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WE  PUETRABA)ZEY A KR & A S0E M IR LB S 2 . YN ABAE 5 SRR BE SR #
S R W R R e TR R, b i S8 4% ABASZARCAR/PYR/PYLs. i EPP2Cs. lFSNRK2s. % 3% K 7 F1 B 1@ ik &
Ff . &R, ZRA. KRBT FERE B MTEABARK SR EEER. %% TR E B
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i % 1% (abscisic acid, ABA)fF N2 s ¥ ik %
Z—, MBS E5HEDMEKKE IR, WfFRIRS
R RRGEKE . W EEFRAEHE, EAEHEY)
T B iR A 4R L {E H (Dong et al., 2015;
Vishwakarma et al., 2017; fHE##5%, 2018). #hrE ST
(Arabidopsis thaliana)Zi il B 55 N FKig1E LLB-
TS N RN IGABA A & i, H ARy
J SR AR TR AT, B OK R i A A L B (zeaxan-
thin epoxidase, ZEP)MQ-Iiz-3A K50 N &= 00U
4§ (9-cis-epoxycarotenoid dioxygenases, NCEDs)
85— R B A ™ 4 3 % 3K (xanthoxin), 285 4% 5
A0 5 AT — RIIABAS R R e OB, B
ABATJ% 1Ll (abscisic aldehyde oxidases, AAOs)
LA G ABASHE AL 7 LA T EHIABA  (Finkelstein,
2013). ABAMEIT 26 A HEARRIE: (1) Eid 40 o
FEMLEE(CYPT07As) 45 AL ™ A L 463K &R (phas-
eic acid, PA)F — & 414t & & (dihydrophaseic ac-
id, DPA) (Finkelstein, 2013; Weng et al., 2016); (2)
I o bE L RS I K ABA L AL BRI TR R T B T
(ABA-GE), % ™ ) ££ 1 ) 135 15 vie) )& 2 ¥ 224
(Lee et al., 2006; Dong et al., 2015). ABA¥izEH
(i i 2k A ABCG25) 15 ABA J FLAR 1 ¥ 1z H: 4 i,
PR ABA T N 4E 5 AT K BE s i, B (g A\ 3%
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1A ABCG22/40) K ABAFE 7 3\ it 22 1 241 Jg (41 < fL
PRI I I S L) A A W) 1S 36 ) 277
. (Dong et al., 2015; Merilo et al., 2015).

ABA {5 5 # T 0 @ B% B 52 & RCAR/PYR/
PYLs. ®fEPP2Cs. #HSnRK2s (SnRK2.2/2.3/
2.6) A1 SNRK2s 1] J&i& ) #4) B, A& — A XA ) & 4t
(Umezawa et al., 2010). JCABA(E Sif, PP2Cs4i &
I 2 W 1 AL SnRK2s, 1111 fil] SNRK2s ¥ Mg 3 1%,
SnRK2s A~ fE i id H KA, 232 ARCAR/PYR/PYLs
AN BIABASELERT, A AAS G, #—0 5PP2Cs4
&, B =Tu B &, fMHPP2CsHEg GV, [FI {5
PP2Cs-SnRK2s & 514 fift i, SnRK2s%4: HFIRAL,
W 5 30 e B8 TR TR e 3 TR B O A R U
Yy, 5 ABANR R 3 PR 3 ik 5l <AL Ok B (Fuijii et al.,
2007; Fuijita et al., 2009; Ma et al., 2009; Park et al.,
2009; Umezawa et al., 2009). SNRK2s T jjif k¥ (145
# 5% [ 7 (% % & ABRE-binding proteins/ABRE-
binding factors, AREBs/ABFs). #f & Fill i & A
KAT1. [H & TiliE & HSLACT (slow anion channel
1) X H e D AgHE F (TORMME . NADPHALEGFIDNA
i e fEBRAHMAZE) (Fuijii et al., 2007; Sirichandra et
al., 2009; Han et al., 2012; Finkelstein, 2013; Fuijita
et al., 2013; Dong et al., 2015; Wang et al., 2018b).
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& [ 5 81 7% J5 12 1 (post-translational modifica-
tions, PTMs)REVA 15 & F i 4544 . BhaAZ LA 4%:
DIfess, & B ML arisah b i s 27,
HE LA BERR A . BEIAL . FEME . BEEL. 2%
HE AT B2 1L %% (Jensen, 2006). Y41t , PTMs 2
5V 2 EEAMEE. fln, &SRR
B2 2% & W BB (brassinosteroids, BRs){E 5 i
(Belkhadir and Jaillais, 2015); ¥i3&4b 55 A&
% CA K I 3 ) (Nagashima et al., 2018);
ik BEREAAMZ RN RS 5EY 0%l 2
(Withers and Dong, 2017). < /i J iR R 1L«
Z RN B2 B UMEIE FB I EABASS 55 G
IVE S o it e it g

1 BB/ EHERIL

B AW R 1k AN 2% 1% % 1k (phosphorylation/depho-
sphorylation) i 2 i £ 1 3 G A1 2 1 B 1R g 29 il 52
B, A A PR S 121 2 —(Cohen, 2002;
Humphrey et al., 2015). {EMEYI+, & H KB {6 1E
Wi R ABAE SR AR B IAT T B

