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ABSTRACT

Facilitating SARS-CoV-2 RNA-Dependent
RNA Polymerase (RdRp) Drug Discovery by
the Aid of HCV NS5B Palm Domain Binders:
In Silico Approaches and Benchmarking

CoronaVirus 2019 Disease (COVID-19)isarapidly emerging pandemic caused by a newly
discovered beta coronavirus, called Sever Acute Respiratory Syndrome Coronavirus 2 (SARS
COV-2). SARS COV-2 is an enveloped, single stranded RNA virus that depends on RNA
dependent RNA polymerase (RdRp) to replicate. Therefore, SARS COV-2 RdRp is considered as
a promising target to cease virus replication. SARS COV-2 polymerase shows high structural

similarity to Hepatitis C Virus-1b genotype (HCV-1b) polymerase.

In our present study, we are relying on in-silico analysis to propose possible SARS COV-2
RdRp palm subdomain inhibitors to be used as a remedy for COVID-19. Additionally, providing
an example of how to make use of a high quality custom-made DEKOIS 2.0 benchmark setas a
procedure to elevate the virtual screeningsuccess rate againsta vital target of the rapidly emerging

pandemic.

Arising from the high similarity between SARS COV-2 RdRp and HCV-1b polymerase, we
used the reported small-molecule palm binders to HCV-1b polymerase to generate a high-quality
DEKOIS 2.0 benchmark set and conducted a benchmarking against HCV-1b polymerase. The
three highly cited and publicly available docking tools AutoDock Vina, FRED and PLANTS were
benchmarked. Based on the benchmarking analysis, we used the highest performing docking tool
to virtually screen FDA-approved drugs (from the DrugBank database) and the BindingDB
database against the palm site of SARS COV-2 polymerase.

From the benchmarking results, PLANTS showed the best performance with pROC-AUC
value equals 0.97. Moreover, AutoDock Vina exhibited better-than-random performance with
pROC-AUC value of 0.66 (above 0.43). Based on the virtual screening outcome, Quinupristin,
which is an anti-biotic used in several bacterial infections, showed the best docking score among
the screened compounds.



In conclusion, Quinupristin as well as the top docking scored compounds are recommended

to be biologically investigated as COVID-19 medications.
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1. INTRODUCTION AND LITERATURE REVIEW

A pandemic coronavirus had arisen at the end of 2019 resulting in a worldwide crisis. This
novel coronavirus is known as Sever Acute Respiratory Syndrome Coronavirus 2 (SARS COV -2)
that causes a pulmonary disease with pneumonia like symptoms called Corona Virus 2019 Disease
(COVID-19). In the 14t of November, 2020, the World Health Organization (WHO) Coronavirus
Disease (COVID-19) Dashboard reported that there have been 53,164,803 confirmed cases of
COVID-19,including 1,300,576 deaths,worldwide. This raises the attention to essentially develop
avalid cure for this global pandemic.

1.1 Coronaviruses

Coronaviruses (COVs) are single stranded, positive sense RNA viruses that belong to
Coronaviridae family (Figure 1) (Malik, 2020; D. Yang & Leibowitz, 2015). In terms of
morphology, they are spherical, and enveloped with surface spikes that give the appearance of a
solar corona (Malik, 2020). The Coronaviridae family is further classified to alpha, beta, gamma
and delta genera (Malik, 2020; D. Yang & Leibowitz, 2015). Human coronaviruses are either
alpha-coronaviruses or beta-coronaviruses (Figure 1) (Malik, 2020). SARS COV-2 is the new beta
human coronavirus (Buonaguro, Tagliamonte, Tornesello, & Buonaguro, 2020; Q. Wang et al.,
2020; Z. Zhao & Bourne, 2020). Previously, humans were subjected to several infections by a
wide variety of COVs ranging from mild to severe infections. hCoV-0OC43, HKU1, and 229E are
examples of COVs that cause mild to moderate upper respiratory tract sickness (Malik, 2020).
However, highly pathogenic human coronaviruses had appeared over the past two decades that
were able to lead to acute respiratory distress syndrome (ARDS), which may lead to lung failure,
arrhythmia, and death (Malik, 2020). These highly pathogenic COVsare; Sever Acute Respiratory
Syndrome Coronavirus 1 (SARS COV-1) (Drosten et al., 2003), Middle East Respiratory
Syndrome Coronavirus (MERS COV) (Zaki, Van Boheemen, Bestebroer, Osterhaus, & Fouchier,
2012) and the current Sever Acute Respiratory Syndrome Coronavirus 2 (SARS COV-2) (Malik,
2020; Rabi, Al Zoubi, Kasasbeh, Salameh, & Al-Nasser, 2020). Unlike MERS and COV-1, SARS
COV-2 is known to be a fast-spreading illness that can infect many people in a community at the
same time (Malik, 2020; Z. Zhao & Bourne, 2020).
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Figure 1: Classification of human coronaviruses.(Malik, 2020)

1.2 SARS COV-2 viral genome

The SARS COV-2viral genomeisaround 30 kb in length encodingto 14 open reading frames
(ORFs) at the N-terminal and 4 structural proteins at the C-terminal (Figure 2) (Gao et al., 2020;
Jiang, Yin, & Xu, 2020; Wu etal., 2020; Yin etal., 2020). The open reading frames, ORF 1a and
ORF 1b, which occupy 67% of the genome, encode two polyproteins (pp. 1a and pp. 1ab) (Jiang
etal., 2020; Wu etal., 2020).

These precursor polyproteins will be cleaved into 16 non-structural proteins (nsp) (Table 1),
which are necessary for viral replication as well as the host immunity replication (Gao etal., 2020;
Jiang et al., 2020; Wu et al., 2020; Yin et al., 2020). Regarding the four structural proteins, spike
(S), membrane (M), envelope (E) and nucleocapsid (N), Table 2 shows how crucial are they in
maintaining virus integrity as well as its access into the host cell (Gordon etal., 2020; Jiang et al.,
2020). Either structural or non-structural proteins, all are working in harmony to ease the viral

invasion and replication inside the host cells (Gordon et al., 2020; Jiang et al., 2020; Littler, Gully,



Colson, & Rossjohn, 2020; Pillon et al., 2020). Therefore, all are considered as targets for

designing new candidates aiming for the treatment of COVID-19.
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Figure 2: SARS COV-2 genome orientation.

COV-2 viral RNA is 30kb in size. The two poly proteins (1a and 1ab), at the 5’end, are precursors
to 16 non-structural proteins that are vital for the virus life cycle. Besides, there are four structural

proteins at the 3’end. Accessory factors are also found at the 3’end and are considered as ORFs

(Jiangetal., 2020).



Table 1: Non-structural COV-2 proteins and their functions (Malik, 2020).

Protein | Functions

Nspl Stimulates cellular mRNA degradation leading to the blockage

of host innate immune response

Nsp2 Unknown function

Nsp3 Stimulates the expression of cytokines, viral polyprotein
cleavage and host innate immune response blockage

Nsp4 Potential transmembrane scaffold protein

Nsp5 Viral polyprotein cleavage

Nsp6 Potential transmembrane scaffold protein

Nsp7 Forms complex with nsp8 and cofactor for nsp12

Nsp8 Forms complex with nsp7 and cofactor for nsp12
Nsp9 RNA binder

Nspl0 | Cofactor for nspl6and nspl4

Nspl2 | RNA dependent RNA polymerase

Nspl3 | RNA helicase

Nspl4 | 3’-5’Exoribonuclease

Nspl5 | Viral endoribonuclease
Nspl6 | 2’-O-Methyltransferase

Table 2: Structural COV-2 proteins and their functions.

Protein Functions

Spike (S) Mediates viral entry and fusion with the host cell via
the interaction with the host cell surface receptors
Membrane (M) Maintains the envelope shape of the virus

Envelope (E) Aids the budding and the assembly of the virus
Nucleocapsid (N) | It is attached to the RNA and aids the viral assembly
and budding




1.3 SARS COV-2 RdRp (nsp12)

SARS COV-2 RdRp, or nspl2, is the enzyme responsible for COV-2 replication by
catalyzing the synthesis of RNA from RNA template (Gao et al., 2020; Subissi et al., 2014).
Generally, RNA dependent RNA polymerase (RdRp) is a key enzyme in the viral biological cycle
of all RNA viruses. Therefore, RdRp has a highly conserved architecture among RNA viruses
especially when it comes to the catalytic residues at the active site (Gao etal., 2020; Subissi et al.,
2014; Yinet al., 2020; Ziebuhr, 2005). Nsp12 is not active on its own, it needs the assistance of
two accessory units nsp7 and nsp8 (Gao etal., 2020; Kirchdoerfer & Ward, 2019; Subissi et al.,
2014; Yin et al., 2020). As a consequence, the structure of SARS COV-2 RdRp is composed of
one nspl2 unit, one nsp7 unit and two nsp8 units (Figure 3) (Gao et al., 2020; Kirchdoerfer &
Ward, 2019; Subissi etal., 2014; Yin et al., 2020). The nsp12 is composed of a canonical cupped
right-handed RdRp domain (S367-F920) at the C-terminal, a nidovirus specific domain (D60-
R249) at the N-terminal, which adopts a nidovirus RdRp-associated nucleotidyltransferase
(NIRAN) and an interface (A250-R365) linking the previous two domains together (Figure 3)
(Gao etal., 2020). Additionally, COV-2 RdRp is uniquely characterized by a 3-hairpin (D29-K50)
at the N-terminus (Gao et al., 2020). The RdRp domain is consisted of three conserved
subdomains; finger (L366 to A581 and K621 to G679), palm (T582 to P620 and T680 to Q815)
and thumb (H816 to E920), which are further contains seven invariant motifs (A to G) (Figure 3)
(Gao etal., 2020). Motifs A to E are located in the palm, while F (L544 to VV557) and G (D499 to
L514) motifs are in the finger subdomain (Gao et al., 2020). Motif A (611-
TPHLMGWDYPKCDRAM-626) and Motif C (753-FSMMILSDDAVVCFN-767) form the
active site of the nsp12 by containing the classical catalytic residues that are essential for the
divalent cation binding. These residues are D618 in A motif and (759-SDD-761) in C motif (Gao
et al., 2020). Interestingly, based on a structural comparison study (Figure 4), these catalytic
residues are invariant among most viral polymerases, such as (D220) and (317-GDD-319) in
hepatitis C virus (HCV) ns5b (Gao etal., 2020).
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Figure 3: SARS COV-2 RdRp Apo structure complex.

(A) Schematic diagram of nsp12 domain organization. Motifs A to G, which are forming the
catalytic core, are colored in yellow, red, green, violet, cyan, blue and light brown, respectively.
(B) Ribbon diagram of the polypeptide chainsof COVID-19RdRp. Domainsare colored similarly
to (A). Nsp7 and nsp8-1 heterodimer binds to the thumb subdomain and the other nsp8-2 subunit
attached to the finger subdomain (Gaoetal., 2020).
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Figure 4: Structural comparison and superposition between COV-2 nsp12 and HCV
polymerase (ns5b).

(A) Superposition of HCV ns5b co-crystallized with pp-sofosbuvir (PDB ID: 4WTG) with
COVID-19virusnsp12 showsthe correspondingamino acid residues in each. (B to E) Comparison
between HCV ns5b structures, either in the apo form or co-crystallized with UDP and pp-
sofosbuvir, and COV-2 nsp12 (Gao etal., 2020).

The nspl12 has three positively charged paths; a template-primer entry, a nucleotide entry,
and an exit shaft at the front face of the polymerase (Figure 5). The NTP entry is generated by
hydrophabic residues (K545, R553 and R555) in motif F (Gao et al., 2020; Hillen et al., 2020; Yin
etal., 2020). The active site groove in motifs A and C is made up by motifs F and G, while the
primer entry is supported by E motif and the thumb subdomain (Gao et al., 2020; Hillen et al.,
2020; Yin etal., 2020). In the presence of the RNA or a nucleotide inhibitor the catalytic residues
D618 (A motif), D760 and D671 (C motif) of the active site will go through conformational
changes to coordinate the divalent cations present in the catalytic region (Gao etal., 2020; Hillen
etal., 2020; Yin etal., 2020). The divalent cations are responsible for linking the phosphate group

of the incoming nucleotide or an inhibitor with the R555 residue (Gao et al., 2020; Yin et al.,



2020). The incoming nucleotide is stabilized by hydrogen bond network of N691, S682 and D623
residues (Yin et al., 2020). Their correspondents in nsbb are N291, S282 and D225 (Figure 4D)
(Applebyetal., 2015; Gaoetal.,2020). In addition to an interaction between +1 base of the primer
and K545 and R555 of the F motif (Gao etal., 2020; Yin etal., 2020). In COV-2, additional Hb is
formed with 2’OH by T680 residue (Gao et al., 2020). The residues that bind to the RNA template
and those that constitute the active site are invariant among polymerases (Gao etal., 2020; Hillen
etal., 2020; Jiangetal., 2020; Yin etal., 2020). Nsp7 and nsp8 are not involved in the interactions
between the polymerase protein and the template-primer RNA (Yinetal., 2020). Hence, they only

aid and catalyze nsp12 polymerization role.

Primer-template Entry

Figure 5: Two views of the nspl2 surface.

Two entry paths for the primer-template and the NTP. In addition to the exit tunnel, a path for
the end product (Jiang et al., 2020).

1.4 Hepatitis C virus (HCV)

Hepatitis C virus is a single-stranded positive-sense RNA virus, which belongs to
Flaviviridae family (Furman, Lam, & Murakami, 2009). HCV is a highly replicating virus with
no proof-reading ability; therefore, its viral genome is characterized by high genetic variability
that gives a rise to seven genotypes and more than 100 subtypes (Di Maio etal., 2014). Based on
several sequence alignment studies (Figure 6); 31% to 33% nucleotide difference is found among

the seven genotypes and 20% to 25% nucleotide difference is found among the subtypes (Di Maio



etal., 2014; Kuiken & Simmonds, 2009; Nakano, Lau, Lau, Sugiyama, & Mizokami, 2012). The
difference between the genotypes is mainly on the surface of the polymerase where the amino acid
mutation will not affect the functionality of the polymerase (Di Maio et al., 2014). The HCV RNA
genome contains open reading frame (ORF) region that is upon translation results in a precursor
polyprotein. This polyprotein is further processed to structural and non-structural proteins. Non-
structural protein 5b (Ns5b) is one of the non- structural proteins that have a vital role in the
replication process of the virus (Das et al., 2011; Di Maio et al., 2014; Furman et al., 2009;
Sofia, Chang, Furman, Mosley, & Ross, 2012).
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Figure 6: Sequence alignment of HCV RdRp amino acid sequence of the seven genotypes.

