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Abstract

Over the past decade the purine riboswitch, and in particular its nucleobase-binding aptamer
domain, has emerged as an important model system for exploring various aspects of RNA
structure and function. Its relatively small size, structural simplicity and readily observable
activity enable application of a wide variety of experimental approaches towards the study of this
RNA. These analyses have yielded important insights into small molecule recognition, co-
transcriptional folding and secondary structural switching, and conformational dynamics that serve
as a paradigm for other RNAs. In this article, the current state of understanding of the purine
riboswitch family is examined and how this growing knowledge base is starting to be exploited in
the creation of novel RNA devices.
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1. Introduction.

Over the past decade, structural and biophysical studies of RNA have been heavily
influenced by riboswitches, and in particular, purine riboswitches. These regulatory RNA
elements are most prevalent in the leader sequences of bacterial MRNAs, controlling
expression in a cis-fashion (reviewed in [1]). This activity is imparted through two
functional domains: a small molecule binding aptamer (or receptor) domain and a regulatory
component (or expression platform) containing a structural switch that most often acts at the
level of transcription or translation. Structural and biophysical studies of riboswitches have
almost exclusively focused upon the aptamer domain as this domain has both complex
tertiary architecture amenable to structure determination and an observable activity—Iligand
binding. As a consequence, while three-dimensional architectures of almost every major
family of riboswitch have been elucidated, only two structures (the SAM-I11 (or Spk) [2]
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and hydroxocobalamin riboswitch [3]) have been shown directly and experimentally to
encompass all of the sequence elements necessary and sufficient to impart both the ligand
binding and gene regulatory activities. While several riboswitch aptamer domains such as
SAM-I [4], TPP [5, 6], and preQ;-I [7-9] have been extensively studied by a number of
approaches, the aptamer domain of members of the purine riboswitch family [10, 11] have
been adopted as as a significant model system for studying these RNAs.

The purine riboswitch was originally discovered as a conserved regulatory feature in leader
sequences of mMRNAs associated with purine metabolism [12]. This study recognized the
two mutually conserved stem-loop structures, a rho-independent transcriptional terminator
and an antiterminator, secondary structural features of the mRNA known to be associated
with transcriptional attenuation [13]. In addition, repression of transcription was effected by
low molecular weight compounds hypoxanthine, guanine and weakly, xanthine. However, a
proposed regulatory protein mediating this process, such as those acting on the trp and pyr
operons, was not identified. Similar findings with leader sequence elements associated with
operons related to S-adenosylmethionine [14], thiamine pyrophosphate (TPP) [15],
riboflavin [16] and adenosylcobalamin [17] metabolism led to the very prescient speculation
these mMRNAs directly bind their small molecule effectors [18]. Only after the discovery of
several other conserved RNA elements that directly bind small molecule metabolites [19-23]
was it established some purine leader sequences interact with either guanine or adenine [24,
25]. Shortly after this discovery, the Batey laboratory was the first to report the structure of a
riboswitch, the B. subtilis xpt-pbuX guanine-responsive aptamer domain, revealing core
principles of RNA-small molecule recognition and regulation of gene expression by
riboswitches [10]. Later, a third class of riboswitches within the purine riboswitch family
was discovered to be regulated by 2’-deoxyguanosine, but this RNA is currently only found
in a single organism, Mesoplasma florum [26].

There are several reasons why the purine riboswitch has emerged as a favored model
system. First, and likely foremost, it is a structurally simple “complex” RNA—that is a
multi-helix structure with side-by-side helical packing. This architecture, described as a
three-way junction supported by a distal tertiary interaction (see Section 2), is a highly
recurrent theme in RNA biology [27]. In addition to the purine riboswitch aptamer this
structural theme is employed to create a functional center in several other riboswitch
aptamer domains, the hammerhead ribozyme, signal recognition particle and various
substructures of the ribosomal RNA. Further, of the three classes of three-way junctions, the
purine riboswitch is a member of the most common class (class C) [28]. Secondly, this RNA
has several activities—namely ligand binding and gene regulation—that can be monitored
by standard molecular, biochemical, and biophysical techniques. A significant advantage is
adenine binding variants also recognize 2-aminopurine (2AP), enabling fluorescence
approaches to be used that do not require labeling of the RNA or ligand. Third, RNAs
derived from purine riboswitch aptamer domains are remarkably well behaved. While many
RNAs tend to misfold, multimerize, or readily degrade, the purine binding aptamer has
proven itself easy to work with. In part, this is likely due to the strong selective pressures on
rapid and efficient folding present inside the cell as riboswitches may have only a brief
timeframe in which to influence the expression machinery (see Section 6). Finally, the
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purine riboswitch aptamer at ~60 nucleotides in length is one of the smallest RNAs that
embodies the above features. The small size makes NMR spectroscopy tractable as well as
facilitates the facile incorporation of modifications, such as fluorophores, into the RNA. In
this review, we discuss how the purine riboswitch has been used as a model system to study
aspects of RNA chemistry and biology.

2. Purine nucleobase recognition

Currently, the aptamer domain structure of four members of the purine riboswitch family
have been solved by X-ray crystallography: Bacillus subtilis xpt-pbuX guanine-responsive
[10, 11], Vibrio vulnificus add adenine-responsive [11], B. subtilis pbuE adenine-responsive
[29], and Mesoplasma florum 1A 2’-deoxyguanosine-responsive [30]. The aptamer domains
of these four riboswitches share a common three-dimensional architecture and ligand
binding pocket, which are highly conserved throughout the family [24, 26, 31]. The aptamer
domain consists of three Watson-Crick paired regions (P1 — P3; Figure 1A, B) organized
around a central three-way junction. Sequence conservation within the aptamer is localized
to the two terminal loops (L2 and L3) that form a pseudoknot interaction and the three
joining regions (J1/2, J2/3 and J3/1) that comprise the junction. Within the junction is a set
of nearly invariant nucleotides (highly conserved nucleotides across the purine family [32,
33] are highlighted in red in Figure 1A) organizing three critical bases for hydrogen bonding
interactions with the ligand forming essentially a base quartet (nucleotides 47, 51, and 74 in
the xpt numbering scheme; for simplicity, features of all members of the purine family in
this review will be referenced using this numbering scheme). These bases, along with the 2/-
hydroxyl group of U22, create the network of hydrogen bonds that fully recognize the ligand
(Figure 1C). Adenine-responsive riboswitches discriminate against guanine primarily
through a single change in the pocket (C74 for U74), enabling Watson-Crick pairing to this
nucleobase. While in principle U74 could pair to guanine through a wobble pair, the
architecture of the junction appears to prevent shifting of nucleotide 74 towards the major
groove [34].