RCAR/PYR/PYLs 2 fix £ # fIABAS K, {HA Xk
FRAL IR 7 — B B . B RIRIT, KRS =
M FH B R A 4 252 7 10T e R I 32 AR PY LA ) 11440, 22
R 7% %L (PYL4 Ser114). PYL1 Ser119#1PYL9
SerQ4fEEM IR B, HLIX LU A7 5 OB R 1h #5 2 k
SMEABAHTHI(Wang et al., 2018b). PYL4 Ser1147i
PYL1 Ser1194i7 sl A7 S B R AL R AL (2 Z R R
AP RAE R, PYLASP . PYL1S )L diih| 52 4 5
ABAELPP2Cs 1454, 2 24| PP2Cs iy i £ 1) e
J1; B R AT PYLTSTP R 8 Wk 5 R AT K
pyr1ipyl1/2/4% ABAANBUR R AL . X BLEHE 3K B,
5 8 10 PYL1/4 2= 30 i) 32 44 14 3% 7 & Th B (Wang et
al., 2018b). #— LW TR, FEEAABASIYH(E
SHAMT, eEA Y OCHEH S TOR (target of ra-
pamycin) il & & A B R AL PYL1/4, {EABAfE 5
BHWT, 452 B30 8508 f5, SnRK2sH 0 3+ B IR 1L
TOR[ i 15 V3t RaptorB, 53 TOR [ ki 4 it #1
i, 2 A BRBOE RE T, ARSI A K S
RS AEATE . XL LRI, TORUKES A& 1A
ABA {5 ‘5 MH B4 bt i 15 W) R K 5 B A A7
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(Rosenberger and Chen, 2018; Wang et al., 2018b)
(1) FU e 7 % 25 1 B B AELs (Arabidopsis EL1-like
proteins, AEL1-AEL4)#R1LPYL1 Ser136HIPYR1
Ser109, AELs# R4 BIKPYL1/PYRIMZ £,
HPYR/PYLsF# fif A2 18, i BIPYL1/PYRAAE £ — 2%
BERRAA T2 AR %12 (Chen et al., 2018). H
R IR A, SZAARAS [R) A7 A0 1% 2 Ak PT R S 25 AH S IR A
H, CARK1 (cytosolic ABA receptor kinase 1)1t
PYL8/PYR1 [ 77/78 i 75 % B 7k & (T77/T78), FEL
PYL8/PYR1 17z & V48 55, %t PP2Cs i) 411 1) £ FH
i, MIMIEEABA(S 5% F(Zhang et al., 2018).
MY FIABATS 5 5, SnRK2s 01 il 4 A B,
SNRK2s 8 it i A A A0 8 55 350 2 7 A BAR YRR
A IE e, ARG BB R AT T P R 2 A S R R
B, WK 4 ER 0 O S I, AT B IR AL T IR A
(Belin et al., 2006; Umezawa et al., 2009; Ng et al.,
2011). SnRK2sfx A g1k 4h, BIN2 (brassinoste-
roid insensitive 2). BAK1 (BRI1-associated receptor
kinase 1)~ HT1 (high leaf temperature 1)F17# & 13
fifCK2 (casein kinase 2)%5 % /™ #1 68 % R 1L
SnRK2s (Cai et al., 2014; Tian et al., 2015; Vilela et
al., 2015; Shang et al., 2016). BIN2J® T GSK3
(glycogen synthase kinase 3)#EFx %, 12 {5
SR OFEMHBRESH S MR EKRRETHS
AR S FLIZ 305, &BRIE Sl i k4 7y 2
—(He et al., 2002; Vert et al., 2008; Kim et al.,
2012b; Youn and Kim, 2015). 7EABAfE 5@+,
BIN2#§ 21k 35 SnRK2.2/2.3 (Cai et al., 2014), [A]
i BIN2 i 2 (L 5 ABIS (Hu and Yu, 2014). 5t
WA RN, VBN ABAIE % 124> K 8 ) PP2Cs——
ABI1/2 (ABA-insensitive 1/2), i it 2 2 L BIN2
I BIN2BEE 5 4 (Wang et al., 2018a). ix L4 i %k
B, BIN2/Z % & BRATABAF K 215 53 1 11 ¢
[A-¥(Wang and Wang, 2018) (K1), A —/BR{55
JE B R O BAK 1 %5 B2 £ SnRK2.6/0ST1 (open
stomata 1), JF5ABI1#H HT i 75 OST 1 R 1L LA
K5 fLig5h(Shang et al., 2016). CK2/&—35w& &
PRAF (02 VIO, B A ST AR 4 I i 4 s e R
Z R KB PU B 4K (Mulekar and Hug, 2014). Tk
(Zea mays) ZmCK2W & 1 ZmOST 1 iy £ 14 3
MR IERRIRIE, EZmOST15PP2Cs4E 4, Mifi
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ABARJHEIZ HE M R AtABCGs 58 i, H# S %1% 11 Z/ARCAR/PYR/PYLs. WiieiiPP2Cs. #EFSNRK2s A K SnRK2sHIJEEY)
SR, T (AREBsHIHAT1). & H(SLACT. KAT1HINADPH%{LEE). DNAMEEEBRM. TORE N H &K FIAPC/ICIZ &
2 AR SNRK2s 21k, HHAREBs. BRMATSLAC1#{PP2Cs :iifaft . #EEBIN2/E 4 BRY 5l I AMABASS 5 1 11 S 4 K]
Fo TOREMEE &R SABAE SH LB A K 5 5EEm N .. 5EHEECPK23MM . FSnRK2s 2 55 fLizsh. #EFCARK1
FIAEL1 TR ICABASZARPYRA A E A s 51 RS M R &5 . SO F kRN B E, aEOTRLIRMEIEH. PM: 4, P: B ER
1k; Ub: 2 &4k; A~ BB T ROS: WitE&E; TR: # 3

