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After decades of extensive investigation of structural biology, it
is increasingly realized that motions of macromolecules are

important for life processes. A complete description of biomo-
lecular function requires in-depth understanding of the nature
and functional role of conformational dynamics in addition to
static high-resolution three-dimensional coordinates. It has been
hypothesized that RNA ground state conformational dynamics
can significantly enhance RNA’s functional capacity compared
to a static structure.1,2 Some recent examples have shown
that dynamic regions of RNAs are indeed often functionally
important.3�7 Different ranks of intricate RNA dynamics over a
vast range of time scales, from femtoseconds to hours,8 reflect
RNA’s elasticity and plasticity and have an impact on its
recognition mechanism, e.g., conformational capture or induced
fit mechanism.2,9,10 Therefore, understanding the very rugged
energy landscape of RNA structures is fundamentally important
for elucidating the structure�dynamics�function relationship.11

The HIV-1 TAR RNA is an essential element of gene
regulation located at the 50-end of the viral transcript and is the
binding site for the virally encoded Tat protein.12,13 The HIV-1
TAR RNA features a stem�loop structure with a three-base
bulge between two helical stems capped by a six-nucleotide apical

loop (Figure 1A). High-resolution structural analyses showed
that in the free RNA, the three bases of the bulge partially stack
between the two stems,14�18 causing a pronounced kink of up to
∼50� (Figure 1B)19�22 or 25� if twisting motions are taken into
account depending on how the two helical segments are viewed
from each other,23 but this bent structure apparently represents
only an average structure. The RNA itself is very dynamic and
samples a wide range of conformations with different degrees of
base stacking around the bulge region.16�18,24,25 The two
relatively rigid helical regions undergo large amplitude correlated
interhelical twisting and bending motions about the average bent
structure.5,18,20,23,24,26,27 The A22-U40 base pair, which is a
confluence point for local and global dyamics, is not a canonical
Watson�Crick pair and may be only partially formed.5,16,18,23

The bulge widens the RNA major groove.16,28,29 When Tat
binds, the three bases of the bulge are unstacked,15 with U23
forming a base triple with the A27-U38 base pair based on NMR
evidence14,17,21,30,31 and molecular dynamics simulations.24 In
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ABSTRACT: RNA conformational dynamics and the resulting
structural heterogeneity play an important role in RNA func-
tions, e.g., recognition. Recognition of HIV-1 TAR RNA has
been proposed to occur via a conformational capturemechanism.
Here, using ultrafast time-resolved fluorescence spectros-
copy, we have probed the complexity of the conformational
landscape of HIV-1 TAR RNA and monitored the position-
dependent changes in the landscape upon binding of a Tat
protein-derived peptide and neomycin B. In the ligand-free
state, the TAR RNA samples multiple families of conformations
with various degrees of base stacking around the three-nucleotide
bulge region. Some subpopulations partially resemble those
ligand-bound states, but the coaxially stacked state is below the detection limit. When Tat or neomycin B binds, the bulge region as
an ensemble undergoes a conformational transition in a position-dependent manner. Tat and neomycin B inducemutually exclusive
changes in the TAR RNA underlying the mechanism of allosteric inhibition at an ensemble level with residue-specific details. Time-
resolved anisotropy decay measurements revealed picosecond motions of bases in both ligand-free and ligand-bound states.
Mutation of a base pair at the bulge�stem junction has differential effects on the conformational distributions of the bulge bases. A
dynamic model of the ensemble view of the conformational landscape for HIV-1 TAR RNA is proposed, and the implication of the
general mechanism of RNA recognition and its impact on RNA-based therapeutics are discussed.
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addition, the two helices are brought into coaxial stacking, where
the two base pairs, A22-U40 (now as a canonical pair) and G26-
C39, flanking the bulge are directly stacked, leading to straigh-
tening of the helical segments (Figure 1B).19 These conforma-
tional changes are key signatures of the structural transition of the
HIV-1 TAR RNA upon formation of the complex. TAR�Tat
interactions are mostly mediated by a single arginine residue
within the arginine-rich motif of Tat (Figure 1C), and the role of
this arginine32 in the context of the basic region of the Tat
protein can be largely captured by binding of a free amino acid
arginine14,19,33,34 or its analogue argininamide (ARG).15,21,33

Other small molecules, including various antibiotics [e.g.,
neomycin B (Figure 1C)] and even cations, can also induce some
of the features associated with the structural transition to
different extents,19,21,22,35�39 therefore partitioning the RNA
into an equilibrium of free and ligand- or metal ion-bound states.

Dynamics of HIV-1 TAR RNA at the residue level, including
picosecond to nanosecond fast motions and microsecond to

millisecond slow motions, have been extensively probed by
solution NMR1 and EPR25,40�43 methods. In particular, residual
dipolar coupling20�23,38,39 and spin relaxation measurements5,44

have been very instrumental in resolving the multitude of
motional modes, especially when coupled to the domain elonga-
tion approach5,23,45 or in combination with molecular dynamics
simulations.18,46,47 It seems that the bulge in effect acts as a hinge
for domain motions.24 The free RNA samples local fluctuations
on ∼30 ps time scales and rigid body domain reorientation
between the two helical segments on ∼2 ns time scales.5 Solid
state deuterium NMR48,49

fills the gap in the time scales that
cannot be accessed by solution NMR and revealed significant
nanosecond to microsecond motions within the bulge region,
where U23 transiently unstacks from A22 on the microsecond
time scale and also undergoes small amplitude twisting about the
glycosidic bond on the ∼100 ps time scale, while U25 jumps
between intrahelical and extrahelical states and also twists on a
large amplitude scale over slowmicrosecond time scales. Binding
of Tat peptide,44 Mg2þ,38 Naþ,22 ARG,5,21,44 and neomycin B39

arrests interdomain motions and local fluctuations of the A22-
U40 base pair, inducing coaxial stacking while promoting dy-
namics at looped out bases C24 and U25.

Particularly interesting with respect to this work, some of this
early work suggested that a hierarchical network of local and
collective motional modes on fast picosecond to nanosecond
time scales is linked to TAR RNA’s ability to adaptively change
conformations upon binding by different ligands.5 These con-
formations are within an ensemble including those similar to the
ligand-bound forms that are distinct from each other.5,18,20,23,27

Interestingly, these distinct conformations seem to fall along a
narrow dynamic trajectory adapted by the RNA,20,23,27 largely
defined by topological constraints encoded by the two-way
junction secondary structure architecture.27 Binding of different
ligands seems to stabilize distinct existing RNA conformations
rather than inducing new ones, consistent with the concept of
conformational selection or capture,10,27,49 where tertiary inter-
actions or ligand binding stabilizes one competent conformation
by providing additional interactions. The similar time scales
between global reorientation of the domains and the motions
of the bases in the bulge seem to suggest that these motions may
be correlated for ligand binding.49

Despite the broad range of experimental and computational
approaches that are being used to probe motions across the RNA
conformational landscape,50 how fast motions in RNA impact its
function is still poorly understood. Therefore, it is important to
adequately characterize the full spectrum of RNA dynamics from
ultrafast time scales to slow time scales. These characterizations
require quantitative resolution of an ensemble of heterogeneous
conformations resulting from the dynamics into individual sub-
populations and the precise structural nature of each subpopula-
tion in the free and complexed states. It is still difficult to resolve
the heterogeneity of RNA structures quantitatively at atomic- or
residue-specific levels because some of the conformational
interconversions are too fast and some conformations are only
transiently populated. The ability to capture and characterize the
multiple alternative conformations, including minor populated
states, can be as important as characterizing the predominant
states, because oftentimes it is the minor population that is
selectively stabilized during the recognition process via confor-
mational capture.51 It was envisioned that the combination of
newNMRmethods and complementary fluorescence techniques
would provide an opportunity for probing dynamics over a wider

