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Molecular dynamics (MD) simulations are powerful theoretical methods that can reveal biomolecular properties,
such as structure, fluctuations, and ligand binding, at the atomic level. All-atom MD simulations elucidated a
difference in the dynamic properties of RNA-dependent RNA polymerases (RdRps) in severe acute respiratory
syndrom coronavirus 2 (SARS-CoV-2) and SARS-CoV, which may cause activity differences of these RdRps.
RdRp is also a drug target for Coronavirus disease 2019. Nucleotide analogs, such as remdesivir and favipiravir,
are considered to be taken up by RdRp and inhibit RNA replication. The recognition mechanism of RdRp for these
drug molecules and adenosine triphosphate (ATP) was revealed by MD simulations at the atomic detail. In
addition, various simulation studies on the complexes of SARS-CoV-2 RdRp with several nucleotide analogs are

also presented.

molecular dynamics simulation RNA-dependent RNA polymerase SARS-CoV-2

nucleotide analogs RNA replication inhibition

| 1. Introduction

Coronavirus disease 2019 (COVID-19) is a disease caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) . Similarly to other highly pathogenic viruses such as severe acute respiratory syndrome
coronavirus (SARS-CoV) and Middle East respiratory syndrome coronavirus, SARS-CoV-2 is classified in the
Betacoronavirus belonging to the family Coronaviridae . It has a large positive-sense single-stranded RNA

genome consisting of about 30 kilobases, encoding more than 20 structural and nonstructural proteins (nsps) Bl
5],

Therapeutic agents and vaccines against COVID-19 have been developed thus far. One of the drug targets is
RNA-dependent RNA polymerase (RdRp) B4, RdRp plays the most important role in the viral replication and
transcription processes becase it catalyzes the synthesis of the nascent viral RNA [EIRIILOILI2ASI14] Therefore, it
is expected that the replication cycle of the virus can be terminated by inhibiting the RdRp function I3, RdRp of
SARS-CoV-2 is a complex of nsp7, nsp8, and nsp12 [EBILAILLLA Nsp12 is a multidomain protein and has three
main domains: nidovirus RdRp-associated nucleotidyltransferase (NiRAN) domain (residues 1-250), interface
domain (residues 251-397), and conserved polymerase domain (residues 398-932) [18]. The polymerase domain
consists of three subdomains (fingers, palm, and thumb), and has seven motifs A—G that form the binding site of

RdRp. The amino acids that constitute the domains and motifs are shown in Figure 1a.
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NiRAN

Motif G: residue 499-511 Motif F: residue 544—-560 Motif A: residue 612-626
Motif B: residue 678—710 Motif C: residue 753—-767 Motif D: residue 771-796
Motif E: residue 810-820

(c) SARS-CoV

Figure 1. (@) Domains of SARS-CoV-2 nspl12 and motifs A—G. (b) The tertiary structure of SARS-CoV-2 RdRp and
(c) that of SARS-CoV RdRp. NiRAN, interface, fingers, palm, and thumb domains are drawn in purple, green,
orange, blue, and red, respectively. These colors correspond to those shown in (a). Nsp7 and two nsp8s (nsp8-1

and nsp8-2) cofactors are represented as pink, brown, and sand ribbons.

The tertiary structures of RdRps in SARS-CoV-2 and SARS-CoV were determined using cryogenic electron
microscopy (cryo-EM) 212l a5 shown in Figure 1b and 1c. The structure of RdRp in SARS-CoV-2 is almost
identical to that of RARp in SARS-CoV. Their nsp12s show more than 96% sequence identity 216l Although their
tertiary structures and amino-acid sequences of both nspl12s are almost identical, it has been reported that SARS-
CoV-2 and SARS-CoV RdRps have different polymerase activities 8. The activity of the SARS-CoV RdRp is more
than three times higher than that of the SARS-CoV-2 RdRp. It has been also shown that replacing nsp12 of SARS-
CoV-2 RdRp with nspl12 of SARS-CoV RdRp more than doubles polymerase activities.

