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ARTICLE INFO ABSTRACT

Keywords: The rapid proliferation of SARS-CoV-2 in COVID-19 patients has become detrimental to their lives. However,

SARS-CoV-2 blocking the replication cycle of SARS-CoV-2 will help in suppressing the viral loads in patients, which would

;‘;‘gd'lg ultimately help in the early recovery. To discover such drugs, molecular docking, MD-simulations, and MM/
p

GBSA approaches have been used herein to examine the role of several short ionic peptides in inhibiting the RNA
binding site of the RNA-dependent RNA polymerase (RdRp). Out of the 49 tri- and tetrapeptide inhibitors
studied, 8 inhibitors were found to bind RdRp strongly as revealed by the docking studies. Among these in-
hibitors, the Alal-Arg2-Lys3-Asp4 and Alal-Lys2-Lys3-Asp4 are found to make the most stable complexes with
RdRp and possess the AGping Of -17.41 and -14.21 kcal/mol respectively as revealed by the MD and MM/GBSA
studies. Hence these peptide inhibitors would be highly potent in inhibiting the activities of RdRp. It is further
found that these inhibitors can occupy the positions of the nucleotide triphosphate (NTP) insertion site, thereby
inhibiting the replication of the viral genome by obstructing the synthesis of new nucleotides. Structural and
energetic comparisons of these inhibitors with Remdesivir and similar nucleotide drugs show that these peptides

Antiviral agents
Peptide Inhibitors

would be more specific and hence may act as promiscuous antiviral agents against RdRp.

1. Introduction

The transmission of the severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) from human to human has resulted in the
deaths of millions of people worldwide (Ullah et al., 2021; Wang et al.,
2020). This pandemic has severely affected the work -culture,
socio-economical values, and brought human lives to a standstill.
Although emergeny uses of vaccines have been permitted to contain the
disease, these are not hundred percent efficient, their long-lasting effects
are not known, and it may not be helpful for patients suffering from
COVID-19. Hence it is of paramount importance to design drugs (Cava
et al., 2020; Jena, 2020a; Kadam and Wilson, 2017; Li and De Clercq,
2020; Li et al., 2020; Liu et al., 2020; Pant et al., 2021; Sheahan et al.,
2020; Wu et al., 2020; Zhou et al., 2020) that can decrease the viral
loads, suppress its rapid transmission, and cure of the disease. Further,
as the virus is rapidly mutating to enter into the host cells by evading the
natural and induced (by vaccines) immune systems, it is immensely
important to facilitate designs of specific drugs. To do so, it is necessary
to understand the structures and functions of different viral proteins and
their mode of action in the host cells. Fortunately, structures of several
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key proteins of the SARS-CoV-2 have been solved now (Astuti and
Ysrafil, 2020; Buchholz et al., 2004; da Silva et al., 2020; Gao et al.,
2020; Lan et al., 2020; Snijder et al., 2016; Walls et al., 2020; Yin et al.,
2020). Among these proteins, the RNA-dependent RNA polymerase
(RdRp) was shown to assist in the replication of the viral genome (sin-
gle-stranded RNA) and was found to be mainly responsible for the
proliferation of the virus into different cells (Gao et al., 2020; Snijder
et al., 2016; Yin et al., 2020). As the RdRp multiplies viral genomes by
synthesizing new RNA nucleotides, its inhibition is essential to control
the proliferation of the infection in human cells and hence to control the
viral loads in patients.

The recent Cryo-EM structure of the RARp suggests that the RNA
binding site is clamped between the Finger, Palm, and Thumb domains,
consisting of several positive (Lys545, Lys551, Arg553, Arg555, Lys593,
Arg621, Arg631, etc.) and negative amino acids (Asp618, Asp623,
Asp760, Asp761, etc.) as illustrated in Fig. 1 (Yin et al., 2020). These
residues play crucial roles in the placement of the RNA, elongation of the
RNA strand, and catalysis. Two magnesium ions found at the binding site
were also proposed to play a key role in the catalysis. The insertion of
new nucleotides into the RNA strand (referred to as the nucleotide
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triphosphate (NTP) insertion site) was also proposed to be assisted by
some of these residues (Yin et al., 2020). The insertions of antiviral
nucleotide drugs, such as Remdesivir (Yin et al., 2020), Favipiravir
(Sada et al., 2020), Molnupiravir (Gordon et al., 2021), and Ribavirin
(Bylehn et al., 2021), were also found to be assisted by these residues.
Recently, the possible roles of several unnatural nucleotides in inhibit-
ing the activities of RARp were evaluated (Jena et al., 2021). It was
proposed that both the positive and negative amino acids, in particular
Lys545, Lys551, Arg553, Arg555, Asp760, and Asp761 play a major role
in identifying the inhibitor.

It should be mentioned that as the nucleotide drugs possess modified
base and sugar groups, they can inhibit the replication of the virus by
employing either a chain termination (Jena et al., 2021; Yin et al., 2020)
or a base-pair mutation mechanism (Gordon et al., 2021; Jena, 2020b,
2021). However, these mechanisms do not inhibit the replication
immediately; instead, allow a few nucleotides to be inserted into the
RNA strand beyond the insertion site of the drug before eventually
stalling the replication (Gordon et al., 2020; Jena, 2021). Further, these
nucleotide drugs may undergo structural alterations, such as tautome-
rization, protonation, deprotonation, etc., before or after binding to
their targets (Jena, 2020b). This may eventually influence their activity.
Recently, it is discovered that the N-terminal ExoN domain of the viral
non-structural protein 14 (NSP14) follows an intriguing reaction
mechanism in which it rectifies and removes the nucleotide drugs by
considering these as replication errors (Liu et al., 2021). Therefore, it is
necessary to design alternative inhibitors that can not only immediately
block the replication of the virus by interfering with the functioning of
RdRp but also provide long-term effects and are safe for humans.

