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ABSTRACT: The helical regions of RNA are generally very stable, but the single-stranded and loop regions
often exist as an ensemble of conformations in solution. The theophylline-binding RNA aptamer forms
a very stable structure when bound to the bronchodilator theophylline, but the theophylline binding site
is not stably formed in the absence of ligand. The kinetics for theophylline binding were measured here
by stopped-flow fluorescence spectroscopy to probe the mechanism for theophylline binding in this RNA
aptamer. The kinetic studies showed that formation of the RNA-theophylline complex is over 1000 times
slower than a diffusion-controlled rate, and the high affinity of the RNA-theophylline complex arises
primarily from a slow dissociation rate for the complex. A theophylline-independent rate was observed
for formation of the theophylline-RNA complex at high theophylline concentration, indicating that a
conformational change in the RNA is the rate-limiting step in complex formation under these conditions.
The RNA-theophylline complex requires divalent metal ions, such as Mg2+, to form a high-affinity
complex, and there is a greater than 10000-fold reduction in affinity for theophylline in the absence of
Mg2+. This decrease in binding affinity in the absence of Mg2+ results primarily from an increased
dissociation rate for the complex. The implications of an ensemble of conformations in the free state of
this theophylline-binding RNA are discussed and compared with mechanisms for formation of protein-
ligand complexes.

Many RNAs exist as an ensemble of conformations in
solution (1-3). This arises because the helical regions of
RNA are quite stable and RNA can readily form partially
folded states, consisting of stable helical secondary structure
but little or no tertiary structure (4-6). This is in contrast to
most proteins where the individualR-helices andâ-sheets
are not stable on their own and protein domains often fold
in a cooperative manner (7). The ability of individual
secondary structure units to stably form in solution has
important implications for RNA catalysis and recognition
(8-11). For example, the lead-dependent ribozyme, the
hammerhead ribozyme, and the hairpin ribozyme appear to
exist as a distribution of conformational states with only a
minor population in the active species, and a conformational
change is required to populate the catalytically active species
(11-19). Therefore, the rate of interconversion from an
inactive to active state may represent the rate-limiting step
for reaction (20, 21). RNA recognition may have similar
properties, where induced fit or conformational capture
mechanisms are thought to be important for many RNAs
that bind ligands with high affinity and specificity (2, 22-
24). For example, the HIV TAR1 and RRE RNAs, the U1A
binding RNA, and the S15 binding region of 16S rRNA form

high-affinity complexes with their binding partners, yet these
RNAs display rather unstructured or heterogeneous states
in the absence of their binding partner (2, 22, 23). In an
induced fit or conformational capture mechanism, the ligand
selects a subset of the RNAs that are in conformations
amenable to binding. Although this mechanism has been
proposed to play an important role in RNA-ligand binding,
there is presently little known about how the rates for
interconversion between these different conformations affect
the activity of RNA.

To probe how an ensemble of conformations in the free
state of an RNA can affect the mechanism for RNA-ligand
binding, we have studied the kinetics of an RNA aptamer
binding to its high-affinity ligand theophylline. This RNA
was identified by in vitro selection with the goal of
developing a diagnostic tool to measure serum levels of the
bronchodilator drug theophylline (Figure 1A) without inter-
ference from the structurally similar caffeine (25). This
theophylline-binding aptamer is a small RNA that displays
high affinity (Kd ) 0.2-0.4µM) and specificity for its ligand.
The ∼10000-fold discrimination between theophylline and
caffeine provided the first example that RNA is capable of
discriminating between small ligands of similar structure with
specificity rivaling that of antibodies.
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The structural basis for theophylline binding to the RNA
aptamer has been well characterized by NMR and mutational
analysis (25-28). The RNA aptamer contains a highly
conserved 15-nucleotide theophylline-binding pocket sur-
rounded by two helical regions (Figure 1B). The RNA-
theophylline complex shown in Figure 1C consists of an
intricate network of interlocking structural motifs, where the
binding pocket is formed by an S-turn, a base-zipper motif,
an A-platform, and several base triples and noncanonical base
pairs (26). These motifs assemble into a complicated fold
where many of the bases in the binding pocket participate
in multiple motifs. Only one base in the conserved region,
position 27, has no interactions with other nucleotides in the
binding pocket and is freely exposed to solvent (Figure 1C).
Mutational analysis revealed that this base can be either a
cytidine, an adenine, or an abasic site without affecting
binding affinity (27). For the studies here, residue 27 was
replaced with the fluorescent adenine analogue 2-amino-
purine to probe the kinetics of theophylline binding by
stopped-flow fluorescence spectroscopy.

