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ABSTRACT: The purine riboswitch is one of a number of mRNA elements commonly found in the 5′-
untranslated region capable of controlling expression in acis-fashion via its ability to directly bind small-
molecule metabolites. Extensive biochemical and structural analysis of the nucleobase-binding domain of
the riboswitch, referred to as the aptamer domain, has revealed that the mRNA recognizes its cognate
ligand using an intricately folded three-way junction motif that completely encapsulates the ligand. High-
affinity binding of the purine nucleobase is facilitated by a distal loop-loop interaction that is conserved
between both the adenine and guanine riboswitches. To understand the contribution of conserved nucleotides
in both the three-way junction and the loop-loop interaction of this RNA, we performed a detailed
mutagenic survey of these elements in the context of an adenine-responsive variant of thexpt-pbuX
guanine riboswitch fromBacillus subtilis. The varying ability of these mutants to bind ligand as measured
by isothermal titration calorimetry uncovered the conserved nucleotides whose identity is required for
purine binding. Crystallographic analysis of the bound form of five mutants and chemical probing of
their free state demonstrate that the identity of several universally conserved nucleotides is not essential
for formation of the RNA-ligand complex but rather for maintaining a binding-competent form of the
free RNA. These data show that conservation patterns in riboswitches arise from a combination of formation
of the ligand-bound complex, promoting an open form of the free RNA, and participating in the secondary
structural switch with the expression platform.

RNA-mediated regulation of gene expression, orribo-
regulation, plays a role in almost every facet of the storage,
expression, and transmission of biological information. In
recent years, a growing number of noncoding RNAs and
regulatory elements have been discovered and characterized
in all three domains of life (reviewed in refs1-4). In bacteria
a common form of riboregulation is the riboswitch, acis-
acting element found in the 5′-untranslated region (5′-UTR)1

of mRNAs (reviewed in refs5 and6). Riboswitches control
expression of the mRNA via two domains acting in
concert: the aptamer domain and expression platform. The
aptamer domain directly binds small-molecule ligands and
is responsive to intracellular ligand concentrations. Each type
of riboswitch employs a unique secondary and tertiary
structure to bind a specific ligand. Currently, there are over
10 characterized classes of riboswitches recognizing a variety
of metabolites including nucleobases (7, 8), amino acids (9-
11), vitamin cofactors (12, 13), and metal ions (14). Ligand
binding to the aptamer domain is subsequently communicated
to an expression platform containing two mutually exclusive
secondary structures that repress or activate expression at
the transcriptional or translational levels (reviewed in ref15).

The most characterized class of riboswitches bind either
the guanine or adenine nucleobase to regulate the expression
of a number of purine biosynthetic and nucleobase transport
genes in bacteria (7, 8, 16, 17). Structural analysis of the
aptamer domain from the guanine and adenine riboswitches
revealed an intricate fold in which a three-way junction motif
serves as the binding site for the cognate ligand (18-20).
Discrimination between guanine and adenine is achieved
using a single pyrimidine residue in the junction (Y74, Figure
1) that forms a Watson-Crick base pairing interaction with
the ligand (Gua-C74 or Ade-U74); this single pyrimidine
residue is the sole basis for the>20000-fold specificity for
guanine versus adenine (7, 18, 21). The ability of the RNA
to bind ligand is facilitated by the presence of tertiary
structural interactions between two loops (L2 and L3, Figure
1, Supporting Information Figure 1a) that globally organize
the aptamer domain (22). The loop-loop interaction has been
shown to form without ligand (7) and even in the absence
of the three-way junction (23), clearly indicating that it
represents an independently folding element within the
aptamer domain.

An essential feature of riboswitch function is communica-
tion of ligand binding to an expression platform that exerts
the regulatory effect (24-26). This is commonly ac-
complished by sequestering important regulatory sequence
elements within the P1 helix of the aptamer domain, a
structural element that is stabilized upon ligand binding
(Figure 1a). These regulatory sequences, found on the 3′-
side of the P1 helix, are used in the formation of one of two
mutually exclusive structures in the expression platform. The
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crystal structure and mechanistic studies of the guanine
riboswitch revealed purine binding induces formation of
tertiary interactions that buttress the P1 helix, specifically
two base triples between J2/3 and the 3′-strand of P1 (7, 18,
21). Formation of this element of tertiary structure stabilizes
the aptamer domain at the expense of a downstream
antiterminator element, fating the expression platform to form
a classicF-independent terminator stem-loop structure that
causes transcriptional termination. Moreover, regulation by
riboswitches most often occurs cotranscriptionally, resulting
in a process governed by a complex interplay between kinetic
and thermodynamic parameters (27, 28). Structures of other
riboswitches suggest that this is a general mechanism of the
majority of ligand-responsive riboswitches (29, 30).

Within the aptamer domain of the purine riboswitch there
are a number of highly conserved (>90% across 100
sequences, Figure 1 and Supporting Information Table 1)
nucleotides residing in the terminal loops and the three-way
junction (7, 31). While crystal structures show the role of
these residues in establishing the overall architecture and
details of ligand recognition by the RNA, they do not
illuminate the relative energetic contributions of individual
nucleotide residues to folding and binding. Furthermore, a
number of these conserved nucleotides have structural roles
in which other nucleotides or base pairs appear to be able to
substitute with little penalty. For instance, within the three-
way junction there is a universally conserved Watson-Crick
pairing between nucleotides U22 and A52 (18, 20) that takes
part in a water-mediated base triple above the ligand in the
binding pocket (Figure 1b). As this base pair does not interact
with other nucleotides in the binding pocket, other Watson-
Crick pairs would likely be able to support ligand binding,
yet do not occur in phylogeny.

In this study, we have undertaken a detailed mutagenic
survey of the purine riboswitch aptamer domain to ascertain
the importance of conserved nucleotides to high-affinity
ligand binding. Single-point mutations as well as base pair

substitutions and transversions were introduced into the
terminal loops, the three-way junction, and the base pairs
adjacent to the junction of a C74U adenine-responsive mutant
of thexpt-pbuXguanine riboswitch fromBacillus subtilis.
The ability of these RNAs to bind an adenine analogue, 2,6-
diaminopurine (DAP), was measured using isothermal titra-
tion calorimetry (ITC). The strength of this experimental
technique is that it does not require modification or labeling
of either the RNA or ligand and it is a true equilibrium
technique. Crystal structures of five of these mutations show
that the three-dimensional architecture is not significantly
altered. Instead, chemical probing analysis indicates that the
free state of these RNAs is different, revealing that these
nucleotides are important for promoting an active free RNA.
As discussed, the results of these experiments reveal several
important aspects to the sequence conservation of this RNA.
In particular, we observe that certain nucleotides within the
three-way junction are not critical for formation of the bound
structure but rather are essential for ensuring that the free
state of the RNA is receptive to ligand. Furthermore, we
see that changes in the P1 helix adjacent to the three-way
junction support ligand recognition with near wild-type
affinity, suggesting that their conservation may be important
in interdomain communication.

