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BE 2&]5@&[\ATP(extracellular ATP, eATP)E 4 — M lME S50 F, AREEMEKKLET. N FEWESELETI
WU PR EE R RE. A KA, eATPH LLE T 41 fa ity . fErE(EFl . ABC#%: 12 Z& & (ATP-binding cassette
transporter) X Jii i i " ¥ A% 3 B2 %% 15 & ¥ 1(plasma membrane adenine nucleotide translocator 1, PM-ANT1)% % %
WRMNM AR E A, FH 5 RS RP2K1(P2-type purinergic receptor kinase 1)FP2K2(P2-type purinergic
receptor kinase 2)% &, ¥ T ¥ E T #4512 5(Ca®"). & M A(reactive oxygen species, ROS)IE & . — & A (nitric
oxide, NO) 4, DL & 22 % )8 7E 4. % & % & (mitogen activated protein kinase, MAPK) %% Bx 7, 1 #2548 497 A 32 J7 45
AL, "TF 105 IR L 8 K X ARk & B 5B # & B 3(leaf rust 10 disease-resistance locus receptor-like
protein kinase-like 3, LRK10L3)5 it ¥ & 2% [& B 1 &R | 18 X % & BB 1 (brassinosteroid insensitive 1 associated
kinase 1, BAK1)¥ £ eV i B & 1K, 1F AeATPR &137 3 70, # — % 7T & T e ATPHYR A HLH. e ATPRAWEE T
1, IR = B W 8 FL B (Apyrase, APY)# i (& #EATP, 21 5B T eATPIK B. A X R G E 4 T e ATPHI B K 5 &
LG, ZHWIRABER THETHLD, B2 T e ATPX BN FHE T @B R Y 8w 55 £ KA T AL,
GRT 2B RFARER, A YUHRBRAERGREARTERET EL.

KRR Y, 40 M SNATP(eATP), B 5 15 %, eATPIR |, 155 3 5

5'- =R IR F (adenosine  5'-triphosphate, ATP)¥
WAEAET BT iR, e AR i S Re 4%
Btz 00 1. ATPE 2 54N &2 2% i ARHHE 30,
AN, 0 ATPHCRE R 40 B AR ot TE R LA ATP
(extracellular ATP, eATP), {EN—ME5 5T K%
Thg! 2,

LY, e ATPEAMEIS A 5401 I BT
&, ITizZ 5B Ng . WAEE Tk LR
HEEA M RED L TR, AN e ATPHIFELE
AR E T IARUESEC S, B R, MY e ATPAMY
ATLMENE S TR EK KR ERZ AT, EREE
NPl 4% AH 5% 731185 30 (damage-associated molecu-
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lar pattern, DAMP), 7EAE W) RN A: )5 B A 9 10 35 oy
SEL VAU LY E U S ST

b & e ATPHS 5 ¥4 52 K P2K 1/P2K2(P2-type
purinergic receptor kinase 1/2))5rF %€, UL SZAATR
W5 5B I BB ARAT Y, e ATPAE S5 HIDCHT T
HBEANPRIR FERT BL. RS H 1T O £33 ST e ATP Y
AT AT MR P R ), (HEEE AR S
s T IEB TR SR, HETfEcATPRIREIL. FF
fift. WO S5ESHSETH, Tz ZaEmES A
4. FET R, ASCHHE SRe ATP IR S B i HLH
eATP IR AR 5 (5 5 A e ATP Nl SCHE (5 5 41
7y, VAJeATPSZ KA 5 HIAE = I R 428 A0 A P
MARK B KL, & O st T R Gk
g5, IR ZOUEAKRBT T BT IR S, BAENIRL
T ATPAH S I 78 5 MR 1 255

1 eATPHIBEHS FEfiF

eATPIE N —Fh RHE MG 54> FAIDAMP, H K4t
WESRERAHEENAEYE L. eATPHEE Z Mg
BEM PRI AL, BT S 30 T iHE S S mi sk
ATP 7K SR AG 5 e ATPAS S 50 B X PR - A A
BRI L FI4ERS T e ATPAS 5 A 4345 Stk ().

