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Abstract

Ciclesonide, a corticosteroid drug, was recently reported to inhibit the replication of Mid-
dle East respiratory syndrome coronavirus (MERS-CoV) as well as severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). To elucidate the molecular mechanism of the growth
inhibition, we performed rigorous simulations to predict the pose of ciclesonide bound to MERS-
CoV’s non-structural protein 15 (nspl5). Using the current state-of-the-art molecular simula-
tion technique, we predicted the binding poses of ciclesonide and its metabolite to MERS-CoV'’s

nspl5 pentamer. Effects of mutations of SARS CoV-2 nspl5 on the bindings are also discussed.

1 Introduction

The ongoing outbreak of COVID-19 was declared as a public health emergency of international
concern by the World Health Organization. At the moment of writing this paper (25th December
2020), 77 million confirmed cases were reported worldwide. Effective antiviral agents to its causative
virus, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), are highly anticipated. Mat-
suyama et al. [1, 2] reported that ciclesonide (Fig. 1), which is a corticosteroid, blocks the viral
particle replication of both SARS-CoV-2 and Middle-East Respiratory Syndrome (MERS)-CoV. In
their evaluation with MERS-CoV mutants, it has been shown that a point mutation Ala25— Val

in MERS-CoV’s non-structural protein 15 (nspl5) develops resistance to ciclesonide. It has been
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known that nsp15s of SARS-CoV’s, SARS-CoV2’s, and MERS-CoV’s form homo-hexamers.[3, 4, 5]
Furthermore, in MERS-CoV nspl5, the residue 25 is placed at the interface of the nspl5 hexamer.
Thus, it has been suggested that ciclesonide interacts with nsp15 during viral biogenesis.[1, 2] How-
ever, their precise molecular mechanism has been yet to be uncovered.

In the present study, we investigated the interaction between nspl5 multimer and ciclesonide
by in-silico docking and molecular dynamics (MD) simulations with free-energy calculations. From
the docking analysis, we predicted several putative binding sites. These binding sites were screened
using rigorous calculations with the extended ensemble molecular dynamics simulations. We further
performed the free-energy perturbation calculation that can evaluate the absolute binding free energy
for identifying the correct binding site. The binding free energy between ciclesonide and the MERS-

CoV nsplb was strong enough to achieve the reported inhibition level.

2 Methods

2.1 Molecular Docking

Molecular docking was first performed to determine the putative binding sites. Two ligand molecules
were considered: (1) ciclesonide (Fig.1(a)), and (2) its digestive product, deesterified ciclesonide
(des-ciclesonide; Fig. 1(b)). The initial structure of MERS-CoV’s was taken from Zhang et al.
[4] (Protein Data Bank ID: 5YVD). As we explained in Zhang et al. [4], nspl5 of MERS-CoV is
considered to form a homohexamer. We prepared two structures: (a) a trimer of nspl5 proteins and
(b) a pentamer of nspl5 proteins. The trimer and the hexamer structures were first constructed
by applying symmetric operations to original structures to form a proper biological assembly. The
pentamer structure was then constructed by removing one of the nsp15s from a hexameric structure.
For both protein structures, we specified regions centered at Ala25, which was a reported mutation
in a ciclesonide-resistant mutant. The docking calculation was performed with AutoDock Vinal6]
with an “exhaustiveness” parameter of 2000 and the box size of 40 Ax 40 Ax 40 A. Because we
docked the ligand to the pentamer, we used three different bounding boxes centering Ala25 of three
different chains near the missing monomer; we merged the results according to the docking score
during a post-processing phase. For each combination of the protein target and ligand, the top nine
poses were selected; in the trimer’s case, three poses remained after removing the duplicates due to
the symmetry. These top poses were used in the subsequent analysis.

We also performed the docking between SARS-CoV-2 nspl5 monomer [5] and des-ciclesonide as



presented in Ref. [7]. However, we could not reproduce the reported docking score nor the docking
pose presented in the literature. Combined with the contradiction to mutant analysis, we did not

use any monomer-based structures in the subsequent analysis.

