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ABSTRACT: A riboswitch within the 5′ untranslated region (UTR) of theBacillus subtilis pbuEmRNA
binds adenine and related analogues in the absence of protein factors; excess adenine added to bacterial
growth media triggers activation of a reporter gene that carries this riboswitch. To assess whether the
riboswitch reaches thermodynamic equilibrium, or is operated by the kinetics of ligand binding and RNA
transcription, we examined the detailed equilibrium and kinetic parameters for the complex formation
between the aptamer domain of this riboswitch and the ligands adenine, 2-aminopurine (2AP), and 2,6-
diaminopurine (DAP). Using a fluorescence-based assay, we have confirmed that adenine and 2AP have
nearly equal binding affinity, withKD values for 2AP ranging from 250 nM to 3µM at temperatures
ranging from 15 to 35°C, while DAP binds with much higher affinity. The association rate constant,
however, favors adenine over DAP and 2AP by 3- and 10-fold, respectively, at 25°C. Furthermore, the
rate constants for adenine association and dissociation with the aptamer suggest that thepbuEriboswitch
could be either kinetically or thermodynamically controlled depending upon the time scale of transcription
and external variables such as temperature. We cite data that suggest kinetic control under certain conditions
and illustrate with a model calculation how the system can switch between kinetic and equilibrium control.
These findings further support the hypothesis that many riboswitches rely on the kinetics of ligand binding
and the speed of RNA transcription, rather than simple ligand affinity, to establish the concentration of
metabolite needed to trigger riboswitch function.

Riboswitches are untranslated mRNA elements that di-
rectly bind ligands and alter the expression of genes that are
almost always associated with biosynthesis or transport of
the target ligand or a closely related compound. Riboswitches
have been demonstrated to function as essential control
elements for the metabolism of guanine, adenine, flavin
mononucleotide (FMN), coenzyme B12, thiamin pyrophos-
phate (TPP),S-adenosylmethionine (SAM), glucosamine
6-phosphate (GlcN6P), lysine, and glycine (1-6). Ri-
boswitches are generally comprised of two modular domains
of contiguous RNA sequence: the apatamer, or ligand
binding domain, and the expression platform, the structural
domain which senses the ligand occupancy status of the
aptamer domain and modulates the expression of the
downstream gene set. These RNA-based genetic control
elements have been shown to directly modulate transcription
termination and translation initiation (7, 8). Furthermore,
evidence is mounting that riboswitches can directly control
mRNA splicing (9, 10) and stability (6).

In a recent study, the mechanism of the FMN-sensitive
riboswitch that controls theribD gene ofBacillus subtilis
was characterized. The function of this riboswitch was found
to depend on the time scale of transcription as the RNA
polymerase transcribes the expression platform and is also
affected by the kinetics of ligand binding to the riboswitch
(11). A hallmark of a kinetically operated riboswitch is that
equilibrium between the RNA aptamer and its ligand is not
achieved by the time the genetic decision must be made,
and therefore the individual rate constants for ligand as-
sociation and dissociation are more important for describing
the system than is the equilibrium dissociation constant (KD).
Thus, theribD riboswitch appears to be a kinetically rather
than a thermodynamically controlled sensor of cellular FMN
concentration.

The kinetic nature of the FMN riboswitch resolved a
discrepancy in the values for ligand concentrations needed
to trigger riboswitch-mediated transcription termination in
vitro versus theKD values for ligand-RNA complex
formation measured under similar assay conditions (12). In
general, the ligand concentration (B50) that results in 50%
occupancy of the aptamer binding sites at the time the genetic
decision is made differs fromKD for several classes of
riboswitch aptamers, implying that the binding process is
not at equilibrium. Therefore, our observations with the FMN
riboswitch also led us to speculate that many other ribo-
switches employing transcriptional termination might like-
wise be kinetically controlled. In this report we sought to
dissect the mechanism of thepbuE riboswitch (formerly
namedydhL), which controls transcriptional termination of
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a gene whose product is involved in adenine transport (13,
14).

Adenine riboswitches were recognized as a subset of
conserved RNA elements whose members were found to bind
guanine (15). Subset representatives each carried a single C
to U mutation in the conserved core of the aptamer that has
since been shown to form a G-C base pair in guanine-specific
aptamers and to form an A-U base pair in adenine-specific
aptamers (16-20). Furthermore, this adenine riboswitch is
the first example of a genetic ON switch, or a riboswitch
that upregulates gene expression when docked with the target
metabolite. In vivo experiments support the assertion that
the PbuE protein rids the cell of excess adenine and
hypothanthine (14), leading the investigators to propose that
this efflux pump may function to protect the cell against a
buildup of purine base analogues to toxic levels. In this study,
we examined the stability of the aptamer domain of thepbuE
riboswitch and determined the thermodynamic and kinetic
properties of adenine, 2AP, and DAP ligand binding (Figure
1A).

MATERIALS AND METHODS

RNA Preparation. RNA constructs were prepared as
previously described (11).

Riboswitch Ligands.Adenine, 2AP, and DAP were
obtained from Sigma, suspended in deionized H2O at a
concentration of 10 mM, and stored protected from light at
-20 °C. A minimum of HCl was added to solubilize a
concentrated stock solution of adenine in H2O. Concentra-
tions of the compounds were measured optically using the
extinction coefficients reported by the supplier.

