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Abstract: Background: Abiotic stresses affect plants in several ways and as such, phytohormones
such as abscisic acid (ABA) play an important role in conferring tolerance towards these stresses.
Hence, to comprehend the role of ABA and its interaction with receptors of the plants, a thorough
investigation is essential.

Aim: The current study aimed to identify the ABA receptors in Oryza sativa, to find the receptor
that binds best with ABA and to examine the mutations present to help predict better binding of the
receptors with ABA.

Methods: Protein sequences of twelve PYL (Pyrabactin resistance 1) and seven PP2C (type 2C pro-
tein phosphatase) receptors were retrieved from the Rice Annotation Project database and their 3D
structures were predicted using RaptorX. Protein-ligand molecular docking studies between PYL
and ABA were performed using AutoDock 1.5.6, followed by 100ns molecular dynamic simula-
tion studies using Desmond to determine the acceptable conformational changes after docking via
root mean square deviation RMSD plot analysis. Protein-protein docking was then carried out in
three sets: PYL-PP2Cs, PYL-ABA-PP2C and PYL(mut)-ABA-PP2C to scrutinize changes in struc-
tural conformations and binding energies between complexes. The amino acids of interest were
mapped at their respective genomic coordinates using SNP-seek database to ascertain if there were
any naturally occurring single nucleotide polymorphisms (SNPs) responsible for triggering rice
PYLs mutations.

Results: Initial protein-ligand docking studies revealed good binding between the complexes,
wherein PYL6-ABA complex showed the best energy of -8.15 kcal/mol. The 100ns simulation
studies revealed changes in the RMSD values after docking, indicating acceptable conformational
changes. Furthermore, mutagenesis study performed at specific PYL-ABA interacting residues fol-
lowed by downstream PYL(mut)-ABA-PP2C protein-protein docking results after induction of mu-
tations demonstrated binding energy of -8.17 kcal/mol for PP2C79-PYL11-ABA complex. No natu-
rally occurring SNPs that were responsible for triggering rice PYL mutations were identified when
specific amino acid coordinates were mapped at respective genomic coordinates.

Conclusion: Thus, the present study provides valuable insights on the interactions of ABA recep-
tors in rice and induced mutations in PYL11 that can enhance the downstream interaction with
PP2C.
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1. INTRODUCTION

Plants are exposed to a wide variety of stresses, includ-
ing biotic and abiotic stresses. Abiotic stress conditions
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comprise heat, cold, drought and salinity while biotic stress
conditions occur majorly due to bacteria, viruses, fungi, in-
sects and nematodes. Adaptation to such adverse situations
has led to the evolution of certain plant mechanisms which
aid plants to respond well to such stressful conditions. Pro-
duction of phytohormones is one such way where plants re-
spond and adapt to adverse environmental conditions, espe-
cially during abiotic stresses. Some of the major hormones
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that plants produce during abiotic stress include auxins, cy-
tokinins, gibberellins, abscisic acid (ABA), salicylic acid,
ethylene, jasmonates, strigolactones and brassinosteroids.
Among these, abscisic acid plays a crucial role in meditating
defence responses of plants against abiotic stresses [1].
Studies have demonstrated that stress conditions such as
salinity, heat, cold, drought and even plant injury have
shown to augment the production of abscisic acid levels [2].
Moreover, ABA is not only involved in stress response, but
also in plant growth by regulating the gene responsible for
certain physiological processes ranging from stomatal open-
ing to storage of proteins [3].

The receptors involved in ABA signalling were first dis-
covered in Arabidopsis and it involves three major compo-
nents- receptor PYR/PYL/RCAR (PYL-Pyrabactin resis-
tance 1) protein family, positive regulator class III SNF-1-re-
lated protein kinase 2 (SnRK2) and negative regulator type
2C protein phosphatase (PP2C) [4]. PYR proteins are respon-
sible for carrying out proper ABA signal transduction in 4ra-
bidopsis [5] and PP2Cs function as negative regulators in
ABA-dependent pathways [6]. The chief targets of PP2Cs
are associated with protein kinases and among these, class
IIT SNF-1 is most incriminated in the positive regulation of
ABA signal transduction [7]. When ABA is present, the for-
mation of complex PYL-PP2C leads to PP2C activity inhibi-
tion, which in turn allows for the activation of SnRK2. Fur-
thermore, substrate proteins that are downstream, such as
transcription factors, are then phosphorylated by activated
SnRK2, thereby facilitating the transcription of ABA-respon-
sive genes [8]. Conversely, the absence of ABA in plants al-
lows the binding of PP2C molecule to SnRK2, leading to the
absence of phosphorylation of the molecules and enzymes re-
sponsible for ABA response.

