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ABSTRACT: A riboswitch within the 5 untranslated region (UTR) of thBacillus subtilis ppbuEMRNA

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, wittKp values for 2AP ranging from 250 nM to @M at temperatures

ranging from 15 to 35C, while DAP binds with much higher affinity. The association rate constant,
however, favors adenine over DAP and 2AP by 3- and 10-fold, respectively, “@.Z=urthermore, the

rate constants for adenine association and dissociation with the aptamer suggestphaEttigoswitch

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- In a recent study, the mechanism of the FMN-sensitive
rectly bind ligands and alter the expression of genes that areriboswitch that controls theibD gene ofBacillus subtilis
almost always associated with biosynthesis or transport of was characterized. The function of this riboswitch was found
the target ligand or a closely related compound. Riboswitchesto depend on the time scale of transcription as the RNA
have been demonstrated to function as essential controlPolymerase transcribes the expression platform and is also
elements for the metabolism of guanine, adenine, flavin affected by the kinetics of ligand binding to the riboswitch
mononucleotide (FMN), coenzyme,Bthiamin pyrophos-  (11). A hallmark of a kinetically operated riboswitch is that
phate (TPP),S-adenosylmethionine (SAM), glucosamine €duilibrium between the RNA aptamer and its ligand is not
6-phosphate (GIcN6P), lysine, and glyciné—6). Ri- achieved by the time the genetic decision must be made,

boswitches are generally comprised of two modular domains @nd therefore the individual rate constants for ligand as-
of contiguous RNA sequence: the apatamer, or ligand sociation and dissociation are more important for describing

binding domain, and the expression platform, the structural ?ﬁuiystaeé?ggaﬂdzstcv?fﬁﬂl'bgl;r:; ?gszzcgaﬂﬁ]negggﬁﬂa?aﬁ%er
domain which senses the ligand occupancy status of the ! . PP y

) : than a thermodynamically controlled sensor of cellular FMN
aptamer domain and modulates the expression of the

. ncentration.
downstream gene set. These RNA-based genetic controlCo centratio

| tsh b h o directl dulate t inti The kinetic nature of the FMN riboswitch resolved a
elements have been shown fo cirectly moduiate transcrip Iondiscrepancy in the values for ligand concentrations needed
termination and translation initiatior7,( 8). Furthermore,

. . . . . . to trigger riboswitch-mediated transcription termination in
evidence is mounting that riboswitches can directly control ..o “varsus the Ko values for ligandRNA complex
MRNA splicing @, 10) and stability 6).

formation measured under similar assay conditidr&. (In
general, the ligand concentratioBs{) that results in 50%
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a gene whose product is involved in adenine transd@t ( at 50 nM in RB at 20, 25, 30, and 3T in an Applied

14). Photophysics stopped-flow spectrometer in fluorescence
Adenine riboswitches were recognized as a subset of mode. Transients faster than 1 ms are not resolved by this

conserved RNA elements whose members were found to bindinstrument. The time constants derived from the data

guanine 15). Subset representatives each carried a single Cgenerated with each sample were averaged, inverted, and

to U mutation in the conserved core of the aptamer that hasthen plotted against the final RNA concentration to obtain

since been shown to form a G-C base pair in guanine-specificsecond-order rate constants from the slope of this plot. The

aptamers and to form an A-U base pair in adenine-specific mean of the measured rate constants at each temperature was

aptamers 16—20). Furthermore, this adenine riboswitch is incorporated into an Eyring plot to determine the activation

the first example of a genetic ON switch, or a riboswitch enthalpy barrier magnitude by plotting ki() versus 1T

that upregulates gene expression when docked with the targefrom the equations2():

metabolite. In vivo experiments support the assertion that

the PbuE protein rids the cell of excess adenine and k AH" 1 ke

hypothanthine14), leading the investigators to propose that In\3/ =~ R T +in h T

this efflux pump may function to protect the cell against a

buildup of purine base analogues to toxic levels. In this study, AGH = —RTIn(ﬂ)

we examined the stability of the aptamer domain oftheE ks T

riboswitch and determined the thermodynamic and kinetic

properties of adenine, 2AP, and DAP ligand binding (Figure For the experiments in which 2AP was in excess over RNA,

AS
R

T

1A). the data also fit a first-order exponential response. All curve
fitting was conducted using Microcal Origin and Microsoft
MATERIALS AND METHODS Excel.
RNA Preparation RNA constructs were prepared as  Dissociation Rate Constant$heko value for 2AP was
previously describedl). established using the stopped-flow device and a modified

Riboswitch Ligands.Adenine, 2AP, and DAP were dilution—relaxation method. The RNA2AP complex in RB

obtained from Sigma, suspended in deionizegDHat a was diluteq with an equ_ivalent amount of buffer.and \{arying
concentration of 10 mM, and stored protected from light at concentrations of adgnme. The fluorescence signal increase
—20 °C. A minimum of HCl was added to solubilize a due to the dissociation of the 2AMRNA complex was
concentrated stock solution of adenine igCH Concentra- monitored over time. _At high concentrations of adenine, the
tions of the compounds were measured optically using theﬂuoresce_nce S|g_nal fit a single-order expo_nenn_al response,
extinction coefficients reported by the supplier. from which a time constant of 2AP dissociation was

