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SIZ17#0 ESD4i#d 5 SnRK2.6 H##
ZaE T SFEAE SUMO LIEiH

ARk s ET R Hoge
LI AE ARb e LA AL Y SRR o, LA S FANAE Y T 5005, 0 050024)

WE HBHMW HIFMIEM (abscisic acid, ABA) il % ¢ 8 2 4> FE M HE & B2 1 AH ¢ 85 1 ¥ % 2.6 (sucrose non-
fermenting1-related protein kinase 2.6, SnRK2.6) #iWEEGEM =, WSUMOk, MERF &M =L SnRK2.6 94
HIINRE S50 FHLIFRBE e ikl , ik FIHBEREGSE (yeast two hybrid, Y2H) MZEFIVTIESLSH: (pull down experiment) 6
M SnRK2.6 5 SUMO E3 3% 32 SIZ1 & SUMO #E P ESD4 Z [RIAHEAEH ;. SR AARSN SUMO L& MR A SnRK 2.6 & 754k
SUMO fuf&ifi, Ftiid Brifk4HiH SUMO 25 & s il i 1712 SUMO b 52 8 ik — 2540 T SUMO 4 FH i ESD4 S 75 RERE A1
5 SnRK2.6 i 25 SUMO 1k . TELREIF &#F & LI A4E 25 (Columbia 0, Col 0) M sizl Z87A8 (R, 3 ad M4 A1 i fie 552 36 446 101
SnRK2.6 & I B,  HUBHAE Col Mlsizl i 5c FRIRUE M ZF o 1AL, M8 snrk2.6 siz] AR, WA ABAEFIIR
LM FRAL, 4387 SnRK2.6 5 SIZI Wit fe % 1 P ik R . &R SnRK2.6 5 S1Z1 L} SUMO # H i J H B 4L L H 4
(carly in short days 4, ESD4) fF1E BHABLS S, 454G XI5 SIZ1 1Y) C 3 A1 ESD4 ) N i . SnRK2.6 £7-7E SUMO 1L &1
HAM SRR SUMO LR, A F R AT 70~100 ku Z 1], {HAKE RE B HICHE SUMO LA A . SIS PR 2235 1k
ESD4“S R[], WfA: R ESD4 REASKF SnRK2.6 = SUMOfk., SnRK2.6 7 siz] RS E PE B Z T Col %R . SIZI f1i##% ABA
BRI DIRE, %D 58 2K ShRK2.6, TRILAE S ALIF IR 1 SnRK2.6 14 T SIZ1, %51 SnRK2.6 f£1E
SUMO L&, (HHEARGM 5 A Al . SIZ1 I ESD4 435415 SnRK2.6 ) SUMO fL il 5 SUMO fhad B2, —F shASid s H
SUMO 1L P4, SUMO L7 45 SnRK2.6 R [ Fika e 1, SIZ1 fii4E ABA B SIS FLCHThAE, EHIZINHEA Ak e it
SUMO 13l SnRK2.6 154 E PSRN .

X$#iE  SnRK2.6, SUMOfL, SIZ1, ESD4
HESES Q943, Q784 DOI: 10.3724/j.pibb.2026.0012 CSTR: 32369.14.pibb.20260012

YIS R AR e, TR & H B R (phosphatase type-2C, PP2Cs), DA JE
. OMomREE (A B 4, CEEWEREYAARK O WEEAE AR BEE 1 AHOCHE HBEE 2 KR (sucrose non-
RE . rEEEAE Y, R RR KR, M fermentingl-related kinase 2s, SnRK2s), SnRK2s
YAk 1 22 0 S AT B, o BT R FIGE, e FER 3O R AT 1A G R
(abscisic acid, ABA) M H. (5 K H L 1E H % & (sucrose non-fermentingl-related protein
A0 RSB B E S0 A YA N ABA  kinase, SnRK) 2.2, SnRK2.3 HISnRK2.6 **,
IR A B, Sl ABA I JGI PR RS £ T 2 B i IR R T, E PR PP2Cs HikES
HOk . TGOS ABA (5266 8 | sl sk . 0 SnRK2sMRIBEHE L, ABA(R M i
PRI | AR /R K . S A A L 25 J7 20 I Yz 2T AR Y By, R 21 ABA
Vi (1), S 454 HAZ R PYRI/PYL/PCAR BUAE SZ AR M 52

ABA {5 538 B8 A% O 2 43 G045 W ABA 24K s inpibs AR 0E S (C2022205017) ARG A2 1 1264
( M me 25 W BT Pk 2K 11 (pyrabactine resistance,  (L2019B23) BElifiH .
PYR) /it W 25 W B0 Mk 2 0 % 11 (PYR-like, )gﬁ;ﬁfﬁ:
ok T R o
PYL) /HEE‘ % e ma R oUE Y54l gy (regU1atory Tel: 86-15110171633, E-mail: hanyongfeng@hebtu.edu.cn

components of ABA response, RCAR) ). 2CHUEE ki H9I: 2026-01-08, 5% H 11 2026-06-02
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JERZE PP2Cs IE I =0 & W), I SnRK2s 5
PP2Cs fiff 125 31 A IR S5 il AR, AT 2
BERR AL OE T IRACE S . BT iE . R
%, Jadh ABAMF 5 LIRS AR EREE 0 1R
ABA 5 S 0% 0445, SnRK2.6 Bk T J4# ABA 155
SAh, WA ABA 55 1 HABIEE O,
¥ 1 38 23 38 o B B8 1k B0 SnRK2.6, I fk 1
SnRK2.6 # Mzt C TR L5 G FRBFHTH T 1
(inducer of C-repeat binding factor expression 1,
ICE1) M HAHICH 43, NI HG S AR Y W Pive e
sPTREN

WA Ak 2 SNRK2.6 I (1) CHE AT, SnRK2.6
FETE A R S T RR AL, PR EIR (L IE A
HARHE "5 BR T SnRK2.6 A BAN, REGSHERR LI
{fi SnRK2.6 1F [1] Ji4% ABA {5 5 i 8 H i vp %2
ik A A 22 57 R R B RAF K 5 (Raf-like
kinases, RAFs) """, 54k, BEERACALRES IS
SnRK2.6 [l I& 1, A B o H AR B 1 B
T LR A 2, BT LABER fb X T SnRK2.6 1) T BE

bR T #EIRALAN, HA— S B 5 B (post-
translational modifications, PTMs) b i % &/
SnRK2.6 Y I £ 80 A2 E M, FEE A Z Rk
(ubiquitination) . MZfif 24k (S-nitrosylation) . i
i 4t (persulfidation) F14% 2 1k (sulfation) %5
1B 3% W = 2 ik FE R 15 (high osmotic stress15,
HOS15) Jj&—4~3J8 T CUL4-DDBI1 F % £ W
E3 Iz R, HOS15 it 2 37 ZABMi I
Bl 268 FH [ il A4 1 % i 10 B35 2 1K 1) SnRK(2.6,
TP ABA 0D T2 >, HERRZ
FARAL R WARIE . SnRK2.6 45 137 1 i 22 iR
(C137) ] Ligk—% MR (NO) MLfif 5L Ab i,
ZABAE 23 SnRK2.6 B P 1% PRI 5 ABA (S
S LY . SR, SnRK2.6 1 P A Bt A IR
(C137#1C131) WrLIPmfLE (H,S) idmibi
M, PRI 5 SNRK 2.6 (14 B G IS E I F 34 3% ABA 15
5B R SR SnRK2.6 1 8 F AR e 1
Hl55 ABAfE S, (HEMBMAL SR 2 AHiE
FH, fEsEh, (RIMIEAY SnRK2.6 FEAE A EH
KL E  (glutathionylation) , {HIZ A& 7E R P &
BEIAFAE, VASOZBMiE S -2 SnRK 2.6 143 M4
s IIREARN ), W[ WL, SnRK2.6 f77E £ Fl PTMs,
X BB A W] 1) 7 LT A% SnRK2.6 117
PR e T, PR S SnRK2.6 T iE(E 5 A% i o

SR, b 3R sk BBt iV FH AR R A0 S A9 R Y
A TG E A 4 I B e B 3 AN [ M ) 1
M., USRS AEM S 55, 5
KIGWFFE 25 [ RN 5T 3 S o

SUMOfk (SUMOylation) Z—F2EMI Tz &
iy =20 HEfE R R B . BT AR B ETIA SUMO 43+
T 559 SUMO & 1 i A1) FH P A 4 910 1l i C
it —BERTIRTH), R A S 0 H Rk S
(gly-gly, GG), N A &M 0 K2 SUMO 4
T2, A SUMO 73 F KK #E SUMO E1 381 fiff .
SUMO E2 (il . SUMO E3 342 1 (1 I AL T
YRS B REE M R AE L (lys, K) I, 5%
AP SUMO fe g i 27, SUMO fb A& M A B
EATFEE3 WRESEM, E3 K2t T SUMO ki
A % E HE R ) SUMO 1k 1& i 1Y 25 15 AT
SUMO & MR 52 ., SUMO 2 1 B A % 1] FH H: 5
FRTEE MK SUMO B4 2 A W) I A%V #E T
Sk 2 SUMO A M 7 A% A 4 Hh 3 A7 7 L
DIREPRSTE, A 1 5 i B e L Rk
AR E AT B SR AR R A SR R B
JRFIIIRE 27, SnRK2.6 & 75477 SUMO fL &1 LA
FAZAEM 2 SR D RR(EAFIE Y

