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ARTICLE INFO ABSTRACT

Keywords: The SARS-CoV-2 virus is causing COVID-19 resulting in an ongoing pandemic with serious health, social, and

Coronavirus economic implications. Much research is focused in repurposing or identifying new small molecules which may

(s:,:)}:/sIDCl\gl 5 interact with viral or host-cell molecular targets. An important SARS-CoV-2 target is the main protease (MP™),
-CoV-

and the peptidomimetic a-ketoamides represent prototypical experimental inhibitors. The protease is charac-
terised by the dimerization of two monomers each which contains the catalytic dyad defined by Cys*® and His*!
residues (active site). Dimerization yields the functional homodimer. Here, our aim was to investigate small
molecules, including lopinavir and ritonavir, a-ketoamide 13b, and ebselen, for their ability to interact with the
MP™. The sirtuin 1 agonist SRT1720 was also used in our analyses. Blind docking to each monomer individually
indicated preferential binding of the ligands in the active site. Site-mapping of the dimeric protease indicated a
highly reactive pocket in the dimerization region at the domain III apex. Blind docking consistently indicated a
strong preference of ligand binding in domain III, away from the active site. Molecular dynamics simulations
indicated that ligands docked both to the active site and in the dimerization region at the apex, formed relatively
stable interactions. Overall, our findings do not obviate the superior potency with respect to inhibition of pro-
tease activity of covalently-linked inhibitors such as a-ketoamide 13b in the MP™ active site. Nevertheless, along
with those from others, our findings highlight the importance of further characterisation of the MP™ active site
and any potential allosteric sites.

SARS-CoV-2 main protease
Site mapping
Blind docking

1. Introduction a lower case fatality rate (CFR) than both SARS-CoV-1 (~9.5 %) and

MERS-CoV (~34.4 %), SARS-CoV-2 (accurate CFR not yet established

On December 31st 2019, the World Health Organisation (WHO), was
informed of cases of atypical pneumonia, originating in Wuhan City
(Hubei Province), China (Hui et al., 2020). The outbreak was quickly
identified to be caused by a novel coronavirus, provisionally designated
as 2019-nCoV (Wang et al.,, 2020). Based on genetic relationships,
including to severe acute respiratory syndrome (SARS-CoV-1) and
Middle East respiratory syndrome (MERS-CoV), introduced to humans
in 2002 and 2012, respectively, the novel coronavirus has been desig-
nated as SARS-CoV-2 (V. Coronaviridae Study Group of the International
Committee on Taxonomy of, 2020). The SARS-CoV-2 virus is currently
causing coronavirus disease 2019 (COVID-19). Although associated with

however, clearly lower than both SARS-CoV-1 and MERS-CoV), is highly
transmissible and COVID-19 was declared a global pandemic by WHO
on March 11th, 2020 (Rajgor et al., 2020; de Wit et al., 2016; Cucinotta
and Vanelli, 2020).

The COVID-19 pandemic is ongoing and SARS-CoV-2 virus has now
spread worldwide with confirmed cases in 188 countries and regions
(Dong et al., 2020). To date, we are limited to hand hygiene,
self-isolation of infected individuals, quarantine, global travel re-
strictions and lockdowns, and physical distancing to mitigate the spread
of infection with significant health, social, and economic repercussions.
Hospitalisation and respiratory care is required for more severe cases,
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and intensive care with mechanical ventilation necessary in critical
cases leading to well-documented issues with resource allocation (Phua
et al., 2020; Peters et al., 2020). The most important goal for disease
prevention is the development of a safe and effective vaccine, and there
is an intense global research effort in this direction with numerous
preparations already progressing in human clinical trials (Callaway,
2020; Cohen, 2020). There is also intense interest in the investigation of
potential prophylactic or therapeutic compounds. Drug repurposing
approaches offer the opportunity to expedite the management of
COVID-19 by utilising existing medications for which dosages and side
effects, and in some cases therapeutic targets are known. A well-known
example where this strategy has led to confusion is the suggested use of
the antimalarial, hydroxychloroquine alone or in combination with the
broad-spectrum antibiotic azithromycin. To date, clinical findings are
limited and largely controversial, and anticipated to be further clarified
with ongoing human clinical trials, although signs are not encouraging
(Taccone et al., 2020; Funck-Brentano et al., 2020). Further, the anti-
viral remdesivir is progressing in clinical trials in people with COVID-19
(Antinori et al., 2020). Remdesivir, been previously shown to inhibit
SARS-CoV-1 and MERS-CoV in vitro and in animal models, and was
shown to be well tolerated in people with Ebola virus disease (Mulangu
et al,, 2019; Sheahan et al., 2017; Sheahan et al., 2020). Although
remdesivir is currently the only drug to have received emergency use
authorization for treatment of COVID-19, by the U.S. Food and Drug
Administration, further human clinical trials are necessary (Grein et al.,
2020).