Figure 1 The regulatory roles of protein phosphorylation in core ABA signaling

ABA transport is performed by transporters, such as AtABCGs. The core ABA signaling pathway is composed of
RCAR/PYR/PYLs, PP2Cs, SnRK2s, and the substrates of SnRK2s. The substrates of SnRK2s include AREBs, HAT1, SLAC1,
KAT1, NADPH oxidases, BRM, TOR complex, and APC/C complex. AREBs, BRM and SLAC1 can be dephosphorylated by
PP2Cs. BIN2 is a key factor that integrates BR and ABA signaling pathway. The TOR complex and ABA signaling antagonisti-
cally regulates plant growth and stress response. CPK23 is independent of SnRK2s in stomatal movement. Different phosphor-
ylation sites of ABA receptor PYR1 by CARK1 and AEL1 give opposite results. Green arrows represent promotion; Red T-shaped
bars represent repression. PM: Plasma membrane; P: Phosphorylation; Ub: Ubiquitination; A™: Negative ions; ROS: Reactive
oxygen species; TR: Transcriptional regulation

10141 OST1 % 7 A1 ABA 15 5 # 5 (Vilela et al.,
2015). HT1:2CO, ¥ LK M) — A Hif 2 K 1,

&%, 454 7E ABAT B TG4 (ABA response element,
ABRE) I, W& s il AH OC 2 R ) ik (Fujita et al.,

T I Tl R A A TR OST A R I 1, 3 1 4100 1) AR LG
Ml(Tian et al., 2015). tkoh, MPKsZF g FlIPP2A,
PP 125 17 [ i 45 52 1 SNRK2s 1 i B A4 7K - 5 B %
PR, H 75 BB 42 SNRK2s I B IR AL I8 75 1 — 4B 16
Ik (Saruhashi et al., 2015; Waadt et al., 2015; Hou
etal., 2016).
AREBs/ABFs & T~ 5% 2 1R 1 55 25 (bZIP) % 5% Al
T, f3EABI5. ABF1-ABF4. OsbZIP23410sbZIP46

2013). AREBs/ABFs#iSnRK2sfiifiztt, H#:ABI1/2
B E MR L (Fujii and Zhu, 2009; Antoni et al.,
2012; Fujita et al., 2013; Yoshida et al., 2015;
Bhatnagar et al., 2017). K34 % %K 7 #SnRK2s
Tl A0 i 0 L s v P, WK FE(Oryza sativa)H
OsbZIP23#SAPK2 (SnRK2s7E 7K #& /i B [F] IR 25 A,
Z 5 ABAS 557 3 )R AL 5 BOS L SdE, AR5
i¢ 3t OSNCED4 i % 15 #1ABA K] & 1% (Kim et al.,
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2012a; Zong et al., 2016). Tt 5 R, ABFs#
SnRK2s ik J5, EiEABI1I21¥3RIE, B f5ABI1/2
HEER N, X ABFs )2 B B A hn o, 4 1 400 |
ABFs )8 3i PE, MIMIE i— 2 K5 1 il 2 ABATE 5
s ABATE AT i 85 S B B 15 38 B (Wang et al.,
2018d). A #8775 KT # SnRK2s B R L J5 2 S il
PESZ BME . B, IEW AT, WA BERILEIHATA
(homeodomain-leucine zipper protein 1) % & 7
NCED31 5 2 1 F, il NCED3) %5 fABA
B TET R4 T, HAT1HSnRK2s iR 1k, LAk
FE P A g, B R NABAS & BT, BARA
N E2HpiE(Tan et al., 2018). BrSnRK2sHIPP2Cs
b, A 2 i e IR i 2 5 4% AREBs/ABF s
R4 . 1 an, % (Malus domestica) MdM-
KK1-MdMPK1 2% Bk 2% i 1% 1 MdABI5 (Wang et al.,
2010b); BIN2F1PSK5 (SOS2-like protein kinase 5)
R 1L ABIS (Hu and Yu, 2014; Zhou et al.,
2015); WL EEPP6FIPP2A X iz {LABI5 (Dai et al.,
2013; Hu et al., 2014); 358 dr 454k 88 8 [ EEMd-
CIPK227# 1t MdAREB2 (Ma et al., 2017).
FEABAR BT FL K M 1 FE h, SnRK2sHE R 1Y
BESLACT, R HER &1 (AT) M, ABIM B 3 L B R
L SLACA, il LK M. [F] I SnRK2s B4 L 14 41 ]
KAT1 /35 P, BH 141 8 7 (K 1 7t (Geiger et al.,
2009; Sato et al., 2009). SnRK2sit R {tbHLH
(basic helix-loop-helix)Z #% 5% X 7 AKS1 (ABA-re-
sponsive kinase substrate 1), {&{#AKS1fi# 2 ik 5
IR, kLG GHEIERKATIRE 7, Mo 0 i
KAT1[)5 1k (Takahashi et al., 2016, 2017b). Frit
i AL, ABIIEE R 2 IR A0 85 5 F R CPK23, {11
1| CPK23 %I SLACTHI MR 1k, & — 2% 3L T SnR-
K2s i1 < fLiZ 31 iE % (Geiger et al., 2010) (&
1); CPK6 %% 1. SLAC1, #7r HUfROST1 1 h ik
(Brandt et al., 2012). ¥#&GHR1 (guard cell hy-
drogen peroxide-resistant 1)z 1LigiESLACT,
5ABAR T HISALICH, 1R ABIH, HAH,
ABI1#if(Hua et al., 2012). #H4t, #CO,%EFHIA
LR RS, HTIAUNHIOSTA, i@ B L4
#ilGHR1HMISLAC1. 1M COHE 21 MPK4/MPK1 2/
AT A () BB (Tian et al., 2015; Hérak et
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al., 2016).