Fluorescence-Based KDeterminations 2AP was held ~ denerated. The same data were used to attaikoizdkor

constant at 50 nM, and its fluorescence was measured Whilefor adenine using known concentrations of all components

titrating in RNA. The samples were suspended in reaction of the reaction and the rate constants for 2AP by modeling

buffer (RB) containing 50 mM Na-MOPSpH 7.5 at 25 the reaction with the program Berkeley Madonna (version
°C), 100 mM KCl, and 2 mM MgG} and the RNA-2AP 8.],811,_htt.p://www.berkeleymadonna.c_om). A simple two-

samples were kept on ice prior to use. Before measurementState binding model was used wherein 2AP and a‘?'e”'!"e
were taken, air was removed from the samples using helium ¢0MPete for the aptamer RNA. To measure the kinetic

gas, and the samples were transferred to a quartz CuVe,[teparameters for DAP binding, a similar kinetic competition

degassed with helium again, and placed in the multicell experiment between 2AP and DAP was conducted, and the

peltier block of a Cary Eclipse fluorometer and held at 15 data were then mode_led as de_scribed above._
°C. We utilized a program written by Dr. Mark Fisher of Thermal Denaturation Experiment®enaturation assays

Varian Inc. to perform emission scans at 15, 20, 25, 30, and monitoring quo_rescence were conducted in a Cary Eclipse
35°C while waiting 7 min between each temperature change fluorpm_eter using an excitation wavelength of 310 nm and
to allow for reequilibration of the 2APRNA complex. Slit Porgtglromgsel_mls_s&or? at 3;%&[? forl 2AP (300 ar;lc_j 345d nm
widths and PMT voltage were set for maximum emission. 'O Y/ ).h It wi tl S T!])C h voliage were a Juﬁte tg

The ligands were not photodegraded during the course of°Ptimize the signal at 13C. The temperature was change

the measurements, as judged by recovery of the original ata rate no faster than°!:/min. Dry nitrogen was delivered_
fluorescence signal under the starting conditions to avoid condensation on the cuvettes. Each cuvette contained

Ligand Binding KineticsExperiments were conducted as at least 3.00“‘ of SOIl.Jt'On covered W'th 40@'.‘ of mmeral_
described previously10). The fluorescence signal was oil to avoid evaporation. Denaturation experiments monitor-

generated by exciting at 305 nm (2AP) using 0.5 mm slit ing optical absorption were conducted using a Cary 1-UV

widths and monitored using a 350 nm long pass colored gIassV'S spectrophotometer in double-beam mode. Absorbance

filter from Oriel. All stopped-flow experiments were carried was mgasu_red at 260 nm. A slit width of 1 nm and an
out in RB. averaging time b3 s were used. Other details were as
Association Rate ConstantShe ke, values were deter- described for experiments monitoring fluorescence.

: e . In silico Structural Energetics Predictiorfhe program
mined by mixing RNA (in excess over 2AP) held constant RNAstructure 22) was used with default settings to predict

— _ - the energetics and equilibrium structures at°g€7 of the
1 Abbreviations: NTP, nucleoside triphosphate; EDTA, ethylene-

diaminetetraacetic acid; PMT, photomultiplier tube; MOPS, morpholi- nascent RNA as described in Figure 7. The. free energy .Of
nopropanesulfonic acid; UV, ultraviolet; PCR, polymerase chain /0 PbUEserved as the base value to determine the stability
reaction; RNAP, RNA polymerase. parameter AAG) for each step of the nascent transcript.
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In-Line Probing AssayThe 175buERNA was prepared A 40 adenine AP
and assayed using an in-line probing analysis as reported u® Ugc U N,
previously @3). DNA primers used to PCR amplify the GGU,ao P2 G A N B N/:[E“
appropriate template for transcription by T7 RNA polymerase E UUGAGG -, pbuE 96 KN ,,,> J\N ~>
were synthesized by the HHMI Keck Biotechnology Re-  u,  AAcucc e e
. . . AU AU g 50 NH.
source Laboratory at Yale University and used without 20 A U C AR 2
purification. U G o T N):[[">
TU‘S‘EP] AAAAU S NH
RESULTS AND DISCUSSION 5' ppp GGAAUAAU - A-70 DAP

Binding Equilibria of an Adenine AptamePreviously
(20), a biochemical method termed in-line probing was used B -
to determined equilibrium dissociation constants forghaE
riboswitch aptamer of~300 nM for adenine and 2AP. In
the current study, we exploited the intrinsic fluorescence of

40
70 pbuE (nM)

= ] = 10
2AP to extract equilibrium and dynamic properties for the 3 = __-"'"""h e
binding of this compound and for adenine (nonfluorescent) E- 20 ] :‘}’:F\:'l v 200
and DAP (weakly fluorescent). Specifically, we took - g =

advantage of substantial fluorescence quenching that occurs — 21000

upon 2AP binding by the 70-nucleotide version of imIE

aptamer (termed 7@bub) (Figure 1B, inset), utilizing as

well the fluorescence change that occurs when 2AP is 10+
replaced by adenine or DAP.

20

Fluorescence at 370 nm
8

Bacteria survive over a range of temperatures, which ol m M0 W0 30 40 40 440
entails considerable variation in equilibrium and kinetic R
constants for ligand binding. We therefore determined the 0 1000 2000 3000 4000 5000
Kp values for the RNA-2AP complex at several tempera- 70 pbuE (nM)

tures, using the data to calculate the corresponding enthalpy
of the binding reaction (Figure 1B,C). Despite the difference C 125
in buffer conditions, the apparelt of 764 nM at 25°C is i
consistent to within 2.5-fold of the previous estimates of 300 1307
nM for the Kp of 2AP and thegpbuE aptamer derived from i
in-line probing assays?2(). Additionally, the data are -13.54
consistent with a 1:1 stoichiometry between RNA and 2AP — i
(Figure 1B). As an exothermic reaction, the binding event < -14.0

T Kp AG’
15 250 -8.7
20 427 -8.6
25 764 -8.6
30 1480 | -8.1
35 2999 7.8

is less efficient at higher temperatures. THe rises from = !

