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ABSTRACT

Riboswitches are highly structured cis-acting elements located in the 5’-untranslated region of messenger RNAs that directly
bind small molecule metabolites to regulate gene expression. Structural and biochemical studies have revealed riboswitches
experience significant ligand-dependent conformational changes that are coupled to regulation. To monitor the coupling of
ligand binding and RNA folding within the aptamer domain of the purine riboswitch, we have chemically probed the RNA with
N-methylisatoic anhydride (NMIA) over a broad temperature range. Analysis of the temperature-dependent reactivity of the
RNA in the presence and absence of hypoxanthine reveals that a limited set of nucleotides within the binding pocket change
their conformation in response to ligand binding. Our data demonstrate that a distal loop-loop interaction serves to restrict
the conformational freedom of a significant portion of the three-way junction, thereby promoting ligand binding under

physiological conditions.
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INTRODUCTION

Recent discoveries have revealed that a substantial amount
of normal cellular metabolism is controlled by trans-
and cis-acting noncoding RNA sequences (Mattick and
Makunin 2006). Riboswitches are one form of RNA-mediated
regulation that acts by virtue of the RNA’s ability to directly
bind a variety of cellular metabolites (for review, see Nudler
and Mironov 2004; Winkler and Breaker 2005). In bacteria,
riboswitches are found in the 5’-untranslated region (5'-
UTR) of mRNAs and are composed of two distinct do-
mains (Fig. 1A). The upstream aptamer domain is respon-
sible for specifically binding an effector ligand. Currently,
there are at least 12 identified aptamer domains, each re-
sponding to a different metabolite, including amino acids
(Rodionov et al. 2003; Sudarsan et al. 2003; Mandal et al.
2004), nucleobases (Mandal et al. 2003; Mandal and Breaker
2004), cofactors (Grundy and Henkin 1998; Mironov et al.
2002; Winkler et al. 2002a,b; Epshtein et al. 2003; Winkler
et al. 2003), and metal ions (Dann et al. 2007). Binding of
ligand to the aptamer domain is communicated to a
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downstream domain called the expression platform con-
taining a genetic switch involving two mutually exclusive
secondary structures. For regulation at the transcriptional
level, one of these structures corresponds to a classic rho-
independent transcriptional terminator, while the other is
an antiterminator that allows for complete transcription
of the mRNA (for review, see Winkler and Breaker 2005;
Irnov et al. 2006).

To understand how riboswitches specifically recognize
small molecule metabolites, the structures of several
aptamer domains have been solved by X-ray crystallogra-
phy: the purine (Batey et al. 2004; Serganov et al. 2004),
thiamine pyrophosphate (Edwards and Ferré-D’Amaré
2006; Serganov et al. 2006; Thore et al. 2006), and S-
adenosylmethionine riboswitches (Montange and Batey
2006). Similarities between these structures include almost
complete encapsulation of ligand by the RNA, use of pe-
ripheral tertiary structure to organize the binding pocket,
and ligand-dependent conformational changes in the RNA
(Gilbert et al. 2006a). Conformational changes and tertiary
folding within the aptamer domain are particularly impor-
tant, as they are proposed to be the link between ligand
binding and the secondary structural switch that controls
gene expression.

The purine riboswitch is currently the most extensively
studied model system to understand the relationship
between RNA folding and riboswitch function. Most of

RNA (2008), 14:675-684. Published by Cold Spring Harbor Laboratory Press. Copyright © 2008 RNA Society. 675



Stoddard et al.

A

APTAMER
DOMAIN

EXPRESSION
PLATFORM

TERM

ANTI-
TERM

[ARARRRRRNE

FIGURE 1. (A) Cartoon of regulation by riboswitches. When ligand binds to the aptamer
domain (cyan), this incorporates a “switching sequence” at the 3’ side of the P1 helix (red) into
this domain, forcing the downstream expression platform (orange) to form a terminator
element. In the absence of ligand, the “switching sequence” is available to be used to form an
antiterminator that in turn allows for synthesis of the full-length mRNA. Secondary (B) and
tertiary (C) structure of the aptamer domain of the B. subtilis xpt-pbuX guanine riboswitch

aptamer domain bound to hypoxanthine (red) (PDB ID 1U8D).

