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Abstract: Background: Chronic Hepatitis B Virus (HBV) infection is a global health concern,
associated with severe liver diseases, necessitating ongoing research on novel drug candidates. This
study aims to identify potential drug candidates targeting HBV core protein (HBcAg) and
disrupting capsid assembly, a critical step in the virus's life cycle. Methods: HBcAg in complex with
HBYV inhibitors were obtained from the Protein Data Bank (PDB). CavityPlus server was used for
analysis of druggable cavity. Structure-based pharmacophores were extracted from identified
cavities, and potential allosteric ligand binding sites were assessed using CavPharmer, CorrSite, and
CovCys. LigandScout was employed for ligand-based pharmacophore screening against an FDA-
approved library. The ZINC database was screened with features extracted from CavPharmer.
Molecular docking studies were conducted using Autodock Vina. Lead compounds were selected
based on docking scores, binding modes, and interactions within the druggable cavity. Results:
Strong druggable pockets were found for Ciclopirox, while Compound 24, NVR10-001E2, and
others showed medium to weak pockets. Ligand-based pharmacophores varied in size and
complexity. Screening revealed potential hits matching these pharmacophores, including Ciclopirox
olamine, Voriconazole, Enasidenib, and Statins. A large compound database search yielded
additional hits like ZINC86859997 and ZINC63280172. Docking analyses confirmed these hits'
potential, highlighting their interactions with critical HBc protein residues, offering promising leads
for hepatitis B drug development. Conclusions: Voriconazole, Enasidenib, and Lovastatin have
shown promises. These hits displayed favorable interactions with crucial HBc protein residues,
indicating their potential as lead compounds The mechanism of action of statins with anti-HBV
activities also highlighted. This comprehensive approach offers valuable insights into targeting HBc
protein for antiviral drug discovery.

Keywords: hepatitis B; antiviral; drug discovery; HBc protein; pharmacophore-based screening;
drug repurposing

1. Introduction

Chronic Hepatitis B Virus (CHB) infection as a significant health issue affected ~300 million of
people worldwide, posing significant risks for liver diseases, including fibrosis, cirrhosis, and

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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hepatocellular carcinoma [1]. In this regard, the primary goal of HBV treatment is to prevent the
already mentioned serious HBV-associated liver diseases.

The therapies for HBV infection are aimed for a functional and complete cure, by inducing
sustained HBV surface antigen (HBsAg) loss or seroconversion with no formation or detection of new
covalently closed circular DNA (cccDNA) molecules [2—4]. While vaccines have reduced HBV
prevalence, challenges like limited access to vaccination and vaccine non-response still exist [5].
Current treatments for chronic HBV infection include pegylated interferons (PEG-IFNs) and
nucleoside/nucleotide analogs (NAs) such as lamivudine (3TC), adefovir (ADF), entecavir (ETV),
tenofovir disoproxil (TDF), and tenofovir alafenamide (TAF). Curative outcome of these
interventions has limited success due to the development of drug-resistant mutants, potential side
effects, long-term therapy, and presence of cccDNA. Interferons are effective but often poorly
tolerated, especially at high doses [6].

Therefore, there is still needs for more anti-HBV research, introducing novel therapeutic options.
The HBV genome encodes four overlapping open reading frames (ORFs), including P (polymerase),
C (core), S (surface), and X (HBxAg). Core antigen (HBcAg) assembles into capsids with T=4or T =
3 symmetry, composed of HBc dimers [7,8]. The icosahedral HBcAg comprises three domains,
consisting of a 149-amino acid N-terminal assembly domain (Cp149), a linker region, and a 34-residue
disordered nucleic acid-binding C-terminal domain essential for viral genome replication and
stability. HBcAg is essential for genome packaging and reverse transcription [9], and the capsid
assembly process in HBV life cycle is a critical target for the treatment of CHB.

Capsid assembly modulators (CAMs) have shown potential for curing HBV infection. CAMs are
compounds designed to disrupt nucleocapsid assembly by affecting the kinetics and interactions
between core dimers [10-12]. CAMs are categorized into two families (I and II) based on their
mechanisms of action. CAM I molecules (e.g., Bay 41-4109 and GLS4) induce misassembly of core
dimers, leading to aberrant capsid structures, while CAM II molecules (e.g., PPA and SBA) stabilize
core dimer interactions, promoting immature hasty nucleocapsid assembly [13]. Collectively, CAMs
bind to a hydrophobic pocket at the core dimerization interface, causing structural changes that block
capsid assembly and potentially inhibit HBV replication. The advent of CAMs as a potential
treatment strategy for chronic HBV infection has garnered significant attention in recent research.
Some CAMs have advanced to different clinical trials phases (Yuen et al., 2022; Zoulim et al., n.d.).
Among these CAMs, GST-HG141, a novel compound undergoing phase I clinical evaluation, has
demonstrated remarkable promise. GST-HG141 promotes the formation of "empty" capsids that lack
genetic material by acceleration of HBV capsid assembly [19]. This unique mode of action, coupled
with its favorable pharmacokinetic properties, has further bolstered its potential as an HBV
treatment. In vivo studies in an AAV-HBV mouse model have showcased its dose-dependent
reduction in serum and liver HBV DNA levels, albeit with a rebound effect following treatment
cessation. Additionally, GST-HG141 has exhibited promising synergistic effects when used in
combination with other HBV inhibitors and has displayed specificity for HBV, sparing other DNA
and RNA viruses in vitro [19]. A further study highlighted HEC72702, with a unique chirality, as a
potent anti-HBV with improved pharmacokinetics, and reduced side effects. Additionally, it
demonstrated higher stability, induced fewer structural changes, and had a stronger binding affinity
to HBcAg, making it a promising candidate for HBV inhibition [20]. Further computational study by
Tomaya et al demonstrated a novel CAM I pyrimidotriazine derivatives, Compound 2b with
significant anti-HBV activity in cell cultures. The compound inhibited capsid formation, reduced
capsid-associated HBV RNA and DNA levels, and showed effectiveness against an ETV/3TC-
resistant HBV mutant [21].

