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ABSTRACT

Cobalamin riboswitches encompass a structurally
diverse group of cis-acting, gene regulatory ele-
ments found mostly in bacterial messenger RNA and
are classified into subtypes based on secondary and
tertiary characteristics. An unusual variant of the
cobalamin riboswitch with predicted structural fea-
tures was identified in Bacillus subtilis over a decade
ago, but its structure and mechanisms of cobalamin
selectivity and translational control have remained
unsolved. We present the crystal structure of the ap-
tamer domain of this atypical cobalamin riboswitch
and a model for the complete riboswitch, including
its expression platform domain. We demonstrate that
this riboswitch binds to multiple cobalamin deriva-
tives and correlate its promiscuous behavior to its
structure and unique arrangement of peripheral el-
ements. Comparative structural analyses between
conventional cobalamin riboswitches and the B. sub-
tilis cobalamin riboswitch reveal that the likely basis
for this promiscuous ligand binding is intrinsic struc-
tural adaptability encoded in the RNA structure. It
suggests that cobalamin selectivity might ultimately
be viewed as existing on a spectrum of affinity for
each derivative rather than as belonging to distinct
types based on ligand specificities. Our work pro-
vides an interesting and notable example of func-
tional coupling of ligand-sensing and adaptive fold-
ing by a structured RNA molecule.

INTRODUCTION

Riboswitches are ligand-specific, cis-acting regulatory
structural elements found in untranslated regions (UTRs)
of messenger RNA (mRNA) transcripts (1–6). Although a
wide variety of riboswitches have been identified to date,
ranging from those that coordinate metal ions to others

that discern the aminoacylation state of transfer RNAs (tR-
NAs) (7–21), a feature deemed universal to all riboswitches
is that they are very specific to binding their cognate lig-
and (1,22). The vast majority of known riboswitches were
discovered in the 5′ UTR of bacterial mRNA transcripts;
however, 3′ UTR riboswitches exist as well, such as the
thiamin pyrophosphate-sensing riboswitch of the thiamin
biosynthetic gene THIC in plant seeds (23). In general, 5′
UTR riboswitches consist of an aptamer domain for lig-
and binding and an expression platform domain for regu-
lating translation of the gene encoded by the mRNA in re-
sponse to structural changes in the aptamer domain. Most
5′ UTR riboswitches employ premature transcriptional ter-
mination or translational activation/initiation as a mecha-
nism by which they affect gene expression through negative
feedback control (24). Therefore, there is a direct relation-
ship between the gene downstream of the riboswitch and its
corresponding ligand, whereby the gene encodes for an en-
zyme needed for either synthesizing or importing the ligand.
As a result, riboswitches provide prokaryotic organisms a
relatively rapid and direct means to regulate gene expres-
sion in cis at the mRNA level (1).

Although the initially discovered group of riboswitches
included cobalamin riboswitches (14,15,25), the first crystal
structures of them were not solved until a decade later and
well after many other riboswitch crystal structures became
available. Based on these crystal structures (26,27) and prior
bioinformatic analyses conducted on a large set of cobal-
amin riboswitch homologues (25), it was proposed that
cobalamin riboswitches can be classified into two classes
(26,28), Cbl-I and Cbl-II, according to the peripheral sec-
ondary structural elements found surrounding a conserved,
ligand binding core. Cobalamin riboswitches from differ-
ent classes and sub-classes are largely specific for particular
derivatives of cobalamin, which differ by the axial group
that coordinates the cobalt in the corrin ring (Figure 1,
Panel F). Thus, it was proposed that ligand specificity cor-
relates directly with specific combinations of peripheral el-
ements surrounding the structural core of the riboswitch
(26,28). In particular, Cbl-I and Cbl-IIb riboswitches bind
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Figure 1. Architectural classification of cobalamin riboswitches. (A) Cbl-I class riboswitches bind specifically to adenosylcobalamin and consist of a
loop–stem–loop P2 module (L2A–P2–L2B, green) and a large extension of its P6 stem (purple). (B) Cbl-IIa class riboswitches bind specifically to hydrox-
ocobalamin or methylcobalamin and consist of a bulged segment (J1/3, green) and a small extension of its P6 stem (typically a loop, purple). (C) Cbl-IIb
class riboswitches bind specifically to adenosylcobalamin and consist of a short mismatched or paired segment (J1/3, green) and a small extension of its P6
stem (typically a short hairpin, purple). (D) The B. subtilis yvrC cobalamin riboswitch consists of a loop–stem–loop P2 module (L2A–P2–L2B, green) and
a small hairpin extension of its P6 stem (purple) and appears to be a structural hybrid of Cbl-I and Cbl-IIa/b cobalamin riboswitches. The kissing-loop
(KL, grey) interaction between loops L5 (aptamer domain) and L13 (expression platform domain) is common to all Cbl-I and Cbl-IIa/b classes and the B.
subtilis yvrC cobalamin riboswitch. (E) The primary sequence of the B. subtilis yvrC cobalamin riboswitch is superimposed on its conventional secondary
structure schematic. The crystallized fragment corresponds to the P1-P9 region only (grey path). The P13–P14 region (pink path) was not part of the
studied fragment. As in (D), the P2 module and the extension of the P6 stem are colored in green and purple, respectively. The stem-loops that comprise
the majority of the expression platform domain are colored in blue. The region between the aptamer domain and the P13/L13 and P14/L14 hairpins
(both in dark blue) actually forms a stem-loop (P8–P9/L9, light blue), even though it had been assumed previously to be a single-stranded linker. The KL
interaction between loops L5 and L13 is depicted by orange dotted lines. Important long-range base-pairing interactions revealed by the crystal structure
are depicted by yellow dotted lines. ORF denotes open reading frame. (F) The chemical and three-dimensional structures of cobalamin (gold). A particular
cobalamin derivative is defined by the R-group moiety as shown in the figure.

adenosylcobalamin (coenzyme B12), whereas Cbl-IIa ri-
boswitches bind hydroxocobalamin or methylcobalamin
(26).

A clear exception to the current classification scheme of
cobalamin riboswitches is a cobalamin-sensing element lo-
cated directly upstream of the open reading frame of the
yvrC gene-encoding transcript in Bacillus subtilis, which ex-
hibits secondary structural features that are characteristic
of both cobalamin riboswitch classes. Although the ability
of the B. subtilis cobalamin riboswitch to bind and respond
to adenosylcobalamin was verified as part of its initial iden-
tification (25), its precise structural and functional charac-
teristics have remained difficult to predict and thus poorly
understood. In this study, we provide biochemical data
demonstrating that the B. subtilis cobalamin riboswitch
binds not only to adenosylcobalamin, but also to hydrox-

ocobalamin and methylcobalamin. Additionally, we deter-
mined the crystal structure of a large region of the B. subtilis
cobalamin riboswitch, comprising the complete aptamer
domain and a part of the expression platform, bound to
adenosylcobalamin at 3.28 Å and show that it utilizes a dif-
ferent peripheral element, as compared to Cbl-I cobalamin
riboswitches, to buttress the adenosylcobalamin-binding
core. Comparative structural analyses with the few avail-
able Cbl-I and Cbl-II cobalamin riboswitch structural mod-
els provide a simple explanation for how the atypical archi-
tecture of the B. subtilis cobalamin riboswitch can undergo
a structural rearrangement to bind to hydroxocobalamin
or methylcobalamin in addition to adenosylcobalamin. To
the best of our knowledge, this may be the first example of
an RNA molecule exhibiting intrinsic structural adaptabil-
ity as the basis for promiscuous ligand derivative binding.
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Having determined the structure of the complete aptamer
domain together with the poorly-predicted region consti-
tuting the expression platform, we also provide a model for
the complete riboswitch consisting of both aptamer and ex-
pression platform domains.