Previous NMR studies of the theophylline-binding RNA
showed that the free RNA does not adopt a unique
conformation and that the RNA only folds into a well-ordered
structure in the presence of theophylline (26, 29). The study
here investigates the role of the heterogeneous free state in
the formation of the RNA-theophylline complex. Kinetic
characterization of theophylline binding revealed slow as-
sociation kinetics, over 1000 times slower than a diffusion-
controlled reaction. Since Mg2+ is required for formation of
a high-affinity RNA-theophylline complex, the role of Mg2+

in the kinetics of theophylline binding was also investigated.
The results indicate that Mg2+ increases the lifetime of the
RNA-theophylline complex, consistent with previous NMR
studies that showed a divalent metal binding site in the S-turn

of the theophylline-binding pocket (28). The kinetic studies
also showed that theophylline binding occurs by a two-step
reaction. A conformational change is required prior to
theophylline binding, where the unstructured free RNA is
converted into a binding-competent species. This induced
fit mechanism appears to be common in RNA-ligand
interactions. The molecular properties of RNAs that con-
tribute to this mechanism are discussed and contrasted with
molecular recognition by proteins.

MATERIALS AND METHODS

Sample Preparation. HEPES and theophylline were ob-
tained from Sigma; all other chemicals were obtained from
Fisher, unless otherwise noted. The RNA oligonucleotides
were obtained from Dharmacon and deprotected according
to manufacturer’s recommendation. The RNAs were purified
over a Dionex NucleoPac PA 100 (9× 250 mm) anion-
exchange HPLC column. The column was heated to 85°C,
and a linear gradient was applied between (A) 20 mM Tris,
pH 8.0, and 1 mM EDTA and (B) 20 mM Tris, pH 8.0, 1 M
NH4Cl, and 1 mM EDTA at a flow rate of 3 mL/min. Full-
length RNA eluted between 400 and 600 mM NH4Cl and
was ethanol precipitated prior to desalting over consecutive
NAP5 and NAP10 columns (Amersham Pharmacia Biotech
AB). All buffer components used for sample preparation
(except MgCl2) were applied to Chelex resin (Sigma) to
remove divalent cations. The RNA duplex was formed by
annealing the two strands at a 1:1 ratio in 50 mM HEPES,
pH 7.5, 100 mM NaCl, and 1 mM EDTA. The mixture was
heated to 65°C for 3 min followed by slow cooling. The
annealed RNA duplex was exchanged into H2O using
Microcon YM3 centrifugal filter devices (Amicon Biosepa-
rations) and purified over a NAP 5 column. For each set of
stopped-flow experiments, the duplex RNA was diluted to

FIGURE 1: (A) Chemical structure of the bronchodilator theophylline. (B) Secondary structure of the theophylline-binding RNA. The
nucleotides in the box are conserved and form the theophylline-binding pocket. (C) NMR solution structure of the conserved region of the
RNA-theophylline complex (26). A Mn2+ site in the S-turn (28) is shown in green, and the theophylline is shown in red. The figure was
produced with the RIBBONS program (50).
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2 µM in reaction buffer (50 mM HEPES, pH 7.5, 100 mM
NaCl, 10 mM MgCl2, and 0.1 mM EDTA for experiments
in the presence of Mg2+ or 50 mM HEPES, pH 7.5, 100
mM NaCl, and 1 mM EDTA for experiments in the absence
of Mg2+) and incubated for 3 min at 37°C followed by 30
min at room temperature, before the RNA was diluted to a
final concentration of 0.2µM.