Recognition of 2’-deoxyguanosine, on the other hand, is achieved primarily through the
identity of the nucleotide 51 being cytosine (Figure 1A) [30, 35]. In the bound state, C51
shifts towards 74 relative to U51 in the guanine-bound aptamer, sterically accommodating
the 2’-deoxyribose sugar. Accordingly, nucleotide 47 disengages from its interactions with
residue 51 and reorients itself out towards the solvent. Thus, it appears that identities of just
two nucleotides, 51 and 74, govern discrimination between different purine nucleobases and
nucleosides [35]. In principle, the C51/U74 combination would enable recognition of 2/-
deoxyadenosine, although this sequence has not yet been observed in biology [26].
Additionally, the M. florum 1A riboswitch has a ~100-fold preference for 2’-deoxyguanosine
over guanosine [26]. Comparison of the wild type aptamer bound to both compounds
revealed that the ribose sugar of guanosine adopts the C3’-endo conformation that prevents
hydrogen bonding of the 3’-hydroxyl group with C48 (C56 in M. florum numbering) [30].
This causes C48 to be flipped out towards solvent, which was speculated to destabilize the
conformation of J2/3, leading to lower affinity for guanosine.
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Other riboswitches use similar pyrimidine-rich binding sites to recognize purine
nucleobases. For example, the three-way junction (3WJ) site of the THF riboswitch [36] and
the preQq-11 riboswitch [37] recognizes guanine through a U-purine-C base triple (Figure
2A, B). The second site in the THF riboswitch, at the pseudoknot (PK), has a slightly
different arrangement of pyrimidine residues around the purine base, but still uses a uridine
base to recognize the N9/N3 face (note that the N9/N3 face corresponds to the “sugar edge”
of purine nucleotides) (Figure 2C) [36]. The only deviation from this theme is found in the
preQq-I riboswitch where the N9/N3 face of the guanine base interacts with the Watson-
Crick face of the base of an adenosine residue (Figure 2D) [7-9]. Similarly, the in vitro
selected theophylline aptamer uses two pyrimidine residues to hydrogen bond to the
Hoogsteen and N3/N9 edges of its ligand [38]. Thus, for most aptamers recognizing purine
nucleobases, a recognition strategy involving two pyrimidine residues appears to be the
easiest solution. This simple scheme, however, is not reflected in the binding of purines as
part of more complex molecules such as S-adenosylmethionine, cyclic-di-GMP or
adenosylcobalamin by riboswitches as well as GMP recognition by group I introns. In these
cases, recognition of the nucleobase of the ligand is idiosyncratic, more typically using
hydrogen bonding interactions with purines in the RNA [39-41].

The purine riboswitches also bind a variety of non-natural purine [24, 31, 34, 42-44] and
pyrimidine analogs [45, 46]. Many of these analogs represent trivial solutions to recognition
in that they bind with the same hydrogen bonding configuration as the natural effectors and
no alteration in the conformation of the RNA. For example, 2-aminopurine (2AP) binds to
the adenine riboswitch and the (C74U)xpt-pbuX riboswitch in the same configuration as
adenine, enabling it to be widely exploited as a means of investigating the ligand binding
properties of purine riboswitches due to its spectral properties [43, 47-49].

2AP recognition by purine riboswitches revealed an interesting aspect of effector
discrimination by these RNAs. Several compounds with substitutions at the purine 6-
position, such as 2-AP (deletion of N6), 6-chloroguanine (substitution of the guanine O6
with a chlorine atom), and 6-O-methylguanine (methylation of the guanine O6), bind
guanine and adenine riboswitches with nearly the same affinity. This is in stark contrast to
the nearly 10,000-fold specificity each riboswitch has for its associated purine (guanine vs.
adenine) [24, 25]. A comparison of the structures of the wild type and C74U xpt aptamers
bound to 2AP, revealed that cytosine 74 is capable of shifting to the minor groove to re-
establish a two-hydrogen bonding interaction with the ligand [34]. Presumably, uridine 74 in
adenine riboswitches cannot shift towards the major groove, which would enable a GeU
wobble pair to form and diminish the discrimination of this riboswitch for adenine over
guanine. These observations highlight that in searches for compounds that bind purine
riboswitches as potential antimicrobial agents [50], the ability of nucleotides 51 and 74 to
reposition themselves within the ligand binding pocket to establish alternative hydrogen
bonding patterns must be considered.

3. RNA structural nuances yield functional differences

Global organization of the purine riboswitch family is governed by interactions between L2
and L3 serving to pack P2 against P3 (Figure 1B). Under near physiological magnesium ion
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concentrations (0.5 - 1 mM), this interaction provides ~4.1 kcal/mol to the ligand binding
energy in the xpt/pbuX riboswitch [51] and at least 2.9 kcal/mol in the pbuE adenine
riboswitch [52]. Formation of this tertiary interaction is critical for high affinity recognition
of ligands, but low affinity binding can be achieved in its absence [51-53]. At the core of
this interaction within all members of the purine clan is the formation of two invariant G-C
Watson-Crick pairs between L2 and L3 (“pseudoknot”, Figure 1A). Beyond this core
element, the guanine, adenine, and 2’-deoxyguanosine riboswitches all have differences
contributing to their effector binding properties.

The guanine riboswitches, as exemplified by the B. subtilis xpt-pbuX riboswitch, contain an
extremely stable L2-L3 interaction capable of forming in the absence of either magnesium
ions or ligand. The overall architecture of this tertiary interaction is a set of four non-
canonical base pairs that scaffold two essential Watson-Crick G-C pairs (Figure 3A,
orange). The G38-C60 Watson-Crick pair interacts with a reverse Watson-Crick/Hoogsteen
A33-A66 pair in its minor groove, while the G37-C61 pair interacts with a reverse Watson-
Crick/Hoogsteen U34-A65 pair. It is interesting to note the packing of the two non-
canonical base pairs into the minor groove of the G-C pairs is reminiscent of the type-I/type-
I1 A-minor triples that define the interaction of GAAA tetraloops into the minor groove of
A-form helices [54, 55]. Distal to these two base quartets are two other pairs: an A35¢A63
pair and a side-by-side G62¢U63 pair. These pairs make significantly weaker energetic
contributions to ligand binding, as reflected in their lower degree of phylogenetic
conservation [53]. SmFRET [56], NMR [57], and in-line chemical probing studies [24] all
show the L2-L3 tertiary interaction is fully formed and stable in the absence of guanine and
moderate (1 mM) magnesium ion concentrations. Even in the absence of Mg?*, the
“docked” conformation is significantly sampled, indicating that magnesium is not essential
for the L2-L3 interaction [56]. Therefore, it is likely that this tertiary structure is tightly
formed under physiological conditions such that it promotes preorganization of the binding
pocket to enable rapid and efficient ligand binding [58]. Observations by NMR of ligand
binding in the absence of magnesium reinforce this observation [11, 59], although the
interaction is significantly weakened in the absence of divalent ions [10]. Strikingly, the L2-
L3 interaction is observed to form outside the context of the three-way junction or helix 1,
further emphasizing its intrinsic stability [57].

