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ABSTRACT

Harpins constitute one of the unique group of elicitor proteins secreted through the type 3 secretion system during plant-pathogen
interactions and induce various responses like the formation of pores in the membrane, hypersensitive response, and systemic acquired
resistance in non-host plants. Harpins from different bacterial sources elicit different responses in plants which may be due to their
structural differences. As of today, the complete mechanisms of action of different harpins are lacking. The present study aimed to
investigate the protein-protein-mediated functional association between members of the aquaporin PIP family from Arabidopsis thaliana
At PIP1;3 and harpin (HrpZp,) from Pseudomonas syringae pv. syringae through an in-silico molecular docking approach using ZDOCK.
We identified a motif (HINPAVTFG) present in AtPIP1;3 as a functional signature sequence. Most of the residues from this signature
sequence showed a positive and close interaction with the HrpZ,, protein. The quality assessment and residues-wise fluctuation of the
selected protein were analyzed with the help of molecular docking. The stability of predicted models of docked complexes (AtPIP1;3,
HrpZ,, and HrpZ,,-AtPIP1;3 complexes) were checked by molecular dynamics simulations using WEBGRO. The RMSD values of AtPIP1;3,
HrpZp, and HrpZ, -AtPIP1;3 complexes were calculated at 50 ns. The stable conformation of the AtPIP1;3 and HrpZ,, were observed
at 14.1 and 13.2 ns, respectively, while the stability of the HrpZ,-AtPIP1;3 complex was achieved at 20 ns. The present in-silico analysis
demonstrates a positive interaction between harpin (HrpZ,,,) and aquaporin (AtPIP1;3) which would help in understanding the harpin-
induced signaling responses in non-host plants.
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Highlights

«  Structure prediction and analysis of harpin effector protein from Pseudomonas and Arabidopsis aquaporin protein using in-silico tools.

+  The protein-protein interaction between the harpin effector protein and aquaporin receptor was detected using the ZDOCK docking
server and prediction of interacting residues and binding hot spots.

.+ Stability of predicted models of docked complexes (AtPIP1;3, HrpZ,,, and HrpZ, -AtPIP1;3 complexes) was checked by molecular
dynamics simulations using the WEBGRO tool.

«  Weidentified a motif (HINPAVTFG) present in AtPIP1;3 as a functional signature sequence that directly participates in the protein-
protein interaction with the harpin effector protein.
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INTRODUCTION

Harpins are a unique group effector protein produced by
several gram-negative plant-pathogenic bacteria that are
transported directly into the host cytoplasm during plant-
pathogen interactions (Wei et al., 1992; He et al., 1993; Choi
et al, 2013). Harpins are a part of the type Il secretion system
(T3SS) secretome, which plays crucial roles in host-pathogen
interactions by stimulating or interfering with host cellular
processes (Galan and Collmer 1999). Its unique physicochemical
properties, such as being a heat-stable, glycine-rich protein
with very few or no cysteine make them distinctive from other
proteins (Wang and Zhang 2007). It induces the efflux of cations,
resulting in extracellular media alkalization and the influx of
calcium across the plasma membrane of cells, which is essential
for the initiation of defense mechanisms in non-host plants.
Harpins have been reported from different phytopathogenic
bacterial sources, namely HrpN and HrpW from Erwinia amylovora;
PopA1 and PopW from Ralstonia solanacearum; HrpZ1 and its
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2012; Madhurietal., 2012; Dey et al., 2014; Fu et al,, 2014; Nadendla
etal, 2018; Yang et al., 2022). Harpins are called multifunctional
proteins and have been broadly classified into four groups based
on their sequence similarity and their domain organization (Choi
etal, 2013). Although harpins have diverse functions, they elicit
these effects on plants remains to be determined. Therefore,