Measurement of Equilibrium Constant. The equilibrium
constant for theophylline binding was determined in 100 mM
HEPES, pH 7.5, 100 mM NaCl, 10 mM MgCl2, and 0.1 mM
EDTA, at 25 °C from the equilibrium fluorescence of
stopped-flow fluorescence experiments. Stopped-flow mea-
surements of 2-aminopurine-modified RNA were performed
on a SX.17MV stopped-flow spectrofluorometer (Applied
Photophysics). The excitation wavelength was 318 nm, and
the fluorescence intensity was monitored with a 335 nm long-
pass filter. A total of 4000 data points were collected for
each experiment corresponding to times from 50 ms to 20
s. The dead time of the instrument was 2 ms. For each
reaction 5-10 experiments were averaged, and baseline
correction was applied to correct for instrument drift. Binding
was initiated by rapid mixing of RNA and theophylline. The
RNA concentration was 0.1µM after mixing, and the
theophylline concentration ranged from 0.5 to 15µM after
mixing. After the binding reaction reached equilibrium, the
equilibrium fluorescenceFeq was measured, and the apparent
Kd was determined by fitting to the equation:

whereFmax is the maximum fluorescence possible when all
of the RNA duplex is bound to theophylline and the
equilibrium constant Kd ) [theophylline][RNAfree]/
[RNAbound].

Fluorescence-Detected Stopped-Flow Kinetics.Association
rate constants were determined from similar stopped-flow
experiments as above. The RNA concentration after mixing
was 0.1 and 0.25µM for micromolar and millimolar
theophylline concentrations, respectively. Theophylline con-
centration in reaction buffer varied from 0.1µM to 15 mM
after mixing. All solutions were at least 10 mM below the
solubility limit of theophylline (45 mM). All experiments
were conducted at 25°C, except for some experiments at
high theophylline concentration that were also performed at
15 °C. The stopped-flow fluorescence data were fit to eq 2
using the KaleidaGraph program:

whereF is the observed fluorescence as a function of time,
Feq is the equilibrium fluorescence,kobservedis the observed
rate constant for a given theophylline concentration, andC
is the background fluorescence. This analysis (eq 2) does
not include product dissociation during the experiment, since
including the reverse reaction in the analysis resulted in the
same values forkobserved(data not shown).

To measure the dissociation rate constant, the RNA-
theophylline complex was preformed with varying amounts
of theophylline (0.1µM 2-aminopurine RNA with 0.25, 0.50,
and 1.0µM theophylline after mixing) and chased with
unmodified RNA (5.0µM after mixing). The dissociation

rate constant was fit to the equation:

whereF0 is the starting fluorescence andkoff is the dissocia-
tion rate constant.

Data Simulations.Data simulations were used to calculate
the concentrations of all RNA species from the rate law for
eq 5, and the time dependence of the RNA-theophylline
complex was compared with the experimental stopped-flow
data. The FORTRAN program used for these simulations is
included in Supporting Information and required input of
the rate constantsk1, k-1, k2, andk-2 and the total concentra-
tion of theophylline and RNA. The rate constantsk1, k-1,
andk2 were manually optimized to give the best visual fit
to the experimental data. For a given theophylline concentra-
tion the simulation program samples a range of values for
one rate constant while holding the other three rate constants
fixed. Since there is no direct experimental information for
k-1, the reverse reaction of the conformational change, we
first sampled a wide range fork-1 while holdingk1, k2, and
k-2 fixed at the experimentally derived values. Simulations
were first performed at low theophylline concentrations to
reproduce the experimental data. After determining the range
of rate constants that fit these experimental data, simulations
were performed at high theophylline concentrations. This
iterative process was repeated until the simulations satisfied
all experimental data, from 0.1µM to 15 mM theophylline.

RESULTS

2-Aminopurine Fluorescence as a Probe of Theophylline
Binding.The kinetics of theophylline binding were charac-
terized by stopped-flow fluorescence spectroscopy. To probe
theophylline binding, 2-aminopurine was introduced at the
nonessential position 27 within the conserved binding region
(Figure 1B,C). This base fluoresces when exposed to solvent,
but the fluorescence is quenched when the base forms
stacking interactions (30, 31). Since the base of residue 27
is fully solvent exposed in the structure of the RNA-
theophylline complex, we predicted that 2-aminopurine
would fluoresce in the complex. Indeed, the fluorescence of
the RNA-theophylline complex is equivalent to that of free
2-aminopurine (data not shown). Furthermore, there is no
detectable fluorescence in the uncomplexed RNA, consistent
with a stacked conformation of the 2-aminopurine in the free
RNA, leading to the model in Figure 2. Figure 3A shows
some of the stopped-flow data used to determine an equi-
librium constant for theophylline binding. The observed
fluorescence reaches different equilibrium levels as a function
of theophylline concentration, and these values yield aKd

of 0.2-0.4 µM at 25 °C (Figure 3B), which is the sameKd

previously determined for unmodified RNA by equilibrium
filtration (25, 27). Thus, the 2-aminopurine-modified RNA
provides an excellent system for monitoring theophylline
binding.

