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ABSTRACT: High-resolution crystal structures and biophysical analyses of purine-sensing riboswitches have
revealed that a network of hydrogen bonding interactions appear to be largey responsible for discrimination
of cognate ligands against structurally related compounds. Here we report that by using femtosecond time-
resolved fluorescence spectroscopy to capture the ultrafast decay dynamics of the 2-aminopurine base as the
ligand, we have detected the presence of multiple conformations of the ligand within the binding pockets of
one guanine-sensing and two adenine-sensing riboswitches. All three riboswitches have similar conforma-
tional distributions of the ligand-bound state. The known crystal structures represent the global minimum
that accounts for 50—60% of the population, where there is no significant stacking interaction between the
ligand and bases of the binding pocket, but the hydrogen-bonding cage collectively provides an electronic
environment that promotes an ultrafast (~1 ps) charge transfer pathway. The ligand also samples multiple
conformations in which it significantly stacks with either the adenine or the uracil bases of the A21-U75 and
A52-U22 base pairs that form the ceiling and floor of the binding pocket, respectively, but favors the larger
adenine bases. These alternative conformations with well-defined base stacking interactions are ~1—1.5 kcal/
mol higher in AG® than the global minimum and have distinct charge transfer dynamics within the picosecond
to nanosecond time regime. Inside the pocket, the purine ligand undergoes dynamic motion on the low
nanosecond time scale, sampling the multiple conformations based on time-resolved anisotropy decay
dynamics. These results allowed a description of the energy landscape of the bound ligand with intricate
details and demonstrated the elastic nature of the ligand recognition mode by the purine-sensing riboswitches,
where there is a dynamic balance between hydrogen bonding and base stacking interactions, yielding the high

affinity and specificity by the aptamer domain.

RNAs are dynamic molecules, and they interconvert between
different conformational states over broad ranges of time scales
and length scales (/), reflecting their structural elasticity and
plasticity. The resulting conformational complexity needs to be
characterized by a very rugged energy landscape (2, 3), and
conformational dynamics play a significant role in enhancing
their functional capacity (4). Therefore, it is important to
characterize the shape of the whole energy landscape and its full
range of dynamics, including those on ultrafast time scales to
slow time scales. These characterizations require quantitative
resolution of an ensemble of heterogeneous conformations into
individual subpopulations, which is still challenging.

Riboswitch RNAs are widespread metabolite-sensing cis-
regulatory elements (3), typically located in the 5'-untranslated
region of mRNA adjacent to ~2% bacterial genes involved in the
synthesis, transport, or salvage of essential metabolites (6).
Currently, there are more than a dozen classes of riboswitches that
have been identified that recognize diverse compounds. Ribos-
witches have quickly become a new paradigm for understanding
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the principles of RNA folding and dynamics, ligand recognition,
and regulatory functions (3, 7), opening up exciting new research
opportunities in genetics, structural biology, and ultimately
therapeutics (8). Riboswitches are generally composed of two
modular domains: an aptamer domain that folds into a well-
structured receptor for the metabolites serving as a precision
sensor for bacteria to monitor the intracellular concentration of
various metabolites and an expression platform located imme-
diately downstream from the aptamer domain. By switching
between two mutually exclusive alternative structures in response
to specific metabolite ligands, the two domains function together
to transduce the chemical signals into altered patterns of gene
expression at either transcriptional or translational levels (3).
Purine-sensing riboswitches are among the most studied. So
far, there are four known classes of riboswitches that recognize
purines or modified purines (9). A wide variety of biochemical,
genetic, biophysical, structural, and computational approaches
have been used to investigate various aspects of these purine
riboswitches. One of the common structural features of all four
classes is the fact that they use a conserved pyrimidine residue to
form a canonical Watson—Crick base pair with the purine ligand
to achieve high levels of specificity (9). Three of the four classes
are closely related and share sequence, secondary, and tertiary
folding. For the two subclasses of adenine- and guanine-sensing
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FiGURE 1: Structural models of the aptamer domain of purine-sensing riboswitches. (A) Crystal structure of the aptamer domain of the add
A-riboswitch (73). Helical regions (P1—P3), loops (L2 and L3), and junction regions (J12, J23, and J31) are labeled. The adenine ligand (red) is
shown as a space-filling model. (B) Close-up views of part of the binding pocket viewed from the side (top), bottom (middle), or top (bottom) of the
add riboswitch showing a lack of significant direct base stacking between the ligand and bases forming the ceiling and floor of the pocket (/3). The
ligand is shown as a space-filling model; some surrounding bases forming the pocket that are relevant in this study are labeled, and others have
been omitted for the sake of clarity. (C) Secondary structural representations of the wild-type add A-riboswitch (top), the ppuE A-riboswitch
(middle), and the xpt-pbuX G-riboswitch with a C74U mutation (bottom), used in this study. Helical regions (P1—P3), loops (L2 and L3), and
junction regions (J12, J23, and J31) are labeled, with U74 colored red (base pairing with the 2AP ligand) and A21, A52, and A73 (replaced with

7-deazaadenine in some constructs) colored blue.

riboswitches that recognize the purine bases, the aptamer do-
mains are able to discriminate closely related purine com-
pounds ({0, 11). The available X-ray crystal structures
(Figure 1A) show that they share nearly identical tertiary folding
when bound to cognate ligands, including adenine, guanine, and
hypoxanthine (/2—14), or a number of analogues (15, /6). In the
ligand-bound state, the aptamer domains fold into a compact
structure built from a three-way junction in which the two helices,
P2 and P3, are held in parallel through loop—loop tertiary
interactions between L2 and L3. The folding creates a binding
pocket formed by the highly conserved nucleotides at the three-
way junction. The binding pocket is composed of five-tiered base
triples that form the ceiling and floor (/12— 14). The specificity of
recognition is mostly conferred by Watson—Crick base pairing
interactions between pyrimidine base Y74 (U for the adenine
sensor and C for the guanine sensor) and the purine ligands
(Figure 1B). All functional groups of the purine ligands
are critical for high-affinity and high-specificity recognition
through an intricate network of hydrogen bonding interac-
tions (10, 11, 14, 15). It appears, however, that the position of
the ligand within the pocket is not optimized for any significant
direct stacking interaction with bases of the aptamer (Figure 1B),
and hydrogen bonding seems to play a dominant role in ligand-
specific recognition (/4). This has been hypothesized as the origin
of the high specificity (/4) because base stacking interactions are

more nonspecific than hydrogen bonding interactions. This is an
interesting feature of recognition of such aromatic ligands, as
generally the stabilizing energy driving RNA folding largely
comes from extensive base—base stacking interactions.

