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ABSTRACT

Hemopexin (HPX) is a plasma glycoprotein with a high affinity for heme, acting as a key antioxidant defense molecule against heme-
induced oxidative stress. However, limited information is available on chicken HPX, particularly regarding genetic polymorphisms
that may influence its biochemical properties. In this study, conserved motifs and post-translational modification sites were analyzed
via Clustal Omega, NetNGlyc-1.0, and NetPhos-3.1. Along with that, non-synonymous single-nucleotide polymorphisms (nsSNPs),
which were indicated as deleterious within the chicken HPX gene, were identified from the Ensembl genome database. The three-
dimensional structure of wild-type and mutant HPX proteins was modeled using AlphaFold3, and their interactions with the HEME
ligand were evaluated through HADDOCK 2.4 and PRODIGY binding affinity prediction. The results show that high conservation
of histidine residues is essential for HEME binding. Four N-glycosylation and twenty-four phosphorylation sites were predicted,
suggesting regulatory complexity in HPX function. Among the identified nsSNPs, mutations such as L414T and A349V exhibited
enhanced predicted binding affinities (AG = -13.35 and -13.33 kcal/mol, respectively) compared to the wild type (AG = -13.17 kcal/
mol). Therefore, for the variants in this study, which are located in the C-terminal B-propeller domain, some may not affect heme
binding, while others may enhance heme binding. In conclusion, this study provides interesting insight for future research on HPX
polymorphisms as potential biomarkers for oxidative stress resistance and selection markers in poultry production.
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INTRODUCTION

Hemoglobin circulating in the blood performs various vital functions in the body. However, if released into the bloodstream through hemolysis
of red blood cells, it can cause potential toxicity. In particular, heme released from hemoglobin can be incorporated into cell membrane lipids,
generating hydroxyl radicals, a powerful reactive oxygen species, which is a major cause of oxidative stress and endothelial dysfunction (Balla
et al., 2005). These toxic substances can cause serious damage to cells and tissues. Various defense systems exist within the body to effectively
remove the toxicity of hemoglobin-derived heme, and hemopexin (HPX) is a plasma protein that plays a key role among them (Dutra & Bozza,
2014; Vinchi & Tolosano, 2013).

HPX has the highest binding affinity for heme among plasma proteins, rapidly and efficiently capturing free heme (Smith & McCulloh, 2015).

HPX, primarily synthesized in the liver and secreted into the blood, has been shown to increase its synthesis following inflammatory responses.
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The HPX-HEME complex binds to the HPX receptor (CD91) present on the surface of specific cells and is taken up into the cell. Heme is then
degraded by heme oxygenase-1 to form substances such as biliverdin, which induce antioxidant activity. Therefore, the primary role of HPX
is known to lie in its antioxidant action and cytoprotective function against heme overload following intravascular hemolysis, rather than in the
regulation of iron metabolism (Tolosano et al., 2010; Tolosano & Fiorella, 2002). This constitutes an important mechanism for protecting the
body from oxidative stress.

While research on the function of HPX is actively underway in various species, including mammals, little is known about the molecular
biology and function of the HPX gene and protein in poultry, particularly chickens (Gallus gallus). Chickens occupy a crucial role in the
poultry industry, and exposure to various stressors (e.g., heat stress, disease, environmental changes, etc.) can lead to hemolysis, leaving them
vulnerable to oxidative stress induced by heme metabolites.

The HPX was suggested to play a role in protecting against oxidative stress and early mineralization during eggshell formation, causing
its overexpression in the white isthmus, which was detected in proteomic analyses (Du et al., 2015). Riva et al. (2024) suggested a new
biomarker of the acute phase response (APR) in hens exposed to E. coli lipopolysaccharide (LPS) endotoxin is hemopexin. However, studies
on HPX in poultry are still very limited. Through sequence analysis, they confirmed that the chicken HPX gene exhibits high homology with
mammalian HPX, particularly the conservation of histidine residues, known to play a crucial role in heme binding (Dooley et al., 2010).
These results suggest that chicken HPX may also perform biological functions similar to those of mammalian proteins.

