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ABSTRACT: Understanding the dynamics of the SARS CoV-2 RNA genome and its
dependence on temperature is necessary to fight the current COVID-19 crisis.
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the conformational evolution and the most dominant structures of the RNA genome at
six different temperatures. It effectively distinguished different communities of RNA
having structural variation. It is found that at higher temperatures (348 K and above),
80% of the RNA structure is destroyed in both the SPC/E and mTIP3P water models.
The thermal denaturation free energy change AAG value calculated for the long-lived
structure at higher temperatures of 348 and 363 K ranges from 2.58 to 2.78 kcal/mol for
the SPC/E water model, which agrees well with the experimentally reported thermal
denaturation free energy range of 2.874 kcal/mol of SARS CoV-NP at normal pH. At
higher temperatures, the stability of RNA conformation is found to be due to the
existence of non-native base pairs in the SPC/E water model.

1. INTRODUCTION

The potential of pathogenic RNA viruses to adapt to various
environmental factors poses a great threat for disease control
and management. Current limitations in the experimental
procedures to understand the RNA structure—dynamics—
function relationship affects the process of vaccine and drug
discovery which targets viral RNA genome.' This creates the
need for theoretical investigation of the structure—function
relation of this macromolecule. The frameshift stimulation
element (FSE) from SARS CoV-2 RNA genome is an ideal

simulation can give us proper detail regarding a process, but
computation of the long trajectories of macromolecular
systems is computationally prohibitive. In addition, long and
multiple simulations are required to ensure proper sampling of
the data. One very important characteristic of proper sampling
of the data is we should not miss any important information
presented happening during the process of the evolution of the
trajectories; at the same time we cannot focus on very minute
details of such big systems because that will create
unnecessarily large data which are of insignificant use. In this

drug target for designing and developing antiviral drugs against
the COVID-19 pandemic. The biological functions of this
RNA element are related to 3-stem pseudoknot structures,
which regulate the expression of essential viral proteins.
Experimental reports suggest that the rapid spread of SARS
CoV-2 is generally due to low temperature and relative
humidity.”

Study of the folding—unfolding—misfolding mechanism and
energy landscape of biomolecules gives meaningful information
regarding the microstates of the system which govern its
stabilization and biological functions. However, several
challenges stand in the way of using energy landscapes of
macromolecular systems like RNA to relate with the structure
and dynamics to function. One big problem in handling such a
big system is the handling of the data. Because of this
drawback, coarse-graining of the biomolecules is becoming
more popular at the expense of the atomistic detail of the
simulations. On the other hand, atomistic molecular dynamic
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article, we introduce a network analysis method that can
sample big data sets effectively to identify the most prominent
conformations of the macromolecules like RNA, which existed
during the process of evolution/denaturation and can also
show how these conformations are connected to each other.
Network analysis has been successfully used in other
disciplines such as social and behavioral sciences’ but has
not been applied in RNA systems. This method can depict
meaningful information such as the prominent conformations
of the RNA, which otherwise is averaged out statistically. The
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beauty of this process is that a particular conformation of RNA
can be represented as a node. The similarity or disparity
between the conformations can be determined by fixing some
energy-based or geometry-based criteria. If the conformation
changes, it is denoted by another node. An edge denotes the
evolution of one conformation to another conformation. This
helps us to show the structural evolution of the RNA molecule
in a simplified way with a decreased amount of handling of
data and complexities. It also helps to locate the conformation
of the RNA which existed for the maximum time throughout
the trajectory and the most well-connected conformations.
Network analysis links the data quickly and effectively without
leaving out important information about the system, and
therefore, it helps in the effective understanding of the
structure—function relationship. For a detailed analysis, we
compared the results of RNA simulations using two water
models: SPC/E model and modified TIP3P model. The
system and computational details are given in Materials and
Methods. The results and the possible explanations are given in
Results and Discussion. The major outcomes are provided in
Conclusion.

