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Abstract

Knowing the 3D structures formed by the various conformations populating the RNA free-energy 

landscape, their relative abundance, and kinetic interconversion rates is required to obtain a 

quantitative and predictive understanding of how RNAs fold and function at the atomic level. 

While methods integrating ensemble-averaged experimental data with computational modeling 

are helping define the most abundant conformations in RNA ensembles, elucidating their 

kinetic rates of interconversion and determining the 3D structures of sparsely populated short-

lived RNA excited conformational states (ESs) remains challenging. Here, we developed an 

approach integrating Rosetta-FARFAR RNA structure prediction with NMR residual dipolar 

couplings and relaxation dispersion that simultaneously determines the 3D structures formed 

by the ground-state (GS) and ES subensembles, their relative abundance, and kinetic rates of 

interconversion. The approach is demonstrated on HIV-1 TAR, whose six-nucleotide apical loop 

was previously shown to form a sparsely populated (~13%) short-lived (lifetime ~ 45 μs) ES. 

In the GS, the apical loop forms a broad distribution of open conformations interconverting on 

the pico-to-nanosecond time scale. Most residues are unpaired and preorganized to bind the Tat-

superelongation protein complex. The apical loop zips up in the ES, forming a narrow distribution 

of closed conformations, which sequester critical residues required for protein recognition. Our 

work introduces an approach for determining the 3D ensemble models formed by sparsely 

populated RNA conformational states, provides a rare atomic view of an RNA ES, and kinetically 

resolves the atomic 3D structures of RNA conformational substates, interchanging on time scales 

spanning 6 orders of magnitude, from picoseconds to microseconds.

Graphical Abstract

INTRODUCTION

Ribonucleic acids (RNAs) form dynamic ensembles of many conformations that interchange 

on time scales spanning 12 orders of magnitude in time from picoseconds to seconds.1 The 

ensemble includes the energetically most favorable ground-state (GS) and lowly populated 

and short-lived conformational states commonly referred to as “excited conformational 

states” (ESs).2–4 The ESs form on the microto-millisecond time scale typically by 

reshuffling base-pairs (bps) in and around noncanonical motifs.2 These transient states 
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are of great importance, as they perform critical functions in multiple aspects of RNA 

biology. They serve as RNA-based switches controlling gene expression and regulation5–

7 and as intermediates during processes such as RNA folding,2,8 processing,9–11 and 

viral replication.12,13 Additionally, these states frequently represent attractive RNA drug-

targets.14,15

The GS and ESs are themselves subensembles, comprising many conformations sharing 

a similar overall secondary structure but differing with respect to sugar pucker, base 

stacking, and the relative orientation of helical domains.16–19 These conformations typically 

interconvert on a time scale ranging from picoseconds to microseconds, which is more than 

an order of magnitude faster than the dynamics between GS and ESs16,20,21 (Figure 1A). 

These fast motions lubricate RNA structures, enabling them to adaptively bind to protein and 

ligand targets.22–24

Knowing the atomic three-dimensional (3D) structures populating the GS and ES 

subensembles, in addition to their kinetic rates of interconversion, is required to obtain 

a quantitative understanding of how RNAs fold and function at the atomic level and for 

controlling RNA in RNA-targeted drug discovery and bioengineering.1 Ensemble-averaged 

experimental data from NMR,16,17 SAXS,25 EPR,26 and chemical probing27 have been 

used in combination with computational modeling1 to determine RNA conformational 

ensembles. However, these approaches face challenges when determining the 3D structures 

of sparsely populated ES, as their contribution to ensemble-averaged measurements can 

be small, falling below the limits of detection. Furthermore, the conformational landscape 

of high-energy ESs is more expansive and challenging to define compared to that of the 

GS. Structures of lowly populated conformations can in some cases be determined using 

room-temperature X-ray crystallography,28 femtosecond X-ray free electron laser pulse 

crystallography,29 and cryo-electron microscopy.30–32 However, these approaches require 

further advancement to efficiently resolve the conformational states within the GS and ES 

subensembles. Additionally, none of these approaches provide information on the kinetic 

rates with which the different conformations interconvert over broad range of time scales.

NMR spectroscopy is one of the most powerful techniques for characterizing the 

conformational ensembles of biomolecules3,33,34 with recent advances culminating in the 

determination of atomic structures for several protein ESs.35–39 Most of these NMR 

approaches rely on exchange between the dominant NMR-visible GS and the NMR-

invisible ES to transfer information related to a particular magnetic resonance property, 

where this property can be readily detected. In addition, the integration of ensemble 

averaged measurements such as residual dipolar couplings (RDCs)40,41 with kinetics 

information from relaxation dispersion,42,43 Nuclear overhauser effects (NOEs),44 and spin 

relaxation44–47 has made it possible to simultaneously determine the 3D structures of protein 

conformational-substates and their kinetic rates of interconversion. Here, we report an 

approach that integrates Rosetta FARFAR RNA structure prediction48 with NMR RDCs 

and relaxation dispersion that simultaneously determines the 3D atomic structures formed by 

GS and ES subensembles, their relative abundance, and kinetic rate of interconversion.
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Many RNA ESs have populations exceeding 10% and exchange with the GS on the 

submillisecond time scales.3,49 In theory, such ESs could make a direct and measurable 

contribution to ensemble-averaged RDCs. However, without additional constraints, resolving 

the 3D structures of these RNA ESs based on their minor contribution to the measured 

RDCs would be difficult, if not impossible. Here, we addressed this data gap by using NMR 

relaxation dispersion experiments to independently determine the secondary structure of 

the RNA ES based on C13  and N15  chemical shifts.2,49 Rosetta FARFAR RNA structure 

prediction48 is then used to generate a conformational library broadly sampling the 

conformations of both the GS and ES given their NMR-derived secondary structures. The 

augmented GS + ES library is then optimized using RDCs, and cross-validated using 

chemical shifts (ωavg, Δω = ωES – ωGS)50 and by comparing the ES population pES  with 

values determined independently using relaxation dispersion (Figure 1B). By integrating 

relaxation dispersion experiments, our work extends the FARFAR-NMR approach17 recently 

developed to determine conformational ensembles of the RNA GS to enable 3D structure 

determination of both the GS and ES subensembles as well as their kinetics rates of 

interconversion.

We demonstrate this extended FARFAR-NMR approach by determining the conformational 

ensemble model for HIV-1 TAR RNA.51,52 TAR activates transcription elongation of 

the retroviral HIV-1 genome by binding to the viral transactivating protein Tat and 

superelongation complex (SEC).53,54 TAR has two crucial motifs: the trinucleotide UCU 

bulge, which interacts with Tat,55 and the long hexanucleotide apical loop, which establishes 

extensive contacts with both Tat and the cyclin-T1 component of SEC.55,56 Several 

ensembles17,57 have been reported for the UCU bulge using a TAR variant with a UUCG 

loop in place of the wild-type (wt) six-nucleotide apical loop (CUGGGA). The ensembles 

revealed that the base-triple conformation required for productive Tat binding54,55 is 

exceptionally lowly populated58 in the free RNA, and comes with a substantial energetic 

penalty (>7 kcal/mol) for binding.59 In contrast, no conformational ensemble has been 

reported for the wtTAR apical loop or for other comparably long apical loops, which 

represent a functionally important class of RNA motifs.60,61 The degree to which apical loop 

motifs are preorganized for molecular recognition or must undergo large conformational 

changes on binding to partner molecules remains largely unexplored. The conformational 

ensemble of TAR with the wt apical loop is also needed to apply ensemble-based virtual 

screening in the development of TAR-targeting anti-HIV therapeutics.14,62

Prior studies revealed that the TAR apical loop undergoes complex dynamics over a broad 

range of time scales. C13  NMR relaxation dispersion experiments showed that in wildtype 

(wt) TAR, under standard experimental conditions (pH 6.4 and temperature 25 °C, see 

Methods), the apical loop exists in dynamic equilibrium between the GS and a lowly 

populated (~15%) short-lived (lifetime of ~45 μs) ES termed “ES1”2,63 (Figure 2A). Based 

on the ES1 C13  chemical shifts measured using relaxation dispersion,2 a secondary structure 

was proposed for ES1 in which the cross-stranded C30–G34 Watson–Crick bp in the GS 

is replaced by two consecutive C30–A+35 and U31–G34syn mismatches, effectively zipping 

up the apical loop. In addition to these microsecond time scale motions, C13  spin relaxation 

data63 indicated that apical loop residues U31, G32, and A35, which are unpaired in the 

Roy et al. Page 4

J Am Chem Soc. Author manuscript; available in PMC 2024 July 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



GS, undergo large amplitude motions (S2 < 0.6; S is the Lipari–Szabo order parameter64 

which is equal to 1 and 0 for minimum and maximum amplitude motion, respectively) on 

the picosecond-to-nanosecond time scale.