Genotype 1b is considered as a reference and colored in accordance with the frequency of
substitution among 1,145 HCV sequences. Dots refer to identical amino acids among all the
genotypes (Di Maio etal., 2014).

1.5 HCV RdRp (ns5b)

The three-dimensional structure of ns5b (Figure 7) has a right-hand architecture with finger
(1to 187 and 228 to 286), thumb (371 to 563) and palm (188 to 227 and 287 to 370) subdomains
(Dasetal., 2011). Regarding the variability of the polymerase subdomains, the thumb is found
to be the most variable subdomain. However, the palm, that encompasses the active site, is the
most well conserved subdomain. For the finger part, it contains the highly conserved F motif
which plays a vital role in directing the incoming NTPs towards the active site (Das etal., 2011;
Di Maio et al., 2014; Sofia et al., 2012). Similar to SARS COV-2, the palm site is made up of
well conserved motifs A to E. Motif A (212-234), contains the catalytic aspartic acid D220, and
motif C contains the catalytic triad 317-GDD-319 (Di Maio et al., 2014). Residues D220, D318
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and D319 that are responsible for divalent cations binding, are invariant between the different
HCV genotypes (Dasetal., 2011; Di Maio etal., 2014; Furman etal., 2009). Besides the catalytic
site, four allosteric pockets were recognized; palm I, close to the catalytic site, palm Il, towards
the catalytic site, thumb I and thumb 11 (Das etal., 2011). Palm | and palm Il are known as palm
pocket, as they are overlapping making the palm allosteric pocket large enough for a wide
variety of inhibitors. However, the two thumb sites are distinct and separate from each other
(Sofiaetal., 2012). To date, no characterized binding site for inhibitors at the finger subdomain

(Sofia etal., 2012).

Figure 7: A ribbon diagram of the X-ray structure of the HCV ns5b with an inhibitor (PDB
ID: 3H98).

The structure reveals the palm subdomain in red, the finger subdomain in blue and the thumb in

green (Daset al., 2011).
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1.6 Alignment study

An alignment study of a huge data set of RdRps, including nspl12, shows the extreme
similarity between the secondary structure of the polymerases, from different RNA viruses,
especially at the catalytic binding domains (Figure 8) (Z. Zhao & Bourne, 2020). According to
the previous study, the top three similar viruses to SARS COV-2 are poliovirus type 1, HCV
genotype 2a, and HCV genotype 1b (Figure 9) (Z. Zhao & Bourne, 2020). On this basis of
similarity and due to the lack in poliovirus inhibitors as well as the limited availability of ns5b-
2a non-nucleotide inhibitors, HCV ns5b-1b is the protein chosen to conduct the benchmarking

study.

Motif C

Figure 8: Alignment of a huge data set of RdRps, including nspl2, secondary structures.

A high degree of similarity is shown among polymerase catalytic sites of different RNA viruses
(Z. Zhao & Bourne, 2020).
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Figure 9: Similarity between COV-2 polymerase and RNA polymerases.

Hepatitis C virus genotypes 1b and 2a and poliovirus type 1 show high similarity percentage, above
0.65%. P03300 is for poliovirus typel. Q991B8 and P26663 refer to HCV ns5b-2a and 1b,
respectively (Z. Zhao & Bourne, 2020).

1.7 Structure based virtual screening (SBVS)

Structure based virtual screening (SBVS) is a computational technique that is widely used
during the early stages of drug discovery. It is based on the molecular docking of a novel group of
bioactive compounds against the binding site of the 3D structure of the target protein. It aims at
predicting the binding poses of the new candidates and understanding the structural aspects of the
targets binding sites. Compounds that show high predicted binding scores will be selected for
further biological investigations (Santiago et al., 2012; Schapira, Abagyan, & Totrov, 2003;
Schneider, 2010; Scior et al., 2012). To guarantee more successful VS efforts, the docking tool
needs to be assessed by the aid of benchmarking molecular sets (Matthias R Bauer, Tamer M
Ibrahim, Simon M Vogel, & Frank M Boeckler, 2013; Tamer M Ibrahim, Bauer, & Boeckler,
2015).
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1.8 Rational

In this study, we are proposing possible candidates to be used in COVID-19 treatment, based
on in-silico testing. We have created a benchmark set using ns5b palm site inhibitors to be used in
benchmarking study against palm unit of ns5b (PDB ID: 3HHK). Guided by the benchmarking
outcome, we used PLANTS, the best performing docking tool, in the virtual screening of
compounds fromDrugBank database and BindingDB database (Liu, Lin, Wen, Jorissen, & Gilson,
2007) against palm subdomain of nsp12 (PDB ID: 7BV1).

This study aims at repurposing drugs that may show effective inhibition towards SARS COV-
2 RdRp palm unit. This is justified as follows; First, SARS COV-2 is a global rapidly growing
pandemic with no specific cure. Secondly, the literature has provided a very limited number of
potential pro-drugs thatact against SARS COV-2 RdRp asnucleotide analogues. Moreover, RdRp
is a vital enzyme during viral replication with a highly similar structure among RNA viruses.
Therefore, it can be used to conduct a drug repurposing by homology. Thirdly, there are no actives
reported to target the nspl2 palm subdomain and it is an allosteric pocket that can be directly
targeted by small molecule binders. Furthermore, it contains the active site so that its localization
will block the entry of the nucleotides (NTP) into the catalytic site leading to the inhibition of the

initiation and the elongation steps during RNA synthesis.

1.9 Hypothesis

Based on the high similarity between the RdRp of HCV-1b and SARS COV-2, we hypothesized
that ns5b-1b palm inhibitors will be effective in generating high-quality decoy set (using DEKOIS
2.0 protocol) to be used in benchmarkingagainstns5b to gain insight into the dockingtoolto be used
for VS campaigns against SARS COV-2 RdRp (palm subdomain).

1.10. Objectives and Aims

The objective of the present study is to provide basis on how to repurpose FDA-approved drugs
(from DrugBank database) and HCV-1b ns5b palm inhibitors against the palm pocket of SARS
COV-2 RdRp by homology.
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In addition, the specific aims of the current study are to:

1. Provide in-depth insights on how to choose a docking approach by utilizing the high quality
DEKOIS 2.0 benchmarking.

2. Recognize the best performing docking tool among AutoDock Vina, FRED and PLANTS, to
be applied in a prospective virtual screening against the palm subdomain of HCV-nsbb and
SARS-CoV2 RdRp by homology.

3. Computationally recommend compounds from both databases, DrugBank and BindingDB,
that are able to bind at the SARS COV-2 RdRp.

e Novelty of this research

In this project we provide an in-depth benchmarking study that reveals the effectiveness of
PLANTS as a dockingtool in the screening against the nsp12 palm site. Additionally, this study
is proposing compounds that target a novel binding site on nsp12, which will potentiate other
combination of drugs that are believed to provide synergistic effects. Furthermore, the results of

this thesis showed promising candidates for treating COVID-19 via in silico methods.

2. MATERIALS AND METHODS

2.1 Preparation of protein macromolecules

Molecular Operating Environment (MOE), Molecualr Operating Environment (MOE 2018
and 2015), Chemical Computing Group Inc.: Montreal, http://www.chemcomp/com, was

employed prior to the docking experiments to prepare the protein structures, including: (i) HCV-
ns5b structures (PDB ID: 3TYQ and 3HHK), (ii) the SARS-CoV-2 RdRp (PDB ID: 7BV1). After
eliminating the unessential ions, redundant chains, molecules of crystallization and unessential
solvent molecules (if any), “Quickprep” Function of MOE was applied at default settings. Such
parameters incorporate using “Protonate 3D” function to enhance H-bonding network and permit
ASN/GLN/HIS to flip for optimum protonation and H-bonding networking. Additionally, the
ligand and binding site atoms were refined through minimizing the energy to an RMS gradient of
0.1 kcal/mol/A, while a force constant (strength = 10) was applied for the restraints of the binding
site atoms. The remainingreceptoratoms, which lie outside the binding pocket were kept the same.

The outcome of these parameters showed no significant difference concerning the binding site /

16


http://www.chemcomp/com

ligand coordinates (T. M. Ibrahim, M. I. Ismail, M. R. Bauer, A. A. Bekhit, & F. M. BoecKiler,
2020). We conducted the benchmarking experiment on HCV-ns5b twice, including and excluding

key water molecules in the palm subdomain.

The prepared structures were saved as mol2 for both FRED and PLANTS docking
programs, and as PDBQT format for AutoDock Vina docking experiments.

2.2 Preparation of small molecules including: DEKOIS 2.0 benchmark set, DrugBank
database and BindingDB ligands

DEKOIS 2.0 (M. R. Bauer, T. M. Ibrahim, S. M. Vogel, & F. M. Boeckler, 2013) protocol
was applied on 40 HCV-ns5b (genotype 1b) bioactives, which were extracted from BindingDB
(Liu et al., 2007) and literature (Sofia et al., 2012), to produce 1200 challenging decoys (1:30
ratio). All small molecules were prepared by MOE. ‘Molecule wash’ module was employed to
create reliable protonation states via strong bases protonation and strong acids deprotonation (if
required). The energy of the compounds was minimized using the Amber: 10EHT force field ata
gradient of 0.01 RMSD. The rest options were kept at default settings. For each compound, one
conformer was saved, and one protonation state was produced at pH 7.0. The stereo configuration
of all molecules (Liu et al., 2007) was reserved (T. M. Ibrahim et al., 2020). The prepared
compounds were kept as SD files and used for FRED docking experiments. For docking
experimentsusing AutoDockVina, the SD files were transformed andsplitinto individual PDBQT
files by OpenBabel (O'Boyle etal., 2011). While for PLANTS docking, they were converted and

split into mol2 format.

2.3 Docking experiments

2.3.1 For benchmarking

For docking using AutoDock Vina (version 1.1.2) (Trott & Olson, 2010), Python script
(prepare_receptor4.py) provided by the MGLTools package (version 1.5.4) was employed to
convert protein files to PDBQT format (Sanner, 1999). The search algorithm efficiency was
retained at a default level. However, to consider all the possible conformations of the docked

molecules, the grid box docking dimensions were 28 A x 28 A x 28 A, with a spacingof 1 A,

For docking using PLANTS (Korb, Stutzle, & Exner, 2009), “ChemPLP” was employed as

the scoring function, with the “screen” mode selected. The binding site was set to include the
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receptor atoms around the coordinates of the co-crystal ligand by 5 A, in the palm subdomain of
HCV ns5b (PDB ID: 3HHK).

For the OEDocking v3.2.0.2 docking (McGann, 2011, 2012), FRED docking (McGann,
2011,2012) wassetatdefaultlevels usingthe followingcommands (>fred.bat -receptor 3hhk.oeb
-dbase actives-decoys.oeb.gz -out docked.sdf). Omega was used for generating different
conformations of the ligands, actives and decoys, via the following command; > omega2.bat -in
actives-decoys.sdf -out actives-decoys.oeb.gz. MakeReceptor GUI of OpenEye was utilized to
describe the binding pocket as a search box in the vicinity of the co-crystal ligand with dimensions
of 28.21 A x 28 A x 28.01 A. Three water molecules were marked as a part of the protein, since
they are essential for mediating certain interactions between the protein amino acid residues and

the ligand.

The scoring function of each docking tool is shown in table 1.A. Non classical interactions
are included empirically in the scoring functions. Additionally, to minimize any uncertainties in
the calculations, grid box dimensions for the docking tools were kept at certain level of similarity
and the other parameters were maintained at default level in order to provide the standard

performance. Moreover, the community usually uses these tools at default levels.
2.3.2 For virtual screening of DrugBank and BindingDB ligands

Based on the superior performance of PLANTS in the benchmarking study, we selected it
for virtual screening efforts against the SARS COV-2 RdRp (PDB ID: 7BV1). The protein is an
apo form and no PDB structure is available yet for a co-crystallized complex in the palm
subdomain. Therefore, the palm binding site was defined via docking the co-crystal ligand of
HCV-NS5B (PDB ID: 3HHK) into the palm subdomain of the apo structure of SARS COV-2
RdRp (PDB ID: 7BV1). Then the docking search volume was defined based on 5 A around of the

coordinates of the docked molecule.

2.4 pROC and pROC-Chemotype calculations

The score-based dockingorder was utilized in calculatingthe pPROC-AUC using “R-Snippet”
component of KNIME (Berthold et al., 2007), based on the subsequent equation:(Clark &
Webster-Clark, 2008)
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The bioactives number is given by n, while Di is the decoys fraction that is ordered higher than ith

bioactive detected. Where ith is the number of the bioactive in the rank.

The pROC-Chemotype plots were created by the “pROC-Chemotype plot” tool accessible
in http://www.dekois.com/. (T. M. Ibrahim, Bauer, & Boeckler,2014; T. M. Ibrahim, Bauer, Dorr,
Veyisoglu, & Boeckler, 2015)

To assess the ability of the docking tool to recognize true positives, from the active set, in
the score-ordered list compared to the random collection, enrichment factor (EF) was computed

based on the following equation (Wei, Baase, Weaver, Matthews, & Shoichet, 2002):

EF Bioactivesg,pser , Bioactives;orar

Nsubset Ntotal

All superpositions were conducted using MOE 2014.0901 and MOE 2018.

Chemical structures were drawn using ACD/ChemSketch Freeware

(https://www.acdlabs.com/resources/freeware/chemsketch/)

3. RESULTS AND DISCUSSION

3.1 Selection of HCV-nsbb actives for decoys generation

The active set to be used in the decoy generation for benchmarking study needs to include
a high variety of chemotypes with potent reported activity. As was mentioned before, polymerase
sites for inhibition are either the catalytic pocket or the allosteric pockets in thumb and palm
subdomains. The active site is targeted by nucleotide inhibitors that bind to polymerases as
alternative substrates (Sofia et al., 2012). Upon the incorporation of such inhibitors into the
growing RNA chain, elongation step will be terminated. Since they are nucleotide analogues, they
are very limited in terms of diversity. Modifications are only concerned with Ribose sugar
substitutions and/or modifications at the base part (Sofia et al., 2012). On the contrary, non-

nucleotide inhibitorsare compounds with highly diverse scaffolds that inhibit polymerasesthrough
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causing conformational changes, uponwhich polymerases will not be able to function effectively
causinginhibition in the initiation step during RNA synthesis (Sofiaetal., 2012). Here we selected
our active set to be composed of ns5b-1b allosteric palm inhibitors based on the following
justifications; the palm site is the most conservative subdomainwith 15 A in width and 20 A in
depth (Sofia et al., 2012). Consequently, a wide range of inhibitors targeting palm subdomain is
available which will enrich the active set. Additionally, this subdomain encompasses the active
site so targeting it will lead to blocking the nucleotide entry, hence, interfere with the RNA
initiation and elongation steps (Sofia et al., 2012). Moreover, literature is mainly focusing on

nucleotide analogues and lacks investigation about palm subdomain especially for the COVID-19.

