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Abstract

The implication of RNA in multiple cellular processes beyond protein coding has revitalized 

interest in the development of small molecules for therapeutically targeting RNA and for further 

probing its cellular biology. However, the process of rationally designing such small molecule 

probes is hampered by the paucity of information about fundamental molecular recognition 

principles of RNA. In this Review, we summarize two important and often underappreciated 

aspects of RNA–small molecule recognition: RNA conformational dynamics and the biophysical 

properties of interactions of small molecules with RNA, specifically thermodynamics and kinetics. 

While conformational flexibility is often said to impede RNA ligand development, the ability of 

small molecules to influence the RNA conformational landscape can have a significant effect on 

the cellular functions of RNA. An analysis of the conformational landscape of RNA and the 

interactions of individual conformations with ligands can thus guide the development of new small 

molecule probes, which needs to be investigated further. Additionally, while it is common practice 

to quantify the binding affinities (Ka or Kd) of small molecules for biomacromolecules as a 

measure of their activity, further biophysical characterization of their interaction can provide a 

deeper understanding. Studies that focus on the thermodynamic and kinetic parameters for 

interaction between RNA and ligands are next discussed. Finally, this Review provides the reader 

with a perspective on how such in-depth analysis of biophysical characteristics of the interaction 

of RNA and small molecules can impact our understanding of these interactions and how they will 

benefit the future design of small molecule probes.
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Previously considered to act mainly as a messenger, RNA has received a growing level of 

attention in recent years as evidence of its direct participation in cellular processes continues 

to accumulate.1–3 In addition to the well-characterized rRNA, tRNA, microRNAs, and other 

small silencing RNAs, several other noncoding transcripts that directly participate in the 

progression of various cancers, cardiovascular disease, and neurological disorders have been 

discovered.4–9 Furthermore, many bacterial and viral diseases extensively rely on RNA-

mediated processes for survival and proliferation.10–13 Disease-mediating RNAs thus offer 

an opportunity to develop therapies for challenging diseases such as prostate cancer, breast 

cancer, myotonic dystrophies, Huntington’s disease, HIV/AIDS, etc. As a result, there has 

been an increased level of interest in targeting RNA with druglike small molecules.14–19

Notwithstanding a few promising examples, the path toward fully harnessing the therapeutic 

potential of RNA with small molecules remains arduous.14,20,21 A major challenge is the 

limited understanding of the principles underlying the recognition of RNA by its cellular 

binding partners.22–26 Because these recognition events are ultimately responsible for RNA 

function, the paucity of biophysical information in this area has hampered efforts to design 

small molecules to modulate RNA function. A similar lack of complete biophysical 

characterization is apparent for the small molecules that have been shown to interact with 

RNA, because these complexes are rarely evaluated beyond the measurement of the 

equilibrium dissociation constant (Kd). Overemphasis on quantifying the binding efficiency 

in terms of Kd may preclude the potential benefits of a broader characterization process that 

includes consideration of the small molecule modulation of RNA dynamics as well as the 

detailed study of other thermodynamic and kinetic properties of RNA–small molecule 

interactions. As evidenced by studies that use these techniques, some which are discussed 

below, such analyses are likely to provide more insights into the molecular basis of RNA–

small molecule recognition. These studies help reveal the fundamental principles of these 

interactions that are necessary for further development of small molecule probes that target 

RNA effectively in the cell.

From a ligand development perspective, RNA flexibility has been raised as a significant 

challenge to structure-based approaches.27,28 However, this flexibility can also offer 

opportunities for modulation of RNA function by altering its conformational landscape.29–31 

For example, binding of a ligand to the internal ribosome entry site (IRES) of various RNA 

viruses inhibits RNA translation by perturbing local RNA flexibility.29 Similarly, gene 

regulation by some riboswitches proceeds via a mechanism in which the ligand induces a 

conformation unsuitable for carrying out the normal RNA function.32 As such, detailed 

characterization of the conformational outcomes of ligand binding and its downstream 

effects may lead to increased success in RNA ligand development.

Similarly, in-depth thermodynamic studies of RNA–small molecule interactions, while often 

challenging, are likely to aid in RNA ligand development. Detailed thermodynamic studies 

often provide insight into how given functional groups contribute to the enthalpy and 

entropy of RNA–small molecule interactions as well as how these energetic terms contribute 

to binding selectivity. These molecular and energy details are essential for future rational 

design of selective RNA-targeting probes.
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Lastly, we consider the role of investigating the kinetics of RNA–small molecule 

interactions. For protein targets, it has become apparent that using Kd alone is not sufficient 

to predict biological activity especially in cases in which the duration of the target–ligand 

complex is more important for function modulation than for the rate at which the complex 

forms.33 The same phenomenon is likely to apply to RNA targets. Additionally, for RNAs 

such as bacterial riboswitches that are under kinetic control,34,35 an efficient regulatory 

ligand is likely to be one with fast association, leading to effective competition with the 

endogenous ligand of the target. Studies considering kinetics are thus likely to be more 

efficient than those that focus solely on optimizing Kd’s.

Herein, we briefly summarize representative studies that highlight the importance of 

conformational dynamics along with the kinetics and thermodynamics of RNA–small 

molecule interactions and provide a perspective on how such studies can be beneficial for 

the future development of RNA-targeted small molecule probes. We will first discuss 

examples of small molecule-induced changes in the RNA conformational landscape and the 

derived insight into RNA recognition. Insights from select thermodynamic and kinetic 

studies of RNA–small molecule interactions will then be presented. While other recent 

reviews have focused on the discovery, design, and bioactivity of RNA ligands,14,17,19,20 we 

propose that an increased emphasis on the fundamental biophysical aspects of RNA 

recognition will be integral to the future design and development of small molecule probes 

for successfully targeting RNA in disease.