1.1 eATPHREHHLII

MMEIEEAKKEERES, BZ2EME5EE
VBT, ¥ ATPRIR BN, 1RSS5+
A KR E S R BL T ATPH A 51 B,
Joik B s R, HOBE ORI TR E IR I A% B
Pi%ERIBCR, MU ATP S bl it 22 i /b7, ke ab, di
Vsl Esh e s, it fER . ABCHIZE
(ATP-binding cassette transporter) P M Jii fi5 5 o7 it 28
PLARZEL AR F B (mitochondrial carrier family, MCF)J& i
J5 B IR A A% IR 512 F H 1 (plasma  membrane  ade-
nine nucleotide translocator 1, PM-ANT1)44 fifl iy ATP
FETRCE A 4200,

HYIEE KRBT, MAPATPIE H 4ERF fEnmol
IKPIL WUBAS 17 55 S U S 2 Tl PR 4 IR S 1) 5
B, ATPIE I 52 4 1 00 24 8 B H e TR B B A A 55G,
AP ATPHR EER It 21, S an i rh, ATPHAT L&
TEFEE 1 )7 ORI A, FEAAR B —Fh btk

1936

AR A, FL T o ARV, 2R A BV A s 4
Brefeldin  AALIE B AN, R AT B2 4] AR BB
JMeATPHIIEHE, $E7~iid it /E R IMATP ISR AE
TR R REAEEN ) IR FL B 2 25T 24 KR (multidrug
resistance, MDR)ZE [ 1] LA EL#E4MEATP . Jl B 7%
ABCHEZ i (ATP binding cassette superfamily) /i Ji P-4
A 1(P-glycoproteins 1, AtPGP1)/&MDRI (¥ [A]J§ &
H, HAERERE FURIARS, 8575 R ATPIR Bt i=;
A, AtPGP1id # ik UL B Tk AR e ATPREBIE N, %%
I AtPGP1R & ATPE 2 ™). Wbat, B 5L R I, i
i AL FTANTLUER 5, A% L ZbATP T B 1 i A ATP
TR, 2220 22 b, st an it . A
HAEH . ABCHI2 8 1 L X PM-ANT1% 2 25 IR0 45
AR ATPI BRI, NHMAMATPIE S &L He 1
Fpilh,

1.2 eATPHIFESRHLH]

e ATP I B fif S Ta A 4L R 2 M4 1F W A B35 30 1)
FEA. WAL AIM R, T 4H R AMIN ) e A
— R XU L i (ecto-apyrase), F] DL B RUK e ATPIM
FMe ATPRRASL 1Y) Apyrasefit i R I T 48 E (So-
lanum tuberosum)>®, B J5EA B ST (Arabidopsis thali-
ana)~ /NZZ(Triticum aestivum) IKFG(Oryza sativa)-
FRAE(Gossypium hirsutum) ¥ (Populus)5s 2 FHHEY)
R BT ApyraseffIfE RT3 KB F CUIESE,
Apyrase L /K ATP/ADPITE 1, AMNJETE INApyrase
AT 3B Bre ATPES 11,