The available high-resolution crystal structures provide a few
staticimages for these riboswitch RNAs in the ligand-bound state
that form the basis for understanding the structural complexity
required for specific ligand recognition. They may represent,
however, only an average or a single frame of an ensemble of
conformations, even for the relatively more well-defined bound
state. We hypothesize that the observed lack of direct base
stacking interaction on ligand recognition by purine riboswitches
in the crystal structures only represents one frame of a complex
structural ensemble for the ligand-bound state, and more
modes of interactions, particularly dynamic stacking interactions
between the purine ligand and the bases forming the binding
pocket, may coexist dynamically in the solution state. In addi-
tion, because the ligand appears to be completely buried in the
binding pocket, we wonder if there is any room for dynamic
motions of the ligand that may be coupled to the motions of the
other regions of the RNA in the complexed state. These two
questions may in fact be closely related as such motion would
lead to sampling of multiple states, leading to different modes of
interactions between the ligand and the pocket in different states.
Because of the link between ligand binding by the aptamer
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domain and the structural switching in the expression platform,
it is crucial to understand the physical and chemical nature of
ligand—aptamer recognition to elucidate the functional role of
dynamics in the riboregulation mechanism.

To specifically investigate RNA dynamics at different time
regimes, appropriate techniques need to be employed (4). Cur-
rently, it is still difficult to define the precise structural nature of
the multiple conformations of RNA, particularly when some
conformations are populated at an only minor abundance or
transiently. Capturing these alternative conformations helps
establish a unified picture of how recognition of a dynamic
structure might occur through conformational selection or
induced fit (2, 3). Time-resolved spectroscopy with low time
resolution may resolve some events of conformational transitions
on much slower time scales, but may miss those that occur within
the time resolution, and sometimes cannot determine whether
the observed complex kinetics arise from static heterogeneity of
the structures or dynamic motions on time scales similar to the
intrinsic decay of signals.

To extend the range of RNA conformational dynamics that
can be studied and resolve the complex ensemble into well-
defined subpopulations, we have begun to harness the power
of ultrafast time-resolved fluorescence spectroscopy (17—23).
Experimentally, an ultrafast laser pulse excites an incorporated
fluorophore to generate coherent excitation among the confor-
mational subpopulations, and a second pulse following a variable
delay time monitors the distinct temporal characteristics of the
fluorescence decays of each subpopulation. Different RNA
conformations within an ensemble may provide different local
electronic environments for a site-specifically incorporated
probe, causing its fluorescence to decay on distinct time scales
characteristic of the structures and specific interactions involved.
Therefore, the intrinsic heterogeneous nature of the RNA
structures renders the overall fluorescence decay profile multi-
phasic, where each resolvable decay component potentially
reflects the nature of the structural contexts surrounding the
probe characteristic of a subpopulation. Resolving the time scales
and amplitudes of each decay component within a single decay
profile provides useful information that can be meaningfully
interpreted in terms of heterogeneous RNA conformations (27).
The number of such distinct decay components and their relative
amplitudes relate to the minimal number of conformational
substates and their population distributions (24), thus revealing
unique structural as well as thermodynamic information that
may be at least partly hidden with other techniques.

Recent studies on nanosecond time-resolved probing of
2-aminopurine (2AP)' bound to the pbuE adenine-sensing and
xpt-pbuX guanine-sensing riboswitches showed multiple decay
components on the nanosecond time scale, suggesting hetero-
geneity of the ligand-bound state (25, 26). Decay on the picose-
cond to nanosecond time scale, however, was not adequately
resolved; therefore, important information may have been
missed. In addition, no comparisons of these fluorescence decay
profiles with the add adenine-sensing riboswitches have been
made. In this report, we demonstrate that by capturing the
ultrafast fluorescence quenching dynamics for the 2AP ligand
bound in the pockets of all three purine-sensing riboswitches, we
can precisely and quantitatively define heterogeneous modes of

'Abbreviations: 2AP, 2-aminopurine; X, 7-deazaadenine; ITC, iso-
thermal calorimetry; fwhm, full width at half-maximum; OPA, optical
parametric amplifier; PAGE, polyacrylamide gel electrophoresis.
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base stacking interactions between the ligand and the bases of the
pockets present in the multiple alternative conformations, allow-
ing a detailed and more complete description of the shape of
the energy landscape for the ligand-bound state. The time scale of
the base motions inside the pocket can also be monitored by
fluorescence anisotropy decay. Such a strategy provides a deeper
level of unique structural information beyond that which can be
obtained via other techniques.

EXPERIMENTAL PROCEDURES

Materials. 2-Aminopurine (2AP) was purchased from Sigma
and used as is without further purification. A stock solution of
10 mM 2AP was used to prepare 2AP—RNA complexes. All
riboswitch RNA constructs were synthesized by Dharmacon
(Lafayette, CO) and purified by PAGE. RNA concentrations
were calculated from the UV absorbance at 260 nm using
extinction coefficients provided by Dharmacon. Riboswitch
RNAs were annealed in a buffer of 50 mM Na-MOPS, 100
mM NaCl or KCI, and 2 mM MgCl, (pH 7.5) by being heated to
95 °C for 2 min and allowed to cool slowly, following established
protocols (14).

Steady State Fluorescence Spectroscopy. Steady state
fluorescence emission spectra were recorded at room temperature
on a Shimadzu spectrofluorophotometer (RF-5301PC). The 2AP
concentration was 10 4M in all samples, and the concentrations
of RNAs in the complex samples were 40—50 uM, in a buffer of
50 mM Na-MOPS, 100 mM KCl, and 2 mM MgCl, (pH 7.5).
The excitation wavelength was 320 nm, and emissions were
collected from 340 to 500 nm.

Femtosecond Time-Resolved Fluorescence Up-Conver-
sion. The experimental setup and technique for femtosecond
time-resolved fluorescence up-conversion have been published
previously (23, 27, 28). 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 to pump two optical
parametric amplifiers (OPAs). The signal output from one OPA
is quadrupled to generate the excitation pump pulse at 320 nm.
The remainder of the fundamental 800 nm is used as the
probe pulse. Samples contain 30 uM 2AP and 120—150 uM
RNAs in a buffer of 50 mM Na-MOPS, 100 mM NaCl or KCl,
and 2 mM MgCl, (pH 7.5) at 22 °C. The emission from the
sample cell is collected by a pair of parabolic focus mirrors and
mixed with the fundamental in a BBO crystal. The up-converted
signal at 257 nm (up-converted from 380 nm) is detected by a
photomultiplier after passing through a double-grating mono-
chromator. For magic angle experiments, the pump beam
polarization is set at the magic angle (54.7°) with respect to
fluorescence polarization set by the BBO crystal, to avoid
complications from orientational motions. In principle, the full
femtosecond time-resolved emission spectrum, as opposed to
single-wavelength detection mainly used here, also contains rich
information, particularly solvation dynamics (29, 30) and DNA
dynamics (37) on the ultrafast time scale. Although sometimes
obtaining the full time-resolved emission spectrum may be
desirable, our fluorescence up-conversion experiments were
performed by monitoring quenching dynamics of 2AP at a single
wavelength around the emission peak (380 nm). Under this
condition, the population of this electronic energy state is mostly
at steady state with respect to the ultrafast hydration process, and
the hydration dynamic does not produce any feature in the
transient (neither decay nor rise) on the ultrafast time scale of our
interests (29); therefore, any ultrafast dynamics observed can be
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attributed to direct charge transfer reactions, and interpretation
of the dynamic information is more straightforward.

