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The ThiM riboswitch from Escherichia coli is a typical mRNA device that

modulates downstream gene expression by sensing TPP. The helix-based

RNA folding theory is used to investigate its detailed regulatory behaviors in

cells. This RNA molecule is transcriptionally trapped in a state with the

unstructured SD sequence in the absence of TPP, which induces downstream

gene expression. As a key step to turn on gene expression, formation of this

trapped state (the genetic ON state) highly depends on the co-transcriptional

folding of its wild-type sequence. Instead of stabilities of the genetic ON and

OFF states, the transcription rate, pause, and ligand levels are combined to

affect the ThiM riboswitch-mediated gene regulation, which is consistent with

a kinetic control model.
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RNAs play various cellular roles in organisms, includ-

ing bacterial immunity [1,2], catalysis [3–5], genome

maintenance, and regulation by forming different

structures [2,6–10]. Gene regulation is an important

function that implemented by a kind of structured

noncoding mRNA domains, called riboswitches [11–
15]. These natural genetic switches can control their

downstream gene expression via sensing intracellular

signals, such as temperature and metabolite concentra-

tions [9,11,16–18]. Ligand-specific riboswitches are

widely distributed among bacteria and other organisms,

which often contain two domains: an aptamer and an

expression platform. The metabolite-sensitive aptamer

is responsible for ligand recognizing and binding, while

the expression platform has a translation-related Shine-

Dalgarno (SD) sequence, a transcription-related termi-

nation region or splice sites. Since the two functional

units often partly overlap with each other, the structure

folded within the aptamer directly influences the fold-

ing pattern of the second domain, which decides the

fate of downstream gene expression.

To date, there are a dozen of riboswitch classes that

have been identified [18], and riboswitches from the

same class usually share many common features

[9,16,18–21]. The Thiamine pyrophosphate (TPP)

riboswitch is one of the earliest discovered riboswitch

representatives, which are intensively studied. For this

class, the aptamer domain often forms a similar three-

way junction structure to specifically recognize TPP.

After ligand docking, the bound aptamer forms a

Abbreviations

E. coli, Escherichia coli; MC, Monte Carlo; N. crassa, Neurospora crassa; NMR, nuclear magnetic resonance, nucleotide; RNAP, RNA poly-

merase; SD, Shine-Dalgarno; TPP, thiamine pyrophosphate.
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compactly folded structure with two parallel stacking

helices. In contrast to the highly conserved aptamer

domain, the expression platform varies in sequence

and structure, so TPP riboswitches can function at dif-

ferent levels. For example, the NMT1 TPP riboswitch

from Neurospora crassa regulates the expression of a

protein involved in TPP metabolism by controlling

alternative RNA splicing [22], while the ThiM TPP

riboswitch from Escherichia coli (Fig. 1) modulates the

expression of the enzyme hydroxyethylthiazole kinase

through structural changes in the SD sequence [23].

Besides regulation of translation initiation, a recent

study indicates that the ThiM riboswitch also controls

premature transcription termination by using the Rho

transcription factor [24]. In the presence of sufficient

TPP, the ThiM riboswitch folds into the bound OFF

state consisting of a long repression stem R and a bound

aptamer arranged by a three-way junction (stems P1,

P2, and P3). As stem R covering its SD sequence, for-

mation of this structure will inhibit downstream gene

expression by occluding the ribosome binding and then

lead to Rho-dependent transcription termination [24].

Due to its stability and compact global shape, this

ligand bound structure has been solved to high resolu-

tion by experimental approaches [25]. When TPP is at a

low level, the ThiM riboswitch adopts an alternative

structure (ON state) with the unstructured SD sequence,

which is the only structural information directly hinted

from reporter-gene assays [26]. Unlike the already

solved bound functional state, the highly flexible ligand-

free ON state has different proposed structural models.

Winkler et al. [27] reported an ON structure model with

the pseudoknot formed by P8* (Fig. 1). The high simi-

larity between this model and OFF state can explain the

comparable binding affinities of the isolated aptamer

and the full-length riboswitch. Another structural

model, organized by helices P2, P3a P4a, P4b, and P4c,

is inferred via different binding affinities of the RNAs

with different lengthens measured from the fluorescence

spectroscopic experiment [28]. According to chemical

and enzymatic probing data, Rentmeister et al. [23] also

proposed a structural form, which mainly had helices P2

and P4. In addition, their team found that the GG/CC

mutated riboswitch variant (Fig. 1) lost genetic control

and acted as a constitutive-OFF switch [23,26].