this work has focused upon a conserved loop—loop inter-
action that brings the P2 and P3 helices into a parallel
orientation (Fig. 1B,C) and is essential for hypoxanthine
binding (Batey et al. 2004). A combination of single mole-
cule FRET (Lemay et al. 2006), NMR spectroscopy (Noeske
et al. 2007), and in-line probing (Mandal et al. 2003) have
demonstrated that this interaction forms in the absence
of ligand binding. However, ligand-induced folding of the
three-way junction must also occur, as inferred from the
fact that the purine nucleobase is ~98% solvent inacces-
sible when bound to the RNA (Batey et al. 2004; Serganov
et al. 2004). A combination of thermodynamic and kinetic
analyses has allowed us to propose a model in which the
purine nucleobase initially docks with a pyrimidine residue
in J3/1 (Fig. 1B,C, yellow) followed by the J1/2 and J2/3
strands (Fig. 1B,C, cyan, green) folding around the ligand
to fully encapsulate the ligand (Gilbert et al. 2006b).
Chemical probing analysis combined with isothermal
titration calorimetry (ITC) has revealed several new aspects
of ligand-dependent folding in the purine riboswitch. First,
nucleotides within the three-way junction are sufficient
for binding the high-affinity ligands guanine and 2,6-diami-
nopurine. This demonstrates that the loop—loop interaction
serves an important but non-essential supporting role
during ligand recognition. Second, nucleotides in the J1/2
and J2/3 strands of the three-way junction directly involved
in purine recognition and base triple formation in the P1
stem experience the largest ligand-dependent change in
dynamics, thus providing a direct link between binding
and gene regulation. Finally, the temperature dependence
of local structure formation in the presence and absence of
purine ligand demonstrates that a majority of the ligand
binding pocket experiences a significant reduction in con-
formational freedom upon formation of the loop-loop
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interaction. As we will discuss, the re-
striction of conformational freedom in
binding and catalytic sites by tertiary
architecture appears to be a significant
feature of RNA’s ability to function in a
biological context.

RESULTS

Conformational flexibility
in the purine riboswitch

To initially characterize the ligand-
dependent folding of the purine ribo-
switch, we probed the Bacillus subtilis
xpt-pbuX guanine riboswitch aptamer
domain in 100 mM NaCl at three
different temperatures, in the presence
and absence of 6 mM Mg*" and/or
10 wM hypoxanthine (Fig. 2). This was
accomplished using a form of chemical
probing called selective 2'-hydroxyl acylation analyzed
by primer extension (SHAPE) (Merino et al. 2005). This
technique employs N-methylisatoic anhydride (NMIA)
that reacts with 2'-hydroxyl groups in dynamic regions of
an RNA (Merino et al. 2005; Wilkinson et al. 2006). A
particularly powerful aspect of this methodology is that the
entire RNA structure can be probed simultaneously over
a wide temperature range, allowing one to monitor RNA
folding with nucleotide resolution as demonstrated for
tRNAAP (Wilkinson et al. 2005).
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FIGURE 2. NMIA probing of the guanine riboswitch aptamer
domain at three temperatures (20°C, 45°C, and 70°C) in the presence
and absence of 6 mM MgCl, and/or 10 uM hypoxanthine. Bars to the
side of the gel highlight regions of the RNA corresponding to loop and
junction regions.
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Patterns of NMIA-dependent reactivity within the RNA
under varying conditions reveal changes in the secondary
and tertiary structure (Fig. 2). At 20°C in the absence of
ligand the most extensively modified regions of the RNA lie
in J1/2, J2/3, and the turning nucleotides of L3 (G62 and
U63) when compared to a control reaction without NMIA,
indicating that these are the conformationally dynamic
regions of the RNA. The pattern of reactivity is, however,
subtly reduced upon the addition of magnesium within the
3’ side of J1/2 (Fig. 2, lanes 1,3). Addition of hypoxanthine
results in protection of both J1/2 and J2/3 with the
exception of U48 (Fig. 2, lanes 2,4), whose increased
reactivity is consistent with the crystal structure in which
it is flipped out into the bulk solvent (Batey et al. 2004;
Serganov et al. 2004). A dinucleotide platform at the top of
L3 that is formed by nucleotides G62 and U63 remains
reactive under all conditions, a consequence of the ribose
sugars adopting a reactive C2'-endo configuration in the
turn. Increasing the temperature to 45°C reveals that L2
and L3 become protected from NMIA modification only
in the presence of magnesium (Fig. 2, lanes 7,8). Even in
the presence of magnesium, the reactivity of J1/2 and J2/3
encompasses a larger number of nucleotides reflecting a
substantially increased degree of conformational freedom
in the three-way junction (Fig. 2, lanes 3,7). Increasing the
temperature to 70°C causes L2 and L3 to be reactive even in
the presence of Mg2+ (Fig. 2, lanes 11,12), and in the ab-
sence of Mg>" we also begin to observe reactivity within the
helical regions of the RNA such as P1 (Fig. 2, lanes 9,10).

Together, these data reveal a clear interdependence of
magnesium, ligand, and temperature on the RNA’s ability
to adopt a specific folding state and productively bind
hypoxanthine. At 20°C, formation of the L2-L3 interaction
is clearly independent of Mg”* and hypoxanthine, as iden-
tical results were obtained in the presence of 2 mM EDTA
(data not shown). This supports previous findings that
Mg*" is not required for ligand binding or formation of
the loop—loop interaction at this temperature (Lemay et al.
2006; Noeske et al. 2007).

