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ARTICLE INFO ABSTRACT

Keywords: 3CL proteases (3CLP™) are only found in RNA viruses and have a central role in polyprotein processing during
COVID-19 replication. Therefore, 3CLP™ has emerged as promising drug target for therapeutic treatment of infections
Anﬂ"ir_al caused by Coronaviruses. In the light of the recent major outbreak of the SARS-CoV-2 virus and the continuously
Drug 'dlscovery rising numbers of infections and casualties, there is an urgent need for quickly available drugs or vaccines to stop
PD}?:f;li ophore the current COVID-19 pandemic. Repurposing of approved drugs as 3CLP™ inhibitors could dramatically shorten
Therapeutic the period up to approval as therapeutic against SARS-CoV-2, since pharmacokinetics and toxicity is already

known. Several known drugs, e.g. oxytetracycline, doxorubicin, kanamycin, cefpiramide, teniposide, proan-
thocyanidin and salvianolic acid B, but also not-approved active compounds from the ZINC15 library were
identified as new potential inhibitors of 3CLP™ by using different complementary virtual screening and docking
approaches. These compounds have the potential to be further optimized using structure based drug design as

C30 endopeptidase

demonstrated for oxytetracycline.

1. Introduction

The recent worldwide outbreak of SARS-CoV-2 with almost 15
million infected individuals and more than 600000 casualties (Dong
et al., 2020) (accessed on 20th July 2020) is a massive challenge for all
countries and societies, since at this time no vaccine or small molecule
therapeutic is approved and available on the market. In the light of the
urgent need for a causal therapy, almost 1500 studies are actively re-
cruiting or enrolling patients by invitation for clinical studies against
COVID-19 (https://clinicaltrials.gov/ct2/results?cond = COVID-19&
Search = Apply&recrs = a&recrs = f&age_v = &gndr = &type = &rslt =,
accessed on 20th Jly 2020).

The main protease of Coronaviruses, chymotrypsin-like protease
(3CLP™), processes the large polyprotein 1ab releasing several further
enzymes that are crucial for viral replication. Moreover, 3CLP™ is un-
ique for Coronaviruses and not found in higher organisms. This pre-
destines 3CLP™ as most attractive target for the development of anti-
infective agents against SARS-CoV-2 and related Coronaviruses.
Consequently, several inhibitors of 3CLP™ were developed mostly
during the last 17 years right after the first wave of infection caused by
the SARS-CoV-1. However, no experimental compound was developed
further and reached the market. Most compounds were designed as
covalent inactivators that react with the catalytic Cys145. This is re-
flected by the majority of x-ray structures of 3CLP™ enzymes from
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different Coronaviruses. However, small reversible inhibitors are pre-
ferred in many cases, because of less side effects and toxicity, which
often arise with covalent inhibitors. Most recently two crystal structures
of 3CLP™ of SARS-CoV-2 were reported, both of them bound to a
covalent inhibitor (Jin et al., 2020; Zhang et al., 2020). Both crystal
structures of 3CLP™-complexes (PDB-ID’s 6LU7 and 6Y2F) show perfect
overlap with an RMSD-value of 0.48 A over 300 amino acids. The most
prominent crystal structure of 3CLP™ of SARS-CoV-1 with a non-cova-
lent inhibitor is PDB-ID: 3V3M (Jacobs et al., 2013). Interestingly, some
approved drugs for other indication areas proved to be active against
Coronaviruses as well. One of the active substances is the old malaria
therapeutic hydroxychloroquine that seemed to be effective in limiting
the replication of SARS-CoV-2 in vitro (Cortegiani et al., 2020) and has
shown efficacy in clinical studies (Gao et al., 2020). These findings
stimulated an intensive debate about the potential benefit of hydro-
xylchloroquine for COVID-19 patients. However, a large retro-
perspective study revealed serious dysrhythmias in patients treated
with chloroquine or hydroxychloroquine and showed no evidence of
benefit in patients with COVID-19 (Geleris et al., 2020). Moreover, a
very recent FDA review of safety issues with the use of these chlor-
oquine derivates points out that treatment is associated with serious
heart rhythm problems and other safety issues, including blood and
lymph system disorders, kidney injuries and liver failure (https://www.
fda.gov/drugs/drug-safety-and-availability/fda-cautions-against-use-
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hydroxychloroquine-or-chloroquine-covid-19-outside-hospital-setting-
or, accessed on 20th July 2020). Consequently, the actual NIH treat-
ment guideline (https://www.covidl9treatmentguidelines.nih.gov/,
accessed on 20th July 2020) recommends against the use of chlor-
oquine or hydroxychloroquine for the treatment of COVID-19, except in
clinical trials. Dexamethasone is a corticosteroid that is used to treat
many different inflammatory conditions such as allergic disorders, as
well as ulcerative colitis, arthritis, lupus, psoriasis and breathing dis-
orders. The actual COVID-19 treatment guideline of the NIH re-
commends dexamethasone for the treatment of COVID-19 patients due
to lower mortality rates when compared with patients who received
standard of care (Horby et al., 2020) (https://www.
covid1l9treatmentguidelines.nih.gov/immune-based-therapy/
immunomodulators/corticosteroids/, accessed on 20th July 2020,).