250 to 3000 nM, and the corresponding value &&° 4.5

decreases from-8.7 to—7.8 kcal/mol as the temperature is || ® equilibrium-determined Kp

increased from 15 to 38C (Figure 1C, inset). ThKp value -15.0 | ® Kinetically-determined Kp

of the pbuEaptamer for 2AP is over an order of magnitude || AH’= -21.8 kcal/mol

larger (weaker binding) than that measured for th¥> Hes

aptamer for its corresponding FMN ligand atG and over 3.25 3.30 3.35 3.40 3.45 3.50
2 orders of magnitude larger at 3& (11). 1000/T in K-

Analysis of the temperature dependence using the van'tFicure 1: Fluorescence binding assays with 2AP andpBOE
Hoff equation yielded-21.8 kcal/mol (Figure 1C) for the  (A) Sequence and secondary structure model fop@OE RNA
heat of interaction between the ligand and RNA, which is and the structures of adenine, 2-aminopurine (2AP), and 2,6-

. ... diaminopurine (DAP). (B) Concentration of bound 2AP in nano-
over three times greater than that for the FMN-sensitive |, 01-- Versus concentration of HHUE as determined by 2AP

aptamer and its ligand6.02 kcal/mol) L1). The enthalpy  fluorescence quenching and fit to a standard quadratic solution to
of binding is likely to involve increased base stacking the equation forKp given 1:1 stoichiometry. Inset: emission

associated with a ligand-dependent rearrangment of secondwavelength scans for samples in the dilution series of RNA in 50
ary and tertiary RNA structure, as well as physical contact "M 2AP at 15°C. (C) van't Hoff plot of 70pbuEand 2AP by

. . .~ fluorescence using the equilibrium-deriviéd values (squares) and
between the ligand and the RNA. One possible explanation ye yinetically determinet, values (circles; see Figures 3 and 4

for the large value of binding enthalpy is thaituEhas a  for additional details). The slope indicates an enthalpy value of
higher number of nucleotides that change structure uponAH® = —21.8 kcal/mol. The inset is a table ¢fp values in
binding its target ligand compared to the FMN bindhitgD nanomolar and\G° in kilocalories per mole calculated yG°® =
riboswitch. However, major secondary structural rearrang- ~RTIn(Ko).

ment was not observed by previous analysis using the in- For maximum responsiveness, a thermodynamically con-
line probing assay2(0), which showed remarkably little  trolled riboswitch, or one that achieves equilibrium between
change in the structure of the phosphodiester backbone ofaptamer and ligand, might be expected to exhiti{bavalue

the adenine aptamer upon the addition of a saturatingthat is nearly equivalent to the mean cellular concentration
concentration of ligand. Resolution of the conformational of the metabolite. A natural cellular concentration of adenine
change upon binding awaits detailed structural studies. recently reported to be approximately @M (14) (at 37°C)
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is considerably larger than th&, value of about 3.4M at A

37 °C estimated from the data in Figure 1C. It is character- \ZO pbuig/ \ZOS prLEA/ \TW pbﬁ'i/
istic of kinetically controlled riboswitches that the cellular Aol a-y sy
concentration is larger than th& value, so we conclude P10 ¢ P1 1°'§:§ P1 10-e—

= U - A-T0

that the switch is likely to be kinetically controlled under s gpp ceasuad’ " A7 5ppp GeasUA "0 5 ppp GGAAUAAY "
these conditions. However, since tlkg and estimated
cellular concentrations differ by less than an order of B 0.0064 [ 0.0040
magnitude, this conclusion remains tentative. -l — 70 pbuE Wi o o0as
Given that the riboswitch binds other physiologically :;gf&ﬁ ! [ 0550
relevant adenine analogue(), if the riboswitch operates [ e
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 ™~ °%7
of adenine required for activation, to avoid accidentally o1
tripping the genetic switch. It is possible that the switch
operates at equilibrium for some ligands and is kinetically ] e
controlled for others. Furthermore, a change of temperature 5 10 20 80 40 =0 e 70 8

0.004

0.003 | 0.0020

dA260/dT

- 0.0015

- 0.0010

SjuBINW 1 p/09gwp

- 0.0005

0.000] [ 0.0000

could cause a shift in the mode of control. We report below Temperature in °C
model calculations that show how the equilibrium and kinetic ¢
variables interact with transcription rate to vary the control e 7 1%

mechanism.

Aptamer Secondary Structural and Binding Equilibiia.
investigate the relationship between ligand affinity and the
temperature-dependent structure of the aptamer, therma
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-B:70-66), is
essential for ligand binding. Furthermore, interpretation of 00 i i ;
the purine aptamer phylogeny implies the existence of a 0 20 40 . 60 8o
sequence-nonspecific P1 stedb), Thermal denaturation _ Temperatrein’C _
experiments monitor the heat-induced unfolding of RNA FIGURE 2: Stability of stem 1. (A) Diagram of the wild-type P1

tructural d ins by ob ina the absorb h stem and mutations. The highlighted bases indicate P1 stem
structural domains by observing the absorbance Changes am iations where 70S and 70W are the strengthened and weakened

