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A B S T R A C T   

The heightened transmissibility and capacity of African swine fever virus (ASFV) induce fatal diseases in do-
mestic pigs and wild boars, posing significant economic repercussions and global threats. Despite extensive 
research efforts, the development of potent vaccines or treatments for ASFV remains a persistent challenge. 
Recently, inhibiting the AsfvPolX, a key DNA repair enzyme, emerges as a feasible strategy to disrupt viral 
replication and control ASFV infections. In this study, a comprehensive approach involving pharmacophore- 
based inhibitor screening, coupled with biochemical and biophysical analyses, were implemented to identify, 
characterize, and validate potential inhibitors targeting AsfvPolX. The constructed pharmacophore model, Phar- 
PolX-S, demonstrated efficacy in identifying a potent inhibitor, D-132 (IC50 = 2.8 ± 0.2 µM), disrupting the 
formation of the AsfvPolX-DNA complex. Notably, D-132 exhibited strong binding to AsfvPolX (KD = 6.9 ± 2.2 
µM) through a slow-on-fast-off binding mechanism. Employing molecular modeling, it was elucidated that D-132 
predominantly binds in-between the palm and finger domains of AsfvPolX, with crucial residues (R42, N48, Q98, 
E100, F102, and F116) identified as hotspots for structure-based inhibitor optimization. Distinctively charac-
terized by a 1,2,5,6-tetrathiocane with modifications at the 3 and 8 positions involving ethanesulfonates, D-132 
holds considerable promise as a lead compound for the development of innovative agents to combat ASFV 
infections.   

1. Introduction 

The African swine fever virus (ASFV) presents a formidable menace 
owing to its heightened transmissibility and capacity to instigate fatal 
ailments in domestic pigs and wild boars alike (Tulman et al., 2009). 
Initially confined to Africa until 1957, ASFV has disseminated exten-
sively, reaching various European nations, the Caribbean, and Asia, 
thereby instigating notable economic ramifications in specific locales 
(Choi et al., 2021b; Vinuela, 1985). The substantial culling initiative in 
Cuba during 1971, involving over 500,000 pigs, aimed to avert a 
nationwide animal epidemic and gained international recognition as the 
preeminent event of concern by the United Nations Food and Agricul-
tural Organization (Costard et al., 2013; Yoo et al., 2020). The pervasive 
specter of ASFV engenders widespread and contagious outbreaks, 

significantly impacting the swine industry with profound economic 
consequences across Europe, the Caribbean, and Asia (Borca et al., 
2020). Recent instances of ASFV, particularly in China, underscore its 
escalating global threat, eliciting substantial economic repercussions 
exceeding $130 billion, given China’s pivotal role as the foremost global 
pig producer (Qu et al., 2022; Tran et al., 2022a; Wu et al., 2020). 
Despite assiduous research endeavors, the formulation of a potent vac-
cine or treatment for ASFV remains an enduring challenge, underscoring 
the imperative for efficacious therapeutic interventions (Urbano and 
Ferreira, 2022). Notably, recent studies reveal that ASFV induces sig-
nificant spatio-temporal nuclear rearrangements, including ATR 
pathway activation and disruption of PML-NBs, which likely contribute 
to controlling host gene expression, favoring viral replication, and 
provide valuable insights for developing antiviral compounds and 
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vaccines against ASFV (Simoes et al., 2013, 2015a, 2015b). 
ASFV, part of the Asfarviridae family and Asfivirus genus, causes a 

severe hemorrhagic viral disease in domestic pigs and wild boars, often 
leading to nearly 100 % mortality for virulent strains (Galindo and 
Alonso, 2017; Li et al., 2022; Wang et al., 2019). This intricate, envel-
oped, double-stranded DNA virus has a genomic size of 170–190 kb, 
encoding at least 150 proteins crucial for biological processes (Wang 
et al., 2021c; Yanez et al., 1995). The linear DNA genome includes 151 
to 167 open reading frames, with 24 distinct genotypes based on the 
major capsid protein p72 gene (Alejo et al., 2018; Sanchez-Cordon et al., 
2018; Wang et al., 2021a). ASFV targets swine macrophages and 
monocytes, initiating DNA synthesis in the host nucleus, and undergoes 
replication in the cytoplasm, risking genome damage (Akaike, 2001; 
Alcami et al., 1990; Dixon et al., 2013; Forman and Torres, 2001). As 
global ASFV prevalence rises, effective prevention and control strategies 
are crucial. Progress in vaccine development, notably with 
ASFV-G-ΔI177L, requires ongoing scrutiny, especially for 
cross-protective potential (Borca et al., 2021b; Lopez et al., 2020; 
Monteagudo et al., 2017; O’Donnell et al., 2016; Ramirez-Medina et al., 
2022; Sang et al., 2020; Tran et al., 2022a, 2022b; Wang et al., 2021b). 
Vaccine development faces challenges, including limited cell line 
availability, prompting exploration of DNA vaccines, vectored vaccines, 
and live attenuated vaccines with defined gene deletions (Borca et al., 
2021a; Wang et al., 2021b). Despite promising in vitro results, safety 
concerns restrict live-attenuated vaccine implementation. Studies aim to 
identify compounds inhibiting ASFV, classifying antiviral drugs into 
nucleoside analogs, interferons, planD-1derived compounds, antibiotics, 
small interfering RNA, and CRISPR/Cas9 (Arabyan et al., 2018; Freitas 
et al., 2016; Galindo et al., 2011; Gil-Fernandez et al., 1979; Hakobyan 
et al., 2016, 2018; Hernaez et al., 2010; Keita et al., 2010; Paez et al., 
1990; Zhu et al., 2020). Some antiviral drugs, like resveratrol, and 
apigenin show potent dose-dependent anti-ASFV activity in vitro, yet 
their specific targets and mechanisms remain undisclosed. Currently, no 
effective drugs for ASFV clinical trials are identified, emphasizing the 
urgent need for preventive and therapeutic agents. 