The loop-loop is important but not essential
for ligand binding

There is a striking similarity between the three-dimensional
architectures of the purine riboswitch (Batey et al. 2004;
Serganov et al. 2004) and the natural hammerhead ribo-
zyme (Martick and Scott 2006). Specifically, they both
contain an active site embedded within a three-way junc-
tion and a peripheral loop-loop interaction that facilitates
the RNA’s activity. While the ribozyme functions at physi-
ological ionic conditions with the peripheral loop-loop
interaction, it requires high concentrations of Mg*" in its
absence (Khvorova et al. 2003; Canny et al. 2004). None-
theless, only nucleotides within the three-way junction of
the hammerhead are both necessary and sufficient for

function; could the same be true of the purine riboswitch
aptamer domain?

Previously, we tested the importance of the L2-L3
interaction with a minimal aptamer domain in which the
terminal loops were replaced with stable UUCG tetraloops,
GR(L2,L3-UUCG), to completely ablate the tertiary inter-
action (Batey et al. 2004). When tested for hypoxanthine
binding at 10 mM Mg**, no detectable binding was ob-
served (Batey et al. 2004). Similar results were obtained in
a mutagenic survey of the adenine riboswitch (Lemay et al.
2006). As these analyses were performed with the lower
affinity ligands hypoxanthine (K; = 760 nM) and adenine
(K4 = 300 nM), we hypothesized that a minimal aptamer
domain may only productively bind high affinity ligands
(guanine [K; = 3 nM] or 2,6-diaminopurine [K; = 17 nM])
in the presence of elevated magnesium concentrations
(Gilbert et al. 2006b). If the role of the distal loop—loop
interaction is to influence the conformational freedom of
the three-way junction, we would predict that the high
affinity ligands (guanine and diaminopurine) can pro-
ductively bind the minimal three-way junction. To test
this by isothermal titration calorimetry (ITC), we must use
a highly soluble ligand to measure potentially weak binding,
limiting us to 2,6-diaminopurine (DAP). Therefore, a C74U
mutation was introduced into the minimal purine riboswitch
aptamer domain [GR(L2,L3-UUCG, C74U)], which pre-
vious studies have shown to be the only change required to
confer a specificity switch to adenine (Mandal and Breaker
2004; Gilbert et al. 2006b; Lemay and Lafontaine 2007).

Measurement of the affinity of GR(L2,L3-UUCG, C74U)
RNA for DAP reveals specific ligand binding with an
apparent equilibrium dissociation constant of 4 pM in
10-200 mM MgCl, (Table 1). Comparison of this value to
both the Vibrio vulnificus add adenine riboswitch and the
B. subtilis xpt-pbuX guanine riboswitch bearing the C74U
mutation, each of which bind DAP with a K; of 20 nM in
10 mM MgCl,, reveals that the L2/L3 tertiary interaction
provides ~3.3 kcal mol ' energy to facilitate ligand bind-
ing. This value also corresponds to the AAG for the most
deleterious loop mutants tested in several other studies
(Lemay et al. 2006; Gilbert et al. 2007). Under near physio-
logical magnesium concentrations (I mM), this affinity
decreases ~10-fold and the AAG increases to ~v4.1 kcal
mol ', Therefore, nucleotides within the three-way junc-
tion are necessary and sufficient to specifically bind ligand
while the peripheral loop—loop interaction plays an impor-
tant but non-essential supporting role.

To further define the relationship between the loop—loop
interaction and binding of high and low affinity ligands,
chemical probing was performed on the wild-type xpt-pbuX
guanine riboswitch aptamer domain (GR), an RNA con-
taining a loop—loop mutation that ablates the tertiary
interaction, GR(G37A), and an RNA in which both loops
are replaced by a UUCG tetraloop, GR(L2,L3-UUCG) (Fig.
3). These three RNAs were modified at either 20°C or 45°C
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TABLE 1. Isothermal titration calorimetry measurements of DAP binding to loop deletions

of the purine riboswitch.

function of temperature (20°C-80°C)
in the presence and absence of 10 pM

hypoxanthine, 100 mM NaCl, and 6

oo Ko AH q e g A mM MgCl, (Fig. 4). From these data,
(mM) (LM) (kcal mol™") (kcal mol™") n P X .
we are able to quantify the reactivity of
GR(L2,L3-UUCG, C74U):DAP each nucleotide using the SAFA pro-
200 43 * 0.2 —45 £ 3 —7.4 0.7 = 0.1 1.4 gram (Das et al. 2005). To control for
50 3.7 £ 0.5 -39 £ 2 —7.5 0.7 = 0.1 17 C e . .
10 43 = 01 _49 + 1 74 07 + 01 29 variability in loading between lanes, we
1 56 + 2.8 ) _59 0.6 + 0.1 11 used the reactivity of U63 as an internal
GR(C74U):DAP control. This nucleotide resides at the
1 0.059 = 0.001 —44 *= 1 —10 1.0 £ 0.1 164

top of L3 and displays a high degree of

n represents the apparent ligand:RNA ratio at saturation.

beis equal to (n e K, e [RNA]) where K, is the equilibrium association constant and [RNA] is
the concentration of [RNA] in the sample cell. Free energies of reaction (AG) can be
accurately measured for values of ¢ between 0.5 and 500 (Wiseman et al. 1989; Turnbull

and Daranas 2003).