Data Analysis of Ultrafast Fluorescence Decay Dyna-
mics. The fluorescence decay profile can be represented by a sum
of multiple exponential functions convoluted by a Gaussian
instrument response function (eq 1) (23, 27):

" t—1
F(r) = ZA[ exp<—TO>
i=1 !

A t—tg—A*)2r;
X exp(‘mz) H—erf(f (1)

where 7; values and 4; values are the decay lifetimes and the pre-
exponential amplitudes, respectively, for the ith decay compo-
nent, f, is time zero, A is the width of the instrument response
function (cross correlation, typically 500—600 fs determined by
recording the Raman emission profile for solvent water), and erf
is the error function.

Mathematical software Scientist was used to analyze the
ultrafast dynamics data at the magic angle. The number of
exponential functions (eq 1) needed to fit a fluorescence decay
profile was first determined. Fitting of decay profiles by two,
three, and four exponential terms was tested, and the statistical
significance of additional terms was analyzed by y* and F tests.
Typically, the decay profiles need to be fitted by four exponential
terms with well-separated time constants ranging from subpico-
seconds to nanoseconds (22, 23). Figure S2 of the Supporting
Information shows an example of the residual plots from fitting a
decay curve by two-, three-, or four-exponential functions.
Apparently, for this decay curve (phuE WT), the four-exponen-
tial function fits much better than the two- and three-exponential
functions. This is typically the case when there is an ultrafast
approximately picosecond component. F values between the
three- and four-exponential fits for all decay dynamics are listed
in Table S1 of the Supporting Information. All of these values are
small, justifying the necessity of using four-exponential functions.
The parameter for the slowest component is fixed at the average
value (11.3 ns) of the observed lifetimes for free 2AP base,
9-methyl-2AP, and 2AP-riboside (ranging from 10.4 to 11.8 ns) (32).
This is because the time window of the femtosecond experiments
(up to 600 ps) is too short to uniquely determine this slowest
decay component. The specific choice of the fixed values for this
component on the order of 10—11 ns does not affect the fitting of
the faster components, but our testing indicated that the fitting
may not converge if it is not fixed (20). Components that are
typically on the order of hundreds of picoseconds need not be
fixed because they can still be sufficiently determined with data
collected over the time window. Hundreds of transients were
collected to give an average decay profile, with uncertainty in the
fitted parameters within 5%.

Femtosecond Time-Resolved Anisotropy. Time-resolved
fluorescence anisotropy decay measurements provide useful
information about the actual time scale of base dynamic motion
of the probe in the context of RNA structures. Time-resolved
anisotropy, r(f), is defined in eq 2 (24):

L)1)

) =1 ()21, (1)

(2)

where £;(7) and 1 () are calibrated time-dependent fluorescence
intensities with emission polarization parallel and perpendicular,
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respectively, to that of the excitation, collected separately
(20, 22, 23). To account for possible excitation power fluctuation
between the two separate independent measurements, the fluore-
scence intensities for a solution of free 2AP base were measured
at two time delay points, one in the negative time regime
(e.g., —10 ps) and the other at 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. At 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(f), constructed using
eq 2, was then fitted with a multiple-exponential function. Often,
there is one slow decay term on a long nanosecond time scale that
represents the tumbling of the entire molecule. Additional
faster decay terms on picosecond to nanosecond time scales
represent segmental or internal motions of the probe that reflect
its intrinsic mobility (20, 22).

Isothermal Titration Calorimetry (ITC). All the ITC
titrations of the 2AP base with various RNA constructs were
performed on a MicroCal iTC,q, microcalorimeter (Microcal,
Inc.). RNAs (10 uM) were annealed in a buffer of 50 mM Na-
MOPS, 100 mM NaCl, and 2 mM MgCl, (pH 7.5). The 2AP
solution (100—150 uM) was prepared in the identical buffer at a
concentration 10—15-fold higher than the RNA concentra-
tions (33). All the ITC experiments were conducted at 30 °C. A
volume of 300 uL of RNA solution was carefully loaded in the
cell using the syringe to prevent the formation of air bubbles. The
2AP ligand was titrated into the sample cell containing the RNA.
The parameters were set up such that the number of injections
ranged from 20 to 25, the stirring speed in the sample cell was
1000 rpm with a starting differential power setup at ~5 ucal/s,
and the injection time was 3 min with an initial delay of 1 min.
Collected data were fitted to a model with a single set of
equivalent binding sites represented by eq 3 (/4) using Origin
7.0 ITC (Microcal Software Inc.):

KL K[L)-

1

T+ KL 1 +Ka[£];}, 1) ®)

1

q = V[RNA]AH(

where ¢ is the experimentally measured heat released, V' is the
default volume of the reaction cell (200.15 uL), [L]; is the ligand
concentration at the ith injection, 7 is the number of binding sites
on the receptor, and K, is the association constant (inverse of the
dissociation constant, Ky).

RESULTS

Multiple Interaction Modes of the Ligand in the Binding
Pocket Are Detected. We obtained two adenine-sensing ribos-
witch RNAs (add from Vibrio vulnificus and pbuFE from Bacillus
subtilis) and a guanine-sensing riboswitch (xpt-pbuX from B.
subtilis) with a C74U mutation that confers specificity to
adenine (/4) (Figure 1C). All three RNAs can bind 2AP as an
equivalent ligand (11, 14, 25, 34, 35). The free 2AP base has a
natural fluorescence lifetime of 10—11 ns (32), and charge
transfer reaction due to direct base—base stacking is the main
nonradiative decay pathway that causes the large reduction in the
fluorescence quantum yield, shortening the lifetime so that it falls
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within the picosecond to nanosecond regime depending on the
identity of the stacked bases (27, 36). This allows us to probe the
physical nature of ligand recognition in the binding pockets of
these RNAs by monitoring the ultrafast fluorescence decay
profiles for the bound 2AP probe. The steady state fluorescence
of 2AP has been previously shown to be quenched upon binding
to these riboswitches (14, 34, 35, 37), as also confirmed by us
(Figure S1 of the Supporting Information), consistent with the
presence of quenching dynamics on time scales faster than the
~11 ns natural lifetime of free 2AP (25, 26).