The different structural characterization of ON state

comes from an unclear understanding of the transcrip-

tional folding, since formation of the functional states

is linked to the transcription process in vivo [29]. Com-

pared to in vitro RNA folding, it is more challenge to

explore transcriptional folding, as it follows a sequen-

tial progression in intracellular environments [29–33].
Despite the extremely complicated cellular condition,

the optical-trapping assay has been developed to suc-

cessfully describe individual transcripts of PbuE ribos-

witch in vitro [34]. By incorporating native secondary

structural information, the kinetic Monte Carlo (MC)

simulation gives access to investigate co-transcriptional

folding on the secondary structure level via compar-

ison with experimental results to get the relationship

between real time and MC steps [29]. Based on the

similar parameters as kinetic MC, the helix-based

RNA folding theory has been proven to be a reliable

approach to study mechanisms of riboswitches and

functions of other mRNAs [35–40]. Compared to the

above methods, it is quite suitable to feature the incor-

poration of competing conformations and ligand-

binding kinetics for riboswitches [36,38,41]. Here, we

used this approach to investigate the regulation details

and structural model of ON state via predicting tran-

scriptional folding behaviors of the ThiM riboswitch.

Our results suggested that the ThiM aptamer structure

is formed but quickly broken by a long helix P4

SD

Start

SD
Start

P8*P8*

H1

H2

Fig. 1. Structural models of the Escherichia coli ThiM riboswitch.

The helix region of P1, P2, P3, and the repression stem (R) are

colored differently. The three-branch aptamer structure in OFF

state can specifically bind TPP to form the bound OFF state. Long

stems are divided by interloops and shown by subscript a, b, and

c. Nucleotides in the green and black boxes denote the pausing

region found in the experiment and the mutation that two Gs are

substituted by two Cs. The nucleotides at the two ends of the

arrows are formed helices P8*, H1, and H2. The SD sequence and

translation start regions are shown.
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during the transcription without TPP. At the cost of

breaking P1 and P3 to fully form P4, a state consisting

of helices P2, P4, and a small helix (H1 or H2), traps

almost all the ThiM riboswitches. Although it is not

the most stable ligand-free state, as the dwell time is

long enough for translation, this long-trapped state

with the flexible SD sequence becomes the genetic ON

state of the riboswitch. In the presence of high ligand

concentrations, docking of TPP to the aptamer will

prevent the invasion of helix P4 and direct folding of

the repression stem R within the express platform. By

preventing this invasion, the GG/CC mutated ribos-

witch variant loses the function of gene regulation,

since the ligand binding cannot induce structural

changes in the SD sequence anymore [23,26]. During

the refolding process, most of the full-length ThiM

RNAs fold into OFF state without being trapped into

ON state. These results imply that the riboswitch-

mediated gene regulation depends on sequential fold-

ing of the wild-type ThiM sequence in vivo.

Materials and methods

To investigate RNA folding details, most studies focus on

in vitro RNA folding (refolding), with a random coil of a

fixed-length RNA under a given condition. Compared to

the complex cellular environment, this folding scenario,

where details are easy to describe, has been intensively used

to study RNA folding behaviors and related mechanisms

[32,42–49]. However, due to the sequential nature of RNA

synthesis [30,31,33,50–54], functional mRNAs usually fold

co-transcriptionally with growing chains in vivo. Besides the

varied length, another obvious difference from refolding is

the spatial restriction arising from the interaction with

RNA polymerase (RNAP). Considering RNA residues cov-

ered in RNAP (forming RNA–DNA hybrid and locating in

the exit channel) [31,55–56], only the outside nucleotides

which locate further than about 15nt from the 30-end, are
free to form base pairs. At the same time, spatial constraint

of the narrow exit channel allows the synthesized nucleo-

tides to leave RNAP one by one. According to these char-

acters, in our model every left nucleotide is treated as one

transcriptional step, during which the length of RNA is

fixed [41] To predict co-transcriptional RNA folding, we

used similar procedures as that employed in refolding at

every transcriptional step. In this section, we would briefly

introduce the theory of RNA refolding kinetics, co-

transcriptional folding kinetics, and the way to incorporate

ligand-binding kinetics into the current model.