Figure 1. Structural representations of the HIV-1 TAR RNA and
ligands. (A) Secondary structure of HIV-1 TAR RNA, with stems I
and II, and the three-base bulge indicated. (B) Schematic model of
ligand-induced interhelical domain motion. Stem I is represented by a
gray cylinder, and stem II of the free RNA and stem II in complexes are
represented by green and red cylinders, respectively. The curved arrow
indicates the change in the bending angle between the two stems.
(C) Sequence of the arginine-rich motif of HIV-1 Tat peptide
and chemical structure of neomycin B and nucleobase analogues
used in this study, 2-aminopurine (2AP or P), 7-deazaadenine (X),
and 7-deazaguanine (Z).
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range of time scales.52 Fluorescence spectroscopy with low time
resolutionmay resolve some events of conformational transitions
on a slower time scale and can detect only the subpopulation
whose structure leads to slow fluorescence decay and would miss
those subpopulations with fluorescence decay on distinct and
potentially heterogeneous fast time scales and conformational
dynamics that occur faster than the time resolution. This calls for
new approaches capable of providing such valuable structural
information with high spatial and temporal resolution. Here, we
have used ultrafast dynamics-based approaches6,11,51,53�57 to
dissect the dynamic behaviors of HIV-1 TAR RNA. Results from
these investigations are combined with findings from previous
research using other powerful approaches, allowing us to quanti-
tatively model the RNA structure as a dynamic ensemble and
capture the changes upon engaging interactions to advance our
understanding of the detailed mechanism of ligand binding-
dependent allosteric recognition of this viral RNA.

’EXPERIMENTAL PROCEDURES

Materials. All of the RNA constructs were purchased from
Dharmacon (Lafayette, CO) and purified by polyacrylamide gel
electrophoresis. RNA concentrations were calculated from UV
absorbance measurements at 260 nm using extinction coeffi-
cients provided by Dharmacon. The oligos were dissolved in
sodium phosphate buffer [20 mM sodium phosphate, 25 mM
NaCl, and 0.1 mM EDTA (pH 6.8)] for all experiments and
annealed by being heated to 95 �C for 1.5 min, followed by snap
cooling on ice. Neomycin trisulfate salt hydrate (Neomycin B)
was purchased from Sigma (catalog number N1876). The
arginine-rich motif of Tat protein (Tat peptide) was synthesized
and purified by the Protein Chemistry Technology Center at the
University of Texas Southwestern Medical Center (Dallas, TX).
Steady State Fluorescence Spectroscopy. Steady state

fluorescence titrations were performed on a Shimadzu spectro-
fluorophotometer (RF-5301PC) equipped with a temperature
control module that maintains the sample temperature at 25 �C
for all measurements, and the samples were constantly stirred
during the collection of data. The excitation wavelength was
320 nm, and the emission wavelength was 370 nm. RNA
concentrations were 200 nM to effectively measure two dissocia-
tion constants ranging from low nanomolar to low micromolar.
Titration was conducted by adding 1�4 μL aliquots of Tat
peptide or neomycin B solutions at a concentration of 5, 20, 40,
or 180 μM into the RNA solutions. All measurements were taken
in at least triplicate. Dissociation constants (Kd) were deter-
mined by fitting the binding isotherm using Dynafit.58

Isothermal Titration Calorimetry (ITC). All the ITC mea-
surements were performed on a MicroCal iTC200 microcalori-
meter (Microcal, Inc.) as described previously.51,57 Measure-
ments were performed at 25 �C using 10 μM RNA and 500 μM
neomycin B in the identical sodium phosphate buffer. Neomycin
B ligand was titrated to the RNA in 25 injections of 0.5�2 μL
aliquots with the reference power set at 6�7 μcal/s using an
initial delay of 60 s with 120 s between injections and a 1000 rpm
stirring speed. Data collected were fit to a model of two sets of
binding sites using Origin 7.0 ITC (Microcal Software Inc.), and
a χ2 test was used to analyze the improvement over a single-site
binding model. The two-site binding model improved the fit for
all profiles (χ2 values range from 103 to 104) compared to the
one-site model (χ2 values range from 104 to 105).

Femtosecond Time-Resolved Fluorescence Up-Conversion.
The experimental setup and strategy for time-resolved fluo-
rescence up-conversion spectroscopy have been published
previously.59 Briefly, femtosecond pulses (120 fs, 800 nm, 2.3 mJ)
are generated from a Ti:sapphire laser system (Spectra Physics).
The pulse is split equally into two beams, with one beam directed
to pump an optical parametric amplifier (OPA) and the signal
output quadrupled to generate the excitation pump pulse at
320 nm. The remainder of the fundamental 800 nm is used as the
probe pulse. The emission from the sample cell is collected by a
pair of parabolic focus mirrors and mixed with the probe pulse in
a BBO crystal. The up-converted signal at 257 nm (up-converted
from 380 nm) is detected with a photomultiplier after passing
through a double-grating monochromator. All measurements
were taken at 22 �C with an RNA concentration of 120 μM. For
magic angle measurements, the pump beam polarization was set
at 54.7� with respect to fluorescence polarization set by the BBO
crystal. The femtosecond transients were collected up to 400 ps,
and the final profile was the average of ∼200 transients that
allowed us to analyze the data with uncertainty in the fitted
parameters within 5%. The decay profiles were fit to a sum of
multiple-exponential functions convoluted by a Gaussian instru-
ment response function using the mathematical software Scien-
tist as described previously, and statistical tests including χ2 and F
tests were used to determine the minimum model that can
account for the decay profiles.6,51,57,59

Femtosecond Time-Resolved Fluorescence Anisotropy.
Fluorescence transients with polarizations parallel and per-
pendicular to that of the excitation beam, I||(t) and I^(t),
were separately collected and then calibrated as described
previously.6,51,56,57,59 To account for the possible fluctuation of
the excitation power between the two separate independent
measurements, we measured the fluorescence intensities for a
solution of free 2AP base at two time delay points, one in the
negative time regime (e.g., �10 ps) and the other after a long
delay time (e.g., 400 ps), following each transient acquisition of
the RNA constructs. The fluorescence intensity of 2AP at�10 ps
was used for background correction. After a time delay of 400 ps,
the anisotropy of free 2AP base should have completely decayed
to zero, and an identical intensity of 2AP fluorescence should be
observed between parallel and perpendicular polarizations. The
differences in the intensities between these two time delays of
�10 and 400 ps for parallel polarization and perpendicular
polarization were used to calibrate the two polarization transients
of RNA constructs. The femtosecond time-resolved anisotropy,
r(t), was then fit with a multiple-exponential function.