Figure 2 shows the femtosecond time-resolved fluorescence
decays of the 2AP probe bound to the three wild-type (WT)
riboswitches at 2 mM Mg*", compared to that of the free 2AP
base. As expected, the profile for free 2AP shows a lack of
significant decay within the subnanosecond time window because
of its intrinsic long lifetime. The decay profiles for the 2AP probe
bound to the three riboswitches, however, are similar to each
other in overall decay dynamics, but all have very complex
profiles. The decays can be best fitted by four lifetimes with
various relative amplitudes (Table S1 of the Supporting In-
formation). The observed ~11 ns components (t4) with low
amplitudes (4—5%) for the three WT complexes apparently
represent residual free 2AP base that is not bound to the RNAs,
as the total amplitude of this component decreases upon titration
of RNAs into the 2AP solution to form the complexes (data not
shown). This component is therefore not discussed further
because we are interested in only the probe bound to the RNAs.
There is no significant decrease in the fluorescence intensity at
time zero within our femtosecond time resolution when com-
pared to that of the free 2AP, suggesting there is no significant
unresolved quenching dynamics faster than the femtosecond time
resolution that contribute to the overall reduction of the quantum
yield. In addition, there are no significant quenching dynamics on
a time scale longer than 1 ns. This is a nontrivial observation
because on the basis of the crystal structures, the ligand in the
cavity is practically inaccessible to the solvent (13). It is known
that a low-polarity environment (apolar solvent) can significantly
reduce the quantum yield of 2AP due to the lifetime being
shortened from ~11 ns to a few nanoseconds, but no picosecond
components have been detected in such a low-polarity environ-
ment (27). The lack of significant decay components on the
approximately nanosecond time scale for bound 2AP suggests
that the polarity of the interior of the binding pocket is similar to
that of the aqueous or alcohol media, which was found for the
interior of the DNA duplex (38).

The three observed ultrafast decay components on the pico-
second time scale (r; = 0.6—1.1 ps, 7o = 5.5—11 ps, and 13 =
249—283 ps) of various amplitudes that are robust among the
three complexes (Table 1) together contribute to the previously
observed significant reduction of the steady state quantum yield
of 2AP upon binding to these RNAs (14, 25, 34, 35, 37) (see also
Figure SI of the Supporting Information). In Table 1, the total
amplitudes of these three components have been renormalized to
unity, excluding that of 74. The similarity in the decay dynamics
profiles among the three RNAs suggests that there are common
origins that lead to the quenching of 2AP excited states in the
binding pocket, consistent with their conserved tertiary fold-
ing (12, 13). These observed picosecond components for all three
complexes indicate that charge transfer has to be the main
quenching pathway of 2AP fluorescence when bound to these
RNAs. The presence of multiple well-resolved decay dynamics
components with distinct time scales indicates that there are
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FIGURE 2: Ultrafast time-resolved fluorescence decay dynamics pro-
files (measured at the magic angle) of free 2AP (black) and 2AP
bound to wild-type xpt-pbuX GR (C74U) (blue), add (red), and pbuE
(green) riboswitches. Data were collected in a buffer that consisted of
50 mM Na-MOPS, 100 mM NaCl or KCI, and 2 mM Mg*" (pH 7.5)
at 22 °C. Concentrations of 2AP and RNAs were 30 and 120—
150 uM, respectively. The inset shows a shorter time window to show
the ultrafast components.

Table 1: Parameters of Femtosecond Time-Resolved Fluorescence
Quenching Dynamics of 2AP Bound to Riboswitches®

71 (ps) 41 (%) 12(ps) 42(%) T3(ps) A3(%)

riboswitch construct”

xpt-pbuX-GR (CT4U)-WT 0.6 55 55 11 2600 34

xpt-pbuX-GR (CT4U)-A2IX 12 56 13 29 91 15
xpt-phuX-GR (C7T4U)-A52X 13 46 13 46 199 8
xpt-pbuX-GR (CT4U)-AT3X 09 58 10 12 226 30
POUE-WT 08 61 11 1 283 28
PbuE-A21X 15 5318 ¥ 11713
PbUE-A52X 14 57 16 35 287 8
PhUE-AT3X 09 50 8 18 208 32
add-WT L1 sl 11 249 38
add-A21X 20 36 23 54200 10
add-A52X 25 35 15 s4 190 11
add-A21X/A52X 06 63 62 33 85 4
add-AT3X 05 56 5 14 200 30

“Decay lifetimes and amplitudes are represented by 7 and 4, respectively.
Only the parameters for the fast decay dynamics are shown here. Ampli-
tudes of the first three decay components (Table S1 of the Supporting
Information) are renormalized to 100% after subtraction of that of the
11.3 ns component (74). Uncertainties in parameters are typically ~5%,
estimated from one to three repeat measurements and also previously
published results (19, 20, 22, 23). *X is 7-deazaadenine.

multiple parallel quenching pathways due to coexisting different
modes of base stacking interactions involving the ligand for
which the crystal structures alone cannot account. Furthermore,
these different modes of interactions apparently do not convert
on a time scale faster than the picosecond time scale of fluores-
cence quenching dynamics.

Origins of the Quenching Dynamics. The three ultrafast
decay components and their relative amplitudes (Table 1) repre-
sent a distribution of at least three subpopulations of different
conformations with regard to the bound ligand that undergoes
charge transfer with very different rates. The decay time scale of
~1 ps (1)) is faster than what one normally observes for 2AP
quenching dynamics in nucleic acid structures (27, 36) unless a
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7-deazaguanine base is specifically incorporated and is well-
stacked with 2AP (19, 20). The presence of this component
suggests that there is a very efficient charge transfer pathway for
the 2AP ligand in a major subpopulation (51—61% population)
resulting from a specific structural context. We suspect that this
~1 ps major decay component represents the ligand bound in
the binding pocket exactly as in the structures observed by
crystallography (72— 14), where the ligand is held in place inside
the pocket by multiple hydrogen bonds around the periphery of
the entire ligand base (Figure 1). Note that although the ligand is
not directly well stacked by any of the RNA bases in the binding
pocket in these crystal structures (12— 4), there are some degrees
of simultaneous edge-to-edge overlap with multiple bases form-
ing the ceiling and floor of the “hydrogen bonding cage”
(Figure 1B). We can speculate that the ~1 ps ultrafast decay
dynamics are not due to stacking of a single quencher base on the
2AP ligand, but it is possible that the entire hydrogen bonding
cage structure with multiple edge-to-edge base overlaps with the
ligand collectively provides an electronic environment that
leads to excited states with high charge transfer character.