Previous studies have identified chicken HPX as a developmentally regulated and acute-phase response protein. Grieninger et al. (1986)
demonstrated that HPX is produced within 12 hours of culture in embryonic chicken hepatocytes without hormones or other supplements,
and its production increases rapidly, suggesting an important role in early development. Furthermore, Adler et al. (2001) observed that when
chickens were injected with antigens or lipopolysaccharide (LPS), which induce an acute phase response, plasma HPX and alpha-1-acid
glycoprotein (AGP) levels significantly increased, as did HPX mRNA expression in the liver. These results strongly suggest that chicken
plasma HPX or AGP levels can be used as indicators of the systemic response to local and systemic inflammations in the chicken.

Furthermore, as part of genetic diversity research, it is crucial to identify single-nucleotide polymorphisms (SNPs) and elucidate their
functional impact. SNPs within genes can directly affect protein structure and function by altering amino acid sequences, or they can alter gene
expression levels by altering transcriptional regulatory regions. In livestock such as chickens, SNP research is essential for identifying genetic
markers associated with specific traits (e.g., productivity, disease resistance).

Considering these previous studies, to clearly elucidate the functional role of chicken HPX, in-depth basic research is urgently needed,
including functional regulation by genetic mutations (SNPs) and the transcriptional regulatory mechanisms that control gene expression.
Therefore, this study aims to assess the molecular biological function of genetic polymorphisms of the chicken HPX gene, based on
bioinformatics predictions and physiological observations from previous studies. Ultimately, this research is expected to contribute to the

development of new genetic breeding markers or disease control strategies to improve chicken health and productivity.

MATERIALS AND METHODS

Amino acid sequences of HPX proteins and nucleotide sequences of the chicken HPX gene

The hemopexin amino acid sequences of chicken (NP_001383363.1) and several species, including human (NP_000604.1), quail
(XP_015708049.1), horse (XP_005612174.1), sheep (NP_001029784.1), rat (NP_059067.2), and mouse (NP_059067.2), were obtained
from NCBI (https://www.ncbi.nlm.nih.gov/nucleotide/) in FASTA format. The chicken HPX nucleotide sequences (accession number:
NP_001383363.1) were obtained and used to identify the SNPs. Chicken HPX SNPs information was scientifically retrieved from the Ensembl
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genome database (https://www.ensembl.org/index.html?redirect=no) with the gene identifier (ENSGALT00010003685.1) of the HPX gene in
the Gallus gallus reference genome. All genetic variants associated with the HPX locus were found. Only missense variations were sorted to

examine their impact on HEME binding.

Phylogenetic analysis of HPX proteins

Clustal Omega Website (https://www.ebi.ac.uk/jdispatcher/msa/clustalo) was used to perform alignment and neighbor-joining (NJ)
phylogenetic tree of the HPX protein sequence between species (Madeira et al., 2024).

Prediction of N-glycosylation and Phosphorylation sites

The Prediction of N-glycosylation and Phosphorylation sites were conducted using DTU Health Tech bioinformatics tools. NetNGlyc-1.0
(https://services.healthtech.dtu.dk/services/NetNGlyc-1.0/) was used to predict N-linked glycosation sites in the HPX wild-type protein.
NetnGlyc uses artificial neural networks to examine the sequence context of Asn-Xaa-Ser/Thr sequons where Xaa is not Proline whether they
are glycosylated and non-glycosylated asparagines (Gupta & Brunak, 2002). Analysis uses 0.5 as the default thresholds and the predicted
value that revolve 0.5 are used to assign higher confidence levels for positive and negative sites.

Together, NetPhos-3.1 (https:/services.healthtech.dtu.dk/services/NetPhos-3.1/), which uses neural networks to predict the serine, threonine,
or tyrosine phosphorylation sites in both generic and kinase-specific in eukaryotic proteins (Blom et al., 2004). The prediction score ranged
from 0.000 to 1.000, and the scores which above 0.500 indicate the potential positive predictions. Only positive predictions that have string
YES were chosen. "unsp" indicated for residue site that predicted to be phosphorylated but couldn't assign for any specific prediction.