In the context of drug repurposing or identification and evaluation of
compounds the potential antiviral effects, a multitude of potential tar-
gets against SARS-CoV-2 have been characterized (Gordon et al., 2020).
Most research efforts are focussed on the initial viral binding and fusion
with host cells, and small molecules interfering with the SARS-CoV-2
surface spike protein interactions with the angiotensin-converting
enzyme 2 and host cell protease, are being widely investigated (Hoft-
mann et al., 2020). Further, the viral RNA—dependent RNA polymerase
(RdRp), which is required for replication of SARS-CoV-2 is a critical
component, and a target for remdesivir (Yin et al., 2020). The recent
release of a high resolution cryo-EM structure of the SARS-CoV-2 RdRp
will expedite further investigation of potential inhibitors (Yin et al.,
2020).

Another important target for SARS-CoV-2 is the main protease (MP™,
also known as the 3-chymotrypsin-like protease [3CLP™]). The ~34 KDa
(306 amino acid residues) MP™ is important for releasing functional
polypeptides from translated RNA by processing viral polyproteins and
therefore, has a critical role in the viral life cycle (Zhang et al., 2020a).
The protease is active as a homodimer, comprised by dimerization of
two protomers, designated as monomer A and monomer B, and the
catalytic dyad on each protomer is defined by Cys'*® and His (Kim et al.,
2016) residues (Zhang et al., 2020a). Identification and development of
potential inhibitors of the MP™ with antiviral effects against SARS-CoV-2
has been of particular research interest in an attempt to mitigate this
current pandemic (Zhang et al., 2020a; Ton et al., 2020; Tsuji, 2020; Dai
et al., 2020; Jin et al., 2020). In an interesting development, apart from
targeting the active site, there has been suggestions of hindering the
dimerization of the two protomers, either with small molecules or
peptides, thereby, inhibiting the catalytic activity of the MP™ (Goyal and
Goyal, 2020).

The prototypical broad-spectrum protease inhibitors are the pepti-
domimetic a-ketoamides which have been investigated in numerous
viruses, including betacoronaviruses (Hilgenfeld, 2014; Anand et al.,
2003). Most recently, structural components of a-ketoamide analogues
have been optimized for favourable pharmacokinetic properties, with a
compound designated as o-ketoamide 13b emerging as a lead (Zhang
et al., 2020a). In another pertinent study, over 10,000 compounds were
screened for activity against MP™ and selected compounds for antiviral
activity in cell-based assays (Jin et al., 2020). Six lead compounds were
identified, and an interesting organoselenium compound, ebselen, was
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shown to be particularly effective (Jin et al., 2020). With respect to drug
repurposing, the combination of lopinavir and ritonavir (Kaletra®),
which represents a co-formulation of protease inhibitors approved by
the US FDA for the treatment of human immunodeficiency (HIV) type-1
infection (Chandwani and Shuter, 2008). The aspartate protease in-
hibitors, were shown to have modest antiviral effects against
SARS-CoV-1 and MERS-CoV (Chu et al., 2004, Spanakis et al., 2014).
Although there is interest, in the potential of lopinavir and ritonavir —
which have been investigated for their binding to the SARS-CoV-2 MP™ —
for the treatment of COVID-19 findings from clinical trials to date are not
encouraging (Muralidharan et al., 2020; Cao et al., 2020; Hung et al.,
2020).

