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A BSTRACT
We use state-of-the-art computer-aided drug design (CADD) techniques to identify
prospective inhibitors of the main protease enzyme, Mpro of the COVID-19 virus.
With the high-resolution X-ray crystallography structure of this viral enzyme recently
being solved, CADD provides a veritable tool for rapidly screening diverse sets of
compounds with the aim of identifying ligands capable of forming energetically
favorable complexes with Mpro . From our screening of 1,082,653 compounds derived
from the ZINC, the DrugBank, and our in-house African natural product libraries,
and a rescreening protocol incorporating enzyme dynamics via ensemble docking,
we have been able to identify a range of prospective Mpro inhibitors, which include
FDA-approved drugs, drug candidates in clinical trials, as well as natural products.
The top-ranking compounds are characterized by the presence of an extended ring
system combined with functional groups that allow the ligands to adapt flexibly to
the Mpro active site as, for example, present in the biflavonoid amentoflavone, one of
the most promising compounds identified here. This particular chemical architecture
leads to considerable stronger binding than found for reference compounds with
in vitro demonstrated Mpro inhibition and anticoronavirus activity. The compounds
determined in this work thus represent a good starting point for the design of
inhibitors of SARS-CoV-2 replication.
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Introduction

The recently identified COVID-19 virus is a coronavirus belonging to a much diverse group of
the family enveloped RNA viruses of Coronaviridae [1, 2]. Coronaviruses have been reported in
different animal hosts and have been implicated in various respiratory and enteric infections of
epidemic and pandemic proportion [1,3,4]. One of them, the SARS-CoV, was identified as the cause
of the 2003 severe acute respiratory syndrome (SARS), an epidemic of pneumonia that resulted in
more than 800 deaths worldwide [5]. In 2013, another member of the coronavirus group was found
being responsible for the Middle East respiratory syndrome coronavirus (MERS-CoV), an infection
characterized by acute pneumonia and renal failure and with a fifty percent mortality rate recorded
in admitted patients [6, 7]. HCoV-229E, HCoV-OC43, HCoV-NL63, and HCoV-HKU1 are other
identified human coronaviruses whose effect on the respiratory system results in milder forms of
common colds [8, 9].
In late 2019, COVID-19, another member of the Coronaviridae family previously unknown was
identified and implicated in a global epidemic of respiratory systems. On March 11th 2020, the
World Health Organization (WHO) declared the outbreak a pandemic. As of April 6th 2020, there
are almost 1,300,000 confirmed cases globally, with a 5% confirmed-case fatality rate [10]. The
virus causing COVID-19 has been named SARS-CoV-2, because its RNA genome is about 82%
identical to SARS-CoV [11]. Upon infection, COVID-19 affects first the upper respiratory tract with
symptoms ranging from dry non-productive cough to sore throat and fever. Subsequently the lower
trees of the respiratory tract are affected. However, the illness can also cause malaise, confusion,
dizziness, headaches, digestive issues, and a loss of smell and taste. It has been suggested that these
neurological signs may result from the ability of the virus to invade the central nervous system [12].
With its highly effective mode of transmission, COVID-19, in spite of its relatively low fatality rate,
represents one of the greatest public health challenges in recent times.
Unfortunately, there are currently no antiviral drugs or vaccines approved for COVID-19 or any
other human coronavirus infections [9]. The genome of SARS-CoV-2 encodes for different proteins,
including the 3-chymotrypsin-like protease (3CLpro) also called main protease (Mpro ), papain-like
protease, helicase, and RNA-dependent RNA polymerase [13, 14]. Since the main protease Mpro
is crucial for viral replication and well conserved across the Coronaviridae family, it represents a
viable target for drug design [11]. Mpro cleaves the large polyprotein 1ab (replicase 1ab, ∼790 kDa)
at 11 or even more cleavage sites involving, in most cases, the recognition sequence L-N*(S,A,G) (*
marks the cleavage site), yielding functional proteins that are then packed into the virion. Another
advantage of targeting Mpro is that although the mutagenesis rate is high in viruses, this does not
apply to this protein since any mutation here can be fatal for the virus. Furthermore, since no human
2
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proteases with a similar cleavage specificity are known, it should be possible to identify inhibitors
of no or low toxicity..
There are around 20 3D protein structures for SARS-CoV-2, which were resolved by X-ray
diffraction or cryo-electron microscopy and are deposited in the Protein Data Bank (PDB). Most
of these structures are for Mpro in apo- and holo-states; one of them is a Mpro crystal structure in
complex with a peptidomimetic inhibitor called N3 (PDB code 6LU7, Figure 1) [15].
While the catalytically active form of Mpro is a dimer, the two protomers most likely act independently from each other as the two active sites are solvent-exposed and symmetrically located at
opposite edges of the cleft between the two protomers [16]. The proteolytic process in the active site
of Mpro is enabled by the catalytic C145-H41 dyad with the cysteine thiol group acting as the nucleophile (Figure 1C) [17]. The initial drug discovery efforts after the SARS outbreak in 2003 aimed
at electrophilic attack to the Cys residue of the catalytic dyad via covalent Michael inhibitors [18].
While this was considered to be safe due to the different proteolytic cleavage specificities between
SARS-CoV and human proteases, electrophiles are usually no good drug candidates as they often
cause adverse effects such as allergies, tissue destruction, or carcinogenesis [19]. After 2005–2006
many of the initial efforts of developing small-molecule compounds with anticoronavirus activity
were discontinued due to a sharp decline in funding of coronavirus research as it was erroneously
assumed that another zoonotic coronavirus transmission was extremely unlikely to happen again.
Thus, none of these attempts resulted in an anticoronavirus drug, not even the clinical stage was
reached.
This drastically changed after the COVID-19 outbreak. Less than four months after the first cases
were reported in Wuhan in China, several studies aiming at drug design and development to treat
this disease have already been published [15, 20–26]. In one of these studies, the mechanism-based
inhibitor N3 was designed (Figure 1) using computer-aided drug design (CADD) techniques [15].
Six further compounds were identified in that study through a combination of structure-based
virtual and high-throughput screening of over 10,000 compounds, including approved drugs, drug
candidates in clinical trials, and other pharmacologically active compounds, as inhibitors of Mpro
with half maximal inhibitory concentrations (IC50 ) ranging from 0.67 to 21.4 µM. The strongest
antiviral activity in cell-based assays was found for ebselen, a synthetic organoselenium drug
molecule with anti-inflammatory, anti-oxidant and cytoprotective activity which is currently in a
clinical trial as a potential treatment for bipolar disorder [27].
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Figure 1: Structure and binding site of Mpro including the ligand N3 (PDB code 6LLU7). (A)
The surface of Mpro is shown and colored according to residue type using the color code given at
the bottom. The catalytic dyad residues H41 and C145 are colored in cyan and orange, respectively.
The stick representation is used for N3, which is colored in green with red and blue for the O and N
atoms, respectively. (B) Another surface representation of Mpro but now colored according to the
electrostatic potential using the color code given at the bottom (in kT with k being the Boltzmann
constant). (C) Cartoon representation of Mpro with β-sheets shown in lilac and α-helices in light
blue. The sidechains of H41 and C145 are shown in ball-and-stick representation in cyan and
orange, respectively, but using blue for N atoms, red for O atoms, and yellow for the S atom of
C145. (D) Zoom into the active site of Mpro . In panels (B)–(D) the same representation for N3 is
used as in panel (A).