ASFV replication predominantly occurs within the cytoplasm of 
swine macrophages, a primary source of continuous reactive oxygen 
species causing ongoing damage to the viral genome (Akaike, 2001; 
Alcami et al., 1990; Chen et al., 2020; Forman and Torres, 2001). The 
virus responds to potential DNA damage by activating its DNA repair 
apparatus, consisting of AP endonuclease (AsfvAP), repair DNA poly-
merase (AsfvPolX), and DNA ligase (AsfvLIG), triggered by the presence 
of apurinic/apyrimidinic (AP) sites or single-strand breaks (Lamarche 
et al., 2005; Lamarche and Tsai, 2006; Oliveros et al., 1997). AsfvPolX, 
working in tandem with AsfvLIG, significantly contributes to strategic 
mutagenesis and genotype formation in ASFV. Extensive scrutiny has 
focused on ASFV repair enzymes due to their functional significance 
(Garcia-Escudero et al., 2003; Redrejo-Rodriguez et al., 2006). AsfvPolX 
assumes a crucial role in the DNA repair mechanism of the ASFV 
genome, playing a pivotal role in viral replication efficiency. Its 
distinctive structural features, encompassing the 5′-phosphate binding 
pocket, a His115-Arg127 platform, and hydrophobic residues Val120 
and Leu123, present specific sites for targeted inhibition. Conceivably, 
inhibiting this 5′-phosphate binding pocket through therapeutic means 
may disrupt AsfvPolX activity, consequently hampering the essential 
DNA repair process crucial for the viral genome (Chen et al., 2017). The 
5′-phosphate binding pocket, serving as an optimal structural founda-
tion, opens avenues for developing small molecules selectively targeting 
AsfvPolX, potentially offering therapeutic interventions. Thus, designing 
inhibitors to interact with these features allows selective impediment of 
AsfvPolX activity. This inhibition disrupts the DNA repair process within 
the ASFV genome, compromising genome integrity. Given the partial 
reliance of viral replication efficiency on proper AsfvPolX functioning, 
inhibiting this enzyme emerges as a viable strategy for disrupting the 
replication process and, consequently, controlling ASFV infections. 

Computer-aided drug design (CADD) is a cosD-1effective and 

efficient method that accelerates the screening of inhibitors with specific 
biological activity (Kapetanovic, 2008). It encompasses both 
structure-based drug design (SBDD) and ligand-based drug design 
(LBDD) methods. Mostly, the scientific community has predominantly 
favored SBDD due to the widespread availability of crystallographic 
structures for diverse biological targets (Dos Santos Nascimento et al., 
2022a, 2022b; Lin, 2022). SBDD, relying on 3D structures for various 
targets, is more commonly used, while LBDD encounters limitations in 
the absence of structural information about the target (Dos Santos 
Nascimento et al., 2022a, 2022b). Also, SBDD involves two main 
methods: pharmacophore modelling and molecular docking (Yu and 
MacKerell, 2017). The virtual high-throughput screening, using molec-
ular docking, evaluates potential biological activities based on structural 
properties (Zoete et al., 2009). To efficiently identify potent inhibitors, it 
is crucial to consider functionally essential features for protein-ligand 
interactions. Pharmacophore modelling can be used to define the 
arrangement of essential ligand features for specific and effective 
binding to a receptor (Lu et al., 2018; Yang, 2010). The receptor-ligand 
pharmacophore generation (structure-based pharmacophores, SBPs) 
converts protein properties into reciprocal ligand space, allowing the 
design of ligands with desired properties for effective binding to a spe-
cific protein (Pirhadi et al., 2013). Several investigations have provided 
evidence for the effectiveness of SBPs in diverse applications (Behzadi-
pour et al., 2021; Halim et al., 2017; Luo et al., 2021; Sun et al., 2011; 
Tsai et al., 2019, 2022; Tseng et al., 2016; Tung et al., 2021a, 2021b; 
Valasani et al., 2014; Zhou et al., 2019). The use of SBPs in virtual 
high-throughput screening is adept at efficiently identifying potential 
ligands with a high binding affinity to a specific protein, thereby expe-
diting the drug discovery process. Notably, pharmacophore-based in-
hibitor screening demonstrates significant power in screening novel 
compounds that satisfy pharmacophore requirements and exhibit po-
tential biological activity (Gao et al., 2010; Guner, 2005; Khedkar et al., 
2007; Lu et al., 2018; Yang, 2010). 

