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Abstract

RNA dependent RNA polymerase (RARP) from positive stranded RNA viruses has always been
a hot target for designing of new drugs as it is responsible for viral replication. The major class
of drugs that are targeted against RARP are nucleotide analogues. An extensive docking and
molecular dynamics study describing the role of natural nucleotides (NTPs) and its analogues in
imparting an inhibitory effect on the RARP has been presented here. RARP simulations in its apo,
NTP-bound and analogue-bound form have been performed for a cumulative time of 1.9 us. The
conformational flexibility of the RARP molecule was explored using Principal Component
Analysis (PCA) and Markov State Modeling (MSM) Analysis. PCA inferred the presence of
correlated motions along the conserved motifs of the RARP. The ligand binding motif F and
template binding motif G showed motions that are negatively correlated with one another. LY'S
551, ARG 553 and ARG 555 which are a part of the motif F appear to form strong interactions
with the ligand molecules. ARG 836, a primer binding residue was observed to strongly bind to
the nucleotide analogues. The MSM analysis helped to observe different conformational states
explored by the RARP. The ensemble docking of the ligands on the Markov states suggested the
involvement of the above residues in ligand interactions. The Markov states obtained clearly
demarcated the open and closed conformations. The closed states were observed to have more
favorable docking of the ligands. MSM analysis predicted a probable inhibitory mechanism
involving the closing of the template entry site by reduction in the distance between the flanking
finger and thumb subdomain.
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Introduction

The current global pandemic, COVID-19 which is caused due to the novel coronavirus, Severe
Acute Respiratory Syndrome - Coronavirus - 2 (SARS-CoV-2) belongs to the group of
Coronaviruses (CoVs) known to cause majorly respiratory tract infections across multiple
species.! The classification of SARS-CoV-2 states that it belongs to the subfamily Coronavirinae,
family Coronaviridae, order Nidovirales. The CoVs that are known to infect the human species
are known as human coronaviruses (HCoVs). HCoVs has been observed to cause infections
leading to both mild effects such as common cold, bronchitis and life threatening pneumonia.??
Prior, to the identification of SARS-CoV-2 , two HCoVs namely, severe acute respiratory
syndrome coronavirus (SARS-CoV) and Middle East respiratory syndrome coronavirus (MERS-
CoV) were responsible for causing the SARS and MERS disease. The mortality rate in case both
these diseases was significant enough to raise a need for therapeutics.** Similarly, the COVID-
19 caused by SARS-CoV-2 has gained importance for development of drugs/vaccine owing to its
epidemiology. It is an enveloped virus with positive stranded RNA and its genome ranges up to
30,000 nucleotides and codes for around 29 proteins.” These proteins consist of structural and
non-structural proteins (nsp) and are responsible for the overall functioning of the virus. The
protein, RNA dependent RNA polymerase (RdRP) which is responsible for viral replication is
observed to be highly conserved amongst the group of coronaviruses. The RARP is one of the
nsp and is known as the nsp 12. The RdARP of SARS-CoV-2 is known to share a similarity of
96.3 % with the RARP of SARS-CoV.!* The first experimental structure of SARS-CoV-2 RdRP
was elucidated using cryo-Electron Microscopy (cryo-EM) in May 2020.'! The structure of the
viral RARP resembles to that of a right cupped hand formation. The cryoEM structure of SARS-
CoV-2 RdRP is in complex with the nsp7 and nsp8. The polymerase domain of RdRP is sub-
divided into functionally important subdomains and motifs. Figure 1 A represents different
subdomains and motifs present in the RARP molecule. The right cupped hand formation of the
RdARP comprises of three major subdomain, the finger subdomain 1 and 2 (FDI1, FD2), palm
subdomain (PD) and thumb subdomain (TD). The FD1 and FD2 has the residues within the
range of 398-581 and 621-679 respectively. The PD has the residues within the range of 582-627
and 688-815. PD is the largest subdomain in comparison to the others. TD consists of residues
within the range 816-919 which has helical structures and a functionally critical B-loop. A
nidovirus RdRP-associated nucleotidyltransferase domain (NiRAN), is present in the residue
range from 115 to 250. This is followed by a linker region between it and the FDI from the
residue range 260-370. RARP being a highly conserved protein across the viral family has 7
conserved motifs, A-G within the polymerase domain.!>!3!% Figure 1B represents these motifs
present in the polymerase domain. The motif A ranges from residue 613 to 626, this motif has
catalytic residues. The motif B is a part of the PD and ranges from residue 675 to 710. This motif
consists of residues that facilitate binding to the RNA template. The motif C consists of residues
within the range 753-767 and like motif B is a part of the PD. This motif consists of the SER 759,
ASP 760 and ASP 761 (SDD) triplet site, which is crucial for primer binding. The motif D
ranges from 772 to 796 and is a part of PD. The motif E ranges from 811 to 821 and is part of the
TD. This motif consists of the CYS 813, SER 814 and GLN 815 (CSQ) site which is crucial for
primer binding. The motif F consists of residues within the range 544-555 and is known to bind
to the inhibitor molecules. This motif consists of highly polar LYS and ARG residues that



