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Special Issue: 
Emerging and Re-emerging Animal Health Challenges in Low and Middle-Income Countries

Abstract | The inclusion of feed additives in poultry diets has gained traction in poultry industry for improving 
productivity and sustainability in poultry farming. One such additive is amylase, which is an enzyme that catalyzes the 
breakdown of starch into sugars, has been studied for its potential benefits in poultry nutrition. The role of amylase 
as a feed additive in poultry feed, focusing on its effect on nutrient digestibility, growth performance, and overall 
health of poultry remain a primary target for investigation. Deoxyuridine triphosphate nucleotides (dUTPs) play a 
crucial role in DNA synthesis and repair. The enzyme deoxyuridine triphosphate nucleotidohydrolase (dUTPase) is 
essential in maintaining nucleotide pool balance by converting dUTP to deoxyuridine monophosphate (dUMP) and 
inorganic phosphate. Recent studies indicate that inhibiting dUTPase may offer a novel therapeutic strategy against 
viral infections. This study reviews the biochemical functions of dUTPase, its significance in viral replication, and the 
potential of dUTPase inhibition as an antiviral agent. While viral infections pose a significant threat to poultry health, 
recent studies have highlighted the potential role of amylase and its inhibitors in interfering with viral pathogenesis. 
Mechanistically, amylase may inhibit viral replication in poultry, focusing on its interactions with thymidine kinase 
(TK) and dUTPase, key enzymes in nucleotide metabolism using the in silico model of laboratory approach. Recent 
findingsrevaled a strong interaction between amylase and dUTPase through TK. This outlines the foundations regarding 
the interaction between amylase and dUTPs in the context of poultry immunity to viral infections, also emphasizes the 
need for more research in dUTPase inhibition as a promising new avenue for antiviral drug development. This critical 
analysis stimulates a strong foundation for further studies and discussions in the field.
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INTRODUCTION

Poultry industry is continually challenged by viral 
pathogens, including avian influenza and Newcastle 

disease virus (NDV), (Chen et al., 2025; Ekiri et al., 2025; 
Tai et al., 2025) which can lead to increased morbidity and 

mortality (Moustapha et al., 2023; Subedi et al., 2024). 
Traditional antiviral strategies have focused primarily on 
vaccination and biosecurity measures. However, recent 
investigations into the biochemical pathways involved in 
viral replication have opened new avenues for therapeutic 
interventions. One such area of interest is the role of amylase, 
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an enzyme primarily involved in carbohydrate digestion, 
in inhibiting viral replication through its interactions with 
viral and host cellular enzymes such as thymidine kinase 
and dUTPase (Li et al., 2025; Wang et al., 2025). Poultry 
production has become increasingly intensive, necessitating 
the optimization of feed formulations to enhance growth 
performance and reduce costs. Among the various feed 
additives, enzymes have emerged as key components 
for improving nutrient availability and digestion as well 
as mitigating anti-nutritional factors present in feed 
ingredients. Amylase is particularly significant in poultry 
nutrition due to the high starch content of common 
feed ingredients such as corn and wheat (Nazir et al., 
2024). Amylase is an enzyme produced in both plants 
and animals that catalyzes the hydrolysis of starch into 
simpler sugars. In poultry, amylase assists in the digestion 
of starch, thereby facilitating the absorption of nutrients 
in the small intestine (Reda et al., 2024). Supplementing 
amylase in poultry diets can potentially overcome the 
limitations posed by the chickens’ endogenous enzyme 
production, especially in high-starch diets.it possess 
benefits as a feed additive from them; enhanced nutrient 
digestibility, improvement in growth performance, positive 
effects on gut health also economic considerations which 
means incorporating of amylase as a feed additive can have 
economic benefits in poultry production by improving feed 
efficiency and growth rates. Reduced feed costs per unit of 
weight gain and enhanced overall productivity can lead to 
a significant return on investment for poultry producers 
(Kang et al., 2023).