The FARFAR-NMR ensemble of wt TAR reported here resolves the 3D structures formed 

by the GS and ES1, which interconvert on the microsecond time scale, as well as the 

conformational substates within each of the GS and ES1 subensembles, which interconvert 

on the pico-to-nanosecond time scales. In the GS subensemble, the apical loop forms a 

broad distribution of open conformations in which most residues are unpaired. Conformers 

in the GS subensemble strongly resemble the structure of TAR in complex with Tat-SEC. 

Thus, the apical loop is preorganized for protein recognition. The apical loop zips up 

in the ES subensemble, forming a narrow distribution of closed conformations, which 

alter the shape and sequester critical residues required for Tat-SEC recognition. Our study 

resolves the atomic structures of conformational substates in a complex apical loop, which 

interchange on time scales spanning 6 orders of magnitude in time, provides a rare atomic 

view of the 3D structure formed by an RNA ES, and extends the utility of FARFAR-NMR 

to enable resolution of the 3D structures formed by low-populated and short-lived RNA 

substates.

RESULTS

Measuring Multiple RDC Data Sets in HIV-1 TAR Using Domain-Elongation.

We employed NMR RDCs to determine the conformational ensemble of the HIV-1 

TAR. RDCs measured between directly bonded nuclei depend on the orientation of 

the internuclear vector relative to a principal axis system (PAS) of an alignment 

tensor describing the average orientation of a molecule relative to the applied magnetic 

field.65–67 The RDCs are ensemble-averaged over all conformations interchanging on 

the submillisecond time scale68 and are exquisitely sensitive to details of conformational 

distributions.

Using the domain-elongation strategy,16 we altered the overall shape of TAR and 

its alignment in Pf-1 phage and measured multiple RDC data sets reporting on the 

conformational distribution of bond vectors relative to different molecule-fixed PAS frames 

(Figure 2B). Having multiple data sets was especially important given the minor ES1 

contribution and the need to resolve degeneracies and assess overfitting of the RDCs during 

ensemble determination.69,70 In addition to the canonical E-0 TAR construct used in prior 

studies,1,63 three additional variants (Figure 2B) were used to modulate TAR alignment 

in the Pf-1 ordering medium.71 In EI-22,16 the lower helix was elongated by twenty-two 

bps. In EII-3 and EII-13, the bulge and lower stem were omitted, and the upper stem 

elongated by three (EII-3) or 13 (EII-13) bps, respectively. The 2D heteronuclear single 

quantum coherence (HSQC) NMR spectra (Figure S1) of the three variants were in excellent 

agreement with those of E-0, indicating that these changes to the TAR secondary structure 

do not significantly alter the conformational ensemble of the apical loop.

We measured one-bond C13 – H1  (1DCH) and N15 – H1  (1DNH) RDCs in Pf1 phage (15–22 

mg/mL) for all four TAR variants using two independent frequency-based experiments in 
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which the splittings are encoded either along the C13 / N15  or H1  dimension. The root-mean-

square deviation (RMSD) between the two sets of RDC measurements (~2.8 Hz) was used 

to estimate the RDC uncertainty (Figure S2A,B).

To assess the independence of the four data sets, we subjected RDCs measured in the 

upper helix to an order tensor analysis assuming an idealized A-form geometry72 and 

determined the five elements of the order tensor describing overall alignment. As expected, 

the average orientation of the magnetic field Szz  deviated most strongly (β 31∘) from 

the axis of the upper helix for the kinked-elongated EI-22 followed by the nonelongated 

E-0 (β 10∘), whereas it was nearly parallel β 2∘  for the more linear EII-13 (Figure 2C). 

Interestingly, the shorter EII-3 variant, which amplifies the contribution of the apical loop to 

the overall shape, yielded a distinct Szz orientation β 20∘ . Thus. Thus, the four TAR variants 

yielded four semi-independent RDC data sets, as also verified by pairwise comparison of the 

RDCs (Figure S2C). These results establish the utility of domain-elongation to modulate the 

alignment of RNAs containing long apical loops and demonstrate that the alignment can be 

modulated by shortening helices in addition to their elongation.

Determining the TAR Conformational Ensemble by Integrating FARFAR-NMR and NMR 
Relaxation Dispersion.

We used the four semi-independent sets of RDCs to determine a conformational ensemble 

for wtTAR using FARFAR-NMR (Figure 2B). We used FARFAR and the previously 

reported NMR-derived secondary structural constraints (Table S1) to generate two 

conformational libraries, one for the TAR GS (N = 5000) and another for ES1 (N = 5000). 

For the open GS apical loop, only C30–G34 was constrained to a Watson–Crick bp. For the 

closed ES1, U31 and G34 were constrained to form a trans sugar-edge/Watson–Crick bp. 

This conformation could be directly inferred based on the G34–C8 and G34–C1′ chemical 

shifts measured for ES1 as well as NOEs measured at low pH conditions stabilizing ES12. 

In addition, C30 and A35 were constrained to form a C30–A+35 cis-wobble. While we 

did not have direct chemical shift evidence for this wobble bp geometry, its existence was 

indirectly inferred based on the overall pH dependence of TAR apical loop chemical shifts 

that indicated that formation of ES1 is coupled to protonation, as well as the appearance 

of a potential protonated A35+ at low pH based on A35–C2H2.2 However, these results 

cannot rule out the possibility that under the conditions (pH = 6.4) used to measure RDCs, 

a substantial fraction of the A35 is not protonated in ES1 and possibly forms alternative 

conformations deviating from the wobble geometry. Assuming all of ES1 is protonated 

at pH = 6.4; the estimated pKa 5.6 predicts that the ES1 population would decrease to 

~1.6% when increasing the pH to 7.4. This, in turn, would make the ES1 invisible to 

detection using the previously used ES1 probes, G34–C8, G34–C1′, and A35–C1′. We 

tested this prediction by preparing a uniformly C13 / N15  labeled TAR sample and performing 

pH-dependent RD measurements on the previously used ES1 probes G34–C8, G34–C1′, 
and A35–C1′. Indeed, the population was decreased to ~1.3% in excellent agreement with 

the predicted value of ~1.6%. In addition, we were also able to obtain direct evidence for 

A35 protonation based on the A35–C2 RD profile that was measurable under these pH 
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conditions yielding the large Δω of ~−10 ppm expected for a protonated A35–N1 in ES1 

(Figure S9A,B).

We then augmented the GS and ES1 libraries (N = 10,000) in an unbiased 1:1 ratio 

(FARFAR-library) and used the agreement with the four RDC data sets to guide selection of 

conformers for inclusion in an RDC-satisfying ensemble (FARFAR-NMR) with the option 

of selecting either GS and/or ES1 conformations.