A number of adenine riboswitches contain a less stable L2-L3 interaction as compared to the
guanine riboswitches. While base specific interactions between L2 and L3 are nearly
identical [11], the closing base pairs differ [11, 31]. In the vast majority of guanine
riboswitches, the closing pair of L2 and L3 is a Watson-Crick base pair (Figure 3B),
whereas in the B. subtilis pbuE adenine riboswitch, L2 is closed by a UsU pair and L3 by an
A*A pair (L3 of the V. wulnificus add adenine riboswitch is closed by a G-C Watson-Crick
pair) (Figure 3C, D). In the pbuE variant, the absence of magnesium does not promote even
transient sampling of the docked configuration [52], which is supported by NMR studies
[60]. Instead, at least 50 M Mg?2* is required to promote the docked state [61]. Differences
in the stability of the L2-L3 interaction may have consequences for the regulatory activity of
the riboswitch because the tertiary interaction directly influences the conformational
ensemble of the unbound junction. Destabilization of this interaction would result in
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increased disorder and potentially decrease the rate of ligand binding kinetics (kqn) and
thereby increasing the concentration of ligand required to elicit a regulatory response (see
Section 6) [60].

Finally, the class 1A M. florum 2’-deoxyguanosine riboswitch contains a substantial
variation in the nature of the L2-L3 interaction. While L2 possesses the same size and
pattern of sequence conservation as the rest of the purine riboswitch family, L3 contains a
deletion of the middle three nucleotides (Figure 3E, F). While the two core Watson-Crick
pairs are maintained, only the equivalent of G37-C69 is engaged by other nucleotides. Distal
to these pairs, a single A*A pair between the loops further reinforces the tertiary interaction.
Despite the significant difference in tertiary architecture, these novel interactions contribute
little to the specificity for 2’-dG over guanine [30, 35]. Instead, sequence differences in P2
adjacent to the three-way junction confer specificity [30, 35].

Within P2 and proximal to the three-way junction is a lightly conserved yet important
component called the “P2 tune box” [48]. This sequence element was found through a
structure-based sequence alignment of guanine/adenine riboswitches in which only the
subset of sequences alignable without insertions and/or deletions were considered. This
high-quality alignment yields two sets of nucleotides showing statistically significant co-
variation despite being non-interacting: 66/68 in L3 and 24/25 at the interface of J1/2 and
P2. Genetic and biochemical analysis revealed a covariation pattern between nucleotide 24,
which stacks between nucleotides 72 and 73 at the P3-J3/1 interface and the first two base
pairs in P2. Within the purine family there is a marked tendency for the first two base pairs
of P2 to be non-canonical pairs. Interestingly, this is a crucial element in the 2’-
deoxyguanine aptamer for achieving high-affinity and specific binding of its cognate ligand
—more important even than the variant L2-L3 interaction [35]. The structure of this aptamer
revealed that nucleotide 24 instead of stacking with P3, forms a triple base pair with the first
base pair in P2 [30]. Detailed affinity and kinetic measurements of a series of P2 tune box
sequences, both natural and non-natural, reveal that this region has a significant impact upon
the association and dissociation rates of ligand binding [48]. Strikingly, while a single point
mutation in this box is lethal to the in vivo regulatory activity of the riboswitch, a
compensatory mutation to non-interacting nucleotides (i.e., to nucleotides not involve in
base pairing) rescue full wild type activity. Like the distal L2 sequence variation affecting
the stability of the tertiary interaction, it is hypothesized that the P2 tune box also influences
the conformational ensemble of the free state to tune the regulatory activity of the riboswitch
to the needs of its associated transcriptional unit.

Another region with clear patterns of conservation exists within the P1 helix that has yet to
be investigated. The crystal structure of the guanine and adenine riboswitches reveal that the
two base pairs proximal to the ligand binding core (U20-A76 and A21-U75) are involved in
ligand-dependent base triples with nucleotides in J2/3 (49 and 50, respectively), and the
identity of these nucleotides are almost invariant (Figure 1A). Beyond that, the next three
base pairs show a significant preference for the orientation of the purine-pyrimidine pair (for
example, the pair below U20-A76 shows a significant tendency for a purine on the 5’-side of
the helix). Most likely, these preferences reflect a need to optimize the stability of P1
relative to the competing downstream helix. However, like the rest of the expression
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platform (see Section 5), the role of specific sequence elements or conservation patterns in
the P1 helix remains poorly understood. This is somewhat surprising in light of the central
role that this helix plays in communicating the binding state of the aptamer to the
downstream elements that direct the expression machinery.

4. The role of metal ions

Like almost all RNAs, cations have a strong influence upon the structure and activity of the
purine riboswitch (an excellent overview of the role of cations in RNA is given by Williams
and colleagues [62]). Multivalent cations interact with RNA in three distinct ways [63], the
first being ion specific sites playing specific and critical roles in catalysis or binding.
Examples include the TPP [5, 6, 64] and flavin mononucleotide (FMN) [65, 66] aptamer
domains in which magnesium mediates interactions between phosphate groups of the ligand
and RNA. Quite remarkably, the recent structure of the fluoride riboswitch has revealed how
specific magnesium ions completely mediate the halide-RNA interaction [67]. In addition,
the magnesium and glycine riboswitch aptamers use specifically bound magnesium cations
to stabilize RNA architecture [68-70]. Invariably, these ions form inner sphere contacts with
either the RNA or the ligand. Second are divalent ions associating with RNA non-
specifically in regions of high electronegative surface potential and may or may not form
inner sphere contacts with the RNA. Several examples of such ions are found in the purine
riboswitch, such as a magnesium ion that sits adjacent to the ligand binding site in the add-
adenine structure [11] (Figure 4A) and cobalt hexamine ions found along P2 and P3 of the
xpt-hypoxanthine structure where phosphate groups come into close proximity (Figure 4B).
These ions are often observed in X-ray structures, but different monovalent and/or divalent
ions can occupy these sites [71]. Finally, “diffuse” ions compose an atmosphere of non well-
localized ions around the RNA and their behavior is dictated by long-range electrostatics.
From a series of crystallographic and NMR studies of representative purine aptamers, a
number of high-occupancy metal ion binding sites dispersed throughout the structure have
been observed [10, 11, 72], but none of these appear to be essential for ligand recognition.
Instead, the role of divalent metal ions is to increase the affinity of the aptamer for effector
by stabilizing global RNA architecture. Thus, for the purine riboswitch, cations appear to
play a non-specific role promoting folding and ligand binding.

