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ABSTRACT: RNAs often exhibit a high degree of conformational dynamics and heterogeneity, leading to a
rugged energy landscape. However, the roles of conformational heterogeneity and rapid dynamics in
molecular recognition or RNA function have not been extensively elucidated. Ultrafast time-resolved
fluorescence spectroscopic experiments were used here to probe picosecond dynamics of the theophylline-
binding RNA aptamer. These studies showed that multiple conformations are populated in the free RNA,
indicating that this aptamer employs a conformational capture mechanism for ligand binding. The base on
residue 27 in an internal loop exists in at least three conformational states in the free RNA, including binding
competent and incompetent states that have distinct fluorescence decay signatures indicating different base
stacking interactions. Picosecond dynamics were also detected by anisotropy experiments, where these
motions indicate additional dynamics for base 27. The picosecond data show that theophylline binding shifts
the equilibrium for conformations of base 27 from primarily stacked in the free RNA to mostly unstacked in
the RNA—theophylline complex, as observed in the previous NMR structure. In contrast, base 10 in a second
internal loop is mostly preorganized in the free RNA, consistent with it being stacked between G11 and G25,
as is observed in the bound state. Picosecond dynamics were also measured on a modified aptamer that binds
with higher affinity to 3-methylxanthine than theophylline. The modified aptamer shows less heterogeneity in
the aptamer—3-methylxanthine complex than what is observed in the theophylline aptamer—theophylline

complex.

RNA s often exist as an ensemble of conformational states (/)
that interconvert on various time scales (2—25). Consequently, the
folding landscapes can be very complicated due to the dynamic
nature of RNAs. Ligand binding can dramatically modify this
energy landscape, where one conformation or a small subset of
conformations is preferentially stabilized via additional inter-
actions, by employing a so-called conformational capture or
conformational selection mechanism (3, 4). Thus, conforma-
tional dynamics are expected to play an important role in the
functional diversity of RNAs (6, 7). To better understand the role
of conformational capture in RNA recognition, it is crucial to
develop tools that quantitatively define the conformational
ensemble for RNAs. NMR is one method for probing RNA
conformational dynamics (6, §), and improvements in the
potentials for nucleic acids are leading to more robust molecular
dynamic simulations of fast motions in RNAs (9). More recently,
single molecule methods have been used to directly observe tran-
sitions between conformation states in RNAs (10, 11). However,
even with these recent advances we still have only a crude under-
standing of the roles that conformational dynamics and confor-
mational heterogeneity play in the biological function of RNAs.

We recently developed a femtosecond fluorescence dynamics-
based approach that quantitatively probes conformational
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heterogeneity in RNAs (/2). This method is sensitive to changes
in base stacking patterns, which is a prominent feature in RNA
structure. When 2-aminopurine (2AP)' is incorporated into
nucleic acids, the quenching dynamics of this fluorescent base
are sensitive to base-specific stacking interactions that give rise to
fluorescence decay profiles on the picosecond to nanosecond time
scale (13, 14). A multiexponential fluorescence decay profile for
the 2AP base in an RNA is therefore indicative of conformational
heterogeneity of the stacking interactions for the 2AP. The
differential rates for fluorescence quenching can arise from
charge transfer between the 2AP excited state and other sur-
rounding bases, and analysis of these rates can be used to identify
specific base stacking interactions as well as the heterogeneity of
these interactions (/2, 15—17). By resolving the time scales and
the amplitudes of each component in a fluorescence decay profile,
it is possible to obtain direct information on the number of
distinct stacking conformations and their equilibrium distribu-
tion, respectively (/2). This technique is used here to study con-
formational heterogeneity in two closely related RNA aptamers
(Figure 1A), evolved via SELEX that either specifically recog-
nizes theophylline (/8), a naturally occurring alkaloid widely used
as a bronchodilator in the treatment of asthma and bronchitis
(19), or with a single base change evolved as part of an allosteric

! Abbreviations: 2AP or P, 2-aminopurine; X, 7-deazaadenine; Z, 7-de-
azaguanine; 3MX, 3-methylxanthine; ITC, isothermal calorimetry;
fwhm, full width at half-maximum; OPA, optical parametric amplifier;
fs, femtosecond; ps, picoseconds; ns, nanosecond; SELEX, systematic
evolution of ligands by exponential enrichment; PAGE, polyacrylamide
gel electrophoresis.
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FIGURE 1: (A) Sequence and secondary structure of the theophylline-binding aptamer. The conserved region is boxed with bases in bold. The
3MX-binding aptamer used here has C22 changed to A22 and C27 changed to A27. (B) Chemical structures of theophylline and 3-methyl-
xanthine. (C) NMR structure of the theophylline binding aptamer—theophylline complex (1EHT) showing only the conserved region, with bases

10 and 27 labeled in blue. The theophylline ligand is shown in sticks.

ribozyme (20) that specifically recognizes the structurally similar
3-methylxanthine (3MX, Figure 1B).