The main aim of plant breeding is to boost the productivi-
ty of food and to make plants adaptable to conditions of
stress. Therefore, to increase the plant tolerance towards abi-
otic stresses, a thorough investigation is required regarding
the role of abscisic acid and its interaction with plant recep-
tors. Currently, studies on abiotic stress tolerance are more
focused on Arabidopsis than in other agricultural crops, and
very little is known regarding the ABA signal transduction
cascade in Oryza sativa, the most widely consumed staple
food crop by the largest human population [9, 10]. There-
fore, the current study aimed to detect the ABA receptors in
Oryza sativa, with a focus on PYLs and to find the receptor
that binds best to abscisic acid. Additionally, the study also
aimed to analyse and comprehend the mutations present, to
help predict better binding of the receptors with ABA. Pre-
diction of the specific amino acids at their respective
genome coordinates was also carried out to gain further un-
derstanding of the mutational study via SNP detection.
Thus, the present study provides valuable insights into the in-
teractions of abscisic acid with important PYL receptors in
Oryza sativa, which allows a better understanding of the
stress tolerance mechanisms in rice.
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2. MATERIALS AND METHODS

2.1. Retrieval of ABA Receptors in Rice, Structure Mod-
elling, and Phylogenetic Analysis

To find the interactions between the ABA receptors in
rice, a literature survey was carried out to identify the PYL
receptors involved in ABA signalling cascade in Oryza sati-
va. According to the literature, 12 PYL receptors were identi-
fied [9]. Protein sequences of all twelve PYL receptors were
obtained using their gene IDs (OsPYL1-12: Os10g573400,

050620562200, 0s02g0226801, 0Os01g0827800, Os-
05g0473000, 0s03g0297600, 0Os06g0526400, Os-
0620527800, 0Os06g0528300, 0s02g0255500, Os-

0520213500 and 0s02g0255300 respectively) from He et
al., 2014 and retrieved from RAP-DB (Rice Annotation Pro-
ject - Database) in FASTA format. Structure modelling of
the twelve retrieved receptors was then carried out using
RaptorX tool, which uses a statistical approach for tem-
plate-dependant modelling of protein. RaptorX augments the
accuracy of the alignment via structural information exploita-
tion in single or multiple templates [11]. The modelled struc-
tures, obtained as .pdb files were then checked for stability
by analyzing the Ramachandran plot [12] of the structures
using SAVES v 5.0 [13]. Once the structure stabilities were
found to be acceptable, an evolutionary analysis was carried
out for all PYL receptors. Thus, to determine the evolutio-
nary relationship of the receptors, Clustal Omega [14] was
first utilized for performing multiple sequence alignment for
the twelve retrieved receptors. Clustering was performed us-
ing Neighbour Joining (NJ) method [15] and the default
number of iterations was set to 16. Further analysis of these
was carried out in MEGA-X, where a phylogenetic tree was
developed using the NJ statistical method to study the evolu-
tionary relationship [16]. The results obtained were further
scrutinized.

2.2. Docking and Simulation Studies of Os PYLs with
ABA

To determine which PYL receptor binds best to the ABA
molecules, a docking study was carried out with 12 PYLs as
the receptors and ABA as the ligand. The ligand molecule,
ABA (Pubchem ID: 5280896) was downloaded from NCBI
Pubchem in .sdf format and converted to the required file for-
mat such as .pdbqt for the purposes of docking. Protein-li-
gand docking between ABA molecule as the ligand and
PYL as the receptor was performed using AutoDock tools
1.5.6 [17]. AutoDock tools permit reliable computational
docking of flexible ligands along with a dozen torsional de-
grees of freedom, making it a robust tool for protein-ligand
docking. Additionally, the empirical free energy force field
predicts the binding energies accurately (£2 kcal/mol) with a
+30-fold variation in the binding constants [18]. Due to th-
ese reasons, docking was carried out using AutoDock tools.
The outputs were obtained as docked complexes in .pdbqt
format. The best docking conformation in each case was se-
lected based on the minimum binding energy, in terms of
kcal/mol. The protein-ligand interactions of the docked com-
plexes were studied using Discovery Studio [19] to identify
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the types of bonds between the docked PYL and ABA
molecules. To determine how ligand binding induces
changes in the protein, simulation studies for all docked com-
plexes were carried out using the Maestro workspace in Des-
mond. Desmond achieves high scalability, has the latest
graphics processing unit, high accuracy, provides realistic si-
mulations and has an interface that is easy to use [20, 21].
Due to these reasons, Desmond was used for simulating the
best docked complexes in the present study.

Protein pre-processing was employed on the interaction
complex and parameters such as checking for potential er-
rors in the structure, file, minimization for 500 steps using
the steepest decent algorithm, and removing waters. Simula-
tion box/environment was constructed using the system
builder. TIP3P solvent model was selected and the condi-
tions of the boundary were defined by the orthorhombic box
having a minimized volume compressing the complex 10 A
of each of the axis. OPLS3e was the force field applied. Neu-
tralization of the system was performed by adding C1 or Na"
ions depending on the system’s total charge. During H-bond
assignment, the PropKA was set to 7.0 pH. This results in
imparting specific protonation states for residues at respec-
tive pH and simulation conditions. To perform the molecular
dynamics simulation, the system was imported from the mae-
stro workspace. Simulation was performed for 100 ns, with
0.1ns set as the trajectory recording interval. Ensemble class
was set to NVT for the protein under conformational
changes (thermodynamic parameters of constant pressure,
temperature, and variable volume). The simulation protocol
involves the following steps- 1. Brownian dynamics, NVT,
T = 10k, small time steps, and restraint on solute heavy
atoms for 100ps. 2. Brownian dynamics NVT, T = 50k, H,0
barrier, membrane restrained in z protein restrained for
50ps. 3. NPT, T = 50k, H,O barrier, protein restrained for
50ps. 4. NVT production and all constraints removed for
200ps. 5. NVT production and all constraints removed for
500ps. 6. Final simulation for 200ns with time step set to 2
femto seconds (fs) and temperature of 310K. The cut-off
short range method having a radius of 9.0 A was employed
and the restraints were not pre-defined. Furthermore, a simu-
lation interaction diagram tool was utilized for scrutinizing
the outcomes of simulations, including changes in RMSD
values and protein-ligand contacts.