MATERIALS AND METHODS

Cloning, in vitro RNA transcription, and RNA purification

The B. subtilis cobalamin riboswitch occurs naturally in the
5′ UTR region of the mRNA transcript encoding for an un-
characterized ABC transporter substrate-binding lipopro-
tein, yvrC. The aptamer domain of this riboswitch con-
sists of 120 nucleotides and is followed by a putative 29-
nucleotide single-stranded region that is a part of the ex-
pression platform. The gene encoding this 149-nucleotide
RNA construct was pieced together by DNA oligonu-
cleotides (Integrated DNA Technologies, Coralville, IA)
and sub-cloned into pUC19 for in vitro RNA transcrip-
tion. In brief, pairs of partly complementary sense and an-
tisense DNA oligonucleotides were annealed at an equimo-
lar ratio to generate four overlapping gene fragments (an-
notated sequences in Supplementary Data). The fragments
were designed to have long overhangs such that they could
be readily ligated and subcloned upon mixing with gel-
purified pUC19 that was linearized by digestion at the com-
patible restriction sites (i.e. SacI and SphI). The ligation
mixture was transformed into Escherichia coli DH5� (Invit-
rogen, Thermo Fisher Scientific, Waltham, MA, USA) for
replication and subsequent plasmid extraction. All clones
were sequence-confirmed by Sanger sequencing. For tran-
scription, the DNA template encoding the B. subtilis cobal-
amin riboswitch was cloned into the multiple cloning site
of pUC19 with an upstream T7 RNA polymerase pro-
moter element and a FokI restriction site immediately 3′
to the coding region. The plasmid was transformed into
and thus replicated in cultures of E. coli DH5� grown
in Terrific Broth media (Research Products International,
Mount Prospect, IL) and purified by conventional alkaline
lysis methods (29), followed by phenol-chloroform extrac-
tion and selective PEG 6000 precipitation, to remove con-
taminating host cellular proteins and RNAs, respectively.
The purified plasmid DNA was subsequently digested with
FokI (New England BioLabs, Ipswich, MA) and purified
further by phenol-chloroform extraction and ethanol pre-
cipitation. The B. subtilis cobalamin riboswitch was co-
transcribed with ligand (either adenosylcobalamin, hydrox-
ocobalamin, methylcobalamin or cyanocobalamin at 0.5
mM) and produced in vitro on the milligram scale by run-off
transcription using recombinant T7 RNA polymerase and
standard reaction conditions (30). Following in vitro tran-
scription, the RNA product was separated from other re-
action components by electrophoresis in a native 10% acry-
lamide (37.5:1 acrylamide:bisacrylamide) gel ran in 89 mM
Tris–HCl, pH 7.6, 89 mM boric acid (1× TB buffer), after
which the principal RNA band was located by UV shad-
owing, extracted into 50 mM potassium acetate, pH 7.0,
200 mM potassium chloride by passive diffusion at 4◦C,
and stored at –20◦C following ethanol precipitation. The ri-
boswitch RNA samples produced in this manner were suffi-

ciently homogenous that no further purification steps were
necessary.

Preparation, handling, and storage of cobalamin ligand solu-
tions

The cobalamin derivatives (adenosylcobalamin, hydroxo-
cobalamin, methylcobalamin, and cyanocobalamin) were
purchased in powder form (Sigma-Aldrich, St. Louis, MO,
USA) and stored at the temperature (−20◦C or 2–8◦C) spec-
ified by the supplier before resuspension and use. For lig-
and binding studies, fresh ligand stock solutions were pre-
pared prior to use at concentrations of either 1 or 10 mM.
For crystallization trials, ligand stock solutions that were ei-
ther newly prepared or stored in the dark at 4◦C were used.
There were no observed differences in diffraction quality
between crystals grown with newly resuspended adenosyl-
cobalamin versus crystals grown with adenosylcobalamin
that had been stored aqueously in the dark at 4◦C for up
to several days. Care was taken when performing all ex-
periments to minimize ambient lighting and thus to max-
imize sample quality against light-mediated degradation;
however, no experiments were conducted in the dark. All
binding and crystallographic studies were conducted in con-
ditions consisting of a stoichiometric excess of ligand to
RNA.

Analytical electrophoretic mobility shift assay (EMSA)

The conformation of the apo riboswitch and the same ri-
boswitch co-transcribed with ligand (adenosylcobalamin,
hydroxocobalamin, methylcobalamin, or cyanocobalamin)
were assessed by EMSA. All samples were electrophoresed
in a native 10% acrylamide gel in 1× TB buffer at 4◦C or at
room temperature (the temperature had no apparent effects
on the results) and visualized subsequently by gel staining
with Toluidine Blue O (Sigma-Aldrich, St. Louis, MO) re-
suspended in 1X TB buffer (0.02% w/v). Up to 10 �g of
concentrated RNA was loaded per sample well in equal
amounts and with the addition of glycerol (10% v/v). Puri-
fied RNA samples were in 25 mM Tris–HCl, pH 8.0, 50 mM
potassium chloride, 10 mM magnesium chloride, 0.5 mM
cobalamin derivative. The observed gel mobility differences
between samples were consistent irrespective of whether this
assay was performed with crude transcription products or
with purified RNA samples, affirming that ligands incor-
porated by co-transcription remain bound to the riboswitch
even through gel extraction and ethanol precipitation. Since
only the ligand was varied across the samples, any observed
differences in gel migration was attributed to conforma-
tional changes caused by the incorporation of a particular
ligand.

Analytical size-exclusion chromatography and multi-angle
light scattering (SEC-MALS)

The same RNA sample preparation procedure used for
EMSA, as described above, was used for SEC-MALS ex-
periments. Approximately 200 �g of apo riboswitch or ri-
boswitch co-transcribed with ligand were sequentially ana-
lyzed by size exclusion chromatography on a Superdex 200
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10/300 GL column (GE Healthcare, Chicago, IL, USA) in
25 mM Tris–HCl, pH 8.0, 50 mM potassium chloride, 10
mM magnesium chloride at room temperature. The elution
profile of each RNA sample was detected and examined by
UV absorbance, multi-angle light scattering, quasi-elastic
(dynamic) light scattering, and refractive index changes us-
ing an Agilent 1260 series HPLC (Agilent Technologies,
Santa Clara, CA, USA) in series with a DAWN HELEOS II
detector, a Wyatt QELS detector, and a Wyatt T-rEx detec-
tor (Wyatt Technology Corporation, Santa Barbara, CA),
respectively. All data were analyzed using the ASTRA V
software (version 5.3.4.19; Wyatt Technology Corporation,
Santa Barbara, CA, USA) and a dn/dc (refractive index in-
crement) value of 0.17 ml/g, which was confirmed using in-
house RNA standards and is consistent with literature val-
ues (31).

Crystallization of the Bacillus subtilis cobalamin riboswitch
bound to adenosylcobalamin

Crystallization of natively-purified B. subtilis cobalamin
riboswitch co-transcribed with adenosylcobalamin was
achieved in several conditions in which PEG 400 acted as
the primary precipitating agent and in a wide range of tem-
peratures (4–30◦C). In brief, natively-purified RNA was
precipitated in ethanol, pelleted by centrifugation, dried in
a Savant DNA 110 SpeedVac, and resuspended in 50 mM
Tris–HCl, pH 8.0, 100 mM potassium chloride, 20 mM
magnesium chloride. The RNA was then adjusted to a con-
centration of 10 mg/ml, incubated at 37◦C for 10 min, and
an equal volume of 1 mM adenosylcobalamin was added.
The resulting RNA was incubated at room temperature for
30 min, at a final concentration of 5 mg/ml, in 25 mM
Tris–HCl, pH 8.0, 50 mM potassium chloride, 10 mM mag-
nesium chloride, 0.5 mM adenosylcobalamin. To optimize
crystal growth and size, classic crystallization parameters
such as pH, temperature, ionic strength, precipitant con-
centration and additives were varied and tested. Crystal-
lization trials were performed with many replicates to ob-
tain the largest crystals, which grew infrequently. Crystals of
adenosylcobalamin-bound B. subtilis cobalamin riboswitch
grew best in 50 mM sodium cacodylate, 15% (v/v) PEG
400, 0.2 mM cobalt hexaammine, 80 mM magnesium ac-
etate, 1 mM spermine between pH 6.0 to pH 6.5 at 14◦C by
vapor diffusion in a hanging drop format. The RNA crys-
tals were rose red in color due to the presence of adenosyl-
cobalamin and the crystals that yielded the best diffraction
following dehydration (as described below) had a hexago-
nal prism morphology, sharp edges, and a diameter between
200 and 300 �m.