The theophylline-binding aptamer has a central core com-
posed of 15 conserved residues forming two internal loops sepa-
rated by a short helical region (Figure 1A) (18). The aptamer
discriminates against a number of similarly structured small mole-
cules and shows 10000-fold lower binding affinity to caffeine,
which differs from theophylline by addition of a single methyl
group at N7 (Figure 1B). An S-turn in the backbone allows
residues in the two internal loops to interact and recognize the
functional groups on the theophylline ligand (Figure 1C).
Extensive hydrogen bonding and stacking interactions likely
provide the thermodynamic stabilization energy for ligand bind-
ing by the aptamer (18, 21). Interestingly, a single base change at
position 22 from C to A, which is directly involved in hydrogen
bonding with the ligand, can switch the aptamer’s specificity to
3-methylxanthine (20). Such specificity switches with only a small
number of mutations have also been observed in amino acid
binding aptamers (22, 23), and that these mutations would yield
the observed changes in specificity were not readily predicted
from the structure. Therefore, studies of the mechanism by which
this aptamer recognizes theophylline with such high affinity and
specificity will lead to an improved understanding of the general
mechanism that functional RNAs, such as riboswitches (24—26),
use to recognize their small molecule ligands.

The theophylline-binding aptamer shows a very high level of
conserved nucleotides around the theophylline binding site
(Figure 1A), but residue 27 is only semiconserved and can be
A, C, or even abasic without significantly affecting the Ky for
theophylline binding (27). In the NMR structure of the
RNA—theophylline complex, the base of C27 is flipped out of
the loop (Figure 1C) and not interacting with any groups (2/).
RNAs are notorious for forming alternate, often inactive,
structures, and this is exemplified by residue 27 in this aptamer.
This position cannot be U or G, because that leads to stable
interaction in free RNA (such as an A7-U27 base pair) (27),
which prevents A7 from forming an AC platform with C8 as
observed in the complex (2/). In addition, C27 can form a
protonated A7H"-C27 pair at lower pH, again preventing ligand
binding (27). These results demonstrate that certain interactions

in the free RNA state can have profound effects on ligand
binding. Thus, to fully understand ligand binding by RNAs
requires structural and dynamic information on both the free
RNA and the RNA—ligand complex. NMR studies suggested
that the free RNA aptamer is conformationally heterogeneous
(18, 21, 27, 28), and fluorescence-detected stopped-flow kinetics
measurements showed that theophylline binding is over 1000-
fold slower than the diffusion-controlled process, where the high
affinity mostly comes from a slow off-rate (28, 29). The stopped-
flow data led to a model where the free RNA exists as a
population of two interconverting nonfluorescent conformations
(a binding competent and incompetent species) consistent with
this aptamer employing a conformational capture mechanism for
binding of theophylline (28, 29).

When an RNA employs conformational selection, there must
be a ligand-binding competent state, often in low abundance, that
is selectively stabilized by additional interactions with the ligand.
To characterize such a mechanism, it is necessary to quantita-
tively resolve the preexisting equilibrium of multiple states in the
free RNA and identify which states are (in)competent for ligand
binding. Ultrafast time-resolved fluorescence spectroscopy
was used here to show that the free theophylline aptamer has
extensive conformational heterogeneity and that this hetero-
geneity and conformational dynamics play a crucial role in ligand
recognition. It was shown that in the free RNA the internal loop
containing residue 27 has a high degree of conformational
flexibility. There is high population that has extensive stacking
interactions with bases 26 and 28 and therefore is “inactive” for
ligand binding, and a low population of the “active” (ligand
binding competent) conformation where base 27 is flipped out of
the helix. In the theophylline complex, base 27 mostly samples
the flipped-out conformation. In contrast, residue 10 in a second
internal loop is largely preorganized in the free RNA and shows
no evidence for changes in stacking interactions upon theophyl-
line binding. Ultrafast dynamics were also measured on a
modified aptamer that binds with higher affinity to 3-methyl-
xanthine. These data show that there is much less conforma-
tional heterogeneity for the RNA in this modified aptamer—
3MX complex than in the wild-type aptamer—theophylline
complex.
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FIGURE 2: (A) Structures of 2-aminopurine (P), 7-deazaguanine (Z),
and 7-deazaadenine (X). Sequences and secondary structures of
(B) the theophylline-binding aptamer RNA constructs with 2AP
(P) labeled at residue 27, (C) the theophylline-binding aptamer RNA
constructs with 2AP labeled at residue 10, and (D) 3MX-binding
aptamer RNA constructs with 2AP at residues 27 and 10.