2. MATERIALS AND METHODS

2.1. Molecular Dynamics Simulation. SARS CoV-2
RNA FSE (PDB ID: 6XRZ") was simulated by GROMACS®
using CHARMM force field. It is believed that FSE contains a
major ring binding site and other two alternative binding sites:
slippery hairpin site and J3/2 site, where small molecules can
bind to perform antiframeshifting.” The frameshifting process
helps the virus to compact larger genetic material into short
genetic elements.”® Small drug molecules which bind to the
FSE binding site can cause antiframeshifting, which blocks the
production of RNA enzymes important for viral replication.’
The binding of the drug molecules depends on the
conformation of the pseudoknot structure in SARS coronavi-
rus,'® which is identical to SARS CoV-2 FSE up to single-
nucleotide substitution.” Therefore, studying the conformation
evolution of FSE from SARS CoV-2 RNA genome with
temperature change can help to understand the finer details of
the major forces responsible for maintaining the biological
activity of RNA. Two independent sets of 250 ns simulations
(total 12 simulations) were performed to study the structural
and dynamic behavior of the RNA genome at six temperatures:
288, 303, 318, 333, 348, and 363 K (Table S1) using the SPC/
E water model.'" This temperature range is selected because
the thermal denaturation of SARS-CoV was reported at a
temperature range of 56—75 °C, experimentally.'” The RNA
molecule was solvated in a periodic cubic box with a distance
of 9 A from the box boundary. The charge of the system is
neutralized by adding Na* ions. The energy minimization was
done by steepest descent al§0rithm with a maximum of 50 000
steps. LINCS constraints'> were used to restrain the bond
involving hydrogen atoms. A 10 ns NVT equilibration was
carried out using a V-rescale temperature coupling method'*
with a time step of 2 fs. Next, a 10 ns NPT equilibration was
carried out with a time step of 2 fs at 1 atm using a Nosé—
Hoover thermostat'® and Parrinello—Rahman pressure cou-
pling scheme,'® respectively. The long-range electrostatic
interactions were calculated by particle mesh Ewald method'”
and Fourier spacing of 0.16 nm. The short-range van der Waals
cutoff was fixed to 1.2 nm. Finally, a 250 ns NPT production
run was performed until the RMSD converged for all the
systems. Individual atomistic molecular dynamics (MD)

simulations are effective for larger systems like the RNA
genome than temperature replica—exchange molecular dynam-
ics (T-REMD) simulations. T-REMD cannot enhance
sampling effectively for larger systems as the number of
replicas needed to bridge the temperature is prohibitive and
the increase in temperature does not provide the proper
conformational transition.'® The simulations were replicated
twice to check the reproducibility of the results. Further, a set
of simulations (6 simulations) were performed using a
modified TIP3P (mTIP3P) water model'” to determine the
stability and structural evolution of RNA at 6 different
temperatures, and the results are provided in the Supporting
Information.

2.2. Network Analysis. The conformations for network
analysis were obtained by an in-built clustering algorithm in
GROMACS software using RMSD as the criterion. A cutoff
value of 1.5 A RMSD was selected to distinguish between
11 500 structures extracted from the 250 ns trajectory saved at
a time interval of 0.02 ns for each temperature. The selection
of a proper cutoff is crucial because a lower cut off value gives
too many conformations, which may lead to irrelevant results,
whereas a larger cutoff value neglects the finer details of the
conformations. The total number of conformations increases
because of the random motion of the atoms with the rise in
temperature (Figure 1).
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Figure 1. Distribution of the number of conformations with
temperature.