a function of temperature. In the presence of adenine, theyersions of 70pbuE respectively. (B) Differential absorbance at
aptamer mutants with strengthened (PBBE and weakened 260 nM of RNAs subject to thermal denaturation. The black line
(70W pbuE) P1 structures have respectively higher and lowerrepresents 500 nM 76buERNA and 20uM adenine. The closed
melting temperature T,) values of the main structural Circles and gray .'l'”e represent the 7?5;NEAa“d d70\£iv pbuE c
i determined by absorbance-monitorin thermalconst_ructs at similar concentrations of and adenine. (C)
transition .as e ) Yy 9 * Fraction of RNA complexed and derivative of fraction complexed
denaturation assays (Figure 2B and Table 1). Additional as determined by the fluorescence quenching of DAP fquti(E
denaturation experiments showed that the UV-determined 70SpbuE and 70WpbuEat 5:M each of the RNA and adenine.
structural transition is not affected within the accuracy of
the measurement by increasing the RNA concentration to 5Table 1: T Values from UV and Fluorescence Derivative Melting

uM nor by the presence of up to 20M adenine or JuM Curves

1
=
=]
o

0.8+

—— 70 phuE fraction bound

= = 705 pbuE fraction bound

ed|— TOW pbuE fraction bound
70 phuE derivative

= 705 pbuE derivative
TOW pbuE derivative

1
=
=}
B

0.4+

L 1

= o

g 8
J(punog uonaei4)p

1
o
=]
1P,

0.24

Fraction of RNA bound to DAP

1
=
f=1
k=1

2AP or DAP (data not shown). The breadth of the transition uv fluorescence

for the 70SpbuE RNA from fully bound to unbound is RNA Tm values (°C) Tn values (°C)
narrower compared to the wild-type or 70pbuE RNA 70 pbuE (55)¢ 65 60

(Figure 2C) as determined by monitoring the fluorescence ~ 70SpbuE (57),67,74 59

during the thermal denaturation of a complex of thepBOE 70WpbuE (52), 62 (42), 57
aptamer RNA and DAP. However, the majdf, value aMeasured with 0.%xM RNA and 20uM adenine.? Measured with

5.0u4M RNA and 5.0uM DAP. ¢ Values in parentheses are estimated

determined from the derivative fluorescence melting profiles T, values for shoulders in the derivative melting curves.

is little affected by the mutations. As seen in Table 1, the
major fluorescence-determinég values lie below the main
UV-determined structural transitions but above the estimatedStructural elements is responsible for the release of the
Tm values for shoulders on the derivative curves. The ligand.

combined heats of ligand dissociation and melting of critical ~ Kinetics of Ligand Binding to an Adenine AptamErom
parts of the aptamer domain yield a maximum in the our previous analysis of a FMN-responsive riboswitch within
fluorescence denaturation profile that cannot be associatedB. subtilis it was concluded that kinetic parameters such as
with a melting transition that is visible in the UV, which the association rate constant and the RNigand complex
monitors the entire RNA. These data indicate that the ligand lifetime were more important thaiKp in describing the

is released prior to the denaturation of the major structural behavior of the system because that riboswitch was driven
elements of the aptamer, implying that the destruction of kinetically, rather than thermodynamicallg1). To inves-
essential tertiary structural elements and delicate secondantigate whether riboswitches that use ligand-activated tran-
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order conditions of RNA in excess over ligand (Figure 3A),
was determined to be on the order off ! s™* (Figure

3B, inset). This value is about an order of magnitude smaller
(slower) than thek,, of the aptamer domain of the FMN-
sensitive riboswitch and its target ligantllj. Assuming 1
uM 2AP, in excess over RNA, the time constant (the time
required for €' of a reaction to occur) for the binding
reaction ranges from 45 s at 2CQ to 10 s at 35C. 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

0.0354

0.0304

Fluorescence = 350 nm

0 100 200 300
Time in seconds

£ 0025+

0.0204

0.015- determined that the activation enthalpy barrigb)(of the
s S e S forward binding reaction of 2AP to 7fbuEwas 16.4 kcal/
200 400 600 800 1000 mol, which is approximately equal to that of FMMibD
[pbuE -70] (M) riboswitch binding (Figure 3B).

B : Finally, to investigate whether the forward binding reaction
ek B T(C) | Kon(M"s") | AG"forwara | of 2AP was truly a single step, the association rate constant
-15.0 20 | 2.22E+4 | 11.33 measurements were repeated under conditions of ligand in
oo 25 | 2.49E+4 | 11.47 excess over RNA (Figure 3C). The binding kinetics followed

] 30 | 4.55E+4 | 11.31 a first-order exponential decay, supporting a two-state
=i 37 | 999E+a | 11.10 binding process with no detectable intermediates or evidence

C -1564 - . of an appreciable population of misfolded RNAs with the

;s — B caveat that the stopped flow instrument used has a dead time

£ ] of approximately 1 ms. Importantly, the magnitude of the
1604 AH"™= 16.4 keal/mol association rate constant derived from the excess 2AP
162 experiment is consistent with that from the excess RNA

1 - experiment (data not shown).
) H " RNA-Ligand Complex Lifetimesiven the important role
-16.6 — of the ligand-RNA complex lifetime (the time required for
e e s%sgowr' 5]'(35 S i el of a population to dissociate) in determining the
" characteristics of theibD riboswitch (L1), we sought to

C Time in seconds define the lifetime of thepbuE aptamer-ligand complex.
hip 0 % %0 75 100 125 150 175 200 225 'I_'o investigate the dissociation kinetics of 2AP,_the associa-
5-101 ] - 0.083 t|o_n rate constaqt datg were extrgpolqteq toytetercept

= e :ggf 2 (Flgurg 3A), which y|eIQS the d|_ssouat|on rate constant

1 oe 0060 & according to the relaxation equation:

R 0.098 0.079 E

% 0.097 o g l — ko [ZAP + RNA ] _|_ ko (l)

ol ) 0077 O T n final final ff
0.09 4 - 0.076
0.095 . T - S - 0.075

0 20 4 60 80 100 120 Additionally, dilution—relaxation experiment26, 27) were
Time in seconds performed in which the 2APRNA complex was diluted into
FiGUrRe 3: Association rate constant of 2AP and FDuE from fluorescently inert adenine to initiate a competition for the

stopped-flow fluorescence of 2AP. (A) Inverted time constant of free RNA between adenine and the free 2AP that dissociated

the association reaction versus final RNA concentration with 50 - - . .
nM 2AP (final), the slope of which yields thie, The inset is a from the complex (Figure 4A, inset). The inverted reaction

sample of several stopped-flow fluorescence quenching data setdime constant at high adenine concentration yielded the
for 25 °C, 50 nM 2AP (final), and 1000 nM 7pbuE (final). (B) dissociation rate constant of 2AP (Figure 4A). Both methods
Eyring plot of the association rate constant using 50 nM 2AP and yielded similar 2APk.« values of approximately 0.01°5

70 pbuERNA. Each black square represent,avalue generated o, re 4C), which is severalfold greater, or faster, than that

from data similar to panel A. The inset is a table of association . . ) o
rate constants and the associated activation free energies inOf the FMN—ribD riboswitch complex. The lifetime of the

kilocalories per mole computed by Eyring theory assuming a 2AP—aptamer complex (calculated by inverting the dissocia-
transmission coefficient of unity (see Materials and Methods section tion rate constant) is 94, 44, and 18 s at 20, 25, an8G0
for the equation). (C) The binding event is a two-state process. respectively.

Sample data sets for (black) ligand association using RNA in excess ot
over 2AP (50 nM 2AF(> and )12%0 nM 70 pbuE at%)gand (gray) _Examination of eq 1 makes clear why knowledge of the
ligand association using 2AP in excess over RNA (500 nM 2Ap dissociation rate constants is essential in order to discriminate

and 100 nM 70pbuE at 25 °C). Both data sets fit a single between kinetic and equilibrium control of the riboswitch.
exponential response, suggesting the binding event is a two-stateAccording to the equation, at concentrations of 2AP that are
process. small compared tdp, the rate of approach to equilibrium
scriptional antitermination might act as kinetically controlled (1/7) is dominated by (assuming that the RNA concentra-
switches, the kinetics of ligand binding to T®uE were tion can be neglected). Furthermore, when the ligand (2AP)
investigated (Figure 3). The association rate constant for 2AP,concentration is equal t&p, which should lead to 50%
studied using a stopped-flow fluorometer and pseudo-first- occupancy of the RNA at equilibrium, it can be shown that
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A 00164 S one] 1/, 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
ky=0.151s" reactions corresponds to the free energy of the binding
k,/K,, = 580.9 nM reaction as determined by the steady-state fluorometer
experiments, further supporting a two-state binding model

TR Sl e el sl (Figure 4C). Additionally, from the association and dissocia-
u Time in seconds tion rate studies it was determined that the kinetically derived
O Kb (Koikon) Was within 2-fold of the fluorescence-derived
e ——— Kp of 2AP as well as within 2- and 3-fold of th&, estimates
il i LRSS RN ARy RRARE SRR ARG AV based on in-line probing for adenine and 2AP, respectively.
0 2000 4000 6000 8000 10000 Given theky value of 2AP at 25°C, the system would
[adenine] (M) require in excess of 100 & @ times the dissociation lifetime)
B g to approach equilibrium at low 2AP concentration. While
*‘3-4“\! this time scale could be accomplished with significant
transcriptional pausing28—30) within the expression plat-
form domain, the 2APaptamer 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 thek,, andkeys values for 2AP and the initial values
of free adenine, 2AP, RNA, and RNARAP complex were
known, the data were fit by kinetic simulation for adenine
RNA rate constants. The process was repeated at a range of

1 S R e aden!ne concentrations.to ensure that the minimal two-state
1000T (1K) reaction model was valid. The rate constants determined at

a each concentration of adenine fell within 3-fold of each other
and were averaged and reported (Figure 4A, boxed inset).
T (°C)|k,y (s€C")|AGE,, ., [AGE,-AGE, [ AG®| K, |k, /K, The association and dissociation rate constants for adenine

20 |1061E-3| 19.83 -85 856 427 | 478 were each approximately 10-fold higher than the values for
the interaction between 2AP and POUE Hence, adenine
25 [22.65E-3| 19.70 -8.23 -8.35( 764 | 910 and 2AP have similar kineti&p values, supporting the
30 |56.83E-3] 19.51 82 -8.1011480| 1249 aforementioned equilibrium gel- and fluorescence-badsed
values as well as remaining consistent with a two-state

Ficure 4: Dissociation rate constant of the 2ApbuEcomplex. P ; ot
(A) The inset is a sample set of data for thisuE-2AP complex b:jnd”.]g model. From thel dISSOCIE.itlon raTe C%nStant d:;a, the
being diluted into adenine at 28C while monitoring 2AP adenine-aptamer complex requires only about 15°52(

fluorescence. The time constants from the dilution experiment, times the dissociation time constant) to approach equilibrium
generated by a first-order exponential fit of the inset data, were at 25°C and low concentration, compared tdl00 s for
inverted and plotted (black squares) against final adenine concentrapaAp. Given these values, the riboswitch could reasonably

tion. They-axis value (highlighted by the linear fit) at high adenine . . P
concentration is taken as the 2AP dissociation rate constant. Thehave either or both thermodynamic and kinetic character,

adenine rate constants at 26 reported in the boxed inset were ~depending upon the time scale of transcription.