MATERIALS AND METHODS

RNA Synthesis and Purification.The parental RNA used
in these studies, referred to as “GRA” because it is a naturally
occurring guanine riboswitch (GR) that carries a C74U
mutation rendering it adenine-responsive, binds adenine and
its analogues with properties identical to that of the wild-
type adenine riboswitch (32). GRA was created and char-
acterized as described by Gilbert et al. (21). DNA sequences
for transcribing GRA RNAs containing site-specific muta-
tions were made using overlapping DNA oligonucleotides
by PCR and cloned into pRAV12 (33) using standard
molecular biological techniques (34). The sequences of all

FIGURE 1: (a) Tertiary structure of GRA bound to 2,6-diaminopurine (blue), emphasizing the interactions of L2 and L3 and burial of
2,6-diaminopurine in the center of the three-way junction. (b) Secondary structure of the GRA RNA illustrating the interactions of residues
in the three-way junction and loop-loop elements. Nucleotides that are>95% conserved in an alignment of 100 sequences found in Rfam
7.0 (31) are shown in red, and those that are>80% conserved are in orange. Colored boxes correspond to the residue coloring in subsequent
structure figures.
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plasmids were verified prior to their use as templates for
transcription. Synthesis by in vitro T7 RNA polymerase and
subsequent purification of all RNAs used in this study were
performed as described by Gilbert et al. (21).

Isothermal Titration Calorimetry.RNA was prepared for
ITC by exhaustively dialyzing for 24-48 h against 1 L of a
buffer solution containing 50 mM K+-HEPES, pH 7.5,
100 mM KCl, and 10 mM MgCl2 at 4 °C. DAP (Sigma-
Aldrich) was dissolved in the buffer that the RNA was
dialyzed against to ensure an exact buffer match to mini-
mize measuring a heat of dilution. The final concentra-
tion of DAP was approximately 8-fold higher than that of
the RNA sample. Concentrations were determined using
spectrophotometer readings at 260 nm for RNA and at
278 nm for DAP (ε278 ) 10 200 M-1 cm-1). Prior to the
titration, the RNA and DAP samples were degassed for 10
min at 25 °C to remove bubbles that could disrupt even
heating. All ITC experimental parameters were set at 30°C,
a reference power of 5µcal s-1, an initial delay of 60 s, and
a titration of either sixty-five 5µL (for tightly binding
mutants) or thirty-two 10µL (for weakly binding mutants)
injections at an injection rate of 0.5µL s-1 with individual
injections spaced 180 s apart. RNA concentrations of∼20
µM were used for low-affinity binding interactions and∼5
µM for high-affinity interactions to ensure that thec value
for each experiment was between 0.5 and 500 (Figure 2)
(35, 36). Thec value is the ratio of the concentration of the
reactant in the sample cell, in our case the RNA, to the
disassociation constant and represents an experimental
concentration range in which useful data can be obtained
(35, 36).

Data collected from each experiment were fit to a single-
site binding model using Origin ITC software (Microcal
Software Inc.), from which values ofn, Ka (M-1), ∆H

(cal mol-1), and∆S(cal mol-1 K-1) were extrapolated using
the equation

whereq is the heat released,V is the known volume of the
reaction,Ka is the association constant, andLi is the ligand
concentration at theith injection (36). The disassociation
constant,Kd (M), was calculated by taking the inverse of
Ka, and the relationship

was used to calculate the change in free energy,∆G. To
compare changes of DAP binding to the mutant RNAs versus
the wild type, the differences in free energy values (∆∆G)
were calculated; these values directly compare the difference
in free energy observed as a result of each mutation.

X-ray Crystallography.Crystals were grown by the
hanging drop/vapor diffusion method by mixing 2µL of
mutant/DAP complex with 2µL of mother liquor. Diffrac-
tion-quality crystals grew to a maximal size within one week
in mother liquor conditions containing 15-20% PEG 3K,
10 mM K+-HEPES, pH 7.5, 8-12 mM cobalt hexamine,
and 480-720 mM ammonium acetate at 25°C. Crystals were
cryoprotected in mother liquor plus 30% 2-methyl-2,4-
pentanediol for 5-10 min, mounted in a cryoloop (Hampton
Research), and flash frozen in liquid nitrogen. Diffraction
data were collected with an R-AXIS IV++ detector on an
RU-200/confocal blue optic source (Rigaku MSC). In most
cases, clear reflections were observable to 1.9 Å unless
otherwise indicated.

Collection data were indexed, integrated, and scaled using
D*TREK (37) in the CrystalClear package (Rigaku MSC).

FIGURE 2: Representative data of 2,6-diaminopurine binding the (a) A35U, (b) C61U, and (c) G37A mutants of GRA RNA at 30°C in a
buffer containing 50 mM K+-HEPES, pH 7.5, 100 mM KCl, and 10 mM MgCl2. The c value (wherec ) Ka[RNA]) for each of these
experiments is 260, 60, and 2, respectively.
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Electron density maps of the mutant riboswitch/DAP com-
plexes were calculated by molecular replacement in CNS
(38) using the guanine riboswitch bound to hypoxanthine
(PDB ID 1u8d) as the search model in which the solvent,
ligand, and mutated bases were removed. The initial 2Fo -
Fc maps showed clear electron density corresponding to the
RNA and DAP ligand. Following several rounds of simulated
annealing involving slow cooling from 5000 K in 25 K steps
to minimize model bias (39), the ligand, mutated bases,
cobalt hexammine, and a single acetate ion hydrogen bonding
to G32 were built into the model and solvent added using
automated water picking in CNS. The final model was
obtained after several further rounds of energy minimization
and B factor refinement in CNS; final statistics for each
model are listed in Table 2. The coordinates and structure
factors have been deposited in the RCSB Protein Data Bank
under the accession numbers 2EES, 2EET, 2EEU, 2EEV,
and 2EEW.