Kinetics of Theophylline Binding. To gain a better under-
standing for the mechanism of theophylline binding, the
kinetics were probed by rapid mixing stopped-flow fluores-
cence spectroscopy. Data from some experiments performed
at low theophylline concentration (0.1-15 µM) are shown
in Figure 3A. These data were collected at high enough Mg2+

concentration (10 mM), where both the equilibrium constant

Feq )
Fmax[theophylline]

Kd + [theophylline]
(1)

F ) Feq(1 - e-kobservedt) + C (2)

F ) F0(e
-kofft) + C (3)
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and the rate of association for theophylline binding are
unaffected by increasing Mg2+ concentration (data not
shown). The apparent association rate constantkon was

obtained by fitting the data to a pseudo-first-order reaction
mechanism:

This simple model fits the data at micromolar theophylline
concentrations. A plot of the observed rate constant versus
theophylline concentration confirms pseudo-first-order bind-
ing kinetics (Figure 3C) and yields an apparent association
rate constantkon of (1.7( 0.2)× 105 M-1 s-1 at 25°C (Table
1).

The dissociation rate constant was determined by rapid
mixing of excess free unmodified RNA with the fluorescent
RNA-theophylline complex and monitoring the decrease in
fluorescence. The data fit a single-exponential yielding a
dissociation rate constantkoff of 0.07 ( 0.02 s-1, and this
dissociation rate constant was independent of theophylline
concentration (data not shown). The ratio ofkoff/kon ∼ 0.4
µM is in excellent agreement with theKd for theophylline
binding (0.2-0.4 µM).

The experiments at low theophylline concentrations (0.1-
15 µM theophylline) showed a linear dependence of the
observed rate with theophylline concentration. However, at

FIGURE 2: Schematic diagram illustrating the change in stacking
interactions for 2-aminopurine in the free RNA and the RNA-
theophylline complex. (A) A proposed model for the structure of
the free RNA, where the 2-aminopurine at position 27 is in a stacked
conformation, leading to quenching of the fluorescence. (B) In the
RNA-theophylline complex the fluorescent base 2-aminopurine
is protruding into the solvent, giving a fluorescent RNA (26).

FIGURE 3: (A) Stopped-flow fluorescence spectroscopy was used to monitor the kinetics of theophylline binding. Examples of the data are
shown for different theophylline concentrations (0.1, 0.25, 0.5, 1.0, 2.5, 5.0, and 10µM). The equilibrium fluorescence was used to determine
the equilibrium constant, and the early time point data were used to determine the observed rate constant. (B) The equilibrium constant for
theophylline binding was determined from the equilibrium fluorescence of 2-aminopurine-substituted RNA obtained at a variety of theophylline
concentrations. An apparentKd for theophylline binding of 0.2-0.4 µM at 25 °C was obtained from these data. (C) The observed rate for
complex formation,kobserved, is shown as a function of theophylline for micromolar theophylline concentrations where the observed rate is
first order in respect to theophylline. The slope corresponds to the association rate constantkon, and they-intercept representskoff. (D) At
high theophylline concentrations the observed rate for complex formation starts to become independent of theophylline concentration. The
data for 15 and 25°C are shown as open and filled squares, respectively.

RNA + Theoy\z
kon

koff
RNA‚Theo (4)
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higher theophylline concentrations, the observed rate deviates
from linearity, becoming almost independent of theophylline
at the highest concentrations (g10 mM) as seen in Figure
3D. These data indicate that at high theophylline concentra-
tion a different step in the reaction becomes rate limiting
with a rate constant of 500( 100 s-1 at 25 °C. Since the
kinetic data do not fit the simple one-step binding mechanism
over the full range of theophylline concentration, a two-step
mechanism had to be invoked:

The first step in this mechanism represents a conforma-
tional change in the RNA, from an ensemble of inactive
species, RNAinactive, into binding-competent species, RNAactive.
Complex formation is fast at high (millimolar) theophylline
concentrations, and the conformational change in the RNA
becomes rate limiting for theophylline binding (Figure 3D).
Thus only at low theophylline concentrations does the
experimentally determinedkobservedequalk2[theophylline] (eq
5). However, the dissociation rate constantkoff (eq 4) is
equivalent tok-2 under all conditions (eq 5), because both
RNAinactive and RNAactive are nonfluorescent species (see
below). A summary of the kinetic parameters directly
determined from the experimental data is given in Table 1.