The palm allosteric pocket is actually known to be the interface between palm and thumb
subdomains. In addition, palm residues from 363 to 369 are forming a deep hydrophobic pocket
called primer grip. The primer grip region is formed from one wall of the palm and the opposite
wall of the thumb, which is called B-hairpin loop (Sofia et al., 2012). This justifies why palm

inhibitors may go through interactions with residues from the thumb site like Tyr448.

To build our active set (Table 3), we downloaded around 1.8 million molecules, from the
BindingDB (Liu et al., 2007) , that are found to have inhibitory effects on polymerases. Around
2900 compounds of them were acting on HCV polymerase (ns5b). 233 of them specifically
inhibited 1b genotype, and 140 were targeting the palm subdomain. In addition to the compounds
reported in BindingDB (Liu et al., 2007), we compiled scaffolds manually from literature to
achieve the best diversity in the chemotypes. We selected around 2 to 4 molecules, with the lowest
IC50 values, as representatives for each scaffold. The activity is ranging from IC50=5 nM to
IC50=470 nM. It is importantto highlight that irreversible inhibitors as well as metal chelators
inhibitors were excluded fromthe set.

Table 3: The active set to be used in the benchmarking.

Structure Scaffold Name IC50 | PDB | Theinteracting Refer

(nM) amino acid residues | ences

Hexahydro- 10 Asp318 Rueb
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*The thiophene Sulphur is the one responsible for the interaction with Asn411. Therefore, the last benzothiazine
molecule is not connected with this residue.

3.2 Selection of representative PDB structure(s) for HCV ns5b-1b

At this point we need to use a protein structure that will represent HCV polymerase in the
benchmarking study. We downloaded all ns5b available PDB codes (Table 2.A) and started

filtering them according to the following criteria. First of all, the selected structure needs to be co-
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crystallized with a palm subdomain inhibitor in order to consider any structural changes that may
happen to the protein upon ligand binding. Therefore, Apo structures were omitted during the
selection. Secondly, since the active set is composed of inhibitors acting on genotype 1b, the
chosen structure is required to represent the HCV polymerase of genotype 1b. According to this,
we selected the top five protein structures, in terms of resolution, from (Table 4). We performed a
superposition analysis using MOE to figure out any deviation, either in the backbone or the side
chain. Figures 10, 11 and 12, show no significant difference between the five protein structures
since they show low RMSD value. At the beginning, we conducted the benchmarkingusing3TYQ
as it has the highest resolution. However, we found that the co-crystallized ligand is forminga
covalent bond with Cys366 which may cause conformational changes to the side chain and affect
the docking outcome. Thus. We finally selected the 3HHK to represent the HCV ns5b-1b proteins

in our study.

Table 4: HCV ns5b structures with the highest resolution values.

PDB Structure title Ligand | Binding | Resolution | Reference
ID ID site (A)
3HKW | HCV ns5b genotype 1ain complex with | IX6 Palm 1 1.55 (Nyanguile
1,5 benzodiazepine inhibitor 6 etal.,
2010)
2HAI | Crystal structure of HCV ns5b RNA PFI Thumb 1.58 (Lietal.,
polymerase in complex with novel class 2006)
of dihydropyrone-containing inhibitor
3TYQ | SAR developmentand discovery of Hl4 Palm 1.6 (K. X.
potentindole-based inhibitors of the Chen,
hepatitis C virus nsbb polymerase Lesburg, et
al., 2012)
4MZ4 | Discovery of an irreversible HCV ns5b | 2F3 Palm 1.63 (Zeng et
polymerase inhibitor al., 2013)
2GIQ | Hepatitis C virus RNA-dependentRNA | NN2 | Thumb Il | 1.65 (Le Pogam
polymerase ns5bwith NNI-2 inhibitor etal.,
2006)
3TYV | SAR development and discovery of HI3 Palm 1.65 (K. X.
potent indole-based inhibitors of the Chen,
hepatitis C virus nssb polymerase Vibulbhan,
etal.,
2012)
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4KHM | HCV ns5b GT1la with GSK5852 1PV Palm 2 1.7 (Maynard
etal.,
2014)
2X13 | HCV-h77 ns5b polymerase complexed GTP 1.7 (Harrus et
with GTP al., 2010)
3HHK | HCV ns5b polymerase complex with a 77Z 1.7 (Shaw et
substituted benzothiadizine al., 2009)
3SKA | I. Novel HCV ns5b polymerase 53 Palm 1.73 (Anilkumar
inhibitors: discovery of indole 2- etal.,
carboxylic acids with c3-heterocycles 2011)
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Figure 10: Superposition of the top five whole protein
structures of HCV ns5b-1b (PDB IDs: 3TYV, 4MZ4, 3HHK,
3SKA and 3TYQ).

(A) Superposition of the whole protein structure of the 5 best ns5b
protein structures. They are almost identical, with RMSD equals
0.366. (C, D & E) represent the RMSD, identity and similarity
values, respectively. 3TYV, 4MZ4, 3HHK, 3SKA and 3TYQ are
represented in pink, yellow, orange, red and cyan colors,
respectively. (B) The zoomed region is highlighting the palm
subdomain, whichshows extreme similarity in the backbone as well

as the side chains of the palm site.
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Figure 11: Superposition of the palm subdomains of the top five HCV
ns5b-1b protein structures (PDB IDs: 3TYV, 4MZ4, 3HHK, 3SKA
and 3TYQ).

(A) represents the superposition of the palm sites. (B, C & D) represent
the RMSD, identity and similarity values, respectively. The color scheme
is the same represented in Fig. 10.
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Figure 12: Superposition of the thumb and finger sites of the top five HCV 1:3HHK.A
ns5b-1b protein structures (PDB IDs: 3TYV, 4MZ4, 3HHK, 3SKA and
3TYQ).

2:3SKA.A
3:3TYQ.A
(A) represents the superposition of the thumb and finger subdomains. (B, C &

D) represent the RMSD, identity and similarity values, respectively. The color
scheme is the same represented in Fig. 10.
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3.3 Benchmarking

There are certain requirements for providing meaningful molecular benchmarking sets for
structure-based VS. First, a well curated and characterized set of ligands, also often referred to as
actives, has to be compiled. Second, decoy structures have to be selected based on the high-quality
criteria (e.g., DEKOIS 2.0 protocol (M. R. Bauer etal., 2013; Boeckler, Bauer, Ibrahim, & Vogel,
2014; Vogel, Bauer, & Boeckler, 2011)). And finally, one (or more) well-suited 3D structure is
needed to model the ligand binding site. These essential requirements confine the eligible targets
for benchmark set generation.

The DEKOIS 2.0 library includes 81 new high-quality benchmark sets for 80 protein targets
(2 benchmark sets for different PYGL binding sites). DEKOIS 2.0 library comprises a diverse
selection of protein classes like kinases, proteases, nuclear receptors, GPCRs, oxido -reductases,
transferases, hydrolases and several others, as shown in Figure 13. The DEKOIS 2.0 benchmark
set protocol is automated and can generate challenging decoy set for any given active molecules
(Tamer M. Ibrahim, Muhammad I. Ismail, Matthias R. Bauer, Adnan A. Bekhit, & Frank M.
Boeckler, 2020).

Figure 14 (adapted from(M. R. Bauer et al.,, 2013)) shows the individual docking
performances as color-coded pROC AUC values of three docking tools, Glide, GOLD, and
AutoDock Vina within the previously presented polar dendrogram of 80 DEKOIS 2.0 targets that
were clustered by their EC codes. Itshows the docking performances viapROC AUC. pROC AUC
Is a semi-logarithmic measure that emphasizes early hit recognition. (Clark & Webster-Clark,
2008). An important conclusion from this Figure is that the docking/benchmarking performances
remained target dependent. However, conserved binding sites in similar target class usually show
superior performance via certain docking tool. For instance, for kinases, GLIDE appeared to the
best docking tool to discriminate between the active and decoy molecules compared to the other
two docking tools, i.e., GLIDE performance shows greener color compared to the others.
Similarly, for COX-1 and COX-2 enzymes, AutoDock Vina appeared to be the best performing.
Inspired by these observations, we collected and compiled active set for the closely related HCV-
ns5b (palm subdomain) due to the unavailability of SARS COV-2 RdRp small palm binders and
the extreme resemblance of both HCV-ns5b and SARS COV-2 RdRp. We evaluated the screening
performance of somehighly cited dockingprograms FRED, AutoDock Vinaand PLANTS against

HCV-ns5b (palm subdomain). The outcome of thisbenchmarkingefforts is certainly useful to gain
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insights and decide which dockingtool can be used for the closely related SARS COV-2 RdRp

(palm subdomain).
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Figure 13: DEKOIS 2.0 target overview.

80 protein targets are clustered according to their enzyme commission numbers (EC) and depicted
as polar dendrogram. Important enzyme groups are highlighted in the figure. (M. R. Baueret al.,
2013)
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Figure 14: DEKOIS 2.0 target overview with pPROC AUC enrichment results for Glide,
GOLD and AutoDock Vina.

Docking calculations were conducted at default settings of the respective program. All targets are
clustered by their EC codes and shown as polar dendrogram, as previously described. The
calculated pROC AUC values were color-coded. A red color corresponds to a negative docking
enrichment performance, orange and yellow to a random performance, and green to a reasonable
or good screening performance. To facilitate the interpretation of color shades, we provide a scale
for the pROC AUC values. (M. R. Baueretal., 2013)
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The HCV-ns5b (palm subdomain) benchmarking results when including key water
molecules showed that PLANTS is the best performing docking tool with pROC-AUC value of
0.97. The screening performance of AutoDock Vina and FRED showed pROC-AUC values of
0.66 and 0.36, respectively (Figure 15). Additionally, PLANTS exhibited the highest screening
performance when excludingthe key water molecules, asshown in Figure 15. Interestingly, unlike
FRED, PLANTS and AutoDock Vina performed better-than-random performance (pPROC-AUC
value >0.43).

B
A HCV-3hhk-nowater HCV-3hhk-with-water
1 ( 1
08 1 08 1
0.6 1 06 1
o o
E 04 = 041
02 0.2 _I—'_‘_'J
0 T T ) 0 v T .
0.001 0.01 0.1 1 0.001 0.01 0.1 1
FPR FPR

Figure 15: pROC plots of docking experiments showing the screening performance of both
including and excluding key water molecules in the palm subdomain for HCV ns5b (PDB
ID: 3HHK) for (A) and (B), respectively.

The benchmarking results of FRED, AutoDock Vina and PLANTS are presented by green, orange
and blue lines, respectively. The random screening performance is shown as a grey line. The Y-
axis is the true positive rate (TPR), which reflects the fraction of detected bioactives. While, the

X-axis shows the decoys retrieved fraction that is known as false positive rate (FPR).
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We examined the chemotype/scaffold enrichment with the “pROC-Chemotype”(T. M.
Ibrahimetal., 2014; T. M. Ibrahim et al., 2015) plot (Figure 16) for the benchmarking of HCV-
ns5b (palm subdomain) using PLANTS docking tool.

BindingDB database (Liu etal., 2007) and literature (Sofia etal., 2012) reported a variety of
compounds to target HCV-NS5B (1b genotype) palm subdomain. Based on that, we selected 13
chemical scaffolds to represent the chemotype clusters of the chemical space available to target
the relevant palm subdomain. This diversity of the established chemotypes highlights the

challenging nature of the benchmarking against the employed docking tools.

The pROC-Chemotype plot visualized that the utilized docking procedure — by PLANTS -
Is expected to discover high affinity binders at early enrichment (Figure 16A). Elucidating the
docking poses of the best scored actives underlines that they exhibited the key interactions of the
co-crystal ligand in the palm subdomain, as shown in Figure 17. Moreover, at 1% of the score-
ranked library, only two decoyswere detected and many bioactives were enriched, causing an EF
1% value equals 20.0. Therefore, PLANTS can recognize actives 20 times more than the random
performance (at a library cutoff 1%). It should be noted that the enrichment factor (EF) is
independent of the number of actives and decoys, which were detected by the docking tool. This
emphasizes encouraging prediction power of PLANTS forthe closely related SARS COV-2 RdRp
(palm subdomain). The bioactivity data are symbolized by level of activity (LOA) extending from
10-7to 10-° M and reported as ICs as a type of data (TOD) (Figure 16A).

Figure 16B demonstrates the bioactives distribution with respect to their docking scores.
Since fitness is the docking score multiplied by -1, the dockingscores are presented by fitness
values ranging from 113.87 (best score) to 58.09 (worse score). Additionally, molecules belong to
scaffold 1 present inasuperiorregion of fitness (i.e., fitness >-90). The two-bestscored molecules
(with dockingrank 1 and 2 in in Figure 16A), demonstrate interactions with the following key
residues; Asp318, Tyr448 and Cys366, in addition to water mediated interactions with; Ser288,
Ser556, Gly449 and GIn446 (Figure 17). These interactions are in coherence to the respective

interactions with ns5b (Table 3).
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Figure 16: (A) pPROC-Chemotype plot (T. M. Ibrahim et al., 2015) of the HCV-ns5b (in the
palm subdomain — PDB ID: 3HHK, including key water molecules) using PLANTS docking

tool.

(A) PLANTS docking information is paired with the cluster number (scaffold) and the ligand
bioactivity rank. The bioactivity rank is shown as a color scale from red to yellow. The reddish the
bioactivity scale the higher the potency. The 1% bioactive enrichment is shown as a red-dashed
line. (B) The distribution of the bioactive molecules of each scaffold (cluster) in correlation to

PLANTS score presented by fitness values.
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Figure 17: Docking poses of the best two scoring compounds from the active set in the palm
subdomain of HCV-ns5b-1b (PDB ID: 3HHK).