Structure Probing by Chemical Modification Using SHAPE.
Selective 2′-hydroxyl acylation analyzed by primer extension
(SHAPE) was performed as described by the Weeks labora-
tory (40). First, sequence was added to the 3′-end of each
mutant RNA by PCR. This sequence is complementary to a
32P-labeled oligonucleotide used in subsequent reverse
transcription reactions and contains, in addition, sequence
identified by Weeks et al. to facilitate optimal structural
modification analysis (40). Briefly, 2 pmol of mutant RNAs
in 12 µL of 0.5× TE buffer was heat denatured at 90°C for
3 min followed by refolding on ice for 10 min. Folding buffer
(333 mM HEPES, pH 8.0, 20 mM MgCl2, 333 mM NaCl)
was added to the RNA to a final volume of 18µL and a
final MgCl2 concentration of 6 mM. Reactions were incu-
bated at 30°C for 20 min. Prior to incubation, the RNA
sample was separated into two 9µL reactions. A 130 mM
N-methylisatoic anhydride (NMIA) (2.3µg/mL) stock was
prepared in anhydrous DMSO (Sigma) immediately before
addition of the modifying reagent to the RNA sample. NMIA
was added to each reaction in 1µL amounts and allowed to
incubate at 30°C for 84 min (5 half-lives of the NMIA
reagent in solution). Following modification, 3µL of 32P-
5′-end-labeled reverse transcription primer (∼0.3 µM, 5′-
GAACCGGACCGAAGCCCG) was added to the reaction
and incubated at 65°C for 5 min. A second incubation at
35 °C for 10 min is sufficient to promote primer annealing.
Following an initial 1 min incubation at 52°C, 6 µL of
enzyme mix (250 mM KCl, 167 mM Tris‚HCl, pH 8.3, 1.67
mM each dNTP, 16.7 mM DTT, 0.33 unit of Superscript III
reverse transcriptase (Invitrogen, Inc.)) was allowed to
incubate at 52°C for 5 min. The reaction was stopped by
the addition of 1µL of 4 M NaOH, incubation at 90°C for
5 min, and finally addition of 29µL of acid stop mix (4:25
(v/v) mixture of 1 M unbuffered Tris‚HCl and stop dye (85%
formamide, 0.5× TBE buffer, 50 mM EDTA, pH 8.0, with
bromophenol blue and xylene cyanol)). Samples were loaded
immediately onto a 12% denaturing PAGE gel and run at a
constant 55 W for 4.5 h or stored at-20 °C. Final gels were
imaged using a Typhoon scanner (Molecular Dynamics). The
consistency of the RNA loaded was based upon the intensity
of the band corresponding to U63, a nucleotide in L2 that
was identified as being modified equally in all RNAs tested.

RESULTS

All mutations in this study were made in the context of
the guanine riboswitch fromB. subtilisthat controls thexpt-
pbuXoperon (7). The aptamer domain of this riboswitch has
been extensively characterized using genetic, biochemical,
and structural methods (7, 18, 21). A single-point mutation
in this RNA, C74U, confers a complete specificity switch
from guanine to adenine (7, 8). Crystallographic and
biochemical analysis has demonstrated that this RNA
(referred to as “GRA”, meaning guanine riboswitch to
adenine) faithfully mimics the behavior and specificity of
naturally occurring adenine riboswitches (21, 32, 41). Using
the GRA RNA as a model system for understanding ligand
binding by the purine riboswitch has several distinct advan-
tages. First, it binds with high affinity to DAP, an adenine
analogue that like guanine forms three hydrogen bonds with
the specificity pyrimidine (Y74). Second, DAP is much more
soluble than guanine (∼5 mM vs<50 µM). Finally, we can
more readily measure the free energy differences between
wild-type GRA and potentially weakly binding mutants by
using a higher affinity ligand, maximizing the effective range
of ∆∆G values. Thus, it is important to emphasize that all
of the studies in this paper were performed on a natural
guanine riboswitch containing a point mutation rendering it
specific for adenine and its analogues. Our results are
consistent with studies conducted using fully natural purine
riboswitches, validating our approach (22, 23, 41).

Mutations in the Loop-Loop Interaction.The loop-loop
interaction between loops L2 and L3 is a central feature in
both the adenine and guanine riboswitches and is essential
for the purine riboswitch to productively bind nucleobases
under physiological concentrations (18). Most of the nucle-
otides in these loops are strongly phylogenetically conserved
(Figure 1, Supporting Information Table 1) (7, 31). The loops
interact primarily through highly conserved residues forming
two base quartets (Figure 1b, Supporting Information Figure
1a), each of which is comprised of a Watson-Crick pair
and a noncanonical base pair buttressing the minor groove
side of the Watson-Crick pair (Figure 3) (18). Additional
tertiary contacts are formed in the loop-loop interaction by
two noncanonical base pairs above the quartets (A35‚A64
and G62‚U63, Supporting Information Figure 1). These pairs
are less conserved to the extent that the side-by-side G62‚
U63 pair at the top of L3 is absent in thepbuE adenine
riboswitch structure fromVibrio Vulnificus that was solved
by X-ray crystallography (20).

To determine the relative importance of these bases in
ligand recognition, we synthesized a series of RNAs contain-
ing single-point mutations throughout the two loops and
tested their ability to bind DAP by ITC. The mutations were
chosen such that they would likely result in a minimal
disruption of the loop-loop interaction, with the majority
of the changes involving purine-to-purine and pyrimidine-
to-pyrimidine changes (Table 1). This differs from the
mutagenic strategy of the adenine riboswitch by Lemay et
al. (22), in which purines were converted to pyrimidines and
vice versa. Despite the differences in both experimental
techniques and mutagenic approach, the two sets of data are
quite consistent.

