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Abstract

Plants can  perceive  extracellular  adenosine
triphosphate (eATP) as a signaling molecule via
purinergic 2 kinase (P2K) receptors. However, (1) how
eATP binds to these receptors is not well understood
and (2) apart from AtP2K1 and AtP2K2, which have
been experimentally confirmed in Arabidopsis
thaliana, what other plant species besides
Brassicaceae perceive eATP? Our report visualizes
eATP in active binding sites of P2KI and P2K2
compared with mutant p2kl™%4a qpd p2k2Mis?94la,
Tomato, Solanum lycopersicum, was used to search for
homologous eATP receptors outside Brassicaceae.
Given that His99 at the active binding site is a
necessary condition, eight SILecRKs, conserving His99
with AtP2Ks, were modeled and examined for their
ability to interact with eATP. Our model shows that
eATP binds to another favorable site if the receptor
active binding site is not compatible.

In addition, Solyc09¢012000 and Solyc09g011060 are
able to interact with eATP at energies of -8.187
Kcal/mol and -8.306 Kcal/mol respectively. Our results
show the potential of computational 3D modeling in
explaining how ligands bind to their receptors, as well
as predicting receptor homologues.
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Introduction

Adenosine triphosphate (ATP) is known as the energy
molecule for all living organisms on earth. In 1962,
Burnstock accidentally discovered and demonstrated that
extracellular ATP can act as a neurotransmitter!'!. After 30
years of skepticism about Burnstock's discovery, the first
extracellular ATP (eATP) receptors were isolated from
animals, demonstrating the existence of this interesting
signaling pathway'. The discovery of two families of eATP
receptors in animals, P2X and P2Y, has also opened up a
better understanding of many growth, development and
stress response processes in animal cells?,

From here, drugs that act on these receptors, are also studied

to fight against cancer, inflammatory responses or
neurological diseases®. Studies demonstrating the response
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of plants to eATP have been studied since the 1970s° and
have received much attention in the 2000s.

However, proteins similar to P2Xs and P2Y's are completely
absent from the genomes of plant species??. With a strategy
of screening individuals that do not respond to eATP using
random mutant populations and genome sequencing
methods on the model plant Arabidopsis thaliana, Choi et al®
announced the discovery of DORNI (DOes not Response to
Nucleotide 1) as the receptor for receiving eATP>. DORNI1,
later named P2K1, is a member of group I of a 43-member
protein family, divided into 11 groups in Arabidopsis
thaliana called L-type LecRK (Lectin receptor like kinase)?.
eATP has been shown to be a damage associated molecular
patterns (DAMP) signaling molecule in both animals and
plants®212224 DAMP molecules are involved in plant
defense processes such as insect defense, wound response
and thereby stimulating the production of secondary
metabolites®2!.

Understanding the role of these processes helps to control
the formation of secondary metabolites in economically
valuable plants such as tomatoes (Solanum lycopersicum).
While there are at least 11 P2Xs and 8 P2Ys involved in a
wide range of biological processes in animal cells; with the
increasing number of reports on the role of eATP in plants,
the hypothesis of the existence of multiple eATP receptors in
plants was strengthened when a second receptor was
discovered by Pham et al'’.

However, both receptors were found to belong to group I of
the L-LecRLK family, which is only found in the
Brassicaceae family. Studies on the response in plant species
other than the model plant, Arabidopsis thaliana, are still
very limited.

Experimental search for homologous receptors is time-
consuming, laborious and expensive, as it requires the
generation of a large number of candidates!’. Meanwhile, the
development of bioinformatics tools has made it possible to
predict protein structure and function more accurately'?. In
particular, P2K1 and P2K2 have been structurally modeled
and their interactions with ATP and other ligands have been
discussed using 3D computational modeling methods*!°.

From here, we apply bioinformatics tools to model the
structures of potential proteins, providing important
information to predict which is the eATP receptor in tomato
plants.
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Material and Methods

Sequences, templates and ligand structure: The lectin
domain sequences of P2K1 (Q9LSRS - 236 amino acids) and
P2K2 (QIM1G4 - 234 amino acids) were retrieved from the
UniProtKB?. The S/LecRLK amino acid sequences were
obtained from the iTAK database?’. Template structures
were obtained from the protein data bank in PDB file format.
The three-dimensional structure of ATP was obtained in SDF
file format from the PubChem database'?.

