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Abstract

Riboswitches are an outstanding example of genetic regulation mediated by RNA conformational
switching. In these non-coding RNA elements, the occupancy status of a ligand-binding domain
governs the mRNA’s decision to form one of two mutually exclusive structures in the downstream
expression platform. Temporal constraints upon the function of many riboswitches, requiring
folding of complex architectures and conformational switching in a limited co-transcriptional
timeframe, make them ideal model systems for studying these processes. In this review, we focus
on the mechanism of ligand-directed conformational changes in one of the most widely distributed
riboswitches in bacteria: the cobalamin family. We describe the architectural features of cobalamin
riboswitches whose structures have been determined by x-ray crystallography, which suggest a
direct physical role of cobalamin in effecting the regulatory switch. Next, we discuss a series of
experimental approaches applied to several model cobalamin riboswitches that interrogate these
structural models. As folding is central to riboswitch function, we consider the differences in
folding landscapes experienced by RNAs that are produced /n vitro and those that are allowed

to fold co-transcriptionally. Finally, we highlight a set of studies that reveal the difficulties of
studying cobalamin riboswitches outside the context of transcription and that co-transcriptional
approaches are essential for developing a more accurate picture of their structure-function
relationships in these switches. This understanding will be essential for future advancements in the
use of small-molecule guided RNA switches in a range of applications such as biosensors, RNA
imaging tools, and nucleic acid-based therapies.
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Introduction

Discovered two decades ago, riboswitches are non-protein coding RNA elements primarily
found in the 5’ leader of bacterial mMRNAs that directly bind small molecule metabolites

or ions to regulate expression of the message.1=* The general architecture of a riboswitch
consists of two functional domains: the ligand-binding aptamer domain and the downstream
regulatory expression platform. The aptamer domain folds into an intricate structure often
requiring multi-helix packing via long-range tertiary interactions® 6, enabling the aptamer
to host a ligand binding site capable of binding its effector molecule with high affinity

and specificity.” Occupancy of the aptamer is communicated to the downstream expression
platform, which informs a conformational switch that dictates the expression of the
message.® 9 Central to riboswitches’ ability to regulate gene expression is the ability to
direct their secondary structural conformational switch in an effector-dependent fashion.

Another feature of riboswitches that make them outstanding models of RNA folding
processes, including conformational changes, is that they are generally temporally
constrained.1% 11 For example, riboswitches regulating transcription via ligand-dependent
formation of an intrinsic terminator—a hairpin followed by a polyuridine tract that induces
RNAP to disengage from RNA synthesis? 13—must be able to efficiently fold, productively
bind the effector ligand, and promote alternative secondary structure formation within a
limited temporal window before the polymerase escapes beyond the polyuridine tract of the
terminator.® Regulatory processes in which a decision must be made prior to the system
being able to come to equilibrium are referred to as being under kinetic control (a good
discussion of thermodynamic versus Kinetic control of regulatory processes is given by
Coppins et al1*). Riboswitches that control expression at the translational level are also
subject to a limited temporal window of action because of processes such as the coupling

of the pioneer round of translation to transcription® 16 or by transcriptional termination by
Rho.17-19 The kinetic control of riboswitches places these RNAs under significant pressure
to fold and switch rapidly and with high fidelity to minimize inappropriate expression of the
mRNA. Thus, most riboswitches evolved under significant pressure to evade various forms
of misfolding, making them the “superfolders” of the RNA world.

Currently, over 55 different riboswitches have been validated??, indicating that they are

a highly effective means of regulating gene expression in bacteria. While in aggregate
these regulatory elements are found in all major groups of bacteria, only a few classes of
riboswitches stand out as being broadly distributed across bacteria: thiamine pyrophosphate
(TPP), cobalamin (also known as vitamin By,), and S-adenosylmethionine (SAM).21. 22
This indicates that these riboswitches are competitive or even superior to their protein
counterparts such as the MetJ23 (SAM) and CarH2* 25 (B,,) repressors in their ability to
regulate gene expression. The observation that these riboswitches are extensively used to
regulate gene expression across species representing a broad spectrum of environmental,
physiological, and genetic contexts further reinforces that they are robust solutions to the
challenge of maintaining cellular homeostasis of these essential metabolites.21: 22 Over the
past two decades, these riboswitches have been extensively characterized using a spectrum
of experimental approaches that span /n vitro, in vivo, and in silico. Thus, each of these
riboswitches serve as model systems for investigating RNA-mediated regulatory processes
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that operate through conformational switching. In this review, we focus on how cobalamin
riboswitches—one of the few riboswitches for which there are crystal structures of the
functional, ligand-bound regulatory sequence—regulate gene expression through the binding
of cobalamin to drive a conformational change that dictates the mMRNA’s expression fate.

Cobalamins are a large, complex metabolite essential for a set of

biochemical reactions

Vitamin By, the effector of cobalamin riboswitches, is the largest of the small molecule
metabolites in biology and it plays essential roles in bacterial metabolism.26-29 All forms
of cobalamin contain a porphyrin ring called a corrin that coordinates a central cobalt

atom and is flanked by a set of methyl groups and propionamide groups (Fig. 1A). Unlike
other porphyrin rings, the corrin ring contains two sites of unsaturation and thus has a
pronounced pucker to its structure, as first revealed in the pioneering crystallographic work
of Dorothy Hodgkin.3? One of the corrin flanking groups is a long flexible linker capped

by 5,6-dimethylbenzimidzole, whose N3 nitrogen interacts with the fifth coordination site
of cobalt, known as the alpha axial position (cyan, Fig. 1A). This nucleobase is not
universal in biology, as other benzimidiazoles, purines, and imidazoles are also used in
cobalamins.3! The sixth coordination site of cobalamins, known as the beta axial position
(yellow, Fig. 1A), is the functional site of this coenzyme and bears different functional
moieties depending on the reaction that the coenzyme helps to catalyze (Fig. 1B).26-29 5°-
deoxyadenosylcobalamin (AdoCbl) contains an adenosyl group whose C5’ carbon forms a
coordinate covalent bond with cobalt. This bond is extremely weak and easily homolytically
dissociates to enable the adenosyl moiety to participate in free radical catalyzed carbon-
carbon bond rearrangements that are particularly important in anaerobic metabolism. A
second form is methylcobalamin (MeChl) which is most notably used in the synthesis of
methionine through donation of methyl group to homocysteine. Finally, the other two forms
most relevant to this review are hydroxocobalamin (HyCbl) that contains a hydroxy group
and is the form typically available in the diet, and cyanocobalamin (CNCbl), a synthetic
compound whose cobalt-carbon bond is stable but readily metabolized to HyCbl and further
converted into the biologically active forms AdoCbl and MeCbl. Importantly for cobalamin
riboswitches, MeCbl, CNCbl, and HyCbl all have small beta axial moieties while AdoCbl
has a sterically bulky beta axial moiety.