M4 U 4 i 52 657, Apyrases 7] 73 4 N 1) %Y (endo-
apyrase) f14MJ)# (ecto-apyrase). W% Apyrase e i T
R P ARV AE,  JE e KA A P ATP R il
Him shiz . BRI, I Apyrase 505k & A T4
F(AtAPY 1~7), HHAtAPY 1~63 R L = Wi Wa iR 1
AU FRBEE . AtAPY1, AtAPY2, AtAPY4, AtAPYS
MAtAPY 7T E AL T i /R EEAR, TAtAPY3E AL T A 1A,
AtAPY65E AL T A5 . PRI, AR e T, ©
Y55 (M) Apyrase SR R A 38 @ AL T A L Y I R 4, et
W SN R ATP, (#2157 ATPR 11
W H T, YA Apyraself) R GV TT
IS, AR DIEe ST 5 E AruEdE 7 8T8
FfRFRE . Deng NC K 81 (Populus euphratica)
PeAPY2-eYFPfill & 8 15 CFPAR e 1 R RE S5 M i
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B 1 cATPHIREUS ML, e AT S 4 DY ARy OB i 2 dh: O 5@id e A2 IANT DB 2 a4t @ s@id i AL sh)
% 2T 24 2 EMDRAE A B JF o ) [R5 2R A PGP LRI E B 4 B il A7 T4 e P9 S8 o (R AT, i it i 1 P T RE TR R B A6 @ B
A0 1 B e 5] S 2 i S R S A0, A N AT P I 45 4 B o TRRE TR I Ah . e ATP A P i B o Y A A%
&) Apyrase/P A (E L BEAMUAN N Y FEVL . BRI i RFEAA b BT B I K R ATP IR HIR BE, 5 2 Id ik /K 8 R AIC i Y
ATPIRE, MM/ i AN RE I ATP 2> 1. © A#4E T MI4h =3 (8 FIPAP B F] LUK ARATP, A RES Apyrase L[ 2 5 e ATPA: 54k
F§. ADP: ZWEEGIRTY; AMP: SRR T

Figure 1 Release and degradation mechanism of eATP. eATP is released through the following four primary mechanisms: (D eATP is released via
plasma membrane-localized ANT1; @ 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; @ 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: & 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. & 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

HHAPIP2A LA AL I F I i P s AR o AR, 285 R o,
PeAPY2-eYFPZE 15 5 5 AtPIP2A-CFP ) 5 5 7€ hr
G5 HES, UFHPeAPY2 X Z 0 T4 IR, 540
Y ApyraselP) E AL FFAEFRAF. deAbh, AR FRIRIE RS
(Glycine max)GS52. WA Jw 5. (Vigna unguiculata
subsp. Cylindrica)DbLNP. %i 5. (Pisum sativum)
PsAPY 1 fll 45 % (Solanum  tuberosum)StAPY 35 [ 7
e LT A B BT . M I 4 I BE R 5 AP A
)B4 {H I 18 A pyrase 5 B A A 15 L IE HL £ ) 7
Apyrasel1Z.Co I RE, FoVAH PR i 5 A7 Je 2 3R D ey

S Z KRG LIRIUE, F=EEE 2 FRTFRO—
e

AR, D5 WA IR R A TR T B BRI (purple  acid
phosphatases, PAPs), K70 W44 53 A1 ATP/K A 14 1M
Sl T OGE. AHY) 5 WAPAP R 20 A T BE AR B, DA
B fAT MU IR 45, FEBOIE ML R MG R B LARES ), B ot
LB, KO ERORYEREIREE7a/7b(Glycine max purple
acid phosphatase 7a/7b, GmPAP7a/7b) 0] DL R /K fift
eATP, Fidh ik n] it & 18 5k K & BRI e ATP A I H]
fit 71. I, PAPH G855 Apyrase/E D g L TE Wb IA], il

1937
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R% 55 e ATPI K 1 B2 8 7] 2 e ATP i1y B s
P,

