
IDENTIFICATION OF A NOVEL 

EXTRACELLULAR ADENOSINE 5’-TRIPHOSPHATE 

RECEPTOR IN ARABIDOPSIS THALIANA 

 

 

 

A Dissertation 

Presented to 

The Faculty of the Graduate School 

At the University of Missouri – Columbia 

 

 

 

In Partial Fulfillment 

Of the Requirements for the Degree 

Doctor of Philosophy 

 

 

 

By 

An Quoc Pham 

 

Dr. Gary Stacey, Dissertation Supervisor 

 

 

December, 2019 

 



The undersigned, appointed by the Dean of the Graduate School, 

have examined the Dissertation entitled: 

 

IDENTIFICATION OF A NOVEL 

EXTRACELLULAR ADENOSINE 5’-TRIPHOSPHATE 

RECEPTOR IN ARABIDOPSIS THALIANA 

 

Presented by 

An Quoc Pham 

 

A candidate for the degree of 

Doctor of Philosophy 

 

And hereby certify that, in their opinion, it is worthy of acceptance. 

 

 

Professor Gary Stacey 

 

 

Professor Walter Gassmann 

 

 

Professor Melissa G. Mitchum 

 

 

Professor Gary A. Weisman 



ii 

 

ACKNOWLEDGEMENTS 

 

  I would like to thank my advisor, Prof. Gary Stacey, for giving me an excellent 

opportunity to work in his lab; thank you for your patience, understanding, 

encouragement, and guidance in research, career, and life. My sincere thanks to my 

advisory committee members, Prof. Walter Gassmann, Prof. Melissa G. Mitchum and 

Prof. Gary A. Weisman for their constructive advice and supportive encouragement. I 

appreciate Dr. Yangrong Cao and Dr. Kiwamu Tanaka, who guided me in the first two 

years. Also, I warmly thank Dr. Sung-Hwan Cho, Dr. Deawon Kim and Dr. Dongqin 

Chen for guiding me to complete my thesis. I want to thank Dr. Cuong T. Nguyen, my 

lab member, who not only contributed to this study but also supported me a lot in my 

student life. I am grateful to Prof. Bing Stacey, Dr. Phat Do and Dr. Katalin Tóth for their 

wonderful advice. I also want to thank Cuong X. Nguyen, Nhung T. H. Hoang, Ha N. 

Duong and other members of the Stacey lab for their joyful, happy and meaningful 

moments shared with me. I appreciate Dr. Hoang H. Nguyen, who encouraged me to 

study abroad and supported my career.  

  Most of all, I would like to thank my family, my parents, Phuong K. T. Doan and 

Manh V. Pham for their unconditional love, my older brother, Binh T. Pham for his 

support and my wife, Phuc H. Vo for her endless love.     

  My work was supported by the Vietnam Education Foundation (VEF), the US 

National Institutes of Health, and the Systems and Synthetic Agrobiotech Center of 

Korea.    

 



iii 

 

TABLE OF CONTENTS 

 

Acknowledgment ............................................................................................................ ii 

List of tables.................................................................................................................. vii 

List of figures ............................................................................................................... viii 

Abstract .......................................................................................................................... xi 

Chapter I: Introduction ..................................................................................................1 

 I.1. ATP, a signaling molecule in plant cells ........................................................3 

  ATP can be released to the extracellular matrix ........................................5 

  Homeostatic control of extracellular ATP concentration in plants..........6 

  eATP can trigger an increase in cytosolic calcium concentration ............8 

 I.2. P2K1 (DORN1), the first eATP receptor identified in plants ...................10 

   Nucleotides are P2K1’s ligands..................................................................11 

  P2K1 can phosphorylate downstream proteins .......................................12 

 I.3 LeRLK family .................................................................................................13 

  Diversity of LecRLKs in plants .................................................................16 

  LecRLK proteins play essential roles in plant immunity ........................16 

  LecRLK perception. ...................................................................................19 

 I.4 The rationale of the thesis ..............................................................................20 

Chapter II: Material and methods ..............................................................................24 

 II.1. Phylogenetic tree analysis ...........................................................................25 

 II.2. Plant materials .............................................................................................26 

 II.3. Seed sterilization ..........................................................................................27 



iv 

 

 II.4. Molecular complementation and ectopic expression ................................27 

 II.5 Cytoplasmic calcium assay ...........................................................................29 

 II.6 Plasmid construction for protein purification............................................30 

 II.7 Protein purification.......................................................................................31 

 II.8 Arabidopsis protoplast preparation and transformation .........................32 

 II.9 In vitro ATP binding assay (Performed by Dr. Cho Sung-Hwan) ...........33 

II.10 Computational analysis of putative 3D protein structure (Performed by  

Dr. Cuong T. Nguyen). ........................................................................................34 

II.11 Identification of putative ATP-binding sites of P2K2 (Performed by Dr. 

Cuong T. Nguyen) ................................................................................................35 

II.12 In-vitro kinase assay ...................................................................................35 

II.13 Detection of promoter-GUS fusion expression .........................................36 

II.14 Bimolecular fluorescence complementation (BiFC) ................................36 

II.15 Split-luciferase complementation assay ....................................................37 

II.16 Coimmunoprecipitation and immunoblot analysis .................................37 

II.17 GST-HIS pull-down assay ..........................................................................38 

II.18 Bacterial inoculation assay .........................................................................39 

II.19 MAPK assay ................................................................................................40 

II.20 qRT-PCR assay ...........................................................................................40 

Chapter III: Results ......................................................................................................42 

 III.1 Screening for the second extracellular ATP receptor in Arabidopsis 

thaliana ..................................................................................................................43 

  III.1.1 P2K1, DORN1 belongs to group I of the AtLecRLK family .......43 



v 

 

   III.1.2 LecRLK I.5 can partially reverse the p2k1-3 mutant in response to 

eATP addition..............................................................................................45 

  III.1.3 Plants ectopically expressing LecRLK I.5 (P2K2) showed an 

increased calcium response to nucleotides ................................................48 

  III.1.4 Protein domain map of P2K2 .........................................................51 

 III.2 P2K2 extracellular domain .........................................................................52 

  III.2.1 P2K2 shows high ATP binding affinity (experiment performed Dr.  

Cho Sung-Hwan) .........................................................................................52 

  III.2.2 P2K2 specifically binds to ATP and ADP (experiment performed 

Dr. Cho Sung-Hwan) ..................................................................................53 

  III.2.3 Computational analysis of P2K2 structure (experiment performed 

by Dr. Cuong T. Nguyen) ...........................................................................54 

   III.2.4 Identification of putative ATP-binding sites (experiment 

performed by Dr. Cuong T. Nguyen) ........................................................56 

   III.2.5 Mutations at critical binding residues reduce the ATP binding 

affinity of P2K2 (experiment performed by Dr. Cho Sung-Hwan) ........61 

III.3 P2K2 intracellular domain ...........................................................................63 

  III.3.1 The intracellular domain of P2K2 is an active kinase .................63 

  III.3.2 p2k2 intracellular domain mutations disrupt kinase activity. ....65 

  III.3.3 Mutations in the kinase domain abolish kinase activity leading to 

the loss of P2K2 receptor function ............................................................68 

III.4 P2K2 localizes to the plasma membrane ....................................................70 

 III.5 P2K2 directly interacts with P2K1 in the plasma membrane .................72 



vi 

 

 III.5.1 P2K2 interacts with P2K1 and itself in the plasma membrane in 

the BiFC assay .............................................................................................72 

 III.5.2 P2K2 directly interacts with P2K1 in an in vitro pull-down      

assay .............................................................................................................74 

 III.5.3 ATP enhances P2K1-P2K2 interaction .........................................76 

 III.5.4 P2K1 can phosphorylate P2K2 but not vice versa .......................78 

III.6 P2K2 plays an essential role in eATP-triggered plant defense        

signaling ................................................................................................................81 

III.6.1 P2K2 plays a role in plant resistance to Pseudomonas syringae 

DC3000 infection .........................................................................................81 

III.6.2 p2k2 T-DNA mutant plants failed to induce downstream defense 

signaling in response to ATP ......................................................................84 

Chapter IV: Discussion.................................................................................................91 

 P2K2’s eATP perception .....................................................................................93 

 Other extracellular ATP receptors in the LecRLK family ..............................95 

 P2K2 may function as a co-receptor of P2K1. ..................................................97 

 Roles of P2K2 in eATP-triggered plant defense..............................................101 

 Open questions ...................................................................................................102 

Supplemental data ......................................................................................................107 

BIBLIOGRAPHY .......................................................................................................110 

VITA.............................................................................................................................120 

 

 



vii 

 

LIST OF TABLES 

 

Table I.1 Known related biological functions of LecRLK members.  .....................17 

Table II.1 Primers used for T-DNA homozygosity confirmation.  ...........................26 

Table II.2 Primers for full-length AtLecRLK clade I member cloning. ..................28 

Table II.3 Primers for P2K2 kinase domain and extracellular domain cloning. . ..31 

Table II.4. Primers for qRT-PCR. ..............................................................................41 

Table III.1: List of predicted P2K2 interacting residues with ATP ligand obtained 

from different prediction tools.  ...................................................................................57 

Table III.2. List of P2K2 interacting residues with the ATP ligand obtained from 

target docking.  ..............................................................................................................60 

Table IV.1: LecRLK members, not belong to clade I that have a conserved H99 and 

a predicted active kinase domain. ...............................................................................97 

Table IV.2: Candidate proteins predicted to interact with P2K2.  ........................100 

 

 

 

 

 

 

 

 

 



viii 

 

LIST OF FIGURES 

 

Figure I.1 Phylogenetic tree of AtLecRLK family. ....................................................15 

Figure I.2 Overview of ATP release, recognition, signal transduction and 

homeostatic control.  .....................................................................................................22 

Figure III.1: Relative gene expression levels of clade I LecRLK members in 

comparison to P2K1 (LecRLK I.9).  .............................................................................44 

Figure III.2: Ectopic expression of P2K2 (p35S:LecRLK-I.5) in p2k1-3 mutant plants 

confers partial complementation of the eATP-triggered cytosolic calcium response 

phenotype.  .....................................................................................................................46 

Figure III.3: The kinetics of the calcium responses of p35S:P2K2/p2k1-3. .............47 

Figure III.4: eATP-triggered calcium response of p2k2 T-DNA mutant and two 

independent P2K2 overexpression lines.  ................................................................... 49 

Figure III.5: The kinetics of the calcium responses of p35S:P2K2/wild-type and 

p2k2. ...............................................................................................................................50 

Figure III.6: Map of P2K2 protein.  ............................................................................51 

Figure III.7: ATP-P2K2 in vitro binding assay. . ......................................................52 

Figure III.8: Competitive binding assay for P2K2. . .................................................53 

Figure III.9: P2K2 extracellular domain 3D structure.  ...........................................55 

Figure III.10: ATP-P2K2 free docking.  .....................................................................58 

Figure III.11: Putative ATP-binding site of P2K2 in target docking.  .....................59 

Figure III.12: In vitro binding assay of ATP binding to P2K2 wild-type and mutant 

versions. .........................................................................................................................62 



ix 

 

Figure III.13: Kinase activities of the P2K2 kinase domain.  ...................................64 

Figure III.14: Kinase activity of mutation versions of P2K2.  ..................................66 

Figure III.15: P2K2 kinase domains, wild-type and mutant versions, were treated 

with Lambda protein phosphatase (PPase).  ..............................................................67 

Figure III.16: Ectopic expression of kinase-dead mutant P2K2 in p2k1-3 mutant line 

failed to complement the eATP-triggered cytosolic calcium response phenotype. .69 

Figure III.17: Subcellular localization of P2K2 fused to YFP in Arabidopsis 

protoplasts.  ...................................................................................................................71 

Figure III.18: P2K2 localized to the plasma membrane in the root.  .......................71 

Figure III.19: P2K2 can form homomer and heteromer complexes with P2K1 in the 

protoplast plasma membrane.  ....................................................................................73 

Figure III.20: P2K2 can directly interact with P2K1 in vitro. .................................75 

Figure III.21: Luciferase complementation imaging assay showing that ATP can 

enhance P2K2-P2K1 interactions in tobacco leaves.  ................................................77 

Figure III.22: P2K1 and P2K2 can phosphorylate a kinase dead version of        

P2K2.  .............................................................................................................................79 

Figure III.23: P2K1 and P2K2 cannot trans-phosphorylate P2K1.  ........................80 

Figure III.24: Susceptibility of various Arabidopsis lines to flood-inoculation with 

Pseudomonas syringae DC3000 LUX.  ........................................................................83 

Figure III.25: P2K2 promoter activity in roots.  ........................................................87 

Figure III.26: Expression of P2K1 and P2K2 in mutant lines.  .................................86 

Figure III.27: MAPK signaling is impaired in p2k2 single and p2k1p2k2 double 

mutants upon ATP treatment.  ....................................................................................88 



x 

 

Figure III.28: qRT-PCR expression analysis of P2K2, MYC2 and ZAT10 after 

treatment with ATP 200 µM.  ......................................................................................89 

Figure III.29: Co-immunoprecipitation assay of P2K2 with P2K1, FLS2 and 

CERK1.  .........................................................................................................................90 

Figure IV.1: Multiple sequence alignment of the P2K2 and P2K1 extracellular 

domain comparing to four crystalized lectin proteins.  .............................................93 

Figure IV.1: Model of P2K2 function, as a potential co-receptor of P2K1, in eATP 

perception, triggering a plant defense response.  .....................................................105 

Supplemental Figure S1: Gus staining assay showed P2K2 promoter activity in 

whole plants.  ...............................................................................................................107 

Supplemental Figure S2: P2K2 promoter activity in pollen.  .................................108 

Supplemental Figure S3: Susceptibility of p2k1-3, p2k2 and p2k1p2k2 to P. syringae 

in bacterial leaf infitration assay.   ............................................................................109 

 

 

 

 

 

 

 

 

 

 



xi 

 

ABSTRACT 

 

  In animals, extracellular adenosine 5’-triphosphate (eATP) is a well-studied 

signaling molecule that is recognized by plasma membrane-localized, P2-type purinergic 

receptors. In contrast to animals, much less is known about purinergic signaling in plants. 

In 2014, our laboratory identified the first plant purinoreceptor, P2K1 (DORN1), which is 

a member of the L-type lectin receptor-like kinase (LecRLK) family. P2K1 is comprised 

of an extracellular lectin domain, a transmembrane domain and an intracellular kinase 

domain. In order to identify other plant purinoreceptors, we tested a number of LecRK 

genes for their ability to complement the inability of p2k1 mutants to induce an elevation 

in the intracellular calcium concentration upon ATP addition. One such gene, termed 

P2K2, was found to partially complement the ATP-induced cytosolic calcium response of 

the p2k1 mutant. Subsequently, we found that the extracellular lectin domain of P2K2 

binds to ATP with high affinity (Kd = 40.2  4.5 nanomolar). Interestingly, p2k1, p2k2, 

and p2k1p2k2 mutant lines are more susceptible to Pseudomonas syringae compared to 

wild-type. P2K1 and P2K2 interact other and cross-phosphorylate each other during 

eATP treatment. These data suggest that P2K2 is the second purinergic receptor found in 

plants and plays an important role in plant immunity. 
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  Following on Darwin's theory of evolution, living organisms on earth originated 

from the last universal common ancestor (Theobald, 2010). During evolution, plants and 

animals have maintained similar biological processes. For example, both plant and 

animal cells are regulated by intracellular and extracellular signals, including hormones, 

elicitors, or molecular patterns. These signals are recognized by plant and animal proteins 

called receptors. After signals or ligands bind to their receptors, second messengers are 

produced for signal amplification. Commonly in both animal and plant cells, second 

messengers including cytosolic calcium (Ca2+
cyt), nitric oxide (NO), reactive oxygen 

species (ROS) and cyclic nucleotides (Tanaka et al., 2010). Due to their crucial shared 

signaling characteristics, essential signaling molecules found in animal cells also play 

essential roles in plant cells. For example, glutamate is well-known as a neurotransmitter 

in animals. The first ionotropic glutamate receptor was cloned in 1989 (Hollmann et al., 

1989; Hollmann and Heinemann, 1994). Interestingly, glutamate also can trigger 

cytosolic calcium increase in Arabidopsis (Dennison and Spalding, 2000). In 2001, A 

glutamate receptor family in plants was identified (Lacombe et al., 2001), and now, they 

are called glutamate receptor-like channels (GLRs) (Forde and Roberts, 2014).   

  In this chapter, I will tell a story about another well-known animal signaling 

molecule that is becoming more recognized for its importance in plant physiology and 

development; that is extracellular adenosine 5’-triphosphate (eATP). I will provide an 

explanation of why we now generally accept that ATP is a signaling molecule in plant 

cells similar to animal cells. Next, I will discuss the first eATP receptor identified in 

plants. We also provide an overview of the LecRLK family, in which the first plant eATP 

receptor belongs. Finally, I will explain the rationale for this project.    
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I.1. ATP, a signaling molecule in plant cells 

  ATP, discovered in 1929, is well-known as the source of cellular energy for all 

organisms. This molecule is composed of three components, including a ribose, adenine 

base and three phosphates. With high energy stored in phosphate bonds, intracellular 

ATP (iATP) provides energy for many anabolic and catabolic cellular processes. For over 

30 years, no one considered that ATP could serve as an extracellular signaling molecule. 

However, in 1962, Burnstock found that ATP could be responsible for signaling between 

motor nerves and muscle. However, it took ten years for Burnstock to confidently publish 

his findings that extracellular ATP plays an essential role as a neurotransmitter 

(Burnstock, 1972; Khakh and Burnstock, 2009). 

  Interestingly, under normal conditions, cells maintain a high concentration of 

intracellular ATP (~mM level) but a very low extracellular concentration (~nM level). 

Upon the appropriate stimulus, ATP is released from the cytosol into the extracellular 

matrix and regulate growth (Di Virgilio and Adinolfi, 2017), development (Burnstock 

and Dale, 2015) and stress responses (Eltzschig et al., 2012; Tanaka et al., 2014). Given 

that eATP is acting as a signaling molecule from outside the cell, it was logical to 

postulate that plasma membrane receptors existed to bind and be activated by eATP. 