Further inhibitors of HBcAg have also issued with promising results both in vivo and in vitro.
These are included Yhhu6669 [22], pyrazolyl-thiazole (PT), glyoxamide-pyrrolamide (GPA), and
dibenzo-thiazepin-2-one (DBT) [23], JNJ-64530440 [24], Compound A and B [25], Ciclopirox [26],
NVR 3-778 [27], HEC72702 [28], JNJ-827 and JNJ-890 [29], Cetylpyridinium chloride (CPC) [30], Bay
41-4109 [18,31], isothiafludine (NZ-4) [5], and other derivatives [3,32]. These interests in developing
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direct HBcAg-binders show the novelty of such approaches, and repurposing drugs with same or
enhanced direct-action on HBV core protein still holds much promises.

The present study contributes significantly in the field of anti-HBV research by introducing
novel potential lead compounds. By utilizing computational-aided approaches like structure-based
and ligand-based pharmacophore drug discovery, this study helps to accelerate the drug
development process by screening a vast library of compounds to identify those with the potential to
disrupt HBV capsid assembly, a crucial step in the virus's life cycle. Such approaches enable the rapid
identification of promising drug candidates, reducing the time and resources required for
experimental drug discovery. Ultimately, this study paves the way of the repurposing FDA-
approved drugs for HBV, addressing a critical gap in the field and offering new hope for individuals
affected by this persistent and challenging viral infection.

2. Materials and Methods

Preparation of Capsid protein structures

Crystallographic structures of HBcAg were retrieved from protein database (PDB;
https://www.rcsb.org/). Accordingly, crystallographic structures of the protein in complex with the
new HBV inhibitors, including Ciclopirox (PDB_ID: 6J10), NVR10-001E2 (PDB_ID: 5EOI),
sulfamoylbenzamide (PDB_ID: 5T2P), heteroaryldihydropyrimidine (PDB_ID: 5SWRE), N-(3-chloro-
4-fluorophenyl)-3-phenyl-2,4,6,7-tetrahydro-5H-pyrazolo[4,3-c]pyridine-5-carboxamide  (PDB_ID:
7K5M), and Compound 24 or (6S,8R)-N-(3-bromo-4-fluorophenyl)-8-fluoro-10-methyl-11-oxo-
1,3,4,7,8,9,10,11-octahydro-2H-pyrido[4',3":3,4] pyrazolo[1,5-a][1,4]diazepine-2-carboxamide
(PDB_ID: 8GIH) were collected with the resolutions of 2.30 A, 1.95 A, 1.69 A, 1.95 A, 2.65 A, and 2.65
A, respectively [26,41-45].

The protein chain in complex with the respective inhibitor were cleaned from the other non-
standard residues, HOH molecules, and other amino acid chains as previously reported [46]. The
structures were energy minimized with Swiss-Pdb viewer v4.1.0 (https://spdbv.unil.ch/) to make sure
there are no clashes within the cleaned structures. A monomer of HBcAg in complex with the ligands
were used for analyzing the pharmaceutical druggable cavities in the further study.

Prediction of strong druggable cavities

We employed the CavityPlus server (accessible at
http://www.pkumdl.cn:8000/cavityplus/#/computation) to conduct a more accurate and robust
analysis of protein druggable cavities and assess the functionality of the energy-minimized HBcAg
structures when they were complexed with the ligands mentioned earlier [47,48]. To identify the
druggable cavities of the ligands’ binding sites on the S protein, CavPharmer was employed to extract
pharmacophore features from the selected cavities, while CorrSite identified possible allosteric ligand
binding sites by analyzing motion correlations. CovCys was employed to automatically detect
druggable cysteine residues, offering a valuable strategy for discovering new binding sites suitable
for covalent allosteric ligand development. It's worth noting that throughout our study, we
maintained the server settings at their default values, ensuring consistency with prior research
findings [49,50].

ZINC database screening

To increase the likelihood of identifying promising compounds within specific pharmacophores,
the extracted features from CavPharmer were adopted in screening with ZINCPharmer, as
previously outlined in [49]. In this context, the ZINC Purchasable database (last updated on
December 20, 2014), comprising a substantial collection of 206,433,075 conformations belonging to
21,777,093 compounds was utilized for the screening process. In cases where the number of hits was
substantial, the RMSD threshold reduced (> O.SA), and conversely, increased it when there were
fewer hits. Molecular docking analysis was conducted on the ZINC-derived hits with the most-fitted
compounds and RMSD values.
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Stablishing chemical libraries and virtual screening

For identifying pharmacophore of the HBcAg-complexed ligands within the crystallographic
structures, LigandScout 4.4.7 [21] software was used. Furthermore, the software used for preparation
of a large chemical library of small molecules and ligand-based pharmacophore screening. Briefly,
the predicted pharmacophores were imported into the software screening utility to perform high-
throughput screening (HTS). An FDA-approved library filtered by Lipinski’s role of five (Drugbank
with 1751 compounds) was prepared based on the LigandScout’s iCon best conformer generation
type like it was reported before [51]. Duplicate compounds, if there were any, identified and removed
during library generation.