In agreement with their relative lack of phylogenetic
conservation, mutation of either of the two terminal nonca-
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nonical base pairs does not significantly affect ligand binding
(Table 1). U63, which makes several hydrogen-bonding
contacts to the backbone of L2 (Supporting Information
Figure 1a,b) and is highly conserved in phylogeny, can be
changed to adenine without any adverse effect on binding.
This mutation potentially pushes the top of L3 away from
L2, along with abrogating all native hydrogen bonds.
Likewise, mutation of A35 within the noncanonical pair A35‚
A64 immediately below the G62‚U63 dinucleotide platform
(Supporting Information Figure 1, Table 1) is not signifi-
cantly deleterious to ligand binding, consistent with the lower
degree of conservation of this nucleotide. Along with
observations from a native adenine riboswitch (22), these
data indicate that the hydrogen-bonding network at the very

top of the loop-loop interaction is not highly important for
stabilizing and maintaining the active conformation of the
RNA. This is also consistent with the fact that the structure
of this region of the loop-loop interaction differs between
the B. subtilis xpt-pbuX guanine and thepbuE adenine
riboswitches (18, 20).

In contrast, mutations within the two quartets are signifi-
cantly less tolerated (Table 1). Each quartet (Figure 3) is
composed of a standard Watson-Crick base pair between
the two loops (G38-C60 and G37-C61) with a noncanoni-
cal base pair docked into its minor groove (thetrans
Watson-Crick/Hoogsteen A33‚A66 pair and atrans Wat-
son-Crick/Hoogsteen U34‚A65, respectively) (42). A series
of conservative mutations were made to seven of the eight
nucleotides in the two quartets (Table 1). The most deleteri-
ous mutations involved changing G37 and G38 of the
Watson-Crick pairs to adenosines, destroying the potential
for stable pairing and thereby causing a>100-fold loss in
DAP binding affinity. The loss in affinity was similar in
magnitude to the binding affinity observed when the loops
were deleted under identical conditions (Stoddard et al.,
manuscript in preparation). The severity of these mutations
unambiguously demonstrates that the high specificity and
affinity of this RNA for purine nucleobases are strongly tied
to its ability to form tertiary interactions distant from the
ligand-binding pocket. Mutation of the complementary
nucleotides C60 and C61 to uridines has a much more
moderate effect (∼10-fold loss in binding affinity), likely
due to the ability to form wobble G‚U pairs. Changes in the
noncanonical pairs also have a less dramatic effect, ranging
from almost no loss in affinity (A65G) to a∼50-fold loss
(A66G). These data along with those of Lemay et al. (22)
reveal that it is the two quartets of the loop-loop interaction,
particularly the Watson-Crick pairing component, that are
the principle contributors to the stability of this element of
tertiary architecture.

P1-J2/3 Triples. Genetic regulation by riboswitches
requires communication of ligand binding by the aptamer
domain to the downstream expression platform. In the purine
riboswitch, this has been proposed to be achieved through
ligand-dependent formation of two base triples between the
three-way junction and the P1 helix (Figure 4a,b) (18). These
long-range interactions adjacent to the ligand-binding site
stabilize the P1 helix, forcing the formation of aF-indepen-
dent transcription terminator in the expression platform. In
phylogeny, most of the nucleotides that participate in this
interaction are 100% conserved, although the A21-U75 pair
of the P1 helix directly adjacent to the ligand-binding pocket
has a small tendency to switch to a U-A pair (Supporting
Information Table 1). From a strictly structural perspective,
it is not clear why there is such a high degree of conservation
in these two sets of triples, as it would appear that residues
U49 and C50 that contact the minor groove side of A21-
U75 and U20-A76, respectively, could hydrogen bond in
the same fashion with any Watson-Crick pairs in these
positions. To investigate this, we made a series of mutations
to both U49 and C50 on J2/3 as well as the identity of the
base pairs in the triples and characterized them by both ITC
and X-ray crystallography.

Despite their strong phylogenetic conservation, the two
Watson-Crick pairs at the top of the P1 helix appear to be
very tolerant to conservative base pair substitutions (Table

FIGURE 3: Base quadruple interactions between loops 2 (magenta)
and 3 (orange) and the effect of mutations on each. The wild-type
base interactions from thexpt-pbuX guanine riboswitch are
illustrated, and the effects of mutations of each base are shown as
KD,rel; measurements from a study by Lemay et al. (22) are given
in parentheses for comparison. (a) Structure of the C61-G37‚(A65‚
U34) quadruple in which C61 and G37 form a standard Watson-
Crick pair into whose minor groove face a nonstandardtrans
Watson-Crick/Hoogsteen pair is docked. (b) Structure of the C60-
G38‚(A66‚A33) quadruple which uses a similar architectural
scheme in which atransWatson-Crick/Hoogsteen pair is docked
into the minor groove of a Watson-Crick pair.

Mutational Analysis of the Purine Riboswitch Biochemistry, Vol. 46, No. 46, 200713301



1). Inversion of these pairs (A-U to U-A and vice versa)
supports ligand binding with little change in affinity (Table
1). The presence of an additional functional group (N2 of
guanosine) in the minor groove introduced through the
conversion of the A-U or U-A pair to a G-C or C-G
pair is only moderately disruptive to ligand binding. There-
fore, the conservation of these pairs may serve additional
functional roles besides promoting high-affinity ligand bind-
ing (Figure 4a,b, Supporting Information Figure 2). Con-
versely, mutations made to either U49 or C50 on J2/3 are
highly disruptive to DAP binding. A conservative U49C
mutation that preserves the pyrimidine residue and would
support a C49(N2)-A76(O2′) hydrogen bond similar to that
of the native structure has a greater effect on the binding
affinity compared to any of the base pair substitution mutants
(Table 1). Replacement of either nucleotide U49 or C50 with
a purine yields a strong decrease in affinity. These mutations
clearly demonstrate that anchoring J2/3 to the P1 helix is
crucial for stable ligand binding, consistent with a proposed
model for ligand binding in which J2/3 acts as a flexible lid
that encapsulates the purine ligand within the three-way
junction (21, 43). Ligand-dependent formation of tertiary
interactions involving the P1 helix appears to be a general
feature of riboswitch regulation, as it is also observed in the
thiamine pyrophosphate (44-46) andS-adenosylmethionine
(47) riboswitch structures.

