H), 7.55 (d, 2H, J = 

8.4 Hz), 7.44-7.39 (m, 6H), 7.18 (t, 2H, J = 7.6 Hz), 7.10-7.05 (m, 1H), 7.03-6.99 (m, 1H), 

6.79-6.74 (m, 1H), 6.71-6.66 (m, 4H), 6.27 (d, 1H, J = 7.2 Hz), 5.64 (d, 1H, J = 8.4 Hz), 4.62 

(dd, 1H, J = 7.2, 4.4 Hz), 4.22 (s, 1H), 4.10 (dd, 1H, J = 12.8, 4.4 Hz), 4.01-3.93 (m, 1H), 3.92-

3.84 (m, 1H), 3.71 (dd, 1H, J = 11.2, 1.6 Hz), 3.60 (s, 3H), 3.57 (s, 3H), 3.55-3.48 (m, 2H), 
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3.15 (dd, 1H, J = 10.4, 2.4 Hz), 2.74-2.61 (m, 2H), 1.13 (d, 6H, J = 6.8 Hz), 0.90 (d, 6H, J = 6.8 

Hz), 0.87 (s, 9H), 0.07 (d, 6H, J = 4.8 Hz). 13C NMR (CDCl3, 126 MHz) δ 160.0, 158.6, 158.5, 

153.4, 149.7, 147.3, 144.5, 135.6, 135.2, 134.8, 130.13, 130.08, 128.7, 128.2, 128.0, 127.0, 124.0, 

122.6, 120.7, 117.9, 113.31, 113.26, 110.9, 107.4, 105.9, 87.2, 86.6, 84.0, 77.6, 75.8, 72.2, 72.1, 

63.2, 59.2, 59.1, 55.1, 42.9, 42.8, 29.7, 25.8, 24.65, 24.58, 24.5 (peak overlap), 20.6, 20.5, 18.1, 

1.0, -4.50, -4.53, -4.8. Combined Diastereomers: 31P NMR (CDCl3, 162 MHz) δ 150.95, 

148.84; diastereomer 1 corresponds to 150.95 while diastereomer 2 corresponds to 148.84. 

HRMS (ESI+) Calculated for C53H66N4O10PSi 977.4280; Found 977.4299 (± 1.9 ppm). 

2.3.4 Computational Studies 

2.3.4.1 BFU Optimization Placement 

The RNA sequences were further assessed to analyze potential BFU placement 

positions. BFU fluorescence is modulated upon its environment and is decreased when 

in polar solvents.211 Flexible nucleotide positions were expected to allow minimal 

perturbations from small molecule binding to cause greater change in fluorescence 

compared to more stable static nucleotide positions. Computationally, each RNA 

sequence was subjected to the FARFAR algorithm available on the Rosie webserver;220 

this algorithm uses fragment-based assembly to build the 3D RNA structure stepwise, 

with the goal of finding a diverse set of structures with low energies that could represent 

the dynamic ensemble of 3D RNA structures found in solution. Dr. Gary Kapral, a 

former postdoctoral researcher in our laboratory, ran the base FARFAR algorithm with 
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the following conditions: 1) bond length and angle variety; 2) optimized RNA after 

fragment assembly; 3) used a bulge-favorable entropic score term; and 4) the current 

2012 force-field. Monte Carlo simulations were run for 10,000 cycles, producing 1000 

structures, which were then clustered based on RMSD to the lowest energy structure. To 

ensure diversity in 3D structure, the lowest energy structure and exemplars of the next 

19 lowest energy clusters were selected. Studying these structures in the KiNG 

molecular viewer,221 nts in the secondary structure motif region for each of the sixteen 

RNA sequences that were chosen as the RNA training set were identified. Nucleotides 

that were part of the bulge or the loop were compared across each of the 20 RNA 

conformations to assess their predicted dynamics; uracil had highest priority if it was 

present. If the nucleotide was flipped out of the stack in more than 5 of the 20 RNA 

structures (Figure 2-6), Dr. Kapral and I considered it dynamic enough to be a candidate 

for replacement with BFU. This process was repeated for each of the 16 training set 

sequences. 
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Figure 2-6: Three predicted structures of the bulge B sequence. A, B, and C depict the 
RNA backbone in black. The uracil marked for replacement with BFU is in gold. A 

and C show the uracil stacking with the other bulged bases, while B shows it flipped 
into the solvent. 

 

2.3.5 RNA Solid Phase Synthesis 

A solid phase synthesizer was used for synthesis of all RNA sequences and 

allowed for selective modification with the BFU nucleoside (Figure 2-7). Orthogonally 

protected adenosine, guanosine, cytosine, uracil, and BFU phosphoramidite were 

dissolved in anhydrous acetonitrile. Polystyrene columns were used with the first 3’ 

nucleotide attached. For each nucleotide, the 4,4’ dimethoxytrityl group was removed 

with trichloroacetic acid. The next nucleotide was incorporated using a tetrazole 

catalyst. Unreacted 5’ hydroxyl groups are capped with acetic anhydride and N-

methylimidazole dissolved in tetrahydrofuran/pyridine. Finally, the phosphodiester 

bond is oxidized with iodine in pyridine/water mixture, which increases the stability of 
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the RNA sequence. The synthesis is then repeated until the RNA sequence has been fully 

synthesized. 

 

Figure 2-7: Outline of solid phase synthesis cycle. Key: 1. Detritylation; 2. Activation 
and Coupling; 3. Capping; 4. Oxidation, I2; 5. Detritylation; 6. Next cycle; 7. Cleavage 

from solid-phase; 8. Deprotections. 

Purification of the RNA sequences began with cleavage of the RNA off the solid 

phase support and deprotection of the bases of the sequences with 333 µL x3 ammonium 

methylamine for 7.5 minutes and then allowed to incubate for two hours. Afterwards, 

the solutions were dried down using a vacuum concentrator until crystals were formed. 

To deprotect the 2’ hydroxyl group, crystals were dissolved in 115 µL dimethyl 

sulfoxide, 60 µL triethylamine, and 75 µL of triethylamine: hydrogen fluoride (30%) and 

heated for 2.5 hours at 65 °C. After cooling to room temperature, 1.75 mL of quenching 
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buffer (Glen Research) is added to the solutions. Finally, a polydivinylbenzene 4,4’ 

dimethoxytrityl affinity column was used to purify the RNA sequence. The columns are 

pre-conditioned with 0.5 mL acetonitrile and 1 mL 2M triethylammonium acetate 

(TEAA). The RNA sequence solutions are added to the column, washed with 1 mL of a 

1:9 acetonitrile:TEAA solution, 1 mL water, 2 mL trifluoroacetic acid, and 2 mL water. 

Subsequently the RNA is eluted from the column, and the 4,4’ dimethoxytrityl group is 

removed, with 1 mL of 1M ammonium bicarbonate. The RNA is ethanol precipitated 

and is lyophilized to remove any remaining ethanol. The RNA sequences were dissolved 

in phosphate buffer (10 mM NaH2PO4, 25 mM NaCl, 4 mM MgCl2, 0.5 mM EDTA, pH 

7.3), and the concentration was analyzed using a Nanodrop spectrophotometer. The 

purity of the RNA was determined with pre-cast 15% polyacrylamide gel 

electrophoresis (PAGE) run with 1X Tris, borate, and EDTA (TBE) buffer. The gels were 

run with sample at 180 V for ~2 hours. Afterwards, the gel was stained with Diamond 

dye® for 30 minutes. The gel for the 16 RNA training set were shown to contain a single 

band, suggesting the RNA was pure (Figure 2-8).  
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Figure 2-8: 15% PAGE gel run at a constant 180V for ~2 hours in 1X TBE buffer. A.  
The columns from left to right; A) ladder, B) Blg A, C) Blg B, D) Blg C, E) Blg D, F) Hp 
A, G) Hp B, H) Hp C, I) AIL A, J) AIL B, K) AIL C.  A.  The columns from left to right; 

A) ladder, , B) Stm A, C) Stm B, D) Stm C, E) IL A, F) IL B, G) IL C. 

2.4 Aminoglycoside Receptor Library 

Aminoglycosides are arguably the best-known commercially available RNA 

ligands and generally feature a central 2-deoxystreptamine (2-DOS) core decorated with 

one to four amine-rich pyranose or furanose ring structures.129, 137, 155, 157, 214, 222-228 While 

first recognized as antibiotics that target the ribosome, aminoglycosides are now known 

to bind a wide range of RNA structures with dissociation constants as low as 40 

nanomolar (nM).155, 229-234 At the same time, aminoglycoside:RNA selectivity is often 

limited by the largely electrostatic nature of these interactions.32, 235, 236 One of the 
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advantages of pattern recognition, however, is that it does not require highly selective 

interactions but rather differential binding affinities between the analytes and receptors.  

2.4.1 Commercially available Aminoglycosides 

For the initial experiments, 12 inexpensive (less than $1/mg) aminoglycosides 

were purchased with varying substitution patterns of the 2-DOS core and with 

established literature precedent to bind multiple RNA structures with varying affinity 

(Figure 2-9).32, 224, 237-239 Since differential binding of aminoglycosides is advantageous in 

pattern sensing techniques compared to specific, lock and key binding, the use of 

commercially available receptors avoids long and difficult syntheses.167 Although 

specificity is not necessary, reasonable affinity for the receptors are important. 

Generally, receptors with nanomolar (nM) to millimolar (mM) binding affinities have 

been shown in literature to be the most successful.168, 171, 173, 240 Specifically, the 

aminoglycoside receptors chosen have shown dissociation constants with a range of 

RNA structures of approximately 1 micromolar (µM), and therefore were considered 

likely to bind at least one RNA analyte structure.129, 137, 222, 224, 225, 241-244 

The aminoglycoside family of antibiotics utilize similar core and substituents to 

provide affinity to RNA structures. The common structural core of aminoglycosides, 2-

deoxystreptamine (2DOS), provides a ring structure with multiple sites for substituents. 

Commonly, pyranose or furanose saccharide rings are attached to the 2DOS core to 

differentiate aminoglycosides, with both hydroxyl and amino groups added to increase 
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hydrogen bonding. One of the major differences between aminoglycosides is the 

number of rings (ranging from 1 to 4) within each small molecule, modulating the 

molecular weight, hydrogen bonding sites, and the structural complexity of 

aminoglycosides. Along with the 2DOS core, the receptor library included 2, 3, and 4 

ring compounds, bicyclic ring structures, alkyl, and guanidino groups along with the 

traditional hydroxyl and amino groups, providing a diverse aminoglycoside library for 

the PRRSM assay.  
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Figure 2-9: Example of commercially available aminoglycoside receptors used in the 
pattern recognition assay: kanamycin (Kana), 2-deoxystreptamine (2-DOS), 

hygromycin B (Hygro), neomycin (Neom), amikacin (Amik), tobramycin (Tobra), 
apramycin (Apra), neamine (Neam), paromomycin (Paro), dihydrostreptomycin (d-

Strep), streptomycin (Strep), sisomicin (Siso). 

2.4.2 Semi-synthetic Aminoglycosides 

Along with the commercial aminoglycosides purchased for the PRRSM assay, 

two aminoglycosides were modified 

 through simple, exhaustive reactions. There is literature precedence for 

methylation of aminoglycosides by aminoglycoside-resistant bacteria, minimizing 
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aminoglycoside affinity and preventing activity.245-247 Conversely, guanidinylation of 

amino groups of select aminoglycosides, namely paromomycin, kanamycin, and 

streptomycin, has been shown to increase the affinity of these aminoglycosides, likely 

from the increased electrostatics and hydrogen bond donors.248, 249 The overall selectivity 

of the guanidinylated aminoglycosides was minimally affected, showing electrostatic 

interactions have little to no effect on the selectivity of aminoglycosides. 

A small subset of aminoglycoside receptors were modified with either 

methylated or guanidinylated amine groups. Commercially available aminoglycosides 

were modified instead of synthesizing these aminoglycosides from scratch, which would 

have been difficult and time consuming. Unfortunately, the small molecules were 

unable to be exhaustively synthesized for methylated aminoglycosides using methyl 

iodide, even at reflux for six days. The products of the reactions had between 2-6 

additional methyl groups, as monitored by electrospray ionization (ESI) mass 

spectrometry, but did not converge on a single product and therefore was decided not to 

pursue methylated aminoglycosides further. Guanidinylation reactions were more 

successful of paromomycin and kanamycin. Generally, the aminoglycosides were 

reacted over 3 days with Boc-protected trifyl guanidine in basic conditions at room 

temperature (25°C) until a single, exhaustively guanidinylated product was synthesized 

and monitored by ESI mass spectroscopy. Boc deprotection reaction was performed in 
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acidic conditions, allowing for complete removal of all boc protecting groups. The 

synthetic schemes are discussed in greater detail in the next section.248  

2.4.2.1 Synthetic Scheme 

Boc-guanidinylation of Paromomycin (9)   

 

Scheme 2-7: Boc-guanidinylation of paromomycin 

To an oven-dried 5 mL round bottom flask, paromomycin (5 amines, 12 mg, 

0.032 mmol, 1 equiv) was dissolved in water (0.27 mL, 0.02 M) and 1,4-dioxane (1.35 mL, 

0.02 M). While stirring, N,N’-di-Boc-N’’-triflylguanidine (10) (125 mg, 0.32 mmol, 10 

equiv.) was added. After five minutes of stirring, triethylamine (0.05 mL, 0.38 mmol, 12 

equiv.) was added dropwise and the reaction was stirred for three days at room 

temperature (25°C). After 3 days, the mixture was extracted with CH2Cl2 (10 mL x 3) and 

washed with brine (10 mL x 3). The organic layer was dried using anhydrous Na2SO4, 

filtered, and dried in vacuo. The resulting residue was purified by silica column flash 

chromatography (90:10 CH2Cl2, MeOH) and dried in vacuo to yield 11 as a white solid 

(54 mg, 0.0295 mmol, 93%). 1H NMR (CDCl3, 400 MHz): δ 1.49 (s, 90H).  HRMS (ESI+) 
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Calculated for C78H137N15O34 [M+] – 1827.9311 [M+]/2 - 913.9608, Found - 913.9725 (± 0.5 

ppm).  

