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Abstract
Many regulatory RNAs undergo large changes in structure upon recognition of proteins and
ligands but the mechanism by which this occur remains poorly understood. Using NMR residual
dipolar coupling (RDCs), we characterized Na+ induced changes in the structure and dynamics of
the bulge-containing HIV-1 transactivation response element (TAR) RNA that mirror changes
induced by small molecules bearing a different number of cationic groups. Increasing the Na+

concentration from 25 mM to 320 mM led to a continuous reduction in the average inter-helical
bend angle (from 46° to 22°), inter-helical twist angle (from 66° to −18°) and inter-helix
flexibility (as measured by an increase in the internal generalized degree of order from 0.56 to
0.74). Similar conformational changes were observed with Mg2+, indicating that non-specific
electrostatic interactions drive the conformational transition, although results also suggest that Na+

and Mg2+ may associate with TAR in distinct modes. The transition can be rationalized based on a
population-weighted average of two ensembles comprising an electrostatically relaxed bent and
flexible TAR conformation that is weakly associated with counterions, and a globally rigid coaxial
conformation which has stronger electrostatic potential and association with counterions. The
TAR inter-helical orientations that are stabilized by small molecules fall around the metal-induced
conformational pathway, indicating that counterions may help predispose the TAR conformation
for target recognition. Our results underscore the intricate sensitivity of RNA conformational
dynamics to environmental conditions and demonstrate the ability to detect subtle conformational
changes using NMR RDCs.
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Many regulatory ribonucleic acids (RNAs) undergo large changes in conformation upon
binding to proteins and small ligand molecules but the mechanism by which this occurs
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remains poorly understood (1–4). Numerous studies have examined the extent to which
molecules induce new RNA conformations versus capture conformations that are
dynamically accessible in the unbound state (1, 5–11). In contrast, fewer studies have
examined the potential role of monovalent and divalent cations in conformational adaptation
and target recognition (12).

The interaction between the transactivation response element (TAR) RNA (13) from the
human immunodeficiency type I virus (HIV-1) and the viral transactivator protein (Tat) is a
paradigm for understanding the rules of RNA adaptive recognition (1, 5, 8, 14) and a
primary target for developing anti-HIV therapeutics (15–18). Several high-resolution
structures have been reported for HIV-I TAR (Figure 1), including the free form (19) and
bound to divalent cations (20), peptide mimics of Tat (21, 22), and six distinct small
molecules containing a different number of cationic groups designed to inhibit its interaction
with Tat (23–26). These TAR conformations differ dramatically both in the global
orientation of helices (inter-helical bend angle ranging between ~5° and ~47°) as well as the
local conformation of bulge and neighboring residues where molecules bind. Thus, by
adopting different conformations, TAR is capable of binding chemically diverse targets
(Figure 1).

The molecular basis for TAR conformational adaptation is key for understanding its role in
Tat-mediated transcription elongation of HIV-1 genes and for rationally designing inhibitors
of its interaction with Tat (17, 18). Electrostatic interactions play important roles in both
RNA folding and recognition (27–32) and thus can provide a basis for driving
conformational changes accompanying complex formation. Previous studies have
emphasized the importance of electrostatic interactions in TAR recognition. The spatial
arrangements of basic groups in Tat relative to the negative TAR surface is an important
determinant of Tat binding and its induced TAR conformational changes (33). The Tat
bound TAR conformation (21, 22) can be stabilized by distinct small molecules that can
satisfy two key electrostatic interactions (26). Aminoglycosides bind TAR with affinities
that correlate with their total number of positive amines (34). Our NMR studies suggest that
the changes in the TAR conformational dynamics induced by small molecules are also
correlated to their total number of positive groups (35).

RNA electrostatic hot-spots, which would normally be stabilized by cationic groups on
proteins and small molecules, are expected to be energetically unfavorable in the unbound
RNA. One can therefore expect that these structural elements only become significantly
stabilized during or following complex formation. However, metal cations can also stabilize
such electrostatic hot-spots and thus pre-adapt the RNA conformation for target recognition.
Several studies have shown that a variety of monovalent and divalent cations can associate
with the TAR bulge (20, 36–38). Transient electric birefringence (39) and NMR (40) studies
have shown that the addition of Mg2+ results in a significant reduction in the TAR inter-
helical bend angle and dynamics (20). However, as is often the case, it remains unclear
whether the Mg2+ induced transition is driven by non-specific electrostatic interactions with
diffusive counterions, which could be recapitulated by cationic groups on small molecules,
or by inner-sphere contacts with specifically bound metals. Another unresolved question
which has also proven generally difficult to address is whether the TAR conformations
observed at various metal concentrations represent distinct conformations or a dynamical
average of two or more states.

