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                     Abstract 
 Henipavirus harbors both pathogenic Hendra and Nipah viruses that infect humans and livestock animals. Recently, a vari-

ant of the Henipavirus, HeV-g2, has been discovered in horses and bats. Compared with the other Henipaviruses, the role 

of HeV-g2 proteins in host interaction is poorly understood to date. The present study focuses on the comparative sequence 

and structural analysis of the attachment glycoprotein of HeV-g2 with the members of the Henipavirus, which would provide 

valuable insights to understand its structural dynamics and functions. After retrieving the attachment glycoprotein sequence 

of HeV-g2, the evolutionary analysis was performed with protein sequences of members of Henipavirus, which showed a 

higher resemblance with Hendra and Nipah viruses confi rming the possible pathogenic nature. Functionally, the EFNB2 host 

receptor binding site of the HeV-g2 attachment protein showed maximum amino acid residue conservation except for fi ve 

residues of NiV:  Ser242Thr ,  Gln388Lys ,  Phe458Tyr ,  Ile502Val ,  Asn586Ser,  and single residue  Val401Ile  of HeV. The mod-

eled structure of the protein when subjected to molecular simulation studies showed a similar pattern of structural stability 

with HeV protein, measured in terms of Root Mean Square Deviation, Root Mean Square Fluctuation (RMSF) Radius of 

Gyration (RoG), Solvent accessible surface area (SASA) and hydrogen bonding pattern. Our study highlighted the sequence 

comparability and structural dynamics of modeled attachment glycoprotein of HeV-g2 and the information obtained on the 

functional and structural regions can be considered for further research in order to design better inhibitors for the infection 

caused by this virus. 
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      Introduction 

 The viral infectious disease outbreaks leading to epidem-

ics and pandemics are the major threats to the well-being 

of humans. The pathogenic viruses infecting diff erent hosts 

belong to more than 15 families and the single-stranded 

negative-sense RNA viral family  Paramyxoviridae  contains 

several species of viruses infecting humans (Carrasco-

Hernandez et al.  2017 ; Siegel  2018 ). Henipavirus, a genus 

of the  Paramyxoviridae  family comprises of Nipah virus 

( NiV ), Hendra virus (HeV), Cedar virus (CedV), Ghana 

virus (GhV),  Mòjiāng  virus (MojV), and Langya virus 

(LayV) (Quarleri et al.  2022 ; Aguilar and Lee  2011 ) .  Among 

the Henipaviruses, HeV and NiV are the zoonotic agents 

known to be highly infectious to humans and livestock ani-

mals with severe neuropathological symptoms, and a case 

fatality rate ranging between 40 and 80% (Marsh and Wang 

 2012 ; Halpin and Rota  2015 ). The ability of HeV and NiV 

to infect domesticated and livestock animals from six dif-

ferent mammalian orders adds to the list of priority viruses. 

(Kummer and Kranz  2022 ; Weingartl  2015 ; Glennon et al. 

 2018 ). Owing to its range of hosts, the nature of infections, 

and the mortality rate, NiV, and HeV presence were moni-

tored through multiple surveillance studies (Plowright et al. 

 2019 ; Adamu et al.  2022 ; Wacharapluesadee et al  2021 ). 

A surveillance study conducted between 2013 and 2021 

detected a novel member, HeV genotype2 virus (HeV-g2) 
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in Grey-headed fl ying foxes (GHFF) from Australia. Studies 

conducted to ascertain the viral identity through comparative 

genome analysis revealed an 83.6% sequence identity with 

the HeV followed by a 71% identity with NiV isolates sug-

gesting the potential pathogenic nature of the  HeV-g2  (Wang 

et al.  2021 ). Likewise, a second variant of HeV was detected 

in an infected horse from the Newcastle region of Australia 

(Taylor et al.  2022 ). Upon comparison with other Henipa-

viruses, this newly discovered virus showed similarity with 

HeV suggesting a risk of spillover infection and circulation 

of HeV variants among the natural hosts (Taylor et al.  2022 ). 

 Further, experimental studies conducted using the newly 

identifi ed  HeV-g2  showed a comparable human receptor 

binding ability similar to the  HeV  virus, which uses EFNB2 

and EFNB3 as the host cell receptor to gain entry into the 

cell. (Wang et al.  2022 ; Peel et al.  2022 ). Evidently, in HeV 

and NiV the attachment glycoprotein is one of the fi rst pro-

teins which establishes the host-cell interaction (Xu et al. 