The scoring function of hit identification was set on Pharmacophore-Fit score with the Screening
mode of Match all query features. Additionally, best matching conformation of hits was retrieved,
for which maximum number of omitted pharmacophore feature was rationally modified for
obtaining hits preserving maximum number of pharmacophore features. Further molecular docking
analysis was conducted, focusing on hits with the highest pharmacophore-fit score.

Molecular docking

The hits in their energy-minimized, 3D confirmation, and explicit orders were used for
molecular docking as ligands to HBsAg monomer as the receptor. Molecular docking studies using
Autodock Vina v1.2.0 [52,53] was conducted to investigate the binding interactions between the
compounds identified through LigandScout or ZINCPharmer screenings. For high-throughput
molecular docking, the Galaxy v1.5.7 server, accessible at https://usegalaxy.eu was utilized.

Additionally, vina scoring function was employed, generating five docking poses for each ligand
within the Galaxy server environment. We meticulously analyzed the docking results, considering
scoring functions, visual inspection, and factors such as binding affinity, inter/intra molecular scores,
and interaction patterns [40].

To encompass the druggable cavity, a grid box parameter was determined using MGLTools
v1.5.7 [54,55]. A cut-off was measured by a same process of docking, determining the affinity of the
ligands within the crystallographic structures to HBc monomer. The lead compounds prioritized
based on favorable docking scores, optimal binding modes within the relevant pharmacophore
features, and potential critical interactions with residues in the cavity.

3. Results

Search of druggable pockets

Six energy-minimized complex structures of HBc that were fixed for their side chains, and
cleaned from non-standard/structural atoms and HOH molecules were measured for the
pharmacophore features of the binding pockets of the ligands within the viral protein. Two different
strategies were employed for screening two separate chemical databases. Firstly, the cavities in which
the ligands were bonded with HBcAg were scanned for putative druggable cavities, and virtual
screening of ZINC database. In this regards, druggable cavities were predicted and their respective
pharmacophore features were extracted. The druggable pocket of the Ciclopirox (chain ID: B4O) in
complex with HBc was strong (DrugScore of 1233.00). The highlighted pharmacophore was consisted
of only seven features, including one H-Bond donor (HBD) center, one H-Bond acceptor (HBA)
center, and five Hydrophobic regions. No allosteric site was detected (Table 1).

Table 1. The cavity results of the predicted druggable cavity pockets for the known inhibitors of

HBcAg.
PDB PredMa Pred.Ave.pKd DrugScore Druggability Surface Area (A2)  Volume (A3
_ID  x.pKd

6j10 10.69 6.95 1233.00 Strong 374.25 529.25
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Res. A34,1.101,Y118,1.30,W102,L19,T33,5106,5141,1.140,F24,1.37,1126,F110,1139,D29,P138,F122,Y38,L.16,P20,
F23,521,C107,F103,W125,P25,L.119,1.31,526,D22,A137,1105,T109
5E0I 11.67 6.86 568.00 Medium 282.50 406.75
Res. T33,VAL115,L140,C107,L108,L37,1105,F24,F110,D22,F122,D29,W102,5106,1126,1.30,P25,A34,F23,F103,L
31,L101,Y38,Y118,5141,A137,526,T109,P138,H104,1139

5T2P  8.22 5.44 430.00 Weak 148.00 155.00
Res. A34,1.101,Y118,1.30,W102,T33,L.140,F24,1.37,F110,D29,Y38,F23,C107,F103,P25,H104,526,5106,1105,T109
5WR  9.98 6.04 30.00 Medium 163.75 210.00
E
Res. T33,L140,C107,L.37,1105,F24,F110,D29,W102,5106,1.30,P25,A34,F23,F103,L31,L101,Y38,Y118,5141,526, T
109,H104
7K5 9.03 5.71 111.00 Medium 235.25 245.75
M
Res. T33,L140,C107,L.37,1105,F24,F110,D22,F122,D029,W102,5106,1.19,L.30,P25,A34,F23,F103,L31,1.101,Y38,Y

118,5141,A137,526,T109,P138,1139
8GI 10.67 6.27 287.00 Medium 223.50 264.75

Res. T33,L140,C107,L.37,D32,1105,F24,F110,L119,F122,D29,W102,5106,1.30,P25,A34,F23,F103,L.31,L.101,Y38,

Y118,5141,526,T109,P138,H104,1139

Same process was repeated for NVR10-001E2 (chain ID: 5]6) in complex with HBc. A medium
druggable (DrugScore of 568.00) pocket was detected where the ligand was in contact with the
receptor. The surface area of the druggable site was a little larger from that of Ciclopirox, resulted in
six pharmacophore features consisted of three HBAs and three Hydrophobic centers. No allosteric
site was also detected. The druggability of the cavity pocket in which Sulfamoylbenzamide (chain ID:
K89) was bonded with HBcAg was also measured for its strength. The results demonstrated a weak
druggable pocket (DrugScore of -430.00). The number and composition of the pharmacophore
features was similar to that of NVR10-001E2, three HBAs and three Hydrophobic centers. More
results on heteroaryldihydropyrimidine (Chain ID: 7TL) showed a medium druggable cavity
(DrugScore of 30.00) consisted with six features in the pharmacophore, including four HBAs and two
Hydrophobic centers.

Further investigation for more pharmacophore was obtained by measuring the strength of N-(3-
chloro-4-fluorophenyl)-3-phenyl-2,4,6,7-tetrahydro-5H-pyrazolo[4,3-c]pyridine-5-carboxamide
(Chain ID: VX]J) in complex with HBV core protein. The cavity results showed a relatively medium-
strength druggable cavity (DrugScore of 111.00) consisted of six, two HBAs and four Hydrophobic
centers. No allosteric site was recognized. Last retrieved structure of HBcAg was in complex with
Compound 24 (Chain ID: ZMH). Additional medium druggable pocket was recognized with a
DrugScore of 287.00 at the binding site of the ligand within HBcAg. The pharmacophore was
comprised of four features, including two HBAs and two Hydrophobic centers.