Discovery that several 5’ leader sequences of bacterial mMRNAs directly

bind cobalamin

Cobalamin riboswitches were first characterized in the landmark study by the Breaker
group describing the discovery of riboswitches.? While the ability of RNA to bind small
molecules was previously established through /n vitro selection experiments that generated
aptamers32 as well as binding of an exogenous guanosine nucleotide to group | introns33,
this study laid the groundwork for the discovery of widespread use of small molecule-RNA
interactions to drive regulatory conformation switches in biology. The ability of the 5
leader regions of the mRNASs for Escherichia coli (Eco) btuB, a B1, transport gene, and
Salmonella typhimurium cob, a B1, biosynthesis operon, to directly bind AdoCbl was
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demonstrated using “in-line” chemical probing?, an approach that exploits the ability of
RNA to self-cleave in the presence of magnesium.34 Transcripts of the two leaders appeared
to change their cleavage pattern in the presence AdoCbl, which was interpreted as a binding
of AdoCbl and associated changes in RNA structure.? Direct binding of AdoCbl to the btuB
leader was confirmed using equilibrium dialysis, a classic technique to measure binding
affinities of small molecule-protein interactions.3> Most convincingly, this study showed that
the RNA was highly selective for AdoCbl over cobalamins including MeCbl and CNCbl but
accepting of others such as 5’-deoxypurinylcobalamin (PurCbl) and 3-deaza-AdoCbl.2 The
hypothesis that AdoCbl directly binds mRNA explained previous observations of AdoCbl
repressed expression of B30 as well as a set of other genes related to Cbl biosynthesis and
transport in S. typhimurium.37: 38

It is important to note, however, that the proposed model of the Eco btuB leader secondary
structure in this study poorly correlates with later models and a compelling model

for cobalamin-dependent regulatory switching by the RNA could not be provided. The
inaccurate secondary structure could have been due, in part, to difficulties in homogeneously
refolding the RNA, giving rise to in-line probing patterns that do not enable accurate
secondary structure modeling. Instead, the subsequent use of comparative sequence analysis
of this widely distributed element (see below) revealed patterns of base covariation

that yielded significantly improved secondary structural models.? 3% 40 Further, these
analyses identified regions that might be involved in gene regulation via their proximity

to transcriptional terminators or ribosome binding sites.

Cobalamin riboswitches are broadly distributed throughout bacteria and

regulate a spectrum of B, associated processes

The cobalamin riboswitch is the second most widely distributed riboswitch across bacteria,
exceeded only by the TPP riboswitch.21: 22 A recent analysis of riboswitch distribution
across bacteria found cobalamin riboswitches (called AdoCbl and AqCbl) in all major
bacterial groups with the exception of Epsilonproteobacteria, Caldiserica, Dictyoglomi, and
Elusimicrobia (4 out of 36 groups).22 In particular, obligate pathogenic bacteria that do

not appear to have B1,-dependent enzymes lack Cbl riboswitches.40 Comparative genomic
analysis across over 100 bacterial species revealed that these riboswitches regulate a
spectrum of cobalamin biosynthetic and transport genes, as well as proteins associated

with cobalt metabolism (transporters, chelatases, and reductases) and salvage of corrinoids.
Cobalamin riboswitches have been also observed in tandem regulatory systems that regulate
methionine synthetase*! and as a small, trans-acting RNA that regulates ethanolamine
utilization.42: 43

Bioinformatic analysis of the expression platforms of cobalamin riboswitches also
enabled prediction of whether these riboswitches act at the level of transcription or
translation.3”- 39 44 |t was predicted that regulation mainly occurs at the transcriptional
level for Gram-positive bacteria such as the Firmicutes (Bacilli and Clostridia), which
generally contain rho-independent (intrinsic) terminator hairpins.3? In contrast, regulation
was predicted to occur mainly at the translational level for Gram-negative bacteria such as

J Mol Biol. Author manuscript; available in PMC 2023 September 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lennon and Batey Page 5

the Proteobacteria and Cyanobacteria, which mostly has candidate regulatory hairpins in
which the ribosome binding site (RBS) is embedded. Out of the two, cobalamin riboswitches
more often act at the level of translation.2! Whether regulation of MRNA expression occurs
at the transcriptional or translational levels, these analyses suggest that a conserved hairpin
structure called P13 (see below) plays a central role in modulating a conformational change
that manipulates the RBS or intrinsic terminator. As stated above, there is also an example
of an AdoCbl riboswitch that is part of a small RNA that acts via an antisense mechanism to
control multiple target messages in Enterococcus faecalis.*?

Cobalamin riboswitches have a complex multi-domain architecture

The secondary structure of cobalamin riboswitches is divided into three distinct regions: the
aptamer domain core, aptamer domain peripheral elements (subdomains 1 and 2), and the
regulatory expression platform (Fig. 2).3% 45.46 The core of the aptamer domain consists of
a central four-way junction flanked by paired regions P3 — P6. Within both the helices and
the joining regions of the junction (J3/4, J4/5, J5/6, and J6/3) are the majority of nucleotides
with >97% conservation in cobalamin riboswitches, indicating that this region is critical for
ligand binding or regulatory function.2l: 22: 34,39, 46 |ncluded in this core region are the
P4/L4 stem-loop, P6, and the internal loop IL6/7, which also contain conserved nucleotides.

Flanking the conserved aptamer core are two peripheral domains. The first, the P7-P12
peripheral extension, projects from the conserved IL6/7 of the core. This domain is quite
variable in secondary structure across phylogeny, but invariably has a small internal loop
motif, IL10/11, that contains a set of purine residues that are the only highly conserved
nucleotides in this domain.3% 46 The second peripheral extension lies between P1 and P3.
Again, this element is variable and is observed as a simple two-way junction (J1/3) or a
more complex three-way junction motif (P2 and J2/3).

Finally, the expression platform of all cobalamin riboswitches comprises a joining region,
J1/13, that separates the two domains and at least one stem-loop structure, P13/L.13.39. 46
The joining region does not contain any nucleotide conservation patterns or secondary
structure, indicating that this is a flexible linker spanning the two functional domains.

Early phylogenetic analysis of secondary structure suggested that L5 of the aptamer domain
interacts with L13 of the expression platform through a base pairing motif called a “kissing
loop”.40: 46 Beyond the conserved P13/L.13, expression platforms of various cobalamin
riboswitches contain hairpins that act as RBS/anti-RBS sequester elements or intrinsic
terminators that inform the expression machinery.

