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ABSTRACT

The thi-box riboswitch regulates gene expression in response to the intracellular concentration of thiamine pyrophosphate (TPP)
in archaea, bacteria, and eukarya. To complement previous biochemical, genetic, and structural studies of this phylogenetically
widespread RNA domain, we have characterized its interaction with TPP by isothermal titration calorimetry. This shows that
TPP binding is highly dependent on Mg2+ concentration. The dissociation constant decreases from ;200 nM at 0.5 mM Mg2+

concentration to ;9 nM at 2.5 mM Mg2+ concentration. Binding is enthalpically driven, but the unfavorable entropy of binding
decreases as Mg2+ concentration rises, suggesting that divalent cations serve to pre-organize the RNA. Mutagenesis,
biochemical analysis, and a new crystal structure of the riboswitch suggest that a critical element that participates in
organizing the riboswitch structure is the tertiary interaction formed between the P3 and L5 regions. This tertiary contact is
distant from the TPP binding site, but calorimetric analysis reveals that even subtle mutations in L5 can have readily detectable
effects on TPP binding. The thermodynamic signatures of these mutations, namely decreased favorable enthalpy of binding and
small effects on entropy of binding, are consistent with the P3–L5 association contributing allosterically to TPP-induced
compaction of the RNA.
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INTRODUCTION

The thi-box riboswitch is an mRNA element that regulates
gene expression in response to the intracellular concentra-
tion of thiamine pyrophosphate (TPP) (Miranda-Rı́os et al.
2001; Winkler et al. 2002; Miranda-Rı́os 2007). At present,
it is the riboswitch with the broadest known phylogenetic
distribution (Kubodera et al. 2003; Sudarsan et al. 2003;
Bocobza et al. 2007; Cheah et al. 2007) and has been shown
to be a target of an antibacterial compound (Sudarsan et al.
2005). Crystal structures have been reported of the aptamer
domains of the TPP-responsive riboswitches thiM from
Escherichia coli (Edwards and Ferré-D’Amaré 2006; Serganov

et al. 2006) and thiC from Arabidopsis thaliana (Thore et al.
2006), both in complex with TPP. Superposition of these
structures reveals nearly identical folds with minor varia-
tions due to insertions and deletions in nonconserved
regions. The thi-box RNA is h-shaped (Fig. 1), with the
TPP bridging the ‘‘pyrimidine sensor helix’’ (the coaxial
stack of the P1-P2-P3 paired regions) and the ‘‘pyrophos-
phate sensor helix’’ (the P4-P5 stack) (Thore et al. 2006).
The aminopyrimidine ring of TPP is recognized by residues
of junction J3/2 of the riboswitch, where it stacks between
G42 and A43 and forms hydrogen bonds with G40 and the
29-OH of G19 (Fig. 2A). The pyrophosphate is recognized
by residues 59–61 of J4/5 and 75–78 of J5/4 as a divalent
cation chelate (Fig. 2A). Direct contacts to nonbridging
oxygens of the b-phosphate of TPP are made by N4 of C77
and N1 of G78, but all other pyrophosphate–RNA contacts
are mediated by the bound cations or their waters of
hydration (Edwards and Ferré-D’Amaré 2006; Serganov
et al. 2006; Thore et al. 2008).

Three sets of phylogenetically conserved interactions
stabilize the side-by-side packing of the pyrimidine and
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pyrophosphate sensor helices in the TPP-bound structures
of both the bacterial and the plant thi-box riboswitches
(Edwards and Ferré-D’Amaré 2006; Serganov et al. 2006;
Thore et al. 2008). First, stacking and base-pairing in-
teractions around J2/4 form the three-helix junction that
connects the two helical stacks. J2/4 is formed by stacking
of noncanonical base pairs A56dG83 and A53dA84, which
dock into the minor groove of GdC pairs in the adjacent P2.
There is continuous stacking between P1 and P2, and
between noncanonical pairs in J2/4 and P4. Second, as

described above, the bound TPP bridges the two helical
stacks. Third, residues 69 and 70 from loop L5, which folds
into a UNRN U-turn (Quigley and Rich 1976) motif
(residue 68 being the first U), dock into the minor groove
of P3 (Fig. 2B). Either monovalent (Serganov et al. 2006) or
divalent (Edwards and Ferré-D’Amaré 2006) cations have
been observed to bind to the RNA in the vicinity, possibly
stabilizing this P3–L5 interaction.

Lang et al. (2007) synthesized a number of E. coli thiM
riboswitch variants, in each of which a single nucleobase
was replaced with 2-aminopurine. They employed these
constructs and fluorescence spectroscopy to monitor the
rate constants for conformational rearrangement induced
by TPP binding in different parts of the RNA. From these
studies, they deduced that TPP-induced folding of the
riboswitch is not concerted. Instead, the P3–L5 interaction
occurs first, the pyrophosphate- and aminopyrimidine-
binding pockets form nearly at the same time or very
shortly thereafter, and the three-helix junction region (and
P1) folds last (Lang et al. 2007).