A B 5% R B B A% A (yeast-two hybrid,
Y2H) FARGHEELZ I, SnRK2.6 5 SUMO E3 %%
fifi SIZ1 (SAP and Miz) HISUMO & [ fiff 55 H g
AEHEH 4 (early in short days 4, ESD4) f71F B %
454, KW SnRK2.6 & —MEAE K SUMO LK) -
FIHRIAFFHE SUMO fLHE A R UESE, SnRK2.6 /1Y
Wi 7 7€ SUMO fb & 1, 1 H ESD4 BB 5 F & &
SUMO 1k i1 SnRK2.6 2 SUMO 1k, # B SnRK2.6
) SUMO fk &1 7K - 32 E1| SIZ1 F1 ESD4 1) 5 75 14
¥ o WA 0 T RE 0 OE 5L K &k B, SUMO 1k Xt
SnRK2.6 [ Fa i PR I VE . A S0 0 & 3K,
SIZ1 7Y ABA AL TIRe, (Hixdihe
5E MR SnRK2.6, P ILTE B4 2% I ShRK2.6 {31
T SIZ1, 3% 26 5Ll B A R Je 22 A 98 SnRK2.6 1Y
SUMOfLIIfEBE /2 T At

1 HH5HE

1.1 E#., &, Ee

2 D] e R A% 238 43 S il K I A 7 DHS
FBL21 (DE3) TPk, A% a5 a4 my &
pGEX-6P-1 FIA S 1 % 2t it 1Y) pET28a (Novagen),
RI7E pET28a # 44 N it 6xHis b Z Jg A HFIA 24
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2 ) FLAG #5225  (2xFLAG) , M i i pET28a-
6xHis-2xFLAG, iS5 ) pET28a-FLAG, J5{#)5%%
M BRI A . K FF R RS SUMO 1k & i 8
Ak Z i 1] 7 pCDFDuet (Spe’) . pACYCDuet
(Chl"), ARk pET28a-FLAG (Kan®) =/ %
A ARG R Y SR A% iR 4K . pCDFDuet I 5|
AT SUMO 43T Fl E2 {515 fil§ SCE1 1) 4= K £ 11
4t ¥ 5] (coding sequence, CDS), fifi H: il
£ N ¥ 6xHis B2 Fl C ¥ S-Tag #1745 ; pACYCDuet
51T SUMO El # % i 2 4~ 5E SAET 1 SAE2
41+ CDS, i 5147 C b S-Tag Hr28 AN by
6xHis$7%% ; pET28a-FLAG |- 7] 5| AFEH i i
S K4 CDS, il H N i 47 6xHis Fl1 2xFLAG
FRIRPRZE

A BIF 5 A0 ] 0 AF ) B4 REER & Col 2 28 AL,
SnRK2.6 #1 SIZI ) T-DNA ¥ A 28 75 {K snrk2.6
(SALK_008068) il sizI-2 (SALK _065397) 7y
H 55 JF 4= 9 95 IR P 0 (Arabidopsis Biological
Resource Center, ABRC), snrk2.6 sizl W IEAFAF
H snrk2.6 M siz1-2 (AT THA M F2 08, AR
(R IREAR RS E S | LR ST,
1.2 RAFIEHHR

FEPA S8 RN A EEAH OCIRTR Z2800 A e i
MEREAE R Iy A PR A R (Vazyme) . 43
fifi 9 = f# E [ Phanta Max Super-Fidelity DNA
Polymerase (P505-d3), —2#bikJoss valikin & fh
H ClonExpress Ultra One Step Cloning Kit (C112-
02), 7% PCR i 2xRapid Taq Master Mix (P222-
04), 552878 i Hl Mut Express 11 Fast Mutagenesis
Kit V2 (C214-02), kiR BOREE R sl ok
PFHGELH & (DC201) A RN & (DC301) .
It4h, T4 DNAZEHZEF (M0202T) I H NEB, £5Fh
FETHIPE N BTREEA H Thermo Fisher

IPTG (I5502) . PMSF (P7626) . AP
(A3678). DTT (D9163). ATP (A9187). FLAG
peptides (F4799) ¥JIlg [ Sigma, EDTA-free 1Y
F1 i} 10 1 7] Cocktail (4693132001) I 1 Roche,
Tween20 (A600560-0500) FIBEHEHIK: (A600669-
0250) M HAT AW TR (B BOHRAA,
ECL 1k % & St ik 7| & W H Thermo Fisher
(A38555), PVDF Ji£IJ F Millipore (IPVH00010)
MU B E (Spectinomycin, S742-25G) . A% =
(Chloramphenicol, C€252-100G) . & ** F % &
(Carbenicillin, C346-25G) 14 [ Phyto Technology,

Wik £ 8% 2 (Kanamycin Sulfate, K9316) I H
Jb 50 2% R 7 R 5 A BR A R o Y2H AH 5G4
YNB. 3-AT. Ade F1 4 Ff ik 3 55 5% 56 45 ¥ 1 H
Clontech, oAb F F L5 A1 24 i I F Amresco Fl1AE
TAYTRE (L) BhaRAFRSE,

AW G A8 0 — BT AR 2 BT ) PR e BE LA
FLAG #f& (M20008L) F1GSTHif& (M20007L)
5 H Abmart, His#ii/& (HRP Conjugated Anti His-
Tag Mouse Monoclonal Antibody, CW0285M) F#l
Actin2 i1 (CW0264M) W [ b 5T BN 22 4= 9
Bl A PR A, S-Tag HL & (YM3017) 4 H
Immuno Way, I=EHTER A —H0 (Goat Anti-Mouse
IgG-HRP, M21001L) 04 [ Abmart, & [ )5t 4l
A A B IR A R e . His RS 4l fL BRI (Ni-NTA
Agarose) W H 1% [¥ Qiagen. GST ¥ fg B #E 1K
(Glutathione-Sepharose beads) 14 H 3¢ [ GE, anti-
FLAG it {4 18 3¢ (%) 35 B8 B 5 X (Anti-FLAG M2
Affinity gel, A2220) [ Sigma.

1.3 #HikigE

Y2H (38 Fg 3 . # SIZ1, SnRK2.6, SUMO
B 0% 8 A WA 1 42 1 CDS DA & SIZ1 A1 ESD4
(A S AR Bl 20 o3 ol P e DR LB 38 o,
£} pGADT7 (AD) 1 pGBKT7 (BD) #k #& H
EcoR1Fl BamHI AUV AT 44k, SRSt —20
R 1 R AL R 4 K ol i BEJCAE we b B2k
ALY AD 3 BD A I,

JR R 2235 I B R R £ K% SnRK2.6 1Y & K
CDS 5 £k ¥ 1k iy pET28a-FLAG # /& (BamHI Fl
Stul BUEEY) ) #EAT — 20k I v B, M EE AR
pET28a-FLAG-SnRK2.6, 4R J& | ] 12 s 28 A8 1 5]
R % NI NE- S LR N B SN
4, O R pET28a-FLAG-SnRK2.6%7%R |
pET28a-FLAG-SnRK2.6X"/"** pET28a-FLAG-
SNRK2.6%7¢14/9®R  hET)8a-FLAG-SnRK2.6557¢/ 7
1 pET28a-FLAG-SnRK2.6X57¢142/ 1908 & B4 [
4K CDS 525 BamHIFl Xhol XYY pGEX-6P-
1 2 A& F] A T4 DNA & £ g % #: , 4 8 5l GST-
ESD4, RJ5TEIZEMAR 5] A ESD4 B 14 2k 14
C448S )5 577, Fg#E A GST-ESD4“,

R AR AR, BRI RS
SEAIEWIT SR IE R LG . E K5 A
N 25 e 0 N A R A R AT B A R SE R, A8
HEAHSCH YT 5 e g WL 3% 82
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Wit 2 5] AD Fl BD Z AR L (1) Bk 43 51 e A
B AH109 F1 Y 187 JR3Z 4, /il fE 52 &R A Al
Bria R #E 3k (SD-Leu) (02 BR Al it [ 15 77 3k
(SD-Trp) |- FHE s bt o K 3 W A P 4 e o 3
74438 (mating) , BRI 7E YPD 1K 55 5% W F
1 000 r/min FHRZGHEFRIAK (£912~18 h), ARG
10 pl 28 28 77 1y 55 R T e RE Bk 3 F2 2 (SD-Leu-
Trp) bo YK EBAE s 350 b0k ok i PR
SRS TY BRI AL, PRSP TR R R AL LA
K =S5 (SD-Leu-Trp-His) |, SAZERF7E=
s IR AN [R) R B 1) 3- 2 2E-1,2,4- = (3-
AT) DAREARHE SeA R sl il A OS5k . RBOS7E
SRR AR RO S TS R B AR AE B
EHS
1.5 BEARNBESRESLE