orthologs from Pseudomonas syringae; Hpal and its orthologs
from Xanthomonas species (He etal,, 1993; Lietal., 2011; Choietal,
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further detailed studies are required to have a clear understanding
of the mechanism of action of the harpins in the plant’s system.
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Harpins act like an immunity booster that may activate disease
resistance signaling (Bauer et al., 1995; Gaudriault et al., 1998).
Both the exogenous application of purified harpins by spraying
on plants or transgenic expression of harpins are known to
activate various beneficial responses in plants such as increased
photosynthesis and plant growth promotion, induction of
systemic acquired resistance (SAR), and defense responses
against a wide variety of pathogens like bacteria, viruses, fungi,
and insects. The foliar application of harpin (PopW) induced
resistance in tobacco plants against the Tobacco mosaic virus
(TMV) (Arlat et al., 1994). Transgenic expression of harpins such
as HrpZp led to the development of male sterile plants (Li et al.,
2010) and disease-resistant plants in tobacco (Noel et al., 2002).
Similarly, plants expressing Hpaly,, from Xanthomonas oryzae pv.
oryzae (Xoo) developed disease resistance against both bacterial
and fungal pathogens (Kim et al., 2003) and insects (Kim et al.,
2004). Therefore, harpins act as multifunctional proteins, playing
diverse roles such as modulating photosynthesis, plant growth
promotion, increasing crop yield etc. besides playing a role in
plant-pathogen interactions (Choi et al., 2013).

Previously, it was reported that Harpin (Hpal) from Xoo,
a causal pathogen of bacterial blight in rice, interacts with
the aquaporin protein (AtPIP1;4) of Arabidopsis and leads to
enhanced photosynthesis rates as well as substrate transport
(Li et al., 2015). A study on rice demonstrated that Hpal from
the T3 translocator of Xoo has helped in the delivery of effector
proteins from bacterial cells into the plant cells’ cytosol, by
making interaction with plasma membrane-bound aquaporin
(OsPIP1;3) protein from rice (Li et al., 2019). Further in-silico study
of the protein-protein interactions uncovered the interfaces of
the Hpa1 protein and an aquaporin from a rice plant (OsPIP1;3)
(Patolia et al., 2023).

Harpin (HrpZ,,.) protein, identified from Pseudomonas
syringae pv. syringaeis encoded by the hrpZ gene and belongs to
the second group (HrpZ1 group) of harpin categorization (Choi et
al.,, 2013). Itis an extracellular protein of ~34.7 kDa, which induces
HR upon infiltration of harpin protein into the dorsal surface of
non-host plants such as tobacco (Li etal., 2011). Previous reports
have shown that the HrpZ, protein forms ion-conducting
poresin plant cell membranes, indicating that it would function
on the plasma membrane of plants. (Lee et al., 2001). Multiple
reports have been published illustrating the multifunctional
roles of harpins, but there is very limited information on the
investigation of harpin-receptor interactions, so an approach
has been made to investigate the protein-protein interactions
to unravel the host-pathogen interactions.

Interaction of harpin with transmembrane protein leads to
playing various roles in crosstalk between plant and pathogen.
A major gap in these interaction studies is plant sensing linked
to various cellular responses and sensors of plants for Harpin like
HrpZp,,. This gap might be overcome by in-silico bioinformatics-
based approaches by utilizing various computational tools.
Based on the literature survey, there are very limited reports
available on the interaction study between different groups
of harpins and aquaporins. In the present study, we intend
to find which residues of HrpZ, from Pseudomonas syringae
pathogen functionally interact with the residues of AtPIP1;3
proteins. We used a computational approach to find out the
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interacting residues using KFC Server which are involved in
HrpZp-AtPIP1;3 interaction, ZDOCK server 3.0.2 used to dock
the HrpZ,,, and AtPIP1;3 proteins (Pierce et al., 2011; Zhu et al.,
2011). Our results suggest that this interaction will be helpful
in the future to understand the crosstalk between plants and
pathogens and the various responses of plant cells against the
pathogen effector molecules.

MATERIALS AND METHODS

Structural Prediction and Analysis of P. syringae pv.
syringae Harpin (HrpZp,,) Protein and Arabidopsis
thaliana PIPs (AtPIP1;1, AtPIP1;2, AtPIP1;3, AtPIP1;4
and AtPIP1;5)

