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Abstract

Molecular investigations of riboswitches bound to small-molecule effectors have produced a
wealth of information on how these molecules achieve high affinity and specificity for a target
ligand. X-ray crystal structures have been determined for the ligand-free state for representatives
of the preQ1-1, SAM-I, lysine, and glycine aptamer classes. These structures in conjunction with
complimentary techniques, such as in-line probing, NMR spectroscopy, Forster resonance energy
transfer, small-angle scattering, and computational simulations, have demonstrated that
riboswitches adopt multiple conformations in the absence of ligand. Despite a number of
investigations that support ligand-dependent folding, mounting evidence suggests that free-state
riboswitches interact with their effectors in sub-populations of largely pre-folded states as
embodied by the principle of conformational selection, which has been documented extensively
for protein-mediated ligand interactions. Fundamental riboswitch investigations of the bound and
free states have advanced our understanding of RNA folding, ligand recognition, and how these
factors culminate in communication between an aptamer and its expression platform. An
understanding of these topics is essential to comprehend riboswitch gene regulation at the
molecular level, which has already provided a basis to understand the mechanism of action of
natural antimicrobials.
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Introduction

Riboswitches detect small molecules leading to conformational changes at the messenger
RNA level that sequester or expose regulatory sequences that control gene expression®-2,
Such structural modulation can have the effect of activating or attenuating transcription
(Figure 1(a)) or translation (Figure 1(b))3, or it can change the availability of splice-site
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sequences required for pre-mRNA processing (Figure 1(c)) [reviewed in Watcher?]. This
regulatory paradigm is distributed widely in the biosphere as illustrated by the strong
showing of riboswitches in the mMRNA of eubacteria3, as well as the transcripts from
archaea®, fungi®, plants’-9 and algael®, where riboswitches are present to a lesser extent.
The success of riboswitches is due not only to their economical architecture (ranging from
30-nt to 200-nt) but also because of their ability to function without proteins or external
factors!1-13,

Riboswitches are encoded within the transcripts they regulate, which often include genes
that metabolize or transport amino acids, enzymatic cofactors, metal ions, nucleobases, or
second messengers312. The ligands of riboswitches (Table 1) are frequently metabolic end-
points of a specific pathway that is regulated by a riboswitch whose classification is based
on the effector that it responds tol2. The affinity of most riboswitches for their cognate
ligand resides in the middle to lower nanomolar range, thereby providing high sensitivity as
well as the capacity to respond over a broad dynamic rangel4-16.

Riboswitches themselves are organized functionally into a high-affinity aptamer that binds
ligand and a downstream expression platform3 (Figure 1). Aptamers tend to be conserved
for different genes of the same species as well as spanning multiple species. The expression
platform is often less conserved in terms of sequence, spatial relationship with the aptamer,
and its genetic control mechanism3. Effector recognition is accompanied generally by
conformational rearrangements that attenuate or activate expression at an adjacent open
reading frame. Transcriptional control may entail structural changes that shift the
equilibrium of hairpin loops (Figure 1(a)). In the majority of cases, ligand binding results in
stabilization of a rho-independent terminator helix that arrests transcription (figure 1(a)),
although there are cases where the terminator helix is stable in the absence of ligand and
binding results in stabilization of an anti-terminator helix favoring transcription (not shown).
By contrast, translational attenuation involves conformational changes that restrict access to
the ribosome-binding site (RBS) (Figure 1(b)), which must hybridize with the 3"-end of the
30S ribosome to initiate decoding’. In higher organisms, riboswitches influence splice-site
selection by ligand sensing that alters the accessibility of 5"~ or 3"-splice sites, as well as the
branch point adenosine. This can lead to alternative splicing and decreased mRNA stability
(Figure 1(c))*.

As many as 4% of bacterial genes are controlled by riboswitches!®. The susceptibility of
specific riboswitches to antimicrobials has garnered considerable attention®-22 due to the
emergence of drug-resistant opportunistic pathogens. The analysis of riboswitch structure
and function has provided useful insights into the mechanism of action of ligand binding,
thereby facilitating the design of antibacterial compounds, which holds promise for
therapeutic development39:31, The untapped potential of riboswitches as antimicrobial
targets is underscored by the existence of more than 20 classes of riboswitches that
recognize 15 discrete small molecules!232, In several cases multiple, structurally distinct
riboswitches respond to the same ligand. For example, there are seven S-
adenosylmethionine (SAM) riboswitches®33-36 (reviewed in Batey37), two preQq
riboswitches®8:39, and two c-di-GMP riboswitches?0:41,

At present, nearly a dozen distinct classes of riboswitch aptamers have been solved in
complex with their cognate ligands (Table 1)12-3242:43 |n addition to understanding the
molecular basis for ligand recognition, an equally important question is how conformational
changes in the aptamer and expression platforms lead to gene regulation. To elucidate this
area it is important to investigate bound as well as free-state riboswitches. Visualization of
these states is of special importance because they provide a unique opportunity to locate
atomic-scale conformational changes resulting from ligand recognition that lead to gene
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regulation. However, the aptamer and expression platform are separated frequently to allow
formation of the mutually exclusive structures that are necessary for gene regulation. This
aspect of riboswitch organization can complicate structural approaches such as
crystallography. Nonetheless, the structures of four riboswitches have been reported in the
ligand-free state (Table 1). Three represent transcriptional riboswitches in which part of the
expression platform is missing2343-45_ The fourth is a translational riboswitch that includes
the aptamer as well as a portion of the expression platform*®. Despite these advances, free-
state crystal structures cannot provide a comprehensive picture of the thermodynamic
ensemble*®46 but they do expand our understanding of the regulatory process and provide a
focus for experimentation.