Post-crystallization improvement of the X-ray diffraction
limit of crystals of the Bacillus subtilis cobalamin riboswitch
bound to adenosylcobalamin

Crystals of the adenosylcobalamin-bound B. subtilis cobal-
amin riboswitch were reliably reproducible, typically grow-
ing to be ∼50–100 �m in diameter. Without cryo-
protection, these crystals diffracted poorly and disorderedly
when directly flash frozen out of the mother liquor with liq-
uid nitrogen; however, when soaked in the crystallization

solution supplemented with either 25% (v/v) glycerol or su-
crose, the crystals diffracted anisotropically but consistently
better to between 12 and 15 Å resolution in the best direc-
tion. In an attempt to improve the diffraction limit of these
crystals, we found that by introducing either glycerol or su-
crose into the crystals in a stepwise fashion helped to con-
sistently improve the diffraction limit to 6–8 Å. Specifically,
we soaked the crystals in their corresponding crystallization
solution supplemented with 5% serial increments of glyc-
erol or sucrose to a final concentration of 25% (v/v) prior
to flash freezing with liquid nitrogen. Interestingly, the same
stepwise addition of 25% (v/v) PEG 200, 25% (v/v) PEG
400 (the crystallization precipitant for these crystals), and
25% (v/v) xylitol had detrimental effects on diffraction.

In parallel to our approach of serially increasing the
concentration of cryo-protectant within the crystals, which
yielded diffraction that was at best to 6 Å resolution, we
attempted to dehydrate the crystals as an alternate way to
improve diffraction. Specifically, we systematically tested
the effects of dehydrating the crystals for 12–48 h at the
same temperature in which they grew by equilibrating them
against crystallization solutions containing increasing con-
centrations of PEG 400 (i.e. from 15% (v/v) to 40% (v/v))
and found that when comparing similarly-sized crystals ob-
tained from the same mother liquor, dehydration against
crystallization solutions containing 25–30% (v/v) PEG 400
consistently yielded better than 2 Å improvement in diffrac-
tion.

Multiple rounds of optimization of crystal growth oc-
casionally yielded crystals that were between 200 and 300
�m in diameter. By dehydrating these larger crystals against
the corresponding crystallization solution with PEG 400 in-
creased to a concentration between 25 and 30% (v/v), we
were ultimately able to obtain 3.0 to 3.5 Å diffraction data
for the adenosylcobalamin-bound B. subtilis cobalamin ri-
boswitch.

Structure determination

X-ray diffraction data were collected at 100 K at the Life
Sciences - Collaborative Access Team (LS-CAT) beamlines
at the Advanced Photon Source, Argonne National Labo-
ratory, using either Rayonix MX225 or MX300 CCD detec-
tors. For data collection, crystals of the adenosylcobalamin-
bound B. subtilis cobalamin riboswitch were cryo-protected
with PEG 400, increased by dehydration to an effective con-
centration of 25–30% (v/v), and flash frozen with liquid ni-
trogen. Processing of diffraction data was done using MOS-
FLM (32) or XDS (33) for indexing and AIMLESS (34) for
scaling.

Molecular replacement using a homology model of the
core generated manually from the crystal structure of a Cbl-
I class cobalamin riboswitch (PDB IDs: 4GXY) (27) pro-
duced a clear solution, but it was not possible to trace the
molecule outside the core. To overcome this, we collected
anomalous diffraction data by soaking the crystals at 287 K
after dehydration with a tantalum tetradecabromide cluster,
iridium (III) hexaammine, barium chloride or cobalt (III)
hexaammine at concentrations between 1 and 10 mM for
0.1–12 h. An initial single isomorphous replacement with
anomalous scattering (SIRAS) map to ∼6 Å resolution cal-
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culated with SHARP (35) using the tantalum data com-
bined with the molecular replacement solution produced
a more complete molecule, albeit at low resolution. To in-
crease the resolution of the electron density map, a map
was calculated by multiple isomorphous replacement with
anomalous scattering (MIRAS) with SHARP (35) using
the molecular replacement model and the iridium, cobalt,
and barium data. The experimental map, to 4.1 Å resolu-
tion, was continuous and clearly showed many ridges corre-
sponding to the phosphates of the RNA backbone (Supple-
mentary Figure S1). After noticing significant diffraction
anisotropy, the data were re-processed using the Staraniso
server (36) to produce an anisotropic data set suitable for re-
finement. All iterative rounds of manual model building and
refinement were performed with Coot (37) and both Ref-
mac5 (38) and Buster (39,40), respectively, and all structural
figures were depicted using PyMOL (41). The cobalt and
iridium anomalous difference maps were used to help iden-
tify cobalt (III) hexaammine and magnesium hexahydrate
molecules. All cobalt (III) hexaammine molecules had a
corresponding peak in the cobalt anomalous map, but only
five of eight putative magnesium hexahydrate molecules
had a corresponding iridium anomalous peak. The final
model consists of 148 nucleotides, 4 magnesium ions, 8 mag-
nesium hexahydrate molecules, 7 cobalt (III) hexaammine
molecules and 1 adenosylcobalamin molecule with an R-
factor of 26.4%, an R-free of 27.9%, and good stereochem-
istry (root mean square deviation (rmsd) of 0.003 Å and
0.807◦ for bonds and angles, respectively). The statistics for
data collection and refinement are shown in Tables 1 and 2.
The electron density maps for the final structure are shown
in Supplementary Figures S1 and S2.

RESULTS

An atypical cobalamin riboswitch in Bacillus subtilis shows
promiscuous ligand derivative binding

Cobalamin riboswitches are classified into two classes, Cbl-
I or Cbl-II, based on observations made in the few presently
available cobalamin riboswitch crystal structures with the
ensuing conjecture that specific combinations of periph-
eral structural elements confer exclusive binding speci-
ficity for either adenosylcobalamin (Cbl-I and Cbl-IIb)
or hydroxocobalamin/methylcobalamin (Cbl-IIa) (26,27).
Further biochemical and bioinformatics studies expanded
upon this observation (28), but the premise of two major
classes with distinct specificities remains. In general, cobal-
amin riboswitches consist of a four-way junction formed by
stems P3 - P6 (Figure 1). A kissing loop capping stem P5
and interacting with a distal element in the expression plat-
form domain is also common to all cobalamin riboswitches.
The major differences between the distinct types are cen-
tered on the P1/P3 stems and the P6 stem. Cbl-I cobalamin
riboswitches include a loop–stem–loop between the P1 and
P3 stems and an elaborate extension of the P6 stem (P7–
P11), which folds back toward the riboswitch core to engage
the ligand binding region and thereby stabilize the core.
Conserved residues in the P7–P11 extension act to stabi-
lize a tertiary configuration in which there is space between
two nucleobases to accommodate the adenosyl moiety of

adenosylcobalamin. In contrast, Cbl-II class cobalamin ri-
boswitches lack the loop–stem–loop between the P1 and P3
stems and contain a simple stem-loop addition to the P6
stem that projects away from the riboswitch core. Due to
the absence of a cavity to accommodate the adenosyl moi-
ety of adenosylcobalamin, Cbl-IIa cobalamin riboswitches
cannot bind efficiently to adenosylcobalamin (26). There-
fore, the difference in substrate discrimination between Cbl-
I and Cbl-IIa riboswitches was explained based on the abil-
ity to accommodate the adenosyl moiety in adenosylcobal-
amin by Cbl-I cobalamin riboswitches; there is no available
structural information on Cbl-IIb class riboswitches that
helps to explain their specificity mechanism.