To determine whether alternative base pairs have any affect
on the structure of the liganded RNA, we solved the crystal
structures of two different mutants in the P1 helix (A21U,-
U75A and A21G,U75C) bound to DAP. These complexes
crystallized under conditions and unit cell parameters almost
identical to those of the wild-type RNA bound with hypox-
anthine and were solved by molecular replacement. Follow-
ing several rounds of rebuilding, high-temperature simulated
annealing to reduce model bias, and refinement (48), a
simulated annealing omit map was calculated in which the
nucleotides of the base triple were omitted. The models of
these two structures and the corresponding maps clearly
reflect that the alternative U21-A75 (Figure 5a) and G21-
C75 (Figure 5b) pairs allow C50 to interact almost identically
in each case. Superposition of the three structures using a
maximum likelihood algorithm (THESEUS (49, 50)) il-
lustrates that the position of C50 in the triple is identical
within error in each RNA (Figure 5c). The identity of the
Watson-Crick pairs at the 21-75 position, despite a high
degree of conservation, does not play a vital role in the ability
of the riboswitch to bind with high affinity to its cognate
ligand or form the fully folded structure.

Three-Way Junction.The three-way junction consists of
a number of highly conserved base pairs and triples. At the
top of this junction in both the guanine and adenine
riboswitches is a single hydrogen bond interaction between

Table 1: Effects of Mutations upon GRA RNA Affinity for 2,6-Diaminopurine

mutation
KD,app

(µM)
Krel

(KD,mut/KD,wt)
∆∆G

(kcal/mol) n

Wild Type
GR7 (C74U) 0.021( 0.003 1.0

Loop 2
A33G 0.032( 0.002 1.5 0.26 0.63( 0.02
U34C 0.075( 0.03 3.6 0.77 0.37( 0.20
A35U 0.019( 0.005 0.90 -0.05 0.47( 0.05
G37A 9.0( 1.3 430 3.7 1a

G38A 4.9( 1.3 230 3.3 0.56( 0.06

Loop 3
C60U 0.17( 0.01 8.1 1.3 0.46( 0.34
C61U 0.16( 0.05 7.6 1.2 0.46( 0.08
U63A 0.019( 0.01 0.90 -0.05 0.56( 0.03
A65G 0.09( 0.05 4.3 0.88 0.55( 0.10
A66G 1.1( 1.0 52 2.4 0.48( 0.26

P1 Helix-J2/3
U20C,A76G 0.18( 0.04 8.6 1.3 0.28( 0.09
U20A,A76U 0.026( 0.002 1.2 0.13 0.48( 0.04
U47C 2.2( 0.85 105 2.8 1
U49C 0.38( 0.03 18 1.7 0.64( 0.04
U49G 2.1( 0.50 100 2.8 0.50( 0.05
A21G,U75C 0.076( 0.01 3.6 0.78 0.51( 0.06
A21U,U75A 0.047( 0.01 2.2 0.49 0.61( 0.06
C50A 3.1( 0.1 150 3.0 0.57( 0.15

Upper 3WJ
U25C,A45G 0.023( 0.001 1.1 0.061 0.63( 0.04
C54U,G72A 0.066( 0.01 3.1 0.70 0.46( 0.11
A23C 37( 19 1760 4.5 1
A24C 2.2( 0.4 105 2.8 0.70( 0.04
G46A,C53U ndb

U22C nd
U22C,A52G 0.077( 0.03 3.7 0.79 0.77( 0.25
U22A,A52U 14( 2 680 3.9 1
U22G,A52C 18( 5 860 4.1 1
A73G nd
A73C 0.044( 0.01 2.2 0.49 0.54( 0.02

a In calculations of binding affinity,n ) 1 was a fixed parameter.b No detectable binding.
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the highly conserved C54-G72 pair at the base of P3 and
the more variable U25-A45 pair at the base of P2. As
expected from these structures, mutation of U25-A45 to a
C-G pair has no impact on binding, as this pair participates
in the interaction via a nonbridging phosphate oxygen of U45
(Supporting Information Figure 2). Conversely, removal of
the hydrogen bond by converting the C54-G72 pair to a
U-A pair reveals a small loss in binding affinity that would
be expected for the loss of this single interaction. Preferences
for these two Watson-Crick pairs at the base of P2 and P3
are likely a result of optimal stacking interactions with more
conserved nucleotides with the three-way junction (22), but
only appear to have a small effect on the ability of the RNA
to fold and bind ligand.

Two nearly invariant base triples, U22-A52‚A73 and
G46-C53‚A23, are formed by the interaction of a single
nucleotide (A73 and A23) with the minor groove face of a
Watson-Crick pair (U22-A52 and G46-C53). The interac-
tion between A73 and U22-A52 is water mediated, while
the interaction of A23C with the G46-C53 base pair is
through direct hydrogen bonding. The latter is likely to be
intolerant of almost any change made to it, as suggested by
the 100% conservation across phylogeny. Mutations made
to this triple, the single-residue change A23C and the base
pair identity change G46A,C43U mutations, were among the
most deleterious of all tested (Table 1, Supporting Informa-
tion Figure 2). On the other hand, it is not clear from the
crystal structures of the wild-type RNA why the Watson-
Crick pair in the water-mediated triple (U22-A52) is
invariant. Other base pairs should be able to support its
indirect interaction with A73. Conversion of the U22-A52
pair to the other three Watson-Crick pairs revealed a clear
pattern in the RNA’s 22-52 pair preference. While the
U22C,A52G mutation was well tolerated, the U22G,A52C
and U22A,A52G mutations exhibit significantly lower af-

finity for DAP. The aptamer has a clear preference for Y22-
R52 pairs over R22-Y52 pairs. To determine whether the
R22-Y52 pair might significantly alter the structure of the
three-way junction, we solved the crystal structures of the
C22-G52 and A22-U52 base pair mutant GRA RNAs
bound to DAP (Figure 6a,b). Interestingly, the well-tolerated
C22-G52 pair has a larger impact upon the structure via a
slight repositioning of both A73 and the Watson-Crick pair
(Figure 6c) relative to those of the other two structures. The
Y22-R52 preference observed for ligand binding affinity
does not appear to significantly impact the fold of the ligand-
bound structure.

