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Influence of Mg?* Distribution on the Stability of Folded States of
the Twister Ribozyme Revealed Using Grand Canonical Monte Carlo
and Generative Deep Learning Enhanced Sampling
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ABSTRACT: Metal ions, particularly magnesium ions (Mg**), play a role in stabilizing the tertiary structures of RNA molecules.
Theoretical models and experimental techniques show that metal ions can change RNA dynamics and how it transitions through
different stages of folding. However, the specific ways in which metal ions contribute to the formation and stabilization of RNA’s
tertiary structure are not fully understood at the atomic level. Here, we combined oscillating excess chemical potential Grand
Canonical Monte Carlo (GCMC) and metadynamics to bias toward the sampling of unfolded states using reaction coordinates
generated by machine learning allowing for examination of Mg**—RNA interactions that contribute to stabilizing folded states of the
pseudoknot found in the Twister ribozyme. GCMC is used to sample diverse ion distributions around the RNA with deep learning
applied to iteratively generate system-specific reaction coordinates to maximize conformational sampling during metadynamics
simulations. Results from 6 us simulations performed on 9 individual systems indicate that Mg*" ions play a crucial role in stabilizing
the three-dimensional (3D) structure of the RNA by stabilizing specific interactions of phosphate groups or phosphate groups and
bases of neighboring nucleotides. While many phosphates are accessible to interactions with Mg*, it is observed that multiple,
specific interactions are required to sample conformations close to the folded state; coordination of Mg** at individual specific sites
facilitates sampling of folded conformations though unfolding ultimately occurs. It is only when multiple specific interactions occur,
including the presence of specific inner-shell cation interactions linking two nucleotides, that conformations close to the folded state
are stable. While many of the identified Mg** interactions are observed in the X-ray crystal structure of Twister, the present study
suggests two new Mg”" ion sites in the Twister ribozyme that contribute to stabilization. In addition, specific interactions with Mg**
are observed that destabilize the local RNA structure, a process that may facilitate the folding of RNA into its correct structure.

B INTRODUCTION Pseudoknotted RNAs are of particular interest due to their
functional importance and as a model for studying the folding/
unfolding pathways of complex structures.” This is due to these
RNAs having both secondary and tertiary structures and
containing complicated interactions such as noncanonical base

There is an increasing amount of research showing that a large
portion of the genetic material in complex organisms, such as
mammals, is in the form of RNA and that these RNAs have a
variety of functions." This makes them essential to
fundamental biological studies and a promising target for
new medical treatments.”> One of the most important Received: February 12, 2023
characteristics of RNAs is their ability to take on a wide Accepted:  May 11, 2023
range of structures from simple helices to complex, diverse Published: May 24, 2023
folded shapes. To fully comprehend their functions, it is crucial

to examine the folding and stabilization process that enables

RNAs to adopt their three-dimensional (3D) structures.
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pairs, triplexes, coaxial stackings, and sharp turns. Accordingly,
the study of pseudoknots can aid in improving predictions of
RNA tertiary structures, as the presence of noncanonical
interactions presents significant challenges in developing
sampling algorithms and free-energy estimation rules.

It is well known that folding into compact tertiary structures
requires overcoming the electrostatic repulsion of the
negatively charged phosphate backbone of polynucleotides.”
The ionic environment around the RNA helps to shield these
charges, making folding possible.6 Metal cations play a crucial
role in the folding and catalytic activity of RNA, as highlighted
in several reviews.° '* Because of this, researchers have been
working to gain a deeper understanding of how metal ions
interact with RNA and help stabilize its tertiary structure.
However, it is difficult to fully understand the electrostatic
forces that drive RNA folding, as the sampling of metal ions
around the RNA and the folding processes are interconnected.
There have been many notable experimental and theoretical
studies on Mg>" ions and RNA interactions."' > Studies using
all-atom classical molecular dynamics (MD)"*™" are limited
due to challenges in the sampling of Mg>* ions as the exchange
rates of Mg®" (water—Mg®" and phosphate—Mg*" complex-
ation) are in the micro- to millisecond time scale,”® which are
beyond timescales readily achievable by MD methods. As a
result, these studies have not provided a complete under-
standing of Mg”*—RNA interactions and their role in RNA
folding. To address this issue, nucleic acid coarse-grained
models have been used to examine the influence of Mg*" ions
in nucleating the folding."”*”** While many useful insights
have been gained from these studies, the impact of an extensive
sampling of Mg** ions around the RNA and the interplay of
Mg** ions and water interactions with RNA in RNA folding
still requires additional investigation.

To gain a more detailed understanding of the effect of the
distribution of Mg** ions on the stabilization of the folded state
of RNA molecules, we combined metadynamics simulations
and oscillating excess chemical potential, s, Grand Canonical
Monte Carlo (GCMC) sampling of the ion distribution in a
pseudoknot RNA system. The pseudoknot system used in this
study is the Twister ribozyme, which was selected due to the
wide range of available data, including experimental studies
showing folding kinetics and self-cleavage activity in the
presence of Mg** ions,”” and has been shown to undergo 3D
conformational transitions in relatively lower salt concen-
trations.”” The secondary and tertiary structures of the Twister
ribozyme are given in Figure 1, and a detailed description of
the 3D structure can be found in the Methods section. Our
workflow, as can be seen in Figure 2, starts with the GCMC
sampling, which allows for the redistribution of Mg** ions,
addressing the issue of exchange rates mentioned above, while
the biased MD simulations via metadynamics allow the RNA
molecules to explore a range of conformations including both
unfolded and folded states. Generative deep learning and
clustering techniques were used to predict the reaction
coordinates to facilitate unfolding. Our results show that
Mg** ions could stabilize tertiary structures via either bridging
phosphate group—phosphate group as an outer-shell or inner-
shell cation or phosphate group nucleobase of neighboring
nucleotides as an outer-shell cation. If the Mg®" ion bridges
two nucleotides as an inner-shell cation, the strength of the
tertiary contact is larger compared to outer-shell cation
bridging, and according to our analysis, this increase in
strength translates into a significant enhancement of the