In retrospect, the concept that cobalamin riboswitches
can be classified according to secondary structural charac-
teristics is, at the very least, consistent with if not suggested
by prior bioinformatics studies in which multiple sequences
of purportedly representative cobalamin riboswitches were
aligned to demonstrate that there are indeed recurrent pat-
terns of variation in certain peripheral elements surround-
ing the conserved four-way junctional core (25,42). Al-
though consensus models derived in this manner might not
reveal unique or hidden features of specific homologues,
they often provide a useful first step toward examining
structure-function relationships in riboswitches. As a re-
sult of these early efforts, an atypical RNA aptamer vari-
ant was identified in B. subtilis within the 5′ UTR of the
mRNA transcript of a four-gene (yvrC-yvrB-yvrA-yvqK)
operon and immediately upstream of the leading yvrC gene,
which encodes for an uncharacterized ATP-Binding Cas-
sette cobalamin transporter. Based on sequence-based sec-
ondary structure predictions, the B. subtilis cobalamin ri-
boswitch was noted to be unusual as it consists of a rel-
atively large L2A/P2/L2B loop-stem-loop in combination
with a modest extension of the P6 stem (J6/7, P7 and L7)
(Figure 1). According to the current classification scheme,
cobalamin riboswitches generally possess either small or
large peripheral elements at the P2 and P7 stem-equivalent
regions (25,42), which would leave the B. subtilis cobalamin
riboswitch as an outlier and not a clear member of either
class.

Although the B. subtilis cobalamin riboswitch has been
shown to bind adenosylcobalamin and thus affect the ex-
pression of an adjoined reporter gene in vitro (25), in the
absence of structural data, it remained unclear mechanis-
tically how this riboswitch acts to regulate gene expres-
sion of its native operon. In order to investigate the ligand
binding and structural properties of the B. subtilis cobal-
amin riboswitch, we generated an in vitro expression con-
struct spanning the first 147 nucleotides of the riboswitch
(gray path in Figure 1, Panel E) and optimized conven-
tional in vitro transcription and gel electrophoresis-based
purification methods for high-purity and milligram-scale
production of the riboswitch (see Materials and Methods).
Our initial attempts to incorporate adenosylcobalamin into
the B. subtilis cobalamin riboswitch post-transcriptionally
were unsuccessful, as assessed by EMSA and the underly-
ing assumption that ligand binding would induce a suffi-
cient conformational change in the RNA molecule to al-
ter its gel migratory behavior. In these attempts, we varied
multiple binding parameters such as incubation time, tem-
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Table 1. Data collection and phasing statistics

SIRAS phasing MIRAS Phasing

Data collection Native Ta Ir Co Co/Ba

Detector type/source RayonixCCD/APS RayonixCCD/APS RayonixCCD/APS RayonixCCD/APS RayonixCCD/APS
Wavelength (Å) 0.97872 1.25237 0.92249 1.60395 1.54985
Resolution rangea (Å) 40.15–4.14

(4.25–4.14)
56.82–5.90
(6.22–5.90)

58.54–4.60
(4.85–4.60)

80.46–4.90
(5.17–4.90)

80.73–4.50
(4.74–4.50)

Space group P6522 P6522 P6522 P6522 P6522
a = b, c (Å) 117.71, 260.72 116.39, 262.84 117.08, 261.53 118.0, 261.01 118.38, 261.97
Measured reflectionsa 69 490 (5154) 59 907 (8612) 125 511 (17 512) 108 777 (15 795) 139 261 (20 041)
Unique reflectionsa 8710 (621) 3135 (429) 6431 (899) 5430 (754) 6994 (989)
Completenessa (%) 99.7 (100.0) 99.7 (100.0) 99.9 (100.0) 99.8 (100.0) 99.8 (100.0)
Anomalous completenessa – 100.0 (100.0) 100.0 (100.0) 100.0 (100.0) 99.9 (100.0)
Mean [I/�(I)]a 14.8 (2.8) 23.7 (6.3) 24.8 (7.9) 22.0 (20.0) 19.7 (8.1)
Multiplicitya 8.0 (8.3) 19.1 (20.1) 19.5 (19.5) 20.0 (20.9) 19.9 (20.3)
Anomalous multiplicitya 23.5 (23.5) 11.2 (11.0) 11.0 (10.5) 11.4 (11.4) 11.2 (10.8)
Rmeasure

a 0.101 (0.789) 0.077 (0.557) 0.089 (0.425) 0.091 (0.310) 0.101 (0.437)
CC(1/2) 0.998 (0.834) 0.999 (0.947) 0.999 (0.983) 0.999 (0.992) 0.998 (0.990)

MFIDb – 0.158 0.107 0.179
Phasing
Number of sites – 2 3 2 3
Phasing Power
Dispersive (centric/acentric) – 0.631/0.460 0.742/0.647 0.796/0.601 0.784/0.621

Anomalous (acentric) – 1.135 0.532 0.668 0.974
FOM (centric/acentric) 0.576/0.453 0.445/0.452

aAll numbers in parenthesis are for highest resolution shell.
bMean fractional isomorphous difference against Native.

Table 2. Data collection and refinement statistics

Data collection
Detector type/source Rayonix CCD/APS LS-CAT
Wavelength (Å) 0.97872
Space group P6522
Cell parameters a = b = 118.28 Å, c = 261.55 Å
Number of data sets 5
Resolution range (Å)a 39.18–3.28 (3.46–3.28)
Total number of observations 720 160 (41 046)
Unique reflections 15 332 (760)
Mean (I)/�(I) 18.2 (1.8)
Completeness (spherical) (%)b 88.3 (30.7)
Completeness (ellipsoidal) (%) 92.8 (43.8)
Multiplicity 47 (54)
Rmerge (all I+ & I−) 0.160 (4.129)
Rmerge (within I+/I−) 0.176 (4.153)
Rmeas (all I+ & I−) 0.162 (4.168)
Rmeas (within I+/I−) 0.179 (4.227)
Rpim (all I+ & I−) 0.025 (0.561)
Rpim (within I+/I−) 0.36 (0.784)
CC(1/2) 0.996 (0.598)
Refinement
Number of reflections working/test 14,553/785
R (working set; %) 26.37 (37.6)
Rfree (test set; %) 27.93 (61.2)

Structure quality
RNA atoms 3174
Other atoms 227
RMS deviations in bond lengths (Å) 0.003
RMS deviations in bond angles (◦) 0.807
Average B factor (Å2) (RNA) 137.4
Average B factor (Å2) (all atoms) 136.8

aNumbers in parenthesis correspond to the highest resolution shell.
bAnisotropic data were processed used the Staraniso server (36).

perature, and solvent conditions, including different combi-
nations of monovalent and divalent ions and their concen-
trations. Ultimately, we determined that relatively homoge-

nous samples of ligand-bound riboswitch can be produced
on a scalable fashion up to milligram-quantities simply by
transcribing the RNA with T7 RNA polymerase with the
ligand present at millimolar concentrations. This suggests
that adenosylcobalamin incorporation into the B. subtilis
cobalamin riboswitch may occur during co-transcriptional
folding of the RNA, much like the FMN and other fuse-
like riboswitches that require the presence of ligand during
transcription to properly achieve the effector state (43).