Modeling of chicken hemopexin protein

AlphaFold3 Server (https:/alphafoldserver.com/) was used to predict the three-dimensional structure of the protein—ligand interaction model
(Abramson et al., 2024). The model of each mutated HPX protein with HEME ligand was predicted in turn. The best model was chosen for
further analysis based on the structural quality metrics which consist of the predicted Local Distance Difference Test (pLDDT) scores.

Molecular docking was performed to investigate the interactions between chicken SNP-contained HPX protein and HEME ligand. The
molecular docking simulations were performed using HADDOCK 2.4 server (https://rascar.science.uu.nl/haddock2.4/). HADDOCK
promotes the docking process and supports a variety of test data, including mutation data based on an integrated modeling approach (Honorato
et al., 2024). The default docking parameters were used while the active residues involved in the interaction were manually determined.
The active residue that defined for the binding site in HPX protein was assigned to conserved residues included PRO84, HIS87, HIS162,
ARG209, TYR211, ARG220, TYR232, HIS248, HIS249.

PROtein binDIng enerGY prediction (PRODIGY, https://rascar.science.uu.nl/prodigy/) was employed to predict the binding affinity of the
HPX-HEME docking complexes. PRODIGY is an advanced computational tool that predicts the binding strength of a given protein-protein
complex based on the structural properties of its complex (Xue et al., 2016). Top-ranked HADDOCK complexes in PDB format were directly
submitted to PRODIGY.

RESULTS AND DISCUSSION

Molecular biological characteristics of the chicken hemopexin gene

The liver is the primary source of chicken HPX synthesis, which is a vital HEME-binding glycoprotein in Gallus gallus, involved in
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immunological defense, detoxification, and the regulation of oxidative stress (Liebert, 2002). Not only acting as a major in heme transportation
in plasma, which helps to prevent HEME-mediated oxidative stress, HPX has also been investigated as a potential biomarker for the Acute
Phase Response (APR) in broilers using an E. coli LPS experimental model (Riva et al., 2024). The similarity of HPX amino acid sequences
between chicken and those from other species was analyzed by bioinformatics tools, which allow identification of conserved and variable
regions by creating the protein sequence alignment (Fig. 1).

The alignment of multiple HPX amino acid sequences from chicken and others revealed both conserved and variable regions (Fig. 1). The
alignment result indicates that the chicken HPX protein shared the highest similarity with quail. Although all HPX mammalian sequences
in this study exhibited a high degree of conservation among themselves, a greater divergence was observed in avian sequences (chicken and
quail). Furthermore, amino acid substitutions and a number of gaps were observed between species, suggesting that the HPX protein underwent

evolutionary adaptation while retaining its conserved functional motifs.