  In animals, P2X and P2Y receptors have been well characterized as plasma 

membrane purinoreceptors that bind eATP, as well as other nucleotides to trigger various 

downstream signaling cascades (Burnstock, 2018). The binding of eATP to P2X 

receptors (P2XRs) activates ATP-gated ion channels that are permeable to calcium, 

sodium and potassium (Bjorkgren and Lishko, 2016), whereas the activation of P2Y 
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receptors (P2YRs) recruits heterotrimeric G proteins that regulate secondary intracellular 

signaling molecules (i.e., Inositol phosphate, cytosolic calcium and cyclic AMP)  (Erb 

and Weisman, 2012). The activation of P2XRs and P2YRs explains the critical roles of 

eATP in various biological animal processes such as inflammation, neurotransmission, 

cell proliferation, cell differentiation and cell death (Burnstock and Verkhratsky, 2010; 

Eltzschig et al., 2013). 

 In plants, the first evidence of extracellular ATP acting as a signaling molecule 

was from the study of Jaffe 1973 in which exogenous ATP increased the closure of 

Venus flytraps. However, the authors did not suggest ATP was acting as a signaling 

molecule. Instead, they reasoned that ATP was providing energy for the flytrap’s midrib 

contraction or perhaps by elevating the cytoplasmic ATP concentration (Jaffe, 1973). 

Also, in 1973, Udvardy and Farkas found that ATP strongly stimulated the formation of 

nucleases (Udvardy and Farkas, 1973). In the following year, eATP was shown to 

activate ion uptake into leaf cells (Luttge et al., 1974). However, these authors also 

thought that the eATP was serving as an energy source for this process. In 2000, 

extracellular ATP and ADP  were shown to cause membrane depolarization of growing 

Arabidopsis root hairs. In these experiments, nucleotide hydrolysis and phosphate uptake 

were excluded from the mechanism of action (Lew and Dearnaley, 2000). ATPγS, a 

poorly-hydrolyzable ATP analogue, was used to show that ATP and not a hydrolytic 

product served as the signaling molecule that regulates pollen germination and pollen 

tube growth in Arabidopsis (Reichler et al., 2009). In general, it is now widely accepted 

that eATP acts as a signaling molecule in plants. However, the underlying molecular 

mechanisms for eATP action in plants remain largely unknown. 
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ATP can be released to the extracellular matrix 

  As mentioned above, cells maintain a high level of iATP for energy and 

intracellular signaling but a much lower level of eATP (~ 1x106 times lower) under 

normal conditions. However, the majority of published work has used a high 

concentration of external ATP for their experiments (µM to mM). Animal cells are 

known to release ATP via vesicular fusion with the plasma membrane (e.g., at the nerve 

synapse) or as a consequence of wounding (Fitz, 2007; Khakh and Burnstock, 2009). 

There is some support for all three mechanisms in plants. 

  Using luciferase as an ATP sensor, it was shown that 25-45 µM ATP was released 

after leaf wounding (Song et al., 2006). Although wounding is an extreme case of stress, 

a variety of other biotic and abiotic stresses were shown to cause the release of ATP. For 

example, treatment of plants with yeast extract increases eATP concentration up to 70 

times while touching increases it 3.5 fold (Jeter et al., 2004; Wu et al., 2008). Slight 

touching of Arabidopsis roots was shown to induce the release of nM ATP (Weerasinghe 

et al., 2009). Release of eATP was visualized in the roots of Medicago truncatula at sites 

of cellular expansion, consistent with ATP release via vesicular fusion (Kim et al., 2006). 

However, the vesicular nucleotide transporter (VNUT), like SLC17A9  in animals, has 

not been identified in plants (Sawada et al., 2008). Although plants also express the anion 

transporter 1 (ANTR1), a homolog of animal SLC17, it functions as an inorganic 

phosphate transporter (Ruiz-Pavon et al., 2010; Reimer, 2013). Evidence for direct 

transport of ATP in plants comes from studies of transporters, such as the MDR1 

homolog PGP1, a member of the ATP binding cassette superfamily (Thomas et al., 2000) 

or PM-ANT1, a member of the mitochondrial carrier family (MCF) that localizes to the 
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plasma membrane (Rieder and Neuhaus, 2011). In short, more information is needed to 

understand the mechanism of ATP export in plants, but in general, it is accepted that ATP 

can be released in to the extracellular matrix by cells under certain circumstances and 

may function as a signaling molecule in plant cells. 

Homeostatic control of extracellular ATP concentration in plants 

  If eATP is an important signaling molecule that can stimulate various plant cell 

responses, then one would expect that plant cells should have mechanisms to control the 

eATP concentration. These mechanisms could explain how plant cells maintain low 

eATP concentrations as well as switch cell status from stress conditions to normal 

conditions after danger signals are gone. Apyrase (APY) proteins were shown to be 

important in homostatic control of eATP. From 1999, APYs were proposed to be 

enzymes that hydrolyze eATP at both the γ- and β-phosphate positions (Thomas et al., 

1999). During that period, the function of APYs was interpreted within the context of 

eATP hydrolysis releasing inorganic phosphate (Pi). However, using pollen as a model, 

Steinebrunner et al. showed that: (1) the apy1apy2 double mutant in Arabidopsis had 

reduced pollen germination; (2) addition of high concentrations of ATP inhibited pollen 

germination; and (3) additional of phosphate did not induce germination in apy1apy2 

mutant pollen (Steinebrunner et al., 2003). These data were interpreted to indicate that 

APY1 and APY2 function to maintain a low level of eATP during pollen germination, 

without the need to provide Pi via ATP hydrolysis. A puzzling aspect of these studies of 

both AtAPY1 and AtAPY2 is that these apyrases were primarily localized to Golgi 

complex, a location inconsistent with a role in eATP homeostasis at the plasma 

membrane (Chiu et al., 2012). An explanation for this contradictory finding has not been 
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provided. It is possible that, although primarily found in the Golgi, some APY1 and 

APY2 proteins find their way to the plasma membrane to play a role in purinergic 

signaling. However, it is also possible that yet undiscovered mechanisms maintain a low 

level of eATP in plants.  

  Another protein that can hydrolyzes eATP in plants is purple acid phosphatase 

(PAP). In common bean, PvPAP3 localized to the plasma membrane was found to 

hydrolyze eATP (Liang et al., 2010). However, like the earlier conclusions related to 

APY function, the authors proposed that PAP hydrolyzed eATP primarily to provide Pi 

for root hair development. In the same year, Clark et al. (2010) also published evidence 

that eATP can regulate root hair development (Clark et al., 2010). This could be similar 

to the case of APYs by which PAPs could play critical roles in eATP homeostatic 

control. 

  The product of eATP hydrolysis by APYs and PAPs, eAMP, can be further 

hydrolyzed by ecto-5’-nucleotidases. Although the enzymes that carry out this reaction 

have not been identified in plants, Riewe et al. (2008) showed that cell wall-bound 

proteins generate adenosine and adenine from eAMP (Riewe et al., 2008). Several plant 

nucleoside hydrolase (NSH) proteins have been identified. While NSH1 and NSH2 work 

as intracellular nucleoside hydrolases, NSH3 plays a similar function in the apoplast. 

NSH4 and NSH5 have not been assigned specific functions beyond their catalytic 

capability (Jung et al., 2009; Jung et al., 2011).  

  After hydrolysis of AMP, adenosine and adenine are transported into plant 

cells. Equilibrative nucleoside transporter 3 (ENT3) is a pyrimidine nucleoside 
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transporter that mediates adenosine uptake (Traub et al., 2007). Adenine was proposed to 

be transported into the plant cells along an H+ gradient by purine permease (PUP) 

proteins (Gillissen et al., 2000; Burkle et al., 2003). P1 receptors for adenosine in animal 

have not been described in plants suggesting that the adenosine generated from eATP 

degradation is to be intracellularly recycled.  However, Ries et al. (1993) has 

demonstrated that addition of exogenous adenosine triggers increase of calcium, 

magnesium and potassium in plants (Ries et al., 1993). 

eATP can trigger an increase in cytosolic calcium concentration 

As a signaling molecule, eATP is expected to trigger the production of intracellular 

secondary messengers. In animals, eATP binds to P2 receptors leading to an increase in 

the cytosolic calcium concentration ([Ca2+]cyt) (Pubill et al., 2001; Tovell and Sanderson, 

2008). In plants, many earlier studies show that eATP increases [Ca2+]cyt under a variety 

of biotic and abiotic stresses (Demidchik et al., 2003; Jeter et al., 2004; Demidchik et al., 

2009; Tanaka et al., 2010; Tanaka et al., 2010). An increase in [Ca2+]cyt was proposed to 

lead to an elevation in the levels of reactive oxygen species (ROS) and nitric oxide (NO) 

(Wu et al., 2008; Wu and Wu, 2008; Monshausen et al., 2009; Tanaka et al., 2010). 

Therefore, [Ca2+]cyt seems to be an secondary messenger that activate the intracellular 

signaling cascades in plants to response to eATP.  

  In resting plant cells, the [Ca2+]cyt is usually low, around 100 nM, while the 

apoplastic calcium concentration can reach 1 mM and vacuoles can contain up to 80 mM 

calcium (Stael et al., 2012). In plants, ion channels mediating calcium influx can be 

classified as voltage-dependent, ligand-dependent and stretch-activated Ca2+ channels 
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(Kudla et al., 2010). In plants, much evidence supports the existence of voltage-

dependent calcium channels (VDCCs) (Pei et al., 2000; Klusener et al., 2002). However, 

the specific VDCC that mediates calcium influx in response to stress is largely unknown, 

likely due to functional redundancy among the various transporters (Kudla et al., 2010; 

Swarbreck et al., 2013). Only the two-pore channel 1 (TPC1), localized to the tonoplast, 

was identified as a VDCC (Peiter et al., 2005). The ligand-dependent calcium channels 

(LDCCs) found in plants are cyclic nucleotide-gated channels (CNGCs) and glutamate-

like receptors (GLRs) (Dietrich et al., 2010; Michard et al., 2011) A number of CNGCs 

have been implicated in the response of plants to a variety of stresses, but none have been 

directly associated with purinergic signaling. Stretch-activated calcium channels 

(SACCs) were proposed to be MscS-like (MSL; or mechanosensitive channel of small 

conductance like) and Mid1-complementing activity (MCA) proteins. MSL proteins were 

proposed on the basis of similarity to bacterial mechanosensitive channels (Veley et al., 

2012). However, plant MSL channels seem to prefer anions and may not be calcium 

channels (Maksaev and Haswell, 2012). On the other hand, MCA1 and MCA2 proteins 

localize to the plasma membrane and can mediate calcium uptake (Mori et al., 2018).  

  Although calcium is a significant cytosolic secondary messenger in plant cells, at 

present, the specific mechanism by which eATP increases [Ca2+]cyt remains unknown. 

Also, there has been little research to investigate how the elevation in [Ca2+]cyt induced by 

eATP modulates signaling in plants. 
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I.2. P2K1 (DORN1), the first eATP receptor identified in plants 

  P2 receptors appeared quite early in evolution. For example, P2XRs were found 

in Ostreococcus tauri and Dictyostelium discoideum (Fountain et al., 2007; Fountain et 

al., 2008). However, no homolog of an animal P2 receptor has been identified in plants. 

Interestingly, similar to animals, plant cells respond to eATP or other nucleotides with an 

increase of [Ca2+]cyt as well as NO and ROS levels (Reichler et al., 2009; Tanaka et al., 

2010). These data suggest that plants might have eATP receptors that are divergent from 

those in animals. Choi et al. (2014) screened for Arabidopsis mutant plants that did not 

respond to eATP as measured by changes in [Ca2+]cyt. The screening discovered the first 

eATP receptor in plants, named DORN1 (DOes not Respond to Nucleotides 1) (Choi et 

al., 2014), subsequently renamed P2K1.  Currently, the P2K1 nomenclature is favored, 

since it is more consistent with the P2X/P2Y nomenclature used in animals and the ‘K’ 

designation identifies P2K receptors as kinases.   

  The P2K1 (DORN1) protein contains: (1) an ectodomain that can bind various 

nucleotides but prefers ATP; (2) a transmembrane domain that enables P2K1 to localize 

to the plasma membrane and (3) an intracellular domain that has an active kinase. The 

identification of this receptor opened new opportunities to examine the crucial roles of 

eATP in many biological plant processes, such as root growth (Tang et al., 2003; 

Weerasinghe et al., 2009; Clark et al., 2010), stress responses (Thomas et al., 2000; Song 

et al., 2006) or pollen germination (Reichler et al., 2009; Rieder and Neuhaus, 2011). 

Also, P2K1, being different from animal P2 receptors, defines a new class of 

purinoreceptor (Choi, Tanaka et al. 2014) and changes our thinking about how eATP 

signals triggers intracellular signaling in plant cells. 
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Nucleotides are P2K1’s ligands 

  Although being named as DORN1 based on the mutant phenotype or P2K1 as a 

purinoreceptor, the first eATP receptor in plants had previously been identified as 

LecRLK I.9, a member of legume type lectin receptor-like kinase (LecRLK) family (Choi 

et al., 2014). With an extracellular lectin-binding domain, P2K1 has a putative 

carbohydrate-binding site. However, work in our lab, as well as by an other group 

(Gouget et al., 2006) failed to find that P2K1 binds sugars. Also, specific amino acid 

changes in the sugar-binding domain of P2K1 make it unlikely the protein binds 

carbohydrates. Instead, Choi et al. (2014) demonstrated that P2K1 binds ATP with a very 

high affinity (45.7 ± 3.1 nM). Besides ATP, in vitro competition binding assays showed 

that with varying affinities, other nucleotides bind to P2K1 and inhibit ATP binding. In 

order of affinity ADP > ITP > GTP > UTP were shown to inhibit ATP binding. In planta, 

experiments showed that p2k1 mutant plants have a lower response to nucleotide addition 

while maintaining the ability to respond to a wide variety of other elicitors, such as flg22, 

chitin, elf26, pep1, NaCl, D-glucose and mannitol. The results suggest that P2K1 can 

specifically recognize nucleotides and acts as a specific purinergic receptor. 

  Li et al. (2016) tried to crystallize the extracellular domain of a P2K1 ortholog 

from Camelina sativa. However, the crystallization conditions were not optimized (Li et 

al., 2016). Unpublished data derived through collaboration with Dr. Jijie Chai (Max 

Planck Institude for Plant Breeding Research in Cologne) succeeded in elucidating the 

crystal structure of P2K1 with ADP bound. These data showed that the P2K1 crystal 

represents a homodimer with the ADP binding site localized at the protein interface. 

Concurrent with our efforts to deduce the P2K1 crystal structure, Nguyen et al. (2016) 
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used a computational approach to predict the P2K1 ectodomain structure and the ATP 

binding site. Based on previous leguminous protein crystal structures, a 3D 

computational model of P2K1 was constructed. The putative 3D structure of P2K1 

contains 13 β-strands and five loops (loop A, B, C, D and extended loop). This model 

was largely consistent with the X-ray crystal structure elucidated in the Chai laboratory.  

  Subsequently, Nguyen et al. (2016) used their computational model of P2K1 to 

predict the ATP-binding domain. In vitro binding assays supported these predictions by 

showing that mutations in loop B or loop C significantly reduced ATP binding. Using a 

targeted docking method, Nguyen et al. (2016) also identified 11 putative ATP-binding 

residues, but none of them have been individually confirmed (Nguyen et al., 2016).  

P2K1 can phosphorylate downstream proteins 

  P2K1 is an active kinase that can autophosphorylate as well as trans-

phosphorylate downstream proteins (Choi et al., 2014; Chen et al., 2017). Interestingly, 

P2K1 can directly interact and phosphorylate a NADPH oxidase, the respiration burst 

oxidase homolog protein D (RBOHD), a key enzyme in ROS production (Chen et al., 

2017). The RBOHD was reported to be phosphorylated and activated by calcium-

dependent kinase 5 (CPK5) (Dubiella et al., 2013) demonstrating that ROS production is 

also responsive to increase in [Ca2+]cyt. Other work demonstrated that BIK1, a 

cytoplasmic kinase that is activated upon elicitor treatment, also phosphorylates and 

activates RBOHD (Kadota et al., 2014). However, Chen et al. (2017) showed that P2K1 

phosphorylates RBOHD at specific residue, S22, which is not a target of either CPK5 or 

BIK1. Activation of RBOHD via P2K1 phosphorylation explains how the addition of 
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ATP can regulate stomatal aperture in leaves, which is known to respond to elevated 

ROS levels (Chen et al., 2017). Besides RBOHD, Chen et al. (2017) also mentioned but 

did not identify 22 additional proteins that are potential targets of P2K1 phosphorylation. 

This suggests the potential for P2K1 to regulate a variety of downstream plant processes 

via transphosphorylation.  

  As mentioned above, a key unanswered question is how eATP triggers an 

increase in [Ca2+] cyt. Using patch-clamp methods, Wang et al. (2018) showed that p2k1-1 

mutant plant cells with a point mutation in the P2K1 kinase catalytic site, failed to trigger 

plasma membrane potassium and calcium conductance in the root plasma membrane 

(Wang et al., 2018). Thus, the data are consistent with the conclusion that the kinase 

activity of P2K1, either directly or indirectly, activates channels that modulate [Ca2+]cyt. 

  In animal, eATP , via P2 receptors, activates MAPK (Loomis et al., 2003; Chang 

et al., 2008). Choi et al. (2014) also demonstrated that the kinase activity of P2K1 is 

required for eATP-induced activation of the mitogen-activated protein kinase (MAPK) 

cascade (Choi et al., 2014). However, the specific phosphorylation targets of P2K1 that 

mediate these events have yet to be identified.   

I.3. LecRLK family   

  Receptor-like kinases (RLKs) comprise a protein superfamily with more than 600 

genes in the Arabidopsis genome (Shiu and Bleecker, 2003). Relative to animals, during 

evolution, there has been a large expansion of receptor gene families, which is attributed 

to the need for rooted plants to respond in place to changing environmental conditions 

and challenges. Lectin RLK proteins, with an extracellular lectin-like domain, were 
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subdivided into three types: G, C and L (Bouwmeester and Govers, 2009). P2K1 belongs 

to the L-type lectin RLK (LecRLK) subfamily. LecRLKs are present in plants but absent 

in animal genomes. In Arabidopsis thaliana, the LecRLK family contains 45 members. 

