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ABSTRACT

The first layer of defence mechanism in plant known as pattern-triggered immunity (PTI) begins with the
sense of pathogen-associated molecular patterns (PAMPS) by pattern-recognition receptors (PRRs). During the event
PRRs bind with PAMPs and recruit co-receptor protein to activate the defence signal. To understand the mechanism
properly, modeling of 3D structure of PAMPs and analysis of its structure is of huge importance. Although several
plant PRRs have been discovered, but very few PAMPs have been discovered and characterized. This study describes
the computational 3D modeling approach of a PAMP protein, RaxX21 and its important atomic characteristics. 3D
structure shows that RaxX21 is mainly composed of coil structure. Also 500 ns MD simulation study reveals that
sulfation at its tyrosine region which is done by the bacteria itself before secretion, remarkably improves the stability
of RaxX21 which may contribute significantly in case of PTI.
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1. INTRODUCTION

Plant confers two layer of defence mechanism to protect itself from fungi, bacteria and other pathogens and
microorganisms. The first layer of defense mechanism is referred as Pattern triggered immunity (PTI). Pattern
recognition receptors (PRRs) which are cell surface localized receptors recognize conserved molecular signatures in
this case and the immunity achieved. These molecular signatures are known as pathogen-associated molecular
patterns (PAMPSs) or microbial-associated molecular patterns (MAMPs) or damage-associated molecular patterns
(DAMPs) secreted by microorganisms like bacteria, fungi etc.

Following the PT1 mechanism, PRR Xa21 activates the defence mechanism in rice plant by recognizing its
PAMP RaxX21. The early events governing RaxX21 activation can be shortly elucidated as the association of
bacterial PAMP RaxX21 with rice RaxX21 and then, association of co-receptor OsSerk2 with this complex.

Xanthomonas oryzae pv. oryzae (Xoo) bacteria which is responsible for most destructive bacterial disease of
rice secrets RaxX21 through its type 1 secretion system. But before the secretion, this RaxX21 become sulfated with
the help of rax genes raxP and raxQ. These encode an ATP sulfurylase and an adenosine 5’- phosphor sulfate (APS)
kinase and function in concert to produce 3’-phosphoadenosine 5’-phosphosulfate (PAPS), the universal sulfuryl
group donor. This sulfation takes place at the 7" amino acid tyrosine of RaxX21 and is known as sulfotyrosine
(YSU). As an important part of plant defense mechanism, study of PAMPs is of huge importance. Although most of
the PRRs are identified and illustrated clearly but PAMPs for specific PRRs are still unknown. Also most of their
mechanism of interaction is yet to be discovered. This is the study of modeling and analyzing PAMP RaxX21 3D
structure as a first step of understanding PTI mechanism mediated by PRR Xa21 in rice plant.

2. MATERIALS AND METHODS

Sequence based analysis: As a newly discovered peptide, the Amino acid (AA) sequence of the target RaxX21 is
not available yet either in NCBI or Uniprot KB. The sequence of RaxX21 was therefore retrieved from the findings
of Pruitt, to have an initial idea about the physio-chemical properties and secondary structure RaxX21, primary
structure was used to analyze for predicting physio-chemical properties using ProtParam tool and the secondary
structure was predicted using PSIPRED (V3.3) and SOPMA. To investigate the domain architecture, InterPro and
SMART were used. Also phylogeny of RaxX21 was analyzed after doing NCBI Protein Blast. Four templates were
selected according to the lowest e-value and a phylogenetic tree was constructed using Clustal Omega. Also multiple
sequence alignment of RaxX21 with its four selected templates was done using PRALINE tool to find out the
conserved region of the protein. Again multiple sequence alignment was done with other related PAMPs flg22 and
elf-18 by PRALINE tool to see the sequence similarity and conserved regions among them.

Modeling of RaxX21: NCBI blastp and HHpred analysis of RaxX21 protein AA sequence was carried out against
Protein Data Bank (PDB) using default parameter values to search for the suitable template for RaxX21 single
template modeling. All these tools suggested no suitable template for modeling of RaxX21. Then different automated
online modeling approach was carried out using modeler (in linked with HHpred server), CPH model 3.2, Geno3D,
Sparks-X, Swiss-Model, Phyre2 intensive modeling, Raptor-X, Quark and AIDA. Then the sulfation in tyrosine
region was done using Molden tool.
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Structural validation: To evaluate the structural and geometrical consistency and reliability of the modeled proteins,
several approaches were adopted. ERRAT was used to study the non-bonded interactions between different atoms
types while, Verify-3D was subjected to assess the compatibility of the atomic models with its own AA sequence.
To study the geometrical consistency of the modeled proteins, Ramachandran plot generated from RAMPAGE were
assessed.