Two-Step Binding Mechanism Is Confirmed by Simula-
tions. Simulations were performed to test whether the
experimental data fit the two-step mechanism in eq 5 over
the full range of theophylline concentrations (0.1µM to 15
mM). Stopped-flow data were simulated by calculating the
time-dependent concentrations of the three RNA species
according to the rate law for eq 5 (Figure 4). The simulation
program requires input of the individual rate constants and
the total concentrations of RNA and theophylline. The rate
constants were iteratively adjusted to give the best fit to the
experimental stopped-flow data at a given theophylline
concentration. This process was repeated for 0.1µM to 15
mM theophylline concentrations until a self-consistent set
of rate constants was obtained. Ak-2 of 0.07 s-1 was used
in all the simulations since this rate constant was directly
determined from the experiments with excess unmodified
RNA. Simulations for the other stopped-flow data gave a
range of rate constants:k1 from 400 to 500 s-1, k-1 from
300 to 1000 s-1, andk2 from 2 × 105 to 5 × 105 M-1 s-1

(Table 1).

The equilibrium constantK1 for the first step in eq 5 was
determined as the ratio ofk1 andk-1, wherek1 was estimated
from both experiments and simulations andk-1 was obtained
from the simulations. TheK1 of 0.5-1.6 for conversion of
RNAinacitve to RNAacitve indicates that 33-62% of the RNA
is in a conformation amenable to binding theophylline. No
fluorescence was detected in the free RNA, and the difference
in fluorescence between free and fully bound RNA is equal
to the fluorescence observed for an equal concentration of
free 2-aminopurine (data not shown). This indicates that no
fluorescent RNA species is present in significant concentra-
tion in the free RNA, implying that RNAactive is a nonfluo-
rescent species or is being quenched by fast interconversion
with another nonfluorescent species.

Since RNAacitve is significantly populated, a burst in the
reaction kinetics would occur if complex formation were very
fast compared to the conformational change between
RNAinactive and RNAacitve. Indeed, a burst is observed in the
simulations but only at very high theophylline concentrations
(>50 mM), much higher than the experimental range.
However, the simulations show no burst under any of the
experimental theophylline concentrations. This is illustrated
in Figure S1 in Supporting Information, which shows the
experimental and simulated binding kinetics for 7.5 mM
theophylline.

Magnesium Ion Dependence of Theophylline Binding.
Mg2+ is required for high-affinity theophylline binding and
plays an important role in stabilizing the RNA-theophylline
complex (25, 28). It has been shown that the affinity for

Table 1: Summary of Experimental and Simulated Kinetic and Thermodynamic Parameters for the Theophylline-RNA Complex at 25°C

Kd
a (µM) k1 (s-1) k-1 (s-1) k2 (M-1 s-1) k-2 (s-1)

results derived from stopped-flow experiments in 10 mM Mg2+ 0.3( 0.1 500( 100 nd (1.7( 0.2)× 105 0.07( 0.02
range of parameters obtained from simulations of stopped-flow

data in 10 mM Mg2+
0.2-0.6 400-500 300-1000 (2-5) × 105 nd

results derived from stopped-flow experiments in the absence of Mg2+ ∼7000b ∼50 ( 15 nd g5 × 103 nd
range of parameters obtained from simulations of stopped-flow

data in the absence of Mg2+ c
nd nd 30-800 (5-500)× 103 g20

a Equilibrium constants for theophylline binding.b The Kd in the absence of Mg2+ was obtained from NMR titration experiments (29). c The
simulations for no Mg2+ data were performed for a given range ofk2 values, assuming a lower limit fork2 from the experimentally derived lower
limit of g5 × 103 M-1 s-1 and an upper limit fork2 obtained from the fastest rate consistent with the simulations for the Mg2+ data.