Amylase is an enzyme that catalyzes the hydrolysis 
of starch into sugars. Its role in viral infections is not 
fully understood; however, evidence suggests that it 
can modify the host’s metabolic environment, thereby 
affecting viral replication. Amylase inhibitors can lead 
to decreased levels of free glucose in the bloodstream, 
which could limit the energy available for viral replication. 
Mechanisms of amylase inhibition is by direct interaction 
with viral receptors. Evidence suggests that amylase may 
influence the expression of viral receptors on the host cell 
surface, reducing viral entry or inhibition of nucleotide 
metabolism by modulating TK and dUTPase activity.
Amylase inhibitors may disrupt the availability of essential 
nucleotides, thereby hindering viral replication. Reduced 
levels of dTTP can lead to stunted viral DNA synthesis. 
Furthermore, immune modulation may be attributed to 
amylase inhibitors where they enhance the host immune 
response, facilitate a more rapid and robust reaction to viral 
infections. This immune modulation can further limit viral 
replication and spread ( Jerrells et al., 2003; Ruan et al., 
2001; Soboleva et al., 2019). 

The TK is essential for the phosphorylation of thymidine 
to thymidine monophosphate (TMP), a critical step in 

DNA synthesis. Viral strains often rely on host TK for 
their own replication, particularly in cells that have been 
infected (Wang et al., 2023). Similarly, dUTPase plays a 
critical role in the nucleotide salvage pathway, converting 
dUTP into dUMP, which is subsequently converted to 
deoxythymidine triphosphate (dTTP). This pathway is 
vital for DNA synthesis and repair (Fuchs et al., 2011; 
Schroder et al., 2019).

Roles of dUTPase and viral replication have been have 
been studied extensively as many viruses depend on 
host dUTPase for efficient replication. For instance, 
studies have shown that certain DNA viruses, including 
Herpes Simplex Virus (HSV) and Vaccinia Virus (VV), 
utilize the dUTPase pathway to fulfill their dNTP pool 
requirements. Inhibition of dUTPase could therefore 
limit the availability of dUMP and disrupt the nucleotide 
balance, leading to impaired viral replication. This suggests 
that dUTPase is not merely a metabolic enzyme but a 
potential target for antiviral strategies (Shahin et al., 2023). 
This study critically summarize the potential mechanisms 
by which amylase and its inhibitors may interact with viral 
replication processes in poultry, emphasizing the need for 
further research in this innovative area of avian health. 
Additionally, we provide evidence on the role of amylase 
as a feed additive in poultry nutrition, highlighting its 
benefits and importance in the poultry industry.

MATERIALS AND METHODS

In silico experimentation involves the combination of 
biological data and expert opinions with mathematical and 
computer-based representations to construct models of 
biology. Computer-based experiments can then be carried 
out using these models rather than, or in combination 
with, laboratory research (Biterge Sut, 2025). 

Software and tools used
•	 RCSB Protein Data Bank: Database was used to access 

crystal structures of proteins.
•	 Similarity Ensemble Approach (SEA): SEA was used 

for ligand similarity and virtual screening.
•	 String Database: Tool for identifying protein-protein 

interactions.
•	 Click2Dock: Receptor-ligand docking software for 

binding predictions.

RCSB protein data bank (PDB) for crystal 
structure retrieval (Piehl et al., 2025)
For the acquisition of structural data, the RCSB Protein 
Data Bank (PDB) was used to obtain the 3D crystal 
structure of the receptor dUTPase. The structure was 
retrieved as follows:
•	 Search for dUTPase Structure: The PDB was queried 
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using the name “dUTPase” or its specific PDB ID (e.g., 
[insert PDB ID]) to retrieve the relevant 3D structure 
of the protein.

•	 Structure Download and Preparation: The downloaded 
structure was processed by removing any heteroatoms 
(e.g., bound water molecules, cofactors) and adding 
hydrogens to prepare it for further computational 
studies, such as docking simulations.