Currently, there are four crystal structures of cobalamin riboswitches that yield clear
insights into the three-dimensional architecture of the RNA, ligand recognition, and the
relationship between the aptamer domain and expression platform. Two of these structures
are representative of “class-1”” cobalamin riboswitches: the aptamer domain of the Cbl
riboswitch upstream of Symbiobacterium thermophilum (Sth) cob@, which encodes a
cobyric acid synthase (PDB ID 4GXY)*’, and the Cbl riboswitch that regulates the
Thermoanearobacter tengcongensis (Tte) fecB gene, the periplasmic component of an
ABC-type Fe3*-siderophore transport system (PDB ID 4GMA)*®. Importantly, the 7te
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fecB riboswitch includes P13 of the expression platform and thus encompasses the
complete regulatory element. Class-1 cobalamin riboswitches are defined by their ability

to specifically bind AdoCbl? 46 and all possess the full P7-P12 extension with the
conserved 1L10/11 element.39 The global architecture of the 7te fecB riboswitch is shown
in Figure 3A, showing the structural relationship between the different domains and bound
cobalamin.#> Another set of structures represent a “class-11” cobalamin riboswitch found in
a sequence derived from an oceanic metagenome (environmental sequence 8, or en8).48
One structure has the aptamer domain alone (PDB ID 4FRG) while the other has the
full-length riboswitch (PDB ID 4FRN), both in complex with hydroxocobalamin.#® This
class of riboswitches have variable selectivity for the different forms of cobalamin and

lack the P7-P12 extension, although the emn8 variant displays extremely high selectivity
for cobalamins with a small beta axial moiety. The global architecture of the full-length
env8 riboswitch is shown in Figure 3B. Finally, a recent structure of an “atypical” aptamer
domain of the cobalamin riboswitch of Bacillus subtilis (Bsu) yvrC, an uncharacterized
ABC transporter, in complex with AdoCbl (PDB ID 6VMY) was determined.*® This RNA
is unusual in that while it lacks a P7-P12 peripheral extension, it does bind AdoCbl in
addition to other forms of cobalamin.#® Thus, this RNA is more related to other class-I|
cobalamin riboswitches, some of which also bind multiple forms of cobalamin.>? Together,
these structures provide a clear picture of common features of the architecture of cobalamin
riboswitches, how peripheral domains facilitate ligand recognition, and the conformational
switch that governs gene regulation, as we discuss below.

The central four-way junction mediates recognition of the variable beta-

axial moiety of cobalamins

The central region of all cobalamin riboswitches contains critical structural features for
cobalamin recognition. L4 has a long-range interaction with either IL6/7 (class-1 and some
class-11 Chl riboswitches) or L6 (only observed in class-11 Cbl riboswitches). The terminal
loop of P4 forms a classic T-loop with the structural features that define this motif°l 52,
although the yvrC cobalamin riboswitch uses a slightly different “T-loop/tetraloop” hybrid
structure.*® In all structures, L4 directly interacts with the 1L6/7 or L6 loops, forming a
functionally similar set of interactions. In-line and NMIA (“SHAPE”33: 54) probing of class-
I and class-11 Cbl riboswitches suggest that this long-range interaction forms independently
of cobalamin binding and is likely an important structural element for organizing the Cbl
binding pocket in the adjacent four-way junction by bringing P4 and P6 into a near parallel
arrangement.45: 95

The four-way junction brings together the P3-P6 helices and organizes them through coaxial
stacking of P3-P4 and P5-P6. This stacking is mediated by the joining strands J3/4 and

J6/3, which also form the binding site for the beta-axial face of cobalamin.#>: 47. 49 The J3/4
strand, which contains a highly conserved set of nucleotides (5’-GRAA), is observed to be
in a nearly identical conformation in all four cobalamin riboswitch structures (green, Fig. 4).
The first two purines contribute one half of a purine stacked “spine” (yellow, Fig. 4) that is
the heart of the four-way junction. This purine spine has been observed in other RNAs as
being critical for structural stability.>® A key ligand-RNA contact is mediated by this strand:
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a propionamide group of cobalamin is involved in hydrogen bonding contacts with the sugar
edge of a guanine residue at the 3’-end of P3—one of the few such interactions in this

region of the binding pocket.4>: 47 49 Conversion of this propionamide group to propionate
is strongly deleterious to binding to the £co btuB riboswitch.5” The two invariant adenosines
at the 3’-end of J3/4 form A-minor triples®®: 59 with the first base pair of P5 and a base pair
between J4/5 and L6, which likely serves to anchor the P5/P6 coaxial stack and helps to
orient L5 for recognition by L13.

In contrast to the relatively fixed positioning of J3/4, the orientation of the J6/3 strand

is significantly different between the four structures and appears to serve the role of the
selectivity filter for different forms of cobalamin (red strand, Fig. 4). In the Sthand Tte
class-I riboswitches bound to AdoCbl, the 5’-deoxyadenosyl moiety displaces one of the
residues contributed by J6/3 of the central purine spine to participate directly in organizing
the junctional RNA (denoted by asterisk in Fig. 4A).4 47 This positioning of the Cbl
5’-deoxyadenosyl moiety is reinforced through a non-canonical A-A pair with an adenosine
in the conserved IL10/11 of the P7-P12 peripheral extension. An extensive set of further
RNA-RNA interactions between the peripheral extension around 1L10/11 and the J6/3 strand
further enforce a structure that creates a pocket for recognition of the sterically bulky
5’-deoxyadenosyl moiety. In contrast, J6/3 of the emn8 class-11 riboswitch, which does not
contain the P7-P12 peripheral extension, instead interacts with a T-loop structure in J1/3, the
other peripheral extension (Fig. 4B).%° This interaction forces J6/3 towards J3/4 and closes
the pocket used for AdoCbl recognition in class-1 riboswitches. Thus, this pocket sterically
occludes the bulky 5’-deoxyadenosyl group but permits the smaller beta-axial groups of
MeCbl, HyCbl, and CNCbl, accounting for this riboswitch’s strong discrimination against
AdoChbl. Yet another set of interactions between J6/3 and the P2-J2/3 peripheral extension is
observed in yvrC, showing an example of how RNAs without the P7-P12 extension can still
recognize AdoChbl (Fig. 4C).4° However, this RNA is also capable of binding cobalamins
with small beta-axial moieties, suggesting a malleable J6/3 element that can adjust to small
versus large groups. Determining these alternative conformations of J6/3 awaits determining
the yvrC RNA structure in the presence of MeCbl or CNChl.

