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Abstract

Hepeatitis E virus (HEV) is the main cause of acute hepatitis worldwide. The viral infection caused by G1 HEV
in pregnant women has become a major health concern in the past few years. The mechanism underlying the
pathogenesis of viral infection in HEV G1 isolates is attributed to four different open-reading frames (ORFs)
i.e., ORF1, ORF2, ORF3 and ORF4. The present analysis has considered ORF4 protein as the molecular target
due to its intrinsic disorder propensity. Intrinsically disordered regions (IDRs) are regions in proteins that do
not possess stable secondary and tertiary structure and are prevalent in eukaryotes. IDRs are found to be
closely associated with numerous human diseases, for instance, Parkinson and Alzheimer disease. The extreme
flexibility and random coiled conformations of IDR allow it to undergo protein-protein interaction (PPI). The
3-dimensional (3D) structures of the target protein were designed using homology modelling algorithms. The
generated models were assessed through structure verification tool PROCHECK. In this paper, we provide an
overview of ORF4 protein structure—function relationship and its involvement in several biological processes
through PPIs. Our results suggest that ORF4 protein has the potential to act as drug molecule, thus can
accelerate the process of drug designing strategies against HEV.
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1 Introduction

Hepatitis E virus (HEV) is the major aetiological agent of Hepatitis E, also called enteric hepatitis (enteric
means related to the intestines) infection. Worldwide, about 20 million HEV infections and 3.3 million
symptomatic hepatitis E cases occur annually which results in 44,000 deaths (Hoofnagle et al., 2012; Kamar
et al.,, 2017, Wedemeyer et al., 2012). HEV is a quasi-enveloped Orthohepevirus, with a single-strand,
positive-sense RNA genome of around 7.2 kb in length and flanked with short 5" and 3’ non-coding regions
(NCR) (Meng, 2008; Mushahwar, 2008). Recently, a novel reading frame ORF4 has been identified in G1 of
HEYV entirely embedded within ORF1 in a different reading frame (Nair et al., 2016; Subramani et al., 2018).
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It has been evidenced that mutation from leucine to proline in ORF4 protein occurs in fulminant hepatic
failure (FHF) and acute hepatitis patients suggesting that HEV can produce proteasome-resistant ORF4 which
may contribute to negative patient outcomes (Nair et al., 2016).

The major proportion of drug molecules targets the surface of natural substrate where most of its
interactions and contacts can be imitated in order to control the protein function (Imming et al., 2006). For the
past few years, much advancement has been observed in the field of protein-protein interactions (Wells and
McClendon, 2007; Yin and Hamilton, 2005). Targeting protein-protein interactions is based on the fact that
the energy is concentrated over the small contact area (area which is better contacted by drug molecule)
rather than its distribution over the large surface region (Clackson and Wells, 1995). These interactions have
emerged as viable systems for inhibition by small molecules and as potential drug targets. Intrinsically
disordered regions (IDRs) in proteins lack well-defined stable structure in important regions or throughout
the protein sequence. They are characterized by high flexibility and are rapidly interconverting structures
which undergo coupled. Due to involvement of intrinsically disordered proteins (IDPs) in several biological
processes through binding, it unlocks great potential in drug discovery (Metallo, 2010).

Till date, specific treatment against HEV strains has not been discovered. Only Hecolin, a prophylactic
vaccine is licensed only in China (Haffar et al., 2015). Thus, further studies are required for the development
of specific drug molecule to treat HEV infections against all strains. The HEV ORF4 protein has recently
been linked to IDP (Shafat et al., 2021a; 2021b). Thus, targeting the ORF4 protein is ideal for devising
treatment against the HEV. IDPs are often frequently associated with the progression of disease, and they
constitute druggable-targets (Ruan et al., 2019; Nonell-Canals and Sanchez-Martinez, 2017; Neira et al., 2017;
Santofimia-Castafio et al., 2020). In this article, we conducted computational analysis to provide insights into
the structural characteristics of ORF4 region. The modelled structures were built through homology
modelling approach and analyzed. The generated ORF4 models were validated using PROCHECK. Further,
the models were scrutinized for various binding sites and intrinsic disorder content to recognize suitable drug
target molecule against HEV.