 2012a ,  b ; Laing et al.  2019 ) and this ability of the attachment 

glycoprotein has been exploited in vaccine candidates, small 

molecular therapeutics designing, and development (Loomis 

et al.  2020 ; Xu et al.  2012a ; Broder et al.  2013 ; Bradel-Tre-

theway et al.  2019 ). Attempts made to develop a vaccine 

using  HeV  attachment glycoprotein provided immunogenetic 

protection to HeV and NiV in African green monkeys in 

experimental studies (Bossart et al.  2012 ). Moreover, the 

single-dose HeV and NiV glycoprotein-based subunit vac-

cine has been developed against Henipaviral infection which 

is in phase I clinical trial studies (Geisbert et al.  2021 ). The 

currently available studies highlight the importance of 

attachment glycoprotein in mediating viral entry and as a 

therapeutic target in multiple paramyxoviruses including 

HeV and NiV (Bose et al.  2015 ). The Henipavirus genera 

of paramyxovirus also pose a greater threat to humans and 

livestock animals in terms of health and economic losses 

(Kummer and Kranz  2022 ). The inadequacy of eff ective vac-

cines and drugs makes these viruses high-priority viruses for 

fi nding suitable treatment regimens and preventive measures 

(Skowron et al.  2022 ). The recent detection of new members 

with high pathogenicity emphasizes the need to prioritize 

the studies on the HeV-g2 variant. Thus the present study 

focuses on determining the structural architecture of attach-

ment glycoprotein from newly reported HeV-g2 using the 

in-silico methods, with the pathogenic members HeV and 

NiV to decipher the functional role. The study can provide 

valuable molecular insights into understanding the role of 

attachment glycoprotein in the HeV-g2 and facilitate the 

development of suitable attachment glycoprotein inhibitors 

and vaccine candidates against the newly discovered virus. 

    Materials and methods 

   Comparative sequence analysis of attachment 
glycoprotein 

 To compare the HeV-g2 attachment glycoprotein with 

the other members of the genus Henipavirus, we selected 

10 sequences of attachment glycoprotein and retrieved 

the data from NCBI's GenBank database (  https:// www. 

ncbi. nlm. nih. gov/ genba nk/    ) and UniProtKB database 

(  https:// www. unipr ot. org/    ) with the accession numbers 

UCY33688, UCY33679.1, UCY33670.1, UYS87243.1 ( 

HeV-g2), UUV47241 (LayV), O89343 (HeV), Q9IH62 

(NiV), J7H333 (CedV), W8TIR7 (MojV) and, I0E093 

(GhV). The selected attachment glycoprotein sequences 

were aligned using ClustalW multiple sequence alignment 

program and the aligned sequences were used for phylo-

genetic tree construction using MEGA 11 software. The 

neighbor-joining statistical clustering method and the test 

for phylogeny using the bootstrap method with 1000 rep-

licates were employed (Tamura et al.  2021 ). 

 Based on the phylogenetic analysis results, the closely 

related clade to HeV-g2, consisting of HeV ,  and NiV were 

realigned using Clustal omega (Sievers et al.  2011 ), and 

the percentage identity score was calculated. To identify 

the residue conservation in the host receptor binding sites 

of attachment glycoproteins, the aligned sequences were 

imported to the Jalview editor (Waterhouse et al.  2009 ), 

and the pattern of conservation was recorded. 

    Comparative analysis of physicochemical properties 
of attachment glycoprotein HeV-g2 

 To analyze the physicochemical properties of HeV-

g2 attachment glycoprotein, we selected only a single 

sequence, UCY33688 owing to its identity with the other 

members of HeV-g2. To compare the physicochemical 

properties, we also selected O89343 (HeV), and Q9IH62 

(NiV) reference sequences and the for analysis, Pepstats 

(  https:// www. ebi. ac. uk/ Tools/ seqst ats/ emboss_ pepst ats/    ), 

Protparum (  https:// web. expasy. org/ protp aram/    ) web serv-

ers were used. Using these two servers a comparative 

analysis of molecular weight, isoelectric point, Grand 

Average Hydrophilicity (GRAVY), aliphatic index, insta-

bility index, and the composition of polar/nonpolar and 

charged was analyzed. Furthermore, to obtain information 

on changes in composition, charge, and hydrophobicity 

across the length of the protein sequences VOLPES-visu-

alization of physicochemical sequence properties (  http:// 

volpes. univie. ac. at/    ) webserver was employed. 
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    Three-dimensional structure prediction for HeV-g2 
attachment glycoprotein and validation 

