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Abstract

Starting from December 2019, coronavirus disease 2019 (COVID-19) has emerged as a once-in-a-century
pandemic with deadly consequences, which urgently calls for new treatments, cures and supporting
apparatuses. Remdesivir was reported by World Health Organization (WHO) as the most promising drug
currently available for the treatment of COVID-19. Here, we use molecular dynamics simulations and free
energy perturbation methods to study the inhibition mechanism of remdesivir to its target SARS-CoV-2
virus RNA-dependent RNA polymerase (RdRp). In the absence of a crystal structure of the SARS-CoV-2
RdRp, we first construct the homology model of this polymerase based on a previously available structure
of SARS-CoV NSP12 RdRp (with a sequence identify of 95.8%). We then build the putative binding mode
by aligning the remdesivir + RdRp complex to the ATP bound poliovirus RdRp. The putative binding
structure is further optimized with molecular dynamics simulations and demonstrated to be stable,
indicating a reasonable binding mode for remdesivir. The relative binding free energy of remdesivir is
calculated to be -8.28 + 0.65 kcal/mol, much stronger than the natural substrate ATP (-4.14 £ 0.89 kcal/mol)
which is needed for the polymerization. The ~800-fold improvement in the Ka from remdesivir over ATP
indicates an effective replacement of APT in blocking of the RdRp binding pocket. Key residues D618,
S549 and R555 are found to be the contributors to the binding affinity of remdesivir. These findings
demonstrate that remdesivir can potentially act as a SARS-CoV-2 RNA-chain terminator, effectively
stopping its RNA reproduction, with key residues also identified for future lead optimization and/or drug

resistance studies.
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Introduction

Coronavirus disease 2019 (COVID-19) is a disease caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) — a novel coronavirus that has been causing a once-in-a-century pandemicu,
threatening millions, if not billions, of people. SARS-CoV-22 belongs to the family Coronaviridae, which
includes RNA viruses such as severe acute respiratory syndrome coronavirus (SARS-CoVs, which caused
a pandemic in 2003), Middle East respiratory syndrome-related coronavirus (MERS-CoV4, which has
caused a continuing pandemic since 2012), and also human coronavirusess that cause symptom known as
a “common cold”. Without a decisive mortality rate yet (currently in the range of ~1-6%), COVID-19 is
believed to be less deadly than SARS (~10%)s or MERS (~40%)s; however, its reproductive number (Ro)
has been estimated to be 2.0-6.57, higher than SARS and MERS. COVID-19 has been spreading to all
continents with multiple epicenters. While certain physical treatment has been shown to assist patients to
fight this disease with their own immune systemss, no proven remedies exist so far, causing high mortality
rates especially in senior groupss. This raises high and urgent demand to screen for potential drugs through

either drug-repurposing or novel drug developmentio-ia.

Remdesivir is a nucleotide analogue that mimics the structure of adenosine. It was originally developed by
Gilead Sciences, Inc. to treat Ebolais. Even though it hasn’t passed the phase 3 clinical trial of Ebola
treatment, it showed moderately promising improvement over the mortality rate of this deadly diseases. In
the case of Ebola, remdesivir was found to act as an RNA-dependent RNA polymerase (RdRp) binding
substrate that replaces ATP in the polymerization before terminating this processis, also known as a “chain
terminator”. The active form of remdesivir was found to be hydrolyzed and decorated with triphosphates,
using the core of remdesivir as a nucleosideis. We term this hydrolyzed and phosphorylated remdesivir as
“RemTP”. Like other nucleotide analogues, remdesivir could potentially be utilized as a broad-spectrum
antiviral drugi7 due to the structural similarities of RARp’s from various virusesis. It was clinically tested
against MERS-CoV and showed significant efficacyis. Because of this, a phase 3 trial of remdesivir is
currently under progress in Chinazo and the U.S.21 The new and rapid development of COVID-19 around
the world raises pressing need of more information about the drug, including its detailed inhibition
mechanism. Therefore, we carried out a physics-based molecular modeling study on the binding mechanism
between remdesivir and SARS-CoV-2 RdRp. A previous study revealed that ATP serves as the main
substrate to NSP12 of SARS-CoV RdRp22 (the RdRp complex has multiple nonstructural protein (NSP)
units, such as NSP12, NSP8, and NSP7), thus, we narrowed down our search of the RemTP binding pocket
to NSP12 of SARS-CoV-2 RdRp (denoted as “COVID-19 NSP12”). In the absence of the crystal structure
of COVID-19 NSP12, we employed homology modeling to first construct its tertiary structure. The initial
binding mode of ATP to COVID-19 NSP12 was subsequently determined by structural alignment to the
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ATP bound poliovirus RdRp due to the structural resemblance of viral RdRp’s. We then performed
molecular dynamics (MD) simulations to validate the identified binding mode. Upon locating the stable
binding mode, we further carried out free energy perturbation (FEP) calculations to not only estimate the
binding affinity of RemTP and ATP to COVID-19 NSP12, but also identify the key residues in the binding