We used sample and select (SAS)17,73 to test increasingly large ensemble sizes (N) to find 

the smallest size ensemble model satisfying the RDC data to within experimental uncertainty 

(Figure 3A). None of the conformers (N = 1) in the FARFAR library satisfied the RDC data; 

the lowest RDC RMSD was ~10 Hz, which was significantly larger than the experimental 

uncertainty of ~2.8 Hz. This poor agreement is to be expected for a highly dynamic RNA 

molecule in which the RDCs are averaged over many conformations. Indeed, increasing the 

ensemble size gradually reduced the RDC RMSD reaching a plateau at N = 20, at which 

point the RMSD of 3.0 Hz was near experimental uncertainty.

The FARFAR-NMR ensemble (RMSD = 3.0 Hz) (Movie S1) showed substantially improved 

agreement with the RDCs compared to the entire FARFAR-library (RMSD = 9.6 Hz) 

(Figure 3B) and two reference ensembles obtained by selecting either 20 conformers 

randomly (FARFAR-random, RMSD = 9.7 Hz) or the 20 lowest-energy conformers 

(FARFAR-lowest-energy; RMSD = 11.6 Hz) from the parent library (Figure S3A,B). The 

improved RDC agreement was observed robustly across all motifs (Figure 3B), including 

the apical loop for which the RMSD decreased from 11.4 Hz in the FARFAR-random to 

3.1 Hz in the optimized FARFAR-NMR ensemble. Cross validation17,57 in which a subset 

of RDCs were left out of SAS and used to evaluate the quality of the ensemble indicated 

that the decrease in RMSD in the selected FARFAR-NMR ensemble was not purely due to 

overfitting to the RDC data (Figure S3C). Thus, a population reweighting of the FARFAR-

library was necessary to satisfy the RDCs, resulting in the selection of many conformers that 

have comparatively poor energy scores in the FARFAR-library (Figure S3F).

Interestingly, the unbiased RDC optimization resulted in selection of conformations from 

both the GS and ES1 libraries, with a stronger preference for the GS. Averaging over 

100 SAS repeats with N = 20, we found the fractional ES1 population in the FARFAR-

NMR ensemble to be pES1 = 17 ± 4% (Figure 3C), in excellent agreement with pES1 = 13 ± 2%
obtained independently using NMR relaxation dispersion.2 This agreement is noteworthy, 

since no constraints on pES1 were applied during ensemble determination.

To further verify that selection of ES1 conformers was not merely the result of overfitting 

the RDCs, we performed additional SAS optimizations replacing ES1 with another library 

generated using FARFAR for a different TAR conformation termed “ES2”.74 Relative to the 

GS, the ES2 reshuffles the bps in the upper stem and apical loop. ES2 also forms in TAR74 

but has too low of a population (0.4%) to make measurable contribution to RDC data. If 

the selection of ES1 conformers is not due to overfitting of the RDCs, we would expect 

fewer ES2 conformers to be selected during SAS. Indeed, none of the conformers in the ES2 

library were selected (Figure 3D).
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We also assessed whether GS conformations would be enough to satisfy the RDCs. To test 

this possibility, we performed SAS optimization using only the GS library after removing 

ES1-like conformations (see Methods). This resulted in an increase in the overall RDC 

RMSD from 3.0 to 3.9 Hz, and from 3.1 to 3.8 Hz for apical loop residues (Figure S3C). 

Even when conformers from the GS library with certain ES1 features were omitted, the SAS 

optimization consistently retrieved conformers having other ES1-like features (Figure S3D). 

Taken together, these results indicate that our RDC data sets sense ES1 and can accurately 

determine its population.

Testing Ensemble Accuracy Using Chemical Shifts and ES1 Mutants.

We used ensemble-averaged H1 , C13 , and N15  chemical shifts measured throughout the 

base and sugar moieties to independently test the accuracy of FARFAR-NMR TAR 

ensemble.17,50 The chemical shifts were not used in the ensemble determination and 

are exquisitely sensitive to base pairing, stacking, and sugar pucker distributions.17,50 

Importantly, not only did we have access to chemical shifts (ωavg) averaged over the entire 

GS + ES1  TAR ensemble (ωavg = pGS × ωGS + pES1 × ωES1), but through relaxation dispersion 

experiments2, we also have the chemical shifts averaged over the GS ωGS  and ES1 ωES1

subensembles for a few residues with detectable chemical exchange. Therefore, we could 

use chemical shifts to evaluate both the overall ensemble as well as its kinetic partitioning 

into GS and ES1 subensembles. Note that while chemical shifts were used to derive 

secondary structural constraints used in the FARFAR structure prediction, their values 

strongly depend on details of the 3D structure, including, for example, the specific torsion 

angles that define the electron density at a nucleus as well as stacking interactions from 

aromatic rings and unsaturated groups defining ring currents75 (Figure S5D).

Using the quantum mechanics/molecular mechanics (QM/MM)-based automated 

fragmentation quantum mechanical calculation of NMR chemical shifts (AFNMR)50 

approach, we computed the chemical shifts for every conformer in the FARFAR-NMR TAR 

ensemble. We then averaged the predicted chemical shifts over conformers in the GS + ES1 

ensemble ωavg , GS ωGS , and ES1 ωES1  subensembles and compared predicted values to 

their experimentally measured counterparts.

We observed very good agreement (average RMSD = 0.60 and 0.15 ppm for C13 / N15  and 

H1  nuclei, respectively) between the measured and predicted ωavg values robustly across the 

different spins including for residues in the apical loop (Figure 4A,B). Furthermore, the 

agreement was consistently weaker across N15 , C13 , and H1  nuclei for the FARFAR-random 

and FARFAR-lowest-energy ensembles (all N = 20) determined without RDCs (Figures 4B, 

S4 and S5) as well as for any single conformer within the FARFAR-NMR ensemble (Figure 

S6).

Equally good agreement was also obtained for ωGS and ωES1 as well as their differences 

(Δω = ωES − ωGS) (Figure 4C,D), indicating that the FARFAR-NMR ensemble accurately 

partitions the GS and ES1 subensembles. As a negative control, we took the 20 conformers 

in the FARFAR-NMR ensemble and randomly labeled them “GS” and “ES1” making sure 

to keep the ES1 population ~20%. This ensemble, in which conformers were randomly 
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partitioned into GS and ES1 resulted in much weaker agreement with the measured Δω
values (Figure 4D).

We previously showed that ES1 could be stabilized to become the predominant state 

using two TAR mutants (C30U and A35G) in which the C30–A+35 wobble in ES1 was 

replaced with either U30–A35 or C30–G35 Watson–Crick bps, respectively.2 We prepared 

the two TAR-C30U and TAR-A35G mutants and measured C–H RDCs in natural abundance 

(Figure S10A and Table S6). We then used the measured RDCs to test how well our ES1 

subensemble predicts the ES1 RDCs. Indeed, we found very good agreement between the 

mutant RDCs and values predicted from the ES1 ensemble (RMSD = 3.9 Hz, R2 = 0.58 for 

C 30 U and RMSD = 3.2 Hz, R2 = 0.75 for A35G) (Figure S10B). In addition, the agreement 

deteriorated considerably when comparing the mutant ES1 RDCs with those predicted for 

the GS subensemble (RMSD = 4.7 Hz, R2 = 0.45 for C 30 U and RMSD = 3.9 Hz, R2 = 0.69
for A35G) (Figure S10B). While this agreement is not as good as that observed for the 

overall RDC-optimized ensemble (Figure 3B), this is to be expected given that the RDCs 

were measured at natural abundance and that the mutants replace noncanonical mismatches 

with Watson–Crick bps and are not expected to perfectly recapitulate the structure of the 

ES1 in wt TAR. Thus, these data collectively further validate the ability to resolve GS and 

ES subensembles using this approach.

Comparison of the GS and ES Apical Loop Sub-ensembles.