 To analyze the structural dynamics of HeV-g2 attachment 

glycoprotein, a three-dimensional structure prediction 

was done using the SWISS-MODEL server which uses 

the homology modeling approach to predict the structure 

(Waterhouse et al.  2018 ). The HeV-g2 protein sequence 

UCY33688 was used as the query sequence and the attach-

ment glycoprotein structure of HeV (PDB ID: 6PDL) with 

an identity of 92.83% was used as a template. The modeled 

structure was validated using ProSAweb (  https:// prosa. servi 

ces. came. sbg. ac. at/ prosa. php    ) and Procheck (  https:// saves. 

mbi. ucla. edu/    ). 

    Molecular dynamic (MD) simulation studies 
on HeV-g2 attachment glycoprotein 

 To understand the dynamic nature of the protein we sub-

jected the HeV-g2 modelled structure to MD simulation 

studies. To compare structural properties, the three-dimen-

sional attachment glycoprotein structures of HeV (6PDL) 

and NiV (2VSM) were used as references. The MD simula-

tions were performed using GROMACS 5.0.2 suite (Abra-

ham et al.  2015 ). The initial topology fi les using the pdb-

2gmx module and OPLS-AA force fi eld were employed to 

generate the topologies. The TIP3P water model was chosen 

to solvate the protein in a 1 nm cubic box and the system was 

solvated with a total of 35,934 solvent molecules. A total of 

two sodium counterions were used to neutralize the solvated 

system. To eliminate the boundary eff ect periodic boundary 

condition (PBC) was imposed and the energy minimization 

procedure using the steepest descent algorithm using 50,000 

steps, was employed to eliminate the clashes in the protein 

and bad contacts. The energy-minimized system was pre-

equilibrated using NVT and NPT ensembles at a tempera-

ture of 300 K and 1 atm pressure for 500 ps. Following the 

temperature and pressure equilibration, the production of the 

MD run was performed with no restraints for 100 ns. The 

time step was set for 2 fs and the trajectories were saved for 

every 100 ps (Lemkul  2018 ). A similar protocol was run on 

HeV and NiV glycoprotein and all the runs were performed 

in triplicates. 

 Comparative analysis of structural deviation of HEV-g2 

attachment glycoprotein with the reference protein structures 

(HeV and NiV) was analyzed using MD trajectories for Root 

mean square deviation (RMSD) of protein (backbone) root 

mean square fl uctuation (RMSF) of amino acid residues, 

Radius of gyration (RoG), Solvent accessible surface area 

(SASA), the total number of hydrogen bonds. The utility 

packages gmx rms, gmx rmsf, gmx gyrate, gmx sasa, and 

gmx hbonds in GROMACS were used for analysis and the 

graphs were plotted using xmgrace (Turner  2005 ). 

   Secondary structural analysis 

 The secondary structural pattern of attachment glycopro-

teins was obtained by using the do_DSSP plugin installed 

in GROMACS. The software tool DSSP (Database of Sec-

ondary Structure in Proteins) was developed by Kabsch and 

Sander (Carter et al.  2003 ), which uses the hydrogen bond-

ing pattern along with the geometrical pattern to assign the 

secondary structure for the protein under study. A compara-

tive analysis of the DSSP was performed for HEV-g2, HeV, 

and NiV attachment glycoproteins and results are plotted 

using xmgrace. 

      Results and discussion 

   Comparative sequence analysis of attachment 
glycoprotein 

 The 10 attachment glycoprotein sequences from diff erent 

members of Genus Henipavirus were aligned using the 

Clustal W program in MEGA-11 software. The phyloge-

netic tree constructed with the neighbor-joining method for 

the attachment sequences is shown in Fig.  1 . The attachment 

glycoprotein of HeV-g2 isolates showed a close resemblance 

to HeV, followed by NiV. All the protein sequences of HeV-

g2 isolates were very identical and formed a close cluster. 

The formation of a clade with NiV being the outgroup shows 

the evolution of HeV-g2 from the pathogenic members.         