with 100 mM NaCl and 6 mM MgCl, in the presence
and absence of hypoxanthine or guanine. We observed that
GR binds both hypoxanthine and guanine, resulting in a
similar pattern of modification at 20°C (Fig. 3A); elevation
of the temperature to 45°C abolishes hypoxanthine binding
while guanine binding remains productive. The G37A
mutant, the most deleterious point mutation in the loops
(Lemay et al. 2006; Gilbert et al. 2007), does not bind hypo-
xanthine at 20°C but is competent to bind guanine (Fig.
3A). Notably, guanine binding results in a modest pro-
tection of the loops, indicating that ligand binding can
promote the formation of this suboptimal tertiary element,
as has been observed by NMR spectroscopy (Noeske et al.
2007). At 45°C, the ability to bind either ligand is abolished.
A similar result is observed for the UUCG construct, which
completely lacks a loop—loop interaction; however there is
never a restoration of the loop—loop interaction (Fig. 3B).

The other notable feature of these experiments is that the
pattern of reactivity in the three-way junction is markedly
different between wild-type and loop mutant RNAs. For
example, in the wild-type RNA, we observe that nucleotides
U22 and A23 display a greater level of reactivity than A24—
U26 in J1/2, while in J2/3 nucleotides U48-U51 are the
most reactive. Abolishing the distal loop—loop interaction
in both mutants results in an increased level of reactivity
in both joining regions (Fig. 3A,B) that reflects the same
pattern of reactivity observed for the wild-type RNA at
45°C (Fig. 2, lane 7). A lesser effect is also seen in J3/1. This
demonstrates that stable formation of a distal tertiary
interaction directly and significantly influences the struc-
ture of the ligand binding pocket.

Ligand-induced folding of the riboswitch
aptamer domain

To investigate ligand-dependent folding of the RNA, we
monitored the NMIA reactivity of the aptamer domain as a
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modification by NMIA at all temper-
atures in the presence and absence of
hypoxanthine. Upon applying this cor-
rection factor, the scaled reactivity of
each base can be plotted as a function
of temperature (Fig. 5). The chemical
reactivity profiles were then fit to a two-
state model that allows extraction of the melting temper-
ature for each base as previously described (Wilkinson et al.
2005).

One complicating issue with this technique is that we
consistently observed a decrease in reactivity for the major-
ity of nucleotides at higher temperatures. This is easily
observed for nucleotides that become fully reactive at
temperatures less than 50°C, resulting in a bell-shaped melt-
ing curve that artificially elevates the predicted T,, values
(Fig. 5C). This behavior was also observed in the analysis of
tRNA™P (Wilkinson et al. 2005). To ensure that this is not
due to increased degradation of the RNA at higher temper-
atures, we ran control experiments in which the RNA was
treated exactly as before, except that it was exposed to the
DMSO solution without NMIA (data not shown). The back-
ground degradation pattern of the RNA did not change
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FIGURE 3. NMIA probing in the presence and absence of low and
high affinity ligands (hypoxanthine and guanine, respectively). (A)
Aptamer domain RNA from wild-type GR and a G37A mutant and
(B) a guanine riboswitch aptamer domain with loops 2 and 3 replaced
by a UUCG tetraloop [GR(L2,L3-UUCG)].
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FIGURE 4. NMIA probing of the guanine riboswitch aptamer
domain in the absence (A) and presence (B) of 10 uM hypoxanthine
for quantifying the melting behavior of the RNA with nucleotide
resolution. The RNA was probed in the presence of 6 mM MgCl,.
Numbers to the side of the gels denote the nucleotide position, and
the bars correspond to the nonhelical regions of the RNA.

between 20°C and 80°C when reacted for five half-lives
(data not shown). We also performed several experiments
with lower NMIA concentrations to ensure that we were
not overmodifying the RNA at the higher temperatures;
this experiment yielded identical results to the original data
(data not shown). In addition, a complication of this
experiment is that the pK, of the buffer system (HEPES)
changes as a function of temperature (ApK,/AT°C =
0.0014) that may also give rise to this effect. To control
for this, the buffer pH was altered in each individual
reaction such that, upon heating, all samples will have an
identical pH (8.0). Buffer compensation, however, did
not dramatically change the melting profiles in a way that
would account for the unidentified effect. Therefore, to
deal with this issue, for nucleotides that had well-defined
upper baselines before the reactivity begins to diminish,
we applied a rolling weighting function to the upper tem-
perature points (Fig. 5C; Wilkinson et al. 2005). The T,
estimates are accurate within two degrees of the actual T,
as demonstrated by the analysis of tRNA*P, and thus this
experiment accurately reflects bulk melting behavior ob-
served using other techniques (Wilkinson et al. 2005).