Other drugs like cepharanthine, selamectin and mefloquine showed
also promising effects in cell culture (Fan et al., 2020). Furthermore, a
combination of ribavirin and interferon-a is recommended for treat-
ment of COVID-19 by the National Health Commission in China because
of the effect on MERS-CoV (Du et al., 2020). Recently, a clinical trial
started to treat COVID-19 with remdesivir, a broad-spectrum antiviral
agent that was previously tested in humans with Ebola virus disease.
First results in animal models infected with MERS-CoV proved to be
promising. Furthermore, the clinically proven camostat mesilate has
shown to prevent cellular entry of SARS-CoV-2 upon inhibition of the
serine protease TMPRSS2 (Hoffmann et al., 2020). A recent study found
that flavonoids like herbacetin, rhoifolin and pectolinarin (Jo et al.,
2020) or derivatives of isatin (Liu et al., 2014) block the enzyme ac-
tivity of 3CLP™ from SARS-CoV-2. The availability of crystal structures
of 3CLP™ enzymes of different Coronavirus strains stimulated several
virtual screening campaigns yielding different and poorly overlapping
hit compounds (Chen et al., 2020; Ton et al., 2020; Berry et al., 2015;
Mukherjee et al., 2011; Tsai et al., 2006) (see detailed comparison
below). Only two virtual screens were based on the structure of 3CLP™
from the actual SARS-CoV-2 and only one of these efforts used a crystal
structure of this target (Ton et al., 2020), whereas the other virtual
screen relied on a homology model of the target protein (Chen et al.,
2020).

Facing the actual COVID-19 pandemic with exponential growth of
infections and without any causative treatment stimulated this study to
rapidly identify approved drugs with high potential to inhibit 3CLP™
and fight COVID-19. It is anticipated that the development time of a
drug with known side effects and toxicity profile to approval could be
tremendously shortened. Consequently, this study begins, in step one,
with a virtual screen of a collection of approved drugs against the
crystal structure of 3CLP™ from SARS-CoV-2 using two complementary
docking programs, MOE and Autodock Vina. This allowed for con-
sistency checking and increased the confidence in the results. In a
second step, the best hits were accurately docked and energy minimized
to create the basis for a thorough protein-ligand interaction fingerprints
(PLIF) analysis in the third step. The fourth step consisted of the de-
velopment of a conclusive pharmacophore model based on the most
important interactions between the target protein and the ligands.
Subsequently, in step five, more than 7 million compounds of the
ZINC15 library were screened for compounds fulfilling the require-
ments of the pharmacophore model. And in the final step six structure
based drug design (SBDD) was used to evaluate the perspective and
optimization potential of the best compounds (Sander et al., 2015).

2. Methods
2.1. Database preparation

The library of 2683 approved drugs was downloaded as SD-file from
the following address: “https://www.selleckchem.com/screening/fda-

approved-drug-library.html”. Since the SD-file contained only 2D-
structures, at least two 3D-conformers were generated per stereoisomer
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using free cheminformatics program Osiris Datawarrior (Idorsia
Pharmaceuticals. Ltd) (Sander et al., 2015). ZINC15 is a free database of
commercially available compounds provided by the Irwin and Shoichet
Laboratories at the University of California, San Francisco (UCSF)
(https://zinc15.docking.org/) (Sterling and Irwin, 2015). Compounds
can be manifold filtered for virtual screening purposes. Here, a collec-
tion of 7.2 million 3D protomers was downloaded containing drug-like
molecules with molecular weight between 250 and 500 Da, plog < 5..
The compounds of the ZINC15 library were filtered to exclude instable
and strongly reactive compounds. Weakly reactive groups such as al-
dehydes, thiols and Michael acceptors as well as molecules, which
contain Pan Assay Interference Compounds (PAINS) patterns, were al-
lowed to pass the filter. The 3D-structure data were transferred in
tranches as SD-files using cURL. Subsequently, the SD-files were com-
bined to four larger files to be used in the following pharmacophore
search.

2.2. Virtual screening

Two virtual screen were carried out using MOE 2019 software
(Chemical Computing Group, Montreal, Canada), as well as Autodock
Vina (The Scripps Research Institute, La Jolla, USA) (Trott and Olson,
2010). The latter was implemented in the free version of PyRx en-
vironment (available from https://sourceforge.net/projects/pyrx/). For
the MOE based virtual screen, AMBER14:EHT force field was used
throughout. The crystal structure of 3CLP™ of SARS-CoV-2 was obtained
from the RCSB Protein Data Bank (PDB-ID: 6LU7). The ligand that is
covalently conjugated to the catalytic Cys145 was removed and the
Cys145 restored as free thiol. The free target protein was then subjected
to the QuickPrep procedure of MOE including corrections for missing
atoms, alternate geometries or other crystallographic artifacts, re-
moving water molecules farther than 4.5 A from any receptor or ligand
atom and 3D protonation. The removed covalent ligand was used to
define the binding pocket. For virtual screening, the SD-file with 3D
structures of approved drugs was loaded into a MOE-specific database
and selected as ligand in the docking setup. The triangle matcher and a
rigid receptor were selected as further parameters. The docking poses
were rated using London dG score for 10 poses per ligand molecule. The
screening results were exported as SD-files and multiple results for a
particular chemical structure were merged using Osiris Datawarrior to
obtain a result file with unique chemical structures preserving multiple
docking scores per molecule. For the virtual screen with Autodock Vina,
the crystal structure of 3CLP™ was also freed from the covalent ligand
and then subjected to the Dockprep procedure implemented in the
UCSF Chimera program (University of California, USA) (Pettersen et al.,
2004). The protocol contains deletion of solvent, replacement of in-
complete side chains using a rotamer library, protonation and addition
of charges. The prepared protein structure and the

