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摘要 细胞外ATP(extracellular ATP, eATP)作为一种胞外信号分子, 在调控植物生长发育、介导生物与非生物胁 

迫响应中发挥重要功能. 研究表明, eATP可以通过细胞损伤、胞吐作用、ABC转运蛋白(ATP-binding cassette 
transporter)及质膜腺嘌呤核苷酸转运蛋白1(plasma membrane adenine nucleotide translocator 1, PM-ANT1)等多条 

途径从胞内释放到胞外, 并与质膜受体P2K1(P2-type purinergic receptor kinase 1)和P2K2(P2-type purinergic 
receptor kinase 2)结合, 进而激活下游钙信号(Ca 2+)、活性氧(reactive oxygen species, ROS)爆发、一氧化氮(nitric 
oxide, NO)产生, 以及丝裂原活化蛋白激酶(mitogen activated protein kinase, MAPK)级联反应, 调控植物生理应答. 
最新研究发现, 叶锈病10号抗病位点类受体蛋白激酶样蛋白3(leaf rust 10 disease-resistance locus receptor-like 
protein kinase-like 3, LRK10L3)与油菜素类固醇不敏感1相关受体激酶1(brassinosteroid insensitive 1 associated 
kinase 1, BAK1)可在质膜形成复合体, 作为eATP感知新单元, 进一步完善了eATP的识别机制. 在eATP稳态调控方 

面, 腺苷三磷酸双磷酸酶(Apyrase, APY)通过降解ATP, 动态调节eATP浓度. 本文系统整合了植物eATP的释放与降 

解机制, 受体识别途径及下游信号组分, 总结了eATP受体介导的信号通路调控植物胁迫响应与生长发育的机制, 
综述了该领域的最新研究进展, 并对当前尚未解决的问题与未来研究方向提出了展望. 

关键词 植物, 细胞外ATP(eATP), 释放与降解, eATP识别, 信号通路    

5′-三磷酸腺苷(adenosine 5′-triphosphate, ATP)普 

遍存在于所有生物体中, 是细胞内代谢调控与能量转 

换的核心分子. ATP主要参与细胞内复杂的代谢活动, 
此外, 部分ATP被释放到细胞外基质, 形成胞外ATP 
(extracellular ATP, eATP), 作为一种信号分子而发挥 

功能 [1,2].  

哺乳动物中, eATP作为嘌呤类信号分子的关键配 

体, 广泛参与调控免疫应答、神经信号传递及组织修 

复等重要生理过程 [3~5]. 近年来, 植物体内eATP的存在 

也得到了明确证实 [6~8]. 研究表明, 植物中的eATP不仅 

可以作为信号分子调控生长发育的多个环节, 还能作 

为一种损伤相关分子模式(damage-associated molecu
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lar pattern, DAMP), 在植物应对生物与非生物逆境胁 

迫响应过程中发挥重要功能 [9,10]. 
随着植物eATP特异性受体P2K1/P2K2(P2-type 

purinergic receptor kinase 1/2)的分子鉴定, 以及受体下 

游信号通路的逐步解析 [11,12], 植物eATP信号相关研究 

进入快速发展阶段. 尽管目前已有综述文献对eATP的 

生理功能进行过概括性总结 [13], 但随着受体介导的下 

游信号通路研究的持续深入, 当前在eATP的释放、降 

解、识别与信号转导等方面, 仍缺乏系统性梳理与归 

纳. 基于此, 本文将围绕eATP的释放与降解机制、 

eATP的受体识别与信号感知、eATP下游关键信号组 

分, 以及eATP受体介导的信号通路调控植物胁迫响应 

和生长发育的机制, 整合最新研究进展进行系统性总 

结, 并对该领域未来研究方向进行展望, 旨在为深化 

植物eATP相关领域的研究与应用提供参考. 

1 eATP的释放与降解 

eATP作为一种关键的信号分子和DAMP, 其胞外 

浓度与稳态具有重要的生物学意义. eATP通过多种途 

径从胞内释放到胞外, 进而启动下游信号转导; 而胞外 

ATP的水解则有效调控eATP信号强度. 这种释放-降解 

的调控机制共同维持了eATP信号的时空特异性(图1). 

1.1 eATP的释放机制 

植物在正常生长发育过程中, 或受到生物与非生 

物胁迫下, 会将ATP释放到细胞外基质, 作为信号分子 

调控生长发育与胁迫反应 [14~16]. 由于ATP带有负电荷, 
无法自由跨膜扩散, 其释放依赖于特定的途径: 机械损 

伤等刺激下, 胞内ATP会被动泄漏至胞外 [17]; 此外, 植 

物通过主动转运机制, 例如胞吐作用、ABC转运蛋白 

(ATP-binding cassette transporter)以及质膜定位的线 

粒体载体家族(mitochondrial carrier family, MCF)成员 

质膜腺嘌呤核苷酸转运蛋白1(plasma membrane ade
nine nucleotide translocator 1, PM-ANT1)将胞内ATP 
释放到胞外 [18~20]. 

植物正常发育过程中, 胞外ATP通常维持在nmol 
水平 [13]. 机械损伤或昆虫取食等会破坏细胞质膜的完 

整性, ATP通过受损伤的细胞膜直接释放到胞外环境, 
使胞外ATP浓度增加 [17,21]. 动物细胞中, ATP可以通过 

囊泡转运的方式释放到胞外 [22]. 植物根毛是一种极性 

生长细胞, 其顶端富含分泌囊泡, 当采用囊泡转运抑制 

剂Brefeldin A处理苜蓿时, 发现可显著抑制其根毛释 

放eATP的过程, 提示通过胞吐作用释放ATP的途径在 

植物中同样存在 [19]. 哺乳动物多药耐药家族(multidrug 
resistance, MDR)蛋白可以直接外排ATP [23,24]. 拟南芥 

ABC超家族(ATP binding cassette superfamily)成员P-糖 

蛋白1(P-glycoproteins 1, AtPGP1)是MDR1的同源蛋 

白, 其在酵母中异源表达时, 培养基中ATP浓度升高; 
同时, AtPGP1过表达拟南芥株系的eATP释放增加, 表 

明AtPGP1具备ATP转运功能 [18]. 此外, 研究还发现, 质 

膜定位的ANT1沉默后, 花粉胞外ATP下降而胞内ATP 
积累, 花药开裂受阻 [20]. 综上, 植物通过细胞损伤、胞 

吐作用、ABC转运蛋白以及PM-ANT1等多条途径精 

细调控eATP的释放, 为胞外ATP信号的建立提供了 

基础. 

1.2 eATP的降解机制 

eATP的降解与稳态维持是植物正常生理活动的 

基础. 哺乳动物细胞中, 定位于细胞膜外侧的胞外腺苷 

三磷酸双磷酸酶(ecto-apyrase), 可以高效水解eATP而 

影响eATP稳态 [25]. 植物Apyrase最早发现于马铃薯(So
lanum tuberosum) [26], 随后在拟南芥(Arabidopsis thali
ana)、小麦(Triticum aestivum)、水稻(Oryza sativa)、 

棉花(Gossypium hirsutum)、杨树(Populus)等多种植物 

中均发现了Apyrase的存在 [27~31]. 大量研究已证实, 
Apyrase具有水解ATP/ADP的活性, 外源施加Apyrase 
可有效清除eATP [28,31~33]. 

根据亚细胞定位, Apyrases可分为内切型(endo- 
apyrase)和外切型(ecto-apyrase). 内切型Apyrase定位于 

高尔基体、内质网和囊泡等, 通过水解胞内ATP限制 

其向外运输. 研究发现, 拟南芥Apyrase家族含有7个成 

员(AtAPY1~7), 其中AtAPY1~6均表现出三磷酸腺苷 

双磷酸酶活性. AtAPY1, AtAPY2, AtAPY4, AtAPY5 
和AtAPY7均定位于高尔基体, 而AtAPY3定位于内体, 
AtAPY6定位于内质网. 因此, 在模式植物拟南芥中, 已 

鉴定的Apyrase家族成员均定位于细胞内膜系统, 通过 

调控胞内囊泡中的ATP, 间接参与胞外ATP浓度的调 

节 [27]. 目前, 植物中外切型Apyrase的系统生物学研究 

仍较为薄弱, 相关功能分析与定位证据分散于少数物 

种的报道中. Deng等人 [31]将胡杨(Populus euphratica) 
PeAPY2-eYFP融合蛋白与CFP标记的质膜特异性标记 
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蛋白AtPIP2A共转化拟南芥叶肉原生质体, 结果显示, 
PeAPY2-eYFP的荧光信号与AtPIP2A-CFP的质膜定位 

信号重叠, 证明PeAPY2主要分布于细胞质膜, 与外切 

型Apyrase的定位特征相符. 此外, 有研究报道大豆 

(Glycine max)GS52、双孢扁豆(Vigna unguiculata 
subsp. Cylindrica)DbLNP、豌豆(Pisum sativum) 
PsAPY1和马铃薯(Solanum tuberosum)StAPY3蛋白分 