For every docking, the Root Mean Square Deviation
(RMSD) was calculated that measured the average change
in the displacement of a certain selection of atoms for a spe-
cific frame with respect to a reference frame [22]. This was
calculated for all frames in the trajectory.

N
The RMSD for frame x is: RMSD, = \/%Z (r;((tx)) — T (tref))2
i=1

where N is the total number of atoms in atom selection;
tref is the reference time (normally, the first frame is the ref-
erence and is regarded as time =0); and 7' depicts the select-
ed atom positions in frame x post superimposition to the ref-
erence frame, where frame x is recorded at time #x. This
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method was repeated for each frame in the trajectory of the
simulation [20]. Therefore, the docked complexes (pro-
tein-ABA) in .pdb format are provided as the input, while
the simulation outputs were analysed in terms of the RMSD
plots. The effectiveness of the binding of ABA with its re-
spective receptors was examined by studying the RMSD
plots to compare the protein before docking with the pro-
tein-ligand complex obtained after docking. PyMoL (Python
Molecular Viewer) [23] was used for visualization and to as-
sess the changes in RMSD.

2.3. Structure Prediction Studies for Os PP2Cs

To examine the interaction of the best docked complex
with PP2C, the protein sequences of PP2C were initially
identified via a thorough literature survey [24, 25]. Seven
PP2C sequences from Oryza sativa were identified and con-
sidered for structure prediction studies and the protein se-
quences for all seven PP2Cs (PP2C09- Os01t0552300-01,
PP2C10- Os01t0583100-01, PP2C12- Os01t0656200-01,
PP2C48- 0s03t0268600-01, PP2C76- 0s05t0457200-01,
PP2C79-  0s05t0572700-02 and PP2C108-  Os-
09t0325700-01) were retrieved from RAP-DB in FASTA
format. The prediction of the structures was then performed
using RaptorX online tool [11]. The modelled structures
were obtained in .pdb format and these were validated using
Ramachandran plot from the SAVES 5.0 server, as men-
tioned above in section 2.1. The validated structures were
then utilized for protein-protein docking studies.

2.4. Protein-Protein Docking and Analysis

To further comprehend the interactions of the best
docked complex with PP2C, protein-protein docking was
performed. The seven modelled structures of PP2C were
docked against two sets- the docked complex of ABA-PYL
and with PYL receptor alone to determine the change in in-
teractions before the binding of ABA and after its binding to
PYL. Protein-protein docking was carried out using Hex
8.0.0 [26], which is known to have very good computational
efficiency when compared to other protein-protein docking
tools due to its use of spherical polar Fourier correlations
[27] to speed up the calculations. Hex also takes a lesser
amount of time to run the docking using the default geomet-
ric scoring functions [28]. The best conformations were then
chosen based on the predicted binding energy. Furthermore,
to analyze the interactions between the docked complexes,
PP-check online server was used [29]. This webserver is
mainly used for quantifying the strength of a protein-protein
interface, to predict the hotspots and distinguish plausible na-
tive conformations from non-native ones as attained from
protein-protein docking studies [30]. The subsequent out-
comes obtained were further examined.

2.5. Mutagenesis Study of Os PYL Receptors

To examine how a mutation in PYLs affects its interac-
tion with ABA, a mutagenesis study of Oryza sativa PYL re-
ceptors was performed. Therefore, to predict the effects of
mutations on the stability of the proteins, an online tool
called SDM (Site Directed Mutator) was used [31]. The



610 Current Genomics, 2021, Vol. 22, No. 8

SDM server offers a rapid and precise method for evaluating
the effect that a specific mutation can have on the structure
and stability of a protein. The tool provides a 3-dimensional
view of the mutant and wild-type residues and is a beneficial
tool for the detection of plausible deleterious SNPs at the
genome level [32, 33].

Thus, the resulting suitable mutations were identified.
Every residue with hydrogen bond interaction was replaced
with nineteen other amino acids to determine the stability of
interactions. The most stable mutation was selected and in-
duced. Moreover, the changes in the proteins were created
using PyMoL as the sequence editor. The .pdb files of mutat-
ed PYLs were retrieved and the edited PYLs of Oryza sativa
were docked using AutoDock 1.5.6 with ABA molecule,
and subsequently, its binding energy and interactions ob-
tained were further analysed. The best conformations for
each docked structure were noted based on the binding ener-
gies. Depending on the outcomes obtained, molecular dock-
ing of the mutated PYL11-ABA with all seven PP2Cs was
carried out and the corresponding results obtained were ana-
lyzed further for interactions in the PP-check server. A com-
parative study between the binding energies of OsPyL-ABA
complex and (OsPyL-ABA)-PP2C complex with the origi-
nal and mutated forms was performed and the outcomes anal-
ysed.