SD-file with 3D structures of the ligand library were loaded and
converted to the desired pdbqt-format using PyRx. In the next step, the
implemented Vina wizard was exploited to select the compound library
as multiple ligands and the protein target. Before starting the virtual
screening procedure, a cuboid was used to define the area of the active
site pocket. In the last step, the exhaustiveness that gives a measure for
the accuracy of docking was set to 8. After that, the Vina wizard started
virtual screening. The results were obtained again in pdbqt-format and
had to be converted into SD-format for further analysis.

2.3. Molecular docking and energy minimization

Visualization of structural data as well as molecular docking was
performed using MOE 2019 software (Chemical Computing Group,
Montreal, Canada). The crystal structure of 3CLP™ of SARS-CoV-2 (PDB-
ID: 6LU7) was obtained from RCSB Protein Data Bank. The structure file
was loaded into the program and subjected to structure preparation
including 3D protonation for subsequent docking as described before.
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Fig. 1. Docking scores of 2683 approved drugs (black dots) and 30 known inhibitors of 3CL

P as control (red dots). Each dot denotes one chemical structure.

Autodock Vina (binding energy) is plotted versus the London dG Score of MOE for each chemical entity.

The partial charges of all protein and ligand atoms were calculated
using the implemented Amberl14:EHT force field. Molecular docking
was performed choosing the triangle matcher for placement of the li-
gand in the binding site and ranked with the London dG scoring func-
tion. The best 50 poses were passed to the refinement and energy
minimization in the pocket using the induced fit method and then re-
scored with the GBVI/WSA dG scoring function. Best poses were further
refined by energy minimization of all amino acids in a radius of 10 A
around the ligand.

2.4. Pharmacophore building and search

The complexes structures of 3CLP™ with the best scoring ligands
were superposed and subjected to the Quickprep procedure im-
plemented in MOE using again the AMBER14:EHT force field in order
to enable the analysis of protein-ligand interactions. Protein ligand
interaction fingerprints (PLIF) were generated and analyzed on the
basis of several docked protein-ligand complexes with optimal binding
poses using the corresponding tool of MOE. The PLIFs select the most
important interactions for a series of protein-ligand complexes and vi-
sualize the result as panel showing the specific contacts of each ligand
to adjacent amino acids of the binding pocket. Most importantly, the
PLIFs and frequencies of protein-ligand contacts can be used to create a
pharmacophore model encoding essential rules that must be fulfilled by
a potential ligand of the respective binding pocket. These rules, also
called features consist of spheres, where a heavy atom of the ligand
with e.g. hydrogen donor or acceptor properties is supposed to be ar-
ranged in order to be able to form a particular interaction with an
adjacent amino acid. To avoid too high numbers of false positive hits
that are branched or bulky molecules, which fulfill the requirements,
but would clash with the receptor protein, it is advisable to mimic the
binding pocket by a series of overlapping excluded volume spheres.
These were generated from selected pocket amino acids using a radius
of 2 A. Molecules with structures that clash with the excluded volume
spheres are not considered as hits. A pharmacophore model enables a
very rapid search on large 3D structure databases for hits that fulfill all
or partial feature requirements. If the pharmacophore model is well
defined, the search procedure should very efficiently enrich those
chemical entities that produce high docking scores and have increased
probability to bind to the respective target protein. The pharmacophore
search was started directly from the pharmacophore editor of MOE. To
assess the hits of the pharmacophore search regarding binding affinity,
all of them were subjected to a follow-up virtual screening procedure
using MOE as described above.

2.5. Structure based drug design

Once protein-ligand complexes with optimal binding poses are
available and additional information are obtained from PLIF analysis,
the next step is to dissect those positions of the ligand structure, where
beneficial substituents could be introduced to satisfy hydrogen-bond
acceptors or donors of pocket amino acids or other types of molecular
interaction. Electrostatic maps were calculated to localize such areas,
where hydrophobic elements, hydrogen donors or acceptor functions
should be arranged. Desired modifications were carried out in silico
using the Builder tool of MOE. The effect of the modifications was ex-
amined directly afterwards by accurate molecular docking and energy
minimization. In the case of a successful optimization, additional con-
tacts are established often leading to higher docking scores.

3. Results and discussion
3.1. Validation of docking procedure

At first, two docking programs, MOE and Autodock vina were
evaluated, whether they were able to reproduce the binding pose in x-
ray structures of 3CLP™ complexes with non-covalent ligands.
Redocking ligand ML188, which was also shown to inhibit 3CLP™ ac-
tivity (ICso = 1.5 pM) (Turlington et al., 2013), into PDB-ID 3V3M
yielded excellent overlap with crystallized ligand and RMSD-values of
0.981 A for MOE and 0.926 A for Autodock Vina (Fig. S1). The suit-
ability of the docking procedure was also confirmed afterwards, be-
cause there was a clear enrichment of known 3CLP™ inhibitors com-
pared to all virtually screened compounds and a considerable overlap
between the hits of (Chen et al. (2020)) and those of this study (see
following sections).