RNA refolding kinetics

To calculate RNA refolding kinetics, there are three main

steps: generating conformational space, calculating transition

rates between different states, and solving the master equa-

tion to get the populational kinetics [57–59]. In the helix-

based RNA folding theory [40,60], states in the conforma-

tional space are constructed by compatible helices. For a

given RNA, we first enumerated all possible helices based

on its sequence and the principle of complementary base

pairing. By using these helices as building blocks, all possible

states which sample the conformational space are con-

structed, and their free energies are calculated according to

the nearest neighbor model [61,62].

In the conformational space, whether one state can

directly transit to another via one kinetic move (forming/

disrupting a helix, or exchanging two helices) depends on

their structural relationship. The transition rates are calcu-

lated based on the corresponding transition pathway.

If a state only has one more helix than another state

except all the same helices, they will transit to each other

by formation or disruption of the helix. For instance, state

A with an open chain in Fig. 2A could fold to state B by

forming a hairpin with several continuous stacks. Since the

entropic cost of forming a stack near an existed stack is

generally smaller than that of forming a loop-closing stack,

the zipping pathway in Fig. 2B becomes the most probable

way to form a helix. In most cases, three continuous stacks

are enough to stabilize a loop. The landscape of the folding

process along a zipping pathway often shows a downhill

profile after the first three stacks are nucleated [59]. The

helix folding rate kf through the zipping pathway in Fig. 2

B therefore can be estimated to equal the rate of forming

the first three stacks:

k f ¼ ka!1K1 1� K0
2K

0
1

1

1� K0
2K1

� �

Ki and K0
i in above equation are the forward and reverse

probabilities for state i: K1 ¼ k1!2= ðk1!2 þ k1!AÞ,
K0

1 ¼ k1!A=ðk1!A þ k1!2Þ, K2 ¼ k2!3=ðk2!3 þ k2!1Þ, K0
2 ¼

k2!1=ðk2!1 þ k2!3Þ, where ki→j is the rate of the transition

from state i to j, which involves formation or disruption of

a stack [63]. This kind of transition is able to be described

by a two-state transition process [64–67], and their kinetic

rates are calculated as below: [57,64] k ¼ k0e
ΔG=kBT. Where

k0 equals 6.6 × 1012 s−1 and 6.6 × 1013 s−1 for an AU and

GC base pair, kB is the Boltzmann constant and T is the

temperature. The free energy barrier ΔG is estimated to be

entropic and enthalpic changes (ΔSstack, ΔHstack) upon

stack formation and disruption, respectively. If a stack

closes a loop, the free energy barrier will include the entro-

pic change of the loop (ΔSloop). For example, the transition

rate form state A to the intermediate state 1 in Fig. 2B is

calculated as below:

kA!1 ¼ k0e
ðΔSstackþΔSloopÞ=kBT:

As the first stack can be formed anywhere inside of the

paired region, the rate of the helix formation kA→B equals
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the sum of the rates along all zipping pathways with differ-

ent loop-closing stacks. For the reversed transition, the rate

kB→A is calculated according to the detailed balance condi-

tion. If the free energy difference between state A and state

B is ΔGAB, the transition rates for formation and disrup-

tion of the helix will be summarized as below:

kA!B ¼ ∑
pathway

k f

kB!A ¼ kA!Be
�ΔGAB=kBT: (1)

The rate for helix exchange is calculated based on stack

formation and disruption as well. For two overlapped

helices, such as state B and state C in Fig. 2A, there are

two kinds of transition pathways between them: the unfold-

ing–refolding pathway and tunneling pathway (Fig. 2C).

The unfolding–refolding pathway always yields a high

energy barrier to completely unfold one helix and then

form another helix. In fact, after breaking two stacks in

state B to release two nucleotides, the first stack of the

helix in state C can be closed (I2). At the following steps

(I2–I5), disrupting one stack in B is followed by concur-

rently forming another stack in C. Formation of the rest

helix region in C (from I5 to C) is a zipping process with a

downhill profile on the landscape. This transition pathway

has a lower energy barrier than that of the unfolding–re-
folding pathway, called the tunneling pathway. The rate

through the tunneling pathway is calculated by Eqn (2)

[59], where ki and k0i are the rate constants to disrupt

(form) a stack in B (C).