A number of studies suggest that the metal-induced TAR structural transition is driven by
specific inner sphere contacts. An X-ray structure of TAR shows four specifically bound
Ca2+ ions that stabilize a unique UCU bulge conformation through several inner-sphere
contacts with TAR ligands (20). Furthermore, transient electric birefringence studies have
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shown that Mg2+ induced transitions in bulge containing RNAs are not recapitulated by Na+

even when using up to 50-fold higher concentrations (41). On the other hand, EPR studies
show that Na+ and Ca2+ induce similar TAR conformational changes (38) but that other
metals can induce distinct effects (39).

Metal induced RNA conformational transitions have been studied using a variety of
experimental biophysical techniques including EPR (37,38), fluorescence spectroscopy (42),
hydroxyl radical footprinting (43), analytical ultracentrifugation(44), small angle x-ray
scattering (45), and small angle neutron scattering (46). Although it can uniquely provide
information about both structure and dynamics at site-specific resolution, few studies have
employed NMR to structurally characterize metal-induced RNA transitions. This is in part
because conventional NOE derived distance restraints can be insensitive to global
conformational changes (47) and because high-resolution structure determination remains
time consuming which makes characterizing structures at multiple metal concentrations
impractical (48, 49).

In this study, we exploit the exquisite conformational sensitivity of NMR residual dipolar
couplings (RDCs) (50–53) to characterize how the structure and dynamics of TAR change
as a function of increasing Na+ concentration and compare findings with changes induced by
Mg2+ and small molecules. Aiding our study is an order tensor based analysis of RDCs
which permits studies of global conformational dynamics with high efficiency (14, 48, 49,
54, 55). The RDCs allowed us to detect Na+ induced changes in the TAR conformation
which are indistinguishable from those induced by Mg2+ even though chemical shift
mapping data suggest that the two metals may bind TAR using distinct modes. These results
together with electrostatic calculations offer new insights into the possible role of
electrostatic interactions and counterion condensation in TAR adaptive recognition.

MATERIALS AND METHODS
NMR sample preparation

Samples of uniformly 13C/15N labeled TAR were prepared by in vitro transcription using
synthetic double stranded DNA templates containing the T7 promoter and sequence of
interest (Integrated DNA Technologies, Inc.), T7 RNA polymerase (Takara Mirus Bio, Inc.),
and 13C/15N labeled nucleotide triphosphates (ISOTEC, Inc.). The RNA was purified by
20% (w/v) denaturing polyacrylamide gel electrophoresis containing 8M urea and 1x TBE
followed by electroelution in 20 mM Tris pH 8 buffer and ethanol precipitation. The RNA
pellet was dissolved and exchanged into NMR buffer (15 mM sodium phosphate, 0.1 mM
EDTA, and 25 mM NaCl at pH ~6.4,) using a centricon ultracel YM-3 concentrator
(Millipore Corp.). The final RNA concentration in the aligned NMR samples was 0.3/0.5
mM for Na+/Mg2+ respectively. Three separate samples were used to measure RDCs at 160,
320 mM Na+, and 25 mM Na+/4 mM Mg2+. The aligned samples were prepared by adding
Pf1 phage (50 mg/ml) (56, 57) in NMR buffer to a pre-concentrated TAR RNA sample to
yield a final Pf1 phage concentration of 17–20 mg/ml. The addition of phage did not affect
the ‘effective’ Na+ or Mg2+ concentration as judged from careful comparison of the
chemical shifts in the absence and presence of phage (see Supporting Information).