The current availability of the AsfvPolX-DNA complex’s complex 
structure (PDB ID: 5HRB) facilitates the application of CADD for the 
screening and development of potent inhibitors. In this study, we con-
ducted pharmacophore-based inhibitor screening, complemented by 
biochemical and biophysical examinations, leveraging the structure of 
the AsfvPolX-DNA complex to scrutinize, characterize, and validate 
potential inhibitors. Utilizing receptor-ligand pharmacophore genera-
tion, we systematically explored the functionally essential features of 
DNA interaction with AsfvPolX. The constructed pharmacophore model, 
Phar-PolX-S, encompassed bioactive features of DNA, enabling ligand- 
pharmacophore mapping for the screening of potential inhibitors. 
Consequently, among 68,285 compounds from the IBS database, five 
were identified with 50 % inhibitions against the formation of the 
AsfvPolX-DNA complex at a 100 µM compound concentration. Further 
inhibition assays demonstrated that D-132 (IC50 = 2.8 ± 0.2 µM), D-166 
(IC50 = 4.5 ± 0.3 µM), and D-609 (IC50 = 9.3 ± 0.5 µM) displayed dose- 
dependent inhibitions, disrupting AsfvPolX-DNA complex formation. 
Moreover, localized surface plasmon resonance (LSPR) investigations 
disclosed that D-132 bound to AsfvPolX with a binding affinity of 6.9 ±
2.2 μM. Additionally, the mode of action of D-132 on AsfvPolX was 
investigated and revealed through structural analyses and molecular 
modelling. Our integrated approach, combining CADD with biochemical 
and biophysical techniques, successfully identified, characterized, and 
validated the inhibitor D-132, specifically targeting AsfvPolX. D-132, as 
an identified inhibitor, holds promise as a lead for further optimization 
into therapeutic agents to combat ASFV. 

2. Material and methods 

2.1. Preparations of the recombinant AsfvPolX protein 

The construction of the AsfvPolX plasmid involved the integration of 
a synthetic His-SUMO-TEVsite-AsfvPolX gene into the pET28a vector by 

Y.-C. Wu et al.                                                                                                                                                                                                                                  



Virus Research 344 (2024) 199359

3

CloneEZ seamless cloning. The synthesis and cloning of the gene into the 
pertinent expression vectors were conducted by Yao-Hong Biotech-
nology Inc. (http://www.yh-bio.com.tw/en/index.asp). Subsequently, 
the His-SUMO-TEVsite-AsfvPolX plasmid was introduced into E. coli 
Rosetta (DE3) pLysS, and bacterial cultivation occurred in LB medium at 
37 ºC with 50 mg/L kanamycin. Induction was initiated by treating the 
culture with 1.0 mM IPTG when the cell density reached OD600 = 0.6, 
and the incubation continued at 37 ◦C for 4 h. The cultured cells were 
harvested through centrifugation (6000 rpm for 20 min), resuspended in 
lysis buffer (20 mM Tris-HCl and 150 mM NaCl, pH 8.0), and subjected 
to disruption via a microfluidizer (Microfluidics). The resulting crude 
extract’s supernatant underwent purification using nickel- 
nitrilotriacetic acid affinity resins (Qiagen, Hilden, Germany). The pre-
liminarily purified His-SUMO-TEVsite-AsfvPolX protein was subjected to 
the digestion of TEV protease (molar ration = 1 : 0.15) incubating at 16 
◦C overnight to remove the SUMO fusion tag. The digested solution was 
further purified through the fast protein liquid chromatography (FPLC) 
using a Hitrap Capto S column. Finally, the purity of the sample was 
assessed using Coomassie blue-stained SDS polyacrylamide gel. 

2.2. Preparations of DNA fragments 

The double stranded oligonucleotides: 5′-CGGATATCC-3′ and 3′- 
CCTATAGGC-5′ (Chen et al., 2017) were synthesized and purchased 
from Yao-Hong Biotechnology Inc. The annealing of the double-stranded 
DNA (dsDNA) involved combining equal aliquots of two oligomers in a 
solution containing 20 mM sodium phosphate buffer and 150 mM NaCl 
at pH 6.0. This mixture was subjected to heating at 95 ◦C followed by a 
gradual cooling to room temperature. Following the annealing process, 
ion exchange chromatography, employing a Mono-Q 5/50 GL column 
(Amersham Biosciences), was utilized for the purification of the 
annealed dsDNA products. 

2.3. Analysis of DNA binding property of AsfvPolX by fluorescence 
polarization assay 

The oligonucleotide (5′-CGGATATCC-3′) designated for the fluores-
cence polarization experiment was labeled with 6-carboxyfluorescein 
(6-FAM) at the 5′ position. The AsfvPolX protein, at varying concentra-
tion of interest, was introduced into wells containing 10 nM of 6-FAM- 
labeled DNA in a reaction buffer consisting of 20 mM sodium phos-
phate and 150 mM NaCl at pH 6.0, maintained at 25 ◦C. Measurements 
of the reactions were conducted three times using the Synergy H1MF 
plate reader (BioTek Instruments, Inc.) with an excitation wavelength of 
485 nm and an emission wavelength of 535 nm. Subsequently, binding 
curves were fitted using one- or two-binding models, and data were 
analyzed and plotted using GraphPad Prism 6 (San Diego, CA, USA). 

2.4. Ligands preparations for computer-aided inhibitor screening 

A total of 68,285 compounds sourced from InterBioScreen (IBS, http 
://www.ibscreen.com) was obtained for computer-aided inhibitor 
screening. The molecular structures of all compounds were generated 
using the sketch molecules and prepare ligands modules of Discovery 
Studio 2021 (Accelrys Software, Inc., San Diego, CA, USA). The com-
pounds selected for ligand-pharmacophore mapping and molecular 
docking analyses underwent a three-step preparation process: (1) con-
version of 2D structures to 3D structures, (2) calculation of molecular 
charges, and (3) addition of hydrogen atoms. Subsequently, receptor- 
ligand pharmacophore generation and pharmacophore-based inhibitor 
screening (ligand-pharmacophore mapping) were conducted. 