Herein, we emphasize the known three-dimensional structures of free-state riboswitches
(Table 1). We compare both free and bound states to learn how ligand binding culminates in
gene regulation. Whenever possible, structural observations are tempered by biochemical or
biophysical analyses to provide a broader perspective. In addition, we discuss aspects of
riboswitch structure and function that would benefit from further experimentation, and make
suggestions on topics that require additional exploration.

RIBOSWITCHES THAT BIND S-ADENOSYL METHIONINE (SAM)
SAM-I riboswitch

The structure of a SAM-I (class 1) riboswitch from the hotspring bacterium
Thermoanaerobacter tengcongensis was determined in the presence of the methyl-group
donor SAM#7. In the ligand-bound state, the SAM-I riboswitch has two sets of co-axially
stacked helices (Figure 2(a))*’. SAM binds at the interface of P1 and P3 (Figures 2(a) and
2(b)), which generates a ligand-specific recognition pocket. The adenine ring of SAM stacks
on base C47 of the aptamer (Figure 2(a) and 2(b)). Groups N7 and N6 from the Hoogsteen
edge of the SAM adenosyl ring pair with N3 and O4 of aptamer base U57, respectively
(Figure 2(b)). The Watson-Crick or WC face of the SAM adenosyl ring pairs with the sugar
edge of aptamer base A45. Specifically, N1 of the SAM base accepts a hydrogen bond from
the 02’ of aptamer ribose A45, whereas the N6 of the SAM adenine base donates a
hydrogen bond to N3 of A45. The WC face of G11 forms hydrogen bonds with the carboxyl
group of the methionine moiety. Increased specificity is achieved via hydrogen bonds
between the carboxyl group of SAM and the N2 amine of G58. Similarly, the amino group
of SAM forms hydrogen bonds with the sugar edge of G58 where it interacts with the base
N3 and ribose 02’ groups. Finally, the amino group of SAM points into its own adenine ring
to stabilize its conformation via a cation-r interaction.

Recently a crystal structure of the SAM-I riboswitch was determined in the ligand-free state.
In a supporting analysis, the structural heterogeneity of the aptamer was characterized in the
SAM-free state?®. The free-state structure exhibited only local rearrangements at the site of
SAM binding with a root-mean-square displacement (rmsd) of 0.12 A over all RNA atoms
compared to the bound state. The free-state structure also revealed that A46 occupies the
binding site in place of SAM. In particular A46 forms a WC pair with nearby base U57,
which is highly conserved and involved in SAM recognition (Figure 2(d)). In addition, the
N7 group of A46 interacts with the 2"-OH group of A45, which is also involved in SAM
binding. The observation that A46 occludes the binding pocket suggested that the observed
free-state structure was not representative of the complete thermodynamic ensemble?®>.
Instead, this “closed” conformation was hypothesized to be one of many possible with the
likelihood that A46 interconverts from closed to open states to accommodate SAM binding.

To evaluate the possibility that open and closed conformational states of the SAM-I aptamer
co-exist in the ligand-free state complementary methods were utilized. One method used to
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analyze the apo and bound riboswitch in solution was selective 2'-hydroxyl acylation
analyzed by primer extension (SHAPE). SHAPE reports on secondary structure of an RNA
by treating the folded RNA with N-methylisatoic anhydride (NMIA), an agent that acylates
the 2°-OH of flexible nucleotides — i.e. those not forming stable base pairs*®. A primer
extension reaction is run and the products are separated by electrophoresis. Acylated sites
are detected as premature stops. SHAPE analysis in the absence of SAM at 10 mM Mg?2*
concentrations demonstrated the presence of secondary-structure corresponding to both the
bound and free-state?>. Small angle X-ray scattering (SAXS) performed on the aptamer in
7.6 mM and 10.0 mM Mg?2* in the SAM-bound state indicated that the experimental
scattering profiles fit closely to that calculated from the bound-state crystal structure as
indicated by a y2 value of 1.6. In contrast, the scattering profile in the absence of SAM did
not resemble that of the bound aptamer based on a y? value of 5.1. To deconvolute the free-
state scattering profile a conformational diversity pool was generated comprising nearly 103
structures. Using a genetic algorithm, a series of 13 structures were identified that fit the
experimental scattering profile with a ¥ value of 0.834%. Among these structures, there were
substantial differences in the distance between P1 and P3, as well as the orientation of the
P4-PK-P2a/b subdomain.

The resulting structural conformations showed eleven open and two closed A46
conformations for the binding pocket. To explore the energetic differences between these
states, replica-exchange molecular dynamics was employed using structures of the ligand-
bound and the SAM-free state as starting models. Two free-energy minima were observed
that included the “closed” conformation with A46 occupying the binding pocket, and a
“primed” conformation resembling the SAM-bound state that is competent to bind ligand.
Although the closed conformation is more stable, energetic differences between the
respective states were not prohibitive for interconversion. This result when combined with
the chemical modification analysis of A45 and A46 suggests that the free-state aptamer
comprises an ensemble of structures in closed and primed conformations. This result is
suggestive of a conformational selection model for ligand recognition (Sidebar 1).

Since SAM is only able to bind when A46 is not occupying the binding site the kinetics of
the closed-to-open transition can alter the on-rate of ligand binding. Thus far nearly a dozen
SAM-I riboswitches have been identified in Bacillus subtilis transcripts and these require
different concentrations of SAM to achieve half-maximal transcription termination16.
Sequence variations provide a plausible mechanism to alter tertiary interactions that
differentiate riboswitch responses at the same ligand concentration®®. These observations
emphasize the nuanced relationship between RNA folding, ligand sensing and
transcriptional control within the same riboswitch class.