 Extending our study, we also observed a newly discovered 

Henipavirus LayV, which causes febrile illness in humans, 

showing a close resemblance with MojV with respect to 

the attachment glycoprotein, which is in agreement with 

the genomic comparison studies conducted earlier by 

Chakraborty et al.  2022 . Additionally, the phylogenetic tree 

also showed a second closely related clade between Moji-

ang and LayV attachment glycoprotein, a newly discovered 

Henipavirus causing febrile illness in humans (Chakraborty 

et al.  2022 ). 

 Based on the phylogenetic analysis results, we selected 

HeV-g2 (UYS87243.1-horse and UCY33688.1-bat), HeV, 

and NiV attachment glycoprotein sequences and the percent-

age identity between the sequences is represented in Fig.  2 . 

The attachment glycoprotein of HeV-g2 isolates showed an 

identity of 99.39%, whereas with HeV and NiV glycoprotein 

the identity was found to be 92.7%, and 79.53% respectively. 

The study shows a very close resemblance of HeV-g2 with 

HeV.         

 The diff erence of 7.3% and 20.47% in attachment gly-

coprotein with HeV and NiV led to the analysis of residue 

conservation in the host receptor binding sites in attach-

ment glycoprotein sequences. Studies have shown high 

conservation of amino acid residues among HeV and NiV, 
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wherein  Ser239 ,  Cys240 ,  Ser/Thr241 ,  Arg242 ,  Leu305 ,  Lys/
Gln388 ,  Tyr389 ,  Val/Ile401 ,  Tyr/Phe458 ,  Pro488 ,  Gln490 , 
 Ser491 ,  Gln492 ,  Glu501 ,  Trp504 ,  Glu505 ,  Gly506 ,  Glu530 , 
 Thr531 ,  Ala532 ,  Glu533 ,  Asp555 ,  Asn557 ,  Gln559 ,  Ile580 , 
 Tyr581 ,  Asp582 ,  Thr583 , and  Ile588  were involved in 

EFNB2 interaction (Bowden et al.  2008 ; Xu et al.  2012a , 

 b ). Interestingly, the HeV-g2 attachment glycoprotein 

showed sequence variation with HeV and NiV proteins but 

the EFNB2 binding site showed high amino acid residue 

conservation except for fi ve residues of NiV ( Ser242Thr , 
 Gln388Lys ,  Phe458Tyr ,  Ile502Val ,  Asn586Ser ) and single 

residue  Val401Ile  of HeV. In Fig.  3  the EFNB2 binding sites 

are highlighted in red boxes, and the diff erences observed 

in the binding pocket with NiV are marked in blue arrows 

and HeV in red arrows.         

 Further, we compared the peripheral amino acid residues in 

the non-interface region (Wang et al.  2020 ) in the 5 Å vicini-

ties of EFNB2 receptor binding sites. The variation pattern 

observed between HeV-g2 and HeV is marked in yellow boxes 

(Fig.  3 ) and four regions  Val520Ile ,  Pro550Gln ,  Asp554Glu , 
and  Lys560Arg  showed variation. Similarly,  Val245Ile ,  Arg-
402Asd ,  Thr498Val ,  Ile517Leu ,  Phe525Tyr ,  Asp527Asn , 
 Thr538Ala ,  Arg548Gln ,  Ala549Val ,  Asd564Asp,  and  Lys-
571Val  showed variations with NiV and HeV-g2 (Fig.  3  blue 

boxed region). The non-interface residue conservation was not 

observed between HeV-g2 and other proteins at positions 386, 

553, 560, and 569 (Fig.  3  pink boxed region). The impact of 

the amino acid residue variability in the 5 Å of attachment 

glycoprotein receptor binding region needs to be studied 

experimentally. 

  Fig. 1       Evolutionary divergence 

of Henipaviral attachment 

glycoprotein.          Represents  

the attachment glycoprotein 

sequences from HeV-g2.  HR  
horse and  BT  bat  

  Fig. 2       Comparative percentage sequence identity of attachment glycoprotein of HeV-g2, HeV, and NiV  



906 Proceedings of the Indian National Science Academy (2023) 89:902–913

1 3

    Comparative analysis of physicochemical properties 
of attachment glycoprotein HeV-g2 

 The HeV-g2 showed amino acid residue variations with 

HeV and NiV attachment glycoproteins, and to evaluate the 

impact of this on various physicochemical properties, we 

used Protparum and Pepstats web servers. Our comparative 

analysis of attachment glycoproteins of HeV-g2, HeV, and 

NiV sequences showed similar molecular weight, percentage 

polar, non-polar, acidic charged, and basic charged residues. 