To complement the kinetic analyses of Lang et al. (2007),
we have characterized the same bacterial riboswitch
employing a combination of methods. We performed site-
directed mutagenesis based on the crystal structures and
qualitatively characterized the TPP binding activity of
the mutant RNAs using an electrophoretic mobility shift
assay (EMSA). Then, we analyzed the dependence on Mg2+

concentration of TPP binding to the riboswitch by iso-
thermal titration calorimetry (ITC). These studies show
that TPP binding to the riboswitch is enthalpically driven,
and that there is a steep dependence on Mg2+ concentra-
tion. Furthermore, together with ITC analysis of thiamine
monophosphate (TMP) binding to the riboswitch, these

FIGURE 1. Sequence and secondary structure of the E. coli thiM
riboswitch, based on the structure given by Serganov et al. (2006).
(Black boxes) Site-directed mutations examined in this study, (lines
with arrowheads) connectivity. Noncanonical pairs are denoted with
Leontis–Westhof (Leontis and Westhof 2001) symbols. (Dashed line)
Tertiary stacking interaction.

FIGURE 2. Importance for TPP binding of structural features of the thi-box riboswitch. (A) Detail of the TPP binding pocket, with magnesium
ion-dependent recognition of the pyrophosphate binding (left) and recognition of the aminopyrimidine by base pairing with G40 and stacking
interactions. (Dashed lines) Hydrogen bonds, (solid lines) inner-sphere coordination. (B) P3–L5 interactions. (C) EMSA analysis shows that the
mutation C77U is permissive for binding, whereas mutations A84U and G40U abolish binding (D). (E,F) EMSA analysis of mutants in positions
69 and 70 shows that only A69C, A69U, and A70G are permissive of binding. RNA concentration was 40 mM in C–F.

Thermodynamics of thi-box TPP interaction

www.rnajournal.org 187



calorimetric analyses suggest that higher Mg2+ concentra-
tions serve to pre-organize the RNA. Comparison of pre-
vious structures of the E. coli thiM riboswitch (Edwards and
Ferré-D’Amaré 2006; Serganov et al. 2006) reveals a dis-
crepancy in the structure of the L3 loop that is possibly due
to crystal packing interactions. Because of the proximity of
L3 to the functionally critical P3–L5 tertiary interactions,
we determined a third independent crystal structure of the
E. coli riboswitch, allowing us to establish the most likely
structure of P3 in the absence of crystal packing interac-
tions. This set the stage for a combined mutational and ITC
analysis of the two critical nucleotides 69 and 70 at the
center of the P3–L5 interaction. Our work corroborates the
functional importance of structurally characterized features
of the TPP-bound state of the riboswitch and provides
a thermodynamic framework to understand metabolite
binding and the metabolite-induced folding of the widely
distributed TPP riboswitch.

RESULTS AND DISCUSSION

Mutational analysis of structural features
of the thi-box-TPP complex

We developed an EMSA assay that allows rapid qualitative
characterization of TPP binding by the thi-box riboswitch
(Fig. 2C; Materials and Methods). Under our experimental
conditions, the wild-type RNA displays an increased elec-
trophoretic mobility when incubated in the presence of
saturating TPP concentrations prior to native gel electropho-
resis. This increase in electrophoretic mobility is consistent
with TPP binding-induced compaction of the RNA deter-
mined in solution by small-angle X-ray scattering (SAXS)
experiments (N Baird and A Ferré-D’Amaré, in prep.).

Our point-mutant RNAs (Fig. 1) displayed varying
degrees of impairment in TPP binding. The N4 exocyclic
amine of C77 makes a hydrogen bond with a nonbridging
phosphate oxygen of the pyrophosphate of the bound TPP
(Fig. 2A). Consistent both with the importance of this
interaction and with the structural observation that this
hydrogen bond is one of several interactions between the
RNA and the pyrophosphate moiety of TPP, the C77U
mutant maintains the ability to gel-shift in the presence of
TPP, but its gel-shift is smaller than that of wild-type
RNA (Fig. 2C). The nucleobase of A84 engages in multi-
ple interactions at the three-helix junction. It forms a
Hoogsteen-face pair with A53, its N1 hydrogen bonds to
the 29-OH of C50, and its N3 hydrogen bonds to the N2 of
G16. In agreement with the importance of these interac-
tions, the A84U mutant loses the ability to gel-shift in the
presence of TPP. In addition, the electrophoretic mobility
of this mutant is substantially less than that of the wild-type
or the C77U mutant RNAs, suggesting that the A84U
mutant RNA is not fully folded and that the formation of
the junction is critical for correct folding (Fig. 2C). The

nucleobase of G40 recognizes the aminopyrimidine ring of
TPP by base pairing with it using its sugar edge (Fig. 2A).
Thus, it is not surprising that the mutation G40U abolishes
TPP binding (Fig. 2D). A G40C mutation has previously
been shown to abolish TPP binding in vitro and riboswitch
activity in vivo (Ontiveros-Palacios et al. 2008). We pre-
pared all possible single mutations of A69 and A70, the
central nucleotides of L5, and find that while position
69 tolerates both pyrimidines but not G, position 70 can
only be mutated to G while maintaining TPP binding (Fig.
2E). The importance of the P3–L5 interaction (Lang et al.
2007) is corroborated by the double A69U, A70U mutant,
which is inactive in TPP binding (Fig. 2F). Overall, these
EMSA studies qualitatively confirm the importance of
crystallographically observed TPP–RNA and RNA–RNA
interactions, and emphasize the importance of the spe-
cific nucleotide sequence of L5 for TPP binding by the
riboswitch.

