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Abstract
Intrinsic motions allow HIV-1 TAR RNA to change its conformation to form a functional complex 
with the Tat protein, which is essential for viral replication. Understanding of the dynamic 
properties of TAR necessitates determining motion on the intermediate ns-μs time scale. To this 
end, we performed solid-state deuterium NMR line shape and T1Z relaxation time experiments to 
measure intermediate motions for two uridine residues, U40 and U42, within the lower helix of 
TAR. We infer global motions at rates of ~105 s−1 in the lower helix, which are much slower than 
those of the upper helix, indicating the two helical domains reorient independently of one another 
in the solid-state sample. These results contribute to the aim of fully describing the properties of 
functional motions in TAR RNA.
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INTRODUCTION
Many RNAs rely on adaptive conformational changes in response to the binding of small 
molecules or proteins to fulfill their biological functions.1–8 The 29-nucleotide HIV-1 
transactivation response (TAR) RNA construct provides a paradigmatic example for this 
class of adaptive RNA recognition events. The UCU bulge and neighboring base pairs in 
TAR (Figure 1A) are important for the specific binding of viral regulatory protein Tat and 
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undergo a substantial conformational transition upon protein binding.1,3,8–13 The structures 
of TAR in the presence and absence of Tat-derived peptides and argininamide have been 
widely studied,1,9,10,14–17 but the dynamic properties of TAR that are the basis of this 
inherent flexibility still remain of interest.18–28 The complex superposition of different 
motional modes that occur with multiple amplitudes and time scales, even for the simple 
helix− bulge−helix motif of TAR RNA, motivated us to study the 29- nucleotide construct 
using solid-state NMR. Having previously constructed models for uridine residues in the 
upper helix and bulge regions,19 we examine the dynamic behavior of the lower helix in the 
following work.

Deuterium solid-state NMR line-shape and relaxation experiments, when combined, are 
sensitive to motions at time scales ranging from nanoseconds to milliseconds. Previous 
experiments on TAR have shown that it is likely to exhibit motions in this intermediate range 
of time scales,22,29 making solid-state NMR an important means of understanding dynamics 
in TAR RNA. Whereas solution NMR experiments such as relaxation dispersion and the 
measurement of residual dipolar couplings (RDCs) (see, e.g., Al-Hashimi7) can probe the 
amplitude and degrees of freedom involved, solid-state measurements are uniquely poised to 
provide a quantitative view of the rates of exchange. This is due to the averaging of 
interactions on the time scale of the overall diffusive tumbling of the molecule (~a few 
nanoseconds for TAR RNA23,30) in the solution state. Solid-state NMR naturally avoids this 
rotational averaging. However, it is to be noted that an elegant alternative approach in the 
solution state was also demonstrated by Al-Hashimi and co-workers: solution NMR 15N 
relaxation experiments on TAR constructs, where each domain was elongated separately to 
slow down overall tumbling, revealed interhelical reorientation motions on a nanosecond 
time scale.29 Whereas these results undoubtedly bypass the averaging due to overall 
rotational tumbling, employing 2H NMR lineshape experiments will further extend the 
window of sensitivity to the conformational exchange rates to the range from nanoseconds to 
milliseconds. Site-specific 2H solid-state NMR studies of TAR RNA were performed by our 
research group.18,19 The intermediate rate atomic trajectories of single-stranded U23 and 
U25 residues at the bulge and U38 within a base pair in the upper helix were fully described. 
In the current work, 5,6-2H deuterium labels were introduced at the U40 and U42 positions 
in TAR (Figure 1), corresponding to the lower helix and including a member of an unstable 
base pair that closes the bulge region (U40-A22). RNA samples were hydrated to reproduce 
conditions in which motions are solution like, using previously established methods of 
analysis.31

All measurements were performed at room temperature, as was done for previous 
experiments on the upper helix. Under solid-state conditions, all motions discussed in both 
the current and previous studies19 are relative to a fixed, external crystal director frame. 
Given these conditions, we found that, somewhat surprisingly, deuterium solid-state NMR 
reveals much slower global motions (twist and bend; see Figure 1A) in the lower helix 
compared to those in the upper helix. Here, we consider this result and its implications.
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METHODS
Sample Preparation.