Similarity ensemble approach (SEA) for amylase 
( Ji et al., 2023)
The Similarity Ensemble Approach (SEA) was employed 
to identify and rank potential ligands for amylase based 
on the set-wise chemical similarity of their ligands. This 
methodology utilizes a library of known protein-ligand 
complexes to generate a list of compounds predicted to 
interact with amylase. The following steps were followed:
•	 Selection of Amylase Protein: The crystal structure 

of the amylase enzyme was retrieved from the RCSB 
Protein Data Bank 

•	 Ligand Database: A large compound database 
containing small molecules with diverse chemical 
properties was used to screen potential ligands.

•	 Chemical Similarity Computation: Ligands were 
evaluated for chemical similarity using the SEA 
algorithm, which involves comparing ligand structures 
to those of known amylase binders. The chemical 
similarity was calculated using the Tanimoto coefficient 
or other suitable similarity metrics.

•	 Ligand Ranking: A set of potential ligands with 
the highest similarity to amylase’s known binders 
were selected for further analysis and computational 
docking studies.

String tool for protein-protein interactions
To investigate potential protein-protein interactions 
between thymidine kinase (TK) and other receptors, the 
STRING database (Heidari et al., 2025) was used. This 
tool provided comprehensive information about known 
and predicted interactions between proteins. The following 
procedure was used:
•	 Protein Query in STRING: The STRING database 

(https://string-db.org) was queried for the protein 
thymidine kinase (TK). The database was used to 
identify potential interacting proteins of TK that could 
form complex interactions with dUTPase.

•	 Interaction Network Generation: Based on the protein-
protein interaction data retrieved from STRING, an 
interaction network for TK and its potential partners 
was generated. This allowed for the identification of 
key interactions that might be relevant in the context 
of TK and dUTPase cross-talk.

•	 Analysis of Interactions: The protein-protein 
interactions identified by STRING were analyzed 

for relevance and potential implications for binding 
studies and mechanism exploration.

•	 Docking studies with Click2Dock for binding between 
amylase and dUTPase 

•	 To evaluate the binding affinity and potential 
interactions between amylase and dUTPase, 
Click2Dock, (Waseem et al., 2025), a receptor-ligand 
docking software, was employed. The docking protocol 
involves the following steps.

RESULTS

Preparation of protein structures
•	 The crystal structure of dUTPase was retrieved from 

the RCSB Protein Data Bank (ID: 2D4L).
•	 Water molecules and bound ligands were removed 

from the dUTPase structure, and hydrogen atoms 
were added to the receptor to prepare it for docking.

The identification and retrieval of the crystal structures 
of the ap dUTPase domain of the Mason-Pfizer monkey 
virus (M-PMV) (PDB 2D4L; 1.7 Å) serves both 
as the anchored rationale for our study as well as an 
experimentally validated template for docking. The bound 
enzyme exhibits the canonical trimeric fold wherein each 
active site is created at the interface of three subunit. 
The active sites are positioned with the conserved motifs 
for the coordination of the triphosphate uracil substrate 
and the linked triphosphate and uracil constituents. The 
docking structure (chain retention, addition of hydrogen, 
and removal of nonessential heteroatoms) ensured the 
conserved catalytic residue geometry while permitting 
grid definition along interface pockets. Direct observation 
indicated that the 2D4L C-terminal truncation described 
in the literature does not interrupt the interfacial clefts 
that are usually targeted by inhibitors, thus justifying this 
model for ligand-pose exploration and inter-site pocket 
comparison (Figure 1).

Ligand preparation
The top ligands predicted from the SEA approach (selected 
compounds) were prepared using standard preprocessing 
steps (such as minimization and protonation) to ensure 
their correct conformation and charge state for docking 
(Figure 2).

Docking procedure
•	 Using Click2Dock, molecular docking was performed 

to predict the binding modes between the selected 
ligands and dUTPase.

•	 The docking parameters included grid generation 
around the active site of dUTPase, sampling of ligand 
poses, and scoring to predict the most favorable ligand-
receptor interactions.
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Figure 1: The crystal structure of the dUTPase from 
the Mason-Pfizer monkey virus (PDB 2D4L) whose 
C-terminal has been truncated. The dUTPase is rendered 
in cartoon form, and each of the three different colored 
components of the trimeric structure is emphasized. 
Truncation is shown at the C-terminus (indicated). X-ray 
diffraction, 1.7 Å resolution; Released 2006-11-07. This 
enzyme catalyzes the hydrolysis of dUTP to dUMP + PPi 
thus aiding in the prevention of uracil incorporation into 
DNA. Source: Nemeth V, Barabas O, Vertessy GB. 2007. 
Nucleic Acids Research 35:495–505.