  

Deprotection of Boc-Guanidinoparomomycin (12) 

 

 

Scheme 2-8: Deprotection of boc-guanidinylated paromomycin 

In an oven-dried 5 mL round bottom flask, 11 (40 mg, 0.021 mmol, 1 equiv.) was 

dissolved ethyl acetate (0.548 mL, 0.04M) and HCl (0.047 mL, 1 M). The solution was 

stirred at room temperature (25°C). After 4 hours, the solution was diluted with toluene 

(3 mL), concentrated in vacuo, and then diluted with water (3 mL). Subsequent 

lyophilization of the water provided 12 as a white solid powder (16.5 mg, 0.0199 mmol, 

95%). HRMS (ESI+) Calculated for C28H55N15O14 [M+] – 826.4111, Found –  825.4101 (± 1.2 

ppm). LCMS showed a single peak at 11.9 min and had a single mass at 864.2 (M+K). 
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Boc-guanidinylation of Kanamycin (14) 

 

Scheme 2-9: Boc-guanidinylation of kanamycin 

To an oven-dried 5 mL round bottom flask, kanamycin (4 amines, 20 mg, 0.041 

mmol, 1 equiv.) was dissolved in water (0.35 mL, 0.02M) and 1,4-dioxane (1.71 mL, 0.02 

M). While stirring, N,N’-di-Boc-N’’-triflylguanidine (10) (129 mg, 0.33 mmol, 8 equiv.) 

was added. After five minutes of stirring, triethylamine (0.065 mL, 0.41 mmol, 10 equiv.) 

was added slowly and the reaction was stirred for three days at room temperature 

(25°C). After 3 days, the mixture was extracted with CHCl2 (10 mL x 3) and washed with 

brine (10 mL x 3). The organic layer was dried using anhydrous Na2SO4, filtered, and 

dried in vacuo. Resulting residues was purified by silica column flash chromatography 

(90:10 CH2Cl2, MeOH) and dried in vacuo to yield 14 as a white solid (53 mg, 0.037 mmol, 

90%). 1H NMR (CDCl3, 400 MHz): δ 1.51 (s, 72H).   HRMS (ESI+) Calculated for 

C62H108N12O27 [M+] – 1453.740 [M+]/2 – 726.8750, Found – 727.3806 (± 1.3 ppm). 
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Deprotection of Boc-Guanidinokanamycin (15) 

 

Scheme 2-10: Deprotection of boc-guanidinlated kanamycin 

In an oven-dried 5 mL round bottom flask, 14 (50 mg, 0.034 mmol, 1 equiv.) was 

dissolved in ethyl acetate (0.86 mL, 0.04M) and HCl (0.074 mL, 1 M). The solution was 

stirred at room temperature (25°C). After 4 hours, the solution was diluted with toluene 

(3.2 mL), concentrated in vacuo, and then diluted with water (4 mL). Subsequent 

lyophilization of the water provided 15 a white solid powder (21.1 mg, 0.032 mmol, 

95%). HRMS (ESI+) Calculated for C22H43N12O11 [M+] – 651.3312, Found – 651.3322 (± 0.7 

ppm). LCMS showed a single peak at 11.7 min and had a major mass of 650.9 (M+H). 

2.4.3 Cheminformatics of Aminoglycoside Library 

 Although the aminoglycoside structures are qualitatively similar, there are 

potential chemical differences that can provide insight into the possible differential 

binding observed in literature of the aminoglycosides to different RNA sequences. 

O

O O

OHO

OH

HN NH

OH

OH

OH H
N

OHHN

HO

NHN

NHN NHN

HN

N

Boc Boc

Boc Boc Boc Boc

Boc

Boc
1M HCl

ethyl acetate
r.t, 4 h 

95%
O

O

O

OHO

OH

HN

NH

OH

OH

HO

NH

OH

HN

HO

H2N
NH NH

H2N

H2N
NH

NH2
HN

14 15



 

 63 

Therefore, it was decided to examine the cheminformatics of the aminoglycosides to 

determine chemical differences and similarities (Table 2-4). Aminoglycoside binding is 

heavily dependent on electrostatic interactions, the HBA/HBD as well as the total charge 

(TC) are generally high (between 6-16 HBA and HBD and a TC of 1-6). Interestingly, the 

reduced number of rotatable bonds suggests a more rigid structure, which is potentially 

entropically important for RNA binding. Finally, the number of oxygen compared to 

nitrogen is consistent with other RNA binding molecules, which follow many of 

Lipinski’s rules, but with statistically significant more nitrogen atoms than Food and 

Drug Administration (FDA) approved drugs.62 Based on the cheminformatics, there are 

some differences in the aminoglycoside receptors, which may provide insight into why 

differential binding is possible between RNA structures.  

Table 2-3: Cheminformatic data for the aminoglycoside receptor library 

 

SM- small molecule, MW- molecular weight, HBA- hydrogen bond acceptor, HBD- 
hydrogen bond donor, LogP- partition coefficient, RotB- rotatable bonds, tPSA- 
topological polar surface area, LogD- distribution coefficient, N- nitrogen, O- oxygen, 
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Fsp3- fraction of sp3 carbons, nstereo- number of stereo, ASA- accessible surface area, 
relPSA- relative polar surface area, TC- total charge. 
 

2.5 Assay Optimization  

After determining the statistical methods to analyze the data, an RNA training 

set with a range of sequences and motifs, and aminoglycosides receptors known to bind 

RNA structures, it was important to examine the assay conditions necessary for the 

differential clustering. Since a solvatochromic fluorophore was previously synthesized 

(BFU), a fluorescence assay was utilized. However, the temperature, buffer, RNA 

concentration, and receptor concentration had to be determined and optimized to 

increase the differential binding of the unique RNA structures and receptors. Incubation 

time of the RNA and small molecules were examined to determine the length of time 

necessary to reach equilibrium. Shaking and centrifugation during the assay were tested 

in order to both minimize error differences and remove air bubbles, which could 

detrimentally affect the assay results. Finally, the order of the RNA, small molecules, 

and buffer were investigated to prevent additional error from being implemented within 

the assay conditions. The final optimization allowed for a rapid throughput assay with 

simultaneous analysis of different RNA analytes and small molecule receptors. 

2.5.1 Assay Conditions 

Initially, the instrument had to be chosen to deliver a rapid throughput and 

sensitive assay. Although a fluorescence spectrophotometer would provide a greater 

accuracy and minimal error, the low throughput of the instrument would be inefficient 
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for studying multiple RNA structures and small molecules interactions.  Therefore, a 

384-well plate was chosen for the assay in order to examine multiple small molecules 

and RNA constructs simultaneously. Additionally, plate reader assays require both low 

volume and concentration, decreasing the necessary material and cost of the assay.  

2.5.2 RNA and Receptor Concentration Determination   

Since RNA is expensive to synthesize, minimal RNA concentrations would be 

optimal for any structural classification assay. Therefore, the fluorescence of differing 

concentrations of TAR-BFU RNA were tested (Figure 2-10) to determine the minimal 

concentration of RNA necessary for a reasonable signal-to-noise ratio. Based on 

Molecular Devices Spectramax i3 plate reader manufacturer guidelines, the instrument 

has the highest sensitivity and accuracy with fluorescence from 3 x 106 to 3 x 107 

(although the dynamic range of the instrument is between 1 x 105 and 1 x 109). It was 

decided to analyze a range of concentrations from 50 nM to 300 nM RNA. Although 300 

nM provided the highest fluorescence, 200 nM RNA concentration was determined to 

have fluorescence within the plate reader’s highest sensitivity range while minimizing 

the RNA concentration necessary.  
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Figure 2-10: Fluorescence spectra of TAR-BFU RNA at 50 nM (blue diamonds), 100 nM 
(red squares), 200 nM (green triangles), and 300 nM (purple circles). The plate reader 
sensitivity is best of fluorescence between 3 x 106 and 3 x 107, therefore 200 nM (green 
triangles) was chosen as the RNA concentration for the PRRSM assay. Excitation 322 

nm, Emission wavelengths from 400-460 nm. 

Next, the concentration of the aminoglycoside receptors was optimized. Pattern 

sensing techniques are based on the differential binding of receptors to analytes, and 

thus sought to identify the range of aminoglycoside concentrations that would provide 

the most information regarding RNA:small molecule interactions and relative binding 

properties.  Excessive receptor concentration, for example, could cause complete or 

multiple analyte binding, and therefore minimal differences in binding would have no 

effect, thus potentially reduce the clustering of the analytes.167, 171, 173, 250 In order to 

optimize the receptor concentrations, a range of concentrations near the dissociation 
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constants (0.1-4 µM) and higher concentrations of 1-500 µM were examined by titrating 

the aminoglycosides with AIL A and Stem A RNA from the RNA training set with the 

help of Dr. Leslie Chang. After the titration, a PCA analysis was conducted to determine 

the clustering of the two RNA structures (Figure 2-11). Although both titrations were 

able to cluster the two RNA sequences, the groupings were significantly different. At 

higher concentrations, PC 2 corresponds to the concentration of the aminoglycosides 

instead of the interactions between the analytes and receptors, likely caused by multiple 

aminoglycoside binding. Therefore, the lower concentrations minimized this type of 

bias, based on binding affinity instead of receptor concentration. Additionally, a reduced 

receptor concentration allows for multiple titration points around the dissociation 

constant to capture the differences in binding between RNA structures.  

 

Figure 2-11: PCA plots of receptor concentrations with AIL A and Stem A RNA 
constructs. A. PCA plot with 0.1-4 µM receptor concentration and B. PCA plot with 1-

500 µM receptor concentration. 
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2.5.3 Buffer Optimization 

The final optimization for the PRRSM assay was to determine the optimal buffer 

conditions for RNA:small molecule recognition. Salt concentration, temperature, and 

buffer composition have been shown to have a large effect on RNA structure and 

binding.251-253 Based on literature, 25 mM NaCl and 4 mM MgCl2 concentration were 

chosen,254 and the assay was initially performed at room temperature. An assortment of 

divalent cations (such as manganese and calcium) can bind RNA and modulate 

secondary structure differentially, therefore 0.1 mM ethylenediaminetertaacetic acid 

(EDTA) was supplemented within the buffer.255-257 Although magnesium will bind 

EDTA, other divalent cations, such as manganese, have tighter binding and will thus be 

prevented from affecting the RNA structures.258  

Buffer composition is important for the fluorescence and solubility of small 

molecules, and a range of buffers have been utilized in RNA:small molecule binding.251, 

252 Therefore, a range of buffer compositions (Hepes, Cacodylate, Tris, Tris-borate-EDTA, 

and phosphate) was tested with 25 mM NaCl, 4 mM MgCl2, 0.1 mM EDTA, and pH 7.3 

at 25°C with 200 nM TAR RNA (Figure 2-12). Hepes and cacodylic buffers, which are 

more organic buffers compared to Tris and phosphate, had lower fluorescence and 

would have necessitated a higher RNA concentration. Tris and TBE had similar results, 

which is unsurprising since the buffers are the same with the exception of borate 

addition within TBE buffer. The phosphate buffer showed the highest fluorescence with 
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the TAR RNA compared to the other buffer systems and was used for all future 

experiments. 

 

Figure 2-12: Fluorescence spectra of 200 nM TAR RNA in 10 mM hepes (orange 
diamond), cacodylic (red square), Tris (green triangle), TBE (purple dash), phosphate 

(blue circle). 

With the buffer optimized, as well as the other assay conditions, the physical 

assay conditions were also analyzed, including incubation times, shaking and/or 

centrifuging the plate, and the order of addition of each solution to the well plate. 

Initially, the order of addition of the small molecule and RNA solutions to the 384-well 

plate was analyzed (Figure 2-13). Through experimentation, it was discovered the 

addition of small molecule followed by RNA provided consistent data with minimal 

error. Addition of the first and second solutions (either small molecule or RNA) was 

reasonably rapid (less than 20 minutes), but the 384 well plate was exposed to light the 
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entire time. It is possible the BFU was undergoing photo-bleaching during the addition 

of small molecule, causing the increase in error, but this was not extensively examined. 

Further exploration will be necessary to correctly determine the cause of this 

observation.   

I began examining the incubation times within the assay.  Time points between 

15-60 minutes all provided inconsistent results, likely because the RNA:small molecule 

binding was unable to reach equilibrium. To expedite the mixing of the RNA and small 

molecules, the plates were shaken for 10 minutes at 100 rotations per minute (rpm), then 

centrifuged for one minute at 3000 rpm to remove air bubbles, and finally incubated in 

the dark from 15-60 minutes in order to reach equilibrium. Higher rpm during shaking 

caused the solutions to splash out of the wells, reducing the volume and causing cross-

contamination between the wells. There was no difference in the fluorescence change in 

all of the incubation time points, suggesting equilibrium was reached by 15 minutes. 

After these steps, the erratic error within the results decreased, likely from the assay 

reaching equilibrium, and therefore I was able to utilize the assay for RNA:small 

molecule interactions studies (Appendix A, Figure 1). 
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Figure 2-13: Flow chart of the PRRSM assay. 

2.6 RNA Clustering Analysis   

After determining and optimizing the assay conditions, I began testing the 

pattern sensing of different RNA secondary structures. The 16 BFU-labeled RNA 

training set sequences were incubated with the 12 commercial aminoglycoside receptors 

from 0.1- 4 µM in a 384-well plate.  The raw fluorescence intensity of each well was used 

as the input for PCA. The five canonical secondary structure motifs were found to be 

clustered into five groups. The successful unbiased clustering of these constructs 

implied that the label itself does not significantly disrupt the predicted RNA structure or 

related topology.  The predictive power of the PCA was calculated using leave-one-out 

cross validation (LOOCV).259 With the 12 commercially available aminoglycosides, the 

PCA plot was 78% predictive for differing motifs. After examining the PCA plot, the 

95% confidence intervals for all of the RNA motifs (except the stem structures) were 

observed to have minimal differences, reducing the predictiveness of the assay overall. 