initiate strong interaction with the inhibitor molecules. The motif G comprises of residues within
the range 500-514, which have residues that play a critical role in RNA template binding. The
RdRP is structurally well characterized hence, there is a scope for development of drug
molecules that may target the functionally important subdomains and motifs and lead to an
inhibitory effect. Various drug development strategies have been targeted towards inhibition of
the RARP of the SARS-CoV-2 to minimize the viral replication.!>'® One of the major efforts has
been put in identifying nucleotide analogues which would help in pre-mature termination of the
RNA by interfering the RNA replication process.!>?* Nucleotide analogues are resultant of the
modifications in the natural nucleotides namely, Adenosine-5’-triphosphate (ATP), Guanosine-
5’-triphosphate (GTP), Cytidine-5’-triphosphate (CTP), Thymidine-5’-triphospate (TTP) and
Uridine-5’-triphosphate (UTP). Few of the known FDA approved nucleotide analogues are,
favipiravir (FPV), galidesivir (GDV), lamivudine (LMD), ribavirin (RBV), remdesivir (RDV)
and sofosbuvir (SBV). The prodrug form of these nucleotide analogues has been approved by the
FDA. These prodrugs get metabolized into the tri-phosphate form which is the active metabolite
that interferes with the activity of the RdRP enzyme.?!?> GDV and RDV which are known
adenosine analogues have been proved successful in treating viral infections. The former one is
considered as a broad spectrum antiviral and has been used for treating hemorrhagic fevers.?
RDV, is currently being used as an emergency drug for treating critically ill COVID-19
patients.’*?® The earlier use of RDV was observed in treating the EBOLA disease.?
Experimental efforts to study its effect on inhibiting the current SARS-CoV-2 suggest high
potency.?® An announcement by the US National Institute of Allergy and Infectious Diseases
(NIAID) had recommended the used of RDV for faster recovery of SARS-CoV-2 infected
patients.?”?® FPV and RBV, are known guanosine analogues are currently being studied to
understand its inhibitory effect on the RARP protein.3’-3? Earlier these analogues have been used
to treat influenza in Japan, Hepatitis C and viral hemorrhagic fevers.?*> LMD, is a cytidine
analogue and has earlier been used to treat HIV and Hepatitis B infections.’® This analogue is
known for its anti-retroviral activity. SBV, is a uridine analogue and has been extensively used to
treat Hepatitis C viral infections.?* Drug repurposing strategies to identify potential drugs that
can be targeted against the RARP are being developed world-wide.>33® Molecular docking
studies of RBV, RDV, GDV and SBV suggest the role of crucial residues from the different
subdomains of the RARP.*® The molecular dynamics (MD) simulation studies have enabled the
understanding the conformational dynamics of the RARP molecule.**** MD simulation studies
on earlier known RARP molecules from viruses related to SARS-CoV-2 reveal the role of inter-
domain molecular motions responsible for the protein functioning.’**° Correlated motions among
the different motifs and domains of the RARP result in the proper viral replication.*®*' Hence, the
work presented here explores the conformational variation of RARP molecule of SARS-CoV-2 in
the presence of natural nucleotides (NTPs) and their analogues. The MD trajectories were
analyzed to understand individual ligand effect on RARP conformational dynamics and impact of
interesting interacting residues. The 932 residue long RARP molecule has been studied using
molecular docking and MD simulation studies. The five NTPs namely, ATP, GTP, TTP,CTP and
UTP and six nucleotide analogues namely, FPV, GDV, LMD, RBV, RDV and SBV have been
docked on to the active site of the RARP and further simulated for a cumulative of 150 ns each. A
ligand-free RARP, has also been simulated for a cumulative of 250 ns. This apo-form of RdRP



has been used as a control to perform comparative analysis of the ligand-bound simulations.
Principal component analysis (PCA) of the simulation data enabled to identify the functionally
crucial regions of the RARP that undergo changes in the ligand-bound form. PCA also enabled
to point the correlated motions within the different motifs of RARP in the presence of either
NTPs or analogues. Free energy analysis helped in identification of residues that strongly interact
with the ligand molecule and form stable interactions. Interactions specific to NTPs and
nucleotide analogues were identified through hydrophilic and hydrophobic interactions between
the ligand and the RARP residues. In order to obtain a holistic view on the flexibility of the RARP
molecule in accommodating the binding of the different ligands, Markov state modeling (MSM)
analysis of the simulation was performed which gave an insight on the transition of the RdRP
molecule from a functionally active conformation to a probable inhibitory conformation. There
have been studies reported where in MSM analysis has been found to be beneficial in identifying
intermediate states visited by biomolecules through MD simulations.***® A probable mechanism
of inhibition was identified based on the variation of the conformational parameters across
different Markov states obtained. An ensemble docking of the above mentioned NTPs and
nucleotide analogues was performed on the states obtained through MSM which revealed RARP
residues of importance in initiating the inhibitory effect.

