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The conformational transitions of the adenosine deaminase A- 4 B 1
riboswitch aptamer both with and without ligand binding are investigated Tra":monlpmh JUL-
within the tenets of the generalized Langevin equation in a complex g P 7
viscoelastic cellular environment. Steered molecular dynamics (SMD) 3 TP,
simulations are performed to evaluate and compare the results of the first = | b U —
passage times (FPTs) with those obtained from the theory for the unfold and z %,\\F' ; ! Feate limiting stely
fold transitions of the aptamer. The results of the distribution of Kramers’s First Passage Path F = P1U
FPT reveal that the unfold-fold transitions are faster and hence more >

probable as compared to the fold-unfold transitions of the riboswitch aptamer Eatension

for both ligand-bound and -unbound states. The transition path time is lower

than Kramers’s FPT for the riboswitch aptamer as the transition path times for the unfold-fold transition of both without and with
ligand binding are insensitive to the details of the exact mechanism of the transition events. However, Kramers’s FPTs show varied
distributions which correspond to different transition pathways, unlike the transition path times. The mean FPT increases with an
increase in the complexity of the cellular environment. The results of Kramers’s FPT, transition path time distribution, and mean
FPT obtained from our calculations qualitatively match with those obtained from the SMD simulations. Analytically derived values
of the mean transition path time show good quantitative agreement with those estimated from the single-molecule force
spectroscopy experiments for higher barrier heights.

generalized Langevin equation, probability distribution function, steered molecular dynamics simulation, first passage time,
fold-unfold transition, transition path time, survival probability

may be correlated to different degrees of secondary and tertiary
interactions along the folding trajectory.'*"

The transitions of any biomolecule between different
possible conformations have been analyzed within the
framework of barrier crossing dynamics.'®™'” The conforma-
tional transition of the add A-riboswitch between two states in
a one-dimensional (1D) free energy landscape may be
classified into two sets of trajectories:’”*' (a) that starts
from one state located at a potential well and crosses the free

Purine (adenine or guanine) riboswitches comprise the gene
regulatory elements in mRNA that contain a ligand-binding
aptamer domain specific for binding the ligand adenine/
guanine.l’2 The adenosine deaminase (add) A-riboswitch is a
purine riboswitch composed of an assembly of three helical
stems or hairpins (P1, P2, and P3) with two interacting loops
(L2 and L3) that resembles the geometry of that of a tuning

fork®™ (refer to Figure 1). Reversible switching between two energy barrier to reach the other state without revisiting the
conformations by binding to a target ligand or other cellular initial state (i.e., direct transit or transition path) and (b) that
metabolites affects the aptamer-folding pattern that regulates starts from one state Corresponding to a Potential energy
gene expression, protection of genomes, molecular recognition, minimum and reaches the other state at a different potential
and catalysis.6’7 Single-molecule force spectroscopy (SMFS) energy minimum across the free energy barrier with multiple
experiments investigate the multistep hierarchical unfolding/ recrossings (i.e., first passage path). The times required for the
folding pathways of the riboswitch aptamer,3’8'9 Typically, trajectories (a) and (b) are termed as transition path time

these experiments measure the extension of the molecule while

it folds and unfolds in the presence or absence of the ligand December 27, 2021 e
(adenine) under the applied force of varying magnitudes April 5, 2022
through optical/laser tweezers'®'" or an atomic force micro- April §, 2022

scope.'”"? The results obtained from these experiments April 26, 2022

established that ligand binding stabilizes the aptamer domain,
and the conformational transition in the free energy landscape

© 2022 The Authors. Published b
Ameericl;m %ﬁemlilcaissgcietz https://doi.org/10.1021/acsphyschemau.1c00056

v ACS PUbl icatiOI’] S 353 ACS Phys. Chem Au 2022, 2, 353—363


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shivangi+Sharma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vishal+Singh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Parbati+Biswas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsphyschemau.1c00056&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.1c00056?ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.1c00056?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.1c00056?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.1c00056?fig=abs1&ref=pdf
https://pubs.acs.org/toc/apcach/2/4?ref=pdf
https://pubs.acs.org/toc/apcach/2/4?ref=pdf
https://pubs.acs.org/toc/apcach/2/4?ref=pdf
https://pubs.acs.org/toc/apcach/2/4?ref=pdf
pubs.acs.org/physchemau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsphyschemau.1c00056?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/physchemau?ref=pdf
https://pubs.acs.org/physchemau?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

kS

Rate limiting step

-

g

P1 U
without ligand

Folded (F°L) _
with adenine Unfolding pathway of
riboswitch aptamer
@ = Adenine
Unfolded P3 P2/P3

