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Abstract

Cobalamin riboswitch is a cis-regulatory element widely found in the 5’-UTRs of the vitamin 

B12-associated genes in bacteria, resulting in modulation and production of a particular protein. 

Thermoanaerobacter tengcongensis (Tte) AdoCbl riboswitches are the largest of the known 

riboswitches with 210 nucleotides, partially due to its long peripheral P6-extension, which 

enable high affinity of AdoCbl. Two structural elements, T-loop/T-looplike motif and kissing 

loop are key to the global folding of the RNA. While the structure of the TteAdoCbl riboswitch 

complex is known, we still do not understand the structure and conformation before AdoCbl 

ligand recognition. In order to delineate the conformational changes and the stabilities of long-
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range interactions, we have performed extensive all-atom replica-exchange molecular dynamics 

simulations of the TteAdoCbl riboswitch with a total simulation time of 2296 ns. We found 

that both the T-loop/T-looplike motif and kissing loop are very stable with ligand binding. The 

gating conformation changes of P6-extension allow the ligand to bind to the preorganized kissing 

loop binding pocket. The T-loop/T-looplike motif has much more hydrogen bonds than observed 

in TteAdoCbl riboswitch complex crystal structure, indicating an allosteric response of the T-

loop/T-looplike motif. Our study demonstrated that the conformational ensemble of TteAdoCbl 

riboswitch provides stable structural elements for conformation selection and population shift in 

cobalamin recognition.
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1. INTRODUCTION

Riboswitches are found in all three domains of life, including bacteria, archaea, and 

eukaryota. They are mostly spread in bacteria and archaea.1 Riboswitches are commonly 

used by bacteria to detect a variety of metabolites and ions to regulate gene expression. 

They are structural RNA elements that are generally located in the 5′ untranslated region 

of mRNA. Ligand binding to the aptamer domain of a riboswitch triggers a signal to 

the downstream expression platform.2,3 Riboswitches need to form molecular architectures 

with sufficient complexity to carry out two main functions: molecular recognition and 

conformational switching. On the basis of genome-wide bioinformatics analysis, it was 

suggested that several riboswitches are promising targets for antibacterial drug discovery.4 

Cobalamin (vitamin B12) riboswitch is a cis-regulatory element widely found in the 

5′-UTRs of the vitamin B12-associated genes in bacteria, resulting in modulation and 

production of a particular protein. A riboswitch generally consists of an aptamer and an 

expression platform. The aptameric part is a metabolite-binding moiety whose structure 

serves as a precise sensor for detecting specific metabolites. Allosteric rearrangement in the 

mRNA structure is mediated by binding the ligand. Cobalamin riboswitch is found in 5174 

species and 36 of which are human pathogens.4

Folding architectures of riboswitches are categorized into classes that are either junctional, 

pseudoknotted, or combinational of them.5 The adenosylcobalamin (AdoCbl)-sensing 

riboswitch represents one of the most intricate and complex folding, which includes 

a kissing loop (KL) and T-loop/T-looplike interactions (Figure 1, Figure S1A).6,7 In 

Escherichia coli btuB riboswitch, the kissing loop interaction is shown to be not essential 

for ligand binding. However, kissing loop formation improves ligand binding efficiency and 

is required to couple ligand binding to the riboswitch conformational changes involved in 

regulating gene expression.8

Molecular simulations provided snapshots of RNA structural dynamics.9 For example, 

umbrella sampling and replica exchange molecular dynamics were used to study the 

thermodynamics of a kissing loop complex.10–12 In this study, in order to delineate the 

conformational changes and the stabilities of long-range interactions, we have performed 

extensive all-atom replica-exchange molecular dynamics simulations of the TteAdoCbl 

riboswitch. Our study demonstrated that the conformational ensemble of TteAdoCbl 

riboswitch provides stable structural elements for conformation selection and population 

shift in cobalamin recognition.

2. MATERIALS AND METHODS

The X-ray crystal structure of TteAdoCbl riboswitch (PDB code 4gma) was used as the 

starting structure in the simulation. The AdoCbl ligand was removed from the complex 

structure to obtain apo form riboswitch. The missing residues (179–183) were added and 

minimized to remove covalent violations. Using the Amber Tleap program, the riboswitch is 

solvated in a TIP3P box with at least 20 Å from each side of solvent atoms. The system was 

neutralized with minimum number of cations (50 Mg2+ and 109 potassium ions). The final 
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system has a box size of 143.8 × 140.7 × 111.3 Å3 with 62 442 water molecules and total 

193 479 atoms.