In the presence and absence of hypoxanthine, a group
of nucleotides corresponding to helices P1, P2, and P3,
displayed T,, values >70°C C (Fig. 6). As expected, this
indicates that the A-form helices are more thermally stable
than the nucleotides involved in nonhelical structures in
the loop-loop interaction and three-way junction. An
exception to this are bases A21 of P1 and A44 within P2
that exhibit T, values between 50°C and 60°C. Bases within
L2, L3, and J3/1 display ligand-independent melting tran-
sitions that occur between 50°C and 65°C (Fig. 6). The
correlation in melting transitions for nucleotides in L2 and
L3 is expected, as they form a single tertiary interaction.
This behavior was also observed for nucleotides in the D-

and T-loop of tRNA*P, which also form a loop-loop inter-
action (Wilkinson et al. 2005). Notably, the nucleotides
in J3/1 show a similar correlation to the loop nucleotides,
suggesting that their conformation is likely coupled to the
distant loop—loop tertiary interaction.

Melting behavior for the majority of bases located within
the J1/2 and J2/3 regions display a varying dependence on
the presence of ligand (Fig. 6). In the presence of hypo-
xanthine, bases U22-C26 of J1/2 and A45-C53 of J2/3 are
characterized by a narrow range of T, values between 38°C
and 45°C. In the absence of hypoxanthine, nucleotides
A23-C26 of J1/2 and U47/A52-C53 of J2/3 display T,,
values ~10°C lower than observed in the presence of
ligand. Since these values reside between 28°C and 33°C,
these nucleotides are restricted in their dynamics as com-
pared to adjacent nucleotides (U22 and U48-U51; see
below). The conformational restriction of these nucleotides
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FIGURE 5. Melting profiles for several nucleotides in the aptamer
domain. (A) Reactivity profile for nucleotide G37, which resides in
loop 2 in the absence (triangles) and presence (circles) of hypoxan-
thine. The dashed line represents the best fit to a model describing a
two-state transition. (B) Reactivity profile for U51, a nucleotide in
J2/3. The data for reactivity in the absence of ligand (triangles)
showed no transition, so they are not fit to a curve. (C) Expanded
view of data in panel B. Note that at high temperatures there is a
pronounced drop in reactivity; the impact of this effect was reduced
with a rolling weighting function to accurately quantify the transition.
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FIGURE 6. Apparent transition midpoints (7T,,s) for each nucleotide
in the RNA in the absence (red triangles) and presence (blue circles)
of hypoxanthine. Error bars represent the measured error from three
independent experiments. Colored bars on the fop highlight the dif-
ferent architectural elements of the RNA.

is due to formation of the L2-L3 interaction, as supported
by the markedly enhanced reactivity of J1/2 and J2/3 when
it is ablated (Fig. 3A,B). Bases U22 and U48-U51 display
T,, values more than 20°C lower than observed in the
presence of ligand. Actual T,, values are not known for
these bases in the absence of ligand, as they are fully
reactive at the lowest temperature tested; thus they are
assigned as 20°C. The identities of these bases are signif-
icant, as U22 and U51 are directly involved in hydrogen
bonding with hypoxanthine. Also, bases U49 and C50
participate in the formation of two base triples with the
top two base pairs of the P1 helix. This region of P1
contains the switching sequence that determines secondary
structure formation in the expression platform and sub-
sequently the on/off state of the riboswitch. The large
change in T, upon ligand binding as well as a low T, in the
absence of ligand are entirely consistent with our previously
proposed model in which J1/2 and J2/3 are the conforma-
tionally dynamic regions of the junction that fold around
the ligand following its initial recognition by the specificity
pyrimidine C74 in J3/1 (Gilbert et al. 2006b).

DISCUSSION

A key feature of the purine riboswitch is a distal loop—loop
interaction that is important for ligand binding under
physiological conditions (Batey et al. 2004; Lemay et al.
2006). The use of RNA tertiary structure to facilitate its
biological function is a common feature of small ribozymes
(Murchie et al. 1998; Khvorova et al. 2003; Zamel et al. 2004),
RNP assembly (Recht and Williamson 2004; Talkington et al.
2005), RNA-RNA interactions (Hodak et al. 2005), as well
as for riboswitches (Batey et al. 2004; Montange and Batey
2006; Serganov et al. 2006; Thore et al. 2006). For example,
the natural hammerhead and hairpin ribozymes require
peripheral tertiary elements to achieve maximal catalytic
rates under physiological Mg”>* conditions (0.1-1 mM)
(Murchie et al. 1998; Fedor 1999; Khvorova et al. 2003). A
comparison of the structures of the natural and minimal
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hammerhead ribozymes indicates that the role of tertiary
architecture is to promote an active site conformation in
the ground state that is significantly closer to that of the
transition state (Martick and Scott 2006). Kinetic analysis
of wild-type and minimal hammerhead ribozymes directly
demonstrates that distal structural elements enhance catal-
ysis by shifting the population of RNAs toward a catalyt-
ically active state (Canny et al. 2004).