determined using the inset dilution data and kinetic modeling as  Due to the high affinity the aptamer displayed for DAP
described in Materials and Methods. (B) Eyring plot of the (20), we endeavored to improve our confidence that the
dissociation rate constants of 2AP generated in panel A. Each datan gy rg| ligand of thepbuE riboswitch was adenine. If this
point, a light gray, dark gray, or black cross, represents individual . A

rate constant replicates. The slope of the pldte.erdR, Yields genetic system operates at eqU|I|br|l_Jm, then even _small
AHeverse= 29 kcal/mol. (C) Table oAG* values calculated by ~ @mounts of DAP would inadvertently trigger the riboswitch.
Eyring theory.AG*,mwara andko, Were generated from Figure 3B,  Likewise, if the association rate constant and the lifetime of
and AG® andKp values of 2AP and 7@buE in kilocalories per  the DAP—aptamer complex were both sufficiently large, then
mole and nanomolar, were both generated from Figure 1. a kinetically governed riboswitch would sense cellular DAP
90% of the equilibrium RNA binding level is reached by a over adenine. To address these issues, a kinetic competition
time equal to about 1.1&#;. These considerations lead to assay was performed to determine the concentration of DAP
the following simple kinetic test: if the timAtgnap between required to compete equally with 2AP for the GOUERNA
completion of the aptamer by RNA polymerase and its (Figure 5A). The reduction in the magnitude of the initial
progression to the termination decision point is comparable signal drop as the DAP concentration increases is indicative
to or longer than XK., the switch will approximate equi-  of similar DAP and 2AP association rate constants. Yet after
librium control. However, ifAtrnap is much smaller than  the initial 2AP binding event, DAP clearly dominates the

%
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g
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k,, = 2.63E5 M s

0.014
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A DAP—RNA complex is much longer than for 2AP, giving
0.102 i rise to the 40-fold lower kinetically determindg, for DAP.
= Additionally, a relaxation experiment was performed by
£ 0.101 diluting the RNA-2AP complex into increasing concentra-
= tions of DAP (Figure 5C). The results are consistent with
%0100 the kinetic competition experiment in that when the con-
e ] centration of free DAP equals 50 nM, formation of the 2ZAP
§ RNA complex is cut approximately in half as a result of
S ey DAP out-competing 2AP for the aptamer. In the presence
2 of 100 nM RNA and 50 nM total DAP, we estimate that the
2 0.0984 free DAP concentration at equilibrium is jﬂlS nM, or about _
o M S 40-fold lower than the 2AP concentration, consistent with
el . T the raf[io of kinetically_determineldD values. Thg reIaxaFion
—_———————— . experiment also provides evidence that the different ligands
0 100 200 300 400 500 do not accelerate the dissociation of a rival ligand from the
Tima (s) aptamer.
B 5004 = = Definition of Kinetic and Thermodynamic Control Re-
48] & | = 2AP Fluorescence gimes. Since the rate constants for each ligand were
1= determined, a simple kinetic simulation was performed to
%1 B give insight into the kinetic and thermodynamic character
2 1044 & of the riboswitch at 25C. A two-state binding model was
E¢ 11 used to simulate the kinetics, yielding the fraction of RNA
Eth__ bound over time given an initial concentration of 1 nM free
S oa00d § 70 pbuE and discrete initial concentrations of ligand. We
- 1 e R assume that in vivo changes in the fraction of full-length
Gy Koo (M7 S7) | K (57) | KK (TM) RNA induced by the ligand are proportional to changes in
486 - DAP| 8.6E4 | 2.2E-3 25 the fraction of RNA boundy-axis of Figure 6). The rapid
1 oaP| 25E4 |226E-3 007 increase in the fraction bound in the early time points
s corresponds to a kinetically driven system, while the plateau
0 200 400 600 800 1000 in the curve is consistent with the reaction having reached
Time (s) 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
0.125 interval Atrnap that begins when enough sequence has exited
the polymerase to form the aptamer and ends when the
0.124

transcription termination decision point has been reached.
In this case the regulatory concentrati® (Bso 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 scaAtgnap
(which includes possible transcriptional pausing), Begs
sensitive to the equilibrium dissociation constaitp.
Between these two regimes there is a transition that is

2AP Fluorescence (adjusted)
(=] (=] o
NoR ™
— na w
1 1 1

0.1204

0.1194 =

. . , . ‘ . . comprised of a mixture of each character; the lifetime of
0 50 100 150 200 250 300 350 this intervening region, termed “mixed” and defined as
Time (s) approximately from 75% to 95% of the fraction of RNA

Ficure 5: DAP association and dissociation rate constants. (A) bound, is highly dependent upon the concentration of ligand
Diluted 100 nM (final) 70pbuE RNA into a mixture of 500 nM (Figure 6B). To describe the behavior of the system, a
2AP.tan.d inzc'giafsling total CO”Cte;gaEE)n_SrhOfs%gP I\(/:egzgd& Vch”e comparison must be made between the lifetime of the first
monitorin uorescence at 2&. e 500 n ata N

set from pganel A fit by kinetic modeling described in the Materials b'.nd!,ng phase (from 0% to 75% E)ound) afttkyap. Should

and Methods section. The inset is a table of rate constant valuesthis “binding-competent window" be less than the time to
generated from modeling. The kinetic values of 2AP binding were complete~75% of the equilibrium binding level, the switch
taken from Figures 3B and 4C. (C) A solution of 100 nM RNA  would be kinetically driven. For example, the lifetime of the