Figure 1. (a) Tertiary structure of the add A-riboswitch aptamer (PDB ID: 1Y26). (b) Pathway of unfolding of the aptamer, where F-L denotes the

riboswitch aptamer with the adenine (A)-bound ligand.

(TPT) and first passage time (FPT) or Kramer’s FPT,
respectively. Both transitions and the FPT may be mathemati-
cally described by the Fokker—Planck equation (FPE) with
suitable boundary conditions.”"”> The transition path is
defined as the fragment of the molecular trajectory where
the molecule just crosses the potential energy barrier during
the transition from one conformation to the other without
revisiting its initial conformation.'®** The FPT includes the
total time required by the riboswitch to dwell in between the
two preferred conformations located at the two potential
minima along with the TPT. Unlike FPT, TPT only includes
the time required to just cross the potential barrier without
revisits. Both the first passage path and transition path contain
all microscopic information to understand barrier crossing
dynamics of proteins and nucleic acids.

This work presents an analysis of the stochastic dynamics of
the conformational transitions of the add A-riboswitch aptamer
both with and without ligand binding in viscoelastic complex
cellular environments within the framework of generalized
Langevin equation (GLE). Theoretical results provide a
quantitative estimate of the typical transit times for such
conformational transitions along with the exact shape of such
distributions, which are difficult to determine experimentally. A
qualitative comparison of the analytical results of the transition
path and Kramer’s FPT with those obtained from the steered
molecular dynamics (SMD) simulations (for TPT calculations
from SMD, refer to ref 5) shows that the TPT for the ligand-
induced unfold-fold transitions of the add A-riboswitch
aptamer is insensitive to the mechanism of the transition
process as compared to Kramers’s FPT.” The FPT analysis also
reveals that the unfold-fold transitions of the riboswitch
aptamer are more probable and faster as compared to the fold-
unfold ones. Survival probability follows a stretched Mittag-
Leftler decay for the unfold and fold transitions, where the
probability of the aptamer in the ligand-bound state shows a
much slower decay as compared to that in the ligand-unbound
state. The mean FPT (MFPT) and the mean TPT (MTPT) of
the unfold-fold transitions of the riboswitch increase with the
increase in the complexity of surroundings due to the “caging”
effect. The distribution of the TPT,® Kramer’s FPT, and the
MEPT for both fold and unfold transitions of the riboswitch
aptamer both with and without ligand binding obtained from
theory is in good qualitative agreement with those of SMD
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simulations. The theoretical values of the MTPT estimated
quantitatively agree with those obtained from the SMFS
experiments’ for higher barrier heights.

SMEFES experiments have established that the structural
transitions of the riboswitch aptamer’**® both with and
without ligand (adenine) binding follow a five-step folding
pathway which may be modeled as a discrete assembly of
multiple distinct two-state transition processes across a
potential energy barrier between two wells in an asymmetric
free energy landscape. The schematic diagrams of the
unfolding pathway of the riboswitch aptamer F — P1 U —
P2/P3 — P3 — U in the free energy landscape are
schematically illustrated in Figure 1. Numerous tertiary
contacts which are present at the three-way junction of the
secondary structure of the riboswitch aptamer govern the
active binding of adenine to the aptamer. The ligand binding
stabilizes the riboswitch aptamer domain via the enhancement
of secondary and/or tertiary contacts/interactions. Several
experimental studies have established that ligand binding
stabilizes the riboswitch structure, which implies reduced
populations of other intermediate states in the entire folding
pathway. Hence, the transitions to P2/P3 states are not
prominent and thus are neglected. This suggests that ligand
binding of the aptamer defines an unfold or refold transition
from the fully folded state F to the unfolded P1_U state or vice
versa (ie, F — P1_U or P1_U — F), respectively, which is
the rate-determining step in the aptamer folding.”* The
dynamics of the unfold and fold transitions of the riboswitch
aptamer may be expressed in terms of a simple 1D diffusion
model”** where different transitions are determined by an
appropriate reaction coordinate, x. This reaction coordinate is
defined as the distance between the two termini or any two
randomly selected base pairs of the nucleotides of the aptamer
both with and without ligand binding. Experimentally, x
denotes the extension of the riboswitch aptamer in response to
an applied force of varying magnitudes.”** Thus, the time
evolution of the reaction coordinate, x(t) for both unfold-fold
and fold-unfold transitions with and without ligand binding in
complex viscoelastic cellular environments, may be described
within the tenets of the overdamped GLE, as®***%*’
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d‘i(x) 0