Compounds are shown as cyan sticks. (A and C) Represent the 2D interactions, while (B and D)
are the three-dimensional representations of the interactions. Dashed lines reveal favorable

bindings. Non-polar hydrogens are omitted for clarification.
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3.4 Prospective VS based on Benchmarking

Based on the promising results of the benchmarking study, we used PLANTS to screen the

FDA-drugs from the DrugBank database as well as ns5b inhibitors available in the BindingDB

database (Liu et al., 2007). Since the available co-crystallized nsp12 structures are found to be

with nucleotide inhibitors, the virtual screeningwas conducted againstthe Apo structure of SARS -
COV-2 RdRp (PDB ID: 7BV1) (Table 5). We conducted a superposition between the Apo
structure of HCV polymerase genotype 1b (PDB ID: 2XHV) and the co-crystallized structure
(PDB ID: 3HHK) (Figure 18). This superposition proved the high similarity between the two

structures which reveals that the palm inhibitor (PDB ID: 3HHK) has a very little effecton the
conformation of the protein. Since SARS COV-2 RdRp is highly similar to HCV-ns5b, the Apo
structure of nspl2 is expected to have a very close conformation to the co-crystallized palm

inhibitor structure.

Table 5: The available SARS COV-2 polymerase structures.

PDB | Structure Title Resolution (A) Reference
ID
7AAP | Nsp7-Nsp8-Nsp12 SARS-CoV2 RNA- EMR:25,R:2.5
dependent RNA polymerase in complex with
template-primer dsRNA and Favipiravir-RTP
7BV2 | The nspl2-nsp7-nsp8 complex bound to the EMR:2.5,R:2.5 | (Yinetal.,
template-primer RNA and triphosphate form of 2020)
Remdesivir (RTP)
7BV1 | Cryo-EM structure of the apo nsp12-nsp7-nsp8 | EMR:2.8,R:2.8 | (Yinetal.,
complex 2020)
6YYT | Structure of replicating SARS-CoV-2 EMR:2.9,R:2.9 | (Hillenetal.,
polymerase 2020)
6M71 | SARS-Cov-2 RNA-dependent RNA polymerase | EM R: 2.9, R:2.9 | (Gaoetal.,
in complex with cofactors 2020)
7CXM | Architecture of a SARS-CoV-2 minireplication [EMR:2.9,R:2.9
and transcription complex
7C2K | COVID-19 RNA-dependent RNA polymerase EMR: 2.93,R: (Q. Wang et
pre-translocated catalytic complex 2.93 al., 2020)
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7BTF | SARS-CoV-2 RNA-dependent RNA polymerase | EM R: 2.95, R: (Gaoetal.,
in complex with cofactors in reduced condition | 2.95 2020)
7CTT | Cryo-EM structure of Favipiravir bound to EMR:3.2,R:3.2
replicating polymerase complex of SARS-CoV-2
in the pre-catalytic state.
7BZF | COVID-19 RNA-dependent RNA polymerase EMR: 3.26, R: (Q. Wang et
post-translocated catalytic complex 3.26 al., 2020)
6XQB | SARS-CoV-2 RARp/RNA complex EMR:3.4,R:3.4
6XEZ | Structure of SARS-CoV-2 replication- EMR: 3.5 R:3.5 | (J. Chenet
transcription complex bound to nsp13 helicase - al., 2020)
nspl3(2)-RTC
7CXN | Architecture of a SARS-CoV-2 minireplication | EM R: 3.84, R:
and transcription complex 3.84

Table 6 represents the best 1% of the docking outcome of the DrugBank database. While,
table 7 displays the best 1% of the BindingDB database (Liu et al., 2007) docking outcome. We

started analyzing the binding poses of each molecule and we found that they mainly occupy one

of the foursitesshown in (Figure 19). Taking HCV-ns5b palm inhibitorsasareference, itappeared

that inhibition occurs when the inhibitor is residing (overlaying) the palm pocket in front of the F

motif in the finger subdomain (Figure 20). As was mentioned, the F motif is responsible for

directing the incoming NTPs into the active site of the palm subdomain. As a consequence, the

entry path to the active site will be blocked, leading to the inhibition of initiation and elongation

steps during the viral replication. Accordingly, from the best ranked 1%, molecules that reside site

d of the nsp12 palm subdomain (Figure 19) will be considered.
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Figure 18: Superposition of HCV ns5b-1b Apo structure (PDB ID: 2XHV) and the co-
crystallized form (PDB ID: 3HHK).

(A) Superposition of 3D structures of Apoand co-crystallized ns5b structures colored in blue and
orange, respectively. (B, C & D) represent the RMSD, identity and similarity, respectively.
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Table 6: The best ranked 1% of the VS efforts for FDA-approved drugs against the SARS COV-2 RdRp Apo form (PDB ID: 7BV1).

Dockingrank | Structure Drug Docking Mwt DrugBank | Status
score ID
1 0\\ Bromperidol -96.029404 | 420.321 | DB12401 | approved,
H 99 investigational
0
Br
2 Haloperidol -95.175903 | 375.864 | DB00502 | approved
01
3 Bisoctrizole -94.736198 | 658.890 | DB11262 | approved
99
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Quinupristin

-93.994499

1022.23

DB01369

approved

Panobinostat

-93.309196

349.433
99

DB06603

approved;

investigational

Ceforanide

-91.8731

519.554
02

DB00923

approved

Acetyldigitoxin

-91.872002

806.975
71

DB00511

approved
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8 Diosmin -91.546997 | 608.544 | DB08995 | approved;
68 investigational

9 Hesperidin -91.436897 | 610.560 | DB04703 | approved;
61 investigational

10 Voxilaprevir -91.391998 | 868.94 | DB12026 | approved;
investigational

11 Nandrolone -91.310501 | 428.647 | DB08804 | approved;

decanoate 19 illicit
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12

Delamanid

-90.851501

534.492

DB11637

approved;
investigational

13

Hexafluronium

-90.746902

502.745

DB00941

approved

14

Vilazodone

-90.411003

441.524
9

DB06684

approved

15

Ticagrelor

-89.165001

522.567
99

DB08816

approved

16

Flibanserin

-88.884201

390.402
1

DB04908

approved;

investigational
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17 Quinapril -88.707603 | 438.516 | DB00881 | approved;
11 investigational
18 Digoxin -88.441498 | 780.938 | DB00390 | approved
48
19 Lymecycline -88.411201 | 602.632 | DB00256 | approved;
81 investigational
20 ; i . Antrafenine -88.2537 588.543 | DB01419 | approved
52
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21

Fosaprepitant

-88.234802

614.406
62

DB06717

approved

48




P 9,
Figure 19: The binding pockets occupied by the best ranked 1% of the VS efforts against
SARS COV-2 nspl2 palm site (PDB ID: 7BV1).

The palm subdomain of nsp12 is represented by a green surface and the grayish blue part of the
ribbon refers to the F-motif (PDB ID: 7BV1). Ligands from the virtual screening efforts are

occupying one of the four sites, a, b, c or d.
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Figure 20: The palm binding pocket occupied by a benzothiadiazine ns5b inhibitor (PDB
ID: 3HHK).

The palm subdomain of nsbb is represented by a green surface and the grayish blue part of the
ribbon refers to a part of the F-motif (PDB ID: 3HHK). The ligand is completely residing the

cavity facing the F-motif which resembles d-cavity in Fig. 19.

The best scored five compounds that showed better localization of the palm pocket were
chosen to digmore into their poses and binding interactions. Starting with the Drug Bank results,
although Amphotericin B, Nystatin and Candicidin scored the best in the rank and showed
complete localization of the pocket, they were neglected. Amphotericin B, Nystatin and Candicidin
are macro-molecules, therefore, they are expected to have high docking scoresas their sizes allow
themto better localize the cavity regardless of their real effectiveness. Consequently, Quinupristin,

Acetyldigitoxin, Diosmin, Hesperidin and VVoxilaprevir are the ones that met the previous criteria
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Figure 21 illustrates the pose of Quinupristin in the palm pocket of SARS-COV-2 RdRP
(PDB ID: 7BV1). Quinupristin is an anti-bacterial agent that is used mainly in combination with
Dalfopristin to treat bacterial infections. It binds near the 50S ribosomal subunit, therefore inhibits
the late phase of protein synthesis (Allington & Rivey, 2001). Its postulated binding pose in the
nspl2 (Figure 21) exhibited hydrogen bonding with the side chains Asp865, GI590 and Asn496.
Acetyldigitoxin isa cardioactive derivative of digitoxin thatisused in different types of arrhythmia
and congestive heart failure (Hage & Sengupta, 1999). Its binding (Figure 22) reveals hydrogen
bonding with Ala685, Lys577 and Asn496 amino acid residues. Diosmin and Hesperidin are
bioflavonoids, found in some plants, such as citrus fruits. Diosmin is available as nutritional
supplements in the United States. Both Diosmin and Hesperidin are used in the treatment of several
venous diseases, like hemorrhoids, varicose veins, and venous stasis (Hnatek, 2015). Diosmin
found to participate in several H-bondswith Ser682, Asp684, Asp760, Gly590 and Ala688 (Figure
23). While Hesperidin is going through H-bonds with Ser592, VVal588 and Gly590 residues (Figure
24). Interestingly, Voxilaprevir is a NS3/4A serine protease HCV inhibitor that is used against
hepatitis C virus, especially with genotype 1 (Heo & Deeks, 2018). Figure 25 represents its H-
binding interactions with Ala685, Asn496, Thr687 and Ala688.

Table 7: The best ranked 1% of the VS efforts for the BindingDB database ns5b inhibitors
against the SARS COV-2 RdRp Apo form (PDB ID: 7BV1).

No. | Structure Best Binding Article
score DB DOl
Monomer
ID
1 0 -93.2648 | 50174465 | (Di Santo
O%o/H et al.,
O O el 2005)
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-89.593

50186160

(Krueger
et al.,
2006)

-89.4282

50186165

(Krueger
et al.,
2006)

-88.6499

50186141

(Krueger
et al.,
2006)

10

-88.4984

50137476

(Beaulieu
et al.,
2004)

11

-88.3516

50174478

(Di Santo
et al.,
2005)

12

-87.9896

50174454

(Di Santo
et al.,
2005)

13

-87.8785

50160864

(Mashino
et al.,
2005)
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24

-85.4469

50197038

(Hao et
al., 2007)

25

-85.267

50181668

(Tedesco
et al.,
2006)

26

-85.0401

50186159

(Krueger
et al.,
2006)

27

-84.8217

50115572

(Summa
et al.,
2004)

28

-84.8189

50081636

(F. Zhao
Liu,
Zhan,
Jiang, &
Liu,
2015)

29

-84.54

50137868

(Summa
et al.,
2004)
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30

-84.5307

50181922

(Hirashi
ma et al.,
2006)

Regarding BindingDB database (Liuetal., 2007) outcome, compounds number 2, 3,4,5and
6 exhibited the best localization of the palm pocket (PDB ID: 7BV1). Compounds 2, 4 and 6
contain benzothiadiazine scaffold, whereas, 3 and 5 have benzimidazole scaffold. The docking

posesof each compoundare represented in figures 26, 27, 28, 29 and 30 respectively. Compounds

number 2 and 4 are going through hydrogen bond interaction between Gly590 and the sulphur

oxygen of the benzothiadiazine ring. In addition to a hydrogen bond between Lys577 and the

carbonyl oxygen of the terminal amide group. However, Lys577 is showing hydrogen bonding

with the carbonyl oxygen of the carboxylic group of compound number 3. Uniquely, compound 5

has an indole ring which facilitates two interactions; one with Ala685 as a H-bond donor, and the

other one is a pi interaction between the pyrrole ringand Tyr689 residue. The sixth compound is

participating in a hydrogen bonding with Gly590, same as compounds 2 and 4, and another one

with Asn496 amino acid.
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Figure 21: Docking pose of Quinupristin in the palm pocket of SARS COV-2 polymerase (PDB ID: 7BV1).

Quinupristin is shown as gray sticks. (A) The three-dimensional representation of the interactions. (B) The 2D interactions. The
hydrophilic and hydrophobic regions are in purple and cyan colored molecular surfaces, respectively (A). The green ribbon part refers
to the palm subdomain. The grayish blue partis for the F-motif, where you can see a yellow part representing K545, R535 and R555
amino acids that are specifically responsible for directing the NTPs into the active site, the cyan colored ribbon. A-motif and C-motif
are the red and the purple ribbon parts respectively. The black part is the shared residues between A-motif and the finger subdomain.
Blue region is for G-motif which participates with the F motif in forming the groove for the RNA template entry. Dashed lines show

favorable bindings. Non-polar hydrogens are omitted for clarification.
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Figure 22: Docking pose of Acetyldigitoxin in the palm pocket of SARS COV-2 polymerase
(PDB ID: 7BV1).

Acetyldigitoxin is shown as gray sticks. (A) The three-dimensional representation of the
interactions. (B) The 2D interactions. The color scheme is same as Fig. 21.
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Figure 23: Docking pose of Diosmin in the palm pocket of SARS COV-2 polymerase (PDB
ID: 7BV1).

Diosmin is shown as gray sticks. (A) The three-dimensional representation of the interactions. (B)

The 2D interactions. The color scheme is same as Fig. 21.
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Figure 24: Docking pose of Hesperidin in the palm pocket of SARS COV-2 polymerase (PDB
ID: 7BV1).

Hesperidin is shown as gray sticks. (A) The three-dimensional representation of the interactions.
(B) The 2D interactions. The color scheme is same as Fig. 21.
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B Tyr Asp
Ser 689 684
68

Figure 25: Docking pose of Voxilaprevir in the palm pocket of SARS COV-2 polymerase
(PDB ID: 7BV1).

Voxilaprevir is shown as gray sticks. (A) The three-dimensional representation of the interactions.

(B) The 2D interactions. The color scheme is same as Fig. 21.
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Figure 26: Docking pose of compound number 2 in the palm pocket of SARS COV-2
polymerase (PDB ID: 7BV1).

Compound 2 is shown as gray sticks. (A) The three-dimensional representation of the interactions.
(B) The 2D interactions. The color scheme is same as Fig. 21.
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Figure 27: Docking pose of compound number 3 in the palm pocket of SARS COV-2
polymerase (PDB ID: 7BV1).

Compound 3is shown as gray sticks. (A) The three-dimensional representation of the interactions.
(B) The 2D interactions. The color scheme is same as Fig. 21.
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Figure 28: Docking pose of compound number 3 in the palm pocket of SARS COV-2
polymerase (PDB ID: 7BV1).

Compound 4 is shown as gray sticks. (A) The three-dimensional representation of the interactions.
(B) The 2D interactions. The color scheme is same as Fig. 21.
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Figure 29: Docking pose of compound number 3 in the palm pocket of SARS COV-2
polymerase (PDB ID: 7BV1).