38 divided into nine subclades, while seven singleton members do not belong to any 

clade (Bouwmeester and Govers, 2009) (Figure I.1). In most cases, the function of 

individual plant LecRLKs is unknown. 
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Figure I.1 Phylogenetic tree of AtLecRLK family. The full-length amino acid 

sequences of 45 AtLecRLKs were collected from the TAIR database 

(www.arabidopsis.org). The multiple sequence alignment was generated and used to 

build a phylogenetic tree by Clustal OMEGA (www.ebi.ac.uk/Tools/msa/clustalo/). The 

cladogram is a neighbor-joining tree without distance corrections. Colored boxes indicate 

nine LecRLK clades (Bouwmeester and Govers, 2009).   
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Diversity of LecRLKs in plants 

  Different plant species contain multiple subclades of LecRLKs. For example, 

Arabidopsis thaliana has nine subclades, while Cucumis sativus has only six subclades. 

Solanum lycopersicum has nine subclades, but only five are similar to Arabidopsis 

thaliana. In monocots, Oryza sativa has only five subclades, but one has 36 members, 

while the largest subclade of Arabidopsis thaliana has only 11 members (Wang and 

Bouwmeester, 2017).  

  The diversity of the LecRLK family in plants was proposed to be the result of 

tandem- and whole-genome duplication (Hofberger et al., 2015). As a result of 

duplication events, proteins can diverge to have diverse functions or may share similar 

functions with different expression patterns (Moore and Purugganan, 2003). For example, 

in AtLecRLK clade I, LecRLK I.9 is an eATP receptor, while LecRLK I.8 was shown to 

be a nicotinamide adenine dinucleotide (NAD+) receptor (Choi et al., 2014; Wang et al., 

2017). In clade IX, LecRLK IX.1 and LecRLK IX.2 share analogous functions, 

regulating Phytophthora resistance and plant cell death respectively (Wang et al., 2015).  

LecRLK proteins play essential roles in plant immunity 

  Wang et al. (2014) reported a survey of the phenotypes of T-DNA single mutant 

lines of 41 of the 45 AtLecRLKs. This study failed to find any significantly abnormal 

morphologies with any of the mutations (Wang et al., 2014). Moreover, under normal 

growth conditions, only LecRLK I.9, LecRLK IV.1 and LecRLK VIII.1 were expressed at a 

high level, while also being expressed in most plant tissues. The other LecRLK genes 

showed lower expression and only in specific tissues. However, the expression of 
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individual LecRLK genes was found to be responsive to specific hormone treatments, 

abiotic stresses, elicitor treatments or pathogen infection, suggesting a functional role for 

these receptors in these processes (Bouwmeester and Govers, 2009). Interestingly, most 

of the reports about LecRLK member functions relate to pathogen or stress responses 

(Table I.1). Most appear to be involved in triggering secondary defense signaling, such as 

increases in [Ca2+]cyt, NO or ROS levels. Notable exceptions are P2K1, largely through 

our studies demonstrations that P2K1 interacts with and phosphorylates RBOHD to 

generate ROS, regulating stomatal aperture and bacterial pathogen resistance (Chen et al., 

2017). Calcium-dependent kinases (CPKs) were also reported to interact with LecRLK 

IX.2, phosphorylate RBOHD to generate ROS and trigger pathogen-associated molecular 

pattern (PAMP)-triggered immunity (PTI). However, LecRLK IX.2, containing a kinase 

domain, cannot phosphorylate RBOHD (Luo et al., 2017). In short, while the specific 

functions of most LecRLK family members remain unknown, there appears to be a 

general association of these receptors with the plant response to both abiotic and biotic 

stress. 

Table I.1 Known related biological functions of LecRLK members. 

Name AGI Biological Functions Reference 

AtLecRLK 

I.3  

At3G45410 - Salt stress (He et al., 2004) 

AtLecRLK 

I.8  

At5G60280  - NAD receptor 

- Insect egg perception 

(Mou, 2017; Wang et al., 

2017) 

(Gouhier-Darimont et al., 

2019) 

AtLecRLK 

I.9 

At5g60300 - ATP receptor  (Choi et al., 2014) 
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- Plasma membrane and cell 

wall adhesion 

- Pseudomonas syringae 

resistance 

- Phytophthora infestans 

resistance 

- Stomatal immunity 

(Gouget et al., 2006) 

(Balague et al., 2017) 

(Bouwmeester et al., 

2014) 

(Chen et al., 2017) 

AtLecRLK 

IV.3 

At4g02410 - Pathogen resistance and 

salinity response 

(Huang et al., 2013) 

AtLecRLK 

V.2 

At1G70130 - Stomatal immunity (Yekondi et al., 2018) 

AtLecRLK 

V.5 

At3G59700 - Pseudomonas syringae 

resistance 

- Negatively regulate 

Pectobacterium carotovoum 

(Desclos-Theveniau et 

al., 2012) 

(Arnaud et al., 2012) 

AtLecRLK 

VI.2 

At5G01540 - Pollen germination 

- Regulate PTI 

- Botrytis cinerea resistance 

- Pseudomonas syringae 

resistance 

(Xin et al., 2009) 

(Huang et al., 2014) 

(Singh et al., 2013) 

(Singh et al., 2012) 

AtLecRLK 

VI.3 

At5G01550 - Pollen germination (Xin et al., 2009) 

AtLecRLK 

VI.4 

At5G01560 - Pollen germination (Xin et al., 2009) 

AtLecRLK 

VII.1 

At4G04960 - Stomatal immunity (Yekondi et al., 2018) 

AtLecRLK 

IX.1 

At5g10530 - Phytophthora resistance 

 

(Wang et al., 2015; 

Wang et al., 2016) 

AtLecRLK 

IX.2 

At5g65600 - Pseudomonas syringae 

resistance 

- Phytophthora resistance 

(Luo et al., 2017) 

 

(Wang et al., 2015) 
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LecRLK perception 

  Although being called receptor agonists, the information about the ligands that 

interact with the various LecRLK members is still largely unavailable. Most of the 

information about LecRLK binding is based on predictions arising from the ectodomain 

amino acid sequence. Due to their lectin domains, LecRLKs have a conserved 

hydrophobic cavity, and, therefore, were proposed to recognize hydrophobic ligands 

(Bouwmeester and Govers, 2009). However, true ligands are mostly unknown.  

  The first reported molecule that binds to LecRLK I.9 was the Phytophthora 

infestans effector protein, IPI-O, which targets this receptor as a means of suppressing 

immunity. Two Arg-Gly-Asp (RGD) binding motifs (ASYY and PHPR), both involved 

in IPI-O binding, were also proposed to play essential roles in plasma membrane – cell 

wall (PM-CW)  adhesion mediated by LecRLK I.9 (Gouget et al., 2006; Bouwmeester et 

al., 2011). As expected, the lecrk i.9 (p2k1) mutant plants showed reduced resistance to 

Phytophthora infestans and weak PM-CW adhesion. The authors interpreted their data 

via a model by which IPI-O binding weakens the PM-cell wall interaction making it 

easier for the pathogen to gain entry into the plant. While this model may be correct, we 

now know that LecRLK I.9 is the eATP receptor, P2K1, and, hence, these earlier data 

need to be reconsidered in the context of a role for purinergic signaling in pathogen 

resistance. Besides LecRLK I.9, other LecRLK clade I members also have RGD binding 

motifs, such as LecRLK I.1, LecRLK I.2, LecRLK I.10, LecRLK I.5 (ASYF), LecRLK 

I.7 (ASYF) and LecRLK I.8 (ASYF) (Gouget et al., 2006). However, under normal 

conditions, these LecRLKs have low expression levels. The relevance of the RGD 
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binding domains on these proteins and their role, if any, in PM-cell wall adhesion or plant 

immunity remains to be defined.  

 As discussed above and in greater detail through this thesis, ATP is now known to 

be the ligand of P2K1. However, subsequently, NAD was reported to be recognized by 

LecRLK I.8. LecRLK I.8 also has been proposed to be involved in insect egg perception 

(Mou, 2017; Wang et al., 2017; Gouhier-Darimont et al., 2019). However, the connection 

between NAD and insect egg perception is unclear.              

  Although many L-type lectin RLK members appear to function in plant defense, 

the ligands that interact with these receptors, except for LecRLK I.9 and LecRLK I.8, are 

currently unknown. 

I.4. The rationale of the thesis  

  In animal systems, extracellular ATP plays a critical role as an extracellular 

signaling molecule. Animals have two multigene receptor families, P2X and P2Y, that 

recognize and transduce the eATP signal. Given the importance of purinergic signaling in 

animals, which necessitates multiple P2X and P2Y receptor subtypes, and the growing 

realization of purinergic signaling in plants which has been discussed above and 

summarized in Figure I.2, it seems logical to hypothesize that plants also possess multiple 

eATP receptors, in addition to P2K1.  

  P2K1 is a member of LecRLK family. The similarity of amino acid sequence and 

protein structure in this family suggests similar functions. Therefore, we expect that other 

LecRLKs also have the ability to recognize eATP. The low expression level of such 
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receptors may have limited our ability to identify additional receptors through the 

forward genetic screens that we conducted.  

  Our research goal was to identify additional eATP receptors in plants. In the 

previous study, the p2k1-3 mutant (T-DNA insertion knock out p2k1 mutant) showed no 

response to eATP in assays designed to measure an elevation in [Ca2+]cyt using aequorin 

luminescence. We hypothesized that ectopic expression of other LecRLK genes in the 

p2k1-3 mutant background could identify alternative ATP receptors with the ability to 

complement the mutant phenotype. Following that idea, we ectopically over-expressed 

each of the clade I LecRLK members in the p2k1-3 mutant. The stable transgenic lines 

were treated with exogenous ATP and monitored for their ability to increase  [Ca2+]cyt in 

response to eATP. 

  The results of our complementation test identified LecRLK I.5 as a good 

candidate, and we subsequently named this gene P2K2. Further work documented that 

P2K2 is able to bind ATP with high affinity and is an active kinase with the ability to 

autophosphorylate and transphosphorylate other proteins. A variety of assays suggest that 

P2K1 and P2K2 can self-interact as well as form heteromers. Similar to P2K1, a 

functional P2K2 gene is essential for a robust plant defense response to pathogen 

infection.  The data are consistent with P2K1 and P2K2 showing partial functional 

redundancy, perhaps working in a heterocomplex to bind and respond to eATP. 
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Figure I.2 Overview of ATP release, recognition, signal transduction and homeostatic control.  ATP (yellow dots) can be 

released into the extracellular matrix due to wounding or broken cells. A variety of stimuli, such as biotic or abiotic stresses, can 

trigger the release of ATP. Exocytotic processes and transporters are proposed to be involved in these excitation processes. By 

analogy to animals, vesicular loading of ATP would require vesicular nucleotide transporters (VNUT), which have not yet been 

identified in plants. Plant homologs of human multiple drug resistance/P-glycoprotein 1 (PGP1) or plasma membrane ATP transporter 
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1 (PM-ANT1) were suggested as ATP exporters. However, the connection between these transporters and stimuli is still missing. 

When the concentration of extracellular ATP increases, it can be recognized by eATP receptors, such as P2K1 or yet unknown P2Ks. 

With active kinase activity, P2K1 can phosphorylate downstream proteins, such as respiration burst oxidase homolog protein D 

(RBOHD), which can generate reactive oxygen species (ROS). RBOHD also can be phosphorylated by calcium-dependent kinase 

(CPK) proteins. The connection between CPKs and P2Ks is still unclear. However, LecRLK IX.2, a homolog of P2K1, can interact 

with CPKs to activate RBOHD. P2K1 is a critical component of ATP-induced MAPK activation. However, the kinase substrates of 

P2K1 (or upstream of MPK3/6) are unknown. As a result of eATP perception, the concentration of cytosolic calcium (green dots) is 

increased. In plants, the identified calcium channels include cyclic nucleotide-gated channels (CNGCs) and glutamate like-receptors 

(GLRs), which regulate calcium influx from the extracellular matrix, as well as two-pore channel 1 (TPC1), which can export calcium 

from vacuoles. However, their connection to the eATP-induced cytosolic calcium increase is still unclear. To control the extracellular 

ATP concentration, plant cells have ectoapyrase (APY) and purple acid phosphatase (PAP) proteins. AMP, the product of eATP 

hydrolysis, can be further processed to adenosine and adenine by ecto-5’-nucleotidase and nucleoside hydrolase. The plant 5’-

nucleotidases have not been identified, while the plant nucleoside hydrolase protein was proposed to be NSH3. Adenosine and adenine 

generated from eATP hydrolysis can be transported into the cytosol by equilibrative nucleoside transporters (ENTs) and purine 

permeases (PUPs). The figure was generated by the Biorender application (www.Biorender.com). 
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Chapter II: 

Material and methods 
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II.1. Phylogenetic tree analysis 

  The 45 LecRLK protein sequences were collected from the Arabidopsis 

Information Resource website (TAIR https://www.arabidopsis.org/). The AGI numbers 

are: LecRLK-I.1 (AT3G45330.1); LecRLK-I.10 (AT5G60310.1); LecRLK-I.11 

(AT5G60320.1); LecRLK-I.2 (AT3G45390.1); LecRLK-I.3 (AT3G45410.1); LecRLK-

I.4 (AT3G45420.1); LecRLK-I.5 (AT3G45430.1); LecRLK-I.6 (AT3G45440.1); 

LecRLK-I.7 (AT5G60270.1); LecRLK-I.8 (AT5G60280.1); LecRLK-I.9 

(AT5G60300.3); LecRLK-II.1 (AT5G59260.1); LecRLK-II.2 (AT5G59270.1); LecRLK-

III.1 (AT2G29220.1); LecRLK-III.2 (AT2G29250.1); LecRLK-IV.1 (AT2G37710.1); 

LecRLK-IV.2 (AT3G53810.1); LecRLK-IV.3 (AT4G02410.1); LecRLK-IV.4 

(AT4G02420.1); LecRLK-IX.1 (AT5G10530.1); LecRLK-IX.2 (AT5G65600.1); 

LecRLK-S.1 (AT1G15530.1); LecRLK-S.4 (AT3G55550.1); LecRLK-S.5 

(AT5G06740.1); LecRLK-S.6 (AT5G42120.1); LecRLK-S.7 (AT5G55830.1); LecRLK-

V.1 (AT1G70110.1); LecRLK-V.2 (AT1G70130.1); LecRLK-V.3 (AT2G43690.1); 

LecRLK-V.4 (AT2G43700.1); LecRLK-V.5 (AT3G59700.1); LecRLK-V.6 

(AT3G59730.1); LecRLK-V.7 (AT3G59740.1); LecRLK-V.8 (AT3G59750.1); LecRLK-

V.9 (AT4G29050.1); LecRLK-VI.1 (AT3G08870.1); LecRLK-VI.2 (AT5G01540.1); 

LecRLK-VI.3 (AT5G01550.1); LecRLK-VI.4 (AT5G01560.1); LecRLK-VII.1 

(AT4G04960.1); LecRLK-VII.2 (AT4G28350.1); LecRLK-VIII.1 (AT3G53380.1) and 

LecRLK-VIII.2 (AT5G03140.1). 

The sequence alignments and phylogenetic tree generation were performed using Clustal 

Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/).  
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II.2. Plant materials  

  All Arabidopsis plants used in this study are aequorin-expressing lines in the   

Col-0 background. Wild-type and p2k1-3 (SalK_042209) with aequorin (AEQ) stable 

transgenic lines were described in our previous studies (Choi et al., 2014; Chen et al., 

2017). The LecRLK i.5 T-DNA mutant, p2k2, (GK-777H06) was obtained from the 

Arabidopsis Biological Resource Center (ABRC, Ohio State University, Columbus, OH) 

and crossed with wild-type/AEQ and p2k1-3/AEQ to generate p2k2/AEQ and 

p2k1p2k2/AEQ lines. Homozygosity for the T-DNA insertion and the aequorin transgene 

in F2 progeny was confirmed by PCR-based genotyping using the specific primers listed 

in Table II.1 and qRT-PCR using primer set in table II.4.  

Table II.1 Primers used for T-DNA homozygosity confirmation. 

    Names Sequences 

For p2k1-3 

T-DNA  

mutant 

genotyping 

No insertion  

specific 

*Mlecat5g60300s TCCATGCAACAGTTGCGTTGTCT  

*P2K1-R CTGCAATACCCAAACAGTGGTA 

T-DNA  

specific 

*Mlecat5g60300s TCCATGCAACAGTTGCGTTGTCT 

LBb1 GCGTGGACCGCTTGCTGCAACT 

For p2k2 

T-DNA  

mutant 

genotyping 

No insertion  

specific 
P2K2-F 

ATGATCCTTTGAGTTATTGGCTG

A 

P2K2-R TACAATTTGCGCTGATTATC 

T-DNA  

specific 
GABI_8474 

ATAATAACGCTGCGGACATCTA

CATTTT 

P2K2-R TACAATTTGCGCTGATTATC 

For AEQ 

insertion 

genotyping 

No insertion  

specific 

*AEQgtF 

ATACCAATCCAACCCTAATCCTA

AAATAC 

*AEQgtR 

TATTATAAGAAGGTTCCTCTTTC

CTCCTA 

T-DNA  

specific 
*AEQgtF 

ATACCAATCCAACCCTAATCCTA

AAATAC 

LBb1 GCGTGGACCGCTTGCTGCAACT 

* Primers from previous sturdy (Choi et al., 2014). 
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II.3. Seed sterilization 

  Arabidopsis seeds were sterilized in 1.5 ml tubes by adding 500 µl 70% (v/v)  

ethanol and briefly vortexing. After washing with autoclaved water one time, the seeds 

were sterilized by adding 200 µl 50% (v/v) bleach solution containing 0.1% (v/v) triton 

X-100  and briefly vortexing for 10 seconds. After removing the bleach, seeds were 

washed at least three times with 1 ml autoclaved water. Sterilized seeds were submerged 

in autoclaved water and put at 4oC from 4-7 days before sowed onto half-strength 

Murashige and Skoog (½ MS) phytagel medium plates. The ½ MS medium contains 1% 

(w/v) sucrose, 0.4% (w/v) phytagel and 2.56 mM MES-KOH pH 5.7. The plates were 

placed in a long-day condition growth chamber with the setting of 16 h light, 8 h dark, 

22oC, 70% humidity, and 100 µE cm-2sec-1 light intensity.     