More recently, Leipply and Draper developed a quantitative model describing the effect of
magnesium on folding of the V. vulnificus add adenine riboswitch [73]. Structural
characterization of this RNA by small angle X-ray scattering (SAXS) and hydroxy! radical
probing enabled four states of the RNA to be defined: (1) an unbound and extended form of
the aptamer in which L2 and L3 do not interact, (2) a ligand bound form with the L2 and L3
interaction unformed, (3) an unbound form displaying the L2-L3 tertiary interaction and (4)
the bound and folded state. These four states are connected in a thermodynamic cycle by
three free energy values: (1) formation of the L2-L3 interaction (AGgqck), (2) binding of
ligand (AG_gp) and (3) a coupling factor linking the two processes (AG,,). The magnesium
dependence of each of these energies yields information about the mechanism(s) by which
divalent cations act on the free energy folding landscape of the RNA. For the adenine
riboswitch, magnesium appears to act on the RNA in two ways with nearly equal
effectiveness: promoting formation of the L2-L3 interaction and stabilizing the ligand
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binding pocket. Conversely, coupling of the tertiary interaction and the ligand binding
pocket is only weakly magnesium dependent, indicating that their linkage is largely a
structural feature of the aptamer [73].

Monovalent cations also influence the stability of the tertiary architecture of the purine
riboswitch aptamer domain. In the absence of magnesium, the thermal stability of the V.
vulnificus add-DAP complex is strongly influenced by the identity of the monovalent cation
[74]. As the radius of the monovalent cation increases down the group | series (Li*, Na*, K*,
Rb*, and Cs*), stability of the complex decreases by almost 3 kcal/mol. This effect is
rationalized as a result of high charge density in the RNA and small ions have access to
sterically restricted regions of high electronegative potential. This effect is counter to the
higher desolvation energies of smaller monovalents such that inner sphere ion-RNA
interactions are more costly [75, 76]. The lack of a specific monovalent effect, such as
observed for GAAA-tetraloop receptor for K* [74, 77], indicates that monovalent cations
interact with purine riboswitch aptamer domains as diffuse ions. In support of this trend, a
soak of the M. florum 2’-deoxyguanosine riboswitch with 10 mM CsCl reveals three unique
monovalent binding sites; two sitting in the major groove of P2 and a third adjacent to the
2/-hydroxyl of C31 and non-bridging phosphate oxygens of A32 (equivalent to U22, A23 in
the xpt numbering system) [30]. None of these sites suggest a significant number of direct
RNA-ion interactions, but rather generally reflect regions of high negative potential.

5. Beyond the aptamer domain: the nebulous expression platform

While the aptamer domain, defined as the minimal RNA sequence necessary to achieve high
affinity binding of the cognate effector ligand, is structurally well characterized, the
structural features of the expression platform are largely unexplored. A serious limitation in
the analysis of this region is that most alignments of riboswitches, particularly those found
in Rfam [32, 33] generally exclude features other than the easily identifiable and alignable
aptamer domain. Structural elements in the expression platform, such as terminator/
antiterminator or sequester/antisequester hairpins, are proposed based upon computational
secondary structural prediction algorithms. While these programs are good at predicting
relatively strong elements of secondary structure, such as rho-independent terminators, the
presence of weaker elements that may nonetheless influence the regulatory properties of the
RNA remain largely unknown. Additionally, transcriptional termination elements can vary
significantly in their structure impeding identification of consensus elements and conserved
motifs [78].

Studies of other classes of riboswitches illustrate the need to consider structural elements
beyond the aptamer and the generally obvious alternative secondary structural switch in the
expression platform. In the expression platform of the B. subtilis lysC lysine riboswitch,
there is a small hairpin structure, P6, that lies between the P1 helix and terminator element
that does not appear to be directly involved in the secondary structural switch—it is present
in the antiterminator and terminator states [79]. The presence of this stem-loop, which would
be contiguous with the antiterminator helix, is important for efficient lysine-dependent
regulation. Deletion of this hairpin without affecting the antiterminator/terminator structures
causes the riboswitch to be constitutively “OFF”, whereas stabilization of this element
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prohibits formation of the terminator in an in vitro single-turnover transcription assay.
Presumably, this hairpin facilitates nucleation of the antiterminator helix at the expense of
P1, preventing rho-independent termination. While this element is not conserved in lysine
riboswitches, these results suggest that sequence and structure in the expression platform
that are not directly involved in alternative structure formation may be important for
efficient function [79].

A second instructive example of how inconspicuous structural features adjacent to the
aptamer domain can profoundly influence activity is found in the glycine riboswitch.
Originally, this riboswitch family was defined by two structurally similar aptamer domains,
each binding a single glycine molecule with strong cooperativity [80]. However, just outside
of the presumed aptamer domain exists a recently discovered kink-turn motif connecting the
two aptamers [81, 82]. This motif and the associated PO helix promotes interdomain
association in the absence of glycine, abrogating cooperative ligand binding under
physiological conditions [82, 83]. These studies highlight the need to investigate the
sequence and structure of expression platforms to fully define the role the expression
platform plays in gene regulation by purine riboswitches.

6. Mechanisms: a tale of two adenine riboswitches

In bacteria, riboswitches typically control gene expression by transcriptional and/or
translational attenuation, although a recent study has uncovered further evidence for
widespread regulation of gene expression via regulation of antisense RNAs [84]. Also, some
riboswitches have been identified that require the Rho termination factor as part of the
regulation mechanism [85]. Regulatory control at the transcriptional level has a significant
consequence: the riboswitch has only a short timeframe in which to influence RNA
polymerase before it escapes beyond the intrinsic terminator. Thus, the riboswitch must do
three things rapidly and efficiently: (1) acquire secondary and tertiary structure in the
aptamer domain, (2) survey the cellular environment for the cognate ligand, and (3) direct
alternative secondary structure formation based on the status of the aptamer domain. An
early study of the B. subtilis pbuE adenine riboswitch revealed that adenine binds to the
aptamer with slow association and dissociation kinetics [49]. A theoretical consideration of
the timeframe required to fully saturate the aptamer at a given intracellular ligand
concentration yielded the conclusion that the timeframe of equilibration of the aptamer is
substantially longer than what is required for the polymerase to transcribe the expression
platform through the terminator. Thus, it was proposed that there is a subset of riboswitches
under “kinetic control”. The hallmark of kinetic control is that concentrations of effector
required to elicit a half maximal regulatory response (referred to as the ECsg for in vivo and
Tsg for in vitro) are greater than the concentrations of ligand required to half-saturate the
aptamer under full equilibrium (referred to as the Kp). Presumably, riboswitches that control
gene expression at the translational level do not have a similar temporal constraint, and thus
could be under “thermodynamic control” in which the ECsgq or Tsq is equivalent to the
aptamer’s Kp.