Compound 5is shown as gray sticks. (A) The three-dimensional representation of the interactions.
(B) The 2D interactions. The color scheme is same as Fig. 21.
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Figure 30: Docking pose of compound number 3 in the palm pocket of SARS COV-2
polymerase (PDB ID: 7BV1).

Compound 6 is shown as gray sticks. (A) The three-dimensional representation of the interactions.

(B) The 2D interactions. The color scheme is same as Fig. 21.
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4. CONCLUSION AND FUTURE PERSPECTIVES

To conclude, we relied on the high similarity between SARS COV -2 polymerase and HCV-
1b polymerase to build a benchmark set from HCV nsbb-1b palm inhibitors. Afterwards, based on
the benchmarking outcome, we conducted SBVS efforts against SARS COV-2 RdRp palm

subdomain.

This was achieved via generating high-quality DEKOIS 2.0 benchmark set to use it in the
benchmarking against HCV ns5b-1b palm subdomain (PDB ID: 3HHK). To generate the decoy
set, we created a highly diverse active set that contains 13 different scaffolds, namely
benzothiadiazine, Benzothiazine, 1,1-dioxoisothiazole, 5,6-Dihydro-1H-pyridin-2-one, Proline
sulfonamide, Acrylic acid, N-acyl pyrrolidine, Benzamide, Nicotinamide, Anthranilic acid,
Benzodiazepine, Sulphone and Benzofuran. The HCV ns5b-1b protein structure was selected after
superposing the top five, in terms of resolution, ns5b-1b protein structures, 3TYV, 4MZ4, 3HHK,
3SKA and 3TYQ. Since they were almost identical with RMSD value equals 0.366 A, we selected
3HHK to start the analysis. The three highly cited docking tools, FRED, PLANTS and AutoDock
Vina, were utilized in the benchmarking study against the model. The benchmarking analysis via
pROC-AUC, EF and pROC-Chemotype plot suggested that PLANTS is the best performing
docking tool, while, both PLANTS and AutoDock Vina exhibited better-than-random
performance. Accordingly, PLANTS was selected to perform prospective VS campaigns using
FDA-approved drugs (from DrugBank) and HCV ns5b-1b palm inhibitors (from BindingDB)
against SARS COV-2 RdRp (PDB ID: 7BV1).

Our present study displays a clear example of how to implementa DEKOIS 2.0 benchmark
setagainst a crucial SARS COV-2 target. This aids in enhancing the success rate of VS campaigns
against SARS COV-2 resolved targets. Furthermore, molecular dynamics (using NAMD,
Desmond or GROMACS) can be employed to elucidate the dynamic nature of the nsp12 palm site,
after selection of certain hits provided by the best performing tool (PLANTS). Additionally,
Quinupristin, the bestdockingscoredcompound,and other top ranked compounds form DrugBank
and BindingDB databases are recommended to be subjected for further in vitro and in vivo

investigations and repurposing against COVID-19.
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Diagram 2: Simplified outline of the workflow.
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Table 1.A: AutoDock Vina, PLANTS and FRED scoring functions.

Appendix

Docking tool

Scoring function

Reference

AutoDock Vina (version
1.1.2)

c= thitj (Tl])

i<j
The equation represents the conformation
dependent part of the scoring function; )’ is the
sum total of all the atomic pairs that can move
relatively, i is the atom, ¢; is the atom type, f,isa

symmetric set of interaction functions, ;; is the
intermolecular distance.
C is also calculated from
c =cinter + cintra

While the conformation independent part is
calculated as g function based on the following
equation;

cinter
1 +wNrot
Nt is the number of rotatable bonds between
heavy atoms, so w refers to the atomic weight.

g(cinter) =

(Trott &
Olson,
2010)

PLANTS

fPLANTSCHEMPLP
= fpp * frb + fav—cn+ fab-cro
+ fmet + fmet—coord + fmet—ch
+ fmet—coord—ch + fclash + ftors
+ Csite
fpLp: Piecewise linear potential.

fubs fro—cn@nd frp—cro - Hydrogen bonding
dependent distance and angle.

fmetf fmet—coordf fmet—ch and fmet—coord—ch:
Metal interactions potentials.

ferasn: Empirical heavy metal potential.

frors. Torsional potential.

C,iter Reflects the contribution of the interesting
regions around the binding site.

(Korb et
al., 2009)

FRED (OEDocking
v3.2.0.2 docking)

FRED uses Chemgauss scoring function which
uses Guassian smoothed potentials. It basically
measures the complementarity of the different
ligand poses within the active site taking into
consideration the hydrogen bonding interactions,
shape interactions and metal chelator interactions.

(McGann,
2011,
2012)
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Table 2.A: All HCV ns5b available structures in the protein data bank (PDB).

PDB ID | Structure title Ligand | Bindingsite | Resolution | Reference
ID (A)

3HKW | HCV ns5b genotype 1a in complex IX6 Palm 1 1.55 (Nyanguile et
with 1,5 benzodiazepine inhibitor 6 al., 2010)

2HAI Crystal structure of HCV ns5b RNA | PFI Thumb 1.58 (Lietal,
polymerase in complex with novel 2006)
class of dihydropyrone-containing
inhibitor

3TYQ | Sar developmentand discovery of Hi4 Palm 1.6 (K. X. Chen,
potentindole-based inhibitors of the Lesburg, etal.,
hepatitis C virus ns5b polymerase 2012)

4MZ4 | Discovery of an irreversible HCV 2F3 Palm 1.63 (Zengetal.,
ns5b polymerase inhibitor 2013)

2GIQ Hepatitis C virus RNA-dependent NN2 Thumb 11 1.65 (Le Pogam et
RNA polymerase ns5b with nni-2 al., 2006)
inhibitor

3TYV | SAR developmentand discovery of HI3 Palm 1.65 (K. X. Chen,
potentindole-based inhibitors of the Vibulbhan, et
hepatitis C virus ns5b polymerase al., 2012)

4KHM | HCV ns5b gtla with GSK5852 1PV Palm 2 1.7 (Maynard et

al., 2014)

2X13 HCV-h77 ns5b polymerase GTP 1.7 (Harrus etal.,
complexed with GTP 2010)

3HHK | HCV ns5b polymerase complexwith | 77Z 1.7 (Shaw et al.,
a substituted benzothiadizine 2009)

3SKA | I. Novel HCV ns5b polymerase 53 Palm 1.73 (Anilkumar et
inhibitors: discovery of indole 2- al., 2011)
carboxylic acids with c3-heterocycles

3CJ2 Crystal structure of hepatitis C virus | SX3 Thumb 1.75 (Antonysamy
RNA-dependent RNA polymerase etal., 2008)
ns5b in complex with optimized small
molecule fragments

2YOJ HCV ns5b polymerase complexed 8Y6 Palm 1.76 (K. X. Chenet
with pyridonylindole compound al., 2014)
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3U40 | Novel HCV ns5b polymerase 08E Palm 1.77 (Anilkumar et
inhibitors: discovery of indole c2 acyl al., 2012)
sulfonamides
2XYM | Hcv-jfhl ns5b t385a mutant PO4 1.774 (Schmittet al.,
2011)
4EQO6 HCV ns5b polymerase inhibitors: tri- | 0S2 Thumb 2 1.791 (Canalesetal.,
substituted acylhydrazines as tertiary 2012)
amide bioisosteres
4EO8 HCV ns5b polymerase inhibitors: tri- | 0S3 Thumb 2 1.798 (Canalesetal.,
substituted acylhydrazines as tertiary 2012)
amide bioisosteres
3FQL Hepatitis C virus polymerase ns5b 79Z Palm 2 1.8 (Hanget al.,
(conl 1-570) with hcv-796 inhibitor 2009)
2D3Z X-ray crystal structure of hepatitisC | FIH Thumb 1.8 (Biswal et al.,
virus RNA-dependent RNA 2006)
polymerase in complex with non-
nucleoside analogue inhibitor
2XWH | HCV-J6 ns5b polymerase structureat | PEG 1.8 (Schmittet al.,
1.8 angstrom 2011)
4AEP Hcv-jfh1l ns5b polymerase structure at | PO4 1.8 (Scrimaetal.,
1.8 angstrom 2012)
2X12 Hcv-h77 ns5b apo polymerase SO4 1.8 (Harrus etal.,
2010)
3QGl Crystal structure of the hepatitis C 33F Thumb 1.8 (Gentlesetal.,
virus ns5b RNA-dependent RNA 2011)
polymerase genotype 1a complex with
n-[(2s)-butan-2-yl]-6-[(3r)-3-{[4-
(trifluoromethoxy) benzyl]
carbamoyl}-4-{[4-(trifluoromethoxy)
phenyl] sulfonyl} piperazin-1-yl]
pyridazine-3-carboxamide
4KB7 | HCV ns5b gtlb n316y with CMPD 32 | 690 Palm 2 1.85 (Maynard et
al., 2014)
ATLR Ns5b in complex with lactam- 33H Thumb 2 1.86 (Barnes-
thiophene carboxylic acids Seeman etal.,
2014)
4TLR Ns5b in complex with lactam- 797 Thumb 2 1.86 (Barnes-
thiophene carboxylic acids Seeman etal.,
2014)
3FRZ Crystal structure of HCV ns5b RNA | AGO Thumb 1.86 (H.Lietal.,
polymerase in complex with pf868554 2009)
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3FRZ Crystal structure of HCV ns5b RNA | AG6 | Thumb 1.86 (H.Lietal.,
polymerase in complex with pf868554 2009)

3CJ3 Crystal structure of hepatitis C virus | SX4 Thumb 1.87 (Antonysamy
RNA-dependent RNA polymerase etal., 2008)
ns5b in complex with optimized small
molecule fragments

3Clz Crystal structure of hepatitis C virus | SX1 Thumb 1.87 (Antonysamy
RNA-dependent RNA polymerase etal., 2008)
ns5b in complex with small molecule
fragments

2XXD | HCV-JFH1 ns5b polymerase structure | PO4 1.881 (Schmittet al.,
at 1.9 angstrom 2011)

2XHV | HCV-J4 ns5b polymerase point SO4 1.9 (Harrus etal.,
mutant orthorhombic crystal form 2010)

3CJ0 Crystal structure of hepatitis C virus | SX2 Thumb 1.9 (Antonysamy
RNA-dependent RNA polymerase etal., 2008)
ns5b in complex with small molecule
fragments

3H2L Crystal structure of HCV ns5b YAK | Palm 1.9 (Ruebsam,
polymerase in complex with a novel Murphy, etal.,
bicyclic dihydro-pyridinone inhibitor 2009)

AMKB | Hepatitis C virus polymerase ns5b 28V Palm | 1.9 (Schoenfeld et
genotype 1b (bk) in complex with al., 2013)
inhibitor 14 (n-(4-{(e)-2-[3-tert-butyl-
2-methoxy-5-(3-0x0-2,3-
dihydropyridazin-4-yl) phenyl]
ethenyl} phenyl)
methanesulfonamide)

1C2P Hepatitis C virus ns5b RNA- 1.9 (Lesburg et
dependent RNA polymerase al., 1999)

2GIR Hepatitis C virus RNA -dependent NN3 Thumb | 1.9 (Le Pogam et
RNA polymerase ns5b with nni-1 al., 2006)
inhibitor

1YUY | Hepatitis C virus ns5b RNA - SO4 Thumb 1.9 (Biswal et al.,
dependent RNA polymerase genotype 2005)
2a

3BSA | Crystal structure of HCV ns5b N35 Palm 1.9 (Dragovich et
polymerase with a novel pyridazinone al., 2008)
inhibitor

3HKY | HCV ns5b polymerase genotype 1b in | X6 Palm 1 1.9 (Nyanguile et

complex with 1,5 benzodiazepine 6

al., 2010)
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3H98 Crystal structure of HCV ns5b 1b B5P Palm 1.9 (G. Wang et
with (1,1-dioxo-2h-[1,2,4] al., 2009)
benzothiadiazin-3-yl) azolo[1,5-a]
pyrimidine derivative

41H5 Hepatitis C virus polymerase ns5b 12R Palm 1 1.9 (Talamas et
(bk) with fragment-based compounds al., 2013)

3GSZ | Structure of the genotype 2b HCV 1.9 (Rydberg et
polymerase al., 2009)

3VQS | Crystal structure of HCV nsbb RNA | JT1 Palm site 1.9 (Ando etal.,
polymerase with a novel piperazine and -hairpin 2012)
inhibitor region

4ADP | Hcv-j6 nsbb polymerase v405i mutant 1.902 (Scrimaetal.,

2012)

4JJU Crystal structure of HCV ns5b IMB | Thumb 2 1.91 (Beaulieu et
polymerase in complex with al., 2013)
compound 29

3CJ5 Crystal structure of hepatitis C virus | SX6 Thumb 1.92 (Antonysamy
RNA -dependent RNA polymerase etal., 2008)

ns5b in complex with optimized small
molecule fragments

3H5U | Hepatitis C virus polymerase ns5b H5U Palm 1.95 (Antonysamy
with saccharin inhibitor 1 etal., 2008)
6MVO | HCV ns5b 1ay316 bound to K4P 1.95 (Chongetal.,
compound 49 2019)
6WA4G | Hepatitis C virus polymerase ns5b SL4 1.95 (Tosstorff,
with RO inhibitor for SAR studies Cole, Taylor,
Harris, &
Kuhn, 2020)
2WRM | Identification of novel allosteric QQ3 1.95

inhibitors of hepatitis C virus ns5b
polymerase thumb domain (site ii) by
structure-based design