Instead of affecting the bound structure, R22-Y52 resi-
dues may impact the free state of the RNA by impairing its
ability to productively interact with ligand. A purine nucle-
otide at position 22 has the potential to form an alternative
R22-Y74 base pair, extending the P1 helix by one pair
(Figure 7a). This interaction would have a dramatic impact
on ligand binding, as we have proposed that the Watson-
Crick face of Y74 serves as an initial docking site for the
ligand (21). To determine whether the G22-C52 or A22-
U52 mutants have an altered structure of the free RNA, we
used the chemicalN-methylisatoic anhydride (NMIA) to
probe the conformational flexibility of the backbone in the
three-way junction (40). Regions of the RNA that are
dynamic react with NMIA more readily, resulting in a reverse
transcriptase stop in a sequencing gel (Supporting Informa-
tion Figure 3). Wild-type GRA RNA displays a characteristic
pattern of reactivity in J1/2 and J2/3 in the absence of ligand,
indicating that this region is conformationally flexible (Figure
7). In the presence of ligand, these regions of the RNA
become less dynamic and thus unreactive to NMIA (Stoddard
et al., manuscript in preparation).

Mutations in the junction display differing degrees of
changes in the pattern of NMIA reactivity in the free state.

Table 2: Crystallographic Statistics for Structures of Mutants of GRA RNA

A21U,U75A A21G,U75C U22A,A52U U22C,A52G U47C

Data Collection
space group C2 C2 C2 C2 C2
a, b, c (Å) 132.54, 35.96, 41.47 133.79, 35.28, 41.66 132.99, 35.24, 42.13 130.42, 35.04, 42.00 133.11, 35.26, 42.01
â (deg) 91.31 90.66 90.42 89.86 90.83
resolution (Å) 20-1.75 20-1.95 20-1.95 20-1.95 14.85-2.00
wavelength (Å) 1.5418 1.5418 1.5418 1.5418 1.5418
completenessa (%) 98.3 (85.2) 92.8 (71.8) 95.7 (82.0) 97.6 (89.1) 97.6 (99.6)
no. of measd reflns 65 365 57 115 98 762 47 698 35 125
no. of unique reflns 19 129 13 407 13 890 13 749 13 088
av redundancy 3.42 (2.81) 4.26 (4.13) 7.11 (6.21) 3.47 (3.03) 2.68 (2.57)
〈I〉/〈σ(I)〉 15.9 (4.1) 19.3 (6.0) 14.8 (5.8) 10.8 (3.3) 10.1 (3.3)
Rmerge

b 0.048 (0.170) 0.048 (0.150) 0.067 (0.262) 0.064 (0.295) 0.057 (0.225)

Refinement
resolution 20-1.75 (1.86-1.75) 20-1.95 (2.07-1.95) 20-1.95 (2.02-1.95) 20-1.95 (2.02-1.95) 15-2.25 (2.33-2.25)
no. of reflns

working 17 706 12 399 12 840 12 713 8 232
test set 1402 1005 1034 1028 933

Rxtal
c (%) 20.7 (30.0) 21.3 (26.7) 23.4 (27.1) 21.0 (31.6) 23.4 (26.4)

Rfree (%) 24.1 (31.3) 25.1 (27.6) 27.7 (31.2) 26.3 (34.7) 28.5 (32.4)
rmsd(bonds) (Å) 0.0211 0.00412 0.00421 0.00910 0.00445
rmsd(angles) (deg) 2.073 0.882 0.983 1.38 0.827
Luzzati coordinate error (Å) 0.25 0.30 0.34 0.32 0.42
σ(a) coordinate error (Å) 0.15 0.19 0.24 0.34 0.35
avB factor (Å2) 26.9 26.6 33.4 34.5 36.8
PDB ID 2EES 2EET 2EEU 2EEV 2EEW

a Numbers in parentheses correspond to the highest resolution shell.b Rmerge ) ∑|I - 〈I〉|/∑I, whereI is the observed intensity and〈I〉 is the
average intensity of multiple measurements of symmetry-related reflections.c Rxtal ) ∑|Fo - |Fc||/∑|Fo|, Rxtal from the working set andRfree from
the test set.
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The mutant U22C, which impairs ligand binding by disrupt-
ing the U22-A52 Watson-Crick pair, shows a reactivity
pattern nearly identical to that of GRA RNA. This is
consistent with the mutation preventing the formation of a
critical interaction in the bound state, rather than a disruption
of the free state. Conversely, both R22-Y52 mutants display
altered patterns of reactivity in J1/2 and J2/3 (Figure 7), in
contrast to the crystal structure of the bound U22A,A52U
that is identical to GRA. We hypothesize that an R22-Y52
pair affects the free state in a fashion that impairs productive
ligand binding. In part, the potential for alternative pairing
between R22 and Y74 (Supporting Information Figure 4)
may be a contributing factor. This is supported by the
observation that the reactivity pattern of the U22C,A52G

mutant that cannot form alternative Watson-Crick pairs
resembles that of wild-type GRA.

Alternative pairing between J2/3 and J1/2 or J3/1 in the
free state has significantly different effects upon productive
ligand binding. A73G displays an altered pattern in NMIA
reactivity with protection of nucleotides 52, 53, 73, and 74
(Figure 7), consistent with the formation of C53-G73 and
A52-U74 base pairs (Supporting Information Figure 4).
Furthermore, this RNA has a very strong intrinsic reverse
transcriptase stop at nucleotide 72, consistent with the
formation of additional stabilizing pairs in the junction
(Supporting Information Figure 3). Similarly, the mutation
A24C shows a reactivity pattern consistent with formation
of alternative C24-G46 and A23-U47 pairs between J1/2
and J2/3 (Figure 7, Supporting Information Figure 4).
Strikingly, while A73G cannot bind ligand, the A23C

FIGURE 4: Base interactions around the ligand-binding pocket. Blue
residues are part of the P1 helix, and green residues are in J2/3,
cyan in J1/2, and yellow in J3/1. The wild-type base interactions
from the xpt-pbuX guanine riboswitch are illustrated, and the
effects of mutations of each base are shown asKD,rel; measurements
from a study by Lemay et al. (22) are given in parentheses for
comparison. (a) Minor groove triple at the top of the P1 helix
immediately adjacent to the ligand-binding pocket. (b) Second minor
groove triple formed between J2/3 and P1. (c) Water-mediated base
triple that defines the top of the ligand-binding pocket (the triple
shown in (a) is the bottom). The red spheres represent well-ordered
solvent that mediates the interaction between A73 and the U22-
A52 base pair.