别定位于细胞质膜、细胞表面、细胞壁和质外体空 

间 [34~37], 但这些Apyrase家族成员是否真正具备外切型 

Apyrase的核心功能, 其亚细胞精确定位及生理功能特 

异性仍缺乏系统实验验证, 需要通过多学科手段进一 

步分析. 
近年来, 植物分泌的紫色酸性磷酸酶(purple acid 

phosphatases, PAPs), 因其分泌性质和ATP水解活性而 

引起了关注. 植物分泌PAP到细胞外基质或者根际, 以 

降解有机磷酸盐, 释放无机盐而适应磷饥饿 [38,39]. 研究 

表明, 大豆紫色酸性磷酸酶7a/7b(Glycine max purple 
acid phosphatase 7a/7b, GmPAP7a/7b)可以有效地水解 

eATP, 其过表达可显著增强大豆毛状根对eATP的利用 

能力. 因此, PAP可能与Apyrase在功能上形成协同, 通 

图 1 eATP的释放与降解机制. eATP通过如下四种方式释放到胞外: ①�通过质膜定位的ANT1释放到胞外; ②�通过哺乳动物 
多药耐药家族MDR在拟南芥中的同源蛋白PGP1释放到胞外; ③�储存于细胞内囊泡中的ATP, 随胞吐作用而释放到胞外; ④�机 
械损伤或昆虫咬食引起细胞膜完整性受损, 细胞内ATP通过损伤的质膜释放到胞外. eATP的降解主要通过两种途径: 
⑤� Apyrase分布在质膜外侧和胞内囊泡、内质网、高尔基体上. 前者通过水解eATP降低其浓度, 后者则通过水解降低胞内 
ATP浓度, 从而减少向胞外释放的ATP分子. ⑥�存在于胞外空间的PAP也可以水解ATP, 可能与Apyrase共同参与eATP稳态维 
持. ADP: 二磷酸腺苷; AMP: 单磷酸腺苷 
Figure 1 Release and degradation mechanism of eATP. eATP is released through the following four primary mechanisms: ①�eATP is released via 
plasma membrane-localized ANT1; ②�eATP is exported through PGP1, an Arabidopsis thaliana homolog of the mammalian multidrug resistance 
(MDR) family protein; ③�ATP stored within intracellular vesicles is released via exocytosis; ④�mechanical damage or insect herbivory compromises 
plasma membrane integrity, leading to the release of intracellular ATP into the extracellular space. The degradation of eATP occurs mainly through 
two pathways: ⑤�Apyrase is localized on the extracellular face of the plasma membrane as well as on intracellular vesicles, the endoplasmic 
reticulum, and the Golgi apparatus. The Apyrase on the plasma membrane hydrolyzes eATP to reduce its extracellular concentration, while 
intracellular Apyrase diminishes the pool of ATP available for release by hydrolyzing ATP within the cell. ⑥�PAP localized in the extracellular space 
also exhibits ATP hydrolytic activity, thereby potentially contributing to the maintenance of eATP homeostasis in plants. ADP: adenosine diphosphate; 
AMP: adenosine monophosphate  
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过参与eATP的水解过程共同调控植物eATP的稳态 

平衡 [40]. 

2 eATP的识别与感知 

eATP作为关键的胞外信号分子, 需要通过激活细 

胞质膜上的特异性受体, 方可将胞外信号传递到胞内, 
进而启动下游信号级联反应. 1976年, 首个eATP受体 

在动物细胞中被发现, 该受体被命名为P2受体 [41]. 依 

据结构和功能特征差异, P2受体可分为两类, 即配体 

门控离子通道受体P2X家族, 以及G蛋白偶联受体P2Y 
家族 [42]. 值得注意的是, 植物基因组中并未发现P2受 

体的同源蛋白序列. 2014年, Choi等人 [11]通过正向遗 

传学筛选策略, 并结合胞质钙离子内流检测体系, 首 

次鉴定到响应外源ATP处理而钙离子内流缺陷的拟南 

芥突变体, 将其命名为dorn1(does not respond to nu
cleotides 1). 进一步分析表明, DORN1编码凝集素类受 

体激酶-I.9(lectin receptor kinase, LecRK-I.9), 此后, 该 

蛋白被命名为P2K1 [11]. 2020年, 同属LecRK受体激酶 

家族的LecRK-1.5也被证实具有eATP结合活性, 进而 

被确定为第二个植物eATP受体, 并被命名为P2K2 [12]. 
此外, 近来研究还发现, 由叶锈病10号抗病位点类受 

体蛋白激酶样蛋白3(leaf rust 10 disease-resistance lo
cus receptor-like protein kinase-like 3, LRK10L3)与油菜 

素类固醇不敏感1相关受体激酶1(brassinosteroid in
sensitive 1 associated kinase 1, BAK1)组成的蛋白复合 

体, 可以作为eATP感知新单元参与胞外ATP信号的识 

别与转导 [43]. 

2.1 P2K1受体 

P2K1受体的N端具有信号肽, 由胞外L型凝集素 

结构域、单跨膜结构域和胞内丝/苏氨酸激酶结构域 

组成 [44,45]. P2K1胞外凝集素结构域由Loop A, B, C, D 
及一个延伸环构成. Loop A~D四个环形成的腔具有多 

个保守残基(Gly98, His99, Thr117, Arg118, Ile143, 
Gly245,Thr246, Ala247), 这些保守残基可以通过氢键 

和疏水作用协同识别ATP的腺嘌呤和三磷酸基团 [11,44], 
其与ATP的结合常数K d约(45.7±3.1) nmol/L. 

P2K1胞内激酶结构域的活性是eATP诱导植物产 

生相关响应的前提. eATP与P2K1结合后, 可触发P2K1 
受体发生自磷酸化. 质谱鉴定与位点突变分析发现, 在 

P2K1胞内激酶结构域中, S391, S440和S451被明确为 

介导信号传递的关键磷酸化位点 [45]. 将这些丝氨酸残 

基突变为丙氨酸, 模拟去磷酸化突变后, ATP诱导的 

Ca 2+内流与ROS爆发均被阻断; 而将这些丝氨酸突变 

为天冬氨酸, 模拟磷酸化突变回补dorn1突变体时, 
dorn1突变体的eATP信号响应能力可被恢复. 因此, 
S391, S440和S451的磷酸化是P2K1介导的eATP信号 

启动下游级联反应的必要开关 [45]. 

2.2 P2K2受体 

拟南芥基因组中包含45个LecRK家族成员 [46], 鉴 

于LecRK-I.9(即P2K1)被明确鉴定为eATP受体, 科学 

家们推测该家族其他成员可能同样具备嘌呤类配体结 

合潜力. 为验证这一假设, Pham等人 [12]以dorn1-3突变 

体为背景, 通过分别表达LecRK家族的所有成员进行 

功能筛选, 结果发现只有LecRK I.5能够部分恢复突变 

体中eATP诱导的胞质Ca 2+浓度升高缺陷表型. 进一步 

研究发现, LecRK I.5的功能缺失突变体对eATP触发 

的Ca 2+响应显著减弱. 此外, LecRK I.5体外具有结合 

ATP的能力. 基于此, LecRK I.5被确定为拟南芥中的第 

二个eATP受体, 并被命名为P2K2. 
P2K2与P2K1在氨基酸序列水平上具有74%的相 

似性, 同样由胞外L型凝集素结构域、单次跨膜结构 

域和胞内丝/苏氨酸激酶结构域组成 [12], 其胞外结构域 

亦包含Loop A, B, C, D和延伸环共5个主要环区. 同源 

建模与体外结合实验表明, H99, R144和S256是P2K2 
体外结合ATP的关键残基, 其与ATP的结合常数K d为 

(44.5±15.73) nmol/L [47]. 此外, P2K2胞内激酶结构域 

也具有自磷酸化与转磷酸化活性 [12]. 
P2K1可以磷酸化P2K2, 反之, P2K2则不可磷酸化 

P2K1. 在表达模式上, P2K1呈广泛分布, P2K2则主要 

定位于根尖, 根成熟区和叶肉细胞中转录水平显著降 

低. 遗传功能研究表明, 识别eATP后激活的P2K2和 

P2K1存在功能冗余, 通过启动胞质Ca 2+信号, 协同激 

活下游免疫信号, 介导植物对病原微生物的防御反应 

与系统性防御响应 [12,48,49]. 相比P2K1, P2K2对ATP/ 
ADP的结合特异性更高, 且在胁迫条件下表达上调, 
共同构成植物eATP信号感知的多样化适应性机制. 

2.3 LRK10L3- BAK1复合体 

近来, Dong等人 [43]在拟南芥的研究中发现, S-域 
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受体激酶LRK10L3与共受体BAK1形成的蛋白复合体, 
共同参与eATP信号的感知与传导. 表现为: lrk10l3或 

bak1的单突变体对eATP(0.5 mmol/L)的响应减弱, 而 

lrk10l3/bak1双突变体几乎完全丧失对eATP的响应能 

力. 分子互作与结合实验证实, LRK10L3与BAK1可以 

在质膜形成功能复合体, 且两者的胞外域均具备ATP 
结合活性. 进一步的磷酸化分析显示, ATP处理可显著 

影响野生型拟南芥中BAK1与LRK10L3的磷酸化水平: 
处理15 min时, BAK1磷酸化水平即显著升高, 处理 

30 min时, LRK10L3磷酸化水平开始显著上升. 遗传 

实验表明, bak1突变体中, ATP处理无法诱导LRK10L3 
磷酸化水平的增强; 而lrk10l3突变体中, ATP虽然可诱 

导BAK1磷酸化, 但磷酸化水平显著低于野生型, 提示 

ATP介导的LRK10L3磷酸化依赖于BAK1的磷酸化. 
结合常数测定结果表明, BAK1与ATP的结合常数 

K d为(4.4±1.4) μmol/L, LRK10L3与ATP的结合常数K d 

为(73.2±0.9) μmol/L; 当两者胞外域共同结合ATP时, 
复合体与 AT P 的结合亲和力显著增强 ,  K  d 为 

(0.8±0.2) μmol/L. 值得注意的是, 同已知的P2K受体 

相比, LRK10L3-BAK1复合体对ATP的结合亲和力明 

显更低, 这表明其可能在感知并响应高浓度ATP方面 

发挥功能 [43]. 综上, 双类受体激酶BAK1和LRK10L3复 

合体可以作为eATP的感知单元, 通过触发磷酸化级联 

反应, 进而介导根和下胚轴生长素不对称分布、茉莉 

酸(jasmonic acid, JA)合成相关基因表达以及生长抑制 

反应, 为解析植物eATP信号感知的分子网络提供了新 

视角. 

3 eATP下游关键信号组分 

eATP作为植物生长发育与胁迫应答中的关键胞 

外信号分子, 其功能的实现依赖于受体识别后的下游 

信号转导. 当eATP与细胞膜上的特异性受体结合后, 
会迅速激活一系列下游信号分子, 通过Ca 2+、活性氧 

(reactive oxygen species, ROS)、一氧化氮(nitric oxide, 
NO)等第二信使, 以及丝裂原活化蛋白激酶(mitogen 
activated protein kinase, MAPK)级联反应等核心通 

路 [9,11,21,50], 将胞外信号转化为胞内生理响应. 