Molecular dynamic simulation of RaxX21: To refine and obtain the stable structure of RaxX21 protein, the protein
modeled by Quark was subjected to molecular dynamic (MD) simulation with GROMACS software suite. Here both
the normal and sulfated peptide was taken for MD simulation. The Gromacs 96 54a7 united force field was used to
run the simulations. As YSU is a new residue, the YSU was introduced to the force field. Before running the
simulation, the systems were solvated, neutralized, energy minimized and equilibrated. In case of solvation, the
proteins were taken into a cubic box with a minimum distance 1A between the protein surfaces and edges. Then the
boxes with the proteins inside were solvated with simple point charge (SPC) water model. The systems were
neutralized with one counter sodium (Na*) ion by genion tool before energy minimization. Energy minimization was
done through 1000 steps of steepest descent minimization to remove bad van der Waals contacts and generate a good
starting structure for MD simulation. Then the systems were equilibrated for 2 ns NPT ensemble followed by 1 ns
NVT ensemble maintaining a constant 1 atm. pressure and 300 K temperature, respectively. Finally a 500 ns MD
simulation was carried out for both the systems maintaining a constant 1 atm. pressure and 300 K temperature. To
treat the long range electrostatic interactions, particle mesh Ewald (PME) method was applied. Root mean square
deviation (RMSD), radius of gyration (Rg), energy and root mean square fluctuations (RMSFs), solvent accessible
surface area (SASA), and secondary structure of RaxX21 was calculated using GROMACS tools to monitor
conformational changes over the simulation time. Also PyMol tool and VMD was used to monitor the changes in
structure over the simulation period of time.

3. RESULTS AND DISCUSSION

Sequence based analysis: ProtParam analysis revealed that RaxX21 is of 21 AA with molecular weight 2162.35
Da. The isoelectric point (pl) of RaxX21 was computed 6.92 consistent with the slightly acidic properties and the
aliphatic index computed 18.57 and the instability of RaxX21 is computed to be 50.79 which classifies the protein
as unstable. Finally the grand average of hydrophobicity (GRAVY) index was computed -1.59 which indicates
RaxX21 as hydrophilic protein. The secondary structure predicted by both PSIPRED and SOPMA showed that
RaxX21 protein is mainly composed of random coil. SOPMA resulted RaxX21 protein composed of random coil
(85.71%) while having extended strand (9.52%) and beta turn (4.76%). SOPMA secondary structure prediction also
predicted alpha helix, random coil, 310 helix, pi helix, beta-bridge, bend region and ambiguous states 0.00%. No
domain were predicted by SMART and Interpro tool. Binding site prediction by Predict Protein shows that there are
four binding site regions which are AA 1-3, AA 6-9, AA 11, AA 19-21. NCBI Protein blast resulted the PDB ID
2DRM, Chain E, Acanthamoeba Myosin | Sh3 Domain Bound to Acan125 as the best template for RaxX21 with
67% sequence identity. Also the phylogenic tree constructed by Clustal Omega resulted RaxX21 and 2DRM in the
same node of the tree (Fig.1c).

Multiple sequence alignment (MSA) of RaxX21 with its four selected templates using PRALINE tool
showed conserved region of the proteins. With the alignment score 6642 a maximum conservation of (score 7) was
observed for 121" AA alanine of the RaxX21 (Fig.1a). Also 4™, 10™, 14" 171 20" and 21" AA also found moderately
conserved. Also the MSA of RaxX21 with its closest PAMPs shows good consistency with alignment score 378.
The 3@ AA glycine of RaxX21 showed maximum conserved score with PAMPs flg22 and elf-18 (Fig.1b). Again the
5t 6, 101, 13t 17t and 20" AA was observed moderately conserved among the PAMPs.

Modeling of RaxX21: Different modeling approach was carried out for modeling of RaxX21. Among those modeler
(in linked with HHpred server), Sparks-X, AIDA and Quark modeled RaxX21. The other tools like CPHmodel 3.2,
Geno3D, Swiss-Model, Phyre2 intensive modeling, Raptor-X could not generate any model due to its small AA
sequence (21 AA) and their failure to generate any template/psiblast. The model which are generated shows that the
RaxX21 protein is composed of only coil (Fig. 1 d) which is consistent with the result of secondary structure predicted
by PSIPRED and SOPMA. Then the sulfation in tyrosine region which is known as sulfotyrosine (YSU) was done
using Molden tool.