Here, we use high-throughput virtual screening to discover potential inhibitors of Mpro of SARSCoV-2. We screened more than 1 million compounds considering three different databases: the
ZINC database, which is a curated collection of more than 230 million commercially available
chemical compounds prepared for virtual screening [28–30], DrugBank containing 13,540 drug
entries including 2,630 approved small molecule drugs, 1,372 approved biologics (proteins, peptides,
vaccines, and allergenics), 131 nutraceuticals and over 6,358 experimental (discovery-phase) drugs
[31, 32], as well as our in-house database with more than 3,200 natural compounds isolated from
African plants. More than 11,000 of the best predictons are then further assessed using ensemble
4
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docking [33]. The 100 top-performing compounds from this redocking round are analyzed in more
detail, and the properties and binding to Mpro for nine of these compounds are discussed here and
compared to the results obtained in another drug design initiative targeting Mpro [15].

2
2.1

Results and Discussion
High throughput virtual screening

In this work we have employed CADD approaches in search of chemical compounds that are capable
of forming thermodynamically feasible binary complexes with the SARS-CoV-2 main protease
enzyme Mpro . We adopted a protocol that is slightly different from previous works conducted by
other groups in the search for potential inhibitors of this critical enzyme [15, 20]. First, we have
not limited our virtual screening to previously known inhibitors of viral proteases, and second, our
screening procedure incorporated protein dynamics. The immediate objective of our research work
is the identification of small molecule inhibitors of Mpro and we expect that the chances of finding
suitable inhibitors will be enhanced by screening chemically diverse libraries. To this end, we
screened a library of 1,082,653 compounds derived from the ZINC library [28–30], the Drugbank
database [31, 32], as well as our in-house library of natural products of African origin (unpublished),
against the crystallographic structure of the functional form of the SARS-CoV-2 Mpro enzyme
(PDB code 6LU7 [15]). We also included in our screening nine recently reported inhibitors of
the SARS-CoV2 Mpro : eight of these — the peptidomimetic N3, ebselen, disulfiram, carmofur,
cinanserin, shikonin, tideglusib, and PX-12 — were reported alongside the crystal structure of
Mpro complexed with N3 [15], while ivermectin is currently attracting some research attention as
a prospective Mpro inhibitor [34]. All nine reference compounds were able to bind to the active
site of the crystal structure of the enzyme. A binding free energy value (∆G) of −6.7 kcal/mol
was obtained for N3, while PX-12 was indicated in our calculations as possessing the least binding
affinity with a ∆G value of −4.2 kcal/mol. Interestingly, the experimental IC50 value obtained
for PX-12 also suggested it to be the least binding out of the eight experimentally validated Mpro
inhibitors [15]. Ivermectin similarly showed a moderate binding affinity for the enzyme.
From the screened library, we obtained a total of 11,155 compounds whose computed affinities in
terms of ∆G were less than or equal to −8.0 kcal/mol. The choice of the cutoff was to improve
the chances of obtaining compounds with binding strengths significantly superior to those reported
for the reference inhibitors. Moreover, as affinities computed from computer simulations may be
affected by the neglect of a number of factors such as receptor flexibility and explicit solvation,
we selected a cutoff considerably below the −6.7 kcal/mol obtained for N3, the primary reference
inhibitor. We analyzed to which extent compounds from the three different databases contribute
5
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to the selected 11,155 compounds (Figure 2A). While compounds from all three libraries are
represented in the top-performing compounds, compounds from the ZINC library dominate; this
is of course not surprising since compounds from the ZINC library represented the majority of
the screened compounds. We further analyzed the physicochemical properties of the selected
compounds. Figure 2B shows that compounds captured by the −8.0 kcal/mol cutoff were observed
to belong to several distinct chemical groups with molecular weights varying from just around
200 to almost 1000 g/mol. Small and large molecular weight compounds are present in the top
predictions from all three libraries. Since the intention at this time is to identify any compounds with
the potential to bind to the substrate site of Mpro regardless of its pharmacokinetic attributes, we have
decided to deprioritize filtering based on physicochemical properties such as the molecular weight
employed in rule of thumb principles to predict oral bioavailability. There appears no apparent
relationship between the molecular weight of the compounds and the predicted affinities, possibly
highlighting the role of specific binding site interactions rather than size in determining the strength
of binding. We analyzed the dominant ligand chemical fragments to find out if some chemical
groups were more favored in the 11,115 strong-binding compounds. Figure S1 shows the most
preponderant chemical fragments, most of which are associated with known drug molecules.
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Figure 2: Distribution of the best 11,155 compounds selected from docking screen against
Mpro . (A) A 3D plot of the compounds showing the distribution across ligand libraries, in terms
of chemical diversity, molecular weight (MW), and ∆G. The DrugBank library is composed of
FDA-approved drugs (APPR.), experimental drugs (EXP.), illicit drugs (ILL.), and investigational
drugs (INV.). Our in-house ligand library of natural products from African plants is shown as
NP, while the reference inhibitors and compounds from the ZINC database are presented as REF.
and ZINC, respectively. (B) Distribution of the compounds in terms of chemical diversity and
binding free energies (∆G cutoff = −8.0 kcal/mol). The distribution of the molecular weight is
given by the color bar on the left. At ∆G > −8.0 kcal/mol the reference inhibitors can also be
seen as representing a chemically diverse set of ligands. Plots were generated with Data Warrior
chemoinformatic software [35].

2.2

Redocking to account for protein flexibility of Mpro

To account for the influence of protein flexibility in ligand binding we performed a 100 ns MD
simulation of the Mpro -N3 complex in solution and clustered the active site conformations collected
during that simulation. The five most dominant conformations were then employed to perform a
rescreening of the 11,155 best compounds obtained from the initial screening against the protein
crystal structure. The ∆G values obtained for each compound were then averaged over the five
protease conformations and the top 100 compounds resulting from this step were selected for
analysis. All 100 compounds along with information on their structure and from which of the three
databases they originate are provided in Table S1. Analysis of the structural fragments in this smaller
subset of protease binders (Figure S2) suggests a relative selection for multicyclic ring structures
over monocyclic rings that dominate in Figure S1. While in the top 11,155 binders resulting from
high throughput screening in the absence of considerations of Mpro dynamics monocyclic ring
7
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fragments have a 58.3% representation in the most frequently encountered fragments, in the top 100
compounds after incorporating Mpro dynamics their share falls to 16.7%. This suggests a structural
selection by the SARS-CoV-2 binding site for larger fused ring systems.
To further analyze the binding of the ligands to the substrate site of Mpro , we evaluated the
closeness of the ligands to the catalytic dyad C145 and H41. We found that a substantial number
of the top 100 compounds does not directly bind to the dyad despite having very low ∆G values.
This especially applies to majorly hydrophobic residues like testosterone, which is listed as the
6th best binding compound in Table S1 and is thus referred to as compound 5 in the following.
Figure 3 shows that testosterone, as other ligands which do not bind to C145 and H41, associate
with Mpro at the entry to the active site. Comparison with the electrostatic potential (ESP) of Mpro
in Figure 1B reveals that this binding is driven by mainly hydrophobic interactions as at the entry
to the active site the ESP is close to zero, whereas it is partly negative in the active site. The nine
compounds that bind best to the catalytic dyad and also have overall very low ∆G values are shown
in their bound Mpro state in Figure 4. According to their position in Table S1, these compounds
are referred to as 1, 2, 4, 6, 14, 19, 23, 27, and 28 in the following. Comparison to the reference
structures [15] that we also docked to Mpro (Figure S3) shows that our CADD approach involving a
larger collection of compounds and included protteiptpros flexibility at the second docking stage
favors larger compounds with extended ring structures. This explains the smaller ∆G values for the
compounds identified in this work. Apart from this, the current best and the reference compounds
occupy a similar region in the active site.