chicken MGGSTAALCLAALLVLVGGRPLT KPHTFGDEHPHGA‘---EPPGNDTALA ICGDEGGF 57
quail MGGVTAALCLAALLVLVGGRPLT PGDGRP GA———EPPGNDTALA ICGDGGG 57
sheep MARALGAPGALWLLGLC--WSLA AHF‘LARAF‘EHGHGVEGGNVA CSDGWG 58
rat MARTVVALNILVLLGLC- -NSLAVANF' LPA--AHETVAKG ENGTKPDSDVI EHCSDAWSF 56
mouse MARTAVALNILVLLGLC--WSLAVA LPT=--ANGRVAEVENGTKPDSDVPEHCLDTWSF 56
human MARVLGAPVAL GLNSLC--WSLAIATP [PPTSAHGNVAEGE - - TKPDPDVTERCSDGWSF 56
horse MAF'VLGGPVALGLLGLC-—NSLAIANF‘LF'PDSAPGTGAEGGNGVKQDPDVIERCSDGWSS 58
chicken DAATL SENGTMLFFRGGDVWEISGEGPQPHSRPLAE SWPE LEGPVDAALRIHRQDHPEEH 117
quail DAATLSENGTMLFFRGGDVWETSRERPULRSRPLAESWPE LEGPVDAALRIHRRDHPEEH 117
sheep DATTLDEDGNMLFLKGEF VWKGHAWA - - - ~-RQL ISERWKDAP SPVDAAFRY DR 187
rat DATTMDHNGTML FFKGEF VWRGHS! T GP le4
mouse M‘I’MDHNGTMLFFKGEF\MRGHSGT—— -RE ISARNKNPITS\J‘DAAFR—— G le4
human TMLFFKGEFVWKSI GH les
horse DATTLDEHGN:_NI:FK@EFHHKSPMMT----RELISERWKNFIGPADAAFR 187
ch:.;ken SLYLFQDEKVWSYAGGQLRPGF P UPGGLDAAVECHPEECGGETVLFFKGD 177
quail SLYLFUGEKVWSYAGGUJLRPNF P VECHPEECGGETVLFFKGD 177
sheep SVLLIKGDKFWVYPPEKG- DAAVECHRGECSEEGVFFF N 166
rat DSVFLIKEDKVWVYPPEKKE IPYPPDAAVECHRGECQSEGVLFFGGN 164
mouse DSVFLIKEDKVIWVYPPEKKENGYP IPYPPDAAVECHRGECUSEGVLFFOGN 164
human NSVFLIKGDKVWVYPPEKKEKGYPK IPSPLDAAVECHRGECUAEGVLFFUGD 165
heorse FI'_I!(GD WPPGKK_EKGYPK E E EGILz: gN 167
chigken KVESFDLEL VTKERPNLDAGPCDAALRWLERWCL FYRFRPHSNEVLPGYPRDLR 237
ual. RLFSFDLELRRT =G AAL RWLERY™Y KPLEGAVLPGYPRD 236
sheep H‘I'NFNDFSTSTIKERFNF'AVGNCSSAIRWLNR C GN FLRFDF‘VEGKVNSSYPRI:NR 226
rat RKWFWDFATRTQKERSWPAVGNCTAALRWLERYYCF FNPVTGEVPPRYPLDAR 224
mouse RKWFWDFATRTUKERSWS TVGNC TAALRWLERYY' CF KFLRFNF‘VTGEVF’F‘R\'F’ DAR 224
human REWFWDLATGTMKERSWPAVGNCSSALRWLGRYYC NgFLRFDPVRGEVPPRYPRDVR 225
horse RTNFWDLATRTTKERFWLAVQNCSSAMRWLNRYYCF GNKFLRFNPVSGEVPPKYPLDVR 227
FoAEE AAAE R * it At
chicken DYF IPCPGRGHRHGNTSWG-~~-~==~=-~ MAGDRCSGEP-FQAITSDDSGRIYAFRGGLSFR 288
quail DYF IPCPGRGHRHVNTSWG-------- DRCSGQP - F! AITSDDSGRIYAFRGGLSFR 287
sheep DYFMPCPNRGHAHRN-ATQ-------- HVDKRCSPHLVL! HGATYA 277
rat DYFISCF‘ERGHGKLRNGT GNSTH--F'M.HSRCNADF'GI.SAI.I.SI‘.HRGATYAFSGSHYWR 282
mouse PRNGTAHGNS TH- - PMHSRCSPDPGLTALLSDHRGATYAFTGSHYWR 282
human DYFMPCPGRGHGH RNGTGHGNS THHGPEYMRCSPHLVLSALTSDNHGATYAFSGTHYWR 234
horse QIEW!;EGBQILIR---NRTGHGTGTHRGYGASRCSPDLALSALVSDNHQAT}’QESESHHH!} 284
chicken LDSWRDGWHAWP! HSH‘PGL DVDAAFSWDKRMYL GSQVSIYVSGRGGHQLVEGYPR 348
quail LDSWRDGWHAWP AAFSWDK GSOVSIYLS LVEGYPR 347
sheep LDSSRDGNHSNL HLh’P STVDAAFLWKKLYL GT IFLT-RAGYTLVKDYPK 336
rat LDSSRDGWHSWP IAHHWP GT FLT-KGGNNLVSGYPK 341
mouse LDSSRDGM-ISWPIAH WP PS‘I’VDAAFSMDDKWL G‘I’ FLT-KGGNNLVSGYPK 341
human LDTSRDGWHSWP IAHQWPQGPSAVDAAFSWEEKLYL FLT-KGGYTLVSGYPK 343
horse LDTSKDGWHSWP IDHQWP GPSTWMFSWDKLYLI GT YIFLT-KGGHTLVDGYPK 343
L AL R - - 11t 1. LR L
chigcken ALQEELGVPK------ ADAAFTC AELWITGDRMSRVDLTKSPRHADE PLPYDGV 402
quail ALGEELGVPK====== ADAAFTCPGSAELYVITGNRVWRVDL TQSPRRVDRPQPL PHI 481
sheep EL KEFGSPQGVSLHSVDAAFTCP QLHIVA DLKLGAQATWT ELPWPHTK 396
rat LEKELGSPPGISLDTIDAAFSCP KLYVTSGRR DLKSGAGATWAELSWPHEKY 4@l
mouse RLEKELGSPPGISLETIDAAFSCP RLYVSSGRR DLKSGAJATWT EVSWPHEKV 41
human RLEKEVGTPHGIILDSVDAAFIC RLHIMAGRR DLKSGAGATWT EL PWPHEK 483
herse RLEKELGSPHGISLETVDAAFMC RLHVMAGRR LWWLDLKS ATWTELPHPHEKV 403
Lok _E FAREA RAEE Ao s s ot -