In the GS subensemble, the apical loop forms a broad distribution of open conformations 

that differ with respect to stacking interactions between bases (Figures 3C, 5A). Except 

for C30 and G34, which robustly form a cross-stranded C30–G34 Watson–Crick bp as 

enforced by the NMR-derived constraints, all other residues (U31, G32, G33, and A35) were 

unpaired, primarily flipped out (~75%), and enriched (>55%) in the noncanonical C2′-endo 

sugar pucker relative to a canonical Watson–Crick bp.

Conversely, in the ES1 subensemble, the apical loop zips up (Figure 5A) forming a 

narrow distribution of conformations stabilized by the two adjacent mismatches that 

were enforced via NMR-derived constraints: C30–A+35 wobble and U31–G34syn trans 

sugar-edge/Watson–Crick bp. C30, U31, and A35 are primarily intrahelical and enriched 

in the C3′-endo pucker (>90%) whereas G32 and G33 remain unpaired and sample a 

broad distribution of conformations. We previously showed17 that when bulge residues are 

intrahelical, they preferentially adopt (>91%) the canonical C3′-endo sugar pucker whereas 

when extra-helical they tend to be enriched (>50%) in the noncanonical C2′-endo sugar 

pucker. We observe a similar behavior here for C30, U31, and A35 in the context of an 

apical loop (Figure 5A). Interestingly, whereas G34 was primarily intrahelical in both the 

GS and ES, it was enriched in the C2′-endo sugar pucker most likely because it engages 

in noncanonical base-pairing interactions. The GS and ES sugar pucker distributions in the 

FARFAR-NMR ensemble (Figure S11) were in excellent agreement with the sugar pucker 

distributions deduced independently based on analysis of C1′ and C4′ chemical shifts.76

Interestingly, approximately 10% of the conformers in the GS subensemble had ES1-

like features (Figure 5B). These hybrid conformers had the cross-stranded C30–G34 bp 
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characteristic of the GS, but U31 and A35 were also intrahelical like in ES1, and some 

conformers had the A35–C30 wobble characteristic of ES1 (Figure 5C). These hybrid 

conformations imply a relatively shallow free-energy landscape without a sharp demarcation 

between the GS and ES1. This is not too surprising considering that the GS–ES1 

exchange rate is fast kex = 25,400 s–1 . A shallow free energy landscape was also previously 

reported in the ensemble of the UUCG RNA tetraloop determined using enhanced MD 

simulations and exact NOEs, scalar couplings, RDCs, and solvent paramagnetic resonance 

enhancements.18

As expected, based on their near identical chemical shifts, the bulge ensemble was very 

similar in the GS and ES, and in excellent agreement with the FARFAR-NMR ensemble 

reported previously for a TAR variant containing the UUCG apical loop (Figure S7). Thus, 

the bulge ensemble is largely independent of the apical loop, consistent with prior NMR 

studies.63

GS Subensemble is Preorganized for Protein Recognition.

Interestingly, when comparing the GS subensemble of the TAR apical loop with previously 

determined structures of TAR, we found the best agreement with the X-ray structure of 

TAR56 (PDBID 6CYT, Figure 5D) in complex with viral protein Tat and the host SEC. 

For the GS subensemble, the best conformer overlaid with the TAR-Tat:SEC complex 

with heavy all-atom RMSD of 3.3 Å (Figure 5D), where the apical loop residues were well-

positioned to form the interactions observed in the complex. Thus, unlike the bulge motif, 

the TAR apical loop is largely preorganized and the conformational penalty58 accompanying 

protein recognition is estimated to be <0.2 kcal/mol.

In contrast, conformers in the ES1 subensemble form a secondary structure unlike that 

of protein-bound TAR with the best conformer overlaying with RMSD of 4.6 Å (Figure 

5D), higher than the best GS conformer. In addition, many residues critical for SEC 

binding, namely, the C30–G34 base pair, U31 and A35, are sequestered into noncanonical 

mismatches (Figure 5D), potentially disrupting specific interactions required to form the 

complex. This can help explain why mutations stabilizing ES1 relative to the GS inhibit 

cellular transactivation.14

Resolving Supra-τc Motions in the Apical Loop.

Approaches based on NMR spin relaxation data20,77,78 can be used to characterize fast pico-

to-nanosecond time scale motion, however, sensitivity to nanosecond and slower time scale 

motion is truncated around the overall correlation time for molecular rotational diffusion τc , 

which is ~7 ns for E-0 TAR.78 On the other hand, the sensitivity of relaxation dispersion to 

microto-millisecond time scale motion is typically truncated at around tens of microseconds. 

This leaves a window spanning 3 orders of magnitude in time from ~10 ns to ~10 μs 

(Figure 6A), in which motions are difficult to detect with either method. As extensively 

demonstrated in application to proteins,45–47,79 RDCs can bridge the gap and help resolve 

these supra-τc motions.
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We, therefore, compared the order parameters deduced from the overall FARFAR-NMR 

ensemble and for the individual GS and ES subensembles with those measured previously63 

by spin relaxation. The order parameters deduced by both methods Srel
2 > 0.8) indicated 

low-amplitude motion for C30 and G34, which form the hydrogen-bonded C30–G34 bp 

in the GS (Figure 6A). The lower overall ensemble-derived order parameter for G34 is 

most likely due to transitions toward ES1 (Figure 6A), which are detected by relaxation 

dispersion. Thus, for C30 and G34, we have no evidence for supra-τc type motions.

However, for G32, G33, and A35, which are unpaired in the GS, the ensemble-derived 

order parameters were robustly smaller than counterparts measured using spin relaxation, 

even for the GS subensemble. These results provide evidence that some of the conformers 

in the GS subensemble interconvert on the supra-τc time scale, slower than ~7 ns (Figure 

6B) but faster than 10 μs. These motions could represent changes in stacking interactions, 

including intra- versus extra-helical base flipping, which do not require the breaking of 

h-bonds, and which are likely too fast (<10 μs) to be detectable by conventional relaxation 

dispersion experiments. These supra-τc motions can be verified in the future with the use 

of alternative methods such as domain-elongation spin relaxation,78 high-power RD,3 and 

nanoparticle-assisted spin relaxation.80

DISCUSSION

Our approach for determining the 3D structures formed by the GS and ES subensembles 

utilizes chemical shift data from chemical exchange experiments to constrain the secondary 

structure of the ES and employs FARFAR structure prediction to generate a finite library 

of plausible 3D conformations for both the GS and ES, given their secondary structures. 

Without these constraints on the conformational space, it would be difficult if not impossible 

to disambiguate multiple ensemble solutions given the minor ES1 contribution to the 

measured RDCs. While we were able to determine a FARFAR-NMR ensemble model 

for HIV-1 TAR, which satisfies the NMR relaxation dispersion, RDC, and chemical shift 

data, additional data will ultimately be required to further refine and test the ensemble. 

In this regard, the versatile FARFAR-NMR pipeline can readily incorporate other types of 

data used previously to determine RNA ensembles.18,25,26 For example, enhanced accuracy 

and computational efficiency in QM/MM chemical shift predictions could enable future 

optimization of FARFAR-NMR ensembles using easily measurable chemical shifts, and this 

approach could be assessed by cross-validating the ensembles against RDCs.

