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The COVID-19 pandemic is still evolving and is caused by SARS-CoV-2. The 2'-O-methyltransferase (nsp16)
enzyme is crucial for maintaining the stability of viral RNA for effective translation of viral proteins and its life
cycle. Another protein, nsp10, is important for enzymatic activity of nspl6. Any disturbance in the interaction
between nsp16 and nsp10 may affect viral replication fidelity. Here, five peptide inhibitors, derived from nsp16,
were designed and assessed for their effectiveness in binding to nsp10 using molecular dynamics simulation. The
inhibitors were derived from the nsp10/nsp16 binding interface. Post-simulation analysis showed that inhibitors

2 and 5 were stable and bind to the nsp16 interacting region of nspl10 which could potentially prevent the
interaction between the two proteins. The proposed peptides are useful starting points for the development of
therapeutics to manage the spread of COVID-19.

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
caused the global outbreak of coronavirus disease 2019 (COVID-19).
The novel virus belongs to the Coronaviridae family and Betacoronavirus
genus [1]. Two other coronaviruses, SARS-CoV and MERS-CoV, also
belong to the same genus which had caused two major worldwide out-
breaks in the past two decades. COVID-19 was declared a pandemic by
the World Health Organization on March 2020 [2]. As of June 2021 >
170 million cumulative cases were reported globally with more than 3.7
million deaths [3].

The replication and transcription of the genome of coronaviruses is
mediated by the replicase gene. It is increasingly becoming clear that the
proteins encoded by the replicase gene of SARS-CoV and SARS-CoV-2
show high functional similarity. The gene expresses two polyproteins,
ppla and pplab, which are cleaved into several non-structural proteins
(nsps). Two proteases, main protease, MP"° (nsp5) and papain-like pro-
tease, PLP™ (nsp3) cleave the polyproteins to form other nsps. Many of
them such as RNA-dependent RNA polymerase (nsp12) [4], RNA heli-
case and triphosphatase (nspl3) [5], exoribonuclease and
N7-methyltransferase (nspl4) [6], endonuclease (nspl5) [7], and
2'-O-methyltransferase (nspl6) [8] are key enzymes which form the
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replicase-transcriptase complex (RTC) or act as accessory proteins
involved in viral RNA replication and sub-genomic RNA transcription
[9].

One of the key mechanisms by which the SARS-CoV-2 RNA escapes
the cellular innate immunity guardians is by capping its 5° end [10].
This helps it to mimic the host mRNA, thus maintaining its stability and
integrity for effective translation. Since the virus replicates in the
cytoplasm, it is unable to access the capping machinery of the host
located in the nucleus. They have thus evolved to encode their own
capping enzymes. Several nsps such as nsp14 and nsp16 are involved in
viral RNA capping [11]. Nspl4 generates the cap-0 structure by meth-
ylating 5" guanine of the Gppp-RNA at the N position (™ Gppp-RNA)
[6]. Nspl6 selectively 2'-O-methylates the ribose of the following
nucleotide to convert the cap-0 to cap-1 structure ("’GpppN™-RNA)
[12]. This 2'-O-methylation is critical and an indispensable step for
replication of the coronavirus genome [13]. Nsp16 has a binding pocket
for S-adenosyl-L.-methionine (SAM) which acts as methyl group donor
for the 2'-O-methylation reaction. Biochemical and crystallographic
studies have revealed that another nsp, nspl0, stabilizes the SAM
binding pocket and extends the substrate RNA binding groove by
inducing conformational changes in nsp16 [8,14,15]. It is therefore
clear that binding of nsp10 is important for the enzymatic activity of
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Fig. 1. Structure based peptide inhibitor
design derived from nspl6. (A) Inhibitor 1
comprised of a4 helix (residues 6876-6887)
(B) inhibitor 2 included o4 helix, 3 and p4
strands (residues 6876-6911). (C) Inhibitor
3 ranged from residues 6836 to 6911 which
comprised of a3, B2, a4, p3 and p4. (D) In-
hibitor 4 included two sequences: residues
6836-6855 and residues 6874-6911. Resi-
dues 6836 and 6874 were connected with an
extra peptide bond by incorporating an
additional carbonyl group. (E) Inhibitor 5
also comprised of two sequences: residues
6836-6862 and residues 6873-6911. Resi-
dues 6862 and 6873 were connected by a
peptide bond. (F) Image showing the addi-
tional connections created to link the two
sequences without destabilizing the confor-
mational integrity of the critical secondary
structures in inhibitors 4 and 5. Color
scheme: Red: inhibitors derived from nsp16;
Green: critical residues in the inhibitors;