chig¢ken DGAMCTA============ DGIYLLRGDRYHRHRDVAELLAAHPPADPPSIAVDLFHCA 458
quail DGAMCTA============ EGVYL HYRDVAELLAAPLPAAPRSIAADLFRCT 449
sheep DGALCTEKSLGPHSCS .....YL--GSNLYCYKBVEELSKTKDL AQR=-MNSL LGCA 453
rat DGALCLEKSLGPYSCSSNGPNLFFIHGPNLYCYSSIDKLNAAKSL K-VNSILGCS 46@
mouse DGALCLDKSLGPNTCSSNGSSLYFIHGPNLYCYSSIDKLNAAKSLP K-VNSILGCS 460
human DGALCMEKSLGPNSCS LYLIHGPNLYCYSDVEKLNAAKAL N-VTSLLGCT 462
horse DGALCVEKSLGPHSCSA LGLYLIQGPNLYCYSDVEKI;NAAKALP R-MNSLLGCHN 462
chicken === 450

quail 449

sheep 457

rat 468

mouse 468

human 462

horse 462

Figure 1. Investigating Amino Acid Sequence Similarity using Clustal Omega. HPX proteins were accessed for the
similarity to investigate the modification in sequence between species.

These results are also shown through the phylogenetic tree that HPX proteins from mammalian and poultry were clustered into two
separate branches (Fig. 2). In the cluster of poultry, the amino acid sequences of chicken and quail were clustered together, showing the close
relationship between them. Meanwhile, mammalian clusters include the remaining species and the HPX protein of rat and mouse clustered into

a sub-branch.
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e human 0.08583

— rat 0.03844

) —— mouse 0.04417

horse 0.11263

%— sheep 0.15819

—— quail 0.04803

chicken 0.06110

Figure 2. Phylogenetic tree of HPX protein among species.

The phylogenetic tree was established by multiple amino acid sequence alignment of HPX proteins from various species. The graph exhibits

the evolutionary distance and relationship level among species.

Prediction of N-glycosylation and Phosphorylation sites

Protein function is considerably modified by the covalent process known as protein post-translational modification (PTM), which happens
in proteins during or after translation and involves the addition or removal of one or several functional groups. The result of N-glycosation
prediction in HPX protein was presented in Table 1. There are 4 positions that SEQUON ASN-XAA-SER/THR, where XAA could be any
amino acid except Proline (P), have been predicted as N-glycosylated sites. All of them had a threshold result greater than 0.5, and the jury
agreement, which indicates how many of the nine networks support the prediction, was also satisfied. Notably, positions 65-NGTM and 257-
NAGD exhibited the highest confidence levels for positive predicted sites. Missense mutations which is even near the N-glycosylation sites
could prevent glycosylation or disrupt the structurally critical domains (Wei et al., 2017). This may directly influence the protein’s stability and
biological function in plasma.