2.6. Mapping Amino Acids of Interest to its Respective
Genomic Coordinates

To understand the change in the amino acids at the ge-
nomic level, mapping the amino acids of interest to its re-
spective genomic coordinates was carried out for the com-
plex which showed a better binding energy when mutated.
For this purpose, Rice SNP-Seek database [34] was used.
The SNP-Seek database consists of identified 20 million rice
SNPs that offer easy and fast retrieval of the SNP alleles for
different rice varieties. The database also permits appropri-
ate querying and visualization of the detected SNPs [35].
Therefore, rice_Rp and 3k databases were set as parameters
for identifying the SNPs in the database. Furthermore, the
gene locus IDs were provided as the inputs (in this case,
PYLI11 gene ID was used, since it showed the best binding
energy when mutated). The search results thus obtained
were downloaded in .csv format and the outcomes were anal-
ysed thoroughly to find the change in the amino acids in the
particular genome after mutation.

3. RESULTS

3.1. Phylogenetic Analysis and Docking Studies of ABA
with Os PYLs

Twelve receptors of ABA in rice were successfully re-
trieved from the RAPD-DB and from phylogenetic analysis,
it was observed that the protein sequences of the receptors
PYLI1-3 belonged to one clade, PYL4-6 belonged to another
clade, PYL7-12 to another and all these were closely associ-
ated with each other (Fig. 1). Furthermore, the structures
were successfully modelled using RaptorX and from the Ra-
machandran plots, it was observed that all structures were
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found to be stable. Molecular docking studies showed that
all docked complexes displayed negative binding energy, in-
dicating a good binding between the two complexes (Figs.
2A-F, 3A-F, Table 1). Furthermore, among the twelve
docked complexes obtained, PYL6-ABA docked complex
showed the best binding energy of -8.15 kcal/mol, implying
that this structure docked well with ABA.

Tree scale: 0.1
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Fig. (1). Phylogenetic tree of 12 OsPYL receptors of Oryza sativa,
developed using MEGA-X. Three clades were noted in the evolutio-
nary study. PYL 1, 2, 3 is represented in blue, which belongs to
one clade, PYL 4, 5, 6 is represented in green which is another
clade, and PYL 7-12 is depicted in red, which represents another
clade. It was observed that the PYLs from each clade were closely
related (4 higher resolution / colour version of this figure is avail-
able in the electronic copy of the article).

Furthermore, simulation studies demonstrated that all
twelve docked complexes showed a change in the RMSD
value after docking (Fig. 4, Table 1). The docked complex
PYL8-ABA showed the highest RMSD value of 16 A,
PYL4 and PYL9 showed an RMSD of 14 A, PYL10 of 12
A, and that of PYL11 was 10.5 A. When the best conforma-
tions of each docking were subjected to molecular dynamic
simulation study to analyse the molecular mechanisms in-
volved in the protein-ligand interactions, the amino acid resi-
dues causing Vanderwaals interactions, hydrogen bond inter-
actions, alkyl and Pi-alkyl interactions as well as the Pi-sig-
ma bonds, which all play a vital role in the protein-ligand sta-
bility observed during docking were revealed (Table 2). For
PYLI11, it was noted that residues Arg99, Lys80, Vall0l,
Vall03, Leul37, and Ser112 showed vanderwaals interac-
tions; Asnl187, Glul14 and Alal09 displayed hydrogen bond
associations and Vall83, Phe82, Leul07, His135, Phel30
and Tyr140 were involved in Alkyl+Pi-Alkyl interactions.
No Pi-sigma bonds were observed for PYL11.

3.2. Structure Prediction of Os PP2Cs and Protein-Pro-
tein Docking

Since the results were not conclusive for the structures
that were predicted for OsPP2Cs, a simulation study aided
in obtaining the structures of OsPP2Cs. Protein-protein dock-
ing between PYL-ABA and PP2C showed significantly bet-
ter scores when compared to docking PP2C with PYL alone.
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Fig. (2). 2D docked complexes of PYL receptors with ABA molecule, showing the amino acid interactions between proteins and ligand, as
viewed in LigPlot +. (A) PYL1-ABA complex (binding energy -6.62 kcal/mol). (B) PYL2-ABA complex (-7.02 kcal/mol). (C) PYL3-ABA
complex (binding energy -7.66 kcal/mol). (D). PYL4-ABA complex (binding energy -5.71 kcal/mol). (E) PYL5-ABA (binding energy -7.25
kcal/mol). (F) PYL6-ABA complex (binding energy -8.15 kcal/mol). PYL6 had the best binding energy prior to inducing mutation (4 higher
resolution / colour version of this figure is available in the electronic copy of the article).
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Fig. (3). 2D docked complexes of PYL receptors with ABA molecule, showing the amino acid interactions between proteins and ligand, as
viewed in LigPlot +. (A) PYL7-ABA complex (binding energy -5.72 kcal/mol). (B) PYL8-ABA complex (binding energy -6.26 kcal/mol).
(C) PYL9-ABA complex (binding energy -6.71 kcal/mol). (D) PYL10-ABA complex (binding energy -7.05 kcal/mol). (E) PYL11-ABA
complex (binding energy -6.09 kcal/mol). (F) PYL12-ABA complex (binding energy -5.88 kcal/mol) (4 higher resolution / colour version of
this figure is available in the electronic copy of the article).