Methodology
Systems Preparation

The co-ordinates for the RARP protein were obtained from the SWISSMODEL. The template
used for building the RARP molecule was PDB ID: 7BTF.!! The 7BTF structure consists of
RdRP (nsp12) in complex with nsp7 and nsp8, only the nsp12 co-ordinates were used (Figure 1
A). Three missing residues namely, SER, ALA and ASP from the N-terminal were added using
the xleap module of AmberTools17.#” The RARP molecule consisted of two Zinc atoms in co-
ordination with CYS and HIS residues. One of the Zinc atom was in co-ordination with CYS 301,
CYS 306, CYS 310 and HIS 295 and the other in co-ordination with CYS 487, CYS 645, CYS
646 and HIS 642. Both the Zinc atoms formed a tetrahedral co-ordination complex. A total of 12
RdRP systems were prepared for the study. Table 1 shows the details and notations of these 12
simulation systems. The active metabolite forms of the natural nucleotides and their analogues
were obtained from the PubChem database (Figure 2). The five natural nucleotides studied were,
namely, adenosine-5’-triphosphate (PubChem CID: 5957), guanosine-5’-triphosphate (PubChem
CID: 135398633), cytidine-5’-triphosphate (PubChem CID: 6176), thymidine-5’-triphospate
(PubChem CID: 64968) and uridine-5’-triphosphate (PubChem CID: 6133). The six nucleotide
analogues studied were, namely, favipiravir-triphosphate (PubChem CID: 5271809), galidesivir-
triphosphate (PubChem CID: 146047139), lamivudine-triphosphate (PubChem CID: 454110),
ribavirin-triphosphate (PubChem CID: 122108), remdesivir-triphosphate (PubChem CID:
121304016) and sofosbuvir-triphosphate (PubChem CID: 23725128).



Molecular Docking

The molecular docking of all the natural nucleotides and its analogues was performed on the
ligand-free structure of RARP as explained above. The flexible docking protocol was followed
using the DOCK 6 software.*® The parameters for the RARP molecule were generated using
UCSF Chimera. The addition of hydrogen atoms and assignment of charges for the RARP
molecule was performed. The AMBERFF14SB force field was used to assign atom types and
internal co-ordinates for the protein molecule.* The active site of RARP was determined using
the sphgen module of DOCK 6.*® The cavity selection is done based on clustering of spheres
generated along the surface of the protein. The largest cluster of the spheres was considered as
the active site of RARP. This step is followed by generation of a grid along the active site using
the grid module of DOCK 6.* This was followed by individual docking of each of 11
nucleotides to the receptor molecule. The standard parameters were used for the docking of
ligand molecules on the protein.

Molecular Dynamics

The molecular dynamics (MD) simulations were performed for all the systems specified in Table
1. The AMBERI6 simulation package was used for the same. The force field used was
AMBERFF14SB and the Zinc Amber Force Field (ZAFF).#° ZAFF was used for handling the
two Zinc co-ordination complexes present in the RARP molecule. The parameters for all the
ligand molecules were generated using the antechamber module of AmberTools17.5! The
general AMBER force field was used to assign atom types and bonded parameters to the ligand
molecules.’? Each of the 12 systems were solvated using the TIP3P water model and the entire
system was neutralized using Na+ atoms. The x/eap module of AmberTools17 was used for the
same.*” Minimization was performed using the steepest descent and the conjugate gradient
method in two steps. Initially, the solvent and gradually the entire simulation system was
minimized in 10000 steps. Similarly, the entire system was gradually heated to 300 K using the
Langevin thermostat. The hydrogen atoms were constrained using the SHAKE algorithm. The
system was equilibrated for 1 ns at constant temperature and pressure of 300 K and 1 atm. The
production run was performed for 50 ns. Five replicates of 50 ns each were simulated for the
RdARP-APO system, resulting in a cumulative of 250 ns. Three replicates of 50 ns each were
simulated for all the eleven ligand bound systems. Hence, each ligand bound system was
simulated for a cumulative of 150 ns each. Hence, a cumulative of 1.9 us data was simulated for
the RARP systems explained in Table 1.

Analysis

The analysis included root mean square fluctuation (RMSF), principal component analysis
(PCA), molecular mechanics/generalized Born surface area (MM-GBSA) free energy, hydrogen
bonding and salt bridge interactions, multivariate PCA, and Markov state modeling (MSM)
analysis. The RMSF and PCA were performed using the ¢pptraj module of AmberTools17.%
The MM-GBSA free energy was performed using the MMPBSA.py module of AmberTools17.3
The hydrogen bonding and salt bridge interactions were calculated using the PLIP software.>



Multivariate PCA was performed using the R package.’®* MSM analysis was performed using
PYyEMMA software.®’