Here, our overall aim was to investigate the binding and stability of
lopinavir and ritonavir, a-ketoamide 13b, and ebselen with the active
site of the MP™, Further, we extended our studies to explore interactions
of the small molecules with the dimerization pocket at the apex of the
MP™, We also included the sirtuin 1 activator, SRT1720, which has been
previously investigated for effects in metabolism and as a life extension
compound in animal models, in our analyses (Minor et al., 2011; Liu
et al., 2017). Our choice for this compound was motivated by the
differing binding characteristics of SRT1720 to the active and dimer-
ization sites of the MP™® compared to lopinavir and ritonavir, a-ketoa-
mide 13b, and ebselen, enabling characterisation of a wider-range of
compounds as described in this work.

2. Materials and methods
2.1. Docking to the active site of the SARS-CoV-2 MP™

System preparation and docking calculations were performed using
the Schrodinger Suite (Schrodinger, 2020a) molecular modelling pack-
age (version 2018-1) using default parameters unless otherwise speci-
fied. The published crystal structure of the SARS-CoV-2 MP™ (PDB ID:
6LU7) was utilized for docking to the monomeric protein (Jin et al.,
2020). A homodimer complex of the SARS-CoV-2 MP™ was assembled
using the PDBePISA (Proteins, Interfaces, Structures and Assemblies)
server (Krissinel and Henrick, 2007). Protein structures were prepared
using Protein Preparation Wizard (Sastry et al., 2013), where bond or-
ders were assigned, and zero-order bonds to metals and disulphide
bonds were created. Crystallographic water molecules were removed.
Hydrogen bonds were assigned and optimised, followed by restrained
energy minimization. Ligand structures were obtained from the Pub-
Chem database (Kim et al., 2016), with the exception of a-ketoamide
13b which was obtained from PDB 6Y2F (Zhang et al., 2020a). Ligand
structures were processed using LigPrep (Sastry et al., 2013), to obtain
structures with optimised geometry.

Receptor grids with dimensions of 20 x 20 x 20 A were generated
around the active site of the protease, centroid to residues Gly23, Thr24,
Gly143, His163, Thr190, and Ala191. Docking was carried out using the
Quantum Mechanics-Polarized Ligand Docking (QPLD) workflow (Cho
et al., 2005) of Schrodinger. Initial docking utilized the extra precision
(XP) scoring function of Glide (Friesner et al., 2006). Partial charges on
ligand atoms were then calculated using quantum mechanical methods
using the ‘accurate’ setting in Jaguar (Bochevarov et al., 2013). Ligands
were re-docked using the calculated charges with XP docking mode of
Glide, and final pose selection was based on GlideScore.

2.2. Mapping potential ligand binding sites on the SARS-CoV-2 MP™ using
schrodinger’s SiteMap tool and PrankWeb

Potential binding sites on the SARS-CoV-2 MP™ were explored and
characterized using the default settings in Schrodinger’s SiteMap
(Halgren, 2009; Halgren, 2007) tool and the PrankWeb binding site
prediction tool (Jendele et al., 2019; Krivak and Hoksza, 2018). Proteins
were prepared as described above, with calculations performed on the
protease monomer (PDB ID: 6LU7) and dimer, which was assembled
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Fig. 1. Molecular docking of ritonavir, a-ketoamide 13b, and SRT1720 to the active site of SARS-CoV-2 main protease. Compound structures are shown in A). B)
depicts the compounds docked to the active site of the monomer using Glide, with hydrogen bond forming residues highlighted. Blind docking was performed using
Autodock Vina in C), with binding affinities of the top compound and number of poses in the active site (brown surface representation) shown. D) Docking to the
active site of the dimer using Glide.
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Fig. 2. SiteMap analysis of the SARS-CoV-2 main protease in its A) monomeric and B) dimeric form. Domains of the protease are coloured in i), and catalytic residues
His41 and Cys145 of the active site highlighted in grey. ii) depicts hydrogen acceptor (red) and hydrogen donor (blue) regions, while iii) shows hydrophilic (green)

and hydrophobic (yellow) regions of predicted ligand binding sites.
using the PDBePISA (Krissinel and Henrick, 2007).
2.3. Blind docking using AutoDock Vina

Blind docking was performed using AutoDock Vina (Trott and Olson,
2010). Protein and ligand structures were processed to generate PDBQT
files, where rotatable torsions for ligands were activated and proteins
assumed to be rigid. The receptor grid encompassed the entire protein,
and docking was performed at an exhaustiveness level of 2000.