2.2 Molecular Dynamics Simulations

Molecular dynamics simulations were performed to relax the initial poses obtained. It is well
known that structures sampled in the molecular simulations tend to be trapped at the initial con-
figurations. To find appropriate docked structures, we employed a generalized replica exchange
with solute tempering (gREST) molecular dynamics[8, 9] simulations. This method enables us
to sample configurations from the canonical ensemble within a reasonable amount of computa-
tional resources. The protein was modeled using AMBERfI14SB force field.[10, 11] Histidines
at residues 66, 246, 259, and 273 were protonated at NJ sites, while other histidines were pro-
tonated at Ne sites. The force fields for ciclesonide and des-ciclesonide were constructed with
General Amber Force Field [12] version 2 (GAFF2). The charges of atoms were determined us-
ing the restrained electrostatic potential (RESP)[13, 14] method with HF/6-31G* level of quan-
tum calculation. The protein multimer and the ligand were solvated with 150 mM NaCl solution.
The rhombic dodecahedron periodic boundary condition was used. The periodic boundaries were
at least 10 A away from proteins. The force field was then converted into GROMACS molecu-
lar dynamics software format via acpype,[15] and the simulations were performed by GROMACS
2019.[16] We used our in-house topology generator to employ the gREST simulation on GROMACS
(https://bitbucket.org/shun.sakuraba/rest2py/src/master/). Each system was equilibrated
by a 100 ps run of constant-volume and constant-temperature (NVT) simulation, then another 100 ps
run of constant-pressure and constant-temperature (NPT) simulation. After the NPT equilibration
runs, gREST simulations were performed with 8 replicas, with “hot” region being set to the ligand
and the residues within 8 A from the ligand in the initial docking pose. Only the dihedral angle
parameters were scaled in the gREST simulation from 100% (replica 0, 300 K) to 50% (replica 7, 600
K equivalent). gREST simulations were performed for 4 ns (32 ns in total for each pose). Obtained
poses are presented in the supplemental material. Figures 2-4 were generated using VMD.[17]

The interaction between ligands and the protein was investigated. Snapshots from the last 2 ns
(replica 0) of the gREST runs were further analyzed from two aspects, (1) van der Waals contacts
between the ligand and the protein, and (2) hydrogen bonds between the ligand and the protein. For

the van der Waals contacts, we counted the number of snapshots such that the target amino acid



residue is within 4 A of any ligand atoms. We listed the residues which had interactions in more
than 80 % of the snapshots. For the hydrogen bonds, we defined that donor-hydrogen-acceptor
atoms are making hydrogen bonds if the distance between the hydrogen and the acceptor is less
than 2.5 A, and the angle between donor-hydrogen-acceptor atoms is greater than 120°. To combine
hydrogen bonds involving chemically equivalent atoms (e.g., OG1 and OG2 of Asp), we aggregated
the hydrogen bonds binder in an amino acid into two groups, namely mainchain and sidechain. We

also searched hydrogen bonds such that water molecules are bridging the protein and the ligand.

2.3 Free Energy Perturbation Calculation

After the putative relaxed conformations of the MERS nspl15—(des-)ciclesonide complex were ob-
tained, we quantitatively confirmed the binding stability by the free-energy perturbation calcula-
tions. It has been demonstrated that using absolute binding free energy calculation after obtaining
the docked structure can distinguish possible binding modes among docked structures.[9, 18] We
used the double annihilation procedure to compute the binding free energy. Absolute binding free
energies were estimated using the virtual bond algorithm.[19] We followed a protocol similar to Li
et al. [20] combined with the Warp-Drive method[21] and the Hamiltonian replica exchange.[22, 23]
The detailed procedure is presented in Appendix A. Final free energy values were calculated from
the Bennett Acceptance Ratio method.[24] The dissociation constant K4 was calculated using the
relation

o A(;’oin
K;=C°exp #, (1)

where C° is the standard concentration, which is in this research defined as C° = 1 mol/L. 95 %
confidence interval was estimated from the variance of AGY,, 4, assuming AGY,, 4 obeys the normal

distribution.