Thermodynamics of ligand binding to the thiM
aptamer domain

Circular dichroism (CD) studies on the E. coli thiA TPP-
responsive riboswitch by Yamauchi et al. (2005) revealed
that the aptamer domain of that RNA is markedly de-
pendent on Mg2+ to bind to its cognate metabolite. Thus,
its Kd for TPP was found to be 200 nM at a Mg2+

concentration of 0.2 mM, 36 nM at a Mg2+ concentration
of 0.5 mM, and 20 nM at Mg2+ concentrations of 1.0 mM
and higher. The riboswitch has a specific requirement for
Mg2+, as molar concentrations of Na+, or 1 mM Ca2+ in the
presence of 10 mM Na+, did not support TPP binding
comparable to that seen even at 0.2 mM Mg2+ concentra-
tion. These studies also revealed thermodynamic linkage
(Wyman 1948) between TPP and Mg2+ binding to the
riboswitch: The apparent Kd for Mg2+ of the RNA in the
absence of TPP is 0.17 mM, and Hill analysis of this Mg2+

binding revealed no cooperativity (Yamauchi et al. 2005).
We employed ITC to deconvolute the enthalpy and

entropy of TPP binding to the E. coli thiM riboswitch
aptamer domain (Fig. 3; Table 1; Materials and Methods). At
a Mg2+ concentration of 0.5 mM, the Kd for TPP is 198 nM.
Binding is enthalpically favored (DH = �24 kcal mol�1)
and entropically disfavored (�TDS = 15 kcal mol�1). The
unfavorable entropy of binding likely includes contribu-
tions from lost degrees of translational freedom (Murphy
et al. 1994), organization of the RNA and TPP, and
ion fixation. Binding becomes considerably tighter
at 2.5 mM Mg2+ concentration (Kd z9 nM), and the entro-
pic penalty is decreased markedly (DH = �18 kcal mol�1,
�TDS = 6 kcal mol�1). Increasing the Mg2+ concentration
further to 10 mM has little impact on Kd, although the
entropic penalty decreases slightly (DH = �16 kcal mol�1,
�TDS = 5 kcal mol�1). Direct characterization of dissociation
constants of this order (z9 nM) by ITC is experimentally
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problematic due to the steepness of the binding transition
under conditions in which sufficient heat for measurement
is evolved (Fig. 3B,C). However, the Kd values we deter-
mined are in good agreement with those measured for the
E. coli thiA aptamer domain by CD (Yamauchi et al. 2005)
and the E. coli thiM aptamer domain by in-line probing
(Winkler et al. 2002). We also corroborated our direct ITC
Kd measurements with competitive binding ITC experi-
ments (Feig 2007) with TMP (data not shown).

Calorimetric characterization of ligand binding has pre-
viously been reported for two other riboswitches. The
aptamer domain of the guanine-responsive riboswitch of
the xpt-pbuX operon of Bacillus subtilis was found to bind
to hypoxanthine, a physiologic ligand, with a Kd of 3 mM,
a strongly favorable enthalpy (DH = �35 kcal mol�1), and
a strongly unfavorable entropy (�TDS = 28 kcal mol�1) at
1 mM Mg2+ concentration. The Kd was found to decrease
to 1.3 mM at 5 mM Mg2+ concentration, and to 730 nM at
20 mM Mg2+ concentration, with the enthalpy remaining
favorable and the entropy unfavorable
(Batey et al. 2004). Structural, muta-
tional, and heat capacity change analy-
ses support an induced fit of the RNA
upon ligand binding that depends on
formation of distal loop–loop interac-
tions in addition to encapsulation of the
purine ligand at its binding site (Gilbert
et al. 2006). ITC analysis of ligand
binding by the tetracycline aptamer at
10 mM Mg2+ concentration demon-
strated that this artificial riboswitch
binds its cognate ligand with a Kd of
0.8 nM, again, with a favorable enthalpy
(DH =�23 kcal mol�1) and an unfavor-
able entropy (�TDS = 10.5 kcal mol�1;

Müller et al. 2006). Mutational and structural character-
ization suggest that this RNA is partially pre-organized, and
that tetracycline binding is accompanied by local folding
events in proximity to the ligand (Müller et al. 2006; Xiao
et al. 2008).

Like in the cases of the guanine and tetracycline
riboswitches (Batey et al. 2004; Müller et al. 2006), ligand
binding by the thi-box riboswitch is enthalpically driven
and Mg2+ ion-dependent. In our ITC experiments, TPP
was dissolved in buffer solutions with the same Mg2+

concentration as the RNA solutions. Therefore, the heats
of binding detected are not due to chelation of TPP by
Mg2+. In control experiments, we determined that the heat
of dilution is very small under our experimental condi-
tions (by titrating TPP dissolved in buffer with Mg2+ into
buffer with the same Mg2+ concentration; data not shown).
In addition, to control for slight Mg2+ concentration
mismatches between the TPP and RNA solutions, we
carried out experiments in which TPP in buffer without

TABLE 1. ITC analysis of ligand binding by wild-type E.coli thiM riboswitch

Ligand
Mg2+

(mM)
Kd

(nM)a
DH

(kcal mol�1)
�TDS

(kcal mol�1)b nc

TPP 0.5 197.5 6 0.7d �24.0 6 1.4 14.7 6 14 0.88 6 0.1
TPP 2.5 8.65 6 0.07d �17.6 6 0.4 6.4 6 0.4 0.83 6 0.1
TPP 10 8.43 6 1.51d �15.7 6 0.5 4.5 6 0.6 0.86 6 0
TMP 10 ;260e �13.6 4.5 0.7

aValues reported are mean 6 standard deviation.
bT = 303.15 K for all experiments. For �TDS values, error was propagated by multiplying the
error of DS by T.
cn denotes the stoichiometry indicated by the nonlinear least-squares fit.
d10 mM Mg2+ TPP titrations were carried out in triplicate; other TPP titrations were carried
out in duplicate.
eA single TMP titration was performed.