We recently demonstrated that incorporation of 7-deazaguanine
can be very effective in analyzing possible role of guanine bases
in quenching 2AP fluorescence to provide unambiguous site-
specific information regarding the nature of direct stacking
interactions in RNA motifs and can thus facilitate assignments
of specific interactions (19, 20, 22). Charge transfer between 2AP
and well-stacked adenine bases can occur on the 80—300 ps time
scale, depending on the structural contexts (27, 36). Generally,
when a component on this time scale is observed and a particular
adenine base is suspected of being the source of quenching
through base stacking with the 2AP probe, the adenine base
can be replaced with 7-deazaadenine (X) (Figure S3 of the
Supporting Information) if such N7 to CH modification does
not perturb the structure (e.g., hydrogen bonding or metal ion
binding interaction involving N7 of purine). The base of
X quenches 2AP on the time scale of a few picoseconds, faster
than the natural adenine base (23), therefore converting the
component on hundreds of picoseconds observed for the original
RNA to a few picoseconds if the adenine in question is indeed
involved in direct stacking with 2AP. By comparing the two
decay profiles, one can determine such base stacking interaction
with residue-specific precision. To identify the origin of the 73
components on the time scale of hundreds of picoseconds, we
replaced three adenine bases, A21, A52, and A73, of each of the
three riboswitches (Figure 1B) in the binding pocket individually
with X. Replacements of such modified bases at these positions
should not alter the native interactions involving these bases
based on the crystal structures (/2, 13), and this was also
confirmed by ITC measurements (Figure S5 and Table S2
of the Supporting Information). The ITC-determined binding
affinity for phuE WT RNA (3.8 uM) in 2 mM Mg*" at 30 °C is
similar to that measured by steady state fluorescence (1.4 uM)
under the same conditions (34), and the affinity for xpz-pbuX-GR
(C74U)-WT is higher at 10 mM Mg”" (0.6 uM) than at 2 mM
Mg>" (1.6 uM), the former also similar to that reported
previously (0.3—0.5 uM) (14, 15). The X-mutated RNAs all have
similar low micromolar affinities for the 2AP ligand compared to
those for the WT RNAs (Table S2 of the Supporting In-
formation), suggesting that the X substitutions at these positions
do not disrupt the structures and interactions.

Figure 3 shows that via replacement of either A21 or A52
individually with X in all three RNAs, the amplitudes of the 73
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FIGURE 3: Comparison of decay profiles between WT constructs
(red) and constructs with 7-deazaadenine (X) substituted at A21
(cyan), AS2 (green), A73 (blue), or both A21 and A52 (orange) for
(A) the xpt-pbuX-GR (C74U) riboswitch, (B) the pbuE A-riboswitch,
and (C) the add A-riboswitch. Arrows indicate changes in time scale
from slow in WT to fast in the A21X, A52X, and A21X/A52X
mutants.

components in all three RNA complexes are partially reduced
and instead decays that (happen to) overlap with that of 7, in time
scale emerge with higher amplitudes. Replacing A73, however,
did not produce such significant changes in any of these RNAs
compared to WT. The changes in the decay dynamics for A21X
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Table 2: Population Distributions of the 2AP Ligand Stacked with A21
and/or A52

A2l/ligand® ligand/A52° A21/ligand/A52° total?

xpt-pbuX-GR (C74U) 8% 15% 11% 34%
pbuE-AR 8% 13% 7% 28%
add-AR 1% 10% 17% 38%

“Represents the subpopulation that the 2AP ligand stacks with A21 only;
percentage is the same as amplitude A3 of 73 for riboswitch mutant A52X
(Table 1). “Represents the subpopulation that the 2AP ligand stacks with
AS52 only; percentage is the same as amplitude 4; of 73 for riboswitch
mutant A21X (Table 1). “Represents the subpopulation that the 2AP
ligand stacks between A21 and A52, calculated as the difference between
Aj of the wild tyPe and the sum of the 45 amplitudes for the A21X and
A52X mutants. “Correspond to 43 amplitudes for WT.

and A52X mutants suggest that both A21 and A52, but not A73,
are involved in separate well-defined structures that quench 2AP
on a time scale of hundreds of picoseconds in all three RNAs.
There are three possible populations that can contribute to 73 for
the WT, i.e., 2AP stacking with A21 only, with A52 only, and
with both A21 and A52. The remaining amplitudes of 75 for the
A21X and A52X mutants represent the subpopulations in which
the 2AP ligand is not stacked with A21 and A52, respectively. For
example, for xpt-phuX-GR (C74U), an amplitude of 34% of 73
for the WT is reduced to 15 and 8% in the A21X and A52X
mutants, respectively. Simple calculations using these amplitude
values show that of the 34% population, 8% (amplitude 45 for
the A52X mutant) is stacked with A21 only (ligand/A21), 15%
(amplitude A; for the A21X mutant) is stacked with A52 only
(A52/ligand), and 11% (difference in amplitude A3 between WT
and the sum of A21X and AS52X) is stacked with both
(sandwiched between A2l and A52, AS52/ligand/A21). Similar
calculations can be performed for the two adenine-sensing
riboswitches (Table 2). Overall, there seem to be three substates,
all characterized by 73, that are approximately similarly popu-
lated. These assignments predict that in a mutant where both A21
and A52 are replaced with X, the amplitude of 73 would be
completely removed. Figure 3C shows the decay profile for such a
mutant of the add riboswitch (add-A21X/A52X), where there is
little amplitude of 73 (4%), consistent with the prediction that 73
dynamics are mostly due to interactions of the ligand with A21
and AS52. These conformations of the ligand identified here are
different from the crystal structures (Figure 1) which are most
likely characterized by 7,. Note that in the crystal structures, the
two adenines (A21 and A52) are on the opposite edges of the
ligand but not far from it (Figure 1B), so the ligand will have to
undergo some conformational motion to sample these alternative
conformations with well-defined base stacking interactions.
Presumably, the binding pocket has to distort to some extent to
accommodate the ligand motion.