’RESULTS

Design and Biophysical Characterization of the TAR RNA
Constructs. Specific considerations for designing RNA constructs
that contain fluorescent probes for ultrafast time-resolved fluor-
escence spectroscopy have been discussed in depth elsewhere.59

We obtained a series of 27-nucleotide HIV-1 TAR RNA con-
structs with 2-aminopurine [2AP, denoted as P (Figure 1C)]
incorporated at various positions, including A20 (P20), A22
(P22), U23 (P23), C24 (P24), U25 (P25), and A27 (P27). A
second set of constructs feature the A22-U40 to G22-C40
mutation (WT-GC, P23-GC, P24-GC, and P25-GC). Labeling
the RNA at these different positions allows us to probe the dif-
ferent regions of the RNA, including the two stems and the bulge,
to analyze how the conformational dynamics and the associated
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changes in the dynamics upon ligand binding depend on the
structural context. HIV-1 TARRNAwith C24 orU25mutated to
purine retains the wild-type affinity for Tat,28,60 and constructs
with 2AP incorporated at these positions have proven to be
useful in previous steady state fluorescence experiments.61 Ad-
ditional constructs with either a guanine base replaced with
7-deazaguanine (Z) or an adenine base replaced with 7-deazaa-
denine (X) (Figure 1C) have also been obtained for the pur-
pose of making specific assignments of decay components. These
modified bases quench 2AP fluorescence on∼1 and∼4 ps time
scales, respectively, which are unique rates that are faster than
those observed for their natural base counterparts.6,59,62 We
recently demonstrated that incorporation of such modified bases
at a unique site can provide unambiguous site-specific informa-
tion regarding the nature of direct base stacking interactions
in RNA motifs and thus facilitated assignments of specific
interactions.6,51,55�57

Binding of Tat peptide or other ligands to these TAR RNA
constructs is an appropriate functional assay for validating these
constructs. Our own steady state fluorescence titration per-
formed on constructs P24 and P25 showed that these RNAs
can form 1:1 and 1:2 complexes with the Tat peptide (Table 1
and Figrue S1 of the Supporting Information), with the binding
affinities (Kd1 = 6�60 nM; Kd2 = 0.1�1 μM) being very similar
to the previously reported values for the wild-type RNA or with
2AP labeled at these two positions,12,61 including the direction of
fluorescence changes. Steady state fluorescence (Figure S1 of the
Supporting Information) and isothermal calorimetry (ITC)
measurements (Figure 2 and Figure S2 of the Supporting
Information) upon binding of neomycin B to these designed

constructs also showed two sets of binding sites (note the kink in
the ITC profiles that indicates two binding events), first with low
nanomolar and second with low micromolar affinities (Table 1),
similar to those reported earlier for unlabeled wild-type (WT)63

or 2AP-labeled constructs.61 These biophysical characterizations
validated the use of such constructs for probingHIV-1 TARRNA
conformational dynamics. The steady state fluorescence inten-
sity of the free RNAs and the changes in the intensity upon ligand
binding hinted at the nature of the local structure of the RNA and
its changes at the probe site but necessarily reflect only the
population-averaged structural information. The resolution of
subpopulations can be achieved via time-resolved spectroscopy
with sufficient time resolution to distinguish the distinct fluor-
escence decay dynamics signatures of 2AP incorporated in the
RNA, where the multitude of conformations is reflected by the
multiexponential nature of the decay dynamics profiles.
HIV-1 TAR RNA Features Position-Dependent Conforma-

tional Heterogeneity in the Free State. The first major
questions we wish to address are the level of complexity of the
conformational landscape of the free RNA and the extent to
which the various bound states are dynamically sampled in the
free RNA.1,20,23,27We have collected the ultrafast decays for all of
the RNA constructs in the free state in the absence of divalent
ions (Figure 3A). These and other decay profiles (Figure S3 of
the Supporting Information) were fit to multiexponential func-
tions, and careful statistical analysis, including the χ2 test and F
test,59 showed that three to four decay components are needed to
adequately account for the decay dynamics (Figure S4 of the
Supporting Information). These multiphasic decay profiles suggest
that the RNA indeed samples various degrees of heterogeneous

Table 1. Dissociation Constants (Kd) of Tat and Neomycin B Binding to HIV-1 TAR RNA Constructs

Tat binding neomycin B binding

steady state fluorescence steady state fluorescence ITC

constructa Kd1 (nM) Kd2 (μM) Kd1 (nM) Kd2 (μM) Kd1 (nM) Kd2 (μM)

WT 32 ( 5 2.6 ( 0.6

P20 (7)b 0.5 ( 0.2 7 ( 3 4.6 ( 0.3

P20Z21 9 ( 5 2.3 ( 0.6

P22 11 ( 5 0.8 ( 0.1 4 ( 2 4.5 ( 0.3

P22Z21 14 ( 5 0.9 ( 0.08 12 ( 6 1.6 ( 0.4

P22Z26 48 ( 6 6.4 ( 1.3 ∼1c 2.3 ( 1

P23 22 ( 5 5.8 ( 0.6 14 ( 1 5.2 ( 0.3

P23X22 17 ( 4 1.9 ( 0.6

P24 60 ( 10 ∼1d 4 ( 1 0.7 ( 0.06 22 ( 6 3.6 ( 0.3

P24X22 4 ( 2 0.2 ( 0.07

P24Z26 5 ( 1 0.4 ( 0.03 34 ( 8 5.6 ( 0.8

P25 6 ( 2 ∼0.1d 13 ( 2 2.5 ( 0.4 8 ( 1 2.4 ( 0.7

P25Z26 14 ( 2 0.3 ( 0.04

P27 280 ( 53 3.1 ( 1.3 7 ( 1 3.3 ( 0.1

WT-GC 29 ( 8 3.1 ( 0.3

P23-GC 6 ( 3 5.1 ( 1.6 10 ( 6 3.2 ( 0.1

P24-GC 7 ( 3 ∼1d 9 ( 3 4 ( 1 15 ( 7 4 ( 1

P25-GC 2 ( 1 0.1 ( 0.01 2 ( 3 0.2 ( 0.04 ∼10c 3.7 ( 0.6
aConstructs are denoted by the positions labeled with 2AP (P) and 7-deazaguanine (Z) or 7-deazaadenine (X). Uncertainties in parameters were
estimated frommultiple measurements. bBecause of the extremely small amplitude of the overall fluorescence change,Kd1 for P20 was fixed on the basis
of ITC measurement (7 nM). cValues are only estimates determined with Origin. dValues are only estimates because of the small amplitudes of signal
changes for the second binding event.
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conformations depending on the region. Table 2 lists all the
decay dynamics parameters in detail.
P20 and P22 within lower stem I and P27 within upper stem II

have more pronounced fast decay dynamics (τ1 = 1.6�3 ps, τ2 =
7.8�12 ps, and τ3 = 77�153 ps, with a total amplitude of
94�95%), consistent with these bases being mostly stacked with
neighboring GC base pairs within helical regions, either statically
(τ1) or dynamically with small amplitude base flipping motions
(τ2 and τ3).

6,51,56 Small populations of the unstacked state (τ4 =
11.3 ns, ∼5�6%) due to breathing are still detected. In a
comparison of the profiles of P22 and P22Z21 (Figure 3B),
the presence of a 1.1 ps component of 72% for P22Z21 uniquely
defines the P22/Z21 direct static base stacking6,51,55,56 but also
suggests that this A22-U40 pair is not fully formed as a static
structure because it is close to the dynamic bulge region. Previous
NMR experiments also suggested that the A22-U40 pair is only
transiently formed in the absence of ligand.15�17,21 The decay
profiles for P22 and P22Z26 are very similar, particularly in
the lack of an ∼1 ps component for P22Z26 that would be a
unique indicator for direct stacking between A22-U40 and Z26-
C39 base pairs that is seen in the structures of arginine- or ARG-
bound complexes14,15 to produce such a signal. This suggests that
the fully coaxially stacked population in the free RNA is very
small (<5%).

