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A B S T R A C T   

One of the promising drug targets against COVID-19 is an RNA-dependent RNA polymerase (RdRp) of SARS-CoV- 
2. The tertiary structures of the SARS-CoV-2 and SARS-CoV RdRps are almost the same. However, the RNA- 
synthesizing activity of the SARS-CoV RdRp is higher than that of the SARS-CoV-2 RdRp. We performed mo-
lecular dynamics simulations and found differences in their dynamic properties. In the SARS-CoV RdRp, motifs 
A–G, which form the active site, are up to 63% closer to each other. We also observed cooperative domain motion 
in the SARS-CoV RdRp. Such dynamic differences may cause the activity differences between the two RdRps.   

1. Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a 
novel coronavirus and the causative virus of coronavirus disease 2019 
(COVID-19) [1]. The World Health Organization (WHO) declared a 
pandemic in 2020 due to COVID-19. Currently, therapeutic drugs and 
vaccines against this disease are being developed in the world. One of 
the drug targets is an RNA-dependent RNA polymerase (RdRp) which 
replicates RNA of SARS-CoV-2 [2–4]. The growth of the virus is expected 
to be suppressed by inhibition of RNA replications with the therapeutic 
drugs. 

RdRp of SARS-CoV-2 is a complex of viral nonstructural proteins 
(nsps) such as nsp7, nsp8, and nsp12 [5–11]. The catalytic core of RdRp 
for RNA replications is nsp12, which shows little activity by itself [6,7]. 
Other subunits including nsp7 and nsp8 assist nsp12 as cofactors [7]. 
There are mainly three domains in nsp12, which are nidovirus RdRp- 
associated nucleotidyltransferase (NiRAN) domain (residues 1–250), 
interface domain (residues 251–397), and conserved polymerase 
domain (residues 398–932) [12]. The polymerase domain is composed 
of three domains: fingers, palm, and thumb domains. In the polymerase 
domain, seven motifs A–G form active site of RdRp. The residues that 
compose the domains and motifs are shown in Fig. 1a. 

Recently, the tertiary structure of RdRp that consists of nsp7, nsp8, 
and nsp12 was determined by using cryogenic electron microscopy 

(cryo-EM), as shown in Fig. 1b (PDB entry: 7bv2) [8]. Not only this 
structure but also other structures were reported. For example, RdRp 
(nsp7, nsp8, and nsp12) bound to an RNA duplex [13] and that with an 
RNA template and nsp13 helicases [14] were determined. The structure 
of SARS-CoV-2 RdRp is almost the same as that of SARS-CoV RdRp 
which is also determined by using cryo-EM (Fig. 1c, PDB entry: 6nur) 
[7]. Both SARS-CoV-2 and SARS-CoV belong to the Coronaviridae family 
[15], and nsp12s of SARS-CoV-2 and SARS-CoV show more than 96% 
sequence identity [9,12]. Amino-acid sequences of both nsp12 are 
shown in Fig. 2. Although their tertiary structures and amino-acid se-
quences are almost the same, it was reported that the polymerase ac-
tivities of RdRps are different [16]. The activity of the SARS-CoV RdRp is 
more than three times higher than that of the SARS-CoV-2 RdRp. It was 
also shown that by replacing only nsp12 of the SARS-CoV-2 RdRp with 
that of the SARS-CoV RdRp, the activity of the SARS-CoV-2 RdRp in-
creases more than twice. Therefore, it is important to clarify the cause of 
this difference for understanding the RdRp function. 

It is expected that the difference in activity between the two RdRps is 
due to a difference in their dynamic properties. This is because there is 
no difference in the static properties between the SARS-CoV-2 and SARS- 
CoV RdRps, such as their tertiary structures. In fact, it was experimen-
tally shown that there is a difference between melting temperatures of 
the two nsp12s [16]. However, there is no study on the difference in 
dynamic properties between the two RdRps at the atomic level. To 
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investigate the difference in the dynamic properties at the atomic level, 
we perform all-atom molecular dynamics (MD) simulations for the 
SARS-CoV-2 and SARS-CoV RdRps in explicit water. Since the deter-
mined tertiary structure for the SARS-CoV-2 RdRp include two Mg2+

ions that are essential as catalysts for RNA synthesis, we also investigate 
whether the dynamic properties change with and without these ions. In 
the PDB structure for the SARS-CoV RdRp, Mg2+ ions are not included. 
Therefore, our MD simulations are performed without these ions for the 
SARS-CoV RdRp. 