However, the isoelectric point (pI) was found to be diff er-

ent with HeV-g2, showing 8.17 in comparison with HeV 

(7.42). The Grand Average Hydropathy (GRAVY), where a 

positive value corresponding to hydrophobic and negative 

to the hydrophilic nature of the protein (Chang and Yang 

 2013 ) was found to be negative for all three proteins indicat-

ing the hydrophilic nature of the attachment glycoprotein. 

Meanwhile, all the proteins with an instability index of less 

than 40 were found to be stable determined by the composi-

tion of dipeptides in a group of proteins (Guruprasad et al. 

 1990 ) and it was observed that with the lowest instability 

index of 32.05, the  HeV-g2  was found to be highly stable for 

in vitro experimentation. The physicochemical properties of 

attachment glycoprotein (G) of HeV-g2, HeV, and NiV are 

shown in Table  1 .  

 Post comparative analysis of physicochemical proper-

ties, we focussed on the identifi cation of hotspot regions 

on the attachment glycoproteins of all three viruses, which 

showed variations in composition, charge, and hydrophobic-

ity. The regions showing variations in properties are shown 

in Fig.  4 a–c. The major variation in composition is observed 

between 190–230, 300–340, and 380–425 regions among the 

protein sequences.         

 The region between 195–210 and 371–392 in NiV 

attachment glycoprotein was associated with rabbit anti-

NiV-G monoclonal antibody 45 (Mab45) and 26 (Mab26) 

binding (Stone et al.  2016 ) and amino acid composition 

was found to be non-conserved at these regions between 

HeV-g2 and NiV. The higher amino acid identity between 

HeV-g2 and HeV also supports its ability to be neutralized 

by HeV-neutralizing antibodies like hAH1.3, m102.4, and 

HENV-32 (Wang et al.  2022 ). Intercomparison of attach-

ment glycoproteins showed changes in the charged amino 

residues at the 500–580 region between HeV-g2 and NiV; 

  Fig. 3       Regions of amino acids involved in EFNB2 receptor interaction. The red boxes correspond to the EFNB2 binding site. The red and blue 

arrow corresponds to the variations observed in HeV and NiV  

  Table 1       Comparative physicochemical properties of attachment glycoprotein HeV-g2, HeV, and NiV  

  MW  molecular weight,  pI  isoelectric point 

  Viral type    MW    pI    GRAVY    Instability index    Aliphatic index    Polarity    Charge  

  Polar    Nonpolar residues    Acidic    Basic  

  HeV-g2    67,216.14    8.17    − 0.163    32.05    93.23    281 (46.6%)    322 (53.4%)    56 (9.29%)    67 (11.11%)  

  HeV    67,191.11    7.42    − 0.130    32.64    95.83    281 (46.52%)    323 (53.48%)    57 (9.44%)    66 (10.93%)  

  NiV    67,039.03    8.58    − 0.178    34.56    90.95    277 (46.01%)    325 (53.99%)    53 (8.804%)    66 (10.96%)  
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the majority of the EFNB2 receptor binding residues (Xu 

et al.  2012a ,  b ) are mapped to this region of the protein 

as shown in Fig.  4 b. 

 Meanwhile, a comparative analysis of the hydrophobic 

properties of attachment glycoproteins revealed the dif-

ferential pattern of hydrophobic amino acid compositions 

between 220–350 and 370–450 regions of attachment gly-

coproteins Fig.  4 c. 

    Three-dimensional structure prediction for HeV-g2 
attachment glycoprotein and validation 

 The three-dimensional structure of attachment glycoprotein 

for HeV-g2 was predicted using PDB template 6PDL of 

Hendra virus. The validation of the predicted structure in 

the ProSA web shows a quality Z-Score of − 7.79, compa-

rable with the protein structures in the PDB database and the 

  Fig. 4       Comparative amino acid residue properties of HeV-g2, HeV, and NiV.  a  Composition,  b  charge and  c  hydrophobicity variation pattern  
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lowest energy plot indicating minimum errors. The overall 

model quality and the energy plot are shown in Fig.  5 a and 

b. The Ramachandran plot analysis of the predicted structure 

showed 86.9% of the residues in the allowed region, 12.1% 

in the additionally allowed region, 0.8% in the generously 

allowed region, and 0.3% in the disallowed region indicat-

ing its suitability for further study. The Ramachandran plot 

obtained for the predicted structure is shown in Fig.  5 c.         