FIGURE 4: Simulations were used to confirm the proposed binding
mechanism. The experimental data for 0.5 and 5µM theophylline
are shown as triangles and diamonds, respectively, where only a
small percentage of each data set is plotted. The simulation for
each theophylline concentration is shown as a solid line. The
following rate constants were used for the simulations:k1 ) 500
s-1, k-1 ) 300 s-1, k2 ) 3 × 105 M-1 s-1, andk-2 ) 0.07 s-1.
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theophylline increases over 10000-fold in the presence of
Mg2+ (29). To investigate the origin of the dramatic effect
of Mg2+, the kinetics for complex formation were also
measured in the absence of Mg2+. Due to the weak binding
of theophylline in the absence of Mg2+ only a very limited
set of kinetic data could be obtained. Since conditions could
not be reached where the second step in eq 5 is rate limiting,
only a lower limit for k2 g5 × 103 M-1 s-1 was obtained
(Table 1). The simulations rendered a lower limit for the
dissociation rate constantk-2 g20 s-1. This implies an upper
limit for the lifetime of the complex (1/k-2) of e50 ms,
compared to a lifetime of 14 s with Mg2+, corresponding to
a g280-fold increase in lifetime in the presence of Mg2+.

DISCUSSION

The molecular interactions that contribute to high affinity
and specificity of ligand-target interactions can be probed
by structural and thermodynamic studies. However, these
studies generally give limited information on the mechanism
of complex formation. Thus kinetic studies are often used
to complement the structural and thermodynamic data by
providing information on the rate-limiting step, intermediates,
or alternate pathways in a reaction. The theophylline-binding
RNA aptamer has been extensively characterized by binding
studies, mutational analysis, and NMR spectroscopy, provid-
ing a wealth of information on the structure and the stability
of the complex as well as on the function of individual bases
in the RNA (25-28). However, these studies did not provide
data on the mechanism for theophylline binding to the RNA.
In the study here, the kinetics of complex formation are
investigated using stopped-flow spectroscopy. The results
show that the RNA-theophylline complex forms with slow
kinetics relative to diffusion controlled binding, and a
conformational change occurs prior to theophylline binding.

A Conformational Change Is Required for Theophylline
Binding.Proteins often bind small ligands by a simple one-
step reaction mechanism where the kinetics are first order
in ligand concentration (7, 32). In many of these systems
the free protein is in a conformation amenable to bind the
ligand. This simple one-step binding mechanism was ob-
served for the RNA-theophylline complex at low theophyl-
line concentration. However, the kinetic data do not fit this
mechanism at all theophylline concentrations, and a more
complex two-step binding mechanism is required to fit the
data (eq 5). The first step in this mechanism is theophylline
independent and involves a conformational change from a
binding inactive (RNAinacitve) to a binding active RNA
(RNAacitve), and the second step is formation of the RNA-
theophylline complex. As seen in Figure 3D, the observed
rate starts to plateau above 10 mM, which means that at high
theophylline concentrations the conformational change from
RNAinacitve to RNAacitvebecomes rate limiting. In contrast, at
lower theophylline concentration the second step, the forma-
tion of the RNA-theophylline complex, is rate limiting, and
binding appears to be first order in theophylline concentration
(Figure 3C). This RNA-theophylline system is rather
unusual because the kinetics for complex formation could
be measured over a 105 range of theophylline concentrations,
and the requirement for a two-step binding mechanism was
only observed at the higher theophylline concentrations.

Previous NMR studies on the theophylline-binding RNA
showed that the two helical stems, but not the theophylline-

binding site, were stably formed in the absence of theophyl-
line (26, 29). These NMR spectra showed that base pairs
and base triples in the theophylline-binding site, which are
observed in the RNA-theophylline complex, are not stably
formed without theophylline. The kinetic results here also
support a model where the RNA forms an ensemble of
conformations in the absence of theophylline. Thus both the
NMR and kinetic data are consistent with a major structural
rearrangement of the core prior to formation of the RNA-
theophylline complex. The mechanism in eq 5 shows a single
rate constant for structural rearrangement of RNAinactive to
RNAactive; however, this rate constant,k1, likely represents
an average rate constant for the conversion of many different
conformers to RNAactive.