Amber RNA OL3 force field13–15 was used for simulation. The particle mesh Ewald 

(PME) method was used to calculate the electrostatic interaction, and the van der Waals 

interactions were calculated using a cutoff of 8 Å. The system was minimized in 50 000 

steps, and heated to 270 K and then 300 K each with 25 000 steps. We first run a 10 

ns simulation with NPT ensemble to adjust the system to a proper density at 300 K and 

1 bar, resulting in a system with a box size of 138.2 × 135.1 × 106.3 Å3. After the10 

ns simulation, the equilibrated system was used as Set I conformers in subsequent replica 

exchange molecular dynamics (REMD) simulations. The set II conformers are preunfolded 

riboswitch with different unfolding extent. The riboswitch was unfolded by artificially 

setting the charges of magnesium and potassium to be zero during the MD simulations. 

Without countercations, the riboswitch quickly unfolded, including the completely open 

conformations. No secondary structure constraint was used.

In our REMD simulation of the TteAdoCbl riboswitch, 56 replicas ranging from 300 to 

450 K were simulated with Amber18 program.16 The REMD simulation was run using 

NVT ensemble, with an integration time step of 2 fs. The exchange rate was 20%. We 

started REMD simulation with two sets of different starting conformations. About one-third 

starting conformations (18) are the Set I conformer equilibrated from a 10 ns simulation; 

the rest are the Set II that contains partially unfolded conformers. Each replica was 

simulated for 41 ns with a total simulation time of 2296 ns. With a mixture of folded 

and unfolded conformations as starting points, the REMD simulation reflects the relative 

thermodynamic stabilities of various conformations, avoiding the limitation of producing 

equilibrated folding/unfolding events during the REMD simulation. The conformers staying 

at the low temperature can be viewed as the REMD equilibrated ligand-free structures

3. RESULTS AND DISCUSSION

Long-Range Interactions Independent of Ligand Binding.

The global architecture of the TteAdoCbl riboswitch is defined by the organization of the 

secondary structure into two coaxial stacks, P1–P3–P6 and P4–P5–P13 (Figure 1 and Figure 

S1A). The P4–P5–P13 stack has a well-organized kissing loop formed by L5 and L13, 

which is essential for its gene regulatory function. The base pairing of L5 and L13 in the 

regulatory KL and the minor grooves of the P3–P6 coaxial stack defines the cobalamin 

binding site. The P1–P3–P6 and P4–P5–P13 stacks are connected by a flexible sequence 

segment 179–183 (missing in the crystal structure), and nonbonding T-loop interaction of 

the T-loop (L4) interacts with a T-loop mimic of an internal loop between P6 and P7. 

Class-specific peripheral P6 extensions (Figure S1A, blue) may gate the entry pocket for 

cobalamin recognition. From these structural elements, we select four hydrogen bonds to 

monitor the global conformation changes of the riboswitch. C79N3-G195H1 (C79-G195) 

for KL, A89H62–U65O4 (A89-U65) for T-loop, C72N3-G156H1 (C72-G156) for packing 

between P1–P3–P6 and P4–P5–P13 stacks, and A130HO-C161O2 (A130-C161) for P6 

extension and core interactions (Figure 1 and Figure S1A).

Ma et al. Page 4

J Phys Chem B. Author manuscript; available in PMC 2022 July 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In Figure 2, we plot the distance distributions of these four hydrogen bonds within different 

temperature windows, ranging from room temperature region 300–310 K to the artificially 

high temperature 440–450 K used in the REMD simulations. The hydrogen bond between 

C72-G156 is extremely stable up to 350 K (Figure 2A), indicating that the core structure 

of the riboswitch remains to be folded even in the 350 K during the course of simulations. 

Consistently, the hydrogen bonds in C79-G195 remain intact up to 330 K (Figure 2B), 

indicating the highly stable kissing-loop interaction. The noncanonical A130-C161 base pair 

is weak with a broad peak around 5 Å (Figure 2C), resulting in a potential large motion at 

the end of P6 for the ligand entry of the ligand. In addition, our calculation also suggests that 

the A89-U65 hydrogen bond for T-loop motif binding is not stable even at room temperature 

since it has a well-defined second peak around 5 Å. However, further examination of the 

structures revealed that A89 formed other strong interactions with the T-loop motif (see 

more structural details in the next section).