Based on loading plot analysis, Hygro, Tobra, and Paro were found to bind similarly to 
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all 16 RNA constructs (Figure 2-14). To increase clustering and differentiation, the three 

aminoglycosides were removed from future experiments. 

 

 

Figure 2-14: PCA plot of the RNA training set with all 12 commercially available 
aminoglycosides, with a predictive power of 78%. Paromomycin, tobramycin, and 

hygromycin-B had the least effect on the principal components, and were removed. 

After removing the three receptors, the PCA with the data from the nine 

remaining aminoglycosides increased in predictive power to 87% (Figure 2-15A). Blg 

and AIL 95% confidence intervals in the PCA plot overlapped, reducing the predictive 

power, but the remaining motifs were entirely clustered and were predicted with 100% 

accuracy. It was hypothesized the Blg and AIL RNA structures had similar binding 

modes for the aminoglycoside receptors, therefore aminoglycosides with differential 

binding modes were necessary to cluster the Blg and AIL separately. To increase the 

differentiation and predictive power of the RNA training set, the chemical diversity of 
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our small molecule receptor library was decided to be expanded. The guanidinylated 

aminoglycosides modified previously were analyzed along with the purchased 

aminoglycosides. The RNA training set was assayed with the guanidinylated 

aminoglycosides under identical conditions as described previously. Using LOOCV, 

100% predictive power was achieved with the addition of the guanidinylated 

aminoglycosides (Figure 2-15B).259 The PRRSM assay has been shown to classify RNA 

secondary structures based on small molecule differential binding. This is the first-time 

structural motifs of a bio-macromolecule were analyzed with pattern recognition. 

 

Figure 2-15: A. PCA plot with 9 commercially available aminoglycosides. The 
predictive power is 87%. B. PCA plot with the guanidinylated aminoglycosides 
added, increasing the predictive power of 100%. Ovals indicate 95% confidence 

intervals for each cluster. All titrations were performed in 10 mM NaH2PO4, 25 mM 
NaCl, 4 mM MgCl2, 0.1 mM EDTA, pH 7.3 b buffer, at 25°C from 0-4 µM 

aminoglycoside concentration. 
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2.6.1 Binding Trends and Cheminformatics Analysis of 
Aminoglycosides 

To gain insight into the small molecule properties important for differentiation, 

the PCA factor loadings and cheminformatic parameters of each aminoglycoside were 

compared for potential trends. Factor loadings in a PCA plot reveal which receptors 

contribute the most to the variance explained by each principal component (PC) (Figure 

2-16A). PC 1, for example, relied on the strongest contributions from 2DOS, Neom, 

Neam, and Kana, though all of the aminoglycosides contributed strongly. PC 2 relied on 

the strongest contribution from Strep and d-Strep followed by Siso, while PC 3 

demonstrated positive correlations with G-Paro and G-Kana, followed by Strep and d-

Strep, which all contain guanidine groups. Towards a more detailed analysis, Dr. Gary 

Kapral calculated two-dimensional path-based fingerprints, composed of linear and ring 

substructures of 1-7 atoms, and examined the chemical similarity between pairs of 

aminoglycoside receptors via the Tanimoto method (Figure 2-16B).260, 261 This method 

outputs a Tanimoto coefficient (Tc) where two molecules with a score greater than 0.85 

are generally considered similar.260 Strong similarities were observed between d-Strep 

and Strep, which differ only by an alcohol-to-aldehyde substitution, as well as between 

the two extensively guanidinylated aminoglycosides, G-Paro and G-Kana, (Tc > 0.85). 

The observation that Neam, Kana and Neom, which respectively contain 2, 3, and 4 total 

rings, have similar path-based fingerprints reveals a chemical redundancy in these 

structures that coincides with the similarity of their loading factors for PC1-3. The 
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comparable contribution of these three aminoglycosides to PC1-3 implies that the 

calculated redundancies are reflected experimentally as similarities in RNA binding 

preferences. While Apra was somewhat similar in fingerprint to these aminoglycosides 

(Tc = 0.76-0.84), it shows very distinct contributions to PC1-3, presumably due to a 

difference in binding mode. As Apra is the only aminoglycoside with a bicyclic ring, this 

may highlight the limitations of two-dimensional chemical analyses to represent three-

dimensional interactions.262 Furthermore, calculation of standard cheminformatic 

parameters263 as well as predicted charge did not demonstrate correlations with factor 

loadings except in the case of guanidinylated aminoglycosides. The increased 

guanidinylation of d-Strep, Strep, G-Kana and G-Para, which was reflected in PC 3 

loading factors, led to increased nitrogen number and increased molecular weight but 

similar total charge relative to standard aminoglycosides. The general lack of 

dependence on molecular weight or total charge supports the hypothesis that 

aminoglycoside recognition is more complex than simply size or charge and that three-

dimensional properties must be taken into account. 
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Figure 2-16: A) Loading factors of the aminoglycoside receptors for the first three 
principal components (PCs) of the training set PCA (all PCs available in Table S5-1). 
B) Tanimoto coefficients calculated for the receptor library. A threshold of 0.85 was 

used to determine highly correlated receptors (dark green). 

2.6.2 Analysis of Differentiation within the RNA Structural Motifs 

 The PCA plot of the RNA training set were examined for evidence of structural 

discrimination within each set of secondary structure motifs. As previously mentioned, 

single nucleotide additions and deletions have been shown to strongly influence RNA 

conformations and are also expected to impact topology.20, 22 To begin, all RNA 

constructs were separately labeled on the PCA plot, and both the 95% confidence 

intervals and centroid (average) positions were calculated (Figure 2-17). The bulge, 

asymmetric internal loop, symmetric internal loop and hairpin libraries showed clear 

separation in the centroid values of each RNA construct, though some overlap in the 

respective 95% confidence intervals was also observed. Along PC1, the position of the 

centroid values of 3 bulge constructs and 3 asymmetric loop constructs correlated to the 

size of the secondary structure motif. The less defined clustering of the smaller 2-

nucleotide bulge (Bulge A), seen in its wide 95% confidence interval, precludes analysis 

Amik Apra d-Strep G-Kana G-Paro Kana Neam Neom Siso Strep
2-DOS 0.257 0.321 0.267 0.300 0.284 0.403 0.422 0.375 0.215 0.243

Amik 0.703 0.573 0.523 0.515 0.638 0.594 0.624 0.490 0.588
Apra 0.713 0.626 0.657 0.798 0.762 0.835 0.557 0.653

d-Strep 0.837 0.867 0.615 0.618 0.648 0.454 0.910
G-Kana 0.947 0.744 0.692 0.705 0.469 0.763

G-Paro 0.705 0.674 0.758 0.463 0.791
Kana 0.926 0.931 0.545 0.561

Neam 0.889 0.521 0.563
Neom 0.536 0.591

Siso 0.435

Loading Factors Tanimoto Coefficients
PC 1 PC 2 PC 3

2-DOS 0.948 0.184 -0.177
Amik 0.902 -0.390 -0.108
Apra 0.938 0.064 -0.230
d-Strep 0.823 0.539 0.024
G-Kana 0.876 -0.337 0.155
G-Paro 0.871 -0.020 0.447
Kana 0.948 -0.299 -0.042
Neam 0.949 -0.289 -0.027
Neom 0.949 -0.291 -0.035
Siso 0.869 0.433 -0.001
Strep 0.826 0.539 0.043

A. B.
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and may be due to weaker and thus less-differentiated interactions with the 

aminoglycoside library as compared to the 3- and 4-nucleotide bulge structures. Indeed, 

the strongest changes in signal were observed with 2-DOS and Neam, the two smallest 

receptors. Removal of both 2-DOS and Neam had minimal effect on the overall 

predictive power, though clustering of bulge A becomes tighter and follows the PC 1 

size trend. The internal loop constructs were all the same size (3x3 nts) and separation of 

the centroid values on PC2 followed differences in purine/pyrimidine ratio, i.e. loops 

with more purine nucleobases had rightward centroids. Finally, the hairpin constructs 

were separated on PC2 by both loop size and purine/pyrimidine ratio and will require a 

larger training set to separately evaluate these parameters. Minimal separation was 

observed among stem constructs, which by definition varied only by sequence and 

would be expected to differ least in three-dimensional structure among the motifs, and it 

is known aminoglycosides do not bind RNA helix stem structures unless positioned 

near another secondary structure.222-224, 264, 265 Taken together, the data presented indicate 

that RNA topology and recognition is dependent not only on the identity of the 

secondary structure motif but also on the size (i.e. number of unpaired nts, and/or the 

sequence of that motif).   
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Figure 2-17: PCA plot with individual RNA constructs separately labeled. Open ovals 
indicate 95% confidence intervals while solid circles represent the centroid (average) 
positions. PC1 is generally proportional to size of secondary structure. The IL motifs 
are separated by purine/pyrimidine ratio on PC 1 and PC 2, and the HP constructs are 

separated by both the size and the purine/pyrimidine ratio along PC 2. 

2.7 Conclusion  

This assay has provided the first evidence that RNA-binding small molecules can 

be used as receptors to differentiate and predict canonical RNA secondary structure 

motifs. Using PCA to reduce the dimensionality of the data, this experimental method 

provides insight into both the RNA topological elements and the small molecule ligand 

properties critical to RNA recognition. Specifically, the clustering of basic secondary 

structure motifs implies that the general class definitions generated by the RNA 

Ontology Consortium266 have common topologies that dictate their molecular 

recognition, independent of size and sequence differences. This classification is 

particularly notable between bulges and asymmetric internal loops, which impart 

similar constraints on RNA conformation, presumably due to the availability of 
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noncanonical base pairing between the two sides of the asymmetric loop that can 

effectively mimic a bulge structure.20, 22 The distinct classification of these two motifs in 

our studies implies that these similarities are less influential in small molecule 

recognition. Our studies further lend insight into aminoglycoside:RNA interactions, 

including the observation that differences in total charge and size alone cannot explain 

the differences in binding interactions. Furthermore, the preliminary separations within 

RNA secondary structure classes based on size and sequence suggest a secondary layer 

of complexity in RNA recognition. In summary, these results support shape 

complementarity as a critical component of RNA:small molecule recognition despite the 

dynamic nature of RNA structure. Expansion of this technology to include a wider range 

of RNA structure sizes and sequences as well as a more diverse receptor library is 

expected to reveal further links between RNA topology and molecular recognition as 

well as elements crucial to the development of small molecule RNA probes. 
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3. Impact of Environmental Conditions on PRRSM 

3.1 Introduction 

Currently, it has been demonstrated that RNA secondary structure motifs can be 

distinguished by small molecules with a 10 mM phosphate buffer and 25 mM NaCl, 4 

mM MgCl2, pH 7.4 at 25°C.203 Although all the 5 canonical motifs tested were clustered 

separately, the individual sequences could not be differentiated under these conditions. 

Additionally, it is well known that buffer conditions can affect RNA global structure.267 

It was decided to examine common buffer conditions for RNA structural and folding 

assays to determine the robustness of the PRRSM assay. 

RNA buffer compositions are highly dependent on salt concentrations.138, 252, 268-271 

Mono- and divalent cations, for example, screen repulsion between negatively charged 

phosphates and stabilize three-dimensional structure. Additionally, cations are also 

known to effect small molecule: RNA recognition.149, 272 Electrostatic interactions of small 

molecule to RNA structures provide high affinity, while reducing small molecule 

selectivity to RNA sequences.62, 125, 138, 143, 184, 224, 264, 273-278 Specifically for PRRSM, RNA 

recognition of aminoglycosides is predominantly through electrostatic interactions, and 

can be easily manipulated through perturbation of environmental conditions. Cations 

screen phosphodiester bond electrostatic potential, which reduces aminoglycoside 

affinity. However, salt concentrations vary dramatically between assays and buffers, 

therefore an expansive range of electrostatic conditions have been examined which can 
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modulate small molecule binding to RNA structures.29, 44, 48, 106, 114, 125, 130, 215, 278-280 Therefore, 

the effect of a range of salt concentrations to determine the robustness of the PRRSM 

assay was tested.  

RNA binding assays that mimic cellular compositions allow for more realistic 

RNA:small molecule binding constants. The cellular environment is highly compact and 

viscous, with proteins, RNA, organelles, and biomolecules concentrated together.105, 254 

Mimicking the cellular environment in vitro can be challenging, but researchers have 

discovered the addition of molecular crowding osmolytes such as polyethylene glycol 

(PEG) can create a similar environment as cellular conditions.253 PEG has been shown to 

decrease the stability of RNA secondary structure, while at the same time increasing 

RNA tertiary interaction stability.254, 281 Specifically, it has been suggested that PEG 

interacts with the nucleobases of single stranded RNA, reducing secondary structure 

stability. When the RNA is folded, the surface exclusion from PEG increases the tertiary 

interactions.281  

Along with salt and molecular crowding, the effect of pH, temperature, and 

buffer composition were also examined. The intracellular pH is maintained near neutral 

conditions (~ pH 7), however, a multitude of RNA structures exploit lower pH to fold 

into functionally important structures through protonation of select nts.282-285 

Particularly, RNA structures with Hoogsteen base pairs are prone to fold into 

biologically relevant structures with reduced pH, through protonation of cytosine.286, 287 
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Aminoglycoside protonation states can also be altered at lower pH, and this may shift 

differential binding to unique RNA structures.288 At the same time, temperature can alter 

the stability of RNA structures through partial or complete denaturing of the RNA 

secondary structures. Finally, the buffer ion composition can affect structural and 

folding properties of RNA. For example, Tris-borate counterion has been shown to 

negatively impact the stability of RNA folding.251 Herein, it has been described the 

impact of such environmental conditions on the differentiation of RNA structures by 

using our PRRSM methodology under varying ionic strength, pH, additives and 

temperature conditions. This work was undertaken to provide insight into the 

robustness of the PRRSM assay with multiple buffer conditions while at the same time 

examining the effect of differing buffer conditions on the ability to cluster RNA 

substructures of similar secondary structure motifs.  