2. Results 

Movies 1, 2, and 3 show MD simulations for the SARS-CoV-2 RdRp 
with Mg2+ ions, the SARS-CoV-2 RdRp without Mg2+ ions, and the 
SARS-CoV RdRp, respectively. We analyzed these MD simulations. The 
obtained results for each system are compared below. 

2.1. Comparison of ability of secondary structure formation 

There is no difference between the secondary structures of the SARS- 
CoV and SARS-CoV-2 RdRps determined by using cryo-EM. However, it 
has not been clarified whether there is a difference in the ability of 
secondary structure formation. To investigate the ability of secondary 
structure formation of RdRps, probabilities of secondary structure for-
mation of residues in nsp12 were calculated. Fig. 3a, Fig. 3c, and Fig. 3e 
show the probability of helix formation for the SARS-CoV-2 nsp12 with 
Mg2+, that for the SARS-CoV-2 nsp12 without Mg2+, and that for the 
SARS-CoV nsp12, respectively. The probabilities of β-strand formation 
are presented in Fig. 3b, 3d, and 3f. Here, the define secondary structure 
of proteins (DSSP) criteria [17] were employed to define the secondary 
structures. Errors were estimated by the bootstrap method [18] (please 
see the Methods section for more details). There seems to be no differ-
ence between these probabilities for both helix formation and β-strand 
formation. To clarify the difference, we calculated the difference (sub-
traction) for each formation probability. The difference in helix forma-
tion between nsp12s are shown in Fig. 3g and 3i. The difference in 
β-strand formation is also presented in Fig. 3h and 3j. As seen in Fig. 3g 
and 3h, consecutive residues with significantly different probabilities of 

secondary structure formation were not found. In other words, the 
secondary structures of nsp12 did not change in the presence and 
absence of Mg2+. Conversely, large differences were seen between 
nsp12s of SARS-CoV-2 and SARS-CoV from Fig. 3i and 3j. The helix and 
β-strand structures were broken at residues in the vicinity of residue 260 
in the SARS-CoV nsp12, as shown in the green rectangles in these fig-
ures. Residues in the vicinity of residue 515 in the SARS-CoV nsp12 
formed more helix structures than the SARS-CoV-2 nsp12, as shown in 
the brown rectangle. 

2.2. Comparison of fluctuations 

To see the difference between fluctuations of nsp12s, the root-mean- 
square fluctuation (RMSF) was calculated. Here, RMSF of residue i is 

defined by RMSF(i) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅〈
(qi − 〈qi〉 )

2
〉√

, where 〈 〉 represents time 

average and qi is the coordinate vector of the Cα atom of residue i. Fig. 4a 
and Fig. 4b show RMSF of nsp12 of SARS-CoV-2 with Mg2+ and that of 
SARS-CoV, respectively. For comparison, RMSF of the SARS-CoV-2 
nsp12 without Mg2+ is also shown in both figures. Except for the N- 
terminal and C-terminal regions, residues in the interface domain have 
large fluctuations in common to SARS-CoV-2 and SARS-CoV. 

Although there was a slight difference, residues before and after 
motif G fluctuated largely in both SARS-CoV-2 systems, as seen in 
Fig. 4a. Other residues in the SARS-CoV-2 nsp12s with and without 
Mg2+ have almost the same fluctuations, except for the N-terminal re-
gions. Conversely, RMSF for the SARS-CoV nsp12 was different from 
that for the SARS-CoV-2 nsp12 in residues near residue 515, those near 
residue 620, and those near residue 760, as shown in the brown and 
green rectangles in Fig. 4b. Large fluctuations at residues near residue 
515 seen in the SARS-CoV-2 nsp12 were suppressed in the SARS-CoV 
nsp12. A part of these residues composes motif G. Residues near res-
idue 620 and residue 760 in the SARS-CoV nsp12 had large fluctuations. 
These residues are included in motifs A and C, and the two Mg2+ ions are 
located near these motifs. 