MATERIALS AND METHODS

Materials and Steady-State Fluorescence Measurements.
All RNAs (Figure 2) were purchased from Dharmacon (Lafayette,
CO) and purified by PAGE. RNA concentrations were calcu-
lated from UV absorbance at 260 nm using extinction coefficients
provided by Dharmacon. Unless noted, measurements were
performed in a buffer of 100 mM HEPES, 100 mM NaCl,
10 mM MgCly, and 0.1 mM EDTA, pH 7.5. Steady-state fluor-
escence titration experiments were conducted by monitoring the
change in fluorescence of a 2AP probe incorporated in the RNA
(100 nM) upon titration of ligands. Titrations were performed at
25 °C on a Shimadzu spectrofluorophotometer (RF-5301PC)
equipped with a temperature control module where the sample
was constantly stirred during data collection. The excitation
and emission wavelengths were 310 and 370 nm, respectively.
K4 values were determined by fitting to a binding isotherm using
the DynaFit program (30).

Isothermal Titration Calorimetry.1TC measurements were
performed on a MicroCal iTC, microcalorimeter (Microcal,
Inc.) at 25 °C using RNA concentrations of 10 uM (WT), 19 uM
(P27), and 26.4 uM (P10) for theophylline aptamer constructs
and 10 or 20 uM for 3MX aptamer constructs. Theophylline
(6270 = 10470 M~ " em ™"y or 3MX (€275 = 11500 M~ ecm™") were
dissolved in identical buffer at a concentration 20-fold higher
than the RNA. The theophylline or 3MX ligand was titrated into
the sample cell containing RNA in 25 1.5 uL injections with
reference power 3.5—11 ucal-s™"' using an initial delay of 60 s
with 120 s between injections and a 1000 rpm stirring speed. Data
collected from each experiment were fit to a single-site binding
model using Origin 7.0 ITC software (Microcal Software Inc.).

Femtosecond Fluorescence Upconversion and Data Ana-
lyses. Femtosecond pulses (120 fs, 800 nm, 2.3 mJ) were gene-
rated using a Ti:sapphire laser system (Spectra Physics). The
pulse was split equally into two beams, where one beam was
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directed to pump an optical parametric amplifier (OPA) and
the signal output from the OPA was then quadrupled to generate
the excitation pump pulse at 322 nm for 2AP excitation. The
remainder of the fundamental 800 nm was used as the probe
pulse. The emission was collected by a pair of parabolic focus
mirrors and mixed with the fundamental in the BBO crystal. The
upconverted signal (257 nm, corresponding to 380 nm fluor-
escence) was detected by a photomultiplier after passing through
a double-grating monochromator. RNA concentrations were
100—200 M and theophylline or 3MX were 600—2000 M at
5 mM MgCl, in the same buffer used for the Ky measurements.
All measurements were carried out at room temperature (22 °C)
with the sample being constantly stirred during data collection.
For these magic angle fluorescence experiments, the pump beam
polarization was set to 54.7° with respect to the fluorescence
emission polarization of the BBO crystal, to avoid complications
from orientational motions. The femtosecond transients were
collected up to 400 ps and were analyzed using a least-squares
fitting procedure, in which the multiexponential decays (three
or four terms) were convoluted with a Gaussian response
function by floating the value of the full width at half-maximum

(fwhm) (13):
1+ erf <t_ fo _AAZ/ 27:‘)}

n _ 2
F(1) = ZI:A,- exp (—t r,-t0> exp (4AT[2>
(1)

where 7;'s and 4;’s are the decay lifetimes and the preexponential
amplitudes, respectively, for the ith decay component; £, is time
zero, A is the width of the instrument response function (cross-
correlation, typically 500—600 fs determined by recording Raman
emission profile for solvent water), and erf is the error function.

Mathematical software Scientis was used to analyze the
ultrafast dynamics data at magic angle. Statistical tests including
% and F-tests were used to analyze whether models with more
parameters significantly improved the fits (3/). The F-test
compares the reduced % for the two models, with the F-value
(the ratio of the two reduced y”'s) distributed according to the
F-distribution (37). A small F probability (<0.5) indicates high
significance of the difference between the two model fits. Except
for the 3MX (P27) cognate complex which only needs one
parameter to fit, none of the decay profiles fit well to a two-
exponential function (Figure S3 of Supporting Information).
A three-exponential function significantly improved the fit for
all profiles (F values range from 10~* to 0.11); however, the
residuals still showed systematic deviation for most experiments.
For those profiles where a three-exponential fit was sufficient, the
F-values range from 0.88 to 0.99; but for others, a four-
exponential function produced the best fit (F values range from
10 to 0.29), with the residuals more randomly distributed. The
use of a five-exponential function was not tested. The time
window of the femtosecond experiment is too short to reliably
determine slow decay components (> 5 ns). Thus, the parameter
corresponding to the longest lifetime, 74, was fixed at 11.3 ns,
which is the average observed lifetime for the free 2-aminopurine
base (9-methyl-2-aminopurine) and the 2-aminopurine ribo-
nucleoside (32). The specific value of this component (for a range
of 10—12 ns) does not affect the fit of the three faster components;
however, the fit does not converge if 74, was not fixed. The third
component, which is typically on the order of hundreds of
picoseconds, could be accurately determined. Values of 7y, 75,
73, and 74 typically differ by 1 order of magnitude, further
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indicating the necessity of using four-parameter fits for most of
the decay profiles.