 The three-dimensional structure predicted for HeV-g2 

using the SWISS model is shown in Fig.  5 d, which shows 

the presence of six-bladed β-propeller regions as observed 

in HeV and NiV attachment glycoproteins (Maar et al.  2012 ; 

Bowden et al.  2010 ). 

    Molecular dynamic (MD) simulation studies 
on HeV-g2 attachment glycoprotein 

 The stability of the predicted HeV-g2 attachment glyco-

protein was studied using MD simulations over 100 ns. 

To get better insights into the protein structure of a newly 

  Fig. 5       Three-dimensional structure designing and validation of 

HEV-g2 protein.  a  Shows the model quality assessed by the ProSA 

web,  b  the total potential energy of the predicted structure and  c  the 

Ramachandran plot of the predicted protein; - dark green represent-

ing window size 10 and light green representing window size 40. 

 d  Three-dimensional structure of HeV-g2 with the beta-propeller 

regions colored in purple  
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discovered virus, a comparative analysis was performed with 

the well-studied HeV and NiV attachment glycoproteins. 

  The Root Means Square Deviation  ( RMSD ) measures the 

structural conformation of a protein by calculating the dif-

ference between the initial structure and fi nal structure back-

bone over a period of time (Kufareva and Abagyan  2012 ). 

The stability of the protein in the system was evaluated 

through the calculation of RMSD are represented in Fig.  6 a. 

The HeV-g2 protein reached equilibration with the RMSD 

of 0.1 nm to 0.15 nm and remained constant throughout the 

period of simulation. The time taken for all the proteins to 

reach equilibration was found to be the same, which could 

be due to the sequence-level similarities between the HeV-

g2 with other reference proteins. The HeV-g2 showed an 

RMSD of 0.16 nm in comparison with 0.15 nm and 0.17 nm 

of HeV and NiV respectively.         

  The Radius of Gyration  ( RoG ) is a measure of the dis-

tribution of protein atoms around the axis indicating the 

compactness of the protein structure which in turn helps in 

predicting the structural activity (Sneha and Doss  2016 ). 

The comparative RoG values of HeV-g2 with HeV and NiV 

attachment glycoproteins are shown in Fig.  6 b. The Hev-

g2 attachment glycoprotein showed an average RoG value 

of 2.12 nm which was similar to HeV (2.12 nm) and NiV 

(2.11 nm). The RoG values stabilized between 2.11 and 

2.13 nm, which showed the compactness of the protein and 

proper folding. 

  Solvent accessible surface area  ( SASA ) measures the sur-

face area of the protein accessible to a solvent that provides 

insights into the distribution of hydrophobic and hydrophilic 

residues, a key factor in protein folding and stability (Kon-

stantinidis et al.  2021 ). The modeled HeV-g2 attachment 

glycoprotein was observed to have 189  nm 2  SASA in com-

parison with 180  nm 2  and 184  nm 2  of HeV and NiV glyco-

proteins. The SASA pattern obtained for all the attachment 

glycoproteins is shown in Fig.  6 c. The higher SASA value 

of HeV-g2 thus is an indicator of the stability of the HeV-g2 

proteins. 

 The protein's secondary and tertiary structural stability is 

determined by the  hydrogen bonding  pattern, which is the 

directional interaction and plays an important role in the sta-

bilization of the protein’s native structure (Gao et al.  2015 ). 

  Fig. 6       MD simulation results of attachment glycoprotein of HeV-g2, 

Hev, and NiV over a time period of 100 ns  a  changes in RMSD,  b  
solvent accessible surface area (SASA),  c  radius of gyration,  d  hydro-

gen bonding. X-axis time in nanoseconds for  a  RMSD and  b  SASA 

and picoseconds for  c  RoG and  d  hydrogen bonds  
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Subsequent intramolecular hydrogen bond analysis of HeV-

g2 attachment glycoprotein showed an average number of 

291 hydrogen bonds which was almost identical to the HeV 

protein (292). Meanwhile, the NiV attachment glycopro-

tein showed lesser stability with an average number of 274 

hydrogen bonds. The comparative hydrogen bonding pattern 

for HeV-g2 and reference proteins is shown in Fig.  6 d. 