The purine riboswitch displays a similar architecture to
the hammerhead ribozyme, suggesting that they may re-
spond comparably to the loss of distal tertiary structural
features. Accordingly, our binding studies reveal that com-
plete removal of the loop—loop interaction of the purine
riboswitch aptamer domain, akin to the minimal hammer-
head construct, does not completely destroy activity under
in vitro conditions. Loss of this feature decreases the
binding affinity for 2,6-diaminopurine by ~3.3 kcal mol '
and requires elevated Mg>" concentrations to achieve the
highest affinity of binding. Furthermore, increased concen-
trations of magnesium cannot fully compensate for the loss
of the loop-loop interaction; at high magnesium concen-
trations (10-200 mM) the binding affinity for 2,6-diami-
nopurine plateaus at ~100-fold lower than wild type at
1 mM Mg”". It is important to note, however, that under
biological conditions the loop—loop interaction is essential
for proper riboregulation. This is underscored by the fact
that nucleotides in both L2 and L3 that form two base
quadruples are >97% conserved across all known purine
riboswitches (Griffiths-Jones et al. 2005; Barrick and
Breaker 2007). Structural organization of the aptamer do-
main by the loop-loop interaction may serve to increase
the rate at which the ligand productively binds, which is
likely a critical feature of kinetically driven riboswitches
(Wickiser et al. 2005a).

Clearly, the tertiary interaction facilitates ligand binding
in a fashion that magnesium cannot, despite the fact that
each RNA achieves the same bound conformation in the
junction. One interpretation is that, like the hammerhead
ribozyme, distal structural elements increase the popula-
tions of active conformers. This view is supported by a
comparison of the reactivity pattern of nucleotides in the
three-way junction in wild-type and loop mutant RNAs.
Two very different types of mutants in the loop show
increased patterns of reactivity in J1/2 and J2/3, indicating
that loss of the L2-L3 interaction increases the conforma-
tional dynamics of the junction, despite the presence of
6 mM Mg>". This is consistent with the finding that certain
nucleotides in the junction are highly phylogenetically
conserved because they play important roles in maintaining
a binding-competent free state (Gilbert et al. 2007; Lemay
and Lafontaine 2007). Together, this argues that the
unliganded binding pocket is biased toward conformations
via tertiary interactions and conserved junction sequence
elements that favor purine binding; but, what exactly is the
“structure” of the free state?
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NMR spectroscopy and in-line probing suggest the entire
three-way junction region of the RNA is highly disorga-
nized in the absence of ligand (Mandal et al. 2003; Noeske
et al. 2005). However, some aspect of the binding pocket
must be organized to serve as an initial docking site for
productive ligand binding. Using thermodynamic and
kinetic approaches, we proposed that the ligand-binding
pocket is preorganized with respect to J3/1 yet dynamic in
J1/2 and J2/3 (Gilbert et al. 2006b) and the results of the
current investigation strongly support this model. Con-
sistent with this model, the high degree of correlation in
observed transition midpoints between J1/2 and J2/3 in
the bound state suggests that they simultaneously undergo
a single folding event when the purine nucleobase pro-
ductively binds the RNA.

Within J1/2 and J2/3 we also observe a pronounced
gradation of transition midpoints in the absence of ligand
(Fig. 6). Plotting these midpoints onto the structure of
the bound RNA (Fig. 7) reveals that nucleotides directly in-
volved in ligand binding and formation of base triples with
P1 are the most dynamic in the absence of ligand and
become significantly more ordered in the presence of li-
gand. In contrast, nucleotides above the purine-binding site
(A23-C26 of J1/2 and U47/A52—-C53 of J2/3) display much
smaller changes in observed T,, in response to ligand
binding, suggesting that this region of the junction is con-
formationally restricted prior to ligand binding. This is
consistent with the observation that the fluorescence of
2-aminopurine at the 24 position undergoes a small change
between the bound and unbound forms of the RNA
(Rieder et al. 2007).

Conformational restriction of the upper region of the
junction (G46-C53eA23 and U22-A52eA73 base triples)
explains how the distal loop—loop interaction facilitates
ligand binding. The L2-L3 interaction brings P2 and P3
parallel to one another, inducing formation of an impor-
tant hydrogen bonding contact between the U25-A45 and

| S |
20 40 60 80
Transition Midpoint (°C)

FIGURE 7. Superposition of apparent transition midpoints (7,,s)
on the structure of the three-way junction in the (A) absence and
(B) presence of ligand. Blue represents regions with high melting
transitions (> 65°C), green for intermediate T,,s (45°C-65°C) and red
for low T,,s (< 30°C).

C54—G72 pairs at the base of these helices adjacent to the
junction. Parallel positioning of these two helices further
allows J2/3 to act more as a terminal loop through
formation of a closing G46—-C53 Watson—Crick pair along
with interactions with A23 and A24 of J1/2 to stabilize
the top of the junction. Concurrently, J3/1 is organized via
coaxial stacking of P1 and P3, presenting the critically
important pyrimidine 74 for initial docking by the ligand.
However, it is important to emphasize that the above
describes one of many conformations accessible by the free
state; the distal tertiary interaction only serves to increase
the populations of productive states in solution. Thus, the
loop-loop interaction serves to conformationally restrict the
free state, thereby increasing the number of productive
collision events. This is in contrast to a “predetermined”
induced fit binding mechanism in which specific base pairs
in the junction are obligatorily and stably formed prior to
ligand binding (Ottink et al. 2007).