The amino acid sequences of HrpZ,,, (NCBI gene back ID:
AAA25839.1) and AtPIP1;1 (TAIR ID: AT3G61430), AtPIP1;2 (TAIR
ID: AT2G45960), AtPIP1;3 (TAIRID: AT1G01620), AtPIP1;4 (TAIRID:
AT4G00430) and AtPIP1;5 (TAIR ID: AT4G23400) were retrieved
from the NCBI and TAIR databases respectively for further
studies. To predict the 3D structure of the proteins, the amino
acid sequences of all the proteins were submitted to the LOMETS
server (Zheng et al., 2022). Finally, the predicted 3D models were
refined by using the ModRefiner server. The structural analysis
of the predicted proteins was done using ERRAT, VERIFY 3D,
and PROCHECK tools (Bowie et al., 1991; Colovos et al., 1993;
Laskowski et al., 1996; Benkert et al., 2011). Quality assessment
was done based on structural verifications. The ProtParam tool of
the Expasy server was used for the calculation of the physical and
chemical properties of selected proteins. Solvent accessibility of
the proteins was calculated using the RePROF predictor of the
PredictProtein server.

Protein-Protein Interaction Studies Between Harpin
(HrpZ,,) and AtPIP1;3

In order to investigate the protein-protein docking affinity and
complex formation, a molecular docking study was performed
on the widely used ZDOCK webserver. In the ZDOCK web
server, docking was performed by submitting the entire amino
acid sequences of both proteins, HrpZ,, as well as AtPIP1;3.
Docking was performed by rigid-based docking between
selected proteins with novel pair-wise statistical energy
potential. Knowledge-based FADE and Contacts server (KFC)
was used to investigate the interacting residues and binding
hot spots prediction within protein-protein interaction using
binding contacts. The PDB complex structure of HrpZ,,-
AtPIP1;3 was submitted to the KFC webserver (Zhu et al., 2011).
The interacting residues within the complex model (HrpZ,,-
AtPIP1;3) were visualized by BIOVIA Discovery Studio 2021.
The interacting residues of Arabidopsis PIP1;3 (AtPIP1;3) were
compared with the functional signature identified through
the PROSITE-Expasy server. The HawkDock Server was used
to calculate the binding free energy of the protein-protein
complex (Weng et al., 2019). The Molecular Mechanics/
Generalized Born Surface Area (MM/GBSA) method is applied
to predict the binding free energy of a docked complex. MM/
GBSA is afast and effective method to calculate the desolvation
potentials based on solvent-accessible surfaces.
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Molecular Dynamics Simulation of Harpin (HrpZp,,),
AtPIP1;3 and Harpin-AtPIP1;3 Complexes

Molecular Dynamics Simulation (MDS) for each protein structure
and protein-protein complexes were carried out using the
WEBGRO Macromolecular Simulations server where MDS
of (HrpZp,,, AtPIP1;3 and Harpin-AtPIP1;3 Complexes) were
prepared at 50-nsin MD equilibration and run parameters. All the
MD simulations were done using a protein in water simulation
in the WEBGRO Macromolecular Simulations server. All the MD
simulation systems were solvated using a forcefield GROMOS96
43a1 and SPC water model in a triclinic box. For neutralizing the
system and providing the physiological conditions for simulation,
salt-type NaClions were added as a solvent. The configurational
space and the number of local minima were high, so energy
minimization is required to eliminate the poor connection
and steric conflicts, particularly simulations were subjected by
approaching the steepest descent route and setting energy
minima to 5000 steps. Furthermore, systematic moves down
the equilibration and MD were done by equilibration type NVT/
NPT, and the entire equilibration was done at a simulation time
of 50 ns with position restraint. WEBGRO server was used for
simulation tools for the MD study. Further root mean square
deviation (RMSD) and fluctuations during the entire process
were analyzed based on obtained values of root mean square
fluctuation (RMSF) besides computing the Radius of Gyration
(Rg) and hydrogen bonds (H-bonds).

ResuLts AND DiscussioNns

Analysis of Predicted Protein Structure

The three-dimensional (3D) structures of both proteins were
predicted by the LOMETS server. Fig. 1 shows the 3D models
of HrpZpss and AtPIP1;3 predicted in this study. The already
available alpha fold structure ID of harpin (HrpZp,,) protein of
the Pseudomonas syringae pv. syringae is AF-P35674-F1 whereas
the available alpha fold structure ID of aquaporin (AtPIP1;3) of
the A. thaliana is AF-P61837-F1.