The quenching time scale of the 7, component (5.5—11 ps) of
small amplitudes (11%) for the WT RNAs, which represents a
small subpopulation, is consistent with quenching of 2AP by
uracil bases, possibly U22 and U75 (~5% subpopulation each on
average), which happen to base pair with A52 and A2l,
respectively (Figure 1B). No specific base analogue that allows
us to directly probe the role of these uracil bases as described
above for adenines is available. However, we have tested this on
a designed small model RNA construct with a 2AP-U pair (to
mimic the 2AP-U74 pair) between two U-A pairs such that 2AP
is inserted between the two U residues. The primary decay
dynamics is a 10 ps component (Figure S4 of the Supporting
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FIGURE 4: Ultrafast time-resolved fluorescence anisotropy decay of
the 2AP ligand bound to riboswitches. (A) Fluorescence decays for
2AP bound to the add riboswitch with polarization parallel (4, red) or
perpendicular (7, blue) to that of the excitation pulse. (B) Anisotropy
decays of the 2AP ligand, r(z), bound to xpt-pbuX (C74U) (blue, 7 =
1.6 ns), add (red, T = 1.0 ns), and pbuFE (green, T = 1.0 ns) ribos-
witches. Solid lines are the best fits. Uncertainties in parameters are
10—20%.

Information). Possibly, the 2AP ligand, while stacked between
the two A21-U75 and AS52-U22 base pairs of the binding pocket,
can slide back and forth from stacking with the adenines to
stacking with the uracils but apparently prefers the larger adenine
bases, as the 73 values have larger amplitudes than the 7, values.

Dynamic Motions of the Ligand inside the Binding
Pocket Probed by Ultrafast Time-Resolved Anisotropy.
To probe the mobility of the ligand inside the binding pocket, we
have collected femtosecond time-resolved fluorescence anisotro-
py decays of 2AP bound to the three WT riboswitches. If the
ligand is tightly bound to the RNA without any internal motion,
the anisotropy decay is expected to occur only on the time scale of
the global tumbling rotation of the entire domain. For a complex
of this size (~23 kDa), the expected rotational correlation time is
~10ns(24). Local or internal motions, however, can promote the
anisotropy decay to occur on faster time scales (20, 22). Figure 4A
shows the decays of fluorescence with polarization parallel or
perpendicular to that of the excitation pulse for 2AP bound to
add riboswitch RNA, and Figure 4B shows the constructed
femtosecond time-resolved anisotropy decays of 2AP bound to
the three WT riboswitches. Besides an ~12—20 ps component of
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FIGURE 5: Models of the energy landscape for the 2AP ligand bound
to all three of the purine-sensing riboswitch RNAs. The crystal
structures regarding the ligand conformation represent the global
minimum (no stacking, characterized by a 7, of ~1 ps, 50—60%
population). The local minimum includes ligand stacking with A21
only (ligand/A21, 8—11%), stacking with AS52 only (A52/ligand,
10—15%), or stacking with both A21 and A52 (A52/ligand/A21,
7—17%); all three are characterized by a 73 of ~249—283 ps with a
total population of 28—38%. Minor populations of ligand stacking
with either U22 or U75 (U22/ligand or U75/ligand, ~5% each) are
characterized by a 7, of ~5.5—11 ps. The scale for AAG® and possible
motions of conformational interconversion on the 1—2 ns time scale
are indicated.

small amplitude that presumably represents the contribution
from the residual free 2AP in solution for the two adenine-
sensing RNAs and an ~10 ns component for the add RNA as the
offset of its profile that represents the rotation of the entire
domain, apparent anisotropy decays of 1.0, 1.0, and 1.6 ns [after
deconvolution from the 10 ns domain rotation (24)] of significant
amplitude are observed for the 2AP ligand bound to add, pbuE,
and xpt-pbuX riboswitches, respectively. These anisotropy decay
components represent the internal motion correlation times of
the bound ligand, clearly indicating that the 2AP ligand under-
goes a major dynamic motion inside the pocket on a time scale
of 1-2 ns. Internal motion on picosecond to nanosecond time
scales has previously been observed for 2AP covalently incorpo-
rated into regular double-stranded states (20, 22). Therefore, the
1—2 ns internal dynamics observed here are probably slaves to
the intrinsic motion of the binding pocket.

Note that this nanosecond time scale of base motion is
different from all the observed ultrafast quenching dynamics
on picosecond time scales measured under the magic angle
condition (Figure 2 and Table 1). Therefore, the charge transfer
chemical processes that caused the fluorescence decay on ultra-
fast time scales and the actual conformational dynamics of the
ligand are well separated in the time domain. This suggests that
the picosecond quenching dynamics discussed above are indeed
due to direct static quenching between stacked bases on the
ground state that is heterogeneous, not gated by rate-limiting
conformational dynamics events. The observed nanosecond
internal conformational dynamics of the 2AP ligand suggest that
the kinetic barrier for some conformational transition is as low as
a few kilocalories per mole. Therefore, magic angle and anisot-
ropy experiments provide unique structural, thermodynamic,
and kinetic information.

DISCUSSION

Multiple Conformations and Multiple Interaction
Modes. Because ligand binding by riboswitches is a crucial step
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in riboregulation, as such an event triggers the switch mechanism,
it is essential to understand the physical and chemical nature of
the ligand recognition by riboswitches. Our femtosecond time-
resolved spectroscopic probing suggested that for purine ligand
recognition by the riboswitches, hydrogen bonding is not the
only mode of interaction. There is a dynamic balance between
hydrogen bonding and direct base stacking interactions that
produces ligand binding affinity and specificity. Figure 5 presents
a model for the conformational heterogeneity of the ligand in the
bound state for the purine-sensing riboswitches. We were able
to interpret the observed quenching dynamics in terms of specific
conformations regarding the ligand. The population data
(Tables 1 and 2) can be directly used in partition function analysis
to calculate the free energy difference between any two distinct
substates (i and j) at a given temperature 7 [AAG®;; = —RT
In(4;/4))].