Blue: nsp10; Sticks: side chains of the inter-
acting residues according to the crystal

a3 structure. (For interpretation of the refer-
855]  ences to colour in this figure legend, the
ol reader is referred to the Web version of this
6836 article.)
6874 o]
Inhibitor 4

Inhibitor 5

Table 1
Sequence of the inhibitors.

Inhibitor Sequence Important Conformations

Inhibitor (6876)VAPGTAVLRQWL (6887) a4 helix
1

Inhibitor (6876)VAPGTAVLRQWLPTGTLLVDSDLNDFVSDADSTLIG (6911) a4 helix, p3 and p4 strands
2

Inhibitor (6836)KGIMMNVAKYTQLCQYLNTLTLAVPYNMRVIHFGAGSDKGVAPGTAVLRQWLPTGTLLVDSDLNDFVSDADSTLIG (6911) a3 and o4 helices, p2, f3 and
3 4 strands

Inhibitor Sequence 1: (6836)KGIMMNVAKYTQLCQYLNTL(6855) Sequence 2: (6874)KGVAPGTAVLRQWLPTGTLLVDSDLNDFVSDADSTLIG a3 and o4 helices, p3 and p4
4 (6911) strands

Inhibitor Sequence 1: (6836)KGIMMNVAKYTQLCQYLNTLTLAVPYN(6862) Sequence 2: (6873) a3 and o4 helices, p3 and p4
5 DKGVAPGTAVLRQWLPTGTLLVDSDLNDFVSDADSTLIG (6911) strands

nspl6. Thus, the nsp10/nspl6 interface is considered as a drug target
[15].

For past several months computational approaches have been used to
screen for potential small molecule therapeutics against the nsp10/
nspl6 complex of SARS-CoV-2. However, they target either the SAM
binding site or the RNA groove [16]. In the current study we attempt to
identify therapeutics which may prevent the binding of nspl0 with
nspl6. However, since the nsp10-nsp16 interface is not clearly defined
and extends over relatively large surface area, lack of small and defined
binding site may prove challenging for design of small molecules tar-
geting the interface. Peptide therapeutics are therefore, an alternative

approach to inhibit such protein-protein interactions [17]. Moreover,
peptide therapeutics are highly specific to the target proteins and show
limited interference with normal human biological processes leading to
faster FDA approval [18,19]. Henceforth, in the present study we have
designed and simulated peptide inhibitors from the nspl0 interacting
region of nspl6. The peptides were designed based on a recently pub-
lished crystal structure of the nsp10/nsp16 complex (PDB: 6W4H). Some
of the inhibitors were found to be structurally stable and bind strongly to
nspl0 which could potentially prevent the latter’s interaction with
nspl6. The proposed peptides can be used as therapeutics to manage
COVID-19.
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Fig. 2. Representative post-simulation binding conformations of (A) nsp 16 (Control), (B-F) inhibitors 1, 2, 3, 4, 5. Color scheme: Grey: nspl6; Red: inhibitors
derived from nsp16; Blue: nsp10. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

2. Methods

Design of peptide inhibitors: The crystal structure of nspl0/nspl6
complex (PDB: 6W4H) was used to design the peptide inhibitors. A
detailed analysis was performed using The PyMOL Molecular Graphics
System, Version 2.0 Schrodinger, LLC to study the interacting regions of
nspl0 and nspl6. Five inhibitors were designed from the nsp16 region
which interacts with nsp10 (Details can be found in the Results and
Discussion section).