Fluorescence-Based KD Determinations. 2AP was held
constant at 50 nM, and its fluorescence was measured while
titrating in RNA. The samples were suspended in reaction
buffer (RB) containing 50 mM Na-MOPS1 (pH 7.5 at 25
°C), 100 mM KCl, and 2 mM MgCl2, and the RNA-2AP
samples were kept on ice prior to use. Before measurements
were taken, air was removed from the samples using helium
gas, and the samples were transferred to a quartz cuvette,
degassed with helium again, and placed in the multicell
peltier block of a Cary Eclipse fluorometer and held at 15
°C. We utilized a program written by Dr. Mark Fisher of
Varian Inc. to perform emission scans at 15, 20, 25, 30, and
35 °C while waiting 7 min between each temperature change
to allow for reequilibration of the 2AP-RNA complex. Slit
widths and PMT voltage were set for maximum emission.
The ligands were not photodegraded during the course of
the measurements, as judged by recovery of the original
fluorescence signal under the starting conditions.

Ligand Binding Kinetics. Experiments were conducted as
described previously (11). The fluorescence signal was
generated by exciting at 305 nm (2AP) using 0.5 mm slit
widths and monitored using a 350 nm long pass colored glass
filter from Oriel. All stopped-flow experiments were carried
out in RB.

Association Rate Constants. The kon values were deter-
mined by mixing RNA (in excess over 2AP) held constant

at 50 nM in RB at 20, 25, 30, and 37°C in an Applied
Photophysics stopped-flow spectrometer in fluorescence
mode. Transients faster than 1 ms are not resolved by this
instrument. The time constants derived from the data
generated with each sample were averaged, inverted, and
then plotted against the final RNA concentration to obtain
second-order rate constants from the slope of this plot. The
mean of the measured rate constants at each temperature was
incorporated into an Eyring plot to determine the activation
enthalpy barrier magnitude by plotting ln(k/T) versus 1/T
from the equations (21):

For the experiments in which 2AP was in excess over RNA,
the data also fit a first-order exponential response. All curve
fitting was conducted using Microcal Origin and Microsoft
Excel.

Dissociation Rate Constants. Thekoff value for 2AP was
established using the stopped-flow device and a modified
dilution-relaxation method. The RNA-2AP complex in RB
was diluted with an equivalent amount of buffer and varying
concentrations of adenine. The fluorescence signal increase
due to the dissociation of the 2AP-RNA complex was
monitored over time. At high concentrations of adenine, the
fluorescence signal fit a single-order exponential response,
from which a time constant of 2AP dissociation was
generated. The same data were used to attain thekon andkoff

for adenine using known concentrations of all components
of the reaction and the rate constants for 2AP by modeling
the reaction with the program Berkeley Madonna (version
8.1â11, http://www.berkeleymadonna.com). A simple two-
state binding model was used wherein 2AP and adenine
compete for the aptamer RNA. To measure the kinetic
parameters for DAP binding, a similar kinetic competition
experiment between 2AP and DAP was conducted, and the
data were then modeled as described above.

Thermal Denaturation Experiments. Denaturation assays
monitoring fluorescence were conducted in a Cary Eclipse
fluorometer using an excitation wavelength of 310 nm and
monitoring emission at 370 nm for 2AP (300 and 345 nm
for DAP). Slit widths and PMT voltage were adjusted to
optimize the signal at 15°C. The temperature was changed
at a rate no faster than 1°C/min. Dry nitrogen was delivered
to avoid condensation on the cuvettes. Each cuvette contained
at least 300µL of solution covered with 400µL of mineral
oil to avoid evaporation. Denaturation experiments monitor-
ing optical absorption were conducted using a Cary 1 UV-
vis spectrophotometer in double-beam mode. Absorbance
was measured at 260 nm. A slit width of 1 nm and an
averaging time of 3 s were used. Other details were as
described for experiments monitoring fluorescence.

In silico Structural Energetics Prediction.The program
RNAstructure (22) was used with default settings to predict
the energetics and equilibrium structures at 37°C of the
nascent RNA as described in Figure 7. The free energy of
70 pbuEserved as the base value to determine the stability
parameter (∆∆G) for each step of the nascent transcript.

1 Abbreviations: NTP, nucleoside triphosphate; EDTA, ethylene-
diaminetetraacetic acid; PMT, photomultiplier tube; MOPS, morpholi-
nopropanesulfonic acid; UV, ultraviolet; PCR, polymerase chain
reaction; RNAP, RNA polymerase.
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In-Line Probing Assay. The 175pbuERNA was prepared
and assayed using an in-line probing analysis as reported
previously (23). DNA primers used to PCR amplify the
appropriate template for transcription by T7 RNA polymerase
were synthesized by the HHMI Keck Biotechnology Re-
source Laboratory at Yale University and used without
purification.

RESULTS AND DISCUSSION

Binding Equilibria of an Adenine Aptamer.Previously
(20), a biochemical method termed in-line probing was used
to determined equilibrium dissociation constants for thepbuE
riboswitch aptamer of∼300 nM for adenine and 2AP. In
the current study, we exploited the intrinsic fluorescence of
2AP to extract equilibrium and dynamic properties for the
binding of this compound and for adenine (nonfluorescent)
and DAP (weakly fluorescent) (24). Specifically, we took
advantage of substantial fluorescence quenching that occurs
upon 2AP binding by the 70-nucleotide version of thepbuE
aptamer (termed 70pbuE) (Figure 1B, inset), utilizing as
well the fluorescence change that occurs when 2AP is
replaced by adenine or DAP.