The [5,6-2H]-labeled uridine nucleotide was purchased from Thermo Scientific. The 
deuterated nucleotide was converted to a phosphoramidite, incorporated into the RNA 
oligonucelotide, and desalted by the manufacturer. No further purification was performed. 
The sample was checked for homogeneity by analytical denaturing polyacrylamide gel 
electrophoresis. The following TAR RNA 29-mer constructs were used:

5′-GGCAGAUCUGAGCCUGGGAGCUC*UCUGCC-3′ (U40) and 
5′GGCAGAUCUGAGCCUGGGAGCUCUC*UGCC-3′ (U42). U40 (6.7 μmol/62 mg) was 
dissolved in buffer (50 mM NaCl, 10 mM sodium cacodylate, pH 5.5), then frozen in liquid 
nitrogen, and lyophilized. There are 10% NaCl and 4.7% cacodylate by weight in the final 
composition, upon lyophilization. To remove residual HDO and D2O, samples were re-
dissolved in deuterium-depleted water and then lyophilized three times. Each sample was 
then re-dissolved a final time in deuteriumdepleted water, annealed in a 90 °C water bath for 
5 min, allowed to cool to room temperature for 30 min, and then frozen using liquid 
nitrogen. The samples were then lyophilized extensively once again to remove residual 
water. The dry sample was packed into a 5 mm Kel-F rotor. U42 samples (6.7 μmol/62 mg) 
were prepared using the same procedure. Samples were hydrated by vapor diffusion in a 
sealed chamber over saturated salt solutions containing deuterium depleted water.32 Water 
addition to the samples was monitored gravimetrically. U40 and U42 were hydrated to 
hydration levels of 8, 16, and 20 water molecules per nucleotide (denoted w = 8, 16, and 20, 
respectively), with the final mass of water at 28, 56, and 70 mg, respectively. At each 
hydration level, samples were sealed and allowed to equilibrate an additional week before 
performing the NMR experiment.

Solid-State NMR Experiments.
All data collection was performed on a Bruker AVANCE III 500 instrument at 11.74 T field 
operating at Larmor frequencies of 76.67 MHz for 2H, using a home-built single-channel 
static deuterium probe. All measurements were performed at room temperature (25 °C) with 
a 90° pulse time of 2.6 μs. Dwell time for all experiments was 0.4 μs. Recycle delay for all 
experiments was 1 s. Deuterium line shapes were obtained using a quadrupole echo pulse 
sequence,33 which used eight-step phase cycling, with an echo delay of 40 μs. Typical 
spectra resulted from the acquisition of 300 000−500 000 scans. Line shapes were minimally 
processed with 200 Hz line broadening and phase correction only. Spin−lattice relaxation 
times T1Z were determined using an inversion recovery pulse sequence, which incorporated 
a 180° composite pulse to ensure broadband excitation.34 Typical delays were 1, 10, 25, 50, 
100, 500, 1000, and 2000 ms. The quadrupolar-order relaxation times, T1Q, were measured 
using the broadband Jeener−Broekaert pulse sequence35,36 with an eight-step phase cycle 
(similar to that in Olsen et al.19). The pulse sequence along with the time delays was as 
follows: 90−τ1−67−τ1−45−τ2−45−[variable relaxation delay]−45−echo delay−90−echo 
delay−acquisition. Typical delays were 5μs for τ1, 2.5 μs for τ2, and 1, 100, 500, 1000, and 
2000 ms for the variable relaxation delay, with 40 μs echo delays
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Data Processing and Motional Models.
Data processing was performed using Bruker’s Topspin 3.0 software. Deuterium line shapes 
were simulated by the program MXET137 using a previously published double two-site 
jump model of U38, summarized below.19 Powder-averaged relaxation times T1Z were 
analyzed using a nonlinear least-squares fit of integrated powder spectra to a single 
exponential. The model for each base was considered to consist of a double two-site jump 
motion: one motion consisted of a twosite jump rotation of the base (or “base libration”) 
around the base-plane normal, both sites being equally populated; the second involves the 
simultaneous twisting and bending motion of the entire helical stem containing the labeled 
residue, relative to a fixed, external crystal director frame (in solid-state conditions, all bulk 
motions are referenced to a local director coordinate system). The free parameters for the 
twisting and bending helical motion include a single rate of exchange between two equally 
populated conformers, as well as one amplitude each for the twist and the bend. These 
parameters are fit using the deuterium line-shape data because of the sensitivity of the line 
shape in the rate regime relevant to the helical motion. The faster base-libration model has a 
jump rate and an angular amplitude that are fit to the relaxation data. The angular amplitude 
is expressed throughout the article as the half-angle of the full angular excursion of the base; 
that is, the best-fit amplitude is expressed as ±θfit ° .