2ZKU | Structure of hepatitis C virus ns5b ACY 1.95
polymerase in a new crystal form
5CZB HCV ns5b in complex with ligand 55W | Thumb 2 1.96 (Pierra
IDX 17119-5 Rouviere et
al., 2016)
3SKE I. Novel HCV ns5b polymerase 54 Palm 1.97 (Anilkumar et
inhibitors: discovery of indole 2- al., 2011)

carboxylic acids with c3-heterocycles
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5TWM | Crystal structure of the hepatitis C NG Primer grip | 1.97 (Eastman et
virus genotype 2a strain jfh1 130s site al., 2017)
ns5b RNA -dependent RNA
polymerase in complex with 5-[3-
(tert-butylcarbamoyl) phenyl]-6-
(ethylamino)-2-(4-fluorophenyl)-n-
methylfuro[2,3-b] pyridine-3-
carboxamide
2D3U | X-ray crystal structure of hepatitis C | CCT Thumb 2 (Biswal et al.,
virus RNA dependent RNA 2006)
polymerase in complex with non-
nucleoside analogue inhibitor
INHU | Hepatitis C virus RNA polymerase in | 153 Thumb about | 2 (M. Wang et
complex with non-nucleoside 35 A from al., 2003)
analogue inhibitor the active
site.
2HWI | HCV ns5b allosteric inhibitor VRX | Thumb 2 (Yanetal.,
complex 2006)
2WHO | Crystal structure of hepatitis C virus | VGI Thumb siteii | 2 (Ontoriaetal.,
ns5b polymerase from 1b genotype in 2009)
complex with a non-nucleoside
inhibitor
2AX0 | Hepatitis C virus ns5b RNA 5X Inhibitors 2 (Powersetal.,
polymerase in complex with a bound 2006)
covalentinhibitor (5x) covalently to
Cys366 in
the palm
domain
3U4R Novel HCV ns5b polymerase 08F Palm 2 (Anilkumar et
inhibitors: discovery of indole c2 acyl al., 2012)
sulfonamides
4J06 Crystal structure of HCV ns5b 1JG Thumb 2 2 (Stammers,
polymerase in complex with 2-{[(5- Coulombe,
bromothiophen-2-yl) sulfonyl] Rancourt, et
amino}-4-chlorobenzoic acid al., 2013)
3H5S Hepatitis C virus polymerase ns5b H5S Palm 2 (de Vicente,
with saccharin inhibitor Hendricks,
Smith, Fell,
Fischer,
Spencer,
Stengel, Mohr,
Robinson,
Blake,
Hilgenkamp,
Yee,
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Adjabeng,

Elworthy, Li,
etal., 2009)
4J02 Crystal structure of HCV ns5b 1JE Thumb (Stammers,
polymerase in complex with [(1r)-5,8- Coulombe,
dichloro-1-propyl-1,3,4,9- Rancourt, et
tetrahydropyrano[3,4-b] indol-1-yl] al., 2013)
acetic acid
4J04 Crystal structure of HCV ns5b 1JF Thumb (Stammers,
polymerase in complex with 4-chloro- Coulombe,
2-{[(2,4,5-trichlorophenyl) sulfonyl] Rancourt, et
amino} benzoic acid al., 2013)
3MF5 Hepatitis C virus polymerase ns5b HJZ Thumb 2 (H. Yang et
(bk) with amide bioisostere thumb site al., 2010)
inhibitor
2WCX | Crystal structure of hepatitis Cvirus | VGC | Thumb (Martin
ns5b polymerase in complex with Hernando et
thienopyrrole-based finger-loop al., 2009)
inhibitors
4JU3 Crystal structure of HCV ns5b 101 Thumb 2 (Stammers,
polymerase in complex with Coulombe,
compound 8 Duplessis, et
al., 2013)
6MVP | HCV ns5b 1b n316 bound to K4S (Chongetal.,
compound 18 2019)
3UPH | Synthesis of novel 4,5-dihydrofurano | 0C1 Active site (Velazquez et
indoles and their evaluationas HCV al., 2012)
ns5b polymerase inhibitors
3UPI Synthesis of novel 4,5-dihydrofurano | 0C2 Active site (Velazquez et
indoles and their evaluationas HCV al., 2012)
ns5b polymerase inhibitors
1YVX | Hepatitis C virus RNA polymerase IPC Thumb (Biswal et al.,
genotype 2a in complex with non- 2005)
nucleoside analogue inhibitor
AWTL | Crystal structure of HCV ns5b B3P (Appleby et
genotype 2a jfh-1 isolate with s15g al., 2015)
e86q e87q c223h v321i mutations in
complex with RNA template 5'-uacc,
RNA primer 5'-pgg, mn2+, and UDP
4EAW | HCV ns5b in complex with idx375 ONQ
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3HVO

Structure of the genotype 2b HCV
polymerase boundto a NNI

VGI

Thumb Il

2FVC

Crystal structure of ns5b bk strain
(delta 24) in complex with a 3-(1,1-
dioxo-2h-(1,2,4)-benzothiadiazin-3-
yl)-4-hydroxy-2(1h)-quinolinone

888

Palm/thumb
domain
region

(Tedesco et
al., 2006)

4MKO9

Hepatitis C virus polymerase ns5b
genotype 1b (bk) in complex with
inhibitor 12 (n-{2-[3-tert-butyl-2-
methoxy-5-(2-0x0-1,2-
dihydropyridin-3-yl) phenyl]-1,3-
benzoxazol-5-yl}
methanesulfonamide)

28R

Palm |

2.05

(Schoenfeld et
al., 2013)

AMKA

Hepatitis C virus polymerase ns5b
genotype 1b (bk) in complex with
inhibitor 13 (n-{2-[3-tert-butyl-2-
methoxy-5-(2-0x0-1,2-
dihydropyridin-3-yl) phenyl]-1,3-
benzoxazol-5-yl}
methanesulfonamide)

2AY

Palm |

2.05

(Schoenfeld et
al., 2013)

3LKH

Inhibitors of hepatitis C virus
polymerase: synthesis and
characterization of novel 6-fluoro-n-
[2-hydroxy-1(s)-benzamides

LT6

Palm

2.05

(Cheng,
Shipps, etal.,
2010)

SPZL

Crystal structure of the hepatitis C
virus ns5b RNA -dependent RNA
polymerase in complex with 2-({3-[1-
(2-cyclopropylethyl)-6-fluoro-4-
hydroxy-2-oxo-1,2-dihydroquinolin-
3-yl]-1,1-dioxo-1,4-dihydro-
llambda~6~,2,4-benzothiadiazin-7-
yl} oxy) acetamide

23E

Thumb

2.06

(Yeungetal.,
2017)

SPZL

Crystal structure of the hepatitis C
virus ns5b RNA -dependent RNA
polymerase in complex with 2-({3-[1-
(2-cyclopropylethyl)-6-fluoro-4-
hydroxy-2-oxo-1,2-dihydroquinolin-
3-yl]-1,1-dioxo-1,4-dihydro-
llambda~6~,2,4-benzothiadiazin-7-
yl} oxy) acetamide

8XV

Palm

2.06

(Yeungetal.,
2017)

STRK

Crystal structure of the hepatitis C
virus ns5b RNA - dependent RNA
polymerase in complex with n-{3-
[(benzenecarbonyl)amino]-4-[(4-

23E

Thumb

2.06

(Parcella et al.,
2017)
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chlorophenyl) methoxy] benzene-1-
carbonyl} glycine

5TRK | Crystal structure of the hepatitis C 7HH An allosteric | 2.06 (Parcella et al.,
virus ns5b RNA - dependent RNA site located 2017)
polymerase in complex with n-{3- at the
[(benzenecarbonyl)amino]-4-[(4- convergence
chlorophenyl) methoxy] benzene-1- of the palm
carbonyl} glycine and thumb
regions.
4KBI HCV ns5b gtlb n316y with CMPD 4 | 1CO Palm 2 2.06 (Maynard et
al., 2014)
3CJ4 Crystal structure of hepatitis C virus | SX5 Thumb 2.07 (Antonysamy
RNA -dependent RNA polymerase etal., 2008)
ns5b in complex with optimized small
molecule fragments
5QJO0 Crystal structure of the hepatitis C J6D Palm 2.08 (Yeungetal.,
virus genotype 2astrain jfh1 ns5b 2018)
RNA -dependent RNA polymerasein
complex with 6-
[ethyl(methylsulfonyl)amino]-2-(4-
fluorophenyl)-n-methyl-5-(3-{[1-
(pyrimidin-2-yl) cyclopropyl]
carbamoyl} phenyl)-1-benzofuran-3-
carboxamide
4MKS8 | Hepatitis C virus polymerase ns5b 28Q Palm | 2.09 (Schoenfeld et
genotype 1b (bk) in complex with al., 2013)
inhibitor 4 (n-(4-{2-[3-tert-butyl-2-
methoxy-5-(2-ox0-1,2-
dihydropyridin-3-yl) phenyl] ethyl}
phenyl) methanesulfonamide)
2D41 X-ray crystal structure of hepatitis C | SNH Thumb 2.1 (Biswal et al.,
virus RNA -dependent RNA 2006)
polymerase in complex with non-
nucleoside inhibitor
3H59 Hepatitis C virus polymerase ns5b H59 Palm 2.1 (de Vicente,
with thiazine inhibitor 2 Hendricks,
Smith, Fell,
Fischer,
Spencer,
Stengel, Mohr,
Robinson,
Blake,
Hilgenkamp,
Yee, Zhao, et
al., 2009)
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2AX1 | Hepatitis C virus ns5b RNA SEE Inhibitors 2.1 (Powersetal.,
polymerase in complex with a bound 2006)
covalentinhibitor (5ee) covalently to
Cys366 in
the palm
domain
4J08 Crystal structure of HCV ns5b 1JH Thumb 2.1 (Stammers,
polymerase in complex with 2-{[(4- Coulombe,
methylphenyl) sulfonyl] amino}-5- Rancourt, et
phenoxybenzoic acid al., 2013)
3C0O9 | Crystal structure of HCV ns5b 3MS Palm 2.1 (Ruebsam,
polymerase with a novel pyridazinone Webber, etal.,
inhibitor 2008)
3CDE | Crystal structure of HCV ns5b N3H Palm 2.1 (L. S. Lietal.,,
polymerase with a novel pyridazinone 2008)
inhibitor
ADRU | HCV ns5b in complex with OLN Thumb 2.1 (L. S. Lietal.,
macrocyclic indole inhibitor 2008)
4KES HCV ns5b gtlb n316y with gsk5852 | 1PV Palm 2 2.11 (Maynard et
al., 2014)
3QGH | Crystal structure of the hepatitis C 63F 2.14 (Gentlesetal.,
virus ns5b RNA-dependent RNA 2011)
polymerase genotype 1a complex with
n-cyclopropyl-6-[(3r)-3-{[4-
(trifluoromethoxy) benzyl]
carbamoyl}-4-{[4-(trifluoromethoxy)
phenyl] sulfonyl} piperazin-1-yl]
pyridazine-3-carboxamide
6MVQ | HCV ns5b 1b n316 bound to K4M 2.14 (Chongetal.,
compound 31 2019)
2AWZ | Hepatitis C virus ns5b RNA 5H Inhibitors 2.15 (Powers etal.,
polymerase in complex with a bound 2006)
covalent inhibitor (5h) covalently to
Cys366 in
the palm
domain
3GYN | Crystal structure of HCV ns5b B42 Palm 2.15 (Ellis et al.,
polymerase with a novel monocyclic 2009)

dihydropyridinone inhibitor
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AWTM | Crystal structure of HCV ns5b UDP 2.15 (Appleby et
genotype 2a jfh-1 isolate with s15g al., 2015)
e86q e87q c223h v321i mutations in
complex with RNA template 5'-uagg,

RNA primer 5'-pcc, mn2+, and UDP

5QJ1 Crystal structure of the hepatitis C J6J Palm 2.17 (Yeungetal.,
virus genotype 2a strain jfh1 130s 2018)
ns5b RNA-dependent RNA
polymerase in complex with 6-

(ethylamino)-2-(4-fluorophenyl)-5-(3-
{[1-(5-fluoropyrimidin-2-yl)
cyclopropyl] carbamoy|}-4-
methoxyphenyl)-n-methyl-1-
benzofuran-3-carboxamide

3UDL | 3-heterocyclyl quinolone bound to KLI Thumb 2.174 (Kumaretal.,
HCV ns5b 2011)

3FQK | Hepatitis C virus polymerase nsbb (bk | 79Z Palm 2 2.2 (Hanget al.,
1-570) with hcv-796 inhibitor 2009)

10S5 Crystal structure of HCV nsS5b RNA | NH1 | Thumb 2.2 (Loveetal.,
polymerase complexed with a novel 2003)
non-competitive inhibitor.

211R Novel thiazolones as HCV ns5b VXR | Thumb 2.2 (Yan, Larson,
polymerase inhibitors: further designs, etal., 2007)
synthesis, SAR and X-ray complex
structure

21JN Isothiazoles as active-site inhibitors of | 221 Cys3660f |2.2 (Yan,

HCV ns5b polymerase the ‘primer- Appleby,
grip’ Gunic, etal.,
2007)

2GC8 | Structure of a proline sulfonamide 885 Between 2.2 (Yan,
inhibitor bound to HCV ns5b palm and Appleby,
polymerase thumb Gunic, etal.,

2007)

3PHE HCV ns5b with a bound quinolone C9A Thumb 2.2 (Kumaretal.,
inhibitor 2011)

4JJS Crystal structure of HCV ns5b 1M9 Thumb 2 2.2 (Beaulieu et
polymerase in complex with al., 2013)
compound 2

3G86 Hepatitis C virus polymerase ns5b (bk | T18 Palm 2.2 (de Vicente,
1-570) with thiazine inhibitor Hendricks,