We also calculated the root-mean-square deviations (RMSDs) of 

nsp12s. Here, RMSD is defined by RMSD = min
[ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑N
i=1

(
qi − q0

i
)2
/N

√ ]

, 

Fig. 1. (a) Diagram of the domains in the SARS-CoV-2 nsp12 with motifs A–G. Tertiary structures of (b) SARS-CoV-2 RdRp and (c) SARS-CoV RdRp determined by 
using cryo-EM. NiRAN domain, interface domain, fingers domain, palm domain, and thumb domain are drawn by purple, green, orange, blue, and red, respectively, 
corresponding to the colors shown in Fig. 1a. The nsp7 and two nsp8s (nsp8-1 and nsp8-2) cofactors are also drawn by pink, brown, and sand. 
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where q0
i is the coordinate vector of the Cα atom of residue i in the initial 

structure, N is the number of the Cα atoms, and a rigid superposition is 
performed to minimize RMSD. Fig. 5a shows the time series of RMSDs of 
nsp12s. The SARS-CoV-2 nsp12 without Mg2+ and that with Mg2+ had 
the largest RMSD and the second largest RMSD, respectively. However, 
there was no significant difference in fluctuations of RMSD among the 
three systems. To eliminate the effects of large fluctuations of the N- and 
C-terminal regions, the time series of RMSDs were calculated by using 
residues 130–890 in nsp12s, as shown in Fig. 5b. These residues are 
commonly shown in PDB structures of the SARS-CoV-2 nsp12 and the 
SARS-CoV nsp12 (the N-terminal region up to residue 116 is missing in 
PDB structure of the SARS-CoV nsp12). In Fig. 5b, the time series of 
RMSDs of these residues are almost the same in all systems. 

2.3. Difference between the tertiary structures 

Distances between Cα atoms in nsp12s were calculated to see dif-
ference between the tertiary structures of the SARS-CoV-2 and SARS- 
CoV nsp12s. The distances were averaged over the production run. 
The average distances between Cα atoms are shown in Fig. 6a–6c. From 

these figures, the following are common to the three systems. The 
NiRAN is spatially close to the palm domain, and the interface domain is 
close to the fingers domain. The thumb domain is in contact with only 
parts of the fingers and palm domains. To clarify the differences between 
the average distances for two systems, the following ratio of difference 

was calculated: Dij =
(

d1
ij − d2

ij

)/
d1

ij, where d1
ij is the average distance 

between Cα atoms of residues i and j in one system and d2
ij is that in the 

other system. The ratios calculated for pairs of two systems are pre-
sented in Fig. 6d and 6e. As shown in Fig. 6d, there is not much differ-
ence between two SARS-CoV-2 systems, except for residues in the 
vicinity of residue 520 and the N- and C-terminal regions. The difference 
at residue 520, shown by the blue lines, indicates that residues near 
residue 520 in the SARS-CoV-2 nsp12 with Mg2+ are closer to the fin-
gers, palm, and thumb domains than those in the SARS-CoV-2 nsp12 
without Mg2+. Such differences between residue 520 in the SARS-CoV-2 
nsp12 with and that without Mg2+ are also seen in Fig. 3g and 4a. Dif-
ferences between the SARS-CoV-2 and SARS-CoV nsp12s are found in 
the region shown by the brown square in Fig. 6e. The bule lines (or blue 
mesh) are seen at residues near residues 430, 520, 560, 620, 690, 760, 

Fig. 2. Amino-acid sequences of SARS-CoV-2 and SARS-CoV nsp12s. Asterisks indicate conserved amino-acid residues.  
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and 800. This indicates that distances between all motifs in the SARS- 
CoV nsp12 are shorter than those in the SARS-CoV-2 nsp12. This is 
because residues near residues 520, 560, 620, 690, 760, and 800 
correspond to residues that compose motifs A–G. The distance between 
motifs F and G in the SARS-CoV nsp12 was up to 63% shorter in com-
parison with the SARS-CoV-2 nsp12 without Mg2+. 