The expressions used for the relaxation-time calculations are

1
T1Z

=
ωQ

2

3 J1 ω0 + 4J2 2ω0 (1)

1
T1Q

= ωQ
2 J1 ω0 (2)

where ωQ = 3
4

e2qQ
ℏ = 2π 3

4
e2qQ

h = 2π 3
4νQCC  (vQCC is the quadrupolar coupling constant 

(QCC)) and Jm (ω) is the spectral density of order m with the definition

Jm ω = 2∫
0

∞

dtCm t cos ωt (3)

The powder average correlation function is calculated a
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Cm t = 1
5 ∑

a = − 2

2
D0, a

2 * ΩPAS C 0 − D0, a
2 * ΩPAS C 0

D0, a
2 ΩPAS C t − D0, a

2 ΩPAS C t

(4)

where ΩPAS→C = (αPAS→C, βPAS→C, γPAS→C) is the set of Euler angles transforming the 
principal axis system (PAS) of the quadrupole coupling tensor to the crystal director (C) 

frame; Dm, n
2 ΩPAS C = e

−imαPAS Cdmn βPAS C e
−inγPAS C is the second order 

Wigner-D rotation matrix for the passive transformation from PAS to C frames. The 
transformation from the PAS to C frames is broken down into two successive 
transformations from PAS to a helix-attached, base-perpendicular intermediate (I) frame and 
from the I frame to the C frame, to deal with two independent motions. Specifically, the 
Euler angles for each pair of two sites are ΩPAS C = 0, π

2 , ± γlibration  and ΩI→C = {0, 0, 

0} ↔ {0, βbend, γtwist}.

The PAS is defined as being axially symmetric about the C-2H bond with the QCC=179 
kHz38 and asymmetry parameter η=0.39 In the χ2 analysis for the base librations, the 
parameters for bending and twisting motions were fixed at βbend = 14° and γtwist = −23° and 
the rate of conformational exchange at 1.2×105 s−1.

RESULTS AND DISCUSSION
Effects of Hydration.

In the process of hydrating nucleic acid samples, water is introduced initially to the 
phosphate backbone, followed by the bases and furanose rings.40 After the completion of 
local hydration, water populates the bulk hydration layers surrounding the RNA, resulting in 
a condition that approximates the solution state, as far as we can judge on the basis of the 
deuterium data in the current and previous studies.31 The dynamics of the upper helix and 
the bulged loop of TAR RNA have been studied as a function of hydration level, revealing 
that, at 16−20 water molecules per nucleotide (w =16−20), the effect of hydration on T1Z 
and T1Q of local motions appears to level out. This in turn indicates the local hydration of 
the nucleic acid backbone and bases is substantially complete.31 The line shape of U38 in 
the upper helix shows a pronounced drop of amplitude in the center of the Pake doublet line 
shape from w = 6 to 16 and, thereafter, maintains the same amplitude from hydration levels 
of w = 16 to 30 (Figure 4 of Olsen et al.31), again indicating that hydration of the upper helix 
is essentially complete by w = 16.

Because of the structural differences between the upper and lower helices, the amount of 
water required to complete the local hydration of U40 and U42 needs to be established 
separately as a prerequisite for directly comparing the dynamics observed in the current 
experiments to that in the previously published work. The T1Z of both U40 and U42 is 
around 300 ms at w = 8. line shapes for w = 8 and 16 (top) and for w =16 and 20 (bottom) 
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for U40 and U42. The data in Figure 2 show that the line shapes for U40 and U42 do not 
change markedly between w = 16 and 20, indicating that hydration is substantially complete 
at w = 16 for the lower helix. Thus, the line-shape data for U40 and U42 matches the trend 
observed for U38.19