3.2. Virtual screening

2683 chemical entities from the FDA-approved Drug Library from
Selleckchem (https://www.selleckchem.com/screening/fda-approved-
drug-library.html) were virtually screened for potential binding to the
active site of 3CLP™ of SARS-CoV-2 (PDB-ID: 6LU7) using two docking
programs, MOE and Autodock vina. The complementary virtual screen
allowed to compare both data sets, analyze the correlation of the
docking scores of both docking programs and obtain independent
confirmation of hits with high scores (Fig. 1). Autodock Vina binding
energy score and London dG score of MOE showed satisfactory corre-
lation with a Spearman’s rank correlation coefficient of 0.73. As a
control, 30 known inhibitors of 3CLP™ were included in the virtual
screening campaigns as control. The control compounds were clearly
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enriched by the dual virtual screening approach: 27 out 30 (90 %)
known 3CLP™ inhibitors were found to have both, Vina score < -7.0
and MOE score < -10, whereas only 782 out of 2683 (29 %) total
number of approved drug structures showed this combination of high
docking scores. This finding confirmed that the docking protocols for
MOE and Autodock Vina were well adjusted for finding inhibitors of
3CLP™,

Next, an similarity and Activity Cliff Analysis was performed to
visualize the chemical landscape, cluster similar molecules together on
a 2D-area and identify clusters and singletons with elevated docking
scores (Fig. 2A) (Bajorath et al., 2009). Four major clusters and a few
singletons with stand out, including a large flavonoid-, a big tetra-
cycline-, an aminoglycoside- and an anthracycline-cluster (Fig. 2B).
Representative drugs for these clusters are quercetin, oxytetracycline,
kanamycin and doxorubicin, respectively. There are also high scoring
singletons or clusters of two, e.g. raloxifen. The finding that many fla-
vonoids are among the hits with best docking scores is in excellent
agreement with the very recent report of Jo et al., who provide ex-
perimental evidence that flavonoids are indeed inhibitors of 3CLP™ (Jo
et al., 2020). It should be noted, that 4.5 % of the FDA approved drugs
and 6 out of 19 hit of the virtual screen PAINS patterns, including the
flavonoids quercetin, rutin, homoorientin, all of them flavonoids,

eltrombopag and doxorubicin. The concept of PAINS was introduced by
Baell and Holloway and addressed the problem of frequent hitters in
experimental high throughput screening campaigns, which were often
false positive hits (Baell and Holloway, 2010). However, the critical
substructural elements of electronic PAINS filters were originally de-
rived from a proprietary library tested in just six assays measuring
protein—protein interaction (PPI) inhibition using the AlphaScreen de-
tection technology only. Therefore, Capuzzi et al. “caution against the
blind use of PAINS filters to detect and triage compounds with possible
PAINS liabilities and recommend that such conclusions should be
drawn only by conducting orthogonal experiments” (Capuzzi et al.,
2017).Although some of the approved drug molecules contain critical
substructures such as labile ester (salvianolic acid B) or possibly redox
active groups such as electron rich scaffolds (polyphenols), all com-
pounds were taken further to detailled docking analysis in order to
elucidate the potential molecular interactions with 3CIP™, because a
wide variety of orthogonal assays have been performed to demonstrate
biological activity and safety of the molecules before drug approval.

3.3. Molecular docking

Best hits of the virtual screen were subjected to an accurate more
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extensive docking procedure involving sampling of 50 docking poses
using a secondary GBVI/WSA dG score implemented in MOE. The re-
sults of most promising compounds are summarized in Table 1. Inter-
estingly, most high scoring drugs are antioxidants (flavonoids) or used
as anti-cancer or antibiotic therapeutic. The two compounds with best
docking scores, kanamycin and salvianolic acid B, show similar binding
poses occupying S1- and S2-subpockets (Fig. 3). Both ligands form H-
bonds with catalytic Cys145, although salvianolic acid B interacts with
the backbone nitrogen and kanamycin with the thiolate moiety of
Cys145. The particular protein-ligand interactions between the best
representative ligands and 3CLP™ are shown in Fig. S2 and are analyzed
in more detail in the following section.