Figure 1. Secondary and tertiary structure of the Twister ribozyme.
(a) Twister ribozyme secondary structure and the major tertiary
contacts. (b) The tertiary structure of Twister ribozyme and the major
tertiary contacts: T1, red; T2, blue; T4, green. T1 includes the C25—
G49, C26—G48, C27—G47, and A28—A46 interactions, T2 involves
G13—C31 and C14—G30 Watson—Crick interactions, and T4
represents adjacent nonbridging phosphate oxygens (NPBO) on U6
and C28.
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Figure 2. Workflow of the procedure used in this study. The workflow
starts with a crystal structure of the RNA molecule and input
parameters necessary for the oscillating y.,, GCMC sampling,
metadynamics, and machine learning (ML) stages. The trajectory
generation through ML reaction coordinate prediction and is iterative
until satisfactory sampling is achieved and needs to be terminated by
the user. Initial trajectory generation is done using unbiased molecular
dynamics, order parameter generation is done using an in-house
developed code, and dimensionality reduction and reaction
coordinate predictions are done using the AMINO and RAVE
machine learning approaches. For details, see the Methods section.

No

stability of the tertiary structure. Notably, the ability of Twister
to sample conformations close to the experimental X-ray
crystal structure is associated with multiple, specific ion
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sampling around the RNA. These results suggest Mg** ion
locations for the Twister ribozyme that facilitate folding
beyond those observed in the crystal structure as well as
interactions that destabilize the local tertiary structure of RNA,
events that may facilitate RNA folding into its correct
structure.

B METHODS

The crystal structure of the Twister ribozyme used in this
study is based on Osa-1—4 sequence from Oryza sativa (PDB:
40J1).”>" The secondary and tertiary interactions in Twister are
given in Figure 1 where the shown structure has the missing
nucleotides model built and subjected to energy minimization
from our previous study.’> The Twister ribozyme used in this
study has conserved residues in loops L1, L2, and L4,
corresponding to the self-cleavage site and major tertiary
interactions (T1 and T2) associated with the double-
pseudoknot structure of the ribozyme, but it lacks the P3
and PS stem-loops. The crystal structure is missing two
nucleotides (nucleotides 17, 18), which were added by using
CHARMM™ and the internal coordinates in the CHARMM36
nucleic acid force field.**"*° All systems were initially prepared
using CHARMM-GUI"” and were minimized and equilibrated
in CHARMM®? using harmonic restraints on the nonhydrogen
atoms of the backbone and bases with force constants 1 and
0.1 kcal/mol/A? respectively. The Twister ribozyme and ions
were modeled using CHARMM36 additive force field,”**°
including the CHARMMS36 default Mg*>*, K*, and CI~
parameters as used in our previous studies.’”*® Water
molecules were modeled using the CHARMM-modified
TIP3P model.””** Cubic simulation box dimensions of 87.6
A were used for all systems that included a total of 21920 water
molecules. The number of ions was determined to set the
magnesium chloride (MgCl,) concentrations to 100 mM while
yielding a neutral system, which resulted in 40 magnesium ions
(Mg*"), 42 potassium ions (K*), and 69 chloride ions (CI7),
corresponding to final concentrations of ~100, 105 and 173
mM, respectively. We note that in the crystal structure of the
Twister ribozyme (PDB 40ji) there are S Mg** ions/monomer.
This corresponds to a total of 60 Mg*" ions identified in the
full unit cell (P 65 2 2 space group) that, based on the total
volume of the unit cell, corresponds to a concentration of
approximately 185 mM. The ions were distributed randomly in
a simulation box and resampled using an oscillating s, Grand
Canonical Monte Carlo/Molecular Dynamics (GCMC/MD),
which is explained in detail in the following section. All
covalent bonds containing hydrogen atoms were constrained
using SHAKE algorithm.”' The Lennard-Jones potential was
smoothed to zero between 10 and 12 A using a force switch,
and particle mesh Ewald (PME) method was used to calculate
electrostatic interactions with a real space cutoff of 12 A.** The
equilibration simulations were performed for 100 ps in the
NPT ensemble using a timestep of 1 fs. The production
simulations were performed in the NPT ensemble using the
Langevin integrator at 1 bar pressure and 300 K temperature in
the OpenMM simulation package*** using a timestep of 2 fs.
The average pressure was kept constant using a Monte Carlo
barostat. The simulation lengths were adjusted for different
workflow stages, and details are given in corresponding
sections in the main text.

In this study, the focus was on unfolding events of the
overall tertiary structure such that secondary structural
interactions were not investigated. Thus, Watson—Crick

(WC) pairs or other interactions that stabilize the canonical
secondary structure regions are not of direct interest; therefore,
an external harmonic restraint was applied to WC pairs to
maintain the canonical secondary structure. The restraint force

is defined as E = %k(x - xo)z, where the force constant k is 40

kJ/mol/nm* and the equilibrium distance x, is 0.3 nm.
Metadynamics simulations in which the WC pairs in the
duplex regions were not restrained lead to significant overall
opening of those regions that would not reassociate during the
simulations (not shown). Accordingly, the inclusion of the WC
restraints was performed to focus our efforts on the
equilibrium of the unfolded and folded states of the tertiary
structure.