We now turn our attention to differences in SAM-I riboswitches between genera. In the case
of the SAM-I riboswitch, structural and biochemical investigations have been conducted on
riboswitch aptamers from the thermophilic bacterium T. tengcongensis, as well as the
mesophile B. subtilis®. Crystal structures of the T. tengcongensis and B. subtilis aptamers
showed reasonable agreement with an rmsd of 2.5 A, with the most overlap at the SAM
binding site>0. The structure of the B. subtilis SAM-I aptamer was probed using SHAPE®,
Like that of T. tengcongensis, the B. subtilis aptamer also appears to be well organized in the
ligand-free state with J1/J2, J3/J4, and nucleotides A46 and A47 — involved directly in SAM
binding — show greater protection in the ligand-bound state. P1, P2, P3, and P4 show nearly
the same protection pattern in the presence and absence of SAM®0, The results suggest that
folding of the free-state aptamer is a trait shared by thermophiles and mesophiles.
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SAM-Il riboswitch

A second class of SAM-binding riboswitch called class 2 was identified in proteobacteria.
SAM-I11 shows no homology with SAM-I in terms of its overall fold but utilizes similar
ligand interaction traits. The riboswitch forms an H-type pseudoknot comprising three
stacked helices (Figure 3(a))®L. L1 interacts with the major groove of P2a/b and L3 interacts
with the minor groove of P1. SAM is recognized by hydrogen bonds to its respective
methionyl and adenosyl moieties. On the methionine side, the carboxyl group donates and
receives hydrogen bonds from the nonbridging oxygen of the U18 phosphate and the N6
amino of A47, respectively (Figure 3(b)). The positively charged methylsulfonium ion of
SAM forms electrostatic interactions with the N4 keto group of both U11 and U21. Like
SAM-I, the adenine ring of SAM forms a Hoogsteen interaction with U44 that is part of a
base triple that includes U10 (not shown).

Chemical modification was used to monitor SAM-II conformational changes that occur in
the presence and absence of ligand. NMIA modifies accessible 2°-OH groups, whereas DMS
modifies accessible and unpaired adenine N1 and the N3 groups of cytosine bases. The P1
helix showed no significant change in reactivity in the presence or absence of SAM, and L3
showed only modest decreases in reactivity. This suggested that these structures are stable in
the presence or absence of ligand. The SAM-binding site formed by P2b and L1 (Figure
3(a)) showed marked decreases in NMIA reactivity, indicating that SAM facilitates the
formation of a stable binding pocket. A19 (Figure 3(c)), whose N6 amino interacts with A47
when SAM is bound, showed increased reactivity with DMS in the presence of SAM
because its WC face is exposed upon binding ligand. Overall, these data indicate that the
SAM-II riboswitch, like SAM-I, is significantly structured in the ligand-free state although
the SAM-binding site is not formed fully. These observations are complemented by a recent
biophysical analysis of the SAM-II riboswitch that show that the dynamic, unliganded state
is predisposed to binding ligand®2.

SAM-III (Spk) riboswitch

The SAM-III (Spmk) riboswitch regulates translation of the bacterial metK gene. The SAM-
I11 riboswitch has been shown to be a reversible riboswitch capable of binding, releasing,
and then rebinding the SAM ligand multiple times during the lifetime of the metK
transcript®3. Recent experiments have framed its mode of ligand binding in the context of
conformational selection®®. A co-crystal structure of the Enterococcus faecalis Sy
riboswitch bound to SAM has been solved revealing a Y-shaped fold comprising four
helices with co-axial stacking (Figure 4(a))>°. SAM binds at a three-way junction formed by
helices P1, P2 and P4. The RBS is sequestered in P1 and P4, restricting its ability to pair
with the anti-RBS, thus representing an example of direct translational attenuation3. SAM is
recognized by the aptamer through interaction with its adenosyl and methionyl groups. The
adenosyl moiety pairs with the sugar edge and minor grove of aptamer base G26 (Figure
4(b)). In particular, N6 of SAM hydrogen bonds to the 2"-OH and N3 groups of G26
whereas the N1 of SAM pairs to the N2 amino group of G26. The N7 of the adenosy! group
accepts a hydrogen bond from the N6 exocyclic amine of A73. Both ribose hydroxyl groups
of SAM form hydrogen bonds with G89 at N7 and a nonbridging oxygen (Figure 4(c)). The
positively charged methylsulfonium group forms electrostatic interactions with the 02’ of
G71 and the O4 keto of U70.

In the absence of SAM, a new aptamer helix designated PO was predicted to form3®, thereby
disrupting P1, P2 and P4, and freeing the RBS sequence to interact with the anti-RBS
(Figure 4(d)). NMR experiments confirmed the formation of PO and the loss of P1, P2 and
P4 in a 59-nt E. faecalis Spyk riboswitch — dubbed Sy 59 — observed in the absence of
SAM®*, When 8-nt at the 5’ end that help compose PO are removed (Figure 4(e)) — called
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Sm51 — the structure is nearly the same in the unbound and bound states, although the
structure is less stable when SAM is absent. Formation of PO and contacts required for
binding SAM are mutually exclusive, so sampling a ‘primed’ state that resembles the bound
conformation, as observed for the SAM-I riboswitch, seems most probable. Analysis by
isothermal titration calorimetry (ITC) showed that S\k51 — which is locked in the primed
conformation — has a Kp 6-fold lower than the 59-nt riboswitch indicating that in the
absence of SAM the ensemble populates only 20% in the primed SAM-binding
conformation, while the remaining 80% is in the so-called ‘1SO’, non-binding-competent
conformation. These data indicate that the Syyk riboswitch exists primarily in a
conformation incompetent to bind ligand but samples a primed conformation in the free state
that is competent to bind ligand. Further evidence for an equilibrium between the 1SO and
primed conformations was provided by SHAPE experiments performed on apo SAM-III,
which were consistent with the secondary structure identified by NMR®6. Disruption of PO
by substitution of poly(A) in the pairing region, or overstabilization of P4, resulted in
stabilization of the primed state and caused a reporter gene under control of the riboswitch to
be constitutively off. Furthermore, both stabilizing P4 and substituting poly(A) in PO
resulted in a 5-fold decrease in the Kp of SAM binding. Further evidence for the presence of
the primed state in vivo in the wildtype riboswitch is the low free energy change of 3.2 kcal/
mol between the ISO and primed conformations as determined by secondary structure
prediction software. This indicates that 0.5% of ligand-free riboswitches are in the primed
conformation in vivo and represents one of the strongest cases for conformational selection
in the riboswitch field.