Molecular Docking and Interaction Studies of Identified Abscisic Acid Receptors

Current Genomics, 2021, Vol. 22, No. 8 613

Table 1. Docking scores of the twelve PYL receptors with abscisic acid (ABA) in Oryza sativa and RMSD values obtained for the
docked complexes of PYLs with ABA after docking studies.

OsPYLs Binding Energy After Docking (kcal/mol) RMSD: C Alpha
pyll -6.62 42
pyl2 -7.02 42
pyl3 -7.66 4.4
pyl4 -5.71 14
pyl5 -7.25 3.5
pyl6 -8.15 6.4
pyl7 -5.72 8
pyl8 -6.26 16
pyl9 -6.71 14
pyl10 -7.05 12
pylll -6.09 10.5
pyl12 -5.88 5.6

— Pyl1
— Pyl-2
— Pyl3
— Pyl4
— Pyl5
— Pyl-6
— Pyl-7
— Pyl-8
— Pyl9
— Pyl-10

Pyl-11

0 10 20 30 40 S0 60 70 80 90 100 Pyl-12
Number of frames (ns)

Fig. (4). Protein Root Mean Square Deviation (RMSD) values for all twelve docked complexes after molecular dynamic simulation studies.
The x-axis shows the number of frames (ns), while the y-axis depicts the RMSD values (A). It was noted that the RMSD peaks reached a con-
stancy towards the end indicating the conformation stability and an appropriate simulation for all docked complexes. The protein RMSD val-
ues for all evidenced that the docked complexes were stable and could therefore be used for further studies (4 higher resolution / colour ver-

sion of this figure is available in the electronic copy of the article).

This was observed mainly as a result of changes in the ener-
gy values of hydrogen bonding, stabilizing energy, hydro-
phobic interactions, Vanderwaal pairs, and salt bridges. The
total stabilizing (-358.39 KJ/mol) and hydrogen bond energy
(-140.69 KJ/mol) for PYL4 docked with the OsPP2Cs was
found to be higher than other PYL receptors (Table 3). Addi-
tionally, the total stabilizing energy (-410.82 KJ/mol) and hy-
drogen bond energy (-118.72 KJ/mol) were found to be high-

est when PYL4-ABA complex was docked with PP2C10,
PP2C12 and PP2C48. It was also noted that the total stabiliz-
ing and hydrogen bond energies for all docked complexes of
PYL11-ABA with PP2Cs were found to have consistent val-
ues. For receptor PYL11, docking with ABA and with
ABA-PP2C complexes seemed to produce consistent values
for hydrogen bond energy and total stabilizing energy
(Table 4).
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Table 2. List of Protein-Ligand interactions showing Vanderwaals interactions, Hydrogen bonds, Alkyl+Pi-Alkyl and Pi-sigma bonds
between the twelve PYLs and the ABA molecule obtained in AutoDock.

I i Docki
(giﬁf&t;:; gso:elg Vander-Waals Conventional-H Bond AlkyHPi-Alkyl Pi-Sigma
pyll 662 | Clull2 Phel74, iry(;;%@ Vall78, HisTL | ) 1182, Phe72, Alal07 | Val99, Leu105, Vall0l, Tle73, Leul3s -
Glu109, Lys74, His130, Vall85, Phel80, Vall25, Val184,
pyl2 -7.02 Val77, Arg94, Phel23, Ser107, Alal04 Leul32, Argl31 Tyrl35 -
Pro75, Phel28, Alal09, Vall130, Vall86, Arg99, Lys79, Glul 14,
pyl3 -7.66 Phes 1 Serl12, His135, Leul37 Vall03, Vall01, I1e82, Tyr140
1le128, Ile176, His181, Leul83,
pyl4 -5.71 Vall47, Phel74, Asp231, Phel27, Ser158| Lys125, Glul60, Argl82 Phe223, 11227, Vall49 -
Asnl198, Lys87, Glul26, |11e90, Valll5, Phel40, Alal21, His147,
pyl5 -7.25 Vall13, Ile194, Phe89, Leul49, Vall76 Serl24 Vall42, Tyr152 -
16 315 Argl58, 11e205, Val202, Tyrl162, Vall52, Pro130, Leul29, Phe201, Leul59,
Py = Ser134, Glul36 ; His157, Alal31, Val125 ;
Gly137, Asn180, Lys85, Pro86, Arg 115,
pyl7 -5.72 Alal13, Serl16 Glul18 Vall07, Val88, Ile105, Phe87, Leul76 | Phel34
18 6.26 Glull18, Asnl91, Leul88, Alall3, Leul4l, Tyrl91, Ile184, Vall87, Phel34,
py ’ Vall07, Argl15, Serl16, Lys84 Leulll, phel83 His139
Phe86, Leulll, Phel83, Leul4l,
pyl9 -6.71 Leul88, Ile184, Ser116, Prol12, Vall07 Lys84, Asnl91, Alal13 Phel34, Val187 -
Phe78, Asn182, Leul78, Leul32, .
pyl10 705 | Argl31, Phel74, Serl07, Asn97, Val79, Lys76, Glul09 Phel25, His130, Leul 02, Ala104, .
Val98, Val96
Arg9%4
Arg99, Lys80, Vall01, Vall03, Leul37, Vall83, Phe82, Leul07, His135,
pylll -6.09 Serl 12 Asnl87, Glul 14, Alal09 Phel30, Try140 -
pyll2 -5.88 Phel48, Pro137, His104, Ala78 Argl05, Thr145 Phe76, Pro77, Vall49, Leul 06 -