2.4. Correlation of domain motions 

To investigate correlation between domain motions, the dynamic 
cross-correlation (DCC) was calculated. The DCC analysis is a useful 

method for analyzing domain motions [19]. DCC between residues i and 

j is given by DCC(i, j) =
〈

Δqi⋅Δqj

〉/
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
〈
(Δqi)

2
〉〈(

Δqj

)2
〉√

, where 

Δqi = qi − 〈qi〉. DCC for the SARS-CoV-2 and SARS-CoV nsp12s are 
presented in Fig. 7a–7c. Here, red and blue show a positive correlation 
and a negative correlation, respectively. A positive (negative) correla-
tion between residues i and j indicates that these residues move in the 
same (opposite) direction. In all systems, correlations are positive be-
tween most residues within the domains. However, the interface domain 
of the SARS-CoV nsp12 has both positive and negative correlations, and 

Fig. 3. Probabilities of (a) helix and (b) β-strand formation of residues in the SARS-CoV-2 nsp12 with Mg2+. Probabilities of (c) helix and (d) β-strand formation for 
the SARS-CoV-2 nsp12 without Mg2+. Probabilities of (e) helix and (f) β-strand formation for the SARS-CoV nsp12. The difference between nsp12 of SARS-CoV-2 with 
Mg2+ and that without Mg2+ in probabilities of (g) helix formation and (h) β-strand formation. The difference between nsp12 of SARS-CoV and that of SARS-CoV-2 
without Mg2 in probabilities of (i) helix formation and (j) β-strand formation. The green and brown rectangles show consecutive residues that have large differences. 
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the border between these correlations is at residue 330. Residues in the 
interface domain before and after residue 330 have positive correlations 
with the NiRAN domain and the fingers domain, respectively. 

The differences (subtractions) between DCCs are shown in Fig. 7d 
and 7e. As seen in Fig. 7d, there is no difference between the SARS-CoV- 
2 nsp12s with and without Mg2+. The difference between the SARS-CoV- 

2 and SARS-CoV nsp12s is large in the NiRAN and interface domains, as 
shown by the region surrounded by the brown line. In the SARS-CoV 
nsp12, the NiRAN and interface domains before residue 330 have a 
strong negative correlation with the fingers domain. That is, the region 
before residue 330 has cooperative motion with the fingers domain so 
that they move closer to and away from each other. 

Fig. 4. (a) RMSFs of the SARS-CoV-2 nsp12s with 
and without Mg2+. (b) RMSFs of nsp12s of SARS- 
CoV and SARS-CoV-2 without Mg2+. Purple line, 
green line, orange line, blue line, and red line 
represent the NiRAN domain, interface domain, 
fingers domain, palm domain, and thumb domain, 
respectively. The regions highlighted in violet show 
residues in motif A–G, and the uppercase letters are 
the labels of these motifs. The brown and green 
rectangles show residues that have large differences 
in RMSF.   

Fig. 5. (a) Time series of RMSDs of nsp12s. (b) Time series of RMSDs calculated by using residues 130–890 in nsp12s.  
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3. Discussion 

Using MD simulation, we investigated the secondary structures, 
fluctuations of structures, tertiary structures, and domain motions for 
the SARS-CoV-2 and SARS-CoV nsp12s. In the SARS-CoV-2 nsp12, these 
results without Mg2+ are the same as those with Mg2+. That is, the 
presence or absence of Mg2+ did not affect the results. Therefore, these 
structural and dynamical properties for the SARS-CoV nsp12 without 
Mg2+ are expected to be similar to those with Mg2+. We remark that the 
Mg2+ ion is essential as catalysts for RNA synthesis and is bound to the 
SARS-CoV RdRp in the active form [20]. However, Mg2+ is not included 
in the PDB structure (PDB entry: 6nur) [7]. 