SNRK2sik i 16 L & D RE B 1, (AR B
ABAfE 5 Ja WL Z Fp A B ARk . 5, B2 AL NAD-
PH % 1k i AtrbohF, {2 3 ABA 7 & 1) & M Ak K
(Sirichandra et al., 2009); i F2 ¢ TORIHE 1) 18 5 L.
#RaptorB, #IfilE %4 K (Wang et al., 2018b).
BRM (BRAHMA)ZSWI/SNF Lt ik B4 & A
KHEH 5y, 456 ABISIEER ¥ 51 I 4 ABISZR 1k
SnRK2s (ELABI1)X BRM 15 8 1 (55 2 B R A0 ) 3 il
(8 E) BRM5ABISHE 1454 (Han et al., 2012;
Peirats-Llobet et al., 2016).

2 ZFEK
2 E BRI A BRI — 2R/ IR, 76N
FERRAR AL M B, T IR Iy, Bz R A
(ubiquitination) & 1ffi 5 F HOR A BRI L . 2 R
WG — RYVESL AR B, HENZ RBUSEE . E2
R RS MANESZ 2Nz R ERER R (Yu
etal., 2016b). ZELLEGFTH, E1FIE2 M il 25 g i ik
D, E3EEM R MmGEREZ)E1 5001, RIEE3
M5 E2 B AR R R 1k, R ESIE R 4 N4 K
%%: HECT (homology to E6-AP C-terminus)Z.
RING (really interesting new gene)5. U-boxZ& L K
CRL (cullin-ring)Z5(Yu et al., 2016b; Miricescu et
al., 2018). iz = WAB I HEEHz R W HE A7 ]
SRR Z FEN. 2R ERNMZREZ FZ. B2 RN
202 Ak BB B B D Re AR Y B 8 E A SR AE
;2 5802 2 4008 % 45 I 2 BE 4K (ubiquitin/26S
proteasome, Ub/26S/4 R )i AT & [ ¥R B 1% 4 i
(Miricescu et al., 2018). H i KL 5ABA(E S T
ARz =B L2 2 Rz w1

& FiRkiE 2 5ABAE T IIE MRINGZRE3Z Rk
PR ZAIP2 (ABI3-interacting protein 2), Hifidiz
#HWABI3Z 5t &k & F1IABASE 5 7 5 (Kurup et
al., 2000; Zhang et al., 2005). KEG (keep on going)
N EENREABARG S FHIRINGKES, &AL
TE 41 5 A ) e T P 5 I A B N A (frans-Golgi
network/early endosome, TGN/EE) L, K% & fi7 1)
ABI5. ABF1fIABF314 5 2ITGN/EEZHAT 4k, AT
KEGiZ %L ABI5S[{ i EFCIPK26 (Stone et al., 2006;

© 0000 Chinese Bulletin of Botany



304 Hi¥4R 54(3) 2019

Chen et al., 2013b; Lyzenga et al., 2013). 4iE#&
HIABAJG, SEEKEGH HZ RAGFIFERE, M s>
HKEG/ FHIABISIEAE, (E#EABAS 5 M ¥ (Liu and
Stone, 2010). X CIPK26# 0% 5 IR LKEG, [l /5
&I IMKEGH HiZ =L A% f# (Lyzenga et al.,
2017). MIXEeg5 AT DAAE, 4 ABARG I 5 8 i
iECIPK26/5, CIPK26%4 % {LKEGHIABIS, #iHABIS

M s, RIEKEG Bz =LA EAR, #E—P 35
KEG/ 5 1ICIPK26 F1ABIS & fift /b, AT 3 e AE 4)
XTABAI B (2). RSL1 (single-subunit ring-type
E3 ubiquitin ligase)iz &I (2 [EAEPYLAFIPYR
(Bueso et al., 2014). ABAE#RGLG1/5 (ring
domain ligase 1/5)%fPP2CAZ &1k(Wu et al.,
2016); HHl(Capsicum annuum)'RINGZKE3Z &