2.5. Receptor-ligand pharmacophore generation and ligand- 
pharmacophore mapping 

Pharmacophore modeling of receptor-ligand interactions offers 

precision in identifying crucial features essential for ligands to engage 
with target proteins. In this study, we utilized the AsfvPolX-DNA com-
plex structure (PDB ID: 5HRB) to construct a pharmacophore model, 
encompassing interactive features, for the purpose of screening potential 
inhibitors. The receptor-ligand pharmacophore generation module of 
Discovery Studio 2021 was employed for this task. The AsfvPolX struc-
ture served as the "Input Receptor," while the DNA structure was used as 
the "Input Ligand". The parameters for pharmacophore generation were 
set as follows: "Minimum Features" and "Maximum Features" were 
established at 10 and 30, respectively, and the "Maximum Pharmaco-
phores" was set to 10. The "fast method" was applied for conformation 
generation using the "rigid fitting method," and the remaining parame-
ters were maintained at their default settings. Subsequently, the con-
structed pharmacophore model underwent ligand-pharmacophore 
mapping. For the mapping process, all molecules from the IBS database 
(https://www.ibscreen.com/) (comprising 68,285 compounds) were 
fitted to the generated pharmacophore model. The fitting method 
employed was "flexible," with all other parameters kept at their default 
settings. 

2.6. The inhibitory activities of compounds determined by fluorescence 
polarization (FP) measurements 

The oligonucleotide (5′-CGGATATCC-3′) obtained from the deter-
mined AsfvPolX-DNA complex (Chen et al., 2017), labeled with 6-FAM 
at the 5′ position, was dissolved in a solution of 20 mM sodium phos-
phate and 150 mM NaCl at pH 6.0 for fluorescence polarization exper-
iments. For each experiment, approximately 10 μl of AsfvPolX, prepared 
in a buffer of 20 mM sodium phosphate and 150 mM NaCl at pH 6.0, was 
initially added to an ELISA plate well. Following this, 1 μl of serially 
diluted inhibitors were mixed with the AsfvPolX (final concentration 1.0 
μM) to achieve the desired concentrations. The mixture was then incu-
bated at 25 ◦C for 10 min. Subsequently, 9 μl of 6-FAM-labeled DNA 
(final concentration = 10 nM) was added to the reaction, and the in-
cubation continued at 25 ◦C for another 10 min. The reactions were 
measured three times using a Synergy H1MF plate reader (BioTek In-
struments, Inc) with an excitation wavelength of 485 nm and an emis-
sion wavelength of 535 nm. The inhibition percentage was calculated 
using the following equation: 

Inhibition % =
{[(P + D) − (D)] − [(P + I + D) − (D)]}

[(P + D) − (D)]
× 100  

where (D), (P + D), and (P + I + D) denote the polarization intensity of 
DNA alone, PhoP bound with DNA, and PhoP mixed with inhibitor and 
then incubated with DNA, respectively. 

2.7. Localized surface plasmon resonance 

The binding affinity of the identified inhibitors to AsfvPolX was 
determined and analyzed using an OpenSPR instrument (Nicoya Life-
sciences Inc.). The AsfvPolX protein solution was prepared in 1X PBS 
buffer at pH 7.3. Immobilization of the AsfvPolX protein (80 μg/ml) onto 
an NTA sensor chip was performed, and the interaction with fluid-phase 
inhibitors was subsequently detected. The inhibitors (analytes) were 
prepared in 1X PBS buffer containing 0.5 % DMSO and 2 % BSA at 
various concentrations for detection. Throughout the analysis, the chip 
was regenerated using a 10 mM glycine-HCl buffer at pH 2.2 for each 
experiment. The obtained data were fitted to a 1:1 binding model using 
Trace Drawer software to determine the KD (dissociation constant) 
value. 

2.8. Preparation of protein structure for LibDock docking 

Before conducting the LibDock molecular docking, the protein 
structure of AsfvPolX (PDB ID: 5HRB) underwent meticulous 
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preparation. Initially, the residues of AsfvPolX involved in interactions 
with DNA were utilized to define the binding site. Following this, the site 
sphere was constructed based on the selection, and the DNA was sub-
sequently removed from the active site of AsfvPolX. The processed 
AsfvPolX structure was further refined using the "prepare protein" 
function in Discovery Studio 2021, involving the following steps: (i) 
Standardization of atom names, insertion of missing atoms in residues, 
and removal of alternate conformations. (ii) Insertion of missing loop 
regions based on either SEQRES data or user-specified loop definitions. 
(iii) Optimization of short and medium-sized loop regions using the 
LOOPER algorithm. (iv) Minimization of the remaining loop regions. (v) 
Calculation of pK and protonation of the structure. All remaining pa-
rameters were set to default values to prepare the protein structure of 
AsfvPolX for LibDock molecular docking. 

2.9. Construction of the complex structure of AsfvPolX-inhibitors by 
LibDock molecular docking 

Structure-based molecular docking analysis was conducted using 
LibDock, implemented in Discovery Studio 2021, to generate the com-
plex structure of AsfvPolX-inhibitor. In this process, the protein structure 
of PolX (PDB ID: 5HRB) was employed to define and edit the docking 
site. The residues of AsfvPolX involved in interactions with DNA were 
utilized to define the binding site for subsequent protein-ligand docking, 
and the protein structure of AsfvPolX was prepared according to the 
steps described in the preparation of the protein structure for LibDock 
docking. Subsequently, the site sphere was constructed based on the 
selection and utilized for LibDock screening. The structure of AsfvPolX 
was served as the "Input Receptor," while the identified inhibitor was 
used "Input Ligands." The identified inhibitor, D-132, was docked into 
the active site of AsfvPolX with "High Quality" set for the "Docking 
Preferences" and "BEST" selected for the "Conformation Method." The 
"Number of Hotspots" was configured as "100," and the "Docking 
Tolerance" was set to "0.25." Additionally, the "Smart Minimizer" was 
employed as the "Minimization Algorithm," while the remaining pa-
rameters were kept as default. Following the calculations, the orienta-
tions and positions with the highest LibDockScore were chosen, 
examined, and analyzed using ligplot (Laskowski and Swindells, 2011; 
Wallace et al., 1995). 