Significant effort has been directed recently toward predicting 3D structures of proteins81 

and RNA molecules48,82 based on their sequences. However, the TAR conformational 

ensemble presented here, including the GS and ES subensembles, highlights the inadequacy 

of using a single static structure to represent a dynamic molecule with multiple 

conformational states. In fact, the lowest energy FARFAR structures were unable to 

accurately predict the ensemble-averaged RDCs and chemical shifts (Figures S3B and 

S4C). Consequently, there remains a pressing need to integrate experimental data with 

computational modeling to improve ensemble determination methodologies, which may 

eventually pave the way for predicting ensembles from sequences alone.
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Several NOE-based NMR structures54,83–85 have been reported for TAR in free and ligand 

or peptide bound states. Because these structures were determined by finding the single 

conformation that best satisfies the NMR data, it is unsurprising that none of them included 

the ES1 conformation with the C30–A+35 and U31–G34syn mismatches. These NOE-based 

structures more closely resemble the GS subensemble reported here, but they were generally 

more disordered often lacking the C30–G34 bp (Figure S8). Some of these discrepancies 

could arise from differences in conditions, but it could also be that the assumption of a 

single static structure combined with the semiquantitative nature of NOE-based distance 

constraints diminishes the accuracy of the resulting structures. Indeed, an RNA ensemble 

for the UUCG apical loop determined using quantitative eNOEs, which explicitly accounted 

for ensemble averaging,19 was shown to be in good agreement with the ensembles obtained 

using RDCs.86 These and other studies17,87 highlight the importance of properly accounting 

for ensemble averaging during structure refinement.

The FARFAR-NMR ensemble reported here provides insights into the 3D structure of an 

RNA ES and how it differs from the GS. Counterintuitively and as anticipated by the 

secondary structure, the high energy ES1 has one extra bp relative to the GS, enjoys greater 

stacking interactions, and forms a narrower more ordered ensemble. Why then is ES1 

less energetically favorable than the GS? Prior studies2 showed that simply lowering the 

pH is sufficient to render ES1 the dominant GS. Future studies should further dissect the 

energetic contribution associated with protonating A35 to form the C30–A+35 wobble bp. 

Based on their secondary structures, we can anticipate ES ensembles that sample narrower 

conformational spaces relative to the GS for several other RNAs, including the TAR ES2, 

RRE stem-IIb,88 pre-Q class-I,89 and SAM-II6 riboswitches.

The TAR ensemble also provided insights into the GS–ES1 transition pathway. A recent 

phi-value analysis90 of the GS–ES1 transition showed that pairing of A35 with C30 was 

not rate limiting. These findings are consistent with our observation of hybrid apical loop 

conformations in which the ES1 C30–A+35 wobble pair is formed without disrupting the 

cross stranded C30–G34. Rather, the melting of the cross stranded C30–G34 bp, which 

formed in all GS conformers, is most likely the rate limiting step during the GS–ES1 

transition (Figure 7A). The C30–G34 bp could melt after the hybrid structure formed with 

the C30–A+35 mismatch, and this could be followed by rapid anti to syn isomerization of 

G34 to form the U31–G34syn mismatch (Figure 7A). This proposed kinetic pathway can be 

tested in the future using phi-value analysis and modifications specifically targeting C30 and 

G34.

The FARFAR-NMR ensemble allowed us to resolve supra-τc motions in the TAR apical loop 

that are invisible to conventional spin relaxation or chemical exchange measurements, which 

likely involve base stacking/unstacking dynamics. Based on an RDC-derived conformational 

ensemble, we previously reported similar lines of evidence for supra-τc interhelical motions 

in TAR linked to base stacking/unstacking dynamics at the bulge.20,57 FARFAR-NMR, 

in conjunction with spin relaxation and relaxation dispersion measurements, should help 

illuminate nanosecond-to-microsecond time scale motions in other RNA molecules.
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The TAR ensemble also uncovered connections between motional modes occurring on 

different time scales. In particular, we find that microsecond time scale transitions 

redistribute the populations associated with faster motional modes occurring on the pico-

to-nanosecond time scale (Figure 7B). For example, in the GS, U31 exists in a rapid 

equilibrium between C3′-endo (62.5%) ⇌ C2′-endo (37.5%). This equilibrium is slowly 

redistributed on the microsecond time scale to C3′-endo (>99%) ⇌ C2′-endo (<1%) in 

ES1. Likewise, in the GS, A35 exists in a rapid equilibrium between extra-helical (~78%) 

⇌ intrahelical (32%) conformations. This equilibrium is slowly redistributed to extra-helical 

(<1%) ⇌ intrahelical (>99%) in ES1.

In summary, by integrating NMR chemical exchange data, we enhanced the utility of 

FARFAR-NMR, enabling the determination of conformational ensembles for both the RNA 

GS and ES. This is achievable if the ES population exceeds 10% and interconverts with 

the GS on submillisecond time scale. Thus, FARFAR-NMR holds great promise in going 

beyond 3D structure determination to provide deeper and broader descriptions of the RNA 

free energy landscape.

METHODS

Sample Preparation.

In Vitro Transcription.—The EI-22 and EII-13 variants were prepared by in vitro 

transcription using T7 RNA polymerase (New England Biolabs Inc.), uniformly C13 / N15

labeled nucleotide triphosphates (Cambridge Isotopes, Inc.), and synthetic DNA templates 

(Integrated DNA Technologies, Inc.) containing the T7 promoter and sequence of interest. 

The transcription product was purified by 20% (w/v) denaturing polyacrylamide gel 

electrophoresis (PAGE), using 8 M urea and 1× TBE [89 mM Tris-borate, 89 mM boric 

acid, 2 mM ethylenediaminetetraacetic acid (EDTA)]. The RNA was electro-eluted from 

the gel in 20 mM Tris pH 8 buffer followed by ethanol precipitation. The RNA pellet was 

dissolved in water, annealed by heating to 95 °C for 5 min and rapid cooling on ice, and 

then exchanged into NMR buffer (15 mM sodium phosphate, 0.1 mM EDTA and 25 mM 

NaCl at pH 6.4) multiple times using an Amicon Ultra-4 Centrifugal Filter Unit (Millipore 

Corp. MWCO 3 kDa). Two samples were prepared for each of the EI-22 and EII-13 variants 

to minimize spectral overlap. For EI-22, samples were either C13 / N15  A/U or C13 / N15  G/C 

labeled while for EII-13 the samples were either C13 / N15  uniformly or C13 / N15  G/C labeled. 

Unlabeled EII-3 was purchased from Dharmacon (Thermo Fischer Scientific), dissolved in 

water, refolded, and exchanged into a NMR buffer. All samples were buffer exchanged to 

a final RNA concentration of ~1–2 mM. Aligned samples for RDC measurements were 

prepared by concentrating the RNA sample by a factor of 2 then adding Pf1 phage (Asla 

Biotech) solution (50 mg/mL) to the desired final concentration of 19, 25, and 17 mg/mL for 

EI-22, EII-3, and EII-13, respectively.

Solid-Phase Synthesis.—Unlabeled TAR mutants A35G and C30U were synthesized 

using MerMade 12 Oligo Synthesizer (BioAutomation) for solid-phase synthesis using 

standard protocols for phosphoramidite chemistry and 2′-hydroxyl deprotection in prior 

studies.90 Unlabeled RNA phosphoramidites were purchased from ChemGenes and 

Roy et al. Page 13

J Am Chem Soc. Author manuscript; available in PMC 2024 July 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



both samples used 2′-TBDMS protected phosphoramidites with 1 μmol standard (1000 

Å) synthesis columns. The 5′-DMT (4,4′-dimethoxytrityl) was removed for DMT-off 

deprotection, and standard PAGE purification was performed as previously described. 

Nucleobase protecting groups were removed, and oligonucleotides were cleaved from the 

synthesis columns using 1 mL of 30% ammonium hydroxide and 30% methylamine (1:1) 

followed by incubation at room temperature for 2 h. Deprotected samples were then air-

dried followed by addition of 100 μL of DMSO and incubation at 65 °C for 5 min to 

ensure the samples were fully dissolved. 125 μL of TEA-3HF was added to the dissolved 

samples and the mixture incubated at 65 °C for 2.5 h. Finally, samples were precipitated 

overnight using 3 M sodium acetate and 100% ethanol, air-dried, then dissolved in water 

for gel purification, elution, ethanol washing, and buffer exchange as described for in vitro 

transcription above. The final concentration of the two samples were ~2 mM, and each 

sample was concentrated 2-fold before addition of Pf1 phage to achieve a final phage 

concentration of ~20–25 mg/mL.

