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ABSTRACT
Barley is a major cereal crop from Poaceae family grown worldwide and it is one of the first cultivated grains. Barley
has also been used as animal fodder, as a source of fermentable material for beer and certain distilled beverages, and
as a component of various health foods. It is used in soups and stews, and in barley bread of various cultures. Barley
grains are commonly made into malt in a traditional and ancient method of preparation. A number of biotic and abiotic
factors affect the crop yield and quality. Among the biotic factors, barley is susceptible to various diseases, common
ones are net blotch (caused by Drechslera teres), scald (caused by Rhynchosporium secalis), leaf rust (caused by
Puccinia hordei) and powdery mildew (caused by Blumeria graminis f.sp. hordei). Biologists are engaged in
controlling the disease and increasing the immunity against dsisease. Here, Mildew Locus Allele (MLA6) is triggering
immunity against the barley powdery mildew fungus and MLA6 interact with MYB6 (from myb family of
transcription factors) antagonistically acting transcription factor and their cluster provides immunity against Blumeria
graminis to the barley. Recently, adopting new strategies of bioinformatics for designing of molecular model based on
the concept of basic local alignment and docking approach for protein-protein interactions is used to generate the 3D
model of MLA6 and MYB6 through BLASTP and EasyModeller 4.0. Further, their generated structures were docked
using hex server. The cluster with minimum E-value -625.66 kCal/mol provides the insight into the MLA6 – MYB6
molecular interaction which is the result of MLA triggered immunity in barley. This study can be further used for drug
design and plant pathological disease prediction.
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INTRODUCTION
Barley (Hordeum vulgare L.), a member of
the grass family, is a major cereal grain. It is
a self-pollinating, diploid species
with
14 chromosomes. It was one of the first cultivated
grains and is now grown widely. Barley is
cultivated in all temperate climate zones,
worldwide. The wild ancestor of domesticated
barley, Hordeum vulgare sub sp. spontaneum, is
abundant in grasslands and woodlands throughout

the Fertile Crescent area of Western Asia and
northeast Africa, and is abundant in disturbed
habitats, roadsides and orchards. Outside this
region, the wild barley is less common and is
usually found in disturbed habitats (Zohary et al.,
2000). Molecular evidence has revealed
significant homology among barley, wheat and
rye (Feuillet et al., 2009). Different ploidy levels,
i.e., diploid, tetraploid and hexaploid are existed