II.4. Molecular complementation and ectopic expression 

  Full-length genomic DNA of clade I LecRLK members were amplified using 

specific primers (Table II.2) from chromosomal DNA of wild-type (Col-0). The PCR 

products were cloned into the pDONZ-Zeo vector using Gateway BP Clonase II enzyme 

mix (Invitrogen). Target sequences were then cloned into pGWB14 destination vectors 

using Gateway LR Clonase II Enzyme Mix (Invitrogen). These constructs were 

electroporated into Agrobacterium tumefaciens GV3101 for transforming into the p2k1-

3/AEQ line using the floral dipping method (Davis et al., 2009). The stable transgenic 

lines were selected on 25 µg/L hygromycin medium. Target gene insertion events were 

confirmed using specific forward primers of target genes and an HA reverse primer 

(Table II.2)
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Table II.2 Primers for full-length AtLecRLK clade I member cloning. 

LecRLK-I.1F GGGGACAAGTTTGTACAAAAAAGCAGGCTccATGGCTCAAAGATTGCATCTCCTTCTTC 

LecRLK-I.1R GGGGACCACTTTGTACAAGAAAGCTGGGTtTCATCTTCCATCACCATATATAATG 

LecRLK-I.2F GGGGACAAGTTTGTACAAAAAAGCAGGCTccATGGCTCAAAGATTTTATCTTCTTCTTCTC 

LecRLK-I.2R GGGGACCACTTTGTACAAGAAAGCTGGGTtTCATCTTCCATCACCATTTAAGATGGTGTG 

LecRLK-I.3F GGGGACAAGTTTGTACAAAAAAGCAGGCTccATGGCTTGTAGACTATATTTGGCTTTGATC 

LecRLK-I.3R GGGGACCACTTTGTACAAGAAAGCTGGGTtTTATCTTCCATGCCCGTCCAAGATTGTGTG 

LecRLK-I.4F GGGGACAAGTTTGTACAAAAAAGCAGGCTccATGGATTGTAGACTGCATCTGGTTTTGTTC 

LecRLK-I.4R GGGGACCACTTTGTACAAGAAAGCTGGGTtTCATCTTCCATACCCTTCCAAGATCGAGTG 

LecRLK-I.5F GGGGACAAGTTTGTACAAAAAAGCAGGCTccATGTCTAAAGGATTGTTTCTAATCTGGTTG 

LecRLK-I.5R GGGGACCACTTTGTACAAGAAAGCTGGGTtTCAGCTCTTAAATTCCAATGGTTGTTCATG 

LecRLK-I.6F GGGGACAAGTTTGTACAAAAAAGCAGGCTccATGGCTCAAGGATTGCATCTGATCTGGGTG 

LecRLK-I.6R GGGGACCACTTTGTACAAGAAAGCTGGGTtTTACCGTCCATCCCCATGGATAATTG 

LecRLK-I.7F GGGGACAAGTTTGTACAAAAAAGCAGGCTccATGATTCGAGGATTGCTTTTGGGAATCATC 

LecRLK-I.7R GGGGACCACTTTGTACAAGAAAGCTGGGTtTCATCGCCCACTCCCGTAGAGGACTGAGTG 

LecRLK-I.8F GGGGACAAGTTTGTACAAAAAAGCAGGCTccATGGCTCCAGGATTGGATCTGATCTGGATG 

LecRLK-I.8R GGGGACCACTTTGTACAAGAAAGCTGGGTtTCATCGTCCAATTCCGTATTGAATCGAGTG 

LecRLK-I.10F GGGGACAAGTTTGTACAAAAAAGCAGGCTccATGGCTTGGGGATTGTTTCAGATCCTGATG 

LecRLK-I.10R GGGGACCACTTTGTACAAGAAAGCTGGGTtTTAAGGTGAGTTAGTGGCCGACGAAGCAGC 

LecRLK-I.11F GGGGACAAGTTTGTACAAAAAAGCAGGCTccATGGCTTCTGAAAGATTGCATCTGATCTTATTG 

LecRLK-I.11R GGGGACCACTTTGTACAAGAAAGCTGGGTtTCACCTCCCATCTCCGTATGTGATTGTATG 

x3HA-R CGTATGGGTAAAAGATGTTAATTAACCC 

Promoter I.5F GGGGACAAGTTTGTACAAAAAAGCAGGCTccTCCCATCTTGTTCGGAC 

Promoter I.5R GGGGACCACTTTGTACAAGAAAGCTGGGTtTTGCTGCTGATGAAACAG 
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  Full-length genomic DNA of P2K2 (At3g45430) with or without ~1.5 kb of the  

5’-flanking region were amplified using specific primers (Table II.2) from genomic DNA 

of wild-type. The products were cloned into pDONR-Zeo vectors. Target sequences were 

then cloned into pGWB13 or pGWB14 destination vectors using LR cloning. These 

constructs were electroporated into Agrobacterium tumefaciens GV3101 for transforming 

into wild-type/AEQ, p2k2/AEQ or p2k1/AEQ lines using the floral dipping method (Davis 

et al., 2009). The stable transgenic lines were confirmed by hygromycin resistance and 

qRT-PCR using the appropriate specific primer set (Table II.4)  

II.5 Cytoplasmic calcium assay 

  Five-day-old Arabidopsis seedlings were individually transferred into separated 

wells of white 96-well plates. Each of the wells contained 50 µl of CTZ buffer, including 

10 µM coelenterazine (Nanolight technology, Pinetop, AZ), 2 mM MES and 10 mM 

CaCl2, pH 5.7. After being incubated at room temperature overnight in the dark, 50 ul of 

2X treatment solution were directly applied to the wells by multiple channel pipette. The 

production of luminescence was immediately measured using an image-intensified CCD 

camera (Photek 216; Photek, Ltd.). The remaining unchelated aequorin was estimated by 

applying discharging buffer, including 2 M CaCl2 and 20% (v/v) ethanol and measured 

by the camera. The Photon counting data were normalized and converted into calcium 

concentration using the following equation (Mithofer and Mazars, 2002):  

Δ[Ca2+] =∑ ( 𝐿(𝑥)𝐿𝑚𝑎𝑥)13+55( 𝐿(𝑥)𝐿𝑚𝑎𝑥)132 𝑥 106−2 𝑥 106( 𝐿(𝑥)𝐿𝑚𝑎𝑥)13 
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  L(x) is the luminescence intensity each second and Lmax is the total amount of 

luminescence in the sample. All experiments were repeated at least three times 

independently. The results were converted to histograms. 

II.6 Plasmid construction for protein purification 

  The full-length genomic DNA of P2K2 in the pDONR-Zeo vector was used as the 

template for further cloning. The extracellular domain and kinase domain of P2K2 were 

amplified using gene-specific primers (Table II.3) by PCR. The PCR products were 

digested by restriction enzymes BamHI and XhoI for extracellular domain cloning. After 

gel extraction and purification, the DNA products were cloned into the PGEX-2T vector 

(for extracellular domain cloning) and the pET 41a or pET 28a vectors (for kinase 

domain cloning) using T4 DNA ligase enzyme. To generate mutations, the wild-type 

P2K2 extracellular domain in PGEX-2T or the kinase domain in pET 41a or pET28a was 

used as a template. The site-direct mutagenesis method used the specific primer sets in 

Table II.3. The mutations were amplified by PCR and the PCR products were digested by 

DpnI and transformed into E.coli. 
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Table II.3 Primers for P2K2 kinase domain and extracellular domain cloning. 

Kinase  

domain 

P2K2-KD_F CGCGGATCCGTTTATTACCACAGGAAGAAG

AAG 

P2K2-KD_R GGTGCTCGAGTTCAGCTCTTAAATTCCAATG

G 

P2K2-

KD_D467N_F 

CTATAACCAATGTATATGCTTTCGG 

P2K2-

KD_D467N_R 

ATATACATTGGTTATAGTGGAAGCTC 

P2K2-

KD_D525N_F 

CTGCACCGAAATATCAAAGCTTCCAAC 

P2K2-

KD_D525N_R 

CTTTGATATTTCGGTGCAGAACAACTTG 

Extracellul

ar  

domain 

P2K2-ED_F GGATCC GATACCAGTTTTGTCTTCAACG 

P2K2-ED_R GTCGAC GCTGAAACTCCACCCAAGAAGATA 

P2K2-

ED_H99A_F 

CGGGATTTGAAGGCGGTGCCGGC ATT 

P2K2-

ED_H99A_R 

CACAAAGGTAATGCCGGCACCGCCTT 

P2K2-

ED_R144A_F 

TTGAGCTCGACACTGTTGCGAATCCAGA 

P2K2-

ED_R144A_R 

TCACGAAAATCTGGATTCGCAACAGTGT 

P2K2-

ED_T245A_F 

GCTGCAGCAACAGGGGCATCAATC 

P2K2-

ED_T245A_R 

ATAATGGTAACTGATTGATGCCCCTGT 

 

II.7 Protein purification 

  The constructs used for protein purification were transformed into E.coli BL21-AI 

(Invitrogen). The bacteria were cultured in LB medium to reach 0.6 < OD600 < 0.9 at 

37oC. The bacteria were shaken at 25oC for 30 minutes before the target proteins were 

induced by IPTG 0.1 mM, at 25oC for 2 hours. The culture was then centrifuged at 4,500 

rpm for 10 minutes at 4oC. After removing LB medium, the bacterial pellet for GST-

fused protein purification was resuspended in TBS buffer, containing 50 mM Tris-HCl, 
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pH 7.5, 150 mM NaCl, 0.1% (v/v) triton X-100, 1X protease inhibitor cocktail (Pierce) 

and 2 mM PMSF, while cells for HIS-fused protein purification were resuspended in 

HIS-lysis buffer, containing 50 mM sodium phosphate, pH 7.5, 300 mM NaCl, 8 mM 

imidazole, 0.05% (v/v) NP-40, 1X protease inhibitor cocktail (Pierce) and 2 mM PMSF. 

The cells were broken by sonication followed by centrifugation at 12,000rpm and 4oC for 

10 minutes. The supernatant was then applied to glutathione sepharose 4B R10 resin (GE 

healthcare) for GST-fused proteins, while TALON Metal Affinity Resin (Clontech) was 

used for HIS-fused proteins. The supernatant was incubated with gentle rotation with the 

resin for 1 hours at 4oC; the resin was collected by centrifugation at 5,000 rpm for 5 

minutes at 4oC. The resin was washed three times with 1X TBS buffer (for GST-fused 

proteins) or HIS washing buffer, containing 50 mM sodium phosphate, pH 7.5, 300 mM 

NaCl and 8 mM imidazole. After removing the washing buffer, elution buffer, containing 

50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 25 mM reduced glutathione (for GST-fused 

proteins) or 150 mM Imidazole (for His-fused proteins), and 10% (v/v) glycerol. Purified 

proteins were stored at -80oC until use. 

II.8 Arabidopsis protoplast preparation and transformation 

  The protoplast isolation and transformation were performed, as previously 

described (Cao et al., 2016). Approximately, 2 g of two-week-old Arabidopsis leaf tissue 

were sliced with a fresh razor blade and incubated with enzyme solution [1% (w/v) 

cellulase R10, 0.2% (w/v) macerozyme R10, 0.4 M mannitol 20 mM KCl, 20mM MES 

pH 5.7, 10 mM CaCl2, 5 mM 2-mercaptoethanol and 0.1% (w/v) bovine serum albumin] 

at room temperature for 3 hours. The protoplasts were isolated by pouring the solution 

into 50-ml falcon tubes using 75 µm nylon mesh filters, followed by centrifugation for 2 
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minutes at 100 x g. After removal of the supernatant, the protoplasts were gently 

resuspended in cold W5 solution (154 mM NaCl, 125 mM CaCl2 5 mM KCl and 2 mM 

MES, pH 5.7) and kept on ice for at least 30 minutes before further use. 

  The 50-ml falcon tubes containing the protoplasts were centrifuged at 60 x g for 2 

minutes at 4oC. After removal of the supernatant, protoplasts were resuspended in the 

MaMg solution (0.4 M mannitol, 15 mM CaCl2 and 4 mM MES pH 5.7) and aliquoted at 

300 µl/50-ml falcon tube. Twenty µl DNA constructs (total 20-30 µg of plasmid) were 

added and gently mixed. After that, 320 µl PEG solution (4 g PEG 4000, 0.4 M mannitol 

and 100 mM CaCl2) was added and gently mixed. After incubating the transfection 

mixture at room temperature for 30 minutes, the mixture was slowly diluted with 5 ml 

W5 solution and gently mixed. The transfection protoplasts were collected by 

centrifugation at 60 x g, and resuspended in 2 ml W5 solution. The protoplasts were 

incubated in the dark at 23oC, overnight. 

II.9 In vitro ATP binding assay (Performed by Dr. Cho Sung-Hwan) 

  The purified P2K2 extracellular domain protein was mixed in a 50 µl reaction 

including 10 mM HEPES (pH 7.5), 5 mM MgCl2, in presence or absence of a 100-fold 

excess of unlabeled ATP (for specific binding assays) or unlabeled other nucleotide (for 

competitive binding assays), and [α-32P] ATP (PerkinElmer, 800 Ci mmol-1). The 

reactions were incubated at 4oC for 30 minutes. After that, the reactions were loaded onto 

Sephadex G-25 gel filtration columns (GE Healthcare). The free nucleotides were trapped 

in the column, while the bound radioligand goes through the column and was collected in 

scintillation vials. After mixing with scintillation cocktail (MP Biomedicals), the signal 
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of bound radioligand was measured using liquid scintillation counting (Tri-Carb 2810TR, 

PerkinElmer). The data were analyzed using GraphPad Prism 7.   

II.10 Computational analysis of putative 3D protein structure (Performed by Dr. 

Cuong T. Nguyen) 

  A computational approach was used to predict ATP-binding sides within the 

P2K2 lectin domain and to guide the construction of specific mutations that disrupt ATP 

binding. Initially, a sequence search of the Protein Data Bank (http://www.rcsb.org/) 

identified more than 40 homologous P2K2 lectin domain structures. Among these 

homologous structures, 4 top-ranked templates (PDB accession 1G7Y, 1DBN, 1HQL and 

1AVB) with high sequence identity and similarity, as well as structural resolution and 

sequence coverage, were selected for homology modeling of the P2K2 3D structure.  

  A homology modeling approach was carried out using Modeller v9.21 

(https://salilab.org/modeller/), and the top-ranked model was chosen using the Modeller 

energy score from a set of 3000 decoys for further structure assessment, binding site 

prediction and ligand docking. The quality of the P2K2 structural model was assessed by 

Ramachandran plots with the Rampage online tool 

(http://mordred.bioc.cam.ac.uk/~rapper/rampage.php). The 3D model of the P2K2 

ectodomain was refined using the refined Modeller tool.  

 

 

 

http://mordred.bioc.cam.ac.uk/~rapper/rampage.php
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II.11 Identification of putative ATP-binding sites of P2K2 (Performed by Dr. Cuong 

T. Nguyen) 

  The ATP binding site of P2K2 was predicted using sequence-based and structure- 

based prediction tools, including COACH, COFACTOR, FINDSITE and TM-Site 

(https://zhanglab.ccmb.med.umich.edu). Once the binding site was predicted, a target 

docking of ATP to the predicted ligand binding site of the P2K2 model was performed 

repeatedly with the AutoDockVina tool (http://vina.scripps.edu/) keeping the ligand 

flexible and P2K2 rigid, until the energy score of the ATP-P2K2 3D model reached the 

lowest value. 

  Finally, the best P2K2-ATP binding complex, having the lowest energy score in 

terms of kcal per mol, was visualized with the Chimera visualization tool 

(https://www.cgl.ucsf.edu/chimera/). The interaction map between P2K2 interacting 

residues and the ATP ligand was mapped and generated using the LigPlot+ tool 

(https://www.ebi.ac.uk/thornton-srv/software/LigPlus/). 

II.12 In vitro kinase assay 

  As described by (Choi et al., 2014), the kinase assays were performed with minor 

modifications. For the kinase assay, 5 µg of GST or GST-fusion proteins were mixed 

with or without 2 µg myelin basic protein in kinase assay buffer (50 mM Tris-HCl, pH 

7.5, 50 mM KCl, 10 mM MgCl2 , 4 µM ATP and 0.2 µl [γ-32P] ATP (PerkinElmer); 

specific activity 6000 Ci mmol-1) and incubated for 30 min at 30oC. After 10% (w/v) 

SDS-PAGE, the gels were exposed for 3 h for autoradiography.  

https://zhanglab.ccmb.med.umich.edu/
http://vina.scripps.edu/
https://www.ebi.ac.uk/thornton-srv/software/LigPlus/
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  After the kinase assay, samples were treated with 0.5 µl of Lambda protein 

phosphatase (NEB). Results were detected by 10% SDS-PAGE and Coomassie blue 

staining. 

II.13 Detection of promoter-GUS fusion expression 

  The P2K1 promoter (1.5 kb of the 5’-flanking region) was amplified using the 

specific primer set in Table II.2. After gel extraction and purification, the PCR products 

were cloned into the pDONR-Zeo vector followed by the pGWB3 gateway destination 

vector. The destination constructs were electroporated into Agrobacterium GV3101 for 

the Arabidopsis floral dipping process. The T2 transgenic lines were used for further 

experiments.  

  For GUS staining, plants were incubated in the GUS staining solution containing 

50 mM NaPO4, pH 7.0, 0.2% (w/v) triton X-100 and 1 mM X-Gluc (100mM stock in 

DMF) at 37oC for 16 hours or overnight. The samples were washed at least three times 

with 70% (v/v) ethanol before observation under the microscope.  