NMR Experiments.

Unless indicated otherwise, all NMR experiments were performed at 298 K on a Bruker 

600 MHz spectrometer equipped with a 5 mm triple-resonance HCN cryogenic probe. All 

experiments were processed using NMRPipe91 and visualized in SPARKY.92

Resonance Assignments.— H1 , C13 , and N15  Resonance assignments for E-0 and 

EI-22 TAR as well as the mutants C30U and A35G were obtained from prior 

studies.2,63 Resonances in EII-3 and EII-13 were assigned using standard homonuclear 

and heteronuclear 2D experiments and by comparison with wtTAR resonance assignments. 

The H1 , C13 , and N15  chemical shifts for E-076 were used to cross-validate the ensemble. 

Chemical shifts for the GS ωGS  and ES1 ωES1  were computed from the measured average 

chemical shift ωavg , exchange parameters (Δω = ωES − ωGS and pB) deduced from relaxation 

dispersion experiments2,76 using the following equation applicable under fast-exchange

ωGS = ωavg − pES × Δω

ωES = ωavg + pGS × Δω

RDC Measurements.—2D C13 – H1  or N15 – H1  S3E HSQC and transverse relaxation-

optimized spectroscopy (TROSY) experiments were used to measure one-bond C–H and 

N–H RDCs (1DCH) in aromatic and sugar moieties (C6H6, C8H8, C2H2, C5H5, C1′H1’, 

and N1H1/N3H3) in EII-3 and EII-13. The 2D TROSY experiment16 was used to measure 

RDCs (C8H8, C6H6, C2H2, C5H5, C1′H1’) in the elongated EI-22, at 298 K using a 

Varian 800 MHz spectrometer equipped with a 5 mm triple-resonance HCN cryogenic 

probe. RDCs were calculated as the difference in splittings measured in the absence J
and presence J + D  of the Pf1 phage ordering medium. Comparison of 2D HSQC spectra 

showed little to no perturbations in the chemical shifts in the absence and presence of 

Pf1 phage, consistent with prior studies.16 For EII-3, RDCs were measured using two 
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experiments in which the splittings were encoded along either the C13 / N15  (indirect) or H1

(direct) dimension. The RDC uncertainty was estimated based on the RMSD between values 

measured using two different experiments as described previously.93 RDCs for EII-3 and 

E-063 were obtained by taking the average of the RDCs measured along the C13 / N15  and 

H1  dimensions, while for the elongated EII-13 and EI-22, only the RDCs measured along 

the H1  dimension were used.16 One bond aromatic and sugar C–H RDCs for TAR mutants 

C30U and A35G were measured using experiments identical to those used for EII-3, and 

these measurements were performed on a Bruker 800 MHz spectrometer equipped with a 5 

mm triple-resonance HCN cryogenic probe. All measured RDCs are summarized in Tables 

S1, S2, and S6 have been deposited in BMRB and are additionally also available on GitHub: 

https://github.com/alhashimilab/Kinetically_resolved_ensemble_TAR.

Order Tensor Analysis of RDCs.—RDCs measured in EI-22, EII-3 and EII-13 for 

nonterminal Watson–Crick bps in the upper stem were subjected to an order tensor analysis 

using idealized A-form geometry with the helix axis oriented along the z-axis of the 

molecular frame, as previously described.94 Best fit order tensor parameters are summarized 

in Table S2.

Off-Resonance C13 R1ρ Relaxation Dispersion Experiments.—Off-resonance 

C13 R1ρ measurements were performed using a 1D scheme that uses selective Hartman-Hahn 

magnetization transfers as described previously.49 Briefly, weakly matched H1  and C13

RF fields were used to selectively transfer magnetization from protons to the C13  nucleus 

of interest. The longitudinal C13  magnetization was allowed to relax for 5 ms to allow 

equilibration of the substates and then tilted along the effective field direction. Then, a C13

spin-lock was applied for a maximal duration (<60 ms for C13 ) to obtain ~70% loss in signal 

intensity at the end of the relaxation period. The signal intensity was recorded for 6 delays 

spaced over the total relaxation period. Spin-lock powers and offsets used are given in Table 

S5. The RD measurements were performed on samples in D2O at pH 7.4 and T = 25°C
in NMR buffer unless stated otherwise. The spin-lock powers used, along with associated 

offsets and delay times, are summarized for each resonance in Table S5.

Analysis of Off-Resonance C13 R1ρ Data.—Fit values for the relaxation rate in 

rotation frame R1ρ for a given spin-lock power and offset combination were obtained by 

fitting the measured peak intensities (extracted from NMRPipe) to a monoexponential 

function. Numerical integration of the Bloch–McConnel equations was then used to globally 

fit R1ρ values as a function of spin-lock power and offset to a two-state exchange model. 

A Monte Carlo procedure was used to estimate errors in the fitted parameters as described 

in prior studies.49 Exchange parameters of interest, such as the population of ES pES , the 

exchange rate kex = kforward + kreverse , and the chemical shift difference between ES and GS 

Δω = ωES − ωGS  were extracted from the two-state exchange model. The fitted parameters 

are summarized in Table S4.
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The final off-resonance profile plots were generated by plotting 

R2 + Rex = R1ρ − R1ρ cos 2θ /sin 2θ, where θ is the angle between the effective and the z axis 

in radians as a function of ΩOBS = ωOBS − ωRF, in which ωOBS is the observed Larmor frequency, 

and ωRF is the angular frequency of the applied spin-lock power.

FARFAR-NMR.

Generation of Conformation Library Using FARFAR.—FARFAR,48 available in the 

Rosetta Software Suite as rna_denovo, was used to generate conformational libraries for 

the GS and ES1 as previously described.17 Constraints on the secondary structure and base 

pairing were implemented for the different GS + ES libraries, as summarized in Table S3. 

An initial library of N = 20,000 conformers was generated for each state followed by Rosetta 

energy-based filtering (Rosetta energy ≤ 0) to remove models with potential steric clashes 

to generate a final library of N = 10,000 conformations. For ES1, an additional filter was 

applied to constrain G34 to a syn conformation with χ values between 0° and 100°. (Note 

that the base pair mode constraint was insufficient to fix the orientation of the base in the syn 
conformation observed by using NMR relaxation dispersion). The GS and ES libraries were 

then combined in 1:1 ratio to form the final unbiased conformation library (NTotal = 10,000, 

NGS = 5000 and NES = 5000).

RDC Calculations.—Ensemble-averaged RDCs were calculated by computing the RDCs 

for each conformer in an ensemble using the program PALES.95 Ensemble-averaged RDCs 

were calculated by averaging over all conformers in the ensemble, assuming each conformer 

to be equally probable. Predictions for each of the four RDC data sets were obtained as in 

prior studies by in silico helix elongation using an idealized A-form geometry prior to the 

PALES calculations. Predictions for each data set were scaled independently to account for 

variations in phage concentrations across experiments using the scaling factor defined as 

follows:

Li = j Di, j
meas × Di, j

pred

k Di, k
pred × Di, k

pred

where Di, j
pred and Di, j

meas are the predicted and measured RDC for the j th bond vector in the 

i th data set.