The promiscuous Cbl binding observed in the yvrC riboswitch is not exclusive to this
RNA. A survey of AdoCbl and MeCbl binding by isothermal titration calorimetry (1TC)®
across a set of class-11 riboswitches revealed that these structurally related RNAs have a
range of selectivities, from >300-fold preference for AdoChbl to over 10°-fold preference
for MeCbl.50 Like yvrC, there were also RNAs that bind both cobalamin forms with

high affinity. For example, em62 has Kps of 110 and 60 nM for AdoCbl and MeCbl,
respectively. In an attempt to determine the specific sequence elements responsible

for AdoChl versus MeCbl selectivity, an AdoCbl-selective RNA was systematically
mutagenized to convert it to MeCbl-selective. While a specific set of nucleotides whose
identity dictated selectivity was not found, it was discovered that many Cbl riboswitches

of class-11a (a subclassification of class-11 that share a consensus 5’-RGY (R, purine; Y,
pyrimidine) sequence in J6/3) are capable of productively binding either form of Cbl with
large or small beta-axial moieties. This analysis strongly suggested that ligand selectivity is
determined by the interaction between J1/3 and J6/3, consistent with the crystal structure of
en/8. However, this finding is likely not generalizable to all class-I1 riboswitches as many

J Mol Biol. Author manuscript; available in PMC 2023 September 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lennon and Batey

Page 8

members have very different J1/3 peripheral extensions from em/8. It would appear that
class-11 riboswitches have multiple means to confer cobalamin selectivity or promiscuity and
a simple examination of sequence cannot currently determine the binding properties of a
class-11 member. Thus, for now, while class-1 Cbl riboswitches are likely all highly specific
for AdoChl due to the presence of the P7-P12 extension, class-11 Cbl riboswitches exhibit an
incompletely understood range of Cbl-binding properties.

The aptamer domain and expression platform interact through a conserved

kissing loop interaction

The crystal structure of a cobalamin riboswitch containing both the aptamer domain and the
native P13 allows direct insights into the coupling of ligand binding to the aptamer domain
and the regulatory conformational switch. Unique amongst all current riboswitch structures,
the sequence used to determine the structure of the full-length en8 class-1 structure was
experimentally demonstrated to contain all of the information necessary and sufficient for
ligand-dependent regulation.#> Importantly, the RBS is embedded within L13 and positioned
just upstream of the start codon of an ORF that encodes a protein homologous to other
bacterial BtuB proteins. Comparison of this structure with the em/8 aptamer domain-HyCbl
complex revealed that L13 of the expression platform forms a kissing loop interaction with
L5 of the aptamer domain to form a new helix, P5/13 (Fig. 5A). Formation of the kissing
loop interaction between hairpins in the aptamer domain (L5) and expression platform (L13)
occludes the RBS from interaction with the 305 ribosomal subunit (cyan, Fig. 5A). The
kissing loop motif is a common tertiary structure motif in RNA in which the bases of

the two interacting loops form canonical base pairs to form a new helix that is coaxially
stacked between the stems of the hairpins.® This interaction serves to organize global
architecture as found in the lysine riboswitch®? 62 and the VS ribozyme83-66 and mediates
RNA-RNA interactions as found in regulation of plasmid replication®”- %8 and retroviral
dimerization.69-71

Although the env8 HyChl structure provides the clearest example of the native kissing
loop formation in cobalamin riboswitches, the other Cbl riboswitch crystal structures also
yield insights into this important RNA-RNA interaction.#> 47- 49 An analogous kissing
loop interaction is observed in the Tfeclass I riboswitch, although the structural details
of the loop-loop interaction are different. This riboswitch regulates the formation of a
transcriptional terminator, such that stable formation of P13 and the kissing loop between
L5 and L13 fates the mRNA to form a downstream transcriptional terminator. In the absence
of Cbl the mRNA forms the competitive antiterminator that promotes synthesis of the full
message and expression of FecB, a Fe3*-citrate transporter. Less straightforward is the
interaction in the yvrC riboswitch.4® While the RNA used for crystallization does contain
P13 which regulates transcription via cobalamin-dependent formation of a transcriptional
terminator, the riboswitch-AdoCbl complex instead crystallized with an intermolecular
interaction between L5 and L9, part of a small hairpin immediately downstream of P1.
This interaction is proposed to mimic the intramolecular L5-L13 interaction of the native
riboswitch. Finally, while the RNA used to determine the Ste aptamer-AdoCbl crystal
structure only contained the aptamer domain, an intermolecular lattice contact between
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L5 and the 1L8/10 loop of a neighboring molecule was proposed to resemble the native
L5-L13 interaction.#” Thus, in all four Cbl riboswitch structures, L5 forms an RNA-RNA
interaction, suggesting that this loop is primed for formation of loop-loop interactions that
serve as the conformational switch in these regulatory RNAs.

These structures further revealed that the regulatory kissing loop as part of the P5-P5/13-P13
coaxial stack forms the other half of the cobalamin ligand binding pocket. Importantly,

P5 and P5/13 directly contact the alpha-axial face of the bound cobalamin (Fig. 5A).4°
These contacts include hydrogen bonding interactions between amide groups around the
corrin ring and the minor groove of P5, the loop-proximal base pair of L13, and the

last adenosine of J3/4 which forms an A-minor triple interaction with a base pair in L5.

In addition, the 5,6-dimethylimidzole ring and other functional groups in the cobalamin
make van der Waals contacts with nucleotides in the kissing loop interactions (Fig. 5B). A
similar set of contacts are observed in the native P5-P5/13-P13 kissing loop structure in the
Tte-AdoCbl complex structure, suggesting that these interactions are conserved throughout
the cobalamin family.> Presumably, these direct cobalamin-kissing loop interactions serve
to promote the formation of the regulatory conformational change involving a long-range
interaction between the two domains.

The conformational switch can form in the presence of elevated

magnesium

As with all biological RNAs, including riboswitches, divalent magnesium cations are
essential for both structure and function of the cobalamin riboswitch.”2-76 In-line probing
showed that the £co btuB cobalamin riboswitch undergoes a series of Mg2*-dependent
folding events in the absence of effector. This was interpreted as evidence of a stepwise
hierarchical folding pathway as the divalent cation concentration is increased from 0 to

1.0 mM.5® Interestingly, besides Mg?*-induced protection of helical elements, significant
protections of loops involved in tertiary architecture formation such as L4 and IL6/7 indicate
that divalent ions serve to organize the RNA on a tertiary level as well, making it competent
to bind AdoCbl. Subsequent Th3* probing of the £co btuB riboswitch reinforced the model
that the tertiary architecture of this RNA is substantially pre-organized by magnesium

prior to effector binding.”” Similarly, the L4 and L6 loops in the em8 riboswitch shows
significant protection with 1 mM Mg?2* without ligand present in comparison to no Mg2*
by SHAPE chemical probing, indicative of this aspect of tertiary structure forming in the
absence of ligand.*> These data further support pre-organization of the aptamer domain by
cations.