Molecular dynamics simulation: Molecular dynamics simulation of
protein (nsp10)-peptide inhibitor and control (nspl16) complexes were
performed using GROMACS package [20] under physiological condi-
tions with known initial position obtained from the crystal structure
(PDB: 6W4H). Coordinates and topology files were generated using
pdb2gmx program. Charmm36 all atom force field [21] was used to
generate parameters for the simulation. For water, TIP3P [22] model is
used, and the system is neutralized using Na™ or Cl" ions. The amount of
water molecules added to the system depends on the size of the simu-
lation box, which depends on the size of the peptide-protein complex. A
tolerance gap of 10 A from the extreme ends of the complex to the box
boundaries are provided on each side, filling them with water molecules
corresponding to the liquid density. The initial amount of the ions is
zero. In order to emulate physiological conditions, we have added Na™
or Cl ions to the simulation box such that the whole system is charge
neutral. The number of ions added for each peptide-protein complex are
as follows: inhibitor 1: 1 CI, inhibitor 2: 4 Na™, inhibitor 3: No ions
added, inhibitor 4: 1 Na*, inhibitor 5: 2 Na™ and control: 3 CI. First, the
system is minimized using steepest descent algorithm with a maximum
50000 steps. Next, an NVT simulation is performed at 300 K for 50000
steps, followed by an NPT simulation for the same number of steps. The
non-bonded interactions were cut-off at 10 A, and the long-range elec-
trostatics were approximated using Particle Mesh Ewald method. Time
step was chosen to be 2 fs throughout. Bonds involving H-atom were
constrained using LINCS algorithm. The temperature coupling is done
separately for protein + peptide and water + ions groups using modified
Berendsen [23] thermostat. Pressure under NPT ensemble is maintained
at 1 bar using Parrinello-Rahman barostat. The production run was
performed after equilibration for 150 ns for each of the complexes.

Post-simulation analysis-Interaction energy, binding energy, linear
interaction energy, root mean square deviation and radius of gyration:

Post-simulation, non-bonded (van der Waals and Coulombic) inter-
action energies were computed between the peptides and nsp10. The
ensemble averaged electrostatic and Lennard-Jones (LJ) interactions
between the protein and peptide were computed by scanning through
the coordinates written during the production run. The electrostatic and
LJ interactions are calculated using the equations,

99,
ery

Ueiee =

non bonded pairs

¥ pmin\ 12 g pminy 6
1 1
non bonded pairs | \ T Ty

Here, g; is the partial charge on atom i, ry is the distance between
atoms i and j, ¢ is the dielectric constant of the medium, rg“'” is the dis-
tance at which the LJ potential is at its minimum.

In addition, the binding free energies of peptides complexed with
nspl0 (only last 25 ns) were computed using Molecular Mechanics
Poisson-Boltzmann Surface Area (MM-PBSA) analysis using g_ mmpbsa
package [24]. For this, one frame at every nanosecond (ns) simulation
starting from 125 to 150 ns were extracted and the binding free energies
were calculated as the difference between free energy of the complex
minus sum of the free energies of the peptide and protein. The solute and
solvent dielectric constants were taken to be 4 and 80, respectively.

AGbind = AGcom/ﬂex - (AG/mp/izle + AG/))‘{)Lein (11.&/)16))

In order to gain further insight into the peptide protein interaction
we have performed the linear interaction energy (LIE) analysis using
gmx lie method in GROMACS. For this, two sets of simulations were
used: one with peptide and receptor (bound state), and second with
peptide alone (unbound state). Then the van der Waals (LJ) and elec-
trostatic interactions between the peptides and surroundings were
estimated to calculate LIE using the below equation.

AGyq = aA V™™ + pye

Here, V"™ and V¢ are the differences in van der Waals and elec-
trostatic interactions of peptides between the bound and unbound states.
Also, @ = 0.181, and § = 0.5.

The Root Mean Square Displacement (RMSD) is calculated using the
rms program within GROMACS for the entire production run as well as
for the last 25 ns of the simulation. RMSD for a simulation trajectory
consisting of N frames is defined using the equation

Here, 77 is the coordinates of all atoms in the ith frame and 7; is the
coordinates of a reference structure (time, t = 0). Finally, the radius of
gyrations of peptides were also computed using the gyrate program in
GROMACS for the entire production run.

