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Biotic stress is a major cause of heavy loss in grape productivity. In order to develop biotic stress-resistant grape
varieties, the key defense genes along with its pathway have to be deciphered. In angiosperm plants, lipase-like protein
phytoalexin deficient 4 (PAD4) is well known to be essential for systemic resistance against biotic stress. PAD4 func-
tions together with its interacting partner protein enhanced disease susceptibility 1 (EDS1) to promote salicylic acid
(SA)-dependent and SA-independent defense pathway. Existence and structure of key protein of systemic resistance
EDS1 and PAD4 are not known in grapes. Before SA pathway studies are taken in grape, molecular evidence of EDS1:
PAD4 complex is to be established. To establish this, EDS1 protein sequence was retrieved from NCBI and homologous
PAD4 protein was generated using Arabidopsis thaliana as template and conserved domains were confirmed. In this
study, computational methods were used to model EDS1 and PAD4 and simulated the interactions of EDS1 and PAD4.
Since no structural details of the proteins were available, homology modeling was employed to construct three-
dimensional structures. Further, molecular dynamic simulations were performed to study the dynamic behavior of the
EDS1 and PAD4. The modeled proteins were validated and subjected to molecular docking analysis. Molecular evidence
of stable complex of EDS1:PAD4 in grape supporting SA defense pathway in response to biotic stress is reported in this
study. If SA defense pathway genes are explored, then markers of genes involved can play pivotal role in grape variety
development especially against biotic stress leading to higher productivity.

Keywords: biotic stress; EDS1; grape; GROMACS; molecular dynamics simulation; PAD4; salicylic acid pathway;
systemic resistance

1. Introduction

Grape (Vitis vinifera) is one of the most important decid-
uous and perennial woody climber fruit crop of all conti-
nents, and it can successfully be cultivated in temperate
region climate regions with sufficient rain, warm, and
dry summers and relatively mild winters (Bowers et al.,
1999). Grape is known for having high nutritional value
(Yadav et al., 2009) with antioxidant that protects DNA
and strengthens the immune system (Jain et al., 2014).
Their role has also been reported for the protection
against cardiovascular disease, anti-inflammatory activity,
and anti-carcinogenic effects in humans (Khanna et al.,
2002; Shrikhande, 2000; Wiel, Golde, & Hart, 2001).

Biotic stress is a major cause leading to heavy loss
(30–90%) of grape production (Sinha, Prajneshu &
Varma, 2004). Among biotic stresses, the fungal patho-
gens have been a major problem reducing quality and
yield of grape around the world. The common fungal dis-
eases are anthracnose, downy mildew, powdery mildew,
and Alternaria rot. Other than these, bacterial leaf spot is

also common (Shikhamany, 2001). There are over 70
viruses and virus-like diseases affecting grape production.
Apart from these, mites and insects are known to cause
disease-like symptoms in grape (Pearson & Goheen,
1988). A wide diversity of plant–parasitic nematodes also
affects grape worldwide (Ferris, Zheng, & Walker, 2013).

Plants respond to fungal pathogen attacks via induc-
tion of a number of different defense mechanisms which
include deposition of mechanical barriers such as carbo-
hydrates and hydroxyl-proline-rich glycoproteins within
cell wall to limit invasion by fungal hyphae (Kotchoni &
Gachomo, 2006). A number of proteins also accumulate
following pathogen attack. These proteins are collectively
called pathogenesis related proteins (Stintzi et al., 1993).
Production of active oxygen species in cell has also been
linked with defense processes. These reactive oxygen
species alter various signaling pathway. One of these
pathways is salicylic acid (SA) pathway. For proper
accumulation of SA, enhanced disease susceptibility
1 (EDS1) along with phytoalexin deficient 4 (PAD4) is
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required. EDS1 is an important regulator of basal
resistance to pathogens (Feys, Moisan, Newman, &
Parker, 2001).