2.4. Molecular dynamics simulations

Classical molecular dynamics (MD) simulations were carried out
using GROMACS 2018.2 software (Berendsen et al., 1995; Abraham
et al., 2015) with the CHARMMZ27 force field (Bjelkmar et al., 2010;
Vanommeslaeghe et al., 2010). Docked ligands served as starting
structures, and their topology was generated using SwissParam (Zoete
et al., 2011). Protein-ligand complexes were solvated using TIP3P water
(Jorgensen et al., 1983) in a dodecahedral box, with a minimum dis-
tance of 2.0 nm between any protein atom to the box edge. The solvated
system was neutralized with sodium ions. Energy minimisation was
performed using the steepest-descent gradient method for a maximum of
50,000 steps. The solvated systems were restrained using an
isothermal-isochloric (NVT) ensemble followed by an
isothermal-isobaric ensemble (NPT) for 100 ps. Temperature was
maintained at 310 K with a modified Berendsen thermostat (Berendsen
et al.,, 1984), and pressure at 1.0 bar with the Parrinello-Rahman
barostat (Parrinello and Rahman, 1980). Bond lengths were con-
strained using the LINCS algorithm (Hess et al., 1997), and long-range
electrostatic forces were calculated using the particle-mesh Ewald
scheme (PME) (Darden et al., 1993) (grid spacing 0.16 nm). Cutoff ratios
of 1.2 nm for Coulomb and van der Waals potentials were used for the
calculation of short-range nonbonded interactions. Simulations were
carried out for 100 ns with a time-step of 2 fs in triplicate, with random
generation of velocities according to a Maxwell distribution.

Visual Molecular Dynamics 1.9.3 was used for visualisation and
analysis (Humphrey et al., 1996; Roberts et al., 2006). Molecular
Mechanics-Poisson Boltzmann Surface Area (MM-PBSA) was employed

for the quantification of free energy calculations (Baker et al., 2001)
using the g mmpbsa tool (Kumari et al., 2014). Energy contributions
from electrostatic, van der Waals, and polar solvation terms were
calculated using the adaptive Poisson-Boltzmann Solver (APBS) (Robert
et al., 2012). Grid spacing was set to 0.05 nm, and values of 80 and 2
were used for solvent dielectric and solute dielectric constants, respec-
tively. The non-polar energy contribution was approximated using
solvent-accessible surface area (SASA), with the probe radius set to 0.14
nm. Calculations were performed on 1000 ps segments of the stabilised
trajectory (Hou et al., 2011). Entropic energy terms were excluded from
the calculations.

3. Results and discussion

3.1. Docking to the SARS-CoV-2 MP™ active site highlights high binding
affinity for structurally diverse small molecules

Initially, one protomer of the SARS-CoV-2 MP™ (PDB: 6LU7) was
available for in silico analysis of potential ligands. Therefore, our initial
work and most of the studies employing high-throughput methodologies
have focused on binding of small molecules to the active site of the
SARS-CoV-2 MP™. We employed this methodology utilising Glide in this
study and our findings indicated that ritonavir, a-ketoamide 13b, and
SRT1720 (Fig. 1A) bound to the active site with GlideScores of -8.2, -6.2,
and -8.8. kcal/mol respectively (Fig. 1B). The compounds formed
hydrogen bonds with key residues of the protease active site, including
Met165, Glul66, and GIn189 (Zhang et al., 2020a). Blind docking was
performed using AutoDock Vina to the monomer to identify the likeli-
hood of the compounds to binding to the active site of the protease.
Ritonavir, a-ketoamide 13b, and SRT1720 were shown to have a pref-
erence for binding to the active site (Fig. 1C). Top ranking poses pro-
duced binding affinities of -8.1, -7.7, and -9.1 kcal/mol respectively in
the active site, with 10, 18, and 17 out of 20 poses found to bind in the
active site in the monomer. Blind docking to the monomer was also
performed with the drugs lopinavir and ebselen, with a lesser number of
poses found to bind in the active site (1 and 7 poses out of 20, respec-
tively) (Figure S1, Figure S2). Docking to the active site of the dimeric
protein using Glide similarly indicated strong binding affinities for the
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Fig. 3. Blind docking of A) ritonavir, B) a-ketoamide 13b, and C) SRT1720 to the SARS-CoV-2 MP™ protease dimer. The binding affinities are stated, along with
interaction diagrams depicting hydrogen bond formation. Proximity of the ligand to the active site is indicated by catalytic dyad residues His41 and Cys145, while
proximity to the domain III dimerization apex is indicated by residue Ala285.