Given the unusual combination of peripheral elements
discerned by secondary structure predictions of the B.
subtilis cobalamin riboswitch, we considered the possibil-
ity that its aptamer domain might exhibit different lig-
and binding properties as compared to conventional cobal-
amin riboswitches in a way that is reminiscent of variants
of other riboswitch classes, such as purine riboswitches
(44,45) and ykkC RNAs (46,47), which utilize differ-
ent specificity mechanisms but share a common struc-
tural scaffold to exhibit altered ligand specificities. Hav-
ing found an efficient way to incorporate ligand into the
riboswitch, we carried out in vitro transcriptions of the
same RNA construct with several cobalamin derivatives:
adenosylcobalamin, hydroxocobalamin, methylcobalamin,
and cyanocobalamin. Both the crude products of tran-
scription and purified RNA samples were examined us-
ing EMSA, and ligand binding was assessed by changes in
the electrophoretic migratory behavior of the RNA (Fig-
ure 2). Whereas the apo riboswitch ran as two closely-
migrating conformers, the adenosylcobalamin-bound ri-
boswitch ran as a single and relatively more compact
species, as reflected by a subtle downward shift of its cor-
responding gel band. Similarly, both hydroxocobalamin-
bound and methylcobalamin-bound riboswitch samples
also ran as a single conformer, albeit with an even slighter
downward shift than the adenosylcobalamin-bound form.
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Figure 2. Promiscuous ligand binding by the B. subtilis yvrC cobalamin riboswitch. Co-transcriptional ligand loading was an effective approach in gener-
ating relatively homogenous samples of cobalamin-bound riboswitches, as demonstrated by both electrophoretic mobility shifts and size-exclusion chro-
matography (SEC) with multi-angle light scattering (MALS). (A) Left: The E. coli cobalamin riboswitch is specific for adenosylcobalamin (A, red), whereas
the B. subtilis cobalamin riboswitch binds to adenosylcobalamin, hydroxocobalamin (H, green), and methylcobalamin (M, purple). Subtle gel migration
differences were observed between the adenosylcobalamin versus hydroxocobalamin/methylcobalamin-bound B. subtilis riboswitch samples (green line).
As expected, neither riboswitch associates with cyanocobalamin, a synthetic cobalamin derivative (C, orange, and C*, yellow, correspond to two differ-
ent preparations). The electrophoretic mobility shift patterns of the RNAs were the same when there is no ligand (ᴓ, black) and when co-transcribed
with cyanocobalamin. Right: Denaturing gel in 8 M urea shows that differences in native gel migration were not due to RNA sample degradation.
(B) The B. subtilis cobalamin riboswitch exhibits conformational variation when bound to different cobalamin derivatives. SEC-MALS analysis shows
that the B. subtilis cobalamin riboswitch binds to adenosylcobalamin, hydroxocobalamin, and methylcobalamin primarily as an RNA dimer. The dif-
ferences observed in the various elution peak positions (vertical arrows) probably reflect conformational variation in the adenosylcobalamin versus the
hydroxocobalamin/methylcobalamin-bound forms of the riboswitch. No difference in elution time was observed between the B. subtilis cobalamin ri-
boswitch without ligand and with cyanocobalamin, consistent with the native gel findings.

These migratory patterns for the riboswitch when bound to
adenosylcobalamin, hydroxocobalamin, and methylcobal-
amin were preserved irrespective of whether the samples
were purified by gel extraction followed by precipitation
with ethanol. As expected, there were no observed dif-
ferences between the apo riboswitch and the riboswitch
transcribed in the presence of cyanocobalamin, suggesting
that the B. subtilis cobalamin riboswitch does not bind to
cyanocobalamin. Of note, cyanocobalamin is the synthetic
form of vitamin B12 and thereby serves as a negative control

for non-specific ligand binding. Finally, for further compar-
ison, we examined the E. coli cobalamin riboswitch in the
same manner and confirmed with EMSA that, as expected
for its classification as a Cbl-I cobalamin riboswitch, it is
indeed specific for adenosylcobalamin (Figure 2).

To further characterize the apparent differences un-
covered by EMSA between the ligand-bound forms of
the B. subtilis cobalamin riboswitch, we conducted SEC-
MALS experiments. As with EMSA, the addition of
cyanocobalamin had no effect on the elution profile
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Figure 3. Overall structure of the B. subtilis yvrC cobalamin riboswitch. (A) Schematic diagram showing the tertiary arrangement of secondary structural
elements (color coded; grey elements were not observed directly in the crystal structure) with the primary sequence threaded through. Adenosylcobalamin
(light orange) illustrates the location of the ligand binding pocket, which is within a cleft formed by the P3/P6 and P4/P5/P13 helical stacks. The ligand
is in part bordered by the P13/L13 hairpin (dark grey) of the expression platform domain whose placement is mediated by a conserved kissing-loop (KL)
interaction between 5′-CCG-3′ in L5 and 5′-GGC-3′ in L13. (B) Cartoon representation of the crystal structure of the B. subtilis cobalamin riboswitch
shown in two orthogonal views. The diagram shows the P9/L9 hairpin of a symmetry related molecule (P9*/L9*), which is found in a position that mimics
the KL interaction between L5 and P13. The view on the left shows clearly the adenosyl moiety of adenosylcobalamin (light orange) stacked between the
P3 and P6 stems of the aptamer domain, which is the key mechanism for adenosylcobalamin specificity.

of the RNA compared to the apo form, corroborat-
ing our finding that the B. subtilis cobalamin riboswitch
does not bind to cyanocobalamin. Furthermore, the apo
RNA eluted as two separate peaks which, based on the
MALS data, correspond to monomeric and dimeric species.
In contrast, the adenosylcobalamin-bound form elutes
purely as a dimer. Both the hydroxocobalamin-bound and
methylcobalamin-bound forms eluted with similar pro-
files, consisting mostly of a dimer peak. Interestingly, the
peak elution times of both hydroxocobalamin-bound and
methylcobalamin-bound forms were shifted relative to that
of the adenosylcobalamin-bound form, suggesting that
there is a difference in the shape of these ligand-bound
forms since the mass remains constant, as shown by the
MALS data. Taken together, we concluded that whereas
the B. subtilis cobalamin riboswitch binds to all cobal-
amin derivatives tested except for cyanocobalamin, its over-
all conformation when bound to adenosylcobalamin dif-
fers from when it is bound to either hydroxocobalamin or
methylcobalamin. Furthermore, this difference in confor-

mation is substantial enough to manifest as a discernable
change in the gel filtration elution profile and EMSA.

Overall structure of the cobalamin riboswitch variant in
Bacillus subtilis

The overall structure of the B. subtilis cobalamin riboswitch
is reminiscent of that of other folded riboswitches of compa-
rable size, exhibiting a pseudo-planar architecture, a ligand
binding pocket assembled within a proximal junction, and
multiple peripheral elements consisting of stems and stem-
loops that act to stabilize the core of the aptamer domain
through tertiary interactions (Figure 3). Unlike other cobal-
amin riboswitch structures, the crystallized B. subtilis cobal-
amin riboswitch construct includes a sizable extension that
links the aptamer domain to the expression platform. This
long extension (P8–P9/L9), which was predicted to be un-
structured, forms an unusual hairpin consisting of several
non-Watson-Crick base-pairs in its stem and a long distal
loop (Figures 1, 3, and Supplementary Figure S3).
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Figure 4. Structural conservation of the ligand binding core of cobalamin riboswitches. The superposition of crystal structures of representative cobalamin
riboswitch from T. tengcongensis (Cbl-I class; core in dark cyan and peripheral elements in light cyan) (PDB ID: 4GMA) (26), the env8 environmental
marine metagenome (Cbl-IIa class; core in dark purple and peripheral elements in light purple) (PDB ID: 4FRN) (26), and B. subtilis (core in dark blue and
peripheral elements in light blue) are shown in two orthogonal views. (A) A side view illustrates the structural similarity of the core regions (in dark colors)
surrounding the ligand (adenosylcobalamin from the B. subtilis structure is shown here and colored in orange). The kissing-loop interaction between the L5
(from the aptamer domain; in dark colors) and L13 (from the expression platform domain; in light colors) loops is conserved across all known cobalamin
riboswitches. The P2 module in both the T. tengcongensis and the B. subtilis structures are positioned and oriented similarly, even though the distal loop
of the T. tengcongensis P2 module is disordered in the crystal structure. (B) Top view shows the near co-planarity of the aptamer domain core structural
elements, as well as the P2 module present in both the B. subtilis and the Cbl-I class structures. The L4 loop in both representative Cbl-I and Cbl-IIa
structures forms a T-loop, whereas the L4 loop in the B. subtilis crystal structure forms a T-loop/tetraloop hybrid consisting of the residues U52, A53,
A54 and A55.