Results & Discussion
Conformational variation in the RARP molecule

The conformational changes occurring in the RARP molecule in each of the simulations were
compared by performing the PCA. All the atoms except for hydrogen were considered as
reaction coordinates. Figure S1 shows the distribution of the conformers along the principal
component (PC) 1 and PC 2 for the RARP-APO, RARP-ATP, RARP-TTP, RARP-GTP, RdRP-
CTP and RARP-UTP systems. The conformers in the RARP-APO system were observed to vary
between the eigen values -100 to 200 along the PC 1. However, this distribution was observed to
be constricted between the eigen values -100 to 100 along the PC 2. Maximum variation in the
conformations was captured by PC 1, although no distinct cluster of conformers was observed to
be formed. The RARP-ATP, RARP-TTP and RARP-CTP were observed to form three distinct
population of conformers along the PC 1. In case of RARP-ATP and RARP-CTP the three
populations was observed to overlap the distribution of the RARP-APO system. However, in case
of RARP-TTP, one population was observed to be distinct with no overlap in the RARP-APO
distribution. The other two populations were observed to be partially overlapped with the RARP-
APO distribution. The RARP-GTP system was observed to form two distinct populations along
the PC 1. One of these populations overlapped with the distribution of RARP-APO system. The
other one was observed to be widely distributed along PC 2, with few conformers spanning
region distinct to that of the RARP-APO. The RARP-UTP system was observed to vary the least
in comparison to the other RARP and NTP complexes along the PC 1. Most of the conformers
were distributed in the same region as that of the RARP-APO. These observations suggest that
the conformational variation in the NTP-bound RARP systems significantly sampled distinct
populations as compared to the widespread population distribution observed for the RARP-APO.
The presence of the NTPs may have induced dominant changes that result in distinct
conformations of the RARP molecule which are minimally explored in the ligand-free state.
Figure S2 shows the population distribution for the RARP and nucleotide analogue systems. The
RARP-LMD and RdRP-RBV systems which have the cytidine and guanosine analogues
respectively, were observed to sample three distinct population of conformers along the PC 1.
Although, the distribution of RARP-LMD conformers was constricted to shorter range of eigen
values as compared to that of RARP-RBV. The region of distribution along PC 1 and 2 for
RARP-LMD matched to that of RARP-CTP. In contrast to RARP-RBV system, where in the
population was more distributed and sampled new conformations as compared to RARP-GTP.
The RARP systems with adenosine analogues, namely, RARP-GDV and RdRP-RDV showed
three dominant populations. The distribution of RARP-RDV system matched to that of RARP-
ATP. However, in case of RARP-GDV few new conformers were also sampled. The RARP-FPV
which is also a known purine analogue was observed to have distribution of the population
similar to that of the RARP-ATP. The RARP-SBV appeared to sample populations in the similar
to that of RARP-APO. However, the distribution was less dispersed in case of RARP-SBV as
compared to RARP-APO. The population distribution along the first two PCs for the nucleotide



analogue-bound RdRP systems showed more densely populated clusters as compared to the
RdARP-APO. Three of the nucleotide analogues namely, RARP-LMD, RdRP-RDV and RdRP-
FPV showed similar distribution along the first two PCs as compared to their parent natural
nucleotides. The sampling of significant populations along the first two PCs for all the ligand-
bound RARP systems suggests that the presence of ligand enabled exploring statistically
significant conformations of the RARP molecule. In order to map these conformational changes
on to the actual protein, the RMSF of the residues along the PC 1, 2 and 3 was calculated. Figure
3 and 4 shows the RMSF averaged over the entire residue for the RARP-NTPs and RdRP-
nucleotide analogue systems along the PC 1 (black), 2 (red) and 3 (green) respectively. The first
row of the Figure 3 shows the residue-wise RMSF of the RARP-APO system along PC 1, 2 and 3.
The remaining five rows from top to bottom, represent the same for RARP-ATP, RARP-TTP,
RdARP-GTP, RARP-CTP and RARP-UTP respectively. The regions shaded are the ones that were
observed to be have higher RMSF values along the entire RARP-protein. The N-terminal region
ranging from residue 20-100 was observed to be fluctuating the most in the RARP-ATP system.
RMSF values ranging 5-9 A were seen in this region along all the first three PCs. The RdRP-
APO, RARP-TTP, RARP-GTP and RARP-CTP showed fluctuations in this region which were
captured by PC 2 and 3. This suggests that the conformational changes in this region were more
dominant in RARP-ATP as compared to the other RARP-NTP systems. The FD1 region ranging
from 398-581 residues also appeared to fluctuate the most in most of the systems. The magnitude
of fluctuation captured by PC 1 ranged within 2-4 A for the RARP-APO, RARP-TTP and RdRP-
CTP systems. However, slightly higher values of RMSF were observed in case of RARP-ATP,
RARP-GTP and RARP-TTP. This fluctuation was observed to be reduced in RARP-GTP and
RdARP-CTP systems as captured by PC 2. The other systems showed significant fluctuation in
this region along PC 2. The third most fluctuating region was the TD region ranging from 816 to
919 residues. The RARP-APO system fluctuated the most in this region. The magnitude of
fluctuation for all the RARP-NTP systems was within the range from 2-4 A. The fluctuation was
observed to be captured by the first three PCs. Figure 4 shows the RMSF values averaged over
the residues captured by the PCs 1, 2 and 3 for the RARP-FPV, RdARP-GDV, RdRP-LMD, RdRP-
RBV, RdRP-RDV and RdRP-SBV systems. All the three regions of the RARP namely, N-
terminal region, FD1 region and TD region which were observed to fluctuate the most in RARP-
NTP systems, showed similar results for the RARP nucleotide analogue bound systems. However,
the magnitude of fluctuations in the N-terminal region was observed to be more in PC 2 as
compared PC 1. This suggests that this variation was not one of the dominant motions in the
RdRP. The FD1 region showed RMSF in the range of 3-5 A in all the RARP-nucleotide analogue
systems for the PC 1. The fluctuations in this region extended till the PC 3 too. The TD region
also fluctuated in the range of 3-6 A as captured by PC1. The fluctuation appeared to reduce in
PC 2 but was again captured by PC 3. Apart from these regions which were in common with the
RARP-NTP systems. A linker region between the NiRAN subdomain and finger subdomain
ranging within the residues 260-370 was observed to fluctuate within 3-6 A in most of the RARP
systems bound to nucleotide analogues. RARP-FPV and RARP-LMD showed fluctuation in this
linker region within the range of 5-6 A captured through PC 1. The remaining nucleotide
analogue RARP systems showed fluctuations that were captured by the PC 2 and 3. In case of the
RARP-NTP complexes, this region was observed to fluctuate significantly in case of RARP-UTP