8
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Figure 3: The Mpro –testosterone interactions and the pose of testerone in its binding site. (A)
The interactions were analyzed and plotted with LigPlot+ [36, 37]. Hydrogen bonds are indicated
by orange dashed lines between the atoms involved and the donor–acceptor distance is given in Å,
while hydrophobic contacts are represented by gray arcs with spokes radiating towards the ligand
atoms they contact. The contacted atoms are shown with spokes radiating back. (B) The binding
pose of testosterone is shown using the same protein and ligand representation as well as color
scheme as used in Figure 1.
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Figure 4: The poses of the nine compounds 1, 2, 4, 6, 14, 19, 23, 27, and 28. These compounds
bind well to the active site in terms of both ∆G and closeness to the catalytic dyad of Mpro as
indicated by these plots. The same protein and ligand representation as well as color scheme as in
Figure 1 is used.

2.3

Binding of the top nine predicted compounds

In this section the binding of the best predictions 1, 2, 4, 6, 14, 19, 23, 27, and 28 is discussed in
detail and further information for each of these compounds is provided. In order to understand the
Mpro — compound interactions we plotted the protein — ligand interactions using LigPlot+ [36, 37]
(Figure 5). While all front runner compounds exhibited strong binding interactions with the
substrate binding site of Mpro , we have decided to accord special attention to those compounds that
additionally interact with at least one of the two catalytic dyad residues. The binding site because of
its peculiar topology enables the binding of various chemical groups at different subsites within the
rather large accommodation substrate site. Compounds with the steroidal cyclopentanophenanthrene
skeleton such as testosterone bind strongly to a hydrophobic cavity at the entrance of the active
site, while the catalytic dyad is buried further within the interior. All the nine compounds that we
have selected for further discussion possess the chemical architecture which, though widely diverse,
allows for direct interaction with the dyad.
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Compound 1. The investigational drug MK-3207 (molecular weight (MW) 557.6 g/mol) is a
piperazinone derivative that has been used in trials studying the treatment of migraine and migraine
disorders [38]. MK-3207 represents the culmination of structural improvements on earlier candidate
compounds studied as inhibitors of calcitonin gene-related peptide receptor (CGRPR) antagonists
whose roles have been confirmed in migraine [39]. MK-3207 is employed for the inhibition of
the binding of CGRPR to its substrate, the calcitonin gene-related peptide, a thirty-seven amino
acid neuropeptide. Thus, MK-3207 represents a chemical framework that has been optimized for
interacting with a peptide-binding substrate site similar to the Mpro active site. In binding to Mpro ,
the piperazinone fragment of MK-3207 is buried within a portion of the binding site where it is able
to form hydrophobic contacts with L167, P168, Q189, T190 and Q192 while the amide linker allows
further contacts with active site residues like E166 and L141 (Figure 5A). The pyrrolopyridinone
fragment of MK-3207 forms hydrophobic contacts with the catalytic residue C145 as well as other
residues (N142 and M165) in the vicinity. At the same time, this fragment, through its lactam
oxygen and its pyridine nitrogen atoms, establishes two hydrogen bonding contacts with H163
sidechain and G143 backbone atoms, respectively. In general, MK-3207 possesses an interesting
combination of structural features that support its strong binding to Mpro , and in particular the
presence of three amide groups, two of which are cyclized.

Compound 2. This compound is an approved drug, PKC412 (midostaurin, MW 570.6 g/mol)
for the treatment of acute myeloid leukemia in adults with an FMS-like tyrosine kinase-3 (FLT3)
mutation, as well as for the treatment of advanced systemic mastocytosis [40]. The drug development journey of midostaurin was rather interesting, especially on account of its ability to interact
with multiple targets including protein kinase C implicated in different solid tumors and B-cell
malignancies, the angiogenic vascular endothelial growth factor involved in diabetic retinopathy,
and FLT3 and KIT representing drug targets in FLT+ acute myeloid leukaemia and systemic mastocytosis for which it was eventually approved by the US Food and Drug Administration (FDA)
and the European Medicines Agency [41]. Similar to MK-3207, midostaurin is able to establish
extensive contacts that are mostly hydrophobic in nature with the active site residues of Mpro . Some
of these contacts include S46, M49, H164, M165, E166, D187, R188, and Q189. Unlike MK 3207,
midostaurin possesses a significantly rigid core composed of an eight-fused ring system and a
relatively flexible acetamide-linked phenyl group. The linker amide is able to form a hydrogen bond
with N162, which complements the hydrophobic interactions in other parts of that group. The pose
of midostaurin in the active site allows for hydrophobic contacts with C145 and H41. It is also
important to point out that midostaurin also features two amide bonds, one of which is a lactam,
considering that proteins are the substrate of Mpro .
12
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Compound 3. This compound belongs to the steroid class. It is an approved drug called dutasteride (MW 528.5 g/mol) and is used because of its effectiveness as a 5α-reductase inhibitor, which
converts testosterone to dihydrotestosterone. It is therefore employed to treat the symptoms of an
enlarged prostate, for scalp hair loss in men and as a part of hormone therapy in transgender women.
It is on the market since 2001. A recent study indicated that this steroid-based drug may be of use
as a downregulator of transcriptional processes associated with proteins crucial to SARS-CoV-2
entry into host cells [42]. This study, however, did not examine the possible role of dutasteride as
an inhibitor of the viral main protease enzyme. The structural architecture of dutasteride, as that of
midostaurine, is characzerized by a rigid structural skeleton, which is composed of the steroidal
backbone, and by possessing an acetamide linker separating a strongly fluorinated phenyl ring from
the larger steroid structure. Moreover, also dutasteride possesses one proper amide group and a
lactam ring in its A ring. The smaller overall structure of dutasteride, however, permits a bound
conformational arrangement that places the fluorinated ring, rather than the larger core structure, in
a location where it forms hydrophobic contacts with H41. The hydrophobic steroidal ring makes
contact with Cys145 while a single hydrogen bond connects the lactam nitrogen atom of the drug
with T26.
Compound 6. This ZINC database compound (ZINC2815797) with IUPAC name (5R)-3(naphthalen-2-yl)-2,3-diazatetracyclo[7.6.1.05,16 .010,15 ]hexadeca-1,6,9(16),10(15),11,13-hexaen4-one (MW 348.4 g/mol) features an internal amide at the center of its structure and fits snugly
into the Mpro binding site with its hydrophobic naphthalene system oriented perpendicularly to
the plane of the four-fused rings. In this pose, the naphthalene makes hydrophobic contacts with
three threonine residues (T24, T25, and T26), while the bulkier fragment of the compound is
inserted into a hydrophobic core where it directly interacts with H41, M165 and other hydrophobic
residues. This candidate compound relies exclusively on non-polar contacts without any indication
of hydrogen bonds.
Compound 14.