Measurement of RDCs
All NMR experiments were performed at 298 K on an Avance Bruker 600 MHz
spectrometer equipped with a triple-resonance cryogenic (5mm) probe with the exception of
the 320 mM Na+ RDCs which were measured on a Varian Inova 800 MHz spectrometer
equipped with a triple resonance Z-gradient probe. NMR spectra were analyzed using NMR
Draw (58) or Felix (Accelrys Inc, 2002) and overlaid in Sparky 3 (59). The measurement of
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RDCs in 25 mM NaCl (14) and in the presence of Mg2+ (40) have been reported previously.
The measurements of RDCs in the presence of Mg2+ (0.5 mM RNA and 25 mM Na+/4 mM
Mg2+) were repeated using the same experiments and conditions used for the Na+ RDC
measurements. Results were consistent with previous values (40). One
bond 1DC6H6, 1DC8H8, 1DC5H5, 1DC2H2, 1DC1′H1′, and 1DN1/3H1/3 RDCs were measured
using 2D 13C–1H (or 15N-1H) S3E HSQC experiments (35, 60) from the difference in
splittings measured along the 13C (or 15N) dimension observed in the presence and absence
of Pf1 phage (56, 57). The RDC measurement error was estimated from duplicate
measurements using experiments that yield splittings along the 1H and 13C/15N dimension
(standard deviation between two RDC sets was 0.9 Hz). The measured RDCs are listed in
Supporting Information.

Chemical shift mapping
2D HSQC spectra were recorded following incremental increases in [Na+] (25, 40, 80, 160
and 320mM against 0.2 mM TAR) or [Mg2+] (0, 0.2, 0.4, 0.8, 1.6, 3.2 and 6.4 mM against
0.2mM TAR). Apparent dissociation constants (Kd) were obtained by fitting the observed
changes in chemical shift to the equation (65):

(1)

where [M]T is the total concentration of metal (Na+ or Mg2+), [RNA]T is the TAR
concentration based on UV absorbance at 260 nm, ΔδT is the difference in chemical shifts
between the “free” and “metal associated” states (in ppm), δobs is the observed chemical
shift (in ppm), and δFree is the chemical shift in the “free” state (in ppm). The data was fitted
using the Origin software (OriginLab Corporation) in which ΔδT and Kd (and δFree for Na+)
were allowed to vary during the fit. The Kd errors obtained from the fit were in excellent
agreement with values obtained independently using a Monte Carlo approach. For the latter,
“residuals” corresponding to the difference between the measured and best-fitted chemical
shifts in the titration curves were computed for all fitted data. The resulting distribution of
residuals was fitted to a Gaussian distribution. Next, simulations were performed in which
perfect chemical shift titration data points corresponding to experimental values were
generated and each point perturbed by a value randomly chosen from the Gaussian
distribution. The perturbed points were then fitted to Equation 1 and the calculations
repeated a hundred times. The difference between the “true” Kds used in the simulation and
values obtained from curve-fitting were then fitted to a Gaussian distribution and the
resulting standard deviation assumed to be the Kd error.

Order tensor analysis of RDCs
The RDCs measured in the TAR helices were subjected to an order tensor analysis using
idealized A-form helices as input coordinates (14) as implemented in the program AFORM-
RDC (55). The helices were constructed using the Biopolymer module in Insight II
(Molecular Simulations, Inc.) followed by correction of propeller twist angles from +15° to
−15° (61). The measured RDCs were fitted to idealized A-form helices using singular value
decomposition (62) implemented in the in-house written program RAMAH (63). RDCs
from terminal residues (17, 45, 22 and 40), bulge residues (23–25), and hairpin loop residues
(31–34) were excluded from the analysis. The order tensor errors due to parameterized “A-
form structural noise” and RDC uncertainty were estimated using the program AFORM-
RDC (55). Key statistics for the order tensor analysis are summarized in Table 1.
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For each metal condition, helices were rotated into the principal axis system (PAS) of their
best-fitted order tensor and assembled using the program Insight II (Molecular Simulations,
Inc) by linking U40 (P) to C39 (O3′) (~1.59 Å). Due to the order tensor degeneracy (64),
this yielded four possible inter-helical orientations, three of which could be discarded; two
because they lead to anti-parallel helix alignments and one because it resulted in a distance
between A22 (O3′) and G26 (P) (>30 Å) that cannot be satisfactorily linked using the
trinucleotide bulge. Inter-helical angles for all TAR structures were calculated using an in-
house program.