Dynamic Models.
The 2H solid-state NMR line shapes of 5,6-2H-labeled U40 and U42 are presented in Figure 
3 and compared with that of U38, with all line shapes obtained at sample hydrations of w = 
16, where the hydration is inferred to be complete. The line shapes of U40 and U42 are very 
similar to each other, indicating the existence of similar motions at both sites on the lower 
helix within the nanaosecond-tomicrosecond intermediate time scale regime. The shapes of 
the horns of U40/U42 and U38 show similar features as well, but there is a significant 
difference in the line shapes between the upper and lower helices: a decrease in the intensity 
at the center of the spectrum for U40 and U42 compared to that of U38. Loss of intensity in 
the center of a 2H quadrupolar echo spectrum is caused by motions with correlation times on 
the order of the echo pulse spacing, which is about 30 μs.41 In previous studies of base 
motions in double-stranded DNA,38 slower motions (10−100 μs) observed at higher 
hydration levels were attributed to the slow, uniform twisting of the entire helix. These slow 
motions were similarly manifested as a loss of intensity in the center of the 2H quadrupolar 
echo spectrum, as we see now for U40 and U42. Therefore, the central amplitude reduction 
features in the line shapes of U40 and U42 reported in Figure 3 are inferred to result from 
motions on this timescale.

By a quantitative fit to the solid-state data, U38 was found to undergo a combination of 13° 
helical twisting (i.e., a change inthe helical twist of 13°) and 13° bending (i.e., a change in 
the helical bend of 13°) motions at a rate of about 1.4 × 106 s−1 corresponding to the global 
movements of the entire helix, in addition to much faster local base-libration motions (±4°) 
at a rate of 2.2 × 108 s−1.19 On the basis of this double two-site jump model generated for 
U38, with local base librations and overall helical bending and twisting, preliminary 
simulations were performed using the program MXET137 for U40 and U42 as well. The 
local base librations for both U40 and U42 most likely occur at much faster time scales 
(>108 s−1) and with smaller amplitude relative to the helical motions, as demonstrated 
forU38. Such motions barely have any visible effect on the line shape, which mostly reports 
on slower motions. However, as these motions have significant influence on the relaxation 
times, we extracted the base-libration parameters from fits to T1Z and T1Q data at a 
hydration of w = 16. The measured T1Z is 146 ms for U40 and 145 ms for U42. The 
measured T1Q is 97 ms for U40 and 89 ms for U42. The results of fitting the rate and 
amplitude parameters (using the Mathematica code) are presented in Figure 4.

The best-fit base-libration amplitudes were in the range of ±5−±12°, with rates on the order 
of 4 ×107−2 × 108 s−1. Closer examination further restricted the ranges to be ±10−±11° for 
the amplitude with rates on the order of 4 × 107−5 × 107 s−1 for U40 and ±7−±11° for the 
amplitude with rates on the order of 4 × 107−1 × 108 s−1 for U42. However, for the sake of 
the line-shape simulations presented in Figure 5, we used the best-fit parameters used for the 
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U38 simulations. The impact of this choice (vs the best-fit values mentioned above) on the 
line shapes is minimal.

As a precursor to a discussion of the line-shape fitting, it is worth considering the motivation 
for choosing a helical motion model to explain the line shapes of both U40 and U42. U40 
has almost the same 2H line shape as that of U42, and, interestingly, the solid-state 
deuterium and solution-state 13C relaxation times22 are also similar for both residues. This 
is surprising as U40 is near the bulge and many other studies have indicated that the 
A22−U40 base pair is not stably formed in the absence of Tat protein.2,23,25 This seems to 
indicate that the line shape and relaxation times are not sensitive to the motions of U40 that 
differentiate it from U42. In the absence of such information in our data, we have chosen to 
model the motion of both residues by a common model of helical reorientation, rather than 
by two separate models incorporating local dynamic variations. In Figure 5A, we fit the U40 
and U42 line shapes changing only the rates of helical domain motions (twisting and 
bending). A clear trend is observed for the center amplitude, the slower motions causing a 
greater loss of intensity in the center of the spectrum. A χ2 analysis (Figure 5B) was 
performed for the simulation of the line shape of U42 covering a wide range of rates 
(104−1010 s−1), considering both the motions of the entire helix (“helical rate”) and local 
base librations (“libration rate”). Rates of twisting and bending of the entire lower helix on 
the order of 105 s−1 describe the data well; these rates are ~10 times slower than the 
corresponding motions for the upper helix of TAR but comparable to the motional rates 
observed in double-stranded DNA.38 Figure 5C presents the line shapes corresponding to 
helical motions withdiffering amplitudes at a rate of 1.4 × 105 s−1 obtained from 
simulations, showing the significant change in the horns that occur with large-amplitude 
motion. No such change in the horns is observed for U40 and U42, indicating that only 
smallamplitude motions occur. A χ2 analysis (Figure 5D) was also performed for the 
simulation of the line shape of U42, covering the 0−50° range of helical domain motions. 
The best-fit amplitudes for the helical motion include a 0−18° bend and a 18−25° twist, with 
a χ2 under 1.5.