Oscillating Excess Chemical Potential Grand Canon-
ical Monte Carlo Sampling. The generation of unique ion
distributions around the Twister ribozyme for each individual
system was performed using a particle mesh Ewald (PME)
oscillating excess chemical potential (y,) grand canonical
Monte Carlo (GCMC) algorithm.45 The p,-GCMC sampling
incorporates an oscillation scheme that is applied to the ions in
the system to overcome low acceptance ratios.” The sampling
involves MC insertion, deletion, rotation, and translation
moves applied to the ions and water molecules. The sampling
used in this study resamples the ion distributions using MC
deletion and insertion moves on Mg>" while simultaneously
deleting or inserting K" and Cl” ions to maintain charge
neutrality throughout the system.32 In addition, moves of the
water molecules were performed. The u.-GCMC sampling
was performed on nine systems containing one Twister
ribozyme with identical ion concentrations. Each y.-GCMC
run involved ten cycles of resampling of the ion distribution
and 10 ns NPT MD equilibration simulations after each
sampling cycle. One cycle of y,-GCMC sampling involves
seven stages, which are as follows: (1) 20,000 MC steps of
deletion moves on Mg** and simultaneous K" insertions; (2)
80,000 MC steps of rotation and translation moves on all ions
and water; (3) repetition of stages (1) and (2) until all Mg**
was removed; (4) 20,000 MC steps of insertion moves on
Mg2+ and simultaneous K* deletion; (5) 80,000 MC steps of
rotation and translation moves on all ions and water; (6)
repetition of stages (4) and (S) until the desired Mg>*
concentration is obtained; (7) energy minimization of the
whole system for 5000 steepest descent steps following by a
100 ps NVT. The details of y,-GCMC sampling used in this
study can be seen in ref 32. Each system was then subjected to
a 500 ns MD simulation in the NPT ensemble which was used
to initiate the reaction coordinate prediction.

Reaction Coordinate Prediction Method. Prediction of
the reaction coordinate for the individual systems was
performed using a two-stage protocol. The first stage is the
determination of the specific order parameters (OPs) that
represent the conformational transitions of the whole system.
This was done using a clustering-based dimensionality
reduction method called Automatic mutual information noise
omission (AMINO),*® which is specifically developed for use
in macromolecular systems. AMINO uses a K-medoids
clustering with a mutual information-based distance metric
to reduce the OP space to a few clusters and finds the most
representative OP of each cluster using rate-distortion theory,
therefore reducing the high-dimensional OP space to a few
dimensions while keeping most of the information, in this case,
the conformational changes of the tertiary structure of Twister.

https://doi.org/10.1021/acsomega.3c00931
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Table 1. Nucleotides Contributing to the Most Representative Order Parameters (OPs) Selected by AMINO for Each System“

oP-3
8,9,10,11—35,36,37,38
4,5,6,7—12,13,14,15
8,9,10,11—18,19,20,21
39,40,41,42—49,50,51,52
24,25,26,27—37,38,39,40

OoPr-4
10,11,12,13—51,52,53,54
26,27,28,29-35,36,37,38
23,24,25,26—38,39,40,41

OP-§
25,26,27,28—35,36,37,38

system OP-1 OP-2
System 1 24,25,26,27—41,42,43,44 2,3,4,5-36,37,38,39
System 2 8,9,10,11-35,36,37,38 2,3,4,5—-8,9,10,11
System 3 2,3,4,5—-8,9,10,11 42,43,44,45—49,50,51,52
System 4 2,3,4,5-9,10,11,12 7,8,9,10—18,19,20,21
System S 16,17,18,19—45,46,47,48  2,3,4,5—10,11,12,13
System 6 27,28,29,30—35,36,37,38 30,31,32,33—49,50,51,52
System 7 17,18,19,20—45,46,47,48 3,4,5,6—30,31,32,33
System 8 29,30,31,32—50,51,52,53 9,10,11,12—36,37,38,39
System 9 3,4,5,6—12,13,14,15 7,8,9,10—33,34,35,36

“The systems differ in terms of the initial ion distribution.

18,19,20,21-27,28,29,30

3,4,5,6—10,11,12,13

2,3,4,5-10,11,12,13

More details about the implementation of the method can be
found in ref 46. The OPs input into AMINO are all the
distances between the center of mass (COM) of consecutive
multinucleotide groups, with each group being composed of
four nucleotides. The Twister ribozyme used in this study is
composed of 54 nucleotides, which yields 1275 OPs. Using
AMINO, we could reduce the number of OPs to 2-5,
depending on the system (Table 1).

The second stage of the protocol is the optimization of a
reaction coordinate for each system using the most
representative OPs determined in the first stage. The reaction
coordinate predictions were done using a modified version of
the generative deep learning-based reaction coordinate
prediction method called reweighted autoencoded variational
Bayes for enhanced sampling (RAVE).*” The generative deep
learning model used in this method is a variational
autoencoder (VAE),*® which learns a low-dimensional latent
space distribution of a given high-dimensional training data.
The OP trajectories selected in the AMINO clustering stage
are used as input data for the VAE. The neural network
architecture used in this study (Figure 3) is composed of one

Hidden layers Hidden layers

Order Parameters
siapweled Japl0

Decoder

Figure 3. Variational autoencoder model is shown with a specific
focus on the parameters of the deep neural networks used in this
work. The encoder network converts a snapshot from order parameter
trajectory into the mean and variance of a normal distribution. The
decoder network takes a variable sample from the distribution and
converts it into an order parameter sample similar to the input order
parameter snapshot.

input layer, five encoder hidden layers, five decoder hidden
layers, and one output layer. The number of nodes in the input
and output layers is the same as the number of OPs selected by
the dimensionality reduction stage (Table 1). The hidden
layers in both the encoder and decoder parts are composed of
512 nodes. The exponential linear unit (ELU) activation
function is employed for all layers,*’ and an adaptive learning
rate scheme called Adaptive Moment Estimation (ADAM) is
used.”” We implemented an early stopping algorithm to avoid
overfitting by stopping the training when the loss function

criterion is satisfled. Using the OP trajectories, RAVE uses
variational autoencoders to learn the latent distribution of OPs
for a given system and parameterizes a reaction coordinate
using the Kullback—Leibler divergence metric to reproduce the
same OP distribution. Details on how VAE is implemented to
optimize a reaction coordinate can be seen in ref 47. The
reaction coordinate used in this study is a linear combination
of OPs selected at the first stage, and the coeflicient of each
term is parameterized by RAVE. One advantage of RAVE is its
ability to iterate through several molecular simulation rounds
by producing the unbiased probability distribution via
reweighting from previous biased rounds, so it has the ability
to improve reaction coordinates at each iteration.