The rate constants for theophylline binding also indicate
that RNAactive is not in an optimal conformation for theo-
phylline binding. The apparent association rate constantk2

for theophylline binding (∼2 × 105 M-1 s-1) is over 1000
times slower than diffusion-controlled binding (7). For an
ideally preformed binding pocket, a fast association rate
constant near the diffusion limit is predicted, and rates that
approach diffusion control are seen in some protein-ligand
interactions (32). The slow association rate constantk2

suggests that the theophylline-binding pocket is not ideally
formed in RNAacitve, and conformational selection, desolva-
tion of the RNA or the ligand, or an additional conforma-
tional rearrangement reduces the association rate constant
from the diffusion-controlled rate (32).

Figure 5 shows the NMR solution structure of the RNA-
theophylline complex with a surface representation of the
RNA, and theophylline in a stick model, and emphasizes
the large pocket required for theophylline binding (26).
Theophylline stacks with two base triples that form the upper
and lower face of the binding pocket (Figure 2B). Having
such a large solvent-exposed surface area for these bases in
the free RNA is energetically unfavorable; therefore, it is
not surprising that the RNA changes conformation to
optimize base stacking in the absence of the ligand. Thus
optimizing stacking interactions between the bases, and
reducing solvent exposure, likely drives the free RNA to a
conformation different than in the complex. The fluorescence
data also support this model. The 2-aminopurine shows high

FIGURE 5: The binding pocket for theophylline in the RNA-
theophylline complex determined by solution NMR is illustrated
(26). The RNA is shown as a surface representation and theophyl-
line as a stick model. The figure was produced with the GRASP
program (51).
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fluorescence when it is exposed to solvent, but the fluores-
cence is efficiently quenched when stacking with other bases
(30, 31, 33). The absence of 2-aminopurine fluorescence in
the free RNA demonstrates that this base is not fully exposed
to solvent in the free RNA and the RNA must undergo
structural rearrangement to form the RNA-theophylline
complex.

Many RNAs have been shown to undergo a conforma-
tional change upon ligand binding, and this has been referred
to as conformational capture, induced fit, or ligand-induced
folding (2, 22-24). The free states of a number of in vitro
selected RNAs are heterogeneous, and this may also be
common for natural RNAs. For example, the U1A protein
recognizes a hairpin motif in the 3′ UTR of its own
messenger RNA with high affinity and specificity (34, 35).
NMR studies have shown that a functionally important
internal loop in the RNA is disordered and highly flexible
in the absence of U1A protein, and significant structural
reorganization occurs in the RNA (and protein) upon
complex formation (35, 36). Although the recognition surface
is much larger in the U1A system compared to the RNA-
theophylline complex, the behavior of the free RNA is
similar. The three-way junction of the S15 binding site in
16S ribosomal RNA is another example of an RNA that
undergoes a conformational change upon ligand binding (37).
A local structural rearrangement in the junction leads to a
large change in the global conformation by reorientation of
the three helices (38).

Magnesium Ions Stabilize the RNA-Theophylline Com-
plex.NMR titration experiments previously showed aKd of
∼7 mM for theophylline binding in the absence of Mg2+

(29). This greater than 10000-fold decrease in affinity in the
absence of Mg2+ demonstrates that Mg2+ plays a key role
in stabilizing the RNA-theophylline complex. Interestingly,
the NMR chemical shifts are very similar for the RNA-
theophylline complex in the presence and absence of Mg2+,
indicating that the structure of the RNA-theophylline
complex does not dramatically change with Mg2+ (29). Mn2+

ions can functionally replace Mg2+ for high-affinity theo-
phylline binding, and Mn2+-induced NMR line broadening
data were used to identify a divalent metal ion binding site
in the theophylline-binding RNA (28). This metal binding
site is located on the outside of the S-turn formed between
U22 and G26, and the divalent metal is in position to
effectively stabilize the short phosphate-phosphate inter-
actions in this sharp turn (Figure 1C). The kinetics for
theophylline binding were measured in the presence and
absence of Mg2+, and the results show that most of the rate
constants for theophylline binding are affected by Mg2+

(Table 1). A very large effect of Mg2+ is observed for the
dissociation of the RNA-theophylline complex, with life-
times (1/k-2) of 14 s ande50 ms with and without Mg2+,
respectively. Misra and Draper have proposed a model for
the role of Mg2+ in RNA folding where specific metal ions
preferentially bind to the folded structure in RNAs (39, 40).
The NMR and kinetic data are consistent with this model
where the metal binding site in the S-turn only forms in the
RNA-theophylline complex. Thus the very long lifetime for
the theophylline-RNA complex with Mg2+ suggests a
specific role for Mg2+ in the complex, underscoring the
importance of the metal binding site in the S-turn observed
by NMR (28).