FIGURE 3. ITC analysis of TPP and TMP binding by the wild-type thiM thi-box aptamer domain. Representative TPP titrations at 0.5 mM (A),
2.5 mM (B), and 10.0 mM (C) Mg2+ concentration. (D) TMP titration at 10 mM Mg2+ concentration.
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Mg2+ was titrated into buffer solutions containing as much
as 10 mM Mg2+, but without riboswitch RNA. These
titrations evolved little heat (data not shown). The small
heat of chelation of TPP by Mg2+ is also consistent with the
thermodynamic linkage (Wyman 1948) between Mg2+ and
TPP binding to the riboswitch reflected in the CD exper-
iments of Yamauchi et al. (2005). Similarly to the behavior
of the guanine riboswitch, TPP binding by the thi-box
riboswitch becomes pronouncedly tighter at physiologic
(z1 mM) (Batey et al. 2004) Mg2+ concentration. How-
ever, unlike the guanine riboswitch, where the unfavorable
entropy drops only modestly between low and high Mg2+

concentrations (�TDS drops from 34 kcal mol�1 at 0.25 mM
Mg2+ to 25 kcal mol�1 at 20 mM Mg2+; Batey et al. 2004),
the thi-box riboswitch exhibits a sharp reduction in the
unfavorable entropy as Mg2+ is raised to physiologic levels
(Table 1). We interpret this as an indication that the thiM
riboswitch aptamer domain becomes considerably pre-
organized (Draper 2004) at physiologic or higher Mg2+

concentrations prior to the addition of TPP. Consistent
with this, TPP binding results in a substantially less favor-
able enthalpy of binding as the Mg2+ concentration is
increased (Table 1). This interpretation is also in agreement
with SAXS studies showing that the thi-box riboswitch
aptamer domain compacts, even in the absence of TPP, as
Mg2+ concentration is raised above 2.5 mM (N Baird and A
Ferré-D’Amaré, in prep.).

Crystallographic structure determination of the E. coli
thiM riboswitch in complex with TMP revealed that the
single phosphate of this metabolite is recognized by the
RNA in a manner analogous to how it recognizes the py-
rophosphate of TPP. Namely, the phosphate of TMP is
coordinated by two divalent cations, and these, and their
hydration waters, largely mediate recognition of the phos-
phate by the RNA (Edwards and Ferré-D’Amaré 2006).
Because TMP is shorter than TPP, the RNA adopts
a conformation in which the pyrophosphate and pyrimi-
dine sensor helices are closer to each other than in the
cognate (TPP) complex. In addition to this global accom-
modation, comparative analysis of the complexes of the
riboswitch with TPP, TMP, and two unnatural ligands of
lower affinity revealed an increase in static disorder of
nucleotides that form the pyrophosphate binding site as the
number of phosphates of the ligand decreased from two to
one to zero. We characterized TMP binding by the E. coli
thiM riboswitch (Fig. 3D; Table 1) and observe binding
parameters consistent with these structural findings. The Kd

for TMP is z260 nM at a Mg2+ concentration of 10 mM,
and the enthalpy of binding is less favorable than that for
TPP (�15.7 kcal mol�1 versus �13.6 kcal mol�1). In
contrast, the unfavorable entropy of binding is similar
between TPP and TMP binding (�TDS = 4.5 kcal mol�1).
The lower affinity for TMP likely results from the molec-
ular strain resulting from the additional compaction of the
RNA needed to bring the two helical stacks closer together,

and the less favorable enthalpy reflects the lower degree
of complementarity between the TMP and the RNA, as
manifest crystallographically in increased static disorder
(Edwards and Ferré-D’Amaré 2006). Since the degree of
pre-organization of the RNA induced by physiologic or
higher Mg2+ should be independent of the ligand, the
entropies of binding to TMP or TPP are similar. The
affinity of the riboswitch for TMP at lower Mg2+ concen-
trations was too weak to determine by ITC. Because
physiologic Mg2+ concentration is z1 mM (Batey et al.
2004), the 30-fold discrimination between TPP and TMP
shown by the riboswitch at a Mg2+ concentration of 10 mM
is probably a lower bound for its in vivo selectivity.