amongst the wild Hordeum. Barley is ranked
fourth in terms of production and area under
cultivation in cereal crops. The quantity of world
barley production during 2008-09, 2011-12 and
2014-15 is 155.3, 134.2 and 139.7 million tones,
respectively (The statistics portal).
The genome of barley was sequenced in 2012
(Mayer et al., 2007), due the effort of the
International Barley
Genome
Sequencing
consortium and also the UK Barley Sequencing
Consortium. The genome is composed of seven
pairs of nuclear chromosomes (recommended
designations: 1H, 2H, 3H, 4H, 5H, 6H and 7H),
and one mitochondrial and one chloroplastic
chromosome, with a total of 5000 Mbp (Mapview,
NCBI). The most common diseases that,
particularly, affect spring barley in Europe are net
blotch (caused by Drechslera teres), scald (caused
by Rhynchosporium secalis), leaf rust (caused by
Puccinia hordei) and powdery mildew (caused by
Blumeria graminis f.sp. hordei).
Powdery
mildew is
a fungal disease
of barley caused
by Blumeria
graminis f.
sp. hordei. The disease has a worldwide
distribution and is most damaging in cool, wet
climates. The host range of the form
species hordei is restricted to barley and Hordeum
species. Barley is very susceptible to powdery
mildew, and it has been reported to cause 10%
yield reduction in cold climate in no–fungicide
farming (Jørgensen, 1988). During strong
epidemics, the disease causes yield loss up to
25%. Early infection, negatively, affects crop
density and number of seeds per spike ear,
whereas the late infection, rather, reduces the seed
weight. Powdery mildew causes white to gray
powdery-surfaced pustules that are scattered on or
completely cover the leaf blade of barley, with
associated yellowing, browning and drying of leaf
tissue. Plant cells in response to the pathogen
attack have been enabled by plant nucleotidebinding leucine-rich repeat (NLR) proteins. The
NLRs detect strain specific pathogen effectors to
act against them; these receptors perceive non-self
and modified self molecules inside host cells and
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generate immune responses to invading
microorganisms (Fenyk et al., 2015). The barley
mildew locus allele (MLA) immune receptor
encodes coiled coil (CC) type nucleotide- binding
and leucine-rich repeat receptors (NLRs) which
mediate immune response against the barley
powdery mildew fungus (Blumeria graminis).
MYB6, antagonistically acting transcription
factor, interacts with the CC domain of MLA
receptors, MLA1, MLA6 and MLA10, and
interestingly MYB6 appears to specifically
interact with the homodimeric form of the
functional N-terminal CC domain of MLA to
stimulate its DNA binding activity (Chang et al.,
2013). MYB6 acts as a positive regulator in basal
and MLA-triggered disease resistance against
Blumeria graminis, revealed by virus-induced
gene silencing (VIGS) and functional gene
expression analysis in barley (Chang et al., 2013).
The change or silencing of MYB6 will affect the
MLA triggered immune response to the barley
powdery mildew fungus. There are a number of
MLA alleles and their correlation of miR9863
regulations with their dependence on RAR1 which
is a co-chaperone required for accumulation of
NLR receptors. Therefore, miR9863 family plays
a key role in targeting MLA alleles against the
disease resistance and associated cell death
triggered by these NLR proteins (Liu J et al.,
2014).
These are very small molecules to see with the
most advanced light microscopes. Therefore, the
technologies used to determine their structures
involve measurements on vast numbers of
identical molecules at the same time. An approach
that biologists use for understanding of structure
and functions of molecules is bioinformatics to
look for patterns among the diverse sequences that
give rise to particular shapes and to analyze
various interactions among them. In the past few
years it has become possible for highly accurate
physical molecular models to complement the in
silico study of biological structures. This is a
multidisciplinary research which includes protein
crystallography, molecular modeling, in silico
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mining, docking and a range of dry lab
technologies.
The homology modeling of protein in dry lab is
playing an important role for system biology, as
designing of effective bio-fungicides against
various pathogens based on differential biological
host pathogen interaction processes is possible
through drug designing (Nitin et al., 2013). These
methods can also help in identifying drug targets
via bioinformatics tools. They can be used to
analyze the target structures for possible
binding/active sites, generate noble candidate
bioactive molecules, dock these molecules with
the target, rank them according to their binding
affinities and further optimize the molecules to
improve binding characteristics (Yagi and
Takeichi, 2000; Gumbiner, 2005).
Further,
various bio-molecules can be study in-silico for
the better understanding of their interaction and
plant immunity for further treatment and
prevention of diseases in plants.
The present study was carried out to understand
the interaction of MLA6 with MYB6. As MLA1
and MLA10 are already studied in detail, so here
we are considering MLA6 to understand the
interaction on molecular level, and better study of
barley immunity against powdery mildew fungus.
MATERIAL AND METHODS
Sequence Retrieval and Molecular Homology
Analysis
The primary sequence of MLA6 was downloaded
from UNIPROT (www.uniprot.org) with Primary
(citable) accession number: Q9AR02 (Halterman
et al., 2001). Likewise, MYB6 primary sequence
was downloaded from UNIPROT with Primary
(citable) accession number: Q38851 (Li and
Parish, 1995). MYB6 annotations were already
reviewed.
To search for homologue sequence of barley
MLA6 and MYB6, BLASTP (Altschul et al.,
1990) was carried out against the nonredundant
(nr)
database
of
NCBI
(http://www.ncbi.nlm.nih.gov/) against protein
data bank (PDB) using BLOSUM62 matrix with
Existence: 11 Estension: 1 Gap cost.
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Homology Modeling of MLA6 and MYB6
Three-dimensional structures will help in the
docking for understanding of the protein-protein
interaction at molecular level and may lead to the
designing of new drugs. The 3D structure was
modeled with EasyModeller 4.0 (Kuntal et al.,
2010) (offline software available with easy
graphical user interface from MODELLER);
EasyModeller 4.0 was used for fine building the
model and global energy minimization.
The model quality was carried out using Structural
Analysis and Verification Server (SAVES)
(http://nihserver.mbi.ucla.edu/SAVES/), protein
structure
refinement
server
(http://sysbio.rnet.missouri.edu/3Drefine/)
and
ramachandran plot were generated using
RAMPAGE
(http://mordred.bioc.cam.ac.uk/~rapper/rampage.p
hp)
Docking Analysis
Protein docking is the task of calculating the 3D
structure of a protein complex from its unbound or
model-built subunits. Although proteins are
intrinsically flexible, many protein docking
algorithms begin by assuming that the proteins
are rigid and they use geometric hashing or fast
Fourier transform (FFT) correlation techniques to