Metadynamics Simulations. At the end of each reaction
coordinate prediction cycle, a metadynamics’' run is
conducted (Figure 2) to bias the system to sample different
conformations. Here, we used well-tempered metadynamics”
with a bias factor (y) of 15 and an initial hill height of 1.5 kJ.
The Gaussian width () was selected as the standard deviation
of the reaction coordinate calculated using the initial unbiased
MD trajectory. The biasing Gaussian energies are deposited
each 1 ps, and each cycle of biased simulation is run for 200 ns.
After each cycle, the RC is reevaluated using RAVE based on
the last 200 ns of dynamics with the new RC used for the next
200 ns of metadynamics. Reevaluation of the RCs only
involved reweighting of the contribution of the OPs; the same
OPs listed in Table 1 were used throughout all the cycles. For
all 9 systems, the production run was composed of 30 200 ns
metadynamics simulations yielding a total of 6 us of simulation
time. Coordinates were saved every 20 ps for analysis.

Contact Map Analyses. Interactions between nucleotides
in hairpins and cations are shown as heat maps, which are
based on the distance between anionic phosphate oxygens
(nonbridging phosphate oxygens (NBPO)) and cations that
are less than 4.2 A. This distance is used as the criterion for
identifying outer-shell ions. The data used to create the heat
maps is extracted by combining the last 150 ns of the first
biased MD cycle and the full simulation time for the other
cycles. The values in the heat maps indicate the percentage of
the simulation during which a cation was present as an outer-
shell ion.

B RESULTS AND DISCUSSION

The present study is designed to investigate the role of the
distribution of Mg** ions on the ability of the Twister RNA to
sample conformations in the vicinity of the folded state. To
achieve this, 9 unique distributions of the ions around the
RNA were generated using the oscillating p.,, GCMC
methodology. Each system was then subjected to extensive

https://doi.org/10.1021/acsomega.3c00931
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Figure 4. RMS difference for the RNA backbone nonhydrogen atoms as a function of time versus the X-ray crystal structure, 40JI, following
modeling and minimization of the missing two nucleotides. Each system is identical in terms of number of atoms, number of ions, and initial
Twister ribozyme conformation. The systems differ in the Mg®*, K*, and CI' distributions generated by the GCMC method.

conformational sampling using metadynamics in which the RC
was iteratively reevaluated to maximize conformational
sampling. Given the timescales of the exchange rate of Mg>*
ions being from micro to milliseconds combined with the need
for the RNA conformation to relax in response to the ion
distribution, the ion distributions were not resampled during
the metadynamics simulations, although the ions were allowed
freely move and undergo significant displacements. An
approximation made in the calculations was the placement of
restraints on the known secondary structure of the RNA,
consistent with experimental studies showing Mg** to dictate
the formation of RNA tertiary structure. For example, with

19536

Twister formation of the T2 contact has been shown to be
contingent on the formation of the P1 stem,”’ although in the
SAM riboswitch the formation of helical structure has been
shown to be the rate-limiting step in folding.>® In addition,
during preliminary metadynamics simulations without re-
straints on the secondary structure the RNA rapidly unfolded
with respect to both tertiary and secondary structure and did
not approach folded conformations in the context of either
secondary or tertiary structure in any of the simulations
indicating the need to maintain the secondary structure in the
present study. This is likely due to the use of metadynamics
leading to the loss of Watson—Crick and stacking interactions

https://doi.org/10.1021/acsomega.3c00931
ACS Omega 2023, 8, 19532—19546


https://pubs.acs.org/doi/10.1021/acsomega.3c00931?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00931?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00931?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00931?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00931?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
250 250,
System 1 System 2
E‘ 200 E‘ 200
:' 150}~ ';' 150
g g
g 100~ g 100~
o 50 a s
c —t
Time [ps]
250 250,
System 4
—_ 200 —_ 200
< =<
O 150 ) 150
o o
% 100) % 100
:g 50 g 50
: o
Time [ps]
250 250
System 6
°<'_' 200, E‘ 200
@ 150 Q 150
:
C 100 100
B %
B8 so 0O s
ettt e O S S S
Time [us] Time [ps]
250, 250
— _ |System7 . | System 8
200 200f—
= =
8 150 8 150~
c c
g 100} g 100
O s a8 SOW/"WWWW
ottt et
Time [ps] Time [ps]
250,
System 9
— 200~
=
) 150
e
100
&
a 5
B e e L
Time [ps]

Figure S. Change of a linear combination of T1, T2, and T4 contact COM distances with respect to time.