Due to the above reasons, the inhibition of the RdRp activities is
studied herein by designing tri- and tetra- ionic peptide inhibitors
(Tables S1 and S2, Supporting Information). As peptide inhibitors are
less toxic, highly specific, and easy to synthesize, these are attractive
alternatives to small-molecule repurposed drugs (Schutz et al., 2020).
The short peptides are also less prone to proteolytic cleavage and hence
are quite useful against viral diseases (Schutz et al., 2020). More
importantly, these inhibitors will not be considered as replication errors
like the nucleotide drugs and hence there would be no antiviral resis-
tance to the peptide drugs by replicative enzymes. For these reasons,
short ionic peptides and peptidomimetics were used to inhibit different
flaviviruses including Zika (Phoo et al., 2018), West Nile (Nitsche et al.,
2017), and Dengu viruses (Noble et al., 2012). Peptide inhibitors were
also found to be effective against HIV (Gomara et al., 2020). Interest-
ingly, several antiviral peptides were recently shown to inhibit the
S-protein of the SARS-CoV-2 (Schutz et al., 2020) (Chowdhury et al.,
2020).
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2. Computational Methodology
2.1. System Preparation

The structures of the RARp and two Mg*? ions were extracted from
the complex structure, where it was bound to nsp7, nsp8, RNA, and
Remdesivir monophosphate (RMP) as deposited in the protein data bank
(PDB ID 7BV2) (Yin et al., 2020). The three-dimensional structures of
various tri-and tetrapeptides were generated by using the Pymol pro-
gram (Schrodinger, 2015). The Chimera program (Morris et al., 2007)
was used to minimize these peptides for 100 steps by using the steepest
descent and conjugate gradient algorithm each. Subsequently, hydrogen
atoms were added to these peptides by the GOLD docking program
(Hartshorn et al., 2007; Jones et al.,, 1997; Nissink et al., 2002;
Sapundzhi et al., 2019). Before docking, hydrogen atoms were also
added to the RdRp by using the UCSF Chimera program) by maintaining
the neutral pH. It should be mentioned that as the Lys545 and Arg555
(Fig. 1B) interact with the +1 base of the incoming RNA-strand, which is
important for the correct placement of the incoming nucleotide (Yin
etal., 2020), it is necessary to block these residues by an inhibitor so that
these residues are not available to interact with the viral RNA. Similarly,
as the two Mg*? ions coordinated by Asp760 and Asp761 help in the
catalysis, these ions and residues should also be blocked by the inhibitor.
Keeping this in mind, various peptide inhibitors were modeled that
contain charged residues at the N- and C-terminals to make salt-bridge
interactions with these and other residues present at the active site
(Fig. 1B). In some cases, the N-terminal contains alanine (Ala) to allow
the peptides to make some additional interactions (e.g. hydrogen
bonds). This procedure generated 49 peptides of varying sequences as
presented in Tables S1 and S2 (Supporting Information).

2.2. Molecular Docking

Recently, the performance of different docking algorithms in
generating accurate protein-peptide complex structures was analyzed by
using 185 experimentally determined protein-peptide complexes. The
length of these peptides was varying from 5 to 20 residues (Weng et al.,
2020). In this benchmark study, 14 docking programs involving (1)
eight protein-peptide docking programs, such as GalaxyPepDock,
MDockPeP, HPEPDOCK, CABS-dock, pepATTRACT, DINC, AutoDock
CrankPep (ADCP), and HADDOCK, (2) three protein-protein docking
programs, such as ZDOCK, FRODOCK, and HawkDock, and (3) three
small molecule docking programs, such as GOLD, Surflex-Dock, and
AutoDock Vina were used (Sapundzhi et al., 2019). It was found that the
performance of GOLD on protein-peptide docking for a known binding
site is superior to many other small molecule and protein-protein
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Fig. 1. A) The important domains, such as the Finger (residues 397-581 and 621-679, green color), Palm (residues 582-620 and 680-815, pink color), and Thumb
(residues 816-920, blue color) of RARp (Yin et al., 2020). B) The important ionic residues and Mg*2 ions (in the sphere representation) located at the active site of

RdRp (PDB ID 7BV2) (Yin et al., 2020).
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docking algorithms (Weng et al., 2020). The genetic algorithm imple-
mented in GOLD was also found to possess the best sampling power
(Weng et al., 2020). However, for proteins, where the binding site is not
known, HPEPDOCK was found to be the best docking program. As we
were intended to find the poses for the known binding site of RdRp,
GOLD is believed to produce accurate peptide-bound protein
conformations.

To validate the sampling power of GOLD, coordinates of Lys-Lys-Arg
(PDB ID 5ZMQ) (Phoo et al., 2018) and Arg-Arg-Arg (PDB ID 5ZOB)
(Phoo et al., 2018) bound to the NS3-NS2B protease of the Zika virus
were extracted from their experimental complex structures to dock them
into the binding site of the protease. It should be mentioned that these
peptides were connected to small inorganic molecules at the C- and
N-terminals, which were deleted before docking. As evident from Fig. 2,
the use of the Chemscore function of the GOLD program satisfactorily
reproduced the experimental binding modes of the protein-peptide
complexes (Phoo et al., 2018). The superimpositions of docked confor-
mations of Lys-Lys-Arg and Arg-Arg-Arg peptide-protein complexes onto
the corresponding experimental structures by considering the C, atoms
produced the root mean square deviations (RMSD) of 0.3 A and 0.03 A
respectively. These results underline the accuracy of the GOLD program
in producing reliable protein-peptide conformations.

In an earlier study, the power of different docking algorithms in
predicting (1) accurate binding affinity (scoring power), (2) binding
pose (docking power), (3) true binders from random molecules
(screening power), and (4) relative ranking (ranking power), about 20
scoring functions were evaluated (Li et al., 2014). It was found that
Chemscore function of GOLD has good docking power and ChemPLP
function has good scoring, screening, and ranking powers (Li et al.,
2014). Therefore, it is believed that the use of Chemscore for docking
and ChemPLP for scoring and ranking can provide accurate results (Li
et al., 2014).