t

m/o y(t —t)a(t) dt’ = 0
where x(t) is the time-dependent extension of the riboswitch
aptamer and U(x) denotes the effective potential (or free
energy). &(t) indicates the long-time correlated thermal
fluctuations imparted by the surrounding cellular medium
with zero mean, (£(t)) = 0. The noise term is related to the
time-dependent frictional memory kernel y(t) through the
fluctuation dissipation theorem.”® The correlated thermal
fluctuations may be modeled by y(¢) that accounts for the
non-Markovian dynamicss’zg’29 represented as

B ’7/; _/j
ra-p (2)

where 77, represents the fractlonal friction coefficient that may
be expressed as 775 = n/t.07P, t_is the correlation time, and I’
denotes the gamma function. The scaling exponent, f, with 0 <
P < 1 determines the degree of the complexity/heterogeneity
of the surrounding environment, where f = 0 depicts a
completely heterogeneous (viscoelastic) environment and f =
1 corresponds to completely homogeneous (diffusive)
surroundings.

SMES experiments record the force extension curves of the
fold and unfold trajectories of the add A-riboswitch aptamer
both with and without ligand binding, where it folds and
unfolds under controlled load applied by optical traps.”* The
free energy profiles determined from these experiments
indicate that the two states (i.e,, F and P1_U) are of unequal
energy and hence the fold-unfold transition may be modeled as
a conformational transition in an asymmetric bistable potential
well. However, adenine binding (i.e, F-L) further stabilizes the
folded state of the aptamer due to an increase in the tertiary
and secondary interactions that stabilizes the fully folded state
of the aptamer by an additional —8 kcal/mol as compared to
the unbound one.’

This asymmetric double-well potential may be represented

by a generalized expression defined by’

(€(1)¢(0)) =

U(x) = 2ksT In ®(A, x) 3)
where
(I)(A, x) = )’I(Ar x) + Byz(Ax x)
kg k
= exp _S—x 1F1 é + l} l} S x2
4y T 2 4" 2 2T
| k k
+ Bx |—= F 4 + i, i; S_x?
kT N2 4 2 2kT (4)
. _ T(A/2+3/4)
with —=1/2 < A <0 and B< 8. = J2 2L yhere

rA/2+1/4)
Fi(a, p; z) represents the confluent hypergeometric
function®** and kg is the stiffness of the optical trap®*’
the curvature of the potential barrier. Different values of the
real parameter A, — 1/2 < A < 0 correspond to different
heights of the bistable potential well. The biasing parameter 8
governs the degree of asymmetry in the double-well such that
B < B, where B > 0 indicates that the depth of the left
potential well is greater than that of the right, and vice versa for
B < 0. However, for B =0, eq 4 represents a symmetric
bistable potential well.
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The determination of the TPT and Kramers’s FPT for the
conformational transition of the aptamer in viscoelastic cellular
environments governed by the power-law correlated thermal
fluctuations requires the evaluation of the conditional
probability distribution function P(x, tlxy). Thus, the condi-
tional probability of locating the reaction coordinate x of the
riboswitch at time t in the asymmetric potential well, given that
it was situated at x, at an initial time ¢ = 0, is defined by P(x, ¢l
xy). P(x, tlx,), which may be obtained as the solution of the
effective FPE>*” in the asymmetric potential energy landscape
defined by eq 3 as (refer to the Supporting Information of ref 5
for the details of the calculations)

OP(x, tlx,) 02

ot

—D()

c')i V') P(x, tlx,)

x kT

(5)

where D(t) is the time-dependent diffusion coefficient of the
riboswitch aptamer in the viscoelastic cellular environment that
may be expressed as