MODULATION OF THE RNA CONFORMATIONAL LANDSCAPE

The highly dynamic nature of RNA allows it to undergo conformational changes upon 

interaction with binding partners and other cellular stimuli.36–38 This ability to adopt several 

conformations is foundational to the large number of RNA functions despite the low 

chemical diversity of RNA compared to that of proteins.38 Given the importance of RNA 

conformational states and the associated conformational transitions,39,40 it is plausible that 

small molecules could modulate RNA function by altering the RNA’s conformational 

landscape or the rates of transition between two or more conformations. In the first scenario, 

the small molecule can stabilize and enrich a preexisting RNA conformation41 or induce a 

new conformation,42 though these two paths can be difficult to distinguish. In the second 

scenario, the small molecule can interact with key positions on the RNA, affecting the rates 

of RNA dynamics, which are responsible for the conformational transition.36 Riboswitches 

are an excellent example of ligand-induced conformational changes. Upon binding of 

specific ligands, these bacterial mRNA domains undergo a large conformational switch 

resulting in changes in gene expression.43–46 While modulation of RNA dynamics and 

conformational landscapes by small molecules is widely accepted as a regulatory 

mechanism, outside of riboswitches, we currently have limited examples of studies 

specifically analyzing the effect of ligand binding on RNA conformation. Such 

investigations are important in the study of RNA–small molecule interactions as they 

provide insight into the ligand’s binding mode and mechanism of modulation, both of which 

can be useful in the future design of ligands with improved efficacy. Several studies have 

focused on understanding the conformational dynamics in RNA structure caused by small 

molecule interactions. In this section, we will discuss representative examples of such 
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studies using different techniques and present an overview of the insights gleaned from 

them.

Example Studies.

NMR studies of conformational dynamics have significantly enhanced the current 

understanding of this complex subject. An RNA commonly used as a model system for 

studying RNA dynamics is HIV-1 TAR (Figure 1a). For example, Al-Hashimi and co-

workers used various nuclear magnetic resonance (NMR) techniques to evaluate the effect of 

argininamide (Figure 1c) binding to a TAR analogue with a modified loop and found that 

binding led to a decreased average interhelical angle (Figure 1b).47 This change in global 

conformation was similar to that induced by magnesium but was achieved through different 

local conformations of the bulge and neighboring residues. Similarly, Varani and co-workers 

have evaluated the binding of argininamide and two other peptide ligands to HIV-1 TAR 

using 13C NMR to measure motion-sensitive relaxation parameters.48 While the bulge and 

apical loops in unbound TAR were highly dynamic,48,49 ligand binding rigidified most loop 

bases, U23 in the bulge, as well as the lower stem (Figure 1a). Ligand binding, however, did 

not globally rigidify the RNA as the remaining two bulge bases were more flexible in the 

bound form. This complexity of ligand-induced RNA conformational changes is likely an 

indication of the rich mechanisms available for RNA function modulation with peptide and 

small molecule ligands. The Varani group also observed the effect of ligand binding on TAR 

conformation in a fragment-based study.50 The authors identified a TAR binding arginine 

derivative (Figure 1d) that could be used as a probe for fragment screening via interligand 

nuclear Overhauser effect (ILOE) NMR. Interaction of each fragment with the RNA was 

tested by irradiating proton nuclei on the fragment and then checking for nuclear Overhauser 

enrichment on the RNA-bound probe. The Overhauser effect thus signals RNA binding as it 

is expected to occur only if the fragment is near the RNA-bound probe. It was found that in 

addition to reporting on fragments that interact with the RNA, the probe also preorganized 

TAR into a conformation capable of binding a subset of fragments in the screening library. 

These observations suggest that for ligands with multiple binding moieties, initial binding of 

one moiety may induce conformational changes in the RNA that then allow more favorable 

binding of the remaining moieties. On the basis of these insights, the Varani lab developed 

cyclic peptides containing arginine residues that bind to TAR RNA and induce a non-Tat 

binding conformation, which in turn is shown to inhibit reverse transcription and gene 

expression in HIV-1 virus strains.51

Another commonly used technique for analysis of the conformational landscape in RNA is 

fluorescence spectroscopy. In a recent study, Baird and co-workers investigated the 

conformational landscape of the class I cyclic diguanylate (c-di-GMP-I) riboswitch aptamer 

domain using a Foörster resonance energy transfer (FRET) assay in which the FRET 

efficiency reported on the average proximity of labeled domains.42 They observed that at 

low magnesium concentrations, kanamycin B (Figure 2a) stabilized a conformation that was 

not observed in the native RNA either in the presence or in the absence of its cognate ligand 

c-di-GMP. While the resolution afforded by fluorescence measurements cannot provide 

conclusive evidence about whether the stabilized conformation was populated in the 

conformational ensemble of unbound RNA, this study shows that ligand binding can induce 
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completely new conformations or shift the equilibrium to a previously poorly populated 

state. It was also found that preincubation of the RNA with kanamycin B slowed 

equilibration with c-di-GMP, most likely indicating a need for RNA structural rearrangement 

prior to binding. Following observation of the significant effect of magnesium concentration 

on the conformational outcome of kanamycin B binding, another important conclusion of 

this study was the fact that using a single set of experimental conditions in the evaluation of 

RNA–ligand interactions could yield misleading results. Similar observations were made by 

Soto and co-workers, namely that cation-induced conformational changes may have 

implications for small molecule binding depending on how the cations affect the binding 

site.52 These sensitivities to environmental conditions also underscore the potential 

drawbacks of studying small molecule–RNA binding under non-biologically relevant 

conditions.

Similarly, the chemical probing technique selective 2′-hydroxyl acylation analyzed by 

primer extension (SHAPE) provides information about RNA secondary structure. Significant 

effects of ligand binding on RNA folding were observed by Weeks and co-workers in a 

study of Saccharomyces cerevisiae tRNAAsp binding to magnesium and tobramycin (Figure 

2a) using SHAPE.53 Removal of magnesium resulted in a structural rearrangement through 

the formation of stable G-C pairs over the less stable pairs that formed when magnesium 

stabilized the tertiary structure (Figure 2b). Similarly, addition of tobramycin induced 

unfolding of the magnesium-stabilized native structure by disruption of T- and D-loop 

interactions followed by complete unfolding of the D-stem. Given the complexity of 

structural rearrangements induced by removal of magnesium on one hand and the addition 

of tobramycin on the other, it was hypothesized that RNA folding might not have a nature as 

hierarchical as commonly assumed. Indeed, other studies have supported the hypothesis that 

some RNA secondary and tertiary structures fold cooperatively rather than purely 

hierarchically.54,55 These findings are likely to improve the accuracy of RNA structure 

prediction programs, which may in turn improve probe development through in silico 
prescreening techniques. It is important to note that although this study was performed in 
vitro, the same probing method has been used in a cellular context.56–61 Additionally, other 

methods such as icSHAPE62 (in vivo click selective 2′-hydroxyl acylation and profiling 

experiment) and PARIS63 (psoralen analysis of RNA interactions and structures) have also 

been developed for probing RNA structure in cells. Such cellular applications are likely to 

yield more biologically relevant results.