In this process, we observed the presence of conformations
that existed for smaller time scales and also for longer time
scales. To ensure the selection of diverse conformations for the
calculations, most prominent conformations from each
temperature were identified based on the frequency of its
existence in the whole trajectory, and network analysis was
performed. We considered conformations which existed for
>120 ps to determine the interconnectivity between the
conformations. Two conformations are considered to be
connected if d(t, ) < 7.5 A, which is calculated by the
following equation:

d(t, t') =

(1)

where §; is the distance between atom i at time ¢ with the
reference conformation of N number of heavy atoms at time t.
This criterion was chosen because the PDB ID taken has
resolution around 6.9 A. Therefore, it is better not to choose
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Figure 2. Network distributions of most prominent conformations at different temperatures.

the cutoff value much less than 6.9 A. We carried out network
analysis for both d(t, t') < 7.5 A and < 6.5 A. Change in the
d(t, t') value to 6.5 A did not change the trend of the analysis
(Figure S1). Therefore, we fixed d(t, t') < 7.5 A. Selecting a
much higher cutoff value reduces the number of different
conformations and masking of finer detail information.

In the network map, each different conformation is
represented by a node (circles) and the connectivity between
the nodes is represented by the edges (lines). If two
conformations are found to be connected, they are represented
by two circles connected by a line. At high temperatures, there
is every possibility that the conformation of the RNA can
revert back to its initial configuration from where it evolved
because the barrier height is easy to cross over. Therefore, each
conformation of the trajectory considered was matched with all
other conformations to draw the connectivity of the network
map. The node and edge list were made by using eq 1, and the
network distribution of the conformations was plotted using
visualization software Gephi 0.9.2. The layout of the networks
is determined using the Fruchterman—Reingold layout, a force-
directed layout algorithm in which the edges move closer or far
apart, minimizing the equilibrium energy.”’ The size of the
nodes is proportional to the number of the connectivity. More
connected nodes are bigger in size. The distribution of the
nodes and edges give rise to different communities. Nodes with
similar conformations belong to the same communities. We
will discuss this in detail in Results and Discussion.

3. RESULTS AND DISCUSSION

The structural analyses (RMSD and rGyr) of the macro-
molecules often show misleading information about the
temperature-dependent stability of RNA and its evolution
(Figure S2), which shows the need for more reliable structural
parameters and sampling technique to define the stability
aspect. In this respect, the network analysis is performed. The
representations plotted by Gephi are shown in Figure 2, which
give us the information about the evolution of the structures
and their connectivity. Different colors represent different
communities. At lower temperature, 288 K shows only one
community, which indicates that the conformation of the RNA
molecule has not changed considerably in contrast to the
higher temperatures. With rise in temperature up to 348 K,
there is an increase in the number of communities, suggesting
different conformations. The free energy of the highest
connected conformation corresponding to a particular
community is given in Table 1 and is calculated as follows:

AG = _kBTln(Rmsd) (2)
where P, is the probability distribution.”!

The separation between the communities gives information
about the different conformations. These conformations are
structurally different and can have the same or different
energies. For instance, the cyan and blue communities at 318 K
have similar AG values, meaning two very different
conformations have similar energies. If a community is densely
populated and well-connected, it shows that the conformation
existing there is stable and will have lower energy. Scarcely
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Table 1. Network Analysis of Conformations with Respect
to Temperature

SPC/E model

temperature (K) conformation ID energy (kcal/mol)

288 1 (blue) -171
303 24 (green) 1.22
47 (orange) —2.45
114 (blue) —2.43
318 179 (cyan) -3.72
184 (blue) -3.70
230 (orange) —1.08
243 (green) -3.30
333 128 (orange) -2.12
133 (green) —2.84
207 (cyan) —0.61
247 (blue) ~2.63
348 3 (brown) —-0.78
10 (orange) 3.26
18 (cyan) —1.47
26 (pink) —0.78
56 (green) —-1.01
86 (blue) -1.13
363 2 (orange) 9.94
8 (green) 3.62
43 (blue) —2.37

populated and scattered communities at 348 and 363 K (for
example, orange) have higher AG values, showing unstable
conformations. Two overlapping communities can have similar
AG values, as seen at 318 and 348 K for cyan-blue-green and
blue-green communities, respectively. At 348 and 363 K, there
is a clear separation between the outer ring communities and
inner ring communities. This suggests that there is a
considerable change in the conformation of RNA at higher
temperature, which is very much different from the initial
reference structure. The RNA has formed some stable
structures which cannot revert to the initial structures. The
blue community in this temperature is found to be stable
during the simulation.