that cannot reform. It should be noted that standard
simulations of Twister have shown the structure to be
stable,*>** including during the present equilibration simu-
lations. It should be further emphasized that the metadynamics
method was designed to maximize conformational sampling in
conjunction with AMINO and RAVE to identify unique RCs
and continually reevaluated those RC throughout the
simulations for each system. Thus, the present study focused
on determining the distribution of Mg** ions required to
sample conformations in the vicinity of the folded state.
Finally, while free-energy profiles may be extracted from
metadynamics simulations, such analysis in the present study is
not possible due to the continual updating of the RCs for each
of the 9 systems after every 200 ns of metadynamics.
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To attain the goal of the present study an advanced sampling
workflow was applied that combines deep learning, metady-
namics, and GCMC simulations to investigate the influence of
Mg** ions on the stability of the folded state of the Twister
ribozyme (Figure 2). Ion sampling, which is limited due to the
short timescales of classical MD simulations, is conducted
using GCMC, and the conformational sampling is done via
metadynamics using system-specific reaction coordinates
predicted by clustering and generative deep learning-based
algorithms. As the first stage of the workflow, the implemented
protocol redistributes the Mg>* as well as the K" and CI" ions
in the simulation system using an oscillating u., GCMC
protocol. From this procedure, 9 individual systems were
created that only differed in the ion distributions in each

https://doi.org/10.1021/acsomega.3c00931
ACS Omega 2023, 8, 19532—19546


https://pubs.acs.org/doi/10.1021/acsomega.3c00931?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00931?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00931?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00931?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00931?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Distance [A]
¥ 58 88 8 8

=)

12i

| System 2

-
o
k=]

®
=]

Distance [A]

N
(=]

-
N
o

=
o N
S o

®
=]

Distance [A]

N
=]

100

®
S

Distance [A]

nN
o

o

Time [ps]

-
N
o

| System 7

-
o
=]

Distance [A]

-
o
S

Distance [A]

120,

100~

80—

60—

Distance [A]

Time [ps]

g 100
g 80
c 60
8
o 20
0% T 2 7 5 3
Time [us]
120
System 9

-
=3
S

@
S
I

Distance [A]

N
=}

=)

0 1 2

| | | |
3 4 5 6

Time [ps]

Figure 6. Change of major tertiary contact (T1, T2, T4) COM distances with respect to time for the Twister ribozyme. T1, T2, and T4 contact

distances are represented by red, blue, and green lines, respectively.

system. All additional calculations were performed on each
system separately. The sampling of the ions is followed by
relaxation of the system and a 500 ns long unbiased MD
simulation. From the resulting trajectories, the internucleotide
distances were extracted, which are the basis of the OPs used
to facilitate RNA conformational sampling and are then used as
the training data for the dimensionality reduction stage. From
this process, the order parameters that are the most important
to capture the behavior of all OPs in the training trajectory are
selected. The selected order parameter trajectories are then
used as the training set for the variational autoencoder-based
reaction coordinate prediction model, which parametrizes a
linear combination of the selected order parameters to
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reproduce the latent space distribution of the order parameter
trajectory. The reaction coordinate is then used to bias the
system using metadynamics, with the RC updated every 200 ns
to maximize conformational sampling. This was performed for
30 cycles yielding a total of 6 us of sampling for each system.
Overall, nine independent Twister ribozyme simulations were
conducted where each system initially differed based on the
distribution of Mg**, K*, and Cl” ions from the GCMC runs
such that the generative deep learning approach identified
different order parameters and subsequently different reaction
coordinates for each system that yielded unique sampling of
the folded and unfolded states of Twister via metadynamics.
The selected order parameters for the individual systems are
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Figure 7. Conformations of Twister from the X-ray crystal structure (Xtal) and from 1 s of the 9 metadynamics simulations indicated by the labels
1 through 9. Images in cartoon representation with the T1, T2, and T4 tertiary contacts are shown in blue, red, and green, respectively. Mg** ions
within § A of the Twister nonhydrogen atoms are shown as red vdW spheres.

shown in Table 1. The number of order parameters varies from
2 to 5. In addition, the sets of nucleotides also vary, though
some nucleotides are in OPs common to all systems, such as 3,
4, and 5. However, there are differences in the second set of
nucleotides that contribute to the second OP. For example,
systems 1 and 7 show different nucleotides in the OP involving
nucleotides 3, 4, and S versus the other systems. The OPs in
Table 1 were then used in the context of the RAVE-
determined RCs that were iteratively updated for the
individual 6 us metadynamics simulations with all analysis
based on the metadynamic trajectories with the coordinates
saved every 20 ps for analysis.

To determine the ability of the DNN-derived RCs in the
context of metadynamics to sample a broad range of
conformational space, the backbone root-mean-square differ-
ence (RMSD) of the backbone nonhydrogen atoms versus the
crystal structure was calculated. As may be seen in Figure 4,
increases in the RMSD occur in all of the systems though
variations are present in the extent of the structural changes as
well as their evolution over time. These results indicate the
effectiveness of the reaction coordinates generated using
AMINO and RAVE in facilitating the sampling of conforma-
tional space during the metadynamics as well as the different
outcomes in that sampling as a function of different ion
distributions.

The use of metadynamics is designed to maximize
conformational sampling as the method drives the systems
toward regions of OPs not significantly sampled. This leads to
the changes in RMSDs in Figure 4. However, when using such
an approach, by definition, the system will not significantly
sample the folded state of the RNA. However, in certain
systems, it is evident that the RNA maintains a conformation
close to the folded state. This occurs in systems 2, 3, and S for
the initial part of the trajectory while in system 8 the RNA
stays close to the folded state throughout the simulation. To
understand more details of the conformational sampling
additional analysis focused on the three tertiary interactions,
T1, T2, and T4, over the course of the simulations individually
and as a linear combination (Figure 1). The extent of

unfolding quantified using a linear combination of the T1, T2,
and T4 tertiary contact distances differences are shown in
Figure S. Consistent with the RMS difference analysis of the 9
systems, five undergo rapid unfolding to combined values of >
50 A, including systems 1, 4, 6, 7, and 9. Systems 2, 3, and 5
maintain the approximate folded state out to ~1.2 to 1.4 us
following which more significant unfolded states are sampled.
System 8 samples conformations close to the folded state
throughout the 6 us metadynamics simulation. Notably, none
of the reaction coordinates involve the exact T1, T2, and T4
contacts as one of the OPs (Table 1); however, for most of the
systems, these contacts dissociated rapidly at the beginning of
the simulations (Figures S and 6) and are highly correlated
with the RMSD time series (Figure 4). Thus, the conforma-
tional sampling of folded vs. unfolded states may be largely
described by the three tertiary contacts.