_ kT Z(0)
P = ks Z(t) 6)
with
kS ﬁ
0 =5 1(1)” kT ) )

where E_, represents the two -parameter Mittag—Leftler
function.”* f (kgT/np) nm? us?” and for p = 1, D, =
(kyT/n) nm* us™'; here, D, corresponds to the normal
diffusion of the riboswitch in completely homogeneous
surroundings, whereas Dy depicts the diffusion coefficient in
heterogeneous cellular environments of varying viscoelastic-
ities. These two different diffusion coefficients may be related
as”?? 0 < Dgy/D, < 1 with the scaling exponent 3, where 0 < f3
< 1. This scaling exponent determines the degree of
complexity/heterogeneity of the surrounding medium. Typical
experimental values of these diffusion coeflicients reported for
the structural transitions of the aptamer in a normal diffusive
enwronment are given by D, = 0.2 nm? ﬂS and D, = 0.02
nm? ps~!, without and with ligand binding,” respectively.

Equation § is solved by the method of separation of variables
through bilinear expansion in the spatial and the temporal
domain, which may be simplified to yield*”

[ kg [kgT
\/k T (CD(A (D4, ) z:‘) ”“\/ kg
pd D(x) d  Dy(x)

dx ®(A, x) dxo D(A, x,)

P(x, tlxy) =

.Z(t)_(n+A+%)
(8)

where D, (x) is the parabolic cylinder function,”"** defined as
D,(x) = 2% exp(—ax*/2)H (xva), and H,(x) is the

Hermite polynomial.>"** The normalization constants of the

(@(4, x)

Z;Z _ BZ
ground and excited states are denoted by Cg = ( ‘ ) and
28,

1

2
C =
n+l 27zn! (n+A+ )

;ono2>

0, respectively (refer to the

Supporting Information of ref 5 for the details of the
calculations).
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FPT " is the time required by the riboswitch aptamer for the
conformational transition from one potential well at one side
of the free energy barrier to the other over the barrier for the
first time. This time is also referred to as Kramers’s FPT.”"*%”
Appropriate boundary conditions are applied to evaluate the
FPT statistics of the unfold and fold transitions of the
riboswitch aptamer in an asymmetric bistable potential well.

The unfold and fold conformational transitions of the
riboswitch aptamer may be viewed as a 1D diffusion across a
free energy barrier as observed in the single-molecule
experiments.””*”*' The minima of the potential well
correspond to the fully folded state F and the P1 unfolded
state P1_U of the riboswitch aptamer, where the well depths
characterize the respective stability of the folded and P1
unfolded states. The transition events may be categorized as
(i) F « P1_U (without ligand binding) and (ii) F-L <> P1_U
+ L (i, with ligand binding), where the symbol < denotes
the reversible transitions between the folded and unfolded
states. The two transitions via routes (i) and (ii) are
considered as decoupled.

For both transitions (i) and (ii), the fully folded state, F,
resides at a lower potential well which denotes a relatively
more stable conformation as compared to the P1 unfolded
state, P1_U. However, the presence of the ligand (adenine)
further stabilizes the folded state F, and hence, F-L has a lower
energy as compared to that of F. These states are modeled via
absorbing boundary conditions since the aptamer undergoes a
complete conformational transition from one state to the
other. The FPT distribution (FPTD) for the conformational
transitions of the riboswitch aptamer via route (i) and (ii) with
and without ligand binding may be described via the
conditional probability distribution function as

Flxg, t) = —%/xs P(x, tlx,) dx ©)

where x, and xp define the initial and the final positions
corresponding to the respective conformations for the unfold-
fold transitions in the absence and presence of the ligand. For
example, x, and xz may be recast as x and xy for F — P1 U,
whereas xp and xy; denote the reaction coordinates for F-L —
P1_U + L, respectively. The conformational transitions (i) and
(ii) may be defined for any arbitrary reaction coordinate, x, in
the region x, < xy < x3, where x, and xy denote the initial and
final states for (i) and (ii), respectively. The FPTD, F(x,, t)
for the conformational transition in an asymmetric bistable
potential in complex cellular environments for either
transitions may be calculated as