Structural validation: To validate the protein models modeled different tools, ERRAT, Varify3D and
Ramachandran plot generated from RAMPAGE analysis was carried out. Among the tools only protein modeled by
Quark tool gave value (30.769) for ERRAT model validation. Although the ERRAT value falls below the ideal
protein quality value (50.00) it was improved after energy minimization, equilibration and MD simulation. Other
modeled protein from tools like modeller (in linked with HHpred server), Sparks-X and AIDA resulted ERRAT
value 0 (Table.1). In case of Verify-3D, all models 100% AA amino acids have scored >= 0.2 in the 3D/1D profile.
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Figure.1.a) MSA of RaxX21 with its a) four selected templates, b) MSA of RaxX21 with its PAMPs, c) Phylogenic
tree of RaxX21 showing the closest family members, d) Cartoon with line 3D structure of RaxX21-sY indicating
sulfation at tyrosine region, ) Ramachandran plot summery generated by RAMPAGE server
Table.1. Validation of model RaxX21 by different tools

Tool ERRAT | Verify 3D (%) | Ramachandran Plot Summary from RAMPAGE (%)
*FR *AR *OR
Quark 30.769 100 78.9 21.1 0
Modeller 0 100 89.5 10.5 0
Sparks-X 0 100 100 0 0
AIDA 0 100 89.5 10.5 0
CPHmodel 3.2 Could not generate any model

Geno3D Could not generate any model
Swiss-Model Could not generate any model
Phyre2 Could not generate any model
Raptor-X Could not generate any model

*FR, Favoured Region; AR, Allowed Region; OT, Outlier Region

RAMPAGE server was used to generate the result for Ramachandran plot. These servers resulted that none
of the proteins are in outlier region (Table.1). In the case of Quark, 78.9% are in favoured region and 21.1% are in
allowed region (Fig. 1e). No AA was found in outlier region which again proves the good quality structure of the
protein. But as only Quark resulted ERRAT value, only this model was taken for further analysis and molecular
dynamic simulation.
Molecular dynamic simulation of RaxX21-sY: To analyze the nature of RaxX21-sY in water different analysis
was done. Analysis of the RMSD value showed upward trend up to 120 ns (Fig.2a). Then the protein becomes stable
and the RMSD goes downward maintain a stable condition at 0.5 A° until the end of the simulation. On the contrary,
the RaxX21 shows flexible nature and higher RMSD compared to the sulfated one. Although it shows stable nature
during 250 ns to 350 ns period (Fig.2a) but the overall RMSD graph shows unstable nature of the protein compared
to RaxX21-sY. This proves that the sulfation in RaxX21 tyrosine region makes the protein more stable. RMS
fluctuation was dominant at the terminal regions of RaxX21 for both proteins. For N-terminal region the RaxX21-
sY RMS fluctuation is high whereas for the C-terminal region the RMS fluctuation in RaxX21-sY is low compared
to RaxX21. Also, there is significant RMS fluctuation variation at the middle region of the protein. For the sulfated
protein, the RMS fluctuation is very less whereas the normal protein the RMS fluctuation is very high. This also
depicts that the sulfation is may be the reason for making the protein structure more stable at that region. The overall
radius of gyration value showed almost stable condition for C-alpha atoms for RaxX21-sY (Fig.2¢) and didn’t show
any significant drift while there are mild fluctuations observed up to 1.2 nm through the simulation period of time.
Gyration radius stable value again supports the result of RMSD and RMS fluctuation for RaxX21-sY stable behavior
compared to RaxX21. The solvent accessible surface area for both RaxX21 and RaxX21-sY showed almost stable
behavior at a certain point (Fig.2d). Although the stable behavior is more prominent in case of RaxX21-sY. The
DSSP analysis of the secondary structure analysis of the both RaxX21 protein and RaxX21-sY showed that the coil
and bend were prominent over the 500 ns period of time (Fig.2e). Also there were turn and glimpse of beta-bridge
and 3-helix throughout the simulation period of time (Fig.2f).
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Figure.2. (a), (b), (c) & (d) express the values for RaxX21-sY whereas the black graph is the values for
RaxX21

4. CONCLUSION

The in-silico 3D structure prediction and molecular dynamic (MD) simulation analysis of PAMP RaxX21-
sY can contribute significantly as an initial step towards understanding the defence mechanism of rice plant mediated
by PRR Xa21. The results proved that the structure of RaxX21-sY is mainly composed of coil. Moreover, 500 ns
MD simulation study showed that the sulfation in RaxX21 shows significant stable behavior compared to the
nonsulfated one. This stability of the protein is dominant in the sulfation area of the protein which may be a
significant characteristics of RaxX21 in case of attacking the plant. Further research needed to be done to understand
the key role of sulfation at tyrosine region and the proper action mechanism of RaxX21-sY.
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