For the bulge region, the decay profiles are very heteroge-
neous. The decay profile for P24 indicated that there are at least
four different families of conformations for this base in terms of
stacking interactions, with similar populuations, and none re-
presents a dominant population. Base 24 may stack with base 23
or 25 of the neighboring bulge pyrimidine bases (τ1 and τ2),

64 or
other bases in certain conformations where base 23, base 25, or
both are flipped out. Base 24 also has a larger totally unstacked
population (25%) compared to other stem positions. For con-
struct P25, the fastest component (τ1 = 1.9 ps) represents the
stacking of P25 with G26, which accounts for approximately half
(53%) of the total population. Apparently, this base 25/base 26-
stacked subpopulation is in dynamic equilibrium with other
dynamically stacked conformations (τ2 = 9.6 ps, and τ3 = 92 ps)
and with a totally unstacked state represented by the 11.3 ns
component with a 17% amplitude. Construct P25Z26 has a 1.4 ps
decay component corroborating the stacking interaction be-
tween bases 25 and 26 in a subpopulation. Base P25 behaves
somewhat like that of a 50-dangling purine on a GC or ZC base
pair,56 suggesting that the intrinsic property of a dangling end
base may play a major role in the population distribution within
the bulge region in the free RNA state.
These findings suggest that the bulge bases flip between

stacked and unstacked states, and the stacked states feature

Figure 2. Isothermal titration calorimetry measurements of dissociation constants (Kd) for neomycin B binding to HIV-1 TAR RNA constructs ofWT,
P23, P24, P25,WT-GC, P23-GC, P24-GC, and P25-GC. All transitions were fit to a model of two sets of binding sites, which is apparent from the shapes
of these transitions, with the first Kd values in the low nanomolar range and the second Kd values in the low micromolar range.
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heterogeneous populations, consistent with previous reports
based on NMR evidence that the bases transiently loop out of
the helix in the ligand-free state.16�18,24,25 Such looping out of
the bulge bases is necessary for ligand binding. Our data provide
precise and quantitative information about the distribution of the
subpopulations.
Distinct Ligand Binding-Induced Changes in the Confor-

mational Landscape. The next major question is how the
different ligands alter the population distributions observed for
the free RNA.27With information about the various signatures of
heterogeneous stacking interactions in different regions of the
RNA in the ligand-free state, we then examined the effects of

binding of different ligands, including Tat peptide and neomycin
B (Figure 1C), on the observed landscape, to map out the ligand-
dependent structural transitions associated with formation of a
specific complex.44 We anticipate that the TAR complexes also
feature a certain degree of dynamics, either more restricted or
enhanced compared to that of the free RNA depending on the
locations of the bases that are probed.
Changes in the steady state fluorescence intensity of TAR

constructs P24 and P25 were observed upon Tat peptide
binding, where an initial increase in fluorescence intensity, 3.3-
and 6.4-fold, respectively, was followed by a smaller (15 and
19%, respectively) decrease (Figure S1 of the Supporting In-
formation). This is consistent with two binding events, i.e.,
formation of a specific 1:1 complex and formation of a non-
specific complex.12 Neomycin B binding induces similar changes
for P24, where formation of a 1:1 complex increases the
fluorescence (although the amplitude is smaller, 1.9-fold, com-
pared to the Tat-induced increase) and formation of 1:2 complex
deceases it slightly (26%). For neomycin B binding of P25,
however, an only 10% fluorescence decrease versus that of free
RNAwas observed for the first binding event followed by another
33% decrease, different from the binding of Tat peptide. Similar
observations have previously been made on constructs equiva-
lent to our P24 and P25.61 In principle, steady state fluorescence
changes should be reflected in corresponding changes in time-
resolved decays because the steady state intensity is the integra-
tion of the time-resolved profile over time, where only the slow
nanosecond components make a significant contribution to the
overall steady state quantum yield. These changes in decay
profiles can be captured, providing important information for
the mechanism of conformational transitions.
Figure 4 shows changes in ultrafast dynamics decay profiles

upon binding of Tat peptide and neomycin B for constructs P24
and P25, and neomycin B for P23. For P24, upon formation of a
1:1 complex with Tat peptide, significant changes in the decay
profile were observed (Figure 4A), where the amplitude of the
nanosecond (τ4) component is significantly increased from 25%
in the free state to 79% in the complex (Table 2). Similarly, this is
observed for P25 (Figure 4B), where Tat binding induces a large
increase in the nanosecond components from 17 to 61%. This
indicates that both bases 24 and 25 sample more totally
unstacked population in the complex with Tat peptide, consis-
tent with these bases flipping out in the complex in the NMR
structure.15 Note the presence of smaller but detectable ampli-
tudes of ultrafast decay components (τ1�τ3, total amplitudes of
21 and 39% for P24 and P25, respectively) even in the 1:1
complexes, which revealed that the complex structure is still
heterogeneous, and these bases at least transiently interact with
the rest of the RNA and undergo charge transfer reactions in
minor subpopulations. In comparison, Tat binding does not
significantly alter the decay profiles for P20 and P22 in the lower
stem (Figure S3 of the Supporting Information) and only slightly
stabilizes the base-paired structures by increasing the stacked
population. Because 2AP at either base 23 or base 27 is expected
to disrupt the formation of the U23:A27-U38 base triple, their
decay profiles for Tat complexes are not discussed here. Because
of precipitation when the peptide:RNA ratio is greater than 1:1 at
the high concentrations required for ultrafast dynamics experi-
ments, the decay dynamics for the RNA:peptide complex at a
>1:1 stochiometry were not determined.
Binding of neomycin B in the minor groove of HIV-1 TAR

RNA is known to allosterically inhibit TAR�Tat interactions by

Figure 3. Femtosecond time-resolved fluorescence decay profiles at the
magic angle for HIV-1 TAR RNA constructs in the ligand-free state.
(A) Fluorescence decays for constructs P20 (red), P22 (green), P24
(blue), P25 (brown), and P27 (magenta). The inset shows a shorter
time window. (B) Comparison of decay profiles for constructs P22
(green) with P22Z21 (red) and P22Z26 (blue). The arrow indicates the
change in the dynamics time scale of the fastest component from P22
(2.9 ps) to P22Z21 (1.1 ps). The decrease in the initial intensity for
P22Z21 is due to the presence of the ultrafast dynamics (1.1 ps), where
there is already significant decay within the finite pulse width.
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Table 2. Parameters of Femtosecond Time-Resolved Fluorescence Quenching Dynamicsa

construct τ1 (ps) A1 (%) τ2 (ps) A2 (%) τ3 (ps) A3 (%) τ4 (ns)
b A4 (%)