- ky T d D(x,)
Flag 1) = 2, Cyy |2 (D(4, x5)) —— "0
(o ) = 2 Gl [ (O, x0))' ==
D Tk
_D®)_ D;—t"! (n +A+ l)
D(A, x) kgT 2
—(n+A+é)
Ey /,[Dﬂ&tﬂ] Ej I[Dﬂ&tﬂ] ?
’ kBT ! kBT (10)

The MFPT,””** 7, represented as 7 = fo cx]t7’~(x0, t) dt,

corresponds to the average time required for each transition,
that is, either (i) or (ii) to recross and revisit its initial
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conformation until it reaches its final state. Therefore, the
MEFPT for the conformational transitions of the riboswitch
aptamer with and without ligand binding under power-law
correlated memory effects in cellular environments may be
expressed as

- ki T d D,(x,)
T= D, Chy = (P4, %))’ ————
,E) i kg 0 dxy ©(A, x)
Xg 1/p
D,(x) kyT 2I(1 + p)
D(A, x) ksDy (2n 4 2A + 1)
x (11)

The associated survival probability’” S,(t), of the folded
(unfolded) state of the add A-riboswitch aptamer to reside in
its respective potential well before the transitions via routes (i)
and (ii), may be mathematically characterized through the
spatial integral of the conditional probability distribution P(x,
tlxy) of the reaction coordinate and hence may be expressed as

8,(t) = / " P, thy) dx

A (12)

The generalized expression of the survival probability for the

conformational transitions of the add A-riboswitch aptamer

with and without the ligand in the heterogeneous environ-
ments is given by

v

S,(t) = Cg

B

Zi Dn(x())
dxy D(4, x,)

D,(x)
D(A, x)

©
+ 2 G

n=0

"Z—ST (@4, x,))

A

Z(t)—(n+A+%) (13)

kT kT

where u = [2-x, and v = |2 «p.
\ ok \ ok
S S

TPT*>* may be defined as the time required by the add A-
riboswitch aptamer to just cross the potential barrier in its
transit between one conformation located at one side of the
parabolic potential barrier, x, (or x3), to the other situated
across the barrier, xy (or x,), via the transition state, xrg, at the
barrier top, without revisiting its initial position. The TPT
distributions (TPTDs) of unfold and fold transitions are
obtained within the confined domain x,; < xpg < xg;, with the
appropriate absorbing boundaries at x,, and 3, to prevent the
revisit of each of the trajectories to their initial states. Thus, the
TPTD, Prpr(t) for the riboswitch aptamer in the bounded
domain, across the inverted parabolic potential barrier for A =
—1/2 and B = 0, may be expressed as

2
kgx

U(x)|A=—1/z =T,

(14)
The TPTD, Prpr(t) for the structural transitions of the
riboswitch aptamer to dwell in between the x,, < x < ay,

region, for the parabolic potential defined by eq 14, is given
a5 1827374345
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d *By
Prpp(t) = _5/ P(x, tlxo)IAz_l/zdx a1s)

MTPT,*"*** Zpy, is the average time required by the
structural transitions of the riboswitch aptamer in a
heterogeneous cellular environment between the two con-
formations across the parabolic potential barrier. This time that

may be evaluated as
_AE
kT

= o1+ p) kT )
Fr = Y _;/”[B_} exp(

T nn! kSD/,
k 1
Hn—l £ Hn s x
kyT 2k T
XA (16)
where
AE _ ke
kyT 2k T (17)

Here, eq 17 portrays a linear relation between the potential
barrier curvature and the dimensionless barrier height.>*>*