process.

Method

Homology modeling

The structure of SARS-CoV NSP12 RdRp was obtained from protein data bank (PDBID: 6NUR)1s. The
sequence of SARS-CoV-2 NSP12 RdRp (COVID-19 NSP12) was obtained from entry YP_009725307.1
at NCBI23. Sequence alignment and homology modeling were performed with MODELLER 9.2324, with
unresolved structures on the N-terminus and C-terminus truncated (gray residues on Figure 1A), which

should not affect our current binding affinity calculations.

Molecular dynamics (MD) simulation

Based on the co-crystal structure of poliovirus RdRp with ATP2s (PDBID: 2ILY), we prepared the initial
structure of COVID-19 NSP12-ATP complex by aligning the “fingers” domain of the two proteins (i.€.,
one from poliovirus and one from COVID-19). The complex structure of RemTP was then aligned with
that of ATP for the corresponding simulations. A chelating Mg+ ion is often needed for these RdRps, which
is positioned in our simulations based on previous studies on class | RNA polymerase ribozymezs. A total
of 9 different simulations were performed: one for the apo form of COVID-19 NSP12, two (independent
runs) for COVID-19 NSP12-ATP (no Mgz+), two for COVID-19 NSP12-ATP (with Mg2+), two for COVID-
19 NSP12-RemTP (no Mgz+) and two for COVID-19 NSP12-RemTP (with Mg2+). The parametrization of
RemTP was generated by CHARMM CGenFF2z. All other parameters were taken from CHARMM362s.
Simulations were performed with GROMACS 5.1.220. Van der Waals interactions were treated with a
switching distance of 10 A and a smooth cutoff distance of 12 A. Electrostatic interactions were treated
with Particle Mesh Ewald with a grid size of 1 A. All simulations lasted about 100 ns before the free energy

perturbation calculations.
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Free energy perturbation (FEP) calculation

The thermodynamic cycles of our FEP calculations were illustrated in Figure S1. A softcore potential was
applied in FEP and more details can be found in our previous studiesso. The A windows were set as (0.00
0.00001 0.0001 0.001 0.01 0.050.10.20.30.40.50.6 0.7 0.8 0.9 0.95 0.99 0.999 0.9999 0.99999 1.00) to
avoid the well-known FEP end-point catastrophe. NAMD 2.13s1 was used to perform the FEP calculations.
The starting FEP complex structures of COVID-19 NSP12 binding with NTP (ATP or RemTP) were
selected using the clustering algorithm based on the RMSD of NTP while COVID-19 NSP12 was aligned.
The largest cluster of each simulation was taken to carry out the FEP calculations. All other simulation
parameters were the same as MD simulations. Each simulation was repeated 5 times with distinct random

seeds to obtain the standard error of the free energy changes.