Structural plasticity of P3 and L3

Two crystal structures of the E. coli thiM riboswitch
aptamer domain in complex with TPP have been reported
(Edwards and Ferré-D’Amaré 2006; Serganov et al. 2006).
Overall, the structures superimpose very closely, with the
exception of the distal portion of P3 and of L3. In the
crystal form of Serganov et al. (2006), C24 is extruded from
P3, and its nucleobase stacks on top of A69 from L5 (Fig.
1). In this structure, L3 is formed by residues 29–31, which
adopt a U-turn like conformation with their bases exposed.
This allows C30 and G31 to form Watson–Crick pairs with
the same residues of a second RNA in the asymmetric unit
of the crystal. In contrast, in the crystal form of Edwards
and Ferré-D’Amaré (2006), C24 base pairs with A35, and
therefore does not stack on A69. Instead, the 39-terminal
nucleotide A91 of a symmetry-related molecule stacks on
this nucleotide from L5. Furthermore, this symmetry-
related A91 in turn stacks below U25 from the reference
molecule, which is extruded from P3. L3 is much larger,
comprising nucleotides 25–34, with residues 26–29 disor-
dered, and 30–33 forming Watson–Crick pairs with a sec-
ond symmetry-related molecule (Fig. 4A). Essential to this
intermolecular arrangement of three riboswitch RNAs is an
unnatural terminal 29,39-cyclic phosphate of the crystalli-
zation construct, which was generated by ribozyme cleavage
(Ferré-D’Amaré and Doudna 1996) during transcription
(T Edwards and A Ferré-D’Amaré, unpubl.). Because the
thiM aptamer domain behaves as a monomer in solution
(N Baird and A Ferré-D’Amaré, in prep.), it is unlikely that
the specific nucleotide arrangement observed in the crystal
form of Edwards and Ferré-D’Amaré (2006) occurs in vivo.
However, given that A69 is critical for riboswitch function
(Fig. 2E), it is important to establish whether stacking of
C24 on A69, made possible by extrusion of the former from
P3 (Fig. 1), is a feature of the riboswitch structure that is
not contingent on specific crystal packing interactions.

To resolve this question, we determined the structure at
3.1 Å resolution of a new crystallization construct of the
thiM riboswitch aptamer domain (Table 2; Materials and
Methods). In order to eliminate crystal packing interactions
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of L3, we replaced this loop with the binding site for the
spliceosomal protein U1A (Ferré-D’Amaré and Doudna
2000a). Comparison of the structures of unrelated RNAs
determined with and without the U1A crystallization
module, such as the hairpin ribozyme (Rupert and Ferré-
D’Amaré 2001; Ferré-D’Amaré 2004; Alam et al. 2005) and
the glmS ribozyme-riboswitch (Klein and Ferré-D’Amaré
2006; Cochrane et al. 2007; Klein et al. 2007b) have
demonstrated that placement of the U1A binding site distal
to the active site of RNAs has minimal structural impact
on their core structures. Our new structure comprises two
independent thiM riboswitch aptamer domains in the
asymmetric unit, and four copies of the RNA-binding

domain (RBD) of the U1A protein. Two of these are
binding their respective cognate sites, and two are not
making specific RNA contacts (Fig. 4B). As expected, the
structure of the core of the riboswitch is indistinguishable
from those of previous structures. Importantly, in both
RNA molecules in the asymmetric unit, C24 is extruded
from P3, and stacks on A69, in a manner indistinguishable
from that seen in the Serganov et al. (2006) crystal structure
(Fig. 4C). Therefore, the C24–A69 stacking interaction is
likely to be an authentic structural feature of the E. coli
thiM riboswitch–TPP complex. Collectively, the crystallo-
graphic studies also highlight an interesting asymmetry in
the P3–L5 interaction: While L5 appears to be insensitive to
crystal packing interactions, P3 is quite labile. Thus, it is
possible that P3 and L3 are poorly structured in the free
state of the riboswitch, and undergo folding as part of TPP
binding. This may contribute to the unfavorable entropy of
TPP binding.

Thermodynamics of mutant L5–P3 interactions

Analysis of 500 representative thi-box riboswitch structures
in the Rfam database (Gardner et al. 2009) shows that while
L3 is highly variable, L5 has a pattern of strong sequence
conservation (Fig. 5A). More than 90% of sequences have
U68 at the first position of the eponymous (Quigley and
Rich 1976) U-turn. A thi-box riboswitch with a U68A
mutation has been shown to be inactive in vivo (Ontiveros-
Palacios et al. 2008). Position 69 is usually (z74%) an aden-
osine, although cytosine is quite frequent (z19%), with
uridine being observed occasionally (z6%). Position 70 is
invariably a purine, with adenosine being predominant

FIGURE 4. Structural plasticity of P3. (A) Schematic secondary
structure and cartoon representation of the P3–L5 region of the
riboswitch in its crystalline context, in the structure given by Edwards
and Ferré-D’Amaré (2006). Interactions formed with symmetry-
related molecules in the crystal (gray and yellow) are shown. Note
intercalation of A91 from a symmetry-related molecule between U25
and A69. (B) Cartoon representation of the new E. coli thiM aptamer
domain crystal structure. The two RNA molecules in the asymmetric
unit are colored as in Figure 1. (Gray) Cognate U1A-RBDs, (green)
two additional U1A-RBDs that do not make specific RNA-binding
interactions. (C) Detail of P3–L5 interaction in the new crystal
structure. Note extrusion of C24 from P3, and its stacking on A69.