Differences in Helical Motion Time Scales.
Given that the motion of the upper helix reported in Olsen et al. 201019 occurs at rates faster 
than those observed for the lower helix, it is important to consider the influence of the solid-
state intermolecular interactions on the dynamics: (a) For particular hydration states and 
ionic concentrations in the environment of the molecule, what are the types and magnitudes 
of the forces that restrict the tumbling of the molecule? (b) Do these restrictive forces affect 
the different domains of the molecule differently? The discussion on solid-state conditions 
can, in fact, be seen as an extension of the same considerations as those used for RDCs (e.g., 
the discussions involved in the simulation of both steric42 and electrostatic43 alignments). 
On account of the charged phophodiester backbones, the alignment of RNA molecules due 
to neighboring molecules is likely to be a combination of steric and electrostatic effects, 
dependent on the water and buffer concentrations in the interstices. The effects may also be 
nonuniform. One could imagine the extreme case, where one of the helices experiences a 
very restrictive, deep intermolecular potential, whereas the other moves within a shallow, 
broad free-energy surface. In this case, the more restricted domain will move at a faster rate 
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(the largest few rate eigenvalues of the motion for a potential with more rapid variation will 
be larger) and with a smaller amplitude than the other domain. Of course, as simulations 
consider averages over the entire sample, this would demand a uniformly different restriction 
potential for the two domains across all molecules in the sample. This may arise as a result 
of a slight difference in hydration (though similar results were obtained from the NMR data 
discussed here), differences in ionic concentrations, or the impact of the hairpin loop 
attached to the upper helix. The essential point is that an a priori prediction of the collective 
motions of the two helical domains is not possible without a consideration of the sample 
conditions and the consequent variations in constraints on domain motion. Thus, the 
interpretation of solid-state NMR data is carried out in terms of motions relative to an 
external crystal director frame, and descriptions of interdomain motions are potentially 
obfuscated. It is also worth reiterating the point that solid-state and solution motions are not 
expected to be identical in the most general case. The effect of water on the entire molecule 
or on its parts is significant and may impact rates, amplitudes, and even the participating 
degrees of freedom in the motion of the molecule. The more likely motions to cross over 
faithfully from one set of sample conditions to another are those with smaller amplitudes 
and with a smaller foray into the intermolecular interstices. Larger domain motions may be 
impacted by the concentration of the sample and thus vary from solid state to solution. Of 
course, this must also be consistent with the conclusions made in the preceding sections 
regarding the change in motions as a function of the change in hydration in the solid state: 
our understanding is that although the solid state line shapes do converge above a certain 
hydration level, clearly this hydration level is not sufficient to cause full tumbling of the 
molecule, thus representing an intermediate motional “plateau” in the continuum between 
solid-state and solution conditions.