Ligand-based Pharmacophores

Second phase of drug discovery was consisted of extracting ligand-based pharmacophores from
the compounds within the HBcAg binding sites from the crystallographic structures. In this regard,
one pharmacophore was extracted for each ligand reflecting the inhibitors” pharmacophore features.

The findings (Figure 2) showed variety of pharmacophore seizes for each ligand. In this regard,
Ciclopirox-derived pharmacophore was consisted of thirteen features, including four hydrophobic
centers, two HBA, one HBD, and eight exclusion volumes. Furthermore, fifteen features were
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predicted for Compound 24 that was comprised of four hydrophobic centers, two HBAs, and eight
exclusion volumes. For heteroaryldihydropyrimidine, the number of features was sixteen, and
comprised of four hydrophobic regions, two HBAs, and ten exclusion volumes. Fourteen
pharmacophore features were also highlighted for N-(3-chloro-4-fluorophenyl)-3-phenyl-2,4,6,7-
tetrahydro-5H-pyrazolo[4,3-c]pyridine-5-carboxamide. These were four hydrophobic centers, two
HBAs, and eight exclusion volumes. Two further ligands, NVR10-001E2 and sulfamoylbenzamide
both with seventeen features had the largest pharmacophores. The pharmacophores were
constructed by four hydrophobic centers, three HBAs, and ten exclusion centers for NVR10-001E2,
and five hydrophobic centers, two HBAs, and ten exclusion volumes for sulfamoylbenzamide.

Screened hits

FDA-approved Drugbank library was screening for putative inhibitors through ligand-based
extracted pharmacophore matching all the features. In this regard, HTS of Ciclopirox-extracted
pharmacophore resulted in 10 hits. Ciclopirox olamine was the top of the list with the highest
pharmacophore-fit score of 58.73, indicating efficiency and accuracy of the extracted pharmacophore,
reliability of the generated library, and performance of screening process. Further hits are listed in
the Table 2. Besides, the result of the screening for drug compounds matching with the
pharmacophore features of NVR10-001E2 showed two compounds Voriconazole and 2-methyl-1-({4-
[6-(trifluoromethyl)pyridin-2-y1]-6-{[2-(trifluoromethyl)pyridin-4-ylJamino}-1,3,5-triazin-2-
yl}amino)propan-2-ol (Enasidenib) with pharmacophore-fit scores of 76.33 and 76.18, respectively.

Table 2. The docking results of the hits from the ligand-based pharmacophore screening of Drugbank

dataset with HBcAg.
Vina scores INTER+INTRA€ INTERY INTRA® Active
Compound
(Kcal.mol) (Kcal.mol) (Kcal.mol) (Kcal.mol) Torsions ¢
Ciclopirox-derived pharmacophore
Ciclopirox -5.808 -6.633 -6.316 -0.318 3
Fluconazole -5.878 -8.963 -7.956 -1.007 6
Voriconazole -6.630 -9.561 -8.500 -1.061 7
Thiohexam -6.677 -8.027 -7.818 -0.209 3
Lamivudine -5.134 -6.160 -6.135 -0.025 3
Isavuconazole -7.268 -11.374 -9.694 -1.679 9
Tropicamide -5.723 -9.028 -8.062 -0.966 7
Isoxicam -7.058 -8.011 -7.469 -0.542 3
Hydroxycitronellal -4.663 -6.675 -5.954 -0.721 7
Masoprocol -6.194 -9.921 -8.165 -1.756 11
Compound 24-derived pharmacophore
Compound 24 -7.480 -8.048 -7.940 -0.108 2
Dolutegravir -7.736 -9.998 -9.316 -0.682 5
Heteroaryldihydropyrimidine-derived pharmacophore

Heteroaryldihydropyrimidine -7.473 -11.848 -10.192 -1.655 8
Lesinurad -6.256 -9.382 -8.277 -1.105 5
Belzutifan -7.519 -10.573 -9.529 -1.044 6
Simvastatin -6.587 -12.046 -10.065 -1.981 13
Lovastatin -7.519 -12.464 -11.044 -1.420 12

N-(3-chloro-4-fluorophenyl)-3-phenyl-...-derived pharmacophore
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N-(3-chloro-4-fluorophenyl)-3- -6.820 5.337 -7.578 12.915 2
Elvitegravir -6.685 -10.846 -9.776 -1.070 11
Sotagliflozin -6.691 -10.823 -9.563 -1.259 11

NVR10-001E2-derived pharmacophore

NVR10-001E2 -6.470 -10.278 -8.941 -1.337 7
Voriconazole -6.387 -9.840 -8.611 -1.229 7
Enasidenib -7.867 -12.006 -10.858 -1.149 9

Sulfamoylbenzamide-derived pharmacophore

Sulfamoylbenzamide -7.194 -10.096 -9.223 -0.873 5
Enasidenib -7.236 -11.182 -10.028 -1.154 7
Dasatinib -7.404 -10.459 -9.740 -0.719 8

€The INTER + INTRA score shows the combined energy contribution from intermolecular and intramolecular
interactions.

¥INTER represents intermolecular interactions, which are typically the binding interactions between the compound and
the target.

£INTRA represents intramolecular interactions within the compound itself.

t Active torsions represent the number of flexible bonds within each compound that can rotate or flex during binding.