! +U +U

&

B-HHE K > »> » » ABA > > > > PA

& &

B2 FEAZZWHSUMOILBITETTABAS MARE . . B SR 3

AAO3FICYPTO7A% Bl /L ABAT & BUBEFI A LG . ABAH L T84 HRCAR/PYR/PYLs-PP2Cs-SnRK2s-bZIPs4l /. ElHbZIPs
f{#OsBZIP23. ABF3. ABF1HIABIS (St STHEN ). 4 AT =P EAZABAE SR T, ST R+TERAZABAG
SIERFARE . SRR RIER,; TRERRZMEIER, SSRERAEENEIERR; BEM?2R R BRI Rm . +-P: B
Wb/ F Rk, +U: 32 %Ak, +/-S: SUMO/Z:SUMOML; TR: #tifE

Figure 2 Protein ubiquitination and sumoylation regulate ABA biosynthesis and catabolism, ABA perception, signal transduction
and responses

AAO3 and CYP707A are ABA synthase and oxidase enzyme, respectively. The core ABA signaling pathway is composed of
RCAR/PYR/PYLs-PP2Cs-SnRK2s-bZIPs. In this figure, bZIPs represent OsBZIP23, ABF3, ABF1 and ABI5 (inside the box on the
green background). The proteins in the red (green) background are negative (positive) factors in ABA signaling. Arrows represent
promotion; T-shaped bars represent repression; The solid line indicates direct interaction; Dotted lines and ? represent unconfirmed.
+/-P: Phosphorylation/dephosphorylation; +U: Ubiquitination; +/-S: SUMOylation/de-SUMOylation; TR: Transcriptional regulation
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i CaAIRF1 [%fi# CaADIP1 (—1~ABAfS 5 &2 H 11
PP2C) (Lim et al., 2017); AtAIRP3 (ABA-insensitive
ring protein 3)illid{£i#RD21 (responsive to dehy-
dration 21)f B K 8 S5 xT ABAS F 1T 5 i ia
Wi 3 (Kim and Kim, 2013). K H (RINGZKRE3# £
fitf ZmXERICO1{Z % 1k 1] % ZmABA8ox3a (Ul 7+
CYP707ARI[RIJE & B ) & A E P, AT 75+ 5
BN AE AR A N ABARTA, T L AESDL R T o 4 (R YR
# FIXERICO t 2x 5 ABA ) & /& (Ko et al., 2006;
Brugiére et al., 2017).

CRLKESHE M & A5 113 3 HCULs
(Cullins) M7 57 JEMIHH S Uk R H K, e o7

W KK — 2872 R b 12 1fi B (Hua and Vierstra,
2011). BPMs (Meprin and TRAF homology/Brica-

brac-tramtrak-broad complex, MATH/BTB) /& 5
CULSHIER L E A, Wiz R FHABAE 5 1)
R 15 4% % KT ATHBS [% fi# (Himmelbach et al.,
2002; Lechner et al., 2011). [ifij5 X K MBPM5 5 —
ANEESEIR F-RAVA (related to ABI3/VP1) . {E; ifi
RAV 14 SnRK2s 1 % 14 J5 2= 2k 25 56F ABI3/ 4151 ¥4 5%
f#I6E 71(Chen et al., 2013a; Feng et al., 2014).
DWA1/2 (DWD hypersensitive to ABA 1/2)7&21[F]
YR ¥JCUL4-DDB1 (damaged DNA binding1)-DWD
(DDB1 binding WD40)& &k 133k & H, SABISH
&, AT ABISHI L 2 A1ABAN M (Lee et al., 2010).
73 —~CUL4-DDB1 & & 14 114 2k e HABD1 (ABA-
hypersensitive DCAF1)ti# 7z 216115 ABIS T &
FFLZR . abd 1Rk S5 dwaT-1/dwa2-13 FEAF kR Y
FRABL, FE b1 8 R AN )y v AR KB B R SR ABAEE B
J%(Seo et al., 2014). HIDDB1. COP10 (constitutive
photomorphogenic 10). DET1 (deetiolated 1).
DDA1 (DDB1-associated 1)FCUL44 s *ICDD &
# 1418 1 Ub/26S 14 % F% fi# PYLS, = 5 ABA 3
(Irigoyen et al., 2014). # ¥k i &7~ CUL4-DD-
B1-RAE1 (RNA export factor 1 in Arabidopsis)&E &
PR EEARPLYQ, MM 2 5 Y% ABAMI 5 38 1)
WM (Li et al., 2018). AtPP2-B11J2 —/MF-boxiE A,
5CUL1f1SKP1 (S-phase kinase-associated pro-
tein 1)41/%SCF (SKP1-Cul1-F-box ligases)iz % &
Bk, B Ub/26SHk R (i ik SNRK2.3 ) [ fif, {HAS

wKiSE: BRI R ME ABA fF 5 PRI 305

2 IISNRK2.2/2.6 8 E M, UL AtPP2-B114F 5+
P 22K YISNRK2.3 (Cheng et al., 2017). RIFP1
(RCAR3 interacting F-box protein 1)5ASKs (Ara-
bidopsis SKP1-like proteins)41 & SCFE 1A, @it
2 #{LRCARS3/PYLS, {2 #EPYL8IK [ fi#, 11| ABA
{555 F(Li et al., 2016). TE (tiller enhancer) & /K
APC/C™ (anaphase promoting complex/cyclosome)
RREGWRTREE T, 25K FERA K E (Lin
etal., 2012). fEABAfE 5 &1t H, SAPKsHABARIE
JEBERALTE, HMHIAPCICT & &Iz HETE, &
FAPC/CT 5 & th A k12 Z AL % i OSPYL/RCAR1O0,
HE— D5 ABAN N (Lin et al., 2015). CSN (COP9
signalosome) & & 14 1] fif [ CULLIN & [ FJNEDD &
Ifi (de-neddylation), i %% CRL & & & 1 iif P
CSN5A{E i ABI5 1) B4 fif, ﬁ%—‘ﬁmﬁﬂﬁﬁtﬁ%uaﬂk,
B BAKHLHIE A 4 (Lyapina et al., 2001; Jin et al.,
2018).