3.1 钙信号的激活 

eATP介导的钙信号激活是植物eATP信号通路的 

核心环节. 在P2K1介导的信号通路中, P2K1已被证实 

可通过与两类环核苷酸门控通道(cyclic nucleotide- 
gated channel, CNGC)形成功能模块激活钙信号 [51]. 首 

先, P2K1与CNGC2-CNGC4复合体直接互作, 静息状 

态下, 钙调蛋白7(calmodulin 7, CaM7)结合CNGC2- 
CNGC4并抑制其通道活性 [51,52]; 当eATP结合P2K1后, 
触发P 2 K 1胞内域自磷酸化 ,  进而特异性磷酸化 

CNGC2的Ser705和Ser718位点, 解除CaM7抑制并介导 

Ca 2+内流. 其次, P2K1与CNGC19存在功能性互作, 
eATP诱导的Ca 2+升高在cngc19突变体中显著减弱, 且 

p2k1/cngc19双突变体的Ca 2+响应缺陷更为严重, 表明 

P2K1与CNGC19通过蛋白互作, 协同介导eATP诱导的 

钙信号激活 [53]. 动物细胞中的研究表明, eATP可激活 

胞外Ca 2+内流, 并同时触发内质网等胞内钙库释放 

Ca 2+, 两者协同引起胞质Ca 2+浓度显著升高 [50,54]. 植物 

中, P2K1可在eATP刺激下激活质膜CNGC通道, 从而 

介导胞外Ca 2+内流 [51,53]; 然而, P2K1是否通过未知机 

制进一步诱导液泡、内质网等胞内钙库释放Ca 2+, 仍 

需借助亚细胞Ca 2+成像、钙库特异性抑制剂, 或借助 

突变体材料进行深入研究. 
P2K2受体识别eATP信号后, 也可显著诱导胞质 

Ca 2+浓度升高. 遗传证据显示, p2k2单突变体对eATP 
的Ca 2+响应显著弱于野生型 ,  过表达P2K2则增强 

Ca 2+响应. P2K2受体具有自磷酸化和转磷酸化活性, 
同时, P2K1与P2K2互作, 并可磷酸化P2K2 [12], 因此, 
P2K2可能一方面通过自身激酶活性, 另一方面可能与 

P2K1协同调控钙信号相关蛋白, 共同介导eATP诱导的 

钙信号激活. 但目前尚无直接证据表明P2K2与特定 

CNGC家族成员存在互作或调控关系, 其下游介导钙 

信号激活的机制仍有待明确. 同样, 关于LRK10L3- 
BAK1复合体如何触发钙信号激活的分子机制, 仍有 

待深入解析. 

3.2 活性氧的爆发 

eATP与P2K1结合后触发下游ROS产生, 该过程依 

赖受体磷酸化与钙信号协同作用 .  与野生型相比 ,  
dorn1(p2k1)突变体在ATP刺激下Ca 2+的内流缺失, 
ROS生成减少, 同时气孔无法正常关闭, 说明P2K1是 

eATP诱导ROS产生的关键调控因子 [45]. 
Chen等人 [45]利用激酶底物捕获(kinase client as

say, KiC)及 32P标记体外磷酸化实验证实, P2K1可直接 
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与呼吸爆发氧化酶同源蛋白D(respiratory burst oxidase 
homolog D, RBOHD)相互作用, 并催化其N端Ser22磷 

酸化, 从而激活RBOHD的酶活性, 并引发ROS爆发. 此 

外, eATP诱导的胞质Ca 2+升高可能通过两条途径进一 

步促进ROS产生: Ca 2+直接结合RBOHD的EF-hand基 

序, 增强酶活性 [55]; Ca 2+信号激活钙依赖蛋白激酶(cal
cium-dependent protein kinases, CPKs)和类钙调磷酸酶 

B互作蛋白激酶(calcineurin-B-like protein interacting 
protein kinases, CIPKs), 这些激酶同样可以磷酸化并 

调控NADPH氧化酶 [56~58]. 综上, P2K1识别eATP后, 通 

过直接磷酸化激活RBOHD, 以及Ca 2+-激酶网络双重 

机制, 协同放大ROS信号 [45]. 

3.3 一氧化氮的产生 

胞外ATP激活其受体, 触发胞质Ca 2+升高, 进而诱 

导NO的快速积累. 使用不可水解的ATP类似物ATPγS 
处理野生型拟南芥, 利用NO荧光探针DAF-2DA可在 

花粉及根毛中检测到NO水平的增加, 而硝酸还原酶双 

突变体(nia1nia2)中, 相同处理并不引起NO的积累, 表 

明eATP诱导的NO产生依赖于硝酸还原酶 [59,60]. 尽管 

钙信号被认为在eATP信号与硝酸还原酶活化之间起 

桥梁作用, 但eATP受体与硝酸还原酶之间是否存在直 

接互作或者磷酸化级联反应, 仍有待于进一步探究. 
作为信号分子, NO可通过多种机制影响下游信号 

通路: 一方面, 它可激活鸟苷酸环化酶, 生成环鸟苷酸 

(cyclic guanosine monophosphate, cGMP) [61]. 在动植物 

细胞中, cGMP可进一步转化为8-硝基cGMP [62,63], 后者 

已被证明能诱导气孔闭合 [63], 但目前尚不清楚eATP诱 

导的气孔免疫是否有该途径参与. 另一方面, NO还可 

通过对钙调蛋白等靶蛋白进行S-亚硝基化修饰来调控 

其活性, 从而为NO与Ca 2+信号之间的串扰提供了一种 

分子机制 [61]. 此外, 研究还表明， NO的生成可反馈调 

节胞质Ca 2+升高, 进一步强化了两者之间紧密的功能 

联系 [61]. 
Ca 2+, ROS和NO均为eATP下游关键的第二信使, 

研究表明, Ca 2+内流是eATP诱导ROS与NO生成的关键 

步骤, 利用Ca 2+通道阻断剂处理会显著抑制eATP诱导 

的NO和ROS的产生 [64,65]. 不同植物中, ROS与NO之间 

的调控关系存在差异: 在丹参(Salvia miltiorrhiza)毛状 

根系统中, eATP诱导的NO能够促进ROS积累, 而ROS 
不能诱导NO的产生 [64]; 相反, 在胡杨细胞培养物中, 

eATP诱导的NO则依赖于ROS的产生 [66]. 这些不同的调 

控模式表明, 不同物种的信号整合方式可能存在差异. 

3.4 MAPK级联反应的激活 

P2K1可与Raf样的MAPK激酶的激酶(MAPK ki
nase kinase, MAPKKK)家族成员整合素受体激酶5(in
tegrin receptor kinase 5, ILK5)互作, 且ATP处理可显著 

增强两者的互作. 体外激酶实验证实, P2K1催化ILK5 
的192位Ser磷酸化, 而该位点的磷酸化对ILK5的功能 

至关重要: 将Ser192突变为天冬氨酸(模拟磷酸化状态), 
可显著增强ILK5的激酶活性; 突变为丙氨酸(模拟非磷 

酸化状态)则导致其酶活性大幅下降. 进一步研究揭示, 
活化的ILK5可直接磷酸化下游丝裂原活化蛋白激酶的 

激酶5(MAPK kinase 5, MAPKK5或MKK5), 最终激活 

丝裂原活化蛋白激酶3/6(mitogen-activated protein ki
nase 3/6, MPK3/6) [67], 通过直接磷酸化胞质蛋白激酶以 

及激活转录因子, 启动防御相关基因表达两条途径, 级 

联放大免疫信号. 与P2K1类似, P2K2也能磷酸化ILK5. 
但不同的是, P2K2对ILK5的磷酸化并不依赖Ser192位 

点 [68]. 尽管其特异性磷酸化位点仍需要进一步分析, 
P2K2和P2K1对ILK5磷酸化位点的差异化选择, 表明二 

者虽然在功能上存在冗余, 但可能还具有精细分工, 使 

eATP介导的信号通路具备了功能分化的潜能. 
此外 ,  P2K1在体内还可以磷酸化另一Raf样 

MAPKKK家族成员整合素受体激酶4(integrin receptor 
kinase 4, ILK4). 实验证明, P2K1与ILK4存在互作, 且 

外源ATP处理可以显著增强两者的互作强度. 体外激 

酶实验表明, P2K1直接磷酸化ILK4的4个氨基酸位点 

(Thr326, Ser330, Ser331, Tyr334). 与ILK5类似, ILK4 
能与MKK4和MKK5发生互作 [69]. 然而功能分析显示, 
ilk4突变体在外源ATP作用下, MPK3/6的磷酸化水平 

反而升高, 暗示ILK4作为P2K1的下游底物, 可能通过 

与ILK5竞争结合MKK5, 负向调控MPK3/6的激活 [69]. 
因此, P2K1和P2K2通过选择性磷酸化MAPKKK家族 

成员, 形成功能互补且精细调控的信号网络, 精准平 

衡MPK3/6的激酶活性. 

4 eATP受体信号通路调控植物胁迫响应与 
生长发育的机制 

eATP受体识别胞外ATP, 启动下游钙信号、ROS 

张小欣等: 植物细胞外ATP释放、降解及其感知与下游信号通路研究进展  

1940  

 https://www.sciengine.com/doi/10.1360/SSV-2025-0334



爆发、NO产生、MAPK级联反应等信号事件, 并进一 

步整合激素信号、代谢通路及转录调控网络, 在植物 

抗病防御、非生物胁迫响应及生长发育中发挥重要 

功能. 