  Root Means Square Fluctuation  ( RMSF ) calculation 

from MD trajectory assesses the fl exibility of individual 

residues and their movement or fl uctuations during the 

simulation period, with a specifi c focus on identifying 

the amino acids in the protein sequence that signifi cantly 

contribute to structural motion (Abdalla et al.  2022 ). In 

the current study, a comparative analysis of the RMSF 

pattern of attachment glycoprotein of HeV-g2, HeV, and 

NiV is shown in Fig.  7 a. Although several regions in the 

HeV-g2 attachment glycoprotein showed similar RMSF 

patterns with the NiV and HeV proteins, the regions exhib-

iting the fl uctuations are highlighted in Fig.  7 b–e. To start 

with, the neutralizing antibody-binding mab45 binds to 

the region 195–211 in NiV (Aguilar et al.  2009 ), and this 

region showed changes in the RMSF values, indicating 

potential conformational fl uctuations and dynamic altera-

tions upon antibody binding. Similarly, most of the amino 

acid residues binding to the cellular receptor EFNB2 and 

the cross-reactive neutralizing mAb HENV-26 are found 

in the range of 480 to 590 of the attachment glycoproteins 

in HeV and NiV (Dong et al.  2020 ). The HeV-g2 attach-

ment glycoprotein showed fl uctuations at binding regions 

of EFNB2 and HENV-26 in comparison with the NiV and 

HeV as shown in Fig.  7 c. Overall fi ndings suggest that the 

observed conformational fl uctuations may infl uence the 

interactions between these regions and HeV-g2 protein. 

The comparative physicochemical studies on attachment 

glycoprotein for hydrophobicity are analyzed previously 

in Fig.  4 c and the RMSF studies also showed fl uctuations 

in this region as shown in Fig.  7 d and e. The RMSF stud-

ies provide valuable insights into the changes associated 

with the functional region of the HeV-g2 attachment gly-

coprotein in comparison with the HeV and NiV proteins. 

Further experimental studies and functional assays are 

necessary to fully elucidate the mechanistic details of 

these interactions and their signifi cance in viral entry and 

immune evasion strategies.         

  Dictionary of Secondary Structure of Proteins  ( DSSP ) :  
The secondary structure elements are identifi ed for MD-sim-

ulated HeV-g2 attachment glycoprotein using the do_DSSP 

plugin in GROMACS. The analysis provided a comparative 

DSSP content of attachment glycoprotein from MD trajec-

tory as a function of time. The distribution of secondary 

  Fig. 7       Comparative RMSF of attachment glycoprotein.  a  comparative 

RMSF pattern of HeV-g2, HeV, and NiV attachment glycoprotein, 

 b  residues fl uctuation in the antibody integration sites (190–210),  c  

residue fl uctuation in the EFNB2 binding region,  d  diff erential pat-

tern of hydrophobic amino acid compositions between 220–350 and  e  
370–450 regions of attachment glycoproteins  
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structural elements for attachment glycoprotein of HeV-g2, 

HeV, and NiV are shown in Fig.  8 .         

 The HeV-g2 showed predominantly the beta-sheet (green) 

followed by the coil (red) and high-level secondary structural 

similarity with HEV attachment glycoprotein was observed. 

The studies on HeV attachment glycoprotein primarily con-

tain beta sheets which are arranged in the form of 6-blade 

beta-propeller architecture (Xu et al.  2012a ,  b ). Similarly, 

the comparison of HeV-g2 with NIV protein showed an 

identical pattern of beta-sheet distribution except for coils 

and bends. 

 In summary, the structural stability and dynamic analysis 

showed an overall high level of structural conservation of 

HeV-g2 attachment glycoprotein with HeV followed by NiV. 

     Conclusion 

 Comparative studies of the HeV-g2 attachment pro-

tein model with HeV and NiV attachment glycoprotein 

were performed through various in-silico methods. The 

sequence analysis showed the similarity between HeV-g2, 

HeV, and NiV, and the diff erences within binding sites for 

EFNB2. Structural analysis through MD simulation deter-

mined the structural similarities and diff erences between 

the three attachment glycoproteins. Overall observations 

were that the HeV-g2 attachment glycoprotein model has 

similar properties to HeV and NiV for diff erent structural/

functional aspects. This signifi es the importance of carry-

ing out a detailed study on HeV-g2 along with HeV and 

NiV, especially since HeV and NiV have been major epi-

demiological diseases, threatening the lives of animals and 

humans in various regions. 
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