W4 13 3] pET28a-FLAG ¢ pGEX-6P-1 |- i 5
Ak BL21 (DE3) KAFFHEZE, fERIE
ZHMFMR (LB, 50 mg/L Kan) SR EHHEEN
PSR (LB, 50 mg/L Cn*) ik BHEsa /s, 4R
JE AT IPTG iR A . WERIFESRIBE R,
FHEE 2 R, AR 23R 1 5 R
ZE0P, T 100°CHY 4B v hAE P 5~10 min, 2.0
AV S5 R R 5 R L1 BB EP A, AR
Mk, i DS Y4 (Coomassie brilliant
blue, CBB) Rl A FRINIEL, B L bkas
JAFEE . B R —PT (1:5000; 4°C, iS#) .
B, mE 0 (1:10000; i1 h) . IERE,
JEE AR RO A B A, RIVRIFH AR P B v
(Western blot, WB) il [ 5 9 AFKM
1.6 SUMOAL L=l

UL SUMO fb & i il T HA GPS-SUMO,
SUMOplot. JASSA, #H N B9 ™ & 4 51 K
http://sumosp. biocuckoo. org/online. php/. https://www.
abcepta.com/tools/, http://www.jassa.fr/, P 5 ik 8l
BOHE RN R SR R ER 3 A Dl ) T 45 S A
A, BREEMZELE, Wik, REH—-ES%M0
{8, {HESEF TSNS, A R R
T S TT 25 B s R AR S — AL B TR A 3T o
1.7 {RSPSUMOKIEIHLTE

K EL (%57 SAE1 fISAE2) $ A BL21Jf
il 28 BB AZ AR AR L, 2 3 R R B AT B2 FLA
SUMO 43 i Bk 5 A, Jf il A plssz 5 4
M, )5 ¥ pET28a-FLAG-SnRK2.6 5 A [a] i & A

El. E2. SUMO4rT1 BL2I &z A4, JF7E
[ &AW R SRR R 3 MA ST
ARG LR A ok, BHPE SRR L 1ok
J& FEEAT IPTG 553 3 55 F WB K3l . FLAG HiiA
il SnRK 2.6 F) 387K F- L2 H: SUMO AR A 15
S-Tag HLAA K E2 B SCE1 LA}z E1 K73 SAEL 1
FkIKF-,
1.8 SUMOWFHHANSRILEE

mEBAiA . E SR AT SUMO fh & i i4
FRREVE T SUMO RIE MY SnRK2.6, #8 )5 7
AT alife . aifb o A E, % — 2 & Ni-NTA
Agarose 4lifk,, 2 )& Anti-FLAG M2 Affinity gel
aiifl, 2D Al AT d R PR R U A Al AR R S 1 4
M, TR SPE R A SnRK2.6 A JiE &K H &% H: SUMO
B 25 . REGREE N K 200 ml R T 1Y
RO 15 ml 25 71 B2 22 il (50 mmol/L Tris-
HCI, pH 7.6, 150 mmol/L NaCl, 10% H i
(glycerol) , 0.5% Triton X-100, 1 mmol/L DTT,
10 mmol/L B¥ ™ (imidazole), 1 mmol/L PMSF,
1 protease inhibitor cocktail tablet/50 ml (Roche) )
HE, HA10min (40% duty, 4son/6soff) 55
L EI, A 800 pl Ni-NTA Agarose - 4°C T 2%
EE 2 h, B0 R B A 10 ml 3 BE W
(50 mmol/L Tris-HC1, pH 7.6, 300 mmol/L NaCl,
10% glycerol, 1% Triton X-100, 1 mmol/L DTT,
20 mmol/L imidazole, 1 mmol/L PMSF) =¥t 3 ¥k,
B 2 1.5 ml EP A TP 4RZE ] 1.3 ml BRI
3~59K, ARG T mlBEBEH (50 mmol/L Tris-HC,
pH 7.6, 150 mmol/L NaCl, 10% glycerol, 0.5%
Triton X-100, 1 mmol/L DTT, 150 mmol/L
imidazole, 1 mmol/L PMSF, 1 protease inhibitor
cocktail tablet/50 ml (Roche) ) ¥/t SnRK2.6, 7E
PRI =4 h 4k SEHIA 100 pl Anti-FLAG M2 Affinity
gel T4 CTFEERER 2 h, B.OE FFEH 1.3 ml
HrorY % ¥k W& (50 mmol/L Tris-HCI, pH 7.6,
300 mmol/L NaCl, 10% glycerol, 1% Triton X-100,
1 mmol/L DTT, 1 mmol/L PMSF) ¥ 5~10 ¥k,
5 A 100 pl 3xFLAG peptides # SnRK2.6 K H:
SUMO 1k 257 eI T 2k o ZEVRI ™ Hy b fim A 25
SxER T FAEGE PR 2 AR, 100°CT R A8V I
f1% B SDS-PAGE, CBB:(fm{ WB Kl .

i 45 5 SUMO B . B LR P20 E
Wzt Y2 CBB Y A5, HI—RMHEJI 4431
Joz e AN A T 45 SUMO FL A5 40 i DI RI T ok, 4


http://sumosp.biocuckoo.org/online.php/
https://www.abcepta.com/tools/
http://www.jassa.fr/
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METAFEPE ], LA hEBFEBE G S K
B Y A5 B 5 A 2 oG 2517 SUMO
AL SSE R . FEAALHL . S Mo i S
MESCHk [29], HAMAGE A FEAT T,

JE AR - RERE T T AT 50 mmol/L kIR
HZ 119 10 mmol/L () DTT ¥ T 56°C N ik Jit 1 h;
b J5 5% %% 2 &4 50 mmol/L & iR S 4 1) 55 mmol/L
(L L ISR TR 25 1 T e 34k 45 min; 5%
JE A BREE (T 37°C T it i e o A 1
A 5% — I LTRAN 50% LG (A HE U o 18 75 Ak
FEXTEERS ) 2 I T IR, $RBORZ HAs ik
AR T I (4 StageTip /IVEEXT 22 B HEA T
Ehab,

WAH S (liquid chromatography, LC) -HBE¢
Jii 1% 72 (tandem mass spectrometry, MS/MS) 73
Br: KRS M Z IR T 56 0.1% PRI
W, >R H Thermo Fisher 2 7] 4= 77 i) LTQ Orbitrap
Elite J5 1% 1% 5% JT] Easy nLC &5 20 M 3% & 4
(1 00043%) #E47 LC-MS/MSZMH7,  LASCHE i 5!
FARRISE BRI . 22 BRZE SO AR (i o5,
B S H: R AR 150 pm K 250 mm 1) 73 A7
FE, BOBFRRIAR 1.9 um A9 C18 TR, VA (A3 im0
AR (F0.1% W) 5B (% 0.1% R
B4l CNEVERD) . RHAEL YRS VA, B IR L)
£ 90 min P HH 3% 4T+ % 30%. 7 Orbitrap 73 H7
TR BERY 1, X HRRBUE S 240 000 (400 m/z)
H s B B0 e 10°, ek gk — 2 ik B (5
TR EE R I 20 DM REE AT L AL, JRTE
AN B B b 5 il GBI L R
(collision-induced dissociation, CID) 45 1 1L filf
FERERLIE M 35,

BB %E % . R Thermo Fisher il & fR 11
Proteome Discoverer™ 1.4 8k {47586 43, Bl
PR & e RS I 5 B W8 U (The Arabidopsis
Information Resource, TAIR) FELfYEE )i ZH 751
(NCBI £ % J¥ %1 & , www. ncbi. nlm. nih. gov/
RefSeq/) LAKCH UL TS Gs 26 1 B cas e (Can i)
AEAS) . BRSO E N BB mzE N
0.05 u, FVFEESE AN SEEREZ 24,
For I R 2 KA e MK R 6 2R . e KK
FEN 14425518, 2 K5 3 B 480 I R B PR
BIBOE N 0.01, KRN, K52 bt 2 2 P Bt T 54k
(57.021 u) FHEREREANL (15.995u) BN FEE
& i, K 1 2 R SUMO b (QTGG-325.139 u;

pyroQTGG-326.123 u) & Ky ] 28 & ffi . | M
Scaffold # {4 /1 i) Peptide Prophet T. E. X £ 48 #:17
I, WM SUMO 1h Ik B 4T A\ T35 4%
o SR BOABUEGE 99%, HEDT
B EE=95% M KBS
1.9 WEFHITIERR