4.1 植物免疫 

eATP受体介导的抗病机制是植物先天免疫的重 

要组成部分. 当植物遭受丁香假单胞菌(Pseudomonas 
syringae)侵染、真菌灰霉菌(Botrytis cinerea)寄生、植 

食性昆虫取食等胁迫时 [53,70,71], 细胞会快速释放eATP, 
eATP随后被细胞膜上的特异性eATP受体识别并结合, 
启动下游防御响应. 遗传学实验表明, P2K1功能缺失 

突变体p2k1对丁香假单胞菌Pst DC3000及土传真菌立 

枯丝核菌(Rhizoctonia solani)的敏感性均显著高于野 

生型 [70], 然而其对坏死营养型真菌灰霉菌(Botrytis ci
nerea)的敏感性反而降低, 表现为叶片褪绿面积更小, 
病害受损伤程度更轻 [71]. 这一差异可能与病原菌致病 

生活方式及其与寄主互作模式的差异相关. P2K2功能 

缺失突变体p2k2同样表现出对丁香假单胞菌Ps t  
DC3000的易感表型, 且p2k1p2k2双突变体的敏感性显 

著高于单突变体, 说明P2K1与P2K2在抗病防御中存 

在功能部分冗余, 二者协同强化eATP介导的防御信 

号 [12]. 值得注意的是, P2K1的转录表达受JA-冠菌素不 

敏感蛋白1(coronatine insensitive 1, COI1)通路的调控. 
JA处理、病原菌攻击或昆虫取食均可显著诱导P2K1 
的表达, 而JA受体突变体coi1-1中P2K1的上调表达被 

抑制. 因此, 形成了胁迫诱导eATP释放, P2K1表达上 

调, eATP信号敏感性提升的调控模式, 利于抗病信号 

的快速启动和高效传导 [53,72]. 
P2K2的点突变体old12(onset of leaf death 12)呈现 

自身免疫突变体的表型, 包括生长缺陷、细胞自发死 

亡, 防御基因激活以及早期衰老 [73]. 研究进一步发现, 
old12突变体第407位保守的Cys变为Tyr, 该位点在 

P2K1中已被证明被S-酰化后, 通过负调控P2K1的自磷 

酸化抑制eATP受体介导的免疫反应 [74]. 在P2K2中, 
C407Y的突变同样破坏其激酶活性, 不同的是, 该突 

变最终导致水杨酸(salicylic acid, SA)积累增加以及防 

御反应持续性激活 [73]. 
eATP下游ROS信号介导的气孔免疫构成了植物 

免疫的物理防御屏障. P2K1-RBOHD通路激活的ROS 
爆发可诱导气孔快速关闭, 阻断了病原菌以气孔入侵 

的途径, 而p2k1, rbohd突变体因无法实现该响应(图2), 
表现出显著的气孔免疫缺陷 [45]. 此外, eATP介导的 

MAPK级联反应精准调控启动分子防御网络. P2K1通 

过差异化磷酸化ILK5和ILK4实现对MPK3/6活性的双 

向调控: 磷酸化ILK5的Ser192位点正向激活MKK5- 
MPK3/6级联反应, 磷酸化ILK4的Thr326和Ser330等位 

点则负向调控该级联反应 [67,69], 避免防御信号过度放 

大对植物造成损伤, 维持免疫信号的动态平衡. P2K2 
也可直接磷酸化ILK5 [68], 提示其可能与P2K1共同作 

用于MKK5-MPK3/6信号级联, 从而调控下游防御反 

应(图3). 
eATP受体介导的信号可与JA和SA通路协同作用, 

共同调控植物防御响应. 外源ATP处理在30 min内并 

不会刺激JA合成途径, 但可以通过增强COI1-茉莉酸 

ZIM结构域蛋白1(jasmonate ZIM-domain protein 1, 
JAZ1)的相互作用来促进JAZ1的泛素化降解, 解除 

JAZ1对于JA信号通路的抑制, 由此激活了JA信号通 

路, 从而快速启动JA介导的植物防御响应 [53,75,76]. 当 

昆虫取食触发eATP释放后, P2K1受体感知信号并与 

CNGC19互作, 协同介导Ca 2+内流, Ca 2+信号进一步诱 

导JA合成相关基因表达及茉莉酸-异亮氨酸(jasmonic 
acid-isoleucine, JA-Ile)的积累, JA-Ile与受体COI1结合 

后可以进一步解除JAZ的抑制作用, 放大JA信号通路. 
同时, JA信号通过其受体COI1介导的信号通路, 反馈 

诱导P2K1的转录表达 [72,76], 维持了eATP信号的持续传 

递 [53,75]. 这种eATP与JA信号通路的交叉对话, 使植物 

能够实现从胁迫感知到防御响应的快速转变, 显著增 

强对植食性昆虫的抗性(图4) [77]. 作为新型eATP感知 

单元, LRK10L3与BAK1通过调控JA合成基因的表达, 
增强防御能力, lrk10l3/bak1双突变体中, eATP诱导的 

JA合成关键基因的表达上调受到抑制, JA含量显著降 

低, 说明LRK10L3-BAK1复合体在JA信号通路激活中 

具有关键作用 [43]. 
eATP与SA信号通路通过相互拮抗靶向下游共同 

的效应蛋白, 精准调控防御强度与细胞命运. ATP可以 

诱导部分SA响应基因的表达, 但外源SA处理会显著 

降低烟草细胞的eATP水平, 外源ATP短期处理不影响 

SA含量, 长期处理则降低烟草SA水平 [75,78]. 当eATP被 

耗减时, 烟草病程相关蛋白(pathogenesis related protin, 
PR)表达上调, 而添加外源ATP能够拮抗SA诱导的PR 
蛋白积累, 表明eATP作为SA介导的防御信号通路中 
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的一个关键负调控因子发挥作用 [78]. 此外, eATP通过 

抑制核糖核酸酶1(ribonuclease 1, RNS1)的积累, 缓解 

烟曲霉毒素B1(fumonisin B1, FB1)诱导的程序性细胞 

死亡. SA则促进RNS1转录表达, 增强FB1诱导的RNA 
降解, 从而加速细胞死亡 [79]. 因此, RNS1是SA和eATP 
信号通路的共同下游效应蛋白, 两者通过反向调控 

RNS1的表达水平, 决定植物细胞的死亡命运. 此外, 
与JA能够增强eATP诱导的胞质钙离子升高及下游基 

因转录不同, SA显著抑制eATP触发的胞质钙响应, 形 

成对eATP信号的拮抗调控 [72]. 
此外, 甲羟戊酸(mevalonic acid, MVA)途径作为 

eATP信号与代谢调控的交叉节点, 在植物抵御生物胁 

迫的防御反应中发挥关键作用 [80,81]. eATP受体P2K1可 

与MVA途径关键酶——甲羟戊酸激酶(mevalonate ki
nase, MVK)直接互作, 并通过特异性磷酸化其S329和 

T342位点激活MVK的酶活性. 激活后的MVK能驱动 

MVA途径高效运转, 显著促进下游代谢产物甲羟戊 

酸-5-磷酸(mevalonic acid-5-phosphate, MVP)、异戊烯 

基二磷酸(isopentenyl diphosphate, IPP)的合成与积 

累 [82], 而这些代谢产物可通过调控胁迫响应相关信号 

分子的生成参与防御应答. 研究发现, mvk突变体表现 

出显著的eATP信号转导缺陷, 表现为eATP诱导的胞质 

Ca 2+内流减弱、MPK3/6磷酸化水平降低、eATP响应 

基因表达上调幅度减弱, 同时对丁香假单胞菌变种Pst 
DC3000的敏感性显著增强, 这充分证实了MVA途径 

在eATP介导的植物生物胁迫防御中的重要功能. 

4.2 非生物胁迫应答 

eATP受体通过整合环境信号与细胞内稳态调控 

网络, 在植物应对盐、干旱等非生物胁迫中发挥重要 

作用. 盐胁迫诱导eATP释放, 通过激活P2K1/P2K2受 

体, 一方面通过下游Ca 2+信号激活, 形成“Ca 2+波”向远 

图 2 eATP受体介导的气孔免疫信号通路. 植物受到病原菌攻击时, 胞内ATP释放到胞外, 形成eATP. eATP结合并激活P2K1受 
体, P2K1与RBOHD互作并磷酸化RBOHD的Ser22残基, 被磷酸化激活的RBOHD催化产生活性氧, 从而诱导气孔关闭, 有效阻 
断病原菌的入侵通道 
Figure 2 The eATP receptor-mediated stomatal immunity signaling pathway. Upon pathogen attack, intracellular ATP is released into the 
extracellular space, forming eATP. eATP is perceived by the receptor kinase P2K1, which subsequently interacts with and phosphorylates RBOHD at 
Ser22. This phosphorylation activates RBOHD, leading to the production of ROS. The resulting ROS burst induces stomatal closure, thereby blocking 
the pathogen’s invasion route via stomata  

张小欣等: 植物细胞外ATP释放、降解及其感知与下游信号通路研究进展  

1942  

 https://www.sciengine.com/doi/10.1360/SSV-2025-0334



端传导; 另一方面通过P2K1-RBOHD通路诱导ROS局 

部积累并系统性扩散 [83]. 尽管P2K受体介导的通路对 

于激活防御反应至关重要, p2k1突变体在盐胁迫下却 

表现出生长抑制减弱的表型. 遗传学证据表明, p2k1 
和p2k2单突变体均能显著减弱盐胁迫诱导的局部与系 

统性的ROS积累、Ca 2+波传递以及eATP早期响应基因 

的表达, 同时, 损害了局部盐胁迫激活的系统性光合保 

护能力. 与单突变体相比, 双突变体中过氧化氢(hydro
gen peroxide, H 2O 2)积累和过氧化氢酶(catalase, CAT) 
活性也表现出进一步的缺陷, 此外, 在系统性ROS信号 