For the above reasons, molecular dockings of various peptides into
the active site of the RARp-Mg*2 complex were carried out by using the
Chemscore function of GOLD 5.0 program (Hartshorn et al., 2007; Jones
et al., 1997; Nissink et al., 2002; Sapundzhi et al., 2019). The scoring
and ranking of docked poses were carried out by using the ChemPLP
function (Hartshorn et al., 2007; Jones et al., 1997; Nissink et al., 2002;
Sapundzhi et al., 2019). The genetic algorithm (Sapundzhi et al., 2019)
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was used for docking purposes to create ten different conformations of
each peptide by keeping the protein rigid. The binding site was
considered to be situated within a radius of 10A from Asp623 . Out of the
ten different poses, the one which makes the most ionic and
hydrogen-bonding interactions with the charged amino acids and pos-
sesses the highest docking score was shortlisted. The short-listed poses
were about 10-12 kcal/mol more stable than the second most stable
pose. Further, each short-listed conformation of the peptide was popu-
lated most of the time during the docking (5-6 times out of 10 poses)
with slight fluctuations in the orientation of the side chains. Addition-
ally, in these peptides, the Asp residue was making ionic interactions
with the Mg*?2 ions like the PO4-Mg*? interactions in the case of
nucleotide drugs. Hence, it is believed that the short-listed peptides
would be bioactive. The details of the short-listed peptides, such as
docking scores, the amino acid residues of RARp with which they are
making interactions, etc. are presented in Tables S1 and S2. From these
Tables, it is evident that two tripeptides namely Argl-Arg2-Asp3,
(peptide 1), and Lys1l-Lys2-Asp3, (peptide 2), and six tetrapeptides,
such as Alal-Arg2-Arg3-Asp4 (peptide 3), Alal-Lys2-Lys3-Asp4 (peptide
4), Alal-Arg2-Lys3-Asp4 (peptide 5), Alal-Lys2-Arg3-Asp4 (peptide 6),
Argl-Arg2-Asp3-Asp4 (peptide 7), and Aspl-Asp2-Arg3-Lys4 (peptide
8) have docking scores more than 80 kcal/mol. Therefore, these 8
peptides were shortlisted for subsequent molecular dynamics (MD)
studies.

2.3. Molecular Dynamics Simulations

To gain deeper insights into the binding modes of the above eight
peptide inhibitors with RdRp, each peptide-RdRp complex was sub-
jected to MD simulations. As the Cryo-EM structure does not account for
the dynamical and solvation effects of the protein and the protein was
held rigid during docking, it was necessary to understand the roles of
protein dynamics on the binding of peptide inhibitors. The molecular
dynamics simulations were undertaken by using the Desmond 2018-4
package of the Schrodinger (2006; Bowers et al., 2006b). The detailed
protocol used for the simulations is the same as employed earlier
(Gahtori et al., 2020; Jena et al., 2021). In short, initially, the
protein-inhibitor complexes were solvated by placing them in an explicit
water box of size 10 A. The OPLS3e force field (Roos et al., 2019) was

(A)

PDB ID 5ZMQ

(B)

|

PDB ID 5Z0B

Fig. 2. Molecular docking of (A) Lys-Lys-Arg (in lime color) and (B) Arg-Arg-Arg (in lime color) into the binding site of the NS2B-NS3 protease of the Zika Virus by
using the Chemscore function of GOLD. This shows that the experimental binding modes (in light blue color in (A) and cyan color in (B)) can be satisfactorily

reproduced by the GOLD program.
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used to model the protein and peptide inhibitors, while the single-point
charge (SPC) model (Berendsen et al., 1987) was used to account for the
explicit water molecules. Sufficient numbers of ions were added to make
the solvated complexes neutral. The protonation states of the protein
and peptide residues were set as per the pH=7.0. Subsequently, these
complexes were energy minimized 2000 steps by using each of the
steepest descent and limited-memory Broyden--
Fletcher-Goldfarb-Shanno (LBFGS) algorithm. The minimized com-
plexes were slowly heated to maintain a temperature of 300 kelvin (K) in
several steps by using the Nose-Hoover thermostatic algorithm (Posch
et al., 1986). In the first step, the system was heated to 10 K for 100 ps to
reduce any possible steric clashes. In the second step, a 12 ps of mo-
lecular dynamics run was performed with the NVT ensemble to relax the
system at 10 K. In the third step, molecular dynamics run of 12 ps was
carried out by using the NPT ensemble, where a pressure of 1 atm was
maintained by using the Langevin barostat (Martyna et al., 1994). In the
fourth step, the temperature was raised to 300 K for 12 ps by using the
NPT ensemble. In all of the above steps, the solute heavy atoms were
restrained with a force constant of 50 kcal mol 'A~'. In the fifth step,
restraint was released and the molecular dynamics simulation was car-
ried out at NPT ensemble for 24 ps. Subsequently, the system was sub-
jected to a production run for 200 ns by considering the integration time
step of 1 fs and the NPT ensemble. It should be mentioned that a 200 ns
time scale was chosen to allow each complex to properly equilibrate and
produce biologically meaningful results. As most of the biologically
relevant motions occur on the microsecond to the millisecond time scale,
which is computationally expensive to achieve, it is necessary to simu-
late systems for a longer time depending on the computational facilities
available. The periodic boundary condition (PBC) was considered for all
of the simulations. The simulation interaction diagram tool imple-
mented in the Desmond 2018-4 package (Bowers et al., 2006a) was used
to analyze the detailed interactions between the protein and peptide
inhibitors.

To calculate the relative binding free energies of each RARp-peptide
complex, the MM-GBSA technique was used. For this purpose, 500
snapshots were considered from the last 50 ns trajectories of the MD
simulations at an interval of 100 ps. Equation (1) was used to compute
the relative binding free energy.