Amentoflavone (MW 538.5 g/mol), a natural product and a biflavonoid present

in multiple plant sources such as Ginkgo biloba and St. John’s Wort, was one of the candidate
compounds identified in our systematic virtual screening approach. A strong binding ∆G value of
−9.28 kcal/mol was obtained for this polyphenolic compound, a value which is at least 2 kcal/mol
better than that obtained for the co-crystallized inhibitor N3. Amentoflavone represents one of the
top-ranking candidates without an amide functional within its structure; in its place, it employs
one of its phenolic groups in forming a hydrogen bond with S46. Multiple hydrophobic contacts
involving 11 residues, including both catalytic dyad residues, account for the strong binding to
the Mpro active site. Interestingly, amentoflavone amidst its myriad pharmacological effects was
reported already in 2010 to possess micromolar range inhibitory activity against the main protease
13
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enzyme of SARS-CoV [43]. In the study, FRET analysis was employed in a bioactivity-guided
isolation of four bioflavonoids and eight diterpenoids from the plant Torreya nucifera. Out of all
isolated natural products, amentoflavone was found to demonstrate the most potent inhibition of the
enzyme with an IC50 of 8.3 µM, while 280.8 µM inhibition was obtained for the monoflavonoids
apigenin. This correlation with existing data for the main protease target of a virus that bears
high similarity with SARS-CoV-2 provides important validation for the computational results
presented in this work. It is further important to note that amentoflavone has similarly been reported
with antiviral activities mediated by interaction with other viral targets in viral infections including
Dengue virus [44], Coxsackievirus B3 [45], the human immunodeficiency virus [46], and respiratory
syncytial virus [47].
Compound 19.

Glabrolide (MW 468.7 g/mol) is a natural product found in herbs and spices, such

as Glycyrrhiza glabra (licorice) and Glycyrrhiza uralensis (Chinese licorice). Glabrolide, while
possessing structural similarity to the steroid structure, differs from it by the replacement of the ring
D with a six-membered ring and the possession of an extra lactone ring. In interacting with Mpro
it establishes an hydrogen bond with T26 and several hydrophobic contacts, including a critical
contact with C145.
Compound 23.

This molecule is another compound from the ZINC library (ZINC45063, IUPAC

name 3-[5-(naphthalen-1-yl)-1,3,4-oxadiazol-2-yl]chromen-2-one, MW 340.3 g/mol) that is able to
form essential contacts with the active site of Mpro . While it lacks the amide function that appears
common to some of the top-ranking compounds, it is able to form hydrogen bond via its lactone
group with the backbone nitrogen atom of G143 while maintaining hydrophobic contacts with
both residues of the catalytic dyad as well as most other contacts identified for other candidate
compounds.
Compound 27. Zeylanone (MW 374.3 g/mol) is a quinone from plants like Plumbago zeylanica.
With its characteristic centrally bent five-ring system it was able to fit comfortably within the
hydrophobic cavity and is stabilized both by hydrogen bonding with E166 and extensive networks
of hydrophobic contacts that include both catalytic dyad amino acids. While zeylanone has not yet
been experimentally examined in SARS-CoV-2 Mpro enzyme-based replication assays, the extract
of the plant has been shown to possess inhibitory activities against Coxsackie virus B3, influenza
A virus and herpes simplex virus type 1 Kupka [48], while zeylanone epoxide inhibited influenza
virus replication in vitro [49].
Compound 28. MK-3577 (MW 521.0 g/mol) is an investigational drug owned by Merck that
is being examined for the treatment of type 2 diabetes mellitus. Out of all examined candidate
14
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compounds in this study, it is the only one that has been able to establish networks of hydrogen
bonding that involve S144 and C145, with the later contact similar to the pattern obtained in the
crystal structure of the Mpro -N3 complex [15] (Figure S5). It also makes contact with H41 and
several other binding site amino acid residues.

3

Conclusions

Using a computational drug design approach, we have identified a number of compounds whose
ability to establish contacts with critical active site residues of Mpro suggests them as good starting
point for the design of inhibitors of SARS-CoV-2 replication. While most of the top-performing
compounds were able to interact with impressive energetics, we have particularly focused on those
compounds that form direct contacts with residues C145 and H41 that make up the catalytic dyad.
Since most of these contacts involve hydrophobic attraction the likelihood of covalent interaction
with C145, and as a result the toxicity associated with such covalent Cys modifications, is remote.
The top-ranking compounds belong to diverse chemical classes and multiple structural features
appear to underlie their ability to establish energetically favorable binding with the Mpro active site.
This closely mimics the experience with the reference inhibitors which are found to belong to diverse
chemical subsets ranging from aliphatic systems to compounds with aromatic centers [15]. However,
as a result of the presence of multiple and multicyclic aromatic rings combined with linker groups
that allow the compounds to adapt flexibly to the SARS-CoV-2 Mpro active site, the compounds
identified from our investigation were able to outperform the reference inhibitors with respect to
Mpro interaction. This includes ivermectin, an FDA-approved antiparasitic with demonstrated broadspectrum antiviral activity in vitro, which was very recently shown to effect a 5000-fold reduction in
viral RNA at 48 h after infection of cells with SARS-CoV-2 [34]. Figure S7 shows that ivermectin
can bind to the active site of Mpro with similar binding free energies as the compounds identified
in ref. [15] and which were demonstrated in vitro to possess Mpro inhibition capabilities. Thus,
downregulation of SARS-CoV-2 by ivermectin may indeed result from Mpro inhibition; however,
in vitro and cell assays have yet to establish (or also disprove) this hypothesis. Apart from the top
nine compounds identified and presented in this work, we also identified testosterone as one of the
compounds able to interact strongly within an hydrophobic cleft adjacent to but not contacting the
catalytic dyad. Further study will be required to investigate the role of testosterone in COVID-19,
especially since there are reports linking vulnerability to the viral infection with gender and age, two
variables that bear significant consequence on testosterone titer. In addition, the unbiased virtual
screening protocol employed in this study was able to identify amentoflavone, a biflavonoid that was
reported a decade ago with micromolar range inhibitory effect on the closely related main protease
enzyme of SARS-CoV [43]. This rare finding provides a validation for the virtual screening method
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incorporating protein dynamics employed in this work. In the next state of our search for potent and
clinically useful inhibitors of SARS-CoV-2 infection, we plan to employ further docking analysis
involving other druggable COVID-19 targets, MD simulations to further assess the best docking
predictions, as well as in vitro and cell-based assays to validate the outcomes of our the CADD data
presented here.