Along with that, HPX chicken protein is also predicted for phosphorylation sites by NetPhos-3.1 (Table 2). Twenty-four phosphorylation
sites were predicted in the wild type of HPX sequence, means that these amino acid residues could be phosphorylated under certain biological
circumstances. The predictions were tested for 17 specific kinases; however, the majority of the predictions are unknown. Means that, although

it is predicted that these sites will be phosphorylated, the prediction model was unable to assign them to a particular family of protein kinases.
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Table 1. Prediction of N-glycosylation sites in chicken HPX protein

Sequence Position Potential Jury agreement N-Glyc result
Chicken HPX 43 NDTA 0.6208 7/9 +
65 NGTM 0.7294 9/9 ++
252 NTSW 0.5273 5/9 +
257 NAGD 0.6738 9/9 ++
“+! positive

Table 2. Prediction of phosphorylation sites in chicken HPX protein

No. Sequence Position Residue Context Score Kinase
1 chicken 4 S -MGGSTAAL 0.677 PKA!
2 chicken 23 T GRPLTQHKP 0.868 unsp
3 chicken 29 T HKPHTPGDE 0.828 unsp
4 chicken 80 S VWEISGEGP 0.571 unsp
5 chicken 94 S PLAESWPEL 0.993 unsp
6 chicken 170 T CGGETVLFF 0.631 PKC?
7 chicken 181 S DKVFSFDLE 0.552 CKIP
8 chicken 189 T ELRVTKERP 0.501 unsp
9 chicken 225 S FRPHSWEVL 0.997 unsp
10 chicken 254 S HGNTSWGNA 0.981 unsp
1 chicken 263 S GDRCSGEPF 0.857 unsp
12 chicken 272 S QAITSDDSG 0.691 unsp
13 chicken 275 S TSDDSGRIY 0.971 unsp
14 chicken 286 S RGGLSFRLD 0.749 PKC?
15 chicken 291 S FRLDSWRDG 0.997 unsp
16 chicken 317 S DAAFSWDKR 0.716 PKC?
17 chicken 328 S LIQGSQVSI 0.608 DNAPK*
18 chicken 333 Y QVSIYVSGR 0.502 unsp
19 chicken 335 S SIYVSGRGG 0.764 unsp
20 chicken 372 Y SAELYVITG 0.986 unsp
21 chicken 375 T LYVITGDRM 0.515 CDKIP®
22 chicken 385 T RVDLTKSPR 0.678 PKC?
23 chicken 387 S DLTKSPRHA 0.986 unsp
24 chicken 420 Y RGDRYHRHR 0.846 unsp

'PKA: Protein Kinase A, PKC: Protein Kinase C, *CKII: Casein Kinase II,
*DNAPK: DNA Dependent Kinase, °CDK1: Cyclin Dependent Kinase 1

Evaluation of the impact of non-synonymous SNPs of chicken HPX on the protein function

Using the Ensembl platform, which provides publicly available genomic annotation data, SNP information for the chicken HPX gene in the
Gallus gallus reference genome was identified (Dyer et al., 2025). The detected variants included both synonymous and missense substitutions.
Missense SNPs were selected for downstream analyses because of their potential to alter protein structure and affect HEME-binding function.
The identified missense variants are summarized in Table 3. For each Variant ID, the chromosome coordinates are listed along with the
annotation of the polymorphism on the allele that results in the amino acid change. Additionally, based on the SIFT results with a threshold of 0.05,
variants with results below the threshold are predicted to be deleterious—possibly damaging. SIFT is used as a tool for predicting the impact
of amino acid substitutions on protein function based on sequence homology and physical properties, applied to both naturally occurring
polymorphisms and laboratory-induced missense mutations. On the other hand, MutPred2 provided complementary values by predicting the
pathogenic potential of each variant with a threshold of 0.5. In the case of variant at residue 210, D201L and D201V (1s738341821), predicted
results show that the mutations could disrupt the HPX function protein, caused by both low SIFT scores (0.02) and high MutPred2 scores (>0.8).
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Table 3. Non-synonymous SNPs and functionality of the chicken HPX variants