main compounds in this study: -7.8 and -8.2 kcal/mol for ritonavir, -8.7 Indeed, taking into account our findings from this study and much larger
and -9.2 kcal/mol for a-ketoamide 13b, and -7.0 and -7.4 kcal/mol for screens, with other high through-put studies, it is evident that many
protomers A and B with SRT1720, respectively (Fig. 1D). structurally diverse compounds are being identified, in many cases with

Overall, our findings indicate that the structurally diverse com- stronger binding affinities than the prototypical a-ketoamide 13b in-
pounds had comparable binding affinities to the SARS-CoV-2 active site. hibitor (Ton et al., 2020; Tsuji, 2020). A striking example, is a recent
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Fig. 4. Comparison between structures of
SARS-CoV-2 MP™ (PDB ID: 6LU7, 6Y2G, and
6MO03). Protein structures are aligned, with
qualitative similarity scores indicated A). The

RMSD between the structures are separated on
Structures QH RMSD % ID a per-residue basis in B). The binding sites of
compared (L&) MP™ were also compared between the struc-
tures in C), with the binding site was defined by
6LU7-A 6Y2G-A| 0.95 0.85 98.7 residues within 5 A of a-ketoamide 13b (or-
6L.U7-B 6Y2G-B| 0.93 0.85 98.4 ange) in the native crystal structure in each
protomer of PDB ID 6Y2G. RMSD values shown
6LU7-A 6MO03-A | 0.96 0.49 96.8 are for the C-a atoms of the residues.
6LU7-B 6M03-B| 0.96 0.49 96.8
B 104 SO L SN o
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I o II mr | N | I
8- : : :
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6LU7-A 6Y2G-A 0.42 6LU7-B 6Y2G-B 0.48
6LU7-A 6M03-A 0.38 6LU7-B 6M03-B 0.41

study in which screening of over 1.3 billion compounds, identified 585
unique scaffolds not associated with known protease inhibitors, and
offered the top 1000 potential inhibitors of the SARS-CoV-2 MP™ (Ton
et al., 2020). Taken together these findings highlight the need for finer
discrimination of potential targets against the SARS-CoV-2 MP™.
Site-mapping reveals a highly reactive binding pocket at the

dimerization apex (domain III) attracts ligands away from the active site
of the SARS-CoV-2 MP™

To further explore potential sites associated with the SARS-CoV-2
MP™, we performed site-mapping using commercial SiteMap software
in the Schrodinger suite (Halgren, 2009; Halgren, 2007; Schrodinger,
2020Db). SiteMap examines the entire protein to locate potential binding
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Fig. 5. Comparison between docking to the active site of SARS-CoV-2 MP™ structures (PDB ID: 6LU7, 6Y2G, and 6MO03) in protomers A and B. Hydrogen bonds are
indicated by yellow, pi-pi stacking in cyan, and salt bridge formation shown by magenta lines.

sites, usually in cases where the location of binding sites are not yet
known, or to identify allosteric sites. Predictive binding tools have been
used in conjunction with molecular docking to elucidate potential
allosteric sites in various systems (Nayal and Honig, 2006; McCarthy
etal., 2015; Kim et al., 2012). As well as a hydrophilic and hydrophobic
contour map of the predicted binding site, SiteMap also generates a
SiteScore which characterises the binding site in terms of its size,
exposure to solvent, tightness of interaction between site points and the
receptor, balance between the site hydrophobicity and hydrophilicity,
and the degree of hydrogen bond donation and acceptance (Halgren,
2009; Halgren, 2007). A SiteScore greater than 1 is suggestive of a
promising binding site, with a score of 0.80 previously shown to
distinguish between drug-binding and non-binding sites (Schrodinger,
2020b); Nayal and Honig, 2006).