3. Results 

3.1. Receptor-ligand pharmacophore generation 

In this study, we adopted an integrated approach involving 
computer-aided drug design (CADD), alongside biochemical and 

biophysical analyses, to identify, characterize, and validate potential 
inhibitors targeting AsfvPolX. The application of receptor-ligand phar-
macophore modeling enabled the exploration of crucial functional fea-
tures governing the interactions between DNA and AsfvPolX. Given the 
pivotal role of structural information from the AsfvPolX-DNA complex, 
we utilized the complex structure (PDB ID: 5HRB) (Fig. 1A) for con-
structing the pharmacophore model through receptor-ligand pharma-
cophore generation. During this construction, the AsfvPolX moiety 
functioned as the receptor, while the DNA structure served as the ligand 
for building the pharmacophore model, encapsulating functionally 
important features crucial for inhibitor screening. The resultant phar-
macophore model, designated Phar-PolX, exhibited clustered features, 
as depicted in Fig. 1B. Phar-PolX encompasses 12 hydrogen-bond ac-
ceptors (green spheres), 1 ring aromatic (orange spheres), 2 hydropho-
bic aromatic features (cyan spheres), and 4 negatively charged features 
(blue spheres) (Fig. 1B). This pharmacophore model provides a 
comprehensive representation of the critical molecular features essential 
for potential inhibitor binding. 

3.2. Pharmacophore-based inhibitor screening 

Efficient inhibitor screening through pharmacophore modeling relies 
significantly on the judicious selection of a pharmacophore scaffold for 
ligand-pharmacophore mapping. In this regard, we conducted a 
comprehensive exploration of the pharmacophore features within Phar- 
PolX. Our findings revealed that 1 aromatic ring (Aro1), 2 negatively 
charged features (N1 and N2), and 1 hydrogen-bond acceptor (HA1) 
collectively constitute a bioactive scaffold representing the DNA inter-
action with residues G38, R42, N48, Q98, H115, F116, and V120 
(Fig. 2A). These features of Phar-PolX were subsequently grouped as a 
pharmacophore scaffold, Phar-PolX-S (Fig. 2B), and utilized for the 
screening of potential inhibitors. A compound library comprising 68,285 
molecules was sourced from the IBS database, and ligand- 
pharmacophore mapping was executed to fit these compounds onto 
Phar-PolX-S. In this mapping process, the 3D coordinates of the ligands 
were aligned with the pharmacophore features of Phar-PolX-S, and the 
fit between the ligand and the pharmacophore was evaluated. The fit 
values served as indicators of the quality of the match between the 
ligand and the pharmacophore, with higher scores indicative of a better 
fit. Consequently, the top 10 ranked hits were selected as potential 
candidates (Fig. 3). The hierarchy of the fit values is as follows: D-053 >
D-270 > D-093 > D-582 > D-439 > D-142 > D-132 > D-166 > D-609 
> D-884. The detailed chemical structures of these identified hits are 
presented in Table S1. 

Fig. 1. The receptor-ligand pharmacophore generation based on the structure of AsfvPolX-DNA complex. (A) The complex structure of AsfvPolX-DNA (PDB 
ID: 5HRB) was used to build the pharmacophore models. The protein structure is shown in ribbons and the DNA molecule is presented in sticks. (B) The generated 
pharmacophore features are shown along with the structure of AsfvPolX-DNA complex. The pharmacophore features are color-coded as follows: green, hydrogen 
bond acceptor; cyan, hydrophobic; orange, ring aromatic; deep-blue, negative charged features. 
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3.3. The disruptive ability of inhibitors against the formation of PolX- 
DNA complex 

To further assess the inhibitory potential of the identified hits against 
AsfvPolX binding to DNA, fluorescence polarization (FP) experiments 

were conducted. Prior to this, the DNA binding property of AsfvPolX was 
initially characterized to establish the assay platform for inhibition. The 
AsfvPolX was successfully expressed and purified (Figure S1). The DNA 
sequence (5′-CGGATATCC-3′) was employed for the FP experiment to 
measure the DNA binding affinity of AsfvPolX. The results indicated an 

Fig. 2. Schematic representations of pharmacophore model, Phar-PolX-S. (A) The pharmacophore scaffold of Phar-PR-S aligned with the structure of DNA 
(white sticks); the interactive residues of AsfvPolX are shown in magenta sticks and labelled. (B) Features at a specific distance correspond to the pharmacophore 
model, Phar-PolX-S. (Pharmacophore features are colored as follows: green, hydrogen bond acceptor; cyan, hydrophobic; orange, ring aromatic; deep-blue, negative 
charged features.) 

Fig. 3. Pharmacophore-based inhibitor screening. The results of ligand pharmacophore (Phar-PolX-S) mapping of hits screened from IBS database. The top10 
ranked hits are fitted with pharmacophore model, Phar-PolX-S. (Pharmacophore features are colored as follows: green, hydrogen bond acceptor; cyan, hydrophobic; 
orange, ring aromatic; deep-blue, negative charged features. The gray spheres indicate the excluded volumes.) 