Femtosecond Time-Resolved Fluorescence Anisotropy.
Separate fluorescence upconversion transients were also collected
with the emission polarization parallel or perpendicular to that of
the excitation. To account for possible excitation power fluctua-
tion between the two measurements, the fluorescence intensities
for a solution of free 2AP base were measured at two time delay
points of —10 and 400 ps following each transient acquisition on
an RNA sample. The fluorescence intensity of 2-aminopurine at
—10 ps time delay was used as background. For a time delay of
400 ps, the anisotropy decay of free 2-aminopurine base is
complete, and identical intensity should be observed between
parallel and perpendicular polarization. The differences in inten-
sity between these two time delays (—10 and 400 ps) for either
parallel polarization or perpendicular polarization were used to
calibrate the two polarization transients of RNA samples. The
femtosecond time-resolved anisotropy, r(f), was constructed
using the equation (33):

() = D=L )
Ii(2) + 21u(1)
where /;(f) and I,(¢) are the calibrated fluorescence transients
with emission polarization parallel and perpendicular to the
excitation polarization, respectively. The time-resolved ani-
sotropy r(f) was then fit with a function containing two or three
exponential terms.

RESULTS AND DISCUSSION

Design and Biophysical Characterization of the RNA
Aptamers. Ultrafast fluorescence spectroscopic data were col-
lected on various RNA constructs to help to assign decay
components that arise from specific stacking interactions in both
the free aptamers and the RNA aptamer—ligand complexes (34).
Two sets of modified RNAs were prepared for both the theophyl-
line-binding (Figure 2B,C) or 3MX-binding aptamers (Figure 2D).
One set of RNAs had C27 replaced by 2AP (denoted P thereafter,
Figure 2B,D), because this modification was previously used to
monitor ligand binding in a fluorescence-detected stopped-flow
investigation (29). A second modified base, either 7-deazaguanine
(Z) or a 7-deazaadenine (X) base (Figure 2A), was also incorpo-
rated at either position 26 or 28, respectively, in the theophylline-
binding aptamer. For the second set of RNAs, A10 is replaced by
2AP (Figure 2C,D), and the other constructs had either G11 or
25 or both modified by Z in the theophylline-binding aptamer.
As demonstrated earlier, these types of modifications facilitate
base-specific assignment of the ultrafast dynamic decay compo-
nents of the RNA (15—17). For example, if a purine base forms a
stacking interaction with the probe base, then an N7 to CH modi-
fication of the purine leads to faster quenching of the 2AP (14),
therefore changing the observed fluorescence decay profiles in a
predictable way (15—17, 34).

The P27 construct of theophylline aptamer binds theophylline
witha Kg of 0.72 and 1.4 uM at 10 mM [Mg”*"] based on steady-
state fluorescence titrations and ITC measurements (Table 1 and
Figures S1 and S2 of Supporting Information), compared to 0.86
uM for the unlabeled WT RNA, similar to previous studies
(27, 29). The large enhancement of steady-state fluorescence
intensity for P27 upon ligand binding (7-fold) is consistent with
flipping out of this base in the RNA—ligand complex (Figure 1C).
The second modification, Z at 26 or X at 28, dramatically reduced
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Table 1: Dissociation Constant (Ky in uM) of RNA Aptamers with
Theophylline or 3MX Ligands“

aptamer constructs ligand steady-state fluorescence ITC

Theophylline-Binding Aptamer

WT theophylline 0.86 £ 0.12
3MX 1.6+0.5
P27 theophylline 0.72 £ 0.01 1.4 +0.12
3IMX 1.9+0.7 2.6+£0.6
P27726 theophylline 220 £ 120 281 £38
P27X28 theophylline ND 1050 £ 280
P10 theophylline ~4P 9.4+08
P10Z11 theophylline ~12° 9.440.7
P10Z25 theophylline > 100" ND
P10Z11Z725 theophylline >100° ND
3MX-Binding Aptamer
WT 3IMX 27420
P27 3MX 3.6+03 3+05
theophylline > 1000 ND
P10 3MX ND 24+5

“Uncertainties in parameters were estimated from multiple measure-
ments. All measurements were performed in a buffer of 100 mM HEPES,
100 mM NaCl, 10 mM MgCl, and 0. mM EDTA, pH 7.5, and at 25 °C.
bK4 was only estimated due to extremely small change of the fluorescence
intensity upon ligand binding. ND = not determined due to weak binding or
lack of fluorescence change upon binding.

