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Abstract

Many promising RNA drug targets have functions that require the formation of RNA-protein 

complexes, but inhibiting RNA-protein interactions can prove difficult using small molecules. 

Regulatory RNAs have been shown to transiently form excited conformational states (ESs) that 

remodel local aspects of secondary structure. In some cases, the ES conformation has been shown 

to be inactive and to be poorly recognized by protein binding partners. In these cases, specifically 

targeting and stabilizing the RNA ES using a small molecule provides a rational structure-based 

strategy for inhibiting RNA activity. However, this requires that a small molecule discriminate 

between two conformations of the same RNA to preferentially bind and stabilize the short-lived 

low-abundance ES relative to the longer-lived more abundant ground state (GS). Here, we tested 

the feasibility of this approach by designing a mutant that inverts the conformational equilibrium 

of the HIV-1 transactivation response element (TAR) RNA such that the native GS conformation 

becomes a low-abundance ES. Using this mutant and NMR chemical shift mapping experiments, 

we show that argininamide, a ligand mimic of TAR’s cognate protein binding partner Tat, is able 

to restore a native-like conformation by preferentially binding and stabilizing the transient and 

low-populated ES. A synthetic small molecule optimized to bind the TAR GS also partially 

stabilized the ES whereas an aminoglycoside molecule that binds RNAs non-specifically did not 

preferentially stabilize the ES to a similar extent. These results support the feasibility of inhibiting 

RNA activity using small molecules that preferentially bind and stabilize the ES.
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Although RNA is increasingly recognized to be an attractive target in drug discovery efforts 

[1–5], identifying small molecules that can bind to RNA specifically and inhibit cellular 

activity remains challenging. One of the only proven strategies for therapeutically targeting 

RNAs is to disrupt their structural dynamics [6–9]. This can prevent RNAs from adopting 

their active conformation or prevent transitions between multiple conformations required to 

execute multi-step biochemical reactions. Indeed, several antibiotics function by impairing 

the structural dynamics of ribosomal RNA [8, 9]. A similar approach could potentially be 

used to inhibit RNA-protein interactions, which prove difficult to inhibit using small 

molecules given their large interaction interface [10, 11].

Many regulatory RNAs form alternative short-lived (lifetimes typically lower than 

milliseconds) and low-populated (populations typically <10%) conformations often referred 

to as ‘excited states’ (ES) that change base pairing in and around non-canonical motifs such 

as bulges and loops [12–15]. These alternative conformations have been shown to play 

important roles as intermediates that help break up RNA secondary structural transitions into 

multiple facile steps [12, 16] or that drive conformational adaptation of riboswitches during 

ligand recognition [17, 18].
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A few RNA drug targets whose functions rely on binding to protein partners, including the 

HIV-1 transactivation response element (TAR) [12, 13, 19, 20] and the Rev response element 

(RRE) [21, 22] have been shown to form ESs that as of yet do not have any known 

functions. These ESs are inactive because they can no longer bind their cognate protein 

binding partners due to their altered secondary structure [22, 23]. We have proposed that 

targeting and stabilizing ESs with small molecules may provide a new route to inhibit RNA 

activity [12, 13, 22, 23]. However, it remains to be established whether or not a small 

molecule can discriminate between two alternative conformations of the same RNA target to 

preferentially stabilize the short-lived low-abundance ES.

To test whether or not a small molecule can invert an RNA conformational equilibrium by 

stabilizing the minor ES, we took advantage of the highly studied HIV-1 TAR RNA [10, 24–

26]. Wild-type TAR (wtTAR) has been shown to adopt an ES that dramatically alters its 

secondary structure [13, 27], reshuffling base pairs in the bulge, upper stem, and apical loop 

resulting in a structure that is enriched in non-canonical mispairs (Fig 1a). Since many small 

molecules are known that bind the ground state (GS) secondary structure of TAR [24, 28, 

29] but none that bind to the alternative ES, we adopted a “reverse-engineering” strategy and 

designed a TAR mutant (TARUUCG-ES mutant, Fig 1a) [27, 30] that inverts the 

conformational equilibrium so that the ES conformation of wtTAR now becomes the 

dominant GS conformation in the mutant whereas the wtTAR GS now becomes a low-

abundance and short-lived ES in the TARUUCG-ES mutant (Fig 1a). We then asked whether 

ligands known to bind the wtTAR GS can bind to the TARUUCG-ES mutant and restore the 

native GS conformation by binding and preferentially stabilizing its ES.