Electrostatic calculations
HIV-1 TAR RNA structures in free form (PDB ID#1ANR) and bound to argininamide (PDB
ID#1ARJ), Ca2+ (PDB ID#397D), acetylpromazine (PDB ID#1LVJ), neomycin B (PDB
ID#1QD3), Rbt158 (PDB ID#1UUI), Rbt203 (PDB ID#1UUD) and Rbt550 (PDB
ID#UTS1) were obtained from the Protein Data Bank and used in the analysis. Electrostatic
calculations were performed by solving the non-linear Poisson Boltzmann equation using
the Delphi (66) module of Insight II (Molecular Simulations, Inc). No bound waters, ions or
ligands were included in the calculation. The DNA-RNA AMBER force field (67) was used
for partial charges of atoms. An interior dielectric constant of 2 was used for the RNA
molecule. The continuum dielectric constant for the solvent (water) was set to 80 with a 1:1
electrolyte distribution according to the Boltzmann weighted average of the mean potential.
A 2.0 Å exclusion radius was added to the surface of the RNA to account for ion size and a
1.4 Å probe used to determine the RNA molecular surface. A monovalent salt concentration
of 0.025 M was used in the calculations to mimic the low ionic strength NMR conditions.
3D structures were mapped onto a grid (65 × 65 × 65 grid points/side) and the boundary
potential at each lattice calculated using the Debye-Huckel and full Columbic equations
implemented in Delphi (66). The calculated electrostatic potential maps were displayed
using the program GRASP provided by the Honig lab (66).

RESULTS AND DISCUSSION
Chemical shift mapping of Na+ and Mg2+ association with TAR RNA

As shown in Figure 2A, large and specific changes in chemical shift were observed in 2D
HSQC spectra of TAR (0.3 mM) upon incrementally increasing the NaCl concentration
from 25 mM to 320 mM in a background buffer containing 15 mM sodium phosphate and
0.1 mM EDTA at pH ~6.4. The largest chemical shift changes were observed in and around
the bulge. In contrast, little to no changes were observed for residues in the UUCG loop. For
the majority of resonances, the directions of the chemical shift perturbations were similar to
those induced by Mg2+ although the magnitude of the latter was uniformly larger (Figure
2A). As shown in Figure 2B, fitting of the chemical shift titration data to a two-state model
yields apparent Kds that are more than two to orders of magnitude smaller for Mg2+ (Kd
~0.074 ± 0.002 – 0.10 ± 0.01 mM) compared to Na+ (Kd ~0.11 ± 0.01 −0.28 ± 0.09 M) as
has been reported for other RNAs. No further changes in the TAR chemical shifts were
apparent beyond 6.4 mM Mg2+ which is consistent with saturation kinetics and specific
metal-induced transition. In the case of Na+, chemical shift data could not be recorded near
saturation point as this would require salt concentrations (~ 1M) outside the tuning capacity
of our probe.

Despite many similarities, subtle but detectable differences between the Mg2+ and Na+

chemical shift perturbations were observed for residues G26, U23, and A27 (highlighted
with a box, Figure 2A). Significantly, these are precisely the residues that are involved in
inner sphere contacts with Ca2+ cations in the X-ray structure of TAR (20). Thus, Na+ and
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Mg2+ either stabilize a different conformation for these residues and/or associate with them
in a different manner.

Structure and dynamics of TAR as a function of Na+ and Mg2+ using RDCs
The interpretation of chemical shift perturbations is complicated by the fact that they are
sensitive to changes in structure, dynamics, and metal localization. To specifically
characterize the metal induced TAR conformational changes, we measured RDCs in TAR
(0.3 mM) at Na+ concentration of 25 mM, 160 mM, and 320 mM. Based on the apparent
Kds (Figure 2B), these correspond to 10%, 43%, and 60% of TAR being in the Na+ “bound”
state. For comparison, RDCs in the presence of 25 mM Na+/4 mM Mg2+ (83% of TAR
bound) were measured using the same NMR experiments and sample conditions used to
measure the Na+ RDCs. The Mg2+ RDCs were measured slightly below saturation, allowing
insight into the dynamical nature of the metal-induced TAR transition under physiological
Mg2+ concentrations. The Mg2+ RDCs were in very good agreement with values reported
previously at slightly different Mg2+ concentrations (40).

As shown in Figure 3A, continuous and significant changes in RDCs (normalized for
differences in total degree of order, see Figure legend) were observed upon increasing the
Na+ concentration, providing strong evidence for Na+ induced changes in the TAR
conformation. The 320 mM Na+ RDCs are in better agreement with those measured at 25
mM Na+ in the presence rather than in the absence of 4 mM Mg2+ (Figure 3A), indicating
that Na+ and Mg2+ induce similar TAR conformational changes.

