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Abstract 

Background / Objective: Barley has its own immunity but not sufficiently effective. Pathogenesis Related protein 
(PR5) of barley has anti-fungal properties which releases in result of virulence factor Candidate for Secreted Effector 
Proteins (CSEP0064) of B. graminis. The objective of this study is to generate molecular models of PR5 and CSEP0064 
and to dock them for understanding the role PR5 in immunity of barley against CSEP0064 released during powdery 
mildew infection. 
Methods/Statistical analysis: PR5 and CSEP0064 molecular interaction gives insight in the immunity of barley. In this 
study, we generate the molecular models of PR5 and CSEP0064 through Easy Modeller 4.0, further refinement of 
model from SAVES server, RAMPAGE, 3D refine srver and HexDocking Server was used for their mutual interaction 
study nd generation of PR5-CSEP0064 complex.  
Findings: The interaction between PR5 and CSEP0064 molecular models were studied for the first time proving the 
role of PR5 and CSEP0064 in barley immunity. This study shows the complex formed between PR5 and CSEP0064 
through bioinformatics tools. The complex is formed with 619.9 kCal/mol e-value which represents the requirement 
of very high energy for breaking the bond between two molecules.   
Application/Improvements: Various factors affect crop quality and yield of barley. Various CSEPs are released during 
and after haustoria formation in barley. Blumeria graminis affects the barley as it causes powdery mildew disease. 
Therefore, biologists are continuously working towards the plant immunity and control of diseases.  
Keywords: Hordeum vulgare, Blumeria graminis, CSEP0064, Modeling, PR5. 

1. Introduction 

A variety of crops is grown under diverse climatic situations in different cropping systems. Agriculture is not only 
important but it also provides a base for development. Agriculture has been related with production of essential food 
crops. With increase in economic development, many fields allied to farming came to be recognized as a part of 
agriculture. Barley genome was sequenced in 2012 [1].   

There are multiple factors for the crop damage and loss of yield both biotic and abiotic factors. Fungi are plant 
pathogens that require living plant tissue to survive and complete their life cycle. They represent some of the most 
destructive plant parasites as huge economic losses and threatening global food security are caused by them [2]. The 
degree of disease susceptibility in barley leaves is directly proportional to the distance between the cells of leaves 
and primary compatible haustorium; the induced susceptibility is generally localized; in powdery mildews, the 
information required for cellular conditionings does not transfer to long distance [3].  

PRs accumulate under certain abiotic (wounding) and biotic stress conditions such as pathogen attack by virus, 
viroids, bacteria, fungi, nematodes, insects and herbivores [4]. PRs are low molecular weight proteins (10-40 kDa). 
Their biochemical properties help them to survive in harsh environments. They are localized in the vacuole, cell wall 
and the intercellular space; remain soluble and stable at low pH where most other plant proteins are denaturized; 
they are resistant against proteolytic cleavage; also they have extreme isoelectric points (pI) [5].  

PR from different plant species with same family designation does not necessarily mean that they are identical 
proteins. The families are numbered in the order in which they were discovered and new PRs identified in different 
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species are assigned to the existing recognized families and, if there is no similarity exists, a new family is created. 
The PR-5 family proteins are also known as thaumatin-like (TL) proteins because they show sequence similarities to 
the sweet-tasting plant protein thaumatin [6]. The first leaf of transgenic barley plants in which basic PR-5 is fused 
with a pathogen-inducible epidermis specific promoter revealed enhanced resistance against B. graminis, 
Rynchosporium secalis and Drechslera teres, while there is no disease reduction was observed on infection with 
Puccinia hordei [7]. The stable overexpression of a cDNA coding for a 13-LOX (lipoxygenase) in transgenic barley 
plants which for the first time indicate a link between the occurrence of LOX-100 protein and senescence [8]. 

A large number of CSEPs have been identified in powdery mildew fungi. Two CSEPs, CSEP0105 and CSEP0162 
which are important for pathogen success as they are required during and after haustoria formation, interact with 
barley small heat shock proteins Hsp16.9 and Hsp17.5 and silencing of either one can significantly reduce the fungal 
haustoria formation rate [9]. Small heat shock proteins stabilize a number of intracellular proteins by their chaperone 
activity and defense related signaling components are one of them.  