We next examine the couplings among these four hydrogen bonds by examining the two-

dimensional density distributions. In Figure 3, we show that the distributions of C79-G195 

and C72-G156 hydrogen bonds are not affected by the distances of A89-U65 and A130-

C161. Because of their high stabilities, both the C79-G195 and C72-G156 stay around their 

hydrogen bond distance when the A89-U65 distances change from 2 to 15 Å and those 

of A130-C161 vary from 2 to 50 Å. However, there are interesting allosteric interactions 

between the A89-U65 and A130-C160. As can be seen in Figure 3D, there are two highly 

populated groups for the distances of A89-U65 and A130-C160. The first one is the low 

A130-C160 separation, where A89-U65 tends to have a longer distance (region I). The 

second group has two distribution strips (II and III, Figure 3D). Region II has an A89-U65 

pairing that falls within the hydrogen bond distance, and Region III corresponds to the 

5 Å peak in Figure 2D. The distance in the A89-U65 pair remains relatively constant 

in all of the conformers in these two clusters (II and III), whereas the distance between 

A130-C160 varies from 15 to 50 Å (for example, one conformer shown in Figure S1C). 

The two-dimensional distributions of these four pairs at higher temperature were reported 

in Figures S2–S5 for temperatures up to the 450 K. It can be seen the riboswitch displays 

a very large separation of A130-C160. However, there are still considerable number of 

conformers with intact kissing loop and T-loop interactions.

T-loop Is More Organized and May Have a Stronger Interaction with Intercalating A89 in the 
Ligand-Free Riboswitch state.

The basic architecture of the T-loop has base-pairing between the first and fifth nucleotides 

and an intercalating nucleobase stacked between the fourth and fifth T-loop positions.17 In 

the crystal structure, A89 sits between A63 and G62, but A63 and U59 are not on the same 

plane (Figure 4A). We found that the REMD equilibrated ligand-free structure restores to a 

better T-loop motif with strong Hoogsteen base pair (Figure 4B,C). The U59H3-A63N7 has 

the highest density among all hydrogen bonds among the T-loop motif interactions (Figure 

4D). When the P6 extension is completely opened up (Figure S1C), A89 can maximize its 

interaction with the L4 T-Loop. As depicted in Figure 4C, while A89 is still able to keep its 

hydrogen bond with U65 (even though it is weaker than in the bound state), it forms new 

interactions with G60 by forming the G60H22-A89N1 hydrogen bond, and its CH group 

Ma et al. Page 5

J Phys Chem B. Author manuscript; available in PMC 2022 July 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(A89H2) also interacts with G60N3. In addition, its NH group may also form a hydrogen 

bond with ribose oxygen of A63. The network of these hydrogen bonds and intercalating 

van de Waals forces makes the A89 to be able to adjust its interaction with the L4 T-loop 

with different P6 extension conformations (Figure 3D).

Our observation of the L4 T-loop dynamics is consistent with a previous experimental 

finding that cobalamin riboswitches have a broad spectrum of preference for the two 

biological forms of cobalamin. This selectivity is primarily mediated by the interaction 

between a peripheral element of the RNA that forms a T-loop module and a subset of 

nucleotides in the cobalamin-binding pocket.18

Clustering of the Conformational Ensemble Reveals Possible Dynamics Conformational 
Selection of Ligand Binding.

As we have shown in the last two sections, the kissing loop and the packing of the 

two coaxial stacks (P1–P3–P6 and P4–P5–P13) are mostly well maintained for most low-

temperature stable conformers, including those with a large opening of P6 extension. We 

examined the conformers with a replica temperature of 301.7 K obtained during the last 4 ns 

of REMD simulation. We cluster these conformers using a small RMSD cutoff value of 2.0 

Å. Then we superimpose these clusters onto the crystal structure of TteAdoCbl riboswitch to 

examine if these conformations are compatible to AdoCbl binding. As illustrated in Figures 

5 and 6, all of them have the pockets to allow the AdoCbl binding. As can be seen in the 

figures, the AdoCbl riboswitch binding site is the most stable region, which can preserve 

near native binding conformation even though the other part unfolds. In Figure 6, the first 

and second clusters with 8% and 6% of the population, respectively, show a continuous 

variation of the binding pocket and P6 extension conformations. Within the continuous 

variation of conformation, each conformer has a RMSD value less than 2.0 Å with at least 

one conformer in the cluster indicating the highly dynamic nature of TteAdoCbl riboswitch 

conformation transition. The third cluster, ~3.5% of the population, has a conformation 

very similar to that of the crystal complex, indicating a possible conformation selection in 

AdoCbl binding. Figure 6H shows a conformer with a complete open binding pocket. When 

AdoCbl diffuses into the open riboswitch pocket, subsequent conformational dynamics and 

conformation equilibration may lead to a close conformation. It is known that aptamers can 

be structurally preorganized to various extents in the absence of a ligand in the lock-and-key 

model,19 but ligand binding induces at least some structural reorganization or stabilization of 

aptamer substructures that consequently influences the folding and function of the adjoining 

expression platform.