Sample and Select.—To select a subset of conformations from the library that best 

satisfied the measured RDCs, a simulated annealing Monte Carlo sampling algorithm was 

used to minimize the cost function χ2  representing the squared error between predicted and 

measured values

χ2 = i j Li × Di, j
pred − Di, j

meas

n

in which Di, j
pred and Di, j

meas are the predicted and measured RDC for the j th bond vector 

in the i th data set, respectively; Li is the scaling factor; and n is the number of bond 
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vectors. Simulated annealing was performed from a starting effective temperature of 100 

and decreased by a factor of 0.9 every 500,000 MC steps for 100 decrements. SAS was 

performed initially by varying the ensemble size from 1 to 50 and the optimal ensemble size 

was selected to be the smallest size satisfying the RDCs to avoid overfitting. The optimal 

ensemble size was used to run SAS 100 times, and the ensemble with the lowest RMSD 

from these repeats was selected as the FARFAR-NMR ensemble. RDCs from terminal ends 

or bps adjacent to inserted elongations in the various RDC constructs were not used in 

ensemble optimization.

RDC Cross-Validation.—The FARFAR-NMR ensemble was cross-validated using a 10× 

cross-validation in which 10% of the RDCs were systematically removed in 10 repeats to 

test the ability of the ensemble generated with the remaining data to predict the RDCs that 

were left out, ensuring that each residue had at least one RDC within the training data. 

The RDCs were predicted with a slightly higher RDC RMSD = 5.6 Hz than the optimized 

FARFAR-NMR ensemble (RMSD = 3.0 Hz), but significantly lower than the unoptimized 

FARFAR-library (RMSD = 9.6 Hz) indicating that the improvement in RDC agreement in 

the optimized ensemble was not due to overfitting the data (Figure S3B).

Subensemble Validation Using Mutants.—The ES1 and GS subensembles obtained 

from FARFAR-NMR were used to predict ES1 and GS RDCs that were compared against 

RDCs measured on the ES1-trapping TAR mutants (C30U and A35G) using PALES 

prediction of alignment along with appropriate scaling as previously described. RDCs 

measured on the residues being mutated were removed from the analysis.

Automated Fragmentation QM/MM Calculations.

Fragment Generation.—The FARFAR-NMR ensemble was subjected to ab initio 

chemical shift calculations using the previously described AFNMR software.50 Each RNA 

conformer in the ensemble was subjected to five conjugate gradient energy minimization 

steps with 2 kcal/mol Å2 harmonic restraints on heavy atoms to regularize bond lengths and 

minimize noise in predictions. Each residue was modeled as a quantum mechanical fragment 

with a full quantum mechanical representation of all atoms within a 3.4 Å distance cutoff. 

Atoms outside this quantum core, including water and ions were modeled as an equivalent 

coarse grained uniform distribution of point charges on the surface of the quantum core, 

obtained using the Poisson–Boltzmann equation (solinprot from MEAD96). The quantum 

core, regions occupied by the conformer outside the core, and the solvent were assigned 

local dielectric constants ε  of 1, 4, and 80, respectively.

Quantum Mechanical Simulations.—The generated fragments were used to perform 

GIAO–DFT calculations in Orca597 (version 5.0.4) using the OLYP98 functional and 

pcSseg-1 (triple-z plus polarization) basis set optimized for nuclear magnetics shielding.99 

Reference shielding computations on tetramethylsilane were used to calculate the predicted 

chemical shifts obtained from the isotropic components of the computed shielding tensor. 

Predicted shifts were averaged for all conformers in the ensemble. A linear correction 

obtained from least-squares fitting was applied to the predicted ensemble-averaged chemical 

shifts, separately for each resonance type, for comparison against measurements as 

Roy et al. Page 17

J Am Chem Soc. Author manuscript; available in PMC 2024 July 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



previously described.17,87 Predicted chemical shifts for the GS and ES1 subensembles were 

obtained by averaging over conformers in the GS and ES1 subensembles, respectively. 

For a few conformers, the predicted chemical shifts for residues C30–C1′, G34–C1′, 
A35–C1′, C4′ lied outside the range of typically observed values in the Biological 

Magnetics Resonance Data Bank (BMRB).100 In such cases, when possible, the calculations 

were repeated when replacing the conformer by a nearly identical conformer in the 

conformational library (apical loop structural RMSD < 0.1 Å), ensuring that such a 

replacement does not impact the predicted RDCs (RMSD < 0.05 Hz). The conformer would 

be selected if the chemical shifts fell within the BMRB range. This approach was applied 

to the FARFAR-NMR ensemble in which one conformer with an unusually upfield shifted 

A35–C1′ ES1 chemical shift (~83 ppm) was replaced with a structurally similar (RMSD 

~ 0.1 Å) conformer that did not impact the RDC agreement (difference in predicted RDC 

RMSD ~ 0.02 Hz) but showed a significantly different chemical shift prediction (~90 ppm) 

despite minimal structural difference in the orientation of A35 compared to the original 

conformer. Such outliers in QM/MM predictions need to be investigated further to enhance 

the robustness of chemical shift predictions.

Ensemble Analysis.

Structural Characterization.—All structural visualization for analyzing structures and 

generating 3D models in figures was performed using PyMOL (version 2.5.4). Structural 

features such as base pair and base pair step parameters, sugar backbone torsional angles 

(alpha, beta, gamma, delta, epsilon), sugar puckering, coaxial stacking between helices, and 

hydrogen bonding interactions were parsed from PDB structural coordinates using 3DNA101 

(version). Interhelical Euler angles αh, βh, γh  about the TAR bulge were computed as 

previously described102 by superimposing idealized A-form geometry on three consecutive 

bps (lower helix: C19–G43, A20–U42, and G21–C41; upper helix: G26–C39, A27–U38, 

and G28–C37) flanking both sides of the bulge and computing the relative orientation 

of the helical axis of the two fit idealized A-form helices. The values of αh and γh were 

inverted relative to the previously reported values102 ensure that positive and negative values 

of αh + γh  correspond to over and under-twisting, respectively. All heavy atom structural 

RMSDs were computed using the rmsd command available in CPPTRAJ.103 Sugar pucker 

populations for apical loop residues were deduced from C1′ chemical shifts as previously 

described.17

Filtering of ES1-Like Conformers from Conformational Library.—To test the 

quality of fit for ensemble optimized on conformational library without any ES1 or ES1-like 

states, a new conformational library (N = 10,000) using GS secondary structural constraints 

was generated as mentioned previously for the unbiased library. In addition to energy score-

based filtering to obtain the final library, conformations were additionally filtered to remove 

ES1-like features, which was characterized using the angle between sugar-base vectors 

(vector from geometric center of sugar atoms to that of nucleobase atoms) for residues G34 

and A35, defined as cos φ. In GS, A35 is flipped out relative to G34, and hence the dot 

product is lower (cosφ ≤ 0.5). In ES1, A35 is stacked in with G34, hence the dot product is 
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higher cos φ > 0.5 . All conformers with dot product >0.5 were filtered out to obtain the 

final GS-only library.

Comparison with X-ray Structure.—The contacts formed between the TAR apical 

loop and proteins Tat and CyclinT1 were identified based on the previously solved X-ray 

structure of the complex56 (PDBID 6CYT). Pairwise heavy-atom RMSDs (residues 29–36) 

were computed for all 20 conformers in the FARFAR-NMR ensemble against the solved 

structure of the apical loop, and the lowest RMSD conformers within each subensemble was 

overlaid onto the X-ray structure using align command in PyMOL (residues 29–36 used for 

alignment).

Calculation of Spin Relaxation Order Parameters.—The Lipari–Szabo order 

parameter S2  was calculated for the FARFAR-NMR ensemble from 3D coordinates of 

the conformers as previously described,46 by first aligning all backbone atoms in E-0 and 

then computing the normalized C–H internuclear bond vector μi  for each resonance of 

interest to obtain the predicted S2 values using the following equation

S2 = 1
2 3

i = 1

3

j = 1

3
μiμj

2 − 1

where μi represent the Cartesian coordinates of the normalized internuclear vector and 

denotes averaging over all conformations in the ensemble. The relative order parameter 

Srelative
2  was then computed from the predicted S2 value by normalizing relative to the 

largest corresponding value within the helical residues for each resonance type (C6, C8, 

C2) independently, in line with the normalization procedure used in prior spin relaxation 

measurements.63

PDB Survey of NMR Structures of TAR Apical Loop.—All solution NMR structures 

containing the HIV TAR apical loop (both apo and ligand-bound states) were downloaded 

from the RCSB PDB and filtered to select the subset of structures without any ligand 

interactions with the apical loop. The filtered set of structures were processed by X3DNA-

DSSR101 (version 1.9) to characterize structural features in the apical loop as described 

above.