3.1.1 Previously Investigated Environmental Conditions 

The initial buffer (Buffer A: 10 mM NaH2PO4, 25 mM NaCl, 4 mM MgCl2, 0.1 mM 

EDTA, pH 7.4 at 25°C) was optimized through determination of both physiological salt 

concentrations and maximal fluorescence output. Phosphate buffers, compared to 

cacodylate and hepes buffer, are less organic and more biologically relevant, although 

small molecule solubility can be reduced in phosphate buffers.289 Importantly, EDTA 

chelator was added to Buffer A to reduce the potential of incorrect RNA structures. At 

the same time, EDTA removes potential divalent cation contaminants through chelation, 
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thus providing consistent buffer conditions and reducing assay error caused by RNA 

degradation. However, this buffer does not allow for unique RNA construct 

classification and did not examine a range of environmental conditions that RNA have 

been tested from literature.286, 290-292 

Therefore, it was decided to examine 10 differing buffer compositions, based on 

previously explored conditions for a range of RNA structures.139, 251, 253, 287, 293, 294 Explicitly, 

a range of pH between 5-8, differing sodium and magnesium concentrations, and buffer 

compositions were examined. At the same time, it was interesting to examine the effect 

on pattern recognition with increased temperatures and addition of osmolytes, which 

are known to modulate RNA structures. Under each set of conditions, aminoglycoside 

titrations were performed with all 16 BFU-labeled RNA constructs in the training set. 

Observed variations in the direction and magnitude of the curves, in addition to select 

biphasic and triphasic character, which may be attributed to the stabilization of different 

RNA conformations by different aminoglycosides and/or multiple aminoglycoside 

binding events. While these characteristics precluded the direct derivation of binding 

constants or trends among the aminoglycoside:RNA binding partners, the complexity of 

the data was well-suited for PCA analysis. LOOCV was used to determine the predictive 

power of the motifs based on the different conditions.189 The predictive power under 

each condition was compared to Buffer A and characterized as either detrimental, which 

reduced RNA substructure predictiveness, minimally affected, which has similar 



 

 84 

predictive power as Buffer A, or beneficial conditions that showed enhanced predictive 

power. Each condition will be discussed below.  

3.2 pH Range Conditions 

Initially experiments were focused on the effects of pH on the PRRSM assay. 

Buffer A utilized a neutral pH of 7.3, where the RNA training set was predicted to fold 

into single RNA secondary structures. However, RNA conformations can be regulated 

through local pH differences, leading to biologically unique functions.29, 44, 46, 48, 117, 125, 244, 253, 

295-301 For example, human metastasis-associated lung adenocarcinoma transcript 1 

(MALAT1) forms a 3’ end triple helix structure, which is hypothesized to decrease the 

degradation of the long non-coding RNA, at pH 6.5 while the triple helix is fully 

stabilized around pH 5.285, 302 At the same time, aminoglycoside protonation can interfere 

with binding to RNA structures.303 Differential binding of aminoglycosides to one RNA 

structure occurs primarily through electrostatic interactions and shape preferences. 

Aminoglycosides can be differentially protonated within pH ranges, yielding an 

increase or decrease in overall charge, and can modulate RNA binding. This effect will 

be discussed in further detail in the subsequent sections. It was decided to examine a pH 

range of 5-10, which has been shown to effect RNA structures and small molecule 

binding.46, 137, 138, 254, 283, 304 In our assay, buffers at pH 9 and 10 both showed significant 

reduction in fluorescence, which corresponded with previous literature.211, 212  Therefore, 

it was determined that the BFU fluorophore was unable to provide reliable results at 
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higher pH ranges. Overall, the pH for Buffer A was modified to pH 5, 6, and 8 in order 

to determine the classification of the 16 RNA training set analytes both in motif 

determination and individual sequence clustering in acidic and near-neutral conditions.  

3.2.1 Low pH Conditions 

The first buffer variable was to lower the pH from 7.3 to 5. It is known that at pH 

5, cytosine N3 is protonated and has the potential to form and stabilize a Hoogsteen base 

pair with guanine, causing the guanine to convert from anti to syn conformation.287 RNA 

protonation changes the electrostatic properties important for aminoglycoside binding 

and reduces aminoglycoside affinity through cation repulsion.244 Partial amine 

protonation of aminoglycosides occurs at neutral pH, while additional amine groups 

become protonated as the pH decreases.288 Dr. Gary Kapral and I computationally 

examined the aminoglycosides receptors to determine the total charge compared to 

literature and determined similar results.288 Additionally, literature has shown that 

although aminoglycoside affinity increases at pH 5, the specificity or differential binding 

of aminoglycosides decreases.288  

The PRRSM assay was tested at pH 5 with the 16 RNA training set constructs 

with the aminoglycosides receptors, followed by PCA using LOOCV for both the 5 motif 

structures and the individual sequences (Figure 3-1). The internal loops and stem motifs 

were clustered separately compared to bulges, asymmetrical internal loops, and hairpin 

structures. It was hypothesized the internal loops were able to form Hoogsteen base 
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pairs, based on higher G:C content within the secondary structure compared to the other 

four motifs, and form stem-like structures. This hypothesis is supported with the similar 

clustering of the IL and stem sequences, suggesting similar aminoglycoside receptor 

binding. The bulge and asymmetrical internal loop constructs were essentially clustered 

together, suggesting similar small molecule binding at lower pH. Minimal structural 

differences caused through RNA nucleotide protonation potentially would allow the 

asymmetrical internal loops to form bulge-like structures and is a possible explanation 

for the similar clustering. The hairpin sequences clustered close to the bulge structures 

as well and suggest the conformations important for aminoglycoside binding between 

the hairpins and bulge structures provide similar fluorescence differences. In addition, 

weaker aminoglycoside binding could have reduced differential binding between the 

different RNA motifs.  Examination of the individual sequences 95% confidence 

intervals showed no separation of the 16 sequences, likely through ablation of 

differential binding or reduced overall binding of the aminoglycosides at reduced pH. 

Interestingly, many of the sequences did not form tight clusters, based on the 95% 

confidence interval ellipses in the PCA plot, which is caused by large differential 

binding of the aminoglycosides to each sequence. However, it should be noted that the 

ellipses are in 2D and do not provide analysis of all principal components. 

Aminoglycoside receptors may bind a wider range of conformations with an increase in 

the electrostatic interactions caused by amine protonation, but additional studies will 
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have to be performed to test that hypothesis. Examining the LOOCV analysis showed a 

marked decrease in the predictive power of both the motif (81.5 %) and individual (19.2 

%) sequence prediction, providing evidence that PRRSM assay is incompatible with pH 

5. The results of these experiments are consistent with existing knowledge regarding 

aminoglycoside:RNA interactions.137, 214, 226, 244, 252 In addition, previous pattern recognition 

experiments have concluded that a wide range of medium-to-high differential binding 

are advantageous for pattern clustering.167 

 

 

Figure 3-1: A. pH 5 PCA plot of the 5 canonical motif structures. B. PCA plot of the 16 
individual RNA training set. Buffer: 10 mM NaH2PO4, 25 mM NaCl, 4 mM MgCl2, 0.1 

mM EDTA, pH 5 at 25°C. 

3.2.2 Near Neutral pH Conditions 

Based on the previous data, it had been shown pH 7.3 was able to cluster the 

motifs as well as minimally classify individual sequence, while pH 5 ablated all RNA 

unique clustering. Therefore, it was decided to analyze weakly acidic (pH 6) and basic 

(pH 8) conditions. Within a cell, localized pH can vary between pH 6-8, allowing a range 
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of RNA conformations important for biologically functions.48, 49, 106, 254, 283, 300-302, 305-308 Thus, 

in vitro assays that have been designed to mimic the biological functions of specific RNA 

constructs commonly use pHs between 6 and 8. Additionally, aminoglycosides are 

protonated similarly within this pH range, minimizing reduction of differential binding 

seen when testing the assay at pH 5. However, it must be stated that the pKa of all 

aminoglycoside amine groups have been difficult to determine, meaning researchers are 

able to determine the protonation of the aminoglycosides, but are unable to 

quantitatively state which amino groups are protonated or neutral.252 Nevertheless, it 

was hypothesized there would be similar results and clustering compared to Buffer A. 

The PRRSM assay was performed at pH 6, followed by analysis through PCA. 

(Figure 3-2). Interestingly, clustering of the five canonical secondary structure motifs 

was similar to Buffer A with 100% predictive power. This data suggests weakly acidic 

pH conditions can be tolerated within the PRRSM assay. Additionally, the individual 

sequence predictiveness was similar, 50.8% compared to 59.5% for Buffer A, providing 

evidence of minimal individual sequence classification within the buffer conditions. It 

should be noted the 8.7% difference in predictive power was statistically different, but 

still provided over 50% prediction of the 16 individual sequences. Additionally, there 

were interesting cluster differences to examine between Buffer A and pH 6 conditions. 

For example, clustering of the Blg constructs in relation to nucleotide size, 2 nt Blg A to 4 

nt Blg D, was enhanced compared to Buffer A. The IL sequences were also determined 
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to cluster differentially and with higher predictive power within these RNA constructs 

compared to Buffer A. Thus, the data implies that lower pH increases differential 

binding of similar bulge and internal loop motif structures. One potential hypothesis is 

an increased cytosine percentage within these structures, which can be partially 

protonated in the slightly acidic conditions and provide a greater array of potential 

conformations for the aminoglycoside receptors to bind. However, both the asymmetric 

internal loops and hairpins have reduced predictive power within the weakly acidic 

conditions, while the stem sequences showed no differences in the buffer conditions. 

This suggests that these constructs recognize aminoglycosides similarly within acidic or 

neutral conditions. These experiments provide evidence on the robustness of the PRRSM 

assay to tolerate slightly acidic conditions in classifying RNA structural motifs with little 

effect on clustering of individual sequences. 

 

Figure 3-2: A. pH 6 PCA plot of the 5 canonical motif structures. B. PCA plot of the 16 
individual RNA training set. Buffer: 10 mM NaH2PO4, 25 mM NaCl, 4 mM MgCl2, 0.1 

mM EDTA, pH 6 at 25°C. 
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All previous experiments have been focused on neutral or slightly acidic 

conditions, and understanding RNA recognition in basic conditions can be useful for a 

range of RNA structures and small molecules binding.55, 89, 165, 309, 310 However, RNA self-

degradation has been shown to increase in basic conditions, with the 2’ hydroxyl group 

being deprotonated, which attacks the phosphodiester bond and results in cleavage 5’ 

hydroxyl group of the subsequent nucleotide, meaning strongly basic conditions are 

unfavored for RNA structures unless in transient conditions.311  

Like the pH 6 buffer, weakly basic conditions showed no effect on the clustering 

of RNA motifs, with 100% predictive power (Figure 3-3). The clustering of the 16 

individual sequences shows small differences compared to acidic and neutral 

conditions. Specifically, the 95% confidence ellipse are clustered tighter compared to pH 

6 buffer. However, there are no overlapping clusters outside of similar motif structures, 

and therefore this suggests within weakly basic conditions the secondary structures are 

differentially bound by the aminoglycosides. At the same time, individual RNA 

sequences cannot be clustered separately within pH 6 or 8, similar to the neutral pH 

conditions. pH 8 is able to predict individual sequences with 49.8% accuracy, which is 

slightly lower than Buffer A but still near 50% predictiveness. Although unable to 

differentiate individual sequences, these experiments demonstrate that common pH 

conditions, between pH 6 and 8, can be utilized within the PRRSM assay. 
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Figure 3-3: A. pH 8 PCA plot of the 5 canonical motif structures. B. PCA plot of the 16 
individual RNA training set. Buffer: 10 mM NaH2PO4, 25 mM NaCl, 4 mM MgCl2, 0.1 

mM EDTA, pH 8 at 25°C. 

3.2.3 Summary of pH exploration 

 RNA structure and small molecule binding can be easily modified in differing 

pH conditions, and thus it was necessary to understand the limitations and robustness 

of the PRRSM assay in the differential binding of the receptors to the RNA training set 

analytes. Ideally, the PRRSM assay would be available within a pH range known to 

encompass relevant RNA conformations, from pH 5-9. At the same time, a reasonable 

range of pH (from pH 6-8) can be utilized within the PRRSM assay, and these conditions 

have similar individual sequence prediction percentage. These experiments were thus 

able to clarify the range of pH conditions available within the PRRSM assay.   

3.3 Salt Concentrations 

The polyanionic phosphate backbone of RNA is important for the overall 

structure and binding propensities within RNA constructs.312-314 Therefore, RNA 

structures can be perturbed with differing concentrations of salt.138, 252, 268-271 Mono- and 
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divalent cations, for example, screen repulsion of the negatively charged phosphates and 

stabilize three-dimensional structure.95, 97, 149, 294 Since the ionic strength of the buffer 

condition has dramatic effects, it is important to understand the ability of the PRRSM 

assay to correctly determine RNA secondary structures within a wide range of salt 

concentrations.  

3.3.1 High Sodium Concentration 

Firstly, the effect of increasing the amount of monovalent sodium cations within 

the buffer conditions was examined. In vitro RNA folding assays have been performed 

in high monovalent cation concentrations up to 1 M Na+, when biological sodium 

concentration is near 10-40 mM, although in vivo potassium concentrations increase 

monovalent salt concentrations closer to 140 mM.254, 315, 316 Buffer A used 25 mM NaCl, 

which falls within the biologically relevant concentration of sodium, but does not 

recapitulate biologically relevant monovalent salt concentrations. Therefore, It was 

decided to increase the sodium salt concentration in order to test the effect on PRRSM 

assay and determine the limits of salt concentration. 

Similar to pH, the PRRSM assay was tested with buffer of 140 mM Na+, a salt 

concentration similar to a phosphate-buffered saline (PBS) buffer (Figure 3-4). The 5 

canonical motifs were clustered all together, with no motifs being clustered separately. 