Study of Interhelical Motions.
Given the absence of detailed simulations of the solid-state sample environment, we instead 
previously carried out a model-based approach, where the solid-state-inspired models were 
incorporated into a tumbling molecule and fit to solution 13C relaxation times.23,24 This 
enabled us to check the consistency of the solid-state models in a solution context. We found 
that the solution relaxation times can be fit by local motions on a similar time scale and 
interhelical motions on a slower time scale than those observed in solid-state conditions, 
with the aforementioned caveat that solid-state helical models are assessed relative to an 
external frame, whereas solution models involve interhelical motions. We discuss the results 
here to provide a larger context for the solid-state models of the current work. The goal of 
these papers23,24 was to introduce models motivated by solid-state results into a molecule 
that is both tumbling in solution and changing its conformation through discrete jumps. This 
was enabled by a theoretical and numerical framework that calculated solution relaxation 
times by solving the rotational diffusion equation24 and using an RDC-selected subensemble 
of conformations generated by the Rosetta program FARFAR44 to build a dynamic 
trajectory.23 The methodology also interestingly extends the sensitivity of the 13C relaxation 
rates to time scales slower than the expected ñanosecond scale, as the potentially slower 
process of conformational exchange impacts the diffusion tensors that are sampled during 
the course of rotational tumbling, which occurs on the ñanosecond scale. Thus, there is a 
reflection of the slower exchange process in the nanosecond-sensitive 13C relaxation times, 
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making the results derived therefrom relevant to the discussion here. The base-libration 
parameters from early experiments presented in this work, in combination with those from 
the U38 study,19 were used as a starting point in a solution-state NMR analysis of helical 
residues.23 Initializing the baselibration parameter search with the values from the solid-
state studies led to a best-fit rate for the solution-state relaxation times in the range of 
107−109 s−1 and amplitudes less than ~±20° when all of the helical residues in the entire 
sample were considered. Thus, the range of libration parameters in the solution state did not 
stray away from the solid-state values presented in this article during the course of 
parametric search procedure. Interestingly, the best fit for the solution state was obtained 
when all of the upper helical residues and U40 and U42 on the one hand and all of the 
remaining lower helix residues on the other hand were simulated with two separate groups 
of local base parameters. The best-fit solution interhelical exchange rates (as combined 
twisting and bending rates) are in general slower than the rate of 1.4 × 106 s−1 reported for 
U38 in the upper helix19 and those for U40 and U42 reported here, occurring in the range of 
104− 105 s−1. The best-fit amplitudes are understandably larger in solution conditions, with 
exchanges between conformational states separated by up to ~90° interhelical bends and 
~140° interhelical twists. There are pairs of conformers (among the set of highly populated 
states) in which the changes in the bend angles are similar to those observed for the lower 
helix in this work, but given the aforementioned difficulty in describing interhelical 
dynamics in solid-state analyses, this may not be more than a numerical coincidence. In 
summary, the base-libration parameters from solution simulations are similar to those 
observed in the solid state, whereas the helical amplitudes were larger and the helical rates 
were smaller (i.e., the motions were slower) in the solution state relative to those in the 
solid-state models.

Comparisons to Other Studies.
As with solution conditions, given that the referencing of solid-state motions is done relative 
to an external crystallite frame, it is difficult to exactly quantify the overall amplitudes of the 
interhelical motions to which RDC data are sensitive. A simple calculation would add 
together the maximum excursions of the upper and lower helices relative to the external 
frame in quadrature to produce maximum interhelical bend changes on the order of 13−25°. 
Previous solution RDC NMR studies10,45 show a ~45° bend in the interhelical angle. Thus, 
the solid-state data indicate a more rigid molecule in the solid state relative to that described 
by RDC studies, similar to the results for the solution state described in the previous section. 
As it was reported that motions in TAR are strongly dependent on the ionic strength and 
have much smaller amplitudes under moderate to high ionic strength conditions46 and our 
solid-state samples have much higher ionic strength, the smaller amplitudes observed here 
could also be due to these differences (in addition to other considerations of restriction in the 
solid state). To provide a sense of the ionic strength of a solid-state sample, we consider the 
case of the U40 sample with w = 16. The sample contains 1.99 mg of NaCl and 15.5 mg of 
H2O. We do not usually measure the volume of sample in solid-state NMR and so, instead, 
if we used the density of water to do an estimation, the ionic strength is
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no. of moles of NaCl
volume of sample :volume of water