2 eATPHYIR B 5 A

eATPIE NS AME 5701, 77 Ei i Wom 4
B b e R 2 AR, D7 AR AME S AR IS B A,
HET A 3 RS SRR, 19765, H NeATPAZ &
TESHYIAMM R M R B, %2Ry 44 P22 AR, i
YEEE R R ThRERFIE 5, P2ZARTT 70 i3S, EDFCiA
[ B ZARP2X KR, AR GHEE A BB 4AP2Y
FRE, HAAE R, YRR A bR R BP2AZ
PRI VR AP A1, 20144F, Choi%s NIl IE [f ik
fEFTRIESREE, ISR ST NRRNE R, &
VR 58 31| 7 A5 AT P AL 23 177 45 85 1 P T SRR PRI S e
FFRZAR, ¥ H A4 Ndornl(does not respond to nu-
cleotides 1). 2 73K W, DORN1 4w ikt £ 2252
A -1.9(lectin receptor kinase, LecRK-1.9), )5, i%
a4 oP2K1M. 20204, [ JE LecRK 32 1A i
K IRHILecRK-1.5MHHIE I B A e ATPS: G i P, HETM
Wt 2 N AN ATPR2AK, F#l fir 44 P2K 2!
AL, IR TS K, HAEER 105 PR AL R
AT (B R B 3 (leaf rust 10 disease-resistance lo-
cus receptor-like protein kinase-like 3, LRK10L3) 532
R WEAS B AH J8 32 AR J R 1 (brassinosteroid  in-
sensitive 1 associated kinase 1, BAK DA EHE A
&, W LME NeATPIRANHT #1702 5 4 ATPAE 5 (1R
)5 5 S,

2.1 P2K1%fk

P2K1 AN BA 15 Sk, BHRINLA &S R
GERIR L PR IR 5 R R P 22/ R TR I 8 A 3
AR 2K 1 AN RS R S5 F ik i Loop A, B, C, D
Je—/NGEARIRF . Loop A~DUUNATE I BfG £
MR SF R FE(Gly98, His99, Thrll7, Argll8, Ilel43,
Gly245,Thr246, Ala247), 1XL&{R<p 53 nT DL i S0
FNBEAAE 0[5 VR 59 AT F) R i = Bl 1] L1144,
HEATPI 25 A HUK 21 (45.7£3.1) nmol/L.

P2K 1 /D A S5l 45 A0 3 D 1% 1 A e AT P S S AL 0 7
AR DG B RTHE. eATPSP2KI1454 5, Al filt/k P2K 1
SRR A B AL, TR % e 5 A R SR M RN, TE

1938

P2K 1 i PN i 4t M3k A, S391, S440H1S4514% BRI A
I SE SALB RSB RR L A7 5 1) B iX e 22 R B
R ANAR, HUEHRERAL G, ATPEE M
Ca” It 5 ROSHR K S0 BT, 177K % e 22 S i 8 AR
NRERAR, BB LR AR B (b dorn 1 RAZARET,
dorn ] F7ZEAR K 1e ATPASE 5 W B 5g JJ vl Ik 5. (R itk
S391, S440f1S451 BRI /& P2K1 /T [1eATP{5 5
JE B TR S B ) i BT SR,

22 P2K2%ZA4K

LR I3 A 2 TR A 545D LecRK SR i 10, %
T LecRK-LO(HIP2K 1) 4 BH A %5 8 NeATPZ 44, Fl5
FATTHHEIN 12 5 i FL A s 572 7T B[R] R L £ W R A 45
GV ). RBAEX — %, Pham®s N2 ldornl-35875
AT B, B B IE LecRK S I BT A B R 3T
IhAETHk, 458 KPR A LecRK LSREWS #7052 538
TR He ATP% S IO T Ca? W FE T i BB e B, 33—
WFF R, LecRK L5HIY)RESRL K RAZART e ATPSil
(Ca® Wi B 25 0R 55, B4k, LecRK LSRN HA 44
ATPHIRE 7. FET I, LecRK LS#Hf i AL 7+ i 25
“ANeATPRAK, Ik fir 44 P2K2.