TABLE 2. Crystallographic statistics

Statistic Overall Last shell

Diffraction data
Resolution (Å) 30.0–3.1 3.2–3.1
Unique reflections/redundancy 17,359/4.4 1710/4.2
Rsym (%)a 16.9 55.6
ÆI æ/Æs(I )æ 9.3 2.6
Completeness (%) 99.5 99.5

Refinement
RNA/protein/ligand/ions (number

of atoms)
3642/2778/52/8

Rwork/Rfree
b 19.9/28.0

RMSD lengths (Å)/angles (°)c 0.008/1.3

aRsym = +|I � ÆI æ|/+I, where I is the observed intensity and ÆI æ is the
statistically weighted absolute intensity of multiple measurements
of symmetry related reflections.
bRwork = 100 3 +|Fo � Fc|/+|Fc|, where Fo and Fc are the observed
and calculated structure factors, respectively. Rfree is the same as
Rwork, but is calculated with a random 10% of the data excluded
from refinement.
cRoot-mean-square differences of model bond lengths and angles
from ideal geometry.
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(z81%). Position 71 has no clear sequence preference. Our
EMSA results (Fig. 2E), discussed above, are consistent with
this conservation pattern, as A69G, A70C, and A70U all
abolish the ability of the thiM aptamer domain to gel-shift
in the presence of TPP. To provide additional insight into
the role of positions 69 and 70 in TPP binding by the
riboswitch, we analyzed the mutants that retain in vitro
activity by ITC.

In the crystal structures, the nucleobase of A69 is
sandwiched between C24 and A70 and makes two hydrogen
bonds in the minor groove of P3: its N1 receives a hydrogen
bond from the N2 exocyclic amine of G37, and its N6
exocyclic amine donates a hydrogen bond to the O49

furanose ring oxygen of C38 (Fig. 2B). The former in-
teraction is sequence specific for both positions 69 and 37.
Only a guanosine in position 37 of P3 would place
a hydrogen bond donor at this position in the minor
groove. The interaction would be lost with an adenosine
(which has no exocyclic functional group at purine posi-
tion 2), and cytosine and uridine would place a carbonyl
oxygen at approximately the same position. In addition to
hydrogen bonding, the position of the base of A69 brings
its C2 into van der Waals contact (3.2 Å) of the furanose
ring oxygen of C23. This network of interactions explains
why the A69G mutant is inactive (Fig. 2E): a guanosine
would have an exocyclic amine at position 2 (clashing with
the furanose of C23), a hydrogen bond donor at position
N1 (clashing with the N2 amine of G37), and a carbonyl at
position 6 (clashing with the furanose of C38). The
mutations A69C and A69U are probably tolerated (Fig.
2E) because the smaller pyrimidine bases can occupy the
position of the adenosine, but do not reach deep enough

into the minor groove of P3 to make favorable or unfavor-
able interactions. This would also be consistent with the
phylogenetic conservation pattern (Fig. 5A). ITC analysis
shows that, at 10 mM Mg2+ concentration, the A69C
mutant binds TPP with a Kd of 131 nM, and the A69U
mutant binds TPP with a Kd of 152 nM (Fig. 5B,C; Table
3). Consistent with pyrimidines being tolerated at position
69 because of lack of steric clashes, the affinity for TPP of
the mutants is reduced by 16- to 18-fold and the favorable
enthalpy of binding by these mutants is somewhat smaller
than that of the wild-type (�13.2 and �13.9 kcal mol�1 for
the mutants versus �15.7 kcal mol�1 for the wild type).
Conversely, their entropy of binding (�TDS z4 kcal
mol�1) is slightly less unfavorable than that of wild type
(�TDS = 4.5 kcal mol�1).

The nucleobase of A70 makes two sequence-independent
hydrogen bonds (Fig. 2B). First, its N6 exocyclic amine
donates a hydrogen bond to the 29-OH of C38. Second, its

FIGURE 5. ITC analysis of the L3–P5 interaction. (A) Schematic representation of phylogenetic sequence conservation of the thi-box riboswitch
aptamer domain. (Solid circles, ‘‘var’’) Variable positions. A summary of the analysis of 500 sequences from the Rfam database (Gardner et al.
2009) is given for positions 69 and 70. (B) Representative ITC experiment analyzing binding of TPP to E. coli thiM aptamer domain mutant A69C.
(C) TPP titration of mutant A69U. (D) TPP titration of mutant A70G. All experiments were performed in the presence of 10 mM Mg2+.

TABLE 3. ITC analysis of TPP binding by L5 mutant E. coli thiM
riboswitches

Mutant
Kd

(nM)
DH

(kcal mol�1)a
�TDS

(kcal mol�1)b n

A69C 131 6 12.7 �13.2 6 0.4 3.7 6 3.0 0.97 6 0
A69U 152 6 9.9 �13.9 6 0.2 4.3 6 0.2 0.93 6 0
A70G 16.6 6 1.5 �15.2 6 0.6 4.3 6 0.5 1.1 6 0.1