的强度以及光合保护方面 ,  双突变体缺陷更为显 

著 [48,49], 表明P2K1与P2K2在介导系统性抗逆中存在 

功能冗余. 
干旱胁迫诱导植物细胞释放eATP, 被P2K1感知 

后, P2K1磷酸化RBOHD的Ser22位点, 激活ROS生成, 
进而诱导气孔关闭, 减少蒸腾失水 [45]. 研究表明, 野生 

型植物经ATP处理后, 水分流失显著减少, 而dorn1-3 
(p2k1)和rbohd突变体水分流失率显著高于野生型, 同 

时二者仍能响应脱落酸(abscisic acid, ABA)诱导的气 

孔关闭, 表明eATP信号介导的气孔关闭独立于ABA信 

图 3 eATP受体通过磷酸化MAPKKK激酶调控植物免疫信号. 植物受到病原菌侵染时, 胞外ATP积累并激活P2K1受体. 激活 
的P2K1通过差异化磷酸化下游两类MAPKKK, 实现对MKK5-MPK3/6级联反应的双向调控: 磷酸化ILK4的Thr326和Ser330等 
位点负向调控MKK5-MPK3/6级联反应, 而磷酸化ILK5的Ser192位点则正向激活该级联反应. MPK3/6或通过磷酸化下游蛋白 
激酶等靶蛋白直接介导免疫应答, 或通过磷酸化激活转录因子, 启动防御基因表达, 从而放大免疫信号. 此外, P2K2也能磷酸 
化激活ILK5, 但其磷酸化位点及其下游通路尚不明确. TFs: 转录因子 
Figure 3 Regulation of plant immune signaling by eATP receptors via MAPKKK phosphorylation. Upon pathogen attack, elevated eATP initiates 
immune signaling by activating the P2K1 receptor. Activated P2K1 exerts bidirectional control of the MKK5-MPK3/6 cascade through differential 
phosphorylation of two MAPKKKs: it suppresses the cascade by phosphorylating ILK4 at residues such as Thr326 and Ser330, while promoting 
activation by phosphorylating ILK5 at Ser192. The activated MPK3/6 amplifies the immune signaling either by directly mediating immune responses 
through phosphorylation of downstream target proteins (e.g., protein kinases), or by phosphorylating and activating transcription factors to initiate 
defense-related gene expression. In addition, P2K2 can also phosphorylate and activate ILK5, although its specific phosphorylation sites and 
downstream pathways remain to be elucidated. TFs: transcription factors  
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号通路 [45]. 此外, 活化的P2K1还能够磷酸化钙感受器 

钙调磷酸酶B类似蛋白9(calcineurin B-like protein 9, 
CBL9)的第196位Thr [69], 该位点紧邻CBL9的功能关键 

位点(Ser201) [84], Ser201位点的磷酸化可直接影响 

CBL9与下游CIPK家族成员的互作 [85,86]. 因此, P2K1 
对CBL9第196位Thr的磷酸化, 也可能间接影响其与下 

游CIPK的互作. 由于CBL9与CIPK家族成员(CIPK3, 
CIPK23等)形成的复合物, 已被报道通过调控ABA信 

号转导、钾离子通道活性及干旱响应相关转录因子, 
直接参与气孔运动调控、细胞离子平衡维持及抗旱相 

关信号激活等生理应答, 是植物干旱适应的重要调控 

模块 [85~87]; 鉴于P2K1可直接磷酸化CBL9的Thr196位 

点, 推测其可能通过调控CBL9与CIPK的互作, 使 

eATP信号与ABA抗旱通路偶联, 协同调控植物抗旱适 

应性. 然而, 该推测尚缺乏直接实验证据支持, 仍需进 

一步验证. 

4.3 生长发育调控 

eATP 作为植物生长发育的关键信号分子, 通过受 

体被感知后, 参与调控植物的根系发育、花粉管生长 

以及种子萌发等过程 [32,88,89]. 
eATP受体及其互作蛋白共同参与植物根生长与 

图 4 P2K1受体介导的eATP信号协同茉莉酸与钙信号调控植物免疫. 拟南芥图片修改自文献[77](开放获取). 当植物受到昆 
虫取食或机械损伤后, 释放到胞外的ATP结合并激活P2K1受体, 激活的P2K1与钙离子通道CNGC19互作, 引发胞质Ca 2+浓度 
升高, Ca 2+浓度升高可能也涉及其他钙通道的激活. 胞质增加的Ca 2+促进茉莉酸合成基因的表达, 增加活性形式茉莉酸-异亮氨 
酸的积累, JA-Ile与COI1结合后可以解除JAZ的抑制作用, 激活JA响应基因的表达. 此外, 当植物受到病原菌侵染时, 激活的 
P2K1可以与钙离子通道CNGC2/4互作, 并磷酸化CNGC2的Ser705/718位点, 解除钙调蛋白CAM7对通道的抑制作用, 进而诱导 
Ca 2+内流. Ca 2+进一步通过激活钙离子依赖性蛋白激酶和放大MAPK级联信号, 介导植物免疫防御反应 
Figure 4 P2K1 receptor-mediated eATP signal coordinates JA and Ca 2+ signaling to regulate plant immunity. Figure of Arabidopsis thaliana adapted 
from ref. [77] (Open Access). Upon insect herbivory or mechanical damage, plants release eATP, which binds to and activates the P2K1 receptor. 
Activated P2K1 interacts with the calcium channel CNGC19, triggering a rise in cytosolic Ca 2+ concentration. This Ca 2+ influx may also originate 
from the activation of other calcium channels. The increased cytosolic Ca 2+ promotes the expression of JA biosynthesis genes, resulting in the 
accumulation of its active form, JA-Ile. JA-Ile binds to COI1, which subsequently degrades the JAZ repressors, thereby activating the expression of 
JA-responsive genes. Furthermore, upon pathogen attack, activated P2K1 interacts with the calcium channels CNGC2/4 and phosphorylates CNGC2 
at Ser705 and Ser718. This phosphorylation relieves the inhibition imposed by the calmodulin CAM7 on the channel, thereby inducing Ca 2+ influx. 
The elevated Ca 2+ then mediates immune responses by activating CPKs and amplifying the MAPK cascade signaling  
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构型的调控. 研究发现, P2K1可与钙离子依赖性蛋白 

激酶CPK28直接互作, eATP处理能诱导CPK28表达, 
而CPK28过表达则会抑制eATP诱导的胞质钙内流. 在 

P2K1过表达植株中表达CPK28, 可缓解其eATP超敏表 

型, 同时, cpk28-1突变体中, 植物对eATP介导的根生长 

调控敏感性增强 [71]. 因此, P2K1感知eATP后启动钙信 

号, CPK28被诱导表达并通过与P2K1互作, 负调控该 

通路以避免eATP信号过度放大, 从而平衡植物生长与 

防御; 此外, LRK10L3-BAK1复合体也参与了植物根 

的发育调控过程. lrk10l3/bak1双突变体对eATP介导的 

根弯曲生长完全不敏感, 主根伸长抑制减弱, 侧根生成 

无明显促进, 而通过转入LRK10L3或BAK1基因构建回 

补株系 ,  可恢复植株对e AT P的响应表型 ,  表明 

LRK10L3与BAK1复合体在eATP调控根生长与构型中 

发挥重要功能 [43]. 
eATP参与花粉萌发与花粉管生长的调控, 在花粉 

萌发和花粉管生长过程中, 花粉会向胞外释放一定浓 

度的ATP [90]. 体外实验表明, 低浓度eATP促进花粉萌 

发和花粉管伸长, 高浓度eATP则表现为抑制效应 [90]. 
膜片钳实验发现, eATP可显著增强花粉原生质体的 

K +和Ca 2+内流, 而dorn1-3、异源三聚体G蛋白α亚基(G 
protein alpha subunit, GPA1)缺失突变体gpa1-1, cngc2 
或cngc4 突变体中, eATP诱导的离子内流、花粉萌发 

及花粉管生长均显著受损, 而相应的突变体回补P2K1, 
GPA1或CNGC基因后, 可恢复对eATP的响应表型 [91]. 
研究表明, GPA1, CNGC2/CNGC4均是P2K1的底 

物 [51,69], eATP信号可能通过P2K1对这些靶蛋白的活 

性调控而影响离子内流, 而这些离子的动态变化对维 

持花粉管顶端生长所需的离子稳态和极性至关重要. 
eATP还参与种子萌发过程的调控, 适宜浓度的 

eATP可显著提升拟南芥等多种植物的种子萌发率, 而 

高浓度的eATP则抑制种子萌发 [89]. dorn1-1, dorn1-3和 

lrk10l3/bak1双突变体对eATP的萌发响应显著减弱, 相 

应的回补株系则可恢复对eATP的响应表型 [43]. 低浓度 

eATP主要由P2K1受体感知 ,  通过激活CPK28和 

CNGC2/4介导的K +和Ca 2+内流, 维持萌发所需的离子 

稳态与激素平衡, 进而促进种子萌发 [51,71,91]; 高浓度 

eATP则由LRK10L3-BAK1受体复合体识别, 通过促进 

JA合成相关基因表达及介导生长素在根与下胚轴中 

的不对称分布, 改变幼苗生长速率和方向, 以帮助幼苗 

适应或规避局部不利环境 [43]. 