Bacteria survive over a range of temperatures, which
entails considerable variation in equilibrium and kinetic
constants for ligand binding. We therefore determined the
KD values for the RNA-2AP complex at several tempera-
tures, using the data to calculate the corresponding enthalpy
of the binding reaction (Figure 1B,C). Despite the difference
in buffer conditions, the apparentKD of 764 nM at 25°C is
consistent to within 2.5-fold of the previous estimates of 300
nM for the KD of 2AP and thepbuEaptamer derived from
in-line probing assays (20). Additionally, the data are
consistent with a 1:1 stoichiometry between RNA and 2AP
(Figure 1B). As an exothermic reaction, the binding event
is less efficient at higher temperatures. TheKD rises from
250 to 3000 nM, and the corresponding value of∆G°
decreases from-8.7 to-7.8 kcal/mol as the temperature is
increased from 15 to 35°C (Figure 1C, inset). TheKD value
of thepbuEaptamer for 2AP is over an order of magnitude
larger (weaker binding) than that measured for theribD
aptamer for its corresponding FMN ligand at 15°C and over
2 orders of magnitude larger at 35°C (11).

Analysis of the temperature dependence using the van’t
Hoff equation yielded-21.8 kcal/mol (Figure 1C) for the
heat of interaction between the ligand and RNA, which is
over three times greater than that for the FMN-sensitive
aptamer and its ligand (-6.02 kcal/mol) (11). The enthalpy
of binding is likely to involve increased base stacking
associated with a ligand-dependent rearrangment of second-
ary and tertiary RNA structure, as well as physical contact
between the ligand and the RNA. One possible explanation
for the large value of binding enthalpy is thatpbuE has a
higher number of nucleotides that change structure upon
binding its target ligand compared to the FMN bindingribD
riboswitch. However, major secondary structural rearrang-
ment was not observed by previous analysis using the in-
line probing assay (20), which showed remarkably little
change in the structure of the phosphodiester backbone of
the adenine aptamer upon the addition of a saturating
concentration of ligand. Resolution of the conformational
change upon binding awaits detailed structural studies.

For maximum responsiveness, a thermodynamically con-
trolled riboswitch, or one that achieves equilibrium between
aptamer and ligand, might be expected to exhibit aKD value
that is nearly equivalent to the mean cellular concentration
of the metabolite. A natural cellular concentration of adenine
recently reported to be approximately 30µM (14) (at 37°C)

FIGURE 1: Fluorescence binding assays with 2AP and 70pbuE.
(A) Sequence and secondary structure model for 70pbuE RNA
and the structures of adenine, 2-aminopurine (2AP), and 2,6-
diaminopurine (DAP). (B) Concentration of bound 2AP in nano-
molar versus concentration of 70pbuE as determined by 2AP
fluorescence quenching and fit to a standard quadratic solution to
the equation forKD given 1:1 stoichiometry. Inset: emission
wavelength scans for samples in the dilution series of RNA in 50
nM 2AP at 15°C. (C) van’t Hoff plot of 70pbuE and 2AP by
fluorescence using the equilibrium-derivedKD values (squares) and
the kinetically determinedKD values (circles; see Figures 3 and 4
for additional details). The slope indicates an enthalpy value of
∆H° ) -21.8 kcal/mol. The inset is a table ofKD values in
nanomolar and∆G° in kilocalories per mole calculated by∆G° )
-RT ln(KD).
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is considerably larger than theKD value of about 3.4µM at
37 °C estimated from the data in Figure 1C. It is character-
istic of kinetically controlled riboswitches that the cellular
concentration is larger than theKD value, so we conclude
that the switch is likely to be kinetically controlled under
these conditions. However, since theKD and estimated
cellular concentrations differ by less than an order of
magnitude, this conclusion remains tentative.

Given that the riboswitch binds other physiologically
relevant adenine analogues (20), if the riboswitch operates
at equilibrium for each ligand and if adenine is the true
metabolic ligand, the normal concentration of tight-binding
analogues such as DAP must be far below the concentration
of adenine required for activation, to avoid accidentally
tripping the genetic switch. It is possible that the switch
operates at equilibrium for some ligands and is kinetically
controlled for others. Furthermore, a change of temperature
could cause a shift in the mode of control. We report below
model calculations that show how the equilibrium and kinetic
variables interact with transcription rate to vary the control
mechanism.

Aptamer Secondary Structural and Binding Equilibria.To
investigate the relationship between ligand affinity and the
temperature-dependent structure of the aptamer, thermal
denaturation assays were performed on aptamer RNAs
having wild-type and mutated P1 stems (Figures 1A and 2A).
The P1 helix, which is comprised of the distal-most regions
of the primary sequence (nucleotides 8-12:70-66), is
essential for ligand binding. Furthermore, interpretation of
the purine aptamer phylogeny implies the existence of a
sequence-nonspecific P1 stem (15). Thermal denaturation
experiments monitor the heat-induced unfolding of RNA
structural domains by observing the absorbance changes as
a function of temperature. In the presence of adenine, the
aptamer mutants with strengthened (70SpbuE) and weakened
(70W pbuE) P1 structures have respectively higher and lower
melting temperature (Tm) values of the main structural
transition as determined by absorbance-monitoring thermal
denaturation assays (Figure 2B and Table 1). Additional
denaturation experiments showed that the UV-determined
structural transition is not affected within the accuracy of
the measurement by increasing the RNA concentration to 5
µM nor by the presence of up to 20µM adenine or 5µM
2AP or DAP (data not shown). The breadth of the transition
for the 70SpbuE RNA from fully bound to unbound is
narrower compared to the wild-type or 70WpbuE RNA
(Figure 2C) as determined by monitoring the fluorescence
during the thermal denaturation of a complex of the 70pbuE
aptamer RNA and DAP. However, the majorTm value
determined from the derivative fluorescence melting profiles
is little affected by the mutations. As seen in Table 1, the
major fluorescence-determinedTm values lie below the main
UV-determined structural transitions but above the estimated
Tm values for shoulders on the derivative curves. The
combined heats of ligand dissociation and melting of critical
parts of the aptamer domain yield a maximum in the
fluorescence denaturation profile that cannot be associated
with a melting transition that is visible in the UV, which
monitors the entire RNA. These data indicate that the ligand
is released prior to the denaturation of the major structural
elements of the aptamer, implying that the destruction of
essential tertiary structural elements and delicate secondary

structural elements is responsible for the release of the
ligand.