2 Material and Methods

2.1 Retrieval of protein sequences

The ORF4 protein sequences with accession numbers, LC057248, KU168733, JN167538 and LC177791,
were retrieved from NCBI (National Centre for Biotechnology Information) (GenBank Overview (nih.gov).
These sequences were used as an input for further modelling analysis.

2.2 Structure prediction

To characterize a protein sequence in terms of its function remains one of the major problems encountered in
biology. Due to the absence of an experimentally determined 3D structure of HEV ORF4 protein in protein
data bank (PDB), we generated the ORF4 protein models through homology modelling approach, using the
online available I-TASSER (Iterative Threading ASSEmbly Refinement) server (Zheng et al., 2021; Yang et
al., 2015; Roy et al., 2010). The obtained models were further validated for drug target against HEV.

2.3 Structure validation

The generated 3D structure models of the HEV ORF4 were validated using PROCHECK
(http://nihserver.mbi.ucla.edu/SAVES). PROCHECK is an efficient tool for assessing the quality of the
predicted 3D model of the target protein molecule. The stereo-chemical property of the protein was evaluated
by Ramachandran plot analysis. In addition, the amino acid residues in the allowed and disallowed regions
including the overall G-factor were also analysed.

2.4 Intrinsic disorder evaluation
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The DisProt (Database of Protein Disorder) webserver was employed for the prediction of intrinsic disorder
in ORF4 sequences, using its default settings (Sickmeier et al., 2007). The protein residues which had
predicted scores, between 0.2 and 0.5, were considered as flexible, while the residues with predicted scores,
exceeding the 0.5 threshold value, were predicted as intrinsically disordered ones. The disorder variants were
identified using the suggested criteria (Rajagopalan et al., 2011).

3 Results

Due to suggested indispensability of the ORF4 in replication and pathogenesis of HEV (Nair et al., 2016;
Subramani et al., 2018; Shafat et al., 2021a), the ORF4 protein was evaluated as a drug target. In this context,
the derived ORF4 protein sequences were used as query sequences to evaluate different structural and
functional properties, using different in-silico approaches.

3.1 Homology modelled structure

The obtained tertiary structures for the target ORF4 protein were analysed by visualization through homology
modelling algorithms (Fig. 1). The identified secondary structure components utilizing the generated
modelled 3D ORF4 structures (through I-TASSER) using PDBsum analysis is illustrated in Fig. 2.

Fig. 1 Homology modelled three dimensional structure prediction of HEV ORF4. (A) LC057248, (B) KU168733, (C) IN167538
and (D) LC177791. The tertiary structure evaluation was conducted using I-TASSER webserver.
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Fig. 2 Secondary structure elements identification in HEV ORF4 structured models. (A) LC057248, (B) KU168733, (C)
IN167538 and (D) LC177791. The analysis was conducted using PDBsum webserver.

Comparative modelling among ORF4 protein sequences was undertaken to identify the best ORF4 model
as a drug target. The details of the generated ORF4 models (by I-TASSER) are listed in the table (Table 1).

Table 1 Different statistics of the obtained ORF4 3D model by - TASSER.

LC057248 KU168733 JN167538 LC177791
Template 61btA SwcOA 2¢j0A leqfA
C-score -4.36 -3.29 -3.41 -2.84
Estimated TM-score 0.26+0.08 0.35+0.12 0.36+0.12 0.39+0.13
Estimated RMSD (A) 15.843.2 12.5+4.3 12.5+4.3 11.7+4.5

C-score represents a confidence score that estimates the quality of the predicted model by I-TASSER. The

range is [0-1] and higher values indicate more confident predictions (Zheng et al., 2021; Yang et al., 2015; Roy

et al., 2010). Its calculation is based on the significance of threading template alignments and the convergence

parameters of the structure assembly simulations. C-score typically ranges between -5 and 2, wherein a

C-score score having higher value signifies a higher confidence model and vice-versa (Zheng et al., 2021,
Yang et al., 2015; Roy et al., 2010). TM-score and RMSD are known standards which measure structural

similarity between two structures which are usually used to measure the accuracy of structure modelling when
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the native structure is known (Zheng et al., 2021; Yang et al., 2015; Roy et al., 2010).