Methods and Materials
Virtual screening protocol. We assembled a total of 1,082,653 ligand structural models from
different ligand libraries, including the ZINC databasei [28–30], the DrugBank library [31,32] (DB),
and an in-house generated library of natural products of Nigerian origin (NP). The DB compounds
included compounds described as of FDA-approved drugs (APPR.), experimental drugs (EXP.),
investigational drugs (INV.), illicit (ILL.) drugs, as well as withdrawn drugs. While we did not
deliberately characterize the screening virtual library based on chemical classes, we assumed that
inclusion of compounds from multiple sources would achieve a decent coverage of sufficiently
diverse chemical classes. For the same reason, we had not selected a screening protocol focused on
known protease inhibitors. While random visual inspection of the ligand models obtained from the
different sources indicated prima facie structural correctness, models from the DrugBank library
required a preparatory phase of steepest descent energy minimization employing the obminimize
functionality of the OpenBabel programme [50]. We retrieved the X-ray crystallographic structure
of the SARS-CoV-2 (Mpro ) enzyme (PDB code 6LU7) [15] from the RCSB website [51]. The
structure represents the functional form of Mpro in complex with a peptidomimetic inhibitor (called
N3) at a 2.16 Å resolution. In the structure, the peptidomimetic inhibitor could be seen making
contacts with critical substrate binding site residues including the C145-H41 catalytic dyad. A
docking grid allowing a 3.0 Å buffer region around the bound position of N3 in the Mpro active site
was generated with AutoDock Tool [52, 53] and centered at x, y, z position of −10.745, 12.328,
68.844 Å. After adding hydrogen atoms to Mpro , Gasteiger partial charges were computed and added
separately to Mpro and N3 using AutoDock Tool [52, 53], and the resulting models were saved in the
PDBQT format. PDBQT files were also generated for each of the ligands in the screening library,
following which the library together with the co-crystallized inhibitor compound was subjected to
a virtual screen against the Mpro molecule using AutoDock Vina [54], which treats the ligand as
fully flexible while keeping the receptor rigid. After the initial screening against the Mpro crystal
structure, 11,155 virtual hits were selected whose computed binding free energy ∆G values were
less than or equal to −8.0 kcal/mol. These were subsequently employed in the second round of
screening incorporating protein dynamics.
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Virtual rescreening protocol – Incorporating protein dynamics. To account for protein flexibility in the second docking round we performed ensemble docking [33]. To this end, we performed
a 100 ns molecular dynamics (MD) simulation of the Mpro -N3 complex in solution using the MD
software Gromacs [55]. As protein force field GROMOS54A7 [56] was used and combined with
the SPC water model [57, 58] to explicitly simulate water. As starting structure the Mpro -N3 crystal
structure was taken, which was centered in a dodecahedral box of size 117.5 × 117.6 × 83.1 Å3 ,
solvated, and NaCl added at a concentration of 150 mM while at the same time neutralizing the
system. The system was first energy-minimized, equilibrated in the N V T ensemble (i.e., with a
constant number of molecules, volume, and temperature) for 0.1 ns and then simulated for 100 ns in
the N pT ensemble at 300 K (Nosé-Hoover thermostat [59, 60]) and 1.0 bar (Parrinello-Rahman
barostat [61]). Electrostatic interactions were treated with the particle-mesh Ewald method [62, 63]
in conjunction with periodic boundary conditions and a real-space cutoff of 11 Å. The LennardJones interactions were also cut at 11 Å. A leapfrog stochastic dynamics integrator was used for
the integration of equations of motion using a time step of 2 fs. The LINCS algorithm [64] was
used to constrain all bond lengths during the MD simulation. The resulting trajectory was subjected
to geometric clustering [65] based on the conformations sampled by Mpro substrate binding site
residues (within 10 Å of N3). With a clustering cutoff of 3.5 Å, 15 clusters were identified, from
which the representative structures of the five most populated clusters (representing 88.1% of the
dynamics) were selected for virtual rescreening. As described above, a docking grid was generated
for each of the five MD-generated Mpro conformations with a 3.0 Åbuffer around the bound position
of N3. The 11,155 virtual hits from the screening against the Mpro crystal structure were then
subjected to another round of screening against the five MD-generated Mpro conformers using
AutoDock Vina.
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Supporting Information

Figure S1: Chemical fragments majorly featured in the top performing 11,155 compounds obtained
from high throughput virtual screening against the crystal structure of the SARS-CoV-2 main
protease Mpro . The numbers represent the occurrence in absolute numbers.

Figure S2: Chemical fragments majorly featured in the top performing 100 compounds obtained
from rescreening against different Mpro structures generated by MD simulation. The numbers
represent the occurrence in absolute numbers.
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Figure S3: The poses of the reference structures taken from ref. [15] binding to Mpro . The same
protein and ligand representation as well as color scheme as in Figure 1 is used.
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Figure S4: The Mpro –compound interactions for the reference compounds 1–4 taken from ref. [15].
The interactions were analyzed and plotted with LigPlot+ [36, 37]. See Figure 3 for an explanation
of the representation.
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Figure S5: The Mpro –compound interactions for the reference compound 5, which corresponds to
N3, taken from ref. [15]. The interactions were analyzed and plotted with LigPlot+ [36, 37]. See
Figure 3 for an explanation of the representation. In addition, the violet line between the S atom of
C145 and the ligand N3 indicates the protein–ligand bond via Micheal addition.
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Figure S6: The Mpro –compound interactions for the reference compounds 6–8 taken from ref. [15].
The interactions were analyzed and plotted with LigPlot+ [36, 37]. See Figure 3 for an explanation
of the representation.
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Figure S7: The Mpro –ivermectin interactions and binding pose of ivermectin in the active site
of Mpro . The interactions are analyzed and plotted with LigPlot+ [36, 37]. See Figure 3 for an
explanation of this representation. For the right panel, the same protein and ligand representation as
well as color scheme as in Figure 1 is used.
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Table S1: Names and properties of the top 100 compounds with lowest ∆G values and eight reference
compounds obtained from redocking considering protein flexibility of Mpro .
Library

Accession ID, Compound

∆G
(kcal/mol)

SMILES structure

1
2

DB
DB

DB12424, MK-3207
DB06595, Midostaurin

−10.10
−9.62

3
4

ZINC
DB

ZINC2258952
DB01126, Dutasteride

−9.52
−9.48

5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

DB
ZINC
ZINC
ZINC
ZINC
ZINC
DB
ZINC
ZINC
NP
ZINC
ZINC
NP
DB
NP

DB00624, Testosterone
ZINC2815797
ZINC71784951
ZINC1856250
ZINC2273497
ZINC68603990
DB15367, LY-2623091
ZINC101020226
ZINC2132060
Amentoflavone
ZINC107176
ZINC12378054
Epitaraxerol
DB02741, CD564
Glabrolide