and 500 nM 2AP (final) diluted into increasing DAP (final)  kinetic regime of the system with AM adenine is on the
monitoring the quenching of 2AP. The final DAP concentrations order of 5 s, but the lifetime drops to unde s if 10 «M
are as noted for each data set. L . .
adenine is present (Figure 6B and inset). The aptamer reaches
equilibrium with 2AP and DAP on slower time scales,
competition by binding the RNA and forcing the 2AP to corresponding to their smaller association rate constants.
remain unbound. The system was modeled and the data fit To investigate the results of a kinetic competition between
for values ofkonpar @aNdKeipap (Figure 5B and inset). Despite  adenine and DAP, a simulation was performed in which 10
the similar association rate constants, the lifetime of the uM adenine and various concentrations of DAP compete
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Ficure 6: Kinetic simulation of binding and genetic decision using kinetic constants determined@t &) 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 #95% of the fraction bound; time domains below and above this zone are designated
kinetic and thermodynamic, respectively. (B) Simulated data for the interaction betwggsuF®RNA and adenine over time. Lines are

labeled with the initial adenine concentration of 10 nM, 100 nMM, and 10uM, respectively. The inset is a magnified view of the first

tenth of the time course (3 s). (C) Kinetic simulation of the competition between adeninaM(1fitial free concentration) and various

initial free concentrations of DAP (as indicated) for binding MUE RNA (1 nM initial free concentration). Note that adenine has the
advantage at early times because of its lakggbut that DAP (at 1 or 1&M) dominates binding at equilibrium because of its smalllgr

(D) Simulated dependence of the extent of adenine binding to the riboswitch°@ 2&ing the kinetic parameters reported in Figure 4. A

1 nM concentration of RNA is assumed. The different curves correspond to different valteg,af, expressed as factors okdy, where

kot is the dissociation rate constant. For the conditions of Figurekds Id about 6.5 s. The maximum value Atgyap @assumed in the
simulation is 3, or about 200 s. Under these conditions binding is at equilibriumBggid equal to thép. Deviations from equilibrium,
particularly at low adenine concentrations, are apparent Wtagap = 1/ko. AS Atgnap becomes progressively small@s, 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.

directly for 1 nM 70pbuERNA (Figure 6C). DAP does not  decision will result in the full-length message. Further, it is
begin to hinder the initial binding of adenine until reaching evident that the faster the time scale of transcription, the more
the micromolar level. Even at 10M DAP, about 70% of likely adenine will be the ligand of choice for the aptamer
the aptamer population initially binds adenine, which is a (Figure 6C).

consequence of the3-fold advantage enjoyed by adenine The simulations were also used to generate mock data of
in the association rate constant. However, the fraction of the kind that can be generally determined experimentally for
bound adenine decreases rapidly with time, which reflects riboswitches, showing the concentration dependence of the
the fast dissociation of adenine and tighter equilibrium switch properties. Using the experimental parameters deter-
binding of DAP with the aptamer. The simulations begin to mined for adenine (Figure 4), we assumed a range of values
define the kinetic and thermodynamic character of the for Atgnap Varying from 30K« to 1/15.¢. The longest of
riboswitch and give insight into the probable biological target these transcriptional delay times, B@/ allows enough time
ligand: adenine. Yet the expression platform will make the for equilibrium to be established. As shown by Figure 6D,
genetic decision to transcribe the full-length message regard-for the curve withAtgnap = 1/ko deviations between the
less of which ligand is bound to the aptamer at the time of equilibrium curve and the simulated value of adenine binding
the decision; as long as any ligand is bound, the geneticare significant at ligand concentrations beld{y. These
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Ficure 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 oAAG® values generated computationally from the program RNAstructureAAIB° 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°@t 2% 40 h in O,

100 nM, 1uM, 10 uM, and 100uM adenine. P2indicates nucleotides 1. P2’ indicates nucleotides 3136. T indicates nucleotides

55—79. T' indicates nucleotides 83L06.

conditions constitute a mixed mode of control. At higher  Ligand Binding Competency during Transcripti@uring
concentrations, the resulting faster relaxation brings the active transcription of a riboswitch, a ligand binding-
kinetic simulation and the equilibrium value of binding into competent sequence exists in a temporal windoiaap,
close correspondence. However, &iknap becomes even  prior to which the nascent aptamer transcript has not cleared
smaller, kinetic control takes over, so tigap values become  the polymerase and after which the genetic decision has been
progressively larger. It is also noteworthy that that the made. The ligand is not able to bipduEuntil the aptamer
concentration response curves become more abrupt at thés formed, which occurs when approximately 80 nucleotides
high concentration limit in the kinetic control regime. For have been incorporated (Figure 7A), assuming a polymerase
example, whemtrnap = 30Ky (the equilibrium case), a  toeprint of 10-12 nucleotides (gray boxes in Figure B)(
190-fold decrease of ligand concentration is required to 32). The binding-competent window, defined approximately
reduce the switch occupancy from 99% to 50%. Bt{nap by progressive incorporation of nucleotides-810 into the

= 1/150 (kinetic control), the ligand concentration has transcript (from the point at which the aptamer can form
to decrease by only 10-fold to achieve the same occupancyuntil the point at which the terminator will form), would pass
alteration. This effect could be mistakenly construed as in 2 s if thepolymerase incorporated approximately 15 bases
evidence for cooperative binding. each second3@, 34). The measured association rate constant
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for 70 pbuE and adenine (2.6< 1®* M~! st at 25°C) observable states and precludes the need to overcome the
requires uM free adenine to significantly bind the aptamer activation energy barrier, which would be expected to be
within this putatie 2 s temporal window of opportunity. The approximately equal to the bond dissociation energy and
simulated ligand response curves in Figure 6D show how would relegate the interconversion to a much slower time

the system responds to changes in the valugt@fap, which scale 86). From these studies it is likely that the intercon-
cause the control mechanism to switch between kinetic andversion between the aptamer and the terminator conforma-
equilibrium modes. tions of pbuE is possible at a rate faster than the rate of