3.2 Validation of predicted 3D structure

The predicted 3D ORF4 models (generated through I-TASSER) were further assessed for Ramachandran Plot
statistics through the PDBsum analysis. The overall protein’s stereochemical quality, amino acid residues
present in the favoured, additionally allowed, generously allowed and disallowed region including the G-factor
were evaluated by PROCHECK statistics. The Ramachandran plots of ORF4 models showing the favorable,

allowed and disallowed regions are illustrated in Fig. 3. The obtained information of the models is summarized
in Table 2.
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Fig. 3 Generated Ramachandran plots of HEV ORF4. (A) LC057248, (B) KU168733, (C) JIN167538 and (D) LC177791. The
plots were generated using PROCHECK statistics via PDBsum analysis.
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Table 2 Custom-generated PDBsum page analysis of the ORF4 3D model.

LC057248 KU168733 JN167538 LC177791
PDBsum analysis
Clefts 10 10 10 10
Tunnels 1 4 3 4
Pores - 2 - 1
ProMotif
Sheet - 1 -- -
Beta hairpins - -- -- -
Beta alpha beta units - 2 -- --
Strands - 4 -- --
Helices 5 3 8 11
Helix-helix interacs 6 1 7 23
Beta turns 63 22 25 12
Gamma turns 13 14 16 8
Disulphide -- 1 -- -
PROCHECK Statistics
Ramachandran Plot statistics
Most favoured  regions (%) | 44.6 51.3 553 82.9
Additional allowed regions | 37.6 34.8 352 15.8
(70)
Generously allowed regions | 13.4 9.6 5.7 0.6
(%)
Disallowed regions 4.5 4.3 3.8 0.6
G-Factors
Overall average -1.41%* -0.90* -0.76* -0.34

Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms and R-factor no greater
than 20.0 a good quality model would be expected to have over 90% in the most favoured regions [A,B,L].
*G -factors provide a measure of how unusual, or out-of-the-ordinary, a property is

Values below -0.5* - unusual.

Values below -1.0** - highly unusual.

All the ORF4 structured models were identified with several clefts with few tunnels and pores which
suggested their interaction potential towards other molecules. Further, the models showed different type of
promotifs, such as, helices, beta turn, gamma turn, etc.

3.3 ORF4 protein as a drug target

3.3.1 Quantifying disorder by calculating the predicted percentage of disordered residues

The HEV ORF4 protein sequences were further analyzed in terms of their intrinsic disorder content. The
overall predicted percentage of intrinsic disorder (PPID) of the ORF4 proteins were calculated. On the basis of
overall PPID score, the protein disorder variants are classified into three categories, i.e., highly ordered protein
(PPID > 30%), moderately disordered proteins (< 10 PPID < 30%) or highly disordered proteins (PPID > 30%)
(Rajagopalan et al., 2011).

3.3.2 Disorder analysis with DisProt
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The predisposition for intrinsic disorder in HEV ORF4 proteins was evaluated using DisProt. Scores > 0.5
corresponded to disordered residues, wherein, green color was used to depict the disordered regions, i.e., areas
in green are the predicted disordered protein regions in ORF4 proteins by DispProt (Sickmeier et al., 2007).
The predicted intrinsic disorder profiles of HEV ORF4 polypeptides, generated from DisProt predictor, are
represented in Figure 4. The DisProt analysis identified KU168733 with a PPID >30%, thus categorizing it as
a highly disordered protein or intrinsically disordered protein (IDP) (Deiana et al., 2019; Van der Lee et al.,
2014). Further, this is consistent with the different parameters of the obtained ORF4 3D models, that suggested
the ORF4 protein (Accession number: KU168733), obtained from HEV-host Human, was identified as IDP as
shown in the figure (Fig. 2). This model scored a C-value of -3.29 with RMSD value of 12.5+4.3 A and had a
percentage favorable region of 51.3% and G factor of -0.90 as shown in Tables 4 and 5. Importantly, this
overall modelled protein structure was identified with maximum number of interacting sites in form of cleft,
pore and tunnel, i.e., 10 clefts (Fig. 5), 2 pores (Fig. 6) and 4 tunnels (Fig. 7). Thus, the ORF4 protein

(KU168733) was considered as a suitable drug target.
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Fig. 4 Intrinsic disorder propensity analysis of HEV ORF4. (A) LC057248, (B) KU168733, (C) IN167538 and (D) LC177791.