Functional orthologs of EDS1 and PAD4, have also
been identified in various angiosperm such as, rice and
Arabidopsis suggesting that the EDS1 complex is an
ancient plant defense component with functions beyond
effector-triggered immunity. EDS1–PAD4 interaction for
resistance, role of SA defense pathway in Arabidopsis
and its derivative for local and systemic resistance are
well evident in the literature (Feys et al., 2001; Rietz
et al., 2011; Singh & Shah, 2012; Volt, Dempsey, &
Klessing, 2009). EDS1 was also found to be induced by
SA and compatible with grapevine pathogens. Differen-
tial regulation for powdery mildew susceptibility has
been reported by EDS1 ortholog, which is an important
defense regulator in grapevine (Gao et al., 2010). The
key genes of EDS1:PAD4 pathway can play a pivotal
role in grape variety development especially against bio-
tic stress leading to higher productivity. Molecular evi-
dences for this key interaction and supporting pathways
are not well established in grape. In the absence of struc-
tural data, a model built on known three-dimensional
(3D) structures of homologous proteins is the only
reliable approach. Therefore, in this study, we built in
silico 3D structures of EDS1 and PAD4 analyzed their
molecular interactions through the model and evaluated
physical basis of activity.

To establish molecular evidences for interaction and
supporting pathways in grape, EDS1 protein sequence
was retrieved from NCBI and homologous PAD4 protein
was generated using Arabidopsis thaliana as template
with their conserved domains. Further, computational
methods were used to model EDS1 and PAD4 and simu-
late their interactions followed by molecular dynamic
simulations. The modeled proteins were validated and
subjected to molecular docking analysis, the details of
which are discussed in following section.

Molecular evidence of stable complex of EDS1:
PAD4 in grape supporting SA defense pathway in
response to biotic stress is reported in this study. This
endorses that markers of the key genes of EDS1:PAD4
pathway can play pivotal role in grape variety develop-
ment especially against biotic stress leading to higher
productivity. This work aimed to establish molecular
evidence of stable complex of EDS1:PAD4 in grape
supporting SA defense pathway in response to biotic
stress.

2. Methodology

2.1. Sequence retrieval and gene identification

EDS1 (NP_001267967) and PAD4 (AAF09479) amino
acid sequences were retrieved from NCBI (McEntyre &

Ostell, 2002). For EDS1, direct amino acid sequence
was available, whereas for PAD4, an orthologous
sequence was obtained with PAD4 of Arabidopsis
thaliana as a reference template. Homologous gene was
identified with PAD4 of Arabidopsis thaliana as an input
sequence in Phytozome v9.1 with PAM30 algorithm
(Goodstein et al., 2012). Comparative study of the genes
of grape and Arabidopsis thaliana was carried out using
BLASTn and tBLASTx (Altschul, Gish, Miller, Myers,
& Lipman, 1990). In the gene sequence, coding
sequence were obtained from Phytozome v9.1 and by
shuffling, final protein sequence coding regions were
generated.

2.2. Sequence and conserved domain analysis

The protein sequences of EDS1 and PAD4 were com-
pared in Arabidopsis thaliana and grape. Pairwise align-
ment was done with the help of BLASTp program
available at NCBI (Altschul et al., 1990). The aim of
sequence comparison was to find common conserved
regions in both the sequences for both the proteins. Con-
served domains were identified using conserved domain
database (CDD) at NCBI which is a collection of multi-
ple sequence alignments representing protein domains
conserved in molecular evolution. It contains the
alignment data from Pfam and SMART databases
(Marchler-Bauer et al., 2002).

2.3. Model construction and validation

After the sequence comparison, three-dimensional mod-
els of both EDS1 and PAD4 were constructed by thread-
ing method of protein modeling. For this, I-TASSER
Server (Zhang, 2008) was used. The predicted models
were further validated on SAVES Server (Colovos &
Yeates, 1993; Hooft, Vriend, Sander, & Abola, 1996;
Laskoswki, MacArthur, Moss, & Thorton, 1993; Pontius,
Richelle, & Wodak, 1996; Vaguine, Richelle, & Wodak,
1999; Zhang,Liang, & Zhang, 2011). Further, refinement
of the predicted models was done using ModRefiner
(Xu & Zhang, 2011). The energy minimization of the
refined model was performed by CHARMM force field
embedded in Discovery studio 3.5 (Accelrys Inc., San
Diego, CA, USA).