SAUL1 (senescence-associated E3 ubiquitin
ligase 1)/2U-box2RESEFLRG, it Ub/26SHk R 4R
AAO3, Z 55 iy 3 Z MABAH ffi(Raab et al.,
2009). £ 1~PUBs (plant U-box E3 ligases) B £ ii{%
ABAH OV Sy [ FE AR . PUB22/23iZ F4LPYLY, 5
% /4~ PYLs H {E (Kong et al., 2015). ABA{i i
PUB12/13 %} ABI1 [ 7z 2 . 2 [% fi# (Zhao et al.,
2017). AFPs (ABI5-binding proteins)5ABI5Sf1ABFs
AR, {RiFABIS S E3VZ 3 HNG HAE I % (Lopez-
Molina et al., 2003; Garcia et al., 2008). TE/KFEH,
AFPs 1] [7] J& & 1 MODD (mediator of OsbZIP46
deactivation and degradation) 5 ABI5 (] [ 5 & A
OsbZIP46 1.1, 1 5% E3 % £ ilf OsPUB70 *f Osb-
ZIP46HZ AL, (21EOsbZIPABKESF, I ABA
IR S FE N B (Tang et al., 2016).

hAh, RINGZiZ % SDIR1. U-boxZiz F i
CHIP. PUB18% fifiz 2 i #: i 2 15 1 1 ABAW [,
BRI JEABAH O e 3k 12 4 43 (Luo et al,
2006; Zhang et al., 2015a; Seo et al., 2016; Yu et
al., 2016b). 741, RINGHKE3ZE#E:AEMIEL1 (MYB30-
interacting E3 ligase 1)F&fEMYBZE#: 5% K- 1-MYB96
MIMYB30, 1Zid FEABAIH . 1TABARIEMYBIS,

it HE I R ABI4IF) %% 1% (Lee et al., 2015; Lee and
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Seo, 2016) (&l2). Exo70B1214h 5 & 14 (exocyst
complex)f)—/MEEE, Z 54 r A, Mt flgEia
s iE, Z2ABAE S T RIIEM AT T, PUB18H
I 3 Exo70B1 1 P4 fif 2 15 1 42 ABA R 1 555 Jilp 1
M. (Kulich et al., 2013; Seo et al., 2016).

Z R E BB R ARIE A LA AMKH T 26S
B, PR NAE26SH 1A N LS iA &, 45
M 1K %2 3Z (endosomal trafficking pathway)Al [ 0
BR . XM ENA— T IREFEMRISREABAE 5
IFER, VR AT A2 5 OBk (Yu and Xie, 2017).
RSL1MIPYL4 L & {740 i 5 B AT TGN/EE E, 4]
TIRIZ KA H FIBFALL B S, PYLALERORL A i F1
2, RPRSLZ RILHIPYLAALiEE Ub/26S
& R IEME, V] Be A7 E H € FE iR %12 (Bueso et al.,
2014). ESCRTs (endosomal sorting complex re-
quired for transport proteins)Je fitd N /A 4518 845 5%
B E A, A R B3 FYVET 1 VPS23A
(Zhuang et al., 2015). FYVE1f1VPS23A# ikt 5
PYL4ZE il P9 & | H A%, 78 fyve Rlvps23ads 45 fA
AL B 2 RZ RAWARICHIPYLAZE A FIE TP AL R,
U ESCRT-142 & i id i e Miz dm e RSL1VZ F Ak
[IPYL4 3 i P 14 % iz i 12 33k 47 F4 fi# (Belda-Palazon
etal., 2016; Yu et al., 2016a). ABCG25#:ABA )%
H AR, FLAE IR F 1R R 7 52 31 AB AR 181 55 1 38 11 1
o WS, ABCG25i i My 71 H M I i%
BB M, SMIEABALLHE 5, ABCG25 M il Py 4%
% 25, 1% 8 B AR K T A B AT AP-2
(adaptor protein complex-2)& &1k, H 41 ABCG25
RS KT AR Ak R B AR T 0 B A 04 45 (Kuro-
mori et al., 2016).

3 XzHEL

SUMOZ —KH 110 IR AR B 40 )/ Ik, 5z
FAE R, HOIERL R HSUMO  E1 U B
SUMO E245 & FISUMO E 3% 45 2 AR 1k 52 1 o
SUMOf& i (2532 Z 4k, SUMOylation) ) £ i 28§ i&
T FFD STV 2 PR 07 5% TR 485 A R A 9% 1 A R 0 o 8 2
FHZ # e . EAMSUMORIi S SHaY) £ #
A TG, EREEETIEN . WA R B R RIS K
4 ¥ ¥ 3t f% (Castro et al., 2012; Augustine and