In contrast to the L4-1L6/7 tertiary interaction that serves to organize the conserved core

of the aptamer domain, the interdomain kissing loop interaction is likely not formed

under physiological magnesium ion concentrations. NMIA probing of the em/8 and the

E. coli btuB riboswitches indicate that protection of the L5 and L13 loops only occurs at
elevated (>10 mM) magnesium ion concentrations in the absence of Cbl, indicating that this
structural element does not form under physiological conditions.#> Thus, unlike many other
kissing loop interactions that are stable under physiological divalent conditions, this motif in
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cobalamin riboswitches is significantly destabilized. This observation was corroborated with
SMFRET studies of the env8riboswitch, which showed that without Mg2*, even saturating
levels of HyCbl were unable to induce the L5-L13 interaction.’® Measurement of FRET
that reports on L5-L13 docking as an ensemble and in single molecules indicates that

the formation of the kissing loop has a [Mg2*]y/, of ~2.2 mM. smFRET measurements
also reveal rapid docking/undocking rates at 1 mM Mg?2*, indicating that this interaction

is unstable under physiological conditions. This is compelling evidence that while the
regulatory kissing loop can form in the absence of effector, it is a weak and transitory
interaction. These data are further supported by analysis of the £co btuB riboswitch,

which implicates the kissing loop interaction in ligand binding and regulatory control.”®
However, it should be noted that a study of the magnesium-induced architecture of the £co
btuB riboswitch using Th3* suggests that its kissing loop does form under physiological
conditions in the absence of AdoChl.””

Cobalamin stabilizes the kissing loop interaction at physiological

magnesium concentrations

Chemical probing of the Eco btuB and env4 class-I1 riboswitches provides strong

evidence that the presence of effector bound to the aptamer domain stabilizes the L5-L.13
interaction.*> SHAPE probing of these RNAs in the presence of ligand as a function of
magnesium concentration reveals that the divalent cation concentration needed to stabilize
the kissing loop drops to physiological concentrations (0.5 — 1.0 mM). In support of this
finding, SMFRET studies of en8 reveal that the presence of HyCbl drops the [Mg?*]1/»

of formation to 0.3 mM and dramatically decreases the dissociation (undocking) rate of
the L5-L13 interaction.”® Coupled with the crystal structures showing direct interactions
between the alpha axial face of the cobalamins and the kissing loop (Fig. 5), the role of Cbl
in directly stabilizing the formation of one of the two regulatory conformations is clear.

Non-helical features of the kissing loop confer cobalamin dependent

formation

To understand how the kissing loop interaction of cobalamin riboswitches is harnessed as
an effector-dependent conformational switch, a structure-guided analysis of this interaction
was performed.80 Electrophoretic mobility shift assays (EMSA)8L were used to investigate
the ability of a series of L5 mutants to form the kissing loop in the presence of HyCbl.
This analysis revealed that two bulged nucleotides in the middle of the P5/P13 helix (Fig.
5A) were highly destabilizing to kissing loop formation in the absence of cobalamin, but
that kissing loop formation could be stabilized in the presence of cobalamin. Specifically,
the presence of HyCbl reduced the Kp between the two halves of the kissing loop by

over 6,800-fold. Phylogenetic analysis of other class-11 cobalamin riboswitches reveals
that they all contain such features in their P5/P13 interactions, suggesting that this is

a general mechanism for generating a cobalamin-dependent switch.8% This is similar to
previous findings that non-canonical base pairs in an aptamer-HIV TAR element interaction
are strongly destabilizing®? as well as a kissing loop interaction in the HIV dimerization
initiation site.83 The EMSA experiments were supported by a cell-based reporter assay in
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which the em8 riboswitch regulates expression of a fluorescent reporter gene in £, co/i.8°
These data reinforced the central role of unpaired nucleotides in P5/13 that destabilize

the kissing loop interaction in the absence of Cbl. Notably, the cobalamin-bound aptamer
domain provides a composite small molecule/RNA interface for interacting with the RBS-
containing P13 to form the regulatory kissing loop interaction (Fig. 5B). However, the
riboswitch’s ligand-dependent regulatory function is most likely a process too complex to
be fully explained simply by the change in interdomain affinity. Many factors within the
intercellular environment, including folding Kinetics, are expected to be at play.

Moving towards co-transcriptional models of conformational switching

The above studies have yielded key insights into the structures and mechanism for ligand-
dependent conformational changes within the cobalamin riboswitch family. However, these
studies have almost entirely relied upon classic /n7 vitro methods that use full-length RNAs
transcribed using T7 RNA polymerase and purified by denaturing methods.84-86 Following
purification, these transcripts are generally heat-cooled to further reset any residual

structure and promote formation of uniform secondary structure in a buffer containing low
concentrations of monovalent salt. Folding is then initiated typically by addition of divalent
magnesium cations, which promote formation of long-range tertiary interactions.8” These
approaches are possible due to the high free energies of RNA folding and resulting structural
stability which allows reformation after denaturation without the need for additional
cofactors, something which is rarely the case for proteins.88 RNA synthesized, purified, and
renatured using these approaches has been essential for development of much of the current
understanding of RNA structure and function. However, it is well established that even
simple RNAs may exhibit difficulties refolding to achieve complete biological activity under
in vitro reconstitution conditions®®, and cobalamin riboswitches are no exception. Across
multiple studies there is strong evidence that model cobalamin riboswitches have difficulty
refolding (see below). Given that they evolved to function in the context of transcription, it
is increasingly clear that co-transcriptional approaches are essential for developing a more
accurate picture of the structure-function relationship in these RNAs.8 89-91

RNA folding in the context of transcription in the cellular environment experiences a
fundamentally different landscape. /n7 vivo, there are factors that favor proper RNA folding
that do not exist with /in vitro approaches. Co-transcriptional folding is the first level of
these factors.92-94 That RNA folds as it is being transcribed means the final folded state is
influenced by the 5°- to 3’-polarity of transcription, where upstream nucleotides can begin
forming local secondary structures before those more downstream are even transcribed.

This folding landscape cannot be accessed when the full-length RNA molecule is refolded
simultaneously. The final folded state is also influenced by RNA polymerase (RNAP)
speed!L: 95,96 and pausing®”: 98, two other elements unaccounted for by Jn vitro refolding.
These effects of co-transcriptional pausing can significantly constrain the folding landscape,
enabling the RNA to avoid kinetic traps and stable misfolds. Finally, there is the surrounding
factor of the cellular milieu. Molecular crowding and microenvironment concentrations of
metal ions and other cellular solutes can have vast implications in RNA folding.?% 190 These
conditions can be attempted to be replicated /n vitro, but often they are not. Altogether, these
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factors combine to influence a final folded product of RNA that may be very different than
RNA produced and purified /n vitro.