AGhind— -—(1)
where, AGyping is the calculated relative binding free energy, Geomplex
(minimized) i the MM/GBSA energy of the minimized complex, Gprotein
(unbound, minimized) iS the MM/GBSA energy of the minimized protein after
separating it from its bound ligand and Giig (unbound, minimized) is the MM/
GBSA energy of the ligand after separating it from the complex and
allowing it to relax. However, as entropy calculations were not
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performed, the free energy terms contain contributions from the
enthalpy terms only.

3. Results and Discussions
3.1. The Binding of Tripeptides to RdRp

Among the different tripeptides studied here, peptides 1 and 2 are
associated with the highest docking scores (higher binding affinity)
(Table S1). Among these two peptides, the docking score of peptide 1 is
higher than that of peptide 2. This indicates that the former peptide may
bind strongly with RdRp. However, consideration of protein dynamics
and solvation effects may alter the binding preferences of these peptides.
Therefore, we will only discuss the binding modes of these two and other
peptides as obtained by the MD simulations. Interested readers may
refer to Figs. S1-S4 and Tables S1 and S2 (Supporting Information) for
the detailed interactions of the peptides with RdRp as revealed by the
docking studies. It should be mentioned that MD-simulations produced
quite stable complexes as can be found from Figs. 3 and 4. From Fig. 3, it
is evident that all of the complexes had a root mean square deviation
(RMSD) of the C, atoms less than 2.5 A computed with respect to the
corresponding minimized structures. Similarly, the root mean square
fluctuations of the protein residues are also found to be normal (Fig. 4).
These results indicate that not only protein-peptide complexes were
properly equilibrated but also produced stable complexes.

To understand the detailed interactions of the tripeptide inhibitors
with different residues of RdRp throughout the simulations, the average
simulated complex structures are shown in Fig. 5 and a timeline repre-
sentation of the various interactions (hydrogen bonding, hydrophobic,
ionic, water bridges, etc.) and total numbers of peptide-protein contacts
are depicted in Fig. S5. The relative binding free energies (AGpinq) (kcal/
mol) of these complexes are presented in Table 1. The standard devia-
tion in AGypipg is also presented in this table. The variations of AGping
with respect to the last 50ns of simulations are shown in Fig. S6. The 2D-
diagrams showing percentage occupations of different interactions be-
tween tripeptide inhibitors and RdRp are shown in Fig. S7.

3.1.1. The Binding Mode and Stability of Peptide 1 (Argl-Arg2-Asp3)

The placement of peptide 1 into the binding cavity of RARp and the
comparison of structural alterations before and after simulations are
shown in Fig. 5A. The detailed protein-peptide 1 direct and indirect
(water-mediated) interactions are depicted in Figs. 5B and S7A. The
most stable protein-peptide direct interactions that lasted for more than
50% of the simulation time are presented in Table 2.

As illustrated in Fig. 5A, except for Argl, which moves downward,
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Fig. 3. The variations of the root mean square deviations (RMSD) of the C, atoms of the protein with time. The RMSD of each complex was computed with respect to

the corresponding minimized structure.
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Fig. 5. The comparison of simulated (in magenta color) and docked (in black color) conformations of peptide 1 in the active site of the RARp (surface representation,
in light pink color). (B) The average simulated structure of peptide-1-RdRp complex and their various interactions. (C) The comparison of simulated (in pale cyan
color) and docked (in black color) conformations of peptide 2 in the active site of the RdRp (surface representation, in orange color). D) The average simulated
structure of peptide-2-RdRp complex and their various interactions.
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Table 1

European Journal of Pharmaceutical Sciences 167 (2021) 106012

The comparison of ChemPLP docking fitness (kcal/mol) and MM/GBSA average relative total binding free energies (AGpinq) (kcal/mol) of different peptide inhibitors.

Standard deviation (SDV) of binding free energies is also shown.

Peptide Peptide 1 Peptide 2 Peptide 3 Peptide 4 Peptide 5 Peptide 6 Peptide 7 Peptide 8
Docking Score 90.09 80.83 87.47 80.17 75.84 85.90 85.56 86.95
AGpind 10.18 10.42 13.77 -14.21 -17.41 -6.28 -10.72 -10.12
SDV 9.64 4.20 5.85 7.32 6.30 7.04 3.94

Peptide 1=Arg1-Arg2-Asp3, Peptide 2=Lys1-Lys2-Asp3, Peptide 3=Alal-Arg2-Arg3-Asp4, Peptide 4=Alal-Lys2-Lys3-Asp4, Peptide 5=Alal-Arg2-lys3-Asp4, Peptide
6=Alal-Lys2-Arg3-Asp4, Peptide 7=Argl-Arg2-Asp3-Asp4, Peptide 8= Aspl-Asp2-Arg3-Lys4.

Table 2
A list of various protein-peptide interactions that lasted for
more than 50% of the simulation time.