A common feature observed in both the B. subtilis cobal-
amin riboswitch and previously solved Cbl-I (PDB IDs:
4GMA, 4GXY) (26,27) and Cbl-IIa (PDB IDs: 4FRN,
4FRG) (26) cobalamin riboswitches is the near co-planar
arrangement of the P3, P4, P5 and proximal P6 stems, which
make up the core of the aptamer domain, and the adjoining
single-stranded linker regions that come together to form
the ligand binding pocket (26,27). The docking of the L6
loop into the L4 loop, observed in both Cbl-I and Cbl-
IIa cobalamin riboswitches, is also present in the B. subtilis
cobalamin riboswitch. Although the construct used does
not contain the P13 stem (for consistency and ease of com-
parison with other cobalamin riboswitches, we named the
stem-loop containing the kissing loop as P13 and L13, re-
spectively, even though it would correspond to P10 and L10
if named sequentially), which contains a kissing loop se-
quence that binds to the P5 stem–loop, a loop from the P9
stem from a symmetry related molecule interacts with the
P5 loop by mimicking the kissing loop that has been ob-
served in the structures of both Cbl-I and Cbl-IIa cobal-
amin riboswitches. Thus, the spatial arrangement of one
monomer and a symmetry-related molecule helped us build
a model of a complete riboswitch, including the kissing
loop interaction between L5 and L13 that spans one side
of the ligand binding site. Overall, the structures of the
core of the aptamer domain of all known Cbl-I and Cbl-
IIa cobalamin riboswitches, and the B. subtilis cobalamin
riboswitch, are very similar (Figure 4). The rmsd between
the core nucleotides of the B. subtilis cobalamin riboswitch
and those of the Thermoanaerobacter tengcongensis, Sym-
biobacterium thermophilum and the env8 environmental ma-
rine metagenome cobalamin riboswitches are 2.4, 2.5 and
2.3 Å, respectively.

Unlike Cbl-IIa cobalamin riboswitches, which consists
only of a short loop between the P1 and P3 stems, the
B. subtilis cobalamin riboswitch contains a relatively large

L2A/P2/L2B loop–stem–loop, or P2 arm, analogous to that
of the Cbl-I riboswitches (Figure 1). In both known struc-
tures of a Cbl-I riboswitch (26,27), the distal loop (L2A) is
disordered but appears to extend away from the core of the
aptamer domain. In contrast, this loop is well-ordered in
the B. subtilis cobalamin riboswitch and, with the extrusion
of C25, forms a GAAA tetraloop. Interestingly, both the
proximal loop (L2B) of the P2 arm of Cbl-I riboswitches
and the short loop between the P1 and P3 stems in Cbl-IIa
riboswitches form T-loop motifs (48), but the former points
downward and away from the adenosylcobalamin binding
pocket, whereas the latter points upward and forms ter-
tiary contacts with residues adjacent to the hydroxocobal-
amin binding pocket (Figures 4 and 5). A T-loop is also
present in the L2B loop of the B. subtilis riboswitch struc-
ture but in an orientation resembling that observed in Cbl-
I cobalamin riboswitches. Although the P2 arm of the B.
subtilis cobalamin riboswitch is overall structured and ori-
ented much like that of Cbl-I riboswitches, it consists of a
larger L2A loop, which contains two internal base-pair in-
teractions, G20–C28 and U21–A27 (Figure 3), that were
not previously predicted based on sequence analysis. More
importantly, a base-pair (C19–G103) is formed between a
nucleotide in the P2 stem with one of two extruded bases
(G103 and U105) in the P6 stem that appears to anchor the
two stems together and help create the adenosylcobalamin
binding pocket. This connection between the P2 arm and
the P6 stem is further stabilized through base-stacking of
G103 between G20 and A29, which embeds G103 within
the P2 stem. A cobalt hexaammine molecule, which is likely
to be substituting for a hexahydrated magnesium molecule,
was found at this position in an anomalous Fourier differ-
ence map (Supplementary Figure S2).

Although the B. subtilis cobalamin riboswitch L4 loop
contains a sequence that conforms to the T-loop consen-
sus (5′-UAAAA-3′) (48,49), it does not form a T-loop, un-
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Figure 5. Structural mechanism of cobalamin derivative selectivity and specificity. For each cobalamin riboswitch crystal structure, the P2 module and P6
extensions of the aptamer domain are colored in green and purple, respectively, and the P13/L13 stem-loop of its expression platform domain is colored
in dark grey. (A) Top: Crystal structure of a Cbl-I class cobalamin riboswitch from T. tengcongensis (PDB ID: 4GMA) (26) shown in two orthogonal
views. Middle: The adenosylcobalamin binding site. Recognition of the adenosyl moiety involves intercalation between two bases. The gap is formed via
interactions with peripheral elements in the long P7-P11 extension (purple), whereas the smaller, P2 peripheral element (green) does not play a major role.
Bottom: The P2 stem (green) does not interact significantly with the binding site region. (B) Top: Crystal structure of a Cbl-IIa class cobalamin riboswitch
from the env8 environmental marine metagenome (PDB ID: 4FRN) (26) shown in two orthogonal views. Middle: Hydroxocobalamin recognition does
not require the presence of a gap in the stacked bases and, unlike Cbl-I ribowitches, there is no participation of the J6 region. However, the J1/3 (green)
peripheral element interacts with the binding site. Bottom: The J1/3 element (green) helps form the binding site. (C) Top: Crystal structure of the B. subtilis
yvrC cobalamin riboswitch shown in two orthogonal views. Middle: Similarly to the Cbl-I riboswitches, the B. subtilis riboswitch forms a gap where the
adenosyl moiety is intercalated. Unlike Cbl-I riboswitches, the P7 peripheral element does not participate in the formation of the binding site, but in
common with both Cbl-I and Cbl-IIa riboswitches, the P2 module (green) helps form the binding site. Bottom: The cobalamin binding site does not involve
extensive direct interactions with the major peripheral elements.

like the L4 loops observed in other known cobalamin ri-
boswitch structures. Instead, it forms a four-nucleotide loop
consisting of residues U52-A53-A54-A55 while the sub-
sequent A56 forms a separate base-stack with the adja-
cent G57 directly facing the J6/7 region. Interestingly, this
UAAA loop forms neither a T-loop, since it consists of
only four residues, nor a UAAA tetraloop, but rather a
T-loop/tetraloop hybrid; when including the inserted base
from the L6 loop, the overall tertiary conformation of the
loop resembles that of a T-loop (48).

In addition to sharing overall similarities, the B. sub-
tilis cobalamin riboswitch also exhibits structural features
that are specific to either Cbl-I or Cbl-IIa cobalamin ri-
boswitches. Cbl-II cobalamin riboswitches contain a short
P6 extension (Figures 1 and 5), and in one particular

example, its distal P6 loop docks directly into the L4
loop (PDB IDs: 4FRN, 4FRG) (26). In contrast, Cbl-I ri-
boswitches have significantly longer extensions (Figures 1
and 5), which fold back toward the core of the aptamer
domain such that conserved adenosines (A130 and A131
in the T. tengcongensis cobalamin riboswitch, PDB ID:
4GMA) in a distal (J11/10) region can engage and modify
the ligand binding pocket to allow for binding of adeno-
sylcobalamin. The P6 extension the B. subtilis cobalamin
riboswitch consists of a simple P7/L7 stem-loop extension
connected through a short J6/7 region (Figures 1 and 3),
and similar to Cbl-I cobalamin riboswitches, an internal
J6/7 junction docks into the L4 loop to allow for the P7/L7
stem-loop to extend distally and away from the aptamer
core.
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Although the linker region between the aptamer and ex-
pression platform domains of the B. subtilis cobalamin ri-
boswitch was previously predicted to be single-stranded and
unstructured (25), the crystal structure shows clearly that
the linker region actually forms a long and stacked stem
with two short helices connected by a junctional region
(Figure 3). Interestingly, this long stem likely evaded de-
tection by sequence-based secondary structure prediction
algorithms due to the unusual amount of unpaired and
non-Watson-Crick base-pairings. In the crystal, the loop
at the tip of this linker region (L9) makes contacts with
the L5 loop of a symmetry-related molecule to facilitate
crystallization and to mimic the kissing loop interaction
observed in other cobalamin riboswitch structures (26,27).
This kissing loop interaction likely mediates dimer forma-
tion of the riboswitch fragment in solution (Supplementary
Figure S3).