P20 (free) 1.9 67 7.8 21 118 7 11.3 5

P20/Tat (1:1) 2.0 73 9 20 242 5 11.3 2

P20/Neo (1:1) 2.2 74 28 18 11.3 8

P20/Neo (1:2) 1.6 58 6.8 29 98 8 11.3 5

P20Z21 (free) 0.8 50 8.2 19 122 18 11.3 13

P20Z21/Tat (1:1) 1.0 46 6 22 96 20 11.3 12

P20Z21/Neo (1:1) 0.8 55 7.6 18 112 16 11.3 11

P20Z21/Neo (1:2) 0.8 58 7.1 18 99 15 11.3 9

P22 (free) 2.9 60 12.2 31 153 4 11.3 5

P22/Tat (1:1) 2 69 9 24 75 4 11.3 3

P22/Neo (1:1) 2.3 52 9.8 37 100 6 11.3 5

P22/Neo (1:2) 2.5 54 10.8 36 113 6 11.3 4

P22Z21 (free) 1.1 72 10.9 12 150 7 11.3 9

P22Z21/Tat (1:1) 1.2 80 16 9 385 9 11.3 2

P22Z21/Neo (1:1) 1.1 72 6.4 12 116 8 11.3 8

P22Z21/Neo (1:2) 0.9 73 5.2 14 86 7 11.3 6

P22Z26 (free) 3.4 57 13.5 30 117 6 11.3 7

P22Z26/Neo (1:1) 2.5 44 11.9 33 132 11 11.3 12

P22Z26/Neo (1:2) 2.6 47 12.6 34 140 9 11.3 10

P23 (free) 17.8 25 148 49 11.3 26

P23/Neo (1:1) 12.4 23 111 42 11.3 35

P23/Neo (1:2) 13 23 106 53 11.3 24

P23X22 (free) 6.3 30 43 22 327 32 11.3 16

P23X22/Neo (1:1) 5.1 24 27 20 197 26 11.3 30

P23X22/Neo (1:2) 6 30 31 26 295 20 11.3 25

P24 (free) 3.3 23 21 35 170 17 11.3 25

P24/Tat (1:1) 4.3 5 14 6 172 10 11.3 79

P24/Neo (1:1) 3.8 25 24 20 231 18 11.3 37

P24/Neo (1:2) 3.5 28 21 22 168 15 11.3 35

P24X22 (free) 5.6 32 24 36 152 16 11.3 16

P24X22/Neo (1:1) 5.6 33 27 28 185 16 11.3 23

P24X22/Neo (1:2) 6.2 37 33 26 213 16 11.3 21

P24Z26 (free) 6.6 29 30 28 180 20 11.3 23

P24Z26/Neo (1:1) 5.8 23 25 17 179 22 11.3 38

P24Z26/Neo (1:2) 4.4 21 20 19 180 23 11.3 37

P25 (free) 1.9 53 9.6 19 92 11 11.3 17

P25/Tat (1:1) 7.4 13 175 26 11.3 61

P25/Neo (1:1) 2 52 8.4 28 74 7 11.3 13

P25/Neo (1:2) 2.4 56 10.7 26 88 7 11.3 11

P25Z26 (free) 1.4 30 14 18 135 26 11.3 26

P25Z26/Neo (1:1) 1.2 30 11 18 126 24 11.3 28

P25Z26/Neo (1:2) 1.1 35 10.6 20 112 23 11.3 22

P27 (free) 1.6 76 8.1 15 77 3 11.3 6

P27/Tat (1:1) 2.1 66 10 16 84 8 11.3 10

P27/Neo (1:1) 1.7 72 13 17 11.3 11

P27/Neo (1:2) 1.4 55 6.9 23 46 9 11.3 13

P23-GC (free) 4.2 25 19 40 141 18 11.3 17

P23-GC/Neo (1:1) 4.2 21 20 34 163 22 11.3 23

P23-GC/Neo (1:2) 4.3 23 20 35 140 19 11.3 23

P24-GC (free) 7.4 26 43 22 543 22 11.3 30

P24-GC/Tat (1:1) 9.7 16 134 14 11.3 70

P24-GC/Neo (1:1) 10.0 31 106 23 11.3 46

P24-GC/Neo (1:2) 9.0 37 102 22 11.3 41

P25-GC (free) 4.0 26 16 21 145 28 11.3 25
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inducing different structural changes in the RNA.36,61,63,65

Figure 4 also shows the changes in the decay dynamics induced by
neomycin B binding. Neomycin B causes much smaller increases
in the nanosecond component for P24 for a 1:1 complex and a
slight decrease upon formation of the 1:2 complex (Figure 4A).
For P25, neomycin B binding slightly decreases the magnitude of
the nanosecond component for both 1:1 and 1:2 complexes
(Figure 4B). These results indicated different patterns of base
stacking between the two positions, and both are different from
changes induced by Tat binding. Here, with the ability to resolve
precisely the different base stacking patterns at the residue level,
we can begin to analyze the structural mechanism of such
allosteric competition. Obviously, the two different ligands, Tat
and neomycin B, induce mutually incompatible changes in the
HIV-1 TAR RNA structure, at least in the bulge region. In
comparison, neomycin B binding changed little of the overall
dynamic profiles for positions in the lower stem (P20 and P22)
or upper stem (P27) (Figure S3 of the Supporting Information).
Tat peptide does not bind the P23 construct with comparable

affinity. Neomycin B, however, does bind the P23 construct with
affinities [on the basis of ITC and steady state fluorescence
titraion, Kd1 = 14�22 nM and Kd2 = 5.2�5.8 μM (Table 1)]
similar to those of WT RNA and other constructs. This provides
an opportunity to probe the conformational dynamics and
heterogeneity of base 23 upon neomycin B binding. Figure 4C
compares the fluorescence decay dynamics for free P23 and
complexes with neomycin B. In the free state, P23 decay features
three components. τ1 (∼18 ps) is on a similar time scale of
quenching by a cytosine or uracil base,64 likely due to stacking
with neighboring C24 or U25 if C24 looped out to allow direct
stacking between 23 and 25, while τ3 (148 ps), which represents
approximately half of the population, is due to stacking with an
adenine base,57,66 most likely A22. The presence of higher
amplitudes of faster decay components in P23X22 is consistent
with this assignment. The τ4 component represents the totally
unstacked population (26%) that is similar to those for bases 24
and 25. Upon formation of a 1:1 complex with neomycin B, there
is an increase in the totally unstacked population (35%), while
upon formation of the 1:2 complex, this population decreases
(24%), indicating a similar degree of stacking compared to that of
free RNA.
The evolution of decay dynamics profiles upon formation of

complexes with Tat or neomycin B at positions P23, P24, and
P25 is all quantitatively consistent with the steady state fluores-
cence titration profiles (Figure S1 of the Supporting Information).
The steady state fluorescence titration profiles upon ligand
binding can reveal significant structural information as demon-
strated previously.61 The ultrafast dynamics probing, however,
can provide additional crucial structural information, particularly
the population-resolved data that allow one to capture the structures
and changes in structures from an ensemble point of view.

Directly Probing Time Scales of Dynamic Motions. Anisot-
ropy measurements provide mobility information, including the
time scales and amplitudes of probe base motions within the
RNAs. Figure 5 shows the femtosecond time-resolved anisotropy
decay profiles for P23, P24, and P25 in the free state and in
complexes with either Tat or neomycin B. The parameters are
listed in Table 3. The∼10 ns component (τ3) in the anisotropy
decays represents an estimate of time scales of the tumbling
motion of the entire RNA or complexes, consistent with the size
of the systems.5 The presence of subnanosecond base motions
for P23, P24, and P25 in the free state and in complexes with Tat
or neomycin B indicated that these bases can undergo multiple
modes of fast motions on picosecond to nanosecond time scales
and therefore remain dynamic on picosecond time scales in all
states, including the free and ligand-bound states. Motion on a
time scale of tens of picoseconds (τ1) is typical of rotation of the
base about the glycosidic bond, and motion on a time scale of
hundreds of picoseconds (τ2) is likely local stacking�unstacking
conformational sampling.6 The relatively small amplitude values
for these fast motions compared to the possible maximum value
of 0.4 suggested that these motions are hindered, not freely
rotating motions, which is typical for a nucleobase covalently at-
tached to a nucleic acid backbone. These motions presumably
allow the bases to sample different stacked and unstacked states
that are separated by low barriers (less than a few kilocalories per
mole). These picosecond to nanosecond motions also often
contribute to the apparent time scales of the magic angle mea-
surements via conformationally gated charge transfer67 and
therefore aid the interpretation of the intermediate time scale
dynamics in the magic angle experiments.
Differential Effects of Base Pair Mutation at the

Bulge�Stem Junction on Bulge Base Dynamics. Recently, it
was demonstrated that the dynamics of free TAR RNA can be
tuned to effect ligand binding.68 For example, changing the
noncanonical A22-U40 base pair that flanks the triple bulge to
a more stable GC pair promoted in the free RNA those
interactions and dynamics observed in the ARG-bound state
by improving the stacking interactions with the G26-C39 pair.
The interhelical motions are reduced with a nearly coaxially
stacked conformation (12� bend angle). These changes led to a
higher affinity of ARG for the mutant RNA. Consequently, ARG
binding to the mutant RNA induced only minor further con-
formational changes. On the other hand, binding of neomycin B
induces different changes compared to those observed in WT
TAR RNA.36 In other words, the conformational ensemble of
TAR RNA27 is now more preorganized toward the ARG-bound
state, and this can be tested by the femtosecond dynamics
approach.
We obtained HIV-1 TAR RNA constructs with the A22-U40

to G22-C40 mutation without 2AP (WT-GC) and with 2AP at
positions 23 (P23-GC), 24 (P24-GC), and 25 (P25-GC) to