Initially, steepest descent algorithm was used, which
tends to have poor convergence because the gradient
becomes smaller as minimum is approached. Subse-
quently, another algorithm conjugate gradient was used
which helps to attain convergence (Weng, Hamel,
Martin, & Peckham, 2005). After energy minimization,
potential energy was calculated in Swiss PDB Viewer
(Guex & Peitsch, 1997), and accordingly, final models
for EDS1 and PAD4 were obtained.

EDS1 and PAD4 protein interaction in SA pathway of grape 2181



2.4. Protein–protein interaction

A geometry-based molecular docking algorithm called
PatchDock (http://bioinfo3d.cs.tau.ac.il/PatchDock) was
used to dock the predicted three-dimensional models of
EDS1 and PAD4 proteins. The complexes were further
optimized by another docking program FireDock (http://
bioinfo3d.cs.tau.ac.il/FireDock). A default value of 4 Å
was used for clustering, and redundant solutions were
discarded by root mean-square deviation (RMSD) clus-
tering. The PatchDock output generates the geometric
score, desolvation energy, interface area size, and the
actual rigid transformation of the solutions. Twenty solu-
tions, out of about 50 predicted EDS1–PAD4 complexes,
were sorted according to their geometric shape. The
complementarity scores were analyzed for identifying the
residues involved in the protein–protein interface. Pro-
tein–protein interaction was also performed in Hex 6.3
(http://hex.loria.fr/dist/index.php) at a distance range: 30,
correlation type: shape and electrostatics, receptor range:
(EDS1) 45, ligand range (PAD4) 45, and receptor step
size: 5.5. The complexes were further analyzed in Dis-
covery Studio 3.5 in order to obtain the best complex.

2.5. Potential biological complex and binding energy
calculation

The structure of protein and protein assemblies were
experimentally accessible through the interpretation of
images obtained by the diffraction of X-rays by a protein
crystal. The proteins structures solved through X-ray,
Nuclear Magnetic Resonance, and theoretical methods
(homology modeling) are lacking in the information of
interactions that are specific in binding to other substances
such as macromolecules and small molecules. These inter-
actions are playing the vital role information of biological
complex and stabilizing the complexes. To check the
docked protein–protein complex as potential biological
complex, we used the DiMoVo server (Bernauer,
Bahadur, Rodier, Janin, & Poupon, 2008). Potential bio-
logical complex was predicted using the Support Vector
Machine methods and values above 0.5 indicated that the
complex obtained was biologically potent.

2.6. Molecular dynamics (MD) simulation and
stability analysis

MD simulations were performed on EDS1, PAD4, and
the complex structure (EDS1:PAD4). For simulation,
GROMACS package (Pronk et al., 2013) along with
OPLS-AA force fields (Kahn & Bruice, 2001) was used.
Initially, a cubic box with periodic boundary conditions
was constructed by keeping distance between the wall of
the box and the protein as 1 nm. The structures were sol-
vated, and chloride counter-ions were added as required

to neutralize the total charge of the system using the
GENION option of GROMACS.

Energy minimization for the solvated structures was
done using the steepest descent method and was carried
out till the maximum force reached below 100 kJ/mol/nm
(max. force <100 kJ/mol/nm). The energy-minimized
structures were subjected to position-restrained dynamics
for 25 ps, keeping the whole protein molecule fixed and
allowing only the water molecules to move and
equilibrate. This followed dynamics simulations of the
full system (protein and water) without any positional
restraints.

LINear Constraint Solver (LINCS Algorithm (Hess,
Bekker, Berendsen, & Fraaije, 1997)) was used to con-
strain the bond length to their equilibrium positions.
Later density optimization was carried out for 10 ps at
300 K using a normal temperature and pressure ensem-
ble. Each system was subjected to temperature and pres-
sure coupling by Berendsen’s barostat and thermostat
with a coupling constant at 1.0 and 0.1 ps, respectively.
Electrostatics was calculated using the Particle mesh
Ewald method with cutoff distance of 0.9 nm (Darden,
York, & Pedersen, 1993). Lastly, optimized systems were
used for the final run of 30 ns at 300 K and 1 atmo-
spheric pressure.