Results and Discussions

Homology model of COVID-19 NSP12

We constructed the homology model of COVID-19 NSP12 by first aligning the sequences between
COVID-19 NSP12 (Wu et. al.23, NCBI: YP_009725307.1) and the recently resolved SARS-CoV NSP12
RdRp structureis (PDBID: 6NUR). The sequence identity was determined to be 95.8%, with 131 unresolved
terminal residues, 10 unresolved hinge residues and 24 mutated residues (Figure 1A). The 3D structure of
COVID-19 NSP12 was then created with MODELLER package without the 131 unresolved terminal
residues. The 10 unresolved hinge residues (residues 896 — 905) were estimated with the default algorithm,
thus resulting in a random coil configuration. Because of the high sequence conservation, the backbone
RMSD between 6NUR NSP12 and COVID-19 NSP12 was a mere 0.25 A (Figure 1B). The newly added
random coil and 24 mutated residues have been highlighted in Figure S2. It was previously discovered that
RdRp’s of various viruses share the same morphology with common building blocksis: fingers domain, a
thumb domain and a palm domain (Figure 1C). The grip (a hole formed between these three domains)
served as the binding site for RNA and nucleotide triphosphates (NTP). Additionally, the SARS-CoV
NSP12 also featured with a unique N-terminal extension, which was mostly conserved in COVID-19
NSP12 (colored by green in Figure 1C). Comparing Figure 1C and Figure S2, we notice that majority of
the mutations occur at the N-terminal extension and the palm domain. Meanwhile, the fingers domain and
the thumb domain remain highly conserved. Consequentially, the RNA/NTP binding grip is highly
conserved. As a simple test on the structural stability, we ran a 100 ns simulation on the apo form of
COVID-19 NSP12. The RMSD (Figure 1D) is always below 3 A, indicating a high stability of the

constructed protein.
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Figure 1. Sequence alignment between 6NUR (PDBID) and SARS-CoV-2 NSP12 RdRp (COVID-19
NSP12) is shown in (A). Conserved residues are colored in black and labeled with *. Mutated residues are
colored with the following rules: brown as hydrophobic, green as hydrophilic, red as positively charged and
blue as negatively charged. N-terminus and C-terminus are truncated in COVID-19 NSP12 due to the lack
of structural information in 6NUR. Residues (r.) 896 — 905 are filled with a random coil. Homology model
of COVID-19 NSP12 (magenta) is overlaid with 6BNUR (silver) in (B). Based on the study on SARS-CoV
NSP12 (6NUR), the domains of COVID-19 NSP12 are colored as the following in (C): green for N-terminal
extension (r. 1-397, green), yellow for fingers domain (r. 398-581, 628-687), blue for the palm domain (r.
582-627, 688-815), and red for the thumb domain (r. 816-919). The RMSD from the simulation using apo
form of COVID-19 NSP12 is plotted in (D).
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Binding mode of the substrates

It was previously identified that adenosine triphosphate (ATP) was the natural substrate of SARS-CoV
NSP122.. Logically, ATP should be the natural substrate of COVID-19 NSP12 due to the conservation of
the grip. However, no crystal structures exist yet for the ATP-bound SARS-CoV NSP12. We instead
referred to another ATP-bound RdRp structure from poliovirus (PDBID: 2ILY) utilizing the structural
conservation of viral RdRp’s. The binding structure of ATP to poliovirus RdRp is shown in Figure 2A, with
residues in close contact with ATP labeled. The triphosphate part of ATP mostly interacts with positively
charged residues, such as K159, R174, R163, K167, K172 and K359. The negatively charged residue D323
in the vicinity implies the existence of a chelated ion (Mg+), suggested by other studieszs. The nucleoside
part of ATP (adenosine) interacts with more diverse residues, such as K61, 1176, E177, D238 and S288,
which are mostly hydrophilic with only one hydrophobic residue. To guesstimate the binding mode of ATP
in COVID-19 NSP12, we aligned the fingers domain of poliovirus RdRp with that of COVID-19 NSP12
because this was the main constituent of the grip. The aligned COVID-19 NSP12 is shown in Figure 2B
with both ATP and RemTP (NTP, note that residue numbers are drastically different because of the size of
the protein: 932 residues in COVID-19 NSP12 versus 461 residues in 2ILY). As expected, the alignment
ensured that triphosphates of NTP’s are in close contact with positively charged residues K545, R551, R553
and R555. Nucleosides of NTP’s are surrounded by residues like T556, V557, A558, C622, D623 and S682,
which are still mostly hydrophilic with only some hydrophobic. Our alignment of the binding pocket here