Here, we are investigating about the interaction between PR5 of H. vulgare and CSEP0064 of B. graminis. Anti-
fungal activities are assigned to PR5, it accumulates in barley leaves after powdery mildew infection and some also 
possess 1,3-β-Dglucan binding activity [10].  

Homology modeling allows constructing an unknown atomic-resolution model of the protein from its amino acid 
sequence and an experimental 3D structure of a related homologous protein. It is a big challenge to generate 
accurate models through computational structure prediction methods but they provide a cost-effective alternative in 
the absence of experimental structures. Model for the target protein can be generated on the basis of an 
experimentally established protein structure (template) that shares the template significant sequence (30% or more) 
or structural similarity [11]. With the help of computational methods we can safely use in silico models of proteins for 
structure based drug design, analysis of protein function, interactions, antigenic behavior, and rational design of 
proteins with increased stability or novel functions where experimental structures provides a solid reasoning [12].  

We are constructing their models using bioinformatics tools and further with docking studies we analyze their 
interaction and study the immunity of barley against powdery mildew. There is a lot of study is going on in terms of 
plant immunity for example to increase the tolerance in plants against various pathogen attacks and to increase the 
crop yield and quality. Here, we studied the barley immunity against Blumeria graminis to protect plant from 
powdery mildew disease. As we can observe, the immunity of barley was predicted or studied through various 
methods and studies. In this study, we generate the molecular models of PR5 and CSEP0064 which was not present 
earlier and through HexDocking Server their mutual interaction was studied. The PR5 and CSEP0064 interaction was 
suggested [13]; their molecular models and interaction were generated and indicating the role of PR5 with CSEP0064.  

2. Methods 

2.1. Template selection and homology analysis 
a) The primary structures of PR5 and CSEP0064 were obtained from UNIPROT and downloaded in FASTA 

format. 
b) BLASTp was performed for every target and ligand to consider the similar proteins with similarity from 25% 

to 55%. 

2.2. Homology modeling 
The PDB structure obtained from BLASTp was run in Easy Modeller 4.0 [14] (offline software available with easy 

graphical user interface from MODELLER).  

2.3. Model optimization 
a) The model was analyzed using PyMOL software  
b) Various refinements were used: (1) Structural Analysis and Verification Server (SAVES), (2) 3D refine server 

and (3) RAMPAGE. 

2.4. Docking studies 
 Protein docking was done by using HexServer [15].  
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3. Results 

3.1. Template selection and homology analysis 
PR5 - accession number: Q5MBN5 [16] 
CSEP0064 - accession number: N1JJ94 [17] 
Sequence analysis and alignment of PR5 against PDB database revealed the close relation of PR5 with thaumatin 

like proteins out of 20 hits to query sequence as shown in figure 1. Likewise, comparative sequence alignment of 
CSEP0064 shows only single hit in query sequence which shows 47% identity to outer membrane decaheme 
cytochrome Mtrc of Shewanella oneidensis as shown in figure 2. 

In case of PR5, out of 20 hits five were selected on the basis of their query coverage, e-value and percent 
identity. 

 
Figure 1. Protein with significant alignments (20 hits) obtained from BLASTP result for PR5 

 

Figure 2. Protein with significant alignment (single hit) obtained from BLASTP result for CSEP0064 

 

3.2. Homology modeling 
The clustal dendrogram of selected sequences of PR5 shown in figure 3 was generated from pair wise distance 

matrix in EasyModeller 4.0. 
Figure 3. Dendrogram from pairwise distance matrix (PR5) 

 
1z3q-A has a better crystallographic resolution in comparison to 4l2j which has highest sequence identity with 

52% (1.7A0 versus 1.6A0).  Considering the major group with 2i0w-A, 1z3q-A, 4l2j-A and 415h-A; 2i0w has highest 
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crystallographic resolution but less similarity with template. 4l5h has 1.8 A0 resolutions with 40% sequence similarity. 
In total five models of PR5 were generated.  