PURINE RIBOSWITCHES

Four classes of riboswitches recognize purine ligands including guanine, adenine, 2’-
deoxyguanosine, and preQq. Whereas the guanine, adenine, and dG riboswitches show high
levels of sequence conservation®’, the preQ; riboswitches show no conservation between its
two classes or to other purine binders®. As such, folding and ligand recognition by the
preQ; riboswitch classes appears to be a case of convergent evolution3®. Structures have
been determined for the guanine®-60, adenine®?, and preQ;-1 riboswitches*6:61-63 (Taple 1).

Adenine and Guanine riboswitches

X-ray co-crystal structures have been determined for the guanine riboswitch bound to
hypoxanthine®® and guanine®?, as well as the adenine riboswitch bound to adenine®. The
structures are highly homologous on a tertiary level and comprise two co-axially-stacked
helices. These regions form the purine-binding site at a three-way helical junction involving
P3 (Figures 5(a) and 5(b)). The guanine riboswitch structure was derived from the xpt gene
of B. subtilis, which attenuates transcription. The adenine riboswitch structure was derived
from the add gene of Vibrio vulnificus, which causes translational activation upon ligand
binding.

Recognition of guanine occurs by a WC base pair to C74 of the aptamer (Figure 5(c)). The
minor groove edge of guanine interacts with the WC face of nearby base U51, which
hydrogen bonds to N2, N3 and N9 of the ligand, and with U47 which also forms a hydrogen
bond with N9 of guanine; N7 of guanine accepts a hydrogen bond from 02’ of U22.
Remarkably, the adenine riboswitch forms similar interactions but C74 is replaced by U74.
This substitution allows ligand-specific WC base pairing with adenine rather than guanine.
Although adenine has no N2 amine, a mode of minor-groove ligand recognition occurs that
is comparable to the guanine riboswitch whereby adenine pairs with U51 (Figure 5(d)). U47
and U22 again form hydrogen bonds with N9 and N7, respectively. Upon binding, these
riboswitches sequester ~98% of the ligand from solvent.
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The role of distal elements in ligand binding was explored in the context of the
transcriptional pbuE adenine riboswitch (Figure 5(e))%4. The base analogue 2-aminopurine
(2AP) allowed probing of the fold since this molecule undergoes a change in quantum yield
upon binding RNA, and is able to bind in a manner comparable to the adenine ligand.
Binding analysis revealed an apparent Kp for 2AP of 354 + 17 nM. Further probing revealed
that ligand binding was disrupted significantly as a result of P2 mutations U27G and G28C
or the P3 mutants C51G, C52G, or G53U (Figure 5(e)). This was hypothesized to be the
result of changes in loop-loop interactions that normally occur between these nucleotides to
maintain structural stability®*. Probing with T1 RNase was used to determine if the loop-
loop mediated interactions between P2 and P3 occurred in the absence of ligand. The results
revealed that in the absence of ligand or Mg2* T1 cleaves after G28 and G29 in P2 and after
G53 in P3 (Figure 5(e)). Addition of 10 mM Mg?2* prevented cleavage, indicating a loop-
loop interaction between L2 and L3 that blocks T1 RNase access. Addition of adenine or
2AP did not alter cleavage of these bases, confirming that ligand binding is not required for
the loop-loop interaction.

The interaction between L2 and L3 was investigated further by ensemble FRET®4. The V1
adenine riboswitch, which shows high levels of conservation with the pbuE riboswitch, was
labeled on L2 and L3 at positions that form loop-loop interactions. High FRET efficiency
was seen in the absence of adenine, demonstrating significant folding in the absence of
ligand. However, the concentration of Mg2* required to achieve half-maximal fluorescence
was 2-fold lower in the presence of adenine indicating that adenine assists tertiary folding.
Single-molecule (sm)FRET on the VV1 aptamer revealed a folding intermediate with a
FRET efficiency intermediate between unfolded and folded states4. The transition among
these states increased to the folded conformation with greater Mg2*. Addition of adenine
increased the rate of folding and decreased the rate of unfolding. Overall, the SmMFRET
experiments demonstrate the value of the single molecule approaches to identify folding
intermediates. A future challenge will be to characterize folding in the context of larger
transcripts in the presence of RNA polymerase or the translation initiation complex.

Fluorescence experiments on the B. subtilis xpt guanine riboswitch provide further evidence
of riboswitch folding in the absence of ligand®®. Riboswitches with labels on P1 and P2, P1
and P3, and P2 and P3 were generated, and bulk and sSmFRET measurements were made at 0
or 500 nM guanine with 0 to 100 mM magnesium. Consistent with the data for the adenine
riboswitch, addition of magnesium is sufficient for prefolding with formation of the loop-
loop interaction between L2 and L3 as well as the coaxial stack of P1 and P3. Addition of
saturating guanine results in a higher FRET efficiency between P1 and P2 at physiological
magnesium concentrations, consistent with ligand-induced structural changes that result in
gene regulation. Independent evidence from high-resolution NMR also supports prefolding
for this riboswitch®.