Pipeline for computational 3D structure of L-type
LecRK ecto-domain prediction: In this study, the pipeline
for predicting the 3D structure of L-type LecRLK receptors
relies on the previous P2K1 and P2K2 modeling pipeline*!®
with some modification due to no longer available softwares
(Figure 1). In details, the target lectin domain sequence was
retrieved from the UniProt database and uploaded to PDB to
find the template structures. Candidate templates were
selected based on major criteria: a high percentage of
sequence identity, crystal structural quality (low resolution),
sequence coverage in the alignment and ligand binding
(Ca?*, Mn?", sugar/adenine). The target lectin models were
generated following the model-ligand module of the
Modeller manual'®?°, For each target protein, 1000 model
structures were used to generate cruel model and adding
ions!®2%, As the results of this step, 10 models, with the best
score, are selected for the next step.

The generated models were scored based on Modeller’s
probability density function with a low discrete optimized
protein energy score (DOPE)'. The models that have
normalized DOPE scores under -1 were chosen for the
structural geometry using Verify3D and the Ramachandran
plot embedded in the SAVEs web server'* . The good model
is checked with Verify3D scores higher than 80% and no
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residues in outlier regions of the Ramachandran plot. It
involves calculating the energy function to explore the
different conformation changes of the target structure'. The
target of the model structure would be configured with the
Charmm?2?2 force field'® that emerged in NAMD'® .

Pipeline for ligands docking: The molecular docking
process was carried out using AutoDock Vina and
AutoDockTool (ADT), a package of the MGLtools’. Before
carrying out the docking process, polar-hydrogen and
Gasteiger partial charge were added to convert the low-
energy structures in PDB file format to PDBQT file format.
The final target modeling receptor and ligand were imported
in to AutoDockTool. A grid box that covers 4 loops of the
receptor was used for target docking to ATP active binding
site as previous described in P2K1 and P2K2*1°. The results
of docking were analyzed with Pymol or MGLtool for 3D
visualization and Ligplot for 2D diagrams®!3.

Phylogenetic analysis: These sequences were imported into
Mega 11 for alignment with P2K receptor sequences to
analyze their relationship. All sequences aligned with the
ClustalW algorithm?®, The phylogeny of LecRKs was
performed using the maximum likelihood (ML) method and
was replicated 1000 times.

Results and Discussion

With the aim of applying 3D computational modeling
structure to predict potential eATP receptor in tomato
(Solanum lycopersicum), we simulated the structures of
P2K1, P2K2 and their mutants to build pipeline and control.
P2K1 and P2K2 had been built by 3D computational
modeling structures*'®. We reconstructed these structures
and their mutants using a new available pipeline.
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Figure 1: Workflow for homology modeling and molecular docking of ecto-domain of L-type Lectin receptor kinases.
Qua trinh thue hién théng qua sau buéc chinh: (1) searching template thong qua co sé dir li€u PDB; (2) building 3D
models bang Modeller; (3) Models validation bing verify 3D, Ramachadran plot va DOPE score; (4) adding ions and
minimization to generate final protein structures; (5) ATP or other ligands docking using AutoDock Vina
and (6) Analyzed results to visulize them.
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Histidine99 playing an important role in holding eATP at
the correct active binding site of P2K1 and P2K2: 3D
computational modeling of P2K1 and P2K?2, interacting with
eATP, were successfully generated with the corresponding
energy -8.287 Kcal/mol and -8.386 Kcal/mol respectively
(Figures 2A and 2B). Histidine 99 of P2K2 has been
experimentally demonstrated to play an important role in
eATP binding*. However, the reason for this process has not
been clearly explained. Here, p2kI"°¥ and p2k2"is*%
were simulated by us. eATP was targeted for docking at the
position equivalent to His99 (Ala99). The results show that
eATP interacts with the p2k1"s**** (-5.858 Kcal/mol) and
p2k2his9%la (1 334 Kcal/mol) mutants with less stable energy
than the wild-type (Figures 2C and 2D). With these results,
we explain the importance of histidine 99 in the eATP-P2K
binding model.

Our structures are also consistent with the energy results
discussed in previous studies*!® indicating that our receptor
structural modeling and ligand target docking pipelines are
suitable for further prediction. The structures in figure 2 will
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be used as controls for the prediction of tomato eATP
receptors. We named the pocket where eATP interacts with
His99 as the active binding site.