Kinetics of Ligand Binding to an Adenine Aptamer.From
our previous analysis of a FMN-responsive riboswitch within
B. subtilis, it was concluded that kinetic parameters such as
the association rate constant and the RNA-ligand complex
lifetime were more important thanKD in describing the
behavior of the system because that riboswitch was driven
kinetically, rather than thermodynamically (11). To inves-
tigate whether riboswitches that use ligand-activated tran-

FIGURE 2: Stability of stem 1. (A) Diagram of the wild-type P1
stem and mutations. The highlighted bases indicate P1 stem
mutations where 70S and 70W are the strengthened and weakened
versions of 70pbuE, respectively. (B) Differential absorbance at
260 nM of RNAs subject to thermal denaturation. The black line
represents 500 nM 70pbuERNA and 20µM adenine. The closed
circles and gray line represent the 70SpbuE and 70W pbuE
constructs at similar concentrations of RNA and adenine. (C)
Fraction of RNA complexed and derivative of fraction complexed
as determined by the fluorescence quenching of DAP for 70pbuE,
70SpbuE, and 70WpbuEat 5µM each of the RNA and adenine.

Table 1: Tm Values from UV and Fluorescence Derivative Melting
Curves

RNA
UV

Tm valuesa (°C)
fluorescence

Tm valuesb (°C)

70pbuE (55),c 65 60
70SpbuE (57), 67, 74 59
70WpbuE (52), 62 (42), 57

a Measured with 0.5µM RNA and 20µM adenine.b Measured with
5.0 µM RNA and 5.0µM DAP. c Values in parentheses are estimated
Tm values for shoulders in the derivative melting curves.
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scriptional antitermination might act as kinetically controlled
switches, the kinetics of ligand binding to 70pbuE were
investigated (Figure 3). The association rate constant for 2AP,
studied using a stopped-flow fluorometer and pseudo-first-

order conditions of RNA in excess over ligand (Figure 3A),
was determined to be on the order of 104 M-1 s-1 (Figure
3B, inset). This value is about an order of magnitude smaller
(slower) than thekon of the aptamer domain of the FMN-
sensitive riboswitch and its target ligand (11). Assuming 1
µM 2AP, in excess over RNA, the time constant (the time
required for e-1 of a reaction to occur) for the binding
reaction ranges from 45 s at 20°C to 10 s at 35°C. Given
a 10-fold increase in ligand concentration, a corresponding
10-fold reduction in the time constant for the binding reaction
should occur. In addition, analysis using an Eyring plot
determined that the activation enthalpy barrier (25) of the
forward binding reaction of 2AP to 70pbuEwas 16.4 kcal/
mol, which is approximately equal to that of FMN-ribD
riboswitch binding (Figure 3B).

Finally, to investigate whether the forward binding reaction
of 2AP was truly a single step, the association rate constant
measurements were repeated under conditions of ligand in
excess over RNA (Figure 3C). The binding kinetics followed
a first-order exponential decay, supporting a two-state
binding process with no detectable intermediates or evidence
of an appreciable population of misfolded RNAs with the
caveat that the stopped flow instrument used has a dead time
of approximately 1 ms. Importantly, the magnitude of the
association rate constant derived from the excess 2AP
experiment is consistent with that from the excess RNA
experiment (data not shown).

RNA-Ligand Complex Lifetime.Given the important role
of the ligand-RNA complex lifetime (the time required for
e-1 of a population to dissociate) in determining the
characteristics of theribD riboswitch (11), we sought to
define the lifetime of thepbuE aptamer-ligand complex.
To investigate the dissociation kinetics of 2AP, the associa-
tion rate constant data were extrapolated to they-intercept
(Figure 3A), which yields the dissociation rate constant
according to the relaxation equation:

Additionally, dilution-relaxation experiments (26, 27) were
performed in which the 2AP-RNA complex was diluted into
fluorescently inert adenine to initiate a competition for the
free RNA between adenine and the free 2AP that dissociated
from the complex (Figure 4A, inset). The inverted reaction
time constant at high adenine concentration yielded the
dissociation rate constant of 2AP (Figure 4A). Both methods
yielded similar 2APkoff values of approximately 0.01 s-1

(Figure 4C), which is severalfold greater, or faster, than that
for the FMN-ribD riboswitch complex. The lifetime of the
2AP-aptamer complex (calculated by inverting the dissocia-
tion rate constant) is 94, 44, and 18 s at 20, 25, and 30°C,
respectively.