kB!C ¼
Qn

i ki

∑n�1
j¼0

Q j
i¼1k

0
i

Qn
m¼jþ2km

� �

kC!B ¼ kB!Ce
�ΔGBC=kBT: (2)

To get the populational kinetics of each state, the master

equation dpiðtÞ=dt ¼ ∑
j

k j!ip jðtÞ � ki!jpiðtÞ
h i

is first written

in its matrix form of dp(t)/dt = M�p(t), where pi(t ) is the

population of state i at time t and p(t) denotes the frac-

tional populational vector. If nm and −λm are the m-th

eigenvector and eigenvalue of the rate matrix

M Mij ¼ ki!jði ≠ jÞ, Mii ¼ �∑
i≠j
ki!j

 !
, the solution of the

equation will be written as:

pðtÞ ¼ ∑
m¼1

Cmnme
�λmt: (3)

The initial condition of RNA folding determines the

coefficient Cm in the above equation. For in vitro folding,

the initial state is the open, unfolded state U.

RNA co-transcriptional folding kinetics

In our model, RNA sequential folding during the transcrip-

tional process is divided into many transcriptional steps,

each of which corresponds to releasing one nucleotide by

RNAP. The emerged RNA chain is one nucleotide shorter

at the beginning of one step than that of the next step.

That is to say, the nascent RNA chain is fixed-length at

each step and its folding window is the time required for

RNAP to release the new nucleotide. In a simple case, if

the transcription is at a constant rate of v nucleotides per

second (nt�s−1), the folding time of each step will be (1/v) s.

Similar procedures are used to calculate the populational

kinetics of co-transcriptional folding as that employed in

refolding. Given that the emerged RNA chain is L-nt at step

b
I1

I2 I3 I4

b
a

Zipping pathway Tunnelling  pathway

a b c

U

1 2
3 4

1 2 3 4

c

I1 I2 I3 I4 I5

I5

G+
G-

(A)

(B) (C)

Fig. 2. Transitions between two states

through formation (disruption) of a helix

and exchange between two helices. The

nucleotides in the paired region in (c) are

colored red. The relevant pathways in (A)

labeled along the arrow are shown in (B

and C). The dotted lines denote the

schematic energy landscape of zipping and

tunneling pathways. The unfolding–
refolding pathway is shown with dash-dot

lines and formation of a stack in (C) on the

landscape is colored red in (c). U is the

unfolded, open chain. ΔG+ and ΔG −

denoted the energy barriers for closing

and opening a stack.
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N, the conformational space of the current step is first sam-

pled by the L-nt RNA chain. Rates of transitions between

states in the conformational space are calculated by using

Eqns (1) and (2). The population relaxation within step N is

obtained by solving the master equation. Here, the folding

time is limited to (1/v) s and the initial state may not be the

open, unfolded chain. Unlike RNA refolding, the initial con-

dition of step N is determined by the population distribution

at the end of the previous step (N − 1). However, as a new

nucleotide is released, some new structures which do not

exist at step N − 1 may be formed at step N. These struc-

tures have an initial population of zero at step N. If the new

nucleotide adds to the 30 tail or pairs with an upstream

nucleotide to extend an existed helix, the initial populations

of these structures are equal to their ending populations at

step N − 1. The population relaxation within step N is

described by Eqn (3) and the populational kinetics of the

whole transcription process is calculated by repeating these

procedures from the first step to the last one.

To improve the computational efficiency, the transition

node approximation is employed to decrease the calculated

conformational space when the nascent RNA chain is longer

than 120 nt [35,37,38]. Assuming that minE is the highest

free energy of the states with big initial populations (a cutoff

population of 10%) at one step, the newly formed states with

energies lower than (minE + 3) kcal�mol−1 possibly have

accumulated populations. From the 120-th step, if the states

with energies lower than (minE + 3) kcal�mol−1 are newly

formed at the current step, we will search transitions between

these new stable states and the existed states with big initial

populations. Considering the time to transcribe the full-

length ThiM riboswitch (around several seconds), the path-

ways of the above transitions with relevant rates of each

kinetic move greater than 0.001 s−1 are remained as they

may contribute the overall folding. Among all newly formed

states, only the stable states and those located at the

remained transition pathways are kept in the reduced confor-

mation space. To improve the calculation efficiency, we first

search the transition within 10 kinetic steps because most

structures formed by the ThiM riboswitch have less than 10

helices. If no such transition pathway is remained, we will

continue to search more kinetic moves to avoid isolate states.