To understand this potential feature of riboswitches, the Lafontaine and Massé groups
performed a comparative study of the B. subtilis pbuE adenine riboswitch (transcriptional
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regulation) and the V. vulnificus add adenine riboswitch (translational regulation) [86]. It
had been previously established that the full length pbuE riboswitch encompassing both the
aptamer domain and expression platform cannot efficiently bind adenine, indicating that it is
thermodynamically locked into a state where the terminator stem loop has formed at the
expense of the aptamer [52, 86, 87]. This implies that the RNA does not act as a reversible
switch, but rather as a “fuse” whose ligand-directed folding must occur during the
transcription process [88].

The regulatory properties of the pbuE riboswitch are strongly influenced by transcription
conditions. First, in a single-turnover transcription assay the Tsg showed a significant
dependence upon the concentration of NTPs [86], which influences the rate of transcription
[89]. As the concentration of NTPs was raised from 20 to 150 uM, the Tsq increases from
0.2 to 1.3 uM for 2,6-diaminopurine (an adenine analog). Similar results have been observed
for the B. subtilisribD FMN [88] and lysC lysine [90] riboswitches. Second, a long-lived
transcriptional pause located downstream of the pbuE adenine riboswitch aptamer domain
was observed at a stretch of uridine residues at positions 114-117 [86]. Uridine tracts are
well-known pause sites for bacterial RNAPs, and a similar finding was again observed in the
FMN riboswitch [49]. Presumably, the pause stalls the polymerase affording the aptamer
more time to interrogate the cellular environment and reach equilibrium with respect to
effector concentration. Third, NusA, a promiscuous acting transcription factor that generally
affects termination, lowers the Tsq by decreasing the rate of transcription. Finally, all of the
observed Tsgq values are greater than that for DAP binding the pbuE riboswitch (Kp ~ 25
nM) [86]. Together, these data indicate the riboswitch only acts in the context of
transcription and is modulated by factors affecting the rate of RNA synthesis by means of
altering the residence time of the polymerase at the riboswitch. While these in vitro data
strongly suggest that pbuE is under kinetic control, analogous experiments need to be
performed in vivo to firmly establish that in cellular conditions, the same properties are
observed.

Similar experiments on the V. wulnificus add riboswitch indicate that it exerts translational
control in a thermodynamic regime. In contrast to the pbuE riboswitch, the full length add
riboswitch binds adenine with only a slight reduction in affinity as compared to the aptamer
domain alone [86, 87]. This suggests the alternative P1 stem and sequester hairpin reversibly
exchange between the two states. This was confirmed by chemical probing of the native and
several mutant sequences that stabilized either the “ON” or “OFF” state in the presence and
absence of adenine as well as by single molecule force extension spectroscopy [86, 91].
Further, this riboswitch upregulates p-galactosidase expression in either a coupled or
uncoupled in vitro translation system, again indicating the reversibility of the switch [86].
However, in vivo, the riboswitch requires ~500 UM adenine in the extracellular media to
elicit a half-maximal regulatory response, substantially higher than the Kp (~500 nM).
While this might be interpreted as kinetic control in vivo, the authors point out that the
cellular uptake of adenine may be very poor or the metabolic turnover high, such that the
intracellular concentration of adenine is substantially lower than that in the medium. Further,
the pioneer round of translation is physically coupled to transcription in vivo via NusG [92],
which also stimulates Rho-dependent transcriptional termination. Thus, translational
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riboswitches may face temporal constraints via a competition between the rate of ribosome
association and Rho-dependent termination. It remains to be determined whether the
thermodynamic control of the add riboswitch in vitro also occurs in the cell. While it may be
a tempting speculation to associate translational regulation with thermodynamic control
[86], this is still an open question.

Another excellent study addressing the question of thermodynamic versus kinetic control of
riboswitches investigated the Fusobacterium nucleatum preQq-1 riboswitch [93]. A critical
feature of this riboswitch is that the expression platform is “bistable” in which the
antiterminator and terminator hairpins are in reversible equilibrium, where ligand binding to
the aptamer significantly shifts the equilibrium towards the terminator state. This nearly
unique property enabled a detailed characterization of the ligand-dependent switching
properties of the full length riboswitch using both NMR and fluorescence approaches [93].
Kinetic analysis of the terminator/antiterminator rearrangement and ligand binding indicate
that, in the absence of polymerase pausing, that the association rate is sufficiently rapid to
trap the terminator state at proposed intracellular preQq concentrations (30 uM). However,
the authors clearly state that without in vivo analysis, the kinetic versus thermodynamic
issue in the context of transcription in the cell remains an open question [93].

7. Folding of the riboswitch

Since many riboswitches act co-transcriptionally, the ability to fold rapidly and efficiently is
critical for the riboswitch function. First, the RNA must acquire the secondary and tertiary
structure that defines the global architecture of the aptamer domain. Second, the binding
pocket is formed during this phase and becomes competent for ligand binding. Generally, in
the apo-state, riboswitch binding pockets are weakly organized and exhibit a conformational
ensemble, of which only a subset are productive for ligand binding, which in turn strongly
influences the association rate [51, 66, 94]. Furthermore, since the purine nucleobase is
almost completely solvent inaccessible when bound to the aptamer, there must be
conformational change in the three-way junction coupled to binding. Finally, since the P1
helix must at least partially form to create the high-affinity aptamer for the ligand, if the
riboswitch aptamer remains unbound then an alternative secondary structure must form at its
expense. Together, these events illustrate the purine riboswitch is highly dynamic during the
course of its function and to fully understand how this RNA transduces intracellular effector
concentration into a regulatory response, these processes must be considered.

The folding of the aptamer domain has been investigated using a number of experimental
techniques including NMR [57, 95, 96], sSmFRET [52, 56], chemical probing [51], fast
fluorescence spectroscopy [97, 98], single molecule force extension spectroscopy [91, 99,
100], as well as molecular dynamics simulation [101-104]. While all of these techniques
observe different aspects of the folding process, together they yield a reasonably consistent
model of the folding process. The best models for acquisition of secondary structure comes
from single molecule force extension spectroscopy of the pbuE and add adenine riboswitch
aptamers [91, 100]. These studies reveal sequential formation of the P2 and P3 hairpins, then
the L2-L3 interaction, and finally P1. Since only a few base pairs of P1 are required for
moderate-affinity ligand binding [47], it is likely that productive ligand binding starts to
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occur prior to full formation of the P1 helix. SmFRET studies indicate that the L2-L3
interaction is dynamic and forms to variable extents in the apo-state in different purine
riboswitch variants (see Section 3) [52, 56]. It should be noted that these experiments
investigate the folding of the full length aptamer domain and that the observed folding
pathway may be different from a co-transcriptional folding pathway (see Section 7).