indicated once again the conservation of the binding grip from viral RdRp’s.
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Figure 2. The binding mode of ATP to poliovirus RdRp (PDBID: 2ILY) is illustrated in (A). ATP molecule
is highlighted in stick models with yellow (carbon), blue (nitrogen), red (oxygen) and tan (phosphorus).
Residues that directly contact ATP (within 5 A of the molecule) are illustrated in thin stick models colored
by gray (carbon), blue (nitrogen), red (oxygen) and yellow (sulfur). The rest of the RdRp is illustrated with
new cartoon model with VMD. Fingers domain, the thumb domain and the plam domain are labeled to
guide the eyes. By aligning the fingers domain, the binding mode of ATP and RemTP to COVID-19 NSP12
is constructed and illustrated in (B). Note that in the figure the constructed ATP and RemTP completely
overlap. All representations are the same as (A).

Binding mode optimization

MD simulations were then carried out from the initial binding complex structures prepared above. To testify
the importance of Mg+, we ran two sets of simulations for both ATP and RemTP: one set without Mgz+
and one set with Mgz+. The initial position of Mgz+ was constructed based on previous studies on class |
RNA polymerase ribozymezs.

We performed clustering analysis based on the RMSD of NTP’s during the simulations, with COVID-19
NSP12 aligned. We noticed that by adding the Mgz+, the cluster of ATP in the COVID-19 NSP12 binding
grip was slightly larger than that without Mg+ (Figure S1A vs S1B). This indicates that Mgz+ might have
stabilized the binding between ATP and COVID-19 NSP12. As a result, the determined “bound state”
(defined as the largest binding cluster observed in our simulations) was likely from the first set of
simulations of COVID-19 NSP12-ATP with Mgz+ (Figure S1B, upper panel). A closer examination (Figure
4A) showed that the “bound state” did not deviate much from the initial structure (which was aligned to
2ILY). The triphosphate of ATP was found to bind S549, K551, R553, R555, R836 and Mg2+. The


https://doi.org/10.20944/preprints202003.0267.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 March 2020 d0i:10.20944/preprints202003.0267.v1

adenosine of ATP was found to bind M542, T556, V557, A558 and S682, similar to its initial structure.
This indicates a remarkable consistence between the binding modes of ATP to RdRp’s from two species:
poliovirus and SARS-CoV-2. Additionally, we plotted the solvent accessible surface of COVID-19 NSP12
upon binding to ATP (Figure 4B). ATP was found to reside well inside a local binding pocket within the
grip. However, the “extra space” as seen on the right side of the adenosine group might suggest a possible
druggable target. To further test this assumption, we performed molecular docking with several adenosine
analogues (see more details in the Supporting Information). Interestingly, several molecules, including

RemTP, with an enlarged nucleoside, occupied the top of the list ordered by docking scores (see Table S1

for details).
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Figure 3. We identify the clusters of the ligand binding state with the RMSD calculations on the ligand
alone (in this case, RemTP), while COVID-19 NSP12 is aligned. A cutoff of 2 A is chosen. The clustering
results from the two simulations with COVID-19 NSP12-RemTP complex without Mgz+ are plotted in (A).
The clustering results from the two simulations with COVID-19 NSP12-RemTP complex and Mg2+ are
plotted in (B). The clusters are plotted using their “persistence time”, defined as the simulation time during
which the cluster persists. Larger clusters are plotted with big crosses and red colors. Smaller clusters are
plotted with small crosses and blue colors. Upon obtaining the largest clusters of each simulation, we