Ligand-binding kinetics

Ligand binding to some ligand-competent structures can

introduce tertiary interactions to stabilize the structures.

When the ligand concentration is much higher than that of

RNAs, the binding process could be described as a liner

relation. In the presence of the ligand, the ligand bound

states are first added to the conformational space. Suppos-

ing the association and dissociation rates are kon and koff,

the extraenergy introduced by ligand binding is

ΔGbinding ¼ kBTln kon½L�=koffð Þ, where [L] is the concentra-

tion of the ligand. The free energy of a bound state is equal

to the sum of ΔGbinding and the energy of its secondary

interactions. In the conformational space, rates of the tran-

sitions between bound states, which only involve secondary

interaction rearrangements, are calculated from Eqns (1)

and (2). Under assumption of the liner relation, the ligand-

competent structure binds the ligand and forms the bound

state with the effective binding rate keff = kon [L], and the

reverse transition rate is koff. For the ThiM riboswitch,

these rate constants are taken from a recent study of Gue-

dich et al. (kon = 8.7 × 104 M−1�s−1, koff = 2.5 × 10−2 s−1)

[68], which are similar to those measured in the fluores-

cence spectroscopic experiment [28].

Results

The ThiM riboswitch is trapped in the genetic

ON state during the transcription without TPP

The transcriptional folding of the ThiM riboswitch is

first modeled at a typical transcription rate of 50 nt�s−1
[69]. From the calculated populational kinetics in

Fig. 3A, the main folding pathway can be identified

(Fig. 3B). As soon as the first 17 nucleotides emerge

from RNAP, the nascent chain U folds into a hairpin

structure C1 with a free energy of −2.54 kcal�mol−1

(Table 1). This folding is done within one transcrip-

tional step, since forming a hairpin is much faster

(around 104 s−1) than transcribing a nucleotide

[41,69,70]. With elongation of the RNA chain, this

structure will be quickly replaced by the more stable

state C2. By forming an interloop between the

upstream nucleotides and the newly released nucleo-

tides, state C2 transits to state C3 where P2 helix is

fully folded. Form about step 65 when the upper part

of P3 is nucleated to step 77, almost all the RNAs stay

at the two-branch structure C4 with helices P2 and P3.

At step 78, state C4 folds into the aptamer structure

C5 by formation of the nonlocal helix P1 to close a

three-way multiloop.

The ligand-competent structure C5 is the most stable

state before step 92. When the upper part of P4 (P4a)

can be nucleated at step 92, state C5 folds to state C6

with a lower energy because of P4a formation. How-

ever, with more nucleotides are synthesized and

released, helix P4 grows and invades into helix P1 in

the aptamer structure. From step 101 when the stacks

in P4b can be closed, the populations flow from state

C6 to the more stable state C7. The structure of this

state is similar to the structural model proposed from

the fluorescence spectroscopic approach [28]. With

gradual elongation of helix P4, it will invade into P2

helix from the bottom. When state C8 becomes more

stable than C7 at step 115, the RNAs begin to transit
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from states C7 to C8. At step 130, state C8 has a pop-

ulation close to 90%, which is the genetic ON model

reported by Rentmeister et al. [23].

With more nucleotides in the expression platform

are released, some short helices can be formed. Among

them, there are two helices (H1 and H2) compatible

with all helices in state C8. They are formed by the 30

end pairing with the 50 end and the junction between

helices P2 and P4, respectively (Fig. 3B). During the

course of transcription, state C8 quickly transits into

other two states by forming helices H1 or H2. Like

state C8, a previously proposed ON model [23,54],

these two states have the unstructured SD sequence.

Besides, both of them share high similarities in stabil-

ity and structural organization. Hence, they are treated

as one state, called ON state here.

Our results suggested that, at the end of transcrip-

tion, almost all the riboswitches folded into ON state.

Even without the ligand, it would still equilibrate into

OFF state due to the lower energy. The equilibrium

time scale therefore is very important to understand

switch function of the ThiM riboswitch. Supposing

the initial state is ON state, the results in Fig. 3C,D

showed that it requires at least 50 min for most of

the RNAs to fold into OFF state. Considering the

half-life of the ThiM mRNA (about 2 min) [24,71],

this time interval is long enough for translation. It

implies that ON state formed during the transcription

is able to trap the riboswitch until the downstream

gene is expressed. The intermediate, long-trapped

state becomes the genetic ON state of the ThiM

riboswitch.