find a relatively small number of putative docking
orientations which may be refined and re-scored
using more sophisticated techniques (Macindoe et
al., 2010). HexDock was used to study the
interaction between MLA6 and MYB6.
The parameters used for the docking process via
HEX docking software were:
• Correlation type-Shape only
• FFT Mode- 3D fast life
• Grid Dimension- 0.6
• Receptor Range- 180
• Ligand Range- 180
• Twist Range-360
• Distance Range-40
RESULTS AND DISCUSSION
Sequence Retrieval and Molecular Homology
Analysis
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The primary sequence of MLA6 and MYB6 was
downloaded in the FASTA format from uniprot.
The sequence in FASTA format was run for
BLASTP against protein data bank for molecular
evolutionary analysis.
Comparative sequence analysis using BLAST
search of MLA6 against the nr database revealed
that the MLA6 is related to plant steroids and
Leptospira proteins. Likewise, MYB6 is closely
related to various DNA binding domain.
Sequences producing significant alignment with
the query protein MLA6 and MYB6 were selected
based on their query coverage, E-value and
percent identity. A total of 05 sequences from
different organisms (excluding MLA6) with
similarity percent identity between 25% and 55%
were considered for multiple sequence alignment
in EasyModeller 4.0. The graphical output of
MLA6 and MYB6 after BLASTP showing the hit
of similar sequences (Figs. 1a, b).
Homology Modeling of MLA6 and MYB6
Three-dimensional structures will help in the
docking for understanding of the protein-protein
interaction at molecular level. The 3D structure
was modeled with EasyModeller 4.0 (offline
software available with easy graphical user
interface from MODELLER); EasyModeller 4.0
was used for fine building the model and global
energy minimization.
The selected sequences with similarity percent
identity were downloaded from RCSB Protein
Data Bank with PDBID and ran in EasyModeller
4.0, their clustal dendrogram was generated from
pair wise distance matrix (Fig. 2a, b). Total five
templates were aligned between themselves and
then with query sequence to generate five models
by EasyModeller 4.0, the best fit model can be
selected from the molecular pdf (molpdf), the
DOPE assessment score, percentage residue core
region from Ramachandran plot (RAMPAGE) and
overall quality factor Errat (SAVES), all of which
are reporting the model one good structure of
target protein. The molpdf and DOPE scores are
not 'absolute' measures, they can only be used to
rank models calculated from the same alignment.
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The reasonably best fit model for MLA6 is
MLA6-04 and MYB6 is MYB6-04 (Tables 1, 2).
The models for MLA6 and MYB6 are of
reasonable high energy from their DOPE profile
with multiple templates (Figs. 3a, b). So, they
were further refined using protein structure
refinement server i.e. 3D refine which also
generate five best refined models and best one is
selected through the lowest 3D refines score,
highest RMSD and lowest RWPlus (Tables 3, 4).
The best model with quality can be selected by
various scores and methods. These are showing
the model of good template structure. The final
structure modeled and refined is visualized in
Pymol for MLA6 (Fig. 4) and MYB6 (Fig. 5).
The modeled protein is validated with SAVES
server for Structural Genomics and Proteomics.
Errat analyzes the statistics of non-bonded
interactions between different atom types and
plots the value of the error function versus
position of a residue. Errat Overall quality factor
of MLA6 is 48.418 and MYB6 is 75.893.
Rampage Server is used for the assessment of
Ramachandran Plot of predicted model. The total
energy values of the predicted 3-D model were
calculated as 81.7% of Ramachandran plot for
MLA6 (Fig. 6) and 88.6% of Ramachandran plot
for MYB6 (Fig. 7).
Docking Analysis
For typical Hex docking calculations, a single
high-performance GPU can evaluate ∼170 million
trial orientations/second. This corresponds to
a speed-up of at least a factor of 45 compared to a
contemporary central processor unit (CPU), and
which is up to two orders of magnitude faster than
conventional Cartesian grid-based FFT docking
approaches. However, because high performance
GPUs are relatively expensive, a HexServer was
developed, a web interface for Hex, in order to
make GPU-accelerated docking approach widely
and freely available. HexServer provides a very
fast and convenient way to generate high quality
docking predictions for subsequent refinement.
The parameters used for the docking process via
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HEX docking software were same as mentioned in
material and methods.
The findings of the results are based on the
docking energy value and the interaction at the
binding sites. The more negative the value
(minimum e-value), the more stable the complex
is and more binding affinity. According to energy
funnel theory less energy depicts highly stable
conformation. Hence, more energy would be
needed to break the complex that means high
dissociation energy. The best cluster is selected on
the basis of e-value in hex docking server.
The hex docking results reveal that the cluster
(MLA6 – MYB6) which has minimum e-value out
of approximately 2000 formations generated from
hex server is having -625.66 kCal/mol energy
value (Fig. 8). The shortlisted 500 clusters have
energy value between -625.7 and -353. This
showed an increase in the free energy of the
complex with receptor with the same or different
binding pocket.
---- ---- ------- ------- ------- ------- ------- --- ----Clst Soln Models Etotal Eshape Eforce Eair
Bmp RMS
---- ---- ------- ------- ------- ------- ------- --- ----1 1 000:000 -625.7 -625.7 0.0 0.0 -1 1.00
The Modeled cluster from HexDock Server
implies that MLA6 and MYB6 interact on
molecular level and form a stable structure to fight
against the barley powdery mildew fungus.
CONCLUSION
In the present study, the MLA mediated immunity
in barley was studied using MLA6 as target
protein which interact with MYB6, transcription
factor, as ligand protein to act against the
Blumeris graminis, the barley powdery mildew
fungus. The 3D structures for both the proteins
were generated from EasyModeller 4.0 using the
help of templates which are with 25% to 55%
sequence similarity to the query sequence, as they
are obtained from BLASTP. The modeled
structures were also validated and refined through
SAVES, RAMPAGE and 3D refine server.
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The bioinformatics tools for modeling and
docking proved very useful in this study. This
study will be useful in the further study of the
powdery mildew disease, how to control the
disease and to reduce the yield and crop loss due
to the fungal attack. MLA6-MYB6 interaction
will also help in the particular signaling pathway
study that cause the molecular interaction and
control the disease. The particulars showing
molecular interaction of MLA6-MYB6 is helpful
in plant immunity, drug design, plant pathological
disease prediction and protein-protein docking
analysis.
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Figure 1a. Graphical Output of BLASTP result (MLA6)