One of the most poorly understood aspects of bound state formation is the process of initial
ligand docking with the three-way junction and the coupled folding of RNA around the
ligand. There is substantial disagreement about the degree of preorganization of the junction
and how the aptamer initially recognizes the appropriate ligand. In competing NMR studies
of the xpt riboswitch, one group finds that in the absence of ligand the three-way junction
lacks any indication of hydrogen bonding that defines the bound state [57], while another
argues that the core is moderately preorganized around the junction adjacent to P2/P3 [96].
It should be pointed out that in the latter study, mutations were introduced into the P2 tune
box artificially stabilizing this part of the RNA, which may have significantly influenced
their observations. A more illuminating study by the Schwalbe group used time-resolve
NMR methods to investigate ligand induced folding of the junction using photo caged
hypoxanthine to synchronize binding [95]. Two sets of folding rates were observed: a faster
group (ty2 =19 - 24 s) in the junction and a slower set (t1, = 27 - 30 s) in the L2-L.3
interaction. Along with other experiments indicating line broadening for non-specific
ligands in the core, these data suggest a model in which the ligand forms a low-affinity
encounter complex with the core, followed by organization of the core around the specific
ligand followed by full stabilization of the L2-L3 interaction that locks P2 and P3 into place.

Using ultrafast multidimensional NMR methods, the Varani group was able to generate an
even higher resolution model of adenine/magnesium induced folding of the add aptamer
[105]. Their model, generally consistent with those based upon single molecule studies,
clearly reveals fast initial docking of adenine with core (~16 s), while the L2-L3 interaction
and a region of the P1 helix proximal to the ligand binding site remain unfolded. Kinetically
slower folding events include full stabilization of the L2-L3 interaction (~28 - ~58 s) while
P1 remains flexible. Finally, the native structure is fully acquired after 2 - 3 minutes. In
particular, these data highlight the direct role of ligand in stabilizing the P1 helix, a central
feature of the alternative structural switch of many riboswitches.

The most elusive aspect of the folding process is the nature of the initial docking event with
between the ligand and the three-way junction. Based upon other kinetic and temperature-
dependent chemical protection data, the Batey group proposed a model in which the ligand
initially docks with nucleotide 74 in J3/1 and J2/3 folds around the ligand to form the final
complex [51]. Various molecular dynamics (MD) simulations disagree on this point,
proposing models in which the ligand initially docks with nucleotide 51 [102, 103], while
others agree that 74 is the initial docking site [104, 106]. However, all of these studies must
be taken with some caution as the force fields used for these calculations are still a work in
progress and struggle to accurately describe experimental observations of even simple RNA
motifs [107-109]. Nonetheless, these simulations present interesting hypotheses that may
become the basis for further experiments that will address this issue regarding both the
initial ligand recognition and specificity for the cognate effector.
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To fully understand the folding pathway of the purine riboswitch and its relationship to
regulatory activity, optimal folding needs to be observed in the context of transcription.
Currently this is not technically possible using ensemble methods because it would require
that the entire population be nearly synchronous and stochastic events such as the entry and
exit from programmed pauses frustrate this approach. To address this issue, Frieda and
Block used force extension spectroscopy to unfold and refold nascent RNA pbuE riboswitch
transcripts in the presence of varying concentrations of adenine [99]. In this experiment, E.
coli RNAP stalled downstream of the promoter was attached to a bead in one optical trap,
while the 5’-end of the RNA transcript was hybridized to a DNA handle attached to a second
trapped bead. Transcription was reinitiated and allowed to proceed to the end of the
transcription template where further elongation was blocked by streptavidin bound to the
biotinylated DNA (a good review of the tools and experimental methods of force extension
spectroscopy as applied to RNA is given by [110]). If transcriptional termination occurs at
the Rho-independent terminator, the RNAP disengages and the complex falls apart such that
the two beads are no longer tethered. Since these experiments are capable of observing
transcriptional events in real time, they yield a complete co-transcriptional folding landscape
of an RNA--the first to be achieved (Figure 5). Like previous studies of the aptamer alone,
the earliest event is formation of the P2 helix. Shortly after the polymerase cleared the
aptamer domain sequence, the aptamer domain obtained its global architecture. If adenine
binds to the aptamer, ligand stabilizes this structure against invasion from the terminator
sequence long enough to enable RNAP to escape past the polyuridine tract of the intrinsic
terminator. If adenine does not bind, then the terminator stem-loop forms rapidly at the
expense of the P1 helix once its sequence had been fully transcribed.

Further, these experiments clearly demonstrate kinetic control of the pbuE riboswitch. In the
vast majority of observations, the aptamer folds and binds adenine only once before the
polymerase escapes past the terminator. Therefore, the aptamer does not have sufficient time
to fully equilibrate (requiring multiple samplings of the bound/unbound states on average)
during the transcription process. Finally, in these experiments the polymerase was not
observed to pause as expected at the two poly-uridine tracts. The absence of polymerase
stalling was interpreted as differences in one of several experimental parameters and merits
further investigation since the Lafontaine group uncovered a clear influence on pausing in
the pbuE riboswitch [86].

8. Why riboswitches?

Given the pervasiveness of riboswitches across bacteria, the diversity of small molecules
recognized, and their regulation of essential metabolite biosynthesis [111], it is clear that
these RNAs confer a significant advantage in the maintenance of normal cellular
homeostasis. With their numbers outpacing that of known protein repressors in some
Firmicutes [1], these RNAs must possess some advantage over their protein counterparts.
One reason might be that the RNA has an ability to integrate multiple sensory inputs into a
single, appropriate regulatory response. Put another way, the regulatory response is a
complex function of not only the effector concentration, but also other intracellular
conditions. As discussed above, the intracellular NTP concentration affects the transcription
rate, which for kinetically controlled riboswitches alters their Tsg. A second factor which
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can significantly fluctuate in some bacteria is magnesium ion concentration, though it is
typically tightly regulated [112]. Another class of RNA regulatory devices called
“thermosensors” exploits the thermal stability of RNA secondary structure [113-115]. Even
more recently, an RNA pH sensor was characterized that represses expression of the alx
locus at elevated extracellular pH [116]. Thus, the regulatory landscape of a specific
riboswitch can be very complex allowing the RNA to respond in real time to variety of intra-
and extracellular cues [90].