The determination of physicochemical properties of both
the proteins “harpin (HrpZp,) and aquaporin (AtPIP1;3) were
done by comparative analysis of the amino acid profile of both
the proteins and is shown in Fig. 2. The comparative study
revealed that the major part, approximately 47% of the harpin
protein is made up of amino acid residues such as alanine,
glycine, leucine and serine, whereas there is complete lack of
some amino acid residues or presence of very few residues
such as cystine, tyrosine, histidine and tryptophan. In the case
of aquaporin, the major part, approximately 44% of the protein
is formed of alanine, glycine, valine, leucine, and isoleucine
amino acids.

The model assessments of the predicted structures were
done by using the QMEAN 4.3.1 of the SWISS-MODEL server.
The QMEAN 4.3.1 server was used to estimate the global quality
and local quality estimations. The quality of the predicted model
based on the QMEAN score is shown in Fig.3. The local quality
estimate is shown in Fig. 3 (@ and d) where the x-axis shows the
residue number, while the y-axis reflects the expected similarity
to the native structure. Fig. 3 (b and e) shows the quality of the
structural models of HrpZ,,, and AtPIP1;3 respectively. Fig. 3
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Fig. 1: Three-Dimentional structural models of the HrpZ and AtPIP1;3
predicted through LOMETS server. (a) Predcited 3D models of HrpZ,,
protein having major part of the protien forming alpha helix. (b)
Predicted 3D models of AtPIP1;3.
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Fig. 2: Plot of physicochemical properties of both the proteins “harpin

(HrpZ,) and aquaporin (AtPIP1;3)". Comparative analysis of the amino

acid profile of both the proteins were shown and indicated with different
color (blue = aquaporin (AtPIP1;3) and orange = harpin (HrpZp,)).
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Fig. 3: Validation of the in silico predicted model of HrpZ,, and AtPIP1;3
by QMIEAN webserver.The estimation of Z-scores, an indication of HrpZp,,
model quality as a global score against a set of PDB structures based on
QMEAN scoring function. a) Structural verification by QMEAN resulted
-3.70 QMEAN score (red star) for the predicted harpin model (HrpZ,).
b) Harpin Global Quality Score (HrpZ,,,) represented in gray and black
points (c) Comparison of Harpin (HrpZ,,) with a non-redundant set of
high-resolution experimental structures. d) Estimation of the AtPIP1;3
model quality based QMEAN score as a global score (Z-score). e) Global
quality factor for AtPIP1;3 proteins with QVIEAN score (-4.14) (d) (red star)
(f) for prediction model of AtPIP1;3 and AtPIP1;3 comparison set of PDB
structures (gray and black points).

(c and f) shows the plot derived from the normalized QMEAN
score (y-axis) against the scores (x-axis) obtained from the non-
redundant set of high-resolution PDB structures.
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Energy Minimization and Validation

The SAVES server was used for the evaluation of the
stereochemical quality of the structures of HrpZ,,, and AtPIP1;3
and further evaluated and validated based on the analysis of the
Ramachandran plots with the aid of W/¢ angles. After analysis
of the Ramachandran plot for both the 3D models HrpZ,, and
AtPIP1;3 showed that 92.2 % and 87.6 % residues resided in the
allowed regions, respectively. While the 1.1 % residues in HrpZp,
were present in disallowed regions as well as 0.9 % residues of
AtPIP1;3 was present in the disallowed regions where it signified
the reliability of the predicted models. Ramachandran plot
details for both proteins are provided in Fig. 4.