Riboswitch folding and ligand affinity can be enhanced in the context of

transcription

The importance of transcription on folding and binding is highlighted in the structural
determination of the Bsu yvrC Cbl riboswitch bound to AdoCbl.#9 Attempts to assemble a
ligand-bound riboswitch using traditional methods of denaturing gel purification of an RNA
transcript, refolding, and subsequent loading with ligand proved unsuccessful. Obtaining a
bound complex for crystallization required that the riboswitch be transcribed in the presence
of a cobalamin ligand and purified by non-denaturing polyacrylamide gel electrophoresis.*?
Formation of AdoCbl, MeCbl, or HyCbl complexes with the yvrC riboswitch were assessed
using electrophoretic mobility shift assays (EMSA) and by size exclusion chromatography
and multiangle light scattering (SEC-MALS). Notably, these experiments also suggested that
the conformation of the riboswitch differs between bound AdoChbl and MeCbl or HyCbl,
i.e., the riboswitch folds differently depending on the ligand it binds. While it is highly
likely that these changes involve different conformations of J6/3, as suggested by other
cobalamin riboswitch structures (Fig. 4), this is currently speculative as only the yvrC
crystal structure bound to AdoCbl was solved. It should be noted that other large, complex
RNAs have also required synthesis and purification using native approaches from in vitro
transcription reactions, such as the Oceanobacillus iheyensis group 11 intron101. 102 and the
VS ribozymel93, and various methods have been developed to effect native purification of
RNA.194 While these studies clearly indicate that the yvrC riboswitch cannot be refolded in
a ligand-binding competent state??, what features of the RNA lead to misfolding were not
determined. Approaches such as SHAPE chemical probing of the structure of these RNAs
purified under different conditions may yield important insights into how co-transcriptional
folding evades misfolding.105

Other cobalamin riboswitches also appear to have difficulty refolding. The wild type

env8 riboswitch consistently displays multiphase binding curves in ITC measurements
corresponding to a high affinity and a low affinity ligand binding interaction.>° This can

be interpreted as a population that has a properly folded binding site capable of a high
affinity interaction and another population with local misfolding that creates a lower affinity
binding mode. Interestingly, mutants of the riboswitch in L5 that alter the kissing loop
interaction alleviate this phenomenon®, suggesting a potential misfold involving the Cbl-
dependent conformational switch. In turn, this indicates that conformational switching may
be only fully achieved using RNAs that are co-transcriptionally folded and natively purified,
although this has not been tested.

The idea that the Cbl riboswitch may fold differently between Mg?*-induced refolding of a
full-length denatured transcript and co-transcriptionally is further supported by studies of the
Eco btuB riboswitch. In both oligonucleotide hybridization/RNase H digestion and SHAPE
chemical footprinting, the MgZ*-refolded riboswitch has significantly decreased levels of
protection in the aptamer region, the kissing loop, and the RBS hairpin in the presence of
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AdoCbl than its natively folded counterpart.”® 196 |n addition, co-transcriptional folding of
this Cbl riboswitch appears to affect its affinity for the Chl ligand. In the oligonucleotide
hybridization/RNase H digestion assays, the Kqyitch Value, which is the concentration of
AdoCbl at which half of the riboswitch molecules are switched to the “off” state, is 55
nM. This is significantly lower than Kp values determined using /n vitro transcribed,
purified, and refolded RNA (~250-300 nM).2: 45 This may be an artifact of other factors
such as oligonucleotide hybridization efficiency, especially as DNA probes targeting other
regions of the riboswitch gave other Kyyitch Values, but it nevertheless argues in favor of
the importance of careful consideration of purification approaches for large RNAs. These
examples suggest that misfolding may be a broader feature of cobalamin riboswitches
prepared using traditional denaturing protocols.

Pausing is a critical feature of the cobalamin riboswitch folding

Programmed pausing in which sequences within the riboswitch induce RNAP to stall

for a short period of time is a common feature of riboswitches.11: 107. 108 gt dies

of a flavin mononucleotide (FMN) riboswitch revealed that pause sites situated at key
regions extend the timeframe in which the aptamer domain can fold and bind effector,
allowing a conformational switch to form in the absence of a downstream competing
sequence.!! Similarly, in vitro single turn-over transcription assays performed on the £co
btuB riboswitch as a function of time revealed three major RNAP pause sites that map

to the expression platform (Fig. 6).196 The first pause site (Pa) is proposed to allow the
aptamer to fold without interference from downstream sequences in the expression platform
that can induce alternate aptamer folding in the absence of ligand. Pause B (Pg) appears

to allow transitory formation of the L5-L13 Kissing loop while the aptamer interrogates

the cellular environment for AdoCbl. This is important as it gives the riboswitch time to
bind ligand and stabilize that folded conformation before prematurely committing to the apo
state. Depending on whether AdoCbl is bound, a third pause site (Pc) can influence the fate
of the anti-RBS sequence. Without bound effector, alternate aptamer folding is induced by
helix formation between the anti-RBS and anti-anti-RBS sequence (situated within J6/3).
Thus, pausing appears to facilitate two key steps in the pathway of folding in this riboswitch:
binding and conformational switching. The critical nature of pausing was reinforced through
assays that used mutant RNAPs with reduced transcriptional pausing. These RNAPs yielded
transcripts with significantly impaired folding and conformational changes. Further analysis
of folding rates of the riboswitch in the absence and presence of AdoCbl with wild type

and mutant RNAP indicate that pausing primarily acts to facilitate tertiary folding of the
aptamer domain. While the rates of folding of the aptamer domain and expression platform
are balanced with use of the wild type RNAP, the rates diverge with use of the fast RNAP
mutants, particularly in the presence of AdoCbl, such that the aptamer domain folds more
slowly and the expression platform more rapidly.
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Cell-based studies of regulatory activity strongly implicate the kissing loop
in driving regulatory activity