Examination of eq 1 makes clear why knowledge of the
dissociation rate constants is essential in order to discriminate
between kinetic and equilibrium control of the riboswitch.
According to the equation, at concentrations of 2AP that are
small compared toKD, the rate of approach to equilibrium
(1/τ) is dominated bykoff (assuming that the RNA concentra-
tion can be neglected). Furthermore, when the ligand (2AP)
concentration is equal toKD, which should lead to 50%
occupancy of the RNA at equilibrium, it can be shown that

FIGURE 3: Association rate constant of 2AP and 70pbuE from
stopped-flow fluorescence of 2AP. (A) Inverted time constant of
the association reaction versus final RNA concentration with 50
nM 2AP (final), the slope of which yields thekon. The inset is a
sample of several stopped-flow fluorescence quenching data sets
for 25 °C, 50 nM 2AP (final), and 1000 nM 70pbuE (final). (B)
Eyring plot of the association rate constant using 50 nM 2AP and
70 pbuERNA. Each black square represents akon value generated
from data similar to panel A. The inset is a table of association
rate constants and the associated activation free energies in
kilocalories per mole computed by Eyring theory assuming a
transmission coefficient of unity (see Materials and Methods section
for the equation). (C) The binding event is a two-state process.
Sample data sets for (black) ligand association using RNA in excess
over 2AP (50 nM 2AP and 1200 nM 70 pbuE at 25°C) and (gray)
ligand association using 2AP in excess over RNA (500 nM 2AP
and 100 nM 70pbuE at 25 °C). Both data sets fit a single
exponential response, suggesting the binding event is a two-state
process.

1
τ

) kon[2APfinal + RNAfinal] + koff (1)
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90% of the equilibrium RNA binding level is reached by a
time equal to about 1.15/koff. These considerations lead to
the following simple kinetic test: if the time∆tRNAP between
completion of the aptamer by RNA polymerase and its
progression to the termination decision point is comparable
to or longer than 1/koff, the switch will approximate equi-
librium control. However, if∆tRNAP is much smaller than

1/koff, the switch is under kinetic control. Between these limits
the control mode is mixed.

Analysis using an Eyring plot determined that the activa-
tion enthalpy for the 2AP dissociation rate constant was 28.9
kcal/mol (Figure 4B). Importantly, the difference between
the activation free energy for the forward and reverse
reactions corresponds to the free energy of the binding
reaction as determined by the steady-state fluorometer
experiments, further supporting a two-state binding model
(Figure 4C). Additionally, from the association and dissocia-
tion rate studies it was determined that the kinetically derived
KD (koff/kon) was within 2-fold of the fluorescence-derived
KD of 2AP as well as within 2- and 3-fold of theKD estimates
based on in-line probing for adenine and 2AP, respectively.
Given thekoff value of 2AP at 25°C, the system would
require in excess of 100 s (>2 times the dissociation lifetime)
to approach equilibrium at low 2AP concentration. While
this time scale could be accomplished with significant
transcriptional pausing (28-30) within the expression plat-
form domain, the 2AP-aptamer interaction would more
likely be governed kinetically during transcription.

Contribution of Binding Kinetics to Ligand Discrimination.
The fluorescence change of 2AP upon dissociation allowed
an indirect measurement of the association and dissociation
rate constants of adenine by kinetic competition experiments
and subsequent modeling. Given an individual experiment
where thekon andkoff values for 2AP and the initial values
of free adenine, 2AP, RNA, and RNA-2AP complex were
known, the data were fit by kinetic simulation for adenine-
RNA rate constants. The process was repeated at a range of
adenine concentrations to ensure that the minimal two-state
reaction model was valid. The rate constants determined at
each concentration of adenine fell within 3-fold of each other
and were averaged and reported (Figure 4A, boxed inset).
The association and dissociation rate constants for adenine
were each approximately 10-fold higher than the values for
the interaction between 2AP and 70pbuE. Hence, adenine
and 2AP have similar kineticKD values, supporting the
aforementioned equilibrium gel- and fluorescence-basedKD

values as well as remaining consistent with a two-state
binding model. From the dissociation rate constant data, the
adenine-aptamer complex requires only about 15 s (>2
times the dissociation time constant) to approach equilibrium
at 25 °C and low concentration, compared to∼100 s for
2AP. Given these values, the riboswitch could reasonably
have either or both thermodynamic and kinetic character,
depending upon the time scale of transcription.

Due to the high affinity the aptamer displayed for DAP
(20), we endeavored to improve our confidence that the
natural ligand of thepbuE riboswitch was adenine. If this
genetic system operates at equilibrium, then even small
amounts of DAP would inadvertently trigger the riboswitch.
Likewise, if the association rate constant and the lifetime of
the DAP-aptamer complex were both sufficiently large, then
a kinetically governed riboswitch would sense cellular DAP
over adenine. To address these issues, a kinetic competition
assay was performed to determine the concentration of DAP
required to compete equally with 2AP for the 70pbuERNA
(Figure 5A). The reduction in the magnitude of the initial
signal drop as the DAP concentration increases is indicative
of similar DAP and 2AP association rate constants. Yet after
the initial 2AP binding event, DAP clearly dominates the

FIGURE 4: Dissociation rate constant of the 2AP-pbuEcomplex.
(A) The inset is a sample set of data for thepbuE-2AP complex
being diluted into adenine at 25°C while monitoring 2AP
fluorescence. The time constants from the dilution experiment,
generated by a first-order exponential fit of the inset data, were
inverted and plotted (black squares) against final adenine concentra-
tion. They-axis value (highlighted by the linear fit) at high adenine
concentration is taken as the 2AP dissociation rate constant. The
adenine rate constants at 25°C reported in the boxed inset were
determined using the inset dilution data and kinetic modeling as
described in Materials and Methods. (B) Eyring plot of the
dissociation rate constants of 2AP generated in panel A. Each data
point, a light gray, dark gray, or black cross, represents individual
rate constant replicates. The slope of the plot,∆Hq

reverse/R, yields
∆Hq

reverse) 29 kcal/mol. (C) Table of∆Gq values calculated by
Eyring theory.∆Gq

forward andkon were generated from Figure 3B,
and∆G° andKD values of 2AP and 70pbuE, in kilocalories per
mole and nanomolar, were both generated from Figure 1.
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competition by binding the RNA and forcing the 2AP to
remain unbound. The system was modeled and the data fit
for values ofkonDAP andkoffDAP (Figure 5B and inset). Despite
the similar association rate constants, the lifetime of the

DAP-RNA complex is much longer than for 2AP, giving
rise to the 40-fold lower kinetically determinedKD for DAP.