Protein-Protein Docking

The classical method of studying protein-protein interaction
necessitates the availability of existing three-dimensional
structures of proteins under study. Protein-protein docking
is the primary condition to study an enzymatic reaction or
protein molecular affinity. The protein-protein interaction study
was done using the ZDOCK server and a functional signature
sequence (HINPAVTFG) of the AtPIP1;3 was identified through the
PROSITE Expasy-server which was involved in the interaction. In
this study, we found the interacting residues of Arabidopsis PIP1;3
(AtPIP1;3) as Ser*®, Ser”, Trp*8, Trp°', Arg°?, Gly>*, lle>, Ala®%, Phe®8,
lle®®, Phe®?, Leu®?, Leu® Tyr®, Leu’®, Met’3, Pro'", Thr''8, Phe'™®,
G|y1ZOI PhelZZI LeU123, Leu129’ AlaBZ, Leu133l Tyr134, Tyr135, ”e136l Va|137,
Met138l G|n139, Cys14OI Leu141, G|y14ZI A|a143l ”e144l Cys145, G|y146,
A|a147l GlyMB, Va|149, VaI'ISO, G|y152, Phe153l PI'0236, A|3237, ArgBB,
Ser239, Leu24°, G|y241, A|a242, "e244l Trp252, Hi5255, Trp256, Phe258,
Trp?°, Val??, Phe2%3, 11?4, Ala?®” involved in interaction with
residues of harpin (HrpZ,,) protein of the pathogen Pseudomonas
syringae pv. syringae (Fig. 5, 6) and residues were Met', GIn?, Ser?,
Leu?, Ser®, Leu®, Asn’, Ser8, Ser®, Ser'®, Leu', GIn'%, Thr'3, Pro'4,
Ala®, Met'S, Val*!, Ala**, GIu*, GIu*®, Leu?, Met*®, Arg*, Asn>?,
Gly*!, GIn>2, Leu, Asp®*, Asp®, Ala’3, Gly’*, Gly”, Gly’S, lle”’,
Phe'>, GIu™?, Asp'®, Asp'!, Met'®2, Pro'3, Met'4, Asn'#6, Lys'47.
The interacting residues of A. thaliana PIP1;3 were analyzed
and it was found that the HINPAVTFG motif is participating in
the interaction and a major part of the signature sequence of
AtPIP1;3 showed an interaction with the HrpZ, protein residues
(Table 1 and 2). The HawkDock Server was used for determining
the binding free energy of the protein-protein complex. The
Molecular Mechanics/Generalized Born Surface Area (MM/GBSA)
method is a fast and effective method to calculate the binding
free energy. The free energy decomposition analysis using the
MM/GBSA method yielded the final estimated binding free
energy of the protein-protein complex which is-80.79 (kcal/mol).

Simulation of AtPIP1;3 and Harpin (HrpZ,,,); and
AtPIP1;3-Harpin Complex Using Molecular Dynamics

The MD simulations of the AtPIP1;3, HrpZ,,,, and HrpZp,.-
AtPIP1;3 complexes were carried out to detect the stability and
conformational changes at 50 ns using WEBGRO Macromolecular
Simulations server. To decipher the molecular interaction of the
HrpZ,-AtPIP1;3 complex, the MD simulation of the post-docking
complex has been evaluated. The values of RMSD, RMSF and
H-bonds of the complexes were compared with values of same
for HrpZ,,, AtPIP1;3 and HrpZ,in complexes with AtPIP1;3.
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Fig. 4: Ramachandran plots of AtPIP1;3 (a) and HrpZ, (b) proteins.
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Fig. 5: The major residues (Pro''®, Thr''8, Phe'"® and Gly'?) from the

functional signature sequences (His''2 lle''3, Asn'™, Pro'">, Ala''¢, val'?,

Thr''8,Phe'"®, and Gly'?°) of A. thaliana aquaporin (AtPIP1;3) involved in
the protein-protein interaction with harpin (HrpZp,,) protein.

Fig. 6: Structural overviews of AtPIP1;3-Harpin (HrpZ,,,) interacting
complex using KFC server. The interacting residues were predicted
through the Knowledge-based FADE and Contacts (KFC) server in
AtPIP1;3-HrpZ,,, complex by recognizing structural features indicative of
important binding contacts. The interacting regions of both the protein
were highlighted in red color at the center in AtPIP1;3-HrpZ,,, complex.

Stability Analysis of AtPIP1;3, Harpin (HrpZ,,), and
AtPIP1;3-Harpin (HrpZ,,,) Docked Complexes

The stability of HrpZp,,and AtPIP1;3 proteins in the individual form
and in complex form of HrpZ,-AtPIP1;3 was evaluated followed
by analysis and calculation of the RMSD values for the C backbone
of simulations performed at 50 ns. In the simulation process, we
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Table 1: Analysis of interacting residues and binding hot spots of AtPIP1;3 using KFC webserver