2.7. MD trajectories analysis

Most of the structural properties, such as RMSD, root
mean-square fluctuation (RMSF), solvent accessibility
surface area (SASA), secondary structure calculation,
system density, and potential energy, were computed
using the built-in functions of GROMACS. Interface sur-
face area was calculated by the following equation:

Interface Area ¼ SASAEDS1 þ SASAPAD4

� SASACOMPLEX

Apart from these, total number of residues and atoms
interacting at the interface were also computed. All the
computations/molecular dynamic and simulation of the
three systems were performed at high performance com-
puting facility, ASHOKA at our center, IASRI, New
Delhi.

3. Results and discussion

3.1. Protein sequence retrieval and gene identification
of PAD4

EDS1 retrieved from NCBI was having 598 amino acids.
Orthologous PAD4 sequence was found on chromosome
number 7 from 18,535,826 to 18,540,512 with 4687 bp
in grape at Phytozome database. While comparing grape
and Arabidopsis thaliana using tBLASTx (Altschul
et al., 1990), it was observed that 12 of total 40 matches
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found, were having identity more than 50% which shows
significant identity between the two. Differences
observed might be due to various mutations during spe-
ciation and evolution. Upon translation and shuffling of
the coding regions, the final protein was obtained having
628 amino acids which was further modeled.

3.2. Protein sequence and conserved domain analysis

Further analysis of the sequences of EDS1 and PAD4
revealed that both the proteins possessed ‘GXSXG’
nucleophilic elbow. In grape, nucleophilic elbow was
present as follows: GHSWG in EDS1 from 121 to 125
position and GHSMG in PAD4 from 132 to 136 posi-
tion, while in Arabidopsis thaliana corresponding nucle-
ophilic elbow was present as follows: GHSSG in EDS1
from 121 to 125 position and GHSTG in PAD4 from
116 to 120 position. Catalytic triads were also observed
in grape proteins (both EDS1 and PAD4), but no such
catalytic triads were observed in Arabidopsis thaliana
proteins (both EDS1 and PAD4). In Vitis vinifera, EDS1
amino acids forming catalytic triad are serine (Ser-123),
aspartic acid (Asp-183), and asparagine (Asn-206), while
in PAD4 amino acids constituting catalytic triads are ser-
ine (Ser-134), aspartic acid (Asp-196), and histidine
(His-222).

Conserved domains analysis carried by CDD
revealed that both EDS1 and PAD4 proteins have lipase
class 3 family domains. In EDS1, these are present from
135LLDK ... EPLD216 with conserved domain length:
229, bit score: 83.29, and e-value: 4.44e−18, while in
PAD4, these are present from 34NTSAS ... HLL224 with
conserved domain length: 190, bit score: 85.99, and
e-value: 5.72e−19. While comparing, EDS1 and PAD4
protein sequences in grape and Arabidopsis thaliana
showed many common conserved regions (Figures 1 and
2) which also include nucleophilic elbow (GXSXG).

3.3. Model construction and validation

Five models for each of EDS1 and PAD4 proteins were
obtained by I-TASSER. Among these, best model(s) was
selected on the basis of C-score and further validation
was done by SAVES. In SAVES, various parameters
such as Ramachandran plot, maximum angle deviation,
and number of bad contacts were considered. Finally,
selected model of both proteins possessed energy values
−16,353.157 kJ/mol for EDS1 and −12,299.048 kJ/mol
for PAD4 as computed in Swiss PDB Viewer. The
selected models were refined by ModRefiner, and the
energy values reduced to −20,378.508 kJ/mol for EDS1
and −8662.055 kJ/mol for PAD4. This was followed by

Figure 1. Comparison of EDS1 in Arabidopsis thaliana (as a subject) and grape (as a query) with conserved regions shown in red,
SDN as a catalytic triad in blue, and GHSWG as a nucleophilic elbow in green.
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energy minimization. The final three-dimensional models
and Ramachandran plots showed that more than 80%
residues are present in core region supporting models’
quality (Figures 3(a) and (b), 4(a) and (b)).