Chronic idiopathic thrombocytopenic

purpura
Post-menopausal osteoporosis

Indication area
Antibiotic, anticancer
Antibiotic

Antibiotic
Anticancer
Anticancer

3.4. Protein Ligand Interaction Fingerprint (PLIF) Analysis and comparison
with crystallographic fragment screening

Seven structurally diverse ligands with highest docking scores were
selected for the determination of the most important non-covalent
contacts between the amino acids of the active site pocket and ligands.
The energy minimized complexes between 3CLP™ (PDB-ID: 6LU7) and
ligands were superposed using MOE showing perfect overlap of the
protein structure with slight deviations around the active site, which is
| expected, because the docking procedure allowed for induced fit
around the binding pocket and the final energy minimization within a
radius of 10 A around the bound ligand (Fig. $3). All ligands formed
multiple contacts with different sets of acite site flanking amino acids.
The PLIF analysis was carried out using MOE resulting in a character-
istic pattern of interaction for each of the ligands (Fig. 4). The ligands
can be roughly grouped together in three blocks. The compounds of the
first block (kanamycin, oxytetracycline, and doxorubicin) do not in-
teract with His41 but bind to His164. Two of three compounds interact
also with Met64, His163, Glul66 and GInl89. In contrast, all re-
presentatives of the second block (teniposide, proanthocyanidin and
salvianolic acid B) interact with His41 and two of three compounds of
the second block interact also with Thr26, Glu166 and not with His164
or GIn189. The pattern of cefpiramide combines different features of
both blocks. Therefore, there are relatively many amino acids of the
active site that are able to form significant interactions with structurally
diverse chemical structures. This implies that there are also many op-
portunities to accommodate diverse ligands in the active site pocket of
3CLP™.

Moreover, there should be room for the optimization of weak or
moderate screening hits by medicinal chemistry methods due to mul-
tiple potential interactions with active site amino acids.

A preliminary, but highly relevant crystallographic fragment
screening study has been posted on the bioRxiv preprint server at about
the time, when this publication has been submitted (Douangamath
et al., 2020). The fragment screen identified 71 hits spanning the entire
active site. The binding poses of representative non-covalent fragments
are compared with the docking pose of kanamycin (Fig. S8). The
fragments bind preferably to S1- and S2-subpockets. Non-covalent
fragments, which bind into the S1-subpocket, form hydrogen bonds
with Gly143, Cys154, Hisl63 and Glul66, while many fragments
containing an aromatic ring bind into the S2-subpocket, thereby
forming a distinct T-shaped PI-stacking interaction with catalytic His41.
One of the S2-binding fragment forms an additional hydrogen bond to
GIn189. None of the hits from the virtual screen shows such a deep
insertion into the S2-subpocket. Only cefpiramide forms a remotely
similar, but parallel PI-stacking between its tetrazole ring and His41.
Furthermore, every hydrogen bond between 3CIP* and fragments was
also found with virtual screening hits (Fig. 4). However, the hits in this
study reveal several additional possible hydrogen bonds involving for
example Asn142 and His164 in subpocket S1, as well as Thr26 and
Met49 in subpocket S2 (Fig. 4, Fig. S9). Together, the unique T-shaped
Pl-interaction of non-covalent fragments in subpocket S2 and the ad-
ditional potential hydrogen bonds identified by docking provide new

Anaolog of folic acid Anticancer, immune suppressive

Liganane glycoside
Other

Substance

group
Anthracycline
Fluoroquinolone
Fluoroquinolone
Lignane glycoside
Benzothiophen

GBVI/WSA
8.8

dG

-9.1
-7.4
—-8.8
-9.1
-9.4
-8.0
-8.5
—-8.2

ML188 (Reference) (Turlington et al.,

2013)

Doxorubicin

Difloxacin
Eltrombopag

Cpd
Tosufloxacin
Etoposide
Teniposide
Methotrexate
Raloxifen

cancer, antiinflamm., antioxidant

oxidant
oxidant, anti-plant pathogens
oxidant, anti-haemorrhagic

cancer, radical scavenger,

oxidant

Antioxidant, antiinflamm., anticancer
Anticancer, antiinflamm., antioxidant

Antibiotic, antiinflamm.

Indication area

Antibiotic
Antibiotic

Ant
Ant
Anti
ant;
Ant
Ant

Flavonoid, glycoside of

quercetin
Benzofuran, polyphenol

Substance

group

Flavonoid glycosid
Flavonoid

Flavonoid glycosid
Oligomeric flavonoid
Flavonoid
Aminoglycosid
Tetracycline
Cephalosporin

GBVI/WSA
dG
-9.7
-7.3
—8.8
-9.2
-8.9
-10.3
-7.5
-10.0
-9.3
-9.6

Salvianolic acid B

Proantho-cyanidin
Quercetin

Naringin
Epicatechin
Homoorientin
Rutin
Kanamycin
Oxytetracycline
Cefpiramide

Cpd

Docking scores of best hits from virtual screening using MOE.

Table 1
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F140

Kanamycin
Oxytetracycline
Cefpiramide
Doxorubicin
Teniposide
Proanthocyanidin

Salvianolic acid B

Met Asn
19 142

F2 F4 F5

Fig. 4. Different patterns of protein-ligand interaction fingerprints (PLIFs) within the active site of 3CL!

pharmacophore model generated on the basis of this PLIF-analysis.

opportunities to merge fragments and approved drug molecules or parts
thereof to optimize inhibitors of 3CIP*°.