2.4 Simulation of A25V mutants

From the absolute binding free energy calculation, we identified a pose (see Subsection 3.1) for each
ligand type. To elucidate the molecular mechanism of gaining the resistance for the nspl5 with
the Ala25Val mutation, we performed the same absolute binding free-energy calculation with the

Ala25Val mutation introduced at all the subunits of the pentamer.



2.5 Modeling SARS-CoV-2-ligand binding poses

Ciclesonide inhibits SARS-CoV-2 replication as well as MERS-CoV.[1, 2] Due to the sequence sim-
ilarity between MERS-CoV’s nspl5 and SARS-CoV-2’s nspl5, ciclesonide may also bind to the
SARS-CoV-2 nspl5. We modeled the structure of a SARS-CoV-2 nspl5 pentamer[5] (Protein Data
Bank ID: 6VWW) by superimposing nspl5 structures. Following the previous cases, the system
was set up by the equilibration followed by a gREST relaxation and absolute binding free energy

calculation.

3 Results

3.1 Binding poses and its binding free energies

We present the predicted binding free energies and the dissociation constants in Table 1. In the
case of pentamer-ciclesonide binding, pose 9 showed the best binding free energy, whereas for the
pentamer-des-ciclesonide binding pose 19 showed the strongest binding. In both cases, the dissocia-
tion constants were as low as sub-micromolar levels, implying that the strong binding was achieved.
For the case of the trimer, both ciclesonide and des-ciclesonide bound only weakly to the surface.

When the A25V mutations were introduced, the resulting binding free energy increased from -9.6
to -8.7 keal/mol for the case of ciclesonide and -10.4 to -7.0 kcal/mol for the case of des-ciclesonide,
destabilizing the bindings by 0.9 kcal/mol and 3.4 kcal/mol, respectively (Table 1).

Finally, when the proteins were replaced with the SARS-CoV-2’s nspl5, the binding became
weak, and the binding free energy increased from -9.6 to -8.8 kcal/mol for the case of ciclesonide

and -10.4 to -9.1 kcal/mol for the case of des-ciclesonide.

3.2 Structural detail of the binding poses

For the pentamer of MERS-CoV’s nsplb, Fig. 2 shows the most stable poses of both ligands,
i.e., ciclesonide pose 9 and des-ciclesonide pose 19 after the gREST relaxation. In both cases, the
ligand resides at the interface of three monomers. The contact analysis and the hydrogen bonding
investigation (Tables 2 and 3) shows that, for the case of ciclesonide pose 9, ciclesonide bound mostly
with hydrophobic interactions (only four hydrogen bonds), whereas des-ciclesonide pose 19 bound
to the pentamer with two direct hydrogen bonds and five water-bridged hydrogen bonds.

In both models, an increase in the binding energy upon Ala25Val mutation can be structurally



explained by the steric hindrance. The mutation of Ala25Val in chain C collided with Tyr104 of
chain D, which supported des-ciclesonide backbone from the back, as shown in Figs. 3 and 4. Thus,

the Ala25Val mutation is considered to hinder des-ciclesonide binding to the same pocket.

3.3 Discussion

It has been widely recognized that the absolute binding free energy calculation achieves the average
error between the predicted binding free energies and the experimental free energies of ~ 1 kcal/mol.
Since 1 keal/mol difference corresponds to ~ 5 times difference in the binding constant, the predicted
pentamer—(des-)ciclesonide binding may have less than 1 nM, which is considered strong enough to
achieve the experimental inhibition constant of 20 pM (though the concentration of the nspl5 in
the cell is unknown). Increased (destabilized) binding free energy with Ala25Val also corroborates
with the experimental fact that the Ala25Val to the nspl5 gains the resistance to ciclesonide. The
predicted binding structure suggests that the sidechain of Lys34 contacts with ciclesonide, and ones
of Thr48 and Tyr104 for des-ciclesonide, respectively. Thus the mutation to one of these residues
may incite resistance to ciclesonide, though the mutation itself may also inhibit the multimerization
even without (des-)ciclesonide.