We previously validated the secondary structure of the TARUUCG-ES mutant using NOE 

distance-based connectivity and chemical shift analysis [27, 30] (Fig 1a) and demonstrated 

that it stabilizes the native TAR ES as the dominant conformation based on the agreement 

between the chemical shifts observed for the mutant and those measured for the ES using 

NMR measurements of spin relaxation in the rotating frame (R1ρ)[31–34]. We hypothesized 

that TARUUCG-ES would back exchange with a minor ES conformation that resembles the 

native GS conformation of wtTAR; in other words, the mutation would invert the 

conformational equilibrium. Mutants that stabilize ESs of proteins [35] and DNA [36] have 

been shown to back exchange with GS-like conformations. In addition, based on its 

sequence, the TARUUCG-ES mutant is predicted to adopt an ES conformation that is similar 

to the wtTAR GS [37](Supplementary Fig 1).

To test whether the TARUUCG-ES mutant back exchanges with a GS-like conformation, we 

measured on- and off-resonance R1ρ relaxation dispersion (RD) on residue-type (G, C, A, U) 

specifically 13C/15N labeled [27] TARUUCG-ES (Fig 1b). R1ρ RD profiles consistent with 

chemical exchange on the micro-to-millisecond timescales were observed at A22, U23, and 

A35 all of which are expected to undergo a conformational change if TARUUCG-ES were to 

back exchange with a GS-like conformation (Fig 1b). In addition, we observed RD for 

resonances in the UUCG apical loop (U51-C1’, U52-C6, C53-C1’, C53-C6, and G54-C1’), 

which was used to stabilize the ES, but which is expected to undergo a conformational 

change if the mutant were to back exchange with a GS-like conformation (Fig 1 and 

Supplemental Fig 2). This is interesting because cUUCGg is a highly stable motif and does 
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not show any sign of chemical exchange in the wtTAR sequence context [38]. The lack of 

exchange in the latter case can be explained by the fact that replacing the wtTAR apical loop 

with UUCG also removes sequence elements required for formation of the ES. As a negative 

control, we did not observe RD for G43-C8, which is not expected to undergo a 

conformational change when forming a GS-like conformation (Fig 1b).

The RD data could be globally combined and satisfactorily fit to a two-state exchange model 

sharing the population (pES ~ 12.6 ±1.0%) and rate of exchange (kex = k1 + k−1 ~ 173 ±17 s
−1) as expected for a concerted secondary structural rearrangement (Fig 1 and 

Supplementary Tables 1 and 2). As expected, the differences between the ES and GS 

chemical shifts (Δω = ωES - ωGS) measured for A22-C1’ (Δω = 2.26±0.08) and U23-C6 

(Δω = −2.57±0.07) in TARUUCG-ES are of similar magnitude but opposite direction relative 

to the corresponding differences measured for wtTAR using R1ρ (Δω = −2.2±0.05 and 

2.3±0.1 respectively, Fig 1c)[13]. Thus, the chemical shifts of the TARUUCG-ES ES are 

similar to those of the wtTAR GS (Fig 1c). While the ES chemical shift for A35-C8 is 

downfield shifted (Δω = 5.22±0.09) as expected based on the GS of wtTAR, the magnitude 

of the change is larger than would be observed for the GS of wtTAR (Δω = −2.4±0.04)[13]. 

However, this is not surprising considering that this nucleotide is in the apical loop (Fig 1a), 

and it is likely that the TARUUCG-ES ES apical loop containing UUCG will have different 

structural and/or dynamic properties relative to the wtTAR GS apical loop conformation.

Based on the slow/intermediate exchange kinetics (kex ~173 s−1) and relatively high 

population (~12.6%) (Supplementary Table 2), we expect to observe minor resonances for 

the ES in 2D [13C, 1H] SOFAST-HMQC NMR spectra of TARUUCG-ES [39]. Indeed, we did 

observe minor resonances that have chemical shifts that are in very good agreement with the 

ES chemical shifts measured for U23-C6 and A35-C8 in TARUUCG-ES using R1ρ as well as 

additional resonances that are in good agreement with the chemical shifts measured for 

wtTAR, providing additional evidence for back exchange into a GS-like conformation in the 

TARUUCG-ES mutant (Supplementary Fig 3). These results highlight the robustness of the 

RNA dynamic landscape [40, 41]; even the large modification used to generate TARUUCG-ES 

preserves the GS and ES as the main conformations that undergo micro-to-millisecond 

chemical exchange detectable by R1ρ RD.