Table 3. Hydrogen bond and total stabilizing energies of all OsPyl receptors docked against OsPP2Cs.

OsPP2Cs

T ‘ PP2C79 PP2C76 PP2C9 PP2C108 PP2C10 PP2C12 PP2C48
ype o

Pyl-ABA Hydrogen| Total Sta- |Hydrogen| Total Sta- |Hydrogen| Total Sta- |Hydrogen| Total Sta- |Hydrogen| Total Sta- |Hydrogen| Total Sta- |Hydrogen| Total Sta-

complex Bond En-| bilizing |Bond En-| bilizing |Bond En-| bilizing |Bond En-| bilizing |Bond En-| bilizing |Bond En-| bilizing |Bond En-| bilizing

ergy (kJ/-| Energy [ergy (kJ/-| Energy |[ergy (kJ/-| Energy |[ergy (kJ/-| Energy |ergy (kJ/-| Energy |ergy (kJ/-| Energy |ergy (kJ/-| Energy
mol) (kJ/mol) mol) (kJ/mol) mol) (kJ/mol) mol) (kJ/mol) mol) (kJ/mol) mol) (kJ/mol) mol) (kJ/mol)

Pyll -39.56 -11.03 -39.56 -11.03 -39.56 -11.03 -39.56 -11.03 -39.56 -11.03 -39.56 -11.03 -39.56 -11.03

Pyl2 -25.42 -37.95 -25.42 -37.95 -25.42 -37.95 -25.42 -37.95 -25.42 -37.95 -25.42 -37.95 -25.42 -37.95

Pyl3 0 201.44 0 201.44 0 201.44 0 201.44 -25.42 -37.95 0 201.44 0 201.44

Pyl4 -140.69 | -358.39 [ -140.69 | -358.39 | -140.69 | -358.39 | -140.69 [ -358.39 [ -140.69 | -358.39 | -140.69 | -358.39 | -140.69 | -358.39

Pyl5 0 25.31 0 25.31 0 25.31 0 25.31 0 25.31 0 25.31 0 25.31
Pylé 0 21.55 0 21.55 0 21.55 0 21.55 0 21.55 0 21.55 0 21.55
Pyl7 -14.08 8.78 -14.08 8.78 -14.08 8.78 -14.08 8.78 -14.08 8.78 -14.08 8.78 -14.08 8.78
Pyl8 -27.82 37.82 -27.82 37.82 -27.82 37.8 -27.82 37.82 -27.82 37.82 -27.82 37.82 -27.82 37.82
Pyl9 -29.93 20.95 -29.93 20.95 -29.93 20.95 -29.93 20.95 -29.93 20.95 -29.93 20.95 -29.93 20.95
Pyl10 -5.04 27.57 -5.04 27.57 -5.04 27.57 -5.04 27.57 -5.04 27.57 -5.04 27.57 -5.04 27.57

Pyll1 -38.06 33.68 -38.06 33.68 -38.06 33.68 -38.06 33.68 -38.06 33.68 -38.06 33.68 -38.06 33.68

Pyl12 -95.56 -215.41 -95.56 -215.41 -95.56 -215.41 -95.56 -215.41 -95.56 -215.41 -95.56 -215.41 -95.56 -215.41
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Table 4. Hydrogen bond and total stabilizing energies of all OsPyl-ABA complexes docked against OsPP2Cs.