To further characterize the metal induced transition, the RDCs were subjected to an order
tensor analysis (62, 68, 69). Here, non-terminal Watson-Crick (WC) base-pairs in individual
helical stems were modeled assuming an idealized A-form geometry (14, 54, 55). The RDCs
and idealized A-form geometry were then used to determine order tensors for each helical
stem (statistics summarized in Table 1). As shown in Figure 3B, an excellent order tensor fit
was obtained for RDCs measured under all metal conditions examined. In all cases, the root-
mean-square-deviation (RMSD) between measured and back-predicted RDCs compared
favorably with the RDC measurement uncertainty (0.9 Hz SD from comparison of 1H
and 13C dimension RDCs). Thus, the local conformation of the WC pairs does not vary
significantly from the ideal A-form geometry. The excellent RDC fits observed for residues
G26 and A27 argue that the observed chemical shift differences with Na+ and Mg2+ (Figure
2A) are unlikely due to different metal-induced conformational changes at these sites but
rather to differences in the modes of metal association with TAR. Likewise, both Na+ and
Mg2+ yield slightly reduced values in the already attenuated bulge RDCs particularly for
U23 (see Supporting Information). As mentioned previously (40), this is consistent with an
increase in the local flexibility accompanying looped out bulge residues (20). The agreement
for the flexible terminal A22-U40 base-pair RDCs (14, 40) (shown as open symbols, Figure
3) which were not included in the order tensor fit, improves with increasing metal
concentration (rmsd = 6.9 Hz, 5.1 Hz, and 3.4 Hz at 160 mM, 320 mM Na+ and 25 mM
Na+/4 mM Mg2+ respectively). This stabilization is consistent with the observed increase in
coaxial stacking between the two stems with increasing metal concentration (see below).

Given the excellent fit to the A-form geometry, the observed changes in RDCs with
increasing Na+ concentration must be attributed to changes in the global orientation and/or
dynamics of the two helices. To this end, we used the order tensors computed for each helix
to determine their relative orientation and dynamics (62, 68) with estimated errors calculated
using the program AFORM-RDC, which yields order tensor errors due to a combination of
A-form structural noise and RDC uncertainty (55). In this analysis, the relative orientation of
helices is obtained by superimposing their order tensor frames describing helix alignment
relative to the applied magnetic field. The amplitude of inter-helical motions is computed
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from the ratio of the generalized degree of order (ϑint = ϑi/ϑj; ϑi < ϑj) describing the degree
of helix alignment relative to the applied magnetic field (14, 69). The ϑint value ranges
between 1 for inter-helical rigidity and 0 for maximum inter-helical motions. Owing to
possible correlations between helix motions and overall alignment, the ϑint value will
generally underestimate the real motional amplitudes (14, 70).

As shown in Figure 4, increasing the Na+ concentration from 25 to 320 mM led to a gradual
reduction in the inter-helical bend from θ = 46° ± 4° to 22° ± 7° (Figure 4A). This was
accompanied by a reduction in the inter-helical twist angle from ξ = 66° ± 50 to −18° ± 50
(Figure 4B) and amplitude of inter-helical motions from ϑint = 0.59 ± 0.06 to 0.74 ± 0.08
(Figure 4C). Assuming an isotropic cone motional model (13), the ϑint values correspond to
inter-helical motional amplitudes of 48°, 41°, and 35° at Na+ concentrations of 25 mM, 160
mM, and 320 mM respectively. The comparatively large error in the inter-helical twist angle
reflects the larger uncertainty in the principal Sxx−Syy directions arising due to near axial
symmetry (η ~ 0) of the helix order tensors (Table 1). Similar but significantly larger
conformational changes were induced by 25 mM Na+/4 mM Mg2+ (θ = 17° ± 7°, ξ = −58 ±
50, and ϑint = 0.85 ± 0.04, shown as horizontal lines in Figure 4). This suggests that the
similar Na+ and Mg2+ induced TAR chemical shift perturbations (Figure 2A) likely reflect a
similar TAR conformational change that is driven by non-specific electrostatic interactions
with counterions.