Here, we analysed utilised SiteMap to calculate potential binding
sites on both monomer and dimeric forms of the SARS-CoV-2 MP™
(Fig. 2). The predicted binding site encompasses the known substrate
binding site on the monomeric protease (Fig. 2A), with hydrophobic and
hydrophilic, and hydrogen acceptor and donor sites surrounding the
docked o-ketoamide 13b inhibitor and catalytic residues His41 and
Cys145 with a SiteScore of 1.0. When SiteMap analysis was performed
on the dimeric protease, the predicted binding site had a similarly high
SiteScore of 1.0. Likewise, druggability scores were also high, with
Dscores of 1.1 for the monomer, and 1.0 for the dimer (Halgren, 2009).
Surprisingly, in addition the regions surrounding the docked inhibitor,
clusters of hydrophilic and hydrophobic areas were observed at the
dimerization apex, defined as domain IIL It is noted that the predicted
binding site of the dimeric protein is vastly larger compared to the
monomer, with volumes of 1977 and 275 A (V. Coronaviridae Study
Group of the International Committee on Taxonomy of, 2020) for the
dimer and monomer, respectively. Overall, the mapping of predicted
sites highlights a highly reactive pocket at the dimerization apex
(domain III) of the SARS-CoV-2 MP™,

Given these findings we performed blind docking on the protease
dimer to identify the likelihood of the compounds to bind to the active
site. For all compounds, it was found that they were less likely to target
the catalytic site compared to blind docking results with the monomer.
In all cases, the compounds clustered near the apex of the protease in
domain III (Fig. 3). Out of twenty poses produced, none of the poses
were in the active site for ritonavir, with binding affinities ranging from
-9.5 to -8.9 kcal/mol binding entirely within domain III. Only one pose
was in the active site for a-ketoamide 13b. This pose was ranked 16%,
and produced a binding affinity of -8.7 kcal/mol, compared to the
highest ranked pose at in domain III with a predicted affinity of -9.4
kcal/mol. For SRT1720, four out of twenty poses were positioned in the
active sites of protomer A and B, with two of these being the most highly
ranked producing a binding affinity of -9.3 kcal/mol. The other two
poses were ranked 19 and 20, with binding affinities of -8.8 kcal/mol
in the active sites of protomer A and B respectively.

We extended this data to other available PDB structures of the MP™
including a-ketoamide 13b-bound 6Y2G (Zhang et al., 2020a) and apo
6MO03 (Zhang et al., 2020b). The findings highlight a high similarity
between 6LU7, 6Y2G, and 6M03 with similarity (Qy) scores close to 1,
and RMSD values of 0.85 and 0.49 A between the C-a atoms of 6LU7
superimposed with 6Y2G and 6MO03, respectively (Fig. 4A). Percentage
identity between the structures was greater than 96 % (Roberts et al.,
2006). When decomposed on a per-resigiue basis (Fig. 4B), RMSD be-
tween structures remained lower than 2 A in general, with the exception
of C-terminal residues of each protomer. 6LU7 was fairly consistently
similar to the apo 6MO03 structure. While the a-ketoamide 13b-bound
6Y2G was also similar to 6LU7, slight fluctuations in RMSD were
observed in loop residues of 6Y2G in protomer A at Leu50 (1.98 A) in
domain I, and Asp216 (2.09 A) and Gly278 (2.02 A) in domain III. Larger
RMSDs were observed in domain III of protomer B at residues Asn277
(4.51 A) and Gly278 (3.45 A). It should be noted that these domain III
residues are located on an outer loop at the apex of the protein.
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6LU7
A Domain III (#1) score = 27.4

Protomer A active site (#2) score = 13.0
Protomer B active site (#3) score = 10.1

6Y2G
Domain IIT (#1) score = 16.5

Protomer A active site (#4) score = 10.0
Protomer B active site (#2) score = 10.5
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6M03

Domain III (#1) score = 29.5

Protomer A active site (#2) score = 9.5
Protomer B active site (#3) score = 9.5

Fig. 6. Analysis of binding sites in structures of the SARS-CoV-2 MP™ (PDB ID: 6LU7, 6Y2G, and 6M03) using the PrankWeb Server A). The most likely binding
pocket indicated by pocket score is depicted, highlighted in surface representation with non-polar residues in white, basic residues in blue, acidic residues in red, and
polar residues in green. Blind docking of B) ritonavir, C) a-ketoamide 13b, and D) SRT1720 to the protease dimer is shown. Catalytic dyad residues His41 and Cys145

are indicated in ochre to denote the location of the active site.