5 展望 

eATP作为植物中普遍存在的信号分子, 在调控植 

物生长发育、生物胁迫与非生物胁迫应答中发挥核心 

功能. 目前已在拟南芥中鉴定出两个eATP受体P2K1与 

P2K2, 并发现了LRK10L3-BAK1这一eATP感知新单 

元. 尽管已有研究初步揭示了eATP在植物免疫、气孔 

运动以及钙信号转导中的作用机制, 该领域仍存在诸 

多关键问题亟待深入探索. 
首先, P2K1与P2K2氨基酸序列一致性达到74%, 

两者同属于LecRK家族, 均可以形成同源二聚体并 

具备自磷酸化及底物磷酸化活性. 此外, 二者还可以 

相互作用, 提示两者可能在信号起始阶段组装成异 

源复合体传递信号. 然而, 迄今为止尚无直接证据揭 

示P2K1与P2K2异源复合体在免疫调控中的动态及 

功能意义. 因此, 借助超高分辨率显微镜及单分子技 

术, 在单个活细胞水平实时追踪eATP信号刺激后两 

者的聚合、解离及磷酸化动态 ,  可以系统地比较 

P2K1与P2K2在时空分布、停留时间及下游招募蛋 

白上的差异, 从而明确二者功能冗余与特异性的分 

子基础. 
其次, 尽管目前已鉴定出P2K1下游的一些互作蛋 

白, 并初步解析了其相关的信号通路, 但对于P2K2下 

游互作蛋白的了解尚不足. 此外, P2K1和P2K2均可以 

ILK5为底物, 然而在磷酸化ILK5时修饰位点存在差异 

性. 因此, 两者是否存在各自特异的直接靶标、磷酸化 

底物及分支通路, 仍缺乏系统性的比较分析. 未来仍需 

要深入解析P2K1/P2K2对不同底物的磷酸化特异性及 

其生物学意义, 阐明不同信号分支如何被精确整合, 以 

响应多样化的环境胁迫. 
再次, 诸多研究表明, 植物对于eATP存在剂量依 

赖性响应. 例如, 低浓度ATP促进拟南芥气孔开启, 而 

高浓度ATP则诱导气孔关闭 [92]. 随着近期LRK10L3- 
BAK1这一eATP感知新机制的发现, 是否存在其他不 

同的eATP功能性受体, 并在不同组织或者生理条件下 

特异性介导eATP信号转导, 仍需通过遗传筛选、结构 

预测以及生理互补实验等进行系统研究. 
最后, 目前有关eATP信号的相关研究主要集中于 

模式植物拟南芥, 尽管已有文献通过生物信息学方法 

挖掘了作物中潜在的eATP受体蛋白 [93], 但作物与林木 

中的eATP信号通路仍知之甚少. 基于在拟南芥中已明 
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确eATP参与调控生长发育及逆境响应等重要过程, 在 

作物与林木中系统解析eATP及其信号组分的功能, 并 

阐释其信号网络, 将为作物与林木的遗传改良提供新 

策略.   

参考文献  

1  Fiske C H, Subbarow Y. Phosphorus compounds of muscle and liver. Science, 1929, 70: 381–382  

2  Drury A N, Szent-Györgyi A. The physiological activity of adenine compounds with especial reference to their action upon the mammalian heart. 

J Physiol, 1929, 68: 213–237  

3  Edwards F A, Gibb A J, Colquhoun D. ATP receptor-mediated synaptic currents in the central nervous system. Nature, 1992, 359: 144–147  

4  Kobayashi D, Sugiura Y, Umemoto E, et al. Extracellular ATP limits homeostatic T cell migration within lymph nodes. Front Immunol, 2021, 12: 

786595  

5  Lee E E L, O’Malley-Krohn I, Edsinger E, et al. Epithelial wound healing in Clytia hemisphaerica provides insights into extracellular ATP 

signaling mechanisms and P2XR evolution. Sci Rep, 2023, 13: 18819  

6  Li L, Da X W, Zhang Y J, et al. Effects of stress on cytoplasmic, chloroplastic, and extracellular ATP levels in Arabidopsis thaliana (in Chinese). 

J Lanzhou Univ (Nat Sci), 2023, 59: 846–852 [李丽, 达晓伟, 张悦婧, 等. 逆境胁迫对拟南芥细胞质、叶绿体和细胞外ATP水平的影响. 兰州 

大学学报(自然科学版), 2023, 59: 846–852]   

7  Cao Y, Tanaka K, Nguyen C T, et al. Extracellular ATP is a central signaling molecule in plant stress responses. Curr Opin Plant Biol, 2014, 20: 

82–87  

8  Hao L H, Wang W X, Chen C, et al. Extracellular ATP promotes stomatal opening of Arabidopsis thaliana through heterotrimeric G protein α 

subunit and reactive oxygen species. Mol Plant, 2012, 5: 852–864  

9  Tanaka K, Choi J, Cao Y, et al. Extracellular ATP acts as a damage-associated molecular pattern (DAMP) signal in plants. Front Plant Sci, 2014, 

5: 446 

10  Yuan D P, Kim D, Xuan Y H. Extracellular ATP: an emerging multifaceted regulator of plant fitness. Plant Biotechnol J, 2025, 23: 1771–1782 

11  Choi J, Tanaka K, Cao Y, et al. Identification of a plant receptor for extracellular ATP. Science, 2014, 343: 290–294 

12  Pham A Q, Cho S H, Nguyen C T, et al. Arabidopsis lectin receptor kinase P2K2 is a second plant receptor for extracellular ATP and contributes 

to innate immunity. Plant Physiol, 2020, 183: 1364–1375 

13  Wang H R, Lyu X Q, Zhang Y, et al. Roles of eATP in plant growth, development, and stress responses (in Chinese). J Chin Electron Microscopy 

Soc, 2017, 36: 83–90 [王浩然, 吕雪芹, 张越, 等. eATP在植物生长发育及逆境胁迫中的作用. 电子显微学报, 2017, 36: 83–90]  

14  Li L, Wang X, Zhang Y J, et al. Effects of abiotic stress on intracellular and extracellular ATP levels in tobacco suspension cells (in Chinese). J 

Plant Res, 2023, 43: 179–185 [李丽, 王馨, 张悦婧, 等. 非生物胁迫对烟草悬浮细胞胞内和胞外ATP水平的影响. 植物研究, 2023, 43: 179– 

185]  

15  Shi Z, Wang H, Zhang Y, et al. The involvement of extracellular ATP in regulating the stunted growth of Arabidopsis plants by repeated 

wounding. BMC Plant Biol, 2022, 22: 279 

16  Wang X, Li L, Li Y, et al. Extracellular ATP is involved in regulating partial physiological responses of Arabidopsis thaliana to excessively high- 

intensity light (in Chinese). Plant Physiol, 2022, 58: 1528–1536 [王馨, 李丽, 李颖, 等. 胞外ATP参与调控拟南芥对过量强度光照的部分生理 

学响应. 植物生理学报, 2022, 58: 1528–1536]  

17  Myers R J, Fichman Y, Stacey G, et al. Extracellular ATP plays an important role in systemic wound response activation. Plant Physiol, 2022, 

189: 1314–1325 

18  Thomas C, Rajagopal A, Windsor B, et al. A role for ectophosphatase in xenobiotic resistance. Plant Cell, 2000, 12: 519–533 

19  Kim S Y, Sivaguru M, Stacey G. Extracellular ATP in plants. Visualization, localization, and analysis of physiological significance in growth and 

signaling. Plant Physiol, 2006, 142: 984–992 

20  Rieder B, Neuhaus H E. Identification of an Arabidopsis plasma membrane-located ATP transporter important for anther development. Plant Cell, 

2011, 23: 1932–1944 

21  Song C J, Steinebrunner I, Wang X, et al. Extracellular ATP induces the accumulation of superoxide via NADPH oxidases in Arabidopsis. Plant 

Physiol, 2006, 140: 1222–1232 

张小欣等: 植物细胞外ATP释放、降解及其感知与下游信号通路研究进展  

1946  

 https://www.sciengine.com/doi/10.1360/SSV-2025-0334

https://doi.org/10.1126/science.70.1816.381.b
https://doi.org/10.1113/jphysiol.1929.sp002608
https://doi.org/10.1038/359144a0
https://doi.org/10.3389/fimmu.2021.786595
https://doi.org/10.1038/s41598-023-45424-5
https://doi.org/10.1016/j.pbi.2014.04.009
https://doi.org/10.1093/mp/ssr095
https://doi.org/10.3389/fpls.2014.00446
https://doi.org/10.1111/pbi.70006
https://doi.org/10.1126/science.343.6168.290
https://doi.org/10.1104/pp.19.01265
https://doi.org/10.1186/s12870-022-03656-z
https://doi.org/10.1093/plphys/kiac148
https://doi.org/10.1105/tpc.12.4.519
https://doi.org/10.1104/pp.106.085670
https://doi.org/10.1105/tpc.111.084574
https://doi.org/10.1104/pp.105.073072
https://doi.org/10.1104/pp.105.073072


22  Bodin P, Burnstock G. Purinergic signalling: ATP release. Neurochem Res, 2001, 26: 959–969 

23  Boyum R, Guidotti G. Effect of ATP binding Cassette/Multidrug resistance proteins on ATP efflux of Saccharomyces cerevisiae. Biochem 

Biophys Res Commun, 1997, 230: 22–26 

24  Roman R M, Wang Y, Lidofsky S D, et al. Hepatocellular ATP-binding cassette protein expression enhances ATP release and autocrine regulation 

of cell volume. J Biol Chem, 1997, 272: 21970–21976 

25  Enjyoji K, Sévigny J, Lin Y, et al. Targeted disruption of CD39/ATP diphosphohydrolase results in disordered hemostasis and thromboregulation. 