Protein model  Residues involved in interaction

AtPIP1;3 Ser*s, Ser¥, Trp®®, Trp®!, Arg>?, Gly>*, 1le®, Ala®5, Phe8, lle*®, Phe®?, Leu®3, Leu®® TyrS®, Leu’®, Met’3, Pro''>, Thr''8, Phe''?,
G|y120 Phe122 Leu'|23 Leu129 A|a132 Leu'|33 Tyr'|34 Tyr'|35 ”e'|36 Va|137 Met'|38 G|n139 Cys'|40 Leu14'| G|y142 A|a143 ”e144 Cys145
G|y146 Alal47 G|y148 Va|149 VaI'ISO G|y152 Phe153 Pr0236 A|a237 Argz33 Ser239 Leu240 G|y241 A|a242 IIeZ44 Trp252 Hi5255 Trp256
PheZSS Trp259 Va|260 Phe263 ”e264 A|a267

Table 2: Analysis of interacting residues and binding hot spots of HrpZp,, using KFC webserver.
Protein model  Residues involved in interaction
HrpZp,, Met', GIn? Ser®, Leu?, Ser’, Leu®, Asn’, Ser®, Ser®, Ser'?, Leu'", GIn'2, Thr'3, Pro’, Ala'®, Met'®, Val*!, Ala**, Glu®®, Glu“, Leu®’,

Met*, Arg*, Asn®C, Gly®', GIn>2, Leu®3, Asp>4, Asp®>, Ala”3, Gly”4, Gly”>, Gly’S, lle””, Phe', Glu'?, Asp'*, Asp'*!, Met'#?, Pro’43

Met144 Asn146 Lys147

tried to derive the RMSD values over the whole duration of the
simulation in order to detect any structural variance between
the initial conformation of the protein to any changes in protein
conformation over time. RMSD values are an indication of stability
of the simulation process with a low RMSD value suggesting a
more stable simulation. Values of RMSD versus time curve are
shown in Fig. 7 for the AtPIP1;3, HrpZp,, and HrpZ,-AtPIP1;3
complexes by plotting time (ns) in the x-axis vs RMSD values (nm)
in the y-axis. RMSD values were 0.63,0.64, and 1.07 nm for AtPIP1;3,
HrpZp,and HrpZ,-AtPIP1;3 respectively. As per the RMSD analysis
of the Cbackbone, the HrpZ,-AtPIP1;3 complex displayed higher
flexibility as compared to aquaporin (AtPIP1;3) protein and harpin
(HrpZ,,) protein. The flexibility of aquaporin (AtPIP1;3) and harpin
(HrpZ,,) proteins were observed to be almost similar.

Residue-wise Fluctuation Analysis of AtPIP1;3, Harpin
(HrpZy,,), and AtPIP1;3-Harpin Complexes

During the entire 50 ns MD simulation, the RMSF plot was
generated to analyze the residue-wise fluctuations during the
simulation process (Fig. 8, 9). The calculation of the RMSF values
of AtPIP1;3 was done at 50 ns and compared with RMSF values
of the complex of AtPIP1;3-HrpZ,, and led to the identification
of the flexible residues in presence and absence of HrpZ,,
interaction. Remarkably, the residue from 104-108 (Cys'®*, Thr!®,
Ala', Gly'”, and 11e'%®), 151-159 (Lys'™', Gly'>?, Phe'>3, GIn'4,
Pro™>, Asn'®S, Pro', Tyr'>8 and GIn'), and 207-210 (Val*", Pro?%,
Leu?® and lle?'%) showed fluctuations in AtPIP1;3 unbounded
form. Whereas the residues from 124-129 (Ala'**, Arg'?*, Leu'?,
Lys'?,Ser'?8, and Leu'?®) and 168-175 (Val'®8, Ala'®, His'”%, Gly'",
Tyr'72, Thr'”3, Lys'”#, and Gly'”®) showed fluctuations in AtPIP1;3-
HrpZp,, complex forms. The fluctuated residues in Fig. 8,9
are marked with rectangular boxes. Similarly, the flexibility of
HrpZ,,, was identified individually as well as when present in
the complex with AtPIP1;3 (Fig. 9, region marked as rectangular).
The average RMSF values were 0.27 and 0.28 nm for the alone
AtPIP1;3, and for AtPIP1;3-HrpZ,,, complex, respectively.
However, in the case of HrpZ,, the average RMSF values of alone
and in complex with AtPIP1;3 were 0.36 and 0.30, respectively.
The residue-wise fluctuations in AtPIP1;3 were almost similar in
both individual and complex (AtPIP1;3-HrpZp,,) forms. Unlike
AtPIP1;3, HrpZ,,, showed higher values of RMSF fluctuations
when present in the complex with AtPIP1;3, compared to HrpZ,,,
alone. The following figures of RMSF revealed that the AtPIP1;3
exhibited a similar pattern of residue-wide fluctuations in both
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Time (ns)