Alignment of binding site residues indicated a low RMSD between C-a
atoms, with values of less than 0.50 A across the three structures in both
protomers (Fig. 4C). Further, docking to the active site of the different
structures of SARS-CoV-2 MP™ indicated that ligands were consistently
binding in proximity to key active site residues, including the catalytic
dyad residues His41 and Cys145 (Fig. 5). A covalent bond is formed
between a-ketoamide 13b and Cys145 in the original crystal structure
(Zhang et al., 2020a), however we have focussed on non-covalent

interactions to identify other potential binding sites on the
SARS-CoV-2 MP™. Using an additional ligand binding site prediction tool
(PrankWeb) (Jendele et al., 2019), the findings indicate the highly
reactive pocket in the region at the domain III apex (Fig. 6). This was
consistent for all three structures of the MP™. As noted above in Fig. 3,
preferential binding of the ligands in this domain III pocket was
observed for 6LU7, 6Y2G, and 6M03 (Fig. 6).

Overall, our observations are in line with accumulating evidence



J. Liang et al.

Active site

0.30-

=4

[}

wn
1

=4

[

=]
1

RMSD (nm)

20 30 40 50 60 70 80
oo Time (ns)

90 100

A:102  A:204 A:306 B:102 B:204 B:306

Residue

0.1+

A RMSF (nm)
e
=

-0.11

-0.2

A:102  A:204 A:306 B:102 B:204 B:306
Residue

Computational Biology and Chemistry 89 (2020) 107372

Domain 111

54
N
wn

RMSD (nm)
et
[}

40 50 60 70 80 90 100

oo Time (ns)

" A:102 A:204  A:306  B:102  B:204  B:306

Residue

IS5
N~
N

e
—
1

A RMSF (nm)
=
=4

-0.11

-0.21

" A102 A204  A:306  B:102  B:204  B:306
Residue

Fig. 7. Stability of SARS-CoV-2 MP™ complex with ligands bound to the A) active site, and B) domain III apex. Values for the apo protein are shown in blue, ritonavir
in purple, a-ketoamide 13b in red, and SRT1720 in green. i) Average root mean square deviation (RMSD) was calculated for the protein with respect to backbone for
triplicate 100 ns simulations. ii) Following stabilisation, average root mean square fluctuation (RMSF) for the whole protein was calculated. iii) RMSF difference was
calculated by subtracting values from the apo form from the ligand bound forms of the protein.

which demonstrates the difficulty associated with targeting the SARS-
CoV-2 MP™ with small molecule inhibitors (Bzowka et al., 2020).
Indeed, the region between domains II and III, which is essential for
dimerization is emerging as an important allosteric site (Bzowka et al.,
2020). Further, the findings from direct inhibition of the SARS-CoV-2
MP™ by small molecules, and antiviral assays need to be considered
(Zhang et al., 2020a; Dai et al., 2020; Jin et al., 2020). The SARS-CoV-2
MP® and in vitro antiviral assays indicate a ligand
concentration-dependence and biological effects with pronounced pro-
tease inhibition activity displayed by covalently-linked inhibitors such
as a-ketoamide 13b (Zhang et al., 2020a; Dai et al., 2020; Jin et al.,
2020). It will be interesting to see how small molecules interact with the
active site and the potential sites that are distinct from this region,

including the domain III interface. These observations can only be pre-
cisely reconciled with further in silico work, and biochemical and
detailed ligand binding studies.

3.2. Molecular dynamics simulations highlight the stability of ligand
complexes in the active site and in domain III of the SARS-CoV-2 MP™

Classical molecular dynamics (MD) simulations were performed to
assess the stability of the SARS-CoV-2 MP™ in complex with two ligands
bound to active sites on each protomer of the dimer, and in complex with
a single ligand bound to domain III. From root mean square deviation
(RMSD) analysis, the protein structure reaches equilibrium after 40 ns
when ligands are bound to the active site, and after 70 ns when ligands
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Fig. 8. Average energy contributions from MM-PBSA analysis were decom-
posed into a per-residue basis for binding of SARS-CoV-2 MP™ with A) ritonavir,
B) a-ketoamide 13b, and C) SRT1720 to the active site in protomer A (blue),
active site of protomer B (red), and domain III apex (green). Energy contribu-
tions were calculated in triplicate on 1000 ps segments of stabilised trajectories.