Additionally, a relaxation experiment was performed by
diluting the RNA-2AP complex into increasing concentra-
tions of DAP (Figure 5C). The results are consistent with
the kinetic competition experiment in that when the con-
centration of free DAP equals 50 nM, formation of the 2AP-
RNA complex is cut approximately in half as a result of
DAP out-competing 2AP for the aptamer. In the presence
of 100 nM RNA and 50 nM total DAP, we estimate that the
free DAP concentration at equilibrium is 10-15 nM, or about
40-fold lower than the 2AP concentration, consistent with
the ratio of kinetically determinedKD values. The relaxation
experiment also provides evidence that the different ligands
do not accelerate the dissociation of a rival ligand from the
aptamer.

Definition of Kinetic and Thermodynamic Control Re-
gimes. Since the rate constants for each ligand were
determined, a simple kinetic simulation was performed to
give insight into the kinetic and thermodynamic character
of the riboswitch at 25°C. A two-state binding model was
used to simulate the kinetics, yielding the fraction of RNA
bound over time given an initial concentration of 1 nM free
70 pbuE and discrete initial concentrations of ligand. We
assume that in vivo changes in the fraction of full-length
RNA induced by the ligand are proportional to changes in
the fraction of RNA bound (y-axis of Figure 6). The rapid
increase in the fraction bound in the early time points
corresponds to a kinetically driven system, while the plateau
in the curve is consistent with the reaction having reached
equilibrium (Figure 6A). Pure kinetic control refers to the
limit in which the relaxation time for equilibration of the
adenine-aptamer complex is long compared to the time
interval∆tRNAP that begins when enough sequence has exited
the polymerase to form the aptamer and ends when the
transcription termination decision point has been reached.
In this case the regulatory concentrationB50 (B50 is the
midpoint in the response curve of adenine binding versus
concentration) depends primarily on the adenine association
rate constant. In the thermodynamic limit, the relaxation time
is short compared to the transcriptional time scale∆tRNAP

(which includes possible transcriptional pausing), andB50 is
sensitive to the equilibrium dissociation constant,KD.
Between these two regimes there is a transition that is
comprised of a mixture of each character; the lifetime of
this intervening region, termed “mixed” and defined as
approximately from 75% to 95% of the fraction of RNA
bound, is highly dependent upon the concentration of ligand
(Figure 6B). To describe the behavior of the system, a
comparison must be made between the lifetime of the first
binding phase (from 0% to 75% bound) and∆tRNAP. Should
this “binding-competent window” be less than the time to
complete∼75% of the equilibrium binding level, the switch
would be kinetically driven. For example, the lifetime of the
kinetic regime of the system with 1µM adenine is on the
order of 5 s, but the lifetime drops to under 1 s if 10 µM
adenine is present (Figure 6B and inset). The aptamer reaches
equilibrium with 2AP and DAP on slower time scales,
corresponding to their smaller association rate constants.

To investigate the results of a kinetic competition between
adenine and DAP, a simulation was performed in which 10
µM adenine and various concentrations of DAP compete

FIGURE 5: DAP association and dissociation rate constants. (A)
Diluted 100 nM (final) 70pbuERNA into a mixture of 500 nM
2AP and increasing total concentrations of DAP (legend) while
monitoring 2AP fluorescence at 25°C. (B) The 500 nM DAP data
set from panel A fit by kinetic modeling described in the Materials
and Methods section. The inset is a table of rate constant values
generated from modeling. The kinetic values of 2AP binding were
taken from Figures 3B and 4C. (C) A solution of 100 nM RNA
and 500 nM 2AP (final) diluted into increasing DAP (final)
monitoring the quenching of 2AP. The final DAP concentrations
are as noted for each data set.
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directly for 1 nM 70pbuERNA (Figure 6C). DAP does not
begin to hinder the initial binding of adenine until reaching
the micromolar level. Even at 10µM DAP, about 70% of
the aptamer population initially binds adenine, which is a
consequence of the∼3-fold advantage enjoyed by adenine
in the association rate constant. However, the fraction of
bound adenine decreases rapidly with time, which reflects
the fast dissociation of adenine and tighter equilibrium
binding of DAP with the aptamer. The simulations begin to
define the kinetic and thermodynamic character of the
riboswitch and give insight into the probable biological target
ligand: adenine. Yet the expression platform will make the
genetic decision to transcribe the full-length message regard-
less of which ligand is bound to the aptamer at the time of
the decision; as long as any ligand is bound, the genetic

decision will result in the full-length message. Further, it is
evident that the faster the time scale of transcription, the more
likely adenine will be the ligand of choice for the aptamer
(Figure 6C).