Molecular dynamics (MD) simulations of SARS-CoV-2 are introduced here 19 The difference in the activity of
RdRp between SARS-CoV-2 and SARS-CoV is expected to be caused by the difference in their dynamic
properties because the static properties, such as the tertiary structure, are almost the same. An MD simulation
study to investigate the difference in fluctuations of RARp between SARS-CoV-2 and SARS-CoV is introduced in
Section 2 L7, Section 3 is devoted to an MD simulation study that elucidated the ligand-recognition process of
RdRp in SARS-CoV-2 20, Nucleotide analogs such as remdesivir and favipiravir are drugs that target RdRps of the
virus. Remdesivir was developed by Gilead Sciences (Foster City, CA, USA) originally for the Ebola virus disease
(21 Favipiravir was developed as an anti-influenza virus agent by Toyama Chemical (Tokyo, Japan) 22, These
drugs are thought to interfere with the RNA replications by RdRp, which normally recognizes nucleoside
triphosphates (NTPs) such as adenosine triphosphate (ATP). Remdesivir is triphosphorylated (RemTP), and

favipiravir is ribosylated and triphosphorylated (FavTP) in cells. Chemical structures of RemTP, FavTP, and ATP
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are illustrated in Figure 2. These forms are the active metabolite forms and are thought to inhibit the RNA
replications by RdRp [LLI[23124125126] |y Section 4, various other simulation studies on the complexes of SARS-
CoV-2 RdRp with several nucleotide analogs are introduced. The molecular mechanisms by which these
compounds inhibit the function of RdRp are also discussed. In addition to the nucleotide analogs, MD simulations

of RdRp with nonnucleoside antiviral compounds have also been performed [ZZ[28129BAIBLIS2] Kyt this topic review

will focus on nucleotide analogs.
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Figure 2. Chemical structures of (a) RemTP, (b) FavTP, and (c) ATP.

2. Difference in Dynamic Properties of SARS-CoV and SARS-
CoV-2 RdRps

In this section, Itoh et al.'s MD simulation study of RdRp is introduced, which was conducted to explore the reason
for the difference in RdRp activities between SARS-CoV-2 and SARS-CoV 17,

To observe the tertiary-structure difference between nspl2s of SARS-CoV-2 and SARS-CoV, the average
distances between C, atoms in nspl12s were calculated as shown in Figure 3a and 3b. Researchers can see that
the two systems have the following in common: the NiRAN and palm domains are spatially close to each other, and
the interface and fingers domains are close to each other. To clarify the differences in the average distances
between nspl2s of SARS-CoV-2 and SARS-CoV, Itoh et al. calculated the ratio of the difference (Figure 3c). The
differences between nspl2s of SARS-CoV-2 and SARS-CoV are observed in the region indicated by the brown
square. Blue lines (or blue meshes) are observed in residues around 430, 520, 560, 620, 690, 760, and 800. These
results mean that the distances between all motifs of nspl2 in SARS-CoV are shorter than those of nspl2 in
SARS-CoV-2. In particular, the distance between motifs F and G for SARS-CoV is up to 63% shorter than that for
SARS-CoV-2.
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Figure 3. The average distances between C, atoms of nsp12 for (a) SARS-CoV-2 and (b) SARS-CoV. The borders
between the domains in nspl2 are indicated by the green lines. (¢) The ratios of the differences between the
average distances for SARS-CoV nspl2 and those for SARS-CoV-2 nspl2. The brown square shows residues that

have large differences.

In addition, dynamic cross-correlation (DCC) was calculated to investigate the correlation between domain
motions. DCCs of SARS-CoV-2 nspl2 and SARS-CoV nspl2 are presented in Figure 4a and 4b. Here, red and
blue indicate positive and negative correlations, respectively. The fact that there is a positive (negative) correlation
between two residues indicates that the motions of these residues are in the same (opposite) direction. In both
systems, positive correlations are found between most residues within the same domains. However, there are both
positive and negative correlations in the interface domain of SARS-CoV nspl2. The boundary between these
correlations is residue 330. Residues before and after residue 330 in the interface domain are positively correlated
with the NiRAN domain and fingers domain, respectively. Figure 4c shows the differences in DCCs between
SARS-CoV-2 and SARS-CoV nspl2s. As shown by the region surrounded by the brown lines, the differences are
larger in the NiRAN and interface domains. These domains before residue 330 have a strong negative correlation
with the fingers domain in SARS-CoV nspl2. That is, the regions before residue 330 move cooperatively with the

