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Introduction

Riboswitches regulate gene expression in cis in
response to changing metabolite concentrations in
cells. Since flavin mononucleotide1,2 and thiamine
pyrophosphate1,3 sensing riboswitches were dis-
covered in 2002, more than 20 classes of metabolite-
responsive riboswitches have been identified, pri-
marily controlling essential metabolic or virulence
genes in bacteria. Riboswitches are typically found
in the mRNA 5′ untranslated region where they
control expression usually by regulating premature
transcription termination or translation initiation.
Some riboswitches additionally control mRNA
turnover4 or Rho-dependent termination.5 Regard-
less of their regulatory mechanism, the modular
riboswitch structure is composed of an aptamer
domain (ligand binding) and an effector domain
(regulation). Ligand binding to the aptamer domain
stabilizes an alternate structure and induces an
effector domain switch to turn gene expression on or
off. Riboswitches offer an efficient and rapid means
to respond to changing metabolic conditions in a cell.
Purine Riboswitches

Purine riboswitches refer to a very broad classifica-
tion, encompassing guanine, adenine, 2′-deoxygua-
nosine, cyclic-di-GMP, and PreQ1

6,7 riboswitches.
Representative ligand-bound structures from each
group reveal conserved interactions with the purine
moiety (reviewed in Batey6). Guanine- and adenine-
responsive riboswitches are particularly well studied
since their discovery8,9 and crystal structure deter-
mination10,11 approximately 10 years ago. They
share a structurally conserved three-way junction
connecting helices P1–P3 (Fig. 1). They exhibit
high sequence conservation in the hairpin loops
(L2 and L3) that form tertiary contacts and the
junction nucleotides (J1/2, J2/3, and J3/1) forming
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the purine-binding pocket. The guanine and adenine
riboswitches can be interconverted by a single base
substitution between C and U at position 74 (number-
ing according to Stoddard et al.13) that forms a
Watson–Crick base pair with the purine ligand,
demonstrating that the groups are mechanistically
equivalent.
Same Ligand-Binding Pocket, Different
Response Dynamics

Metabolic processes need to be finely tuned for
survival and structuredRNAs are incredibly amenable
to fine-tuning through compensatory mutations and
base isostericity.14 This idea is elegantly illustrated by
work on RNA thermometers. By varying the length
and strength of base pairing, helix melting and
regulation are tuned to an optimal temperature
response, with virulence, cold- or heat-shock re-
sponses with zipper-like structures even offering a
graded response.15,16 Similarly, riboswitches are
readily adaptable and their affinities can be efficiently
tuned to optimize gene expression. Work on the
guanine,17 SAM-I riboswitches,18 TPP, and c-di-
GMP19 have clearly demonstrated that a single
class of riboswitch can have a broad range of kinetic
parameters. For instance, Bacillus subtilis contains at
least 11 SAM-I riboswitches and their affinity for S-
adenosyl-L-methionine (SAM) generally correlates
with the regulated genes' role in import or biosynthe-
sis, allowing B. subtilis to preferentially use exoge-
nous supplies, when available.18 Likewise, variability
between organisms was demonstrated for the
guanine,17 TPP,19 and c-di-GMP19 riboswitches.
Invariably, the ligand-binding sites are highly con-
served, indicating that regions outside the binding
pocket are responsible for the differences. Clearly,
riboswitches are highly adaptable elements, but given
the subtle changes and difficulties predicting non-
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Fig. 1. General schematic of the
guanine/adenine riboswitch apta-
mer domain. Nucleotides are
shown as black circles, excluding
the P2 tune box (cyan), P2 core
(gray), and purine-binding pocket
(yellow). Bases are numbered
according to a scheme in Stoddard
et al. The numbering scheme for P2
is labeled (P2.1–P2.7). A purine is
represented in the binding pocket
with conserved bonds shown. Base

pairs with the ligand are drawn using the Leontis–Westhof notation while single hydrogen bonds are shown as gray broken
lines. The figure was generated using Varna.12
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canonical base pair contributions, the molecular basis
for activity tuning is poorly understood.
Finding the Tuning Element in Purine
Riboswitches

In this issue, Stoddard et al.13 delve into the tuning
mechanism in the well-studied purine riboswitches.
They cleverly hypothesized that since the purine-
binding site is highly conserved, perhaps the adjacent
regions bear sequence elements responsible for fine-
tuning the ligand-binding kinetics. Using statistical
coupling analysis and a set of high-quality structure-
guided sequence alignments, they identified co-
evolving nucleotides at positions 24 (A or U) and 25,
adjacent to the binding pocket. The co-variations
could be further subdivided based on combinations of
position 24with the first two base pairs in P2 (P2.1 and
P2.2). Can these sequences tune the behavior of
purine riboswitches? To probe further, they engi-
neered a subset of these naturally occurring se-
quences, as well as their non-natural A24/U24
inversions, into a common platform, or “chassis”, to
assess binding kinetics, in vivo responses, and
structural effects. In all, they demonstrated that
alterations as simple interchanging of A24 or U24
with different combinations of P2.1/P2.2 resulted in a
gradient of kinetic parameters with natural variants
typically tuned for more efficient responses than their
non-natural counterparts. The range of parameters
achieved by the variations spanned expected values
for riboswitches that would function by kinetic to
thermodynamic mechanisms, according to previous
approximations.20 This tunable gradientmanifested in
vivo as a near-complete loss of responsiveness
despite modest kinetic changes. To investigate
possible structural causes, they determined X-ray
crystal structures for one natural and two non-natural
variants. The purine-binding site was essentially
unchanged, but co-variation at positions 24 and 25
could be partially explained by local adjustments. U24
is positioned similarly to A24 but does not stack
equivalently between G72 and A73. This change
naturally co-occurs with imperfect pairing and a kink at
the base of P2, suggesting that one necessarily
accommodates the other. This also explains the loss
of in vivo control observed in non-natural Position 24–
P2.1/P2.2 combinations. Overall, what makes this
paper stand out is its systematic experimental
validation of these newly identified fine-tuning se-
quence elements. These data provide strong evi-
dence that the subtle co-variation at the P2 tune box
has minimal effect on the structure but can impart a
range of effects on binding kinetics in the guanine/
adenine riboswitches.

Outlook

Since the discovery of riboswitches over 10 years
ago, the mechanisms of direct ligand recognition have
been intensely studied; however, the complexity of
riboswitch tertiary structures makes understanding
regulatory tuning an arduous task. The work by
Stoddard et al. provides direct experimental evidence
for evolutionarily important tuning hotspots within
riboswitches, where subtle co-variations are sufficient
to impart a spectrum of responses. Obviously, this P2
tune box is not the only functional means for tuning in
the purine riboswitches and it will be interesting to note
whether the other identified co-varying regions are also
involved in tuning. Given the power and simplicity of
accumulating simple changes in non-coding RNA, it
seems likely that many riboswitches will possess
similar tuning hotspots where mutations rapidly and
efficiently adjust gene regulation.
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