3.4. Protein–protein interaction and analysis

The modeled structures of EDS1 and PAD4 after
optimization were docked to understand the mode of
interaction between these two proteins using

Figure 2. Comparison of PAD4 in Arabidopsis thaliana (as a subject) and grape (as a query) with conserved regions shown in red,
SDH as a catalytic triad in blue, and GHSMG as a nucleophilic elbow in green.

Figure 3. Three-dimensional protein models: (a) EDS1 (with 40 helices, 2 strands, and 51 turns) and (b) PAD4 (with 41 helices, 12
strands, and 59 turns).

2184 G. Tandon et al.



PatchDock program (http://bioinfo3d.cs.tau.ac.il/Patch
Dock) (Table 1). The top ranking 20 solutions (protein
complexes) were further analyzed to calculate the hydro-
gen bonds, hydrophobic contacts, and non-bonded con-
tacts using Ligplot program. Optimization of the docked
complexes was done by FireDock program (http://bio
info3d.cs.tau.ac.il/FireDock) (Table 2). The scores repre-
senting, predicted binding free energy for the top-ranked
solutions, number of structurally aligned residues appear-
ing within the distance cutoff of 2.25–3.6 Å, and the
number of hot spot residues in the protein–protein inter-
face were analyzed by DiMoVo server. EDS1 and PAD4
complex best in terms of global energy and atomic con-
tact energy of the complex had five hydrogen bonds, 13
hydrophobic contacts, and 286 non-bonded contacts
(Figure 5). The hydrogen bonds and hydrophobic con-
tacts are shown in Ligplot (Figure 6). The residues
present at the interface are Asn315, Glu316, Tyr328, and

Figure 4. Ramachandran plots showing residues in various regions: (a) EDS1 (80.6% amino acids in the allowed region) and (b)
PAD4 (85.4% amino acids in the allowed region).

Table 1. Interactions between EDS1 and PAD4 complexes for
top 20 solutions from PatchDock program.

Solution No. PatchDock score Area ACE

1 21,492 3451.00 497.45
2 19,482 2925.80 156.77
3 18,346 3361.90 −108.67
4 17,790 2575.10 44.18
5 17,424 3077.00 147.38
6 16,792 3446.90 378.51
7 16,774 2436.30 −33.07
8 16,456 2163.20 199.16
9 15,798 2664.70 −134.90
10 15,518 2496.00 −203.33
11 15,448 2498.50 115.36
12 15,364 3759.90 −207.60
13 15,262 2507.20 −375.74
14 14,740 2010.80 183.63

Note: ACE: atomic contact energy.

Table 2. Interactions between EDS1 and PAD4 complexes for top 10 solutions from Firedock program.

Rank Solution No. Global energy Attractive VdW Repulsive VdW ACE

1 7 −18.06 −22.86 25.32 0.01
2 1 −12.79 −32.07 11.62 13.84
3 8 −10.84 −28.37 13.13 10.73
4 10 −3.97 −8.09 0.00 2.26
5 9 2.38 −21.50 8.55 2.73
6 2 5.71 −2.59 1.50 2.33
7 5 8.90 −34.38 15.37 10.41
8 4 12.92 −6.60 3.15 2.64
9 3 15.02 −0.64 0.00 0.75
10 6 1286.79 −58.97 1663.77 22.75

Note: Attractive VdW, repulsive VdW– attractive and repulsive van der Waals energy. ACE: atomic contact energy.
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Asp330 contributed by EDS1 and Ser153, Ser155,
Val571, Glu572, and Asn573 by PAD4. The surface rep-
resentation of EDS1–PAD4 complexes showed good
shape complementarity.

In order to study the protein–protein interaction, the
modeled structures of EDS1 and PAD4 after optimization
were docked to understand the mode of interaction
between these two proteins using Hex 6.3 program also.
The protein complexes obtained were further analyzed to
calculate the hydrogen bonds, hydrophobic contacts, and
non-bonded contacts to converge to the best one com-
plex for further analysis in Discovery Studio 3.5. The
three-dimensional docked complex is shown in Figure 7.
In Discovery Studio 3.5, intermolecular hydrogen bonds
were monitored between EDS1 (receptor) and PAD4
(ligand protein) for the selected docked complex with
distance criterion as 1 Å.