Suresh Kumar and Chatterjee used ultraviolet (UV) melting and differential scanning 

calorimetry (DSC) to show that binding of small molecules jatrorrhizine and coptisine 

(Figure 2a) to single-stranded poly(A) at neutral pH induces the RNA to form a double-

stranded structure similar to that induced at acidic pH.64 These findings further emphasize 

that small molecule effects are not limited to minor changes in the overall conformational 

space; small molecules can induce folding of even homopolymeric single-stranded RNAs.

Restructuring of RNA upon small molecule binding has also been demonstrated through a 

design approach. Bong and co-workers modified the type I hammerhead ribozyme by 

replacing bases in critical structural elements with poly(U).65 Binding of melamine-

functionalized tris(2-aminoethyl)amine [t4M (Figure 3a)] restored the ribozyme secondary 
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and tertiary structure as demonstrated in enzymatic activity measurements (Figure 3b). 

Similarly, Nakatani and co-workers used a naphthyridine carbamate tetramer [Z-NCTS 

(Figure 2c)] to activate the hammerhead ribozyme by stabilizing tertiary contacts that are 

essential for enzyme activity.66 The authors used this mechanism to engineer a Z-NCTS-

dependent gene regulatory switch in mammalian cells. In another study, the Nakatani 

laboratory demonstrated ligand-induced −1 ribosomal frameshifting via stabilization of a 

pseudoknot structure in mRNA upon ligand binding (Figure 3d).67,68 These studies 

demonstrated that it is feasible to design ligands that modulate RNA function through the 

induction of a predefined change in RNA structure.

Our laboratory recently reported a fluorescence-based technique for classifying site-

specifically labeled RNA constructs via small molecule interactions that provided further 

insight into the importance of dynamics. The RNAs contained a solvatochromatic 

fluorophore in canonical secondary structures (bulge, internal loop, hairpin, and stem). The 

high accuracy with which the assay initially differentiated the canonical structures indicated 

that small molecule binding may accentuate the dynamic differences between these 

structural categories.70 In a subsequent study, we showed that individual RNAs within a 

secondary structure class could be further differentiated at 37 °C and in the presence of the 

osmolyte polyethylene glycol (PEG-12000).71 These destabilizing conditions allowed 

increased secondary structure dynamics, which led to more unique small molecule binding 

patterns for each RNA construct. These results suggested that in vitro evaluation of RNA 

binding under cell-like temperature and buffer conditions might expedite identification of 

selective small molecules.

The importance of RNA dynamics in ligand recognition has also been demonstrated in 

virtual screening studies.41 In collaboration with the Al-Hashimi lab, we studied the docking 

of an in-house-developed amiloride derivative library to an ensemble of HIV-1 TAR RNA 

structures constructed from molecular dynamics simulations based on NMR residual dipolar 

coupling data.72 Amiloride derivatives with the best docking scores bound to four of the 20 

conformations within the ensemble, and the ligand with the most significant docking score 

also demonstrated the tightest and most specific TAR binding. Recently, a virtual screening 

experiment based on docking against a new RDC-informed ensemble of HIV-1 TAR 

structures was employed by the Al-Hashimi lab for screening a large virtual library 

consisting of ∼100000 small molecules.27 Specific conformations were again preferred by 

molecules with better docking scores, and conformations preferred by low-scoring 

molecules were also identified. The ability of different RNA conformations to preferentially 

bind different small molecules thus underscores the importance of RNA dynamics and its 

influence on ligand recognition. Because a high correlation was observed between the 

docking scores and the observed TAR binding efficiency (area under the curve = 88% for 

receiver operator character curve analysis), examination of the RNA conformations that 

accommodate these high-scoring compounds along with the structures of these compounds 

can be proposed to guide better probe development.
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Opportunities and Challenges for Studies of Conformation and Dynamics.

The studies discussed above demonstrate that various techniques, including NMR, 

fluorescence spectroscopy, SHAPE, mobility shift assays, UV melting, and DSC, can 

provide insight into how small molecules modulate the RNA conformational landscape at 

various scales. Ligand binding can alter local single-base dynamics, affect the formation and 

stability of secondary structure even for homopolymeric RNAs, and induce the formation of 

tertiary structure by facilitating interaction of distal regions. This aspect of RNA–small 

molecule interaction can greatly expand the avenues available to researchers for modulating 

RNA function in cells as demonstrated by example studies that led to bioactive ligands 

allowing conditional gene expression in mammalian cells and modulating translation of viral 

RNA.29,66,73,74 In particular, interactions of RNA with biomacromolecules can be controlled 

by inducing a desired conformation in an RNA,74 as seen for translation inhibitors targeting 

the hepatitis C virus internal ribosome entry site. One can even envision the use of small 

molecules to deliberately induce complex formation between two RNA molecules as 

demonstrated in a proof-of-concept study involving two DNA hairpins.75 However, 

challenges that hinder the realization of this promise remain. First, designing a ligand that 

can induce a predefined RNA secondary or tertiary structure is feasible only in cases in 

which the folding of the RNA has been previously studied. In addition, the assessment of 

conformational change still faces some technical challenges. The use of NMR spectroscopy, 

for example, requires large amounts of sample and tends to be low-throughput. On the other 

hand, installation of an RNA label for high-throughput fluorescence-based experiments 

could potentially affect the native dynamics of the RNA. These concerns can be addressed in 

some cases by combining these techniques with methods such as SHAPE, mobility shift 

assays, UV melting, and DSC as described above.53,64,68

THERMODYNAMIC ANALYSIS OF RNA–SMALL MOLECULE INTERACTIONS

Successful targeting of RNA with small molecules will likely be made more efficient by the 

detailed study of the thermodynamics of RNA–small molecule interactions. For proteins, 

retrospective analysis of a class of compounds developed for a given target often shows 

improvement of the change in enthalpy with increased activity, while the entropic term 

remains the same or becomes even more unfavorable.76 While the interaction of small 

molecules with RNAs is different from that with proteins due to the chemical and structural 

differences between the two biomolecules, favorable enthalpy is likely to play an important 

role in the development of selective RNA ligands.