Mg2+ is critical for the correct folding and function of
many RNAs (39-42). Mg2+ binding sites have been
observed in crystal structures of a variety of RNAs including
tRNA, P4-P6 of the Tetrahymenagroup I intron, the
hammerhead ribozyme, and the hairpin ribozyme (43). For
example, analysis of the S15 binding site of 16S rRNA
indicated that Mg2+ stabilizes the folded state of the three-
way junction (37), and recent studies on this system suggest
that the rate of both folding and unfolding is accelerated by
Mg2+ (44). In the S15 system the primary effect of Mg2+ is
on the association rate constant, whereas in the theophylline-
binding RNA the largest effect of Mg2+ is on the dissociation
rate constant (Table 1), and both of these mechanisms lead
to a more stable complex in the presence of Mg2+.

Implications of a Heterogeneous Free State for Ligand
Binding.Many enzymes exhibit a highly structured prefolded
substrate binding site, and the entropic cost for ordering the
polypeptide chain is paid in folding of the free state (45).
The favorable interactions gained upon substrate binding then
contribute to the affinity for the ligand. However, an
increasing number of examples of association between more
flexible molecules are being characterized (45-47). Such a
mechanism may be a common feature of molecular recogni-
tion of RNAs. Many RNAs, such as HIV TAR, HIV RRE,
the S15 binding region of 16 S rRNA, and many aptamers,
form highly ordered structures in the presence of their ligand;
however, the free RNA exists as an ensemble of conforma-
tions (2, 22, 23). The bulk of the secondary structure elements
are formed without the ligand, but the conformations of the
loops, bulges, or tertiary structures observed in the complexes
are not present in the free RNAs.

One major difference between proteins and RNA is the
stability of their secondary structures. Proteins gain their
stability from the cooperative formation of the tertiary
structure, and the individualR-helices andâ-sheets are
usually not stable on their own (6, 7). In contrast, RNA
secondary structure elements display very high stability,
where even small hairpins stably form (4-6, 49). This leads
to a very hierarchical folding mechanism, with the secondary
structure being formed first, followed by addition of tertiary
contacts (5, 49). Whereas globular protein domains often fold
by an all-or-none process, RNAs can form stable secondary
structure without committing to a unique tertiary fold (6).

Another characteristic of RNA is the aromatic character
of the nucleic acid bases, which often leads to different
stacking interactions in the free and ligand-bound state. RNA
is built from large rigid bases; thus, to reposition a base may
require extensive concerted motions of the sugar-phosphate
backbone. A free state with a high degree of conformational
freedom offers many different starting conformations, and
the ligand selects conformations that are amenable to binding.
Having a heterogeneous population of RNA conformers in
the free state may actually represent an efficient mechanism
for RNA-ligand binding, if the ligand binding site is not
stable in the absence of the ligand.

The theophylline-RNA aptamer interaction offers an ideal
system to study the effect of a heterogeneous free RNA on
the formation of an RNA-ligand complex. Since theophyl-
line is a rigid aromatic structure, the RNA must conform to
the theophylline structure to provide a binding site. The
binding pocket for theophylline is formed by eight nucle-
otides, and most of the intermolecular contacts involve
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stacking and hydrogen-bonding interactions with the bases
on the RNA (26). Formation of this unique complex requires
unusual conformations of the RNA backbone, such as the
S-turn in Figure 1C. Both NMR and kinetic data show that
this RNA proceeds from a heterogeneous free state to a
highly ordered complex upon theophylline binding, where
the high degree of conformational freedom in the free RNA
allows for exploration of optimal stacking and hydrogen-
bonding interactions in the complex. Thus this RNA-
theophylline system represents another example of what
appears to be a common feature of RNAs, where the free
RNA exists in an ensemble of conformational states and a
stable conformation is only formed upon ligand binding.
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