4lifk, GST-ESD4 ., pET28a-FLAG-SnRK2.6 LA
% i pET28a-FLAG-GFP =4~ i . $F 1 ug 1Y
GST-ESD4 5 1 ug Y pET28a-FLAG-SnRK2.6 5 1 pg
[ pET28a-FLAG-GFP 7£ 1 ml 2K [ Jfi 4% 5 2% vh I
(50 mmol/L Tris-HCI, pH 7.6, 150 mmol/L NaCl,
10% glycerol, 0.5% Triton X-100, 1 mmol/L DTT,
1 mmol/L PMSF, 1 protease inhibitor cocktail tablet/
50 ml (Roche) ) HUEAA], B 100 pl /E A%
ABEA (Input), % F 9900 pl iAW ImA GST
BNEEEEIE 50 ul, T 4°CFIEE 2 h, ZE &0l
£ GSTHEMS . VR TR A 2% B 1 BT L FEZE o
W 100 pl, F100°C FAEPES min, B.0J5 LA, H
UK. R, ORI GST Hitik# Il ESD4, #IH FLAG
BRI SnRK2.6 LA & GFP, /37 ESD4 RETR 44 5
454 SnRK 2.6,
1.10 {&5pESUMOYL B ST

FIIH 40 SUMO E 4K £ 3145 SUMO R A& 1
SnRK2.6, 1 Ni-NTA Agarose ZiifkJ5 Bt 1 pg itk
FEYL, oSSR GST 2S8R H 11 . GST-ESD4
DL K GST-ESD4“SYE 50 pl 23 SUMO 1k 52 1 2% itk

i (50 mmol/L Tris-HCI, pH 8.0, 150 mmol/L
NaCl, 1mmol/L DTT, 0.2% NP-40, 1 mmol/L
PMSF, 1 protease inhibitor cocktail tablet/50 ml

[Roche] ) T 30°C1H /K ¥ 8% b % & AS [] 1sf 1]
SRIG I 13 ul 5% 88 11 5T | FF 92 vh i 2% 1k O
100°C FAEPE S min, B0, FAE. 10% AYBERE LUK
S, ZJE WBEESE . I FLAG HUiAK: I SnRK2.6
FRIAS JFE 2 15 7K S FI SUMO AR & Hid i, FH GST it
KRG GST . ESD4 L) K ESDA“S [ kA5 10
1.11 SnRK2.6H{ 5P AR SLI8

fifi 1 JC 4 Mg 2% o i (25 mmol/L Tris-HCI,
pH7.5, 10 mmol/L MgCl,, 10 mmol/L NaCl,
10 mmol/L ATP, 5 mmol/L DTT) 43 %iI4&H¢ Col I
sizI-2 LRGN SE AR, &0 EE 59
Hhalifb i) FLAG-SnRK2.6 %5 (A 7EZE IR F 29I &
0. 3. 6. 9ho Rl a] s 0 & 7~ 28 s i A8 P
J&i F FLAG HURKE I AN SnRK 2.6 Y 2 11 5 5 &,
JH Actin2 LK M IR Actin2 BRI RS, JT¥
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Actin2 1 A £ B[] 5 bR A 0 — B st i, H
Imagel #1473 Hr 45 Bt 18] 15 SnRK 2.6 AUAHXT & 1,
0 h 1Y) SnRK2.6 £ 11 & i A Wi o 1, HAh ] 5
R 1A B 543 045 0 b AR B 1A B S A X EE
A,
1.12 ABARMEMSFLXHASKE

B H BB T A K 4 8 22 A B0 0L 07 5
JEM BTN, BT ALIF L (10 mmol/L KCI,
100 pmol/L CaCl,, 10 mmol/L MES, pH 6.2) H{%
W2 hESILFTTITIFE, RIGH ZE 57 20 pmol/L
ABA FBT AL O, AR & (22°C,
KHBR) F4ksLidi 2 h IESFSALCH] . ABA AL
PSR, HEEGT RRR IO R R, L
SEAENG BT ARBE A b, 7E WA ST R
F% . BRRESEEVERE /D 30 S fL, F Imagel X
PR A SALR B 558, RS (58

(b

SD-WLH
+ 1 mmol/L 3-AT + 5 mmol/L 3-AT + 10 mmol/L 3-AT

FEARE), FH prism B4 TG 10T
p £S5

2.1 SnRK2.65SIZ1EEES

% I8 SnRK2.6 J& ABA 15 5 A% 0477,
Z M PTMs W45 3G ol DI RE, B T #5% SnRK2.6
JEBAETE SUMO B, ARAFFE /3 5Hg 2 T AD-
SIZ1. BD-SIZ1. AD-SnRK2.6. BD-SnRK2.6, %X
J5 FIH Y2H £ AR 4347 SnRK 2.6 5 SIZ1 45 A5 .
5L WL, AD-SIZ1 5 BD-SnRK2.6 RE % B 45 45
A, X4 BD-SnRK2.6 /7 75— 1 A B id Pk, H
TR 3-AT e B nT A 5l 2 (Bl 1a). [RIEF &3,
BD-SIZ1 WAFFEER I F GG, 3-ATRXEARL
Wiz, P RS F OR AR SIZ 1A 43 B
Bt, HJ# % BD-SIZ1-N I BD-SIZ-C, A& FA6 i
H 5 AD-SnRK2.6 455 1F 0L (Bl 1b, ¢). 45R R

o %{\)\

SD-WLH SD-WLH

S1Z1 |SAP PHD PINIT SP-RING SIM NLS|
1

SIZI-N [SAP PHD PINIT  SP-RING J
1 497

S1Z1-C

©

SD-WL

&
& «& %ég

SD-WLH

| SIM NLS |
463 873

© ©

SD-WLH

+1 mmol/L 3-AT + 5 mmol/L 3-AT

Fig.1 SnRK2.6 interacts with SIZ1 as determined by yeast two—hybrid assays (Y2H)
(a) BD-SnRK2.6 interacts with AD-SIZI in yeast. (b) Schematic representation of SUMO E3 ligase SIZ1 in Arabidopsis thaliana. Domains are
illustrated by dark grey boxes, including SAP domain, plant homeodomain (PHD), PINIT domain, SP-RING domain, SIM domain and the NLS.
(c) AD-SnRK2.6 interacts with the truncated version of SIZ1 (BD-SIZ1-C) in yeast. SIZ1-N: 1-497 aa; SIZ1-C: 463-873 aa. SD-WL, without Trp

and Leu; SD-WLH: without Trp, Leu and His.
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7N, AD-SnRK2.6 % 5 ¥ 45 & BD-SIZ-C 1 3F
BD-SIZI-N (K&l 1b, ¢). Ph LEEREH SR,
SnRK2.6 5 SIZ1 gty HE45 G, 456 X6 T
SIZ1 1) C ¥y o
2.2 SnRK2.67FFESUMOYK &1

SnRK2.6 55 SIZ1 WY H 4% 45 15 B WKk & SnRK2.6
Al REAFAE SUMO &M, PRI A B 58 R K A
W SUMO LB MR R AT TAI (Fl2a), 4505
N, A LLSUMOL, SUMO2 if & SUMO3 A fit
&, FAREAE SnRK2.6 AN (~55 ku) L5k
BN SRR S S o Ui SRl SRl KON T
70~100 ku Z [&] , W] SnRK2.6 77 fE SUMO 1k &

'ASUMO (GG) |
(6xHis -
-|S-Tag
His

pCDFDuet-AtSUMO-
AtSCEL

pACYCDuet- \

AtSAEla-AtSAE2

i, HAPIZSUMOLAA (KI2b), WAk ALAIS
T B K/NE, SUMOI 1 SUMO2 5¢ 4= — 5,
SUMO3 5 SUMO1/2 5 B & R H A7 A8 4 o it 2
5, SUMO3 1y & 4rF it SUMO b 254 i E IR T
SUMO1/2 43T it 454, SUMO3 1IR3+ ot
it SUMO b Z&fy B AIK T SUMO1/2 Ik 43 ot &t
ot (El2b), HEN 5K SUMO 40 T4 B i) 24 5k
BR 20 B LA e =45 A G, 75— aim |,
SUMOL1 5 SUMO2 f71E 94% [ & Kz — 2k, i
SUMOLI 5 SUMO3 Y47 48% W& 3L — 8k, 5
SUMO3 [, SUMOI1 Fil SUMO2 754 H R 45+ |
Pz,

2%FLAG,
6xHis| -

pET28a-FLAG-
AtSnRK2.6

|S-Tag

(b)

E1+E2+SUMO1 - + + + + EI+E24SUMO2 - + + + +  EI+E24SUMO3 - + + + +
SnRK2.6 + - + + + SnRK2.6 + - + + + SnRK2.6 + - + + +
ku ku ku
100 — < 100 — - 100 —

70 — - < 70— 70— <
55— . 55— -
< 55 <
40 — 40 — 40 — -
a-FLAG a-FLAG a-FLAG
(© (d
SUMO1 - + - + + - - SUMOI1 +E1 - + + + o+ o+
SUMOI(AA) - - + - - + + E2 - + - + + - - -
El+E2 - + + + + + + E2(C94S) - - + - - + + +
SnRK2.6 + - - + + + + SnRK2.6 + - - + +
ku ku
100 —f 100 —
70 —
70 —
55—
3= 40—
a-FLAG
40— 25—/ :
< E2&
15—1

a-FLAG

Fig.2 SnRK2.6 was SUMOylated as determined by the SUMOylation system in E.coli
(a) Diagrams of three representative plasmids used for reconstruction of the SUMOylation system in E.coli. (b) SnRK2.6 was SUMOylated in E.coli.