Complexes Interactions

RARp—Peptide 1 Mg*2—Asp3

RdRp—Peptide 2 Asp623—Lys1

Mg*2—Asp3

Thr680—Alal
Asp623—Alal
Ala558—Alal
Cys622—Asp4
Mg "2 —Asp4

RdRp—Peptide 3

RdRp—Peptide 4 Asp623—Alal
Ser682—Alal
Thr680—Alal
Cys622—Lys2
Mg 2—Asp4

RdRp—Peptide 5 Asp623—Arg2

Mg*2—Asp4

RdRp—Peptide 6 Asp623—Alal
Thr687—Alal
Asp623—Arg3
Cys622—Asp4
Mg 2—Asp4

RdRp—Peptide 7 Asp623—Argl
Asp623—Arg2

Mg 2—Asp4

RdRp—Peptide 8 Asp618—Aspl

Mg 2—Aspl

other residues of peptide 1 do not change much from their initial
docking conformation. It is found that Argl makes a salt-bridge (38%
occupancy) and two hydrogen-bonding interactions with Asp623 (42%
and 58% occupancies) (Figs. 5B, S7A). Similarly, the side chain and
carbonyl backbone atoms of Arg2 are making hydrogen bonds with
Ser682 (45% occupancy) and Arg553 (36% occupancy) respectively.
Asp3 is found to make an ionic interaction with one of the Mg*2 ions that
lasted 100% of simulation time (Figs. 5B, S7A). It is also found to make
several water-mediated hydrogen bonds with Asp618, Tyr619, Cys622,
Asp623, Ser759, and Lys798 (Fig. 5B). Other than these, it may interact
with other residues for a lesser time during the simulation (Fig. S5A).
However, except AspS-MgJr2 electrostatic interactions, all other in-
teractions are transient and lasted for less than 50% of the simulation
time (Table 2). Due to this reason, a positive AGpjnq of about 10.18 kcal/
mol is obtained for peptide 1-RdRp complex (Table 1). This indicates
that the binding of peptide 1 to RdARp would not be strong.

3.1.2. The Binding Mode and Stability of Peptide 2 (Lys1-Lys2-Asp3)
During the simulations, Peptide 2 undergoes a significant structural
reorientation from its original docked conformation (Fig. 5C). Lysl

moved downward toward the Palm domain, whereas Lys2 positioned
itself between the Palm and Thumb domains (Fig. 5C). This reor-
ientation helped Lysl to make a strong ionic interaction with Asp623
(78% occupancy) and a weak hydrogen bond with Thr687 (39% occu-
pancy) (Figs. 5D, S7B). The backbone carbonyl group of Lys2 makes a
weak hydrogen bond with Lys545 (39% occupancy). Similarly, Asp3
makes a strong ionic interaction with one of the Mg+2 ions (100% oc-
cupancy) and a weak hydrogen bond with Ser759 (48% occupancy)
(Figs. 5D, S7B). Other than these, it can make water-mediated hydrogen
bonds with Asn691 and Asp623 (Figs. 5D, S7B). It can also interact with
other residues although for a lesser time during the simulations
(Fig. S5B). Despite of these interactions, a positive AGyjng of about 10.42
kcal/mol is obtained for the peptide 2-RdRp complex (Table 1). This is
mainly because of the unfavorable Coulombic interactions between Lys2
and Lys551 and between Lys2 and Arg836 (Fig. 5C,D). If we compare the
total number of interactions made by peptides 1 and 2 with RdRp, it is
clear that the former peptide binds slightly more tightly with RARp than
that of the latter (Figs SS5A and S5B).

3.2. The Binding of Tetrapeptides to RARp

Among the six tetrapeptides considered for MD-simulations, peptides
3 and 4 are the N-terminal extensions of peptides 1 and 2 respectively.
Similarly, peptides 5 and 6 are derived from peptide 4 by mutating its
2" and 3" residues respectively. However, peptides 7 and 8 have
completely different sequences without any similarity with peptides 1-6.
To understand the detailed binding modes of these peptides, the average
simulated structures of peptide-RdRp complexes are depicted in Figs. 6-
8. A time-line representation of various interactions and total number of
protein-peptide contacts obtained during the 200ns simulations are
illustrated in Figs. S8-S10. A 2D-interaction diagram showing important
interactions that lasted for more than 30% of the simulation time are
shown in Figs. S11-S13.

3.2.1. The Binding Mode and Stability of Peptide 3 (Alal-Arg2-Arg3-Asp4)

In going from the docked to the simulated conformations, Arg3 of
peptide 3 moved upward and the overall conformation remained similar
to the original one (docked conformation) (Fig. 6A). In the simulated
complex, the terminal NH3" group of Alal makes an ionic interaction
with Asp623 (30% occupancy) and a hydrogen bond with Thr680 (59%
occupancy) (Figs. 6B, S11A). Its amide and carbonyl backbone atoms are
also making strong hydrogen bonds with Asp623 (86% occupancy) and
Ala558 (60% occupancy) respectively (Figs. 6B, S11A). Similarly, Arg2
makes two water-mediated indirect hydrogen bonds with Cys622 and
Thr680, while Arg3 makes a water-mediated hydrogen bond with Ile548
(Figs. 6B, S11A). The Asp4 makes a strong ionic interaction with one of
the Mg*?2 ions (100% occupancy) and a strong hydrogen bond with
Cys622 (76% occupancy) (Figs. 6B, S11A). It also makes a few water-
mediated hydrogen bonds with Asn691, Ser759, and Asp760,
(Figs. 6B, S11A). In addition to the above residues, it may interact with
various other residues as depicted in Fig. S8A. However, although
peptide 3 makes 5 strong interactions with RdRp (Table 2), a AGpjngq of
about 13.77 kcal/mol is obtained for the peptide 3-RdRp complex
(Table 1). This is because the orientation of peptide 3 is such that Arg3
falls in the cleft formed between Arg553 and Arg836. This generates
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Fig. 6. (A) The comparison of simulated (in pale yellow color) and docked (in black color) conformations of peptide 3 in the active site of the RdRp (surface
representation, in pale green color). (B) The average simulated structure of peptide-3-RdRp complex and their various interactions. (C) The comparison of simulated
(in blue color) and docked (in black color) conformations of peptide 4 in the active site of the RARp (surface representation, in white color). D) The average simulated

structure of peptide-4-RdRp complex and their various interactions.

unfavorable electrostatic interactions that disfavors its overall binding
with RdRp (Fig. 6A,B).