Fig. 7: Molecular dynamics simulation of AtPIP1;3, Harpin (HrpZp,,)

proteins and AtPIP1;3-Harpin (HrpZp) bound complexes, computed

on residue-wise RMSD deviations (hnm). RMSD deviation plot of AtPIP1;3
and Harpin (HrpZ,,,) Ca backbone atoms.

—AtPIP1;3
L6 AtPIP1;3-HrpZ Pss Complex

(nm)
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Fig. 8: Molecular Dynamics Simulations graph of individual AtPIP1;3

protein and in AtPIP1;3-HrpZ,,, complexes. RMSF deviation (nm) plot

of AtPIP1;3 (blue color). RMSF deviation (nm) plot of AtPIP1;3-HrpZ,,,
complexes (brown color).

forms, while the HrpZ,,, showed more fluctuations in AtPIP1;3
bounded forms. Remarkably, the residue from 264 to 283 (Ala264
Gly?5, Gly?6, GIy?®7, Leu®®, Gly?®°, Thr”®, Pro?’", Val?’2, Asn?’
Thr¥4, Pro?>, GIn%’5, Thr¥”7, Gly278, Thr279, Ser?®, Ala?®T, Asn?®?
and Gly®3) and 271 to 283 (Pro?!, Val?’?, Asn?’3, Thr?’%, Pro?’®,
GIn?’®, Thr?”?, Gly278, Thr279, Ser?®, Ala®®', Asn?®2 and Gly?®) in
HrpZ,,, alone and bounded forms exhibited fluctuations with
higher RMSF values (Fig. 9, region marked as rectangular).
HrpZ,,, secreted by Psuedomonas syringae pv. syringae is well
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Fig. 9: Molecular Dynamics Simulations of individual HrpZ,,, protein
and docked complex of AtPIP1;3-HrpZ,,,. RMSF deviation (nm) plot
of HrpZp,, (blue color). RMSF deviation (nm) plot of AtPIP1;3-HrpZ,,,
complexes (brown color).