Table 2. Continued
construct τ1 (ps) A1 (%) τ2 (ps) A2 (%) τ3 (ps) A3 (%) τ4 (ns)

b A4 (%)

P25-GC/Tat (1:1) 19 22 105 40 11.3 38

P25-GC/Neo (1:1) 7.5 33 95 32 11.3 35

P25-GC/Neo (1:2) 5.6 32 39 29 335 18 11.3 21
a τi andAi are the decay lifetimes and pre-exponential amplitudes, respectively, for the ith exponential decay component. Estimated errors are∼5% based
on two to three repeat measurements and previously published results. b τ4 was fixed at 11.3 ns because of the short time window (up to 400 ps) of the
femtosecond experiments.
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assess the shift in the conformational ensemble caused by this
mutation. The decay profiles indicate that both P24-GC
(Figure 6A) and P25-GC (Figure 6C) have larger unstacked
populations in the free state than P24 and P25, respectively. This

Figure 4. Comparisons of magic angle decay dynamics of free RNA and
complexes with Tat or neomycin B: (A) decay profiles of P24, (B) decay
profiles of P25, and (C) decay profiles of P23, for the ligand-free state
(red) and the complexes with Tat (1:1, blue) or neomycin B at 1:1
(green) and 1:2 (black) ratios. Arrows indicate the direction of changes
in the profile between the free TAR RNA and TAR�Tat (blue) or
TAR�Neo complexes (black).

Figure 5. Femtosecond time-resolved fluorescence anisotropy decay
dynamics for (A) P23, (B) P24, and (C) P25, in the ligand-free state
(red) and in complexes with Tat (1:1, blue) or neomycin B at 1:1
(green) and 1:2 (black) ratios.



5051 dx.doi.org/10.1021/bi200495d |Biochemistry 2011, 50, 5042–5057

Biochemistry ARTICLE

suggests that the mutation shifts the population toward the
bound state that features larger looped out populations at these
positions. This shift is not complete, and the presence of
significant stacked states and heterogeneity is still apparent.
For P23, a 4.2 ps component with a 25% population indicates
its direct stacking with the G22 base (Figure S5 of the Supporting
Information). The totally unstacked population, however, is
reduced compared to that of P23 without the mutation, opposite
to the effects of mutation on bases 24 and 25.
Tat binding to P24-GC still induces significant changes in the

decay profile compared to the Tat-bound decay profile for P24.
For P25-GC, however, Tat binding does not induce significant
changes compared to that of the free P25-GC profile. It appears
that for base P25, the A22-U40 to G22-C40 mutation has largely
locked base 25 in a conformation preorganized for Tat binding,
but distinct from that of the Tat-bound form for P25. The
conformational heterogeneity at position 25, consequently, is not
significantly altered. Time-resolved anisotropy decay measure-
ments indicated that P24-GC and P25-GC are dynamic on∼100 ps
time scales in both the free state and the Tat-bound state.
We then investigated whether or how neomycin B binding

alters the ensemble of the mutant RNA in a manner different
from that of WT. Neomycin B binding to P23-GC (Figure S5 of
the Supporting Information) and P24-GC (Figure 6B) induces a
small increase in the unstacked population followed by a small
decrease, similar to the effects of neomycin B on P23 and P24
without the mutation. For P25-GC, however, neomycin binding
induced a different response (Figure 6D); instead of a contin-
uous decrease in the unstacked population, the binding first
caused an increase followed by a decrease. All these changes
in the time-resolved decay dynamics profiles are consistent
with the corresponding steady state titration (Figure S1 of
the Supporting Information), in terms of the difference in the
fluorescence intensity of the free RNA with or without the
mutation, and the changes in the intensities upon binding of Tat
or neomycin B.

’DISCUSSION

Different RNA conformations within an ensemble may pro-
vide different local environments for the probe 2AP causing its
fluorescence to decay due to charge transfer on distinct time
scales that depend on the details of the structures and specific
interactions involved. Therefore, the heterogeneous nature of the
RNA structures renders the overall decay profile multiphasic in
the picosecond to nanosecond time regime, reflecting multiple
conformational states that coexist at equilibrium, if the inter-
conversion of the conformations is slow within the experimental
time window. Ultrafast dynamics probing allows one to capture
conformational dynamics that occur on ultrafast time scales,
extending the range of dynamics that can be probed into this
regime to capture the elasticity of RNA conformations. More
importantly, snapshots of multiple structures (plasticity) that
undergo slower dynamic exchange and their intrinsic flexibility
can be captured quantitatively to better define the ensemble and
shape of the conformational landscape, producing unprece-
dented levels of detail on the intrinsic motions and heterogeneity
of RNAs. Changes, if any, in the dynamics upon ligand binding
can be monitored to provide insights into the detailed molecular
mechanism of recognition of dynamic RNA structures.
Ensemble View of the Conformational Landscape. Taking

together the data presented here, as well as existing high-
resolution structures and dynamics information available in the
literature, we propose a preliminary ensemble model for the
dynamic conformational landscape of HIV-1 TAR RNA and its
complexes with Tat and neomycin B (Figure 7).

Table 3. Femtosecond Time-Resolved Anisotropy Decay
Parametersa

construct τ1 (ps) r1 τ2 (ps) r2 τ3 (ns) r3 r0
b

P23 (free) 14 0.018 281 0.127 ∼10 0.175 0.320

P23/Neo (1:1) 24 0.008 281 0.105 ∼10 0.164 0.277

P23/Neo (1:2) 6 0.008 391 0.174 ∼10 0.165 0.347

P24 (free) 153 0.14 ∼10 0.13 0.27

P24/Tat (1:1) 117 0.06 ∼10 0.32 0.38

P24/Neo (1:1) 101 0.056 ∼10 0.257 0.313

P24/Neo (1:2) 59 0.044 231 0.055 ∼10 0.113 0.212

P25 (free) 92 0.11 ∼10 0.24 0.35

P25/Tat (1:1) 56 0.08 ∼10 0.27 0.35

P24-GC (free) 99 0.12 ∼10 0.22 0.34

P24-GC/Tat (1:1) 99 0.08 ∼10 0.21 0.29

P25-GC (free) 144 0.12 ∼10 0.16 0.28

P25-GC/Tat (1:1) 118 0.08 ∼10 0.18 0.26
aAnisotropy decay profiles are fit to two or three exponential terms
(τ1�τ3). τ3 should be considered as an estimate of decay on the
nanosecond time scale, because of the limited experimental time
window. Estimated errors in parameters are ∼10%. bThe fundamental
anisotropy at time zero (r0) is calculated as r0 = r1 þ r2 þ r3.