as the RMSF values were high in the first PC itself. The RARP-TTP too showed fluctuation in
this region although it was captured only by PC 3. The observations made through PCA may
infer that the N-terminal, finger subdomain 1 (FD1) and thumb domain (TD) may be the
responsible to sample distinct conformations of RARP in the ligand bound systems. The opening
and closing of the template entry site involves two of these domains namely, FD1 and TD. The
motions in these two domains play a crucial role.*!

Changes in the template entry site of RARP

The changes in the template entry site of RARP were investigated by calculating the distance
between the finger subdomain 1 (FD1) and thumb subdomain (TD). The centre of mass of the
residues ranging from 398-581 (FD1) and 816-919 (TD) were considered as the two points for
calculating the distance. Figure 5 A and B shows the histogram plot for the distance between the
FDI1 and TD subdomains of the RARP for the RARP-NTPs and the RdRP-nucleotide analogue
systems respectively. The distance between the two subdomains for the apo crystal structure with
PDB ID 7BV1 is 28.12 A. The black dotted line shows this distance for reference. It was clearly
observed that the largest population in the RARP-APO system showed the distance to be 28 A
which is considerably near to the experimental value of the RARP in the apo form. A distance
more or less than 28.12 A indicates opening or closing of the template entry site respectively. In
case of the NTPs, the RARP-ATP and RARP-CTP, considerable number of conformers showed
opening of the template entry site. RARP-ATP sampled more number of conformers that had the
FD1-TD distance more than 28.12 A. In contrast to RdARP-CTP which sampled more of
conformations at a distance of 27 A indicating closing of the template entry site. The remaining
three RARP-NTP systems, RARP-TTP, RARP-GTP and RARP-UTP showed more number of
conformers with distance around 27.5 A inferring minimal closing of the template entry site. In
case of the nucleotide analogues (Figure 5 B), the RARP-FPV showed maximum number of
conformers at a distance of 27 + 0.2 A. The RARP-RBV system showed the population of
conformers distributed between 27.7 - 28 A. These two RdRP systems with nucleotide analogues
showed significant population leading to closing of the template entry site. The RARP-GDV and
RdARP-LMD appeared to sample similar number of conformers greater and lower than the
experimental 28.12 A. This suggests that in the presence of these nucleotide analogues, both the
opening and closing motions of the template entry site occurred. The RARP-SBV system showed
an exclusive distribution of conformers spanning a range of 25-31 A followed by RARP-RDV
system with a range of 25-30 A for the calculated distance. However, in case of the former one
more number of conformations were sampled with distance values ranging more than 28.12 A.
The vice-versa was observed for the RARP-RDV system. These observations suggest that the
maximum opening and closing of the template entry site was observed in the RdARP-SBV and
RdARP-RDV systems respectively as compared to all the other ligands. The comparison between
the RARP-NTPs and RdRP-nucleotide analogues infers that the analogues exhibited closing of
the template entry site better than the NTPs.

Changes in the conserved motifs

The inter-motif distances between the seven conserved motifs, A-G were calculated. Among
these distances, the correlation of distances between the motifs A-E and G with F and A-F with



G were observed to show highest correlation (data not shown for other inter-motif distances).
Multivariate PCA was performed for the six distances between F and rest of the motifs, and
between G and rest of the motifs. The conserved motif F plays a role in ligand binding and motif
G plays a role in binding to the RNA template. Figure S3 gives the co-efficient of correlation
between the inter-domain distances. Figure 6 gives the projections of each of inter-domain
distances along PC 1 and 2. More than 80 % of the variance was captured by the first two PCs. In
in case of all the inter-motif distances, where, motif F was involved, namely, AF, BF, CF, DF,
and appeared to have similar PC projections, as they were clustered together, depicted in circled
region 1 of Figure 6. However, the distance FG, was observed to have a projection completely in
a different region of PC 1 and 2 distribution. Figure S3 shows that the correlation of coefficient
values were more than 0.85 within the distances AF, BF, CF, and DF. The co-efficient of
correlation for distance EF with all the other distances with motif F were significantly lower but
had a positive value. However, the negative correlation value for distance FG with all other
distances of motif F clearly supports its distinct projection on the first two PCs. The positive and
negative correlation values infer similar and different behavior of the parameters under
consideration. This may infer that the molecular motions along the motif A-E were significantly
in sync with the motif F. Whereas, contrasting molecular movements may have occurred in case
of motifs F and G. Similarly, in case of the motif G, the distances AG, BG, CG, DG and EG have
positive correlation values greater than 0.75 among one another (Figure S3). These inter-motif
distances clustered together when distributed along PC 1 and 2, depicted in circled region 2 of
Figure 6. The distance FG too had positive values but they were lower than 0.55. Hence, it can
be inferred that the regions that were crucial for template (motif G) and ligand (motif F) binding
showed non-synonymous molecular motions with respect to one another. This may also be a
resultant effect induced due to the presence of ligand.