3.2.2. The Binding Mode and Stability of Peptide 4 (Alal-Lys2-Lys3-Asp4)

Unlike in the case of peptide 2, peptide 4 does not defer too much
from its initial docked conformation (Fig. 6C). As a result, it retains some
of the initial interactions. It is found that the terminal NH3" group of
Alal makes an ionic interaction with Asp623 (97% occupancy) and its
amide and carbonyl backbone atoms make hydrogen bonds with Asp623
(83% occupancy) and Ser682 (76% occupancy) respectively (Figs. 6D,
S11B). Its terminal NH3" group also makes a hydrogen bond with
Thr680 (84% occupancy). Similarly, Lys2 makes a hydrogen bond with
Cys622 (55% occupancy) and two water-mediated hydrogen bonds with
Asp623 and Arg553 (Figs. 6D, S11B). The carbonyl backbone of Lys3
makes a hydrogen bond with Arg555 (30% occupancy), and Asp4 makes
ionic interactions with one of the Mg*?2 ions (100% occupancy). Asp4
also makes water-mediated hydrogen bonds with Asn691 (Figs. 6D,
S11B). In addition to these residues, it may also interact with Tyr456,
Ala558, Val557, Thr556, Lys545, Met626, Lys676, Thr687, Asp760, etc.

(Fig. S8B). Because of the 5 strong interactions (Table 2) and other
transient interactions, a AGpjnq of -14.21 kcal/mol is computed for
peptide 4-RdRp complex (Table 1). The negative AGpjyg is also because
of the non-extension of Lys3 to the binding cleft formed between Arg553
and Arg836 unlike in the case of peptide 3 (Fig. 6A,B). This indicates
that peptide 4 would make a very stable complex with RdRp. Further, if
we compare both the AGp;,q and the total number of contacts of peptides
2 and 4 with RdRp (Figs. S5B and S8B), it is clear that the latter peptide
makes more tight interactions with the protein. The RMSF of binding site
residues (residues 400-800) is also less in peptide 4-RdRp complex
compared to peptide 2-RdRp complex (Fig. 4B). These results indicate
that peptide 4 would act as a promiscuous inhibitor of RdRp.

3.2.3. The Binding Mode and Stability of Peptide 5 (Alal-Arg2-Lys3-Asp4)

As can be seen from the average simulated complex structure, the
initial docked conformation of peptide 5 is almost retained during the
simulations (Fig. 7A). In this conformation, Alal is not making any
interaction with RdRp. However, the terminal NH," group of Arg2
makes an ionic interaction with Asp623 (97% occupancy) and a
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Fig. 7. (A) The comparison of simulated (in light pink color) and docked (in black color) conformations of peptide 5 in the active site of the RdRp (surface rep-
resentation, in wheat color). (B) The average simulated structure of peptide-5-RdRp complex and their various interactions. (C) The comparison of simulated (in
orange color) and docked (in black color) conformations of peptide 6 in the active site of the RdRp (surface representation, in light blue color) D) The average

simulated structure of peptide-6-RdRp complex and their various interactions.

hydrogen bond with Thr687 (36% occupancy) (Figs. 7B, S11C). It also
makes a water-mediated hydrogen bond with Asp623 (48% occupancy)
and two intramolecular hydrogen bonds (more than 90% occupancy)
with Asp4 (Figs. 7B, S11C). However, although Asp4 interacted with the
Mg "2 ion like other peptides, Lys3 failed to interact with RAdRp. Asp4 is
also found to make water-mediated hydrogen bonds with Asp618 and
Glu811 (Figs. 7B, S11C). Other than these residues, peptide 5 may
interact with Met452, Tyr455, Tyr456, Thr556, Ala558, Lys545,
Arg555, Arg553, Ala547, 11e548, Asp618, Tyr619, Pro620, Lys621,
Cys622, Asp623, Arg624, Lys676, Thr680, Ser681, Thr687, Asn691,
Ser759, Asp760, Asp761, Glu811, Cys813, S814, Arg836, etc. (Fig. S9A).
If we compare the total number of protein-peptide contacts involving
peptides 4 and 5 (Figs. S8B and S9A), it is clear that the latter makes
more tight interactions with the protein than that of the former. This is
also evident from the relative binding free energy data, where a AGypjng
of -17.41 kcal/mol is obtained for the peptide 4-RdRp complex
(Table 1). These results imply that the mutation of Lysl to Argl in
peptide 4 would enhance its stability and hence inhibitory activities.

3.2.4. The Binding Mode and Stability of Peptide 6 (Alal-Lys2-Arg3-Asp4)

Unlike peptide 5, peptide 6 moved away from its initial docked
conformation (Fig. 7C). In the simulated structure, the terminal NH3™
group of Alal makes one ionic interaction with Asp623 (50% occu-
pancy) and a hydrogen bond with Thr687 (51% occupancy) (Figs. 7D,
S11D). However, Lys2 failed to make any interaction with the protein.
Interestingly, Arg3 makes a weak salt-bridge interaction (49% occu-
pancy) and a strong hydrogen bond (94% occupancy) with Aps623
(Figs. 7D, S11D). It also makes a weak water-mediated hydrogen bond
with Thr556. A weak intramolecular hydrogen bond (30% occupancy) is
also formed between the backbone atoms of Arg3 and Lys4. Remarkably,
Asp4 is found to make two salt-bridge interactions, one each with one of
the Mg™2 ions (100% occupancy) and Lys621 (88% occupancy)
(Figs. 7D, S11D). It is also found to make a direct hydrogen bond with
Cys622 (39% occupancy) and two indirect water-mediated weak
hydrogen bonds with Asn691 and Asp623 (Figs. 7D, S11D). Other than
these, it can also interact with several other residues as depicted in
Fig. S9B. For these reasons, a AGypjng of -6.28 kcal/mol is obtained for the
peptide 6-RdRp complex (Table 1). However, it is about 10 kcal/mol less
stable than peptide 5-RdRp complex (Table 1). The suppression of
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binding affinity of peptide 6 compared to peptide 5 may be ascribed to
(1) fluctuations of the side chains of peptide 6-RdRp complex (Fig. 4C)
and (2) unlike peptide 5, Lys2 of peptide 6 is unfavorably placed
opposite Arg553. (Fig. 7C). These results indicate that the mutation of
Lys3 to Arg3 in peptide 4 would suppress its inhibitory activities.