E2(C94S)

a-S-Tag

Three plasmids were co-transformed into BL21 (DE3) for protein expression, and the expression level of SnRK2.6 was detected using an anti-FLAG-

tag antibody. Black arrows: the predicted protein molecular mass of SnRK2.6, nearly 55 ku; red arrows: two specific SUMOylated bands of
SnRK2.6. (¢, d) The mutation of active sites in SUMO1 or E2 abolished the SUMOylated bands of SnRK2.6.
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1 T K IE SnRK2.6 177 SUMO fb A& 1 1) 4 5+
£, B JG B SUMO 4> F W 16 PR 47 5 28748, Bt
SUMO 43 C ¥ B A4~ 3% 22 1 H 2 82 28748 0 T AR
(GG-AA), BCF R E2 (IEEGE TG PR 548, B
4 SCE1 % 55 94 i 19 2 e 2 R 28 48 hy 22 & 1
(C94S), SRJE# il SNRK2.6 i) SUMO LIt . 4
LI, ANEIESUMO 4 F R IE IR & B2 K65,
SnRK2.6 [ ¥ 5% SUMO b4 AN E 74 (K 2¢,
d), AR ST R T AR B
SnRK2.6 ] SUMO k457 . H1 T — 1> i # SUMO
T KRR 12 ku, M+t FIr, SnRK2.6 11y
SUMOLAE A IR 14, Arlfg2 s 214
2.3 1RZSnRK2.6B9SUMO i &=

T 5% SnRK2.6 HL{KF) SUMO fhfi s, B
JefE Bl SUMO LT T 217 173 #r. #% SnRK2.6
EHEKFE 555 A GPS-SUMO .,  SUMOplot
JASSA =/~ SUMO i T 5k 7 iy R i, s34y
Myt 445 AT RER SUMO AR 5, HITK57. K63,
K142, K190 ([&l3a). HHXeefy g 73 i A7 s 58
W Z SR, BKELRR, BERUAGERAE
SUMO Tk iy 527, SR Ja 1 Bl 41 T SUMO fb 14 F 4K
WHAE . 1T K57 5 K63 fRiT, K142 5 K190 %
I, FLMESERHE K57/63R A28 F1 K 142/190R #Y
RAS | G HHE K57/63/142/190R DU 7%, 46 [ i
FRRIBFWB R BN, K57/63R [HXLZEAE A
W20 SnRK2.6 191 #5 R M H kR M, K142/
190R Y RLSEAE AN T SnRK 2.6 [T # R IF AR T
HE A TR E e, K57/63/142/190R DU %8725 11T
5 K142/190R —F(HiF— 155 T SnRK2.6 184
H et (B 3b) . 45 SUMO b 52 56 & 91,
K57/63/142/190R (1) U 58 28 FE A AN 52 1) SnRK 2.6 1
SUMO fbay BURIE (] 3c), FHIX e 5 ml g
AN & SnRK2.6 EL 52 B SUMO 4k o7 &, E 52 Y
SUMO A S 57 T3k JLAM S 2 4, 5 SUMO
TR0 R 2 HAFAETUAY, T REIRAFAE X B F3X 44
L 2Z AN A SUMO TR 1, 13X 75 B2 A Bh 51 Y
FBlk— A58

HRAE A SCHRIRGE , K5 SUMOT 435 89
NI R 2 kS AR (SUMOIL-H89R) AN
SIAJEE ARV NS, SUMOL 2k 25 aa 4 A
4 aa, BOPE RN SUMO LK B B 42K, J7
i EFT SUMO R i) 4 e AN s Az =07, BRI,
T #£9E SnRK2.6 H.52 [ SUMO b 5, AHF5Y
WK T RAERHE N, L SUMOI-H89R Hy fik 44

(@

Position  Peptide GPS-SUMO SUMOplot  JASSA
K57 EKID 3.451 0.5 -
K63 VKRE 15.592 0.93 Hokk

K142 LKLE 13.677 0.91 **
K190 LKKE 9.116 0.91 **
(b
SnRK26 + + - - - - - -
K57/63R - - + + - - - -
K142/190R - - - - + + - -
K57/63/142/190R - - - - - - 4 4
ku
70—
Ss—mmmm——— L ESIRK2.6
a-FLAG
55 bememeewamwe o0 00 08 € SnRK2.6
40—»‘“"%55“;—:'?‘?’: CBB
(©
El+E2+SUMOl - - + + + + +
SnRK26 + - - + + - -
K57/63/142/190R -t - - - 4+ 4
ku
100 j j SUMO1
o SnRK2.6
70 —' — -

55 _g m.((: SnRK2.6
f A o-FLAG
Fig.3 Exploration of the SUMOylation sites on SnRK2.6
using website prediction and WB analysis

(a) Four putative SUMOylation sites in SnRK2.6 by three websites
prediction. The scores or asterisks calculated by different websites
indicate divergent possibilities of SUMOylation sites on SnRK2.6.
(b) Detection the protein stability and mobility of SnRK2.6 by “K-R”
mutation combinations. (¢) The SUMOylation bands of SnRK2.6 were
nearly not affected by the quadruple mutation “K57/63/142/190R” in
SnRK2.6.

K15 T SUMO L &M 11 SnRK2.6 1, #X )5
FH Ni-NTA Fl FLAG B A4 A 5 114 Byt i B 45 e oty 3
TroEmaifh, e iiEsse. CBBYLEAIWB
YEWE T SnRK2.6 1 25 4% 5+ SUMO 1k 25445 1Y
AEXTALE (El4a) . KX 2 SUMO fL4545 L CBB
e Ay DI E PR T S . SRR, S
T SUMO fb 444 D% 2 #l K63, K142, K174
=AM (El4b), 5Tl SUMO T4 Q%
FEF K63 FIKI42 A5 (Klde). nlbL, ikt
KER K63, K142, K174 =4 SUMOfkfi i, H
K63 FIl K142 37 S AFE TR 1 SUMO Ak 9] 3 1330
ghEEh U K174 207 % B

FH K63/142/174R = 5878 () SnRK 2.6, [1)5
HEFRRIEMWB R IR, K63/142/174 1) =848
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:--@j (D<€ SUMO1(H89R)
@ (@< -SnRK2.6
|
< < SnRK2.6
CBB o-FLAG
(b)
Position Peptide PSMs Total PSMs
K63 YIERGEKIDENVKR 2 5
K63  YIERGEKIDENVKREIINHR 1
K63 GEKIDENVKREIINHR 1
K63 GEKIDENVKR 1
K142 DLKLENTLLDGSPAPR 4 4
K174 SSVLHSQ}F}I;\S]’]I:ZIETPAYIA 2 2
()
Position Peptide PSMs Total PSMs
K63 YIERGEKIDENVKR 2 3
K63 GEKIDENVKREIINHR 1
K142 DLKLENTLLDGSPAPR 3 3

Fig. 4 Exploration of the SUMOylation sites on SnRK2.6
using affinity purification coupled LC-MS/MS analysis
(a) Two specific SUMOylation bands in SnRK2.6 were individually
subjected to LC-MS/MS analysis. The SUMOylation bands on
SnRK2.6 were subjected to sequential Ni-NTA and anti-FLAG
antibody-conjugated beads affinity purification, the eluates were
separated by SDS-PAGE, stained by coomassie brilliant blue (CBB) or
subjected to immunoblot analysis by anti-FLAG antibody. (b) Three
SUMOylation sites on band (D were detected by LC-MS/MS analysis.
(c) Two SUMOylation sites on band 2 were detected by LC-MS/MS

analysis.

BT SnRK2.6 (9 8 (I RS 2, HlSs T HAR T
£, (H A1) SnRK2.6 1Y) SUMO 1k 45 784 il 5 i
(52, b)o Fi&, NHHEET K57/63/142/174/190R
TLRAF ) SnRK 2.6, K57/63/142/174/190R H) F1.987%
5 K142/190R H1K63/142/174R (1945 F 200, AL
JEMART SnRK2.6 (ERE %R (K 5c), HIFS T HER
FEVE, HARIHEE AR A 0 SnRK2.6 1) SUMO 1L 7
IR (JK5d), jXeEE 0T, ok T A o
TS A5 B 3K 5 LTSRN & SnRK 2.6 FLAL (1Y)
SUMO U AN, s i A AE ST T 5 M s 22 4
f9 HA SUMO AL A
24 SnRK2.65ESD4EELS

SUMO 1L &M J& nl i iy, BESR SIZ1 g 5
SnRK2.6 H#4A (B 1), Wek—EHFHES

SnRK2.6 %% £ 1A 7 H: 22 SUMO 1k ) SUMO 2 A
fitg., R, 5 E Y 84~ SUMO 4 i1 4 K CDS
S H R R BD K I (BD-ESD4 X LA 7
V£, FAUSR BB RREAAG , FR RS T A N ity
R SR C ot O 1 3P A b TR BB S AE W R
K), )55 AD-SnRK2.6 —X —IiiF, 455 Bs,
FEFTAT R Y 8 4~ SUMO 2K Il 51, HA BD-
ESD4-N 5 AD-SnRK2.6 fE7Efr s PE24E & ([l 6a) .
HT R FE A AW RS, B S UK GST-
ESD4. pET28a-FLAG-SnRK2.6 LA & [ P % #g
pET28a-FLAG-GFP =& [ ifE KIAFF I BL21
aifbibick, JFRE TIRINMERIDIE LR, 2R TR,
£ GST HUR R S BEBTTE Y, SnRK2.6 1Ml GFP
RSBk FLAG Biikfsill 2] (Kl eb), FKHIESD4 5
SnRK2.6 (i BEAE e Sk A
2.5 ESD4#EZ15SnRK2.6SUMO1L