−9.46
−9.42
−9.38
−9.34
−9.34
−9.34
−9.30
−9.28
−9.28
−9.28
−9.26
−9.24
−9.20
−9.18
−9.16

20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

DB
ZINC
ZINC
ZINC
ZINC
ZINC
NP
NP
DB
DB
ZINC
ZINC
NP
NP
ZINC
ZINC
ZINC
ZINC
DB
DB
ZINC
ZINC
DB
ZINC
ZINC
ZINC
NP

DB07189
ZINC2679623
ZINC1687008
ZINC45063
ZINC21982660
ZINC489027
Chamaecydin
Zeylanone
DB14957, MK-3577
DB11913, LY-2090314
ZINC485867
ZINC11157723
Friedelinol
Friedelin-2
ZINC55095248
ZINC488772
ZINC71782709
ZINC2084768
DB08683
DB01897
ZINC2258950
ZINC436932948
DB08058
ZINC3120897
ZINC184381406
ZINC1018028
Corilagin

−9.16
−9.16
−9.16
−9.16
−9.14
−9.14
−9.14
−9.12
−9.12
−9.12
−9.12
−9.12
−9.10
−9.10
−9.10
−9.08
−9.08
−9.06
−9.04
−9.04
−9.04
−9.04
−9.02
−9.02
−9.02
−9.02
−9.02

47

NP

Ajugalactone

−9.02

48

NP

Sarsasapogenin

−9.00

49
50
51
52

ZINC
ZINC
DB
DB

ZINC55095248
ZINC334157361
DB11769, Funapide
DB12457, Rimegepant

−9.00
−9.00
−8.98
−8.96

53
54
55
56
57
58
59
60

NP
ZINC
ZINC
ZINC
ZINC
ZINC
DB
NP

Friedelan-3-one
ZINC4557337
ZINC32105390
ZINC126553
ZINC436932948
ZINC685683035
DB09280, Lumacaftor
Friedelin

−8.96
−8.96
−8.96
−8.96
−8.96
−8.96
−8.96
−8.94

FC1=CC(=CC(F)=C1)[C@@H]1CNC2(CCCC2)C(=O)N1CC(=O)NC1=CC=C2C[C@]3(CC2=C1)C(=O)NC1=C3C=CC=N1
CO[C@@H]1[C@@H](C[C@H]2O[C@]1(C)N1C3=C(C=CC=C3)C3=C1C1=C(C4=C(C=CC=C4)N21)
C1=C3CNC1=O)N(C)C(=O)C1=CC=CC=C1
C1=C[C@H]2Cc3cc4nc(-c5ccc6ccccc6n5)ccc4cc3[C@H]2C=C1
[H][C@@]1(CC[C@@]2([H])[C@]3([H])CC[C@@]4([H])NC(=O)C=C[C@]4(C)[C@@]3([H])CC[C@]12C)
C(=O)NC1=CC(=CC=C1C(F)(F)F)C(F)(F)F
[C@]12([C@@H]([C@@]3([C@@H](CC2)C(C(=O)CC3)(C)C)C)CC[C@@]2(C1=CC[C@@]1([C@H]2CC(CC1)(C)C)C)C)C
O=C1[C@@H]2C=CCC3=C2C(=NN1c1ccc2ccccc2c1)c1c3cccc1
c1cc2c3c([C@@H]4C[C@@H]5c6c7c(cccc7ccc6)[C@@H]5C[C@@H]24)cccc3c1
c1cc2ccc3OC4(c5ccccc5Nc5ccccc45)C=Cc3c2cc1
c1cc2ccc3OC4(c5ccccc5Oc5ccccc45)C=Cc3c2cc1
O=C1c2ccccc2C(c2ccccc12)[C@H]1C=Cc2ccccc2C=C1
n1(C[C@H](CN1CCOCC1)N1C(NC(N)=O)=NC2=C1C=CC(\C=C1/C3=CC=CC=C3COC3=CC(F)=CC=C13)=C2
c1cc2c3c([C@@H]4C[C@@H]5c6c7c(cccc7ccc6)[C@H]5C[C@@H]24)cccc3c1
O=c1cc(c2cc3c(OC4(CC3)CCCCC4)cc2o1)c1ccccc1
c1(cc(c2c(c1)oc(cc2=O)c1cc(c(cc1)O)c1c(cc(c2c1oc(cc2=O)c1ccc(cc1)O)O)O)O)O
O=C1[C@H]2[C@H]([C@H]3c4ccccc4[C@@H]2c2c3cccc2)c2nc3ccccc3n12
O=C1[C@@H]2[C@H]([C@H]3c4ccccc4[C@@H]2c2c3cccc2)c2nc3ccccc3n12
[C@@H]12[C@@]([C@@H]3[C@](C4=CC[C@@]5([C@H]([C@@]4(CC3)C)CC(CC5)(C)C)C)(CC2)C)(CC[C@H](C1(C)C)O)C
C(=O)(c1ccc2C(C)(CCC(c2c1)(C)C)C)c1ccc2cc(ccc2c1)C(=O)O
[C@]12([C@@H]([C@@]3([C@@H](CC2)C(C)([C@H](CC3)O)C)C)C(=O)C=C2[C@]1
(CC[C@@]1([C@H]2C[C@@]23[C@H]1OC(=O)[C@]3(C2)C)C)C)C
[H][C@@]1(C[C@@]11C[C@]([H])(NC1=O)C1=CC=C(OCC2=CC(=NC3=C2C=CC=C3)C2=CC=CC=C2)C=C1)C(O)=O
O=C1OC(=N/C/1=C1̧c2ccccc2ccc1)c1c2ccccc2ccc1
C1C=C[C@H]2C(=C1)Cc1c3[C@H]4C=CCC=C4Cc3c3[C@@H]4C=CCC=C4Cc3c21
c1(nnc(o1)c1c2ccccc2ccc1)c1c(=O)oc2ccccc2c1
c1cc2c(c3c(ccc(c3)c3cc4c([nH]c5ccccc45)cc3)[nH]2)cc1
Cc1cc(=O)oc2c(C)c3occ(c3cc12)c1ccc2ccccc2c1
[C@H]12[C@@](C3=C(C(=O)C4=C5C3=C(C1)C(=O)[C@]15[C@@H]3[C@@](C3)(C[C@H]1C[C@H]4C)C(C)C)O)(CCCC2(C)C)C
c1(c2c(C(=O)C3=C(C2=O)[C@]2(C)C(=O)c4cccc(c4C(=O)[C@@H]2C3)O)ccc1)O
[C@@H](c1ccc(cc1)C(=O)NCCC(=O)O)(CCC)[C@@H](c1c2cc(cc(F)c2[nH]c1)C)c1ccc(C)cc1
c1(c2cc(F)cc3CN(C(=O)N4CCCCC4)CCn(c23)c1)C1=C(C(=O)NC1=O)c1cnc2ccccn12
Cc1cc(=O)oc2cc3occ(c3cc12)c1ccc2ccccc2c1
O=C(c1cc2c(ccc3ccccc23)o1)c1ccc2NC(=O)CCc2c1
[C@]12([C@]([C@H]3[C@](CC2)(CCC(C3)(C)C)C)(CC[C@@]2([C@H]1CC[C@]1([C@H]2CC[C@@H]([C@@H]1C)O)C)C)C)C
O=C1CC[C@@H]2[C@]([C@H]1C)(C)CC[C@H]1[C@@]2(C)CC[C@]2([C@@H]3CC(C)(C)CC[C@]3(C)CC[C@]12C)C
c1cn2c([C@@H](NCc3ccccc23)[C@H]2C=CC3=C4C(=CCC=C4)CC3=C2)c1
Cc1c(c2c(oc1=O)cc1occ(c1c2)c1ccc2ccccc2c1)C
c1(cc(ccc1)c1c2ccccc2ccc1)c1cccc2ccccc12
CC1(CC(=O)c2c(nc3ncnn3c2c2ccc3ccccc3c2)C1)C
[nH]1c(=O)c2c3c4ccccc4n4[C@H]5CC[C@@H](n6c(c(c7ccccc67)c2c1=O)c34)O5
n1(n(nc([nH]1)/C=C/c1ccccc1)c1sc2ccccc2n1)c1ccc2c(=O)[nH][nH]c(=O)c2c1
c1(nc2cc3c([C@H]4CCCC[C@@H]4C3)cc2cc1)c1ccc2ccccc2n1
c1(noc(n1)c1ccc2ccccc2c1O)c1cc2c(c(C)c1)nc[nH]2
c1(c(ccc(c1)Cc1n[nH]c(=O)c2ccccc12)F)C(=O)N1CCCNCC1
C(=C1c2ccccc2c2ccccc12)/C=c\1/n(C)c2ccccc2cc1
O=C(N1C[C@H]2CCC(=O)c3cccc1c23)c1c(cc2ccccc2c1)O
O=C1C[C@@H](c2ccc3ccccc3c2N1)c1c2ccccc2ccc1
c12c(/C/3=C(/C(=C(\C=C=C4O[C@@]1(O3)O[C@H]1[C@H]([C@H](CO4)O
[C@H]([C@@H]1O)OC(=O)c1cc(c(c(c1)O)O)O)O)/O)/O)\O)c(c(c(c2)O)O)O
[C@@H]1(CC[C@@]2([C@@]1(C(=O)C[C@H]1C2=CC(=O)[C@H]2[C@@]1(C[C@@H]
([C@@H](C2)O)O)C)C)O)[C@@](C)(O)[C@@H]1OC(=O)C(=C(C1)CC)C
[C@H]12[C@@]([C@H]3[C@H]([C@H]4[C@]([C@H]5[C@@H](C4)O[C@@]
4([C@H]5C)CC[C@H](C)CO4)(CC3)C)CC2)(CC[C@@H](C1)O)C
c1cn2c([C@@H]([NH2]Cc3ccccc23)[C@H]2C=CC3=C4C(=CCC=C4)CC3=C2)c1
ON1c2ccc3ccccc3c2CC=C1c1ccc2C=CCC=c2n1O
c1cc2[C@]3(C(=O)N(c2cc1)Cc1oc(cc1)C(F)(F)F)c1cc2OCOc2cc1OC3
[C@@H]1([C@H](N[C@H]1[C@@H](CC[C@@H](OC(=O)N2CCC(CC2)N2C(=O)NC3=NC=CC=C23)
C2=C1C=CC=N2)C1=C(F)C(F)=CC=C1
[C@]12([C@]([C@H]3[C@](CC2)(CCC(C3)(C)C)C)(CC[C@@]2([C@H]1CC[C@]1([C@H]2CCC(=O)[C@@H]1C)C)C)C)C
c1cc2c(c3c(c(ccc3)c3cccc4c5ccccc5oc34)o2)cc1
O=C1c2ccccc2c2ccccc2C21c1ccccc1c1ccccc21
c1(c2ccccc2c(nn1)Oc1ccc2ccccc2c1)c1ccccc1
c1(noc(n1)c1ccc2ccccc2c1O)c1cc2c(c(C)c1)[nH]cn2
c1(nc(no1)c1ccc2[nH]cnc2c1)c1cc2CCCCC(=O)c2cc1
N(C(=O)C1(CC1)c1cc2OC(F)(F)Oc2cc1)c1ccc(c(n1)c1cc(ccc1)C(=O)O)C
O=C1[C@@H]([C@@]2([C@H]([C@]3([C@@H]([C@@]4([C@]([C@H]5
[C@@](CC4)(CCC(C5)(C)C)C)(CC3)C)C)CC2)C)CC1)C)C