3.5. MD simulation and stability analysis

All the three proteins were put in cubic box solvated
with water (Figure 8).Analysis of the simulated proteins
was carried to check the stability of all the three protein
using GROMACS. Various major parameters were taken

into account and compared with respect to their initial
value and the final value. Final value indicates when the
time was 30 ns. RMSD is a measure of how much the
protein structure changes over the course of the simula-
tion. Changes on the order of 1–3 Angstroms are per-
fectly acceptable for small proteins. Changes much
larger than that, however, indicate that protein may be
misbehaving during the simulation and it is undergoing
large change in conformation (Maiorov & Crippen,
1994). For EDS1, PAD4, and complex, RMSD repre-
sents the deviation of the 3D structure, before starting
the simulation and after the simulations ended at 30 ns.
RMSD for EDS1, PAD4, and complex at 30 ns was
1.21, 0.77, and 0.99 Å, respectively. Among all of them,
only EDS1 showed a more deviation than 1.00 Å, while
rest two had RMSD less than 1.00 Å. Since RMSD
revolves around 1.00 Å, which shows that these proteins
are stable (Maiorov & Crippen, 1994). All the three pro-
teins were found without significant deviation (Figure 9).

Vibrations around the equilibrium are not random,
but depend on local structure flexibility. The RMSF of
each residue is straightforward to calculate over the tra-
jectory. But they can be converted to temperature factors
that are also present for each atom in a PDB file. At
30 ns, RMSF value was computed as 0.50 nm for EDS1,
1.26 nm for PAD4, and 0.36 nm for complex. RMSF
was found to be greater for PAD4 as compared to EDS1
and complex because of more fluctuation shown by
PAD4 atoms with respect to EDS1 and complex.

The potential energy also did not show significant
change in any of the system (Figure 10). At time t = 0,
potential energy for EDS1, PAD4, and complex was
−2,415,244.50, −2,345,033.50, and −2,331,067.00 kJ/
mol, respectively. At 30 ns, the values of EDS1, PAD4
and complex were changed to −2,418,505.00,
−2,349,320.00, and −2,433,306.25 kJ/mol, respectively,
indicating no abrupt change. Change in system densities
was also computed to check the probability density
distributions (Figure 11) showing no significant change.

Further, at 30 ns, SASA was also computed for all
the three systems. In EDS1, total SASA for 30 ns was
found to be 428.352 nm2 (with 225.692 nm2 contributing
as a hydrophobic surface area and 202.659 nm2 as a
hydrophilic surface area). For PAD4, total SASA at
30 ns was found to be 358.091 nm2 (with 191.673 nm2

contributing as a hydrophobic surface area and
166.419 nm2 as a hydrophilic surface area). For com-
plex, total SASA for 30 ns, it was observed to be as
387.504 nm2 (with 208.740 nm2 as hydrophobic surface
area and 178.764 nm2 as a hydrophilic surface area).
Since interface area is equal to complex SASA minus
total of EDS1 SASA and PAD4 SASA, so interface area
was found as 398.939 nm2 for 30 ns, respectively. In
EDS1 and PAD4, 40 residues were participating in
protein–protein interaction. Various physiochemical

Figure 5. Interactions between EDS1 and PAD4 by PatchDock.
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Figure 6. Ligplot for EDS1 and PAD4 interaction.
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properties are shown in Table 3. Since there is no signifi-
cant variation in RMSD, RMSF, and potential energy,
confirming that complex is stable and interaction is
proper.

The result of MD endorses the existence of EDS1:
PAD4 complex indicating operation of SA pathway in
grape also. In angiosperm plants, EDS1 and PAD4 inter-
action is reported in stress response pathway. EDS1 and
PAD4 complex is required for SA accumulation and for
the defense pathway involving ROI-derived signals in
plant cells (Rietz et al., 2011). These pathways further
help in initiating the R genes signaling (Fu & Dong,
2013). Apart from being of important activators of SA,
these intracellular proteins also mediate antagonism
between the jasmonic acid (JA) and ethylene (ET)
defense response pathways (Kunkel & Brooks, 2002).
Pathways involving the hormones JA, JA-related

Figure 7. EDS1 and PAD4 docked complex.