perform free energy perturbation (FEP) calculations using the thermodynamic cycle in (C).
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Likewise, we performed the MD simulations for the putative binding structures of RemTP in COVID-19
NSP12. Similar to that of ATP, the binding cluster of RemTP with Mga+ is significantly larger than that
without Mg+ (Figure 3A vs 3B). Similarly, the “bound state” was therefore chosen as the largest cluster of
the first set of simulations with Mgz+ (Figure 3B, upper panel). A closer inspection of this structure showed
that it deviated from the ATP binding site somewhat (Figure 5A). The triphosphate part of the molecule
mainly interacted with positively charged residues K551, R553, R555, K621, K798, R836 along with Mga+
and S549. The remdesivir part of the molecule bound with S549 and R555 as well, interacting with
additional residues like K545, A547 and VV557. Interestingly, D618, a previously identified residue that was
crucial for the SARS-CoV RdRp activity22 was found to be directly affected by the binding of RemTP (by
RemTP forming a hydrogen bond with K798, which could have originally formed a hydrogen bond with
D618). Another interesting finding was that the configuration of RemTP in the binding grip of COVID-19
NSP12 seemed to “block™ the grip (Figure 5B). Therefore, it might poise to potentially slow down the
efficiency of RdRp, on top of its supposed function that RemTP could act as a terminating nucleotide on
the RNAus.

Figure 4. In (A), we illustrate the most stable binding mode of COVID-19 NSP12-ATP (with Mgz+) based
on the clustering result (Figure S1B, upper panel). All representations are the same as Figure 2 except that
Mg+ is drawn with a green sphere, and that the initial structure of ATP is drawn in transparent pink. In (B),
the representation of COVID-19 NSP12 is switched to the solvent accessible surface, highlighting the local
binding pocket.
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Figure 5. In (A), we illustrate the most stable binding mode of COVID-19 NSP12-RemTP (with Mgz2+)
based on the clustering result (Figure 3B, upper panel). All representations are the same as Figure 2 except
that Mg+ is drawn with a green sphere, the most stable binding structure of ATP (from Figure 4A) is drawn
in transparent pink, and that D618 is emphasized in red with an orange arrow. In (B), the representation of

COVID-19 NSP12 is switched to the solvent accessible surface, highlighting the local binding pocket.

RemTP is ~800 times more potent than ATP

We followed the thermodynamic cycle illustrated in Figure S1C and Figure 3C to calculate the relative
binding free energy of ATP and RemTP (with the 0-point energy reference as the MTP molecule: methanol
triphosphate). The binding free energy of the most stable binding structures was then calculated and
averaged over 5 runs of FEP calculations. The relative binding free energy (AAG) of ATP was found to be
-4.14 + 0.89 kcal/mol, while that of RemTP was -8.28 + 0.65 kcal/mol. The difference between the two was
~4.14 + 1.10 kcal/mol, equating to ~834 times of difference in Ka values under 310K. It should be noted
that FEP can converge slowly particularly on systems where the environments of the target alchemical
modification undergoes slow response fluctuations; for this purpose, various advanced free energy
computing strategies were developed, such as Funnel Metadynamicss2, and Orthogonal Space Random
Walk (OSRW)ss. In this study, we adopted a simple approach following our previous studiesss-s7 [cites]
with multiple runs starting from the most probably binding cluster. It would be also desirable in the future

to study the ligand-RdRp binding process with more advanced sampling techniques, such as replica
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exchangess, replica exchange with solute-tempering ss and metadynamics 4o to help reduce the enormous
computational resources required (it takes hours if not days in experiment to measure Kd values typically),

and better understand the underlying mechanism of the therapeutic effects of remdesivir.

Nevertheless, our calculations strongly suggest that RemTP would almost completely replace the “native
ligand” ATP when both presenting at the binding grip of COVID-19 NSP12. This finding supplements the
previous study where RemTP was found to bind with the Ebola RdRpa:. It also suggests that if administrated
correctly and metabolized correctly, remdesivir might indeed be a promising drug to significantly lower the
reproduction of SARS-CoV-2.