Considering the increased number of hydrogen bonds and the increased stability of des-ciclesonide
with pose 19 compared to ciclesonide, it is more likely that des-ciclesonide is the major active form
of the inhibition. The hypothesis is also consistent with the time-of-addition assays in Matsuyama
et al. [2, in Fig3]; when ciclesonide added to Vero cells at 5 hours after the postinfection and viral
titer measured at 6 hours after the postinfection, the inhibition effect was almost indistinguishable
from the control. Because the speed of deesterification of 5 uM ciclesonide to des-ciclesonide is
estimated to be ~ 30 % at 4 hours in the case of normal human bronchial epithelial cells,[25] the
time-lag for the ciclesonide to be effective may represent the time required to convert ciclesonide
into des-ciclesonide.

For the case of SARS-CoV-2,[2] the drug resistance has been reported to be obtained with
mutations to nsp3 and nsp4. The result implies that the primary target of ciclesonide for SARS-
CoV-2 is not nspl5. It is consistent with the increased (destabilized) binding free energy by replacing
the MERS-CoV’s nspl5 pentamer with the SARS-CoV-2’s nspl5 pentamer.[2] However, with a
relatively high stability (sub-micromolar level) of the binding between the SARS-CoV-2’s nsplb
and (des-)ciclesonide, it is possible that a variant of (des-)ciclesonide effectively block SARS-CoV-
2’s nsplh multimerization. Thus, an inhibitor for SARS-CoV-2 may be designed by systematically



testing variants of (des-)ciclesonide based on the current docking poses.

In the present simulation model, we only considered the trimer and the pentamer configuration
for the protein. It may be possible that another monomer may bind to the pentamer with (des-
)ciclesonide and to form a non-symmetric, imperfect hexamer. In such a case, (des-)ciclesonide may
have a lower binding free energy due to the tighter packing. Another possibility is that the ligand
binds to a tetramer or non-Cs-symmetric trimer, because in the current model, one ligand can bind
at the interface of three monomers, and not all five monomers are required. There are possibilities
to improve the prediction by considering more precise binding models, possibly with the help of
experimental multimer state measurements.

Similar to the present research, a strategy to block the multimer binding may be universally
applicable to inhibit enzymes of various pathogens. Upon the current pandemic of the SARS-CoV-2,
drug repositioning targeting enzyme active centers has been performed. The present result suggests
that in addition to the enzyme active center, the multimer interface may become a good target of
inhibition. Indeed, a recent preprint article[26] has reported that Betulonic acid derivatives can
inhibit nsp15 via the binding to multimer interface site. The development of a systematic screening

procedure targeting these multimer interfaces may be beneficial to stand against different pathogens.
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Appendices