The RNA structural variation in each community with
respect to temperature can be distinguished by base pair twist
and width of minor—major grooves. The common RNA A-
form helix is characterized by a narrow major groove and a
wider minor groove.”” The groove widths are measured from
phosphate to phosphate, including the diameter of phosphate
groups.”” It is evident from Figure 3 that the representative
conformations from each community are structurally different
based on base pair groove width. It is found that the number of
identified base pairs varies within the communities for each
temperature. At 303 K, the three communities identified have
different structures based on the groove width. At 318 and 333
K, the cyan community has a different structure while orange-
green-blue communities have overlapping base pairs with
variation in minor—major grooves. It can be seen that the
major groove for 318 K is wider than that for 333 K, indicating
a structural change from common RNA A-form helix. For
higher temperatures, 348 and 363 K, the outer and inner ring
communities have different minor and major groove positions,
indicating a structural evolution. This is further supported by
the twist angle, which measures the rotation of base pairs along
the helical axis. The base pair twist angles are calculated and
averaged with error based on the presence of minor—major

grooves in the RNA structure. The standard twist angle for A-
form of RNA is 32° + 8° which is retained in lower
temperatures, 288 and 303 K. At higher temperatures, the twist
angle is either more twisted or less twisted for the communities
with large deviations in the values, suggesting the evolution of
conformations different from the A-form (Figure S3). The
scatter plots show that the network distribution has effectively
distinguished the communities having structural variation.

For the mTIP3P water model, we observed an increase in
the number of conformations with increase in the temperature
up to 348 K. At 363 K, there is a decrease in the number of
conformations. The conformation of the RNA was found to
disrupt completely in this temperature, and not much change
in the structure was observed. The network distribution for the
mTIP3P water model is shown in Figure S6. Overall, there is
an increase in the number of conformations in each
community compared to the SPC/E model. The conforma-
tions from each community have different structures based on
twist angle and minor—major groove distance, as evident from
Table S2. In the mTIP3P model, it is observed that the
denaturation process of the RNA structure initiated from lower
temperature (as low as 303 K). At almost every temperature
we found the structure is denatured (the helix structure is
destroyed) at longer simulation run, which is evident from the
major—minor groove distance. Experimentally, it is found that
SARS coronavirus gets denatured and converted to be
noninfectious above 330 K.** Even though SARS CoV-2 is
genetically distant from SARS coronavirus, SARS CoV-2 shares
79% genomic identity with SARS CoV.”> Therefore, we
focused our calculations mainly with the SPC/E model in the
following sections. The difference in the RNA structure is
noticed because of the presence of different parameters in the
SPC/E and mTIP3P water models.

Next we were interested to see the fluctuations in the RNA
structures which lead to these conformational changes.”® In
Figure 4, we have shown the degree of magnitude and
direction of the fluctuations in RNA by porcupine plots with
respect to atom C1’. The highlighted base pairs represent the
variation of the native closed base pair distribution in the final
conformation of RNA with temperature. Any change in the
color of the base pairs with respect to the 288 K structure is
due to change in the distance between the base pairs. Lesser
fluctuations and a greater number of native closed base pair at
288 and 303 K indicate that native characteristics of RNA are
preserved at this temperature. At 288 K, most of the closed
base pairs (80%) lie in the lower-energy region I (blue),
whereas we can see the emergence of different colors with the
rise of the temperature. At higher temperatures (333 K and
above) the number of the closed native base pairs is found to
be reduced drastically because of higher fluctuations resulting
in breaking of bonds between the base pairs and opening of the
stem-2 pseudoknot. The existence of the non-native base pair
is seen at higher temperatures leading to partial stabilization
(Figure S4). The distance criteria for closed base pairs can be
further confirmed by the free energy surface plotted using N1—
N3 and C1'—Cl1’ distances of the base pairs in RNA as the
reaction coordinates (Figure S). The native structure of RNA
and the final conformations of each temperature are
considered in the calculation. The minimum-energy region
corresponding to the closed base pairs in RNA is divided into
regions I-IV. It can be seen that at lower temperatures, 288 K
(black dots) and 303 K (red dots), the base pairs lie mostly in
the allowed region. At higher temperatures, such as 348 K
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that the characteristic distance corresponding to a closed base