The simulations were also used to generate mock data of
the kind that can be generally determined experimentally for
riboswitches, showing the concentration dependence of the
switch properties. Using the experimental parameters deter-
mined for adenine (Figure 4), we assumed a range of values
for ∆tRNAP varying from 30/koff to 1/150koff. The longest of
these transcriptional delay times, 30/koff, allows enough time
for equilibrium to be established. As shown by Figure 6D,
for the curve with∆tRNAP ) 1/koff deviations between the
equilibrium curve and the simulated value of adenine binding
are significant at ligand concentrations belowKD. These

FIGURE 6: Kinetic simulation of binding and genetic decision using kinetic constants determined at 25°C. (A) A sample set of data. The
y-axis represents the fraction of bound aptamer and the fraction of full-length transcript. The purely kinetic, mixed, and purely thermodynamic
zones of character are marked by the light gray (1), white (2), and dark gray (3) background. The partition between zones was set by
defining the mixed region from approximately 75-95% of the fraction bound; time domains below and above this zone are designated
kinetic and thermodynamic, respectively. (B) Simulated data for the interaction between 70pbuERNA and adenine over time. Lines are
labeled with the initial adenine concentration of 10 nM, 100 nM, 1µM, and 10µM, respectively. The inset is a magnified view of the first
tenth of the time course (3 s). (C) Kinetic simulation of the competition between adenine (10µM initial free concentration) and various
initial free concentrations of DAP (as indicated) for binding 70pbuERNA (1 nM initial free concentration). Note that adenine has the
advantage at early times because of its largerkon but that DAP (at 1 or 10µM) dominates binding at equilibrium because of its smallerKD.
(D) Simulated dependence of the extent of adenine binding to the riboswitch at 25°C using the kinetic parameters reported in Figure 4. A
1 nM concentration of RNA is assumed. The different curves correspond to different values of∆tRNAP, expressed as factors of 1/koff, where
koff is the dissociation rate constant. For the conditions of Figure 4, 1/koff is about 6.5 s. The maximum value of∆tRNAP assumed in the
simulation is 30/koff, or about 200 s. Under these conditions binding is at equilibrium, andB50 is equal to theKD. Deviations from equilibrium,
particularly at low adenine concentrations, are apparent when∆tRNAP ) 1/koff. As ∆tRNAP becomes progressively smaller,B50 moves to
higher adenine concentrations. A noteworthy feature of the curves is their asymmetry and the abrupt transition to saturation binding when
the system is under kinetic control.
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conditions constitute a mixed mode of control. At higher
concentrations, the resulting faster relaxation brings the
kinetic simulation and the equilibrium value of binding into
close correspondence. However, as∆tRNAP becomes even
smaller, kinetic control takes over, so thatB50 values become
progressively larger. It is also noteworthy that that the
concentration response curves become more abrupt at the
high concentration limit in the kinetic control regime. For
example, when∆tRNAP ) 30/koff (the equilibrium case), a
190-fold decrease of ligand concentration is required to
reduce the switch occupancy from 99% to 50%. For∆tRNAP

) 1/150koff (kinetic control), the ligand concentration has
to decrease by only 10-fold to achieve the same occupancy
alteration. This effect could be mistakenly construed as
evidence for cooperative binding.

Ligand Binding Competency during Transcription.During
active transcription of a riboswitch, a ligand binding-
competent sequence exists in a temporal window∆tRNAP,
prior to which the nascent aptamer transcript has not cleared
the polymerase and after which the genetic decision has been
made. The ligand is not able to bindpbuEuntil the aptamer
is formed, which occurs when approximately 80 nucleotides
have been incorporated (Figure 7A), assuming a polymerase
toeprint of 10-12 nucleotides (gray boxes in Figure 7) (31,
32). The binding-competent window, defined approximately
by progressive incorporation of nucleotides 80-110 into the
transcript (from the point at which the aptamer can form
until the point at which the terminator will form), would pass
in 2 s if thepolymerase incorporated approximately 15 bases
each second (33, 34). The measured association rate constant

FIGURE 7: Adenine riboswitch structural model. (A) Secondary structural model generated from the purine riboswitch phylogeny, representing
the bound aptamer state yielding a full-length transcript. The gray boxes represent a polymerase toeprint of 12 nucleotides at putative
transcriptional pause sites. The arrowed lines highlight the bases that pair to form the termination helix while the polymerase is incorporating
a nucleotide at approximately position 110. Adenine inhibits the formation of the terminator helix and results in the formation of the
full-length transcript. (B) Table of∆∆G° values generated computationally from the program RNAstructure. All∆∆G° values are based
on 70pbuE. The “incorp” column represents the approximate nucleotide being incorporated by the polymerase at that point in the transcription.
(C) The structural model represents the ligand-free termination structure assuming the polymerase obscures 12 bases while incorporating
the last nucleotide of the terminated transcript. The arrowed lines represent the RNA forming the full termination helix, presumably to
favor complete dissociation of the polymerase. (D) In-line probing assay on the full-length RNA (175 pbuE). From left to right the lanes
denote a full-length RNA, partial RNA digest with RNase T1, partial RNA digest with alkali, and RNA incubated at 25°C for 40 h in 0,
100 nM, 1µM, 10 µM, and 100µM adenine. P2′ indicates nucleotides 16-21. P2′′ indicates nucleotides 31-36. T′ indicates nucleotides
55-79. T′′ indicates nucleotides 83-106.
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for 70 pbuE and adenine (2.6× 105 M-1 s-1 at 25 °C)
requires 2µM free adenine to significantly bind the aptamer
within this putative 2 s temporal window of opportunity. The
simulated ligand response curves in Figure 6D show how
the system responds to changes in the value of∆tRNAP, which
cause the control mechanism to switch between kinetic and
equilibrium modes.