Figure 6. Effects of A22-U40 to G22-C40 mutations on the femtose-
cond time-resolved fluorescence decays for HIV-1 TAR RNA. Compar-
ison of decay profiles between (A) P24 (red) and P24-GC (magenta) in
the free state and in complexes with Tat P24/Tat (blue) and P24-GC/
Tat (cyan), (B) P24-GC in the free state (red) and P24-GC/Neo
complexes at 1:1 (green) and 1:2 (black) ratios, (C) P25 (red) and P25-
GC (magenta) in the free state and in complexes with Tat P25/Tat
(blue) and P25-GC/Tat (cyan), and (D) P25-GC in the free state
(magenta) and P25-GC/Neo complexes at 1:1 (green) and 1:2 (black)
ratios. Arrows indicate the changes in the decay profiles in the ligand-free
states caused by the mutation (red) and induced by Tat binding to the
mutated RNA constructs (blue). Black arrows indicate the changes
induced upon neomycin B binding to the mutated RNAs.
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NMR and other evidence has shown that theHIV-1 TARRNA
samples a number of conformations with a dominant population
that features stacking of all three bulge bases and therefore a large
average interhelical angle of up to 25�50�.19�21,23 The motions
can be modeled as isotropic interhelical fluctuations within a
cone with a radius angle of ∼46�.20 Such fluctuations would
allow the RNA to populate tertiary conformations with inter-
helical angles between 0� and 90�, potentially including the
coaxially aligned conformation (0�) as aminor population.20 Our
ultrafast dynamics probing revealed that indeed the RNA in the
ligand-free state samples multiple families of conformations
with different base stacking patterns around the bulge region
(Figure 7). There is a major subpopulation (50�70%) in which
all three bulge bases stack continuously on one strand causing a
significant bend between the two helical stems. This structure is
characterized by fluorescence decay dynamics τ1 and τ2 for bases
P24 and P25 and τ3 for P23. The tendency for these bases to
partially stack on the stem is in part consistent with their intrinsic
behavior as an unpaired nucleotide next to a flanking base pair.56

There is a minor subpopulation (17�25%) in which all three
bases flip out without any base stacking interaction, characterized
by the τ4 component for each base. In another minor subpopula-
tion (11�25%), these three bases may flip out but transiently
stack with each other, and this is characterized by a decay
component on a time scale of hundreds of picoseconds (τ3 for
P24 and P25) or tens of picoseconds (τ1 for P23). Such time
scales of decay lifetimes often indicate in part conformational
gating in charge transfer reactions,6,51,67 consistent with the
observations of similar time scales of base motion from

anisotropy decay data (Table 3). The two minor subpopulations
would feature bending angles smaller than that for the major
subpopulation. Apparently, the relatively nonspecific nature of
base stacking interactions contributes to the ruggedness of the
free RNA energy landscape. Base stacking and unstacking
dynamics allow RNAs to sample multiple conformations of
different stacking patterns that are separated by energetic barriers
of various heights. AlthoughNMRprobing has suggested that the
interhelical motions on microsecond to millisecond time scales
may allow the TAR RNA to access the coaxially stacked
conformation corresponding to the Tat-bound state,20 our data
showed that such a state has relatively small populations (<5%)
viewed on the subnanosecond time scale.
Binding of Tat in the major groove induces significant changes

in the dynamics profiles of the bulge bases and, therefore, the
population distributions. Tat stabilizes a conformation that
features coaxial stacking, and this conformation becomes a
dominant population (60�80%) characterized by the τ4 com-
ponents of the bulge bases. However, this specific Tat-bound
form is not the only population in the complex, and it is in
equilibriumwithminor populations in which the bulge bases may
interact with other bases as revealed by the presence of ultrafast
decay components. One of the minor populations promotes
charge transfer of 2AP that is consistent with the continuous
stacking of all three bulge bases, and we propose this represents
nonspecific binding of Tat. We also note that the affinity of Tat
peptide for the P25Z26 construct, whereN7 of G26 is changed to
a CH group, is siginificantly compromised, consistent with the
fact that N7 of G26 is involved in a critical hydrogen bonding

Figure 7. Dynamic ensemble structural model for HIV-1 TAR RNA and its complexes with Tat and neomycin. The two helical regions, stem I and stem
II, are considered as rigid bodies (cylinder), and for the sake of clarity, the opening of base pairs (e.g., A22-U40) is not explicitly included. Red and green
portions of upper stem II denote large and small helical angles with lower stem I, respectively. Dashed boxes for bases 23�25 indicate that their
conformations are not uniquely determined. For the Tat complex, an arginine residue (red) is shown to represent the critical interactions between Tat
peptide and TAR RNA (front side of RNA indicates major groove). The U23:A27-U38 base triple is included, but a question mark is shown to indicate
the possibility that it may not form in the minor population. The curved double arrows indicate undefined stacking interactions with other bases. For
neomycin B complexes, the binding pocket for the first neomycin B binding site (green) is well-defined (back side of RNA indicates minor groove), but
the second binding site (black) has not been identified.
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interaction,14,15 and disruption of this single hydrogen bond is
sufficient to abolish Tat binding. The TAR�Tat complex at a
>1:1 ratio has not been adequately characterized structurally.
Because of the precipitation problem with formation of the
TAR�Tat complex at a stoichiometry of >1:1, dynamics experi-
ments were not performed for higher-order RNA�peptide
complexes. On the basis of steady state fluorescence measure-
ments (Figure S1 of the Supporting Information), one can
estimate that upon binding of a second Tat (most likely
nonspecifically), the overall distributions of subpopulations shift
slightly to favor more stacked states.
Neomycin B has been suggested to bind in theminor groove of

the lower stem below the trinucleotide bulge based on footprint-
ing and mutational studies63 and NMR,36 although MD simula-
tion also suggested the possibility of major groove binding.69

Circular dichroism spectroscopy,63,65 NMR spectroscopy,36 and
steady state fluorescence evidence61 showed that neomycin B
binding induces changes in the TAR RNA structure distinct from
those induced by Tat; e.g., neomycin B binding reduces the
volume of the major groove where Tat binds36 and consequently
allosterically inhibits Tat binding.36,61,63 The detailedmechanism
of allosteric inhibition, however, was not clear.
Like those for the Tat complex, our dynamics data also

suggested the heterogeneous nature of the neomycin B complex.
When one or two neomycin B molecules bind, the major
population (40�80 or 50�80%) features all three-bulge bases
statically stacked with the two stems. This population is in
equilibrium with at least two minor populations in which the
bulge bases are flipped out. Such population distributions are
consistent with the previous findings that neomycin B is known
to bind a more bent (30�) TAR conformation on average.27,36

However, observation of a nuclear Overhauser effect between
A22 and G26 also indicated direct base stacking in the
TAR�Neo complex that would lead to straightening of the
helix. The subpopulation of the complex that features such
interfacial coaxial stacking and unstacking of bulge bases is
included in the ensemble. The coexistence of multiple conforma-
tions is presumably responsible for the line broadening and low
NMR signals from the neomycin B ligand in the complex that
preclude the complete assignments of resonances to individual
protons.36 The NMR study could not precisely define the
locations of the bulge bases, presumably because of the multiple
interconverting conformations of the bulge region.
Note that Tat binding and neomycin B binding induce dif-

ferential changes, either qualitatively or quantitatively, in the
dynamic decay profiles of HIV-1 TAR RNA; therefore, the
directions of changes in the conformational ensembles of the Tat
complex and neomycin B complex are mutually exclusive. This
provides details about the mechanism of the nature of the
allosteric inhibition of Tat binding by neomycin B.36,61,63

These population data can be directly used in a partition
function analysis51,57 to calculate the free energy difference
between different states that range mostly within 1 kcal/mol at
22 �Cwith the population of the highest occupancy representing
the ground state for each base. The model presented in Figure 7
should be considered a minimal model, as each subpopulation
may still represent a family of closely related conformations that
have not been uniquely resolved at all base positions because they
may produce a similar decay dynamics profile with a probe at a
certain position.
Biased Ensemble byMutation at the Junction.Mutation of

the A22-U40 base pair flanking the bulge region to a more stable

G22-C40 pair noticeably affects the conformational equilibrium
of the free RNA states, shifting bases 24 and 25 toward ARG-
bound (unstacked) states to some extent68 but far from com-
pletely locking them into the ARG-bound state. The effect on
base 23 is the opposite. More interestingly, while Tat binding
induces a similar significant conformational transition for base 24
for the mutated RNA, base 25 appears to be mostly locked in a
different Tat-bound conformation by the mutation compared to
that of the WT RNA. Neomycin B binding also produces
different changes at base 25 compared to WT. Therefore, the
base pair mutation at the junction of the bulge and stem I
influences the most changes at the adjacent and most distant
position from the mutation in the bulge, consistent with the fact
that bases 23 and 25 are more critical than base 24, which serves
as a linker.12,60