PreQ; Riboswitch

The preQq-1 riboswitch has the smallest aptamer identified to date at a diminutive 34
nucleotides®’. Three-dimensional structures of the riboswitch have been determined in
complex with preQ; 466263 preQ, 61, and in a ligand-free state?®. In the folded state, the
aptamer forms an H-type pseudoknot in which the stem-loop poised atop the P1 helix
interacts with bases in the A-rich aptamer tail (Figure 6(a)). PreQ is recognized by
hydrogen bonding to the WC face of conserved base C15 (Figure 6(b)). Additional
interactions with conserved bases occur between N6 of A29 to N3 of preQq, and O4 of U6
to N9 of preQq (Figure 6(b)). When bound to the aptamer, preQ; completes a base stacking
interaction that connects G11 at the “ceiling” of the pocket to P1 bases G5-C16 at the
aptamer “floor” (Figures 6(a) and 6(b)).
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An NMR analysis of the B. subtilis queC preQ+-1 transcriptional riboswitch was conducted
in the ligand-bound and free states®2. In the absence of ligand, an alternate helix called P1A
was identified in lieu of P1 and the A-rich tail did not form a pseudoknot. Folding of the
Fusobacterium nucleatum preQi-I transcriptional riboswitch aptamer and expression
platform were also interrogated by NMR58:69, The results showed that the expression
platform could adopt one of two mutually exclusive secondary structures favoring either an
anti-terminator or a terminator helix. In the absence of ligand imino proton NMR suggested
the expression platform existed as a 50:50 distribution between the anti-terminator and
terminator conformations®®. This was corroborated by 1%F NMR in which U37 was replaced
by 5-fluoro-uridine; this position is single-stranded in the terminator helix but double-
stranded in the anti-terminator helix. The 1°F label revealed that the anti-terminator and
terminator helices were present in equilibrium with equal amounts of each. The addition of
preQ; shifted the equilibrium to 80% terminator helix.

Given the ligand-dependent folding in the B. subtilis and F. nucleatum analyses, the recent
crystal structure of the T. tengcongensis aptamer in the ligand-free state was somewhat
unexpected?®. A comparison of the preQ;-bound and ligand-free states showed an all-atom
rmsd of 1.7 A with the most significant rearrangement at A14. This base flanks the ligand-
binding pocket in the bound state where it pairs with G11 (Figure 6(b)). A14 moves 7.5 A
away from G11 in the free state into the location occupied by preQ; (Figure 6(c)).
Moreover, Al14 hydrogen bonds to U6 and A29, which form part of the preQ recognition
network®. Base C15 of the aptamer, which WC pairs with the guanine-like face of preQy,
rotates away from the binding pocket (Figure 6(b) versus 6(c)). Because crystal structures
are subject to packing interactions, the compactness and degree of folding of the T.
tengcongensis aptamer were assessed in solution using SAXS. The preQq-bound and free-
state aptamers — identical to those used in crystallization — were equally compact in solution
with radius of gyration (Rg) values of 16.6 + 0.02 A and 17.0 + 0.02 A, respectively; these
values were comparable to those of the bound and free-state crystal structure whose Rg
values were 16.9 A and 17.0 A, respectively*5. Additional evidence for ligand-independent
compaction for the T. tengcongensis aptamer came from estimation of the maximum
intraparticle distance, ryax. Again both preQq bound and free-state samples exhibited
similar ryay values of 51 +5 A and 57 + 6 A, respectively. The ryax values from bound and
free-state crystal structures were 50 A and 52 A, respectively, which are comparable to
SAXS-based values measured for the preQ4-bound state. Control SAXS measurements were
conducted on the F. nucleatum riboswitch. In the preQq-bound state, the F. nucleatum
aptamer exhibited Rg and ryay values of 19.3 + 0.03 A and 64 + 6 A. By contrast, the
ligand-free state showed values of 31.0 + 0.07 A and 107 + 11 A. This corroborates prior
ligand-dependent folding observations for the F. nucleatum aptamer88.69 and such findings
are consistent with ligand-dependent folding by the B. subtilis aptamer®2, These results stand
in contrast to those of the T. tengcongensis preQq aptamer, which appears equally compact
in the ligand bound and free states.

To evaluate whether the crystal structure of the free-state T. tengcongensis aptamer and its
compactness in solution are representative of the predominant solution conformation, the
observed and calculated scattering profiles were compared. The preQ;-bound crystal
structure agreed relatively well with the bound-state SAXS data producing a y? fit of 1.7. By
contrast, the free-state crystal structure was a poor match with the free-state SAXS data, as
indicated by a y2 value of 5.846. One possible reason for this discrepancy is the crystal
packing experienced by the free-state molecule. Overall this result and the observation that
Al14 “closes” the preQq-binding pocket in the free state (Figure 6(c)) suggest that the free-
state aptamer must also form an “open” conformation receptive to ligand binding. Such
results appear comparable to the SAM-1 aptamer#®, although the latter work is notable for its
characterization of the solution ensemble by a variety of complementary techniques.

Wiley Interdiscip Rev RNA. Author manuscript; available in PMC 2013 May 01.



Liberman and Wedekind Page 9

AMINO ACID BINDING RIBOSWITCHES

Lysine Riboswitch

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Riboswitches that regulate lysine biosynthesis genes have been identified in both Gram-
positive and Gram-negative bacterial®70.71, The Gram-positive riboswitches regulate genes
by premature transcription termination, whereas Gram-negative varieties utilize translational
repression’0:71, These riboswitches bind L-lysine and the apparent K, for the B. subtilis
lysC riboswitch was determined to be approximately 1 uM for a 179 nucleotide construct
(nucleotides 25-205 of the lysC 5’-UTR) that composes only the aptamer domain. When
nucleotides 1-315 of the lysC 5’-UTR were included the Kp increased to 500 uMZ9. In vitro
transcription showed that between 3 uM70 and 10 uM19 L-lysine was required to achieve
75% transcription termination.