The assessment of enthalpic and entropic contributions to the total free energy of ligand–

target interactions can contribute to the discovery of the most effective ligands in two ways. 

First, detailed thermodynamic studies can help in compound prioritization for further 

optimization. Because it is often more difficult to improve the enthalpic component of an 

interaction than the entropic component,77 the compound with the more favorable enthalpic 

change can be chosen for further optimization. Second, in addition to guiding compound 

prioritization, calorimetric data for ligand analogues can provide insight into the molecular 

forces that are essential for RNA–small molecule interactions, especially when structural 

information is available.78 Below we discuss some example calorimetric studies of RNA–
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small molecule interactions and focus on what was learned from the experiments. The 

examples discussed here can generally be classified into two groups: (1) enthalpy-driven 

interactions and (2) entropy-driven interactions. Finally, we will discuss the role of the heat 

capacity change in the RNA–small molecule interactions. These examples have generally 

focused on hydrophobic ligands such as alkaloids, highly charged ligands such as 

aminoglycosides, or native riboswitch ligands and are described in roughly chronological 

order within each section. In all cases, researchers used isothermal titration calorimetry 

(ITC) to evaluate the enthalpic and entropic contributions.

Enthalpy-driven interactions.

In a thermodynamic study of the alkaloid coralyne (Figure 4) binding to double stranded 

poly(A) RNA, Giri and Suresh Kumar observed that the interaction was favorable both 

enthalpically and entropically.79 This interaction was enthalpy-driven, with enthalpy change 

accounting for 60% of the total free energy. The high enthalpy term was indicative of 

intercalative binding common to planar aromatic compounds. The 40% entropic contribution 

was attributed to water release from both the RNA and the small molecule upon binding. 

ITC and Job’s plot analyses were used to estimate the size of the binding site as four 

nucleotides, indicating that coralyne intercalates in every other internucleobase space. These 

observations begin to establish the principles for targeting double-stranded RNAs with 

intercalating molecules.

Similarly, Arya and co-workers analyzed the binding of neomycin to oligo(A)30 using ITC 

and found the interaction to be enthalpically driven.80 Two enthalpically favorable binding 

events were observed; however, the first was entropically favorable, and the second 

unfavorable, possibly due to differences in water release. The favorable enthalpy change for 

both binding events suggests that polycationic molecules such as neomycin have the 

potential to interact with RNA through specific noncovalent interactions and can therefore 

serve as a good starting point for the development of selective probes.

Ferré-D’Amaré, Rueda, and co-workers reported calorimetric data of binding of c-di-GMP 

to the aptamer domain of the class I cyclic-di-GMP riboswitch.81 The interaction of c-di-

GMP with wild type and mutant aptamer domains of class I c-di-GMP riboswitches was 

found to be enthalpy-driven, with highly unfavorable entropic terms. In an earlier study, 

Batey and co-workers measured the thermodynamic parameters of purine ligands binding to 

the aptamer domain of the purine riboswitch.82 These interactions also were enthalpically 

driven with large unfavorable entropic terms. The unfavorable entropy change was thought 

to correspond to the RNA conformational changes associated with ligand binding. This trend 

might be a general trait of riboswitch ligand binding, although the presence of dications in 

some cases stabilizes the RNA, leading to a favorable entropy change.83–88 Ligand design 

for riboswitch targets may therefore benefit from optimizing molecular properties that give 

an enthalpy change that is large enough to offset the unfavorable entropy change.

The dominance of the enthalpy change was also reported by Patino and co-workers in a 

study of polyamide polyamines (Figure 4) binding to HIV-1 TAR RNA.91 The entropic term 

was unfavorable for most of these compounds. In this study, the free energy associated with 

binding of each polyamide polyamine to TAR was further dissected into an electrostatic 
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component and a non-electrostatic component by measuring the dependence of Kd on buffer 

ionic strength. For all compounds, the Kd increased with an increase in KCl concentration, 

consistent with the binding mode of positively charged molecules; these molecules may 

compete with cations for the negatively charged RNA. Detailed analysis of the impact of 

KCl concentration on Kd showed that at most two positive counterions were released from 

the RNA upon binding, indicating that the charged groups on the ligands interact with TAR 

through specific hydrogen bonding and π-cation interactions rather than nonspecific 

electrostatic interactions with the backbone. This observation was consistent with the 

observed predominance of the enthalpy change, as displacement of several cations would 

result in a highly favorable entropic term due to an increased level of disorder.

Suresh Kumar and Basu recently published a review of the use of ITC and DSC (Figure 5a) 

in the biophysical characterization of interaction of RNA with alkaloid compounds.89 The 

RNA targets included tRNA, single-stranded RNA, double-stranded RNA, poly(A), and 

triplex RNA. Several thermodynamic aspects were discussed, including enthalpic and 

entropic contributions to the free energy of binding, the temperature dependence of free 

energy, and the partitioning of the free energy into electrostatic and non-electrostatic 

components. The interactions of seven alkaloids with tRNAPhe were enthalpically driven, but 

they were still entropically favorable. The free energy was independent of temperature 

because both the enthalpy and the entropy change strongly as a function of temperature, 

resulting in enthalpy–entropy compensation. Dissection of the free energy accompanying 

binding of tRNA to berberine analogues with phenyl alkyl substituents (Figure 4) showed a 

considerably smaller electrostatic component, indicating that these compounds interact with 

the RNA via interactions other than nonspecific electrostatic interactions. Consistent with 

the extended nonpolar surface of these analogues, the substantial involvement of the 

hydrophobic effect in their interactions with tRNA was shown by evaluating ΔH as a 

function of temperature. DSC studies showed that ethidium caused a stronger stabilization of 

tRNA (21 °C) compared to berberine and palmatine (6.5 and 5.5 °C, respectively), likely due 

to differences in binding modes.