8

(A) (C)

I2

I1

I1

I2

ON OFF

(D)

(B)
0            20 40 60 80 100       120       140

2

SD

Fig. 3. The co-transcriptional folding behaviors of the ThiM riboswitch at an elongation rate of 50 nt�s−1 in the absence of TPP. The

populational kinetics of intermediate states (a cutoff population of 5%) and the secondary structure of main states (a cutoff population of

15%) are shown in (A–D) describes the equilibration from ON state to OFF state and the structure of intermediates. The black dotted lines

in (B) denote tails of a helix or a linker between two helices.

Table 1. Free energies of the intermediate states formed during the transcription (in unit of kcal�mol−1).

State C1 C2 C3 C4 C5 C6 C7 C8 ON OFF

ΔG −2.54 −3.49 −10.37 −19.93 −21.83 −27.0 −33.7 −36.66 −39.0 −44.5
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The structural model of the unbound functional

state (ON) here is different from the structural model

proposed by Winkler et al. [27] Except the pseudoknot

that frees the SD sequence, the structure of their

model is almost the same as that of OFF state. The

high structural similarity but difference in accessibility

of the SD sequence can explain the ligand-dependent

regulation and the comparable binding abilities of the

isolate aptamer and the full-length RNA. However,

based on our calculation for pseudoknots [40,72], this

proposed structure cannot be formed as the pseudo-

knot is very unstable. As the full-length RNA favors

OFF state, the comparable binding abilities of the two

different constructs are from the same folding pattern

in the aptamer domain. The main predicted folding

behaviors agree with the results from the fluorescence

experiments on transcriptional intermediate mimics

[28], and the structural mode of ON state is the same

as that proposed from experiments [23,54], except the

small helices H1 and H2.

The efficiency of ThiM gene expression depends

on the transcription process

The above results suggest that the ThiM riboswitch is

trapped into ON state for a long time during the tran-

scription without TPP. As the binding pocket is largely

broken in this state, TPP binding will be significantly

hampered if it is formed, which can be known from

the fluorescence experiment [28]. Thus, although the

riboswitch can sense TPP both co- and post-

transcriptionally [24], its response to the intracellular

TPP concentrations would be more efficient in a co-

transcriptionally TPP sensing manner. In fact, most

riboswitches are often transcribed in the presence of its

metabolites.

Under a concentration of 100 μM TPP (Fig. 4A),

most of the RNAs can bind to the ligand within ten

transcriptional steps because of the great effective

binding rate (8.7 s−1). Formation of the bound apta-

mer C5b could lock the conformation within the apta-

mer domain and direct folding helix R within the

expression platform. At the end of transcription, about

98% of the riboswitches fold into OFFb state, which

consists of a bound aptamer and stem R covering the

SD sequence. Consistent with the experimental obser-

vation, the presence of sufficient TPP can trigger the

switch from an activator to an inhibitor of gene

expression [26,73]. Compared to that without the

ligand (Fig. 3A), TPP binding prevents the invasion of

helix P4, thereby avoiding formation of the long-

trapped ON state. However, when the ligand concen-

tration decreases to 10 μM, only about 37% of the

riboswitches bind to TPP and then fold to OFFb state

through C6b (Fig. 4B). The rest riboswitches are

unable to bind the ligand before helix P4 becomes

stable under this ligand concentration. To effectively

turn off gene expression, TPP is required to present at

a sufficient level in vivo.

A low ligand level returns a small effective binding

rate, which yields a long time to reach the binding

equilibrium. Due to the sequential folding, the time

window allowed for ligand binding is limited, which

can be estimated from step 78 when the aptamer struc-

ture C5 is able to be formed to around step 108 when

helix P1 is broken by helix P4. If this time interval

(30/v s) is much shorter than the time required for

binding, most of the RNAs will not bind to the ligand,

like that in Fig. 4B. Obviously, a small transcription

rate leads to a long binding time window (30/v s).

When the transcription rate decreased to 15 nt�s−1, the
population of the bound state increased to about 75%

near step 105 (Fig. 4C). But with elongation of the

nascent RNA chain, about 5% of the bound RNAs

fell apart. This is because the lower elongation rate

also gives more time for TPP to dissociate from the

bound aptamer, which is not as stable as that formed

at high TPP levels.