For the pharmacophore features obtained from sulfamoylbenzamide no hit was identified in the
first attempt. For enhancing the chance of hit identification the exclusion volumes were ignored. This,
resulted in two hits namely Enasidenib and Dasatinib both with a fit score of 75.44.
Heteroaryldihydropyrimidine was the other ligand that the predicted pharmacophore of which was
screening for proposing further anti-HBV compounds. The screening demonstrated four FDA-
approved drugs with completely matched all pharmacophore features. These were Lesinurad,
Belzutifan, Simvastatin, and Lovastatin with fit scores of more than 65 (Figure 3). Extra screening of
N-(3-chloro-4-fluorophenyl)-3-phenyl-2,4,6,7-tetrahydro-5H-pyrazolo[4,3-c]pyridine-5-
carboxamide-based pharmacophore led to identifying two more hits, Elvitegravir and Sotagliflozin,
completely match with the ligand’s binding cavity features. Lastly, the pharmacophore retrieved
from Compound 24 complexed with HBcAg was screened for repurposing drugs targeting same
pocket within the viral protein. The result showed only one hit, Dolutegravir, matching seamlessly
to the pharmacophore features of Compound 24 binding site.

Screening large ZINC database

Due to the narrow numbers of the hit identified through screening of the pharmacophores with
LigandScout, the ZINC database was searched through ZINCPharmer. The resulted screening is
reported in the Table 3.

Screening of Ciclopirox-complex HBcAg-obtained pharmacophore led to identification of one
hit matching all features. Also, not hit was identified by screening the NVR10-001E2-drived
pharmacophore. However, by reducing one distant hydrophobic region, two hits were identified at
RMSD < 0.5A. Additionally, one hits was also identified by screening the pharmacophore of
sulfamoylbenzamide, matching all the features. No hits were identified by screening the
heteroaryldihydropyrimidine-derived pharmacophore, not either by reducing number of features.
By discarding one distant hydrophobic feature in screening the N-(3-chloro-4-fluorophenyl)-3-
phenyl-2,4,6,7-tetrahydro-5H-pyrazolo[4,3-c]pyridine-5-carboxamide’s pharmacophore, 34 hits were
identified with RMSD < 0.5A.
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Docking with Vina

In the present study, two sets of ligand-based and cavity-extracted pharmacophores were
obtained from each of the crystallographic structures of HBcAg complexes with six different
experimentally approved inhibitors. The screening of FDA-approved drugs consisted with Lipinski’s
role of five in the Ciclopirox-based pharmacophore (Table 2), showed ten drugs with a variety of
affinity scores, ranging from -4.663 Kcal.mol-1 (Hydroxycitronellal) to -7.268 Kcal.mol-1
(Isavuconazole). Masoprocol and Isavuconazole were two most active compounds with the highest
numbers of 11 and 7 torsions, indicating the high flexibilities and potential as the lead compounds.
Additionally, Isavuconazole exhibited the most suitable inter+intra molecular interaction energy (-
11.374 Kcal.mol-1).

The druggable cavity of Ciclopirox within HBcAg was extracted with CavPharmer for screening
a massive small molecule database of ZINC. The identified hit, ZINC86859997, showed relatively low
binding energy (-4.696 Kcal.mol-1), with nine active torsions.

The docking results of the Compound 24-based pharmacophore involved the evaluation of
compounds, including Compound 24, Dolutegravir, and 38 compounds from the ZINK database. The
findings demonstrated that Dolutegravir was the top candidate due to its slightly higher docking
score (-7.736 Kcal.mol-1) compared to Compound 24 (-7.480 Kcal.mol-1). Dolutegravir also exhibits
strong intermolecular and intramolecular interactions (INTER + INTRA: -9.998 Kcal.mol-1),
suggesting a stable binding configuration. The presence of five active torsions indicates potential
moderate flexibility to optimize binding. On the other hand, Compound 24 as a potential HBcAg
inhibitor shows a decent docking score (-7.480 Kcal.mol-1), but its overall interaction energy (INTER
+INTRA: -8.048 Kcal.mol-1) was slightly weaker than Dolutegravir. Additionally, it had fewer active
torsions (2), which might indicate a more rigid structure. Besides, most compounds from the ZINC
database had weaker binding affinities, with varying numbers of active torsions (Table 3). However,
there was some promising hits in the screening, including ZINC63280172 (-7.629 Kcal.mol-1) with
relatively desirable intermolecular energy (-10.338) and 7 active torsions. Moreover, two further
compounds, ZINC39774429 (-7.629 Kcal.mol-1) and ZINC63270292 (-7.527 Kcal.mol-1) had slightly
higher affinity to HBcAg that that of Compound 24.

Four FDA-approved drugs were matched the heteroaryldihydropyrimidine-based
pharmacophore, and proceeded to docking tests. Accordingly, the docking results for the main
compound, heteroaryldihydropyrimidine, and four other screened compounds (Lesinurad,
Belzutifan, Simvastatin, and Lovastatin) are presented in the Table 2.

As a result, Heteroaryldihydropyrimidine had the most favorable affinity of -7.473 Kcal.mol-1,
indicating strong binding to the receptor. It also had a relatively low INTER + INTRA score,
suggesting that a significant portion of its binding energy comes from intermolecular interactions (-
10.192 Kcal.mol-1). Still, this compound with 8 active torsions represents a good flexibility during
binding. Furthermore, Belzutifan had a similar affinity like that observed in
Heteroaryldihydropyrimidine and a moderate INTER + INTRA score with 6 active torsions,
indicating lower flexibility during binding. Simvastatin and Lovastatin both had affinities close to
Belzutifan (-6.587 Kcal.mol-1 and -7.519 Kcal.mol-1, respectively). Also, their INTER + INTRA scores
were substantially high (-12.046 Kcal.mol-1 and -12.464 Kcal.mol-1), indicative of a better
contribution of intramolecular interactions, possibly suggesting less favorable binding. Both
compounds also had a significant number of active torsions (13 and 12, respectively), indicating
substantial structural flexibility during binding.