A two state non-specific electrostatic switch underlies the metal-induced TAR structure-
dynamical transition

The TAR conformations observed at 25 mM, 160 mM and 320 mM Na+ and 25 mM Na+/4
mM Mg2+ may either represent distinct conformations, or a population weighted average of
two or more conformational states. Although these scenarios can be difficult to resolve (46),
the latter can be tested for a simple two-state phenomenological model that is consistent
with apparent good fit of chemical shift perturbations to a two state model (Figure 2B).
Here, it is assumed that TAR consists of a population weighted average of two states; a
metal “free” ensemble, characterized by inter-helical bend angle θ(free), and inter-helical
flexibility ϑint(free), that is weakly associated with metals and which is favored at low ionic
strength conditions (Figure 5A). The metal “bound” state, characterized by inter-helical
bend angle θ(bound) and inter-helical flexibility ϑint(bound), is more strongly associated
with metals and within our metal concentration range is favored at high ionic strength
conditions (Figure 5A). Assuming that the dynamical inter-conversion between the “free”
and “bound” states occurs at timescales faster than the inverse of the measured RDCs (i.e.
faster than milliseconds), the observed RDCs will be a population weighted average over the
two states. Simulations using the TAR helices (data not shown) show that to a good
approximation, the observed ϑint (ϑint(obs)) and inter-helical bend angle (θ(obs)) at a given
Na+ (or Mg2+) will be given by a population weighted average of “free” and “bound”
ensembles (40, 71):

(2)

where the values of pbound can be computed from the apparent Kd values determined for Na
+ and Mg2+ based on the chemical shift titrations (Figure 2B). Assuming that Mg2+

stabilizes a similar bound structure as Na+, which is supported by RDC measurements
(Figure 3), the ϑint(obs) and θ(obs) measured under all four metal conditions (25 mM, 160
mM, and 320 mM Na+ and 25 mM Na+/4 mM Mg2+) can be fitted to Equation 2 to solve for
the two unknowns in each case (ϑint(free), ϑint(bound) and θ (free), θ (bound) respectively).
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As shown in Figure 5, a good fit could be obtained for both the inter-helical bend angle
θ(obs) (Figure 5B) and flexibility ϑint(obs) (Figure 5C). The average Kd values obtained for
the largest chemical perturbations (see methods) were used in computing pbound with minor
differences observed when using various Kd values from the range observed (Figure 2B). No
attempts were made to fit the inter-helical twist angles given their much larger uncertainty.
The fit yields parameters for the metal “bound” state (ϑint(bound) = 0.89 ± 0.02 and
θ(bound) = 8° ± 4°) that is in very good agreement with expectations based on the X-ray
structure of TAR (θ(bound) = −11° and (ϑint(bound) = 1.0) which was determined in the
presence of saturating amounts of divalent ions (100mM CaCl2) (20).

Model conformations for the “free” and “bound” TAR states have been reported, namely an
NOE-based NMR structure of unbound TAR under low ionic strength conditions in the
absence of divalent ions (50 mM NaCl and 5 mM phosphate buffer) (19) and an X-ray
structure of TAR determined in the presence of saturating Ca2+ concentrations (100 mM
CaCl2, 50 mM Na-cacodylate and 200 mM NH4Cl) (20). To gain insight into the molecular
basis for the metal-induced structural transition, we performed nonlinear Poisson-Boltzmann
calculations (27, 66) and compared the surface electrostatic potential for these two TAR
conformations. The negative electrostatic potential was significantly weaker for the unbound
TAR structure (Figure 5D). Here, inter-helical bending allows the bulge to adopt an
extended conformation that minimizes negative charge repulsion while allowing U23 to
adopt a looped in stacked conformation (19) (Figure 5A). The looping in of this bulge
residue accounts for the over-twisting observed at low ionic strength (+ve ξ angles, Figure
4B) (19). In stark contrast, as shown in Figure 5E, a strong negative electrostatic potential
was observed for the Ca2+ bound TAR structure in and around the bulge (G21-C24, and
A27) precisely at residues that exhibit large metal-induced chemical shift perturbations
(Figure 2A). This strong negative potential explains in part why coaxial TAR conformations
are not favored at low ionic strength conditions despite the energetic benefits of helical
stacking, metals are required to screen repulsive forces. The metal bound TAR conformation
is also likely disfavored by the looping out of U23 and loss of stacking interactions with
A22 and U24 (Figure 5A).

Comparison with small molecule binding
We previously used RDCs to characterize the conformational dynamics of TAR bound to
the small molecules argininamide (72), acetylpromazine, and neomycin B (35). We noted
qualitatively that the small molecules induce a reduction in the TAR inter-helical bend angle
and dynamics by an amount that is apparently dependent on their total number of positive
groups. These trends are shown more quantitatively in Figure 6 using an expanded set of
TAR structures. An inverse correlation is apparent between the TAR inter-helical bend angle
(θ) (Figure 6A) and dynamics (ϑint) (Figure 6C) and the net positive charge delivered by the
small molecule. This is analogous to the trend observed with increasing metal concentration
(Figure 4). In contrast, no significant correlation is observed with the inter-helical twist (ξ)
angle (Figure 6B) which as mentioned previously is also influenced by the local bulge
conformation. For the Tat mimic argininamide (ARG), a charge of both +2 and +6 is shown.
The latter is based on surface plasmon resonance measurements indicating that up to three
ARG molecules bind TAR under NMR conditions (26).