Proper transcriptional pausing can provide extra

time for ligand binding, which is found in several

riboswitches [36,68,74,75]. Single-round pausing assays

on the ThiM riboswitch revealed a major pause site

located around the 95-th nucleotide [54]. Considering

about ˜15nt covered in RNAP and 1˜2 nt RNAP back-

tracking [31,55,56], transcriptional pausing is presumed

to occur at the 78th step for 10 s. Within the binding

time window of (30/v + 10) s, there are around 95%

of the RNAs folding into the bound state even at a

low concentration of 10 μM TPP (Fig. 4D). When the

transcription is ended, the population of OFFb state

increases from about 37% (Fig. 4B) to 94% (Fig. 4D).

This suggests that the pause site located directly after

the aptamer domain can facilitate ligand binding and

prevent formation of the unbound functional struc-

ture.

The biological function of the ThiM riboswitch is

linked to its wild-type sequence and the

intracellular environment

To induce downstream gene expression, the ThiM

riboswitch should transcriptionally form the long-

trapped ON state before equilibrating into the more

stable OFF state, where the SD sequence is seques-

tered. Whether the riboswitch can form ON state or

not decides whether it has the ability to act as a gene-
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regulatory device. Different from that of co-

transcriptional folding, ON state is unable to trap

most of the full-length riboswitches during the refold-

ing process (Fig. 5). It means that co-transcriptional

folding significantly impacts how effectively the ThiM

riboswitch functions.

The switch function of the ThiM riboswitch is not

only greatly influenced by the intracellular environ-

ment, but also highly depends on its wild-type

sequence. Reporter-gene assays suggested the GG to

CC mutation in the expression platform (Fig. 1) can

largely repress gene expression even without TPP [26].

For this lack of genetic control, structural probing

provides a possible explanation, that the mutated con-

struct adopts a structure similar to the secondary

structure resembling the TPP-bound form of the wild-

type riboswitch (OFF state) [23]. However, as co-

transcriptional folding differs from in vitro RNA fold-

ing, whether this structure is the functional structure

that represses translation needs more evidences from

its co-transcriptional folding.

After the mutated nucleotides are free to form struc-

tures during the transcription process, the mutated

RNA begins to exhibit different folding behaviors

from that of the wild-type sequence (Fig. 6). From

step 92 where the mutated site locates, the aptamer

structure C5 successively folds into states S1, S2, and

S3. With elongation of the RNA chain, a small part of

RNAs transit from C5 to states S4 and S5 as soon as

they can be formed near step 115. When the

OFFb

b
b

(A)

OFFb

b

b

C8

(B)

OFFbb b

(C) (D)

OFFb

b

b

C8

Fig. 4. The populational kinetics of the ThiM riboswitch during the transcription under different conditions: (A) 100 μM TPP, 50 nt�s−1; (B)
10 μM TPP, 50 nt�s−1; (C) 10 μM TPP, 15 nt�s−1; (D) 10 μM TPP, 50 nt�s−1 with pausing at step 78 (10 s). The superscript ‘b’ denotes the

corresponding state with TPP bound.
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transcription is ended, there are about 15% of the

RNAs folding through S5 (ΔGS5 = −25.14
kcal�mol−1) to the more stable state S7 (ΔGS7 =

−33.01 kcal�mol−1). By adding a short helix, most of

the rest RNAs transit from state S6 into S8, which is

the most stable state at step 135 (ΔGS8 = −34.11
kcal�mol−1). At the end of transcription, S7 and S8

occupy about 15% and 70% of the populations,

respectively. Just like OFFb state, formation of state

S8 sequesters the SD sequence via forming a helix.

Thus, there are no TPP-induced structural alterations

in the SD sequence for most of the mutated RNAs, in

accordance with the experimental observation [26].

Although the mutated full-length RNA construct

may finally adopt a structure similar to OFF state due

to its high stability, formation of state S8 is the reason

that causes the complete loss of regulation in cells. As

the mutation breaks helix P4a in ON state, the

I2

I1ON

OFF
P4U

Fig. 5. The refolding populational kinetics of the ThiM riboswitch,

where state P4 is the structure consisted by helix P4 shown in

Fig. 3.