Figure Design.—The results from all analyses were converted into the csv format, and 

final plots were made within either Jupyter notebooks running Python (version 3.7) or 

Mathematica (version 13.1) or GraphPad Prism (version 8.2.1). Chemical structures were 

generated by using ChemDraw (version 20.1). Images originally generated from other 

sources were exported into Adobe Illustrator 2020 (version 24.5) to be incorporated into 

the final figures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Kinetic resolution of RNA ensembles by integrating FARFAR-NMR with NMR chemical 

exchange measurements. (A) A representative RNA free energy landscape. The energetically 

most favorable GS (green) interconverts slowly on the microsecond time scale with a 

lowly populated ES (pink). The GS and ES form ensembles of many conformations 

interconverting on the faster pico-to-nanosecond time scale. (B) Pipeline for determining 

kinetically resolved dynamic ensembles of the RNA GS and ES by integrating FARFAR-

NMR17 with NMR chemical exchange measurements. NMR chemical exchange is used to 

characterize the secondary structures of GS and ES and their kinetic rates of interconversion. 

A conformational library is generated using Rosetta FARFAR structure prediction48 for 

the NMR-derived GS and ES secondary structures. The library is subjected to RDC 

optimization to obtain a kinetically resolved ensemble containing GS and ES conformations. 

The ensemble is evaluated using shifts ω  averaged over the entire ensemble (ωavg), the 

GS ωGS , and the ES (ωES), and by comparing the ES population (pES) to values determined 

independently using NMR chemical exchange measurements.
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Figure 2. 
Modulating partial alignment of the HIV-1 TAR using domain elongation. (A) TAR exists 

in a dynamic equilibrium between the GS and two ESs (ES1 and ES2). Shown are the 

secondary structures, populations, and kinetic rates of interconversion deduced in prior 

NMR relaxation dispersion studies.2,74 The apical loop is highlighted in each state. (B) 

Secondary structures of the four HIV-1 TAR variants used to measure RDCs and to 

modulate partial alignment relative to the magnetic field direction (on average oriented 

along Szz) when dissolved in the Pf1 phage ordering medium. (C) Globes showing the 

experimentally determined orientation of the principal axis of the alignment tensor Szz  for 

all four variants relative to the axis of the TAR upper helix.
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Figure 3. 
Determining the HIV-1 TAR ensemble by integrating FARFAR-NMR and NMR relaxation 

dispersion. (A) (Left) Secondary structure of TAR with color-coded motifs. (Right) The 

RMSD between measured and predicted RDCs as a function of increasing ensemble size 

(N) during SAS. Values are shown for all RDCs (in black) as well as for the color-coded 

motifs. Also shown is the optimal ensemble size (N = 20) used to generate the FARFAR-

NMR ensemble. Gray dashed line indicates the estimated RDC uncertainty (2.8 Hz). (B) 

Comparison between measured and predicted RDCs for the FARFAR-NMR ensemble (N 
= 20) and the FARFAR-library (N = 10,000). Motif-specific RDC RMSDs are shown in 

legend. (C) Overlay of ES1 and GS conformations in the FARFAR-NMR ensemble. Motifs 

are color-coded. The ES1 is represented using the same number of conformations as the 

GS (N = 16) obtained from repeated SAS runs. (D) Comparison of the ES1 population 

in the FARFAR-NMR ensemble (in magenta, averaged over 100 SAS runs) with values 

obtained using NMR relaxation dispersion measurements (black).2,76 As a negative control, 

also shown is the ES population obtained using SAS when replacing the ES1 conformational 

library with a conformational library generated for an alternative ES2 (in gray) with a 

different secondary structure (Figure 2A).
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Figure 4. 
Cross-validating the TAR ensemble using chemical shifts. (A) Representative correlation 

plots comparing measured versus FARFAR-NMR (N = 20) predicted base (C6, C8) and 

sugar (C1′, C4′) C13  chemical shifts ωavg  averaged over the entire GS + ES1 ensemble. The 

chemical shifts were computed using AF-QM/MM (see Methods). All other comparisons 

of C13 , N15  and H1  ωavg values are included in Figure S4. A linear correction was applied 

to predict the chemical shifts (see Methods) as described previously.87 (B) Comparison of 

RMSD (left) and R2 (right) between measured and predicted C13 / N15  chemical shifts ωavg

for ensembles: FARFAR-NMR (blue), FARFAR-random (red), and FARFAR-lowest-energy 

(orange), all with N = 20. (C) Comparison of measured and FARFAR-NMR predicted C13

chemical shifts for the GS (ωGS, left) and ES1 (ωES1, right) subensembles and values measured 

experimentally using relaxation dispersion.2,76 (D) Correlation plots comparing measured 

and predicted Δω values Δω = ωES1 − ωGS  for base (black) and sugar (gray) resonances 

(as shown in C) for FARFAR-NMR and an ensemble in which the 20 conformers in 

the FARFAR-NMR were randomly partitioned to the GS and ES1 keeping the correct 

population of the ES1.
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Figure 5. 
Comparison of the GS and ES subensembles. (A) Schematic representation of the apical 

loop conformations in the FARFAR-NMR ensemble (N = 20) for the GS (left), hybrid 

GS–ES1, and ES1 (right). The two hybrid conformations are part of the GS subensemble. 

Shown are hydrogen bonds (black line), base-stacking (gray lines), and residues enriched 

in the noncanonical C2′-endo sugar pucker (highlighted in blue). (B) Representative 

3D atomic structures of the GS, ES1, and hybrid conformations. Residues C30, U31, 

G34, and A35 are color-coded to represent whether they are GS-like (green) or ES1-like 

(magenta). (C) Chemical structures of the C30–G34 Watson–Crick and C30–A+35 wobble 

bp simultaneously formed in hybrid conformations. (D) Comparison of the 3D structures 

of the GS and ES with crystal structure of TAR in SEC (PDB ID = 6CMN).56 Shown 

is the protein bound structure of TAR using X-ray crystallography (left, blue), as well as 

the lowest RMSD conformations from the GS (center, green) and ES1 (right, magenta) 

subensembles projected onto the X-ray structure using heavy atom RMSD-based alignment 

(see Methods). Also shown are the RNA–protein contacts observed in the crystal structure 

(PDB ID = 6CMN),56 and those which can also form with the projected GS or ES1 

conformations.
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Figure 6. 
The FARFAR-NMR ensemble resolves supra-τc motions in the TAR apical loop. (A) 

The range of time scales covered by NMR spin relaxation, relaxation dispersion, and 

RDC measurements. RDCs provide a unique opportunity to resolve supra-τc motions. (B) 

Comparison of the relative order parameter Srelative
2  of bond vectors from prior NMR spin 

relaxation measurements63 (solid black) with corresponding values computed (see Methods) 

for the entire GS + ES1 FARFAR-NMR ensemble (hollow black) or separately for the GS 

(green) and ES1 (pink) subensembles.
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Figure 7. 
Ensemble provides insights into the GS to ES1 transition. (A) Proposed mechanism for 

the conformational transition between the GS and ES1 involving hybrid conformations. (B) 

Slow (micro-to-millisecond) redistribution of fast (pico-to-nanosecond) sugar repuckering 

motions between C2′-endo and C3′-endo during transitions between the GS and ES1. The 

example shown is that for residue U31.
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