Although there is no difference between the tertiary structures of the 
SARS-CoV and SARS-CoV-2 nsp12s determined by using cryo-EM, we 

found several differences in dynamic properties between the SARS-CoV 
and SARS-CoV-2 nsp12s. The secondary structures of residues in the 
vicinity of residue 260 of the SARS-CoV nsp12 tend to be broken in 
comparison with those of the SARS-CoV-2 nsp12 (Fig. 3i and 3j). There 
are several substitutions in the residues in the vicinity of residue 260 
(see Fig. 2), and it is considered that such differences in residues affect 
the stabilities of secondary structures. Fluctuations of residues near 
residue 515 of the SARS-CoV nsp12 are suppressed as shown in Fig. 4b. 
This is because these residues form the helix structure as shown in 
Fig. 3i. Conversely, residues composing motifs A and C have larger 
fluctuations. Motifs A and C play an important role in the RdRp activity, 
and there is a possibility that their activity is enhanced by large fluc-
tuations of these motifs. Fluctuations of the N-terminal residues before 
residue 100 are larger than those of other residues in the SARS-CoV-2 

Fig. 6. The average distances between Cα 
atoms for (a) the SARS-CoV-2 nsp12 with 
Mg2+, (b) the SARS-CoV-2 nsp12 without 
Mg2+, and (c) the SARS-CoV nsp12. (d) The 
ratios calculated from differences between 
the average distances for the SARS-CoV-2 
nsp12 with Mg2+ and those for the SARS- 
CoV-2 nsp12 without Mg2+. (e) The ratios 
calculated from differences between the 
average distances for SARS-CoV and those 
for SARS-CoV-2 without Mg2. The brown 
square shows residues that have large 
differences.   

Fig. 7. DCC for (a) the SARS-CoV-2 nsp12 with Mg2+, (b) that without Mg2+, and (c) the SARS-CoV nsp12. (d) Differences between DCCs for the SARS-CoV-2 nsp12 
with Mg2+ and those for the SARS-CoV-2 nsp12 without Mg2+. (e) Differences between DCCs for the SARS-CoV nsp12 and those for the SARS-CoV-2 nsp12 without 
Mg2+. The green lines show the borders between the domains in nsp12. Residues that have large differences are surrounded by the brown lines. 
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nsp12. In the SARS-CoV nsp12, the structure of the N-terminal residues 
before residue 116 has not been determined. This implies that fluctua-
tions of the N-terminal residues are also large in the SARS-CoV nsp12. 
Moreover, in the SARS-CoV-2 nsp12, the increase in RMSD over time is 
larger than in the SARS-CoV nsp12, as shown in Fig. 5a. This is because 
the structure of the N-terminal residues, which are missing in the PDB 
structure of the SARS-CoV nsp12, is readily changed. In fact, the time 
series of RMSD excluding the N-terminal residues of the SARS-CoV-2 
nsp12 agrees well with that of the SARS-CoV nsp12, as seen in Fig. 5b. 

Distances between all motifs in the SARS-CoV nsp12 are shorter than 
those in the SARS-CoV-2 nsp12 as seen in Fig. 6e. This also may enhance 
the SARS-CoV RdRp activity. In the SARS-CoV nsp12, furthermore, the 
NiRAN and fingers domains have cooperative motion so that they move 
closer to and away from each other. The NiRAN domain is an important 
domain for the RdRp activity since removal of this domain reduces the 
RdRp activity [21]. Cooperative motion of the NiRAN domain with the 
core (fingers) domain of RdRp may increase the RdRp activity. 

4. Conclusions 

SARS-CoV-2 and SARS-CoV belong to the Coronaviridae family, and 
their nsp12s show more than 96% sequence identity. The tertiary 
structures of nsp12s determined by using cryo-EM are also almost the 
same. However, it was reported that by replacing only nsp12 of the 
SARS-CoV-2 RdRp with that of the SARS-CoV RdRp, the activity of the 
SARS-CoV-2 RdRp increases more than twice [16]. It is expected that 
there is a difference in the dynamic property between the SARS-CoV-2 
and SARS-CoV nsp12s since there is no difference in the static proper-
ties between them. To investigate the difference in the dynamic prop-
erties, MD simulations of the SARS-CoV-2 and SARS-CoV RdRps were 
performed. We also investigated whether the dynamic properties of the 
SARS-CoV-2 nsp12 change with or without Mg2+ ions. 