the binding affinity, likely due to disruption of specific hydrogen
bonds (e.g., N7 of A28 is involved in U6-A28-U23 base triple),
consistent with previous studies (35). However, these constructs
are still useful for identifying the source of ultrafast charge trans-
fer in the free RNA (see below). There was very little fluorescence
change for constructs P10 and P10Z11 in theophylline aptamer
upon theophylline binding (data not shown), making it hard to
accurately determine the Ky values from the fluorescence titra-
tions, but ITC measurements provided estimates of the K values
of ~10 uM for both constructs (Table 1 and Figure S2 of Sup-
porting Information). The P10Z25 and P10Z11Z25 constructs
showed much lower affinities, with K4 values > 100 M. These
data suggest that N7 of G25 may form critical interaction in the
bound state, but again the constructs were only used here to help
to identify the source of ultrafast charge transfer in the free RNA.
Breaker and co-workers developed a variant of the theophyl-
line-binding aptamer that binds 3M X where a single C22A muta-
tion changes the specificity of the aptamer for these two ligands
(20). Binding studies were performed here on the 3MX aptamer
and showed that this variant discriminates against theophylline
because of its reduced affinity toward theophylline (greater than
millimolar) compared to that for 3MX, as opposed to increased
affinity toward 3MX (Table 1). 3MX binds both aptamers with
similar affinities (K4 = ~1.6—3 uM), which is somewhat weaker
than the cognate theophylline aptamer/theophylline affinity
(~1 uM). Binding of the 3MX ligand induces significant fluore-
scence enhancement at P27 in both the theophylline- and 3MX-
binding aptamers, similar to that observed for the cognate
theophylline complex (Figure S1 of Supporting Information), sug-
gesting that P27 undergoes similar conformational changes when
forming both of these complexes. No significant change of fluor-
escence was observed upon binding of 3MX for the P10 RNA.
Ultrafast Fluorescence Dynamics at Residue 27 Indicate
Significant Ligand Binding-Dependent Conformational
Heterogeneity. We have previously shown that measurement
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FiGuRre 3: Ultrafast decay profiles measured at the magic angle for the P27 constructs. (A) Decay profiles for the free theophylline-binding
aptamer constructs P27 (red), P27Z26 (black), and P27X28 (green). The arrow indicates the change of dynamic time scale from slower in P27 to
fasterin P27Z26 and P27ZX28 (see text). (B) Comparison of decay profiles between free aptamer P27 constructs (theophylline, red; 3M X, orange)

and complexes with theophylline (cyan) or 3MX (green and blue).

Table 2: Parameters of Femtosecond Dynamics Decay for RNA Aptamer Constructs®

aptamer constructs ligand 71 (ps) Ay (%) 7, (ps) Ay (%) 73 (ps) Az (%) 74 (ns) Ay (%)
Theophylline-Binding Aptamer
P27 none (and no Mg*") 6.5 24 43 45 261 17 11.3 14
none 6.8 22 37 41 169 27 11.3 10
theophylline 18 9 471 21 11.3 70
3MX 16 10 235 16 11.3 74
P27726 none 1.1 55 6 23 108 10 11.3 12
P27X28 none 3.7 47 21 33 145 12 11.3 8
P10 none 6 63 73 25 11.3 12
theophylline 6 62 75 25 11.3 13
P10Z11 none 1.5 43 10 33 120 16 11.3 8
theophylline 1.7 46 11 28 172 17 11.3 9
P10Z25 none 1.4 45 11 28 108 17 11.3 10
P10Z11Z25 none 1.3 54 11 19 137 17 11.3 10
3MX-Binding Aptamer
P27 none 8 27 34 44 131 19 11.3 10
3MX 11.3 100
P10 none 4.3 56 32 36 11.3 8
3MX 43 60 36 27 11.3 13

“Decay lifetimes of amplitudes are represented by 7 (ps) and 4 (%), respectively. Estimated errors are ~5%. All measurements were performed in a buffer of
100 mM HEPES, 100 mM NaCl, 5 mM MgCl,, and 0.1 mM EDTA, pH 7.5, and at 22 °C.

of the ultrafast fluorescence decay dynamics of 2AP-labeled
RNAs can provide unique structural information, particularly
in identification of conformational heterogeneity (12, 15—17).
Figure 3A shows the ultrafast fluorescence decay profiles for
various modified theophylline aptamer constructs (P27, P277.26,
and P27X28) in the ligand-free state. As is typically observed for
RNAs where 2AP has been incorporated as a probe in a helical
region, all three profiles display multiphasic decays in the pico-
second to nanosecond regime. Analysis of the fluorescence pro-
files and comparison with previous RNAs (/5—17) indicate that
the two fastest components for P27 represent quenching arising
from stacking interactions with neighboring bases (G26 and/or
A28) either via direct static quenching (6.8 ps) or charge transfer
modulated by rapid changes in base stacking (37 ps) (16). The
latter may result from rapid small angle rotations of bases about