High sodium concentration screens electrostatic interactions, likely reducing the 

aminoglycoside affinity to all RNA structures, which can be visualized in the raw 
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fluorescent data. The PCA analysis is consistent with the lower affinity, with a predictive 

power of only 58.3%, a 42% reduction compared to Buffer A.  

Examination of the 16 individual sequences shows minimal separation of the 

RNA constructs. Most of the 95% confidence intervals show large clustering, suggesting 

nominal concise patterns for individual sequences and a predictive power of only 10.5%. 

This data supports the hypothesis of minimal aminoglycoside binding with high sodium 

concentration, since all aminoglycosides are binding similarly, and minimal variance 

with no major changes in fluorescence. Therefore, PRRSM is unlikely to classify RNA 

structures within high salt concentrations. Finally, the stem structures, though not 

differentially clustered, are slightly separated from the other sequences. Since all of the 

aminoglycosides showed reduce affinity to the RNA training set, the stem motifs bound 

similarly to the other motifs but had almost no visualized aminoglycoside binding. 

Therefore, increasing monovalent salt concentrations decreases the PRRSM predictive 

power for either motifs or individual sequences. 
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Figure 3-4: A. 140 mM sodium PCA plot of the 5 canonical motif structures. B. PCA 
plot of the 16 individual RNA training set. Buffer: 10 mM NaH2PO4, 140 mM NaCl, 4 

mM MgCl2, 0.1 mM EDTA, pH 7.3 at 25°C. 

3.3.2 Removal of Magnesium  

Magnesium is important for stabilization of RNA secondary and tertiary 

structure, as well as folding.151, 291, 294, 317, 318 Although important for many RNA structures, 

it was decided to test the PRRSM assay without magnesium. Based on the literature, it 

was hypothesized the removal of magnesium would increase predictive power through 

increasing RNA conformations.291, 294, 317 Additionally, magnesium reduces 

aminoglycoside binding through electrostatic screening and may modulate the binding 

patterns of the receptors to individual RNA sequences. 

Removal of the magnesium concentration with the PRRSM assay had no effect 

on the classification of RNA motifs (Figure 3-5). Similar to the neutral pH conditions 

examined above, this data provides evidence of the robustness of the PRRSM assay, and 

its potential as a complementary technique for RNA structural analysis. Although the 

canonical motifs are classified with 100% predictiveness, individual sequences were 
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predicted less than Buffer A, 47.9% compared to 59.5% respectively, and analyzing the 

PCA plot shows significant cluster differences. Internal loop and hairpin constructs had 

significant overlaps. Interestingly, the internal loops constructs were 3x3 nts, with only 

sequence differences. The data suggests the internal loop conformations and/or topology 

in the absence of magnesium were similar. Therefore, PRRSM is able to test RNA 

structure motifs in the absence of magnesium concentrations but does not increase the 

predictive power of individual sequences. 

 

Figure 3-5: A. 0 mM magnesium PCA plot of the 5 canonical motif structures. B. PCA 
plot of the 16 individual RNA training set. Buffer: 10 mM NaH2PO4, 25 mM NaCl, 0.1 

mM EDTA, pH 7.3 at 25°C. 

3.3.3 High Magnesium Concentration 

Additionally, the concentration of magnesium in the PRRSM assay was 

examined. Similar to sodium concentrations, in vitro RNA folding assays have been 

examined up to 10 mM magnesium concentrations, which is significantly higher than 

biologically relevant concentrations (0.5-2 mM).293, 319 It was therefore decided to test a 

common assay concentration of magnesium to determine if PRRSM can still be utilized 
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in the presence of a high excess of magnesium. Initially, Buffer A utilized 4 mM MgCl2, 

which is still high compared to cellular concentrations. Therefore, the magnesium 

concentration was increased to 10 mM, similar to a wide range of previously tested 

assays.293, 319 

The PRRSM assay was tested with the RNA training set with a buffer containing 

10 mM magnesium (Figure 3-6). The 5 canonical motifs 95% confidence ellipses were 

able to be clustered separately. After examining the dataset with LOOCV, it was 

determined 10 mM magnesium buffer system was able to predict RNA motifs with 

100%. LOOCV predictive power of the individual sequences was only 29.2%, 

significantly less than the predictive power of Buffer A. Examining the PCA plot in 

greater detail, the internal loop, bulge and hairpin structures were more closely 

clustered together. This suggested minimal differential binding of the receptors to these 

RNA constructs. Since magnesium increases RNA rigidity, it is possible there is a 

reduction in potential conformations that are able to bind a subset of receptors similarly, 

thus reducing the effectiveness of the PRRSM assay. At the same time, aminoglycoside 

binding could be reduced due to charge screening. Although unable to classify 

individual sequences, PRRSM is still able to analyze a range of RNA secondary 

structures with an increased magnesium concentration.  
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Figure 3-6: A. 10 mM magnesium PCA plot of the 5 canonical motif structures. B. PCA 
plot of the 16 individual RNA training set. Buffer: 10 mM NaH2PO4, 25 mM NaCl, 10 

mM MgCl2, 0.1 mM EDTA, pH 7.3 at 25°C. 

 3.3.4 Salt Concentration Conclusion 

Electrostatic interactions are especially important to RNA based on its 

polyanionic backbone. Conditions that perturb these interactions are able to shift 

conformational ensembles of RNA structures, which can be useful in vivo, allowing for 

multiple functions through a single RNA sequence.320-323 However, most RNA structural 

and binding assays are performed with different salt concentrations.8, 70, 105, 114, 141, 241, 253, 271, 

313, 323-328 Given the importance of electrostatic buffer conditions, the two most common 

salts employed within RNA binding assays, sodium and magnesium, were analyzed. 

Mono- and divalent cations are able to stabilize both secondary and three-dimensional 

RNA structures through reduction of the phosphate electrostatic repulsion. At the same 

time, aminoglycosides are known to bind more weakly in high salt concentrations, most 

likely due to screening of the electrostatic interactions.142  
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The effect on the PRRSM assay in higher salt was examined (sodium and 

magnesium), as well as the removal of magnesium salt from the buffer conditions. 

Initially, it was apparent that the significant increase in sodium ions had a detrimental 

effect on predictiveness of both motif and individual sequences. This is likely due to 

reduced aminoglycoside binding caused by electrostatic interactions screening, which 

was supported by the raw fluorescent data. Thus, the PRRSM assay with the current 

aminoglycoside receptors is unable to classify RNA structures with higher, biologically 

relevant concentrations of sodium salts.254 Expansion of the receptor library to include 

small molecules with diverse binding modes could allow for a greater scope of sodium 

concentrations. Additional experiments are necessary to determine the highest sodium 

concentration available for the PRRSM assay. 

Focusing on differences in magnesium concentration, it was determined the 

predictive power of the motif structures were unaffected within a broad range, 0-10 mM, 

of magnesium, allowing the PRRSM assay to be utilized within these conditions. 

However, the individual sequences were not clustered separately. Therefore, the 

robustness of the PRRSM assay for differing magnesium concentrations within 

biologically relevant concentrations is able to classify secondary structure motifs with 

100% predictiveness.105, 254 

 Probing the individual sequence clustering of all the conditions, there are large 

clustering differences within the RNA secondary structure motifs, especially the bulge 
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RNA constructs. This provides insight into the effect of magnesium on RNA structure 

conformations and how the perturbations are able to effect RNA molecular recognition 

of small molecules. Similarly, guiding principles in RNA recognition can be implied 

through these experiments. At the same time, the PRRSM assay data allows for 

examination into the conformational similarities within the different magnesium 

conditions. Specifically, aminoglycosides bind similarly to bulge and hairpin 

conformations in high magnesium concentrations, while removal of magnesium ablates 

these conformational similarities, forcing aminoglycosides to bind the RNA structures 

based on different conformations. Overall, the aminoglycoside receptors binding in 

differing magnesium concentrations provide interesting insights into RNA: 

aminoglycoside recognition and the potential of the PRRSM assay as a tool to 

understand general small molecule recognition. 

3.4 Temperature and Buffer Composition 

Another major difference between many in vitro and in vivo assays is the 

difference between room temperature (~25°C) and biologically relevant temperature 

(~37°C). The difference in temperature can be important in RNA conformational 

changes, since increased temperature is able to shift the equilibrium between 

energetically similar RNA structures and thus RNA functions. At the same time, 

increased temperature can reduce small molecule binding affinities, increasing the 

difficulties of in vitro binding to be translated into in vivo studies. Since many small 
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molecule RNA binders are weak binders (Kd ~ 1 µM), a reduction in binding can 

dramatically affect the binding properties of these specific small molecules. 

At the same time, the buffer composition chosen can modulate both small 

molecule interactions and RNA structure significantly. Small molecule solubility can be 

severely reduced in a range of biologically relevant buffers, such as phosphate and Tris, 

compared to more organic buffers (hepes or cacodylate). Additionally, buffer 

counterions potentially have detrimental effects on RNA folding through reduced 

tertiary stabilization. For example, Tris-borate ions have been shown to detrimentally 

effect RNA tertiary stabilization and enhance non-biologically relevant structures.251 To 

this end, the PRRSM assay robustness was tested both by increasing the temperature of 

the assay as well by changing the buffer composition. 

3.4.1 Increased Temperature Condition 

Initially, the plate reader temperature was held at room temperature of 25°C, 

which minimizes the potential of RNA thermal denaturing. All of the RNA training set 

sequences Tm’s were calculated above 60°C, where half of the RNA would be 

denatured, but all RNA sequences were predicted to be completely folded at 25°C. 

Although useful for the initial PRRSM experiments, biologically relevant temperature is 

higher at 37°C. Within a cell, the higher temperature increases the flexibility and 

potential conformations of RNA with smaller energy requirements for conformational 

changes.329, 330 Although the RNA training set sequences were computationally examined 



 

 101 

at 37°C and showed no changes in secondary structure motifs, the 3D structures could 

potentially form new conformations that impact receptor binding. It was therefore 

decided to examine the differences in the PRRSM assay at 37°C. 

The initial experiments with increased temperature had shown high errors of 

over 20%. In order to examine this error, a 10 µM fluorescein solutions was used, 

allowing examination of fluorescence with minimal extraneous errors, at 37°C for 3 

hours, scanning the 384 well plate every 15 minutes. It was determined the solutions 

within the wells were evaporating based on visual examination of the well plate after 

removal from the plate reader. Evaporation of the solution reduces the volume, thus 

increasing the fluorophore concentration and the fluorescence detected. However, once 

the volume of solution had sufficiently decreased, the fluorescence began to decrease, 

likely through inaccurate calibration of the distance to the detector or temperature 

dependent photobleaching (Figure 3-7). Control experiments conducted at 25°C showed 

little to no fluorescence change, suggesting photobleaching was not causing the 

fluorescence change. Therefore, in order to obtain consistent data, an optically clear seal 

was attached to the 384 well plate, reducing evaporation of the solution and improving 

the results error to below 5%.  
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Figure 3-7: Fluorescein fluorescence change in 384 well plate at 37°C. 20 µL of 10 µM 
fluorescein was added within each well and was scanned every 15 minutes, 10 

scans/read. Excitation at 490 nm, and emission at 520 nm. Buffer: 10 mM NaH2PO4, 25 
mM NaCl, 4 mM MgCl2, 0.1 mM EDTA, pH 7.3 at 25°C. 

 Utilizing the optically clear seals, the PRRSM assay was able to be performed at 

the increased temperature of 37°C. At the same time, the incubation of the plates was 

increased to 20 minutes to provide time for the plate to reach 37°C. Incubation of the 384 

well plate for longer times (30 and 40 minutes) provided comparable results, therefore 

the minimal incubation time was utilized.  Similar to the ten mM magnesium PCA plot, 

the five canonical motif 95% confidence ellipses were clustered separately (Figure 3-8). 

However, LOOCV prediction was reduced to 86%, and examination of the data 

indicated the bulge and asymmetric internal loops were unable to be predicted correctly. 

Examination of the 3D graph shows slight overlap between the asymmetric internal 

loops and bulge sequences, likely the cause of the reduction in motif predictive power. 
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Interestingly, although the individual sequences were incorrectly predicted at a higher 

percentage than Buffer A (39.6%), increased temperature was better at predicting 

individual sequences than 10 mM magnesium (29.2%). Increased temperature induces 

increased RNA conformations, therefore the PCA plot suggests that higher potential 

conformations are able to increase the differential binding of RNA sequences. 

 

Figure 3-8: A. 37°C PCA plot of the 5 canonical motif structures. B. PCA plot of the 16 
individual RNA training set. Buffer: 10 mM NaH2PO4, 25 mM NaCl, 4 mM MgCl2, 0.1 

mM EDTA, pH 7.3 at 37°C. 

3.4.2 Buffer Composition  

The buffer composition has been shown to have a large effect on the RNA 

folding and structure.89, 95, 148, 251, 331 Buffer counter-ions can modulate RNA conformations, 

either through stabilizing specific conformations or destabilizing biologically important 

structures. For example, Tris-borate buffer destabilizes the bI5 group I intron RNA core 

through conformational collapse and reduces the magnesium dependent folding.251 As 

RNA folding assays utilize a range of buffers, and it would be ideal for techniques to 

tolerate multiple buffers. 



 

 104 

Previously, the fluorescence of BFU modified RNA in an array of buffers were 

examined and determined phosphate buffer provided the highest fluorescent emission. 

However, examination of RNA:small molecule binding within those buffer conditions 

was not completed, as well as the clustering of the secondary structures based on small 

molecule binding. Therefore, it was decided to examine another commonly used buffer. 

Tris buffer is frequently used in RNA assays, and it was decided to examine the PRRSM 

assay utility with a Tris buffer (Figure 3-9). It should be noted that Tris contains a 

primary amine, which has the potential to interact with RNA polyanionic backbone. 