4T ESD4 fEf% 5 SnRK2.6 B #4544, T2k
FEJE T 1R4h2: SUMO LS55, 43 M ESD4 BE 75K
SUMO 4k B SnRK2.6 2 SUMO 1k . #| i 40 i
SUMO 1k 14 % & 4 SUMO L& 1) SnRK2.6, RJ5
523 30K GST . 525640 GST-ESD4 L) & SUMO 45
it 5% P B 2 X 1 GST-ESDACS 43 31| 8% 75 A~ [1] Fisf
/6], FFH FLAG HUAAKN SnRK2.6 H AR JiE % 15 7K -
F1 SUMO LB M5 &, FIFH GST B4l GST .
GST-ESD4 L) K GST-ESD4“ it 25 11 Joi 6 ik 7K F- o
5K, {E1h, GST-ESD4iLfEfsH SnRK2.6
[P 5% SUMO LA S8 e 5Bk, 128 2k GST Ml
GST-ESDA““S A LA L BRACR , BEH 2 h 22k
IR (Kl 6c), XM ESD4 AT e — A it
1) SUMO #E [ i, HE@%°1% SnRK2.6 £ SUMO k.,
H 25 SUMO 1k 1y Ty BEAR 81 H: SUMO £ 11 il 7% P 1)
fETE
2.6 SUMOYLHI#I 7SnRK2.689%E B 2 E

TR SUMO 4k J2& 45 52 i SnRK 2.6 (1) 25 [
JEohfe, ARSI T SnRK2.6 A& FH e
o SIZ1 2R I TP U B~ SUMO E3 i #2 /il
Zo—, IR O g AR AR R B T VEBL LR Y
SUMO fhife 2 /BB T s A 7 . PR, AR 58 Al
JHTCAI M ZZ i (cell-free buffer) 43 4 HL Col Fil
sizl-2 £ RS /NE B E BT, 5K E Y
FLAG-SnRK2.6 [ TE R FEE ARBIH, K
FLAG-SnRK2.6 7E Col Fll siz1-2 F iR ff vl . WB
SERR, AR FTA R AR Y R Y, FE[R]— B TE]
i, FLAG-SnRK2.6 7E sizI-2 W YA X & (% &
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K63/142/1]7(4R - - 4 g SRK26 o Lo
70— K63/142/174R - + -4
ku
55— .- - < < SnRK2.6 100 — j SUMOL.
o-FLAG 70— j SnRK2.6
40_ — —
55— e o < SnRK2.6 55— < SuRK2.6
S —
0= CBB «-FLAG
© SnRK2.6 + + - - ) El+E2+SUMO1 - - + o+ o+ o+
K57/63/142/174/190R - - + + SnRK2.6 + - v o - -
ku K57/63/142/174/190R -+ - -+ g
70 — o
<« 100 — o
55 —"..(_ SnRK2.6 j SUMOI-
BN O FLAG 70 — SnRK2.6

40—----

w %g}: SnRK2 6

40 — G e

: ((: SnRK2.6

a-FLAG

Fig. 5 Verification of the SUMOQylation sites on SnRK2.6 identified by LC-MS/MS analysis

(a, ¢) Detection the protein stability and mobility of SnRK2.6 by site-directed mutation combinations. (b, d) The SUMOylation bands of SnRK2.6

were nearly not affected by the triple mutation “ K63/142/174R ” (b) and quintuple mutation *“ K57/63/142/174/190R ™ (d) on SnRK2.6.

(@

(®)

Input GST-IP

AD SnRK2.6 + -
BD GFP + - +
GST-ESD4 + + +
Vec ‘ ‘ ku
55 — I < SnRK2.6
- a-FLAG
ULPIA 0 O 35 - < GFP
e ® O 100 —gess e < GST-ESD4 | 0-GST
()
SnRK2.6  + +
LPI
ULPIC e O El +E2+SUMOl - +
GST - + -
ULPID . . GST-ESD4 - - - + - +
GST-ESD4“#8 - - - -+ -+
FUGI o . Incubatonh 0 0 1 1 1 2
o o
SPF1 100 — SUMO1-
° 70— 8 € gnRK2.6
SO O 55 < SIRK2.6
*3:‘ o-FLAG
100 — . -
ESDAN e o " = . <GST-ESD4
55— y
el O O wGST
40 —
SD-WL SD-WLH 35— D e I e BB < GST
+3 mmol/L 3-AT 25—

Fig. 6 [ESD4 specifically interacts with and deSUMOQOylates SnRK2.6

(a) Screening the SUMO proteases interacting with SnRK2.6 by Y2H assay. (b) Verification the interaction between SnRK2.6 and ESD4 by pull-
down assay. (c) The two specific SUMOylation bands of SnRK2.6 were deSUMOylated by ESD4 but not by the mutated version ESD4“*S that
without SUMO protease activity.
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I & T Col AT E A & & (Kl 7a, b), fEH
F W] SUMO kXt SnRK 2.6 A4 2 1 i f i 1 i 41 1l
(a) (b)
FLAG-SnRK2.6 5
>
Col sizl ':'j
ku 0O 3 6 9 0 3 6 9 h é
55— M - e o e @S e e < SnRK2.6 ‘{:,
1.00 0.74 0.38 0.24 1.00 0.99 0.66 0.57 B
55— . & ! . |
— — —=——— —— — < Actin2 0 0 3 6 9
t/h
(©) (d)
snrk2.6 snrk2.6 sizl 1.0 '- ‘Mock
g :ABA ¢ ¢ ¢
08F ¢ c
Mock g~
=)
T2
< o
£z
20 pmol/L | i
ABA

sizl  snrk2.6 sizl

Col snrk2.6

Fig.7 SUMOylation inhibits the stability of SnRK2.6 and SnRK2.6 is genetically epistatic to SIZ1 in stomatal closing
(a) Cell-free degradation of SnRK2.6 in Col and siz/. FLAG-SnRK2.6 protein purified from E. coli was incubated with protein extracted from Col or

sizl mutant at room temperature for 0, 3, 6 or 9 h. The numbers below the blots indicate the relative intensities of SnRK2.6. Actin2 was used as

loading control. (b) The relative levels of SnRK2.6 (mean+SD) corresponding to (a) from three biological replicates for the indicated time course.

Asterisks indicate statistically significant differences (#-test, *P<0.05). (¢) Stomatal apertures of Col, snrk2.6, sizl and snrk2.6 sizl without or with

20 umol/L ABA treatment for 2 h. (d) Quantification data of stomatal aperture (width/length) corresponding to (c). At least 30 stomatal aperture from

three biological replicates were analyzed per replicate. Values are mean+SD. Different letters indicate statistically significant differences according to

two-way ANOVA followed by Tukey’s multiple comparison test (P<0.05).
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SnRK2.6 5 T liF % 55 [H - Hy 45 45 30 55 25 )8 % ABA
55 22 2 R OR [ A& i 36 R AR
SnRK2.6 %M, SnRK2.6 i PTMs 17 1E L RENE |
Stk . REUERRS N . BFGER R 2 ] s
PR FIAR .G R B2 Je ST 2B M e L ) 5
BLJ7m, DL SnRK2.6 Ml JEFFIFFT & — BRI D)
A Mo