Having established that TARUUCG-ES back exchanges into an ES that has structural 

characteristics of the native wtTAR GS, we next asked whether molecules known to bind the 

wtTAR GS could preferentially bind, and thereby stabilize, the low populated and short-

lived ES of TARUUCG-ES. For this to occur, the small molecule would have to preferentially 

bind to the wtTAR GS relative to the ES and to use differences in binding energy to tip the 

equilibrium in favor of the ES. Argininamide (ARG) serves as a mimetic of TAR’s cognate 

protein partner Tat and has been shown to bind wtTAR in the bulge and induce a unique base 

triple conformation [19, 20, 24, 42] (Fig 2a).

We used NMR chemical shift titrations to examine whether ARG can invert the equilibrium 

and preferentially bind and stabilize the ES of TARUUCG-ES (Fig 2b). The incremental 

addition of ARG up to 3.2 mM to 13C/15N labeled TARUUCG-ES (50 μM) resulted in large 

chemical shift perturbations for many nucleotides that are directed toward the chemical 
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shifts of the wtTAR-ARG complex (Fig 2b and Supplementary Fig 4). Line broadening 

observed at low ARG concentrations indicates that binding of ARG to TARUUCG-ES occurs 

on the intermediate/slow NMR timescale (Supplementary Fig 4) whereas it is in fast 

exchange for a TAR variant containing a UUCG apical loop [42](Orlovsky et al submitted). 

This may reflect slower on rates in the case of TARUUCG-ES given the slow inter-conversion 

between the “inactive” GS and “active” ES. Indeed, such slow NMR exchange kinetics due 

to slower apparent on rates were previously reported for binding of theophylline to its RNA 

aptamer [43]. Although the 2D [13C, 1H] aromatic SOFAST-HMQC [39] of the 

TARUUCG-ES differ markedly from those of wtTAR, those of the TARUUCG-ES-ARG 

complex are in very good agreement with their wtTAR-ARG complex counterpart (Fig 2b). 

Small differences in chemical shifts are observed that may reflect slight differences in the 

conformation or dynamics of the two constructs (Fig 2b). These results show that ARG can 

bind the TARUUCG-ES and restore native wtTAR conformation by preferentially stabilizing a 

low-abundance short-lived ES.

To examine whether a synthetic small molecule could also preferentially bind and stabilize 

an RNA ES, we tested a dimethyl amiloride derivative, DMA-169, which was previously 

designed to optimally bind wtTAR with high affinity and specificity [44] (Fig 3a and 

Supplementary Fig 4). We initially confirmed that DMA-169 does indeed preferentially bind 

the wtTAR in the GS conformation by asking whether or not the NMR spectra of wtTAR 

measured in the presence of DMA-169 changes when using a TAR mutant that destabilizes 

the ES relative to the GS (TARUUCG-GS)[13](Supplementary Fig 5). The excellent 

agreement confirms that DMA-169 does indeed predominantly bind to the wtTAR GS 

(Supplementary Fig 5). NMR titrations show that binding of DMA-169 to TARUUCG-ES is 

slow on the NMR chemical shift timescale (Fig 3a and Supplementary Fig 4), while it binds 

wtTAR in fast exchange [44] (Supplementary Fig 4). Again, this likely reflects differences in 

the binding pathways and a slow transition toward the ES in either the free or ligand-bound 

TARUUCG-ES. While NMR spectra show that DMA-169 does not fully invert the equilibrium 

to the wtTAR GS bound conformation, the ES is partially stabilized as evidenced by the 

appearance of minor resonances that are in slow exchange on the NMR timescale and that 

have chemical shifts that are in very good agreement with chemical shifts observed for the 

wtTAR-DMA-169 complex (Fig 3a). Due to the limited solubility of DMA-169, it was not 

possible to saturate binding.

As a negative control, we tested neomycin, which is an aminoglycoside bearing five 

positively charged ammonium groups that binds wtTAR [45], but that is also known to bind 

a variety of RNA conformations in part driven by non-specific electrostatic interactions [46]

(Fig 3b). Based on 2D [13C, 1H] SOFAST-HMQC spectra [39] neomycin does indeed bind 

TARUUCG-ES (Fig 3b and Supplementary Fig 4). For some resonances in the bulge (U23, 

C24, U25), the chemical shift perturbations are directed toward spectra of the wtTAR-

neomycin complex although none show exact overlap [26, 47](Supplementary Fig 6). Other 

resonances (G26 and A22) show clear deviations [26, 47](Fig 3b). For A22 the deviations 

could arise from differences between the wtTAR GS and TARUUCG-ES ES apical loop, as 

replacing the wtTAR apical loop with UUCG (TARUUCG-GS) also causes chemical shift 

deviations at A22 in the presence of neomycin (Supplementary Fig 5). These results indicate 

that neomycin could bind the ES of TARUUCG-ES but leaves open the possibility for binding 
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to conformations other than the native wtTAR GS showing lower conformational selectivity 

for the native wtTAR GS as compared to ARG and DMA-169 (Fig 3b).