= 1.99 mg NaCl
58 g/mol /

15.5 mg H2O
1g/mL

= 22.13mM

The real volume is larger, but the ionic strength should still be much higher than that of a 
solution sample. Using a domain-elongation strategy, Al-Hashimi et al.20 reported that a 
network of local and collective motions occurring at nanosecond time scales underlies the 
RNA’s ability to adaptively change conformation. Solid-state NMR studies found domain 
reorientational motions within the upper helix occurring at much longer time scales of 106 s
−1,19 whereas the results of the current article indicate motions on the order of 105 s−1 for 
the lower helix. Further studies by our group matching solution 13C relaxation times 
indicated that interhelical motions occurred on a slow time scale on the order of 104−105 s
−1.23,24 The mutual consistency of the three results can be considered as follows: (a) the 
solid-state 2H studies are sensitive to motions on the nanosecond-to millisecond time scale, 
but the local environment of a molecule, including both ionic concentrations and steric and 
electrostatic interactions with neighboring molecules, may differentially impact the two 
helices, resulting in two different rates of conformational exchange; (b) solution 15N 
relaxation-time measurements on elongated TAR are sensitive to motional time scales up to 
several nanoseconds and may reveal modes of conformational exchange not modeled in the 
current analysis; (c) solution 13C relaxation times, usually sensitive to time scales up to 
several nanoseconds, gain sensitivity to longer conformational exchange time scales due to 
the fluctuating diffusion tensors and thus probe slower modes of interhelical reorientation. 
There is no apparent inconsistency between (a) and (c) as the solid-state motions could 
transition to the slower motions observed using the 13C relaxation times once the restrictions 
of the solid-state environment are removed. However, the solid-state data here fits with the 
simplest possible model that may obscure the presence of nanoscale motions observed in the 
15N data. Thus, it is possible that there are several modes with different time scales 
superimposed on each other. Future modeling exercises will have to consider this potentially 
complex superposition of modes.

CONCLUSIONS
The dynamics of two uridine residues, U40 and U42, in the lower helix of HIV-1 TAR RNA 
was investigated using solid state 2H NMR line-shape and relaxation-time analyses. We fit 
the data using models that indicate that the lower helix underwent conformational exchange 
between two conformers at a rate an order of magnitude slower compared to that obtained 
using similar models for the upper helix, occurring at rates of about 105 s−1. The differences 
observed between the two helices and between the solid-state models in this work and 
relaxation data from solution analyses can be partially explained by the restriction inherent 
in a solid-state sample and the high ionic strength, which likely play a significant role in 
determining the dynamics. Additional considerations include the possible superposition of 
multiple dynamic modes that necessitate more complicated models.
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Figure 1. 
a) Secondary structure of TAR RNA, indicating the position of the 5,6-2H labeled U40 and 
U42 nucleotides. The upper helical domain is represented by a red rectangle, while the lower 
helical domain is represented by a blue rectangle instead. The blue arrow represents the 
bending motion of the lower helix, and the black arrow represents the twist. b) 3D Structure 
of the unbound TAR RNA.11 The phosphate backbone is represented by a grey ribbon, with 
U40 and U42 indicated in red. The labeled 2H is shown in magenta.
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Figure 2. 
Solid-state 2H NMR line shapes for U40 and U42 in TAR RNA at different hydration levels. 
Top: Overlays of the line shapes for w = 8 (magenta) and w = 16 (black). Bottom: Overlays 
of the line shapes for w = 16 (black) and w = 20 (red). The signal in the center of the 
spectrum is dominated by the sharp peak corresponding to residual 2H signal in the 
deuterium-depleted water.
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Figure 3. 
Solid-state 2H NMR line shapes at a hydration of w = 16 for U38,16 U40 and U42 in TAR 
RNA. U40 and U42 are measured under the same experimental conditions as previously 
reported for U38 in order to make full comparisons.
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Figure 4. 
Contour plots for the fits of the rate (in units of ×108 s−1) and amplitude (for a two-site 
jump expressed as ±θfit ° relative to the average position in units of degrees) parameters, 

where the measure of the fit is given as log T1Z − T1Z
expt 2 − T1Q − T1Q

expt 2  Results are 

provided for (A) U40 and (B) U42.
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Figure 5. 
(A) MXET128 line shape fits to experimental data for U42 conducted by varying the rate of 
helical domain motion (1.4 × 105 s−1 in black, 1.4 × 106 s−1 in red, 1.4 × 107 s−1 in blue). 
Other parameters of the simulations correspond to the same values published for U38.16 (B) 
Contour plot of a χ2 analysis indicating the region of best fit for the rate of motions of U42. 
Rate 1 corresponds to helical domain motions, including twisting and bending; rate 2 refers 
to the rate of local base librations. (C) MXET128 line shape simulation conducted by varying 
the amplitude of helical domain motion (13° in black, 26° in red, 39° in blue). The rate of 
helical domain motion is kept at 1.4 × 105 s−1. Other parameters of the simulations coincide 
with those published for U3816. (D) Contour plot of a χ2 analysis indicating the region of 
best fit for the amplitude of motions of U42 (twisting and bending).
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