Figure 1b. Graphical Output of BLASTP result (MYB6)

Figure 2a. Clustering tree (dendrogram) from pairwise distance matrix (MLA6)
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Figure 2b. Clustering tree (dendrogram) from pairwise distance matrix (MYB6)
Protein model
Ramachandran score Errat
Molpdf score
DOPE score
MLA6-01
80.9
25.52
45889.15
-72841.37
MLA6-02
81.2
24.57
45277.28
-74712.55
MLA6-03
78.7
21.62
45920.37
-74384.78
MLA6-04
81.6
25.42
45272.90
-74147.47
MLA6-05
82.0
23.84
45590.42
-72896.13
Table 1. Five generated models of MLA6 by multiple template modes from EasyModeller 4.0
Protein model
Ramachandran score Errat
Molpdf score
DOPE score
MYB6-01
88
39.91
6500.75
-13798.47
MYB6-02
91
39.91
6359.76
-14122.71
MYB6-03
88
47.80
6335.41
-13528.03
MYB6-04
91
42.10
6401.34
-14184.47
MYB6-05
89.3
47.13
6199.33
-14146.70
Table 2. Five generated models of MYB6 by multiple template modes from EasyModeller 4.0

Final rank
4
5
3
1
2
Final rank
5
3
4
1
2

Figure 3a. DOPE score profile for MLA6-04 (B99990004) and all five templates
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Figure 3b. DOPE score profile for MYB6-04 (B99990004) and all five templates
Model #
3Drefine Score
GDT-TS
GDT-HA
RMSD (Å)
MolProbity
RF5
83420.4
0.9906
0.9195
0.500
3.859
RF4
84694.4
0.9956
0.9354
0.456
3.859
RF3
86491.4
0.9984
0.9480
0.402
3.896
RF2
89684.4
0.9997
0.9681
0.333
3.888
RF1
102988.0
1.0000
0.9937
0.236
3.892
Table 3. Results of MLA6 refined models with 3D refine server
Model #
3Drefine Score
GDT-TS
GDT-HA
RMSD (Å)
MolProbity
RF5
18031.4
0.9989
0.9587
0.396
3.424
RF4
18299.4
1.0000
0.9640
0.364
3.444
RF3
18670.0
1.0000
0.9799
0.323
3.449
RF2
19193.6
1.0000
0.9926
0.275
3.436
RF1
21950.9
1.0000
0.9989
0.197
3.379
Table 4. Results of MYB6 refined models with 3D refine server

(a) Modeled Protein Ribbon Structure

RWPlus ▾
-196367.70
-196664.14
-196499.74
-196672.55
-196335.62

Ranking
2
3
4
1
5

RWPlus ▾
-35426.02
-35407.48
-35445.76
-35273.57
-35128.05

Ranking
2
3
1
4
5

(b) Modeled Protein Surface Structure

Figure 4. Predicted 3D structure of MLA6
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(a) Modeled Protein Ribbon Structure

(b) Modeled Protein Surface Structure

Figure 5. Predicted 3D structure of MYB6

Figure 6. Ramachandran Plot of MLA6 from RAMPAGE server
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Figure 7. Ramachandran Plot of MYB6 from RAMPAGE server

Figure 8. MLA6 – MYB6 Cluster with minimum e-value -625.7
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