II.14 Bimolecular fluorescence complementation (BiFC) 

  Full-length genomic DNA of P2K2 from the pDONR-Zeo vector, described 

above, was cloned into pAM-PAT-35s:YFP:GW (for identification of P2K2 subcellular 

localization) and pAM-PAT-35s:YFPn (for the BiFC assay) destination vectors. For the 

free YFP control, a 66 bp fragment of YFP was subcloned into the pDONR-Zeo vector 

and then cloned into pAM-PAT-35s:YFP:GW, pAM-PAT-35s:YFPn:GW and pAM-

PAT-35s:YFPc:GW. The full-length cDNA of P2K1 in pAM-PAT-35s:YFPc:GW was 
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described in our previous study (Chen et al., 2017). These constructs were transformed or 

co-transformed into Arabidopsis protoplasts, as described above.  

  The YFP fluorescence was observed under a Leica DM 5500B compound 

microscope using a Leica DFC290 color digital camera. FM4-64 dye (Invitrogen, T3166) 

was directly added into the W5 solution containing protoplasts for plasma membrane 

staining before visualization under the fluorescence microscope. 

II.15 Split-luciferase complementation assay 

  The pCambia-NLuc and pCambia-CLuc vectors were kindly provided by Dr. 

Jian-Min Zhou (Chen et al., 2008). P2K1 and P2K2 in pDONR-Zeo constructs were used 

for LR reactions to generate P2K1 and P2K2 in pCambia-NLuc and pCambia-CLuc. 

These constructs were electroporated into Agrobacterium GV3101. These constructs 

were co-infiltrated into 3-week-old N.benthamiana leaves, following a published protocol 

(Li, 2011). After three days, the infiltrated leaves were treated with 200 µM ATP or 50 

mM MES or non-treated. After 30 minutes of treatment, the leaves were sprayed with 1 

mM luciferin and kept in the dark for 6 minutes before observed with a CCD imaging 

apparatus (Photek 216; Photek, Ltd.).  

II.16 Co-immunoprecipitation and immunoblot analysis 

  Full-length cDNA of P2K1 and genomic DNA of P2K2 in the pDONR-Zeo 

vector were cloned into pGWB14 and pGWB5 destination vectors. These constructs were 

electroporated into Agrobacterium tumefaciens GV3101 for transient expression in 

tobacco. After two days, transfected tobacco leaves were infiltrated with 200 µM ATP or 

50 mM MES pH 5.7. After 30 minutes incubation at room temperature, tobacco tissues 
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were ground in liquid nitrogen and incubated with protein extraction buffer, containing 

10 mM Tris-HCl pH 7.5, 100 mM NaCl, 1 mM EDTA, 0.1% (v/v) NP-40, 1 mM DTT, 2 

mM PMSF and 1X protein inhibitor (Pierce), in ice for 30 minutes. The mixture was 

centrifuged at 20,000 x g for 20 minutes at 4oC. The supernatant was transferred to new 

tubes and incubated with 50 µl protein A resin for 30 minutes to prevent the nonspecific 

binding. After centrifugation at 20,000 x g for 5 minutes at 4oC, the supernatant was 

transferred to new tubes and incubated with 1 µg anti-GFP antibody (Cat. no. A11122, 

Thermo) at 4oC for 1 hour. Fifty µl protein A resin was added and incubated for 1 hour. 

This solution was then centrifuged at 3,000 x g for 1 minute and the resin pellet washed 4 

times with RIPA buffer, containing 10 mM Tris-HCl, pH 7.5, 100 mM NaCl, 1 mM 

EDTA, 0.1% (v/v) NP-40, 1 mM DTT, 0.5% (w/v) sodium deoxycholate, 2 mM PMSF 

and 1X protein inhibitor (Pierce). After removing all the supernatant, 2X Laemmli 

protein loading buffer, containing 4% (w/v) SDS, 20% (v/v) glycerol, 0.004% (w/v) 

bromophenol blue, 10% (v/v) beta-mercaptoethanol and 0.125 M Tris-HCl, pH 6.8, was 

added to the resin. The solution was then heated in boiling water for 10 minutes. The 

proteins were separated by 8% (w/v) SDS-PAGE. The results were detected by 

immunoblotting with anti-HA-HRP antibody (Cat. no. 12013819001, Roche). 

II.17 GST-HIS pull-down assay 

  The LYK5 in PGEX-5X-1 was kindly provided by Dr. Dongqin Chen (Chen et al., 

2017). The p2k1-1 kinase-dead and wild-type P2K1 kinase domain in PGEX-5X-1 was 

kindly provided by Dr. Jeongmin Choi (Choi et al., 2014). The in vitro pull-down assay 

was performed as described by Chen et al. (2018) with minor modification. In brief, 2 µg 

of HIS-fused and GST-fused proteins were mixed in a 1 ml pull-down buffer, containing 



 

39 

 

50 mM Tris-HCl, pH 7.5, 100 mM NaCl and 0.5% (v/v) triton-X 100, followed by 

incubation for 1 hour at 4oC. After that, 25 µl of glutathione resin was added and 

incubated for 1 hour at 4oC. The resin was washed at least ten times with pull-down 

buffer. The proteins were eluted using GST elution buffer, containing 50 mM Tris-HCl, 

pH 8.0, 150 mM NaCl and 25 mM reduced glutathione. The results were detected by 

SDS-PAGE, followed by immunoblotting using anti-HIS (SAB1305538, Sigma) and 

anti-GST (A01380-40, GeneScript) antibodies. 

II.18 Bacterial inoculation assay 

  The assay was modified from the Arabidopsis seedling flood inoculation assay 

(Ishiga et al., 2011). In detail, 3-week-old Arabidopsis seedlings grown in square Petri 

dishes were used for this assay. Forty ml of P. syringae pv. tomato DC3000 Lux (Fan et 

al., 2008) (OD600 = 0.05) bacterial suspension in sterile water with 0.025% (v/v) silwet L-

77 was dispensed into the dishes for 2-3 mins. After removing the bacterial suspension, 

the plants were incubated in a growth chamber. One-day post-inoculation, the seedlings, 

without roots, were collected and the weight determined followed by washing with sterile 

water for 5 minutes. Bacterial growth was visualized and analyzed under a CCD camera 

(Photek 216; Photek, Ltd.). The seedling tissue was ground in 10 mM MgCl2, diluted 

serially, and dropped onto King B agar plates containing rifampicin and kanamycin. The 

number of colonies (CFU) was counted and analyzed after incubation at room 

temperature for two days.     
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II.19 MAPK assay 

  Ten-day-old Arabidopsis seedlings were incubated in sterile water at room 

temperature overnight. After treatment with 200 µM ATP, total protein was extracted 

from whole seedlings by homogenization in RIFA buffer, containing 10 mM Tris-HCl, 

pH 7.5, 100 mM NaCl, 1 mM EDTA, 0.1% (v/v) NP-40, 1 mM DTT, 0.5% (w/v) sodium 

deoxycholate, 2 mM PMSF and 1X protein inhibitor cocktail (Pierce). The clear lysate 

was mixed with 5X Laemmli loading buffer, containing 10% (w/v) SDS, 50% (v/v) 

glycerol, 0.01% (w/v) bromophenol blue, 10% (v/v) beta-mercaptoethanol and 0.3 M 

Tris-HCl, pH 6.8, and heated in boiling water for 10 minutes. The total extracted proteins 

were separated by 10% (w/v) SDS-PAGE and transferred to polyvinylidene difluoride 

(PVDF) membranes. The transblots were blocked with 5% (w/v) skim milk in TBST 

buffer and then incubated with rabbit anti-phospho-p44/p42 MAPK antibody (Cell 

Signaling Technology). After washing by TBST, the immunoblots were incubated with 

horseradish peroxidase-conjugated goat anti-rabbit IgG antibody (Jackson 

ImmunoResearch Laboratories). The final signal on immunoblots was visualized using a 

Fuji LAS3000 luminescence imaging system (FujiFilm).    

 II.20 qRT-PCR assay 

  Five-day-old Arabidopsis seedlings were incubated in sterile water at room 

temperature overnight. After treatment with 200 µM ATP, samples were collected for 

total RNA extraction using Trizol reagent (Invitrogen). One microgram of total RNA was 

treated with Turbo DNA-free DNase (Ambion). The RNA was then used for cDNA 

synthesis using the M-MLV kit (Promega). The SYBR Green and 7500 Realtime PCR 
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system (Applied Biosystems) was used to perform the real-time PCR with specific 

primer sets defined in Table II.4. RNA levels were normalized against the expression 

of the reference gene, SAND (At2g28390) (Choi et al., 2014). 

Table II.4. Primer for qRT-PCR. 

*P2K1_qPCR_F TGGAGTTTGTCAGGTCCATCG 

*P2K1_qPCR_R CTGAGGATCTTCTGCAGGCAA 

P2K2_qPCR_F GGTTTCATGACCATGGAGGCA 

P2K2_qPCR_R ACTTGCACCCCGAATTCCAC 

**MYC2-F TCCGAGTCCGGTTCATTCT 

**MYC2-R TCTCGGGAGAAAGTGTTATTGAA 

**ZAT10-F GGACAAAGGGTAAGCGATCTAA 

**ZAT10-R AGAAGCATGAGGCAAAAAGC 

*SAND-F AACTCTATGCAGCATTTGATCCACT 

*SAND-R TGATTGCATATCTTTATCGCCATC 

Primers from previous sturdy * (Choi et al., 2014) and ** (Balague et al., 2017) 
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Chapter III:  

Results 
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III.1 Screening for the second extracellular ATP receptor in Arabidopsis thaliana 

III.1.1 P2K1, DORN1 belongs to group I of the AtLecRLK family 

  As discussed in Chapter I, the first extracellular receptor identified in plants, 

P2K1 (DORN1; LecRLKI.9) is a member of the Lectin receptor like kinase (LecRLK) 

family. In 9 sub-clades of this family, P2K1 belongs to the largest group, clade I, with 11 

members (Figure I.1, Chapter I). Although ATP in the plant was demonstrated to play 

essential roles in growth, development and stress responses, mutants lacking P2K1 do not 

exhibit any morphological changes under normal growth conditions. In animal, 

purinoreceptor family comprises seven P2X (P2X1-7) and eight P2Y (P2Y1, P2Y2, P2Y4, 

P2Y6, P2Y11–14) receptor suptypes. The information gave us the idea that plants should 

have additional extracellular ATP receptors, which may play similar or distinct functions 

to P2K1 and animal P2 receptors. Assuming that other plant extracellular ATP receptors 

are homologous to P2K1, we focused on clade I LecRLK members.  

   Choi et al. (2014) identified P2K1 as the first extracellular ATP receptor based 

on a forward genetic screening which looked for mutant lines that do not respond to 

exogenous ATP. The experiment used 5-day-old plants (very early stage) for the 

screening. To roughly check the expression level of eleven members of sub-clade I 

LecRLK family members at this early seedling stage, we consulted the Arabidopsis eFP 

Browser (Winter et al., 2007), which visualizes microarray data, to construct a gene 

expression map of Arabidopsis (Schmid et al., 2005).  
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Figure III.1: Relative gene expression levels of clade I LecRLK members in 

comparison to P2K1 (LecRLK I.9) (set at 1). Microarray data of young seedling root 

was collected from Arabidopsis eFG Browser, http://bar.utoronto.ca/efp/cgi-

bin/efpWeb.cgi. (Schmid et al., 2005; Winter et al., 2007). 
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  Interestingly, we saw that, with the exception of P2K1, all of the other LecRLK 

clade I members were expressed at relatively low levels (Figure III.1). This information 

raised the hypothesis that some members of LecRLK group I, which are the closest 

homologs to P2K1, may have similar functions, but only in specific tissues or under 

specific conditions.        

III.1.2 LecRLK I.5 can partially reverse the p2k1-3 mutant in response to eATP 

addition 

  To test our hypothesis, we cloned each of the clade I LecRLK members into the 

pGWB14 destination vector in such a way that each gene was expressed from the 

cauliflower mosaic virus promoter p35S. Subsequently, each gene was transformed into 

the Arabidopsis p2k1-3 T-DNA mutant with AEQ, using the floral dipping method to 

generate stable transgenic lines. The T2 generation of these stable transgenic lines was 

selected on hygromycin and kanamycin ½ MS selective medium and subsequently used 

to measure changes in intracellular calcium levels upon addition of exogenous ATP. The 

results of these calcium assays showed that only transgenic lines expressing LecRLKI.5 

(P2K2) showed a significant response to ATP addition (Figure III.2). The figure shows 

that five independent lines showed partial restoration of the calcium response to ATP in 

the p2k1-3 mutant background. The kinetics of the calcium responses of 

p35S:P2K2/p2k1-3 shows early calcium response to additional ATP, comparing with 

p2k1-3 mutant and wild-type (Figure III.3).   
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Figure III.2: Ectopic expression of P2K2 (p35S:LecRLK-I.5) in p2k1-3 mutant plants 

confers partial complementation of the eATP-triggered cytosolic calcium response 

phenotype. 1 to 5 represent independent transgenic plants. The bar graphs show total 

cytosolic [Ca2+] after 200 µM ATP treatment over 400 seconds. The wild-type and p2k1-

3 mutant were used as controls. Data represent means ± SEs, n = 8; asterisks denote 

values significantly different from p2k1-3 mutant (*P<0.01, Student’s t-test). Experiment 

was repeated at least three times with similar results. 
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Figure III.3: The kinetics of the calcium responses of p35S:P2K2/p2k1-3. The kinetics 

show the amount of [Ca2+]cyt increase each second after wild-type (as positive control),   

p2k1-3 (as negative control) and p35S:P2K2/p2k1-3 were treated with 200 µM ATP. 

Experiment was repeated at least three times with similar results.  
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III.1.3 Plants ectopically expressing LecRLK I.5 (P2K2) showed an increased 

calcium response to nucleotides 

  To confirm the ability of LecRLK I.5 to serve as an extracellular ATP receptor, 

we ectopically expressed LecRLK I.5 (p35S:P2K2) in wild-type plants (Col-0 

background). As we expected, these p35S:P2K2 plants responded stronger to ATP than 

the wild-type (Figure III.4 and III.5). The figures also show that p2k2 T-DNA mutant 

plants significantly response weaker to eATP, comparing to the wild-type. These data and 

the ability of LecRLK I.5 to partially recover ATP-triggered calcium response in p2k1-3 

mutant suggest that LecRLK I.5 (P2K2) can function as an ATP receptor.  
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Figure III.4: eATP-triggered calcium response of p2k2 T-DNA mutant and two 

independent P2K2 overexpression lines. The bar graphs show total cytosolic [Ca2+] 

after 200 µM ATP treatment over 400 seconds. The wild-type and p2k1-3 mutant were 

used as controls. Data represent means ± SEs, n = 8; asterisks denote values significantly 

different from wild-type. (*P<0.01, Student’s t-test). Experiment was repeated at least 

three times with similar results.    
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Figure III.5: The kinetics of the calcium responses of p35S:P2K2/wild-type and 

p2k2. The calcium response kinetics show that ectopic expression of P2K2 in wild-type 

responds to 200 µM ATP faster and stronger than wild-type, while p2k2 shows a lower 

response compared to wild-type. Experiment was repeated at least three times with 

similar results. 
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III.1.4 Protein domain map of P2K2 

 

Figure III.6: Map of P2K2 protein. “S” indicates signal sequence. H99 is one of the 

critical eATP binding residues. “T” indicates transmembrane domain. D468 and D525 are 

two crucial residues of the kinase catalytic domain. The T-DNA of p2k2 (GK-777H06) 

locates at A500. 

  The amino acid sequence of P2K2 protein was collected from the TAIR database 

(www.arabidopsis.org) and uploaded to the SMART database (http://smart.embl-

heidelberg.de/) to predict protein domains and their putative functions (Letunic et al., 

2015). As shown in Figure III.6, the P2K2 protein is predicted to include a lectin-like 

extracellular domain, a transmembrane domain and an intracellular kinase domain. 

Because P2K2 was expected to be an extracellular ATP receptor, (1) the P2K2 

extracellular domain was hypothesized to have high ATP binding affinity; (2) a 

transmembrane domain was anticipated to localize P2K2 to the plasma membrane; and 

(3) an intracellular kinase domain likely transmits the eATP signal through 

phosphorylation of downstream protein targets. In this chapter, we will show supporting 

information for these various functions. 

  

 

http://smart.embl-heidelberg.de/
http://smart.embl-heidelberg.de/
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III.2 P2K2 extracellular domain 

III.2.1 P2K2 shows high ATP binding affinity (experiment performed Dr. Cho Sung-

Hwan) 

 

Figure III.7: ATP-P2K2 in vitro binding assay. The extracellular domain of P2K2 was 

mixed with the indicated concentration of [γ-32P]-labeled ATP for 30 minutes. After 

doing gel filtration chromatography to separate bound ATP and free ATP, samples were 

measured by scintillation counting. The results were plotted to generate (A) a Scatchard 

plot of ATP binding to the P2K2 extracellular domain or (B) a non-linear regression 

saturation curve of ATP binding to the P2K2 extracellular domain. Experiment was 

repeated two times with similar results. 

  An in vitro binding assay was used to examine whether the extracellular domain 

of P2K2 can bind ATP. To measure the binding affinity, purified P2K2 extracellular 

domain was incubated with different concentrations (0, 1.25, 2.5, 5, 10, 20 and 40 nM) of 
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[γ-32P]-labeled ATP in the absence (for total binding) or presence (for non-specific 

binding) of an 100-fold excess of unlabeled ATP. Specific bound ATP at each 

concentration was measured by scintillation counting. Using a non linear model, we 

calculated that P2K2 binds ATP at high affinity (Kd = 40.76 nM, Bmax = 428.1 

pmol/mg) (Figure III.7B). To confirm, we also used the linear model to estimate the 

binding affinity. Figure III.7A shows a similar result as the non-linear model that ATP 

binds to P2K2 with high affinity. From these results, we demonstrated that P2K2 binds 

ATP by its extracellular domain.    