While the general principle of the structural dynamics and hierarchical folding–unfolding 

of RNA20 governs the dynamics and population distribution of riboswitch conformational 

ensembles, this type of stepwise conformational selection and population shift can 

also be seen in proteins as well.21–25 Despite their inherent differences, this may 

not be surprising20 since polypeptides and polynucleotides are governed by similar 

physicochemical principles.25,26

It is known that the kissing-loop interaction defines substrate recognition in other 

riboswitches.8,27,28 For TteAdoCbl riboswitch, the requirement for the preformed stable 
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kissing loop binding site is the Mg2+ ion concentration. Previously, it was found that in 

the manganese riboswitch the addition of physiological Mg2+ to a nonselective metal ion 

binding site induces a ligand-free folded structure.29 In our simulations, the addition of 

Mg2+ as well as K+ stabilizes key structural elements. We analyzed the association of the 

riboswitch with Mg2+ and K+. All Mg2+ cations were 100% bound to RNA at 310 K while 

having lower frequencies at 350 K. We labeled the nucleotides with a high rate of Mg2+ 

binding in Figure 1. As can be seen in Figure 1, there are several hot spots for Mg2+ binding: 

L2, L13, and the junction connecting P6/P7. L13 is the kissing loop and junction connecting 

P6/P7 is one portion of T-loop/T-loop motif. K+ cations have 50–100% association rate 

with RNA and were unspecific. In a future study, we will investigate the riboswitches’ 

conformational dynamics at different ionic conditions.

4. CONCLUSIONS

In order to delineate the conformational changes and the stabilities of long-range 

interactions, we have performed extensive all-atom replica-exchange molecular dynamics 

simulations of the TteAdoCbl riboswitch. We found that both the T-loop/T-looplike motif 

and kissing loop are very stable in the absence of a ligand. The gating of conformation 

changes by P6-extension allows the ligand to bind to the preorganized kissing loop binding 

pocket. We found that the P6-extension gating motion is coupled with the L4 T-loop 

motif, indicating an allosteric response. In the ligand-free state, the T-loop/T-looplike 

motif has much more extensive hydrogen bonds than observed in the ligand bound state 

especially when the P6-extension is unfolded from the core of the riboswitch. Our study 

demonstrates that the conformational ensemble of TteAdoCbl riboswitch provides stable 

structural elements for conformation selection and population shift in cobalamin recognition.
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Figure 1. 
Illustration of fold architecture of TteAdoCbl riboswitch. (A) Secondary structure and 

long-range interactions. T-loop/T-loop motif and kissing loop are highlighted. The red 

dots indicated the preferred Mg2+ binding nucleotides with the radius being proportional 

to the binding frequencies from 70% (small) to 100% (large). (B) Two views of 

TteAdoCbl riboswitch crystal structure. The AdoCbl is represented as bonds. More 

structural information can be seen from Figure S1.
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Figure 2. 
Density distributions of four hydrogen bonds in the TteAdoCbl riboswitch at different 

temperature regions. (A) C72-G156, (B) C79-G195, (C) A130-C151, and (D) A89-U65.
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Figure 3. 
Two-dimensional density distributions of four hydrogen bonds in the TteAdoCbl riboswitch 

at the room temperature region. The color scale is kcal/mol. Three regions (I, II, and III) are 

label in (D): I, low A130-C160 separation; II, A89-U65 hydrogen bond region; III, 5 Å peak 

region in Figure 2D.
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Figure 4. 
Comparison of hydrogen bonds of T-loop in the crystal structure and in the ligand-free state. 

(A) A89/T-loop interaction in crystal. (B) A89/T-loop interaction in the ligand-free state 

from REMD simulation. (C) Highlighting the hydrogen bond network in the ligand-free 

state. (D) Density distribution of the hydrogen bond network in the T-loop interactions.
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Figure 5. 
TteAdoCbl riboswitch binding site is the most stable region. (A) Superimposition of the 

crystal structure and one unfolded conformer. (B) The unfolded conformer in (A). (C) 

Superimposition of the crystal structure and one unfolded conformer with a preserved 

binding site. (D) The unfolded conformer in (C).
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Figure 6. 
Comparison of riboswitch conformation in the crystal structure and the clusters of ligand-

free state obtained from REMD simulation. The deep purple and yellow ribbons represent 

conformers from REMD simulations. The light gray ribbon represents the crystal structure 

conformer, and the AdoCbl is represented as vdw spheres.
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