We also sought to verify that the ligand binding-competent transcription, despite the required secondary structural
window ends when the terminator helix is formed. From in- changes.

line assay probing experiments, it is observed that even at The pehavior of thepbuE riboswitch may be further
100 uM adenine the equilibrium conformation of the full-  gyydied by identifying controlling elements within the
length mRNA leader (17buB is fixed in the binding-  yrimary sequence of the RNA. There exist two series of U
incompetent terminator structure .(Flgure 7C_). These datassiques (Figure 7A, nucleotides 780 and 87-92) after
agree with the structural predictions for this RNA; the the aptamer but before the terminator-associated series of U
decision must happen prior to the formation of the full pases that fit the transcriptional pause site profile set in the
terminator helix, defined by nucleotides-632 and 73-79 ribD RNA system (1). Likewise, the FMN-dependent
base pairing with nucleotides 886 and 89-98, respec- jposwitch in theribD RNA had two pauses that assisted
tively. _ _ o the riboswitch function by providing the RNA additional time
RNA Structural Energetics during Transcriptiohnother {4 fold correctly and bind the ligand prior to the polymerase
potentially rate-limiting process that must occur during making the antiterminator strand available. Without an
Atrnap if termination is to be the outcome is an RNA  gqtimation of the lifetime of these putative transcriptional

conformational switch to form the terminator helix in the 5se sites, no conclusions can be drawn about their impact
absence of adenine binding. We postulate, given the energet-upon the thermodynamic and kinetic character of this

ics of the RNA folds predicted by the program RNAStructure jjqswitch. So it is possible that any pausing is functional
(22) and assuming a 12-nucleotide toeprint of the RNAP on 54 provides the time required for thermodynamics to govern
the nascent transcript, that the aptamer conformation will {,o switch behavior. or the pauses, whose lifetimes are
dominate thepbuERNA until the RNAP incorporates about  jenendent upon the concentration of nucleotides and the
nucleotide 105 (Figure 7B). From that point onward, there esence of transcription cofactors such as NU3A, (act

is enough primary sequence to shift the equilibrium signifi- 54 3 fyrther biological sensor of these factors. For example,
cantly away from the aptamer fold and toward the binding- i {16 nycleotide concentration drops, thus lengthening the
incompetent terminator structure. leen the sizable rear- |itatime of the pause sites, the concentration of adenine
rangement of secondary structure required for th_e fold to required to bind the aptamer and produce full-length
shift from aptamer to terminator, important questions re- transcripts will drop down toward thp value. Thus, it is

(Tam: r'? the fOIdm? reaction in eqm’l;bnur:n ﬁnd how fasr: transcription of the expression platform domain that ulti-
folg.s this structura trr]an3|t|onl_gqcur.dw etder or not the mately defines the kinetic or thermodynamic character of a
olding reaction reaches equilibrium depends on its rate, vy, ,qyitch system. Further, the expression platform domain

which depends on the folding reaction activation energy .q4s additional control poi : .
. ; points by which the organism may
barrier. The energy difference between the fully folded 90 further refine homeostasis by genetic changes, including

PbUEREA fa\I/oritndq chE‘SBanr Etructure agdtthe S?m? Rt'r\]lA altering the lifetime and frequency of transcriptional pause
In which nucieotides (the bases used to nucleate the sites, modulating the stability and formation kinetics of the

t_erminator hglix) are kept singlg _stranded can be use_d as abinding—incompetent RNA structure, and modulating termi-
first-order estimation of the transition state barrier magnitude. nator stem stability '

The resulting free energy difference between the aptamer ) . ) _
ground state and the semistructured intermediate is predicted " Summary, thebuEriboswitch, an ON switch, is capable

to be only 1.2 kcal/mol at 37C. Given that thermal noise ~ Of binding the three ligands studied in this report. However,
per degree of freedom at room temperature is half this value € likely biological target is adenine due to the placement
(universal gas constar®, multiplied by temperature), the ©Of the pbuE gene product within the adenine metabolic
estimated activation barrier appears to be small enough toPathway (3, 14, 20) and the kinetic parameters of binding
allow an easy kinetic transition from the aptamer fold to the @denine to thepbuE aptamer. It is believed, based upon
terminator structure. Further, even in the absence of adenineinetic simulations using the measured values of the as-
during transcription, the sequence comprising the aptamersoc'at'o” and dISSOCIatI.OH rate cqnstants of aden!ne and the
fold appears first, so this structure must be overcome in order@Ptamer RNA, that this riboswitch could function as a
for the default termination structure to arise during each kinetically or a thermodynamically controlled genetic switch
individual transcription event. dependlng upon the transcription time .scale and the tran-

Other biological RNAs exhibit facile switching back and scriptional components impacting that time scale.

forth between two stable states in a manner that seems to Riboswitches represent an important strategy in genetic
bypass or cut through the activation energy barrier associatedcontrol that might be a fossil of the RNA world, yet their
with the melting out of one state in order to form the other. simplicity and energetically conservative nature help to
For example, a spliced leader RNAlieptomonas collosoma  provide organisms from all three kingdoms of life the tools
exhibits two conformational state85). The rapid intercon-  necessary to function in biology today. While more research
version (<1 s) between the two structures implies a putative is required to completely dissect the intricate mechanistic
short-lived transition state structure that bridges the two 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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