Further docking results of pharmacophores derived from the HBcAg-complexed with N-(3-
chloro-4-fluorophenyl)-3-phenyl-2,4,6,7-tetrahydro-5H-pyrazolo[4,3-c]pyridine-5-carboxamide  is
provided in Table 2 and Table 3. Despite having a favorable Vina score, the compound had a positive
INTER + INTRA score, indicating a greater contribution from intramolecular interactions (12.915
Kcal.mol-1), which was not desirable for a binding compound. Additionally, it has fewer active
torsions, suggesting more structural stability during binding. Additionally, Elvitegravir and
Sotagliflozin both had a similar binding affinity, but their INTER + INTRA scores were more negative,
suggesting that a significant portion of their binding energy comes from intermolecular interactions
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between the ligands and the receptor. As an indication of flexibility, they had a high number of active
torsions. Among the hits from ZINC database, ZINC39996725 (-7.223 Kcal.mol-1) and ZINC13321334
(-7.092 Kcal.mol-1), with grater intermolecular interaction energies along with their high numbers of
active torsions were highlighted as two potential HBcAg inhibitors.

The docking results of NVR10-001E2, as well as other hits with the same pharmacophore,
including Voriconazole, Enasidenib, ZINC59676742, and ZINC59676742 is presented in Table 2 and
Table 3. Enasidenib exhibits the highest negative vina score (-7.867 Kcal.mol-1), indicating strong
binding affinity. NVR10-001E2 and Voriconazole also show good affinities. Enasidenib shows the
highest negative INTER + INTRA score (-12.006), suggesting a favorable binding energy. This is
followed by ZINC59676742. Both had strong binding energies but with higher INTRA contributions.
Enasidenib had high active torsions (9).

Docking findings of the cavity-derived pharmacophore of the Sulfamoylbenzamide exhibited
the most negative binding affinity (-7.404 Kcal.mol-1) of Dasatinib. It is followed closely by
Enasidenib and Sulfamoylbenzamide, with slightly lower but still favorable binding affinities. Also,
Dasatinib exhibits the most negative INTER + INTRA score (-10.459 Kcal.mol-1), reflecting a strong
overall binding energy. Sulfamoylbenzamide and Enasidenib also had favorable binding energies,
with Sulfamoylbenzamide having a lower degree of structural flexibility (INTRA) compared to the
other compounds. Furthermore, Dasatinib has the most active torsions (8), followed by Enasidenib
(7), and Sulfamoylbenzamide (5). ZINC63844353 has six active torsions.

The ligand and hits interaction analysis

As depicted in Figure 4, Ciclopirox demonstrated robust binding to HBcAg, engaging in
hydrogen-bonding interactions with critical residues Phe23, Trp102, and Tyr118, while fostering
hydrophobic contacts with Pro25, Phe25, Leul9, Phel22, and Leu140. Compound 24 exhibited affinity
by forming hydrogen bonds with Leu140 and Trp102, complemented by hydrophobic interactions
involving Ile139, Ser141, Tyr118, Pro25, and Leu30. In contrast, NVR10-001E2 primarily established
a hydrogen bond with Trp102, with Figure 4 depicting numerous hydrophobic interactions with
neighboring residues. Sulfamoylbenzamide displayed a pivotal hydrogen bond with Trp102, and
hydrophobic contacts with Pro25, Leu30, Thr33, Phe110, Tyr118, and Leu140. Similarly, N-(3-chloro-
4-fluorophenyl)-3-phenyl-2,4,6,7-tetrahydro-5H-pyrazolo[4,3-c]pyridine-5-carboxamide engaged in
hydrogen bonding with Trp102 and Leul40, while fostering hydrophobic interactions with Pro25,
Leu30, Phel10, Tyr118, and Ile139. These findings highlight the intricate binding profiles of the
ligands within the HBcAg binding pocket.

In the pursuit of potent antiviral agents, we evaluated five lead compounds derived from
distinct pharmacophore screenings. ZINC86859997, originating from the Ciclopirox-derived
pharmacophore, exhibited binding prowess by engaging in hydrogen bonds with pivotal HBcAg
residues, Phe23, Trp102, and Tyr118, accompanied by hydrophobic interactions with Phe24, Pro25,
Leul9, Fhel22, and Leul40. Meanwhile, ZINC63280172, the Compound 24-based lead, established
two hydrogen bonds with Tyr118 and intriguing proximal interactions. ZINC59676742, guided by
the NVR10-001E2-derived pharmacophore, showcased five hydrogen bonds with Asp22, Asp29, and
Thr33, along with eleven hydrophobic contacts. Within the sulfamoylbenzamide-derived
pharmacophore, ZINC63844353 engaged in a hydrogen bond with Tyrl1l8 and neighboring
hydrophobic interactions. Lastly, ZINC39996725, originating from the N-(3-chloro-4-fluorophenyl)-
3-phenyl-2,4,6,7-tetrahydro-5H-pyrazolo[4,3-c]pyridine-5-carboxamide-based pharmacophore,
exhibited a hydrogen bond with Tyr118 and five hydrophobic interactions involving Phe23, Trp102,
Pro138, 1le139, and Leul40. These results elucidate the multifaceted binding profiles of these
compounds with HBcAg, offering promising insights for antiviral drug development.
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Figure 1. Crystallographic representation of six different HBc structures retrieved for ligand-based
pharmacophore extraction. The ligands (denoted in A to F) are shown in their respective binding
cavities. The druggable cavities are shown in green and the surface of the cavities are in red. The
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ligands are colored by elements. Pharmacophore features are in golden spheres around the cavities.
Also, the features are labeled in magenta. In this regard, N stands for HBA centers, O for HBA centers,
C for hydrophobic centers, F represent root of h-bond roots, P shows positive electrostatic centers, S
represent negative electrostatic centers, and B denote excluded Volume centers.
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N-(3-chloro-4-fluorophenyl)-3-...
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Figure 2. Ligand-based pharmacophores of HBcAg-complexed with six ligands. The close residues
near the ligands’ features are also depicted in rectangles. Hydrophobic centers are in yellow spheres,
the acceptors of h-bonds are highlighted with red arrows, the acceptors of h-bonds are demonstrated
with green arrows, ionizable regions are in Blue, and exclusion volumes are presented with grey