In a study of benzophenanthridine alkaloids sanguinarine and chelerythrine (Figure 4) 

binding to single-stranded poly(I), poly(G), and poly(C), Suresh Kumar and Basu showed 

that the energetics of a small molecule’s binding to homopolymeric RNAs can differ on the 

basis of the RNA sequence.92 While all interactions with sanguinarine were enthalpy-driven, 

interactions with chelerythrine were enthalpy-driven for poly(I) and entropy-driven for 

poly(C), and the two energetic terms were comparable for poly(G). This observation showed 

that the limited chemical diversity of nucleobases is not necessarily an impediment to RNA 

ligand development; the homopolymeric RNAs were different enough to lead to different 

thermodynamic profiles with the same ligand.

Finally, Suresh Kumar and Saha recently investigated the binding of the phenothiazinium 

dyes thionine and toluidine blue O (Figure 4) with double-stranded RNAs using ITC.90 All 

interactions were enthalpy-driven. The favorable enthalpy changes suggested that the two 

dyes interact with double-stranded RNAs via intercalative modes.
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Entropy-Driven Interactions.

One of the earliest thermodynamic studies of aminoglycosides binding to RNA was reported 

by Pilch and co-workers in 2003.96 All four aminoglycosides (Figure 6a) investigated for 

binding to ribosomal A-site RNA using ITC had favorable entropies of interaction.96 Indeed, 

the binding energies for all aminoglycosides except lividomycin were dominated by the 

entropic term. Molecular dynamics simulations showed that all hydroxyl groups on the 

additional ring in lividomycin form hydrogen bonds with the RNA, thus leading to a more 

favorable enthalpy. Another interesting observation was that the free energy of binding of 

lividomycin to the A site was similar to that of the paromomycin complex, yet paromomycin 

had a much larger entropy term. Because salt- and osmolyte-dependent studies showed no 

differences in water or counterion release upon ligand binding, it was posited that the 

difference in entropy resulted from different configurational entropies of the two RNA–small 

molecule complexes. The additional ring in lividomycin compared to paromomycin can lead 

to the entropic difference because lividomycin may suffer a greater reduction in 

configurational entropy upon complexation. This study also found that neomycin gave an 

increased free energy of binding via a more favorable enthalpic term. This outcome 

suggested that the protonated amino group at position 6′ in neomycin makes stronger 

interactions with RNA than the hydroxyl group at the same position in paromomycin. This 

study exemplifies how thermodynamic studies can be used to gain insight into the energetic 

impact of subtle structural differences in a series of similar compounds.

In another study, Hergenrother and co-workers reported detailed biophysical characterization 

of dimers of 2-deoxystreptamine interacting with a series of RNA hairpin loops of different 

sizes.97 Compound B-12 (Figure 6b) had shown selectivity for octaloops in a prior study.98 

To investigate the origin of this selectivity, calorimetric studies were carried out on B-12 and 

its related analogues. Binding of these compounds to the hairpin loops was entropy-driven in 

most cases. Of note, the selectivity of B-12 for octaloops stemmed from a much larger 

entropic component. The analogues of B-12 also exhibited the same trend; an increase in 

free energy of binding coincided with an increase in the entropic component. Because the 

compounds contain basic amines, the favorable entropy change likely stems from cation 

release when the positively charged compound forms electrostatic contacts with the RNA.97

Along with the conformational analyses described in the previous section, Suresh Kumar 

and Chatterjee also evaluated the energetics of binding of jatrorrhizine and coptisine (Figure 

2a) to poly(A).64 The interactions were favorable both enthalpically and entropically, but the 

entropic term dominated the binding energy. The large favorable entropy change was 

interpreted as resulting from the release of water molecules and ions from the single-

stranded poly(A) upon small molecule binding.

Heat Capacity Change.

In addition to the enthalpy and entropy change, molecular interactions are often 

accompanied by a change in the constant-pressure heat capacity (ΔCp), which can be 

estimated by evaluating ΔH as a function of temperature. Changes in heat capacity upon 

complex formation and biomolecular folding are often described as originating from 

differential hydration of the molecules before and after the binding or folding process.99–101 
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Because hydration of nonpolar groups increases the heat capacity of the solution through 

strengthened water hydrogen bonds,102 an RNA–small molecule interaction that decreases 

the total solvent-accessible nonpolar surface area may lead to a negative ΔCp. Indeed, 

several studies have reported negative ΔCp values for RNA–small molecule and RNA–

peptide interactions in which the complex is thought to undergo a conformational change 

resulting in an increased level of burial of nonpolar surface area.87,89–91,96,103–106 Due to the 

several factors that may contribute to ΔCp, however, it is important to note that interpretation 

of ΔCp data is not always straightforward. In addition to hydration, ΔCp calculations include 

contributions from vibrational motion, from the conformational entropy of the biomolecule, 

and from the mere coupling of conformational equilibria to binding equilibria.99,100 While 

definite conclusions about the meaning of ΔCp data often require additional experimentation, 

large changes can provide insight into the importance or degree of the conformational 

change in ligand binding.

Opportunities and Challenges for Thermodynamic Studies.

The example studies described above demonstrate the feasibility of thermodynamic analyses 

and, most importantly, their potential to provide insight into the determinants of RNA–small 

molecule recognition. For example, the functional groups critical for selective RNA binding 

can be identified by evaluating closely related small molecules. Additionally, the binding 

mode can in some cases be inferred from thermodynamic data in the absence of structural 

information. Lastly, thermodynamic studies have allowed assessment of phenomena 

accompanying small molecule binding such as cation and water displacement, which have in 

turn been used to identify small molecules that bind RNA via specific interactions rather 

than general nonspecific electrostatic interactions.