Despite its relatively modest affinity, the lysine riboswitch shows exceptional discrimination
against lysine analogues with nearly undetectable binding to D-lysine and ornithinel®. The
lysine precursor diaminopimelate is converted to lysine by the action of the lysA gene
product, which is also regulated by a lysine riboswitch. This molecule differs from lysine
only by the presence of a single carboxyl group, which renders it incapable of inducing
transcription termination179,

The structure of the lysine riboswitch from Thermotoga maritima has been determined in
both the ligand-bound and free states?344. The global fold comprises five main helices with
collinear stacking, which establishes the lysine-binding pocket at the confluence of a multi-
helix junction (Figure 7(a)). The mode of lysine recognition is multifold and utilizes
hydrogen bonding as well as shape complementarity. At the acid end of lysine, one
carboxylic oxygen accepts hydrogen bonds from both the N2 amino group of G114, as well
as the ribosyl 02’ from G11 (Figure 7(b)). The other carboxylate oxygen coordinates a K*
ion that also interacts with the 02’ of G11. The a-amino group of lysine hydrogen bonds to
the 02’ and N3 imino groups of G114 at the sugar edge of the nucleoside. At the basic end,
the e-amino group of lysine hydrogen bonds to the O4’ ribosyl oxygen of G80, as well its
non-bridging oxygen (Figure 7(b)). A water molecule also mediates specific contacts
between the g-amino group and the RNA aptamer. The prominent electrostatic interactions
with the ion and the phosphate backbone are notable affinity determinants.

Free-state structures of the lysine riboswitch showed only minor changes compared to their
respective bound states with typical rmsd values of 0.35 A; this differs from the larger
rearrangements seen in the preQ! and SAM-I free states. The lysine-binding pocket is in a
distinctly ‘closed’ state, comparable to the SAM-1 and preQ-1 aptamers. However, the lysine
pocket is not occluded by an aptamer base (Figure 7(c)), and the empty amino acid binding
site is well-formed but inaccessible to solvent in free-state crystal structures?344, This
observation is corroborated by SHAPE analysis of both the B. subtilis and T. maritima
lysine riboswitches. These results revealed only small, local changes in secondary structure
upon addition of lysine at sub-physiological Mg?* concentrations ranging from 0.2 to 0.5
mM with the most significant changes in J2/3, P5 and P123. SAXS was employed to assess
the extent of structural changes under various conditions for the B. subtilis aptamer. At 5
mM Mg?2* the structure of the riboswitch was substantially compact with an Rg of 32.0 + 0.1
A. The addition of 2 mM lysine had no apparent affect as revealed by an Rg of 31.5 + 0.1
AZ3_ These results mirror observations for the SAM-I and translational preQ; riboswitches.

Formation of the P1 helix of the lysine riboswitch (Figure 7(a)) promotes folding of a
terminator structure that simultaneously abrogates formation of an adjacent anti-terminator
helix (e.g., Figure 1(a)). To probe the stability of the P1 helix under biologically relevant
conditions, the effects of increasing P1 length were examined in the context of the B. subtilis
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lysC riboswitch. Extension of P1 was expected to increase helix stability in the absence of
lysine, which was then measured by use of in vitro transcription’2. The results revealed
significantly higher premature transcription termination in the absence of lysine as compared
to wildtype. FRET was also conducted to examine folding transitions in the B. subtilis lysC
riboswitch’2. Fluorophore pairs were placed at locations on P1 and P5 (Figure 7(a)), and
folding was analyzed at various Mg2* concentrations in the presence and absence of lysine.
The results indicated that half-maximal FRET efficiency in the absence of lysine occurred in
0.5 mM Mg?*, whereas addition of 5 mM lysine produced half maximal FRET efficiency in
0.05 mM Mg?*. Overall, the results suggest that the lysine riboswitch can pre-fold in the
free state, but lysine stabilizes the tertiary structure. This fortification is important in the
context of RNA polymerase, which is likely to shift the RNA folding equilibrium to the
unfolded state.

Glycine Riboswitch

Computational analysis of bacterial genomes revealed the presence of two putative
riboswitch classes called gevT type | and type I1, which were identified upstream of genes
responsible for glycine metabolism’3. Glycine riboswitches activate gene expression upon
binding ligand and most operate at the level of transcription?”. Further analysis on a pair of
homologous aptamers upstream of the VC1422 gene from Vibrio cholerae showed that the
type | (designated VVCI) and 11 (designated VVCII) riboswitches actually compose a single
riboswitch with tandem aptamers and a single expression platform. Each aptamer binds one
glycine molecule but does so in a cooperative manner, as indicated by a Hill coefficient of
1.6. For comparison, VCII alone binds glycine with a Hill coefficient of 0.9774:7°. The
cooperative nature of ligand binding was confirmed by in vitro transcription assays with B.
subtilis gcvT. Both type | and type Il aptamers showed high specificity for glycine but were
unable to bind alanine or serine”®.

A structure of the VVCII aptamer domain was determined to 2.85 A resolution in the glycine-
bound state*3. The VCII aptamer forms a three-way helical junction with glycine bound just
above the junction (Figure 8(a)). Glycine is recognized by hydrogen bonds between its
amino group and keto groups O6 of G35 and O2 of U69 (Figure 8(b)). The glycine carboxy!l
group hydrogen bonds via one of its oxygens to the N3 imine of U69 and 02’ of the G32
ribose. The other oxygen forms hydrogen bonds with O2’ of G32 and water in the hydration
sphere of Mg2*. This magnesium neutralizes the negative charge of the carboxylate group of
the glycine ligand and forms inner-sphere contacts to the O2” hydroxyl of G32 and non-
bridging oxygens of C66 and A33 (Figure 8(b)). A second magnesium ion present at the
ligand binding site forms interactions between water in its hydration sphere and the
nonbbridging oxygens of G35 and A34, as well as the O2” hydroxyl of A81 (not shown).
This magnesium also repels the positively charged ammonium group of glycine.