Residue  Variant ID Chr: bp ConseqType Alleles Mutation  Codons  SIFT  MutPred?2 score
132 1s313782174 1:196135806 missense variant T/G Al132E GAG 0.04 0.321
201 rs738341821 1:196135479 missense variant A/C D201L TTG 0.02 0.857
201 rs738341821 1:196135479 missense variant A/C D201V GTG 0.824
343 1s740322613  1:196134103  missense variant T/C V343R AGA 0.01 0.469
343 rs740322613  1:196134103  missense variant T/C V343G GGA 0.552
349 rs737170979  1:196134084  missense variant A/C A349V GTA 0 0.109
349 rs737170979  1:196134084  missense variant A/C A349G GGA 0.107
414 15732484061 1:196133811 missense variant T/G L414T ACA 0.01 0.729
414 15732484061 1:196133811 missense variant T/G L414P CCA 0.830

Similarly, variant rs732484061 at residue 414 also has high MutPred2 scores (0.729-0.830), predicted to be damaging. Conversely, some
mutations, such as rs313782174, 15737170979, have MutPred2 scores that do not exceed 0.5, suggesting that they might be neutral in terms of

protein function.

Modeling for the binding of chicken HPX protein variants with HEME binding

The mutation, non-synonymous SNPs that are located in highly conserved regions are more dangerous than found in non-conserved areas
causing modification on structure and leading to disease of missing function. The study focused on investigating protein-ligand interactions
in order to identify connections between wild-type and mutated variations to HEME ligand. Each protein-ligand model was predicted using
AlphaFold 3 and the highly confidence model was chosen for conducting docking analysis. The molecular docking analysis was completed
using the HADDOCK 2.4 server to evaluate the interaction of HPX-HEME complexes. The active residue that defined for the binding site in
HPX protein was assigned to 9 conserved residues consists of 4 residues HIS87, HIS162, HIS248, HIS249 which was determined by similarity
alignment compared to human HPX (P02790) and HIS also being reported as important residue that relevant to the heme binding (Lechuga
et al.,, 2022). HADDOCK created around 200 models for each HPX-HEME interaction and isolated them into cluster that each model in the
same cluster will exhibit similar interactions. In this study, the protein-ligand model that attains the highest score, best fit docking position,
smaller RMSD and larger cluster size were selected and continued evaluated based on their binding affinity (AG) through the PRODIGY server.
Protein-ligand docking and AG assessment were performed one by one and the results were presented in the Table 4. Docking model of HPX-

HEME was shown on Figure 3.

N-domain C-domain

'

Figure 3. HPX-HEME docking model. B-propeller domain (green) from left to right are N-terminal domain and
C-terminal domain of HPX protein, HEME ligand (magenta), critical residue (blue). The figure was rendered using
PyMOL (Schrédinger, 2015).
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Using HADDOCK 2.4 and PRODIGY, the docking and binding affinity analyses showed that the chicken HPX variants differed
significantly in their protein-heme interactions. The docking structure of the HPX-HEME complex shows the similar binding area between
two similar four-bladed [3-propeller domains that is surrounded by an interdomain linker (Paoli et al., 1999). The overall quality of each
docking is generally evaluated through the HADDOCK score, where the more negative the score, the stronger binding. Table 4 shows that the
docking result from several SNPs variants are stronger than the wild type (-87.0). Variants docking result of L414T (-106.9), A349V (-103.9),
A349G (-97.9), V343G (-97.8) suggest that mutations around residues 343—414 which located in C-terminal domain enhance heme affinity.
The RMSD values range from 0.2 to 0.4A with the standard deviation up to 0.3A indicated that all models are structurally consistent and
dependable.