FIGURE 5: Crystal structures of RNAs containing mutations in the
P1 helix. (a) 2Fo - Fc simulated annealing omit map contoured at
1σ of the A21U,U75A mutant in which residues 21, 50, and 75
(shown as sticks) were omitted from the model used for map
calculation. (b) 2Fo - Fc simulated annealing omit map contoured
at 1σ of the A21G,U75C mutant in which residues 21, 50, and 75
(shown as sticks) were omitted from the model used for map
calculation. (c) Superposition of the wild type and mutants
(superposition performed using all backbone atoms of each of the
three structures), emphasizing that the positioning of the bases
between the three RNAs is nearly identical.
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mutation is comparatively less deleterious. These data
indicate two features of the free state of the RNA. First,
nucleotides whose identities are seemingly unimportant in
the context of the bound structure can be critical for
maintaining the free RNA in a conformation capable of
productively binding ligand. Second, mispairing involving
J3/1 is the most detrimental to binding, in support of the
hypothesis that the availability of the Watson-Crick face

of Y74 is the most critical feature for productive ligand
binding.

One other nucleotide within J2/3, U47, appears to be
critical for establishing the ligand-bound form of the three-
way junction. This nucleotide forms extensive contacts with
the J2/3 backbone as well as U51 and A52, suggesting that
it is an important support element for the tight turn formed
by J2/3 (21). Similar to mutation of the neighboring
nucleotides U49 and C50, mutation of U47 to a cytosine
decreases the binding affinity relative to that of the wild type,
but does support ligand binding (Table 1). Since cytosine at
position 47 potentially abrogates hydrogen bonds to U51 and
A52, we crystallized this mutant to determine whether the
J2/3 loop would form a significantly different conformation.
Surprisingly, the mutant has a structure almost identical to
that of the wild-type RNA (Figure 8a) despite the fact that
the position of C47 creates several unfavorable interactions
with U51 and A52 (Figure 8b). While this mutation clearly
destabilizes the ligand-bound complex, it is accommodated
sufficiently well to allow for the formation of a folded
architecture almost identical to that of the wild-type RNA.

In all five of the mutant structures, the base pair substitu-
tions in the water-mediated triple and at the top of the P1
helix as well as the U47C mutant are very close to the
structure of the wild-type complex. However, one mutant
displays a clear difference in its degree of thermal motion
(B factor). WhileB factor interpretation can be problematic,
the fact that all five mutants crystallized under nearly
identical conditions and yielded isomorphous crystals with
the same intermolecular lattice contacts allows us to compare
the thermalB factors between structures (44, 51). In the
highly ordered loop-loop interaction at the top of the P2
and P3 helices, the localB factors in every structure are the
same, reflecting a similar degree of order in each crystal
(Figure 9). Even within the three-way junction and ligand-
binding pocket, very similar degrees of order are observed
between structures (Figure 9, wild type (wt) versus A21U,-
U75A). Only in the U47C mutant do the localB factors
deviate substantially from those of the wild type. Nucleotides
throughout the three-way junction and adjacent regions in
P1, P2, and P3 of the U47C mutant structure exhibit higher
B factors and, thus, higher local thermal disorder. Therefore,
U47 is indeed a critical nucleotide for stabilization of J2/3
against the three-way junction to form the liganded state.

DISCUSSION

In the past several years, a number of structures of
riboswitches bound to their cognate ligands have been solved,
revealing some common themes (18, 20, 21, 32, 44-46).
These include (1) recognition of every functional group in
the ligand, resulting in almost complete encapsulation of the
ligand within the binding pocket, (2) the use of complex
tertiary structural elements to facilitate ligand binding, and
(3) long-range interactions important in P1 helix stabilization
and gene regulation (reviewed in ref52). While these
structures show how these RNAs specifically recognize their
respective ligands, they pose several very significant ques-
tions, particularly how conserved elements in the aptamer
domain may be important for other aspects of riboswitch
function. In addition to ligand recognition, riboswitches must
facilitate interdomain communication and maintain a ligand-

FIGURE 6: Crystal structures of RNAs containing mutations in the
water-mediated base triple of the three-way junction. (a) 2Fo - Fc
simulated annealing omit map contoured at 1σ of the U22C,A52G
mutant in which residues 22, 47, 52, and 73 (shown as sticks) were
omitted from the model used for map calculation. Residues in J1/2
are shown in cyan, those in J2/3 are in green, and those in J3/1 are
in yellow. (b) 2Fo - Fc simulated annealing omit map contoured
at 1σ of the U22A,A52U mutant in which residues 22, 47, 52, and
73 (shown as sticks) were omitted from the model used for map
calculation. (c) Superposition of the wild type and mutants with
the superposition performed using all backbone atoms of each of
the three structures. While the wild type (green) and U22A,A52U
mutants show nearly equivalent base positioning, the C22-G52
base pair (orange) is shifted toward A73, placing G52(N2) and A73-
(N6) in hydrogen-bonding distance.
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binding-competent form of the RNA in the unbound state.
The purpose of this detailed mutagenic survey of the purine
riboswitch is to probe the structure in a way that uncovers
which nucleotides serve roles in these other functions.

The loop-loop interaction, while not directly involved in
ligand recognition, is an important feature of the aptamer
domain. Many of the nucleotides in both L2 and L3 are
universally conserved within the purine riboswitch family
(7), and under physiological ionic conditions this indepen-
dently folding element of tertiary structure (22) is essential
for ligand binding (18). The structures of the guanine and
adenine riboswitches revealed that two sets of base qua-
druples are at the core of this interaction, each consisting of
a Watson-Crick pair into whose minor groove face a
noncanonical pair is docked (18, 20). Examination of our
data, along with those of Lafontaine and co-workers, who
probed thepbuE adenine riboswitch (22), reveals several
aspects of this element of tertiary structure and its relationship
to ligand binding. First, the distal part of the loop-loop
interaction is dispensable for ligand binding. Several muta-
tions in the dinucleotide platform (G62‚U63) and the A35‚
A64 pair have little impact upon binding (Supporting
Information Figure 1). This is consistent with the loose
phylogenetic conservation of these nucleotides (7, 8, 31) and
differences in the structures of this part of the interaction
between the adenine and guanine riboswitches (20). In
contrast, the quadruples are important for stable formation
of the loop-loop interaction. By using the most conservative
mutations possible, we observe that the most crucial com-
ponents of this tertiary interaction are the G37-C61 and
G38-C60 Watson-Crick pairs that comprise half the
quadruple and, most particularly, the identities of G37 and
G38. Changing either guanine to an adenine to potentially
create an A‚C mismatch causes a sharp decrease in DAP
binding affinity (∆∆G ) 3.3 kcal/mol in each case), similar

to the binding affinity for DAP of a loop-loop deletion
mutant (Stoddard et al., manuscript in preparation). Conver-
sion of the cytosine residues to uracil results in a less
dramatic loss in affinity (∆∆G ) 1.2 kcal/mol in each case).
Presumably, this is because a G‚U wobble is sufficient to
promote the interaction. The identities of several nucleotides
in the noncanonical pair component of the quadruple (A33,
U34, and A65) are not nearly as important for ligand binding
affinity. Therefore, Watson-Crick pairing between nucle-
otides 37-61 and 38-60 within the base quadruples is the
primary stabilizing interaction that promotes formation of
the loop-loop interaction. This is further supported in that
changing either of the wild-type G-C pairs to a C-G (22)
or an A-U (23) pair supports productive ligand binding,
indicative of a stable loop-loop interaction.