fingers domain, moving closer and further away from each other.
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Figure 4. DCCs of nspl12 for (a) SARS-CoV-2 and (b) SARS-CoV. The borders between the domains in nspl2 are
indicated by the green lines. (c) Differences between DCCs for SARS-CoV nspl2 and those for SARS-CoV-2

nspl2. The region surrounded by the brown lines means residues with large differences.

As shown in Figure 3c, the distances between all motifs in SARS-CoV nspl2 are shorter compared to SARS-CoV-
2 nspl2. This may enhance the RdRp activity of SARS-CoV. Furthermore, in SARS-CoV nspl2, the NiRAN and
fingers domains move cooperatively toward and away from each other; because the removal of the NIRAN domain
reduces the RdRp activity 23, the NiRAN domain is important for the RdRp activities. The cooperative movement

of the NiRAN domain with the core (fingers) domain of RARp may also enhance the activity of RARp.

| 3. “Bucket Brigade” in RdRp Ligand Recognition

In this section, Tanimoto et al.'s MD simulations of RdRp with RemTP, FavTP, or ATP to clarify how RdRp

recognizes the drugs and NTPs are presented 29,
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As a result of the MD simulations, the ligand recognition process by RdRp was observed in all three systems of
RemTP, FavTP, and ATP. First, the ligand recognition probability was calculated, as listed in Table 1. RemTP
R&E?(W%t probability, FavTP shows the second-highest probability, followed by ATP, although within the

FoEErBhAURTRIE &8 A5 D A 7 IR 2065R0 LML BHoRRSHBIAY B Uirliges The Upadiion
MDA tBE 8" R R A oFRELR I Kb BR AL S EIRY SRS 2070 FEBY MRl HhANAYSE that
Re 8 RV Nt ISP 1T 262025 EB 6-b44 '3 8158 APt grgsent results.

2 14bve, INT,héhunghdPof YBREmWAfidrs X WHaihgR ERp Pedtgnike dimaigXndk uapadBecSdHitdh pkahdBilitets
al.Niu, P.Zhan, F.Ma, X.Wang, D.Xu, W.Wualso&aed.G. F.Tan, W. A Novel Coronavirus from
Patients with Pneumonia in China, 2019. N. Engl. J. Med. 2020, 382, 727-733, 10.1056/NEJMoa2

Ligand Ligand Recognition/Total Ligand Recognition Probability

S-CoV-2
RemTP 12/50 0.24 +0.07

l.; Pel,
FavTP 9/50 0.18 +0.06 E.

iture
ATP 7/50 0.14 £ 0.06

et al.Bi,

Y.Ma, X.Zhan, FWang, L.Hu, T.Zhou, H.Hu, Z.Zhou, W.Zhao, L.Chen, J.Meng, Y.Wang, J.Lin,
Y.Yuan, J.Xie, Z.Ma, J.Liu, W. J.Wang, D.Xu, W.Holmes, E. C.Gao, G. FWu, G.Chen, W.Shi,
Next, to understand the. mechanism of the ligand recognition by RdR%, the trajectories of the recognized ligands
W.Tan, W. Genomic characterisation and epidemiology of 2019 novel coronavirus: implications for
were examined. As a result, an interesting path was_observed in which the |ysine residues of RdRE). carrg ligands to
virus origins and receptor binding. Lancet 2020, 395, 565-574, httPs://d0|.org/10.1O 6/S0140-673
the6b(|r218|)ngcb3|t5ell|lée a “bucket brigade,”as shown in Figure 5. In this path, the phosphate groups of the ligands
contacted LYS2 and LYS43 of nsp7 and LYS551, LYS621, and LYS798 of nspl2. Because nspl2 and nsp7
Eoriddpohd; tbibhaln Nang cairl 0argpEeidépng thd oritiaadsryo- MNasRudieXthe ¥edidubd. atd, o%pr&ised here
as @hénangeIM febigte humbdr ARisis RirtRerapestiydmgris doeSARS(pYitR epshejscovanchfC2LYS,
c4potentind ABEIS Yy geMallRikonaraaHslRdiAGEtENARTs Hibed320Qaha tréh6pafatick) the Whibpsks

grodP2ef4Z0®: first interact with the side chain of C2LYS (state 1 (S1), Figure 5b). C2LYS passes RemTP to