An example of how RNA modulates regulation in response to an environmental factor was
recently described by the Schwalbe group [117]. They correctly note that a strictly two-state
RNA would have difficulty maintaining a strong regulatory response under varying
temperature conditions. At low temperatures, the RNA’s affinity for ligand is greater than at
high temperatures such that a regulatory RNA would only be efficient at low temperature.
However, binding is not a two state process, as has been shown in a number of studies. An
earlier study of the xpt-pbuX guanine riboswitch aptamer showed that over a broad
temperature range (5 — 60 °C) the free energy of binding (AG®) is fairly constant as
measured by isothermal titration calorimetry [43]. But these same experiments revealed a
marked temperature dependence upon the heat capacity (0AH®/dT), which is generally
interpreted as temperature-dependent changes in the ensemble of conformers of the apo-
state. Thus, the population of RNA competent to bind ligand changes as a function of
temperature, which in turn is likely to influence its regulatory properties. Similar
observations were made for an SAH-binding riboswitch [118]. As many other riboswitch
aptamers experience multiple apo-state conformations, this is likely a general feature [94].

In the study by the Schwalbe group of a nearly full length add riboswitch (a small truncation
of seven nucleotides was used at the 5’-end), the structure of two distinct apo-form
conformers were elucidated by NMR. The first is a native-like state that is competent to bind
adenine, while the second has an alternative secondary structure that destroys the P1 helix.
Importantly, these two states are bistable such that they interconvert in response to
temperature changes. Using a combination of binding analysis and an in vitro transcription/
translation assays, they demonstrate that the equilibrium population of the apo-forms
changes between 10 and 37 °C in such a way that enables the regulatory response to remain
robust. This has important consequences for Vibrio vulnificus as it experiences both
temperatures depending upon whether it is living freely in a marine environment (10 °C) or
infecting a human host (37 °C), similar to a previously characterized RNA thermosensor in
Listeria monocytogenes [114]. Given the diversity of environments and how rapidly
conditions can change, it is not surprising that RNA-mediated regulatory mechanisms which
are natively predisposed to be exquisitely sensitive to these factors are extensively utilized to
regulate gene expression. Strikingly, examples of temperature-dependent riboregulation of
virulence factors were recently described in Yersinia species [119] and Neisseria
meningitidis [120].

9. Application of purine riboswitches

RNA-based sensors are increasingly seen as important tools for synthetic biology, of which
riboswitches represent Nature’s solution to the implementation of such devices [121-124].
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One important application where riboswitches can make a significant contribution is the
development of new regulatory elements for inducible gene expression. While protein-based
regulation is typically used for this task, a number of specific needs have arisen in synthetic
biology that demand new regulatory elements for which RNA is particularly well suited.
These include differential induction of multiple genes in a pathway or in multi-protein
complexes and minimizing cross-talk between regulatory elements.

To address these issues, the Micklefield group has developed orthogonal riboswitches
responding to non-natural small molecules using the add adenine-responsive riboswitch as a
scaffold [125]. To find variants of the add riboswitch responsive to alternative compounds,
all possible nucleotide combinations of positions 47 and 51 (Figure 1C) were cloned
upstream of the CAT gene and each screened against a chemical library of ~80 heterocycles
for conferring chloramphenicol resistance. One variant (U47C,U51C) was found to
specifically bind ammeline (4,6-diamino-2-hydroxy-1,3,5-triazine) and resulted in a
regulatory element capable of robustly inducing varying levels of protein expression in
response to its effector. This pioneering study suggests reengineering of naturally occurring
riboswitch aptamer domains is a viable solution to the creation of genetic control elements
that function in a variety of contexts.

To demonstrate how orthogonal riboswitches can assist in the regulatory control of multiple
genes, the authors created dual and single promoter operons in which the natural add and the
M@ translational “ON” riboswitches regulate the DSRed and eGFP genes, respectively
[126]. In both examples, each gene was specifically induced by its cognate effector (2-
aminopurine for add and ammeline for M6). For the dual promoter system, there was no
cross-talk between the riboswitches despite their sequence differing by only two point
mutations in the ligand binding core. In contrast, under a single promoter in which the M6
riboswitch is in the leader sequence and add is an intercistronic control element of the
DsRed:eGFP cassette, add exhibits a moderate dependence on both riboswitch effector
ligands for maximal expression. The downside to this approach is that the fold induction for
these riboswitches (10-25 fold) is lower than some protein systems.

Synthetic riboswitches have also been created through modification of the expression
platform. It is well appreciated that aptamer domains of riboswitches, like their SELEX-
derived counterparts, are highly composable such that they can function in variety of
contexts including synthetic riboswitches, aptazymes (aptamer inducible ribozymes), and
fluorescent biosensors [123]. However, modularity of expression platforms had not been
demonstrated until recently [127, 128]. In some riboswitches, the sequence required for high
affinity ligand binding to the aptamer domain does not overlap with the alternative
secondary structural switch, particularly those in the P1 helix considered to be central to
interdomain communication. An example of such an arrangement is the B. subtilis metE
transcriptional “OFF” riboswitch, in which the two base pairs essential for S
adenosylmethionine (SAM) binding to the aptamer are localized to the 3’-side of the P1
helix while nucleotides that participate in the P1/P-AT switch are localized to the 5’-side
(Figure 6A) [127]. By defining the boundary of the two domains as the region of P1 where
these elements meet, the aptamer can be replaced by a number of alternative sensors, both
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natural and in vitro selected with the resultant chimeras functional both in vitro (Figure 6B)
and in vivo.

From a mechanistic perspective, the adaptability of select expression platforms suggests
these RNAs exploit an “encoded co-transcriptional” folding process [129]. In this model of
RNA folding, the secondary structure adopted by the RNA is a function of the relative
thermodynamic stability of competing helical elements as well as their 5’-to-3’ polarity. This
principle was first demonstrated in folding of small model RNAs that have isoenergetic,
mutually exclusive structures [129]. For these RNAsS, the folding landscape is directed by
the sequential ordering of the helical elements. In transcriptional “OFF” expression
platforms ordering of the P1/P-AT elements remain fixed, but the relative stabilities of the
helical elements are variable [130]. In the absence of ligand, P-AT is the more stable
element, enabling its formation to dominate over P1. Conversely, ligand to a site in the
aptamer domain that is typically adjacent to the 3’-side of the P1, increases the relative
stability of P1 over P-AT, leading to formation of the downstream intrinsic terminator. Thus,
the expression platform does not necessarily care about the particulars of the ligand-aptamer
complex—only that it alters the stability of P1, which is why many distinct aptamer domains
can efficiently direct ligand-dependent transcriptional termination of the metE expression
platform [127]. More importantly, since SELEX-derived aptamers can be incorporated into
functional chimeric riboswitches, there is nothing special about biological aptamers that
enables them to interface with an RNA switch. Instead, in most cases, the aptamer merely
has to position the ligand binding site (or a coupled conformational change in the RNA) to
influence P1 stability.