In conclusion, our study shows that structure-specific drug-like small molecules can bind 

and stabilize low-abundance short-lived ES conformations of RNA. That ARG and 

DMA-169 can bind and stabilize the ES of TARUUCG-ES while showing no evidence for 

binding to the more abundant GS structure, suggests that these molecules achieve a 

significant conformational specificity, especially considering that the RNA sequence is 

unchanged. Future studies should examine how the abundance of the ES and the kinetics of 

GS-ES inter-conversion affect the thermodynamics and kinetics of small molecule binding 

and to test the expectation that binding is slower and weaker in a manner dependent on the 

ES lifetime and population, respectively. Since many ES conformations are likely to be 

inactive based on their altered base pairing, these results support the feasibility of 

specifically stabilizing RNA excited states as a therapeutic strategy. However, because the 

population of the TARUUCG-ES ES (~12%) is about 30-fold higher than the ES population of 

wtTAR (0.4%), targeting the inactive ES of wtTAR will require correspondingly higher 

binding selectivity to shift the conformational equilibrium by a similar amount. The 

TARUUCG-ES mutant offers a useful model system for studying small molecule recognition 

of RNA ESs.

Materials and Methods

Predicted secondary structure

The program MC-Fold [37] was used to predict RNA secondary structures. Compared to 

other programs, MC-Fold assigns lower energies to mismatches, which we find agrees better 

with our non-canonical excited states.

RNA sample preparation
13C/15N labeled RNA samples (G/A-type, U-type, and C-type labeled TARUUCG-ES, as well 

as uniformly labeled TARUUCG-ES) were prepared by in vitro transcription using T7 RNA 

polymerase (New England BioLabs), DNA template (Integrated DNA Technologies) 

containing the T7 promoter, and labeled 13C/15N- labeled nucleotide triphosphates 

(Cambridge Isotope Laboratories, Inc.). The transcription reaction was carried out at 37 °C 

for 12 hours and then filtered with a 0.2 μm filter. Samples were purified using a 20% (w/v) 

polyacrylamide gel with 8 M urea and 1 × Tris/borate/EDTA. The RNA was removed from 

the excised gel by electro-elution in 1× Tris/acetic acid/EDTA followed by ethanol 

precipitation. The RNA was annealed in water at a concentration of 50 μM by heating at 95 

°C for 5 min followed by cooling on ice for 30 min. The RNA was then buffer exchanged 

using an Amicon Ultra-15 centrifugal filter (EMD Millipore) with a 3 kDa cutoff into NMR 

buffer [15 mM sodium phosphate, 25 mM sodium chloride, 0.1 mM EDTA at pH 6.4]. 

Samples contained either 10% or 100% (v/v) D2O (after lyophlization) as indicated below. 

The final concentration of RNA in all samples was approximately 1 mM.
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Small molecule preparation

L-argininamide dihydrochloride (Sigma) and Neomycin trisulfate salt hydrate (Sigma) were 

purchased in powder form and dissolved in NMR buffer before being added to the RNA 

sample. DMA derivative 24 was obtained as described previously2 and was stored at 50 mM 

in 100% dimethyl sulfoxide (DMSO).

NMR spectroscopy

All NMR experiments were carried out at 25°C on a 6 00 MHz Bruker Avance III 

spectrometer equipped with HCN cryogenic probes.

13C R1ρ relaxation dispersion

Off-resonance 13C R1ρ relaxation dispersion (RD) NMR experiments were carried out on 

G/A-, U-type, and C-type 13C/15N-labeled TARUUCG-ES samples in NMR buffer with 100% 

(v/v) D2O. On- and off-resonance R1ρ RD profiles for C6/C8/C1’ spins were measured 

using a 1D acquisition scheme [48] with spinlock powers (ω2π−1 Hz) and offsets (Ω2π−1 

Hz) listed in Supplementary Table 1 and using nine time delay points. For each delay time 

point, peak intensities were obtained using NMRPipe [49] and R1ρ values were calculated 

by fitting to a monoexponential decay function using an in-house python script5. Errors in 

R1ρ were estimated using Monte Carlo simulations with 500 iterations as previously 

described [31, 50]. The RD data was analyzed to obtain exchange parameters through 

numerical solutions of the Bloch-McConnell equations [51] using an in-house python script 

[31, 52]. Data was fit individually and globally to a two-state model using automatic 

effective field alignment. Model selection was preformed as previously described [31] using 

the Akaike’s (ωAIC) and Bayesian information criterion (wBIC) weights to select the model 

with the highest relative probability. Fitting with and without G54-C1’ resulted in 

parameters that were within error, so we opted to include it despite it being noisy.