Structural basis for binding of adenosylcobalamin

When bound to adenosylcobalamin, the ligand binding
pocket of the B. subtilis cobalamin riboswitch is similar
in architecture to that of Cbl-I cobalamin riboswitches,
involving mostly the P3 stem, the P5/L5 stem-loop, and
the J3/4 and J6/3 linker regions between the P3/P4 and
P6/P3 stems, respectively (Figure 5). In all three now known
adenosylcobalamin binding riboswitch structures, an open
space within the continuous base-stack that is formed by
many of the J3/4 and J6/3 residues allows for insertion of
the adenosyl moiety of adenosylcobalamin, thereby pro-
viding a mechanism for the specificity and selectivity of
this ligand. In both Cbl-I cobalamin riboswitch structures
(26,27), conserved residues within the long P6 extension
(A130 and A131 in PDB ID: 4GMA, corresponding to
A124 and A125 in PDB ID: 4GXY, respectively) (26,27)
base-stack with two J6/3 adenosines (A162 and A164 in
PDB ID: 4GMA, corresponding to A157 and A159 in PDB
ID: 4GXY, respectively) to help create this opening (Fig-
ure 5). Furthermore, in both Cbl-I structures, A162 directly
faces and is co-planar to the adenosyl group of the bound
adenosylcobalamin, forming a trans A·A Watson–Crick–
Hoogsteen pairing. Within the aptamer core of the B. sub-
tilis cobalamin riboswitch, a similar space is created to allow
for the insertion of the adenosyl moiety of adenosylcobal-
amin. However, in the B. subtilis structure, the buttressing
is mediated by the P2 stem. In particular, the P2 arm ac-
cepts G103, which is flipped out of the P6 stem to form a
Watson–Crick base-pair with C19 while the J6/3 nucleotide
U105 faces outward and toward P2 to create a gap that
accommodates the adenosyl group of the adenosylcobal-
amin. Unlike the Cbl-I riboswitches, there is no nucleobase
facing the adenosyl group. Instead, a cobalt hexaammine
molecule, most likely substituting for a hydrated magne-
sium, is present between the adenosyl moiety and the main
phosphate backbone of the P2 stem. The adenosyl moiety
of adenosylcobalamin stacks between the G44/A106 and
A74/A104 non-Watson-Crick base-pairs (Figure 5). As ex-
pected, Cbl-IIa riboswitches do not have a pocket as they
do not bind adenosylcobalamin. Instead, the nucleobases in
the corresponding region form a continuous stack, whereas
the gap found in Cbl-I and the B. subtilis cobalamin ri-
boswitch is occupied by a base (Figure 5). Despite the

apparent conservation of the general architecture of the
adenosylcobalamin-binding pocket between the B. subtilis
cobalamin riboswitch and Cbl-I cobalamin riboswitches,
the key role of the long P6 extension in Cbl-I cobalamin
riboswitches appear to be uniquely replaced by the P2 arm
in the B. subtilis riboswitch.

Structural model of the complete B. subtilis cobalamin ri-
boswitch consisting of both aptamer and regulatory domains

The linker region between the aptamer and expression plat-
form domains of the B. subtilis cobalamin riboswitch forms
an unusual hairpin structure that includes several non-
Watson-Crick base-pairs as part of its long stem. Although
the region of the expression platform domain immediately
distal to this hairpin is absent in the crystal structure, it is
predicted to consist of two simple stacked stem-loops (25)
(Figures 1 and 3), and so we were able to model confi-
dently the remaining portion of the riboswitch to construct
a complete structural model of the B. subtilis cobalamin ri-
boswitch (Figure 6). For the modeling, we took advantage
of the fact that the L9 loop of a symmetry related molecule
forms a kissing loop interaction with the L5 loop, in a sim-
ilar configuration as was observed in two previous cobal-
amin riboswitch structures that included parts of their reg-
ulatory domain (26). This allowed us to orient the mod-
eled P13 stem with respect to the aptamer domain as well
as part of the L13 loop forming the kissing loop interac-
tion with L5. Furthermore, the two modeled stems are ar-
ranged to form a long stack, placing the 3′ end of the full-
length model near the 5′ end of the riboswitch. The 3′ end
of our experimental structure and the 5′ end of the modeled
stems are close in space, a proximity that was imposed by the
length and orientation of the stems due to the L5/L13 inter-
action, further supporting the arrangement of the modeled
stems with respect to the experimental structure. In addi-
tion, the model also shows precisely how this complete as-
sembly, when bound to adenosylcobalamin, leads to the for-
mation of the third stem-loop (P14) in the expression plat-
form, which is immediately followed by a poly-U segment.
In the absence of the interaction with adenosylcobalamin,
a conformational rearrangement has to occur that leads to
the dissolution of the P14 stem, thus providing access up-
stream of the poly-U sequence at the 3′ end. For this to hap-
pen, the proposed structure has to respond to the absence
of adenosylcobalamin by breaking some stable interactions,
but the exact mechanism for this conformational transition
is not apparent from the structure. Although the full B. sub-
tilis cobalamin riboswitch model does not offer extensive
clues on how the structure changes in the absence of ligand
to allow transcription to proceed, the model does provide
unique insight into the structural mechanism of transla-
tional control by Rho-independent termination upon bind-
ing to adenosylcobalamin.

DISCUSSION

Revisiting the classification of cobalamin riboswitches

Cobalamin riboswitches are currently grouped into two ma-
jor classes based on their configuration of peripheral struc-
tural elements, which is thought to dictate their prefer-
ence for associating with either adenosylcobalamin (Cbl-I)
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Figure 6. Model of the complete B. subtilis yvrC cobalamin riboswitch suggests structural basis of functional coupling between aptamer and expression
platform domains for Rho-independent transcription termination. (A) Model of the full B. subtilis cobalamin riboswitch based on the crystal structure.
The P13/L13 and P14/L14 stem–loops of the expression platform domain were modeled as stacked stem-loops and their position based on a symmetry
related P8–P9/L9 hairpin, which mimics the KL interaction in the crystal. In the model, the position of the P13/P14 stem was not optimized. The adenosyl-
cobalamin is shown as a space-filling model (orange). Based on the primary sequence, regions that have the potential to form complementary base-paring
interactions are colored in either red or cyan. (B) The schematic diagram on the left was drawn based on the B. subtilis cobalamin riboswitch structural
model and is color-coded as in (A). The KL interaction is denoted by dashed lines (gray). Based on sequence complementary, two potential models for the
unbound or ligand-free state can be drawn. In both cases, dissolution of the P14 stem–loop directly upstream of the poly-U region needs to occur to avert
premature transcription termination. In the top right model, melting of P13 and P14 leads to the formation of a new stem with elements from the old P13
and P14 and the disappearance of the anti-terminator stem just upstream of the poly-U region. In the bottom right model, base-pairing between elements
of P2 and P13 lead to the melting of P2, P13 and P14. The mechanism for these potential structural rearrangements remains unclear.

or methylcobalamin/hydroxocobalamin (Cbl-IIa) (26,27).
However, a recent study has shown that the ligand selectiv-
ity of cobalamin riboswitches can be altered dramatically
by even small changes in the peripheral elements, implying
that it is possible some cobalamin riboswitches might not
act strictly as a sensor for one natural derivative of cobal-
amin over others (28). These recent data suggest that there is
likely a complex interplay between the peripheral structural
elements and the ligand binding pocket situated in the con-
served core domain (28). This also raises the possibility that
ligand selectivity might fall on an affinity spectrum for each
cobalamin derivative and thus ultimately be related to the
tendency of formation of a ligand binding pocket that favors

one derivative over another. Although promiscuous ligand
binding has been previously observed in other riboswitch
classes, such as the yjdF riboswitch (50), which binds to a
large number of azaaromatic compounds, and the TPP ri-
boswitch (51), which binds to thiamine pyrophosphate or
pyrithiamine pyrophosphate, it is unclear if the B. subtilis
cobalamin riboswitch shares a similar mechanism for lig-
and selectivity.