III.2.2 P2K2 specifically binds to ATP and ADP (experiment performed Dr. Cho 

Sung-Hwan) 

 

Figure III.8: Competitive binding assay for P2K2. Twenty five nM [γ-32P]-labeled 

ATP and 10 nM to 10 mM of unlabeled nucleotides were used for the assay. The results 

were obtained by measuring specific binding of labeled ATP. The inhibition constant (Kj) 
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values were calculated using a one site - fit Ki non-linear regression model. Experiment 

was repeated two times with similar results. 

  Our next question was whether P2K2 could bind other nucleotides or ligands that 

are similar to ATP. To answer this question, we performed an in vitro competitive 

binding assay. In this assay, we tested the ability of unlabeled ligands to compete with the 

binding of radiolabeled ATP. The results showed that unlabeled ATP is the strongest 

competitor (Kj = 31.7 nM). Unlabeled ADP can also compete with radio labeled ATP, but 

with a higher Kj value (Kj = 97.3). Unlabeled GTP was a weak competitor while the other 

ligands (AMP, adenosine, adenine, or other nucleotides such as ITP, CTP, TTP and UTP) 

showed no competition (Figure III.8). In brief, besides ATP as a preferred ligand, P2K2 

can bind ADP with a lower affinity and GTP weakly while AMP, adenosine, adenine or 

ITP, CTP, TTP and UTP are not P2K2 ligands.       

III.2.3 Computational analysis of P2K2 structure (experiment performed by Dr. 

Cuong T. Nguyen) 

 To further understand how ATP can bind to the extracellular domain of P2K2, we 

used homology modeling to predict the protein structure of P2K2. Among 40 P2K2 

homologous crystal structures present in the Protein Data Bank (www.rcsb.org), we 

chose four candidates with the highest sequence identity to P2K2: 1G7Y (26%), 1DBN 

(26.3%), 1HQL (26.7%) and 1AVB (25.1%). Starting from these structures, Dr. Nguyen 

used Modeller v9.21 (https://salilab.org/modeller/) to predict the P2K2 extracellular 

domain structure. The quality of the raw P2K2 modeling structure was checked with 

Ramachandran plots using the Rampage online tool 

https://salilab.org/modeller/
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(http://mordred.bioc.cam.ac.uk/~rapper/rampage.php). Finally, the refined P2K2 

structural model was visualized using Modeller (Figure III.9). The putative extracellular 

domain structure of P2K2 contains 13 β-strains, four defined loops (named loop A, B, C 

and D), two β-turns and an extended loop. The extended loop is only found in the 

Brassica lectin receptor kinase family.  

 

Figure III.9: P2K2 extracellular domain 3D structure. The putative backbone alpha-

carbon traces of P2K2 include 13 β-strands (brown); 4 defined loops ( A-blue; B-

magenta; C-orange; D-green); an extended loop (dark blue) and 2 β-turns (purple). The 

cyan bar shows relative scale (1 angstrom = 10-10 m).  

http://mordred.bioc.cam.ac.uk/~rapper/rampage.php
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 III.2.4 Identification of putative ATP-binding sites (experiment performed by Dr. 

Cuong T. Nguyen) 

  Starting from the predicted structure of the P2K2 extracellular domain, we used 

sequence-based and structure-based methods to predict the ATP-binding sites. Using four 

different prediction tools (COACH, COFACTOR, FindSite and TM-Site), we obtained 

similar binding site predictions (Figure III.10). The results showed that ATP binds to four 

defined loops at specific residues shown in Table III.1.  

  With the predicted binding site, we used AutiDockVina (http://vina.scripps.edu/) 

for ATP target docking and potential key ATP-binding residue identifying. The best 

P2K2-ATP binding complex with the lowest energy score, -8.1 kcal/mol, is shown in 

Figure III.11A and B. Interestingly, besides the nine predicted binding sites above, we 

identified six more potential key binding residues that are in Table III.2. The interaction 

map between P2K2 and ATP was visualized using LigPlot+ 

(https://www.ebi.ac.uk/thornton-srv/software/LigPlus/)  (Figure III.11C). 

   

 

 

 

 

http://vina.scripps.edu/
https://www.ebi.ac.uk/thornton-srv/software/LigPlus/
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Table III.1: List of predicted P2K2 interacting residues with ATP ligand obtained 

from different prediction tools. * Values range in between [0-1]; where a higher score 

indicates a more reliable ligand-binding site prediction. 

Prediction tools LOOP A LOOP B LOOP C LOOP D Score* 

COACH 
Gly98, 
His99 

Glu115, 
Thr117, 
Arg118 

Val143, 
Asn145 

Gly244, 
Thr245, 
Ser246 

0.56 

COFACTOR 
Gly98, 
His99 

Thr117, 
Arg118 

Val143, 
Asn145 

Gly244, 
Thr245, 
Ser246 

0.52 

FindSite 
Gly98, 
His99 

Thr117, 
Arg118 

Val143, 
Asn145 

Gly244, 
Thr245, 
Ser246 

0.55 

TM-Site 
Gly98, 
His99 

Thr117, 
Arg118 

Val143, 
Asn145 

Gly244, 
Thr245, 
Ser246 

0.40 

Consensus 
residues 

Gly98, 
His99 

Thr117, 
Arg118 

Val143, 
Asn145 

Gly244, 
Thr245, 
Ser246 
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Figure III.10: ATP-P2K2 free docking. Ribbon-cartoon representations of P2K2 

predicted binding site and predicted P2K2 interacting residues with ATP ligand obtained 

from A) COACH, B) COFACTOR, C) FINDSITE and D) TM-SITE. Blue color sticks 

with the corresponding label are P2K2 predicted interacting residues. Green balls are 

different types of predicted ligands inferred from templates. 
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Figure III.11: Putative ATP-binding site of P2K2 in target docking. Cartoon 

representations of the ATP-binding site and interacting map between ATP and residues of 

P2K2 of the best binding mode (-8.1 kcal/mol). (A) A close-up of the P2K2 binding 

loops and ATP molecule in ball and stick mode. (B) A close up of the electrostatic 

potential molecular surface of the P2K2 binding pocket and ATP molecule in ball and 

stick mode. (C) A detailed map of interaction between P2K2 and ATP in the docking 

complex. ATP resides in the middle of the map, and it is surrounded by interacting 

residues of four different loops (A to D), dashed-lines with numbers are hydrogen bonds 

with bond distances in angstroms shared with atoms of ATP, where residues with a red 

crown denote hydrophobic and Van der Waals interactions. Numbered residues represent 

their actual position in the P2K2 full-length sequence. 
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Table III.2. List of P2K2 interacting residues with the ATP ligand obtained from 

target docking.  

Loop  Hydrogen bonds  Hydrophobic and Val de Waals 
interactions 

A  His99 Phe95, Glu96, Gly97 

B - Thr117, Arg118  

C  Arg144 Val143, Asn152  

Extended loop - Phe174, Ser175, Lys176 

D  Thr245, Ser246 Gly244 

Total 7 11 
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III.2.5 Mutations at critical binding residues reduce the ATP binding affinity of P2K2 

(experiment performed by Dr. Cho Sung-Hwan) 

  The putative P2K2 extracellular domain structure and its ATP-binding model 

predicted some of the putative key residues for ATP-binding. To confirm the essential 

roles of those residues, we tried to mutate each of these predicted residues to alanine. 

Among the 15 candidates, we created three extracellular domain mutant versions, 

p2k2R144A, p2k2H99A, and p2k2T245A. We performed the in vitro binding assay to test the 

ATP-binding ability of these mutant versions compared to the P2K2 wild-type protein. 

Figure III.12 shows that the binding affinity of p2k2R144A and p2k2T245A mutant versions 

do not significant differed comparing with the wild-type. Interestingly, the p2k2H99A 

mutant version shows an inability to bind to ATP. This result not only partially supported 

our ATP-P2K2 binding model, but also showed that His99 is one of the critical ATP-

binding residues of P2K2.  
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Figure III.12: In vitro binding assay of ATP binding to P2K2 wild-type and mutant 

versions. The curves present results based on a non-linear regression model analysis 

using GraphPad Prism 6. Bmax: the maximum binding capacity; Kd: dissociation 

constant; R2:  model goodness of fit; P-value: P-value of t-test for Bmax and Kd of wild-

type vs. mutant versions. Experiment was repeated twice with similar results. 
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III.3 P2K2 intracellular domain 

III.3.1 The intracellular domain of P2K2 is an active kinase 

  To serve as an extracellular receptor, P2K2 should have a mechanism to translate 

the extracellular signal, ATP binding, into an intracellular signal. P2K2 has an 

intracellular domain predicted to have kinase activity based on the SMART Database. 

The putative kinase domain of P2K2 raises the hypothesis that P2K2 can translate the 

extracellular signal, eATP binding, into an intracellular signal by protein 

phosphorylation.    

  To test this hypothesis, we cloned the intracellular domain, including the kinase 

domain (KD), of P2K2 fused with a GST tag. The GST-P2K2KD was expressed in E.coli 

Bl21 and affinity purified using glutathione (GSH) resin. Using the GST protein as a 

negative control, GST-P2K1KD as a positive control and myelin basic protein (MBP) as 

a standard universal kinase substrate, we performed an in vitro kinase assay to measure 

kinase activity. Figure III.13 shows that GST protein, the negative control, has no kinase 

activity while GST-P2K1-KD, as reported by Choi et al. (2014), has strong kinase 

activity. GST-P2K2-KD, similar to P2K1, has strong auto-phosphorylation activity as 

well as trans-phosphorylation activity, as shown by phosphorylation of MBP.    
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Figure III.13: Kinase activities of the P2K2 kinase domain. An autoradiograph (top 

panel) showing the kinase activity of P2K2 and P2K1. GST (glutathione S-transferase) 

was used as negative control; P2K1-KD (kinase domain of P2K1 fused with GST) was 

used as a positive control; P2K2-KD (kinase domain of P2K2 combined with GST); and 

MBP (myelin basic protein – universal kinase substrate). CCB (Coomassie brilliant blue) 

staining (bottom panel) shows input control. Experiment was repeated at least three times 

with similar results. 
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III.3.2 p2k2 intracellular domain mutations disrupt kinase activity 

  Two mutant versions of GST-P2K2-KD were generated using site-directed 

mutagenesis, GST-p2k2D467N (kinase activation motif mutant version) and p2k2D525N 

[similar p2k1-1 mutation version (Choi et al., 2014)]. Figure III.14 shows that p2k2D467N 

has no kinase activity while p2k2D525N has very low kinase activity, weak auto-

phosphorylation activity and no trans-phosphorylation activity.  

  Protein phosphorylation usually leads to slower migration of the protein in SDS 

gels due to an increase in protein molecular weight, as well as effects on protein structure 

and SDS binding. This is illustrated in Figure III.14, where the two mutant versions of 

GST-P2K2-KD, incapable of autophosphorylation, migrate faster in SDS-PAGE gels 

compared to the wild-type version. In order to confirm that this is due to phosphorylation, 

the products of in vitro kinase reactions were treated with lambda phosphatase. As 

expected, after phosphatase treatment, both the mutant and wild-type P2K2 kinase 

domain proteins migrated similarly (Figure III.15). 

  In conclusion, the intracellular domain of P2K2 is an active kinase. Site-directed 

mutagenesis of key residues of the P2K2 cytoplasmic domain significantly reduced or 

eliminated kinase activity.   
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Figure III.14: Kinase activity of mutation versions of P2K2. P2K2-KD (kinase 

domain of P2K2 fused with GST) was used as a positive control; p2k2D467N and p2k2D525N 

are point mutations of key catalytic domain residues within the P2K2 kinase domain. 

CCB (Coomassie brilliant blue) staining (bottom panel) shows input control. Experiment 

was repeated at least three times with similar results. 
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Figure III.15: P2K2 kinase domains, wild-type and mutant versions, were treated 

with Lambda protein phosphatase (PPase). SDS gel mobility of wild-type P2K2 

kinase domain was reduced after being treated with PPase while the mobility of the 

mutant protein, incapable of phosphorylation, was not affected. Experiment was repeated 

at least three times with similar results. 
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III.3.3 Mutations in the kinase domain abolish kinase activity leading to the loss of 

P2K2 receptor function 

  Our in vitro kinase assays showed that P2K2 has strong kinase activity. However, 

the roles of P2K2 kinase activity in ATP signal transduction requires testing. Importantly, 

we demonstrated that p2k2D467N and  p2k2D525N versions had no or weak kinase activity. 

We also showed that ectopic overexpression of P2K2 in the p2k1-3 mutant line could 

partially complement the ability to respond to eATP (Figure III.2). To test the critical role 

of the P2K2 kinase activity in eATP signal transduction, we examined the ability of the 

p2k2 kinase mutated versions to complement the p2k1-3 mutant phenotype; i.e., 

specifically the ability of ATP to induce an intracellular calcium response. We generated 

transgenic plants in which full-length p2k2D467N or  p2k2D525N was expressed from the 

p35S promoter in the p2k1-3 mutant background. As discussed above, we then used 

aequorin luminescence to measure the intracellular calcium response of seedlings upon 

addition of ATP. We used p2k1-3 mutant plants as a negative control and oeP2K2/p2k1-3 

plants as a positive control. 

  The results showed that both p2k2 kinase mutant versions could not complement 

the p2k1-3 mutant phenotype (Figure III.16). We conclude from this experiment that 

P2K2 kinase activity is required for receptor function. 
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Figure III.16: Ectopic expression of kinase-dead mutant P2K2 in p2k1-3 mutant line 

failed to complement the eATP-triggered cytosolic calcium response phenotype. The 

wild-type, p2k1-3 mutant and ectopic expression of P2K2 in p2k1-3 were used as 

controls. 1 and 2 represent independent transgenic lines. Data represent means ± SEs, n = 

8; asterisks denote values significantly different from p2k1-3 mutant (*P<0.01, Student’s 

t-test). Experiment was repeated at least twice with similar results. 
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III.4 P2K2 localizes to the plasma membrane 

  Sequence-based predictions using the SMART database suggested that P2K2 has a 

single transmembrane domain. Predictions using SUBA4 (http://suba.live/), a subcellular 

consensus prediction website, suggested that P2K2 should localize to the plasma 

membrane. In order to confirm these predictions, we expressed full-length P2K2 with a 

YFP-C-terminal tag in Arabidopsis protoplasts. Using the free YFP protein as a negative 

control, the FM4-64 dye to visualize the plasma membrane and chlorophyll auto-

fluorescence to localize the chloroplasts, we found that P2K2 was localized to the plasma 

membrane (Figure III.17). As shown, free YFP protein shows a strong signal in the nucleus, 

cytosol and plasma membrane, while P2K2:YFP was exclusively localized to the plasma 

membrane.  

  To confirm the subcellular localization of P2K2, we generated full-length P2K2 

with a GFP-C-terminal tag and stably expressed it in transgenic Arabidopsis lines. To avoid 

the strong auto-fluorescent signal of chlorophyll, we observed the result in roots. In Figure 

III.18, full-length P2K2:GFP stably expressed from the p35S promoter in transgenic lines 

showed a strong signal at the plasma membrane. The results of these experiments are 

consistent with P2K2 functioning at the plasma membrane as a receptor that recognizes 

extracellular ATP. 

     



 

71 

 

 

Figure III.17: Subcellular localization of P2K2 fused to YFP in Arabidopsis 

protoplasts. Free YFP was used as control. The protoplast plasma membrane was labeled 

with the FM4-64 dye. Chlorophyll was detected by auto-fluorescence. Scale bar = 20 µm. 

    

 

Figure III.18: P2K2 localized to the plasma membrane in the root. Full-length 

P2K2:GFP stably expressed under the p35S promoter in transgenic lines showed a strong 

signal at the plasma membrane. 
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III.5 P2K2 directly interacts with P2K1 in the plasma membrane 

  In many cases, both in plants and animals, ligand binding induces polymerization 

of receptor proteins, either as homomers or heteromers. For example, P2X receptors in 

animals are thought to function as trimers for ATP binding (Kawate et al., 2009). We 

previously reported that ATP could induce P2K1-P2K1 interaction (Chen et al., 2017). 

P2K2 and P2K1 share high protein sequence identity, suggesting that P2K2 may possibly 

interact with P2K1 forming a heteromeric receptor complex.  

III.5.1 P2K2 interacts with P2K1 and itself in the plasma membrane in the BiFC 

assay 

  In order to test this hypothesis, we performed the BiFC assay in Arabidopsis 

thaliana protoplasts. We cloned P2K1 and P2K2 into the pAM-PAT-35s:YFPn:GW and 

pAM-PAT-35s:YFPc:GW vectors and co-transformed protoplasts (Figure III.19). Using 

FM4-64 to stain the plasma membrane and chlorophyll autofluorescence to localize the 

chloroplasts, the results clearly show that P2K2 can interact with itself, as well as P2K1 

in the plasma membrane. 
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Figure III.19: P2K2 can form homomer and heteromer complexes with P2K1 in the 

protoplast plasma membrane. The recombinant constructs P2K2:YFPn and P2K1-

YFPc or P2K2-YFPc were co-transformed into Arabidopsis protoplasts. For negative 

controls, free YFPn and YFPc were used. Fluorescence was recorded at 20-24 h after 

transformation. Scale bar = 20 µm. 
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III.5.2 P2K2 directly interacts with P2K1 in an in vitro pull-down assay 

  In order to provide further support for the notion that P2K2 and P2K1 can directly 

interact, we purified GST-P2K1-KD (wild-type P2K1 kinase domain), GST-P2K2-KD 

(wild-type P2K2 kinase domain), GST-LYK5-KD ( kinase domain of lysin motif receptor 

kinase 5 was used as negative control) and His-P2K2 (kinase domain of P2K2 fused with 

His tag) proteins to perform an in vitro pull-down assay.  

  In Figure III.20, we show that HIS-P2K2 can interact with GST-P2K1-KD and 

GST-P2K2 but cannot interact with GST-LYK5-KD (negative control protein). The 

results demonstrate that P2K2 can directly interact with P2K1 and other P2K2.  
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Figure III.20: P2K2 can directly interact with P2K1 and other P2K2 in vitro. 