S1

S2

S3

S4

S6 S8

S7

C5

(B)

S1

S2

S3

S4

S5S5

S6

S7

S8

(A)

134

122

115

107

S5

115

102

Fig. 6. The populational kinetics (A) and main intermediate structures formed during the transcription of the mutated ThiM riboswitch

variant at an elongation rate of 50 nt�s−1.

U

TPP

(A)

U

TPP

(B)

ON

+TPP-TPP

+TPP -TPP

TPP

ON

OFF
OFF

Fig. 7. Schematic illustration of conformational decision points during the synthesis of two TPP riboswitches: ThiM (A) and NMT1 (B). The

switchpoint of the ThiM riboswitch determines whether the aptamer structure binds to its ligand or is broken by formation of helix P4. The

only decision point of the NMT1 riboswitch is near the end of transcription, which involves the competition between the two functional

states. The SD sequence, the splice site (for NMT1 riboswitch), and 30 end of RNA are colored red and green, respectively.
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invasion of P4 helix into the aptamer structure is pre-

vented during the course of transcription. Instead of

ON state, the mutated riboswitches are co-

transcriptionally trapped into state S8. In addition, the

populations at most steps for the mutated riboswitch

are not as concentrated in one or two main intermedi-

ate structures as that for the wild-type sequence. This

implies that efficient co-transcriptional folding is one

of evolutionarily selected properties in the sequence

determination of the ThiM riboswitch.

Conclusion

As a kind of RNA-based gene devices, riboswitches

regulate downstream gene expression by forming one

of the two alternative functional states (unbound/

bound) in response to specific signals. Like the NMT1

TPP and metF riboswitches [35,76], the ThiM ribos-

witch has a well-known bound functional state but an

unclear ligand-free functional state, which is difficult

to refine by crystallography or NMR spectroscopy.

According to the populational kinetics of states

formed during the transcription, the helix-based RNA

folding theory successfully reveals the TPP-induced

switch mechanism and its functional structures. When

TPP is present at a low level, full formation of the

long helix P4 invades into the aptamer structure and

unfolds helices P1 and P3. These structural rearrange-

ments lead to formation of ON state with elongation

of the RNA chain, consistent with the experimental

observation that efficient translation at low TPP con-

centrations [24]. Conversely, the presence of sufficient

TPP can lock the conformation within the aptamer

domain by formation of the bound aptamer to prevent

the invasion of helix P4. This competition between

ligand binding and formation of helix P4 can be repre-

sented by the switchpoint in Fig. 7A, where one con-

formational decision takes place. As TPP binding is

significantly hampered when the aptamer structure is

seriously broken, the time window allowed for effec-

tive ligand binding is limited. Thus, both pausing at a

strategic location, a general strategy to provide extra

time for ligand binding, and the transcription rate,

could affect the conformational choice made by the

riboswitch at this decision point. If the switchpoint

locates near the end of transcription, such as that in

the NMT1 TPP (Fig. 7B) and SAM-III riboswitches

[35,76], the above factors will not have a big impact

on their performances. For these riboswitches, ligand

binding could perturb the equilibrium toward the

bound functional state at the decision point. Accord-

ingly, this kind of riboswitches, may exhibit some ther-

modynamic characters.

Formation of ON state is a valuable strategy and

vital step to induce gene expression for the kinetically

controlled ThiM riboswitch. It is not the most stable

state, but has the ability to trap the RNA for a long

time to ensure translation initiation. Any actions or

conditions that break the potential to form ON state

will result in a loss of gene regulation. For example,

by preventing formation of ON state, the GG/CC

mutated riboswitch variant behaves as a constitutive-

OFF switch. Compared to in vitro folding where only

a small proportion of the RNAs are trapped into ON

state, the ThiM riboswitch functions better under an

intracellular environment. All these suggested that the

wild-type ThiM sequence has highly evolved to fulfill

its role of genetic control in vivo.

Contrary to the complex intracellular environment,

the energy parameters in the helix-based folding model

are of RNAs at 1 M NaCl solution condition. The

effects of cofactors, such as Mg2+, on these parame-

ters and tertiary interactions are neglected in the

model. Even so, the folding behaviors of the ThiM

riboswitch and other functional RNAs under this sim-

ple condition can provide a basis for the elucidation

of their associated mechanisms in vivo. Hence, to

reveal RNA folding details by using this theory or

other similar methods is of fundamental importance

to understand their intracellular role in a comprehen-

sive way.
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