Y.-C. Wu et al.                                                                                                                                                                                                                                  



Virus Research 344 (2024) 199359

6

increase in polarization intensity with ascending concentrations of 
AsfvPolX protein (Fig. 4). This demonstrated a strong binding affinity of 
AsfvPolX to DNA, with a KD value of 0.01 μM. Notably, the polarization 
intensity reached a plateau when the concentration of AsfvPolX excee-
ded 1.0 μM. Consequently, 1.0 μM of AsfvPolX was selected for subse-
quent inhibition assays. Furthermore, the inhibitory capabilities of the 
top 10 hits identified from the pharmacophore-based inhibitor screening 
were evaluated at a compound concentration of 100 μM. The results 
revealed that compounds D-132, D-166, D-609, D-582, and D-093 
exhibited over 50 % inhibitions, as shown in Fig. 5. Conversely, D-142, 
D-884, D-439, D-053, and D-270 showed less or no inhibition against 
AsfvPolX binding to DNA (Fig. 5). Subsequently, hits with over 50 % 
inhibitions were subjected to inhibitory experiments at various com-
pound concentrations to determine their IC50 values. In the inhibition of 
AsfvPolX binding to DNA, D-132, D-166, D-609, D-093, and D-582 
demonstrated dose-dependent inhibitions, with determined IC50 values 
of 2.8 ± 0.2, 4.5 ± 0.3, 9.3 ± 0.5, 25.1 ± 1.3, and 35.2 ± 1.8 μM, 
respectively (Fig. 6). 

3.4. The binding affinities of D-132 and D-166 towards AsfvPolX 

In our pharmacophore-based inhibitor screening, we identified that 
D-132 and D-166 were two strong inhibitors against AsfvPolX. To 
further confirm the interactions of inhibitors to AsfvPolX, their binding 
affinities were investigated by using localized surface plasmon reso-
nance (LSPR). During the LSPR experiments, inhibitor D-132 was tested 
at 6.25, 12.5, 25, and 50 μM. The sensorgrams showed slow association 
and fast dissociation binding manner of D-132 to AsfvPolX, resulting a 
KD value of 6.92 ± 2.2 μM (Fig. 7A). In addition, the binding of D-166 to 
AsfvPolX was investigated at 12.5, 50, 100 and 300 μM. The result 
demonstrated that D-166 employed a slow association and slow disso-
ciation manner to bind with AsfvPolX (Fig. 7B). 

3.5. The complex structure of AsfvPolX-D-132 

To attain a more comprehensive understanding of the atomic-level 
interactions between AsfvPolX and the identified inhibitor D-132, mo-
lecular modeling techniques were employed to construct the complex 
structure. The residues of AsfvPolX involved in interactions with DNA 
were utilized to define the binding site for subsequent protein-ligand 
docking. Following the docking simulation, D-132 closely conformed 
to the characteristics of Phar-PolX-S, was selected as the final complex 

structure. This constructed complex structure was further subjected to 
non-bond interaction analysis (Discovery Studio 2021) to unveil 
detailed molecular interactions. The specific molecular interactions 
between D-132 and AsfvPolX were visualized in Fig. 8. Notably, in this 
binding orientation, the terminal sulfonic groups of D-132, corre-
sponding to N1 and N2 of Phar-PolX-S, engaged in charge-charge in-
teractions with residues R42 and Q98. Remarkably, residue N48 formed 
hydrogen bond interactions with D-132. Additionally, the S2 and S3 
atoms on the 1,2,5,6-tetrathiocane moiety of D-132 formed pi-sulfur 
interactions with the side chain of residue F116. Furthermore, residue 
F102 interacted with the 1,2,5,6-tetrathiocane moiety of D-132 through 
a hydrophobic interaction (Fig. 8A and C). Besides, residue E100 
demonstrated interactions with D-132 through a carbon-hydrogen 
bond. 

4. Discussion 

African swine fever virus (ASFV) poses a severe threat to global 
swine populations due to its highly contagious and lethal nature. Its 
geographical spread beyond Africa, with recent outbreaks in Asia, 

Fig. 4. The DNA binding property of AsfvPolX. (A) The DNA binding ability 
of AsfvPolX is observed by FP experiments as a function of protein concentra-
tion. The determined KD value is 0.01 μM. 

Fig. 5. The inhibitory potency of top10 ranked hits against AsfvPolX 
binding to DNA binding. The inhibitory ability of top10 ranked hits against 
the formation of AsfvPolX-DNA complex was determined at 100 μM and shown. 

Fig. 6. The potencies of identified inhibitors as a function of compound 
concentration. Compounds, D-132, D-166, D-609, D-093, and D-582 exert 
dose-dependent inhibition against the formation of AsfvPolX-DNA. 
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exacerbates economic challenges in the swine industry. The primary 
tools for preventing and controlling viral infections are vaccines and 
antiviral drugs (Monto, 2006). Despite extensive efforts, encompassing 
the creation of vaccines such as ASFV-G-ΔI177L and the investigation of 
antiviral compounds, conclusive preventive or therapeutic resolutions 
for ASFVs have remained elusive (Sanchez et al., 2019). Brincidofovir, 
known for its broad-spectrum antiviral activity against double-stranded 
DNA viruses, emerges as a potential candidate against ASFV (Guo et al., 
2023). However, further research and clinical trials are imperative to 
evaluate its effectiveness in mitigating ASFV infections. Given the 
absence of vaccines against ASFV, the utilization of antiviral drugs be-
comes imperative, not only for enhancing host survival but also for 
contributing to epidemic control (Zakaryan and Revilla, 2016). This 
underscores the pressing necessity to develop effective antiviral in-
terventions against ASFVs, addressing the current challenges in ASFV 
control. 