3.2.5. The Binding Mode and Stability of Peptide 7 (Argl-Arg2-Asp3-
Asp4)

Peptide 7 undergoes a significant conformational change during the
simulations from its initial docked conformation (Fig. 8A). In this
conformation, Argl makes two intramolecular hydrogen bonds with
Asp3 and its terminal NH3" group makes an ionic interaction with
Asp623 (83% occupancy) (Figs. 8B, S12A). Arg2 also makes a salt-bridge
interaction (71% occupancy) and a hydrogen bond (73% occupancy)
with Asp623. Additionally its amide group makes an intramolecular
hydrogen bond with Asp3. However, no protein interaction with Asp3 is
formed during the simulations (Figs. 8B, S12A). Remarkably, Asp4
makes ionic interactions with two magnesium ions (Figs. 8B, S12A).
Hence, the consideration of two Asp residues at the C-terminal group of
the peptide helped it to extend toward the second Mg*? ion, which was
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observed to bind with the RNA base inserted opposite Remdesivir (Yin
et al., 2020). In addition to this, it also makes several water-mediated
hydrogen bonds with Tyr619, Cys622, and Asp760 (Figs. 8B, S12A).

For these reasons, a AGyping of -10.72 kcal/mol is obtained for the
peptide 7-RdRp complex (Table 1). Hence, peptide 7-RdRp complex
would be about 7 kcal/mol less stable than the peptide 5-RdRp complex
(Table 1). This is quite evident if we compare the total number of
protein-peptide contacts involving peptides 5 and 7 (Figs. S9A and
S10A).

3.2.6. The Binding Mode and Stability of Peptide 8 (Asp1-Asp2-Arg3-Lys4)

During simulations, peptide 8 moved appreciably from its initial
docked conformation (Fig. 8C). This is because, instead of interacting
with the positive residues of the Finger domains, such as Lys545,
Arg553, Arg556, etc., the N-terminal Aspl moved down to interact with
one of the Mg+2 ions (Figs. 8D, S12B). In this conformation, its terminal
NH;3 ' makes an ionic interaction with Asp618 (69% occupancy), and its
carbonyl backbone makes a weak hydrogen bond with Lys545 (33%
occupancy) (Figs. 8D, S12B). Except for Aspl, no other residues could
make any contact with the protein (Table 2). However, due to the above

Fig. 8. (A) The comparison of simulated (in violet color) and docked (in black color) conformations of peptide 7 in the active site of the RARp (surface representation,
in pale cyan color) (B) The average simulated structure of peptide-7-RdRp complex and their various interactions. (C) The comparison of simulated (in magenta
color) and docked (in black color) conformations of peptide 8 in the active site of the RARp (surface representation, in pale yellow color) D) The average simulated

structure of peptide-8-RdRp complex and their various interactions.
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strong electrostatic interactions, a AGpjpg of -10.12 kcal/mol is obtained
for the peptide 8-RdRp complex. If we compare AGping of peptide 7-
RdRp and peptide 8-RdRp complexes, it is clear that the inhibitory ac-
tivities of these peptides would be identical. It also indicates that the
ability of peptides to bind with RdRp is mainly governed by electrostatic
interactions.

4. Domain Movements

As peptide 5-RdRp is associated with the highest AGp;q, its average
structure was superimposed onto the Cryo-EM structure (Yin et al.,
2020) to understand the dynamics of different domains after the binding
of the peptide inhibitor. The detailed structures are illustrated in
Fig. S13. From this Figure, it is clear that the Finger and Thumb domains
move significantly during the simulations. As the Finger domain con-
tains the largest number of loops, it is more mobile compared to the
Thumb domain. However, the Palm domain remains almost stationary.
For example, the side chains of the key residues of the Finger domain
that are involved in the inhibitor binding, such as Lys545, Arg555,
Arg553, Lys621, Asp623, Arg624, etc. are found to move about 3 to 4A
in the simulated complex. Similarly, the side chains of key residues of
the Thumb domain, such as Arg836, Asp845, Arg858, Leu862, etc. are
found to move by about 2A from the observed positions (Yin et al.,
2020). Remarkably, the movements of Ser759, Asp760, Asp761, etc. of
the Palm domain are found to be marginal (about 0.5-1A). Interestingly,
during the simulations, the metal ions moved toward the Asp760 and
Asp761 of the Palm domain to facilitate the inhibitor-metal binding.
These results indicate that upon peptide binding, the active site of RARp
becomes more compact and closed.

5. Mechanism of Inhibition

It was recently shown that the i+1 (i refers to the nucleotide insertion
site) base of the RNA template strand makes hydrogen bonds with
Lys545 and Arg555 of the Finger domain (Yin et al., 2020). Similarly, its
backbone was found to make interactions with Ala558, Gly559, Ser682,
Gly559, and Gly683. The i-1 and i-2 bases of RNA belonging to the
primer strand were observed to make interactions with Asp760, Asp761,
Ser759, Cys813, Ser814, and GIn815 (Yin et al., 2020). Remarkably, the
purine base of the antiviral drug Remdesivir monophosphate, which was
covalently inserted into the NTP site (Yin et al., 2020), was also found to
make hydrogen bonds with Lys545 and Arg555. The CN group of its
modified sugar was found to make a hydrogen bond with Thr687 and its
phosphate groups were found to interact with the Mg*2 ions (Yin et al.,
2020). Other repurposed nucleotides drugs (Bylehn et al., 2021; Gordon
et al., 2021; Sada et al., 2020) and unnatural nucleotides (Jena et al.,
2021) were also proposed to bind to the same site.

As peptide inhibitors are found to interact with residues that are
involved in making hydrogen bonds with i, i+1, i-1, and i-2 nucleotides
of the RNA primer strand (Figs. S14, S15), they would not only block the
NTP insertion site but also perturb the RNA primer strand. This would
eventually hinder the correct placement of RNA into the active site for
nucleotide synthesis. Hence, these inhibitors would inhibit the replica-
tion of the viral genome efficiently than those of the nucleotide drugs.
Further, unlike nucleotide inhibitors, the inhibition effect would be
realized as soon as these inhibitors enter into the NTP site of RARp and
there would be no drug resistance due to the Exon activities. Therefore,
it is expected that the peptide inhibitors would be more potent than that
of the repurposed nucleotide drugs.