Given observed differences between Mg2*-induced folding and co-transcriptional folding of
cobalamin riboswitches, it is important to assess the mechanism of the coupling of effector
binding to gene regulation using approaches that examine the riboswitch in a native genetic
and physiological context. To accomplish this, a series of mutant BtuB-LacZ fusions were
incorporated into the £. coligenome and the ability of AdoCbl added to cell growth medium
to repress expression of the reporter was assessed.”® These mutants were similar to those
described to probe the kissing loop interaction in the en8 class Il riboswitch using a
cell-based assay.8 These experiments demonstrated that destabilization of the kissing loop
by ablating canonical base pairing between L5 and L13 was highly deleterious to AdoChbl-
dependent regulation. Interestingly, compensatory mutations in L5 and L13 that result in
base pair transversions do not recapitulate the regulatory activity of the wild type riboswitch.
Rather, compensatory mutants were significantly diminished in their ability to repress
expression in the presence of AdoCbl. Further, it was shown that ablation of the kissing
loop interaction significantly affected AdoCbl binding, consistent with prior calorimetric
measurements of AdoChbl binding to the aptamer domain and full-length riboswitch.4> This
contrasts with findings from the em/8 riboswitch, in which the kissing loop has only a
modest (~5-fold) impact on effector binding, suggesting that the kissing loop plays differing
roles in promoting Cbl binding across the Cbl riboswitch family. These data also highlight
the importance of pause site B in the Eco btuB riboswitch (Figure 6) since both the aptamer
and P13 have been synthesized and are free to fold and form the kissing loop interaction.

Mutagenic analysis of the effect of kissing loop formation on the anti-RBS/RBS (P14) helix
of Eco btuB was also examined. In this case, mutations in the stem of P13 were made

that affect the structures in the conformational switch.”® These data indicate that P13 is
critically important for regulation, but the details of its involvement are unresolved as the
model does not allow for clean interpretation of the results. Further work needs to be done
to examine the details of the conformational change that lead to the on, and especially the
off, state. But together with the results of the kissing loop mutants discussed above, these
data convincingly reveal the central role of the kissing loop on governing the regulatory
conformational switch in response to the occupancy status of the aptamer domain. While
these experiments largely confirmed prior structural and biochemical data using /n vitro
approaches, this work provided important nuances to our understanding of Cbl riboswitch
function in the context of co-transcriptional folding and in its native environment.

Cell-based genetic screening to illuminate elements of ligand recognition

In addition to probing mechanism in the native environment, cell-based and /n vivo
approaches can incorporate powerful genetic selection and screening to yield insights not
easily gained through /n vitro methods. For example, in the en/8 crystal an interaction
between J1/3 and J6/3 (Fig. 4B) is important for ligand binding and regulatory activity.4>
Using the cell-based reporter system established for investigating the kissing loop interaction
(see above), a genetic screen was performed in which a set of nucleotides of J1/3 and
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J6/3 were fully randomized and the resultant library screened for functional variants.109
Functional variants identified in the screen defined the sequence space of this tertiary
interaction that supports ligand binding and regulatory activity. This artificial phylogeny can
be coupled to a fluorescence reporter assay to quantify the activity of each sequence variant,
adding a functional component to the sequence alignment. This analysis revealed that highly
functional sequences of the J1/3 element conform to a classic T-loop module in J1/3 and
reinforce the functional significance of a C-G base pair between J1/3 and J6/3. Because

of the sparse number of natural sequences for class Il Cbl riboswitches*® and the high
degree of sequence variation within their J1/3 elements, the artificial phylogeny assisted in
establishing the structural and functional relevance of key tertiary interactions that could not
be inferred from conservation patterns. In addition, these experiments can reveal alternative
functional solutions not represented in biology. This approach applied to investigating

the enn8 L4-L6 interaction has revealed an expanded sequence space that supports the
efficient co-transcriptional folding of the riboswitch (manuscript in preparation). Thus,
exploiting experimental approaches that approximate the native functional environment of
the riboswitch can yield new insights into folding and conformational switching.

An ancient ribozyme?

One interesting hypothesis regarding cofactor-binding riboswitches such as Cbl and SAM
is that they may have once functioned as ribozymes using those cofactors in an RNA
World.119 In support of this idea, several /in vitro selections (SELEX) have recently raised
methyltransferase ribozymes using m8G and SAM as cofactors.111-113 |t was noted that
the catalytic core of the MTR1 methyltransferase ribozyme has strong similarity to the
guanine/hypoxanthine binding pocket of the guanine riboswitch.114 Even more strikingly, a
preQ; class I riboswitch has been shown to have self-methylation activity when bound to
mOpreQ.115 These results demonstrate that RNAs, and specifically riboswitches, have the
capability to promote this chemical reaction.

Cobalamin riboswitches may also have catalytic capability, but this function has not been
explored. As part of its role as an enzyme cofactor, specifically for methyltransferases
such as methionine synthase, MeCbl participates in transmethylation reactions wherein the
cobalamin is the methyl group donor.26-28 |f the cobalamin riboswitch could promote a
similar methylation reaction, it is expected to be self-methylating as is seen with the preQ;
riboswitch.11° This expectation is due to the positioning of the beta axial methyl group,
which points towards the inside of the binding pocket in all of the solved structures of the
cobalamin riboswitch. Although a Cbl riboswitch structure has not been solved bound to
MeCbl, structural docking into the ennv8-HyCbl structure*® indicates that the methyl group
could be in a position favorable for transfer to either the N3 or 2-’OH positions of A20.
While previous SHAPE data does not seem to support methylation of the 2’-OH position,
as this would result in a reverse transcription stop site which is not observed#>, methylation
of N3 remains possible. Studies to confirm or refute this potential functionality of the
cobalamin riboswitch may be undertaken in the future and could deepen our understanding
of this important RNA element in a new and exciting way.
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Perspectives

Riboswitches serve as an important model system for exploring the nature of gene
regulation driven by conformational changes in RNA. As we have presented, a broad
spectrum of structural, biochemical, and cell-based approaches have revealed key aspects
of the mechanism of coupling effector binding to the regulatory switch in cobalamin
riboswitches. These studies have shown a direct physical relationship between cobalamin
and stabilization of the conformational switch that governs mRNA expression. Unique
amongst riboswitches, the structural studies of the cobalamin riboswitch have been able to
access the full riboswitch, enabling detailed mechanistic studies of small molecule guided
conformational changes. Critically, the use of co-transcriptional folding approaches has
revealed mechanistic aspects such as pausing and the relationship between Cbl binding
and kissing loop formation. We expect these co-transcriptional methods to become more
widespread in the future to better simulate folding in the cellular context.