An implicit SMD simulation is performed to analyze the first
passage dynamics of the riboswitch. The template structure of
the add adenine riboswitch aptamer is obtained from the
RCSB (PDB ID: 1Y26) (refer to Figure la). The aptamer
without the ligand is obtained by removing the adenine ligand
manually from 1Y26. The SMD simulation of the riboswitch
aptamer with and without the ligand is performed using
AMBER £f99bsc0 and yOL3 force field"”** with NAMD-2.14
suite of programs.*” Initially, all unfavorable interactions in the
riboswitch aptamer are removed through energy minimization,
followed by a two-step increase in temperature to 300 K. The
system is equilibrated for S ns without using any periodic
boundary constraints, followed by multiple production runs of
20 ns of the equilibrated aptamer. The temperature of the
system is kept constant throughout all production runs via a
Langevin thermostat.”’ The Born radius cutoff for each atom is
fixed to 12.0 A. To unfold the RNA, constant-force SMD
simulations both with and without the ligand are performed by
applying a constant force on the CS’ atom of the C1 residue
while fixing the C3" atom of the G71 residue of the aptamer.
Since all conformational states of the aptamer are observed at
10 pN,>** the SMD simulations are performed at this
particular force to study the dynamics of the rate-limiting
step”* (i.e, F < P1_U) both with and without the ligand.
SMD simulation snapshots of the unfolding events with and
without adenine binding at 10 pN pulling force for the rate-
limiting step are shown in Figure 2a,b, respectively. The end-
to-end distance between C3’ and CS’ atoms (i.e., extension) of
the folded state of the riboswitch aptamer is 16.52 A. Initially,
this distance is maintained in the SMD simulation as the folded
state of the aptamer is stable, but with increasing simulation
time, the P1 helix starts to unfold as the native contacts
between nucleotides break due to the constant pulling force on
the C5’ atom of the C1 residue of the aptamer. This constant
pull completely unfolds the P1 helix, and the ligand unbinds
itself from the aptamer during that time. This extension is a
function of the simulation time, which is reported as 68.05 A in
the presence of the adenine ligand, while it is found to be 68.81
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(a) With adenine

(b) Without adenine

%

~

P1 U+L

Figure 2. Snapshots of the riboswitch unfolding for the rate-limiting
steps in the (a) presence and (b) absence of the ligand (adenine
shown in yellow) obtained from the SMD simulations at 10 pN. The
extensions between C3’ (gray) and CS’ (red) atoms of the P1_U
state are (a) 68.05 (b) 68.81 A in the presence and absence of the
ligand, respectively.

A in the absence of the ligand that denotes the unfolding of the
P1 helix of the riboswitch aptamer.

The conformational transitions of the add A-riboswitch
aptamer between F and P1_U states across the asymmetric
bistable potential represented by eq 3 are shown in Figure 3.
Specific values of the parameters in eq 3 for the unfold and fold
transitions of the P1 helix both with (blue) and without
(black) ligand binding are chosen to match the results
obtained from theory’ with those of the experiments.’
Experimentally estimated values of the free energy of unfolding
of the P1 helix of the riboswitch aptamer in the ligand-
unbound state is 10 = 1 kcal/mol, while it is 18 + 2 kcal/mol
on binding with the ligand.” Figure 3 also presents an inverted
parabolic potential (red) obtained from eq 3 for the definite
values of A = —1/2 and B = 0, which corresponds to the
transition paths that describe the shortest trajectory between
the folded and the unfolded states across the potential
barrier.>'®***

Figure 4 depicts the FPTD, ¥(t) of the conformational
transition of the add A-riboswitch aptamer obtained from eq
10 plotted as a function of time. Figure 4a,b represents the
unfold-fold transitions of the riboswitch aptamer without and
with the ligand, respectively for three different values of § as
= 0.8 (blue), # = 0.9 (red), and f = 1 (black) with the
respective values of the diffusion coefficients as Dy as Dy =
0.16 nm?/us®3, Dy = 0.18 nm?/us®®, and D, = 0.2 nm?/us for
transitions without ligand binding and Dy = 0.016 nm?/us®®,
Dyy = 0.018 nm?*/us®’, and D; = 0.02 nm?*/us for transitions
with ligand binding, respectively. The dashed and solid lines in
Figure 4 denote the unfolding and folding of the P1 helix,
respectively.

For each of these transitions, the FPTD is represented by an
asymmetrically distributed unimodal peak. The amplitude of
the peaks obtained for either transitions, with/without ligand,
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decreases with the decrease in f# values. The lower the value of
B, the higher is the viscoelasticity (complexity) of the
surroundings, which implies to increased correlations of the
thermal fluctuations in a cellular environment.””*” Lower
values of B correspond to a more complex viscoelastic
environment which retards the motion of the riboswitch and
hence reduces its FPTDs. The higher f values correspond to a
more homogeneous environment, facilitating faster transitions
of the aptamer among the unfolded and folded states with
shorter FPTs.