OsPP2Cs
Type of PP2C79 PP2C76 PP2C9 PP2C108 PP2C10 PP2C12 PP2C48
Pyl-ABA Hydrogen| Total Sta- |Hydrogen| Total Sta- |Hydrogen| Total Sta- |Hydrogen| Total Sta- [Hydrogen| Total Sta- |Hydrogen| Total Sta- [Hydrogen| Total Sta-
Complex Bond En-| bilizing |Bond En-| bilizing [Bond En-| bilizing |[Bond En-| bilizing |Bond En-| bilizing |Bond En-| bilizing [Bond En-| bilizing
ergy (kJ/-| Energy [ergy (kJ/-| Energy [ergy (kJ/-| Energy [ergy (kJ/-| Energy [ergy (kJ/-| Energy [ergy (kJ/-| Energy [ergy (kJ/-| Energy
mol) (kJ/mol) mol) (kJ/mol) mol) (kJ/mol) mol) (kJ/mol) mol) (kJ/mol) mol) (kJ/mol) mol) (kJ/mol)
Pyl1-ABA 0 -107.62 0 -44.95 0 -30.02 0 25.42 -39.56 -11.03 -39.56 -11.03 -39.56 -11.03
Pyl2-ABA 0 -4.66 0 -13.36 0 -25.05 NA NA -11.04 -54.68 -11.04 -54.68 -11.04 -54.68
Pyl3-ABA 0 -4.91 NA NA NA NA 0 -2.64 -22.06 -23.6 -22.06 -23.73 -22.06 -23.73
Pyl4-ABA NA NA NA NA 0 -1.29 0 -26.98 -118.72 | -410.82 | -118.72 | -410.82 | -118.72 | -410.82
Pyl5-ABA 0 -64.93 NA NA NA NA 0 174.04 0 1349 0 131.76 0 134.22
Pyl6-ABA 0 -19.36 NA NA NA NA 0 118.73 0 87.05 0 87.05 0 87.05
Pyl7-ABA NA NA 0 -0.6 0 15.43 0 -35.13 -2.63 70.37 0 72.96 0 71.82
Pyl8-ABA 0 -0.77 0 -4.15 NA NA 0 -12 -41.57 -38.64 -41.57 -38.64 -41.57 -38.64
Pyl9-ABA NA NA 0 -35.26 0 -4.45 0 -18.94 -12.84 -6.12 -12.84 -5.68 -12.84 -5.68
Pyl10-ABA 0 -0.04 0 -35.26 0 -15.24 NA NA 0 117 0 117 0 117
Pyll1-ABA| -25.84 -22.69 -25.84 -22.69 0 -22.69 -25.84 -22.69 -25.84 -22.69 -25.84 -22.69 -25.84 -22.69
Pyl12-ABA 0 -0.03 0 -25.96 0 -22.68 NA NA 0 76.65 0 76.7 0 75.03
NA- Not applicable (no interactions observed).
3.3. Mutagenesis Study of Os PYL Receptors 4. DISCUSSION

When the mutagenesis study was carried out by altering
the amino acids in the receptor molecules and then utilizing
the mutated receptors for docking, the binding energy
showed a considerable difference before and after mutation.
Interestingly, PYL11-ABA showed a better binding score of
-8.17 kcal/mol after mutating Alal09 to Ile109 when com-
pared to the docked scores of other complexes (Table 5).
The predicted delta delta G (DDG) value, after inducing the
mutation was found to be 1.23 and an increased stability of
the protein was observed for the same. A dramatic change in
the binding energy after mutation induction was observed
for all 7 PP2C molecules docked to OsPYL11-ABA.
PYL11-ABA-PP2C48 post mutation showed a binding ener-
gy of -20.41 kcal/mol, higher than other PYLs (Table 6). Fur-
thermore, a change in amino acid interactions was also not-
ed between PYL-ABA post mutation induction. The
PYLI11-ABA interaction at the residual level suggests that
the mutation induced leads to more hydrophobic and h-bond
interactions. Prior to mutation, the residues involved in h-
bond interactions were Lys 80, Ser 112, and Glu 114. Post
mutation of Ala 109 to Ile 109, h-bond interactions were ob-
served with residues His 135, Arg 136, Tyr 140, and Glu
187.

3.4. Mapping Amino Acids of Interest to its Respective
Genomic Coordinates

When the amino acids of interest Glul14 and Alal09
were mapped to their respective genomic coordinates, it was
observed that no naturally known SNPs were found which
were close to the two amino acids of interest.

The present research analysed the phylogeny of the
twelve PYL receptors, with a focus only on Oryza sativa.
Previous studies, however, have been carried out on ABA re-
ceptors in a cotton variety called Gossypium to identify the
possible number of receptors involved and the expression
analysis of the same. The study constructed a phylogenetic
tree using the PYL protein sequences from four cotton spe-
cies, rice, and Arabidopsis, and their outcomes demonstrated
that PYLs of Gossypium clustered closely with cocoa PYLs
than with PYLs in Oryza sativa [36]. Another recent study
identified ten PYL receptors in Glycyrrhiza and the evolutio-
nary study showed that the receptors clustered together
within the same family and subfamily [37]. Moreover, a
study carried out in 2012 involved reviewing the structural
properties of ABA receptors and PP2Cs [38]. The study
showed that the docked complexes of ABA-PYL had hydro-
gen bond interactions with Glu94, Glul41, Ser122, and
Tyr120. Despite there being several similar studies, the pre-
sent study differs slightly in the outcomes obtained and the
approach followed. In the present study, molecular docking
was studied between Os, PYLs, and ABA, and it was ob-
served that PYL6-ABA docking complex showed better
binding by displaying the highest negative docking score
among the rest. The amino acid interactions between the
docked complexes were found to be with aspartic acid, glu-
tamine, lysine, and arginine. This implies that there is a
good interaction between the PYL receptors with the ABA
molecules, which can in turn induce ABA response in
plants.
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Table 5. Binding energies of OsPYLs against ABA before and after mutation.