P2K2 5P2KI/E R LR T 51 /KF _E R AH74%1 4
Bl [FRE AR LBY AR SR A5 M 3. LIRS IR S
SRR H P 22/ 575 S Rl 5 P S R, b A 3
ML Loop A, B, C, DRIZEMIIAILSAS FEIF X [F]JE
ARSI EASZIGER M, H99, R144H1S256/£P2K2
AN ATPI B TR B, LS5 ATPIISS & UK H
(44.5+15.73) nmol/L™7, gh4b, P2K2J Py ki 45 K 15k
HHA AR SRR i

P2K17] LU P2K2, 2., P2K2 AN AT i g ft.
P2K1. 7EL A |, P2K1 S V2 /046, P2K2 %
SENLTARAR, R B A DX R - R 40 i o 2 SRk 2 35 B
. BEThHREWI AR, HIleATP 5 HUE I P2K2 A
P2KIfFAEThRETU &, I B MR Ca® 55, Hh
W NIRRT, A FAEY IR R AR P 1 B 1 S N
5 ARGk B g 2124849 A EEP2K ], P2K2X%F ATP/
ADPHISE G e s, HAEM A & FRIA L,
L[] 1 R 0 e ATPAE 5 BRIV 22 R AE NP L.

2.3 LRKI10L3- BAKIE &k
ik, Dong&s NWERLF SRR FL R B, S-3K
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ZARBEELRK 10135 L2 AABAK L E i i 2 1 = A1,
HFEZHeATPE 5 IR 5% T, RIA: k101358
bak] ) L 5RAFAA T e ATP(0.5 mmol/L) K i By 55, 1M
Irk1013/bak1 MR AR JLF- 56 42 3% 2K X e ATP 1 Hie )3 g
1. 43T HAE 5454 500AESE, LRK10L35BAK1A] L
TEFUSTE BRI RE S A1k, HW# B e B 4% ATP
SEATETE. BB BER L T R, ATPAREE ] 35
S0 B A AU 7 T BAK 1 5 LRK10L3 [ R AL 7K
AFE15 minkf, BAK1BERR A /K-T- BRI 2 T vm, Ab3E
30 minff, LRKIOL3BFEAL/K-FHFUREE BT, 8k
SEUG R, baklZRARMEY, ATPALFE TG S LRK10L3
WRRRAL AT (1G58 T lrk 101358784k, ATP B AR AT 1%
SBAKI BB, (HRERRIL /KT BT B AR, 3R
ATP/1 3 FJLRK10L3BEFR (K86 T- BAK 1 1) R L.

SEE RO E 25 R H, BAK1 5 ATPI4E 6% %5
KyN(4.4£1.4) pmol/L, LRKI10L35ATPI4E &5 $K,
9(73.2+0.9) pmol/L; 4 i 4ME L [F 45 & ATPIY,
HEME5ATPIE GEM N BFEM®E, Kol
(0.8+0.2) umol/L. {HFFEEMZ, [HCHP2KAZ A
AL, LRK10L3-BAKI1E &% ATP 45 A 551 711
SEEEAR,  IX 3 B LT B 7 B S M B A B ATP T THI
RAFTHEE. 22 b, W2 R EFBAK I FILRK 10L3 &
B PR DAE e ATPB AT BTG, 383 il & Tl I 10 R BEC
B, A FARF N A A A AR A K F
% (jasmonic acid, JA) & Al AH I3 K 3R 1A DL K A= KA
SN, AR I YD ATPAE 5 B A 4 T I 48 B 4L T 58
A,

3 eATP R 5 545

eATPYE Y A KK & 5 8 B2 o i G i i
AMES T, HIhHE R SEEUR T 32 AR A 5 16 Ui
F5HF. HeATP SR 1R = 1t 5216 455 )5,
SORIREOE— R A NIHE S 0T, Wi CcaT. MR
(reactive oxygen species, ROS). —% 4t % (nitric oxide,
NO)ZEZE 51, DL A 2224535 0 B 3 A (mitogen
activated protein kinase, MAPK)ZYHK J I 55 4% .00 il
g0 1121300 e i s 5 B L A R PAY A L