Analysis of the individual contact distances as a function of
simulation time is shown in Figure 6. For the five systems that
undergo rapid unfolding, 1, 4, 6, 7, and 9, all of the tertiary
contacts are rapidly lost, with the exception of system 4 where
T2 is maintained for approximately 0.2 ys and then lost for the
remainder of the simulation. Once unfolded, the tertiary
contacts are not regained for the remainder of the simulations
indicating the RNAs to be fully unfolded; an exception exists
with system 1, where some sampling of T2 close to the folded
state occurs for short periods later in the simulation. With the
systems that maintained the folded state during the early stage
of the simulations, differential unfolding behavior was
observed. In systems 2, 3, and 5, contacts T1 and T2 were
initially maintained, with T1 lost before 0.5 us in 2 and 3 with
T2 maintained past 1 ps. In system S, T2 is lost before 0.3 s
with T1 maintained out to ~1.3 us. With all those systems,
after the final tertiary contact is lost, full unfolding occurs and
conformations near the folded states are not sampled
throughout the remainder of the simulations. System 8
sampled conformations close to the folded state throughout
the 6 us metadynamics simulation. T2 is well maintained out
to ~ 1.5 ps. Both T1 and T4 are lost at the beginning of the
simulation, but the contacts stay in the vicinity of distances in
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the folded state throughout the simulation, typically being
within 20 A during the majority of the simulation. These
results further indicate the diversity of conformational space
being sampled in the metadynamics simulations, with the RNA
able to sample regions close to the folded state in some cases
despite the presence of enhanced sampling along the RCs in
the metadynamics simulations. Additional analysis of 2D
distributions of T1 vs T2, T1 vs T4, and T2 vs T4 shown in
Figure S1 in the Supporting Information further illustrates the
range of conformations being sampled in the present study. As
all of the simulations were initiated with the same
conformation of Twister, subsequent analysis focused on the
interactions of the Mg>" ions with the RNA in the different
systems, information that allows for an understanding of the
contributions of the ions to sampling of conformations close to
the folded state.

Snapshots at 1 ys from all 9 simulations along with the X-ray
crystal structure are shown in Figure 7. Mg** ions within 5 A of
the RNA nonhydrogen atoms are included. As may be seen,
there is a substantial difference in the conformations generated
in the metadynamics simulations. The systems that were still
partially folded at 1 ps, systems 2, 3, 5, and 8, maintain globular
structures. In the systems that rapidly unfolded more extended
conformations are observed, most notably with 4, 7, and 9.
Systems 1 and 6 are less extended though they also rapidly
unfolded indicating the variety of unfolded states that are
accessible to Twister. In all systems, a substantial number of
ions are in the vicinity of the RNA, as described in more detail
below.

To understand the ability of Mg?* to maintain the overall
fold of Twister in the vicinity of the folded state, analysis of the
Mg** distributions was carried out. To facilitate the analysis,
the ion locations on the Twister crystal structure were
identified along with the interacting nucleotides and specific
atoms (Table 2). In the crystal structure, two ions, D and E,

Table 2. Mg** Ions Observed in the X-ray Crystal Structure,
40]JI, Nucleotides Close to Those Ions, and the Tertiary
Contacts in the Vicinity of Those Ions

Xtal minimum nucleotides, atoms, and minimum tertiary
MG  distance, A distances to Mg**, A contact
A 4.04 G22 N7 427, G23 06 4.04, U24 04  T1/, T2’
4.34, A29 O2P 4.20
B 4.28 A8 O2P 4.58, A10 N6 4.76, A41 N7
4.29, G42 06 4.71
C 4.72 G49 O2P 4.72, G50 N7 4.85 T1
D 2.04 G23 03’ 4.48, U24 O2P 2.13, C25 T1, T4
03’ 3.28, C26 O1P 2.04
E 2.06 CS 03’ 4.49, U6 O1P 2.06, A46 N6 T1, T4

4.27, G47 06 4.39

have direct contact with the phosphates of nucleotides
involved in T1 and T4. T4 involves short phosphate—
phosphate interactions of 5.2 A in the crystal structure,
which would be expected to be stabilized by the two Mg>* ions
in their vicinity. Ion B is located in a central cavity of Twister
though it is not close to any individual residue, while C is
located in the periphery of the RNA. Ion A is also located in a
region between portions of the phosphodiester backbone
whose bases are primarily hydrogen bonding with other bases
in regions of the RNA distal to that surrounding the ion.
Nucleotides are selected based on having one or more
nonhydrogen atoms within 5 A of a Mg®" ion. Bold indicates

nucleotides involved in or adjacent to the tertiary contacts, and
" indicates nucleotides that are adjacent to those in the tertiary
contact definition. Residues involved in the tertiary contacts.
T1: C25—G49, C26—G48, C27—G47, and A28—A46 inter-
actions. T2: G13—C31 and C14—G30 Watson—Crick
interactions. T4: Adjacent nonbridging phosphate oxygens
(NPBO) on U6 and C25.