3.5. Pharmacophore model building

The detailed dissection of the most important molecular interactions
between ligands and amino acids, flanking the active site pocket en-
abled the creation of a pharmacophore model. Such a model is a sim-
plified picture that determines the chemical features in terms of mo-
lecular interactions, e.g. H-bond donator or acceptor, and their 3D
arrangement within the active site pocket of the receptor protein. The
pharmacophore model is completed by overlapping excluded volume
spheres that mimic the protein pocket shape. A ligand will not match, if
any of its atom centers intersects with an excluded volume. For 3CLP™,
a pharmacophore model was generated on the basis of the PLIF-analysis
above. The model contains 5 essential features, F1-F5, including the
allowed location of H-bond donor, acceptor or metal ligator heavy
atoms (Fig. 5, refer also to Fig. 4). The pharmacophore model is ideally
suited to screen larger compound libraries for chemical entities that
fulfill the requirements of the chemically and spatially defined model
features substantially faster than conventional virtual screens that rely
on fast rigid model docking approaches.

+
H3'N 0" ~o OH
HO, OHO;@”NHZ
HO 2 ."0 2
OH NH,

Kanamycin A

Salvianolic acid B

Computational Biology and Chemistry 88 (2020) 107351

Fig. 3. Docking pose of kanamycin A (dark
green) and salvianolic acid B (brown) within
3CLP™. Conventional hydrogen bonds are
shown as dotted green lines. The cation-PI-in-
teraction between kanamycin A and H41 is
highlighted by a dotted dark blue line. S1-S4
denotes subpockets. The protein structure is
taken from the energy minimized complex with
salvianolic acid.

NH,

HO OH

OH

Gl

F1 F3

Gln

His n
189

163

pro

. The F-annotations denote the corresponding feature in the

3.6. Pharmacophore search

Having identified promising approved drugs as potential inhibitors
of 3CLP™, it appeared tempting to exploit the above generated phar-
macophore model to extend the chemical space and search for novel
chemical entities with possibly better docking scores and activity
against 3CLP™. Therefore, 7.2 Million protomers of drug-like molecules
were loaded as 3D-structures from the publicly available ZINC15 li-
brary (Sterling and Irwin, 2015). A pharmacophore search was per-
formed using MOE program. The search resulted in 5517 hits that ful-
filled the requirements of at least 3 out of 5 features defined in the
pharmacophore model (hit rate: 0.08 %). This number was good to
handle with a classic virtual screen using MOE and London dG score.
The result of a subsequent virtual screening of all pharmacophore
search hits against 3CLP™ was analyzed by Activity Cliff Analysis that
was already applied to the virtual screening result of the approved drug
library above (Fig. S4). The pharmacophore screen resulted in several
clusters with distinct scaffolds. The chemical structure of re-
presentatives of the hit clusters and potent singletons are shown in
Fig. 6. Again, flavonoids showed up as the cluster with most members
(442 out of 5517 hits) and highest docking scores (e.g.
ZINC000096222891). There were also a high scoring cyclopentaphe-
nanthrene cluster with 243 members (e.g. ZINC000008219992), 38
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members of a cluster with cyclic ureas with > 80 % similarity to
ZINC000027664403, a anthrachinone cluster with 37 members some of
them glycosylated (e.g. ZINC000033833518), a phenyl-chromen-one
cluster with 30 members with a similarity of >80 % to
ZINC000096114417, a pyrido-pyrimidinone cluster with 18 members
and > 80 % similarity to ZINC000218242102 and some smaller clus-

ters with 5-9 members of glycosylated stilbenes (e.g.
ZINC000003881959), glycosylated phenyldiazoles (e.g.
ZINC000008740085) and octahydropyrrolo-pyrrole-diones (e.g.

ZINC000015275997) (Fig. 6).
The 232 hits with highest London dG Score (< -13) included 110

Hit cluster representatives:

ZINC000218242102

ZINC000096114417

HO
Ho,, i OH

()

0¥ o (SH
Clon
0
O
0 H
ZINC000008740085

Potent Singletons:
¢}

OH

04:\0

ZINC000003850719 ZINC000004282770
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Fig. 5. A) Features (F1-F5) of the pharmacophore model. Red
spheres denote areas with preferred presence of an H-bond donor
(Don), acceptor (Acc) or metal ligator (ML) heavy atom and the
blue sphere the area for H-bond acceptor (Acc) or metal ligator
(ML) heavy atom. Black numbers denote the distances in A be-
tween the center of the spheres. B) The same 5 features (solid
spheres) of A) embedded in grey overlapping meshed spheres of
excluded volumes that mimic the binding pocket of 3CLP™

compounds with > 85 % structural similarity to substances of the ap-
proved drug library, mostly flavonoids and other drugs like oxytetracy-
cline, and zidovudine. But the remaining 122 hits are novel chemical
entities with high potential to inhibit 3CLP*®. These novel compounds
include ZINC000096222891, ZINC000008219992, ZINC000218242102,
ZINC000015275997, the fluoroquinolone ZINC001570001158 and the
sulfonamide ZINC000016429284 (Fig. 6). Best representative hits were
subjected to highly accurate flexible docking yielding GBVI/WSA dG
scores between -9.5 and -8.8 (Tab. S2). In order to gain more information
about the molecular interactions with active site amino acids, a PLIF
analysis was performed using the energy minimized complexes between

ZINC000027664403

ZINC000033833518
OH

/-© HO, A_ ,OH

\ I8!