Examining the PCA data from the PRRSM assay, the predictive power of both motif 

structures (100%) and individual sequences (57.1%) were nearly identical to the 

phosphate buffer, Buffer A. PC 1 separations between the stem, bulge, and asymmetric 

internal loops were similar to Buffer A, achieving separation with lower overall variance 

and implies the clusters are spatially closer and would suggest the aminoglycoside 

binding is more similar in the Tris buffer compared to Buffer A, even with similar 

predictive power. The difference in Tris vs phosphate buffers had the potential to affect 

small molecule binding, in the context of the PRRSM assay, RNA secondary structures 

could still be classified. 
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Figure 3-9: A. Tris PCA plot of the 5 canonical motif structures. B. PCA plot of the 16 
individual RNA training set. Buffer: 10 mM Tris, 25 mM NaCl, 0.1 mM EDTA, pH 7.3 

at 25°C. 

3.4.3 Temperature and buffer composition conclusions 

The increase in temperature had a reduction in the predictive power of the 

PRRSM assay for both the motif and individual sequences, while changing the buffer 

composition had comparable predictive power to Buffer A. Although important to 

examine, the differences in Tris vs phosphate buffers was minimal, and these results 

suggest that commonly used buffers can be tolerated within the PRRSM assay. More 

interestingly, the differences in predictive power with 37°C conditions provide insight 

on the importance of conformational flexibility within motif clusters and individual 

sequence classification. 

To minimize evaporation, an optically clear seal was utilized in order to 

accommodate the slight increase in temperature to 37°C. However, although the error 

within the assay was minimized, motif classification was still decreased by this 
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moderate increase in temperature. It is likely the temperature reduced the 

aminoglycoside binding at 37°C, reducing the predictive power of the motif 

classification. Interestingly, increasing magnesium concentration also decreased the 

predictive power of individual sequence classification. As discussed above, magnesium 

decreases potential RNA conformations through complexation of the phosphodiester 

bond, while increasing temperature increases hypothetical conformations. At the same 

time, clustering of the 5 canonical structural motifs suggest increasing magnesium does 

not impede the PRRSM assay, with retention of 100% predictive power compared to 

37°C. This data indicates that conformational structures are minimally important for 

distinguishing secondary structure motifs. Conversely, examination of the 16 individual 

sequences demonstrates a greater importance on RNA conformations. Increasing 

temperature, although overall decreased predictive power, is higher predictive power 

compared to 10 mM magnesium concentration. Therefore, this data implicates increased 

conformational flexibility may have the potential to improve the clustering of individual 

sequences. 

3.5 Polyethylene Glycol Buffers 

Based on the previous experiments, it was hypothesized that greater flexibility 

within the RNA secondary structure has the potential to increase differentiation of the 

RNA training set sequences. Therefore, it was decided to examine buffer conditions 

previously known to destabilize RNA secondary structures.  At the same time, the 
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topological differences between the RNA motifs must be maintained, as shown in Buffer 

A experiments, in order to provide motif predictive power.  

To this end, molecular crowders as potential buffer additives were examined to 

address secondary structure flexibility and topology differentiation. Cellular 

environments are highly compact and viscous with 20-40% molecular crowding.332 

Polyethylene glycol (PEG) has been shown to decrease the stability of RNA secondary 

structure while stabilizing RNA tertiary structure.254, 281 Specifically, it has been 

suggested that PEG interacts with the bases of single stranded RNA, reducing secondary 

structure stability. When the RNA is folded, PEG crowding induces an increase in the 

internal tertiary interactions.281 It was therefore decided to examine the effect of PEG on 

predictive power of the PRRSM assay. 

3.5.1 Polyethylene Glycol Addition 

To begin, a literature search was completed to utilize the correct amount of PEG 

necessary to mimic cellular environment. As lower molecular weight PEG had been 

shown to provide less biologically relevant results, it was decided to use PEG 12,000.254  

Based on literature, 8 mM (100 g/L) PEG 12,000 was found to replicate the viscosity and 

molecular crowding of cells closely.253 For the PRRSM assay, PEG 12,000 was added to 

the buffer and the assay was run similar to previous experiments.  

After the experiments, the predictive power of the individual motifs was 

determined to have decreased slightly to 95%. This analysis suggests, along with the 
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PCA plot, that PEG induces RNA structural changes or reduces receptor differential 

binding between distinct RNA motifs (Figure 3-10A). Indeed, the PCA plot illustrates 

the bulge and asymmetric internal loops were not clustered separately, while the 

internal loops and stems were clustered and predicted without any errors. Interestingly, 

the hairpin motifs are similarly clustered compared to the bulges, but three clusters of 

data points can be visually distinguished within the 95% confidence ellipse. When the 

individual sequences are examined, it becomes clear the three hairpin motifs have 

clustered all separately, and the predictive power for all three sequences is 100% (Figure 

3-10B). This implies that hairpin of different sizes can be classified with PRRSM when 

PEG is added to the buffer. This suggests molecular crowding, similar to biological 

environments, induces conformations within RNA secondary structure motifs that could 

be utilized to distinguish different RNAs for specific binding. This conclusion is further 

supported through the asymmetric internal loop and bulge sequences, which have 

increased separation of the individual sequence clusters. Through this analysis, it 

becomes apparent that highly flexible RNA structures provide better differentiation 

through increased conformational space and small molecule differential binding. 

However, it should be noted that increasing RNA flexibility through reduced 

electrostatic interactions (0 mM magnesium) does not provide increased predictive 

power, likely necessitating a small amount of magnesium to provide differential 

aminoglycoside receptor binding. Addition of PEG, though improving the mimicry of 
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the cellular environment, still has significant differences to in cellulo conditions. 

Particularly, the previous experiments were run at 25°C, while biologically relevant 

temperatures are ~37°C. It was decided to test the addition of temperature with these 

buffer conditions. 

 

Figure 3-10: A. Buffer with PEG PCA plot of the 5 canonical motif structures. B. PCA 
plot of the 16 individual RNA training set. Buffer: 10 mM Tris, 25 mM NaCl, 0.1 mM 

EDTA, 8 mM PEG 12,000, pH 7.3 at 25°C. 

3.5.2 Increased Temperature and Polyethylene Glycol Conditions  

Similar to previous studies with increased temperature, an optically clear cover 

was implemented to minimize evaporation. Additionally, the plates were incubated in 

the dark in the plate reader for 20 minutes to ensure the experiments were heated to 

37°C. Examination of the motif PCA plot and predictive power indicated reduced 

separation. Similar trends of clustering between the motif clusters were observed with 

the PEG buffer at 25°C, suggesting reduction of motif clusters is dependent on the PEG 

effect on the RNA conformations (Figure 3-11A). Conversely, classification of RNA 

individual sequences predictiveness increased to over 70%, an 11% increase in predictive 



 

 110 

power over Buffer A (Figure 3-11B). Most interestingly, the buffer conditions that 

increased predictive power correspond with mimicked cellular crowding.  

Further analysis of the 16 individual sequence PCA plot provided interesting 

qualitative trends compared to buffer with PEG at 25°C. Initially, the hairpin sequences 

are not completely separated, suggesting increased temperature reduces differential 

binding between the three sequences but has a positive correlation with PC 1 and 

nucleotide count within the motif (HP A-4 nt to HP C-6 nt). Additionally, the bulge 

sequences are still distinguished by nucleotide count (Blg A-D), with increasing 

nucleotide count inversely proportional to confidence ellipse range, where larger bulges 

provide tight clusters in the 2D PCA plot.  

 

Figure 3-11: A. Buffer with PEG PCA plot of the 5 canonical motif structures. B. PCA 
plot of the 16 individual RNA training set. Buffer: 10 mM Tris, 25 mM NaCl, 0.1 mM 

EDTA, 8 mM PEG 12,000, pH 7.3 at 37°C. 

3.5.3 Removal of Stem Motifs  

Throughout all PRRSM assays, the stem sequences predictive powers were 

highly reduced, never higher than 10% predictiveness, and likely decrease the overall 
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predictive power of the PRRSM assay. Aminoglycoside small molecules are large and 

cannot conform to either stem groove to offset the steric hindrance with non-covalent 

interactions. Therefore, most aminoglycosides bind near secondary structures, where 

increased RNA flexibility allows for preferred conformation to induce aminoglycoside 

binding.129, 137, 146, 243, 244, 279, 288, 303, 333-335 Aminoglycoside inability to bind RNA stem 

structures is visualized within our assay through minimal fluorescence changes upon 

aminoglycoside titration. However, it should be noted that BFU fluorescence within 

stem motifs compared to secondary structures is diminished through electrostatic and π 

stacking with surrounding nts.211-213 Therefore, the initial fluorescence of the stem motifs 

without aminoglycoside receptors are reduced compared to the other four motifs, which 

can impact the PRRSM assay and PCA plots. Consequently, it is unsurprising the 

current receptor library will be unable to differentiate RNA stem sequences.  

  To determine the effect of the stem motifs on the predictive power of individual 

sequence with PRRSM, the fluorescence data of the three stem sequences was removed, 

followed by running PCA analysis (Figure 3-12). Since a phosphate buffer with PEG at 

37°C produced the highest predictive power of the 16 individual sequences, these 

conditions without the stem motifs were examined. The overall predictive power 

increased an additional 21%, up to 92%, for the remaining 13 sequences. When removing 

the stem motifs from the Buffer A conditions, the predictive power increased to 68%, 

meaning the biologically relevant conditions increased predictive power by 9% over the 
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initial assay conditions. Additionally, removal of the stem motifs within the Buffer A 

experiments did not affect the trends, meaning the differential binding is the major effect 

of clustering and not initial fluorescence differences. Intriguingly, the bulge and 

asymmetric internal loops cluster in a diagonal correlation. Potentially, a subset of 

aminoglycosides have similar binding modes between the bulge and asymmetric 

internal loops, which provides a slight correlation between these two motifs, even 

though the sequences are clustered separately. Although intriguing, PRRSM is unable to 

provide definitive data to support this hypothesis and future experiments will be 

necessary to compare the RNA structures.   

 

Figure 3-12: PCA plot of 13 individual RNA training set without stem motif 
sequences. Overall predictive power is 92%. Buffer: 10 mM Tris, 25 mM NaCl, 0.1 mM 

EDTA, 8 mM PEG 12,000, pH 7.3 at 37°C 

3.5.4 PEG and PEG at 37°C Conclusions 

Through the buffer conditions examined with PRRSM, only one additive was 

determined to increase predictive power. PEG allows for mimicry of cellular 
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environments through molecular crowding and decreased secondary structure 

stabilization. Throughout these experiments, interesting trends and insight into RNA 

interactions within a molecular crowded environment were examined, while at the same 

time understanding the important conditions for the PRRSM assay. Interestingly, the 

data implies structural differentiation within cells may be impacted through 

environmental effects.   

Initial experiments with PRRSM were optimized to increase clustering between 

RNA motifs. Interestingly, to increase individual sequence classification, motif 

predictive power decreased. A compromise between motif classification and individual 

sequence differentiation is imperative. Within PRRSM conditions with PEG additive, a 

slight reduction in unique motif classification allowed for a large increase in separate 

individual sequence clustering.  

At the same time, an increase in temperature in the presence of PEG had 

different effects within two buffer systems. Previously, when Buffer A was increased 

from 25°C to 37°C, the predictive power of motif and individual sequence were both 

reduced ~20%. However, buffer with PEG at 37°C increased by ~6% predictive power 

over the same assay at 25°C, providing conflicting results within the buffer conditions. 

Currently, my hypothesis is that the likely difference is caused through increased 

conformational flexibility with PEG and a stabilization of RNA topology. In Buffer A, 

higher temperature will destabilize the secondary structure, while at the same time 
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modifying the RNA topology. Similar secondary structure destabilization occurs in the 

presence of PEG at 37°C, but it has been previously shown that PEG, and other osmolyte 

molecular crowders, stabilize RNA topology and general RNA 3D structure.105, 281 

Therefore, it is likely in both conditions, the secondary structure is destabilized and can 

sample a wider range of conformations, while the topology is modified in Buffer A and 

maintained in the PEG buffer system. The previous experiments support the importance 

of RNA topology for aminoglycoside differential binding.203 

3.6 Environmental Conditions Conclusions 

These results imply that destabilizing secondary structure increases the 

differentiation of the individual constructs, which suggests that increased 

conformational dynamics are important for distinguishing between RNA structures 

with the same general structural motif (Table 3-1). This observation may be in line with 

RNA:protein interactions, which are often postulated to undergo induced fit binding 

events.336 Further supporting this hypothesis is the observation that increasing 

magnesium concentration, which would be expected to stabilize three-dimensional 

structure, reduces the predictive power for individual structures.  
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Table 3-1: Overall predictive power of different environmental conditions 

 
Predictive power of all 16 individual RNA sequences and the 5 canonical motifs. 

a.  10 mM NaH2PO4, 25 mM NaCl, 4 mM MgCl2, 0.5 mM EDTA, pH 7.3 at 25°C unless 
otherwise stated. b.  10 mM Tris , 25 mM NaCl, 4 mM MgCl2, 0.5 mM EDTA, pH 7.3. c.  
10 mM NaH2PO4, 25 mM NaCl, 4 mM MgCl2, 0.5 mM EDTA, 8 mM PEG 12,000, pH 7.3 
at 25°C or 37°C. Errors indicate the standard deviation of triplicate runs. *Predictive 
power error is 0% based on the standard deviations of triplicate runs.  

 
Aminoglycosides utilize significant electrostatic interactions to increase affinity 

to RNA structures. Aminoglycosides are highly protonated at pH 5, which reduces the 

differentiation of RNA secondary structures. At the same time, protonation of cytosine 

allows for Hoogsteen base pairing and structural changes that can reduce small 

molecule binding. For near neutral pH conditions, there are minimal changes in 

clustering. The slight changes in predictive power within pH 6, 8, and Buffer A are likely 

from perturbations in small molecule binding.  