We also sought to verify that the ligand binding-competent
window ends when the terminator helix is formed. From in-
line assay probing experiments, it is observed that even at
100 µM adenine the equilibrium conformation of the full-
length mRNA leader (175pbuE) is fixed in the binding-
incompetent terminator structure (Figure 7C). These data
agree with the structural predictions for this RNA; the
decision must happen prior to the formation of the full
terminator helix, defined by nucleotides 63-72 and 73-79
base pairing with nucleotides 83-86 and 89-98, respec-
tively.

RNA Structural Energetics during Transcription.Another
potentially rate-limiting process that must occur during
∆tRNAP if termination is to be the outcome is an RNA
conformational switch to form the terminator helix in the
absence of adenine binding. We postulate, given the energet-
ics of the RNA folds predicted by the program RNAstructure
(22) and assuming a 12-nucleotide toeprint of the RNAP on
the nascent transcript, that the aptamer conformation will
dominate thepbuERNA until the RNAP incorporates about
nucleotide 105 (Figure 7B). From that point onward, there
is enough primary sequence to shift the equilibrium signifi-
cantly away from the aptamer fold and toward the binding-
incompetent terminator structure. Given the sizable rear-
rangement of secondary structure required for the fold to
shift from aptamer to terminator, important questions re-
main: is the folding reaction in equilibrium and how fast
does this structural transition occur? Whether or not the
folding reaction reaches equilibrium depends on its rate,
which depends on the folding reaction activation energy
barrier. The energy difference between the fully folded 90
pbuERNA favoring the aptamer structure and the same RNA
in which nucleotides 66-80 (the bases used to nucleate the
terminator helix) are kept single stranded can be used as a
first-order estimation of the transition state barrier magnitude.
The resulting free energy difference between the aptamer
ground state and the semistructured intermediate is predicted
to be only 1.2 kcal/mol at 37°C. Given that thermal noise
per degree of freedom at room temperature is half this value
(universal gas constant,R, multiplied by temperature), the
estimated activation barrier appears to be small enough to
allow an easy kinetic transition from the aptamer fold to the
terminator structure. Further, even in the absence of adenine
during transcription, the sequence comprising the aptamer
fold appears first, so this structure must be overcome in order
for the default termination structure to arise during each
individual transcription event.

Other biological RNAs exhibit facile switching back and
forth between two stable states in a manner that seems to
bypass or cut through the activation energy barrier associated
with the melting out of one state in order to form the other.
For example, a spliced leader RNA inLeptomonas collosoma
exhibits two conformational states (35). The rapid intercon-
version (<1 s) between the two structures implies a putative
short-lived transition state structure that bridges the two

observable states and precludes the need to overcome the
activation energy barrier, which would be expected to be
approximately equal to the bond dissociation energy and
would relegate the interconversion to a much slower time
scale (36). From these studies it is likely that the intercon-
version between the aptamer and the terminator conforma-
tions of pbuE is possible at a rate faster than the rate of
transcription, despite the required secondary structural
changes.

The behavior of thepbuE riboswitch may be further
studied by identifying controlling elements within the
primary sequence of the RNA. There exist two series of U
residues (Figure 7A, nucleotides 73-80 and 87-92) after
the aptamer but before the terminator-associated series of U
bases that fit the transcriptional pause site profile set in the
ribD RNA system (11). Likewise, the FMN-dependent
riboswitch in theribD RNA had two pauses that assisted
the riboswitch function by providing the RNA additional time
to fold correctly and bind the ligand prior to the polymerase
making the antiterminator strand available. Without an
estimation of the lifetime of these putative transcriptional
pause sites, no conclusions can be drawn about their impact
upon the thermodynamic and kinetic character of this
riboswitch. So it is possible that any pausing is functional
and provides the time required for thermodynamics to govern
the switch behavior, or the pauses, whose lifetimes are
dependent upon the concentration of nucleotides and the
presence of transcription cofactors such as NusA (37), act
as a further biological sensor of these factors. For example,
if the nucleotide concentration drops, thus lengthening the
lifetime of the pause sites, the concentration of adenine
required to bind the aptamer and produce full-length
transcripts will drop down toward theKD value. Thus, it is
transcription of the expression platform domain that ulti-
mately defines the kinetic or thermodynamic character of a
riboswitch system. Further, the expression platform domain
adds additional control points by which the organism may
further refine homeostasis by genetic changes, including
altering the lifetime and frequency of transcriptional pause
sites, modulating the stability and formation kinetics of the
binding-incompetent RNA structure, and modulating termi-
nator stem stability.

In summary, thepbuEriboswitch, an ON switch, is capable
of binding the three ligands studied in this report. However,
the likely biological target is adenine due to the placement
of the pbuE gene product within the adenine metabolic
pathway (13, 14, 20) and the kinetic parameters of binding
adenine to thepbuE aptamer. It is believed, based upon
kinetic simulations using the measured values of the as-
sociation and dissociation rate constants of adenine and the
aptamer RNA, that this riboswitch could function as a
kinetically or a thermodynamically controlled genetic switch
depending upon the transcription time scale and the tran-
scriptional components impacting that time scale.

Riboswitches represent an important strategy in genetic
control that might be a fossil of the RNA world, yet their
simplicity and energetically conservative nature help to
provide organisms from all three kingdoms of life the tools
necessary to function in biology today. While more research
is required to completely dissect the intricate mechanistic
details of this and other riboswitches in the context of active
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transcription, this work further establishes the general
principles by which these important RNAs function.
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