The lack of a strict requirement for a “predetermined”
three-way junction is clearly evident by the fact that there is
not an absolute requirement for the distal tertiary interac-
tion during productive binding. Comparison of the wild-
type RNA at various temperatures reveals that at 45°C the
reactivity pattern reflects a formed L2-L3 interaction, but
the pattern in J1/2 and J2/3 is identical to that at 70°C. It
is also clear that 10 wM hypoxanthine does not appear to
bind the RNA at 45°C, revealing that the increased disorder
of the three-way junction is extremely deleterious for this
low affinity ligand. Guanine, on the other hand, is able to
bind the junction at elevated temperatures because it has
~3 kcal mol ! more binding energy available to overcome
the enhanced flexibility of the binding pocket, allowing it
to form the interactions observed in the crystal structure.
For this ligand, the loss of conformational restriction of
the junction by either mutations or temperature does not
prohibit productive binding, indicating that preorganiza-
tion is not an absolute requirement for the RNA’s activity.

Another critical feature of riboswitch mediated genetic
regulation is a strong linkage between ligand-dependent
conformational changes and the secondary structural switch
of the downstream expression platform. The observations
made in this study reveal two aspects of the mechanism by
which this occurs. First, an increased population of pro-
ductive binding states within the three-way junction is
conferred by the loop—loop interaction and has a dramatic
effect on the rate at which ligand binds the RNA. Previous
studies have noted that the bimolecular association rate
constant between the nucleobase ligand and RNA is slow
(~10° M~' s7') (Wickiser et al. 2005a; Gilbert et al.
2006b). Without populating productive states, ligand bind-
ing would be far too slow for effective riboregulation to
occur, especially in light of findings that suggest some ribo-
switches are kinetically controlled (Wickiser et al. 2005a,b).
This is supported by the observation that increasing mag-
nesium concentrations has a greater effect on the ligand
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association rate constant rather than the dissociation rate
constant (Gilbert et al. 2006b). Second, this model clearly
shows how ligand binding and the secondary structural
switch are intimately coupled. In the limited folding event
of the three-way junction, ligand binding and formation of
base triples between J2/3 and P1 likely occur in a concerted
fashion. This is evident by the fact that the melting tran-
sitions for all nucleotides in J1/2 and J2/3 are ~40°C in
the presence of ligand. Since the base triples are proposed
to stabilize the 3’ side of the P1 helix to prevent its incor-
poration into the competing antiterminator element, this
mechanism yields a clear picture as to how the RNA
couples ligand binding to the secondary structural switch.
Like allosterically regulated proteins, riboswitches directly
couple ligand binding to conformational changes to confer
biological function.

MATERIALS AND METHODS

RNA preparation

A DNA template for in vitro transcription of the B. subtilis xpt-
pbuX aptamer domain was generated using PCR amplification
from a series of overlapping oligonucleotides. All RNA constructs
contain both the 5" and 3’ structure cassettes, as previously
described (Wilkinson et al. 2006), to allow for primer binding
outside of the RNA sequence of interest. The DNA sequence of the
wild-type aptamer domain RNA (GR) used for chemical probing
in this study is as follows (boldface denotes the aptamer domain
RNA sequence): GCGGAATTCTAATACGACTCACTATAGGCC
TTCGGGCCAACGCGGACATATAATCGCGTGGATATGGCAC
GCAAGTTTCTACCGGGCACCGTAAATGTCCGACTATGTCC
GCGTCGATCCGGTTCGCCGGATCCAAATCGGGCTTCGGTC
CGGTTC. The loop mutants are essentially the same sequence.

DNA was amplified in a standard PCR reaction (Sambrook and
Russel 2001) containing 1 wM outer oligonucleotides, 10 nM inner
oligonucleotides, 2 mM dNTPs, 10X ThermoPol reaction buffer
(NEB), and 1 unit of Taq polymerase. RNA was synthesized using
an in vitro transcription reaction containing 1X transcription
buffer (30 mM Tris-HCI at pH 8.0, 20 mM DTT, 0.01% [v/v]
Triton X-100, 3.4 mM spermidine), 32 mM MgCl,, 4 mM each
rNTP, 0.25 mg/mL T7 RNA polymerase, 50 nM DNA template
(Milligan et al. 1987; Doudna 1997). RNA was precipitated at
—20°C overnight in 70% (v/v) ethanol, then centrifuged at 3000g
for 30 min. The pellet was resuspended in buffer containing
0.1 mM EDTA and 8 M urea and the RNA purified on a 12%
polyacrylamide gel (29:1 acrylamide:bisacrylamide). RNA was
visualized by UV shadowing, excised from the gel, and electro-
eluted into 0.5X TBE buffer, followed by concentration and
buffer exchange into 0.5X TE buffer using an Amicon 10-kDa
MWCO microconcentrator.