Analysis of docking results 
The resulting docked poses were analyzed in terms of 
docking scores, binding energy, and the nature of ligand-
receptor interactions, with the top-ranked complexes 
selected for further studies.

To elucidate its functional groups pertinent to the 
binding hypotheses, the compound employed to seed our 
target predictions and docking workflows is depicted as 
a clear two-dimensional structure. The scaffold features 
heteroatoms capable of donating and accepting hydrogen 
bonds and has a largely planar aromatic region that can 
π-stack in interfacial grooves. The pendant halogen may 
enhance shape complementarity and alters the ring’s 
electronic density, while the amide/heterocycle region 
provides multiple optimal pegsertion orientations 
predicted within the dUTPase clefts derived from its 
trimeric structure. Such a physicochemical profile is in 
keeping with the broad targetability that was predicted 
from our chemoinformatic screening (Figure 2).

RCSB protein data bank 
Similarity ensemble approach (SEA) 
SEA was used for ligand similarity and virtual screening. 
In order to assess possible pharmacology, it was performed 

the Similarity Ensemble Approach (SEA) on the query 
ligand. The spanned lipid, nucleotide, immune, and 
receptor pathways’ highest-confidence associations, in 
aggregate, indicated putative viral replication biology cross 
talk. Of particular interest, these significant hits included 
phosphorylated metabolites like thymidine kinase (UL23) 
which mechanistically connects to deoxynucleotide 
metabolism and shifted our attention to the downstream 
dUTPase node. Other associations (AHR, RXFP1, 
NPY5R, MPO) suggest modulated immunity or 
inflammation that could indirectly affect the outcome of 
infection. These findings shaped our choice of STRING 
seeds and docking targets. The results revealed a strong 
affinity between amylase and other receptors shown in 
Figure 3.

Figure 2: Amylase structure obtained from NCBI 
PUBCHEM, which represent ligand. A-Amylase’ has 
been illustrated in a two-dimensional form. 

Figure 3: Compound interactingwith Amylase based on 
SEA. The portion of the SEA results table concerning the 
query ligand contains columns for Target Key, Target Name, 
Description, P-value, and MaxTC (maximum Tanimoto 
similarity to the annotated ligand set). The strongest 
associate for FADS1_HUMAN/FADS1 is A3RLP8_
CHV1/UL23 thymidine kinase (7.901e-12; 0.32), AHR_
RABIT/AHR (2.885e-11; 0.35), RXFP1_HUMAN/
RXFP1 (4.459e-10; 0.33), PSBA_MARPO/psbA (2.635e-
09; 0.29), and NPY5R_MOUSE/Npy5r (2.952e-09; 0.36), 
MPO_HUMAN/MPO (5.173e-08; 0.40).
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Figure 4: STRING protein–protein interaction network having thymidine kinase (TK) as the seed node. The colors 
of edges indicate proof types; node size corresponds to the degree. Only first-shell interactors at and above medium 
confidence are shown. The functional neighborhood suggests involvement in the processes of DNA replication and the 
salvage of nucleotides pertinent to dUTP/dTTP homeostasis.

Figure 5: String results. The enriched GO/Pathway 
terms at the nodes presented in Figure 4 are summarized 
on the bars (or table) along with the most significantly 
enriched terms with false-discovery–rate-adjusted P–
values. The predominant terms describe salvage pathways 
of nucleotides, along with replication and repair of DNA, 
further reinforcing a TK→dUTPase mechanistic axis.