For all experiments, the Mg2+ concentration was 10 mM.
aValues reported are mean 6 standard deviation; all titrations
were carried out in duplicate.
bT = 303.15 K for all experiments. For �TDS values, error was
propagated by multiplying the error of DS by T.
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N3 imine receives a hydrogen bond from the 29-OH of
C22. Because both hydrogen bond-partners in P3 are ribose
hydroxyls, any sequence would be tolerated in this step of
P3. The A70G mutant would be able to receive a hydrogen
bond at its N3. Although it would have a carbonyl rather
than an amine at position 6, its partner, the hydroxyl of
C38, would be able to function as a donor rather than as an
acceptor. By similar arguments, it might be rationalized
that both U and C would be tolerated at this position (both
pyrimidines have a hydrogen bond acceptor, their O2
carbonyls, at approximately the same location as the N3
of the purines, and they would be too short to reach the
29-OH of C38). The inactivity of the A70C and A70U mu-
tants (Fig. 2E) and the lack of pyrimidines at this position
in phylogeny (Fig. 5A) are explained by a third hydrogen
bonding interaction of the nucleobase of A70. Position N7
of A70 receives a hydrogen bond (2.6 Å) from the 29-OH of
U68 of the U-turn motif. The exocyclic functional groups
of either pyrimidine (N4 for cytosine and O4 for uridine)
are likely to clash with the 29-OH, and therefore preclude
formation of the U-turn. This would have the consequence
of disrupting the P3–L5 interaction. ITC analysis of TPP
binding (at 10 mM Mg2+ concentration) by the A70G mu-
tant (Fig. 5D; Table 3) is consistent with both the presence
of guanine at this position in many thi-box riboswitches
(Fig. 5A) and in biochemical activity of the RNA (Fig. 2E).
The mutant RNA binds TPP with an affinity that is only
twofold lower than that of wild type, and both its enthalpy
and entropy of binding are comparable to those of the
wild-type RNA. Thus, our thermodynamic analysis con-
firms that guanine is well tolerated at this position.

Our mutational analysis (Fig. 2E,F) demonstrates that
alteration of the P3–L5 interaction, which does not partic-
ipate directly in forming the TPP binding site, can abrogate
riboswitch function. Our ITC characterization of three L5
mutants that retain the ability to gel-shift in the presence of
TPP show that even relatively subtle point mutations in
nucleotides that form this tertiary interaction can have
readily detectable effects on the thermodynamics of
riboswitch–TPP interaction (Table 3). This complements
the kinetic analysis of thiM riboswitch function by Lang et al.
(2007), who found that it is precisely the P3–L5 interaction
that forms first when the riboswitch encounters its cognate
metabolite. The functional importance of this distal in-
teraction has parallels in other well-characterized h-shaped
biological RNAs. For instance, mutational, thermody-
namic, and kinetic characterization of the guanine ribo-
switch has demonstrated that formation of tertiary interac-
tions that are distant from the metabolite binding pocket
but help form the parallel arrangement of helices present in
the guanine-bound form of the RNA are essential for
function (Gilbert et al. 2006). Perhaps most dramatic is
the discovery that loop–loop interactions distal from the
active site are essential for the hammerhead ribozyme to
function efficiently (De la Peña et al. 2003; Khvorova et al.

2003; Canny et al. 2004) and to fold into an h-shaped
arrangement in which the substrate is presented in a chem-
ically reactive conformation to a fully assembled active site
(Martick and Scott 2006).

Conclusion

With the exception of the glmS ribozyme-riboswitch
(Winkler et al. 2004; Collins et al. 2007; Klein et al.
2007a), riboswitches are thought to modulate gene expres-
sion by employing the free energy of binding to their
cognate small molecule to adopt a structure that is distinct
from that of their ligand-free state. Most commonly, this
involves sequestration of an RNA segment into helix P1 of
the ligand-bound state of the riboswitch that otherwise is
available to interact with the gene expression machinery
(for reviews, see Edwards et al. 2007; Henkin 2008;
Montange and Batey 2008; Serganov 2009; for a riboswitch
that employs a different strategy, see Klein et al. 2009).
From this mechanism, it would be expected that mutations
in the ligand binding pocket would have pronounced
effects on riboswitch function. Indeed, in vivo analysis of
such mutations of the thi-box riboswitch has demonstrated
that alterations in the TPP binding site can result in in-
active or in constitutively active riboswitches (Ontiveros-
Palacios et al. 2008).

Our thermodynamic analysis of TPP binding by this
riboswitch as a function of Mg2+ concentration is consis-
tent with the view that ligand binding leads to a more
compact RNA, and that higher Mg2+ concentrations favor
ligand binding by pre-organizing the riboswitch. Our work,
together with previous kinetic analyses by Lang et al.
(2007), highlights the importance of the P3–L5 interaction
that is distal from the TPP binding site for metabolite
binding. This allosteric contribution to the function of the
riboswitch is reminiscent of the mechanism of action of
other h-shaped biological RNAs including riboswitches
and ribozymes, and is consistent with riboswitches being
generally larger and more structurally complex than in
vitro selected RNAs (aptamers) that recognize small mol-
ecules with comparable affinity and specificity (Edwards
et al. 2007). Riboswitches appear to have evolved to op-
timize not only their affinity and selectivity, but also their
rate of folding (Wickiser et al. 2005a,b). We speculate that
allosteric interactions, by modulating the nature of the
global rearrangement of the aptamer domain upon metab-
olite binding, may serve to fine-tune the kinetics of
riboswitch function.

MATERIALS AND METHODS

Reagent preparation

The insert of pTB13, a pUC19 derivative that encodes the E. coli
thiM thi-box riboswitch preceded by a hammerhead ribozyme and

Thermodynamics of thi-box TPP interaction

www.rnajournal.org 193



followed by a VS ribozyme substrate stem–loop (Ferré-D’Amaré
and Doudna 1996), was prepared by PCR from overlapping
synthetic oligonucleotides. Plasmids encoding site-directed mu-
tants were generated using the QuikChange Kit (Stratagene). RNA
transcription and purification were as described (Rupert and
Ferré-D’Amaré 2004). Expression and purification of U1A-RBD
have been described (Ferré-D’Amaré and Doudna 2000a). TPP
and TMP were purchased from Fluka and were employed without
further purification.