The bound ligand samples a few families of conformations.
The available crystal structures most likely represent one of the
major conformations which is the global minimum with the
highest population (~50—60%), where the ligand is located
between the two A21-U75 and A52-U22 base pairs but without
significant direct base—base stacking except some overlap with
the edge of the bases (Figure 2B). We can hypothesize that the
minimal but multiple edge-to-edge base overlaps provide an
electronic environment that promotes ultrafast quenching dyna-
mics on the ~1 ps time scale (r;). It would be experimentally
difficult to synthetically construct a small model system that
precisely mimics the structure of the binding pocket with 2AP
bound inside and use ultrafast time-resolved spectroscopy to
determine whether there are ~1 ps decay dynamics. Such a
hypothesis can potentially be tested by time-dependent density
function theory (TDDFT) calculation, where the hydrogen
bonding cage structure can be modeled as a supermolecule (39)
to identify potential excited states that can act as an efficient
radiation-less sink for the excited state of 2AP (39, 40) in the
context of the binding pocket structure of riboswitches. In a
second major family of populations (total of 28—38%), the 2AP
ligand stacks on A21 only (8—11%), AS52 only (10—15%), or
both (7—17%). These three subpopulations collectively provide
an ~249—-283 ps (t3) charge transfer pathway due to quenching
by adenines (not individually resolved for each complex due to
similar time scales). The free energy difference (AAG®y, -c)
between the two major families of conformations (5:1 to 6:1
Ay:A, ratios) is ~1 kcal/mol. These two major families of
conformations are in dynamic exchange with a minor population
(11%) characterized by the 5.5—11 ps component (7,) due to
stacking of 2AP with U22 or U75 (on average ~5% each,
AAG®>; oc ~ 1.4—1.5 kcal/mol relative to the global minimum).
A recent calculation was conducted to deconstruct the ligand
binding energy into different interaction modes (4/) that also
suggested significant contributions from base stacking interac-
tion involving the bases forming the pocket. The largely non-
specific nature of base stacking interactions and its dynamic
nature significantly contribute to the ruggedness of the RNA
conformational landscape (Figure 5). Apparently, the model
presented in Figure 5 concerns only the bound ligand and
represents the intricate details of the portion of the landscape
of the entire ligand binding conformational trajectory presented
by others which included the free energy landscape of free RNA
states and initial ligand docking (42—45). In addition, each of
these different structures inferred from the ultrafast dynamics
probing should still be considered as potentially a family of
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related structures, because the current data set alone reveals only
local information on the ligand itself, and structures of the
aptamer domain that may feature global and local differences
elsewhere but collectively happen to produce the same local
stacking environment for the 2AP ligand would behave the same
way in this probing.

The A21-U75 pair is a highly conserved base pair but appears
to have a limited direct impact on ligand binding (35, 46). The
crystal structure of 2,6-diaminopurine—RNA complexes with
different base pairs at this position appears to have essentially
identical folds (46). However, this base pair may affect the
intrinsic flexibility of base Y74 depending on the number of
hydrogen bonding interactions and, therefore, influence the
specificity of ligand recognition (/6). The U22-A52 pair can be
changed to a C22-G52 pair without a significant reduction in
ligand binding affinity (46). This mutation was in fact observed in
the 2'-dG riboswitch (47). Changing the U22-A52 pair to either a
AU or a GC pair, however, leads to significant loss of binding due
to possible formation of an alternative R22-Y74 pair in the free
state of RNA, thereby impairing ligand binding (46). Our
ultrafast dynamics data suggest that in addition to their roles
in influencing the flexibility and availability of Y74 in the ligand-
free states, bases of these two pairs directly stack with the ligand
with significant overlap in some subpopulations (total ampli-
tudes of 4, and A3, 39—49%) of the complexed state. Presum-
ably, the switch of positions between the purine base and the
pyrimidine base of the U22-A52 pair would cause a change in the
stacking energies as the purine ligand prefers a larger purine base
at position 52, partially explaining the preference for Y22-R52
pairs over R22-Y52 pairs (46).

Dynamic Motions of the Ligand on the Nanosecond
Time Scale. On the basis of the crystal structures of both
adenine- and guanine-sensing riboswitches, the purine ligand is
almost completely buried inside the RNAs and is held in place
through multiple hydrogen bonding interactions (/2—14). A
smaller pyrimidine analogue ligand does not appear to induce
any adjustment (collapse) of the pocket of the xpz-pbuX-GR
(C74U) riboswitch (15). These findings suggested that the pocket
is rather rigid, at least in the bound state. Recently, however,
small alterations in the shape of the binding pocket (e.g., minor
groove wobbling of the specificity base Y74) have been observed
to accommodate a number of ligand analogues with additional or
different displays of functional groups at position 2 or 6 (16),
indicating that the pocket can also adapt to changes in the ligand
shape. A variant of the guanine riboswitch (I-A) was recently
discovered that senses 2'-dG (47), and the structure of its aptamer
domain is very similar to those of A- and G-riboswitches. The
switch of specificity appeared to be due to a small number of
nucleotide changes, e.g., USIC, in the highly conserved core
region, leading to small changes in the position of C51 in the
binding pocket compared to that of USI in the G-riboswitch to
accommodate the additional 2'-deoxyribose moiety (48). Re-
cently, orthogonal selectivity to accommodate ligands such as
ammeline and azacytosin with respect to the parental add
riboswtich yielded mutations of U47 to C47 and USI to
C51 (49), where C51 makes a lateral movement away from
C47 that is similar to the movement observed in the 2'-dG
riboswitch. Such altered specificity by a small number of base
changes has been observed for small RNA aptamers. For
example, an aptamer that recognizes citrulline can be altered to
recognize arginine with a change of three of 44 nucleotides (50)
without significant changes in the folded structure (57). Similarly,
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a highly specific theophylline-binding aptamer (52, 53) can be
changed to recognize 3-methylxanthine with a single base muta-
tion (34).

Although the observed changes in the ligand binding pocket of
various riboswitch complexes are induced by either the presence
of an altered ligand shape (76, 49) or an additional ligand
moiety (48), we can hypothesize that flexibility is intrinsic to
these RNAs and such structural alterations of the binding pocket
can also be sampled by excursion of the WT complexes with the
bound cognate ligand. In particular, bases 47—49 and 51 may
sample a number of different but closely related conformations,
some of which can be stabilized by specific ligand interactions,
including stacking. The presence of multiple picosecond decay
components we observed for the bound 2AP ligand suggests that
there are indeed coexisting alternative stacking structures invol-
ving the ligand. This implies that the ligand may undergo a
certain degree of motion inside the pocket with concurrent
motion of the bases forming the pocket on a distinct time scale
that allows it to sample these different states. The observed
charge transfer rates measured under the magic angle condition
discussed above reflect only the electronic interactions between
the probe and quencher bases that help identify the presence
of alternative conformations and define the nature of such
conformations; they do not directly represent the RNA base
motions per se.

The anisotropy decay measurements for the WT riboswitches
revealed that the bound ligand undergoes motions on the
nanosecond time scale inside the binding pocket. This suggests
that some types of conformational transitions involving the
ligand can occur on a 1—2 ns time scale indicating a low
activation energy barrier. Such motions of the ligand are most
likely coupled to base motions of the RNAs, at least the bases
forming the binding pocket, but possibly even the entire RNA
aptamer domain globally (see below). It is tempting to speculate
that this 1—2 ns conformational transition may be the sliding of
2AP between stacking with the two adenines and stacking with
the two uracils, and the ligand position in the crystal structure is
on the pathway of such base sliding. Molecular dynamics
simulation of the G-riboswitch (55) and A-riboswitch (56, 57)
in the ligand-bound state indicated that there are nanosecond
fluctuations of the ligand in the binding pocket leading to at least
two populations with altered stacking interactions between the
ligand and the base triples forming the ceiling and floor of
the pocket, supporting our observations of multiple base stacking
interaction modes. In particular, nanosecond hydrogen bonding
dynamics involving the adenine ligand leads to stronger stacking
with A21 when A2l undergoes partial base pair opening with
u7s (57).