In contrast to most cobalamin riboswitches that clas-
sify clearly as either Cbl-I or Cbl-II based on their pre-
dicted secondary structures, a cobalamin riboswitch found
in B. subtilis consists of peripheral structural elements that
are a blend of both Cbl-I and Cbl-II class elements. This
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makes the classification of this riboswitch not as straight-
forward as for other cases. In the B. subtilis cobalamin ri-
boswitch structure, the ligand binding pocket is buttressed
by the peripheral P2 arm instead of by a long P6 extension
(Figure 5), a characteristic of adenosylcobalamin-binding
Cbl-I riboswitches. Furthermore, the observed ligand bind-
ing promiscuity precludes ligand specificity as an alternate
means to group the riboswitch in one or another class. The
B. subtilis cobalamin riboswitch binds adenosylcobalamin
and responds to it in vivo (25), but in vitro it can also bind
methylcobalamin and hydroxocobalamin, although the dif-
ference in affinity among the three ligands is not known as
it was not possible to incorporate the ligand to the apo ri-
boswitch. It is possible that the unusual structural and func-
tional properties of the B. subtilis cobalamin riboswitch are
sufficiently unique to justify classifying it as the first and
only known member of a novel cobalamin riboswitch sub-
class or that the existing classification scheme needs to be
expanded to include the unusual B. subtilis cobalamin ri-
boswitch.

RNA structural adaptability as basis of promiscuous ligand
derivative binding

Based on EMSA and SEC-MALS data, we determined that
the B. subtilis cobalamin riboswitch binds to adenosylcobal-
amin, hydroxocobalamin, and methylcobalamin, but not
to cyanocobalamin. We also concluded that the riboswitch
likely binds to adenosylcobalamin in a different confor-
mation than when bound to hydroxocobalamin or methyl-
cobalamin. To explain this apparent structural adaptation,
we compared its structure to known Cbl-I and Cbl-IIa
cobalamin riboswitches. Selectivity of the ligand is easy to
explain for adenosylcobalamin, where the adenosyl moiety
is recognized by entering a space created by the movement
of key nucleotides and buttressed in different manners by
peripheral elements. Cbl-IIa cobalamin riboswitches, which
do not recognize adenosylcobalamin, do not have this open-
ing, which is occupied by a riboswitch nucleobase instead
(26). The mechanism of discrimination of hydroxocobal-
amin and methylcobalamin is not as clear and likely in-
volves more subtle interactions between the riboswitch and
the ligand. In Cbl-IIa cobalamin riboswitches, there are in-
teractions between the J1/3 loop and the ligand (Figure 5,
Panel B); these interactions are not present in Cbl-I or the
B. subtilis cobalamin riboswitch as J1/3 is replaced by the
P2 stem (Figure 5, Panels A and C). One possible expla-
nation for the reduced selectivity in the B. subtilis cobal-
amin riboswitch is that the gap needed to accommodate the
adenosyl group collapses by a rearrangement of the struc-
ture. For example, U105 could swing backward, thereby
closing the gap and creating a continuous strand of stacked
bases, as observed in Cbl-IIa molecules (Figure 5, Panels
B and C). A simple rotation of the P2 arm in the B. sub-
tilis riboswitch structure would disengage it from the ligand
binding core, altering its structure and correspondingly ori-
enting the T-loop formed by the proximal L2B loop into
a position much like in Cbl-IIa cobalamin riboswitches,
and thereby allow for hydroxocobalamin and methylcobal-
amin binding (52). As the P2 stem is necessary to maintain
the structure around the binding site, it is possible that the

P2 arm of the B. subtilis cobalamin riboswitch acts as an
adaptive sensor that undergoes structural reconfiguration
depending on which ligand the riboswitch accommodates
into the ligand binding pocket. Given the likely association
between the unique structural and functional properties of
the B. subtilis cobalamin riboswitch and its relatively large
P2 arm in combination with a diminutive P6 extension, it
may be possible to use these structural features as restraints
for potentially identifying a new cobalamin riboswitch sub-
class by secondary structure-based sequence analysis, as has
been done before (53). With a simple structural rearrange-
ment around the binding core, the B. subtilis cobalamin ri-
boswitch could accommodate other related ligands. This re-
arrangement would alter the structure in a global manner,
consistent with the biochemical observations. In contrast,
Cbl-I cobalamin riboswitches may not exhibit the same de-
gree of plasticity as the ligand binding site is formed with
the aid of the much more complex P6 extension and dis-
engagement of this region may not lead to a change in the
adenosyl moiety binding pocket.

Structural model for a complete riboswitch utilizing Rho-
independent transcription termination as mechanism for
translational control

The structural model we propose for the entire B. subtilis
cobalamin riboswitch is the first atomic model of a complete
riboswitch that utilizes Rho-independent transcription ter-
mination as a mechanism for transcriptional control, a
mechanism that is still not fully understood (54). Our model
provides key insights into how this atypical cobalamin ri-
boswitch in B. subtilis responds to adenosylcobalamin to
repress gene expression of the entire operon through tran-
scription termination. Furthermore, our model also high-
lights how there need not be extensive physical crosstalk
between the aptamer and expression platform domains to
affect gene regulation; in our model, the tertiary interac-
tion between the L5 and L13 loops is sufficient to stabi-
lize specific hairpin formation in the expression platform.
As the L5/L13 interaction may depend on the presence of
the ligand, suggested by its close proximity with the sugar-
phosphate backbone of residues G161 and G162 in L13, it
is also possible that in its absence the stabilization provided
by the kissing loop interaction disappears, leading to a less
structurally stable expression platform. Conversely, the for-
mation of the L5/L13 interaction may also be necessary to
anchor the P4/P5 coaxial stack in place relative to P6/P7,
to position P13/P14 parallel to P1/P8/P9, and to enable the
entire riboswitch to effectively encircle and clamp down on
the ligand as a means to stabilize the ligand-bound state of
the aptamer domain.

For transcription termination, it is unclear from the se-
quence and structure what changes need to occur to switch
from the termination to the anti-termination conformation
to allow access to the poly-U segment at the 3′ end. The
stacked P13/P14 stems form what appears to be a stable
region as there are 19 canonical Watson–Crick base-pairs
and two non-canonical U·G wobble base-pairs. It has been
assumed that in the presence of ligand this region would
form a terminator, but in the absence of ligand it would
rearrange to form an anti-terminator stem-loop that ex-
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poses the region 5′ of the poly-U segment (42) via alterna-
tive base-pairings. Sequence analysis of the region forming
the P13 and P14 stems does show some possible alterna-
tive base-pairings, but none of them would lead to stems
that could potentially be of comparable length and stability
as the P13/P14 stem and that would expose the region up-
stream of the poly-U segment. Clearly, another set of inter-
actions with the aptamer domain have to occur to offset the
absence of base-pairing interactions. Interestingly, a region
comprising the P2 and L2A regions (Figure 6) shows very
high sequence complementarity to 10 nucleotides in the 5′
end of the P13 stem, suggesting that these two regions could
interact to disrupt both the P2 and the P13/P14 stems. As
the P2 stem is involved in stabilizing the cobalamin binding
site, it is possible that this interaction could only occur in
the absence of cobalamin binding, which would suggest a
mechanism of regulation based on the presence or absence
of cobalamin and a large conformational change with many
alternative pairings and a different overall structure. A ma-
jor drawback of this model is that the P2/L2A interaction
would disrupt the P13 stem, but it may leave the P14 stem
largely untouched, which could act as a transcription ter-
minator. Overall, it is not clear from the structure and the
sequence what alternative structure would form in the ab-
sence of cobalamin that would lead to the exposure of the
poly-U segment. Additional experiments to probe the struc-
ture of the apo-riboswitch are needed to be able to discern
the mechanism of control.
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