NMR chemical shift mapping

Resonance assignments were obtained from prior studies of wtTAR [53] UUCG-ES TAR 

[27], UUCG-GS TAR [53], UUCG-ES+ARG [26], UUCG-GS TAR+neomycin [26]. NMR 

chemical shift mapping experiments were preformed by recording 2D [13C-1H] SOFAST-

HMQC NMR experiments [39] on 50 μM uniformly labeled RNA samples (wtTAR, 

TARUUCG-ES, and TARUUCG-GS) in NMR buffer with 10% (v/v) D2O following incremental 

addition of the small molecule. Data were processed using NMRpipe [49] and analyzed 

using SPARKY [54].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ES excited conformational state

GS ground state

TAR transactivation response element

RRE Rev response element

wtTAR wild-type TAR

RD relaxation dispersion

ARG argininamide
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Highlights

• Stabilizing low-abundance, short-lived RNA excited conformational states 

that have altered secondary structures is a promising approach for inhibiting 

RNA activity.

• Two small molecules that bind structures specific to the ground state 

conformation of HIV-1 TAR are shown to bind to the transiently formed low 

abundance ground state-like conformation in an HIV-1 TAR mutant that 

inverts the ground and excited state populations.

• An aminoglycoside that binds RNAs non-specifically is shown to bind to the 

TAR mutant without preferentially stabilizing the excited state.

• The results support the feasibility of inhibiting RNA activity using small 

molecules that preferentially bind and stabilize low-abundance and short-lived 

RNA excited conformational states.
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Figure 1. 
The ES-stabilizing mutant TARUUCG-ES experiences back exchange with a low-abundance 

and short-lived ES that has conformational features similar to the GS of wild-type TAR. a. 

Chemical exchange between the GS and ES in wtTAR and TARUUCG-ES. Shown are the 

populations (pGS and pES) of the GS and ES, respectively and the rate constants (k1 and k−1) 

for inter-conversion deduced from 2-state analysis of the R1ρ RD data. Residues are labeled 

according to the wtTAR GS secondary structure: stem (blue), bulge (orange), apical loop 

(red). Residues that differ between the two TAR variants are in gray. b. R1ρ RD profiles 

measured for TARUUCG-ES. Off-resonance profiles show the dependence of R2 + Rex on 

spinlock power (ω2π−1) and offset (Ω2π−1). Shown are the global fits (solid line) to a two-

state model using the Bloch-McConnell equations assuming a two-state exchange process 

(Methods). On-resonance profiles show the dependence of R1ρ on spinlock power (ω2π−1). 

Error bars represent experimental error determined by propagation of error determined by 

Monte Carlo analysis of monoexponential decay curves and experimental signal to noise. 

Data was collected on a 600 MHz (1H frequency) spectrometer. Buffer conditions are 15 
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mM sodium phosphate, 25 mM sodium chloride, 0.1 mM EDTA, 100% D2O at pH 6.4 and 

25 °C. c. Comparison of the difference between chemical shifts measured for the ES and GS 

(Δω = ωES - ωGS) in TARUUCG-ES (green) and the inverse (Δω = ωGS - ωES) in wtTAR 

(black) [13] using R1ρ RD NMR.
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Figure 2. 
Argininamide (ARG) binds and stabilizes the ES of TARUUCG-ES. a. ARG binds the wtTAR 

GS secondary structure and stabilizes a unique base triple conformation. b. 2D [13C,1H] 

aromatic SOFAST-HMQC [39] spectra of free TARUUCG-ES (blue), TARUUCG-ES + 128x 

ARG (red), free wtTAR (green), and wtTAR + 32x ARG (orange). Buffer conditions are 15 

mM sodium phosphate, 25 mM sodium chloride, 0.1 mM EDTA, 10% D2O at pH 6.4 and 25 

°C.
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Figure 3. 
Small molecules can partially stabilize or non-specifically bind RNA. 2D [13C,1H] aromatic 

SOFAST-HMQC [39] spectra of free TARUUCG-ES (blue), TARUUCG-ES + 16x small 

molecule (red), free wtTAR (green), and wtTAR + 8x small molecule (orange) for a. 

DMA-169 and b. neomycin. Buffer conditions are 15 mM sodium phosphate, 25 mM 

sodium chloride, 0.1 mM EDTA, 10% D2O at pH 6.4 and 25 °C.
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