LR MEPNRINGHERE, FHte 2050 RISrerSD:; CAitnth, BeBPRERRECHIGGR ARt R RE TP (52
Figuss, SHkRUL 5id8aLe "SRt SSRGSk rldled. GAMESHEP 2514 o] 858 1115 2619 /8RTiE Sty

Wiﬂbé\%%ilﬁs and A798LYS at the binding site. A similar process was also observed in the FavTP and ATP

systems.
8. Wang, Y.; Anirudhan, V.; Du, R.; Cui, Q.; Rong, L. RNA-dependent RNA polymerase of SARS-

CoV-2 as a therapeutic target. J. Med. Virol. 2021, 93, 300-310, https://doi.org/10.1002/jmv.2626
4.

9. Venkataraman, S.; Prasad, B. V. L. S.; Selvarajan, R. RNA Dependent RNA Polymerases:
Insights from Structure, Function and Evolution. Viruses 2018, 10, 76, https://doi.org/10.3390/v10
020076.
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res ectivel
. Itoh, SyG Tanimoto, S.; Okumura, H. Dynamic properties of SARS-CoV and SARS-CoV-2 RNA-
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Polymerase Complex from SARS-CoV-2. Cell Rep. 2020, 31, 107774, https://doi.org/10.1016/j.cel

4<-‘;‘pIVPé‘Ié@§7GIar Simulation _Studies on Inhibition Mechanism_s of
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RNA- de§5endent RNAFQonmerase of SARS-CoV-2. Int. J. Mol. Sci. 2022 23, 10358, 10.3390/ijms

4.]23§§ﬁ -CoV-2 RdRp with Remdesivir in the Triphosphate Form

) 1080/07391102 2020.1761882.
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nuchagides g, strand 8. They revealed that N-Rem led to a delayed chain termination, where the translocation
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RNAye!eenga et 20 3epaEAGBEdealed mechanisms of the binding and incorporation of natural nucleotides

and RemTP 7. They found that RemTP was preferentially bound to RdRp over ATP, while it was incorporated into

22. Fur Y.: Takahashi, K.; Kuno-Maek M,; San H.. Uehar . ki, K.; Nomura, N,
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TR L T bg”%ﬁé‘r?g”éstr2|.°[§_lécél§?2té’r‘?cf olaR AR e TP R o TR0 GRS o
Chemother. 2005, 49, 981-986, htt S://dOl.ogg/il.O.11h28/AACE].49.3.981-986.%0015.
RdRp when the nascent RNA strand was translocated along the exit channel. Instead, they found that N-Rem was
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grolmo28ERARIDEANd act as a trap for the nascent RNA strand and stall the translocation of the duplex.
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Siewert, A.; Hobartner, C.; Cramer, P.; et al. Mechanism of SARS-CoV-2 polymerase stalling by
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tripﬂ@sphate (CMC-TP), Gemcitabine triphosphate (GMC-TP), and ara-uridine triphosphate (ARU-TP). Previous
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proRafylity of the subsequent NTP and consequently caused partial chain terminations due to the steric hindrance

by its 2'-O-methyl modification. In addition, it was found that the bulky 2'-methyl substitutions in SFU and CMC
28: JeR A Re ONSAY Jk; Mo iMnSuikls GRIRWM frond B o frast " ERRE M AMP Aillen

have-SMAILFS DYESHARIRN M AE IRE RSNl o AR S ASD IBR M RROLIES GiRNErects on the
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SARS-CoV-2 RdRp.
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