Detailed thermodynamic studies have unfortunately not been the norm in the biophysical 

characterization of RNA–small molecule interactions, in large part due to technical 

challenges associated with calorimetric studies of RNA. For example, small molecules in the 

discovery stage often exhibit weak interactions with RNA. As a result, high concentrations 

of the small molecule are often required for a measurable change in heat, and these 

conditions often lead to aggregation of small molecules. Furthermore, the amount of 

dimethyl sulfoxide (DMSO) used is known to profoundly affect RNA structure and ligand 

binding.107 This puts further restrictions on accessible concentrations of small molecules as 

the majority of organic molecules require DMSO as a co-solvent. Methods for 

circumventing the limitations of direct calorimetric measurements include using circular 

dichroism for thermodynamic analysis108 and using kinetic data to calculate thermodynamic 

parameters via Eyring analysis.109 However, the former has not been sufficiently explored, 

and the latter is not applicable when accurate kinetic data cannot be obtained, usually due to 

interactions that are too slow for accurate determination of rate constants using traditional 

methods. Direct calorimetric studies thus often remain the method of choice for evaluating 

the thermodynamics of binding.

As others have stated, it is important to note that caution must be exercised when using 

calorimetric data, as they are heavily dependent on experimental conditions. The measured 

enthalpy may encompass other global factors in addition to compound–target interaction.110 
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For example, the buffer dependence of enthalpy change has been observed when binding is 

coupled with protonation of the small molecules; the observed ΔH deviates from the actual 

ΔH by the heat of ionization of the buffer.96,111

KINETIC ANALYSIS OF RNA–SMALL MOLECULE INTERACTIONS

Alongside the conformational and thermodynamic analysis of RNA–small molecule 

interactions, detailed kinetic analysis will likely be integral to RNA-targeted drug discovery. 

For example, as in the case of some RNA riboswitches that are under kinetic control,34,35 an 

effective ligand for a given RNA might not be one that has a small Kd; it might be one that 

has a faster kon and can kinetically compete with the endogenous ligands of the RNA target. 

Moreover, ligand selectivity for an RNA target might not always be achieved through a low 

Kd; even in the absence of thermodynamic selectivity, one could still achieve kinetic 

selectivity.112 For example, the ligand might have a significantly slow koff for the target of 

interest compared to those of other RNAs despite having comparable Kd’s, thereby 

increasing the relative biological activity. A recent analysis of association rate constants of 

RNA binding and protein binding ligands revealed that RNA ligands tend to have slower on 

rates compared to those of protein ligands.113 Among other factors, the authors suggested 

that the flexible backbone of RNA compared to proteins may reduce association rates by 

increasing the RNA conformational sampling time before interacting with the ligand. The 

same phenomenon also applies to the induced-fit binding mechanism in which the RNA–

small molecule complex takes longer to reach the optimal conformational states.82 While 

this analysis does not imply that RNA always binds ligands with slow association rates, its 

outcome suggests that decreasing the dissociation rate might lead to the discovery of 

efficacious RNA binding ligands when the association rate cannot be increased.

Below, we will discuss example studies in which the binding kinetics of RNA–small 

molecule recognition were analyzed. While there is a limited number of such studies, the 

information we currently have underscores the importance of such studies because they 

often explain inconsistencies between activity trends and Kd trends in a series of 

compounds. In each case discussed here, surface plasmon resonance (SPR) was used to 

measure the on and off rates of RNA–ligand interactions.

Example Kinetic Studies.

In early studies, Wong and co-workers used SPR to evaluate the kinetics of binding of 

aminoglycosides to domain II of the HIV-1 Rev response element (RRE) (Figure 7a).114 

They observed that the Kd values of neomycin and paromomycin could not explain the large 

difference in the inhibition of binding of RRE to the Rev protein. They posited that the 

significantly slower koff of neomycin compared to that of paromomycin might be 

responsible for the 100-fold difference in inhibitory potency.

Tor, Vaskevich, Rubinstein, and co-workers analyzed the interaction of neomycin B with the 

16S bacterial ribosomal decoding A site, human ribosomal 18S RNA, and two other 

constructs using localized SPR (Figures 5b and 7c).115 Neomycin B had a 10-fold faster kon 

for bacterial A-site RNA than for human 18S RNA. Authors suggested that this difference in 
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kon might be the basis for preferential binding of neomycin to the bacterial A site over the 

eukaryotic A site.

Disney and co-workers observed that the small molecule 2H-4 targeting the r(CUG) 

trinucleotide repeat RNA in myotonic dystrophy type 1 bound r(CUG)10 with a kon higher 

than that of the alternative splicing regulator muscleblind-like 1 protein (MBNL1), 

indicating that the cellular inhibition of RNA–protein interactions by the small molecule 

2H-4 may occur through an increased kon that leads to effective competition.116 Previous 

structural studies indicate that MBNL1 induces a significant conformational change in 

bound RNA by binding to distant sites in single-stranded RNA.117,118 The low kon observed 

by SPR is consistent with this hypothesis, because double-stranded r(CUG)10 likely does not 

display optimal molecular properties for fast association with MBNL1. The observed kon 

would therefore be low regardless of whether the RNA conformational change occurs before 

(conformational selection) or after (induced-fit) initial MBNL1 binding.119–121

In a recent study, Miller and co-workers sought to enhance the selectivity of a nanomolar 

binder (1Z) of the HIV-1 frameshift stimulatory signal (FSS) (Figure 7b) RNA by 

methylating the nitrogen atoms in the amide bonds of the compound.122 It was hypothesized 

that N-methylation would bias the conformational ensemble of the compound toward 

favorable conformations for FSS binding, thus improving the affinity and selectivity. SPR 

analysis of two methylated analogues of 1Z showed that both compounds had kon values an 

order of magnitude higher than that of the original compound, while koff values remained 

similar. Importantly, methylated analogues also had antiviral activity higher than that of 1Z 
in HEK293T cells. However, this increased activity cannot be fully attributed to the 

improved association rates because methylation also led to higher cell permeability.