3. Results and Discussion

Design of peptide inhibitors: While nsp10 is part of ppla and pplab
polyproteins, nsp16 is cleaved from pplab [25]. Nsp16 is made of 298
residues (polyprotein residues 6799-7096). Upon analyzing the
nspl0/nspl6 interface we found nine residues including Lys 6836, Gly
6837, Met 6839, Lys 6874, Ala 6881, Arg 6884, Gln 6885, Ser 6903 and
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Fig. 3. Post-simulation quantitative analysis of binding conformations of the inhibitors with nsp10. (A) Time averaged interaction energy between the inhibitors and
nspl0. (B) Binding energies between the inhibitors and nsp10. Overall RMSD plot of (C) whole peptide and (D) critical amino acids and. (E) Average RMSD of the
whole peptide (blue) and critical amino acids (orange) and generated from the last 25 ns frames. (F) Radius of gyration plot for the whole peptides. Nsp16 was used as
a control. Standard Deviations are represented as error bars. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

Asp 6904 from nspl6 to interact with nspl0 with either H bonds or
water bridges. Lys 6836, Gly 6837 and Met 6839 are part of a long loop
connecting the a2 and o3 helices. Lys 6874 is part of a loop which
connects a3 helix and p3 strand. Ala 6881, Arg 6884 and Gln 6885 on the
other hand are present in the a4 helix, whereas Ser 6903 and Asp 6904
come from a linker connecting the $3 and p4 strands. These nine residues
were considered as critical for nsp10/nsp16 interaction. Furthermore, a
portion of nsp10 is immersed into the hydrophobic pocket formed by a3
and o4 of nsp16 [15].

While designing the peptide inhibitors we considered their probable
stability, size and binding efficiency with nsp16. Peptide stability is
imparted by the secondary structures including a-helices and sheets.
Though most of the FDA approved peptides are of less than 20 residues
long [26], several recent reports suggest larger peptides of up to 100
residues show desirable in vitro and in vivo results [19,27]. Binding

efficiency of peptide-protein interaction is governed by the critical res-
idues via H-bond interactions and also by the hydrophobic pocket. In-
hibitor 1 was designed comprising of the a4 helix which included three
critical residues (Fig. 1a). Inhibitor 2 is composed of a4 helix, 3 and 4
strands which included five critical residues (Fig. 1b). Both 3 and p4
strands were included in this inhibitor as, according to the crystal
structure, they stabilize each other. Inhibitor 3 spanned from Lys 6836
to Gly 6911. It is composed of a3, p2, a4, p3 and f4 conformations. In
addition to all the nine critical residues, it also included majority of the
hydrophobic pocket which interacts with nspl0 (Fig. 1c). We also
designed two other inhibitors, 4 and 5, which are shortened forms of
inhibitor 3. Fig. 1d and f shows inhibitor 4, where residues Lys 6836 to
Leu 6855 included the a3 helix and Lys 6874 to Gly 6911 included a4, 3
and p4. Lys 6836 (N-term of a3) was connected to Lys 6874 (N-term of
a4) with the help of an extra peptide bond by bringing the corresponding



M. Dutta and E. Iype

sequences closer and incorporating an additional carbonyl group. In-
hibitor 5 also comprised of all the four secondary structures, however,
unlike inhibitor 4, no additional functional group was inserted to con-
nect the two helices. Here, Asn 6862 (C-term of «3) was connected with
Asp 6873 (N-term of a4) with a peptide bond by bringing the corre-
sponding chains closer to each other (Fig. le and f). Sequences of the
inhibitors are provided in Table 1.

Visual inspection of binding conformations: Following simulations of
the peptides and control (nspl6), their binding conformations were
visually inspected. The a4 helix structure is maintained in all the in-
hibitors (Fig. 2b-f). p3 and p4 strands lost their conformation in inhib-
itor 2 (Fig. 2c), however the hydrogen bond interactions between the
strands remained intact indicating minimal fluctuation in the structure.
Conformations of a3, a4, 2 and 3 were retained in inhibitor 3 (Fig. 2d).
4 strand however, lost its conformation. It is important to note here that
none of the critical residues reside in this strand. Fig. 2e shows that none
of the secondary structure conformations except a4 were maintained in
inhibitor 4 indicating that incorporating an additional carbonyl group
alters the dihedral angle constraints leading to loss of original confor-
mation. Fig. 2f shows that the p sheet and both the a helices were stable
in inhibitor 5 (Fig. 2f). In summary, all the critical conformations were
retained in inhibitors 1, 2, 3 and 5 and they bind in a manner which is
similar to that seen in the crystal structure.