A comparison of the FPTD of the add A-riboswitch
transitions from the folded to the P1 unfolded state or vice-
versa with and without ligand binding reveals that the FPTD
for the fold-unfold transitions is much lower and broadly
distributed as compared to that of the of unfold-fold transitions
which are sharper and narrowly distributed for both (i) and
(ii). The result implies less probable transitions of the
riboswitch from the folded to the unfolded state, which
exhibits a higher FPT as compared to the unfold-fold
transitions.

Figure S represents a comparative plot of the FPTD profiles
of these conformational transitions of the aptamer obtained
from the SMD simulations at 10 pN and that of the theory

0.2 nm*/us and Dyg = 0.016 nm?/us®®, Dyy = 0.018 nm?/us®, and D,
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0.02 nm?/pus.

calculated from eq 10 (for = 1). Figure Sab depicts the
FPTDs of the fold-unfold transitions, whereas Figure Sc,d
shows the unfold-fold transition of the riboswitch both without
and with ligand binding. Results of the theory are in good
agreement with those of the SMD simulations for both
transitions.

Figure 6 portrays the MFPT of the add A-riboswitch
aptamer in an asymmetric bistable potential as a function of
the reaction coordinate x, obtained from eq 11. Figure 6a,b
presents the MFPT of the structural transitions of the
riboswitch both in the absence and presence of the ligand,
respectively, for three different values of ff as = 0.8, f = 0.9,
and f = 1 which defines varying degrees of complexity in the
cellular medium.

The results illustrate that the MFPT for transitions (i) and
(ii) of the riboswitch aptamer monotonically increases with an
increase of the viscoelasticity of the surrounding environment
(i.e., a decrease in the 8 value) and subsequently assumes a
constant value. This is due to the “caging” effect”**>**
imparted by the heterogeneous cellular environment which
retards the structural motion of the riboswitch, thereby
restricting its conformational transition. Thus, the MFPT of
the riboswitch increases in heterogeneous surroundings as
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Plots (a,b) predict the MFPT in the absence and presence of the ligand, respectively.

compared to that of the homogeneous one. A significant
quantitative difference with higher MFPT is observed for the
unfold-fold transition of the riboswitch aptamer for transition
(ii) as compared to (i). Ligand binding in the triple helix
junction of the add A-riboswitch stabilizes its structure due to
an increase in the tertiary interactions between two hairpin
loops. Hence, the ligand-bound state becomes more stable
than its ligand-unbound state and requires a larger energy to
reach the P1 unfolded state.

MEFPT for unfold-fold transitions of the riboswitch aptamer
obtained from the SMD simulations at 10 pN are compared
with those of the theory calculated from eq 11 (for f = 1) in
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Figure 7. Results of the theory agree well with those of the
SMD simulations both in the presence and absence of the
ligand.

Figure 8 represents the survival probability of the unfold-fold
transitions of the add A-riboswitch in the folded or the
unfolded states for transitions (i) and (ii), respectively, for
three different values of # as = 0.8, f = 0.9, and f = 1. Figure
8a,b depicts the survival probability for transitions (i) and (ii)
of the riboswitch aptamer both without and with ligand
binding as a function of time. The results portrayed in Figure 8
are obtained by truncating the infinite series and retaining up
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to 1000 terms as given in eq 13. This truncation is adequate
enough to ensure precision.

The survival probability curves for transitions (i) and (ii)
exhibit a stretched Mittag-Leffler decay unlike a simple
exponential decay as observed in normal diffusion in
completely homogeneous environments. The deviation from
the normal diffusive behavior in viscoelastic cellular environ-
ments characterizes the anomalous diffusive dynamics of the
riboswitch aptamer in an asymmetric free energy landscape.
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The rate of decay of the survival probability increases as it
approaches a homogeneous environment. (i.e., with higher f
values). The decay of the survival probability is much slower
for both unfold-fold transitions in the presence of the ligand as
compared to that in its absence. This is due to the fact that
ligand binding stabilizes the structure of the riboswitch
aptamer through tertiary interactions. The enhanced structural
stability of the ligand-bound riboswitch aptamer makes the
conformational transition less probable, which is reflected in a
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slower decay of the probability. The survival probability shows
a faster decay for the folding transitions in the short-time
regime, while the decay becomes sluggish in the long-time
regime as compared to the unfolding transitions both with and
without the ligand. This suggests that the P1 unfolded state has
a higher propensity for the more-stable folded state; therefore,
its probability to survive in the potential well decays faster as
compared to that of the folded state at shorter times.