Binding interactions of NTPs and analogues

Understanding the binding of the NTPs and nucleotide analogues would help to deduce the
factors responsible to induce changes in the conformation of the RARP molecule. The MM-
GBSA free energy of binding between the ligands and the RARP molecule was calculated. The
important residues that contribute to the binding either through hydrogen bond or salt bridge
formation were calculated using the PLIP software. The residues from RdRP that were involved
in either of the two interactions having a percentage occupancy above 20 were identified. A total
of twenty eight such residues were observed to occur within all the RARP ligand-bound systems.
These residues belonged to the finger subdomain 1 (FD1), palm subdomain 1 and 2 and the
thumb subdomain. Seven residues namely, LYS 545, SER 549, ALA 550, LYS 551, ARG 553,
ALA 554 and ARG 555 belonged to the conserved motif F. Motif F is also known as the ligand
binding motif consisting of ten residues, out of which seven were obtained through the
simulations too. In addition to these seven residues, seven more residues were observed to
interact with both the NTPs as well as nucleotide analogues. Eight residues of RARP were
observed to interact exclusively with NTPs. Similarly, six residues of RdRP, selectively
interacted only with the nucleotide analogues. The free energy contribution in binding of these
twenty eight residues has been shown in Figure 7 and 8 for the NTPs and the nucleotide
analogues respectively. LYS 551 and ARG 555 from the motif F were observed to strongly



contribute in binding to the NTPs as well as the nucleotide analogues. Figure 9 shows the start
positions of the ligands and the most interacting residues from the RARP. In case of the NTPs,
the LY'S 551 contributed the most in binding to CTP followed by TTP, ATP, GTP and UTP. In
case of the nucleotide analogues, LYS 551 contributed the most in binding to SBV followed by
RBV, GDV, FPV, RDV and LMD. ARG 555 contributed the most in binding to TTP, followed
by GTP, CTP, ATP and UTP within the NTPs. It contributed the most in binding to RDV,
followed by LMD, GDV, RBV, FPV and SBV within the nucleotide analogues. ARG 553, was
observed to contribute significantly more in binding to the nucleotide analogues as compared to
the NTPs. The best free energy contribution in binding by ARG 553 was observed for FPV,
followed by SBV, GDV, LMD, RBV and RDV. The SER 759 and ASP 760 of the catalytic site
consisting of SER 759, ASP 760 and ASP 761 (SDD) were also observed to contribute in
binding to the ligands. SER 814 from the CSQ site from the motif E consisting of CYS 813, SER
814 and GLN 815 is known to bind to the template. However, SER 814 was also one of the
residues observed in binding to the ligands. ARG 836 was observed to contribute in binding to
all the nucleotide analogues and only TTP among the NTPs. This residue is one of the primer
binding residues from the thumb subdomain. This residue was observed to contribute the most in
binding of RDV to the RARP. The role of ARG 836 in binding to the nucleotide analogues and
was one of the novel findings obtained from the simulations. The role of this residue in binding
to the nucleotide analogues may contribute to the closing of the template entry site.

Capturing overall RARP flexibility

The flexibility attained by the RARP molecule was further investigated using the Markov State
Modeling (MSM) analysis. MSM analysis helps in statistically sampling the data and capturing
changes that occur along a slow or rate limiting step. The parameter along which such a change
occurs is known as the collective variable (CV). The co-ordinates of the RARP were extracted
from the ligand-bound and the ligand-free simulations. The CV was selected based on
variational approach for Markov processes (VAMP) score. The details of the CV selection have
been given in the Supplementary Information SI. The backbone torsion was considered as the
CV along which the different states visited by the RdARP molecule were predicted
(Supplementary Figure SI.1). In addition to the collective variable (CV), the choice of lag time
also holds importance in MSM analysis. Time independent component analysis (tICA) was used
for performing the dimensionality reduction. tIC 1 and 2 both showed that two transitions
occurred in the entire simulation data (Supplementary Figure SI.2). Figure 10 shows the four
distinct clusters obtained along tIC 1 and tIC 2. The color distribution in the Figure 10 indicates
the free energy, which is inversely proportional to the number of conformations obtained. Figure
10 also shows the superimposed RARP structures obtained from these MSM clusters/states on to
the apo form of RARP, PDB ID 7BV1. The backbone RMSD of the MSM states 1, 2, 3 and 4
with reference to 7BV1 was 3.748 A, 3.899 A, 3.03 A, and 4.531 A respectively. These
representatives of each of the states were compared to the known PDB structures of SARS-CoV-
2 RdARP. However, in order to understand the characteristics of these four states, the distance
between the FD1 and TD subdomain of the RARP was calculated (Figure 11). This parameter
was chosen as in case of the MD simulations, and this distance differentiated well between the
RdARP-APO and ligand-bound systems. Figure 10 shows the population obtained for the four