Base Motion on Picosecond Time Scales. The observed
fluorescence decay dynamics measured at the magic angle reflect
only the electronic interactions involving the probe and do not
directly represent the RNA conformational motions per se.
Femtosecond time-resolved fluorescence anisotropy measure-
ments provide useful information about the actual time scales
and amplitudes of dynamic motions of the probe.
NMR probing showed that the free RNA samples local

fluctuations on picosecond to nanosecond time scales.5,48,49

Anisotropy decay dynamics also revealed that there is a range
of picosecond time scales over which conformational transitions
can occur (Table 3).Motions on such picosecond to nanosecond
time scales represent segmental or internal motion of cer-
tain amplitudes for the probe within the RNA structural
contexts,6,51,56,57,59 leading to heterogeneous nature of the
structure and the multiphasic decay profiles of the magic angle
experiments, providing kinetic information to define the barrier
of the energy landscape. What is not clear from these data alone is
whether the flipping-out motions of these bulge bases are
concerted. Upon formation of the complex, the bulge bases
remain dynamic on picosecond time scales. This information can
complement slower nanosecond to millisecond dynamics infor-
mation from other approaches.
Ultrafast Dynamics as a Complementary Approach.NMR

probing has been the driving force in elucidating the conforma-
tional dynamics of HIV-1 TAR RNA. Our findings for the
ensemble of subpopulations and the dynamic time scacles form
interesting and meaningful comparisons to those fromNMR and
other probing techniques. Each subpopulation detected here,
however, may not directly correspond to a single conformation
sampled by the RNA as revealed by NMR; instead, it is the
heterogeneous nature at each base position that is captured by
ultrafast dynamics. Such a dynamic picture at each base position
reflects all the conformations collectively, including those that
have been detected or still missed by all the techniques. The
significance of our findings is that minor or alternative popula-
tions were detected and should be considered as an integral part
of the ensemble picture. The fluorescence anisotropy decay data
provide dynamics information about the base that can comple-
ment those for the comparable time scales by NMR or EPR. One
of the limitations of the fluorescence approach is that it is
sensitive to only base stacking interactions. For other interac-
tions, e.g., hydrogen bonding, and their heterogeneous nature,
NMR continues to be the technique of choice. In addition,
computational approaches will be more meaningful with all these
experimental constraints guiding and validating the simulation
efforts.
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Implications for the General Mechanism of RNA Recogni-
tion. Recent work suggested that the dynamic sampling of active
and inactive conformations is built in protein structures through
natural evolution, and substrate binding or post-translational
modifications may act to shift a preexisting equilibrium.70,71

What about RNAs? Plenty of evidence suggested that HIV-1
TAR RNA recognition is achieved via conformational
capture.2,5,18,20,23,27 In a conformational capture process, the
ligand-bound form preexists within a conformational ensem-
ble and can be detected at least by a certain technique. This
subpopulation, oftentimes a minor population in free RNA,
is stabilized by a ligand binding event that provides additional
interactions, thereby shifting the conformational equilibrium
toward the bound state. Such a mechanism has also been
implicated, including evidence from ultrafast time-resolved fluor-
escence spectroscopy from this lab, in other RNA systems, e.g.,
theophylline-binding aptamer51 and purine-sensing riboswitches.72

Whether conformational capture or induced fit9,10 versus con-
formational rearrangement is the main underlying mechanism
operating in RNA recognition remains to be investigated in more
systems.
The ultrafast dynamics probing of HIV-1 TAR RNA recogi-

tion suggested that bases 24 and 25 sample the bulged-out
conformations with detectable populations. Such bulged-out
states are requisite for forming the ligand-bound state, but the
coaxially stacked state asscociated with the specific ligand bind-
ing, however, has a very small population (Figure 7) below the
detection limit of ultrafast fluorescence spectroscopy. In other
words, a combined conformational capture�induced fit mechan-
ism must operate in such a system, where the conformations of
the “preexisting” subpopulations in TAR RNA that were “cap-
tured” by various ligands may only partially resemble but are not
identical to the true ligand-specific bound states, because certain
interactions cannot be fulfilled in the absence of the ligands,
particularly those directly involving the ligandmoiety itself14,15 as
in the theophylline aptamer,51 or if there is issue of entry of the
ligand into a deeply buried pocket such as in the case of purine-
sensing riboswitches.72 Therefore, at least locally induced fit has
to occur. A separate issue is how much of the population of the
preexisting structure is necessary for one to consider that the
conformational capture mechanism dominates the recognition
process, which also relates to the sensitivity of a particular
technique for detecting minor or even trace populations.
Therefore, there would be no conformational capturemechan-

ism in a strict sense, and some degree of conformational
rearrangements or induced changes at least locally if not globally
is always necessary for specific recognition of a dynamic struc-
ture. In addition, as shown for the theophylline aptamer, an RNA
structure may be mostly preorganized in one region but need to
reorganize significantly in another region via capturing a preex-
isting local structure feature.51 The partitioning of conforma-
tional capture and induced fit will certainly be position-
dependent. Understanding how such partitioning depends on
the structural context of RNAs poses a major challenge in RNA
biophysics, and a combined approach using modern techniques,
including NMR, EPR, time-resolved spectroscopy, single-
molecule techniques, and molecular dynamics simulations, may
continue to shed new light on the formulation of a new paradigm
of RNA conformational dynamics.
Biomedical Significance of the Findings. Understanding

the detailed recognitionmechanism is an important issue as RNA
has been increasingly recognized as a valid target for molecular

therapeutic intervention. Recent efforts directed toward devel-
oping agents targeting RNA-based diseases, e.g., myotonic
dystrophy type 1 that features long CUG repeats in mRNA,
have seen some success.73,74 In targeting RNA, specificity is
much more challenging to achieve than affinity alone, and rules
are actively being decoded.75 The ultimate success of these
efforts depends critically on a deep understanding of the impacts
of conformational dynamics and structural heterogeneity on
adaptive ligand recognition.10,76 The dynamic nature of RNAs
renders the structure-based ligand design a challenging task,
because the ruggedness of the conformational landscape of the
free RNA plays a very significant role. A recent study showed that
a benzimidazole derivative compound binds a conformationally
flexible structure within the internal ribosomal entry site (IRES)
of the hepatitis C virus (HCV) and captures one of the specific
structures of the ensemble, thereby locking the IRES in an
inactive form.77 Therefore, the challenge of targeting dynamic
RNA structure can present itself as a unique opportunity if the
conformational dynamics can be better understood.
In the past three decades since HIV was isolated, the AIDS

pandemic remains one of the most devastating diseases in human
history. Agents that can disrupt the function of HIV-1 TAR RNA
may significantly interfere with viral gene transcription, repre-
senting a promising antiviral strategy. The findings reported here
and previously allow one to incorporate dynamic information
into the rational design of ligands to recognize the intrinsically
dynamic TAR RNA, greatly facilitating structure-based rational
designs of novel antiviral compounds.78�80 In particular, a more
complete picture of the structural ensemble of the target TAR
RNA can suggest alternative structures, though present in only
small populations or transiently, may contain more unique
features than the dominant structures and, therefore, are valuable
targets. Designing drugs against the more unique minor struc-
ture, thereby locking the target in the alternative conformations,
may provide a viable pathway to achieving high specificity and
high potency. Information about the intrinsic plasticity and
elasticity of the targeted microstate therefore can be extremely
useful for drug design. This will open up exciting opportunities
for computer-aided modeling and screening of drug leads. The
work reported here and future findings promise to contribute to
such foundations.
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