(orange dots) and 363 K (magenta dots), the base pairs are

pair corresponds to some specific N1-N3 and C1'—Cl’

scattered and mostly lie outside the allowed region. This shows
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Figure 4. Porcupine plot showing the degree of fluctuation during the course of simulation

distance range irrespective of temperature. However, the open
base pair can have any distance range outside the allowed
region.

The percentages of native base-pair opening/denaturation of
RNA for the SPC/E model at 333, 348, and 363 K are found to
be 65%, 80%, and 80%, respectively, whereas in the mTIP3P
model at these temperatures are 85%, 90%, and 95%,
respectively. Experimentally, it is found that SARS coronavirus
gets denatured at above 338 K.** It can be seen that the
process of denaturation is higher in the mTIP3P water model.
The free energy change, AG, can be calculated from this
percentage of closed and open base pair ratio and is given by

open

AG = —KTln|
open (3)

where f,.., is the fraction of open base pairs.”” We considered
both native and combined effects of native—non-native base
pairing for the comparison. Change in the temperature-
induced formation of some new base pairs (non-native) is seen
mainly in the SPC/E model. For native base pairs, f,., is the
fraction of open base pairs with respect to the native structure
of RNA. The free energy associated with the long-lived
conformation from the network analysis for each temperature
is plotted in Figure 6. The value of AG is found to be negative
up to 318 K in the case of the SPC/E model, and it changed to
a positive value at higher temperatures because of the base pair
opening, which affects the stability and activity of RNA. It can
be seen that consideration of the non-native closed base pairs
above 318 K increases the destabilization energy at higher
temperatures. In the SPC/E water model, at lower temperature
(288 K), the free energy of the RNA having native and non-
native base pairing is found to be —1.58 kcal/mol. The AG
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c1’-c1°A)

N1-N3(4)

Figure 5. Free energy surface plotted using N1-N3 and C1'—C1’ distance (A) as reaction coordinates. The blue to yellow contour regions
correspond to the closed base pairs present in RNA which can be divided into regions 1—35. The base pair distances from the final structure of RNA
for all the temperatures were plotted in different color dots to check the presence of native, non-native, and opened base pairs: native (maroon),
288 K (black), 303 K (red), 318 K (green), 333 K (blue), 348 K (orange), and 363 K (magenta).
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Figure 6. Free energy vs temperature. Solid and dashed lines
represent AG values for the SPC/E and mTIP3P water models,
respectively.

showed a rapid increment from 288 to 303 K for both native
and non-native cases; from 303 to 318 K, the steepness of the
slope decreases, showing lesser change in the AG value, and
then there is a steep rise beyond 333 K. The AAG value
between 288 and 363 K for native and combined effect of base
pairing is found to be 1.98 and 2.578 kcal/mol, respectively,
which clearly shows the inactivity of RNA due to structural
change in the SPC/E water model.***° For 348 K, it was found
to be 1.98 and 2.78 kcal/mol for native and combined effect of
base pairing, respectively. The AAG value due to structural
change in the mTIP3P water model at 363 K is 2.913 and
3.743 kcal/mol for native and combined effect of native—non-
native base pairing, respectively. The calculated AAG values
for the long-lived conformations agree well with the thermal
denaturation free energy, 2.874 kcal/mol, of SARS CoV-NP
(isolated BJO1) at pH 7 at 315 K by fluorescent intensity
emission A, and CD ellipticity at 222 nm.*® For the SPC/E
water model, the AAG values of 303 and 318 K are found to
be in the range of 0.24—0.35 kcal/mol, showing similar activity