The above results suggest that electrostatic interactions also dominate the TAR global
conformational changes that are induced by small molecule recognition. To explore this
further, we performed nonlinear Poisson-Boltzmann calculations on the TAR complexes
following removal of bound ligands. Despite variations due to the structural uncertainty of
the NMR ensemble (see supporting), cationic groups from small molecules were frequently
observed near TAR regions of strong electrostatic potential (Figure 6D), particularly for
regions in and around the bulge, as previously noted for the Rbt family of ligands (26).

Casiano-Negroni et al. Page 8

Biochemistry. Author manuscript; available in PMC 2012 April 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Furthermore, as expected, linear TAR conformations (e.g. TAR-NeoB, TAR-Ca2+ and
TAR-ARG) generally have a stronger electrostatic potential compared to the more bent
conformations (e.g. TAR-ACP) (Figure 6D). The electrostatic hot-spots in the linear
conformations are primarily composed of backbone phosphates (O1P, O2P) which explains
why for example Mg2+, NeoB, and ARG are effective at stabilizing the TAR global
backbone conformation. In contrast, for the highly bent conformations (TAR-ACP, TAR-
Rbt158 and TAR-Rbt203), they are primarily composed of oxygen and nitrogen atoms in
sugar (O2′, O3′, O5′) and base (U(O4, O2), G(N7, O6), A(N7)) moieties. The lack of
involvement of backbone phosphates helps rationalize why ACP is ineffective at stabilizing
the TAR overall conformation. No dynamical data has been obtained for the Rbt family of
small molecules.

Possible role for counterions in TAR adaptive recognition
In Figure 7, we show the inter-helical bend (θ) and twist angles (ξ) for TAR in different
ligand bound states along with the conformational changes that are induced by metals ions.
Many of the ligand bound TAR conformations fall along or near the predicted two-state
metal induced conformational transition. This highlights the similar changes in the TAR
conformation that are induced by small molecules and metals. The largest deviation from the
pathway is observed for ACP which among the bound TAR conformations has the weakest
electrostatic potential composed of sugar and base moieties. Interestingly, at the extremity of
our two state metal transition, we find the functionally relevant TAR conformation that is
stabilized by the Tat mimic ARG (Figure 7). Thus, metals may act to increase the
probability of sampling productive conformations that mimic the functional protein bound
state by screening unfavorable backbone repulsive forces. By also reducing the population
of non-productive conformations, counterions may decrease the likelihood for non-specific
adaptation and promiscuous recognition. In this context, metals may act to bias the
specificity of internal motions towards functionally active conformations.

CONCLUSION
Our results show that Na+ and Mg2+ ions induce a similar TAR structural and dynamical
transition from a bent flexible to coaxial rigid state though the binding modes of the two
metals may be different. This is in contrast to previous transient electric birefringence
studies indicating that the Mg2+ induced transitions in model bulge containing RNAs are not
reproduced by Na+ even when using up to 50-fold higher concentrations (41). It remains to
be established if the observed effects of monovalent ions on the TAR conformation are a
general feature of bulge containing RNAs.

The similar structural and dynamical changes induced by Na+ and Mg2+ strongly suggests
that non-specific electrostatic interactions with diffusive counterions, and not specifically
bound metals observed in the X-ray structure, drive the TAR global structure-dynamical
transition. Our results do not however rule out the presence of inner sphere contact(s)
particularly with Mg2+. Similar electrostatic interactions seem to dominate the TAR
conformational transitions that are induced by Tat derived peptides and other small
molecules. Many of these ligand bound TAR conformations fall near the pathway of the
metal-induced conformational transition (Figure 7) suggesting that metals may be involved
in adapting the TAR conformation for target recognition.