their glycosidic bond (7, 36). The amplitudes of the 6.8 and 37 ps
components (Table 2) show that P27 is stacked with G26 and/or
A28 more than half the time (~components 1 and 2 correspond
to 63% of the population). Analysis of the decay profiles for
P27726 and P27X28 support these interpretations (Table 2). As
previously described (/5—17), the double modifications facilitate
base-specific assignments of the ultrafast dynamic decay compo-
nents, where these N7 to CH modifications lead to more rapid
fluorescence quenching for the stacked base. The presence of the
1.1 ps component for P27726 is consistent with the strong base
stacking interaction between P27 and Z26 (15, 16). The ampli-
tudes of the two fastest decays indicate that these two bases are
stacked ~78% of the time in the P27Z.26 construct. Also note that
the fastest component for P27X28 (3.7 ps) is somewhat faster
than that for P27 alone (6.8 ps), indicating that this component is
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due to stacking of 27 by both 26 and 28 in a “sandwiched” state.
Thus the data are consistent with the two fastest components in
the decay profile arising from populations where P27 is stacked
with both G26 and A2S.

The third component in P27 (169 ps) could arise from a
population where the decay arises from static quenching of P27
from only one base, G26 or A28, or a dynamically gated charge
transfer process, where some conformational dynamic process is
occurring on this time scale, or a combination of both of these
processes (16). The decay profiles for P27Z26 and P27X28 help to
resolve this third component, where the amplitudes of 73 are
reduced compared to P27, consistent with the model that at least
part of this component is due to quenching of P27 by the purine
base on residue 26 or 28. The remaining amplitude may represent
dynamics-gated charge transfer (see discussion below on ani-
sotropy). The fourth component with nanosecond time scale and
small amplitude represents the population of P27 base that is
totally unstacked and therefore not quenched. These observa-
tions indicate that P27 exists in multiple conformations in the free
RNA where its base forms various stacking interactions with the
surrounding bases.

All three RNAs (P27, P277.26, and P27X28) have similar total
populations for the subnanosecond components, indicating that
they have equivalent distribution between stacked and unstacked
states. The ultrafast dynamics data show that there are at least
three distinct populations for the base P27 in the free RNA; one
population (in the range of 60—70%) features a triple stack of
G26/P27/A28, a second population (20—30%) features a double
stack of P27/A28 or G26/P27, and a third population (~10%)
where P27 is not stacked with any base. Apparently, the popula-
tions where P27 is stacked cannot be the active conformation for
theophylline binding (29), because base 27 is flipped out in the
complex (27). We propose that both stacked states are inactive
(binding incompetent) since P27 has to unstack from G26 and
A28 to allow formation of the base triples in the complex (21, 29).
It was previously proposed that both active and inactive states are
nonfluorescent for the P27 RNA (29). It is apparent from the
decay profile data here that the presence of significant quenching
dynamics on fast picosecond time scale renders these species
fluorescently “dark™ in steady-state measurements. Thus, since
the free RNA has a low population of active state with P27
flipped out, the total fluorescence of free RNA is low.

When theophylline is added to P27, the decay profile is
dramatically changed to one that shows much reduced popula-
tions of rapid decays (Figure 3B), and the long nanosecond
component becomes dominant (70%). Thus, the population of
aptamer with P27 unstacked increases ~7-fold upon addition of
theophylline consistent with the steady-state measurements (29)
and the high-resolution structure of the complex (27). The 30%
population with rapid decays for the P27—theophylline sample is
not due to free RNA, since the theophylline is in large excess and
well above the Ky. Thus the ultrafast dynamics experiments are
consistent with the base of P27 dynamically interacting with other
parts of the RNA, even in the complexed state. Comparisons of the
decay profiles between the free P27 and P27—theophylline complex
clearly demonstrate that the RNA transitions from a heterogeneous
population distribution of largely inactive states, where there is a
preexisting low population of binding competent active state, to a
complex that has a more homogeneous population but one that still
shows considerable dynamics and is not in a single state.

Ultrafast dynamics experiments were also performed on the
theophylline-binding aptamer in complex with 3MX, the free
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FiGURrE 4: Ultrafast anisotropy decay profiles for theophylline apta-
mer construct P27 as free RNA (orange) and complexed with theo-
phylline (cyan) and 3MX-binding aptamer complexed with 3MX
(blue).

Table 3: Parameters of Femtosecond Time-Resolved Anisotropy Decay
for P27 Constructs®

constructs 71 (ps) I 75 (ps) o T3(ns) " o

theophylline 220 0.155 ~10 0.193 0.348
aptamer (free)

theophylline 16  0.03 200  0.094 ~10 0273 0.397
complex

3MX complex 29 0.054 ~10  0.263 0.317

“Anisotropy decay profiles are fit to two or three exponential terms, each
with a decay lifetime (7 to 73). 73 should be considered as an estimate of
decay on the nanosecond (ns) time scale due to the limited exponential time
window. Estimated errors are ~10%. All measurements were performed in
a buffer of 100 mM HEPES, 100 mM NacCl, 5 mM MgCl,, and 0.1 mM
EDTA, pH 7.5, and at 22 °C. °The fundamental anisotropy at time zero
o is calculated as ro = ry + 1 + r3.