A more useful modular switch is one that can induce gene expression in response to ligand
binding, like the M6 riboswitch [125, 126]. However, most of the “ON” switches surveyed
for potential modularity have significant sequence overlap between the two domains,
preventing their simple decoupling at a defined boundary like the metE riboswitch [130].
Instead, the well-characterized adenine-responsive pbuE riboswitch from B. subtilis was re-
engineered to enable its coupling to different aptamers [130]. In the natural pbuE riboswitch,
the terminator (P-T) invades into L3, such that the alternative secondary structural switch
includes sequence elements of the aptamer necessary for both ligand binding and tertiary
structure formation. To decouple the two domains, a short sequence was added to the 3’-side
of the P1 helix that prevented the invasion of P-T into the aptamer, mimicking the
arrangement observed in metE. This engineered variant of the pbuE expression platform is
able to host a variety of aptamers to turn on gene expression. These studies have only
explored a small number of expression platforms, and it may be that even more useful
regulatory modules can be created from translational attenuators or even eukaryotic
riboswitches that regulate splicing or mRNA stability.

10. Conclusion

The purine riboswitch, and particularly its aptamer domain, has become an invaluable model
system for exploring facets of RNA folding, small molecule recognition (reviewed more
extensively in [40]), and structure. From this extensive body of work, we are beginning to
elucidate the foundational principles of these RNAs function to efficiently regulate gene
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expression across a highly diverse set of organisms that experience a broad spectrum of
environmental conditions. The door is now opening to engineering naturally based sensors
that are modular, adaptable, and flexible in their application with the benefits stemming
from the vast amount of knowledge gained by studies of the purine riboswitch. Nonetheless,
there are still many aspects of these RNAs that remain to be elucidated, in particular a level
of understanding of the expression platform that rivals the aptamer domain as well as a
better appreciation of how these RNAs function in the cellular context.
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Figure 1. The purine riboswitch consensus and binding architecture
(A) A simplified consensus sequence projected upon the secondary structure of the purine

family of riboswitches, derived from the Rfam database [33]. Red nucleotides indicate at
least 90 percent conservation. Colored backgrounds represent paired regions corresponding
to the overall three-dimensional structure (B) Global architecture of a representative member
of the purine family (B. subtilis xpt-pbuX) bound to hypoxanthine (HX). Structure is taken
from PDB ID 1U8D. (C) Hydrogen bonding pattern of the two residues that confer ligand
specificity (xpt:hypoxanthine U51 and C74) and the critical organizing nucleotide U47.
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Figure 2. Comparing the modes of recognition between various purine binding pockets
A common theme of pyrimidine-rich binding pockets is observed in most purine-binding

aptamers, often with a uracil base recognizing the N3/N9 face of the ligand. The binding
pocket of the (A) THF three-way junction (PDB ID 4LVW) and (B) class Il preQq (PDB ID
4JF2) are nearly identical, with recognition of the ligand achieved by the same spatial
arrangement. Again in the (C) THF pseudoknot site, guanine’s N3/N9 face is paired to a
uracil base, while additional hydrogen bonds are mediated by two ancillary pyrimidines
juxtaposed to the Watson-Crick face. The only major departure from this trend is the (D)
class | preQ, riboswitch (PDB ID 3FU2) where the binding pocket is still populated by
several pyrimidines, yet recognition is partially achieved by an adenine base structured via
auxiliary hydrogen bonding to a uracil.
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Figure 3. Spatial arrangement of the loop-loop tertiary interaction in various purine riboswitch
aptamers
(A, B) The xpt-pbuX guanine sensing riboswitch contains a stable L2-L3 interaction where

four non-canonical base pair interactions (yellow) provide the context for two essential and
invariant Watson-Crick G-C pairs (orange) (PDB ID 1U8D). These loops are both closed by
Watson-Crick base pairs (green). (C, D) The pbuE riboswitch contains a highly similar
tertiary interaction as xpt, (PDB ID 31VVN) but differs in that both loops are closed by non-
canonical base pairs. (E, F) The 2’-deoxyguanosine aptamer deviates substantially in the
base identities surrounding the G-C pairs containing a deletion of three nucleotides in L3
(PDB ID 3sKI1). In all panels, hydrogen bonds are represented as grey dashes, and select
oxygen and nitrogen atoms are red and blue, respectively.
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Figure 4. Coordination of metal ions along the purine riboswitch
(A) Magnesium ion (magenta) present in the crystal structure of the add riboswitch from B.

subtilis (PDB ID 1Y26 that is adjacent to the binding pocket. (B) Two cobalt hexammines
observed in the xpt riboswitch structure (PDB ID 1U8D) reveals the interaction of diffuse
ions along the riboswitch bridging a region of the structure where the backbone comes into
very close proximity to itself (distances between three non-bridging phosphate oxygens
shown).
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Figure 5. Single nucleotide resolution co-transcriptional folding map of the purine riboswitch
The sequence of the B. subtilis pbuE adenine responsive riboswitch used for single molecule

force extension spectroscopy with secondary structural elements in the aptamer highlighted
as shaded boxes. Secondary structure acquisition and ligand binding was observed along the
transcription trajectory as indicated by the cartoons. For individual experiments that read-
through was observed, binding of adenine was observed to occur only once, supporting the
idea that this riboswitch is kinetically driven. Figure adapted from (92).
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Figure 6. Synthesis of chimeric riboswitches from biological parts
(A) In order for the expression platform to be used as a modular part, all of the sequences

required for the alternative secondary structural switch must be distinct from the sequence
that defines the minimal aptamer domain (yellow). In many riboswitches, the key element is
the “switching sequence” (red), the region of the expression platform (cyan) shared between
the two alternative structures. (B) An example of a functional chimeric riboswitch. The top
shows the wild type B. subtilis metE SAM-responsive riboswitch undergoing transcriptional
attenuation as a function of increasing ligand concentration in a single-turnover transcription
assay (RT, read through product; T, terminated product). The middle shows that a chimera
of the B. subtilis xpt-pbuX guanine binding aptamer domain and the B. subtilis metE
expression platform is no longer SAM-responsive, but is strongly responsive to guanine
(bottom). Figure adapted from (118).
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