The VCII aptamer was also determined in the glycine-free state to a resolution of 3.05 A43,
The ligand-free aptamer showed only modest rearrangements compared to the bound state
with an all-atom rmsd of 0.96 A. The Mg?2* that coordinated glycine was absent, resulting in
a more open binding pocket due to rearrangement of the nucleotides that form the ion’s
outer coordination sphere. As suggested for other ligand-free riboswitches, this structure
most likely represents a single low-energy conformation present in the solution ensemble.
Notably, the free-state glycine riboswitch was crystallized in the presence of 80 mM Mg?*,
which likely contributed significantly in the stabilization of a bound-state-like conformation.
A longer P1 helix was utilized also to stabilize the structure®3.

The tandem VCI-II aptamers have been investigated using a variety of methods including
SAXS and hydroxy-radical footprinting’®. SAXS data indicated that the VVCI-11 riboswitch
undergoes significant folding in the presence of Mg2* with no glycine present. Compaction
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of the riboswitch was observed in which the Rg decreases from 55 A in the absence of Mg2*
to 45 A when 10 mM Mg?2* is added. Further compaction to 39 A is observed upon addition
of 10 mM glycine. These observations provide independent confirmation that the VCI-II
riboswitch adopts a compact conformation in the absence of ligand that is suggestive of a
partly folded free state. When examined in light of the crystal structure, the results suggest
that the glycine aptamer may favor a low-energy solution conformation predisposed to
glycine binding, and is therefore poised to undergo gene activation when triggered by
metabolite. Further experiments are required to understand how chemical binding is
communicated to the expression platform and the allosteric basis for glycine signaling at the
molecular level.

Concluding Remarks

Structural investigations of riboswitches have helped to uncover the molecular basis for
ligand affinity and specificity. However, because riboswitch-mediated gene regulation
entails formation of RNA conformations that are mutually exclusive, greater emphasis
should be placed on the analysis of free-state riboswitch structures. At present, our
understanding of how riboswitches fold in the free state is poor despite the importance of
this state in ligand recognition, ligand-binding kinetics, and kinetic control of gene
regulation. Although the kinetics of ligand association and dissociation are determined
routinely, such measurements often take place in the absence of the expression platform and
without RNA polymerase or the translation initiation machinery. These important factors
will impact significantly RNA folding events and necessarily gene regulation. The most
sophisticated biophysical analyses indicate that riboswitches exist as an ensemble of
conformations#°:52:54.64-66,69 an( hint at use of conformational selection for ligand
recognition (Sidebar 1). To advance the field, greater strides must be taken to explore such
mechanisms, and current analysis suggest this must be done on a case-by-case basis. As a
practical goal, knowledge of riboswitch mechanisms of action has helped targeting by small
molecules (reviewed in Mulhbacher et. al.”5). The emergence of drug resistant organisms
with widespread riboswitch utilization suggests ample opportunities exist to bring new
therapeutics to the forefront of medicine.
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Figure 1.

Representative mechanisms of action by which riboswitches regulate gene expression. (a)
Schematic depiction of transcriptional repression by a bacterial riboswitch. In the ligand-free

state the aptamer is not stably folded and favors anti-terminator helix formation, thus

allowing transcription. Upon binding ligand (star) the folded structure predominates and a
rho-independent terminator helix forms, thus attenuating transcription. (b) A schematic
depiction of translational regulation by a bacterial riboswitch. In the ligand-free state the
aptamer is not stably folded and favors an exposed Shine-Dalgarno (SD) sequence favoring
translation. Upon ligand binding the folded structure predominates and the SD sequence is
sequestered, thus attenuating translation. (c) A schematic depiction of splicing regulation by
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the THIC TPP riboswitch from Arabidopsis thaliana. When TPP levels are low the aptamer
base pairs with a sequence used in 5 -splice-site selection. This bypasses splicing and
necessitates use of a 3"-end processing signal (red rectangle) that yields a short 3’-UTR
associated with high protein expression levels. When TPP levels are high the aptamer binds
TPP during transcription and exposes the 5”-splice site. The ligand-bound aptamer results in
splicing whereby the upstream 3"-end processing site is removed, which necessitates the use
of an inferior downstream processing site. This results in a longer, unstable mRNA that
produces lower quantities of THIC protein.
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Figure 2.

Cartoon and ball-and-stick diagrams of the SAM-I riboswitch aptamer domains. (a) Cartoon
depiction of the T. tengcongensis SAM-I riboswitch structure in the ligand-bound state.
SAM is depicted as space-filling surface (green); PK is the abbreviation for pseudoknot. A
common color code is used in all figures that corresponds to the pairing (P) and joining (J)
regions. Dashed black lines show putative hydrogen bonds. The coordinates are from PDB
entry 2GIS. (b) The SAM ligand binding site in the bound state derived from (a). (c) The
SAM binding site in the ligand-free state. The coordinates are from PDB entry 3IQP. (d)
Cartoon diagram of the tertiary structure of the B. subtilis SAM-I riboswitch from PDB
entry 3NPB.
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Figure 3.

Cartoon and ball-and-stick diagrams of the metX SAM-II riboswitch from the Sargasso Sea
metagenome. (a) Cartoon depicting the tertiary structure of the SAM-II riboswitch in the
bound state. The coordinates are from PDB entry 2QWY. (b) Ball-and-stick diagram of the
structure in (a) showing interactions with SAM; red dashed lines indicate putative
electrostatic interactions. (c) Close up view of the interaction between A19 and A47
showing the potential for chemical modification. (See the text for details).
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Figure 4.