are bound to domain III (Fig. 7A and B). Subsequent analysis was per-
formed on the stabilised trajectory. As well as stabilising at a faster rate,
the proteases complexed with the ligands in the active sites demon-
strated lower average RMSD values: 0.21 compared to 0.26 nm for ri-
tonavir, and 0.22 and 0.29 nm for a-ketoamide 13b, and to a lesser
extent for SRT1720 with values of 0.26 nm and 0.28 nm for active site-
bound and domain ITI-bound complexes, respectively. This suggests that
binding to the active site may have a modest stabilising effect compared
with binding to domain III. However, root mean square fluctuation
(RMSF) analysis does not indicate that the differences can be attributed
to particular regions, with similar trends in protein fluctuation across all
ligands and their binding location (Fig. 7C-E). Visual analysis of the
trajectories indicate that the docked ligands mainly remain stable in
both the active sites and domain III of the protease (Movie S1-7).

The complexes were further analysed using molecular mechanics-
Poisson Boltzmann surface area (MM-PBSA) to calculate binding free
energy. a-ketoamide 13b and SRT1720 bound with a stronger AG to the
active site of the protease (a-ketoamide 13b: -22.7 and -23.5 kcal/mol to
protomers A and B, compared to -5.2 kcal/mol to domain III; SRT1720:
-56.8 and -57.8 kcal/mol to protomers A and B, compared to -16.4 kcal/
mol to domain III) (Fig. 8), with SRT1720 demonstrating the strongest
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binding energy out of the ligands. Van der Waals forces were the main
driving factor for ligand binding, along with contributions from elec-
trostatic and solvent accessible surface area (SASA) energy (Table S1).
When binding energy was decomposed into a per-residue basis,
o-ketoamide 13b demonstrated clear trends with active site residues,
such as Met49 and Met165, favourably contributing to binding in their
respective protomers (Fig. 8B). Similarly binding of a-ketoamide 13b to
domain III of the protease demonstrated slightly favourable contribu-
tions from Glu290. However, strongly unfavourable energy contribu-
tions from apex residues Arg4 and Lys5 on both protomers, and from
Argl31, Lys137, and Glu288 on protomer B resulted in a weaker AG of
a-ketoamide 13b. SRT1720 displayed large fluctuations across the pro-
tease when it was bound to the active site regardless of protomer
(Fig. 8C). Overall, favourable energy contributions were more promi-
nent, yielding strong binding free energies of SRT1720 to the active site.
When bound to domain III, energy contribution peaks were less
apparent, with the strongest contribution being unfavourable from
Lys137 in protomer A, resulting in a weak binding energy.

On the other hand, ritonavir demonstrated a stronger binding energy
with domain III compared to the active site (—24.4 kcal/mol to domain
I, —17.9 and —17.2 kcal/mol to protomers A and B, respectively).
Decomposition of energy contribution from residues follows a similar
pattern to that of a-ketoamide 13b (Fig. 8), with favourable energy
contributions from active site residues Met49 and Met165, and unfav-
ourable energy contributions from Glul66 in protomer B (Zhang et al.,
2020a; Liang et al., 2020). Similar trends are also observed for binding
to domain III, albeit with less pronounced unfavourable contributions
from Lys5 and Glu288 of protomer B, contributing to a relatively
stronger overall binding energy (Fig. 8A). This suggests that although
ritonavir may bind strongly to the active site through molecular docking
(Fig. 1), blind docking (Figs. 3 and 5) and MM-PBSA analysis demon-
strate a preference for binding to domain III instead, highlighting the
importance of using multiple methods to verify potential lead
compounds.

Overall, site-mapping highlights a highly reactive binding pocket at
the dimerization apex (domain III) of the SARS-CoV-2 MP™, and the
attraction of small molecules to this site is consistent with the blind
docking analyses. Regarding the preferential binding of small molecules
in domain III, it will be interesting to determine if those ligands 1)
impose allosteric effects, and 2) may potentially act to destabilize
dimerization of the homodimeric SARS-Cov-2 MP™.
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