Eight members of the S/LecRK family share P2K’s
Histidine 99: In 2017, Wang and Bouwmesster? identified
22 members of the L-type Lectin receptor kinase family of
Tomato (Solanum lycopersicum). Through the iTALK
database, we found 24 genes in tomato with high homology
to P2K1 and P2K2 (Figure 3). These genes, when translated,
will produce proteins with the typical structures of LecRK
proteins such as a transmembrane domain containing
hydrophobic region, an intracellular domain with a
conserved kinase domain and an extracellular domain
capable of interacting with extracellular ligands. Through
the process of amino acid blast sequencing, we found eight
SILecRKs with amino acids conserved with His99 in P2K2.
We decided to construct 3D computational modeling
structures of these proteins and to test their ability to interact
with eATP. In addition, Solyc10g047810 without His99
homology was also used as a negative sample (Table 1).

ATP binding in His 99 region of
P2K1 at -8.287 kcal/mol

|
|
His 99Ala mutant I

ATP binding in His 99Ala region of
P2K1 at -5.858 kcal/mol

Secondary structure of PZK2 His99Aks mutant

ATP binding in His 99 region of
P2K2 at -8.386 kcal/mol

|
|
His 99Ala mutant :
+

. P
ATP binding in His 99Ala \

region of P2K2 at 1.334
kcal/mol

Secondary structure of P2K2 His?9Als mutant

Figure 2: ATP binding at predicted active binding site of A/P2Ks’ extracellular domains.
(A) Wild-type P2K1; (B) Wild-type P2K2; (C) p2k1"s%*"a; and (D) p2k2"s**, Yellow: loopA region;
orange: loopB region; green: loopC region; and red: loopD region.
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Figure 3: S/LecRKSs comparison to A7P2Ks. Numbers at the nodes indicates the bootstrap values of maximum
likelihood (ML) method and replicated 1000 times. Bar 1.00 represent sequence divergence.
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Figure 4: ATP binds to another favorable site if the receptor active binding site is not compatible. Binding of ATP in
active binding site and another favorable region models of (A) Solyc10g047810 and (B) Solyc09g011990.
Yellow: loopA region; orange: loopB region; green: loopC region; and red: loopD region.

Solyc10g047810, without His99 homology, had a poor

Histidine 99 is a necessary but not sufficient condition:
interaction with ATP at the active binding site, with energy -

As expected, when performing target docking,
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6.226 Kcal/mol (Figure 4A and table 1). Interestingly,
Solyc09g011990, sharing His99 homology as well as having
a very high sequence similarity to P2K1 and P2K2, had a
very poor interaction with ATP at the active binding site,
with energy 3.051 Kcal/mol (Figure 3, figure 4A and table

).

Thus, although His99 homology is an experimentally proven
key amino acid, it is not the only condition for ATP receptor
prediction. In addition, when performing free ATP docking
for Solyc10g047810 and Solyc09g011990, the results
showed that both proteins interacted tightly with eATP at the
other favorable region, biased towards loop A and not
interacting with loop B (Figure 4). This favorable binding
site may prevent eATP (or other ligands) from entering the
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active binding site, helping to increase the specificity for L-
type LecRK receptors.

ATP strongly binds to the active binding sites of
Solyc09g011060 and Solyc09g012000: More importantly,
we found that Solyc09g011060 and Solyc09g012000 could
bind ATP in the active binding site at energies of -8.306
Kcal/mol and -8.187 Kcal/mol respectively. Our results also
show that other ligands interact less well than ATP at the
active binding site (Figure 5 and table 1).

In particular, Solyc09g012000 has a relatively high energy
for sugar binding, while still interacting well with ADP (-
7.029 Kcal/mol). These characteristics are very similar to
previously described Arabidopsis P2K1 and P2K2.