3.1 S5 EIEEE
eATPST T 18515 5 Bif 2 e ATPAS 5 38 % )

0T, fEP2K I S IE S g, P2KI1 DR S
Al 5 R AL R 148 18 8 (cyclic  nucleotide-
gated channel, CNGC)J¥ /& I fig B s 4545 S0 &
%, P2K15CNGC2-CNGC4E SR B HAE, 2R
AF, A% A7 (calmodulin 7, CaM7)45 & CNGC2-
CNGCAF | HBIE R 1P, 24eATPLS A P2K1JE,
filk & P2K 1 P9 5 B R IR AL, T RE M R 1k
CNGC2JSer705F1Ser7 1847 £, fi#FRCaM 741 I/~ 5
Ca¥ . Fk, P2K15CNGCI19fELE D REME H AR,
eATP% SHICa*> TH i fEenge 19538k h B WS, H.
p2kl/enge ] G FRAZAR [ Ca®" i 3 B e 5 ™ 8, KB
P2K15CNGC19i# 1t 2 [ BAE, WA FeATPHE T 1)
SR, S BT LR, eATP AT BN
MR ANCa® I, I [FIA fid K P 5T R 45 i pA) 465 )22 %
Ca®", P A 51 LM BT Ca® VR B B 25 TH R0, M4
W, P2K1 A fEe ATPHI NS ECNGCIIE, M
A FHIANCaZ IR SR, P2KISE T R EIHL
FHE— 2D S PR NS P 4 R R Ca ™, Ay
TS B W AN Ca® B . 475 8 S MR Sk 770, A Bl
R R HEATIRANHE AL

P2K2Z MR e ATPAE 5 5, 5355 5 M i
Ca®" W T, BUEIEYE SR, p2k2 57K Xf e ATP
flyCa® i 3 5 35 58 T B A Y, 3 A P2K 2 I 1 58
Ca® Wi B, P2K23Z AR HAT [ il M A0 A0 6 il R AL 35 1,
[, P2KIEP2K2EAE, FFalihRibP2k2al", [k,
P2K2 A g — 7 THHE B SIS, 5 — A gES
P2K 1P Al 55 5 A 5 d E, LR FeATPIE S 1)
PEAE 5 U0E. 2 H AT C BEIEYE R P2K2 555 ¢
CNGCH G M R HAFBOAE R R, H TN S5
SSEOE MR . FAE, ¢ TLRKIOL3-
BAK1E & i fil 5 8545 5 B0s 00 701 HLL, U5F
RRRNSEHT.

3.2 JEMHAERRE

eATP5P2K 145 & JEfil K T HROS™ A, i FE K
WZABRLSEE S EER. 55 AR,
dornl(p2kl) TR AE ATP R T Ca® Iy P i B 25,
ROSHRk/D, IS FLIEIEIEH M, BiHIP2K 12
eATPIF FROS A= ) S it 1 42 R 1L,

Chen%s NSUR] 8 8G I 3% (kinase  client as-
say, KiC) & *Phric A SN B b SEIGIE S, P2K 1 A] B 3%

1939
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5 Il 3 B A [ Y5 2R (I D(respiratory burst oxidase
homolog D, RBOHD)AH H.AEH, F-fHE Ak HNuiSer22 1
BAk, AT GERBOHD B 1, JF 51 AROSHRAK. It
4b, eATPI S M Ca® Tt i AT REIE I P A 23—
SAEEROS A:: Ca® H#%45 5 RBOHDEF-hand &
FF, B RS MDY Ca® M5 B 0w AT A A AR 1 A (cal-
cium-dependent protein kinases, CPKs)F1245 1) i 2 1
B HAE 2K [ ¥ (calcineurin-B-like protein interacting
protein kinases, CIPKs), 1X &[R4+ n] DLBEER 1L IF
i NADPHAL B, 25 || P2K1iR5IeATP)S, @
I H LA RBOHD, DA Ca™ -8l i 4 0 =
B, P CCROS 5 514,