Table 4. Result of docking and protein modeling

Docking Binding of HPX variants to HEME

Pparameter AI32E D201L D201V V343R V343G A349V A349G LA14T 1A414P
HADDOCK  -87.0+/-158 -94.4+/-04 -91.2+/-109 -81.0+-22 -843+-11.2 -97.8+-61 -103.9+-255 -97.9+/-7.6 -1069+-0.7 -83.1+/-8.0
score

Wild type

AG -13.17 -13.24 -12.97 -11.67 -12.43 -12.63 -13.33 -12.91 -13.35 -11.24
prediction

(Kcal/mol)

Cluster size 93 145 100 101 92 176 178 124 162 158

RMSD from 0.3+/-0.2 0.24/-0.1 0.24/-0.2 0.44/-0.3 0.24/-0.1 0.4+/-0.3 0.3+/-0.2 0.24/-0.1 0.24/-0.1 0.3+/-0.1
the overall

lowest-

energy

structure

Van der N44+-11.2 257493 2564115 -7.8+-7.6 -266+-84  -365+-27 -285+104  -32.5+/-54  -355+-0.7  -24.4+-79
Waals energy

Electrostatic  -283.9+/-19.6 -271.8+/-31.1 -254.9+/-80.4 -352.1+/- -200.6+/-18.6 -223.1+/-21.0 -292.6+/-89.6 -255.9+/-131 -282.8+/-6.8 -193.6+/-68.0
energy 50.6

Desolvation  -10.5+/-6.0 -158+-7.6 -169+/-85 -6.3+-1.7 -191+-1.6  -22.7+/-1.2 -199+/-13  -198+-19  -21.6+-06  -21.6+-3.9
energy

Restraints 26.3+/-449  14.8+-247 22.8+4/-21.5 3514260 159+/-22.7  59.4+/-7.5 29.74/-279 555+4/-373 67.0+-231 16.8+/-26.7
violation

energy

Buried 809.4+/- 900.4+/-  871.24/-136.7 658.24/-63.1 905.4+/-67.6 1049.4+/-51.4 957.0+/-43.7 994.9+/-59.5 1022.0+/-10.2 936.9+/-51.4
Surface Area 133.7 134.5

7-Score -1.2 -1.2 -1.3 -1.5 -1.9 -1.4 -14 -1.9 -1.7 -1

The amino acid alteration that comes from nsSNPs could effect to the protein function and might directly impact to the protein-ligand
interaction caused the change of the binding pocket environment or the protein's surface charge distribution (Dakal et al., 2017; Sivakumar
& Subbiah, 2024). Both the wild-type and mutant HPX proteins were able to form stable complexes with heme in the present study, but
the binding strengths were different, according to docking and binding free energy. When compared to the wild type (-13.17 kcal/mol), the
projected binding free energy (AG) values varied from -13.35 to -11.24 kcal/mol, suggesting that certain mutations either marginally increased
or decreased HEME affinity. Some variants such as D201V (-11.67 kcal/mol) and L414P (-11.24 kcal/mol) showed decreased affinity, means
destabilization of the HPX-heme interaction. Besides that, A132E (-13.24 kcal/mol), A349V (-13.33 kcal/mol), and L414T (-13.35 kcal/mol)
displayed the predicted binding energy AG values slightly increased when compared to the wild-type protein. It can be seen that Van der Waals
interaction of A349V and L414T were -28,5 and -35,5 kcal/mol which helps heme more stabilizing in the binding area. In constrat with D201V
which is complicated in binding with heme ligand caused the lowest Van der Waals value (7,8 kcal/mol) and the huge electrostatic energy (-352,1
kcal/mol).
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Overall, these results validate that the stabilization of HPX-HEME complex being affected due to SNP-induced amino acid substitutions.
Although nsSNPs A132E, A349V and L414T show strong HEME-binding performance, other vaariants such as D201V and L414P may
reduce the binding efficiency. These results demonstrate how sensitive the HPX-HEME interaction is to deleterious nsSNP, which may

ultimately affect HPX's physiological function in regulating heme transport in chicken.

CONCLUSION

Although several missense SNPs were identified within the chicken HPX gene, structural modeling and docking analyses demonstrated that
most variants do not negatively influence HEME-binding function. Notably, mutations such as L414T and A349V enhanced binding affinity
and surface interactions with HEME, suggesting potential functional advantages in oxidative stress regulation. These findings indicate that
specific HPX variants may contribute to adaptive mechanisms in avian physiology and could be developed as functional genetic markers for

oxidative stress tolerance and immune resilience in chicken breeding programs.
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