3MX-binding aptamer, and the 3MX-binding aptamer com-
plexed with 3MX (Figure 3B). The decay profile for the free
3MX-binding aptamer is very similar to the free theophylline-
binding aptamer, and only small differences were observed for
the decay profiles for the theophylline-binding aptamer bound to
theophylline or 3MX (Table 2). Interestingly, the decay profile of
the 3MX-binding aptamer in complex with 3MX shows no
evidence for any fast dynamics. This is consistent with this com-
plex being in a single state, where P27 is flipped out and does not
interact with other bases on this time scale. Comparison of
the 3MX-binding aptamer—3MX complex with the theophylline
binding aptamer—3MX complex indicates that it is the RNA,
and not the ligand, that dictates the degree of conformational
heterogeneity in the RNA—ligand complex.

For the free theophylline-binding aptamer, the decay compo-
nents, (1 4 2), 3, and 4, have 60—70%, 20—30%, and 10% rela-
tive population distributions, respectively. These populations
give AAG®yc values for the first two inactive states of —1.0 to
—1.1 and —0.4 to —0.6 kcal/mol, respectively, relative to the
active state (component 4). These data indicate that there are
small free energy differences between these states.

We also measured the femtosecond time-resolved anisotropy
decay of theophylline P27 with and without theophylline and
the 3MX aptamer—3MX complex (Figure 4 and Table 3). These
measurements can directly reveal the time scales of the base
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FiGURE 5: Ultrafast decay profiles measured at magic angle for the P10 construct as free RNA (red) and complex (blue) for (A) the theophylline-

binding aptamer and (B) the 3MX-binding aptamer.

motions. For both free and bound profiles, there is an ~10 ns
decay component consistent with the tumbling of the entire
molecule. The free theophylline P27 RNA has a dynamic com-
ponent of ~220 ps, indicating internal base dynamics on this time
scale, that can be attributed to hindered base stacking/unstacking
motions as typically observed for base paired regions (/6). This
motion is likely the rate-limiting step in the charge transfer
reaction with a base quencher (e.g., G26), partly contributing
to a decay component on this time scale (z3 in Table 2). When
complexed with theophylline, thereis a 16 ps minor component in
addition to the major 200 ps component. This indicates that base
27 is more dynamic in the complex, consistent with previous
NMR measurements that revealed subnanosecond motions for
this base and its ribose moiety (27). Anisotropy decays were also
measured for the 3MX-binding aptamer—3MX complex, and as
seen in Figure 4 and Table 3 this complex does not have a 200 ps
component and only has the faster 29 ps component which likely
arises from dynamics of the P27 base, such as rotation around the
glycosidic bond. This is also consistent with the absence of any
fast decay components on hundreds of picoseconds in the magic
angle experiment for this complex (Figure 3 and Table 2).

The presence of the picosecond base dynamics from the
anisotropy decays indicates that the energy barrier between these
conformational transitions is relatively low. It is possible that the
picosecond base dynamics represent only the fast local stacking/
unstacking of P27 from G26 or A28, where formation of other
features, such as the base triples, occurs on longer time scales
(microsecond to millisecond) (29). Previous stopped-flow kinetics
measurements revealed that 30—60% of RNA is in active con-
formation amenable to binding, but these measurements had a
minimum resolution of 2 ms (29). The higher population of
binding incompetent species observed here is a result of the ability
of the femtosecond dynamics experiments to probe much faster
time scales than can be obtained with steady-state rapid mixing
techniques.

Base 10 Is Largely Preorganized in the Free RNA. In the
structure of the RNA—theophylline complex, the base of A10 is
sandwiched between the bases of G11 and G25 and therefore
is involved in both intra- and interstrand stacking (27). To test
whether such favorable stacking interactions are preorganized
or are induced at this site, ultrafast fluorescence data were