No.
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∆G
(kcal/mol

Nr.

Library

Accession ID, Compound

61

DB

DB04408, Ncs-Chromophore

−8.94

62
63
64
65
66
67
68

ZINC
ZINC
ZINC
ZINC
ZINC
ZINC
NP

ZINC55095247
ZINC137526589
ZINC436932667
ZINC436931125
ZINC4540403
ZINC13637421
Daturalactone

−8.94
−8.94
−8.94
−8.94
−8.94
−8.94
−8.94

69
70

DB
NP

DB00872, Conivaptan
Friedelane-3-one-28-al

−8.94
−8.92

71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98

DB
DB
ZINC
ZINC
ZINC
ZINC
ZINC
DB
DB
ZINC
ZINC
ZINC
ZINC
ZINC
ZINC
ZINC
ZINC
ZINC
ZINC
ZINC
ZINC
NP
ZINC
ZINC
ZINC
ZINC
ZINC
NP

−8.92
−8.92
−8.92
−8.92
−8.92
−8.92
−8.92
−8.90
−8.90
−8.90
−8.90
−8.90
−8.90
−8.90
−8.90
−8.90
−8.90
−8.90
−8.90
−8.90
−8.90
−8.90
−8.88
−8.88
−8.88
−8.88
−8.88
−8.88

99

NP

DB08237
DB06896
ZINC55095247
ZINC305332
ZINC2258952
ZINC436932078
ZINC436932078
DB15291, BMS-986142
DB12411, R-428
ZINC488832
ZINC2258953
ZINC71784949
ZINC489321
ZINC137526643
ZINC436930815
ZINC439992388
EIADMN84449
ZINC1169311334
ZINC436888106
ZINC1188912248
ZINC564612208
Catechin-3-5-O-digallatE
ZINC253590138
ZINC970584
ZINC436933875
ZINC771478839
ZINC184381390
Apigenin-4-Oα-L-rhamnopyranoside
Amataine

100

NP/ZINC

ZINC3979028, Bilobetin

−8.86

101
102
103
104
105

REF.
REF.
REF.
REF.
REF.

Tideglusib
Shikonin
Cinanserin
Ebselen
N3

−7.94
−7.20
−6.56
−6.48
−6.38

106
107
108

REF.
REF.
REF.