A Detail of the free energy calculation protocol

Figure 5 presents an overview of the free-energy calculation. As we explained in Section 2, the double
annihilation method was used to calculate the free energy difference. In the double annihilation
method, ligand charges and van der Waals interactions were scaled to 0 on both the ligand-solution
system and the ligand-protein system. In the protein system, a restraining potential was added to
fix the relative orientation of the ligand from the protein. The restraining potential was applied
between three atoms in the protein and three atoms (“anchor atoms”) in the ligand, with one bond
restraint, two angle restraints, and three dihedral restraints. The force constant of the restraining
potential was set to 1 kcal/ rnol/AQ7 1 kcal/mol/rad?, and 1 kcal/mol/rad? for the bond restraint,
the angle restraints, and the dihedral restraints, respectively. The target value of the restraint was
calculated from the average of the distance, the angles, and the dihedrals in the gREST run. The
free-energy difference due to the additional restraint is canceled using the analytical (approximate)
correction AG correction[19]. Other AGs were calculated by free-energy perturbation with the Bennett
acceptance ratio method.[24] To accelerate the conformational sampling, we used the Hamiltonian
replica exchange method; for AGcomplex,restr, 8 replicas were used, and for other AGs 20 replicas
were used. The discharging phases composed of AGcomplex,charge a0d AGref charge Were calculated
by using a single system containing both a protein-ligand complex and an other ligand molecule,
and by discharging ligand bound to protein while charging the ligand in the solvent (Warp-Drive
method [21]). In the annihilation phase of AGcomplex,vaw and AGrefvdw, van der Waals interactions
were slowly removed (or added) using the soft-core potential (for the atoms with no van der Waals
radius, the minimum soft-core van der Waals distance (“minimum ¢”) of 3.0 Awas used; soft-core
parameter (“a”) of 0.5 was used). Finally, restraint potentials were gradually removed to calculate
AGgomplex,restr- For all calculations, 2 ns equilibration run was followed by 2 ns production run at 300
K, 1 atm condition. Langevin dynamics was used to control the temperature, and Parrinello-Rahman
barostat was used. The cutoff distance was set to 10 A and smooth particle mesh Ewald method
was used to compute the electrostatic interaction. The timestep was set to 2 fs and hydrogens were
constrained to have constant bond lengths to heavy atoms. The total simulation time was 4 ns x

68 replicas x 28 poses = 7.6 ps.
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Figure 1: Structural formulae of (a) ciclesonide and (b) its active metabolite, des-ciclesonide. Num-
bers in parentheses represent the atom numbering used in Table 3.
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Figure 3: Closeup view of the best binding pose for ciclesonide. (left) Residues making hydrogen
bonds to ciclesonide were labeled. (right) Ala25 and Tyr104 positions represented by space-filled
balls colored by purple and white, respectively.
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Figure 4: Closeup view of the best binding pose for des-ciclesonide. (left) Residues making hydrogen
bonds to des-ciclesonide were labeled. (right) Ala25 and Tyr104 positions represented by space-filled
balls colored by purple and white, respectively.
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Figure 5: A schematic diagram representing the free energy calculation protocol. The target quantity
is the free energy difference represented as AGy, 4. The free-energy difference between the bottom
two states AGsys is exactly 0 due to the chemical state equivalence. The free-energy difference
AG orrection 18 calculated by an analytical correction scheme. The difference of free-energy differences
AG complex,charge @d AGligand,charge 15 calculated at once by the Warp-Drive method. Other AG
values are calculated by the free-energy calculation with the Hamiltonian replica exchange method.
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Protein Pose Ligand AG (kcal/mol) K4 (p M, 95% CI)
pentamer 1 CIC —6.8+£0.2 10 (4, 20)
pentamer 2 CIC -3.1+04 5000 (1700, 18000)
pentamer 3 CIC —-31+£04 5000 (1400, 20000)
pentamer 4 CIC —6.2 +0.3 30 (11, 70)
pentamer 5 CIC —4.6+0.4 400 (100, 1700)
pentamer 6 CIC —2.14+04 30000 (8000, 120000)
pentamer 7 CIC —8.5+0.5 0.6 (0.13, 3)
pentamer 8 CIC —-8.6+£0.5 0.5 (0.08, 3)
pentamer 9 CIC —-9.6+£0.5 0.09 (0.02, 0.4)

trimer 10 CIC —-3.7+£0.2 2000 (1200, 3000)

trimer 11 CIC —4.8+0.8 300 (20, 4000)