SUMO A BAZ A= Py vh i A7 F H D RE (ST
M —F PTMs [l 2 5 ABAfF 5% . .M
SUMO E3 #%:#:if S1Z1 i ABA R %, B AHL
SIZ1 JEHE B 25 1Y ABA U A, sy -
(Kl SIZ1 % ABA F i ABI5 Fl MYB30 /™% 55 [A]
T SUMO fh A& i i B[] g 240 JIE % 1 AN e
FE 15 (abscisic acid-insensitive 5, ABI5) FlE [
¥ Myeloblastosis 55 798 3 A [R] PR K % (v-myb)
(myeloblastosis 30, MYB30) 437l J& ABA 15 5 fY
IEfREE R, SIZ1 8 &k SUMO fh &4 il il T
ABIS 15 SO TE I 98 T MY C30 B4 s i
WEHEREATRENE, WM TEE ABA RS Y,
T ABA 5 5 it bR 5 A9 38 B ) A KR &
HABEZEE L, X, SUMO T2l
ABA 5 5 W . %4, SUMO % H fi§ ASPI
(Arabidopsis SUMO protease 1) FJIIHEHR I 58 AF K
T T FE 0 ABA ABURRYERAY, [FIHEERE
ABA A3 5 ABIS £ AL 2> F MYB30 8 FH AR
EROMA IS 7, Rk SUMO L IE % ABA 15
5o R, PIREFT SUMO 4 F i ESD4 1) Zh A it
RAFIRIAIREFE L ABA BB ABURR A 2, T ELE A
Bifi SnRK2.2/2.3/2.6 TG P (4 4 v AR 1 o A St 1Y)
T B i /R SUMO 1 2R ABA 55 1 .
SUMO L E| I S& A i J& il ABA TS 5119 A JC
LI FIR R S R B B B S L R s R R
SMEHL L ER. EREENE: SIZLY
ABI5 DL K MYB30 #BRENS H#:45 7, HSIZI A%
ABIS F1MYB30 1) SUMO fL &M 4L s 1), A5z
ABA Zb 352 2 HAF T K SUMO fh Y
FE5FPE SUMO & R A1 AR WAHRIE 5 ASPI (RS A
Bifi ABIS 4[5 A MTMYB30 U fH 2, {H ASPLRETR 1.
254 ABIS fil MYB30 J£6 H: 2= SUMO b th A3
H % ESD4 e 233 B SnRK2.2/2.3/2.6 P4
PR B AR R A LR, (X ) RE K
i ESD4 119 & SUMO 1L iE AR A0 o7 R,
RIY ABA 15540 43 19 SUMO 1k &M 17 158 LA K % 16
o 81 P e RN [ A 9 B 1 S T ReAT AT ) R Y

WFSE S AIATSE 3 3

AWF5EE T Y2H 5255, &P SnRK2.6 5 SIZ1
B A, IPRE T 8 4SS & X34 T S1Z1 /Y
Cuip (B 1) 5 FH KM AT HE SUMO fb ik & IiF 52
SnRK2.6 f7-7FE SUMO k&, ELA A4 S
A (K2); #—4 % ¥ SnRK2.6 HfiE 5 SUMO
FEHMR G 0 ESDAFER LS &, 56 X0 T
ESD4 () N 3 458k ,  H. SnRK2.6 Y} 45 SUMO 1k
ZA e ESDATERR (Kl 6) . X LB i 1
SnRK2.6 £ 7E A] 1% SUMO 1k & Hfi fit) 35 52 P Fi1 ] 5
Yo PR IARIME B SRR 2B, SUMO fhfi s
SnRK2.6 & H Fifa e (Kl 7a, b). ABAET
SALEPIRY A BSIR R B, SIZIAE R ke 7
BEER, HixIEe 58 MK SnRK2.6 (Kl 7c, d).
DEEE R, SUMO 1k 2/ 238 1+ 1 SnRK2.6
RS PR R LR I DI Y, SIZ1 A v Rl i
SUMO 1k 46 i [ A5 SnRK 2.6 B K i 4 1 i 171 1 45
SnRK2.6 fE FE AL ICH DI RE . 1X BEHEM & 75 1 7
DL AL A T e 2205

Th, R T 42K, SnRK2.6 HAAT)
SUMO A sl THA N (E13~5), X ZARAFFEI
AR5, SUMOLYE it Z 84 E R 5. T
TEANASERE . SEORE . BRI . ARAR
L2 EN R AW AT A B Y
SUMO1-H89R “H it f& JF J& () SUMO 1k & i %
B RN AR B A S A B T —
EFEE LS B S SUMO 1k Ik B i) & 427K F
(B RE 52 AR ) SUMO LY EL 52, A Al
fE 15t — 2L LS SUMO L Ik Be i SUMO fb iz A5,
A BE R IHAG I [ SUMO1 #h Hifth SUMO 43+ it
K SUMO MBI IL o & X ik 2l f, LU 1 FH s
TG R S ) A T e B B
X

PRI, A NF T 44 SUMO 43T C %t
“GG” 1EMEAL AT AR R IR T MORSFIE,
M “WaLlP VI +KGG bk s 47 mye i F B,
RENEAE Bl P 1A P B2 = ORI SUMO Ak JiS ) B -
SUMO b3 i °% . FEFARGIT Y 4 1~ SUMO 43+,
2/LSUMO121Y “GG” itz “T”, FrLAFIFi%
ST LIS S Sh Y T i % T B, FEA IR N TE 2R
20 J2 1 3 5 SUMO fRJEH) K H: AR
A, AT DLl A HARJIE 40 SnRK 2.6 ) SUMO
VA= i I o VAL 3 SRS R I 12 B K1V
FAIT B SUMOL 43+ Hh T A 74~ 1 2 R 42 58 748



<1996+ EMUEEEYIEER

Prog. Biochem. Biophys.

2026; 53 (7)

Sh K B TR A R TR K U ) R ik R4 (KO-
SUMOL) J&, KIi% RS IEAAZZ L ¥ IE 5
(A K & B o B AR 8 T R R 1 SUMO 1k
i RLRISR (R KIRAE T T SUMO fh IRk B 9 & 4
OB RESE P HHEN, R RS E &
SnRK2.6 1] SUMO fL KB -4 7 i 1 4 o A1 23R4S
SnRK2.6 CHEH SUMO TR . J34bh, B T
Tl BRI J5 5 6 T B = 0K SUMO b IS
ZHb, BRI R —SC R {5 B s r AR A B ARk A T
SUMO f Tl o & — 45 B 42 . Bl 5 2500 e v
SUMO 1 JiK 40 %5 f: 11 32 7 348 22 A ) 45 B 3R 1Y)
THR A, ME B 219 SUMO LI Wk w2t &
B, X TR Y & H SUMO kg i T s 5
HLHIEA B A HE S

4 & &

2 H B SnRK2.6 17 7F SUMO b A& 1fi LA ™
2 SUMO fk 47, SUMO #& {1 i ESD4 5 SnRK2.6
HEZ AN S H L SUMO fkit 7, SUMO 1k 1&1fi
R4 SnRK 2.6 Y EE [ BAsE ,  SIZ1 A A] g & il
1 SUMO 1L & i #1 il SnRK2.6 Y £ 1 5 Fa i 1 ik
I A ABA ST 1L T RERY .

M AT ZERR (http://www.pibb.ac.cn, http:/
www.cnki.net) :

PIBB 20260012 Table S1.pdf
PIBB_20260012_Table S2.pdf

HiEAAMAER AR IE T kK
(DOI: 10.57760/sciencedb.38562/CSTR: 31253.11.
sciencedb.38562) T 7ERI K HE4RTT (ScienceData
Bank, ScienceDB) % ¥ £ https://www. scidb. cn/
detail? dataSetld=66¢23362057643bea5fe8a794954b2
ad "PJ ) SRR

&z % x W

[1]  Zhu J K. Abiotic stress signaling and responses in plants. Cell,
2016,167(2):313-324

[2]  Zhang H, Zhu J, Gong Z, et al. Abiotic stress responses in plants.
NatRev Genet, 2022,23(2): 104-119

[3]  Fujii H, Zhu J K. Arabidopsis mutant deficient in 3 abscisic acid-
activated protein kinases reveals critical roles in growth,
reproduction, and stress. Proc Natl Acad Sci USA, 2009, 106(20):
8380-8385

[4] Fujita Y, Nakashima K, Yoshida T, ef al. Three SnRK2 protein

[3]

(6]

(71

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

kinases are the main positive regulators of abscisic acid signaling
in response to water stress in Arabidopsis. Plant Cell Physiol,
2009,50(12):2123-2132

Nakashima K, Fujita Y, Kanamori N, et al. Three Arabidopsis
SnRK2 protein kinases, SRK2D/SnRK2.2, SRK2E/SnRK2.6/
OST1 and SRK2I/SnRK2.3, involved in ABA signaling are
essential for the control of seed development and dormancy. Plant
Cell Physiol, 2009, 50(7): 1345-1363

Ma Y, Szostkiewicz I, Korte A, et al. Regulators of PP2C
phosphatase activity function as abscisic acid sensors. Science,
2009,324(5930): 1064-1068

Park SY, Fung P, Nishimura N, ez al. Abscisic acid inhibits type 2C
protein phosphatases via the PYR/PYL family of START proteins.
Science,2009,324(5930): 1068-1071

Nishimura N, Sarkeshik A, Nito K, e al. PYR/PYL/RCAR family
members are major in-vivo ABIl protein phosphatase 2C-
interacting proteins in Arabidopsis. PlantJ, 2010, 61(2): 290-299
Fujii H, Chinnusamy V, Rodrigues A, et al. In vitro reconstitution
of an abscisic acid signalling pathway. Nature, 2009, 462(7273):
660-664

Gong Z, Xiong L, Shi H, et al. Plant abiotic stress response and
nutrient use efficiency. Sci China Life Sci, 2020, 63(5): 635-674
Ding Y, Li H, Zhang X, et al. OST1 kinase modulates freezing
tolerance by enhancing ICE1 stability in Arabidopsis. Dev Cell,
2015,32(3):278-289

DingY, JiaY, ShiY, et al. OST1-mediated BTF3L phosphorylation
positively regulates CBFs during plant cold responses. EMBO J,
2018,37(8): 98228