Conclusion

In this study, we constructed the homology model of SARS-CoV-2 NSP12 RdRp with high sequence
identity (95.8%). None of the key residues at the RNA/NTP binding site were mutated from SARS-CoV to
SARS-CoV-2. Although there has been no co-crystal structure yet for ATP bound with either SARS-CoV
or SARS-CoV-2 RdRps, we successfully constructed a model for ATP/remdesivir binding with SARS-
CoV-2 NSP12 based on a previous co-crystal structure of poliovirus RdRp. The relative binding free energy
of ATP (w.r.t. MTP) was subsequently calculated to be -4.14 + 0.89 kcal/mol with the presence of Mg2-.
The active metabolite of remdesivir (RemTP) was found to have a relative binding free energy (w.r.t. MTP)
of -8.28 + 0.65 kcal/mol, which is significantly stronger than ATP. The ~800-fold difference in the Kq value
might decisively block ATP out of the binding pocket when RemTP is in the vicinity. Subsequently, RemTP
could act as an effective SARS-CoV-2 RNA-chain terminator, stopping its RNA reproduction. Additionally,
the previously identified crucial residue D618 was affected by the binding of RemTP, indicating a possible
secondary effect of this drug that would slow down the activity of RdRp, thus also helping cure the COVID-

19 disease.
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Table S1. Autodock vina scores (vina score) of adenosine analogues from DrugBank. Note that the column
of “#P” indicates the number of phosphorus in the molecule; “Charge” lists the net charge of the molecule;
and “MW?” lists the molecular weight of the molecule.

Drug Bank ID Name vina score #P Charge MW
DB06213 Regadenoson -7.6 0 0 404
DB06441 Cangrelor (no3D) -7.3 3 -4 790
NA ATP -7.2 3 -4 521
NA Remdesivir-TP -7.2 3 -4 549
DB00140 Riboflavin -7.1 0 0 390
DB00118 Ademetionine -6.9 0 -1 409
DB01610 Valganciclovir -6.7 0 0 364
NA Remdesivir-MP  -6.7 1 -2 385
DB01073 Fludarabine -6.5 0 0 293
DB00442 Entecavir -6.4 0 0 287
DB01280 Nelarabine -6.4 0 0 305
NA Remdesivir-noP  -6.4 0 0 303
DB00900 Didanosine -6.3 0 0 244
DB01048 Abacavir -6.3 0 0 296
DB00242 Cladribine -6.2 0 0 294
DB00552 Pentostatin -6.1 0 0 274
DB00631 Clofarabine -6.1 0 0 312
DB00640 Adenosine -6.1 0 0 275
DB01004 Ganciclovir -6.1 0 0 263
DB00194 Vidarabine -6.0 0 0 275
DB14126 Tenofovir -6.0 1 -2 297
DB00426 Famciclovir -5.8 0 0 333
DB13868 Adefovir (NA) -5.8 1 -2 283

control ethanol -2.7 0 0 46
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Figure S1. We identify the clusters of the ligand binding state with the RMSD calculations on the ligand
alone (in this case, ATP), while COVID-19 NSP12 is aligned. A cutoff of 2 A is chosen. The clustering
results from the two simulations with COVID-19 NSP12-ATP complex without Mg+ are plotted in (A).
The clustering results from the two simulations with COVID-19 NSP12-ATP complex and Mgz- are plotted
in (B). The clusters are plotted using their “persistence time”, defined as the simulation time during which
the cluster persists. Larger clusters are plotted with big crosses and red colors. Smaller clusters are plotted
with small crosses and blue colors. Upon obtaining the largest clusters of each simulation, we perform free

energy perturbation (FEP) calculations using the thermodynamic cycle in (C).
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Figure S2. The homology model of COVID-19 NSP12 (pink). The mutated residues from 6NUR are
highlighted in VDW balls (colored by brown for hydrophobic residues, green for hydrophilic residues, red
for positively charged residues and blue for negatively charged residues). The added random coil is

highlighted with a loop representation (colored the same way as the VDW balls).
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