At the same time, it was determined that removal of magnesium and transition 

from phosphate to Tris buffer did not affect the predictive power of the motif or 

individual sequences. Tris buffer is used extensively in gel electrophoresis experiments, 

especially when complexed with borate ion.251, 321 Comparing phosphate and Tris buffer, 
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there is a minimal difference in the predictive power. Also, removal of magnesium is not 

biologically relevant but is important for many RNA structural buffers, where 

magnesium induces a global conformational change.95, 291, 294, 317, 318, 329, 337, 338 Based on the 

following conditions, it suggests PRRSM is a robust assay, able to predict multiple RNA 

structures within a range of pH (6-8), magnesium concentrations (0-4 mM), and buffer 

compositions (Tris and phosphate). 

In conclusion, it has been demonstrated of the robustness and limitations of the 

original assay as well as to identify conditions under which maximum differentiation of 

individual RNA sequences is achieved. PRRSM retained near 100% predictive power for 

secondary structural classes except in low pH, increased temperature, and high sodium 

concentration, conditions known to affect aminoglycoside affinity and differential 

binding interactions. This observation further reinforces the utility of BFU as a 

chemosensor sensitive to RNA structural changes. Upon addition of PEG, a molecular 

crowding agent known to destabilize RNA secondary structure with minimal change in 

3D topology,136, 253 and at increased temperature, the predictive power of individual 

sequences was high for 13/16 RNA constructs tested. Taken together, this data implies 

that shape-based recognition remains critical for differentiating between RNA structural 

classes and conversely that destabilization of the secondary structure allows 

differentiation of individual sequences, presumably through increased ability for 

induced fit or conformational dynamics. Future directions will test whether these 
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observations can be incorporated into improved small molecule ligands for RNA 

differentiation in biological systems. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 118 

4. External Validation of PRRSM Assay 

4.1 Introduction 

The previous experiments were designed and implemented utilizing 16 RNA 

training set sequences with a single, computationally determined RNA secondary 

structure. Pattern recognition relies on determining unique binding patterns between 

known analytes and the receptor library for future examination of unknown analytes. 

The 16 RNA training set were correctly classified within a range of buffer conditions and 

have shown the ability to cluster unique RNA motif sizes and sequences. Additionally, 

sequence specific clustering was shown to be possible through manipulation of the 

environmental conditions, specifically by destabilizing the secondary structural motifs 

in order to increase the potential conformations. Along with examining the important 

RNA recognition principles, PRRSM has the potential as a complementary technique to 

classify RNA secondary structures. RNA structural determination assays have 

previously been utilized to examine a wide range of RNA structures.44, 47, 65, 66, 70, 71, 79, 80, 97, 

101, 106, 120, 202, 213, 254, 283, 339-344 Previous pattern recognition techniques are able to examine and 

identify unknown analytes, such as red wines and explosives.169, 173, 186, 345, 346 It was 

decided to examine three biologically relevant RNA sequences with known secondary 

structures to test the ability of PRRSM to correctly predict RNA structures. Importantly, 

the sequences, structures, and topology of these RNA were not previously examined 
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with the aminoglycoside receptors in the context of the PRRSM assay, providing insight 

into the ability of pattern recognition to differentially determine RNA structures.  

4.2 Trans-Activation Response Element 

The human immunodeficiency virus (HIV-1) trans-activation response element 

(TAR) is a well-characterized RNA and a therapeutic target due to its role in promoting 

transcription of the HIV genome (Figure 4-1).347-349  TAR binds to the Trans-Activator of 

Transcription (TAT), an 86-101 residue protein, which increases phosphorylation of 

RNA polymerase II, allowing for transcription to proceed.42, 111, 290, 350, 351 TAR-TAT 

binding increases HIV-1 transcription 100 fold, allowing for complete transcription of 

the HIV-1 element. Many researchers are interested in the inhibition of this interaction as 

a potential therapy for treatment of HIV-1.43, 44, 60, 130, 132, 161, 185, 215, 280 Particularly relevant to 

these studies, TAR contains two distinct secondary structure motifs that can bind small 

molecules: a 3 n.t bulge (Blg-TAR) and a 6 n.t. hairpin (Hp-TAR).349, 352 It was therefore 

decided to examine the ability for PRRSM to correctly cluster the secondary structures 

based on the BFU fluorophore modification.  
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Figure 4-1: A) Secondary structures of TAR RNA constructs. The BFU nucleotide 
(light blue star) was inserted at the U25 and G33 positions, respectively. 

4.2.1 Computational Determination of Fluorophore Modification 

TAR RNA structure was determined by RNAStructure. As a secondary analysis, 

MC-FOLD202 was used to check the RNA sequences, with the correct structure having ~-

4 kcal/mol Gibbs free energy compared to any other structures found.  The RNA 

constructs were further assessed using the FARFAR de novo RNA protocol18 to 

determine an ensemble of 20 structures per sequence and identify the most flexible sites 

for BFU nucleoside insertion. This procedure involved taking each RNA sequence and 

subjecting it to the FARFAR algorithm available on the Rosie webserver.220 Dr. Gary 

Kapral ran the base FARFAR algorithm with the following conditions: 1) vary bond 

lengths and angles; 2) optimize the RNA after fragment assembly; 3) use a bulge-

favorable entropic score term; and 4) use the latest (2012) force-field. Monte Carlo 

simulations. Based on flexible nucleotide position, BFU was incorporated at either the 

U25 or G33 position within the bulge or hairpin TAR motif, respectively. Additionally, 
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the ensemble calculated were compared with a previously published TAR ensemble.114 

The ensemble structures calculated were in agreement with the previously determined 

ensemble, providing evidence the selection criteria used are able to obtain relevant 

structures and did not bias the results to biologically irrelevant conformations. 

4.2.2 PRRSM Assay 

To test the ability of the PRRSM assay to cluster non-RNA training set structures, 

two TAR RNA constructs were examined, U25-Blg-TAR and G33-Hp-TAR. Initially, the 

RNA constructs were assayed against the 11 aminoglycoside receptor library with the 

original Buffer A conditions (10 mM NaH2PO4, 25 mM NaCl, 4 mM MgCl2, 0.1 mM 

EDTA, pH 7.3 at 25°C) to examine the potential of differential motif clustering (Figure 4-

2). In order to examine the TAR RNA, the fluorescent data was externally validated from 

the PRRSM RNA training set. To externally validate with the RNA training set, the PCA 

plot was constructed utilizing the RNA training set, and the PCA algorithm determined 

was applied to the TAR RNA data separately. 
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Figure 4-2: Relative fluorescence (F/Fi) of the aminoglycoside receptors titration with 
U25-HP-TAR (A) and G33-Blg-TAR (B). 

Assessing the RNA clustering of the two TAR RNA constructs with PRRSM, the 

PCA plot allows for visualization of the consistent clustering between the TAR RNA 

secondary structures  within the motif confidence intervals (Figure 4-3). Qualitatively, 

the PCA plot suggests PRRSM is able to correctly determine unique secondary 

structures in the prescence of multiple motifs. In order to quantify the PRRSM RNA 

classification, LOOCV was utilized to determine correct RNA determination. PRRSM 

was able to correctly classify the TAR RNA bulge and hairpin structures with 100% 

accuracy. Additionally, the clustering of the TAR RNA structures were examined and 

compared to the individual sequences within the Buffer A conditions and found greater 

than 80% predictiveness for the correct structure size, providing evidence of the 

robustness in RNA structure classification.  
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Figure 4-3: Training set PCA plot along with the external validation of TAR (red and 
yellow). 

4.3 Pre-Queousine 1 Riboswitch  

 Next, I examined the Bacillus subtilis pre-queousine-1 riboswitch (PreQ1-RS), 

which is an important regulator in the queuosine biosynthesis pathway through 

control of downstream queuosine biosynthesis genes.92, 145, 165, 256, 353 PreQ1-RS is a 

small 36 nucleotide (nt) riboswitch with a ~20 nM binding affinity for the pre-

queuosine-1 (PreQ1) ligand. The bound structure of the riboswitch is highly 

compact,94, 145 and was expected to test the limits of BFU chemosensor in the 

PRRSM assay. 

4.3.1 Determination of Fluorophore Modification 

The RNA constructs were assessed using previously determined NMR 3D 

structures provided by the Qi Zhang laboratory to determined uridine nts with minimal 
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steric hindrances for the BFU fluorophore.96, 98 Additionally, the conformational switch 

between the free and bound state allowed for examination of PRRSMs potential to 

classify secondary structures based on ligand binding. I therefore chose sites with either 

complete secondary structure motif change or shift in structure size, from a 6-nucleotide 

hairpin to a 4-nucleotide hairpin for example. To minimize steric interference, Dr. Qi 

Zhang compared each modification site chosen to the known NMR structure and 

interactions. The three uridines where the BFU modification had minimal tertiary 

interactions or steric hindrances were then synthesized through RNA solid phase 

synthesis.  

4.3.2 PRRSM Assay Classification of PreQ1 Riboswitch 

 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 structure 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, creating a smaller hairpin pocket for the PreQ1 ligand (Figure 4-4).92, 353 

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 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. After 
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determining the uridine modification sites, I tested the three RNA constructs in 

the PRRSM assay.  

	

Figure 4-4: A. PreQ1-RS riboswitch secondary structure in the unbound and bound 
state. B. The bound tertiary structure of PreQ1-RS (PDB 2L1V) with sites of BFU 
fluorophore insertion (U9-red, U11-blue, U14- green) and PreQ1 ligand (orange). 

 I utilized both the standard ligand:RNA binding buffer ideal, Buffer A, and the 

same buffer with PEG at 37°C. Under Buffer A, I found that the labeled nts in all 3 

RNA constructs were correctly predicted by the PRRSM assay to be hairpins in 

the absence of PreQ1 ligand. In this analysis, I 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 co-variance within the training set data. 

After defining the motif clusters of the training set, I input the data from the 

PreQ1 RNA 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 3 PreQ1-RS constructs. 

As the BFU fluorophore may cause a shift in the equilibrium of the 
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ligand:riboswitch binding toward the apo state, I hypothesized that a higher 

concentration of ligand may be necessary to induce maximal binding compared to 

literature.353  For all three constructs, it was determined an addition of 1.2 µM 

ligand (six times the concentration of RNA) was necessary for the complete shift 

from the apo to bound state, and this concentration was then utilized for the 

binding experiments. Upon addition of PreQ1 ligand, PreQ1-BFU-9 and PreQ1-

BFU-14 RNA constructs were predicted to adopt the expected secondary structure 

motifs. The PreQ1-BFU-U11 RNA construct did not fall within the 95% confidence 

interval predicted for stem structures by PRRSM but was closely positioned to the 

stem cluster and was thus predicted to be a stem structure through 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.  

4.3.3 Enhanced Buffer Conditions 

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

the hairpin size of the U14 label, could be detected by PRRSM using Buffer B (10 mM 
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NaH2PO4, 25 mM NaCl, 4 mM MgCl2, 0.5 mM EDTA, 8 mM PEG, pH 7.3 at 37°C). It is 

important to note that under Buffer B, individual stem sequences were not well 

differentiated and their inclusion negatively impacted the prediction of other secondary 

structures by PCA.308 As a result, they are not included in the PRSSM analysis with 

Buffer B and therefore I 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 Buffer B. In the unbound state, the 

PreQ1-RS hairpin is larger than the motifs in the training set, and thus both constructs 

were predicted to be the same size as the largest hairpin from the training set (6 nts). 

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 notable, the shift of PreQ1-BFU-14 from a 12-nt hairpin to 

5-nt hairpin in the bound state could be accurately predicted via PRRSM. This data 

underscores 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, this data is consistent with minimal perturbation of 

riboswitch conformations by the BFU label, which was further confirmed by NMR. 

PRRSM was able to classify all preQ1-RS RNA constructs with 100% accuracy, showing 
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the effectiveness of this technique in analyzing riboswitch structural conformational 

changes.  

 

Figure 4-5: 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 
stated. 

4.4 Fluoride Riboswitch  

To further evaluate the generality of the PRRSM assay, I analyzed 

conformational changes in the Bacillus cereus fluoride riboswitch (F-RS) (Figure 4-8A).95, 

100 F-RS regulates gene expression for fluoride toxicity response genes and is widespread 

in bacteria and archaea.354 Specifically, F-RS upregulates the transcription of fluoride 

transporters that facilitate expulsion of fluoride from the cell.354 In the presence of 
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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.95 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.100 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 structure, and 

undergoes a large conformational change upon ligand binding (Figure 4-8B). This 

complex ligand-dependent conformational transition,100 together with a highly compact 

ligand binding pocket,95 makes the F-RS an interesting model for characterizing RNA 

conformational change using PRRSM. Thus, I studied conformational changes of the B. 

cereus F-RS.96 
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Figure 4-6: A. B. cereus fluoride riboswitch in the unbound (F-RS) and bound state (F-
RS +F) 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). 

4.4.1 Determination of Fluorophore Modification 

Similarly to the PreQ1, the structural complexity and compactness of the fluoride 

bound state reduced the effectiveness of the RNAStructure and MC-FOLD software.202 

The Qi Zhang laboratory were able to determine uridine nts with minimal steric 

hindrances for the BFU fluorophore. At the same time, the Zhang laboratory also 

identified a site known to form important tertiary interactions in order to examine the 

effect of BFU modification on tertiary interactions (F-RS-BFU-6). 

4.4.2 PRRSM Assay 

Within the F-RS structure, the Qi Zhang laboratory decided to modify three 

uridine sites (F-RS-BFU-6, -9, and -11) located in the 6 nt-loop hairpin 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 
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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.100 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. The three 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, Buffer A (10 mM NaH2PO4, 25 mM NaCl, 4 mM MgCl2, 0.5 mM EDTA, pH 7.3 at 

25°C).203, 308 Interestingly, F-RS-BFU-6, -9 and -11 in the unbound states were determined 

to be in a hairpin structure even in the presence of magnesium (Figure 4-7). Since the 

magnesium-bound pseudoknot structure of F-RS is meta-stable,98 these results suggest 

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

shifting the conformational equilibrium towards the extended magnesium-free hairpin 

structure96 in the absence of fluoride. I then used saturating conditions of fluoride (10 

mM) to determine the classification of the F-RS bound structures.98 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.100 On the other hand, F-

RS-BFU-9 was successfully classified into the correct folded conformation, and F-RS-

BFU-11 was determined to be folding to a stem structure only ~50% of the time. The F-

RS-BFU-11 modification is positioned at the end of a stem motif in the pseudoknot, 
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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.  