Various compounds demonstrating inhibitory potential against ASFV 
infections have been identified in diverse studies, categorizable into two 
groups (Arabyan et al., 2019). The first group comprises antiviral drugs 
with specific targets and mechanisms, including nucleoside analogs like 
iododeoxyuridine (Gil-Fernandez et al., 1979). Additionally, 
planD-1derived compounds, such as genistein (Arabyan et al., 2018) and 
genkwanin (Hakobyan et al., 2019), hinder viral type II topoisomerase 
and impede virus movement along microtubules, respectively. SiRNAs 
and CRISPR/Cas9, specifically targeting viral genes A151R and B646L 
(Keita et al., 2010), demonstrate substantial reductions in virus titer and 
RNA transcripts. Furthermore, interferons (IFNs) like IFN-alpha (Paez 
et al., 1990) and IFN-gamma (Hicks et al., 1981), can disrupt the 

interaction between cytoplasmic dynein and viral p54 protein (Hernaez 
et al., 2010). Antibiotics, including Rifampicin (Dardiri et al., 1971) and 
fluoroquinolone (Mottola et al., 2013), hinder viral DNA-dependent 
RNA polymerase and type II topoisomerases. The second category of 
antiviral drugs, represented by Apigenin (Hakobyan et al., 2016), 
resveratrol (Galindo et al., 2011), and oxyresveratrol (Galindo et al., 
2011), features unknown targets and mechanisms. However, none of the 
mentioned antiviral drugs have progressed to commercial production, 
emphasizing the ongoing need for novel candidate drugs. Recent 
emphasis on ASFV inhibitors revolves around AsfvPolX, a key player in 
viral DNA repair. Its unique structural features, particularly the 
5′-phosphate binding pocket, provide a foundation for developing anti-
viral compounds. The global urgency for effective ASFV control has 
driven research into inhibiting AsfvPolX, with a focus on its distinctive 
structural features, notably the 5′-phosphate binding pocket, showing 
promise for precise antiviral compound development. Comprehensive 
studies and clinical investigations are imperative for translating these 
findings into practical solutions for combating ASFV. Therefore, in this 
study, we aimed to develop potent inhibitors targeting AsfvPolX, uti-
lizing computer-aided drug design (CADD) coupled with biochemical 
and biophysical examinations to screen, characterize, and validate in-
hibitors against AsfvPolX, offering a potential solution for ASFV 
management. 

Computational approaches such as Computer-Aided Drug Design 
(CADD), involving molecular docking and pharmacophore modeling, 
offer a cosD-1effective means for the systematic screening of compounds 
with specific biological functionalities. Pharmacophore modeling, 
particularly the generation of structure-based pharmacophores (SBPs) or 

Fig. 7. The SPR sensorgrams of D-132 and D-166 binding to AsfvPolX. (A) The binding affinity of D-132 (KD = 6.9 ± 2.2 µM) to AsfvPolX. (B) The binding 
responses of D-166 to AsfvPolX. 

Fig. 8. The modelled complex structure and molecular interactions of AsfvPolX-D-132. (A) The complex structure of AsfvPolX-D-132 was built by molecular 
docking. The AsfvPolX and D-132 are shown in ribbon and ball-and-stick, respectively. (B) The amplified view of D-132 binds in the DNA binding site of AsfvPolX. 
The dash lines colored in green, orange, light-pink, light-green, and red denote the hydrogen bonding, pi-sulfur interaction, hydrophobic interaction, carbon 
hydrogen bond, and charge-charge interaction, respectively. (C) The detailed molecular interactions of D-132 binding to AsfvPolX is shown in 2D schematic plot 
analyzed by ligplot. 
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receptor-ligand pharmacophores, facilitates the translation of protein 
properties into corresponding ligand features. This approach is instru-
mental in the development of inhibitors with precisely defined charac-
teristics for effective binding to the target protein. Therefore, the 
availability of structural insights from the AsfvPolX-DNA complex plays 
a crucial role in the identification of potential inhibitors. 

Notably, Chen et al. successfully determined eight crystal structures, 
encompassing four AsfvPolX-DNA binary complexes and four AsfvPolX- 
DNA-dGTP ternary complex structures, representing distinct reaction 
states—prior to dNTP incorporation and after dNTP incorporation (Chen 
et al., 2017). Additionally, the superposition analysis of the eight com-
plex structures revealed a shared DNA-interacting site common to all 
DNA molecules. This binding site, primarily composed of residues from 
two regions (81CGERK85 from the palm domain and 135YKLNQY140 from 
the finger domain), formed extensive interactions with the DNA tem-
plate strand. Therefore, in this study, we utilized the complex structures 
of AsfvPolX-DNA (PDB ID: 5HRB) to comprehensive explore the phar-
macophore features within this common DNA-interacting site. Utilizing 
AsfvPolX as the receptor and DNA as the ligand, the pharmacophore 
model, Phar-PolX, was created, encompassing hydrogen-bond accep-
tors, negative-charged, hydrophobic, and ring aromatic features 
(Fig. 1B). These features collectively provide a comprehensive repre-
sentation of the essential attributes required for ligand binding and 
interaction with the AsfvPolX-DNA complex, thereby facilitating the 
identification and design of potential inhibitors. Additionally, a DNA 
bioactive scaffold interacting with specific residues (G38, R42, N48, 
Q98, H115, F116, and V120 (Fig. 2)) was effectively represented by two 
negatively charged features (N1 and N2), one hydrogen-bond acceptor 
(HA1), and one ring aromatic feature (Fig. 2). These features served as 
the foundation for the creation of a pharmacophore scaffold termed 
Phar-PolX-S. Moreover, the top 10 ranked hits identified through 
ligand-pharmacophore (Phar-PolX-S) mapping exhibited varying de-
grees of inhibitory effects (Fig. 5). Subsequent dose-dependent inhibi-
tion assays demonstrated that D-132 and D-166 displayed robust 
inhibitory abilities against AsfvPolX-DNA complex formation, as vali-
dated by fluorescence polarization assays (IC50 = 2.8 ± 0.2 and 4.5 ±
0.3 μM) (Fig. 6). These findings underscore the reliability and precision 
of the pharmacophore model, Phar-PolX-S, in screening inhibitors 
against AsfvPolX-DNA complex formation. Furthermore, the identified 
compounds, D-132 and D-166, featuring sulfate groups at both termini, 
may mimic the functional phosphate groups of DNAs, engaging in 
electrostatic interactions with AsfvPolX. 