Figure 8. Proteins (EDS1, PAD4, and complex) in the simulated box with water as a solvent (green–blue represents the protein and
red–white appearing represents the water molecules).

Figure 9. Root mean-square deviation at 30 ns.

Figure 10. Potential energies at 30 ns.

2188 G. Tandon et al.



oxygenated lipids, and ETs are principally effective
against necrotrophic pathogens and chewing insects,
whereas those involving SA are effective against bio-
trophs (Falk et al., 1999; Garcia et al, 2010).

Sequence analysis revealed the presence of nucleo-
philic elbow GXSXG and conserved domains which are
characteristics of lipase class 3 family (Wong & Schotz,
2002). This clearly signifies that these proteins have lipo-
lytic functions as lipase class 3 domains are involved in
triglycerides lipase activity (Chapus, Rovery, Sarda, &
Verger, 1988). From the protein–protein interaction
study, it was found that residues of conserved domains
and nucleophilic elbow are involved at interaction sites
as well. This signifies that conserved domains of these
domains participate in metabolic processes.

In Arabidopsis, it has been reported that EDS1 coor-
dinates immune responses by functioning in both the
nucleus and the cytoplasm (Garcia et al., 2010; Rietz

et al., 2011; Venugopal et al., 2009). Similar mechanism
is expected in grape also.

In our study, it has been observed that there are vari-
ous helix–helix, helix–loop, β sheet–helix, and β sheet–
loop interactions including different domains of EDS1
and PAD4 which play significant role in EDS1–PAD4
complex formation. Secondary structure prediction was
performed using STRIDE. In EDS1, 40 helices, 2
strands, and 51 turns were observed, while in PAD4, 41
helices, 12 strands, and 59 turns were observed. EDS1
and PAD4 form an oligomeric complex. In this complex,
there are five hydrogen bonds, 13 hydrophobic contacts,
and 286 non-bonded contacts. This shows that there is
proper interaction of EDS1 and PAD4.

4. Conclusion

EDS1 and PAD4 protein of grape homologous to
Arabidopsis thaliana, which was not reported earlier, has
been successfully generated for the protein–protein inter-
action studies. We report here MD of EDS1:PAD4 com-
plex at 30 ns as an evidence of interaction in SA
pathway of systemic immune resistance in grape which
was hitherto not established. In this study, we dealt with
the structural perspective.

The analysis in our study revealed proper interaction
of EDS1 and PAD4. For all the three systems, parame-
ters computed viz., SASA, RMSD, system density, and
potential energy supports the molecular evidence of their
existence as there is no significant change in the values
of these parameters. The total number of atoms in the
interaction also proves that complex is stable. Thus, from
all the molecular evidences, it can be concluded that
EDS1 and PAD4 protein interact in grape also and oper-
ate SA pathway like other angiosperm plants in response
to biotic stress.

In order to validate these in silico findings, future
studies are warranted for functional genomics approach
where gene-knockout of SA pathway genes can be done.
This finding could be pivotal in selecting the key genes/
related markers of SA pathway, in grape germplasm
improvement program especially against biotic stress in
the endeavor of higher productivity.

Figure 11. System densities at 30 ns.

Table 3. Physiochemical properties of EDS1, PAD4, and complex.

Physiochemical property EDS1 PAD4 Complex

SASA (nm2) 428.352 358.091 387.504
Interface area (nm2) – – 398.939
Hydrogen bonds (at a distance of 1 Å) – – 41
Potential energy −2,422,367.00 −2,349,320.00 −2,433,306.25
RMSD value 1.2092713 0.7687230 0.9985255
Hydrophilic surface area 202.659 166.419 178.764
Hydrophobic surface area 225.692 191.673 208.740
No. of residues 40 40 –
No. of atoms (at a distance of 1 Å) 41 41 –
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