collected on a set of RNAs containing a 2AP base on residue
10 (Figure 1C,D). Figure 5A shows the decay dynamics for the
P10 RNAs for the theophylline aptamer. The free RNA exhibits
several large amplitude components with fast decays (6 ps, 63%;
73 ps, 25%), and only ~12% for the nanosecond component
(Table 2). This indicates that this purine base is largely stacked in
the free RNAs, and the decay time scales are consistent with
quenching by G bases, presumably by G11 and G25. This decay
profile is similar to that observed for a purine as a 3'-dangling end
on a CG pair (C9-G25) (16). The presence of an ultrafast ~1 ps
component in the decay profiles for constructs P10Z11, P10Z25,
and P10Z11Z25 in the free RNAs (Figure S4 of Supporting
Information) confirms the direct base stacking of base 10 with
both bases on residues 11 and 25. In contrast to P27, addition of
ligand does not produce significant changes in either the time
scales or amplitudes of the decay components (Table 2), suggest-
ing there are no large conformational rearrangements at this
position upon ligand binding. Therefore, unlike base 27, the
purine base 10 in the free state is mostly preorganized in a con-
formation similar to the bound RNA. The decay profiles for both
the free and bound 3MX-binding P10 aptamers (Figure 5B) are
similar to the corresponding profiles for the theophylline-binding
P10 aptamer, where again there are only minor changes in decay
lifetimes or amplitudes upon ligand binding. It was previously
shown that flipping G11-C20 to CG reduces the binding (35)
which may arise from altered stacking interactions of these bases
with A10 in free and/or bound state. This shows that the orien-
tation of base pairs in the stem regions can also play a direct role
in ligand binding.

CONCLUSIONS

The results here are consistent with both the theophylline-
binding and 3MX-binding aptamers employing a conformational
capture mechanism (3, 4) for binding of ligands, where parts of
the free RNA are preorganized and other regions are highly
dynamic. On the basis of the ultrafast dynamics decay experi-
ments, we propose a revised model for these two aptamer RNAs
(Figure 6), consisting of three states with distinct stacking
patterns for base 27 in the free RNAs. These states undergo
interconversion on a range of time scales that have previously
been probed by NMR (27, 28) and stopped-flow (29) and now
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FIGURE 6: Dynamic model for theophylline- and 3MX-binding aptamers that illustrates the transition from an ensemble of conformations in free
RNA to complexes. The black and blue colors of base P27 indicate dark and bright fluorescent states, respectively. The percentages indicate the
relative populations of each different state for base 27 in the free RNA, two are identified as inactive, one as active. The dynamic nature of base 27
in one of the inactive state is represented by the blurred black boxes. The differences in the conformational distribution of the complex state
between the theophylline- and 3MX-binding aptamers are indicated in the conformational ensemble of complex. Curved arrows indicate some
undefined interactions between P27 and the aptamers in the complex state.

here by ultrafast fluorescence decay spectroscopy. The popula-
tions of the various states in the free RNAs were determined from
the amplitudes of the decay profiles in the magic angle fluor-
escence decay experiments and show that only a 10% population
has base 27 in a binding competent state. It should be noted that
the time-resolved spectroscopic approach only provides local
structural information at the 2AP site. Although an extruded
base at 27 is consistent with its conformation in the ligand—
aptamer complex, the dynamics data alone do not provide any
direct information on the rest of the RNA. Therefore, the 10%
population should be regarded as the upper limit of the active
conformation. Given the secondary structure of the core, how-
ever, most of this population likely resembles that of the bound
form. This low population state can be captured by a binding
event, which induces additional interactions that stabilize the
bound form. Upon ligand binding, the conformational landscape
of the theophylline-binding aptamer is altered, where the domi-
nant population (70%) has P27 flipped out but there is also a
subpopulation (30%) where this base is interacting with part of
the aptamer. The 3MX ligand induces a similar set of populations
when binding to the theophylline aptamer. However, the 3MX-
binding aptamer—3MX complex shows no fast decays and isin a
conformation where P27 is completely flipped out (Figure 6).
Thus, for these aptamers it is the RNA and not the ligand that
determines the conformational distribution and heterogeneity in
the complex. In contrast to base 27, the fluorescence decay data
here indicate that base 10 in the free RNA is mostly preorganized
with similar stacking interactions as observed in the complex.
Although P10 substitution caused an ~10-fold reduction in
binding affinity, the lack of any significant changes in the decay
profiles between the free and bound states indicated that the
conformational distributions were not affected by the substitu-
tion, and ligand binding does not alter the local dynamics, in
contrast to position 27. Together, these results show that some
regions of the aptamers are conformationally heterogeneous in
the free state and other regions are preorganized in their bound-
state conformation. The observed conformational heterogeneity
is necessarily the consequence of conformational dynamics.
Conformational dynamics on picosecond to nanosecond time
scales were captured by time-resolved anisotropy measurements.
These motions are likely base stacking/unstacking dynamics,
which are necessary steps that lead to transitions from the

inactive state to the active state and open up the binding pocket
to accommodate the ligand. Therefore, the data here demonstrate
that conformational heterogeneity and dynamics play a crucial
role in ligand recognition for these aptamers. The ultrafast
dynamics methods used here should prove valuable for under-
standing the mechanisms and time scales involved in other RNA—
ligand interactions, such as the riboswitch regulatory elements
(37-39).

SUPPORTING INFORMATION AVAILABLE

Steady-state fluorescence titration curves, ITC data, femto-
second fluorescence decay profiles, and residual plot of fittings.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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