Vierstra, 2018; /%%, 2018). 1 FFALSIZ1 2 4%
FRiE 12 5 ABASS 5 ATE P 53 . I SUMO  E3
B A IIGUEm, SIZ18ESUMOLABISH)391
PR (K391) 5k 3L, HINABISHIE ARt ME
T2 TN, siz 15375 RS ABAT) I N 5 abis 58 A% A
FHAL, {Hsiz1%F ABARURPEIG 58, % 5 abi5-4[1) %
U} Jx (Catala et al., 2007; Miura et al., 2009). HT
A g5 RN A AR F R B, IR Ok HE U B ABIS 1)
SUMOL AT 5 1 & iz Ak, 18 7T B 5% 1 ABIS )
He B ik), FABISAEB B, A LA
SIZ1 i 4 4 ] ABIS T 3 ABA 1] fig 71 (Miura et al.,
2009; Yu et al., 2015). MYB30,ZABAW: 13 [ 51 i 75
K7, 5ABISH EHTABAE 5 . SIZ1iLHESUMOE
i MYB30, 3 5% MYB30 1] £ 5 % (Zheng et al.,
2012). OsOTS1 (overly tolerant to salt 1);2/KFEH
FISUMOZE I, 7E M S ABAFIT 5 it i 72 v fi 4k,
# 2 (1 OsbZIP232: SUMO i . ots1 A4 )T 7
i} 32 PE B 3 A R4 N OsbZIP23 1 SUMO & Hfi 18 5,
HEAMRBERM. LR R K, OsbZIP23[SUMOE
TG ) T 386 5 2R 1 A P RN % SR 3 E (Srivastava
etal., 2016, 2017). It4k, &6 ZANHSUMOBIMGAH K
k2 5ABAME 5, (A B ARNLH A2, W
SUMO E2 45 & fif AtSCE1a, E3 3% 4% filf ASP1 I
MMS21, SIZATE/K G & iti(Solanum lycopersicum)
H it 2= (Dendrobium) F 3 B 46 11 4 b 1) [ 5 25 A1,
P 2:SUMO1filiEULP1c (Lois et al., 2003; Park
et al., 2010; Zhang et al., 2013, 2016, 2017; Liu et
al., 2015; Castro et al., 2016; Wang et al., 2018c).

4 FHEFEEW

ABAfE KA FEE VA ISR S B FEEN M Z S
5o, LA 2 Fp A B R (Kim et al., 2010; Fin-
kelstein, 2013; Qi et al., 2018). i LA (H,0,) 550k
ME S F A — S B NO) SR T2 EA
W, I A B I R TR BE (Cys) A AL 5
IRZS, BIEALIE JF B (redox) 3 5 £ A FIS AL . 5
i, R SNRKA Ul 5 & R T 1t 52 2| H 0, 54 JF %
At H K (GSH) 5 (Wurzinger et al., 2017); #
AL B B R 1R 1 MPK4 2 & A R E R R
(Zhang et al., 2015b); #H,O,FE FIMPK6#% R 11
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THRIE JF BENIA2{E BENO & i (Wang et al., 2010a).
FEABATE Sl b, 23 D H K O 2 4k 1 88 AtGPX3
(glutathione peroxidase 3)i17H 0/ P -1, [
H,O, S L AtGPX3, 1M AL A AtGPX3 1 i ABI2 ik
JRASHAR AR, M IHABI2 1) BEE P (Miao et
al., 2006). HoHE T KB, BRI SZ (Brassica na-
pus) T #1OST1[7 ¥ & F1BnSNRK2.6-2C i ¥ it & 2
B A A RO R BRRE TR, 5 B | R R A TG 1 A
0t (Ma et al., 2018).

NOE Jy 1 5 18 % 38 25 A 1 S8 A 38 518 1
(EH I A0V B 6 A 1) T 20 TR ke 22 i A (nitration ) 1 EH
S- LA FE A Dt H AR (GSNO) /1 T 1 - Dk 2R ik 22 A
FAk (nitrosylation))TE AR A K IEE R . IR IR
P80 S A e T 0 PR R 9 i A0 T S 2 R P A A 2>
T BUER B 45 R AN BT ok A BAE A A BE AR (Vandelle
and Delledonne, 2011; Mur et al., 2013; F 5= F11{d]
2551 2017; Begara-Morales et al., 2018). fEABAfS
S, NOJ i 75 Al 7 (Lozano-Juste and Ledn,
2010; Arc et al., 2013). SZABAT T )i M U 24k
% MABAZZ1APYR/PYL/RCARS, i i1k i) 52 4 i
W% B2 Ak 5 AR (Castillo et al., 2015). NOFft
4 GSNOFIE A 22 - it 24 B Cy's-N O DL — Fift 1) & 4 it
PER 75 AL AH 2 AL OST1{1Cys 137, JE4M|OST1H
B YE  . ABA{E#EOST1 I fis 21k (Wang et al.,
2015). ABI5(1)3%i% % ABAFINOI)i# 4 7IcPTIOH: 2!
#ES, PENOMIALIASNAPHIE] . [FHF GSNOFISNAP
fie 2t ABIS I 1d 26S £ [ i 14 ik 12 ¥ [ % . ABIS )
Cys153 % LMk, FHHLPKEGHICULAZ RE
A PRAE B ) 2R 1 B 14 % /7 (Albertos et al., 2015). H
DL BF 75 45 R mT CLHED, ABAIS S 136 M A 3k =2
RS A, 5 IOST1MABIS WL AH HE 4k, M
FHIIX L B [ 35 M ATABAS 5 B BEm N, etk
T RC— Fh Bt R LA, R A 1 T ABAE 5.