Electrophoretic mobility shift assay

The thi-box RNAs were incubated with TPP or TMP in a buffer
containing 5 mM Tris-HCl (pH 8.0), 3 mM MgCl2, 10 mM NaCl,
and 100 mM KCl for 30 min at 310 K. Glycerol was added to the
RNA samples to a final concentration of 40% (25% for the
experiment shown in Fig. 2C) (v/v) prior to loading on native gels
(10% polyacrylamide, 0.53 THE, 1 mM MgCl2) that had been
pre-run for 30 min. Electrophoresis was carried out at z10 W,
maintaining the temperature of the gel below 303 K, for z2 h. For
the experiments shown in Figure 2, C and E, the gel was run for
4 h at z20 W. To prevent depletion of Mg2+, the buffers of the
anode and cathode chambers were mixed every 30 min. RNA was
visualized by toluidine blue staining.

Isothermal titration calorimetry

RNA was dialyzed for 18–24 h against a 100-fold excess of a buffer
containing 50 mM HEPES-KOH (pH 7.5), 100 mM NaCl and
0.5-10 mM MgCl2 at 298 K. TPP and TMP were dissolved in the
buffer that the RNA was dialyzed against to ensure an exact buffer
match to minimize the heat of dilution. The final concentration of
the small molecule was 10- to 12-fold higher than that of the RNA
sample. RNA concentration was determined by UV spectrometry.
Final RNA concentrations of z10 mM were used for high-affinity
binders, and z15 mM for low-affinity binders. Prior to the ITC
experiment, all samples were degassed for 10 min at 298 K. ITC
experimental parameters were a temperature of 303.15 K, a refer-
ence power of 20 mcal sec�1, an initial delay of 60 sec, and
titrations consisting of either forty-two 7 mL injections or thirty-
one 10 mL injections at an injection rate of 0.5 mL sec�1 with
individual injections spaced 240 sec apart. Measurements were
carried out on a VP-ITC microcalorimeter (MicroCal) with the
exception of measurements on the A69U mutant, which were
performed on an ITC200 microcalorimeter (MicroCal). For this
mutant, the RNA concentration was z23 mM, and instrument
parameters were a temperature of 303.15 K, a reference power of
3 mcal sec�1, and an initial delay of 60 sec, and the titration
consisted of sixteen 2.48 mL injections at an injection rate of
0.5 mL sec�1 with individual injections spaced 240 sec apart. Data
from each experiment were fit to a single-site binding model using
Origin ITC software (MicroCal software Inc.).

Crystallization, structure determination,
and refinement

A solution comprising 0.1 mM RNA, 0.13 mM U1A-RBD Y31H,
Q36R double mutant (Oubridge et al. 1995), 0.5 mM TPP,
100 mM KCl, 5 mM MgCl2, 0.25 mM spermine, 10 mM NaCl,
and 5 mM Tris-HCl (pH 8.1) was incubated for 30 min at 310 K.

Crystals were grown by vapor diffusion of drops prepared by
mixing 1.5 mL of the RNA–protein–TPP complex with 3 mL of
a reservoir solution comprising 20% (v/v) PEG 550 MME, 20%
MPD, and 80 mM sodium citrate (pH 5.6) at 298 K. Crystals grew
as plates with maximum dimensions of 120 3 70 3 20 mm3

within 2 wk, and were flash frozen by mounting in nylon loops
and plunging into liquid nitrogen. Diffraction data were collected
by the oscillation method at beamline 5.0.2 of the Advanced Light
Source (ALS), Lawrence Berkeley National Laboratory, and re-
duced with the HKL package (Otwinowski and Minor 1997). The
crystals have the symmetry of space group P21, with unit cell
dimensions a = 52.4 Å, b = 72.0 Å, c = 128.6 Å, and b = 94.6°.
From crystal density considerations (Matthews 1968; Ferré-
D’Amaré and Doudna 2000b), two RNA–protein complexes were
expected to be present in the asymmetric unit.

The structure was determined by molecular replacement using
the core of the thiM riboswitch structure of Edwards and Ferré-
D’Amaré (2006) as the search model and the program PHASER
(McCoy et al. 2007). The top solution was manually rebuilt (Jones
et al. 1991), subjected to rigid body, simulated annealing, energy
minimization, and tightly restrained individual isotropic B-factor
refinement (Brünger et al. 1998). The resulting electron density
maps revealed the location of two U1A binding loops and their
bound U1A-RBDs. Further refinement of the model, comprised of
two complete RNA molecules and two U1A RBDs, stalled with an
Rfree of 39%. Inspection of residual electron density maps revealed
the presence of two additional U1A-RBDs. Upon inclusion of
these and refinement, the Rfree dropped smoothly to 32%.
Addition of two TPP molecules and their chelated Mg2+ ions
followed by rounds of refinement and manual rebuilding pro-
duced the current crystallographic model, which has a cross-
validated sA coordinate precision of 0.6 Å (Table 2). Structure fig-
ures were prepared with RIBBONS (Carson 1997). Ramachandran
analysis (Laskowski et al. 1993) shows that 99.7% of amino acid
residues are in the most favored and additionally allowed regions;
there are no residues with disallowed backbone conformations.
Atomic coordinates and structure factor amplitudes have been
deposited with the PDB with accession code 3KOJ.
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