known for the induction of defense signaling in non-host plants.
AtPIP1;3 is a member of the plasma membrane intrinsic protein
subfamily of A. thaliana PIP1. Itis reported that harpin interacts
with aquaporin proteins present on the membrane of Arabidopsis
plants and initiates downstream harpin responses (Li et al., 2015).
To understand the exact mechanism of hairpin-aquaporin
interaction, itisimportant to have an in-depth understanding of
the type of molecular interaction ensuing between the interface
of effector and receptor molecules. There are no experimentally
determined crystal molecular structures available for any of the
two proteins (AtPIP1;3 and HrpZ,,). Hence in this study, we used
computational methods and algorithms to develop models for
both the proteins and further to understand their molecular
interactions. We investigated the protein-protein interaction of
all five AtPIPs (AtPIP1;1, AtPIP1;2, AtPIP1;3, AtPIP1;4 and AtPIP1;5)
with HrpZ, protein. Out of the five AtPIPs, we found a functional
signature sequence motif (His''?, lle''®, Asn''%, Pro'", Ala''S,
Val'V, Thr''8, Phe''®, and Gly'?) present only in AtPIP1;3 protein.
Out of the nine residues of the functional signature sequence
of AtPIP1;3, the major four residues (Pro'", Thr''®, Phe'’®, and
Gly'% were involved in the protein-protein interaction with
HrpZ,, protein. Whereas the interacted residues of Arabidopsis
aquaporin (AtPIP1;3) such as Ser*S, Ser”, Trp*®, Trp°', Arg®?, Gly**,
lle>®, Ala>®, Phe®8, Ile*®, Phe®, Leu®, Leu® Tyr®®, Leu’®, Met’3,
Pro'’s, Thr''8, Phe'', Gly'2%, Phe'22, Leu'?, Leu'?, Ala'32, Leu's3,
Tyr134, Tyr135, 1e”36, Val'¥, Met'38, GIn'3, Cys”o, Leu™ GIyMZ,
A|a143, ”e'|44’ Cys'|45’ G|y146, A|a147’ G|y148’ Va|'|49’ Va|150’ G|y152’ Phe153,
Pro?6, Ala?3”, Arg?®, Ser?®®, Leu?®, Gly?#1, Ala??2, lle?*, Trp?%2,
His?>®, Trp?®¢, Phe?®8, Trp?>°, Val?®?, Phe?®3, 1e2%4, Ala®®’ residues
involved (enlisted in Table 1) in interaction with residues of
harpin (HrpZp,,) protein of the pathogen Pseudomonas syringae
pv. syringae and residues were Met', GIn?, Ser®, Leu?, Ser®, Leu®,
Asn’, Ser®, Ser?, Ser', Leu'", GIn'?, Thr'3, Pro', Ala'®, Met'®, Val,
Ala**, Glu®, Glu®S, Leu®, Met*®, Arg®, Asn®C, Gly®', GIn*?, Leu®?,
Asp®*, Asp>, Ala’3, Gly’*, Gly’, Gly’®, lle”’, Phe'?’, GIu™®, Asp'®?,
Asp', Met'*?, Pro'3, Met'*4, Asn'*, Lys'¥, (enlisted in Table 2).
Therefore, further in-silico studies were done with AtPIP1;3
and HrpZ,,,. The results of the docking studies to predict an
interaction between AtPIP1;3 and HrpZ, by the in-silico tools
with high accuracy suggest that this approach is quite helpful
in studying the protein-protein interaction.
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Previous reports highlighted the in-silico as well as in-vivo
interaction of harpins from different microorganisms but there
are no reports that showed the interacting residues of AtPIP1;3
protein with the residues of Harpin (HrpZp,,) from Pseudomonas
syringae pv. syringae which belongs to the second group (HrpZ1
group) of harpin categorization (Choi et al., 2013). This study
found a motif that participates in the interaction and is a major
part of the signature sequence of PIP1;3 protein from Arabidopsis
plant. Docking studies revealed that the residues of the signature
sequence of AtPIP1;3 were also involved in this protein-protein
interaction (AtPIP1;3-HrpZ,,).

In the current study, the structural and functional
relationships of AtPIP1;3 were analyzed using computational
approaches including protein modeling, protein-protein
molecular docking as well as molecular dynamics simulation
studies. Structural models of both HrpZ,,.and AtPIP1;3 proteins
were predicted using the LOMETS server and validated using
ZDOCK docking and KFC webserver which revealed the
amino acid residues involved in the molecular interaction at
the interface of these two proteins. Subsequently, Molecular
Dynamics simulations of HrpZp,,, AtPIP1;3, and HrpZ,-AtPIP1;3
complex were also performed to check the stability of protein
as an individual and in the complex form.

Previous in-vitro and in-vivo studies reported that Hpat
interacts with PIP1;4 (AtPIP1;3) protein of A. thaliana and Hpa
also showed the interaction with OsPIP1;3 protein of rice. Some
in vivo studies also reported that Hpa1 interaction with the
plant aquaporins leads to the activation of multiple hormones-
associated pathways and the induction of various defenses-
related signaling genes (Ji et al., 2020). While the complete
mechanisms of action of harpins is yet to be revealed.

CoNcLUSION

Based on the current in silico study, we report that a total of
43 amino acid residues of the HrpZ,, effector protein from
Pseudomonas syringae pv. syringae are involved in the molecular
interaction with the 61 amino acid residues of AtPIP1;3
receptor protein present on the plasma membrane of the A.
thaliana plant. We demonstrate the importance of 61 amino
acids of the AtPIP1;3 protein which includes the 9 amino acids
functional signature sequence of aquaporin protein which
directly participates in the protein-protein interaction with
harpin effector protein (HrpZ,,,). Apart from improving our
present understanding of the crosstalk between HrpZ, and
AtPIP1;3, a pathogen and host protein, respectively, it is also a
demonstration of vigorous use of bioinformatics tools to detect
and predict the protein-protein interaction through in-silico
studies when the information about the crystal structure of the
interacting proteins are lacking.
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