5 BREERE

ABA(E = i 3 1 A5 — AN 52 2% B W IR 1 ) 52 L A
4, Br EOCTRAN R B A A, IEH 2R E Y]
7r% 5 ABAfE 5 AU B, B4 H SR 8 oL /Y =2 A4
CHLH (H subunit of the Mg®* Cheletase) i JIE i fir

i) 5 & GTG1 (G-protein coupled receptor-type
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G-proteins) /i 5 12 & AN T 52 APYR/PYL/RCA-
RsJABAfE 5 Si&4%(Shen et al., 2006; Pandey
etal., 2009); % 1B E 2 IMEFCDPKs. MPKs
I SNRK2s S5 I il 25 15 114 B2 2 A 1 2 X 2% (Umezawa
etal., 2014); H1ABF/AREB. DREB (dehydration-
responsive element binding protein). NAC. WRKY
FIMYB/MY C 55 53¢ R - 2H B 1 7 5% 1 4% I 2% (F ujita
etal., 2011; Singh and Laxmi, 2015). X442 [f]
T I AH EAE ORI ABAE 5 o 0, ABFARI #4515
PR T 585 40l 2 B AtCPK 3211 FLAE (Choi et
al., 2005); #31£(Gossypium hirsutum)ii B T it 5
1 GhMAP3K15-GhMKK4-GhMPK6 4 I i 4% Tk 1% 11,
GhWRKY59 (Li et al., 2017); RGLG1/2iZ & b5
Kl -¥-AtERF53 17 i 15 - 51 i (Cheng et al., 2012);
FEABATS T ALK HIE T, CHLH# i1k, IF 5
SnRK2.6/0ST14#1£ H.{f(Liang et al., 2015).

BEE R AR, Bl o 4% w3200 AN [H
FKAMPTMs, Ol ZFPTMsZ 5ABA(G 5i&1%.
filan, =¥z iR ik 16 Bt Ak (Batistic et al., 2012) A&
12 Je #:1& 1 (Brady et al., 2003; Huizinga et al.,
2010), 4 It IR 5% 5 (1) 2 Wk 46 12 1 (Linster et al.,
2015). {HIXL21fZ 5 HEABAE 5 170 T Ll I
ANERE . BRI AZ RIGIEABAG S5 S I1E
FWEFUAS LUBUR N, (B AR 2 ) ARk k. 91 2,
12 AFNSUMOAE AR 2 il 108 it 72, H 2392 R EL
2:SUMORE B #R IR b, XTABA(G 5 %% 3 78 &
BAERTE RO TR, BRI IX e 4y
B S Fe b, MR ERANIRER . 2
ZAER TR — AR E, 84X S 8] W] b ]
PER? XS B4 2 1 5 8 1 I 8 A7 2038 B AN [
IIREEAS 5 5?7 ABISHI JLRME i 2 18] drfe] By [F) 1
Fi? ARYE O STk r ko 25 v DL B ABA
B RO, ABIS#SUMOE M, 4bTFase i ARE
PRRAS, T M ABABIY B 0SB 5, ABISHIRIHE
2:SUMOAL, [ Bt B 2 1k, 5 350 L I i i 1 0
T, MR EABAAG IR Rk, A8k 4 1& B 1 %
MBS S IH R G, ABIS#E 2 & 1L B 5 i B
TGN/EEY B4 fifE, (a9 x ABARIIUR, 5 A KAR
Ao —HEARE— MBS AR, W
ABAZEPYR1MI2ATEFRALAL £U(T78F1S136), H4
A Un o] B N AN [ A s AB A 51 R IR N7 B AR A
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[FIA B 2 75 22 5l B B F A R A F 224k, AT
S EAN[F) ) 282 JE o3 A B B AE i B ABATE B
PRI S B MR AL, R IR A R DR i Hh S 2
BUNHIABATE 5, MM IE B 5 sl Ik B AR, (H
X EeE R S TR B R AR, eSS
(Takahashi et al., 2017a), IEHHFHRH . FIZ iR
JERT DALE AT B 4 THI Hb B A% 22 B B (1 5 R R S AR 1
AR AR, IR AN AR 7 A A7 i [ AB A B3 455 1
AL, DA B B8 375 B A AR ) A K S 0 85 A A7 2 ]
R D~ 17 o
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Role of Post-translational Modification of Proteins in ABA
Signaling Transduction

Jing Zhang, Suiwen Hou'

Key Laboratory of Cell Activities and Stress Adaptations, Ministry of Education, School of Life Sciences,
Lanzhou University, Lanzhou 730000, China

Abstract Abscisic acid (ABA) plays a key role in the growth, development and stress condition of plants. The process of
plant response to ABA is completed by signal recognition, transduction, and response cascades. The core ABA signaling
pathway consists of receptor RCAR/PYR/PYLs, phosphatase PP2Cs, kinase SnRK2s, and transcription factors and ion
channel proteins. Post-translational modifications (PTMs) of proteins such as phosphorylation, ubiquitination, small ubi-
quitin-related modifier (SUMOQOylation) and redox modifications plays an important role in ABA signaling. This review fo-
cused on the role of modifications in the core ABA signaling pathway.
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