MSM states owing to the distance calculated. It was clearly observed that, the MSM states 1 and
2 showed majority of conformations in the open state of the template entry site. Whereas, the
MSM states 3 and 4 showed majority of conformations in the closed state of the template entry
site. The black dotted line in the Figure 11 signifies the distance between FD1 and TD for the
PDB ID 7BV1. The snapshots of each of the MSM state representatives shown in the Figure 11
have the regions circled which showed significant deviation from the apo form of RARP, PDB ID
7BV1. The circled regions denoted by A, B, and C were the ones that showed clear deviation
from the 7BV1 experimental structure. The region A belongs to the linker region between the
NiRAN and finger subdomain 1 of the RdRP. This region was observed to have high RMSF
values in the RARP systems bound to the nucleotide analogues (Figure 3). This region appeared
to significantly deviate from the 7BV1 in case of MSM states 1 and 2. The regions denoted by B
and C belonged to the TD subdomain of the RARP. The work done by Appleby and co-workers
suggests that there is an opening and closing movement of the B-loop of TD subdomain during
template and nucleotide loading step of the replication.*! Region C circled in Figure 11, denotes
this particular B-loop, and a good overlap of this region between the MSM states 1, 2 and 7BV 1
was observed. The MSM states 3 and 4 clearly showed the inward movement of this B-loop in
comparison to the 7BV1. Similarly, the region denoted as B also showed clear inward movement
in case of the MSM states 3 and 4 as compared to 1 and 2. The MSM transition predicted also
suggested that the conformations followed the path of state | — 2 — 3&4. The findings obtained
for RARP bound to nucleotide analogue systems matched to the states 3 and 4 and the ones for
the RARP-APO and few of the NTP-bound systems matched the states 1 and 2. The inhibitory
mechanism proposed in previously reported studies of RARP very successfully sampled in the
simulation data presented here.***! The closing of the template entry site involving the
movement of the thumb subdomain’s B-loop was observed through the simulations. The linker
region between the NiRAN and the finger subdomain 1 may also be playing a crucial role in the
opening and closing event of the template entry site.

Ensemble docking of NTPs and nucleotide analogues

The 5 NTPs and 6 nucleotide analogues were flexibly docked using DOCK 6 on each of the four
MSM state representatives. Figure 12 shows the grid scores for each of these ligands when
docked against the four MSM states. The NTPs namely, ATP, TTP and UTP were observed to
dock favorably to all the four states. The nucleotide analogues, namely, LMD, RBV and RDV
were observed to dock favorably to all the four states. MSM state 1 was found to favor stable
binding of 7 out of the 11 ligands. Whereas, the MSM state 4 was found to favor stable binding
of all the ligands except for CTP. The ligand molecules, LMD, SBV, GTP and GDV were
observed to bind with the best grid score to the MSM states 1, 2, 3 and 4 respectively. LMD is a
cytidine analogue, strongly bound to the RARP as compared to the CTP. SBV, a uridine analogue
bound better than UTP in three of the states namely, 2, 3 and 4. Although, GTP was observed to
bind strongly to the MSM state 3 in comparison to others, unfavorable binding was observed for
the states 1 and 2. Its analogue RBV, was observed to bind strongly with states 1 and 2 and with
0.6 kcal/mole higher value of grid score from GTP for state 4. The states 3 and 4 exhibited
favorable binding of most of the ligands and with significantly better grid scores compared to
the other two states. The hydrogen bonding and salt bridge interactions between the docked



ligand molecules and the RARP residues were observed. LYS 551, ARG 553 and ARG 555 from
the conserved motif F were observed to bind and form salt bridge with the ligand molecules in
all the four states. ALA 550 was observed to form interactions with the ligand molecules only in
the states 3 and 4. ARG 836 from the TD subdomain was observed to form hydrogen bonding or
salt bridge interactions with the only the nucleotide analogues GDV, LMD, RBV, and RDV and
single NTP, TTP.