Finally, our study underscores the intricate sensitivity of RNA structural dynamics to
environmental conditions. The range of ionic strength (25 mM – 320 mM) over which
significant changes in the TAR structural and dynamical changes could be detected falls
within a range of buffer conditions that are often used interchangeably. Our results also
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demonstrate the ability to use RDCs in quantitatively measuring subtle differences in RNA
conformational dynamics.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Conformation of HIV-1 TAR in free form and bound to distinct molecular targets (19, 20,
22–26). The inter-helical bend angle is indicated next to each conformation.
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Figure 2.
Chemical shift mapping of Na+ and Mg2+ association with TAR RNA. On the left, the
secondary structure of the TAR construct used in this study. The wild-type loop is replaced
with a UUCG loop. (A) 2D HSQC spectra of TAR recorded in the presence of Na+ (25 mM,
160 mM and 320 mM) and Mg2+ (25 mM Na+/4 mM Mg2+). Residues undergoing the
largest chemical shift perturbations (top 20% for a given type of resonance) upon Na+ and
Mg2+ binding are highlighted in blue and purple square boxes respectively on the TAR
secondary structure. (B) Representative Na+ and Mg2+ titration curves with Kd values ( in M
for Na+ and mM for Mg2+) shown at the end of each curve.
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Figure 3.
(A) Comparison of RDCs measured at 25 mM, 160 mM, and 320 mM Na+ and Mg2+ (25
mM Na+/4 mM Mg2+). The RDCs are normalized (relative to 25 mM Na+) to account for
differences in the degree of order. This was done by scaling the RDCs measured under salt
condition “X” by the ratio of stem II degree of order measured at X and 25 mM (i.e. through
multiplication by ϑNa-25mM/ϑX). Stem II was chosen since it dominates the total degree of
alignment in all cases (Table 1). (B) Order tensor fits against an idealized A-form geometry
carried out independently for stems I and II using RDCs measured at 25 mM, 160 mM, and
320 mM Na+ and 25 mM Na+/4 mM Mg2+. Shown in each case is the root-mean square
deviation (rmsd) between measured and back-predicted RDCs as well as the correlation
coefficient (R).
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Figure 4.
Probing the metal induced TAR structure-dynamical transition using an order tensor analysis
of RDCs. Shown are the (A) inter-helical bend angle (θ), (B) inter-helical twist angle (ξ)
(positive/negative values correspond to over/under twisting respectively), and (C) inter-
helical mobility (ϑint) as a function of Na+ concentration. Values in the presence of 25 mM
Na+/4 mM Mg2+ are shown using a horizontal line.
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Figure 5.
(A) Two-state model for the metal-induced TAR structural transition. (B–C) Fitting of the
observed (B) inter-helical bend angle (θ(obs)) and (C) amplitude of inter-helical motions
(ϑint(obs) as a function of the fractional bound populations (pbound) using Equation 2. The
“free” and “bound” θ and ϑint values obtained from the fit are shown together with the
correlation coefficient (R). (D–E) Electrostatic surfaces for TAR (D) in “free” form (PDB
ID#1ANR) (19) under moderate ionic strength conditions (50mM NaCl and 5mM phosphate
buffer) with different views showing the weaker electrostatic potential and (E) bound to
Ca2+ cations (PDB ID#397D) (20) with residues undergoing the largest metal-induced
chemical shift perturbations highlighted.
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Figure 6.
TAR conformational dynamics when bound to the small molecules argininamide (ARG),
acetylpromazine (ACP), neomycin B (NeoB), Rbt 158, Rbt 203, and Rbt 550. Shown are the
(A) inter-helical bend angle (θ), (B) inter-helical twist angle (ξ), and (C) amplitude of inter-
helical motions (ϑint) as a function of total positive charge delivered by the small molecules.
The inter-helical bend angles for ARG, ACP, and NeoB were obtained from order tensor
analysis of RDCs, as reported previously (35, 72). For remaining structures, the angles were
obtained from model 1 of the NOE-based NMR structure (Rbt 158, Rbt 203, and Rbt 550)
(25, 26) or the X-ray structure (Ca2+) (20). For ARG, which has a charge of +2, a total
charge of +6 is also shown based on surface plasmon resonance measurements that indicate
that up to three ARG molecules bind TAR (26). For Ca2+, a charge of +8 is assumed based
on observation of 4 × Ca2+ ions in the X-ray structure (20). (D) Electrostatic surfaces for the
bound TAR structures following removal of ligands. Highlighted in blue letters are the
positions of cationic groups on small molecules relative to the TAR electrostatic surface.
The TAR orientation in each case was chosen to illustrate proximity of cationic groups near
the strong negative TAR charge potential.
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Figure 7.
Comparison of metal and small molecule induced changes in the TAR inter-helical
conformation.
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