Analysis of the Mg**—RNA interactions first involved the
probability of a Mg>" being in the vicinity of the nonbridging
phosphate oxygens over the entire simulations. Results in
Figure 8 show that all of the nucleotides interact with Mg>*
ions at least in an outer-shell coordination during the
simulations. This indicates that all of the Mg** ions are not
locked into specific locations, which appears to be due to the
extensive amount of conformational sampling of the RNA.
However, high probabilities of 0.7 or more do occur. This is
most evident in system 8 that stays closest to the folded state,
but also occurs in systems 1, 2, 4, and 9. In the latter systems,
the ions are interacting with nucleotides that are not close to
Mg*" in the crystal structure or are interacting with nucleotides
close to the Mg** ion A that is not directly coordinated with
the RNA. Only system 8 involves interactions of its nucleotides
that participate in direct coordination with Mg,, in the crystal
structures (C2S with ion A and U6 with ion E, Table 2). These
results indicate the importance of ion interactions with those
sites for maintaining the conformation close to the folded state
while the region occupied by ion A in the crystal structure does
not appear to be important given the sampling of largely
unfolded states in those systems.

Further analysis of the Mg®>*—RNA interactions and possible
impact on conformational sampling involved contact maps
between the NBPOs and the Mg*" ions presented as heat maps
(Figure 9). The heat maps show the total time spent by Mg**
ions around the phosphate groups based on a distance between
the cation and NBPOs of less than 4.2 A. The red lines on the
heat maps indicate the nucleotides in direct contact with Mg**
ions in the crystal structure (U6, U24, C26, Table 2). For
analysis purposes, we separate the nine systems into the three
classes discussed above; those that rapidly unfolded, systems 1,
4, 6, 7, and 9; those that maintained substantial folded
characteristics beyond 1 s, systems 2, 3, and S; and system 8
that sampled conformations close to the folded state
throughout the entire simulation. Of the less stable systems,
in system 4, MG18 is an outer-shell cation around C31 at the
beginning of the simulation, which may help to initially
stabilize T2 (Figure 6), but the cation migrated away from the
RNA molecule as the simulation progressed. Similarly, in
system 9, there is strong ion sampling in the vicinity of the T2
nucleotides, 13, 14, 30, and 31, which leads to the stabilization
of that contact which samples partially folded states
throughout the full simulation. However, there is a lack of
ions in the vicinity of the remainder of the RNA consistent
with sampling of mostly unfolded states in the system. The
three other systems that quickly unfolded, 1, 6, and 7, show
significantly different patterns of Mg** sampling. Systems 6 and
7 show significant ion sampling around only a limited number
of nucleotides. The stable ions in system 6 are not in the
vicinity of the tertiary contacts, consistent with the lack of
stability of that system while with system 7 MG27 spends most
of the time fluctuating between U24 to C27. However, while
this is a region involved in the important T1 contact, during
the initial phase of the simulation MG27 contacts the C26
NBPO as an inner-shell cation as well as having outer-shell
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Figure 8. Probabilities of Mg*" being within 4.2 A of the nonbridging phosphate oxygens (NBPO)s over the entire metadynamics simulations.

interactions to contribute to local destabilization. As shown in
Figure 10B,C, this conformational change corresponds to a

interactions with the phosphate of C25 (Figure 10). While
these represent favorable phosphate—Mg** interactions, they
contribute to the opening of the C25—G49 WC interaction

and the loss of the T1 tertiary contact indicating specific ion

flipping of C25 away from its WC partner G49 as well as loss

of the C26—G48 hydrogen bond, which assumes a more
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Figure 9. Contact maps between anionic phosphate oxygens of the nucleotides and the Mg’* ions present in the system. The maps show the time
spent by cations around the individual phosphate groups. Only outer-shell cations were sampled in the simulations based on a cutoft distance of 4.2
A between the ions and the phosphate anionic oxygens. The heat map intensity represents the percentage of the whole trajectory that a cation spent
as an outer-shell ion, as indicated by the bar. The red bars indicate the location of the Mg*" ions in the crystal structure.

stacked interaction at 60 ns. The loss of these interactions
ultimately led to the total loss of the T1 tertiary contact
(Figure 6). In our previous study, the ability of Mg** to locally
destabilize the RNA was observed in a number of cases
indicating such events may contribute to the correct folding of
RNA.*>” System 1 is interesting as there are a number of ions
around the RNA for a majority of the simulation; however,
ions are not located around U6 essential for T4 and only low
sampling occurs in the vicinity of T2. While system 1 has its
T1 contact fully dissociated the extent of unfolding is relatively
small, which may be due to the inner-shell cation (MG22)
located near C26. In this location, it can mediate energetically
favorable interactions during the conformational changes;

19542

therefore, the range of T1 opening is limited. However, there is
no sampling of Mg** around the T1 nucleotides 47 to 49
leading to the extent of unfolding that does occur. The lack of
these as well as the ions around T4 is proposed to lead to the
overall unfolding of the RNA in this system.

In the more stable systems, 2, 3, S, and highly stable system
8, Mg®* ions occupy regions in the vicinity of the three
important tertiary contacts. For the T1 contact, system S is
relatively stable compared to other systems, taking approx-
imately 1.4 us for unfolding to occur. This is interesting as this
system does not have any Mg** ions around the crystal
structure cation locations; however, MG23 is located between
C9 and A28 with inner-shell coordination to C9 and outer-
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Figure 11. Local regions around bases Cyt9 and Ade28 in systems 2 and S and around Cyt31 and Gual3 in system 8 at 1 us of the simulations.
Mg** ions are shown as red spheres, and nucleic acid residues are represented as atom-colored lines with Cyt9, Ade28, Cyt31, and Gual3 shown in

stick format.