Smith, Fell,
Fischer,
Spencer,

Stengel, Mohr,
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Robinson,

Blake,
Hilgenkamp,
Yee,
Adjabeng,
Elworthy,
Tracy, etal.,
2009)
2DXS | Crystal structure of HCV ns5b RNA | JTP Thumb 2.2 (Ikegashira et
polymerase complexed with a al., 2006)
tetracyclic inhibitor
3MWYV | Crystal structure of HCV ns5b 2.2 (LaPlante et
polymerase al., 2010)
3D5M | Crystal structure of HCV ns5b 4MS Palm 2.2 (Kimetal.,
polymerase with a novel pyridazinone 2008)
inhibitor
4JU7 Crystal structure of HCV ns5b 106 Thumb 2 2.2 (Stammers,
polymerase in complex with Coulombe,
compound 24 Duplessis, et
al., 2013)
4JU6 Crystal structure of HCV ns5b 106 Thumb 2 2.2 (Stammers,
polymerase in complex with Coulombe,
compound 24 Duplessis, et
al., 2013)
315K Crystal structure of the ns5b PO4 2.2 (Simister et
polymerase from hepatitis C virus al., 2009)
(HCV) strain JFH1
205D | Thiazolone-acylsulfonamidesas novel | VR1 Thumb 2.2 (Yan,
HCV ns5b polymerase allosteric Appleby,
inhibitors: convergence of structure- Larson, etal.,
based drug design and X-ray 2007)
crystallographic study
1YVZ | Hepatitis C virus RNA polymerase JPC Thumb 2.2 (Biswal et al.,
genotype 2a in complex with non- 2005)
nucleoside analogue inhibitor
AWTJ | Crystal structure of HCV ns5b ADP 2.2 (Appleby et
genotype 2a jfh-1 isolate with s15g al., 2015)
e86q e87q c223h v321i mutations in
complex with RNA template 5'-aucc,
RNA primer 5'-pgg, mn2+, and ADP
AWTJ | Crystal structure of HCV ns5b B3P 2.2 (Appleby et
genotype 2a jfh-1 isolate with s15g al., 2015)

e86q e87q c223h v321i mutations in
complex with RNA template 5'-aucc,
RNA primer 5'-pgg, mn2+, and ADP
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5PZK | Crystal structure of the hepatitis C 23E Thumb 2.2 (Yeungetal.,
virus ns5b RNA -dependent RNA 2017)
polymerase in complex with 2-(4-
fluorophenyl)-n-methyl-6-
[(methylsulfonyl)amino]-5-(propan-2-
yloxy)-1-benzofuran-3-carboxamide
5PZK | Crystal structure of the hepatitis C 2N5 Palm 2.2 (Yeungetal.,
virus ns5b RNA -dependent RNA 2017)
polymerase in complex with 2-(4-
fluorophenyl)-n-methyl-6-
[(methylsulfonyl)amino]-5-(propan-2-
yloxy)-1-benzofuran-3-carboxamide
41H6 Hepatitis C virus polymerase ns5b 1EP Palm 1 2.2 (Talamas et
(bk) with fragment-based compounds al., 2013)
4JY0 Crystal structure of HCV ns5b 109 2.2
polymerase in complex with
compound 3
4120 Crystal structure of HCV ns5b 2Bl Thumb 2 2.22 (Stammers,
polymerase in complex with 2,4,5- Coulombe,
trichloro-n-(5-methyl-1,2-oxazol-3-yl) Rancourt, et
benzene sulfonamide al., 2013)
SPZN Crystal structure of the hepatitis C 23E Thumb 2.25 (Yeungetal.,
virus ns5b RNA -dependent RNA 2017)
polymerase in complex with 5-[3-
(tert-butylcarbamoyl) phenyl]-2-(4-
fluorophenyl)-n-methyl-1-benzofuran-
3-carboxamide
SPZN Crystal structure of the hepatitis C 8XP Palm 2.25 (Yeungetal.,
virus ns5b RNA -dependent RNA 2017)
polymerase in complex with 5-[3-
(tert-butylcarbamoyl) phenyl]-2-(4-
fluorophenyl)-n-methyl-1-benzofuran-
3-carboxamide
2XHU | HCV-J4 ns5b polymerase SO4 2.287 (Harrusetal.,
orthorhombic crystal form 2010)
3Q0Z | Crystal structure of the hepatitis C 23E Thumb 2.29 (Zhengetal.,
virus ns5b RNA-dependent RNA 2011)

polymerase complex with (2e)-3-(4-
{[(1-{[(13-cyclohexyl-6-0x0-6,7-
dihydro-5h-indolo[1,2-d] [1,4]
benzodiazepin-10-yl) carbonyl]
amino} cyclopentyl) carbonyl]
amino} phenyl) prop-2-enoic acid
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2HWH | HCV ns5b allosteric inhibitor RNA | Thumb 2.3 (Yanetal.,
complex 2006)

5TRI Crystal structure of the hepatitis C 23E Thumb 2.3 (Parcella et al.,
virus ns5b RNA -dependent RNA 2017)
polymerase in complex with 3-[(4-
chlorophenyl) methoxy]-2-(1-oxo-1,3-
dihydro-2h-isoindol-2-yl) benzoic
acid

5TRI Crystal structure of the hepatitis C 7HM | An allosteric | 2.3 (Parcella et al.,
virus ns5b RNA -dependent RNA site located 2017)
polymerase in complex with 3-[(4- at the
chlorophenyl) methoxy]-2-(1-oxo-1,3- convergence
dihydro-2h-isoindol-2-yl) benzoic of the palm
acid and thumb

regions.
Palm 2

4MIB Hepatitis C virus polymerase ns5b 28M Palm | 2.3 (Talamas et
genotype 1b (bk) in complex with al., 2014)
compound 48 (n-({(3s)-1-[6-tert-
butyl-5-methoxy-8-(2-0x0-1,2-
dihydropyridin-3-yl) quinolin-3-yl]
pyrrolidin-3-yl} methyl)
methanesulfonamide)

3D28 Crystal structure of HCV ns5b B34 Palm 2.3 (Kimet al.,
polymerase with a novel 2008)
benzisothiazole inhibitor

6MVK | HCV ns5b 1b n316 bound to K4J 2.3 (Chongetal.,
compound 18 2019)

3BSA | Crystal structure of HCV ns5b 1PD Palm 2.3 (Zhouetal.,
polymerase with a novel pyridazinone 2008)
inhibitor

4KAI HCV ns5b gtlb n316 with gsk5852a | 1PV Palm 2 2.3 (Maynard et

al., 2014)

3BR9 | Crystal structure of HCV ns5b DEY | Palm 2.3 (Zhouetal.,
polymerase with a novel pyridazinone 2008)
inhibitor

41H7 Hepatitis C virus polymerase ns5b 1ER Palm 1 2.3 (Talamas et
(bk) with fragment-based compounds al., 2013)

2BRK | Crystal structure of hepatitis Cvirus | CMF | Thumb 2.3 (Di Marco et
polymerase in complex with an al., 2005)

allosteric inhibitor (compound 1)
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3CVK | Crystal structure of HCV ns5b N34 Palm 2.31 (Ruebsam,
polymerase with a novel pyridazinone Sun, etal.,
inhibitor 2008)
3GNW | HCV ns5b polymerase in complex XNC | Allosteric 2.39 (Vandyck et
with 1,5 benzodiazepine inhibitor 4c site near the al., 2009)
interface of
the palm and
thumb
subdomains.
4J0A Crystal structure of HCV ns5b 1JL Thumb 2.4 (Stammers,
polymerase in complex with 2-{[(4- Coulombe,
methylphenyl) sulfonyl] amino}-4- Rancourt, et
phenoxybenzoic acid al., 2013)
4JU4 Crystal structure of HCV ns5b 103 Thumb 2 2.4 (Stammers,
polymerase in complex with Coulombe,
compound 22 Duplessis, et
al., 2013)
3CWJ | Crystal structure of HCV ns5b 321 Palm 2.4 (Ellis et al.,
polymerase with a novel pyridazinone 2008)
inhibitor
4IVQ Crystal structure of HCV ns5b IML | Thumb 2 2.4 (LaPlante et
polymerase in complex with al., 2014)
compound 9
2BRL | Crystal structure of hepatitis Cvirus | POO | Thumb 2.4 (Di Marco et
polymerase in complex with an al., 2005)
allosteric inhibitor (compound 2)
4AEX | HCV-JFH1 ns5b polymerase structure | PO4 241 (Scrimaetal.,
at 2.4 angstrom in a primitive 2012)
orthorhombic space group
4KHR | HCV nsbb gtla c316y with gsk5852 | 1PV Palm 2 2.45 (Gentlesetal.,
2011)
3QGF | Crystal structure of the hepatitis C 23E Thumb 2.45 (Gentlesetal.,

virus ns5b RNA-dependent RNA
polymerase complex with (2e)-3-(4-
{[(2-{[(13-cyclohexyl-6-0x0-6,7-
dihydro-5h-indolo[1,2-d] [1,4]
benzodiazepin-10-yl) carbonyl]
amino} cyclopentyl) carbonyl]
amino} phenyl) prop-2-enoic acid and
(2r)-4-(6-chloropyridazin-3-yl)-n-(4-
methoxybenzyl)-1-{[4-

2011)
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(trifluoromethoxy) phenyl] sulfonyl}
piperazine-2-carboxamide

3QGF | Crystal structure of the hepatitis C 46F 2.45 (Gentlesetal.,
virus ns5b RNA -dependent RNA 2011)
polymerase complex with (2e)-3-(4-

{[(1-{[(13-cyclohexyl-6-0x0-6,7-
dihydro-5h-indolo[1,2-d] [1,4]
benzodiazepin-10-yl) carbonyl]
amino} cyclopentyl) carbonyl]
amino} phenyl) prop-2-enoicacid and
(2r)-4-(6-chloropyridazin-3-yl)-n-(4-
methoxybenzyl)-1-{[4-
(trifluoromethoxy) phenyl] sulfonyl}
piperazine-2-carboxamide

3SKH | I. Novel HCV ns5b polymerase 58 Active site 2.5 (Anilkumar et
inhibitors: discovery of indole 2- cavity of al., 2011)
carboxylic acids with c3-heterocycles NS5B at the

palm site.

1YVF | Hepatitis C virus ns5b RNA - PH7 Primer grip | 2.5 (Pfefferkorn,
dependent RNA polymerase complex site Greene, etal.,
with inhibitor pha-00729145 2005)

A4WT9 | Apo crystal structure of HCV nsbb EPE 2.5 (Appleby et
genotype 2a jfh-1 isolate with e86q al., 2015)
e87qs15gc223h v321liand delta8
mutations

AWTA | Apo crystal structure of HCV ns5b SO4 2.5 (Mosley etal.,
genotype 2a JFH-1 isolate with beta 2012)
hairpin loop deletion

AWTK | Crystal structure of HCV ns5b CDP 2.5 (Appleby et
genotype 2a jfh-1 isolate with s15g al., 2015)
e86q e87q c223hv321i mutations in
complex with RNA template 5'-agcc,

RNA primer 5'-pgg, mn2+, and CDP

AWTK | Crystal structure of HCV ns5b B3P 2.5 (Appleby et
genotype 2a jfh-1 isolate with s15g al., 2015)
e86q e87q c223h v321i mutations in
complex with RNA template 5'-agcc,

RNA primer 5'-pgg, mn2+, and CDP

40BC | Crystal structure of HCV polymerase | MES 2.5 (Lametal.,

ns5b genotype 2a jfh-1 isolate with 2014)

the s15g, c223h, v321i resistance
mutations against the guanosine
analog gs-0938 (psi-3529238)

96



1YV2 | Hepatitis C virus ns5b RNA - SO4 Thumb 2.5 (Biswal et al.,
dependent RNA polymerase genotype 2005)
2a
1QUV | Crystal structure of the RNA directed 2.5 (Bressanelli et
RNA polymerase of hepatitis c virus al., 1999)
4RY6 | C-terminal mutant (w550a) of 2.52 (Cherry etal.,
HCV/J4 RNA polymerase 2015)
2XWY | Structure of mk-3281, a potent non- IB8 Finger-loop | 2.53 (Narjesetal.,
nucleoside finger-loop inhibitor, in inhibitor 2011)
complex with the hepatitis C virus
ns5b polymerase
5PZM | Crystal structure of the hepatitis C 23E Thumb 2.54 (Yeungetal.,
virus ns5b RNA -dependent RNA 2017)
polymerase in complex with 3-[2-(4-
fluorophenyl)-3-(methylcarbamoyl)-
1-benzofuran-5-yl] benzoic acid
5PZM | Crystal structure of the hepatitis C 8XS Palm 2.54 (Yeungetal.,
virus ns5b RNA -dependent RNA 2017)
polymerase in complex with 3-[2-(4-
fluorophenyl)-3-(methylcarbamoyl)-
1-benzofuran-5-yl] benzoic acid
5TRJ Crystal structure of the hepatitis C 23E Thumb 2.57 (Parcella et al.,
virus ns5b RNA -dependent RNA 2017)
polymerase in complex with 2-{[2-
(carboxymethoxy) benzene-1-
carbonyl] amino}-3-[(4-chlorophenyl)
methoxy] benzoic acid
5TRJ Crystal structure of the hepatitis C 7HO An allosteric | 2.57 (Parcella et al.,
virus ns5b RNA -dependent RNA site located 2017)
polymerase in complex with 2-{[2- at the
(carboxymethoxy) benzene-1- convergence
carbonyl] amino}-3-[(4-chlorophenyl) of the palm
methoxy] benzoic acid and thumb
regions.
400W | HCV ns5b polymerase with a CAQ 2.57 (Ahmed-
fragment of quercetagetin Belkacem et
al., 2014)
4RY4 | C-terminal mutant (y448f) of HCV/J4 2.59 (Cherry etal.,
RNA polymerase 2015)
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2QE5

Structure of HCV ns5b bound to an
anthranilic acid inhibitor

617

A site on
NS5B
between the
thumb and
palm regions
adjacentto
the active
site.

2.6

(Nittoli etal.,
2007)

3QGD

Crystal structure of the hepatitis C
virus ns5b RNA -dependent RNA
polymerase complex with (2e)-3-(4-
{[(1-{[(13-cyclohexyl-6-0x0-6,7-
dihydro-5h-indolo[1,2-d] [1,4]
benzodiazepin-10-yl) carbonyl]
amino} cyclopentyl) carbonyl]
amino} phenyl) prop-2-enoicacid and
(2r)-4-(2,6-dimethoxypyrimidin-4-yl)-
1-[(4-ethylphenyl) sulfonyl]-n-(4-
methoxybenzyl) piperazine-2-
carboxamide

23E

Thumb

2.6

(Gentlesetal.,
2011)

3QGD

Crystal structure of the hepatitis C
virus ns5b RNA -dependent RNA
polymerase complex with (2e)-3-(4-
{[(2-{[(13-cyclohexyl-6-0x0-6,7-
dihydro-5h-indolo[1,2-d] [1,4]
benzodiazepin-10-yl) carbonyl]
amino} cyclopentyl) carbonyl]
amino} phenyl) prop-2-enoicacid and
(2r)-4-(2,6-dimethoxypyrimidin-4-yl)-
1-[(4-ethylphenyl) sulfonyl]-n-(4-
methoxybenzyl) piperazine-2-
carboxamide

26S

Palm

2.6

(Gentlesetal.,
2011)

3IGV

Crystal structure of HCV ns5b
polymerase with a novel monocyclic
dihydro-pyridinone inhibitor

B8O

Palm

2.6

(Ellis et al.,
2009)

4ITY

Crystal structure of HCV ns5b
polymerase with compound 2

INV

Thumb 2

2.6

(Hucke etal.,
2014)

4JY1

Crystal structure of HCV ns5b
polymerase in complex with
compound5

NN3

2.6

3BSC

Crystal structure of HCV ns5b
polymerase with a novel pyridazinone
inhibitor

2PD

Palm

2.65

(Zhou etal.,
2008)
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AWTF | Crystal structure of HCV ns5b 5GS 2.65 (Appleby et
genotype 2a jfh-1 isolate with s15g al., 2015)
e86q e87q c223h v321i mutations and
delta8 beta hairpin loop deletionin
complex with gs-639475, mn2+and
symmetrical primer template 5'-
caaaauuu

2XHW | HCV-J4 ns5b polymerase trigonal 2.66 (Harrusetal.,
crystal form 2010)

5TRH | Crystal structure of the hepatitis C 23E Thumb 2.7 (Parcellaet al.,
virus ns5b RNA-dependent RNA 2017)
polymerase in complex with 2-

[(benzenecarbonyl)amino]-3-[(4-
chlorophenyl) methoxy] benzoic acid

5TRH | Crystal structure of the hepatitis C 7THL Palm 2. An | 2.7 (Parcella et al.,
virus ns5b RNA -dependent RNA allosteric site 2017)
polymerase in complex with 2- located at the
[(benzenecarbonyl)amino]-3-[(4- convergence
chlorophenyl) methoxy] benzoic acid of the palm

and thumb
regions.