Cartoon, ball-and-stick, and secondary structure diagrams of the SAM-I11 (Sp) riboswitch
from E. faecalis. (a) Cartoon diagram showing the tertiary structure of the Sy k riboswitch in
the ligand-bound state. The coordinates are from PDB entry 3E5C. (b) Ball-and-stick
diagram of the structure in (a) showing interactions between SAM and nucleotides A73 and
G26 involved in SAM binding. (c) Additional interactions for the structure in (a) between
SAM and nucleotides that stabilize ligand binding. (d) Secondary structure of the E. faecalis
Swmk riboswitch when SAM is absent. Nucleotides in blue are present in Sypyk59 and absent
in SmMk51°4; the RBS is highlighted in yellow. (e) Secondary structure of the E. faecalis
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Smk riboswitch when ligand is present. Nucleotides in blue are present in Syk59 and absent
in Spmk51°4.
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Figure 5.

Cartoon, ball-and-stick, and secondary structure diagrams of the adenine and guanine
riboswitches. (a) Cartoon diagram showing the tertiary structure of the B. subtilis xpt
guanine binding riboswitch. The coordinates are from PDB entry 1Y27. (b) Cartoon diagram
showing the tertiary structure of the V. vulnificus add adenine riboswitch. The coordinates
are from PDB entry 1Y26. (c) Ball-and-stick diagram of the structure in (a) depicting
interactions between guanine and the riboswitch. (d) Ball-and-stick diagram of the structure
in (b) depicting interactions between adenine and the riboswitch. (e) Secondary structure
diagram of the pbuE adenine riboswitch in the bound state. Nucleotides that were mutated to
disrupt loop-loop interactions are highlighted in green as described in the text and ref.54,
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Figure 6.

Cartoon and ball-and-stick diagrams of the T. tengcongensis preQ-I riboswitch. (a) Cartoon
diagram showing the tertiary structure of the riboswitch. The A-rich pseudoknotted tail is
depicted in blue. The coordinates are from PDB entry 3Q50. (b) Ball-and-stick diagram of
the structure in (a) depicting interactions between preQq and the aptamer. (c) The preQ;-
binding site in the ligand-free state from PDB entry 3Q51.
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Figure 7.

Cartoon and ball-and-stick diagrams of the T. maritima lysine riboswitch. (a) Cartoon
diagram depicting the tertiary structure of the lysine riboswitch in the bound state. The
coordinates are from PDB entry 3DIL. (b) Ball-and-stick diagram of the structure in (a)
depicting hydrogen bonds with the riboswitch and coordination with a potassium ion; water
is shown as a red sphere. The coordinates were derived from PDB entry 3DIL (c) The lysine
binding site in the ligand-free state riboswitch. No significant conformational changes are
observed compared to the structure in (b). The coordinates were derived from PDB entry
3DIS.
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Figure 8.

Cartoon and ball-and-stick diagrams of the V. cholerae VCII glycine riboswitch. (a) Cartoon
diagram depicting the tertiary structure of the glycine VCII riboswitch in the ligand-bound
state. The coordinates are from PDB entry 30WW. (b) Ball-and-stick diagram of the
structure in (a) depicting hydrogen bonds between the riboswitch and glycine. (c) The VCII
glycine-binding site from a ligand-free crystal structure of the VVCII glycine riboswitch.
There are no substantial conformational changes relative to the bound structure. The
coordinates were derived from PDB entry 30X0.
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SIDEBAR 1.

A cartoon illustrating conformational selection by a riboswitch, which is a prominent mode
of ligand recognition by proteins*. In state 1 only secondary structures are formed. In states
2-5, tertiary structure has formed but the ligand is not bound. The aptamer exists as an
equilibrium of conformational states with both local changes to the ligand-binding pocket, as
well as long-range tertiary interactions between different pairing regions. Only
conformations with a fully formed, unblocked binding sites are receptive to ligand binding.
Upon binding the aptamer adopts a stable conformation (state 6) that effects expression of
the associated MRNA.
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Table 1

Known Riboswitch Structures with Representative Ligand Bound and Free States

Riboswitch

Guanine

Guanine

Adenine
PreQ,
PreQ;

SAM-I
SAM-I (A94G)
SAM-I
SAM-II
SAM-1II

Lysine
Glycine (VCII)

glms
FMN
M-box
SAH
TPP
TPP
c-di-GMP

Free-
Ligand State Organism or Source
Purine Class
Hypoxanthine B. subtilis
Guanine B. subtilis
Adenine V. vulnificus
PreQq, PreQ;  yes T. tengcongensis
PreQ; B. subtilis
SAM Class
SAM T. tengcongensis
- yes T. tengcongensis
SAM B. Subtilis
SAM Sargasso Sea metagenome
SAM E. faecalis

Amino Acid Classes
Lysine yes T. maritima
Glycine yes V. cholerae

Others (Bound State Only)

GIcN6P T. tengcongensis
FMN F. nucleatum
Mg(ll) B. subtilis
SAH R. solanacearum
TPP A. thaliana
TPP E. coli
c-di-GMP V. cholerae

PDB Code and Select
References

1U8D%®
1Y27%0
1Y26%0
3GCA®L, 3Q50, 3Q514
3FU253, 2162

2GIS¥, 3IQN%
3I1QP“
3NPBS0
2QWY5!
3E5CSS

3D0U, 3D0X%, 3DIL, 3DIS*
30WW, 30X0*

2775
3F2Q
20BZ
3NPQ
2CKY
2GDI
3MXH
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