In the analysis of compounds binding to pre-miR-29 (Figure 7d), Nakatani and co-workers 

found that conformational restriction can lead to rapid rates of association and dissociation.
123 Of the 21 compounds analyzed, 12 had rapid association and dissociation constants, 

while nine had slow association and/or dissociation constants. Compounds with rapid 

kinetics were more planar and more rigid than those with slow kinetics. The authors 

suggested that the rapid compounds might bind to the secondary structures of pre-miR-29, 

leading to selectivity over double-stranded RNA (dsRNA), while the slow compounds bind 

to the major groove of both pre-miR-29 and dsRNA. Conformational restriction and the 

planarity of compounds can therefore be used to impact the kinetics of binding and the 

selectivity.

Opportunities and Challenges for Kinetic Studies.

Analysis of RNA–small molecule kinetics so far has led to several lessons that are likely to 

expedite the development of RNA probes. For example, in some cases compounds with 

similar equilibrium constants have drastically different activities stemming from the 

differences in the kinetics of binding. For targeting RNA–protein complexes, small 

molecules with a higher association rate can be more fit to compete with the protein ligand, 

ultimately leading to bioactivity. The few studies discussed here have also begun to elucidate 

molecular properties that affect binding kinetics, including conformational restriction and 
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planarity. Consideration of such properties may lead to effective and selective compounds 

with activity in the cell.

Although kinetic analyses of ligand–target interactions have the potential to expedite drug 

discovery, however, some challenges remain. As Copeland noted in the 10-year retrospective 

of the drug-target residence model, a short residence time might be sufficient for a drug 

effect in some cases, and long residence times might even result in adverse effects.124 

According to this hypothesis, ligand discovery efforts toward RNA targets should not simply 

optimize for long residence times; each system should be studied mechanistically to evaluate 

the optimal kinetic profile. These efforts are also hindered by the limited knowledge of the 

molecular basis of favorable kinetic parameters.78 Additionally, although several methods 

such as biolayer interferometry, surface acoustic wave, NMR, waveguide-based grating-

coupled interferometry, and total internal reflection fluorescence16,78,119,125–132 can 

potentially be used to measure kinetics, the most common label-free method for analyzing 

RNA–small molecule interactions has been SPR biosensors. This technology, however, still 

faces several challenges that may make it difficult to obtain accurate quantitative data in 

some cases.

First, molecular interactions are often assumed to follow pseudo-first-order kinetics, due to 

the relative simplicity of the calculations involved relative to higher-order kinetics.133 

However, establishing true pseudo-first-order conditions is nontrivial.133 For SPR kinetic 

data to be meaningful, it is therefore imperative to ascertain that the collected data exhibit 

the qualitative aspects of pseudo-first-order kinetics (e.g., the association and dissociation 

phases are single exponentials, the dissociation phase has one rate constant that is 

independent of analyte concentration, and steady-state responses can be estimated from the 

association phase at long association times).133 Reliable analysis of kinetic data thus 

requires that sensorgrams have high-quality shape with clear curvature, which may be 

difficult to achieve for processes with very fast kinetics such as binding of neomycin to 

HIV-1 FSS.134 Slowly dissociating processes may also be problematic especially when the 

observation time is not long enough.133 However, a single-cycle method and corresponding 

binding models have been described that can be used for such systems.135,136 Additionally, 

standard multicycle experiments can potentially account for incomplete dissociation by 

adding a corresponding term in the dissociation model.137

A second challenge facing SPR analysis of RNA–small molecule interactions is related to 

the requirement to immobilize on the binding partners. The most common strategy of 

immobilizing the RNA may sometimes lead to low signal-to-noise ratios due to the low 

molecular weight of the small molecule. In this case, the signal can be improved by 

immobilizing the small molecule.115,137 However, immobilization of the smaller partner 

may lead to increased mass-transport limitation if the association rate is higher than the 

diffusion rate of the high-molecular weight RNA on the chip surface. Binding models that 

account for mass-transport limitation should therefore be used during data analysis.133,137 

Mass-transport limitation can also be mitigated by adjusting the flow rate.136 When possible, 

it may be good practice to evaluate RNA–small molecule interactions in both immobilization 

formats to check for the consistency of data.
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The select challenges described above indicate that using SPR technology, the most 

commonly used label-free method, can lead to inaccurate data if experiments are not 

carefully designed. However, even in the absence of accurate quantitative data, qualitative 

SPR measurements can provide valuable information about the relative rates of binding of a 

small molecule to an RNA target in real time. Additionally, increased use of alternative 

methods is likely to address some of the challenges specific to SPR techniques.
16,78,119,125–132

CONCLUSIONS AND PERSPECTIVES

The past decade has seen promising progress in targeting RNA with small molecules. 

However, RNA ligands with enough selectivity and potency to advance to the clinic are yet 

to be discovered. In this Review, we have discussed how consideration of the RNA 

conformational landscape, as well as detailed thermodynamic and kinetic analyses of RNA–

small molecule interactions, can provide insights into corresponding selectivity mechanisms 

and thus expedite RNA drug discovery.

While the large conformational landscape of RNA poses a significant challenge to ligand 

development, especially to structure-guided strategies, it also offers increased opportunities 

for efficient RNA targeting through modulation of RNA conformational ensembles. As a 

result, competitive binding may become less of a requirement. Modulation of the RNA 

conformational landscape may thus fill the gap of competitive modulation of RNA–protein 

interfaces, which have not been sufficiently characterized to guide discovery of competitive 

RNA binding ligands. Consequently, a detailed study of conformational changes should be 

incorporated into the small molecule ligand development process. In particular, the types of 

RNA conformational changes induced should be characterized and correlated to structural 

and chemical properties of ligands to aid in future rational development of new small 

molecule scaffolds. This information will allow purposeful induction of specific RNA 

conformational changes at the secondary and tertiary structure level, which so far has proven 

to be a viable approach for modulating and understanding RNA activity in cells.66,74