trimer 12 CIC —6.6£0.3 15 (5, 40)
pentamer 13 DCI —4.4+04 500 (150, 2000)
pentamer 14 DCI —2.7+05 10000 (2000, 50000)
pentamer 15 DCI —44+0.5 600 (100, 3000)
pentamer 16 DCI —-6.3+£0.3 20 (9, 60)
pentamer 17 DCI —-1.9+0.3 30000 (16000, 90000)
pentamer 18 DCI —4.0+0.2 1100 (500, 2000)
pentamer 19 DCI —10.4+£0.5 0.02 (0.005, 0.12)
pentamer 20 DCI —-3.7+0.3 2000 (700, 6000)
pentamer 21 DCI —4.7+£04 300 (100, 1400)

trimer 22 DCI —3.24+0.2 5000 (2000, 10000)

trimer 23 DCI —1.8+0.3 40000 (15000, 130000)

trimer 24 DCI —6.8+0.4 10 (2, 30)

pentamer (A25V) 9 CIC —8.7+0.6 0.4 (0.06, 3)
pentamer (A25V) 19 DCI —7.0+0.3 7 (2, 20)
pentamer (SARS-CoV2) 9 CIC —8.8+0.5 0.4 (0.07, 2)
pentamer (SARS-CoV2) 19 DCI -9.14+0.5 0.2 (0.04, 1)

Table 1: Estimated binding free-energy AG for each multimer protein and ligand combination. CIC:
ciclesonide, DCI: des-ciclesonide. Confidence intervals (CIs) are presented as pairs of (lower, higher)
intervals. Mutimer proteins are MERS-CoV’s nspl5 except the last two rows.
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Ciclesonide pose 9 and a pentamer Des-ciclesonide pose 16 and a pentamer
Chain  # Res. Res. name % Chain # Res. Res. name %

A 96 Thr 100 A 48 Thr 100
A 97 Ala 91 A 49 Leu 100
A 104 Tyr 100 A 50 Pro 100
A 105 Thr 93 A 96 Thr 100
A 107 Ile 100 A 97 Ala 100
C 34 Lys 89 A 104 Tyr 100
D 48 Thr 100 A 105 Thr 99
D 49 Leu 100 A 107 Ile 95
D 79 Tle 100 C 34 Lys 100
D 96 Thr 100 C 37 Val 100
D 97 Ala 99 C 39 Asp 100
D 104 Tyr 95 D 48 Thr 84
D 105 Thr 98 D 49 Leu 99
D 107 Tle 100 D 50 Pro 97
D 113 Leu 100 D 96 Thr 93
D 97 Ala 92
D 104 Tyr 100
D 105 Thr 100
D 106 Asp 81
D 107 Ile 100

Table 2: Residues contacting with the ligand in more than 80 % of the snapshots from gREST
simulation. “# Res.” represents the residue number, and “Res. name” represents the residue name.
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Ciclesonide pose 9 and a pentamer
Chain  Residue Main/Side Lig. atom Water %

C Lys34 Side o7 no 11
D Thr48 Main 03 yes 14
D Gly95 Main 06 yes 13
D Tyr104 Main 05 yes 26

Des-ciclesonide pose 16 and a pentamer
Chain Residue Main/Side Lig. atom Water %

A Tyrl04 Side 04 no 13
A Thr48 Main 04 yes 20
C Gly36 Main 06 yes 10
C Val37 Main 06 yes 15
D Thr48 Main 04 yes 17
D Thr48 Side 03 no 52
D Thr96 Main 03 yes 15

Table 3: Hydrogen bonds between the protein and (des-)ciclesonide after the gREST relaxation.
Hydrogen bonds that were observed in more than 10 % of the snapshots were listed. Chain repre-
sents the protein monomer symbols as presented in Fig. 2. Ligand atom names of oxygen atoms
corresponds to the number on oxygen atoms in Fig. 1. The row of “Water” being “yes” indicates
that protein-ligand has water-bridged hydrogen bonds, i.e., one water atom simultaneously make
hydrogen bonds to both ligand and protein in a single snapshot.
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