Purified proteins GST-P2K1-KD, GST-P2K2-KD and GST-LYK5-KD were mixed with 

His-P2K2-KD. The pull-down assay was performed using glutathione sepharose resin to 

pull-down GST. The pull-downed proteins were detected by western-blot using anti-HIS 

(the top pannel) and anti-GST (the middle pannel) anti-body. The HIS-P2K2 input 

control was shown in the bottom pannel. Experiment was repeated at least twice with 

similar results    
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 III.5.3 ATP enhances P2K1-P2K2 interaction 

  The BiFC and in vitro pull-down assays indicate that P2K1-P2K2 interaction 

occurs but does not address the question whether ATP binding can affect this interaction. 

Therefore, we performed the split luciferase complementation assay in tobacco. The 

target proteins were co-overexpressed in tobacco leaves and incubated for three days. 

After that, half of the transformed leaves were treated with ATP by direct infiltration for 

30 minutes while the other half were infiltrated with buffer as control. The results are 

shown in Figure III.21.    

  Our results confirmed that without addition of ATP, P2K2 could interact with 

both P2K1 and itself. However, the addition of ATP enhanced these interactions. With 

these results, from in vitro and in vivo assays, we conclude that P2K2 can interact with 

itself, as well as P2K1 and that these interactions are enhanced in the presence of 

exogenous ATP.  
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Figure III.21: Luciferase complementation imaging assay showing that ATP can 

enhance P2K2-P2K1 interactions in tobacco leaves. The indicated constructs were co-

expressed in Nicotiana benthamiana leaves, D2: P2K2, D1: P2K1, vec: empty vector. 

Luciferase signals were captured using a CCD camera. (A) and (B) P2K2-nLUC or 

P2K1-nLUC can interact with P2K2-cLUC compared to the empty vector as negative 

controls. (C) and (D) P2K2-P2K2 and P2K1-P2K2 interactions were enhanced by 200 

µM ATP comparing with MES buffer as negative controls. 
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III.5.4 P2K1 can phosphorylate P2K2 but not vice versa 

  Both P2K1 and P2K2 have strong kinase activity and, given their ability to 

interact, raises the possibility that one or both of these proteins can trans-phosphorylate 

the other. To test this hypothesis, we performed an in vitro kinase assay. 

  First, we checked whether P2K1 and P2K2 could cross-phosphorylate P2K2 

proteins. Given that P2K2 can autophosphorylate, we used the D467N kinase dead P2K2 

mutant protein (GST-p2k2D467N-KD) as the kinase substrate. In addition, LYK5 kinase 

domain (GST-LYK5-KD), which naturally lacks kinase activity, was used as a negative 

control. The data obtained demonstrated that both P2K1 and P2K2 could trans-

phosphorylate the P2K2 protein (Figure III.22).  

  To test whether P2K1 proteins can be cross-phosphorylated by P2K1 or P2K2, we 

used two kinase dead mutant versions of the p2k1 kinase domain, D525N, and D572N 

(reported by Choi et al. 2014). Interestingly, the GST-p2k2D467N-KD in this experiment, 

used as a positive control, was strongly phosphorylated by either the P2K1 or P2K2 

kinase domain, while both kinase dead mutant versions of p2k1 showed no signal in the 

presence of P2K2 or P2K1 (Figure III.23). This suggests that under this specific in vitro 

condition, P2K1 cannot be trans-phosphorylated by P2K1 or P2K2. 

  The data are consistent with the notion that both P2K1 and P2K2 can 

autophosphorylate with P2K1 able to trans-phosphorylate P2K2. However, P2K2 is 

unable to phosphorylate P2K1.        
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Figure III.22: P2K1 and P2K2 can phosphorylate a kinase dead version of P2K2. 

Purified GST-p2k2D467N-KD (kinase domain of p2k2 kinase dead mutant) was incubated 

with GST-P2K1-KD, GST-P2K1-KD or GST in an in vitro kinase assay. GST and GST-

LYK5-KD were used as negative controls. γ-[32P]-ATP was added for 

autophosphorylation and cross-phosphorylation measurement. The bottom panel shows 

the protein loading measured by Coomassie brilliant blue (CBB) staining. Experiment 

was repeated three times with similar results. 
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Figure III.23: P2K1 and P2K2 cannot trans-phosphorylate P2K1. Purified GST-

p2k1D525N-KD or GST-p2k1D572N-KD were incubated with purified GST-P2K1-KD or 

GST-P2K1-KD. The GST and GST-p2k2D467N-KD were used as negative and positive 

controls, respectively. In vitro kinase assay results were analyzed based on [32P] signal. 

The loading controls were shown by Coomassie brilliant blue (CBB) staining (bottom 

panel). Experiment was repeated three times with similar results. 
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III.6 P2K2 plays an essential role in eATP-triggered plant defense signaling 

  The p2k1-3 and p2k2 T-DNA single mutant lines, as well as the p2k1p2k2 double 

mutant line, showed no apparent growth or development phenotype. However, P2K1, 

previously identified as LecRLK I.9, positively regulates plant defense against 

Pseudomonas syringae (Balague et al., 2017; Chen et al., 2017), Phytophthora infestans 

and Phytophthora brassicae (Gouget et al., 2006; Bouwmeester et al., 2011; 

Bouwmeester et al., 2011; Bouwmeester et al., 2014) and Botrytis cinerea (Tripathi et al., 

2018). Given that P2K1 and P2K2 interact and that P2K2 can partially complement the 

P2K1 mutant phenotype, it is possible that these two proteins function redundantly in 

ATP signaling, either in separate complexes or in association with one another.     

III.6.1 P2K2 plays a role in plant resistance to Pseudomonas syringae DC3000 

infection 

  Given that p2k1-3 mutant plants are more susceptible to Pseudomonas syringae 

(Balague, Gouget et al. 2017) and that P2K2 can interact with and be phosphorylated by 

P2K1, we hypothesized that P2K2 might also be involved in pathogen defense. To test 

this hypothesis, we examined plant susceptibility to P.syringae upon flood inoculation of 

three-week-old plants. In this assay, we used wild-type (Col-0 background) and p2k1-3 

mutant seeds as controls for the p2k2 single mutant, p2k1p2k2 double mutant, the P2K2 

complemented line (pP2K2:P2K2) and the P2K2 overexpression line (p35S:P2K2).  

 After a one-day inoculation, we checked the colonization ability of P. syringae on 

the various Arabidopsis lines by a CCD camera. The p2k1-3 and p2k2 single mutants, and 
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the p2k1p2k2 double mutant showed significantly greater colonization than the wild-type, 

complemented and overexpression lines (Figure III.24A). 

  To confirm this result, we harvested the plants, ground the leaves in 10 mM 

MgCl2, serially diluted the cells and counted the colonies on King B agar plates. 

Consistent with the visual assays, the results showed that the p2k1-3, p2k2 and p2k1p2k2 

double mutant were significantly more susceptible to bacterial infection when compared 

to the wild-type, while the P2K2 complemented line showed no significant difference to  

wild-type (Figure III.24B). Moreover, the P2K2 overexpression lines showed elevated 

resistance to bacterial infection relative to wild-type. These results implicate P2K2 in 

resistance to Pseudomonas syringae infection. The fact that the p2k1p2k2 double mutant 

showed the highest level of susceptibility suggests that, at least for this specific 

phenotype, the two receptors show some level of functional redundancy. 
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Figure III.24: Susceptibility of various Arabidopsis lines to flood-inoculation with 

Pseudomonas syringae DC3000 LUX. Wild-type (a negative control) and p2k1-3 (a 

positive control) were used to compare to p2k2, p2k1p2k2, pP2K2:P2K2 (the p2k2 

complemented line using P2K2 native promoter) and p35S:P2K2 (the P2K2 

overexpression line) Arabidopsis seedlings.  The seedlings were flood-inoculated with a 

bacterial suspension of Pst DC3000LUX (OD = 0.002) containing 0.025% (v/v) Silwet 

L-77. (A) Bright-field photographs ware taken one day after inoculation using a normal 

camera while the bacteria invasion was detected using a CCD camera (the bio-

luminescence panels). (B) Bacterial populations of Pst DC3000LUX in Arabidopsis were 

quantified by grinding samples followed by 1/10 serial dilution (up to 10-7) and dropped 

on King B medium. Vertical bars indicate the standard errors for three independent 

experiments. Experiments were repeated with similar results. 
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III.6.2 p2k2 T-DNA mutant plants failed to induce downstream defense signaling in 

response to ATP 

  As discussed above, in group I LecRLK genes, P2K1 showed the highest 

expression level in most tissues of Arabidopsis thaliana while, in general, the expression 

level of P2K2 was significantly lower at all stages and conditions. In order to test whether 

ATP or P. syringae treatment could affect P2K2 expression, we utilized transgenic plants 

in which the P2K2 gene promoter was fused to GUS. The results show that the root 

elongation zone of three-week-old plants showed no expression of P2K2. However, 

strong P2K2 expression was apparent when plants were either treated with 200 µM ATP 

(for one hour) or P. syringae (for 2-3 minutes and incubated for one day) (Figure III.25). 

Therefore, although P2K2  is normally expressed at a low level, upon induction, there is 

the possibility that P2K1 and P2K2 could form a functional complex. 

 To further understand how P2K2 contributes to pathogen-resistance, we measured 

the expression of some of the downstream signaling components involved in plant-

pathogen defense. To perform those experiments, we used wild-type (Col-0 background) 

as positive control and the p2k1-3 mutant line as a negative control, for testing the 

response of the p2k2 single mutant and p2k1p2k2 double mutant plants. The expression 

level of P2K1 and P2K2 mutant lines was checked by qRT-PCR (Figure III.26). The data 

suggest that these two genes show compensatory expression in the various mutants; that 

is P2K1 is expressed at a higher level in the p2k2 mutant plants, while P2K2 is expressed 

at a higher level in the p2k1 mutant plants.    
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  A key aspect of the pathogen response pathway is the activation of MAPK 

signaling. Therefore, after ATP treatment, we measured activation of MPK3 and MPK6 

in p2k2 and p2k1p2k2 mutant plants, relative to controls. As shown in Figure III.28, wild-

type plants exhibit strong phosphorylation of MPK3 and MPK6 upon ATP treatment, 

while this did not occur in the p2k1-3, p2k2 or p2k1p2k2 mutant plants. The results 

suggested that P2K2, in addition to P2K1, is a critical component of ATP signaling 

through the MAPK pathway. Again, the phenotype of the p2k1p2k2 double mutant was 

stronger than each of the single mutants, consistent with the idea that the two receptors 

are at least partially redundant in function. 

  Upon pathogen infection, signaling downstream of MAPK activation triggers the 

expression of key genes involved in the plant immune response. For example, earlier, we 

showed that both pathogen and ATP treatment elevated the expression of P2K2 (Figure 

III.25). Our qRT-PCR assay to measure the expression of P2K2 in wild-type upon ATP 

treatment, also showed a consistent result (Figure III.28A). In addition, we measured the 

expression of MYC2 and ZAT10, previously reported to be regulated by P2K1 and also 

known to respond to pathogen infection (Balague et al., 2017; Tripathi et al., 2018). The 

expression of both of these genes was significantly reduced in the p2k2 and p2k1p2k2 

mutant plants after ATP treatment (Figure III.28B and C). 

  Interestingly, when we tested the ability of P2K2 proteins to interact with other 

receptors, we found that, in tobacco, besides P2K1, FLS2 also can strongly interact with 

P2K2 while CERK1 showed a weak interaction. The addition of ATP treatment also 

enhanced the interaction between P2K2 and FLS2 (Figure III.29). However, the 

significance of this interaction is unclear. 
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Figure III.25: P2K2 promoter activity in roots. After Gus staining, described above, 

pictures were taken at the similar elongation zone of roots.  
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Figure III.26: Expression of P2K1 and P2K2 in mutant lines. The qRT-PCR analysis 

histograms show means and standard error of relative values to wild-type (set as 1). 

Asterisks show the significant difference to wild-type (*P<0.05, Student’s t-test).  
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Figure III.27: MAPK signaling is impaired in p2k2 single and p2k1p2k2 double 

mutants upon ATP treatment. Ten-day-old seedlings of wild-type (a positive control), 

p2k1-3 (a negative control), p2k2 and p2k1p2k2 were treated with 200 µM ATP and 

sampled at 0, 7 and 15 minutes for Western analysis. Activated MPK3 and MPK6 were 

detected by immunoblotting with phospho-p44/42 MAPK antibody. The CBB staining of 

Rubisco was used as a loading control (lower panel). Experiment was repeated with 

similar results.  
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Figure III.28:  qRT-PCR expression analysis of P2K2, MYC2 and ZAT10 after 

treatment with ATP 200 µM. Data were normalized using SAND as a reference gene. 

The results are relative to expression levels of mock treatment (set as 1). The bar graphs 

show means of three biological replicates (>30 pooled plants each); the error bars 

are standard error. (A) The expression level of P2K2 in wild-type; * indicates a 

significant difference to mock treatment (0 mins) (P-value < 0.05). (B) and (C) The 

expression levels of ZAT10 and MYC2 in wild-type, p2k1-3, p2k2 and p2k1p2k2. * Shows 

a significant difference to wild-type at the same time points  (P-value < 0.05). 
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Figure III.29: Co-immunoprecipitation assay of P2K2 with P2K1, FLS2 and 

CERK1. P2K2-GFP and P2K1-HA, FLS2-HA or CERK1-HA were transiently co-

transformed into tobacco. After 36 h, transgenic leaves were treated with MES buffer (as 

mock) or with ATP 200 µM for 30 minutes. The total tobacco cell lysates were prepared 

for Co-IP with anti-GFP and protein G agarose. Then, anti-GFP antibody 

immunoprecipitated products were subjected to Western blot analysis with anti-HA 

antibody (top) and anti-GFP antibody (middle). Also, the total cell lysates were subjected 

to Western analysis with anti-HA antibody (bottom, for HA-fused protein input).  
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Chapter IV:  

Discussion 
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  P2K1 was identified as the first extracellular ATP receptor in the plant (Choi et 

al., 2014). P2K1 mutant plants (e.g., the p2k1-3/AEQ T-DNA mutant line) cannot 

recognize exogenous ATP or respond to it with an increase in the cytosolic calcium 

concentration. We expected that, similar to animals, plants may have multiple 

extracellular ATP receptors that share structure and function. Therefore, our first goal in 

this project was to identify functional homologs of P2K1 that could complement 

extracellular ATP perception and trigger a cytosolic calcium increase. The screening 

focused on the LecRLK clade I of which P2K1 is a member. Our results showed that 

ecotopic expression of LecRLK I.5 could partially reverse the P2K1 phenotype in p2k1-3 

mutant (Figure III.2). As a potential second member of P2K family, we termed LecRLK 

I.5 as P2K2. Compared with wild-type, the p2k2 T-DNA knock out mutant line also 

showed a lower response to eATP, while the overexpression lines (p35S:P2K2) showed a 

higher response (Figure III.4). Overall, we conclude that P2K2 (or LecRLK I.5) functions 

as an ATP receptor and represents the second such receptor identified in plants. 

 Careful examination of the eATP-triggered cytosolic calcium increase in 

p35S:P2K2/p2k1-3, as well as p35S:P2K2/wild-type lines, showed that it is faster than 

wild-type (nearly immediate) (Figures III.3 and III.5). However, the intensity for the 

response of the p35S:P2K2/p2k1-3 line is still lower than wild-type, while the 

p35S:P2K2/wild-type response is much higher. In comparison to the p2k1 mutant lines, 

the phenotype of the p2k2 mutant plants is weaker, suggesting that the function of P2K1 

is dominant in eATP perception in plants. This observation and the much higher 

expression level of P2K1 under normal growth conditions likely explain why our 

previous forward screening detected only mutations in P2K1 and not P2K2 (Choi et al., 
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2014). It is also consistent with our hypothesis that other eATP receptors, besides P2K1, 

might function under specific conditions only. 

P2K2’s eATP perception 

 

Figure IV.1: Multiple sequence alignment of the P2K2 and P2K1 extracellular 

domains by comparing to four crystalized lectin proteins. 1AVB (Phaseolus 

vulgaris), 1DBN (Maackia amurensis), 1G7Y (Dolichos biflorus) and 1HQL (Griffonia 

simplicifolia). The figure was generated by Bioedit. 
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  As expected, P2K2 showed high affinity binding for ATP in our in vitro binding 

assay (Kd = 40.76 ± 7.331 nM and Bmax = 428.1 ± 46.57 pmol/mg) (Figure III.7). The 

binding affinity of P2K2 is roughly equivalent to that measured previously for P2K1 (Kd 

= 45.7 ± 3.1 nM and Bmax = 488.0 ± 6.3 pmol/mg) (Choi et al., 2014). Interestingly, in 

vitro competitive binding data indicate that P2K2 has much higher specificity for ATP 

and ADP than demonstrated for P2K1. ADP binds to P2K2 with lower affinity than ATP 

(Kj of ADP = 97.3 nM while Kj of ATP = 31.7 nM) where as GTP showed very low 

binding affinity for P2K2 (Kj = 2.23 µM) and other nucleotides (ITP, CTP, TTP and 

UTP) showed no binding affinity (Figure III.8). Our results suggest that P2K2 

specifically selects ATP and ADP as its ligand while P2K1 has a broader range of 

nucleotide-binding specificity (ATP > ADP > ITP > GTP > UTP) (Choi et al., 2014). The 

physiological relevance of this is unknown but could be important, especially if P2K1 

and P2K2 function in planta as a heteromeric complex. 

  Through collaborations, we identified the crystal structure of P2K1, unpublished. 

In parallel, we also conducted experiments to predict the structures of P2K1 and P2K2 

using homology modeling. Using the computational modeling method, we visualized not 

only the putative 3D protein structure, but also the putative P2K2-ATP interaction model 

of P2K2. Compared with the previously published P2K1-ATP interaction model (Nguyen 

et al., 2016), P2K1 and P2K2 share 7 ATP-binding residues, including E96, H99, T117, 

R118, V143 (I143 in P2K1), G244 (G245 in P2K1) and T245 (T246 in P2K1) over 15 

and 11 putative ATP-binding residues of P2K2 and P2K1 respectively (Figure IV.1). The 

larger number of ATP-interacting residues in P2K2 could explain the greater ATP 

specificity of P2K2 than P2K1. Nguyen et al. (2016) used site-directed mutagenesis and 
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in vitro binding assays to show that p2k1 deletions in loop B or loop C prevented ATP 

binding while p2k1 deletion in loop A did not affect in ATP binding (Nguyen et al., 

2016). Of those key amino acid residues predicted to interact with ATP in the P2K2 

structure, we mutated three, with only mutations at histidine 99 (H99) strongly affecting 

ATP binding. Mutations in other ATP binding residues, although it is possible that these 

mutations could destabilize the protein and, hence, we could not recover the protein. 