Only one template 4lm8-A is present for CSEP0064 homology modeling with 47% sequence similarity and e-value 
are 6.4. Therefore, three models of CSEP0064 were generated after aligning single template with query sequence.  

3.3. Model optimization 
Generally speaking, the errat method is sensitive to smaller errors than 3-D Profile analysis, but is more forgiving 

than Procheck. The best model for PR5 is PR5-D as deduced on the basis of molpdf, DOPE score and Errat factor data 
obtained from SAVES server and Easymodeler 4.0 shown in table 1 and similarly for CSEP0064 is CSEP0064-B; data 
described in table 2. DOPE score profiles of best selected model with reference to the templates are showing various 
high and low energy points for PR5-D in figure 4 and for CSEP0064-B in figure 5. 

 
Table 1. Summary of successfully produced PR5 models by multiple template models 

S.No. Protein 
model 

Procheck (Ramachandran Plot 
score) 

Errat 
(Overall quality factor) 

Molpdf score DOPE score Final rank 

1 PR5-A 90.1 59.74 5563.70 -13816.42 2 
2 PR5-B 90.1 55.26 5498.06 -13377.86 4 
3 PR5-C 90.1 50.63 5640.14 -13426.95 5 
4 PR5-D 89.5 64.67 5535.17 -13436.11 1 
5 PR5-E 91.8 55.63 5666.36 -13783.06 3 

 

Table 2. Summary of successfully produced CSEP0064 models by multiple template models 

S.No. Protein 
model 

Procheck (Ramachandran 
Plot score) 

Errat 
(Overall quality 

factor) 

Molpdf score DOPE score Final rank 

1 CSEP0064-A 91.4 21.277 738.43 -6326.95 2 
2 CSEP0064-B 90.5 58.889 754.50 -6332.14 1 
3 CSEP0064-C 88.8 32.323 746.01 -6238.49 3 

 

Figure 4. DOPE score for PR5-D (query B99990004.pdb) and templates 

 

Figure 5. DOPE score for CSEP0064-B (query B99990002.pdb) and template 
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3D refinement server (3D refine) was used for generation of more refined models from the selected best models. 
The final result for molecular modeling of PR5 gives RF5 and for CSEP0064 gives RF5 as best models on the basis of 
3Drefine scores, RMSD and RWPlus; data shown in table 3 for PR5 and table 4 for CSEP0064. The final modeled 
structure of refined PR5-RF5 is shown in figure 6 and CSEP0064 is shown in figure 7 were obtained from 3D refine 
and visualized by PyMol. 

 
Table 3. Results of PR5-D refined models with 3D refine server 

Model # 3Drefine Score GDT-TS GDT-HA RMSD (Å) MolProbity RWPlus ▾ Ranking 

RF5 8356.21 1.0000 0.9942 0.272 2.624 -26689.59 1 

RF4 8427.29 1.0000 0.9957 0.253 2.581 -26649.14 2 

RF3 8547.71 1.0000 0.9971 0.233 2.537 -26624.26 3 

RF2 8781.35 1.0000 1.0000 0.202 2.488 -26594.12 4 

RF1 10508.5 1.0000 1.0000 0.153 2.583 -26578.73 5 

 

Table 4. Results of CSEP0064-B refined models with 3D refine server 

Model # 3Drefine Score GDT-TS GDT-HA RMSD (Å) MolProbity RWPlus ▾ Ranking 

RF5 10027.8 1.0000 0.9958 0.280 2.995 -12031.44 1 

RF4 10127.0 1.0000 0.9979 0.254 2.958 -11995.12 3 

RF3 10259.2 1.0000 1.0000 0.230 2.824 -12016.99 2 

RF2 10498.2 1.0000 1.0000 0.196 2.714 -11961.64 4 

RF1 11514.7 1.0000 1.0000 0.145 2.681 -11927.59 5 

 
Ramachandran Plot gives 94.2% of total energy for PR5 as shown in figure 8a and 91.4% for CSEP0064 in figure 8b 

through RAMPAGE server. Errat Overall quality factor for PR5 is 64.242 and for CSEP0064 is 54.717.  
 