Table 1
Interaction ability of some SILecRKs with ATP compared with 4A7/P2Ks
ATP binding energy at
GenelD Template (%oidentity) active binding site Interaction residues
(kcal/mol)
- :
P2K1 ﬂ%—‘igg gg’(,f’)) -8.287 His60, Thr117, Argl18,Tyr119, His99
His994la — 7070
p2kl BIQ F(29.44%) -5.858 Aspl47, Phe 148, Gly245, Thr246 Ala99
" .
P2K2 [HQL_A(27.4%) -8.386 Pheos. Argl 18, Val143, Arg14d, His99
2JcoHis994la 1AVB_A(28.8%) 1.334 Thr177, Thr245 Ala99
p 1IDBN_A(26.5%) : ’ a
3IPV_A (31.08%),
Solyc102047810 (NS)|  3UJO_A (29.80%), 6226 Alal0l, "1‘2%1 Osz gj‘y;%rgﬂg 13691’1‘;452151’ Phe
2FMD_A (33.74%) i ’
3USU B (31.71%), .
Solyc09g011070 |  4WV8_A(28.10%), -6.758 Lys99. Leulé)lo’ ?41;1%3511 \2’22 4L7é$21948’ Phel>0,
SKXB_A(28.40%) yars ’
3IPV_A(33.73%), .
Solyc05g053010 | 3USU_A(36.51%), -5.909 Argol, JIis103, Pro 20 Alal 18, Serl2s, Sinl2l,
2FMD_A(32.61%) SpLa, Liysae, Leusas, Led
3UJO_A (26.74%),
Solyc02g078170 1G7Y_A(27.06%), -7.186 Arg98, His102, Phel46, Lys147, Asn 148, Glu 258
2FMD_A(29.37%)
3IPV_A(26.89%), Leu 97, Ser 98, His100, Asn118, His 119, Ile 144,
Solyc09g011060 3UJO_A(26.74%), -8.306 Tyr 145, Ser 146, Phe149, Gly 245, Ser 246, Val
2FMD_A(29.37%) 247
SAVA_ A(30.92%), .
Solyc09¢011990 IFAT_A(32.02%), 3.051 Leud3, Gly100, Ig,fégg gyerrlzl; lle145, Gly224,
2FMD_A (30.61%) ’
SAVA_A(31.17%), . .
Solyc09g012000 IFAT_A(30.65%), -8.187 Gl“ggr’l]j‘; 1{2&1’? lAlSS et é? ng 4;2:2{{71 .
2FMD_A (34.75%) ’ » ASPRAS, DIYZAD,
3IPV_A (37.97%), .
Solyc03g043710 3UJO_A (35.27%), -7.521 His 119}1’: fzsf 11)21]1(; 1S46§ 1%,2; glly 1(2}12& 1Q512y123 ’
AWVS_ A (40.42%) : : :
3USU B (33.33%),
Solyc10g084860 |  4WVS A(31.97%), 7,682 Gly99, Hsd101, Va““LSé nggm’ Asp147, Leu247,
SKXB_A(31.56%)
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A

Glucose binding score:
-5.512 kcal/mol

GalNac binding score:

-7.355 kcal/mol -7.653 kcal/mol

ADP binding score:

AMP binding score:
-6.715 kcal/mol

-7.002 kcal/mol

ATP binding in active binding site of Solyc09g011060 at -8.306 kcal/mol

Lactose binding score:

Glucose binding score:
-5.526 kcal/mol

GalNac binding score:
-6.436 kcal/mol

Lactose binding score:
-6.487 kcal/mol

ADP binding score:
-7.029 kcal/mol

AMP binding score:
-6.443 kcal/mol

ATP binding in active binding site of Solyc09¢g012000 at -8.187 kcal/mol

Figure 5: Solyc09g012000 and Solyc09g011060, potentially, are S/P2Ks. Binding of ATP and other ligands in active
binding site models of (A) Solyc09g011060 and (B) Solyc09g012000. Yellow: loopA region; orange: loopB region;
green: loopC region; and red: loopD region.

Although L-type LecRKs were previously thought to belong
to the sugar binding receptor family, recent studies have
shown that L-type LecRKs interact with other ligands, which
are involved in many aspects of plant immunity?>. Our model
contributes to this new observation.

Conclusion

We have built a new pipeline, using available tools, to model
the ectodomains of L-type LecRK receptors and test their
ability to interact with various ligands. Our model visualizes
the active binding site as well as other favorable binding
sites, explaining the specific interactions between ligands
and receptors. His99 is again confirmed to play an important
role in the ATP active binding site but is not a sufficient
condition. This opens up the need to find other important
factors in the model of ATP interacting with the active
binding site. Our model predicts that Solyc09g011060 and
Solyc09g012000 have a very good ability to interact with
ATP at the active binding site. If this is confirmed
experimentally in the future, our model can be applied to
quickly find ATP receptors in other plant species.
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