Comparison to Previous Nanosecond Time-Resolved
Fluorescence Spectroscopy. In the nanosecond time-resolved
probing of the 2AP ligand bound to the phuE A-riboswitch (25)
and the xpt-pbuX G-riboswitch (26), a fluorescence lifetime of
<300 ps with an ~60% amplitude was invoked to account for
the unresolved static quenching regime of the nanosecond decay
profile and was assigned to the folded conformation observed by
crystallography. Structural heterogeneity due to global transient
opening of the L2 loop—L3 loop interactions was proposed to
account for the multiple lifetimes of the bound 2AP ligand on the
nanosecond time scale, and conformations with such opening of
tertiary interactions can lead to a significant loss of ligand
binding affinity and higher sensitivity to Mg>" (26, 58). The
nanosecond time-resolved studies and the femtosecond time-
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resolved study are complementary and have partial overlap
around the subnanosecond time regime (see a simulation of
combined data from both studies in Figure S5 of the Supporting
Information). The ultrafast decay dynamics have now been fully
resolved here. The <300 ps component and at least most of the
subnanosecond (~0.5 ns) component in the nanosecond studies
correspond to 7, and 7, with a large total amplitude mixed with
the 73 component in our femtosecond time-resolved probing. Our
observations indicate that even in the subpopulation of the fully
folded or closed state, there are still significant local heteroge-
neous conformational substates of the ligand in the binding
pocket giving rise to the multiphasic decay profiles in the ultrafast
time regime. The experimentally observed conformational het-
erogeneity is consistent with the MD simulation in which local
motions of the ligand lead to alternative conformations inside the
pocket (55, 57). However, on the basis of our observations, few
decay components beyond 1 ns are observed in the femtosecond
time-resolved decay, and the decay profiles feature mostly
quenching dynamics within 1 ns. It is possible that the nanose-
cond time scale base motions of the ligand observed from
anisotropy decay measurements act to gate the charge transfer
reaction (59) and give rise to an apparent charge transfer rate on
the ~2 ns time scale observed in the earlier studies (25, 26). It
should be noted that the P1 stem for the pbuE A-riboswitch used
in the nanosecond time-resolved studies is shorter than that use in
the work reported here, which may render the RNA more
dynamic globally and potentially contribute to the presence of
the nanosecond decay component hypothesized to represent the
open state in that study. The extended or stabilized P1 stem has
previously been used extensively in NMR (44, 60—63) and
fluorescence (34, 37) studies. The robustness of the dynamics
decay profiles in the picosecond to nanosecond time regime
among all three riboswitches observed in the femtosecond
study (Figure 2) and the similar decay profiles between the
pubE A-riboswitch with a shorter P1 stem and the xpr-pbuX
G-riboswich observed in the nanosecond time regime (26), how-
ever, all indicate that it is the local structure of the binding pocket,
not the overall stability of the PI stem, that dominates the
dynamic behaviors of the ligand.

These time-resolved studies alone, however, cannot defini-
tively reveal whether or how these local dynamics are coupled to
any global conformational dynamics of the riboswitch aptamer
domains, particularly because these large scale conformational
dynamics would occur on a time scale much slower than the
lifetime of 2AP. Single-molecule FRET approaches have pro-
vided unique insights into this question. It has been shown that
the adenine and guanine riboswitches have a single conforma-
tion when the ligand is bound in the presence of >2 mM
Mg*" (37, 64), suggesting that the multiple conformations that
we have observed are more likely due to local heterogeneity only,
not global conformational fluctuation. In other words, the
presence of these different conformations reflects the elasticity,
not the plasticity, of the purine ligand recognition by these
riboswitches.

Rugged Energy Landscape of the Ligand-Free State. The
binding pocket entirely engulfs the ligand (Figure 1A,B), suggest-
ing that ligand recognition must be coupled to a reorganization
event at least locally (/2). Perhaps one of the strands in the
junction region is dynamic to open the gateway for the ligand to
gain access (38, 65), although there also must be some preorga-
nization to reduce the total entropic penalty (14, 46). No crystal
structures of these riboswitches free of ligands are currently
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available perhaps because of their highly dynamic and hetero-
geneous nature, but studies using fluorescence (34, 35, 65),
ITC (14, 58), NMR (44, 61, 62), single-molecule FRET (37),
single-molecule force spectroscopy (42, 45), and simulations
(55, 56) all suggested that the free RNAs exist as multiple
interconverting conformers, one of which may be competent
for ligand binding. All of these conformational transitions are
consequences of dynamics that occur on different time scales,
including fast and slow events. However, the exact nature of the
structural ensemble and dynamics in the ligand-free state and the
conformational rearrangements and changes in the dynamics
caused by ligand binding are currently some of the most
significant remaining unresolved issues (7, 66) and await inves-
tigation by appropriate approaches. However, the relatively low
nvalues (number of binding sites) from our ITC data (Table S2 of
the Supporting Information) seem to suggest that less than half of
the free RNA can convert to a complex in the presence of the
ligand within the time scale of the ITC experiments, consistent
with the necessity of using an RNA:2AP ratio of at least 4:1 to
saturate the ligand for fluorescence dynamics probing even at
concentrations well above Ky values. An n value of less than
unity from ITC measurements has been reported in the litera-
ture (15, 46), and such information is typically not revealed in
steady state fluorescence titration. Although purine ligands form
1:1 complexes with purine-sensing riboswitches when they are
bound, these observations suggested that there is a barrier in the
free RNA state. Such a phenomenon of conformational rugged-
ness where distinct folded states do not interconvert on an
observable experimental time scale has been observed in a few
other RNA structures (67—69). It is still not clear, however,
whether this phenomenon is dominated by configurational or
conformational origin, despite biochemical and biophysical
analyses that included the use of single-molecule techniques,
and this deserves further investigation. Ultrafast time-resolved
spectroscopy, with its ability to resolve complex population
distributions of a conformational ensemble (2/), can comple-
ment single-molecule approaches (68, 69) and contribute to our
understanding of RNA dynamics and their role in molecular
recognition.

SUPPORTING INFORMATION AVAILABLE

Steady state emission spectra, chemical structures of purine
bases, table of full decay parameters, residual plots and simula-
tion of full decay dynamics for pbuE RNA, decay dynamics of the
model RNA system, and figures and table of ITC data. This
material is available free of charge via the Internet at http://pubs.
acs.org.
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