String database
As SEA implicated enough thymidine kinase (TK), we built 
a STRING network seeded on TK to unveil the proximal 
biochemical context that could agree on maintaining the 
dUTP/dTTP balance. The first-shell interactors map a 

nucleotide-salvage neighborhood containing polymerases 
and replication factors, and several edges are supported by 
multiple evidence channels (experiments, co-expression, 
curated databases). This network substantiates the 
conceptual pathway leading from TK activity to shifted 
substrate concentration dUTPase, hence, validating the 
focus on dUTPase as a downstream target for intervention. 
Confidence-weighted connectivity further indicated 
secondary hubs that could serve for orthogonal validation. 
STRING analysis revealed the possibility of binding /
interacting either up or downregulating (activating or 
suppressing) effect on TK on another receptors as shown 
in Figures 4 and 5.

The next step involved elucidating the biological themes 
contained in the TK-centric network using STRING 
enrichment analysis. Enriched terms formed clusters of 
pathways associated with nucleotide metabolism and 
DNA replication and/or repair, such as dNTP biosynthesis 
and salvage pathways (Figure 5).

Computational docking results: Click2dock 
While docking the query ligand to 2D4L, four recurrent 
pose clusters were revealed. Three clusters sit at subunit 
interfaces next to catalytic motifs, and one is located in a 
peripheral pocket. Score values align with an exploratory 
screen and, importantly, are reproduced across independent 
grid placements centered on different interfacial grooves 
(Figure 6). Docking results of Amylase with 2D4L revealed 
foure binding sites between amylase and dUTPase as 
docking scores are recoded in Fig6 and virtual binding sites 
are captured as it appeared in docking software as shown 
in Figure 7.
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Figure 6: Docking scores. A bar graph from the 
application of 1-Click Docking (Click2Dock) for docking 
against dUTPase (2D4L) with the reported best scores 
comprising of: Site-1: 7.7, Site-2: 7.6, Site-3: 7.5, Site-
4: 6.6. Sites 1-3 interface with the inter-subunit catalytic 
regions, and Site 4 is located peripherally.

To visualize geometry and putative contacts, representative 
poses from each cluster were overlaid on the trimer. In 
Sites 1–3, the ligand orients with its heterocycle/amide 
region forming H-bond networks to conserved residues 
lining the interface, while the aromatic/halogenated ring 
aligns to hydrophobic tracks compatible with π-stacking 
and halogen bonding. The peripheral Site 4 pose lacks 
direct access to catalytic motifs but may still alter dynamics 
or allosteric communication across subunits (Figure 7).

Figure 7: Docking results: 1 represents binding site 
between amylase and DUT receptor of score 7.7, 2 
represents binding site of score 7.6 and 3 represents 
binding site of score 7.5, 4 represents binding site of score 
6.6. Date were validated using 1-click docking https://
mcule.com/apps/1-click-docking/
 
DISCUSSION

Trimeric dutpase as the docking template
The structural characteristics obtained for the dUTPase 
trimer of M-PMV correspond with the conserved 
organization of both viral and host dUTPases, notably 
in the active inter-subunit regions that control the access 
of uracil and the triphosphate binding sites. The fact that 
the catalytically relevant grooves in the 2D4L construct 

are retained in the truncated copy is also supported by 
the findings of Liang et al. (2021), who suggested that 
subtle rearrangements of the C-termini and interfacial 
regions of dUTPases drive catalysis while maintaining the 
pivotal geometry of the dUTPase motifs. The decision to 
place docking grids on the interface surfaces of subunits 
rather than on subunit single-chain pockets follows the 
conclusions of Li et al. (2020), who suggested that the 
interface regions of uracil pockets and the phosphate 
tunnel are the most effective sites for small-molecule 
capture in viral dUTPases.

Rationale for ligands 2D structure and 
chemotype
The amide/heterocycle bond motifs Wang et al. (2024) 
elucidated, which focus on amide/heterocycle vectors 
to connect to the motif residues, streamline dUTPase 
inhibition through hypertrophic polar anchors, dUTPase 
inhibition via hydrophobic anchors with polar uracil site 
retention, justify the focus on dUTP decapping. Also, the 
Galati et al. (2021) counterpart supports the expectation 
that placement of halogen substituents can modulate 
pocket complementarity and electronics. They emphasize 
that “chemotype transfer” of “ligand-based target fishing” 
to “hit triage” uses such substituent patterns.
 