Figure 9 represents the TPTD, Pppr(t) for the conforma-
tional transition of the riboswitch aptamer between two states
across the potential barrier as a function of time, t. The
amplitude of the TPTD peaks decreases with a decrease in the
values of . The lower the f§ value, the higher is the complexity,
which retards the motion of the riboswitch aptamer, and
consequently increases its TPT to cross the barrier. Since the
ligand-bound state is more stable, the corresponding TPT's are
relatively higher as compared to the unbound ones.’

A comparison of the results for FPT and TPTDs is displayed
in Figures 4 and 9. The plot reveals that the TPTs observed for
the unfold and fold transitions of the riboswitch aptamer are
lower than the FPTs. Unlike FPTD, the TPTD estimates the
time required by the riboswitch to just cross the potential
barrier, irrespective of the details of the actual transition
mechanism, i.e., whether the TPTD corresponds to transitions
via fold to the unfold state or vice versa. Since the FPTD
accounts for the time to cover the entire molecular trajectory
from one well to the other, it governs the exact pathway of the
unfold and fold transitions.

In Figure 10, the MTPT, Tppr of the conformational
transition of the add A-riboswitch aptamer without and with
the ligand is plotted for different values of the curvature of the
potential barrier, kg as a function of barrier height, AE/kpT.
The different values are kg = 0.5 pN/nm, kg = 1 pN/nm, kg = §
pN/nm, and kg = 10 pN/nm. MTPT portrays a monotonic
decay with an increase in the barrier height. The MTPT
decreases with an increase in the curvature of the barrier,'® k.

Results depict that the magnitude of the MTPT for the
ligand-bound state is approximately 10 times higher than that
for the ligand-unbound state. Since adenine binding stabilizes
the triple helix junction of the aptamer domain, the ligand-
bound aptamer takes a longer time to cross the potential
barrier.” For higher barrier heights, there is a negligible
difference between the TPTDs of the add A-riboswitch
aptamer obtained for free and absorbing boundary conditions.
Therefore, a comparison of the value of MTPT of the
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riboswitch aptamer obtained from our theory with those
obtained from the single-molecule experiments’ for higher
barrier heights (i.e., for kg = 10 pN/nm) is shown in Table 1.
The values of the MTPT calculated from our theory are in
good agreement with the results obtained from experiments.”

Table 1. MTPT of Unfold/Fold Transition of the
Riboswitch Calculated from Our Theory Is Compared with
That Obtained by Woodside et al.’

MEPT theory (us) experiments’ (us)
without ligand 6.1 S
with ligand 60.94 60

This work theoretically investigates the unfold and fold
transitions of the adenine riboswitch as a stochastic dynamics
of the reaction coordinate of the aptamer in an asymmetric
bistable potential well within the framework of GLE.
Theoretical results are qualitatively compared with those
obtained from the SMD simulations. The estimated Kramers’s
FPTD reveals that the transitions of the riboswitch from the
unfolded to the folded state are more probable and faster than
those of the folded to the unfolded one. A comparative study
of the distributions of TPT and Kramers’s FPT indicates that
the TPTs are faster than Kramers’s FPT. The TPTDs are
insensitive to the details of the exact transition mechanism
unlike Kramers’s FPTD. Survival probability follows a
stretched Mittag-Leftler decay for the unfold-fold transitions,
where the probability of the aptamer in the ligand-bound state
shows a much slower decay as compared to that in the ligand-
unbound one. MFPT of the riboswitch aptamer with and
without ligand binding increases with an increase in the
complexity/heterogeneity of the surrounding environment.
The results of Kramer’s FPT and MFPT for both fold and
unfold transition obtained from the theory are in good
qualitative agreement with those of SMD simulations. The
values of the MTPT estimated analytically quantitatively agrees
with those obtained from SMFS experiments for higher barrier
heights.
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