S=0 ! g

OH oo &H

oA J
OH

ZINC000015275997 ZINC000003881959

F

o
N

[

F
[o]

N OH
Oy
H

o}

HO

+

oNo-

ZINC001570001158 ZINC000016429284

Fig. 6. Representative hit structures of pharmacophore search on 7.2 million protomers of ZINC15 library against 3CLP™
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3CLP™ (PDB-ID: 6LU7) and the four ligands with highest docking
score < -8.7 (Fig. S5). The PLIF analysis revealed new opportunities for
aliphatic-aromatic interactions with GIn189 and H-bond-interactions with
Thr190 that were not seen in the PLIF-analysis of approved drugs above
(Fig. 4, S6). Most promising compounds without PAINS alert include
ZINC000008219992, ZINC000027664403, ZINC000003881959 and
ZINC000008740085, representing large to medium sized clusters of
analogs, as well as the singletons ZINC001570001158 and
ZINC000004282770 (Fig. 6). 7 out of the 13 cluster representitives or
singletons (Fig. 6), contain PAINS patterns: ZINC000096114417,
ZINC000096222891, ZINC000218242102, and ZINC000016429284
contain a catechol group, ZINC000003850719 and ZINC000033833518
are quinones, and ZINC000015275997contains a mannich substructure.
Catechols and quinones are discussed as problematic screening com-
pounds, as they can undergo redox reactions and potentially react with
proteins. However, as shown before, such compounds and particularly
catechols can still be developed to drugs as 57 catechols and 4 quinones
are found in the FDA approved drug library. The mannich bases re-
presented by ZINC000015275997 are in principle able to form highly
reactive quinone methides but, also in this case, 20 compounds of the
FDA approved drug library contain a mannich base substructure. This
demonstrates that compounds with PAINS patterns do not necessarily
have poor pharmacokinetic properties or that toxicophores must be
PAINS as stated by Capuzzi and others (Capuzzi et al., 2017). Having the
PAINS alerts in mind, the biological activity, the mode of action (re-
versible vs. irreversible) and/or chemical reactivity of these compounds
have to be carefully tested by suitable assays with orthogonal readout to
decide, which compound should be further developed.

3.7. Comparison with other virtual screening efforts

As mentioned before, several virtual screens have been carried out
against proteins of the 3CLP™ protein family, but only two against
3CLP™ of SARS-CoV-2 (Chen et al., 2020; Ton et al., 2020). From both
studies screening results were available for the top 1000 compounds.
This enabled the analysis of the overlap between the hits of the different
virtual screening approaches. Older virtual screening campaigns were
exclusively based on crystal structures of 3CLP™ from SARS-CoV-1 and
did only disclose data for most promising hits, therefore not allowing
comprehensive analysis of hit overlap with other virtual screen (Berry
et al., 2015; Mukherjee et al., 2011; Tsai et al., 2006). Generally, it
would be expected, that there is a considerable overlap of hits, if the
screened compound libraries share a similar chemical space. A com-
parison of the top 200 hits of the virtual screen applied to the approved
drugs with top 200 hits of the pharmacophore search on the ZINC15
library, both this study, revealed 57 shared structures with at least 85 %
similarity. The recovery of similar structures was not unexpected, since
the binding poses of the best hits from the virtual screen were used to
create the pharmacophore model that was used to screen the ZINC15
library. As discussed above, both hit lists share particularly many fla-
vonoids. More interesting was the comparison of virtual screens be-
tween different laboratories. Chen and coworkers screened a library of
7173 purchasable drugs against a homology model of 3CLP™ of the
actual Coronavirus, which was created on the basis of 3CLP™ of SARS-
CoV-1 (PCB-ID: 2DUC), using Autodock Vina (Chen et al., 2020). The
best scoring 4500 molecules screened against chain A or B of the en-
zyme structure were available for analysis. This number was reduced to
1547 (ca. 22 %) after removing duplicates. These compounds share 41
% structures with exact identity or > 85 % similarity with the library of
approved drugs that was screened in this study. Comparing the top 200
hits of the virtual screening in this study with the top 200 hits of (Chen
et al., 2020) revealed 17 similar compounds (> 85 %). All three ap-
proaches, that of Chen et al. as well as the virtual screen and phar-
macophore search in this study, were able to identify similar com-
pounds as potential inhibitors of 3CLP™, particularly many flavonoids.
In an alternative approach, Ton et al. conducted a very large virtual
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screen on all 1.3 billion compounds from the ZINC15 library against the
crystal structure of 3CLP™ of the current SARS-CoV-2 using Glide SP
Ton et al., 2020). Despite this brute force effort, the top 1000 hits of
Ton et al. show no overlap with the top 200 hits of Chen et al. or the
virtual screen and pharmacophore screen of this study. This lack of
overlap could be at least partly explained by the fact that, in contrast to
the virtual screens of Chen et al. and this study, all compounds with
PAINS, particularly flavonoids, were removed from the hit list of Ton
et al... In order to evaluate the reliability of the virtual screening ap-
proach in the current study further, the recovery rate of the already
mentioned set of control substances with confirmed experimental in-
hibitory activity against 3CLP™ was analyzed. The recovery rate of the
virtual screening and pharmacophore search protocols applied in the
current study was clearly better, 7 and 6 out of 30 3CLP™ inhibitors,
respectively, than for the approach of Chen et al. (2 out of 30) and Ton
et al. (0 out of 30). The confirmation of experimental 3CLP™ inhibitors
provided confidence in the methods used.