Temperature dependent RNA modification
with NMIA

Two picomoles RNA as measured by UV absorbance were sus-
pended in 12 pL 0.5X TE and denatured at 90°C for 2 min,
then refolded on ice for 10 min. Six microliters of folding buffer
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(333 mM HEPES at pH 8.0, 20 mM MgCl,, 333 mM NaCl) and
ligand were then added to the RNA and incubated at room
temperature for 20 min. Reactions performed in the absence of
magnesium were later supplemented with 3 mM magnesium to
allow for efficient reverse transcription. During incubation, the
RNA was separated into two 9-pL reactions in 100 pL PCR tubes
for plus and minus N-methylisatoic anhydride (NMIA, Sigma-
Aldrich) reactions. A 130-mM NMIA stock is prepared in anhy-
drous DMSO (Sigma-Aldrich) immediately prior to performing
each modification reaction. Upon addition of 1 pL of NMIA
stock, the reaction is allowed to proceed five half-lives according
to the equation

t1/2 = 302.33* exp[—0.95044*T(°C)], (1)

where t,,, is the half-life of NMIA at temperature T in aqueous
solution (Merino et al. 2005; Wilkinson et al. 2005, 2006). After
modification is complete, 3 L of 32p 5'_end labeled reverse
transcription primer (~0.3 puM, 5'-GAACCGGACCGAAGCC
CG) is added and allowed to incubate at 65°C for 5 min. A
second incubation at 35°C for 20 min is sufficient to promote
primer annealing, followed by a 1-min incubation at 52°C to
facilitate efficient primer extension. Addition of 6 pL enzyme mix
(250 mM KCl, 167 mM Tris-HCl at pH 8.3, 1.67 mM each dNTP,
17 mM DTT, 0.33 units Superscript III) initiates the extension
reaction and is stopped after 5 min by the addition of 1 nL 4 M
NaOH. The reaction is incubated for 5 min at 90°C followed by
an additional 5-min incubation in the presence of 29 L acid stop
mix (4:25 [v/v] mixture of 1 M unbuffered Tris-HCI and stop dye
[85% formamide, 0.5X TBE, 50 mM EDTA at pH 8.0, 0.1%
(w/v) bromophenol blue and xylene cyanol]). Sequencing reactions
are performed exactly as previously described for an NMIA
modification reaction; however, NMIA is excluded. Addition of
3 wL 10 mM ddATP, ddTTP, ddCTP, or ddGTP to 6 pL enzyme
mix is sufficient to generate strong sequencing stops. All samples
are separated on a 0.33-mm-thick 12% polyacrylamide gel (29:1
acrylamide:bisacrylamide, 1X TBE, 8 M urea). Two micorliters
of sequencing reactions or modification reaction are loaded and
electrophoresed at 55 W for 5-6 h.

Analysis of NMIA accessibility data

Upon gel drying, phosphorimaging was used to quantify individ-
ual band intensities, and Semi Automated Footprinting Analysis
software (SAFA) (Das et al. 2005) was used to generate output den-
sities. Following scaling to the reactivity of U63, data for each
nucleotide were fit to a model describing a unimolecular melting
transition

I=A ! +b, )

e )

where I is the band intensity, AH,y is the van’t Hoff enthalpy, T,
is the transition midpoint, T is temperature, and A and b are the
transition amplitude and initial intensity (Wilkinson et al. 2005).
Data exhibiting a significant decrease in reactivity at elevated
temperatures were weighted to allow for fitting in Kaleidagraph.
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van’t Hoff enthalpy values (AH, ) were found to display a wide
range of values and are not considered to be useful in our analysis
due to sparse temperature sampling (data points were take every
5°C for practical considerations). To visualize melting behavior,
B-factor values of the 1U8D PDB text file were replaced with
scaled, inverse T,, values.

Isothermal titration calorimetry (ITC)

RNAs were prepared for ITC by dialysis for 16 h against 1 L of a
buffer solution containing 50 mM K-HEPES (pH 7.5), 100 mM
KCl, and the indicated MgCl, concentration at 4°C. Hypoxan-
thine and 2,6-diaminopurine (HX and DAP; Sigma-Aldrich) were
dissolved in the buffer that the RNA was dialyzed against to ensure
an exact buffer match. Concentrations of the ligand and RNA
solutions were determined using spectrophotometer readings at
260 nm for RNA, 278 nm for DAP (g,,5 = 10,200 M~ cm ™), and
249.5 nm for HX (€495 = 10,700 M™! cm™") with the result that
DAP and HX were ~8X more concentrated than the RNA. Prior
to titration, the RNA and purine samples were degassed for 10
min at 25°C. All ITC experimental parameters were set at 30°C, a
reference power of 5 pcal sec” !, an initial delay of 60 sec, and a
titration of either sixty 5 pL (for higher concentrations of MgCl,)
or thirty 10 pL injections (for lower MgCl, concentrations) at
an injection rate of 0.5 wL sec” ' with individual injections spaced
240 sec apart and a stir speed of 300 rpm. Data collected from
each experiment were fit to a single-site binding isotherm that
yielded values for the change in enthalpy, AH, and the association
constant, K, (Pierce et al. 1999; MicroCal 2003).
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