Furthermore, the localized surface plasmon resonance (LSPR) ex-
periments revealed distinct binding behaviors of D-132 and D-166 with 
AsfvPolX. D-132 exhibited concentration-dependent binding, indicating 
a pronounced affinity with a KD value of 6.9 ± 2.2 µM (Fig. 7A). In 
contrast, D-166 displayed weak binding signals, even at a higher con-
centration of 300 µM, suggesting limited affinity for AsfvPolX (Fig. 7B). 
The weak binding of D-166 implies its ineffectiveness in interfering with 
the AsfvPolX-DNA interaction, while the evident binding affinity of D- 
132 suggests its effective interaction with AsfvPolX. Further optimiza-
tion and modification of D-132 could enhance its potential in disrupting 
AsfvPolX-related processes. Additionally, for a comprehensive under-
standing of atomic interactions, molecular modeling was employed to 
construct the complex structure. The model with the lowest energy, 
closely resembling Phar-PolX-S characteristics, was selected as the final 
complex structure (Fig. 8). Non-bond interaction analysis unveiled that 
D-132, mirroring Phar-PolX-S, occupied the DNA binding site of Asfv-
PolX (Fig. 8). Noteworthy interactions included charge-charge in-
teractions with R42 and Q98, carbon-hydrogen bonding with E100, 
hydrogen bonding with N84, pi-sulfur interaction with F116, and hy-
drophobic contacts with F102. These detailed molecular interactions 
elucidate the specific binding orientation and key residues involved, 
enhancing our comprehension of how D-132 disrupts AsfvPolX function, 
potentially guiding the development of drugs targeting AsfvPolX for 
therapeutic applications. 

Recently, Choi et al. employed molecular docking and machine 
learning techniques with DrugBank database to predict potential anti-
viral drugs against ASFV (Choi et al., 2021b). Their docking simulations 
were conducted on both apo-AsfvPolX and AsfvPolX-DNA complex 
structures, and molecules were compared based on eight molecular 
descriptors through principal component analysis. They found that 
pentagastrin exhibited 60 % inhibition of AsfvPolX activity at 100 μM 
concentrations in vitro. Additionally, utilizing the 5′-P binding pocket of 
AsfvPolX as a potential binding site, Choi et al. categorized 13 AsfvPolX 
structures into three classes based on SiteMap-calculated pocket pa-
rameters(Choi et al., 2021a) to identify antiviral drugs. They employed 
principal component analysis to mitigate scoring bias, resulting in a 
more balanced SP Glide score distribution among the 13 AsfvPolX 
structures. Consequently, they demonstrated that fostamatinib exhibited 
a dose-dependent decrease in AsfvPolX activity and was identified as 
potential antiviral drug against ASFV. In our study, D-132 demonstrated 
a dose-dependent inhibitory effect, with an IC50 value of 2.8 ± 0.2 μM. 
In contrast, fostamatinib and pentagastrin, identified as potential anti-
viral drugs against ASFVs, but their specific IC50 values are not provided 
in Choi’s approaches. To extend the comparison of inhibitory effec-
tiveness, we executed an FP-based inhibition assay at a compound 
concentration of 100 μM. Strikingly, the inhibition against the formation 
of the AsfvPolX-DNA complex for D-132, fostamatinib and pentagastrin 
were determined as 100, 0, and 0 %, respectively (Figure S2. The 
observed results were not consistent with the finding of Choi et al. 
Indeed, our study demonstrated the binding affinity of D-132 to Asfv-
PolX through LSPR experiments, revealing a KD value of 6.92 ± 2.2 μM. 
While specific IC50 values as well as the binding affinity for fostamatinib 
and pentagastrin towards AsfvPolX are not elucidated in Choi’s research. 
Therefore, an in-depth exploration of factors such as their binding af-
finities, specificity, and mechanisms of action is essential for a nuanced 
understanding of the detailed functional distinctions of fostamatinib, 
and pentagastrin in impeding AsfvPolX binding to DNA. 

5. Conclusion 

In conclusion, our study employed a comprehensive approach 
encompassing computer-aided drug design, biochemical, and biophysi-
cal analyses to discern potential inhibitors targeting AsfvPolX. The 
generated receptor-ligand pharmacophore model (Phar-PolX-S) eluci-
dated critical features governing inhibitor binding to the AsfvPolX-DNA 
complex. Through pharmacophore (Phar-PolX-S)-based screening, D- 
132 emerged as a potent inhibitor, displaying the dose-dependent 
inhibitory effect and a discernible IC50 value (IC50 = 2.8 ± 0.2 μM). 
D-132 exhibited strong binding to AsfvPolX (KD = 6.9 ± 2.2 µM) 
through a slow-on-fast-off binding mechanism. Subsequent molecular 
modeling of the AsfvPolX-D-132 complex elucidated specific in-
teractions, underscoring the strength of the binding affinity, and the 
interactive and functionally essential residues (R42, N48, Q98, E100, 
F102, and F116) act as hotspots for structure-based inhibitor optimiza-
tion. Our study contributes valuable insights for the prospective devel-
opment of inhibitor targeting AsfvPolX for combating ASFV infections. 
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