 

Figure 4-7: 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 at the end of a stem and thus may interact differently with 

the aminoglycoside receptors compared to central stem modification. 

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

stem and hairpin training set clusters, I first tested the hypothesis that both the bound 

and unbound states are present and represented. Accordingly, I subjected differing 

ratios of representative stem and hairpin structures to the PRRSM assay. While keeping 

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

were shifted from 100% stem to 100% hairpin in 25% increments. At either 75% stem or 
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hairpin, there is a minimal shift from the 95% confidence intervals of the corresponding 

constructs. When the two constructs are at equal concentrations, the RNA clusters shift 

near stem, hairpin, 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.  

To examine the potential effect of BFU modification on conformational 

equilibrium of the F-RS, Bo Zhao in the Qi Zhang laboratory further carried out 1H 

imino NMR titration studies of all three modified F-RS constructs. Each RNA construct 

was initially titrated with magnesium from 0-5 mM, followed by titration of fluoride 

from 0-5 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. 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 4-8). 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 
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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 pre-folded structure. Upon 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 co-existing 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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Figure 4-8: B. cereus fluoride riboswitch in the bound (A) and unbound state (B). C. 
1D 1H imino NMR of F-RS-BFU-U9 from 0-5 mM magnesium followed by 0-5 mM 

fluoride at 30°C. Titration of magnesium shifted the peaks, suggesting a change of the 
equilibrium. 

4.4.3 Analysis of Aminoglycoside Structural Equilibrium 
Perturbations 

 Given literature evidence that some small molecules can shift the conformational 

equilibrium of RNA,114, 278, 355 I 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 1D 1H imino proton NMR 

measurements, Bo Zhao analyzed the conformations of F-RS-BFU-9 in the presence of 
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two aminoglycosides, apramycin and kanamycin (Figure 4-9). Based on fluorescence 

changes with these aminoglycosides, I expected apramycin, which significantly 

modulates the fluorescence of the F-RS-BFU-9 construct in the bound state, to serve as a 

positive binding control and kanamycin, which showed little fluorescence change across 

the titration, to serve as a negative binding control. The equilibrium of the RNA 

construct characterized by NMR was unaffected by either aminoglycoside receptor at 

10°C or 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.  

 

Figure 4-9: 1D 1H imino proton NMR of F-RS-BFU-U9 (0.1 mM) in the presence of 0.5 
mM apramycin of kanamycin. Upon addition of both receptors showed no change at 

both 10°C and 30°C. Buffer conditions: 10 mM NaH2PO4, 50 mM KCl, and 50 µM 
EDTA, pH 6.4. 
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4.5 Conclusions 

In conclusion, preliminary separations within RNA secondary structure classes 

based on size and sequence suggest a secondary layer of complexity in RNA recognition. 

I have demonstrated the ability of the PRRSM assay to distinguish multiple complex 

RNA structures and examination of 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. 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. Future work will focus 

on transitioning PRRSM to more sophisticated machine-based learning techniques and 

utilizing PRRSM to ascertain classification of RNA tertiary structures.  
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5. Conclusion 
 The PRRSM assay has been developed to analyze RNA secondary structure 

clustering based on small molecule binding. I have been able to determine important 

guiding principles of small molecule binding in the context of RNA structures, 

sequences, dynamics, and environmental conditions. Importantly, the PRRSM assay 

provided evidence that increased secondary structure flexibility increases small 

molecule differential binding. Therefore, the dynamics of RNA structure is an important 

factor in determining binding of small molecules. Additionally, these results are 

consistent with previous NMR studies of RNA:small molecule complexes showing 

unique RNA conformations bind specific small molecules.88, 110, 112, 114, 132 At the same time, 

PRRSM is an orthogonal assay for other RNA structural determination techniques, such 

as SHAPE, that provides not only classification of RNA secondary structures in both 

simple and complex RNA constructs but also illustrates the underlying parameters 

important for small molecule binding.  Although highly successful, there are 

unanswered questions and potential experiments that can be tested in the future to 

allow for a new technique to examine RNA tertiary structure and classifying RNA based 

on its function instead of structure. This would provide a powerful tool for scientists to 

quickly examine known RNA sequences for unique structural of functional properties, 

and reduce the time to discover biologically important RNA. 
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Initial success of the PRRSM assay was achieved with a small subset of RNA 

structures. The RNA training set was designed to examine the most biologically relevant 

RNA motif sizes, ranging from 2-6 nts. PRRSM still has a wide range of motifs 

unexplored with the current RNA training set. Therefore, it is necessary to examine a 

wider range of RNA structures to facilitate clustering and allow analysis of unknown 

structures.  

At the same time, analysis of a greater number of RNA structural motifs will 

increase the complexity of the patterns determined based on receptor binding. Based on 

literature, it is likely a wider range of chemically diverse receptors will be required to 

allow for greater predictive power. To this end, additional projects in the Hargrove 

laboratory have been synthesizing RNA privileged small molecule libraries while, at the 

same time, purchasing commercially available RNA binding small molecules. These 

libraries can be utilized to increase the number and diversity of the current receptor 

library, allowing for complex and distinct patterns for unique RNA structures and 

sequences. 

Examination of the RNA tertiary interactions with current techniques can be 

difficult. PRRSM will be utilized to examine tertiary interaction clustering instead of 

secondary structure motifs. Since tertiary interactions form highly different structure, 

this provides potential unique patterns.22, 356  
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 Determination of RNA function has been challenging because RNA flexibility 

allows one sequence to have multiple functions, as well as fast degradation reduces the 

time to test RNA in biologically assays.26, 46, 87, 118, 342, 344, 357 To mitigate these current 

challenges, I propose to utilize PRRSM to classify RNA based on potential functions. 

Similar to the current assay, a training set of RNA with known function will be 

examined to form initial clusters. Afterwards, RNA with unknown function can be 

assayed and clustered based on the training set. Further experiments can be conducted 

to confirm the PRRSM results. This analysis would reduce the experimental time by 

removing the necessity to assay for multiple potential functions.  

 In conclusion, PRRSM is 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. 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. Future work will focus on investigating conformational switching in other 

disease-relevant RNAs such as the regulatory RNA elements in HIV,131 utilizing PRRSM 

to ascertain classification of RNA tertiary structures, and examination of RNA functional 

classification. PRRSM is a new, useful tool to examine both RNA structure and guiding 

principles of RNA:small molecule interactions with minimal time requirements. 
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Appendix 

 

Appendix Figure 1: Titration of sisomicin with TAR RNA (200 nM). Plate was either 
incubated for 15 minutes (no shake) or shook for 15 minutes followed by 15 minute 
incubation (15 min shaking. Shaking the plate reduced the error and differences in 

points, increasing reproducibility. 

Matrix Assisted Laser Desorption Ionization –Time of Flight (MALDI-TOF)  

 MALDI-TOF was run for all 16 RNA sequences. 1 µL of saturated 3-

hydroxypicolinic acid (3HPA) is placed on a gold MALDI plate and allowed to air dry 

for 5 minutes. Separately, 1 µL of 100 mM ammonium citrate was added to 1 µL of 200 

µM RNA. When the 3HPA is dry, 1 µL of ammonium citrate: RNA solution was added 

to the plate and allowed to air dry. The plate was inserted into PerSeptive Biosystems 

Voyager DE-Pro spectrometer in negative-ion, delayed-extraction mode.  
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   Stem A.                       Stem B. 

 
Stem A: Calculated MW: 11536.7 [M-H]+ found: 11536.42 
Stem B: Calculated MW: 11666.73 [M-H]+ found: 11665.42 
   Stem C.        AIL A. 

  
Stem C: Calculated MW: 11634.71 [M-H]+ found: 11634.48 
AIL A: Calculated MW: 12192.4 [M-H]+ found: 12191.95 

 
     AIL B.       AIL C. 

  
AIL B: Calculated MW: 12540.6 [M-H]+ found: 12538.86 
AIL C: Calculated MW: 12441.33 [M-H]+ found: 12440.57 
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  Bulge A.       Bulge B. 

 
Bulge A: Calculated MW: 11517.73 [M-H]+ found: 11518 
Bulge B: Calculated MW: 11843.23 [M-H]+ found: 11844.89 
    
Bulge C.       Bulge D. 

  
Bulge C: Calculated MW: 11883.2 [M-H]+ found: 11884.62 
Bulge D: Calculated MW: 12238.4 [M-H]+ found: 12239.08 
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IL A.          IL B. 

  
IL A Calculated MW: 12931.78 [M-H]+ found: 12930.87 
IL B: Calculated MW: 12836.53 [M-H]+ found: 12836.27 
      IL C.     HP A. 

  
IL C: Calculated MW: 12687.77 [M-H]+ found: 12687.37 
HP A: Calculated MW: 10.561.23 [M-H]+ found: 10560.10 
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   HP B.       HP C. 

   
HP B: Calculated MW: 10895.71 [M-H]+ found: 10896.57 
HP C: Calculated MW: 11227.63 [M-H]+ found: 11228.34 
 
Appendix Figure 2: MALDI-TOF spectras for the 16 RNA training set. For each 

RNA, the calculated and experimental molecular weight (MW) are shown. Additional 
peaks in the speactra abover were also seen in the control MALDI-TOF spectrum. 

A.                               B. 

 
 C.                               D. 
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E.                               F. 

 
G.                               H. 

 
I.                               J. 

 
K.                               L. 

 
M.               N. 
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O.              P. 

 
Appendix Figure 3: Trityl logs from the solid phase synthesis of the RNA 

training set constructs. A) AIL A, B) AIL B, C) AIL C, D) Bulge A, E) Bulge B, F) Bulge 
C, G) Bulge D, H) HP A, I) HP B, J) HP C, K) IL A, L) IL B, M) IL C, N) Stem A, O) 
Stem B, P) Stem C. 

Samples prepared for NMR spectroscopy were initially exchanged to water, and 

subsequently exchanged to 10 mM sodium phosphate (pH 6.4), 50 mM KCl, and 50 µM 

EDTA. All NMR spectra were collected on a Bruker Avance III 500 and 600 spectrometer 

equipped with 5 mm triple-resonance QCI and TCI cryogenic probes, respectively. 1H 

NMR imino proton spectra were recorded in H2O at 10°C and 30°C. Magnesium chloride 

was titrated directly into the NMR samples of the BFU fluoride riboswitches in ratios to 

RNA indicated in the corresponding figure. Upon addition of magnesium to saturating 

conditions (5 mM) at the final magnesium titration point, sodium fluoride was titrated 

into the same sample at the ratios indicated in the corresponding figure. Pre-queuosine1 

was added directly into the NMR samples of BFU modified preQ1-I riboswitches to the 

ratios indicated in the corresponding figure.  
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Appendix Figure 4: NMR titration of BFU U9 modified Preq1 riboswitch. 
Titration of PreQ1 (0, 50, 100, 200, and 400 µM) was performed Addition of Preq1 

ligand showed binding to the riboswitch at both 10 or 30°C. 

 

Appendix Figure 5: NMR titration of BFU U11 modified Preq1 riboswitch. 
Titration of PreQ1 (0, 50, 100, 200, and 400 µM) was performed Addition of Preq1 

ligand showed binding to the riboswitch at both 10 or 30°C. 
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Appendix Figure 6: NMR titration of BFU U14 modified Preq1 riboswitch. 
Titration of PreQ1 (0, 50, 100, 200, and 400 µM) was performed Addition of Preq1 
ligand showed binding to the riboswitch at both 10 or 30°C. 

 
Appendix Figure 7: NMR titration unmodified Preq1 riboswitch. Titration of 

PreQ1 (0, 50, 100, 200, and 400 µM) was performed Addition of Preq1 ligand showed 
binding to the riboswitch at both 10 or 30°C. 
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Appendix Figure 8: NMR titration of BFU U6 modified fluoride riboswitch. 
Titration of magnesium (0, 50, 100, 200, 400, 800, 1600, and 5000 µM) was performed 
first, followed by addition of fluoride (same titration concentrations as magnesium. 
Addition of magnesium and fluoride did not show any change in the NMR peaks, 

suggesting no binding of magnesium or fluoride by the BFU U6 fluoride riboswitch 
at either 10 or 30°C. 
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Appendix Figure 9: NMR titration of BFU U9 modified fluoride riboswitch. 

Titration of magnesium (0, 50, 100, 200, 400, 800, 1600, and 5000 µM) was performed 
first, followed by addition of fluoride (same titration concentrations as magnesium. 
Addition of magnesium and fluoride did not show any change in the NMR peaks, 

suggesting no binding of magnesium or fluoride by the BFU U6 fluoride riboswitch 
at either 10 or 30°C. 
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Appendix Figure 10. NMR titration of BFU U11 modified fluoride riboswitch. 

Titration of magnesium (0, 50, 100, 200, 400, 800, 1600, and 5000 µM) was performed 
first, followed by addition of fluoride (same titration concentrations as magnesium. 
Addition of magnesium and fluoride did not show any change in the NMR peaks, 

suggesting no binding of magnesium or fluoride by the BFU U6 fluoride riboswitch 
at either 10 or 30°C. 
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Appendix Figure 11: NMR titration of unmodified fluoride riboswitch. 

Titration of magnesium (0, 50, 100, 200, 400, 800, 1600, and 5000 µM) was performed 
first, followed by addition of fluoride (same titration concentrations as magnesium. 
Addition of magnesium and fluoride did not show any change in the NMR peaks, 

suggesting no binding of magnesium or fluoride by the BFU U6 fluoride riboswitch 
at either 10 or 30°C. 
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