Carmofur
Disulfiram
PX-12

−6.24
−4.22
−4.16

−8.88
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SMILES structure
[C@H]1([C@H](/C/2=C/C#C[C@@H]3[C@](C#CC2=C1)(O3)[C@H]1OC(=O)OC1)O[C@@H]1O
[C@@H]([C@H]([C@@H]([C@H]1NC)O)O)C)OC(=O)c1c2c(c(C)cc(c2)OC)ccc1O
c1cn2c([C@H](NCc3ccccc23)[C@H]2C=CC3=C4C(=CCC=C4)CC3=C2)c1
O=C1[C@H]2[C@@H]([C@H]3c4ccccc4[C@@H]2c2c3cccc2)c2nc3ccccc3n12
c1(noc(n1)c1c(cc2ccccc2c1)O)c1cc2c(c(C)c1)[nH]cn2
c1(nc(no1)c1n[nH]c2ccccc12)c1c(O)c2ccccc2cc1
O=c1ccc2c(cc3occ(c3c2)c2ccc3ccccc3c2)o1
c1nn2c(nc(cc2c2ccccc2)c2ccc3ccccc3c2)n1
C[C@@]12[C@@H]3[C@H]([C@H]4[C@]([C@H](CC4)[C@H](C)[C@H]4C[C@]5(C)
O[C@@]5(C(=O)O4)C)(C)CC3)[C@H]3[C@@H]([C@@H]1OC=CC2=O)O3.C
c1(ccc(cc1)NC(=O)c1ccccc1c1ccccc1)C(=O)N1c2ccccc2c2c(CC1)[nH]c(C)n2
C1C(=O)[C@@H]([C@@]2([C@@H](C1)[C@]1([C@H](CC2)[C@@]2
([C@@](CC1)([C@]1([C@@](CC2)(CCC(C1)(C)C)C=O)C)C)C)C)C)C
[H][C@]1(O)C[C@@]([H])(O[C@]1([H])COP(O)(O)=O)N1C=NC2=C1N=C(NCC1=CC=CC3=C1C=CC=C3)NC2=O
c1(F)c(ccc(c1)NC(=O)c1cccn(c1=O)c1ccc(F)cc1)Oc1ccnc2[nH]ccc12
c1cn2c([C@H]([NH2]Cc3ccccc23)[C@H]2C=CC3=C4C(=CCC=C4)CC3=C2)c1
O=c1oc2cc(ccc2c2CCCc12)OCc1ccc2ccccc2c1
c1(nc2cc3c([C@@H]4C=CC=C[C@@H]4C3)cc2cc1)c1ccc2ccccc2n1
c1(noc(n1)c1cc2c(CCCC2)cc1O)c1cc2c(c(C)c1)[nH]cn2
O=C(N1C[C@@H]2CCC(=O)c3cccc1c23)c1cc(c2ccccc2c1)O
c1(c(F)cc(c2[nH]c3C[C@H](CCc3c12)C(C)(C)O)C(=O)N)c1cccc(c1C)n1c(=O)c2c(n(C)c1=O)c(ccc2)F
NC1=NC(NC2=CC=C3CC[C@@H](CCC3=C2)N2CCCC2)=NN1C1=CC2=C(N=N1)C1=CC=CC=C1CCC2
c1(cc(=O)oc2cc3occ(c3cc12)c1ccc2ccccc2c1)CC
c1(nc2cc3c([C@@H]4CCCC[C@H]4C3)cc2cc1)c1ccc2ccccc2n1
c1cc2c3c([C@H]4C[C@@H]5c6c7c(cccc7ccc6)[C@H]5C[C@@H]24)cccc3c1
Cc1cc(=O)oc2cc(c3c(coc3c12)c1ccc2ccccc2c1)C
O=C1[C@@H]2[C@@H]([C@H]3c4ccccc4[C@@H]2c2c3cccc2)c2nc3ccccc3n12
c1(noc(n1)c1ccc2CCCCc2c1O)c1cc2c(c(C)c1)[nH]cn2
O=C(N1CCC[C@@]2(CCCc3ccccc23)C1)c1c2ccccc2n[nH]1
O=C(n1ccc2cc(ccc12)c1ccccc1)c1c2cn[nH]c2ccc1
N(C(=O)c1c2CCCCCc2n[nH]1)C(C)(C)c1ccc2ccccc2c1
c1(nc(no1)c1ccc2OCCc2c1)c1c(O)c2ccccc2cc1
O=C(Nc1c2ccccc2ccc1)Nc1cc2ccc(cc2oc1=O)O
c1(noc(n1)c1c2nccnc2ccc1)c1cc2ccccc2cc1
c1c(cc2c(c1OC(=O)c1cc(c(c(c1)O)O)O)C[C@@H]([C@H](O2)c1cc(c(cc1)O)OC(=O)c1cc(c(c(c1)O)O)O)O)O
C[C@@H]1C[C@@H]2CCc3ccc4ccccc4c3[C@H]2c2c3ccccc3ccc12
O=C(N[C@H]1C=CC2=C3C(=CCC=C3)CC2=C1)c1c2ccccc2ccc1
c1(nc(no1)c1ccc2nccnc2c1)c1c(O)c2ccccc2cc1
c1(nc(no1)Cc1cc2n[nH]cc2cc1)c1c(O)c2ccccc2cc1
O=C(N1C[C@@H]2CCC(=O)c3cccc1c23)c1c(cc2ccccc2c1)O
c1cc(ccc1c1oc2cc(cc(c2c(=O)c1)O)O)O[C@@H]1O[C@@H](C)[C@@H]([C@H]([C@H]1O)O)O
O1[C@@]23N4C[C@]5([C@@H]1N1[C@H]6[C@@]7([C@H]5OCC7)CC(=C5Nc7c([C@]65CC1)cccc7)
C(=O)OC)C[C@@H]3C[C@@]13[C@@H]5N(CC[C@]25c2c4c(ccc2)OC)CC[C@@H]1OCC3
c1(c2c(c(cc1O)O)c(=O)cc(o2)c1ccc(cc1)O)c1c(ccc(c1)c1oc2cc(cc(c2c(=O)c1)O)O)OC
n1(c(=O)n(c(=O)s1)Cc1ccccc1)c1c2c(CC=CC2)ccc1
c12c(ccc(c1C(=O)C=C(C2=O)[C@H](O)CC=C(C)C)O)O
c1(c(cccc1)SCCCN(C)C)NC(=O)/C=C/c1ccccc1
O=C1N([Se]C2=CC=CC=C12)C1=CC=CC=C1
[C@H](CC(C)C)(C(=O)N[C@@H](C[C@@H](CO)CCN)CCC(=O)OCc1ccccc1)
NC(=O)[C@H](C(C)C)NC(=O)[C@H](C)NC(=O)c1noc(C)c1
n1(C(=O)NCCCCCC)cc(F)c(=O)[nH]c1=O
S(C(=S)N(CC)CC)SC(=S)N(CC)CC
c1nc([nH]c1)SS[C@H](C)CC

31