3.8. Structure based drug discovery (SBDD)

Looking at the PLIF-analysis of approved drugs with highest docking
scores shows that every ligand has a specific pattern of molecular in-
teraction with adjacent amino acids within the active site pocket
(Fig. 4). None of the ligands exploits all possible contacts to these amino
acids. Consequently, there should be room for optimizing the affinity to
the binding pocket. Oxytetracycline is a relatively well-tolerated anti-
biotic that shows one of the highest docking scores. The drug is deeply
buried in the active site pocket of 3CLP™, but comes only into contact
with His41, Met49, Hisl64 and GIn189, when docked to 3CLP™,
whereas other contacts to eligible surrounding amino acids are missing
(Fig. 4). Therefore, it was hypothesized that oxytetracycline would be a
good candidate to exploit SBDD to optimize the potential affinity of the
starting molecule to the target protein. The C-ring of oxytetracycline
shows only one contact with Met49 and the D-ring has no contact to
adjacent pocket-amino acids Ser46, Thr26, Gly143 or Cys145 (Fig. 7A).
In a first step, the 6-methyl group was changed to a 6-methyl-ami-
noethyl group, in order to explore a possible hydrogen bond with the
side chain of Ser46. After energy minimization, this hydrogen bond was
indeed established (Fig. 7B). Since the backbone carbonyl oxygen of
Thr26 was in beneficial proximity to the aromatic D-ring, a hydroxyl-
function was introduced in 8-position leading to the desired additional
hydrogen bond (Fig. 7C). The electrostatic map of the binding pocket
revealed an unsatisfied acceptor patch at the 10-position of the D-ring.
Therefore, the 10-hydroxygroup was changed to a carbonyl group,
which required a modification of the aromatic D-ring into a hydroxy-
cyclohexadiene-one (Fig. 7D). The resulting new analog of oxytetracy-
cline formed the anticipated hydrogen bond with the backbone ni-
trogen of Gly143. Altogether the SBDD optimization of oxytetracycline
afforded 4 additional hydrogen bonds with active site pocket flanking
amino acids Ser46, Thr26, Gly143 and Cys145, which was accompanied
by a significantly improvement of the GBVI/WSA dG docking score
from -9.3 to -9.9 (Fig. S7). The introduction of the methylamino-mod-
ification into oxytetracycline was by far the most important step for
improving binding affinity.

4. Conclusions

The current SARS-CoV-2 pandemic motivated this study to rapidly
identify already approved drugs that could be repurposed to target
3CLP™, a cysteine protease essential for replication of Coronaviruses. A
virtual screening approach yielded several scaffolds with high potential
to inhibit 3CLP™ including flavonoids, which have very recently been
described as experimentally confirmed inhibitors of this enzyme, anti-
biotics and anticancer agents. Most promising hits were oxytetracy-
cline, naringin, kanamycin, cefpiramide, salvianolic acid b, teniposide,
etoposide and doxorubicin. A subsequent pharmacophore search
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broadened the screened chemical space tremendously by screening 7.2
million compounds from the ZINC15 library. Besides known substance
classes like flavonoids several novel scaffolds were discovered including
the high scoring molecules ZINC000096222891, ZINC000008219992,
ZINC000218242102, ZINC000015275997, the fluoroquinolone
ZINC001570001158 and the sulfonamide ZINC000016429284.
Moreover, the comprehensive dissection of the essential contacts be-
tween ligands and active site pocket amino acids revealed new oppor-
tunities to design and optimize inhibitors of 3CLP™. The feasibility of
SBDD to optimize hit compounds was demonstrated using already high
scoring oxytetracycline. Three substantial modifications at the C- and
D-ring of the tetracycline scaffold reinforced binding affinity by four
additional hydrogen bonds to adjacent pocket amino acids Ser46,
Thr26, Gly143 and Cys145. The results of the study suggest that already
approved antibiotics, particularly oxytetracycline, have great potential
to inhibit 3CLP™ of SARS-CoV-2. It is self-evident, that the efficacy of
oxytetracycline and other promising hit compounds has to be experi-
mentally confirmed. But repurposing of e.g. oxytetracycline would
tremendously shorten the time period to the clinics, because the safety
profile is well known. If the proposed antibiotics turn out to be active
against Coronoviruses, they would offer the extra benefit to fight at the
same time secondary multi-infections in the lung often observed to-
gether with COVID-19.
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Fig. 7. Structure based drug design: A) shows
the chemical starting point oxytetracycline
docked into the active site of 3CLP™. B) 6-
Methylaminoethyl-analog of oxytetracycline
with an additional hydrogen bond to Ser46. C)
6-Methylaminoethyl-8-hydroxy-analog of oxy-
tetracycline forms a further hydrogen bond
with Thr26. D) The 6-Methylaminoethyl-8-hy-
droxy-analog of oxytetracycline was further
modified. The former aromatic D-ring was
changed into a hydroxy-cyclohexadien-one en-
abling two further hydrogen bonds with
Glyl43 and Cys145. Hydrogen bonds are in-
dicated by dotted green lines.
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