In our MD simulations, dynamic properties of the SARS-CoV-2 nsp12 
did not change with or without the Mg2+ ions. Conversely, the dynamic 
properties of the SARS-CoV nsp12 are different from those of the SARS- 
CoV-2 nsp12. The secondary structures near residue 260 of the SARS- 
CoV nsp12 are broken, but the helix structure near residue 515 of the 
SARS-CoV nsp12 formed. In the SARS-CoV nsp12, fluctuations near 
residues composing motifs A and C are large. The tertiary structures of 
the core domains are stable in both nsp12s. Motifs A–G are closer to each 
other in the SARS-CoV nsp12. Regarding the domain motion, the NiRAN 
and fingers domains move cooperatively in the SARS-CoV nsp12. Such 
differences may be the cause of the differences in the activities between 
the two nsp12s. It may also make a difference in the binding ability of 
inhibitor candidates [22]. 

As for the difference between the two nsp12s, it was experimentally 
reported that the melting temperatures of these are different. Under-
standing the difference in the melting process is important for clarifying 
the difference in the activity between the two nsp12s. The generalized- 
ensemble algorithms [23–26] such as the replica-permutation method 
[27–30] are useful for studying the melting process [31,32]. In the 
future, we will perform replica-permutation MD simulations for the 
RdRps of SARS-CoV-2 and SARS-CoV. 

5. Methods 

We employed the crystal structure of SARS-CoV RdRp (PDB entry: 
6nur) [7] and SARS-CoV-2 RdRp (PDB entry: 7bv2) [8] as initial struc-
tures. Since one of the nsp8 of SARS-CoV-2 RdRp is missing in this 
crystal structure, the nsp8 corresponding to the chain D in the apo RdRp 
(PDB entry: 7bv1) [8] was added. The non-terminal missing residues in 
the crystal structure were complemented using the modeller plugin [33] 
in UCSF Chimera [34]. Hydrogen atoms were added using the LEaP and 
reduce plugin [35] in AMBER. To make the initial structure of SARS- 
CoV-2 RdRp without Mg2+ ions, the two Mg2+ ions were simply 
removed from that with Mg2+ ions. 14, 19, and 15 Na+ ions were added 

to neutralize the systems for SARS-CoV RdRp, SARS-CoV-2 RdRp 
without Mg2+, and SARS-CoV-2 RdRp with Mg2+, respectively. Explicit 
water molecules were also included. The whole system consisted of 
about 250,000 atoms (250,002, 250,012, and 250,013 atoms for SARS- 
CoV RdRp, SARS-CoV-2 RdRp without Mg2+, and SARS-CoV-2 RdRp 
with Mg2+, respectively). The entire system was immersed in a cubic box 
with the side length of 136.718 Å. 

All MD simulations were performed using the Generalized-Ensemble 
Molecular Biophysics (GEMB) program, which was developed by one of 
the authors (H. O.). This program has been applied to several protein 
and peptide systems [36–40]. We applied the AMBER parm14SB force 
field [41] to the proteins and ions. We used the TIP3P rigid body model 
[42] for the water by adopting the symplectic [43] quaternion scheme 
[44,45]. The electrostatic potential was calculated using the particle 
mesh Ewald (PME) method [46]. The cut-off distance was 12 Å for the 
Lennard–Jones (LJ) potential. Reversible multiple time-step MD tech-
niques were applied. The time step was taken to be Δt = 0.5 fs for the 
bonding interactions of the protein atoms, Δt = 2.0 fs for the LJ in-
teractions and the real part of the PME calculation of the protein atoms 
and those between the protein atoms and solvent molecules, and Δt =
4.0 fs for the LJ interaction and the real part of the PME calculation 
between the solvent molecules and the reciprocal part of the PME 
calculation of all the atoms. Because the symplectic rigid body algorithm 
was used for the water molecules, Δt can be taken as long as 4.0 fs [45]. 
MD simulations in the isothermal–isobaric ensemble were performed for 
150 ns at 310 K and 0.1 MPa. The temperature was controlled using the 
Nosé–Hoover thermostat [47–49], and the pressure was controlled using 
the Andersen barostat [50]. The first 10 ns of the simulations was 
regarded as the equilibration, and the following 140 ns of the simula-
tions was used for the analysis. Errors for physical quantities were 
estimated by the bootstrap method [18]. For the bootstrap analysis, the 
production run for 140 ns was divided into 28 bins every 5 ns. Bootstrap 
cycles were 106 cycles. 
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