33 —HMEMTA

HIAPATPEE H 324K, filk R Ca T, HEim i
SNOMIPGE R, A 0] K AR 1 ATPZR A ATPYS
LEE A TR R IF, R FINOY R4 DAF-2DA A] 7£
TERY JAR B AR A BINOZK T (38 o, 1 il R I D g
RAR R (nialnia2)H, HHFEHEEFHA G ENOMAL R, &
HHe ATPi% S INO= A M H T i AR IE JR A0, R4
A5 SN N TEeATPAE 5 5 W IR IE JR B ii5 1b 2 1)k
MrRVEH, {HeATPSZ 4k 5 W ERIE SR I 2 7] & B A7 E H
B HAEBE R AT N, (15 5 T3 — AR AL

YERN(E 557, NORET 2 FyLE R m R s 5
W U7, E RS SEIRIMOEE, AR SR
(cyclic guanosine monophosphate, cGMP)!!). Z£ 58 %)
Y, cGMP R E— 5 i1k N 8- 3 cGMPL>) J5 3%
CHE A AE i S AL A, (B H T AT #eATPIE
SRR RERTHIZRESE. B—JH, NOKH]
T I X I AR S R R (1R AT S- A SR B b ok R 4
Hm e, IWANOS5Ca® 5 5 Z A B P44t 7 —Fh
S FHLEIC, BhAh, B RER,  NORIAE B AT 15t
TR Ca> Fhim, HE— iRk T W 2 A B AT B
RN,

Ca*", ROSHINOIJyeATP T il =4 i1 55 — (51,
W EW], Ca® iR /2 eATPE SROS 5NOE i it et
IR, I Ca® I TE FH T b FE 25 35 il e ATP I 5
INOFIROS = A4 R4+, ROSENOZ [A]
HIE R RIFAEZE T 1EFFZ(Salvia miltiorrhiza) BIR
WAL, eATPIESHINOREHSEHROSFE, TIROS
REEIFH FNOMIF= A, Mk, fEMAMANIRE 3=+,

1940

eATPIF T [FINO UM A T-ROS 177 A= 190, T A [ 1y
MR, ARYIF I S8 E T T REAAEE 5.

3.4 MAPKZIER R M I

P2K 1 7] 5RafFETMAPK IS (1) 3B (MAPK. ki-
nase kinase, MAPKKK)ZIE K 2 %G 25 S AR U S (in-
tegrin receptor kinase 5, ILKS)H.{E, HATPAL#EAT 2%
ORI ) EAE, RSN SRISIESE, P2KIEALILKS
19247 SerflBR fb, TZAL A B ER tb X TLK S Th R
BOREEL: K Serl 2RALN R A AR IARE),
AL S RILK S S P, RAR N A R (A0 AR
FRAIRZS) U T L B M K0 R R, 3 — D AR,
T ITLK S ] BB RR L 1 7 22 24 IR i5 Ak 2R 1 B 11
PHFS(MAPK kinase 5, MAPKKSEUMKKS), B4 H0%
22 R 35 AL B B 3/6(mitogen-activated  protein ki-
nase 3/6, MPK3/6)"] 3 it B #2243 25 (3 3y LA
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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 P2K 1, 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
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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 MAPKKKSs: it suppresses the cascade by phosphorylating ILK4 at residues such as Thr326 and Ser330, while promoting
activation by phosphorylating ILKS 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 ILKS5, although its specific phosphorylation sites and
downstream pathways remain to be elucidated. TFs: transcription factors
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Figure 4 P2KI receptor-mediated eATP signal coordinates JA and Ca”" 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®>" concentration. This Ca®" influx may also originate
from the activation of other calcium channels. The increased cytosolic Ca>" 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 CAM?7 on the channel, thereby inducing Ca®* influx.
The elevated Ca*" then mediates immune responses by activating CPKs and amplifying the MAPK cascade signaling
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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-ANT]1 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 BAKI1, 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.

plant, extracellular ATP (eATP), release and degradation, eATP perception, signaling pathways
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