The primary role of the loop-loop interaction appears to
be preorganization of the global fold of the aptamer domain
for ligand recognition (18, 43). Experiments done by in-line
probing (7), NMR spectroscopy (23), and single-molecule
FRET (22) confirm that the structured loop-loop interaction
is established prior to ligand binding. In contrast, the three-
way junction remains locally disorganized in the absence of
ligand (7, 18, 21) and only becomes structured in the
presence of the purine nucleobase. This is supported by the
fact that the ligand is encapsulated within the binding pocket
(>95% solvent inaccessible in the bound state) as revealed
by X-ray crystallography (18, 20). Thus, the three-way
junction must remain in an “open” state receptive to ligand
binding. Furthermore, the RNA must be resistant to mis-
folding in this loosely organized state. Alternative stable
structures in the riboswitch would prevent ligand binding
and, consequently, loss of its ability to control gene expres-
sion.

A number of nucleotides in the three-way junction appear
to have been selected to maintain the free RNA in a form

FIGURE 7: Probing the free-state structure of three-way junction mutant GRA RNAs using NMIA). Mutants are grouped according to their
location in the three-way junction and shown in order of decreasing affinity for DAP (left to right). The lane corresponding to the wild-type
GRA shown at far left appears only once on the full sequencing gel (Supporting Information Figure 3) but is shown accompanying each
set of mutants (GRA*) to illustrate the effect of each mutation; thus, all three lanes labeled GRA are the identical lane from the gel. RNA
was sequenced by inclusion of ddTTP or ddCTP in a reverse transcription reaction containing GRA to assign the nucleotide position of
each modification (note that NMIA modification and the sequencing ladder are offset by one residue). Residues that are labeled correspond
to the location of mutations and regions of possible alternative structure formation in the free state that prevents ligand binding in some
mutants.
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capable of binding ligand. Residues A73 and A24 and the
Y22-R52 base pair have likely been conserved because
alternative bases at these positions collapse the binding
pocket by extension of one of the helices surrounding the
three-way junction by at least a single Watson-Crick pair
(Supporting Information Figure 4). Mutational studies made
in the context of thepbuEadenine riboswitch (41) identified
a similar tendency of residue 48 on J2/3 (which is flipped
out in the bound structure) to base pair with Y74 in J3/1
(which forms the Watson-Crick pair with the ligand) (41).
Significantly, these studies reveal the importance of keeping
the free state of the RNA in a form that allows Y74 to be
accessed by the ligand to form a Watson-Crick pair. Thus,

it is clear that a number of nucleotide positions within the
three-way junction experience substantial selective pressure
on their identity for the role they play in the free state of the
RNA and not the bound.

In addition to residues in the three-way junction, nucle-
otides in the P1 helix also display a conservation pattern
that is not directly related to high-affinity ligand binding in
the bound state. The Watson-Crick pairs in the P1 helix
adjacent to the junction are likely conserved for the role they
play in communication between the aptamer domain and
expression platform. Most convincingly, the U20A,A76U
mutation has no effect on ligand binding despite its universal
conservation. Both the U20-A76 and A21-U75 pairs are
tolerant to mutations that preserve pairing, although adenine-
uracil pairs are preferred as the N2 of guanine creates a small
amount of steric interference to base triple formation with
U49 and C50. Clear sequence conservations in the P1 helix
away from the junction (R19-Y77, Y18-R78, and U17-
R79) (6, 7) that are not involved in the binding pocket or
tertiary structure have arisen because nucleotides on the 3′-
side of the P1 helix are directly involved in the secondary
structural switch. Interestingly, the SAM-I riboswitch also
displays similar conservation patterns of nucleotides within
the P1 helix that are not directly involved in ligand binding
(53). Phylogenetic conservation in this helix probably reflects
thermodynamic and kinetic requirements for ligand-depend-
ent helix disruption and formation between the competing
P1 helix and antiterminator stem-loop in the expression
platform. Thus, the emerging picture is that the aptamer
domains of riboswitches contain complex sequence require-
ments that involve formation of a stable ligand-bound state,
maintain a free state that can productively bind ligand, and
involve secondary structural switching. The regulatory mech-

FIGURE 8: Structure of the U47C mutant. (a) 2Fo - Fc simulated
annealing omit map contoured at 1σ of the U47C mutant in which
residue 47 was omitted from the model used for map calculation.
Note the relatively poor definition of the ribose sugar and the base
in the mutant. (b) Superposition of the wild-type (green) and mutant
(magenta) structures over all backbone atoms. The U47(N3)-U51-
(O2) and U47(O4)-A52(N6) hydrogen bonds in the wild-type
structure are shown with arrows, and the interatomic distance (Å)
is denoted as the left value. The right value reflects the interatomic
distance of the equivalent atoms in the U47C structure, emphasizing
that the cytosine packs against J2/3 in the same fashion despite
having unfavorable interactions between these two sets of atoms.

FIGURE 9: Surface representations of (left) GRA RNA (wt, PDB
ID 2B57), (middle) the A21U,U75A mutant, and (right) the U47C
mutant. The coloration of the surface represents the atomicB factors
for atoms in the RNA (bottom bar), with blue indicating low thermal
disorder (B ≈ 20-30) and red indicating high disorder (B ≈ 70-
80) in the lattice. The bottom perspective represents a 90°
counterclockwise rotation of the upper perspective.
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anism of riboswitches requires the finely tuned interplay
between these three important sequence constraints on the
RNA to efficiently control expression of its mRNA.
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