Sea target-prediction hit list (UL23/tk and 
others)
Treating SEA as a hit generator and applying hit filters 
based on chemical similarity and significance cutoffs 
aligns with Ji et al. (2023) who, in assessing target-
prediction services, recommend mechanistic assertions 
with orthogonal biological validation. The detection of 
thymidine kinase (UL23) among the highest-ranked 
associations that link to nucleotide salvage pathways is in 
accordance with Daina and Zoete (2024), illustrating that, 
when sufficient information is available about the ligands, 
augmented reverse screening aided by machine learning 
retrieves true targets, allowing rational exploration of 
mechanically coherent connections, such as TK.

The Thymidine Kinase network (TK network) described 
by us, containing partners of DNA replication and partners 
of nucleotide metabolism, is consistent with Szklarczyk et 
al. (2023) who described evidence channel weighting and 
enrichment showing salvage/replication neigborhoods 
around kinase hubs and thus corroborated with phenotype 
drug response TK variation association as outlined by 
Hyun et al. (2023). These authors studied clinically isolated 
HSV and described sequence diversity of genes UL23 and 
polymerase that modulate activation of nucleoside analogs 
underscoring the importance of TK and thus supports its 
adopted systems pivot in our work. 
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The docking scores and pose clusters corresponding to 
dUTPase, as predicted, stratifies the order of relative sites 
that interfacial pockets that score above peripheral sites and 
the recurrent H-bond/ complementarity were observed to 
fulfill agreement with Wang et al. (2024) where productive 
dUTPase ligands docked in the uracil sub-pocket and 
extended into the phosphate channel gained potency. 
Blanes-Mira et al. (2022) proposed strategies where 
single-engine scores were complemented with consensus/
ensemble checks to reduce scoring bias thus supporting 
our approach to early stage scoring.

Cross-validation from sea → string → docking
The target-prediction, network context, and physical 
pose plausibility within the pipeline, aligns with Daina 
and Zoete (2024) on the success of reverse screening 
interspersed with biologically informative filters. This 
is extended with structure-guided reverse docking onto 
large proteome panels, parallel to Luo et al. (2024) who 
benchmarked AlphaFold2-based reverse docking and 
demonstrated that layered pipelines effectively reduce the 
number of true targets reinforcing our stepwise triage prior 
to wet-lab assays.

Biological relevance of the tk–dutpase axis
Conceptualizing TK as the upstream gate of nucleosides 
activation with dUTPase as the downstream guardian 
of uracil exclusion from viral DNA, aligns with Ariza 
(2022) who reviewed viral dUTPases as hygiene enzymes. 
Their translational relevance to veterinary pathogens is 
consistent with Shahin et al. (2023) who characterized the 
highly conserved and assayable BoHV-1 UL50 (dUTPase) 
supporting our focus on dUTPase pockets as actionable 
targets in livestock virology.

This research is undertaken in silico employing one 
dUTPase-structure dUTPase and dUTPase-structure 
biophysical analyses. Validation is done through pioneering 
modeling on receptor ensembles and biophysical modeling 
on ensembles. The rest is done through dUTPase 
computations on divergent ensembles. Key restriction 
on docking network biophysical modeling is dUTPase 
structure biophysical ensemble computations which 
neglect strain awareness. Studies planned in the future will 
resolve those in silico constraints.

CONCLUSIONS AND 
RECOMMENDATION

We achieve the goal of the in silico workflow that starts with 
SEA and ends with docking by constructing a biological 
axis in which thymidine kinase (UL23) and dUTPase are 
linked as potential points of intervention associated with 
the focal activity of concern: viral DNA synthesis. The query 

scaffold predicted plausible poses spanning three inter-
subunit dUTPase pockets, implying that optimization 
of at least tractable dUTPase chemistry is feasible. Our 
recommendations are (i) dUTPase/TK inhibition assays, 
(ii) supporting orthogonal physicochemical methods (such 
as SPR or ITC) that confirm biophysical binding, and (iii) 
preliminary antiviral testing in cell-based systems relevant 
to poultry before in vivo testing.
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