Interaction energy, binding energy, linear interaction energy, root mean
square deviation and radius of gyration: The interaction energy, time
average of electrostatic and van der Waals interactions, and binding
energy of the nspl10-control complex were found to be -305.79 kJ/mol
and -73.15 kJ/mol, respectively (Fig. 3a and b). The average RMSD of
the whole nsp16 protein and its critical residues were found to be 5.4
and 2.1 A, respectively towards the end of the simulation (Fig. 3c—e).
Inhibitor 1, though was stable till 45 ns, deviated from its original po-
sition towards the end of the simulation run (Fig. 3c). Furthermore, the
interaction energy and binding energy of inhibitor 1 were found to be
significantly lower compared to the control (Fig. 3a and b). This in-
dicates weaker binding due to presence of lesser number of residues
involved in H-bonds, van der Waals, electrostatic interactions etc. In-
hibitor 2 showed similar RMSD values indicating similar deviation of the
critical residues with respect to the control (Fig. 3c and d). It can thus be
inferred that it remains bound close to its original position in the nsp10/
nspl6 interface. Encouragingly, the interaction energy, binding energy
and LIE for inhibitor 2 were found to be -112.3 kJ/mol, -41.37 kJ/mol
(Fig. 3a and b) and -1950.6 kJ/mol, respectively, indicating strong
binding with nsp10. In contrast, inhibitor 3 showed poor binding as
indicated by its interaction and binding energy values. In consistence, it
also showed the lowest LIE of -351.3 kJ/mol. Moreover, this inhibitor
showed significant fluctuation in the RMSD even towards the end of the
simulation run (Fig. 3c and d). One of the reasons for higher RMSD could
be the loss of stability of the p4 strand which is seen as a hanging loop
post-simulation (Fig. 2d) causing larger displacement compared to the
original structure. To minimize the fluctuation, inhibitor 3 was modified
to remove some of the unnecessary amino acid residues to generate
inhibitor 4 and 5. Though upon visual inspection, the secondary struc-
tures of inhibitor 4 were found to be unstable, this inhibitor showed
improved interaction and binding energies compared to inhibitors 1 and
3. It also showed an improved LIE of -1160.4 kJ/mol. A further
improvement was observed in the binding and LIE energies of inhibitor
5,-31.5 kJ/mol (Fig. 3b) and -2033.4 kJ/mol, respectively. These values
are closer to that observed in the control indicating strong binding with
nspl10. The RMSD of both inhibitors 4 and 5 was also found within the
acceptable range indicating minor deviation compared to the control.
(Fig. 3c—e). Finally, radius of gyration was used to assess the compact-
ness of the peptides throughout the simulation run. Our results indicate
that in addition to the control, inhibitors 2, 4 and 5 retain their
compactness throughout 150 ns indicating minimal fluctuation in the
structure (Fig. 2f).

Biochemistry and Biophysics Reports 27 (2021) 101069

4. Conclusion

In the present study we use molecular dynamics simulation approach
to explore the possibility of inhibiting nsp10/nsp1l6 interaction using
peptides derived from nsp16. Our results indicate that though inhibitors
1, 2, 3 and 5 were stable post-simulation, inhibitors 2 and 5 showed
comparable binding energy and acceptable RMSD compared to the
control. They also cover the nsp10 surface which interacts with nsp16. It
is however, worth mentioning that the current work is an initial proof-
of-principle study and the stability of the inhibitors requires validation
in in vitro and in vivo settings. Once the stability and efficacy of the
peptides are validated, they could be delivered into the cell using
nanoparticle carriers to improve their bioavailability. This peptide
therapeutic approach has potential to inhibit 2’-O-MTase activity of
nspl6, thereby preventing viral RNA capping, and finally translation of
viral proteins.
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