The resulting disorder profile evaluation was conducted using DisProt.
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Clefts in ORF4 protein structure
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Fig. 5 Clefts calculated on whole ORF4 protein structure. (A) LC057248, (B) KU168733, (C) IN167538 and (D) LC177791.

The analysis was processed via PDBsum analysis.

(A) Pores calculated on whole ORF4 protein structure

2 pores, coloured by tunnel radius

Pores are connected internal spaces geing through the structure. Only peres longer than 25 A are shown.

(B) Pores calculated excluding ligands
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Fig. 6 Pores calculated on whole ORF4 protein structure. (A) LC057248, (B) KU168733, (C) IN167538 and (D) LC177791.

The analysis was processed via PDBsum analysis.
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(A) Tunnels calculated on whole ORF4 protein structure (B) Tunnels calculated excluding ligands

4 tunnels, coloured by tunnel radius 4 tunnels, coloured by tunnel radius 4 tunnels, coloured asin list below

Tunnels are inferior spaces connected with the protein surrounding. Only channels langer than 15 A are shown
Radius- Free R — Length — HPathy — HPhob — Polar— Rel Mut Residue type Ligands
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Fig. 7 Tunnels calculated on whole ORF4 protein structure. (A) LC057248, (B) KU168733, (C) IN167538 and (D) LC177791.
The analysis was processed via PDBsum analysis.

4 Discussion

IDPs constitute the protein group that challenges the paradigm of a protein’s folded structure. Most of the
biologically active proteins possess definite 3D structures, in order to perform their specific function,
however, IDPs does not follow this fundamental law of ‘sequence-structure-function’ (Uversky, 2013; Tompa,
2012). IDPs possess structural plasticity and thus perform various essential biological functions, such as, cell
signalling and protein-protein interaction (Dyson, 2011), as they are characterized by lack of homogeneous
3D structures (Van Der Lee et al., 2014). IDR is defined by the term “disorder in disorders”, to highlight the
occurrence of disordered protein regions within the protein genes (Uversky et al., 2008). These disordered
region in proteins are characterised by an important feature known as coupled binding and folding (Wright
and Dyson, 2009). Thus, ID proteins are associated with large number of diseases, such as cancer, diabetes,
neurodegenerative disease and cardiovascular disease. Many ID proteins become structured upon binding to a
partner with the energy from specific interactions compensating for the entropic penalty from ordering
(Dyson and Wright, 2005). As IDPs are frequently associated with the pathways or progression of human
diseases they are considered as ‘druggable-targets’ (Ruan et al., 2019; Nonell-Canals and Sanchez-Martinez,
2017; Neira et al., 2017; Santofimia-Castafio et al., 2020; Fuertes et al., 2019).