Nat Med, 1999, 5: 1010–1017 

26  Krishnan P S. Potato apyrase: ATP+2H 2O→5AMP+ 2H 3PO 4. Methods Enzymol, 1955, 2: 591–593  

27  Chiu T Y, Lao J, Manalansan B, et al. Biochemical characterization of Arabidopsis APYRASE family reveals their roles in regulating 

endomembrane NDP/NMP homoeostasis. Biochem J, 2015, 472: 43–54 

28  Liu W, Ni J, Shah F A, et al. Genome-wide identification, characterization and expression pattern analysis of APYRASE family members in 

response to abiotic and biotic stresses in wheat. PeerJ, 2019, 7: e7622 

29  Chowdhury A T, Hasan M N, Bhuiyan F H, et al. Identification, characterization of Apyrase (APY) gene family in rice (Oryza sativa) and 

analysis of the expression pattern under various stress conditions. PLoS One, 2023, 18: e0273592 

30  Clark G, Torres J, Finlayson S, et al. Apyrase (nucleoside triphosphate-diphosphohydrolase) and extracellular nucleotides regulate cotton fiber 

elongation in cultured ovules. Plant Physiol, 2009, 152: 1073–1083 

31  Deng S, Sun J, Zhao R, et al. Populus euphratica APYRASE2 enhances cold tolerance by modulating vesicular trafficking and extracellular ATP 

in Arabidopsis plants. Plant Physiol, 2015, 169: 530–548 

32  Steinebrunner I, Wu J, Sun Y, et al. Disruption of Apyrases inhibits pollen germination in Arabidopsis. Plant Physiol, 2003, 131: 1638–1647 

33  Shi Z, Zhang Y, Wang X, et al. Extracellular ATP sensing in living plant tissues with a genetically encoded, ratiometric fluorescent sensor. New 

Phytol, 2023, 238: 1343–1350 

34  Etzler M E, Kalsi G, Ewing N N, et al. A nod factor binding lectin with apyrase activity from legume roots. Proc Natl Acad Sci USA, 1999, 96: 

5856–5861 

35  Govindarajulu M, Kim S Y, Libault M, et al. GS52 ecto-apyrase plays a critical role during soybean nodulation. Plant Physiol, 2009, 149: 994– 

1004 

36  Toyoda K, Yao S, Takagi M, et al. The plant cell wall as a site for molecular contacts in fungal pathogenesis. Physiol Mol Plant Pathol, 2016, 95: 

44–49 

37  Riewe D, Grosman L, Fernie A R, et al. The potato-specific Apyrase is apoplastically localized and has influence on gene expression, growth, and 

development. Plant Physiol, 2008, 147: 1092–1109 

38  Bhadouria J, Giri J. Purple acid phosphatases: roles in phosphate utilization and new emerging functions. Plant Cell Rep, 2022, 41: 33–51 

39  Kavka M, Majcherczyk A, Kües U, et al. Phylogeny, tissue-specific expression, and activities of root-secreted purple acid phosphatases for P 

uptake from ATP in P starved poplar. Plant Sci, 2021, 307: 110906 

40  Zhu S, Chen M, Liang C, et al. Characterization of purple acid phosphatase family and functional analysis of GmPAP7a/7b involved in 

extracellular ATP utilization in soybean. Front Plant Sci, 2020, 11: 661 

41  Burnstock G. Purinergic receptors. J Theor Biol, 1976, 62: 491–503 

42  Burnstock G. Purine and pyrimidine receptors. Cell Mol Life Sci, 2007, 64: 1471–1483 

43  Dong X, Xu J, Fu Y, et al. LRK10L3 and BAK1 are collaboratively involved in extracellular ATP-regulated seedling growth of Arabidopsis 

thaliana. New Phytol, 2025, 247: 2709–2725 

44  Nguyen C T, Tanaka K, Cao Y, et al. Computational analysis of the ligand binding site of the extracellular ATP receptor, DORN1. PLoS One, 

2016, 11: e0161894 

45  Chen D, Cao Y, Li H, et al. Extracellular ATP elicits DORN1-mediated RBOHD phosphorylation to regulate stomatal aperture. Nat Commun, 

2017, 8: 2265 

46  Bouwmeester K, Govers F. Arabidopsis L-type lectin receptor kinases: phylogeny, classification, and expression profiles. J Exp Bot, 2009, 60: 

4383–4396 

47  Cho S H, Nguyen C, Pham Q, et al. Computational prediction and in vitro analysis of the potential ligand binding site within the extracellular ATP 

receptor, P2K2. Plant Signal Behav, 2023, 18: 2173146 

中国科学: 生命科学 2026 年 第 56 卷 第 8 期  

1947  

 https://www.sciengine.com/doi/10.1360/SSV-2025-0334

https://doi.org/10.1023/A:1012388618693
https://doi.org/10.1006/bbrc.1996.5913
https://doi.org/10.1006/bbrc.1996.5913
https://doi.org/10.1074/jbc.272.35.21970
https://doi.org/10.1038/12447
https://doi.org/10.1042/BJ20150235
https://doi.org/10.7717/peerj.7622
https://doi.org/10.1371/journal.pone.0273592
https://doi.org/10.1104/pp.109.147637
https://doi.org/10.1104/pp.15.00581
https://doi.org/10.1104/pp.102.014308
https://doi.org/10.1111/nph.18868
https://doi.org/10.1111/nph.18868
https://doi.org/10.1073/pnas.96.10.5856
https://doi.org/10.1104/pp.108.128728
https://doi.org/10.1016/j.pmpp.2016.02.006
https://doi.org/10.1104/pp.108.117564
https://doi.org/10.1007/s00299-021-02773-7
https://doi.org/10.1016/j.plantsci.2021.110906
https://doi.org/10.3389/fpls.2020.00661
https://doi.org/10.1016/0022-5193(76)90133-8
https://doi.org/10.1007/s00018-007-6497-0
https://doi.org/10.1111/nph.70352
https://doi.org/10.1371/journal.pone.0161894
https://doi.org/10.1038/s41467-017-02340-3
https://doi.org/10.1093/jxb/erp277
https://doi.org/10.1080/15592324.2023.2173146


48  Zhang Y, Wang X, Sang H, et al. Extracellular ATP receptors P2Ks play a role in regulating local and systemic ROS accumulation of Arabidopsis 

thaliana seedlings in response to local salt stress. Physiol Plant, 2025, 177: e70381 

49  Zhang Y, Wang X, Da M, et al. Extracellular ATP receptors P2Ks are involved in regulating systemic calcium of Arabidopsis in response to local 

NaCl stress. Plant Physiol Biochem, 2025, 222: 109734 

50  Demidchik V, Shang Z, Shin R, et al. Plant extracellular ATP signalling by plasma membrane NADPH oxidase and Ca 2+ channels. Plant J, 2009, 

58: 903–913 

51  Sun Y, Gao L, Han Y, et al. Activation of the CNGC2-CNGC4 channel complex by P2K1-mediated phosphorylation links extracellular ATP 

perception to calcium signaling in plant immunity. Mol Plant, 2025, 18: 1130–1142 

52  Tian W, Hou C, Ren Z, et al. A calmodulin-gated calcium channel links pathogen patterns to plant immunity. Nature, 2019, 572: 131–135 

53  Kundu P, Kumari M, Meena M K, et al. The Arabidopsis eATP receptor DORN1 and CNGC19 calcium channel act in tandem to regulate plant 

defense upon Spodoptera litura herbivory. J Exp Bot, 2025, 76: 2264–2277 

54  Dichmann S, Idzko M, Zimpfer U, et al. Adenosine triphosphate-induced oxygen radical production and CD11b up-regulation: Ca 2+ mobilization 

and actin reorganization in human eosinophils. Blood, 2000, 95: 973–978 

55  Ogasawara Y, Kaya H, Hiraoka G, et al. Synergistic activation of the Arabidopsis NADPH oxidase AtrbohD by Ca 2+ and phosphorylation. J Biol 

Chem, 2008, 283: 8885–8892 

56  Boudsocq M, Willmann M R, McCormack M, et al. Differential innate immune signalling via Ca 2+ sensor protein kinases. Nature, 2010, 464: 

418–422 

57  Dubiella U, Seybold H, Durian G, et al. Calcium-dependent protein kinase/NADPH oxidase activation circuit is required for rapid defense signal 

propagation. Proc Natl Acad Sci USA, 2013, 110: 8744–8749 

58  Kobayashi M, Ohura I, Kawakita K, et al. Calcium-dependent protein kinases regulate the production of reactive oxygen species by potato 

NADPH oxidase. Plant Cell, 2007, 19: 1065–1080 

59  Reichler S A, Torres J, Rivera A L, et al. Intersection of two signalling pathways: extracellular nucleotides regulate pollen germination and pollen 

tube growth via nitric oxide. J Exp Bot, 2009, 60: 2129–2138 

60  Clark G, Wu M, Wat N, et al. Both the stimulation and inhibition of root hair growth induced by extracellular nucleotides in Arabidopsis are 

mediated by nitric oxide and reactive oxygen species. Plant Mol Biol, 2010, 74: 423–435 

61  Jeandroz S, Lamotte O, Astier J, et al. There’s more to the picture than meets the eye: nitric oxide cross talk with Ca 2+ signaling. Plant Physiol, 

2013, 163: 459–470 

62  Sawa T, Zaki M H, Okamoto T, et al. Protein S-guanylation by the biological signal 8-nitroguanosine 3′,5′-cyclic monophosphate. Nat Chem 

Biol, 2007, 3: 727–735 

63  Joudoi T, Shichiri Y, Kamizono N, et al. Nitrated cyclic GMP modulates guard cell signaling in Arabidopsis. Plant Cell, 2013, 25: 558–571 

64  Wu S J, Wu J Y. Extracellular ATP-induced NO production and its dependence on membrane Ca 2+ flux in Salvia miltiorrhiza hairy roots. J Exp 

Bot, 2008, 59: 4007–4016 

65  Sueldo D J, Foresi N P, Casalongué C A, et al. Phosphatidic acid formation is required for extracellular ATP-mediated nitric oxide production in 

suspension-cultured tomato cells. New Phytol, 2010, 185: 909–916 

66  Sun J, Zhang C, Deng S, et al. An ATP signalling pathway in plant cells: extracellular ATP triggers programmed cell death in Populus euphratica. 