shell coordination to A28 at the beginning of the simulation.
Such an interaction is not observed in the crystal structure.
Interestingly, the phosphate of C9 in system 2 also has direct
interactions with Mg®" and there is substantial interaction
between Mg** and C9 in system 8 (Figures 8 and 9). An image
of the Mg’* adjacent to the C9 phosphate is shown in Figure
11 at 1 ps for systems 2 and 5. Direct coordination of the C9
phosphate is evident though the ion is no longer between C9
and A28 in system 5. The C9-A28 distance was reported to be
one of the metrics correlated with the tertiary structure change
in Twister ribozyme;>” the present analysis further shows that
it is a region that can stabilize the Twister ribozyme not
identified in the crystal structure. For the T2 contacts, systems
2, 3, and 8 are more stable compared to others as a result of
Mg*" ion interactions with neighboring phosphate groups or
nucleobases. As can be seen from the heat maps, system 2 has
MG29 located near C32 and interacting with the base of A29,
thereby stabilizing the T2 region. This interaction is stable
throughout the simulation as shown in Figure 12. Similarly,
system 8 has MGI1 located near C31 and G13 thereby
stabilizing T2 via interactions with N4 and OG6, respectively, as
shown in Figure 11. In contrast to systems 2 and 8, system 3
has MG16 bridging phosphate groups of C21 and G30, as seen
from the heat map. The interaction with C21 is the inner shell
and is stable throughout the simulation (Figure 12) and
contributes to the stability of the T2 interaction (Figure 6).
However, the contact with A30 is lost at ~1 us, which leads to
dissociation of the T2 contact at that time (Figure 6) and
appears to contribute to the subsequent further loss of the T1
and T4 contacts and full unfolding (Figures 4 and S). The
sampling of conformations close to the folded state throughout
the entire simulation with system 8 appears to have important
contribution from MG22 being in the vicinity of U6, U24, and
C26 and, notably, that ion occupying that site for the whole

simulation. However, MG22 is not observed in the crystal
structure, but is an inner-shell cation bridging U6 and C25 and
is at a highly stable position inside that region, hindering its
ability to migrate to another location or away from the RNA
(Figure 12).

B CONCLUSIONS

We used oscillating u., GCMC to generate different ion
distributions in nine systems that are composed of the Twister
RNA structure, and 100 mM MgCl, with additional
neutralizing K* and Cl” ions. While diverse distributions
were achieved Mg** ion locations consistent with those
observed in the crystal structure were identified showing that
the GCMC method can successfully find these locations,
consistent with our previous studies using the GCMC method
to map known ion locations around RNA.**** For each
system, we then generated system-specific reaction coordinates
using generative deep learning that were applied in
metadynamics to bias RNA molecules to explore unfolded
tertiary conformations. From the simulations, the majority of
the systems fully unfolded with system 8 sampling con-
formations close to the folded state throughout the 6 us
simulation. Analysis of Mg** ion-nucleotide interactions in the
biased trajectories showed the relationship between Mg**
location to the stability of the RNA tertiary structures. Mg>*
ions directly contribute to the stability of tertiary contacts for
systems that are relatively more stable compared to others.
These contributions occur through interactions with specific
nucleotides and can occur as outer-shell cations or inner-shell
cations, including the bridging of phosphate groups, consistent
with previous computational studies using both continu-
um'>?7%% and explicit solvent”>*” >’ simulations. The lack
of specific interactions allows for the rapid unfolding of
systems 1, 4, 6, 7, and 9. However, while specific interactions
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Figure 12. Selected P—Mg** distances for systems 2, 3, and 8. System
2 shows the M29-C32(P) distance, system 3 shows the inner-shell
MG16-C21 (red) and outer-shell MG16-A30 (blue) distances, and
system 8 includes the distance between MG22 and U6 (red) and U2S
(blue).

lead to stabilization, it is essential that multiple, specific sites
on the RNA be occupied to maintain the overall conformations
close to the folded states as occurs with system 8. In addition,
it is observed that specific Mg*"-phosphate interactions can
lead to destabilization of the local RNA structure as described
in our previous study,’” as well as in a recent study by Roy and
co-workers.”” Such destabilization may contribute to RNA
overcoming local kinetic barriers during folding. For example,
increased Mg®* was shown to lead to an increase in accessing
the folded state associated with self-cleavage over alternate
catalytically inactive folded states as observed in photo-
bleaching/FRET experiments on twister.'” This is consistent
with MD simulations studies indicating the need for rearrange-
ment of the conformation of Twister to assume the
catalytically active conformation.®®> More studies are
required to address this possibility.

System 8 never undergoes full unfolding, including all major
tertiary contacts. The T1 contact has a partial unfolding at the

19544

beginning of the simulation but then refolds. The T4 contact
was stable during the whole simulation. The reason for this
stability is MG22, which bridges T4 contact nucleotides, and,
as it is an inner-shell cation, it is highly stable. In fact, it
contributes to the reversal of the unfolding of T4 back to the
folded state. The T2 contact in system 8 would likely dissociate
as there are limited ions in its vicinity; however, due to the
increased stability of the T1 and T4 contact sites and an
additional contact near C31 and G13 close to T2 contributes
to the Twister ribozyme never fully unfolding.

The majority of Mg** locations that contribute to
stabilization are in the vicinity of those in the crystal structure.
These include the direct coordination of Mg2+ ions with US,
U24, and C26. However, using the GCMC sampling, we
identified additional Mg** locations that contribute to stability.
There is a Mg®" ion located between U6 and C25 that is
proposed to increase the stability of the RNA in system 8
(Figure 12). In addition, interactions of Mg** with C9 were
observed in three of the more stable systems and appear to
contribute to the stability of the RNA (Figures 8, 9, and 11).
Therefore, we suggest these previously unidentified Mg>* ion
locations are essential for the stabilization of the Twister
ribozyme.
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