It is generally accepted that the free energy landscape of RNA folding is “rugged”.116. 117
While the native RNA folded state is very stable, other conformations are as well, allowing
for RNA to become kinetically trapped in a misfolded state—at least while studying

RNA folding outside the context of transcription. The purification and refolding process
ubiquitous to /n vitro studies most likely does not result in a homogenous population of
RNA in one native state, but rather a heterogeneous population of several folded states.
This problem of RNA misfolding /n vitrois even more relevant today, where mass
production of RNA for applications such as vaccines becoming increasingly common.
Large-scale RNA production also relies on in vitro transcription and purification, which
can leave a heterogeneous, misfolded product.11® Some alternative methods of purification
to reduce heterogeneity have been suggested and employed®8, but nonetheless the classic
in vitro methods described here are most prevalent. A deeper understanding of the
differences between whole-transcript and co-transcriptional folding pathways will greatly
enrich our understanding of how to control the RNA folding process across many potential
applications.

For the Cbl and other riboswitches, there are a number of applications that are emerging. As
simple regulatory devices, riboswitches present themselves as powerful tools for synthetic
biology to probe the metabolic environment and regulate gene expression. For example, the
cobalamin riboswitch has been used as a sensor to monitor various aspects of cobalamin
metabolism in £. coli119 120 Development of RNAs that sense novel small molecules
requires not only raising aptamers against the desired effector, but also understanding how to
couple it to a high fidelity regulatory switch. This latter process remains poorly understood
and represents a major bottleneck in progress towards synthetic riboswitches. Cobalamin
riboswitches also serve as the foundation for a novel class of tools for imaging RNAs in

live cells.221 It was reasoned that riboswitches have evolved to efficiently fold in a variety

of cellular environments, and thus may be superior to /n vitro selected aptamers in this type
of application. Understanding the co-transcriptional folding pathways of these RNAs will
certainly facilitate the development of improved versions of these devices. Finally, as nucleic
acid-based therapeutics become increasingly realized, riboswitches will play important

roles as a means of regulating their expression via a bioavailable small molecule.122
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Engineering practical devices that function in the context of human mRNAs123-127 wij|
again require further analysis of how ligand-guided conformational changes drive gene
expression across a spectrum of biological RNAs. While great strides have been made in
developing mechanistic models of conformational changes in the Cbl family of riboswitches,
this new understanding must now be applied to emerging RNA-based technologies.
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Figurel.
Structure of cobalamin with variable beta-axial moieties (R) which determine its form.

(A) The common cobalamin corrin ring shared between all forms shown here, with the
5,6-dimethylbenzimidzole coordinated to the alpha-axial face. Arrows are used to depict
coordinate bonds with the cobalt (I11) ion as opposed to covalent bonding. The alpha-

and beta-axial positions are highlighted in cyan and yellow, respectively. (B) Variable
functional moieties that can be present in the beta-axial position of the corrin ring. (7)5’-
deoxyadenosylcobalamin (7)) methylcobalamin (7/i) hydroxocobalamin (7v) cyanocobalamin.
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Figure2.
Secondary structure schematic of cobalamin riboswitches, delineating structural differences

between class-1 and class-11. The conserved aptamer domain is boxed in green and the
expression platform in yellow. Peripheral extensions which vary between classes are colored
in pink (subdomain 1) and blue (subdomain 2). Long-range tertiary contacts are indicated by
dashed arrows. Created with Biorender.com.
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Figure 3.
Global architecture of class-1 and class-11 cobalamin riboswitches. (A) Cartoon

representation of the structure of the Tte class-I cobalamin riboswitch using the same
color scheme in Fig. 2. Bound AdoCbl is shown as red spheres and strands not modeled
are denoted as dashed lines. (PDB ID 4GMA). (B) Cartoon representation of the ern8
class-11 cobalamin riboswitch with bound HyCbl (red). The RNA is shown in the same
orientation as in panel A to emphasize the similarity of structure of the core region, kissing
loop interaction (P5/13) and cobalamin binding pocket. (PDB ID 4FRN). (C) Cartoon
representation of the B. subtilis yvrC riboswitch bound to AdoCbl (red). The P13 helix
(denoted by asterisk) shown in orange is the P9 helix of the crystallization construct that
makes an intermolecular lattice contact (domain swap) that is proposed to mimic the native
L5-L13 interaction. The 3’ region of the crystallized RNA (P13-P14) was not visible in the
crystal structure. (PDB ID 6VMY). Figure created using PyMol (Schrddinger).
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Figure 4.
Organization of the cobalamin binding pocket in the aptamer domain. (A) Cartoon

representation of the joining strands of the four-way junction that interact with AdoCbl

in the 7fe cobalamin riboswitch. The color scheme is the same as that used in Fig. 2,

with cobalamin rendered as sticks and the central purine “spine” is highlighted in yellow.
This purine spine is composed of two purines from J3/4 and one each from J6/3 and the
5’-deoxyadenosyl moiety of Cbl. An asterisk denotes the participation of a purine from the
5’-deoxyadenosyl moiety of Cbl in the central purine spine. (PDB ID 4GMA). (B) Cartoon
representation of the two strands in the four-way junction, J3/4 and J6/3, that interact with
HyCbl in the ern8 cobalamin riboswitch. The orientation of the Cbl-RNA complex is that
same as in panel A to emphasize the similar arrangement of J3/4 and cobalamin and the
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different conformation of J6/3 as enforced by interactions with J1/3 (magenta). (PDB 1D
4FRN). (C) Cartoon representation of J3/4 and J6/3 of the Bsu yvrC cobalamin riboswitch in
the same orientation as those in panels A and B; the asterisk denotes the 5’-deoxyadenosyl
moiety of Cbl in the central purine spine. (PDB ID 6VMY). Figure created using PyMol
(Schrédinger).
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Figureb.
Structural relationship of bound cobalamin to the kissing loop interaction in the ern8 class-I1

riboswitch. (A) Stick representation of the P5-P5/13-P13 kissing loop interaction using

the same coloring scheme as in Fig. 2, except that the ribosome binding site (RBS) is
highlighted in cyan. Hydrogen bonding interactions between HyChbl and RNA are denoted as
grey dashed lines. (B) Surface representation of the env8 HyCbl-RNA complex emphasizing
the extensive van der Waals contacts between bound cobalamin and the regulatory switch.
Recruitment of the P13/L13 stem-loop to the aptamer domain-cobalamin complex uses a
composite small-molecule/RNA surface. Figure created using PyMol (Schrddinger).
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Transcription Coordinate

A model for £. coli btuB cobalamin riboswitch folding. Folding intermediaries for the
transcript at each pause site are plotted by transcription coordinate. The regions that interact
through a kissing loop are colored in purple. Peripheral extension 2 is omitted, indicated by
the pink box. The anti-anti-RBS region is colored in yellow. P13 and surrounding regions
which fold differentially depending on the presence of ligand are colored in green. The
anti-RBS region is colored in red. The RBS is colored in blue. Each pause site is correlated
with a folding phase. Pause sites are indicated when present on the transcript as Px with an

arrow. Created with Biorender.com.
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