Plant Cell Environ, 2012, 35: 893–916 

67  Kim D, Chen D, Ahsan N, et al. The Raf-like MAPKKK INTEGRIN-LINKED KINASE 5 regulates purinergic receptor-mediated innate 

immunity in Arabidopsis. Plant Cell, 2023, 35: 1572–1592 

68  Kim D, Stacey G. Phosphorylation-mediated regulation of integrin-linked kinase 5 by purinoreceptor P2K2. Plant Signal Behav, 2023, 18: 

2261743 

69  Kim D, Jorge G L, Xu C, et al. Identifying receptor kinase substrates using an 8000 peptide kinase client library enriched for conserved 

phosphorylation sites. Mol Cell Proteomics, 2025, 24: 100926 

70  Kumar S, Tripathi D, Okubara P A, et al. Purinoceptor P2K1/DORN1 enhances plant resistance against a soilborne fungal pathogen, Rhizoctonia 

solani. Front Plant Sci, 2020, 11: 572920 

71  Sowders J M, Jewell J B, Tanaka K. CPK28 is a modulator of purinergic signaling in plant growth and defense. Plant J, 2024, 118: 1086–1101 

72  Jewell J B, Carlton A S, Tolley J P, et al. Jasmonate primes plant responses to extracellular ATP. Plant J, 2025, 124: e70514 

张小欣等: 植物细胞外ATP释放、降解及其感知与下游信号通路研究进展  

1948  

 https://www.sciengine.com/doi/10.1360/SSV-2025-0334

https://doi.org/10.1111/ppl.70381
https://doi.org/10.1016/j.plaphy.2025.109734
https://doi.org/10.1111/j.1365-313X.2009.03830.x
https://doi.org/10.1016/j.molp.2025.06.001
https://doi.org/10.1038/s41586-019-1413-y
https://doi.org/10.1093/jxb/eraf025
https://doi.org/10.1182/blood.V95.3.973.003k47_973_978
https://doi.org/10.1074/jbc.M708106200
https://doi.org/10.1074/jbc.M708106200
https://doi.org/10.1038/nature08794
https://doi.org/10.1073/pnas.1221294110
https://doi.org/10.1105/tpc.106.048884
https://doi.org/10.1093/jxb/erp091
https://doi.org/10.1007/s11103-010-9683-7
https://doi.org/10.1104/pp.113.220624
https://doi.org/10.1038/nchembio.2007.33
https://doi.org/10.1038/nchembio.2007.33
https://doi.org/10.1105/tpc.112.105049
https://doi.org/10.1093/jxb/ern242
https://doi.org/10.1093/jxb/ern242
https://doi.org/10.1111/j.1469-8137.2009.03165.x
https://doi.org/10.1111/j.1365-3040.2011.02461.x
https://doi.org/10.1093/plcell/koad029
https://doi.org/10.1080/15592324.2023.2261743
https://doi.org/10.1016/j.mcpro.2025.100926
https://doi.org/10.3389/fpls.2020.572920
https://doi.org/10.1111/tpj.16656
https://doi.org/10.1111/tpj.70514


73  Zhao L, Wang H J, Martins P D, et al. The Arabidopsis thaliana onset of leaf death 12 mutation in the lectin receptor kinase P2K2 results in an 

autoimmune phenotype. BMC Plant Biol, 2023, 23: 294 

74  Chen D, Hao F, Mu H, et al. S-acylation of P2K1 mediates extracellular ATP-induced immune signaling in Arabidopsis. Nat Commun, 2021, 12: 

2750 

75  Tripathi D, Zhang T, Koo A J, et al. Extracellular ATP acts on jasmonate signaling to reinforce plant defense. Plant Physiol, 2018, 176: 511–523 

76  Balagué C, Gouget A, Bouchez O, et al. The Arabidopsis thaliana lectin receptor kinase LecRK-I.9 is required for full resistance to Pseudomonas 

syringae and affects jasmonate signalling. Mol Plant Pathol, 2017, 18: 937–948 

77  Jiang S, Li H, Zhang L, et al. Generic Diagramming Platform (GDP): a comprehensive database of high-quality biomedical graphics. Nucleic 

Acids Res, 2025, 53: D1670–D1676 

78  Chivasa S, Murphy A M, Hamilton J M, et al. Extracellular ATP is a regulator of pathogen defence in plants. Plant J, 2009, 60: 436–448 

79  Goodman H L, Kroon J T M, Tomé D F A, et al. Extracellular ATP targets Arabidopsis RIBONUCLEASE 1 to suppress mycotoxin stress- 

induced cell death. New Phytol, 2022, 235: 1531–1542 

80  Crowell D N, Huizinga D H. Protein isoprenylation: the fat of the matter. Trends Plant Sci, 2009, 14: 163–170 

81  Unsicker S B, Kunert G, Gershenzon J. Protective perfumes: the role of vegetative volatiles in plant defense against herbivores. Curr Opin Plant 

Biol, 2009, 12: 479–485 

82  Cho S H, Tóth K, Kim D, et al. Activation of the plant mevalonate pathway by extracellular ATP. Nat Commun, 2022, 13: 450 

83  Kim D, Yanders S, Stacey G. Salt stress releases extracellular ATP to activate purinergic signaling and inhibit plant growth. Plant Physiol, 2023, 

193: 1753–1757 

84  Du W, Lin H, Chen S, et al. Phosphorylation of SOS3-like calcium-binding proteins by their interacting SOS2-like protein kinases is a common 

regulatory mechanism in Arabidopsis. Plant Physiol, 2011, 156: 2235–2243 

85  Pandey G K, Grant J J, Cheong Y H, et al. Calcineurin-B-like protein CBL9 interacts with target kinase CIPK3 in the regulation of ABA response 

in seed germination. Mol Plant, 2008, 1: 238–248 

86  Cheong Y H, Pandey G K, Grant J J, et al. Two calcineurin B-like calcium sensors, interacting with protein kinase CIPK23, regulate leaf 

transpiration and root potassium uptake in Arabidopsis. Plant J, 2007, 52: 223–239 

87  Sanyal S K, Kanwar P, Yadav A K, et al. Arabidopsis CBL interacting protein kinase 3 interacts with ABR1, an APETALA2 domain transcription 

factor, to regulate ABA responses. Plant Sci, 2017, 254: 48–59 

88  Tang W, Brady S R, Sun Y, et al. Extracellular ATP inhibits root gravitropism at concentrations that inhibit polar auxin transport. Plant Physiol, 

2003, 131: 147–154 

89  Wang H, Zhang Y, Shi Z, et al. Extracellular ATP is involved in regulating Arabidopsis seed germination. Planta, 2022, 255: 66 

90  Zhou J, Fan C, Liu K, et al. Extracellular ATP is involved in the initiation of pollen germination and tube growth in Picea meyeri. Trees, 2015, 29: 

563–574 

91  Wu Y, Yin H, Liu X, et al. P2K1 receptor, heterotrimeric Gα protein and CNGC2/4 are involved in extracellular ATP-promoted ion influx in the 

pollen of Arabidopsis thaliana. Plants, 2021, 10: 1743 

92  Clark G, Fraley D, Steinebrunner I, et al. Extracellular nucleotides and Apyrases regulate stomatal aperture in Arabidopsis. Plant Physiol, 2011, 

156: 1740–1753 

93  Sang H T, Zhang Y J, Shi Z Z, et al. Identification of potential extracellular ATP receptor proteins in crops using a bioinformatics approach (in 

Chinese). J Lanzhou Univ, 2025, 61: 76–83 [桑鹤天, 张悦婧, 石珍珍, 等. 利用生物信息学方法寻找作物中潜在的胞外ATP受体蛋白质. 兰州 

大学学报, 2025, 61: 76–83]  

中国科学: 生命科学 2026 年 第 56 卷 第 8 期  

1949  

 https://www.sciengine.com/doi/10.1360/SSV-2025-0334

https://doi.org/10.1186/s12870-023-04300-0
https://doi.org/10.1038/s41467-021-22854-1
https://doi.org/10.1104/pp.17.01477
https://doi.org/10.1111/mpp.12457
https://doi.org/10.1093/nar/gkae973
https://doi.org/10.1093/nar/gkae973
https://doi.org/10.1111/j.1365-313X.2009.03968.x
https://doi.org/10.1111/nph.18211
https://doi.org/10.1016/j.tplants.2008.12.001
https://doi.org/10.1016/j.pbi.2009.04.001
https://doi.org/10.1016/j.pbi.2009.04.001
https://doi.org/10.1038/s41467-022-28150-w
https://doi.org/10.1093/plphys/kiad429
https://doi.org/10.1104/pp.111.173377
https://doi.org/10.1093/mp/ssn003
https://doi.org/10.1111/j.1365-313X.2007.03236.x
https://doi.org/10.1016/j.plantsci.2016.11.004
https://doi.org/10.1104/pp.013672
https://doi.org/10.1007/s00425-022-03839-w
https://doi.org/10.1007/s00468-014-1135-6
https://doi.org/10.3390/plants10081743
https://doi.org/10.1104/pp.111.174466


Research progress on the release, degradation, perception and 
downstream signaling pathways of plant extracellular ATP 

ZHANG XiaoXin1,2, ZHANG Yue1,2, YAN QiQi1,2 & JING YanPing1,2* 

1 State Key Laboratory of Tree Genetics and Breeding, College of Biological Sciences and Technology, Beijing Forestry University, Beijing 100083, 
China 

2 The Tree and Ornamental Plant Breeding and Biotechnology Laboratory of National Forestry and Grassland Administration, College of Biological 
Sciences and Technology, Beijing Forestry University, Beijing 100083, China 

* Corresponding author, E-mail: ypjing@bjfu.edu.cn 

Extracellular ATP (eATP), as an extracellular signaling molecule, plays a crucial role in regulating plant growth and development, as 
well as mediating responses to biotic and abiotic stresses. Current studies have demonstrated that eATP can be released from 
intracellular compartments to the extracellular space through multiple pathways, including cell damage-induced leakage, exocytosis, 
ABC transporters and PM-ANT1 proteins mediated release. Once released, eATP binds to plasma membrane-localized receptors 
P2K1 and P2K2, thereby triggering downstream signaling such as calcium influx, reactive oxygen species (ROS) burst, nitric oxide 
(NO) production, and mitogen-activated protein kinase (MAPK) cascade activation, which collectively regulate plant physiological 
responses. Recent research has identified that two receptor-like kinases, LRK10L3 and BAK1, can form a complex on the plasma 
membrane. This complex functions as an eATP-sensing unit, which further improves and enriches the eATP perception network in 
plants. In terms of maintaining eATP homeostasis, Apyrases dynamically regulate extracellular eATP concentrations through the 
degradation of ATP. This review systematically integrates current knowledge on the mechanisms of ATP release and degradation, 
receptor-mediated recognition, and downstream signaling components in plants. Additionally, it summarizes how eATP-receptor- 
mediated pathways regulate stress responses and developmental processes, highlights recent advances in the field, and discusses the 
unresolved issues and future research directions. 
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