While H99 is formally part of loop A, the deletion described in the Nguyen et al. 2016 

paper did not delete the entire loop A (only four over nine residues of loop A were 

deleted), and H99 was still retained in their mutant version of the protein. The 

information suggested that H99 might be a critical conserved ATP-binding residue in 

both P2K1 and P2K2 proteins, consistent with the conservation of this residue in both 

proteins. More importantly, many carbohydrate-binding lectin proteins have conserved 

aspartic acid, instead of H99 in P2K1 and P2K2, perhaps explaining why these P2K 

proteins recognize nucleotides and not sugars (Adar and Sharon, 1996; Gouget et al., 

2006; Sharon, 2007).  

Other extracellular ATP receptors in the LecRLK family  

 After successfully identifying the second eATP receptor in plants as a homolog of 

P2K1, we expect that other LecRLK members, either within clade I or in other clades, 

may also serve as nucleotide receptors. Such additional receptors could have been easily 

missed in our screens that depend on the ability of the receptor to increase cytosolic 

calcium levels. In other words, if other receptors do not signal via elevated calcium 

levels, then we would not find them using our current methods. 
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  With the in vitro binding results with the extracellular domain mutant versions of 

P2K1 (Nguyen et al., 2016) and P2K2 (in this thesis), we proposed that the conserved 

H99 residue is critical for ATP binding to the ectodomain. Hence, we searched the 

various LecRLK protein sequences for this conserved residue. We found that all LecRLK 

clade I members, except for LecRLK I.8. Interestingly, LecRLK I.8 was reported to be an 

NAD+ receptor and have low ATP binding affinity (Wang et al., 2017). Besides clade I, 

there are 18 additional LecRLK members having H99. However, our sequence analysis 

for the kinase domain (data not shown) showed that two of them (LecRLKs III.1 and 

III.2) do not have putative active kinases (i.e., they lack the kinase activation loop). These 

two proteins could still serve as eATP receptors, but would likely do so in complex with 

a co-receptor, such as another kinase. Therefore, there is the potential for many more 

(i.e., 16 or more) P2K proteins in Arabidopsis, as shown in Table IV.1. Because Nguyen 

et al. (2016) showed that the deletion of some P2K1-P2K2 conserved residues in loop A, 

extended loop and loop D do not affect ATP binding affinity, we only focused on the 

other conserved residues, including G98, H99, T117, R118, V144 (I144 in P2K1), P147 

and F174 (Y174 in P2K1). The analysis showed that LecRLK IV.3 is the most likely 

candidate (with six of the seven conserved residues found in P2K1 and P2K2). However, 

confirmation of the presence of additional eATP receptors in Arabidopsis, as well as 

other plants, awaits extensive biochemical characterization. 
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Table IV.1: LecRLK members, not belonging to clade I that have a conserved H99 

and a predicted active kinase domain. “-“ Indicates residues that are not conserved.  

  Loop A Loop B Loop C 

Extended 

loop 

Name G98 H99 T117 R118 V/I144 P147 F/Y174 

P2K1 G H T R I P Y 

P2K2 G H T R V P F 

LecRLK II.1 G H N - - - F 

LecRLK IV.1 G H S - I - W 

LecRLK IV.2 G H S - I - - 

LecRLK IV.3 G H S - I P W 

LecRLK IV.4 G H - - I - W 

LecRLK V.3 - H - - - - Y 

LecRLK V.4 - H - - - - Y 

LecRLK V.5 - H - - - - Y 

LecRLK V.6 - H - - - - Y 

LecRLK V.7 - H - - - - Y 

LecRLK V.8 - H - - - - - 

LecRLK V.9 G H S - F - Y 

LecRLK VII.1 G H - - F - W 

LecRLK VII.2 G H S - F - Y 

LecRLK IX.1 G H - - F P - 

LecRLK IX.2 G H - - F P - 

 

P2K2 may function as a co-receptor for P2K1.  

  Because P2K2 can partially reverse the P2K1 phenotype in p2k1-3 mutant line, 

we suggest that P2K2 might have redundant functions with P2K1. Interestingly, P2K1 

and P2K2 are the results of tandem genome duplication events (Hofberger et al., 2015). 

The evidence can explain why P2K1 and P2K2 share high sequence identity (74%) (data 

was not shown). However, P2K1 and P2K2 were identified as ohnologous genes (the 

paralogous genes that diverged at the same time through whole-genome duplication). 
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Ohnologous genes can share similar functions, but more often diverge and develop 

different functions (Moreira and López-García, 2011; Hofberger et al., 2015). Our current 

data, although not definitive, argue that both P2K1 and P2K2 have a similar function in 

that they bind and respond to eATP and can, at least, partially complement one another. 

The expression pattern of P2K1 and the strength of the p2k2 mutant phenotype argue that 

P2K1, under the conditions in our assays, is the primary eATP receptor. However, it is 

intriguing that P2K1 and P2K2 interact in planta. This may only be relevant when P2K2 

is induced, such as during pathogen infection. Under these conditions, it is possible, 

although not proven, that a heteromeric complex of P2K1-P2K2 is formed and plays a 

critical role in purinergic signaling. There are some hints as to how such a receptor 

complex could function in that P2K1 can trans-phosphorylate P2K2, but P2K2 cannot 

trans-phosphorylate P2K1 (Figures III.22 and III.23). However, additional work is 

required to define the physiological significance of this trans-phosphorylation and to 

confirm the importance of P2K1-P2K2 interaction in planta. Heteromeric purinergic 

receptor complexes are well documented in P2X animal system (Nicke et al., 1998; 

Virginio et al., 1998; Kawate et al., 2009). 

  Jones et al. (2014) used the split-ubiquitin yeast two-hybrid system to screen and 

identify more than 12,000 membrane-protein interactions. Their data predict four proteins 

as candidates for interaction with P2K1 and 51 proteins as candidates for interaction with 

P2K2 (30 of them with the highest P2K2 interaction score, are shown in Table IV.2) 

(Jones et al., 2014). In the table, we note some proteins that may be components in P2K2 

signaling cascades. For example, an ortholog of PAP3, purple acid phosphatase 3, in 

common bean, was reported to function as an extracellular ATP hydrolase (Liang et al., 
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2010). It is suggested that PAP3 may regulate eATP homeostasis. CNGC17 is a member 

of the cyclic nucleotide-gated channel family. Some CNGC members were reported to 

mediate calcium flux coupled to purinergic signaling (Hua et al., 2003; Ali et al., 2007; 

Frietsch et al., 2007). Hence, the list of genes shown in Table IV.2 may be a fruitful 

starting point to expand our knowledge of purinergic signaling, especially in relation to 

P2K2 function. 

  Overall, our data suggest that P2K2 is an eATP co-receptor with P2K1. 

Additionally, ATP can induce P2K1-P2K2 interaction. Then, P2K1 can trans-

phosphorylate P2K2 which enables P2K2 to interact with several downstream proteins 

and could phosphorylate them by its kinase activity. 
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Table IV.2: Candidate proteins predicted to interact with P2K2. The list is in order of 

high to low P2K2 interaction score. Data derived from split-ubiquitin yeast two-hybrid 

screening for Arabidopsis protein-protein interactions (Jones et al., 2014).     

AGI Name 

At4g19030 NLM1, NOD26-LIKE INTRINSIC PROTEIN 1;1 

At1g14700 PAP3, PURPLE ACID PHOSPHATASE 3 

At5g01180 PTR5, PEPTIDE TRANSPORTER 5 

At2g02020 PTR4, PEPTIDE TRANSPORTER 4 

At3g21630 CERK1, CHITIN ELICITOR RECEPTOR KINASE 1 

At1g63120 RBL2, RHOMBOID-LIKE 2 

At5g52420 PRCE3, PSI-INTERACTING ROOT-CELL ENRICHED 3 

At3g13175 PRCE1, PSI-INTERACTING ROOT-CELL ENRICHED 1 

At1g69870 NRT1.7, NITRATE TRANSPORTER 1.7 

At3g44930 CHX10, CATION/H+ EXCHANGER 10 

At4g30360 CNGC17, CYCLIC NUCLEOTIDE-GATED CHANNEL 17 

At1g12110 NRT1.1, NITRATE TRANSPORTER 1.1 

At3g25805 UNKNOWN 

At4g21940 CPK15, CALCIUM-DEPENDENT PROTEIN KINASE 15 

At1g63110 UNKNOWN 

At1g11000 MLO4, MILDEW RESISTANCE LOCUS O4 

At3g54140 PTR1, PEPTIDE TRANSPORTER 1 

At5g41800 UNKNOWN 

At3g18800 UNKNOWN 

At1g50740 Transmembrane protein 14C 

At3g26090 RGS1, REGULATOR OF G PROTEIN SIGNALING 1 

At4g04570 CYSTEINE-RICH RLK (RECEPTOR-LIKE PROTEIN KINASE) 40 

At1g29060 SFT12 

At3g10640 SNF7 family protein 

At4g30850 HHP2, HEPTAHELICAL TRANSMEMBRANE PROTEIN 2 

At5g59650 LRR, Leucine-rich repeat protein kinase family protein 

At1g21240 WAK3, WALL ASSOCIATED KINASE 3 

At1g47640 UNKNOWN 

At2g26180 IQD6, IQ-DOMAIN 6 

At4g37680 HHP4, HEPTAHELICAL TRANSMEMBRANE PROTEIN 4 
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Roles of P2K2 in eATP-triggered plant defense 

  Plants recognize conserved molecular patterns derived from pathogens (i.e., 

pathogen-associated molecular patterns (PAMPs)) resulting in the activation of an innate 

immune response called PAMP-triggered immunity (PTI) (Jones and Dangl, 2006). 

These PAMPs are recognized by specific pattern recognition receptors (PRRs). In a 

similar manner, specific PRRs can also recognize molecules released from plants due to 

cellular damage, termed damage-associated molecular patterns (DAMPs) (Gust et al., 

2017). The responses of plants to DAMPs are similar to PTI response (Yamaguchi and 

Huffaker, 2011). Consequently, plants trigger a variety of secondary intracellular events, 

such as increases in the concentration of cytosolic calcium and reactive oxygen species 

(ROS) and protein phosphorylation (e.g., MAPKs and CDPKs). As a result, various 

transcription factors (e.g., MYBs, MYCs and ZATs) are activated that contribute to 

pathogen resistance (Bigeard et al., 2015).  

  In both animals and plants, eATP is defined as a DAMP (Jacob et al., 2013; Choi 

et al., 2014; Tanaka et al., 2014; Tripathi and Tanaka, 2018). The eATP recognition by its 

receptors triggers very similar responses to well-characterized PAMPs (Choi et al., 2014; 

Chen et al., 2017). Indeed, given that PAMPs often cause the release of ATP, we have 

previously proposed that PTI response is, at least in plants, due to purinergic signaling 

(Choi et al., 2014).  

  It is now clear that both P2K1 and P2K2 contribute to the ability of ATP to induce 

plant immune responses. For example, p2k2 T-DNA mutant plants show defects in the 

eATP-triggered increase in cytosolic calcium (Figures III.4 and III.5), MAPK activation 
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(Figure III.27) and plant defense gene expression (Figure III.28). Our results also show 

that the p2k2 mutant was more susceptible to the pathogen P. syringae than wild-type, 

while the P2K2 overexpression line was more resistant (Figure III.24). An important role 

of P2K2 in the response to pathogen infection is consistent with findings that P2K2 

expression is strongly induced in response to exogenous ATP or P. syringae (via 

pathogen) inoculation (Figures III.25 and III.28). The induction of P2K2 by P. syringae 

was previously reported (Balague et al., 2017). The data are consistent with a model in 

which P2K2, normally expressed at a low basal levels, is induced upon pathogen 

challenge (perhaps specifically due to eATP release) resulting in the formation and 

activation of heteromeric P2K1-P2K2 complex to activate downstream signaling 

cascades that regulate plant immunity. 

Open questions 

  In contrast to animals, plants are rooted in the soil and, hence, immobile. 

Therefore, to survive, plants developed a sophisticated system to recognize and respond 

to environmental changes. The system provides mechanisms to both recognize a signal 

and translate it into the appropriate physiological response that enables the plant to grow, 

reproduce and survive in a changing and sometimes hostile environment. The type, 

duration and intensity of the signals are all critical for inducing the correct downstream 

responses.  

  While, in general, P2K1 and P2K2 display similar activities, slight differences 

could be physiologically relevant. For example, the P2K2 kinase domain shows 

consistently stronger kinase activity in our assays relative to the P2K1 kinase domain. As 
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noted above, the P2K2 ectodomain shows greater specificity for ATP and ADP than 

P2K1 relative to other nucleotides. Jones et al. (2014) identified a much larger number of 

proteins predicted to interact with P2K2 than P2K1. Our unpublished work with proteins 

identified through interaction with P2K1 also supports the notion that these proteins 

interact with P2K2 more strongly than P2K1. Hence, P2K1 and P2K2 are not identical 

proteins, suggesting that P2K2 has the potential to have unique function or, capabilities 

upon P2K1-P2K2 complex fomation. However, all the data point to the fact that, under 

the conditions in our assays, P2K1 is the dominant eATP receptor. 

  There are many, still unresolved questions relevant to the mechanism of eATP 

signaling in plants, as well as the specific roles of P2K1 and P2K2. These include (in no 

order of importance): 

1. What is the mechanism by which eATP recognition is coupled to an increase in 

cytoplasmic calcium levels? The data, although far from definitive, suggest that 

P2K receptors either directly or indirectly activate both plasma membrane and 

vacuolar calcium channels, but this remains to be identified.  

2. What are the mechanisms that couple eATP recognition to the variety of 

downstream signaling events, including MAPK activation, NO and ROS 

production and induction of gene expression.  

3. Are there additional eATP receptors in plants? Mammals have 15 such receptors 

(including P2X and P2Y) and, therefore, how can plants make do with only two? 

4. To what extent does purinergic signaling explain the plant response to various 

biotic and abiotic stresses? In other words, does the release of ATP by stress 
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completely explain how stress induces gene expression, as opposed to specialized 

pathways that recognize only a specific stress. 

5. Clade I of the LecRLK family, which contains both P2K1 and P2K2, appears to 

be exclusive to the Brassicaceae. Therefore, do divergent plant species utilize 

receptors significantly different from P2K1 or do only a few, key amino acids 

found in the LecRLK ectodomains of other species define their ability to serve as 

purinergic receptors and, hence, make them hard to identify by sequence-based 

searches. 

  These questions make it clear that the study of purinergic signaling in plants is 

still in its infancy. However, the ever-expanding evidence that eATP is involved in a 

variety of important plant developmental and growth responses suggests that further 

investment in studies of purinergic signaling in plants is warranted. At present, there are 

relatively few laboratories worldwide exploring this interesting area of plant research. 

Hopefully, as more data and papers appear, other researchers will be attracted to this 

exciting and interesting area. 
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Figure IV.1: Model of P2K2 function, as a potential co-receptor of P2K1, in eATP 

perception and plant defense responses. In response to stress (e.g., bacterial infection), 

the eATP concentration increases. eATP is recognized by P2K1 and/or P2K2, which may 

form a heteromeric complex of P2K1-P2K2, a process that is enhanced by exogenous 

ATP. P2K1 and P2K2 can autophosphorylate, while P2K1 can trans-phosphorylate 

P2K2. As a result of eATP binding, RBOHD is phosphorylated and activated to generate 

ROS, thereby controlling the stomatal aperture, while also contributing to pathogen 

defense. ATP binding also activates calcium channels that raise intracellular calcium 

levels contributing to the cellular response. The MAPK cascade (MAKKK, MAKK and 

MPK3/6) and plant defense gene expression are induced by eATP through mechanisms 

that remain to be elucidated. The question marks indicate potential events that need 

further investigation. Calcium channels (potentially CNGCs) may directly interact with 
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and be activated by P2K receptors upon eATP binding. P2K2 may interact with and 

phosphorylate downstream proteins to activate MAPK cascades or recruit cytosolic 

protein kinases (e.g., CPKs) to contribute to downstream signaling events. 
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Supplemental data 

 

Supplemental Figure S1: Gus staining assay showed P2K2 promoter activity in 

whole plants. pP2K2:GUS transgenic plants were grown in ½ MS medium and collected 

after two weeks (A), three weeks (B), three weeks with 30-minute 200 µM ATP 

treatment (C) or three weeks with 16-hour P. syringae DC3000 treatment (D). After 

overnight GUS staining, samples had been washed atleast three times with ethanol before 

being observed under a light microscope. Scale bar = 1mm.     
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Supplemental Figure S2: P2K2 promoter activity in pollen. (A) A flower of 

pP2K2:GFP transgenic plant were observed under a flourescense microscope, Scale bar = 

1 mm. (B-E) Scale bar = 20 µm. Three to four-week-old pP2K2:GUS transgenic plants 

were used to collect pollen. The in vitro pollen germination method was described 

(Dickinson et al., 2018). (B) Ungerminated pollens. (C and D) Germinated pollen. (E) 

Germinated pollen tube tip.         

 



 

109 

 

 

Supplemental Figure S3: Susceptibility of p2k1-3, p2k2 and p2k1p2k2 to P. syringae 

in bacterial leaf infitration assay. Wild-type (a negative control) and p2k1-3 (a positive 

control) were used to compare to p2k2 and p2k1p2k2. Three-week-old leaves were 

infiltrated P. syringae (OD = 0.0001 in MgCl2 10 mM buffer) . (A) Bright-field 

photographs ware taken one day after inoculation using a normal camera while the 

bacteria invasion was detected using a CCD camera (the bio-luminescence panel). (B) 

Bacterial populations of P. syringae were detected and quantified by a CCD camera 

detecting bio-luminescense signals. The bars indicate the standard errors for 6 

independent leaves. 
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