OsPYLs Binding Energy (Before Mutation) kecal/mol Binding Energy (After Mutation) kecal/mol
pyll -6.62 -5.8
pyl2 -7.02 -6.07
pyl3 -7.66 -6.77
pyl4 -5.71 -5.74
pyl5 -7.25 -7.17
pyl6 -8.15 -
pyl7 -5.72 -
pyl8 -6.26 -
pyl9 -6.71 -6.42
pyl10 -7.05 -6.97
pylll -6.09 -8.17
pyl12 -5.88 -5.46

Table 6. Binding energies and hydrogen bond energies of PYL11-ABA complex docked against all seven PP2C molecules before and

after mutagenesis study.

OsPP2Cs|H-bond (After Mutation) Binding Energy (After Mutation) kcal/mol Binding Energy (Before Mutation) kcal/mol
PP2C9 0 -1.57 -22.69
PP2C10 - - -22.69
PP2C12 0 -1.57 -22.69
PP2C48 0 -20.41 -22.69
PP2C76 0 9.23 -22.69
PP2C79 -28.56 -2.45 -22.69
PP2C108 -28.56 -2.45 -22.69

Furthermore, recently, an in silico study by Gupta et al.,
2020, was carried out on the ABA receptors in the rice varie-
ty N22 and compared with receptors involved in Arabidop-
sis thaliana. The study involved analysing the molecular dy-
namics between OsPYL2-ABA and OsPYL3-ABA complex-
es for 25ns to determine the time frame. The present study
involved studying the molecule dynamic properties of all
docked complexes using 100 ns simulation studies that en-
sured better accuracy and precision. Since the docked com-
plexes displayed good stability throughout the simulation, it
implied that the poses generated while molecular docking
was intact and the binding between the ligand and protein
was robust [39].

Additionally, hydrogen bonds play a noteworthy role in
ligand binding. It is essential to take into account the hydro-
gen bonding attributes in drug design due to their firm influ-
ence on the drug specificity, adsorption, and metabolization.
These H-bonds between a ligand and a protein can further
be of four subtypes: backbone donor and acceptor, side
chain donor, and acceptor. The hydrophobic contacts are sub-
types p-p, p-cation, non-specific, and other interactions. Typ-
ically, these interactions include an aromatic/aliphatic ligand

group and a hydrophobic amino acid. Therefore, modifica-
tions in the amino acid interactions via hydrogen and hydro-
phobic contacts in the PYL receptors will further aid in bind-
ing of the ABA molecule during adverse situations, which in
turn will help the plants in gaining tolerance. Previously, an
in vitro study on rice revealed that by creating mutations in
the ABA receptors of rice, i.e., PYL, we showed better bind-
ing with the molecules ABA and PP2C molecules [40].
More recently, a study utilized CRISPR/cas9 technology to
mutate PYL genes of Oryza sativa to promote its productivi-
ty and growth [41]. Therefore, the results obtained in the cur-
rent study can be substantiated by previous research, where
we induced mutations in the PYL receptors of rice and fur-
ther docked against the complexes (ABA and PP2C), which
revealed a better binding score, especially in the PYL11 re-
ceptor molecule.

Furthermore, by mapping amino acids of interest to their
respective genomic coordinates, an understanding of their in-
teractions was revealed. Therefore, when no naturally occur-
ring SNPs were found when mapped, it implies that the in
silico induced mutation resulted in a more stable interaction
between PYL11 and ABA. Previously, a study where molec-
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ular mapping of the genes that confer aluminium resistance
to Oryza sativa has been carried out where certain DNA
markers were identified which are important for understand-
ing the genes which may contribute to the improvement of
rice productivity [42]. Furthermore, another study per-
formed a large-scale detection and mapping of SNPs in Ara-
bidopsis thaliana, and the study noted that a considerable
portion of the SNPs caused changes in the encoded amino
acids [42]. Albeit these evidence relate to the present re-
search, the current study presents interesting outcomes as de-
monstrated via comprehensive interaction analysis.

CONCLUSION

Since currently, there is a paucity in the existing knowl-
edge of abscisic acids and their mechanism of stress toler-
ance in rice; the present study focused on finding the ABA
receptors in Oryza sativa and to detect the PYL receptor that
binds best with abscisic acid. Protein-ligand docking re-
vealed PYL6-ABA with the best binding energy and the
100ns simulation analysis further revealed the docked struc-
ture stability. Docking among PYL11-ABA-PP2C79 was
found to be the best structure allowing further mutagenesis
studies to be performed. The mutagenesis study on the PYL
receptors suggested that mutated PYL11 showed better bind-
ing than non-mutated PYL11. The absence of any SNPs
when amino acids of interest were mapped to their respec-
tive genomic coordinates indicated that there were no natu-
rally occurring mutant varieties of rice. Thus, the current
study elucidates the interactions of abscisic acid with impor-
tant receptors in Oryza sativa and allows for a clearer com-
prehension of the stress tolerance mechanism in rice. Further-
more, the outcomes presented in the study demonstrate the
direct impact of ABA on rice and its productivity. Using ad-
vanced recombinant DNA technology such as CRISPR, in-
ducing mutations in the PYL receptors will in turn, aid in
ABA signalling and is prospective future work. Additional-
ly, the results presented in the current study act as prelimi-
nary data in furthering our understanding of ABA signalling,
which helps in tackling abiotic stress conditions better.
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