4AGMC | Crystal structure of HCV ns5b 1BI Thumb | 2.7 10.1139/cjc-
polymerase in complex with a thumb 2012-0319
inhibitor

4JU2 Crystal structure of HCV ns5b 100 Thumb 2 2.7 (Hucke etal.,
polymerase in complex with 2014)
compound 12

AWTD | Crystal structure of HCV ns5b ADP 2.7 (Appleby et
genotype 2a jfh-1 isolate with s15g al., 2015)
e86q e87q c223hv321i mutations and
delta8 beta hairpin loop deletionin
complex with ADP, mn2+and
symmetrical primer template 5'-
auaaauuu

4TN2 Ns5b in complex with lactam- 33J Thumb 2 2.7 (Barnes-
thiophene carboxylic acids Seeman etal.,

2014)

3CSO | HCV polymerase in complexwitha | XNI 2.71 (Nyanguile et
1,5-benzodiazepine inhibitor al., 2008)

4RY5 | C-terminal mutant (w550n) of MN 2.71 (Cherry etal.,
HCV/J4 RNA polymerase 2015)
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ANLD

Crystal structure of the hepatitis C
virus ns5b RNA-dependent RNA
polymerase complex with bms-
791325 also known as (1ar,12bs)-8-
cyclohexyl-n-(dimethylsulfamoyl)-11-
methoxy-1a-{[(1r,5s)-3-methyl-3,8-
diazabicyclo [3.2.1] oct-8-yl]
carbonyl}-1,1a,2,12b-
tetrahydrocyclopropa[d]indolo[2,1-
a][2] benzazepine-5-carboxamide and
2-(4-fluorophenyl)-n-methyl-6-
[(methylsulfonyl)amino]-5-(propan-2-
yloxy)-1-benzofuran-3-carboxamide

2N7

Thumb 1

2.75

(Gentlesetal.,
2014)

ANLD

Crystal structure of the hepatitis C
virus ns5b RNA -dependent RNA
polymerase complex with bms-
791325 also known as (1ar,12bs)-8-
cyclohexyl-n-(dimethylsulfamoyl)-11-
methoxy-1a-{[(1r,5s)-3-methyl-3,8-
diazabicyclo [3.2.1] oct-8-yl]
carbonyl}-1,1a,2,12b-
tetrahydrocyclopropa[d]indolo[2,1-
a][2] benzazepine-5-carboxamide and
2-(4-fluorophenyl)-n-methyl-6-
[(methylsulfonyl)amino]-5-(propan-2-
yloxy)-1-benzofuran-3-carboxamide

2N5

Thumb 1

2.75

(Gentlesetal.,
2014)

3GNV

HCV ns5b polymerase in complex
with 1,5 benzodiazepine inhibitor 1b

XNZ

Allosteric
site near the
interface of
the palm and
thumb
subdomains.

2.75

(Vandyck et
al., 2009)

AWTC

Crystal structure of HCV ns5b
genotype 2a jfh-1 isolate with s15g
e86q e87q c223h v321i mutations and
delta8 beta hairpin loop deletion in
complex with CDP, mn2+ and
symmetrical primer template 5'-
agaaauuu

CDP

2.75

(Appleby et
al., 2015)

AMK7

Hepatitis C virus polymerase ns5b
genotype 1b (bk) in complex with
inhibitor 2 (3-(3-tert-butyl-4-
methoxyphenyl) pyridin-2(1h)-one)

280

Palm |

2.8

(Schoenfeld et
al., 2013)
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AMIA | Hepatitis C virus polymerase ns5b 28L Palm | 2.8 (Talamas et
genotype 1b (bk) in complex with al., 2014)
rg7109 (n-{4-[6-tert-butyl-5-methoxy-
8-(6-methoxy-2-0x0-2,5-
dihydropyridin-3-yl) quinolin-3-yl]
phenyl} methanesulfonamide)

174U Hepatitis C virus nsb RNA - PH9 Primer grip | 2.8 (Pfefferkorn,
dependent RNA polymerase complex site Nugent, etal.,
with inhibitor pha-00799585 2005)

3MWW | Crystal structure of HCV ns5b BIW | Thumb1 2.8 (LaPlante et
polymerase al., 2010)

4TZ Crystal structure of HCV ns5b INW | Thumb 2 2.8 (Hucke etal.,
polymerase in complex with 2014)
compound 4

AWTI Crystal structure of HCV ns5b GDP 2.8 (Appleby et
genotype 2a jfh-1 isolate with s15g al., 2015)
e86q e87q c223h v321i mutations in
complex with RNA template 5'-acgg,

RNA primer 5'-pcc, mn2+, and GDP

AWTI Crystal structure of HCV ns5b B3P 2.8 (Appleby et
genotype 2a jfh-1 isolate with s15g al., 2015)
e86q e87q c223h v321i mutations in
complex with RNA template 5'-acgg,

RNA primer 5'-pcc, mn2+, and GDP

AWTA | Crystal structure of HCV ns5b UDP 2.8 (Appleby et
genotype 2a JFH-1 isolate with s15g al., 2015)
e86q e87qg c223h v321i mutations and
delta8 beta hairpin loop deletionin
complex with UDP, mn2+and
symmetrical primer template 5'-
caaaauuu

5PZ0 Crystal structure of the hepatitis C 23E Thumb 2.8 (Yeungetal.,
virus ns5b RNA-dependent RNA 2017)
polymerase ¢316n in complex with 2-

(4-fluorophenyl)-n-methyl-5-[3-({2-
methyl-1-0x0-1-[(1,3,4-thiadiazol-2-
yl) amino] propan-2-yl} carbamoyl)
phenyl]-1-benzofuran-3-carboxamide

5PZ0 Crystal structure of the hepatitis C 8XM | Palm 2.8 (Yeungetal.,

virus ns5b RNA -dependent RNA 2017)

polymerase ¢316n in complex with 2-
(4-fluorophenyl)-n-methyl-5-[3-({2-
methyl-1-oxo0-1-[(1,3,4-thiadiazol-2-
yl) amino] propan-2-yl} carbamoyl)
phenyl]-1-benzofuran-3-carboxamide
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1CSJ Crystal structure of the RNA - 2.8 (Bressanelli et
dependent RNA polymerase of al., 1999)
hepatitis ¢ virus
5W2E | HCV nsbb RNA -dependent RNA IVvyY Palm 2 2.8 (McComas et
polymerase in complex with non- al., 2017)
nucleoside inhibitor mk-8876
3GOL | HCV ns5b polymerase in complex XND 2.85 (McGowan et
with 1,5 benzodiazepine inhibitor (r)- al., 2009)
11d
INHV | Hepatitis C virus RNA polymerase in | 154 Thumb about | 2.9 (M. Wang et
complex with non-nucleoside 35 A from al., 2003)
analogue inhibitor the active
site.
2QE2 Structure of HCV ns5b bound to an 452 A site on 2.9 (Nittoli etal.,
anthranilic acid inhibitor NS5B 2007)
between the
thumb and
palm regions
adjacentto
the active
site.
4JU1l Crystal structure of HCV ns5b INZ Thumb 2 2.9 (Hucke etal.,
polymerase in complex with 2014)
compound 6
4AE78 Crystal structure of a product state 2.9 (Mosley etal.,
assembly of HCV ns5b genotype 2a 2012)
JFH-1 isolate with beta hairpin loop
deletion bound to primer-template
RNA with 3'-dg
AWTE | Crystal structure of HCV ns5b GDP 2.9 (Appleby et
genotype 2a jfh-1 isolate with s15g al., 2015)
€860 e87q c223h v321i mutations and
delta8 beta hairpin loop deletionin
complex with GDP, mn2+and
symmetrical primer template 5'-
acaaauuu
AWTG | Crystal structure of HCV ns5b 6GS 2.9 (Appleby et
genotype 2a jfh-1 isolate with s15g al., 2015)

e86q e87q c223h v321i mutations and
delta8 beta hairpin loop deletionin
complex with sofosbuvir diphosphate
gs-607596, mn2+ and symmetrical
primer template 5'-caaaauuu

102




5UJ2

Crystal structure of HCV ns5b
genotype 2a jfh-1 isolate with s15g
e86q e87q c223h v321i mutations and
delta8 neta hairpoin loop deletion in
complex with gs-639476 (diphsohate
version of gs-9813), mn2+and
symmetrical primer template 5'-
auaaauuu

8B4

2.9

(Kirschberg et
al., 2017)

SPZP

Crystal structure of the hepatitis C
virus ns5b RNA-dependent RNA
polymerase in complex with 4-fluoro-
2-(4-fluorophenyl)-n-methyl-5-(2-
methyl-5-{[1-(pyrimidin-2-yl)
cyclopropyl] carbamoyl} phenyl)-1-
benzofuran-3-carboxamide (bms-
929075)

23E

Thumb

2.95

(Yeungetal.,
2017)

SPZP

Crystal structure of the hepatitis C
virus ns5b RNA -dependent RNA
polymerase in complex with 4-fluoro-
2-(4-fluorophenyl)-n-methyl-5-(2-
methyl-5- {[1-(pyrimidin-2 yl)
cyclopropyl] carbamoyl} phenyl)-1-
benzofuran-3-carboxamide (bms-
929075)

8XJ

Palm

2.95

(Yeungetal.,
2017)

3QGE

Crystal structure of the hepatitis C
virus ns5b RNA -dependent RNA
polymerase complex with (2e)-3-(4-
{[(2-{[(13-cyclohexyl-6-0x0-6,7-
dihydro-5h-indolo[1,2-d] [1,4]
benzodiazepin-10-yl) carbonyl]
amino} cyclopentyl) carbonyl]
amino} phenyl) prop-2-enoicacid and
(2r)-4-(2,6-dimethoxypyrimidin-4-yl)-
n-(4-methoxybenzyl)-1-{[4-
(trifluoromethoxy) phenyl] sulfonyl}
piperazine-2-carboxamide

23E

Thumb

(Gentlesetal.,
2011)

3QGE

Crystal structure of the hepatitis C
virus ns5b RNA -dependent RNA
polymerase complex with (2e)-3-(4-
{[(2-{[(13-cyclohexyl-6-0x0-6,7-
dihydro-5h-indolo[1,2-d] [1,4]
benzodiazepin-10-yl) carbonyl]
amino} cyclopentyl) carbonyl]
amino} phenyl) prop-2-enoic acid and
(2r)-4-(2,6-dimethoxypyrimidin-4-yl)-
n-(4-methoxybenzyl)-1-{[4-

26F

Palm

(Gentlesetal.,
2011)
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(trifluoromethoxy) phenyl] sulfonyl}
piperazine-2-carboxamide

4JTW

Crystal structure of HCV ns5b
polymerase in complex with
COUPOUND 1

1INU

Thumb 2

(Hucke etal.,
2014)

AETA

Crystal structure of a product state
assembly of HCV ns5b genotype 2a
jfh-1 isolate with beta hairpin deletion
bound to primer-template RNA with a
2',3'-ddc

(Mosley etal.,
2012)

ARYT

C-terminal mutant (d559¢) of HCV/J4
RNA polymerase

(Cherry etal.,
2015)

STWN

Crystal structure of the hepatitis C
virus ns5b RNA - dependent RNA
polymerase in complex with 5-[3-
(tert-butylcarbamoyl) phenyl]-6-
(ethylamino)-2-(4-fluorophenyl)-n-
methylfuro[2,3-b] pyridine-3-
carboxamide

23E

Thumb

3.04

(Eastman et
al., 2017)

STWN

Crystal structure of the hepatitis C
virus ns5b RNA - dependent RNA
polymerase in complex with 5-[3-
(tert-butylcarbamoyl) phenyl]-6-
(ethylamino)-2-(4-fluorophenyl)-n-
methylfuro[2,3-b] pyridine-3-
carboxamide

NG

Primer grip
site

3.04

(Eastman et
al., 2017)

6GP9

Structural studies of hepatitis C virus
non-structural protein-5b of genotype
4da

3.1

3QGG

Crystal structure of the hepatitis C
virus ns5b RNA -dependent RNA
polymerase complex with (2e)-3-(4-
{[(1-{[(13-cyclohexyl-6-0x0-6,7-
dihydro-5h-indolo[1,2-d] [1,4]
benzodiazepin-10-yl) carbonyl]
amino} cyclopentyl) carbonyl]
amino} phenyl) prop-2-enoicacid and
n-cyclopropyl-6-[(3r)-3-{[4-
(trifluoromethoxy) benzyl]
carbamoyl}-4-{[4-(trifluoromethoxy)
phenyl] sulfonyl} piperazin-1-yl]
pyridazine-3-carboxamide

23E

Thumb

3.22

(Gentlesetal.,
2011)
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3QGG

Crystal structure of the hepatitis C
virus ns5b RNA -dependent RNA
polymerase complex with (2e)-3-(4-
{[(2-{[(13-cyclohexyl-6-0x0-6,7-
dihydro-5h-indolo[1,2-d] [1,4]
benzodiazepin-10-yl) carbonyl]
amino} cyclopentyl) carbonyl]
amino} phenyl) prop-2-enoicacid and
n-cyclopropyl-6-[(3r)-3-{[4-
(trifluoromethoxy) benzyl]
carbamoyl}-4-{[4-(trifluoromethoxy)
phenyl] sulfonyl} piperazin-1-yl]
pyridazine-3-carboxamide

63F

3.22

(Gentlesetal.,

2011)

2N1P

Structure of the c-terminal membrane
domain of HCV ns5b protein
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