spheres.
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Figure 3. The screening results of the ligand-based pharmacophores. The largest number of identified
hits was from Ciclopirox-based pharmacophore, while the pharmacophore from Compound 24 with
one hit had the lowest. In the middle of the circles are aligned hits with the extracted pharmacophores.
Matching features of the hits are depicted within the rectangles in 2D forms around the circles.
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Compound 24 Ciclopirox N-(3-chloro-4-fluorophenyl)-3-... NVR10-001E2 Sulfamoylbenzamide

ZINC63280172 ZINC86859997 ZINC39996725 ZINC59676742 ZINC63844353

Figure 4. Visualization of the HBcAg residues in contact or in close proximity with the ligands and
leads. In above, the results of LigPlot+ v2.2.8 [56] analysis of ligands with HBcAg is provided, and the
interaction of identified ZINC-screened compounds is shown below. The compounds are within their
predicted binding pockets (mesh structures) highlighted with the respective cavity surfaces (green).
The plots show the interaction of the compounds with the protein. The proxy residues with
hydrophobic interactions are highlighted in brick-red colors. Hydrogen-bonds are depicted with
light-green dashes, along with the resolved h-bonds’ distance (A) in-between.

4. Discussion

In this study, a comprehensive exploration of druggable pockets within HBcAg using six
structures was conducted. These structures were prepared to identify binding pockets where
potential ligands could interact with HBcAg. Two different strategies were employed, each targeting
distinct chemical databases. The initial structure-based pharmacophore strategy involved scanning
the binding pockets where the ligands were already observed to interact with HBcAg. This method
helped to identify all possible pharmacophore features in proximity of where the ligands are bonded
with HBcAg, and expand screening to larger chemical library and discovery of novel lead
compounds. The results highlighted several druggable pockets with varying strengths. Notably, the
Ciclopirox-binding pocket exhibited a robust druggable score, followed by medium-strength pockets
for NVR10-001E2, heteroaryldihydropyrimidine, and N-(3-chloro-4-fluorophenyl)-3-phenyl-2,4,6,7-
tetrahydro-5H-pyrazolo[4,3-c]pyridine-5-carboxamide. However, the sulfamoylbenzamide pocket
demonstrated weaker druggability.

The second approach, ligand-based pharmacophore was employed to screen for compounds
that matched all the requisite pharmacophore features. This strategy helped to highlight the FDA-
approved drugs, which can be repurposed for anti-HBV researches by having same pharmacological
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properties shared with the primary ligands in each structure. Accordingly, the Ciclopirox-based
pharmacophore yielded 10 hits, with Ciclopirox olamine exhibiting the highest pharmacophore-fit
score, affirming the accuracy of the extracted pharmacophore. The NVR10-001E2 pharmacophore
identified two promising compounds, Voriconazole and Enasidenib. Also, Enasidenib and Dasatinib
were identified for the sulfamoylbenzamide pharmacophore. Heteroaryldihydropyrimidine's
pharmacophore matched four FDA-approved drugs, namely Lesinurad, Belzutifan, Simvastatin, and
Lovastatin. Finally, the pharmacophore derived from N-(3-chloro-4-fluorophenyl)-3-phenyl-2,4,6,7-
tetrahydro-5H-pyrazolo[4,3-c]pyridine-5-carboxamide led to the identification of two hits,
Elvitegravir and Sotagliflozin, and the pharmacophore extracted from Compound 24 revealed
Dolutegravir as the sole hit.

While this study primarily focused on the molecular interactions of potential inhibitors with
HBcAg, it is important to acknowledge the broader landscape of drug discovery and target
identification. The integration of bioinformatic approaches has opened up new avenues for drug
repurposing in various diseases. For instance, in the context of CHB, recent research has shown the
potential of utilizing genomic variants to drive drug repurposing efforts for CHB treatment. In this
regard, Irham et al., identified eighteen clinical drugs targeting six different druggable targets for
treatment of CHB [33]. Here, it was found that Lamivudine and Simvastatin match the Ciclopirox-
derived and Heteroaryldihydropyrimidine-derived pharmacophores, respectively, and both are
reported by the mentioned study to can be repurposed for HBV treatment. This suggest dual potential
anti-CHB effects of these drugs by either direct acting on HBcAg or introduced druggable genes.
Studies on drug repurposing anti-HBV agents are handful, especially on those targeting HBcAg.
Ciclopirox was one of the first FDA-approved drugs screened from hundreds of other drugs to be
repurposed in HBV infection [26]. As a hydroxypyridone, Ciclopirox olamine is using for treating
skin fungal infections [34]. Here, three further antifungals, including Fluconazole, Voriconazole, and
Isavuconazole were found to match the ligand-derived pharmacophores. Voriconazole was
identified in two Ciclopirox-based and NVR10-001E2-based screening, and it had a comparable high
affinity to HBcAg compare to the main ligands. This suggests the potential of antifungals with
common pharmacological features to have anti-HBV activities. The antiviral effects of some
antifungals are shown before [26,35], indicating the potential ancestry druggable site shared in
viruses and fungi that opens a vast field in the future researches.