Figure 6. Visualized 3D structure of PR5-RF5 through PyMol 

 

(a) Ribbon Structure    (b) Surface Structure 
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Figure 7. Visualized 3D structure of CSEP0064-RF5 through PyMol 

  

(a) Ribbon Structure     (b) Surface Structure 

Figure 8a. Ramachandran Plot (PR5)     Figure 8b. Ramachandran Plot (CSEP0064) 

  

 

3.4. Docking Studies 
In total 2000 formations were generated from Hex docking server, the best formation of PR5 and CSEP0064 is 

shown in figure 9 which have minimum energy value of -619.9 kCal/mol and around 500 clusters have energy value 
between -619.9 to -452.5. The strong bond is implied between PR5 and CSEP0064 and a strong cluster shows the 
interaction between both at the molecular level in barley. It also gives evidence for plant immunity against barley 
powdery mildew disease. 
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Figure 9. Best Formation (e-value -619.9) 

 

4. Discussion 

The present study was first attempt on the modeling and docking studies of PR5 and CSEP0064. However, 
Pennington et al showed that the CSEP0064 interacted with various molecules of barely and it was proved by two 
orthogonal approaches to determine the protein−protein interactions [18]. The PR5 and CSEP0064 templates were 
taken from Uniprot and their molecular models were generated through similar sequences obtained from BLASTp 
and EasyModeller. Homology modeling is the most common structure prediction method. Nawaz et al uses PSI BLAST 
as similarity sequence search programs against a PDB database [19] while here we used p-BLAST against PDB 
database for finding a best matching template.  

Five models were generated from EasyModeller; the best model was selected on the basis of various factors like 
DOPE score, molpdf, ramachandram score and errat value. The structural validation and quality assessment for the 
selection of best model was carried out with PROCHEK, RAMPAGE, Errat, Verify3D and RMSD and Z-score [20]. The 
best selected model after 3D refine server is the generated molecular model of the respective template. 

These models were used in the Hex Docking Server to study whether they interact or not. The Hex Docking shows 
the interaction between PR5 and CSEP0064 at the molecular level but this interaction should be stable and the 
complex formed with the lowest e-value is the most stable one. Lowest e-value represents the requirement of high 
energy for breaking of bond. Complex formed through hex server shows the barley protein interaction with B. 
graminis protein to control the powdery mildew fungus. GLIDE tool of Schrodinger was used in docking of antifungal 
compound in case rice false smut disease which also shows that lowest e-value shows good binding energy against 
the receptor [21] 

The research through sequence alignment, phylogenetic analysis, structure analysis by homology modeling and 
study of interaction by docking is showing that the PR5 interacts with CSEP0064 and form a strong bond that control 
the fungal activity in barley. Now, these results further can be used for the study of plant pathological interaction in 
barley, to increase immunity in barley against powdery mildew fungus and study of protein-protein interaction for 
the crop quality and its yield.  

5. Conclusions 

The interaction between PR5 and CSEP0064 can be seen through these results, as they are forming a complex 
with -619.9 kCal/mol e-value. This value interprets for a strong bond between both the molecules. The above 
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interaction between PR5 and CSEP0064 was carried out in silico and now it can be further used for the in vivo study 
of barley immunity. 

This result implies the role of PR5 with CSEP0064 in context of barley defense system and their interaction is 
proved. PR5, the pathogenesis related protein in barley which has anti-fungal properties act (Candidates for Secreted 
Effector Proteins from Blumeria graminis) which release after and during hausatoria formation to loosen the barley 
defense. 

The use of bioinformatics tools for this study proves to be very crucial. The study carried out here will help in 
understanding of barley immunity and its actions against powdery mildew disease. Barley powdery mildew disease is 
one of the main reason for crop loss and yield loss due to fungal attack. So, here considering the results, we can 
further control the disease with PR5 studies and improve the yield. 
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