The ORF4 component has recently been linked to regulatory roles in addition to its essentiality in
replication of HEV (Nair et al., 2016; Subramani et al., 2018; Shafat et al., 2021c). Additionally, the ORF4
structure has recently been associated with intrinsically disordered protein region (IDPR) or IDP, therefore, it
has application in drug designing strategies (Shafat et al., 2021a; 2021b; Metallo, 2019). Thus, targeting the
ORF4 protein is ideal for devising treatment against the HEV. In this context, this chapter reports the
structural analysis of the ORF4 proteins of HEV by employing bioinformatics approach. The ORF4-based
data provided in the GenBank of NCBI has prompted us to predict its three-dimensional structure model from
amino acid sequence. The present data will shed light on ORF4 implications in drug/vaccine development
against HEV.
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The secondary structure elements (helices and strands) are organized in different 3D spatial arrangement
to form a tertiary structure of a protein. To perform structure-based drug-designing, it is quite essential to
build a reliable model. The 3D structure model of the ORF4 protein was hypothesized using homology
modelling approach. The homology modelling accurately predicts the structure of a given sequence
theoretically which can be compared to the best results attained experimentally. The modelled structures of
the HEV ORF4 proteins were obtained using an on-line platform, i.e., -TASSER (Zheng et al., 2021; Yang et
al., 2015). The I-TASSER server automatically generates a high-quality 3D structure model and biological
function prediction of proteins using their amino acid sequences. This server implements [-TASSER based
algorithms to predict protein structures and functions (Zheng et al., 2021; Yang et al., 2015). As ID proteins
are considered as potential targets for drugs due to rapidly fluctuating structures (Metallo, 2010), therefore,
the predisposition of intrinsic disorder of ORF4 proteins were analyzed. Further, as suggested, on the basis of
PPID, the ORF4 protein sequences were grouped into three categories of protein disorder variants, i.e.,
structured protein, moderately disordered protein and highly disordered protein (Rajagopalan et al., 2011). In
addition to this, the ORF4 proteins were categorically grouped into ordered protein (ORDP), IDPR and IDP
(Deiana et al., 2019; Van der Lee et al., 2014). The identification of protein disorder variant in ORF4 for was
carried out using DisProt (Sickmeier et al., 2007). DisProt, a database, gives information about those proteins
which lack definite 3D structures in their native states (either entirety or in part) (Sickmeier et al., 2007). On
implying PPID criterion, among the ORF4 proteins, the ORF4 protein (KU168733), i.e., (obtained from hot
Human) was identified as a highly disordered protein as it consisted of highest fraction of intrinsic disorder in
comparison to other ORF4 proteins (having accession numbers: LC057248 and JN167538 and LC177791).
Our results show consistency with the previous report suggesting IDPs fail to arrange into a definite 3D
structure under physiological conditions due to increased level of disordered-promoting residues (Shafat et al.,
2021a, 2021b). Thus, out of several models, the obtained model from host Human can be considered as a
reliable drug target due to its characteristic highly disordered (IDP) structure (Nonell-Canals and
Sanchez-Martinez, 2017; Metallo, 2010). Identification of a cleft, pore or a tunnel accessible to ligand
molecule is essential in the perspective of structure-based drug design process (Mbarek et al., 2019; Marques
et al., 2017). Thus, the ORF4 modelled structures were scrutinized using PDBsum analysis to reveal the
presence of varied binding sites. Interestingly, the ORF4 models were observed with several clefts along with
few pores and tunnels. Enzyme active sites tend to be within sizeable depressions on the protein’s surface,
which are known as clefts or pockets. Clefts are present on protein’s surface as gaps, which are essential in
determining the protein interaction with other ligand molecules (Coleman and Sharp, 2006). The clefts also
have tendency to form active enzyme sites through sizeable depressions (Coleman and Sharp, 2006). Our
predicted 3D model revealed the presence of several clefts suggesting the commitment of ORF4 towards
interaction with other target molecules. Tunnel connects interior of the protein molecule to its surrounding
environment and influences the reactivity of the protein and determine the interaction nature and intensity
(Brezovsky et al., 2018). Interestingly, it is important to mention that the maximum number of ligand
accession sites, in terms of clefts, tunnels and pores, were identified in the ORF4 protein KU168733. Thus,
the ORF4 protein (KU168733) had the maximum tendency to interact with ligands as compared to other
ORF4 proteins. This again substantiated our intrinsic disorder findings suggesting KU168733 ORF4 protein
as a IDP variant. Thus, the presence of clefts and tunnels further strengthen our present hypothesis.
Altogether, from these observations it could be interpreted that ORF4 had propensity towards interaction with
other target molecules, suggesting its role in protein—protein interactions. Thus, ORF4 could probably
contribute to PPI due to possession of intrinsic disorder and, thus, may act as a target molecule in drug
designing strategies against G1 HEV infections.
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5 Conclusions

The significant parameters obtained from the predicted 3D models can be employed in future to understand the
structural and functional properties of the ORF4 protein. We should enlarge our view of what constitutes
human disease research, recognizing that the discoveries that have the most profound impact on disease
treatments emanate from basic research on model organisms, rather than from studies of highly complex
human diseases. The studies on IDPs belong to this basic research, which could provide us novel pathways for
drug discovery. However, this theoretical knowledge based on IDPs novel features is not sufficient to design
new drugs. Therefore, it is significant to collect more information on IDPs including its sequence, structure,
dynamics, biophysical and interaction network, by both computational and experimental approaches. Drug
discovery based on these novel features may reveal a bright new path.
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