Among other FDA-approved lead compounds that may have the potential to suppress HBV
capsid assembly, the fitting results of statins within the pharmacophores with high affinities were
interesting. A systematic-review and meta-analysis has suggested that the risk of HCC in HBV
patients who had been received statins was > 50% lower than non-users [36]. Simvastatin, especially,
has a strong synergy toward enhancing anti-HBV activity of nucleos(t)ide analogues [37]. The
findings of the present study suggest that Lovastatin is more potentiate to have anti-HBV activity.
Both Simvastatin and Lovastatin are pharmacologically match the features of
Heteroaryldihydropyrimidine-derived pharmacophore, and Lovastatin had higher affinity to HBV
core protein in compare to that of either Heteroaryldihydropyrimidine or Simvastatin. This also
highlight the probable anti-HBV mechanism of action of statins through inhibiting viral capsid
assembly. More approved drugs were including antiviral hits like Dolutegravir and Elvitegravir with
considerable affinities and feature-fitting that necessitates further research. Moreover, it is worth
noting that the anti-HIV properties of HBcAg inhibitors, such as Compound 24 and N-(3-chloro-4-
fluorophenyl)-3-phenyl-, which their pharmacophore served as a source for screening of
Dolutegravir and Elvitegravir, present intriguing avenues for future research.

Given the limited number of hits obtained in the initial screening and to introduce novel HBcAg
inhibitors, a broader search was conducted in the ZINC database using ZINCPharmer. The cavity-
derived pharmacophores were comprised of more features, extending the screening to more
potentially hits with higher scores. Results varied across different pharmacophores, with some
identifying hits matching all features and others requiring adjustments to improve hit identification.
These hits demonstrated varying binding affinities and structural flexibility. Molecular docking was
performed to evaluate the binding affinity and interactions of hits with HBcAg. Results revealed the


https://doi.org/10.20944/preprints202310.0425.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 October 2023 doi:10.20944/preprints202310.0425.v1

15

binding preferences and potential lead compounds for each pharmacophore. For example, Ciclopirox
cavity-based pharmacophore screening identified ZINC86859997 as a potential inhibitor with a
comparable  binding  energy.  N-(3-chloro-4-fluorophenyl)-3-phenyl-2,4,6,7-tetrahydro-5H-
pyrazolo[4,3-c]pyridine-5-carboxamide cavity-based pharmacophore suggested ZINC39996725 and
ZINC13321334 as potential HBcAg inhibitors. These lead compounds may have anti-HBV activities,
and development of novel candidates” small molecules with these compounds as scaffolds could also
broad the antiviral field of research.

The binding sites of the identified hits within HBcAg needed a focused investigation. Zhou et
al, examined the mechanisms of action of two reference compounds,
(heteroaryldihydropyrimidines) HAP_RO1 and (sulfamoylbenzamides) SBA_R01, in the context of
HBV capsid assembly inhibition. HAP_R01 demonstrates potent efficacy by reducing capsid-
associated DNA levels and causing degradation of core proteins [38]. Amino acid substitutions are
predicted to affect susceptibility to CAMs, with experimental data confirming these predictions. The
clinical relevance of these substitutions in HBV-infected patients is evaluated, with some changes
found at low levels in treatment-naive patients. The affected domains, "concave" and "cap" pockets,
formed by specific amino acid residues in the capsid protein, including F23, P25, D29, L30, T33, L37,
W102, 1105, S106, T109, F110, Y118, F122, 1139, L140, and S141 in one chain and V124, W125, R127,
T128, P129, and Y132A in another chain [38]. Further study by Pen et al., in discovery of novel CAMs,
it was showed that the compounds tent to engage in hydrophobic and aromatic interactions with
hydrophobic pockets within the HBV capsid protein. Such interactions play a pivotal role in
disrupting the assembly of HBV capsid proteins. Furthermore, these compounds establish crucial
hydrogen bonds with specific amino acid residues, particularly Ser121, which significantly contribute
to their inhibitory activity against HBV capsid assembly [39]. Furthermore, it was showed that
Ciclopirox in its crystallographic structure, and its derivatives from a fragment-based drug discovery
approach tent to interact at the specific capsid protein residues, including F23, F24, Y118, F122, P25,
W102, and L19 [26,40]. The findings in the present study highlights the importance of large number
hydrophobic interactions in proximity of the ligands/hits binding sites within HBcAg. Of such
residues, Leul40, Trp102, Y118, Thr33, Asp29, Phe23, Asp22 found to have important roles in,
prominently, hydrogen bonds between ligands and the receptor. Above all, Trp102 was involved in
most of the ligand/hit hydrogen bonding interactions. These indicate that mutations in this site might
affect the anti-viral activities of the ligands and hits.

5. Conclusions

The findings of the present study contribute to the search for novel anti-HBV agents and
highlight the potential for repurposing existing drugs to target HBcAg. However, it is essential to
validate these computational results through experimental assays to confirm their efficacy and safety
as HBV inhibitors. Further optimization and in-depth studies are needed to develop these
compounds into potential therapeutics for HBV infection. Additionally, the results emphasize the
importance of exploring multiple strategies, including structure-based and ligand-based approaches,
in drug discovery efforts.
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