Conclusion

The MD simulation studies on the ligand-free, NTP-bound and nucleotide analog-bound RdRP
reveal the role of functionally important residues and significantly correlated molecular motions
responsible for inducing a probable inhibitory effect. The principal component analysis suggests
significant conformational changes in the finger subdomain 1 and thumb subdomain irrespective
of presence of the NTPs or analogues. The linker region (residue range 260-370), structurally
forming a P-hairpin loop between the NiRAN and finger subdomain 1 proved to fluctuate
considerably in the presence of nucleotide analogues. The principal component analysis on inter-
motif distances also revealed the correlated motions of the motifs A-E with F and G. The
molecular motions of motif F and G were observed to be negatively correlated. The former one
being crucial for inhibitor binding and the latter one for binding of the RNA template. The non-
synchronous motions of motifs F and G with respect to one another may have affected the
conformation of the template entry site. As both these motifs, are present in the regions flanking
the template entry site. The opening and closing of the template entry site was clearly visible in
all the simulations. The nucleotide analogues tend to sample more conformations depicting
closure of the template entry site. Hydrogen bond and salt bridge calculations disclosed twenty-
eight residues to be involved in strongly interacting with either of the eleven ligand molecules.
The residues LYS 551, ARG 553, ARG 555 were observed to actively involved in forming
significant stable interactions with all the ligand molecules. ARG 836 was identified to be
specifically involved in binding to the nucleotide analogues. The Markov state modeling analysis
exhibited the probable inhibitory mechanism involving the closing of the template entry site in
the presence of nucleotide analogues. The four states obtained clearly demarcated the inhibitory
state of RARP based on the distance between the finger subdomain 1 and thumb subdomain, the
flanking regions near the template entry site. The ensemble docking of these states by the NTPs
and nucleotide analogues supported the findings obtained through simulations about the critical
residues involved in the ligand interactions. These findings on domain movements, correlated
motif motions and ligand interacting residues would prove to be helpful in designing molecules
that exhibit inhibitory effect on the RARP of the viruses.
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Figure Legends

Figure 1: RARP-APO model considered for the study. The subdomains finger NiRAN, linker
region, 1 and 2, palm, thumb.

Figure 2: The 2D representation of the five NTPs namely, ATP, GTP, TTP, CTP and UTP and
six nucleotide analogues namely, FPV-triphosphate, GDV-triphosphate, LMD-triphosphate,
RBV-triphosphate, RDV-triphosphate and SBV-triphosphate

Figure 3: Residues-wise RMSF for the RARP-APO, RdARP-ATP, RARP-TTP, RARP-GTP,
RdARP-CTP and RARP-UTP along PC 1 (black), PC 2 (red) and PC 3 (green)

Figure 4: Residues-wise RMSF for the RdARP-FPV, RdRP-GDV, RdRP-LMD, RdRP-RBV,
RdARP-RDV and RARP-SBV along PC 1 (black), PC 2 (red) and PC 3 (green)

Figure 5: Population of conformers along the distance between the center of mass of finger
subdomain (FD1) and thumb subdomain (TD) for (A) RARP-NTPs and (B) RdRP-nucleotide
analogs. Dotted line is the value of this distance for 7BV1

Figure 6: Projections of the inter-motif distances, AF, BF, CF, DF, EF, FG, AG, BG, CG, DG
and EG along the first two principal components PC 1 and 2

Figure 7: Residue-wise free energy contribution in binding to the respective ligand molecules
for the (A) RARP-ATP, (B) RdRP-TTP, (C) RdARP-GTP, (D) RARP-CTP and (E) RARP-UTP
systems.

Figure 8: Residue-wise free energy contribution in binding to the respective ligand molecules
for the (A) RARP-FPV, (B) RARP-GDV, (C) RARP-LMD, (D) RdRP-RBV, (E) RARP-RDV and
(F) RARP-SBV systems.

Figure 9: Start positions of the ligands with the most interacting residues namely, LYS 551,
ARG 553, ARG 555, LYS 798 and ARG 836

Figure 10: (A) Four macrostates (MSM states) obtained along the time independent component
1 and 2 using MSM analysis. (B) Representative of each state (color coded) superimposed on
7BV1 denoting the template entry site, finger subdomain 1 (FD1) and thumb subdomain (TD)
regions.

Figure 11: Population of conformers along the distance between finger subdomain 1 and thumb
subdomain for the four MSM states. Structures represent each state superimposed on 7BVI.
Circled regions A, B and C are the most deviating regions with respect to 7BV1

Figure 12: Grid scores obtained for all the ligands after docking to the four representative RdARP
structures of MSM states 1 (blue), 2 (red), 3 (green) and 4 (orange)



Table 1: RdRP systems studied and the original indication of the prodrug form of the nucleotide

analogues
System Notation |Analogue |Original Indication
used of this NTP
Ligand-free RARP-APO [ -
Natural nucleotides (NTPs)
Adenosine-5'-triphosphate |[RARP-ATP | i
Thymidine-5'-triphosphate |RARP-TTP [
Guanosine-5'-triphosphate [RARP-GTP | i
Cytidine-5'-triphosphate ~ |RdARP-CTP [ i
Uridine 5'-triphosphate RARP-UTP |
Nucleotide analogues (antivirals)
Favipiravir triphosphate ~ [RdARP-FPV [GTP Treat influenza in Japan (Avigan)
Galidesivir triphosphate ~ |RARP-GDV [ATP Broad spectrum antiviral
Lamivudine triphosphate [RARP-LMD |CTP Anti-retroviral used for HIV/Hepatitis B
Ribavirin triphosphate RARP-RBV [GTP Antiviral used against RSV, Hepatitis C
and viral hemorragic fevers
Remdesivir triphosphate  [RARP-RDV |ATP Treat EBOLA infection
Sofosbuvir triphosphate ~ |RdRP-SBV [UTP Antiviral used against Hepatitis C
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Figure 8
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Figure 9
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Figure 11
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Figure 12
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