of the RNA in this temperature range; this region also
corresponds to the active region of transmission of the virus.
The RNA structure is found to be stable at 363 K compared to
348 K because of the non-native base pairing (blue solid
line).”" It can be noted that the AG values considering the
native base pairing for 348 and 363 K are the same (red solid
line). At this temperature, only 20% of the native conformation
existed. The RNA has refolded to some other structure by
forming non-native bonds mainly at 363 K, which is also seen
in the network analysis. At higher temperatures, the thermal
fluctuation of the atoms increases, which increases the
possibility of breaking of the bonds between the native base
pairs. This also increases the possibility of forming new bonds
between two different bases to from non-native base pairs.
However, the strength of these bonds is less than that of the
native bonds. The increase in the number of base pairs at
higher temperatures is mainly due to the thermal fluctuations
which contract the RNA structure and decrease the R, values
(Figure S2). These conformations are however not stable as
the native structure. The AG values are higher in the case of
the mTIP3P water model, which increases with the increase in
the temperature.

To see the stability of a conformation, we calculated the
change in the G:C base pair distance. Because these base pairs
are present throughout the RNA, any change in their base
pairing distance can give us information about the stability of a
conformation. We focused on the radial distribution function
(RDF), g(r), of three intramolecular hydrogen bonds between
guanine (G) and cytosine (C), namely, N,H--O4 N H;-N;
and N,H--O,. As is evident from the figures, the first peak
mainly lies within 2.9 A followed by the second peak around
3—4 A. The presence of sharp peaks at low temperatures
indicates strong hydrogen bonds between the G:C base pairs,
whereas the reduced peak height at higher temperatures (348
and 363 K) indicates lesser hydrogen bond strength (Figure
7). The RDFs indicate the high stability of the G:C base pair at
low temperatures as compared to high temperatures. There-
fore, we defined a G:C base pair being unchanged if the
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Figure 7. Radial distribution functions of different atoms of G:C base pairs with respect to temperature: (a) N—H;, (b) O,—H,, and (c) O4—H,.

distance between any of the three hydrogen bonds present in
G:C is less than or equal to 2.9 A and changed otherwise. If
this distance is continuously maintained from time ¢ = 0 to ¢,
P(t) = 1 and 0 otherwise.

_ {p(ty)-P(t))
GET () 4)

It is evident from Table 2 that as the temperature increases, the
Sc.c value decreases, indicating frequent changes of the

Table 2. Time Span of Conformational Evolution

time span (ps)
SPC/E model

temperature (K) mTIP3P model

288 5850.30 3999.41
303 4429.83 3739.44
318 2723.55 3310.27
333 2096.19 2258.12
348 876.60 1080.78
363 118191 886.90

conformations. However, it can be noticed that at 363 K, the
Sc.c value is higher than 348 K, indicating conformational
stability due to the formation of non-native base pairs in the
SPC/E model.

4. CONCLUSION

To conclude, we presented the conformational evolution of the
SARS CoV-2 by network analysis, which gives us the
information about the connectivity of the conformations and
the existence of the most probable conformation of RNA at a

particular temperature. The groove width and the twist based
on minor—major grooves clearly show that the clustering
method can efficiently distinguish the temperature-dependent
conformational evolution. The AG value of the long-lived
conformation shows stabilization of the RNA at 363 K with
respect to 348 K due to formation of non-native contacts in
SPC/E water model. In this model, it is seen that in the
temperature range from 303 to 318 K, the AG values are
comparable; the RNA shows similar activity in this region
while at higher temperature; the structure of RNA changes a
great deal because of the formation of the non-native contacts
which determines its stability. The AAG values corresponding
to 80% denatured structure of RNA at 348 K and above are
found to be in the range of 2.58—2.78 kcal/mol, which
correlate well with experimental data. The RNA conformation
in the mTIP3P water model denatures at lower temperature.
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