6. Effects of Force Field and Binding Energy Methods

It should be mentioned that consideration of different force fields
and binding free energy methods may yield different results. For
example, by using the GROMACS 5.1.2 force field and free energy
perturbation methods, binding free energy of about -8.0 kcal/mol was
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computed for the RTP-RdRp complex (Zhang and Zhou, 2020). How-
ever, the uses of the ff14SB force field of Amber18 and thermodynamic
integration methods had yielded binding free energy of about -35.0
kcal/mol for the RMP-RdRp complex (Bylehn et al., 2021). Similarly, the
uses of the OPLS3e force field of Desmond 2018-4 and MM/GBSA
method had predicted a positive relative binding free energy for the
RMP-RdRp complex (Jena et al., 2021). Although RTP contains three
phosphate groups and RMP contains one phosphate group, the purine
and sugar groups are the same. Hence, the huge difference in the binding
free energies can be ascribed to the methods used in these studies
(Bylehn et al., 2021; Jena et al., 2021; Zhang and Zhou, 2020, Jena et al.
2021). However, the comparison of binding modes and relative binding
free energies of different inhibitors computed at the same method (e.g.
MM/GBSA) can provide useful insights to understand the molecular
mechanisms of drug binding and inhibition properties (Genheden and
Ryde, 2015). Therefore, if we compare results obtained here with the
results obtained for the RMP-RdRp complex by using the MM/GBSA
method (Jena et al., 2021), it is likely that the peptide inhibitors having
negative binding free energies would be more potent than RMP. Based
on AGping, the stabilities and hence the inhibitory activities of these
peptides would follow the order: peptide 5> peptide 4> peptide 7>
peptide 8>peptide 6>peptide 1>peptide 2>peptide 3. However, as the
AGying values do not include contributions from conformational en-
tropy, they cannot be directly interlinked with the binding constant or
ICso values. Further, as the molecular mechanics/generalized Born
surface area method (MM/GBSA) is less accurate compared to the mo-
lecular mechanics/Poisson-Boltzman surface area method (MM/PBSA),
results obtained at the former method are less reliable than that of the
later method (Hou et al., 2011).

Similarly, it is also not reliable to use docking scores to rank the
inhibition abilities of these peptide inhibitors. This is because not only
docking algorithms are based on empirical parameters but also they do
not account for solvation effects, protein reorganization, and dynamics.
For example, as per the docking results, peptides 4 and 5 are the least
stable, while they are the most stable as per the MM/GBSA results
(Table 1). Therefore, experimental structural studies and evaluations of
bioactivity and biosafety of the RARp-peptide complexes studied herein
would yield more interesting results.

It should be mentioned that the use of similar short peptide inhibitors
against several flaviviruses is found to be very effective and safe. It was
shown that the use of di- or tri- or tetrapeptide analogs can inhibit fla-
viviruses, such as DENV, WNV, and ZKV with affinities in the micro-
molar to nanomolar ranges (Nitsche et al., 2017). For example, the
affinities of a dipeptide Bz-(4-guanidino)Phe-Arg-B(OH), (binding con-
stant (K;) = 0.027 pM) (Nitsche et al., 2017) and tetrapeptide Bz-Nle--
Lys-Arg-Arg-B(OH); (K; = 0.043 pM) (Schuller et al., 2011) inhibitors
against DENV protease were in the micromolar range. Similarly, for a
tripeptide Bz-Arg-Lys-X-NHy (X=4-(Benzyloxy)-D-phenyl glycine) with
C- and N-terminal modifications by 4-CF3-benzyl ether and thiazole
respectively produced ICsy values of 18 nM (K;=12 nM) and 50 nM
(K;i=39 nM) for the inhibition of DNV and WNV respectively (Behnam
et al., 2015). These results indicate that peptide inhibitors can bind
strongly to the active sites of the proteases. Based on these results, it can
be proposed that the potencies of peptides 4 and 5 in inhibiting RdRp
would be similar to the above peptides (Behnam et al., 2015; Nitsche
et al., 2017; Schuller et al., 2011).

Conclusions

It is revealed that the electrostatically active binding site of the RARp
can be inhibited by designing short ionic peptide inhibitors that may
make direct or indirect interactions with different active site residues of
RdRp. Based on dynamics and relative binding free energies (AGypinq),
the efficiency of peptide inhibitors can be categorized into mainly three
parts, namely (1) highly efficient, (2) moderately efficient, and (3)
poorly efficient. For example, as the AGpinq of RARp-peptide 4 and RdRp-
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peptide 5 complexes are -14.21 and -17.41 kcal/mol respectively, pep-
tides 4 and 5 would be highly efficient in inhibiting the RdRp activities.
Similarly, peptides 6 to 8, whose AGp;nq lie between ~-6 to -10 kcal/mol,
would possess moderate inhibitory activities, while peptides 1 to 3 may
possess lower inhibitory activities. As peptides 4 to 8 are of four amino
acids long, it can be proposed that tetrapeptides would be more effective
than that of tripeptides in inhibiting RdRp activities. It is further
revealed that these inhibitors would block the NTP insertion site of
RdRp, thereby obstructing the insertions of new nucleotides into the
RNA strand. This would eventually block the replication of the viral
gene. However, experimental structural evaluations, and determinations
of in vivo activities, such as bioactivity, safety, and membrane perme-
ability of these peptide inhibitors would provide more interesting in-
sights. Nevertheless, this study for the first time has demonstrated that
peptide inhibitors may act as attractive drug candidates against COVID-
19 and there is a tremendous potential to design even more potent
peptide inhibitors by either changing sequences or adding small mole-
cules at the C- and N-terminals.
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