From detailed thermodynamic studies, information about the importance of certain 

functional groups and the relative contribution of specific and nonspecific electrostatic 

interactions can be obtained.91,96 In some cases, the mode of binding of an interaction can 

be inferred from the energy profile when structural information is unavailable. Additionally, 

thermodynamic studies show that RNA–small molecule interactions can be enthalpy- or 

entropy-driven and that selectivity among RNAs can be entropy-driven, although the 

available evidence is too limited to make any general conclusions about the thermodynamic 

profiles of selective RNA–small molecule interactions. As our brief survey indicates, 

thermodynamic measurements have focused mainly on two classes of compounds: the 

highly charged aminoglycosides and the highly intercalating alkaloids. General conclusions 

about RNA binding molecules will be possible as more researchers incorporate detailed 

thermodynamic evaluation in RNA ligand development campaigns. While the prospective 

use of thermodynamic data still faces challenges,76,77,110 it is worth considering in RNA 

ligand development efforts, particularly in structure–activity relationship studies when 

evaluating the impact of functional group choice on affinity and selectivity.
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More frequent kinetic analysis of RNA–small molecule interactions can also often provide 

insight into inhibition mechanisms, allowing rationalization of differences in ligand activity 

that cannot be explained by Kd values.115 These findings underscore the fact that inhibition 

of the complex biological interactions in vivo often cannot be adequately modeled by 

equilibrium measurements in in vitro closed systems lacking consideration of kinetic control 

of the interaction of interest and of modulation through kinetic competition.33,124 A second 

benefit of kinetic studies has been the identification of molecular determinants of fast kinetic 

parameters (e.g., conformational restriction and planarity),122,123 which will be important 

for the prospective design of ligands with a desired kinetic profile. These prospective studies 

will depend on the extensive accumulation of structure–kinetics relationship data, which will 

be possible only if more RNA small molecule ligand development campaigns incorporate 

analysis of kinetics as a core feature of biophysical characterization of RNA–small molecule 

interactions.

With a few notable exceptions, it is worth mentioning that most molecules discussed herein 

have not been assessed for engagement of the target RNA in a cell and/or for exerting 

biological activity. Therefore, the use of molecular recognition insights gained from 

conformational, kinetics, and thermodynamics studies to design a molecule with specific 

biological activity is still limited. Nonetheless, the lessons learned here demonstrate the 

value these considerations are likely to have in RNA probe development.

Finally, we emphasize that ample opportunities remain for further exploration of the 

molecular details of RNA interactions responsible for its cellular functions and about 

corresponding strategies to ablate these interactions with druglike small molecules. For 

example, targeting large RNAs has not been sufficiently explored, in part due to the 

difficulties in determining their three-dimensional structures as well as in identifying the 

minimal substructures that can be targeted to modulate the function of the whole RNA. In 

cases in which a large construct is needed to adequately model an RNA in vitro, biophysical 

analyses discussed herein might prove to be difficult to achieve. First, the increased RNA 

complexity could render analysis of dynamics challenging. Second, analysis of 

thermodynamics of binding using calorimetric methods might suffer from the increased cost 

of making large amounts of long RNAs. Finally, an increased molecular weight disparity 

between small molecule ligand and the RNA target could hinder kinetics analyses with 

biosensor methods that rely on ligand-induced changes in the refractive index. These 

technical challenges, however, are likely to be addressed in the near future as researchers 

make improvements to current analytical methods. In conclusion, while the conformational, 

thermodynamics, and kinetics analyses of RNA–ligand interactions may currently be met 

with significant challenges, studies that move beyond Kd measurements offer distinct and 

important opportunities for advances in small molecule targeting as we expand the 

“druggable” space of biomolecules.
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Figure 1. 
Ligand-induced conformational changes in HIV-1 TAR. (a) Wild type HIV-TAR48,50 and 

HIV-1 TAR with a modified loop.47 Differences are colored red. (b) Reduction of 

interhelical angles in TAR RNA upon argininamide binding.47 (c) Structure of argininamide. 

(d) Structure of the arginine-derived probe.50
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Figure 2. 
Conformational spaces of diverse RNAs are affected by ligand binding. (a) Structures of 

small molecules that induce conformational changes in c-di-GMP-I riboswitch (kanamycin 

B), tRNAAsp (tobramycin), and poly(A) (jatrorrhizine and coptisine).42,53,64 (b) Unfolding 

of tRNAAsp upon removal of magnesium. Nucleotides in the D-loop and anticodon stem 

bulge are colored red. Figure adapted from ref 53.
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Figure 3. 
Ligand-induced conformational changes in a ribozyme and a pseudoknot. (a) Melamine-

functionalized derivative of tris(2-aminoethyl)amine (t4M). (b) Restoration of ribozyme 

secondary structure (left) and tertiary contacts (right) upon t4M binding. Figure adapted 

from ref 69. (c) Naphthyridine carbamate tetramer (Z-NCTS). (d) Stabilization of a 

pseudoknot by Z-NCTS.67,68
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Figure 4. 
Select compounds for which calorimetric studies were reported by Suresh Kumar and co-

workers as well as Patino and co-workers.79,89–92
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Figure 5. 
Schematic illustration of techniques discussed herein. (a) Comparison between ITC and 

DSC.93 The two methods yield complementary information allowing full thermodynamic 

characterization of an interaction. Tm is the melting temperature. (b) Comparison between 

propagated and localized SPR. Localized SPR uses metal nanoparticles instead of metal film 

(kaki). In this format, free small molecules (purple) bind to immobilized biomolecules 

(black).94,95
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Figure 6. 
Compounds for which calorimetric studies were reported by (a) Pilch and co-workers and 

(b) Hergenrother and co-workers.96,97 Functional groups that differ between neomycin and 

paromomycin are colored red.
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Figure 7. 
Select RNA constructs used in kinetics studies. (a) Domain II of HIV-1 RRE. The Rev 

binding site is colored magenta.114 (b) Upper stem-loop of the HIV-1 frameshift stimulatory 

signal.122 (c) Bacterial 16S and human 18S rRNA. Differences are colored red. Both RNAs 

were capped with the stable UUCG loop.115 (d) miR-29a precursor.123
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