Ding Y, Lv J, Shi Y, et al. EGR2 phosphatase regulates OST1
kinase activity and freezing tolerance in Arabidopsis. EMBO 1J,
2019,38(1):e99819

Ng L M, Soon F F, Zhou X E, et al. Structural basis for basal
activity and autoactivation of abscisic acid (ABA) signaling
SnRK2 kinases. Proc Natl Acad Sci USA, 2011, 108(52): 21259-
21264

LinZ, LiY, Wang Y, et al. Initiation and amplification of SnRK2
activation in abscisic acid signaling. Nat Commun, 2021, 12(1):
2456

Katsuta S, Masuda G, Bak H, et al. Arabidopsis Raf-like kinases
act as positive regulators of subclass III SnRK2 in osmostress
signaling. PlantJ, 2020, 103(2): 634-644

LinZ,LiY, Zhang Z, et al. ARAF-SnRK2 kinase cascade mediates
early osmotic stress signaling in higher plants. Nat Commun,
2020, 11(1): 613

Lozano-Juste J, Alrefaei A F, Rodriguez P L. Plant osmotic stress
signaling: MAPKKKs meet SnRK2s. Trends Plant Sci, 2020,
25(12):1179-1182

Saruhashi M, Kumar Ghosh T, Arai K, et al. Plant Raf-like kinase
integrates abscisic acid and hyperosmotic stress signaling
upstream of SNF1-related protein kinase2. Proc Natl Acad Sci
USA,2015,112(46): E6388-E6396

Ali A, Kim J K, Jan M, et al. Rheostatic control of ABA signaling


https://www.scidb.cn/detail?dataSetId=66c23362057643bea5fe8a794954b2ad
http://www.pibb.ac.cn
http://www.cnki.net

2026; 53 (D)

3%, % . SIZIFNESD4iEid 5SnRK2.6EHiE4 A& N SHAESUMOWK &G

+1997-

(21]

[22]

(23]

[24]

[25]

[26]

(27]

(28]

[29]

[30]

through HOS15-mediated OST1 degradation. Mol Plant, 2019,
12(11): 1447-1462

Wang P, Zhu J K, Lang Z. Nitric oxide suppresses the inhibitory
effect of abscisic acid on seed germination by S-nitrosylation of
SnRK2 proteins. Plant Signal Behav, 2015, 10(6): 1031939

Chen S, Jia H, Wang X, ez al. Hydrogen sulfide positively regulates
abscisic acid signaling through persulfidation of SnRK, . in guard
cells. Mol Plant, 2020, 13(5): 732-744

Chen S, Wang X, Jia H, et al. Persulfidation-induced structural
change in SnRK2.6 establishes intramolecular interaction between
phosphorylation and persulfidation. Mol Plant, 2021, 14(11):
1814-1830

Wang J, Wang C, Wang T, et al. Tyrosylprotein sulfotransferase
suppresses ABA signaling via sulfation of SnRK2.2/2.3/2.6. J
Integr Plant Biol, 2023, 65(8): 1846-1851

Ma T, Yoo M J, Zhang T, et al. Characterization of thiol-based
redox modifications of Brassica napus SNF1-related protein
kinase 2.6-2C. FEBS Open Bio, 2018, 8(4): 628-645

Johnson E S. Protein modification by SUMO. Annu Rev Biochem,
2004,73:355-382

Miura K, Jin J B, Hasegawa P M. Sumoylation, a post-translational
regulatory process in plants. Curr Opin Plant Biol, 2007, 10(5):
495-502

Han D, Lai J, Yang C. SUMOylation: a critical transcription
modulator in plant cells. Plant Sci, 2021,310: 110987

Okada S, Nagabuchi M, Takamura Y, et al. Reconstitution of
Arabidopsis thaliana SUMO pathways in E. coli: functional
evaluation of SUMO machinery proteins and mapping of
SUMOylation sites by mass spectrometry. Plant Cell Physiol,
2009,50(6): 1049-1061

Miller M J, Barrett-Wilt G A, Hua Z, et al. Proteomic analyses
identify a diverse array of nuclear processes affected by small

ubiquitin-like modifier conjugation in Arabidopsis. Proc Natl

[31]

(32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Acad SciUSA,2010,107(38): 16512-16517

Deribe Y L, Pawson T, Dikic I. Post-translational modifications in
signal integration. Nat Struct Mol Biol, 2010, 17(6): 666-672
Keenan E K, Zachman D K, Hirschey M D. Discovering the
landscape of protein modifications. Mol Cell, 2021, 81(9): 1868-
1878

Miura K, Lee J, Jin J B, et al. Sumoylation of ABIS by the
Arabidopsis SUMO E3 ligase SIZ1 negatively regulates abscisic
acid signaling. Proc Natl Acad Sci USA,2009,106(13): 5418-5423
Zheng Y, Schumaker K S, Guo Y. Sumoylation of transcription
factor MYB30 by the small ubiquitin-like modifier E3 ligase SIZ1
mediates abscisic acid response in Arabidopsis thaliana. Proc Natl
Acad SciUSA,2012,109(31): 12822-12827

Wang Q, Qu G P, Kong X, ef al. Arabidopsis small ubiquitin-
related modifier protease ASP1 positively regulates abscisic acid
signaling during early seedling development. J Integr Plant Biol,
2018, 60(10): 924-937

Chang Y N, Wang Z, Ren Z, et al. Nuclear pore anchor and early in
short days 4 negatively regulate abscisic acid signaling by
inhibiting Snfl-related protein kinase2 activity and stability in
Arabidopsis. J Integr Plant Biol, 2022, 64(11): 2060-2074

Cui X, Lv M, Cao Y, ef al. NUA and ESD4 negatively regulate
ABA signaling during seed germination. Stress Biol, 2022,2(1): 38
Lumpkin R J, Gu H, Zhu Y, et al. Site-specific identification and
quantitation of endogenous SUMO modifications under native
conditions. Nat Commun, 2017,8(1): 1171
RytzTC,FengJ,Barros JAS, et al. Arabidopsis-expressing lysine-
null SUMOLI reveals a non-essential role for secondary SUMO
modifications in plants. Plant Direct, 2023, 7(7): €506

Sang T, Xu Y, Qin G, er al. Highly sensitive site-specific
SUMOylation proteomics in Arabidopsis. Nat Plants, 2024, 10(9):
1330-1342



<1998 EYUFSEYYIEH#E  Prog. Biochem. Biophys. 20265 53 (1)

SIZ1 and ESD4 Mediate The Reversible SUMOylation of SnRK2.6 Through
Direct Physical Interaction’
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Abstract Objective To investigate the novel post-translational modifications (PTMs) of SnRK2.6, a central
component in the abscisic acid (ABA) signaling pathway, such as SUMOylation, and to establish a foundation for
revealing the physiological functions and molecular mechanisms of SnRK2.6 regulated by these new
modifications. Methods The interaction between SnRK2.6 and the SUMO E3 ligase SIZ1, as well as members

of the SUMO protease family, was examined using yeast two-hybrid and in vitro pull-down assays. An in vitro
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SUMOylation system in Escherichia coli was utilized to determine whether SnRK2.6 undergoes SUMOylation.
Mass spectrometry, combined with site-directed mutagenesis of candidate lysine residues, was employed to
identify potential SUMOylation sites on SnRK2.6. In vitro de-SUMOylation assays were performed to assess
whether SUMO proteases interacting with SnRK2.6 could catalyze the removal of SUMO moieties from modified
SnRK2.6. The protein stability of SnRK2.6 was assessed in a cell-free degradation assay using bacterial-purified
SnRK2.6 incubated with total protein extracts from Col and siz/ mutant seedlings. To dissect the genetic
relationship between SnRK2.6 and SIZ1, stomatal aperture assays were performed under ABA treatment using
snrk2.6, sizl, and snrk2.6 sizl double mutant plants. Results SnRK2.6 physically interacts with SIZ1 and the
SUMO protease ESD4, with the binding domains localized to the C-terminal region of SIZ1 and the N-terminal
region of ESD4, respectively. SnRK2.6 was found to be SUMOylated, exhibiting two distinct high-molecular-
mass bands ranging from 70 to 100 ku, indicative of modified forms. Bioinformatics analysis predicted four
putative SUMOylation sites on lysine residues K57, K63, K142, and K190. Mass spectrometry identified three
SUMOylation sites on K63, K142, and K174. However, individual or combinatorial point mutations on these sites
had minimal impact on the pattern or intensity of SUMOylation signals, suggesting that these residues may not be
responsible for the SUMOylation on SnRK2.6. Instead, such mutations only weaken the protein stability or
accelerate the protein mobility of SnRK2.6. Therefore, the exact SUMOylation sites on SnRK2.6 remain
unidentified. In de-SUMOylation experiments, incubation of GST-ESD4 with SUMOylated SnRK2.6 for 1-2 h
led to the near-complete disappearance of both SUMOylated bands. In contrast, neither the GST control nor the

4C44XS

catalytically inactive mutant GST-ESD exhibited any de-SUMOylation activity. In protein turnover
experiments, SnRK2.6 exhibited markedly enhanced half-life in siz/ compared with Col, indicating that SIZ1-
dependent SUMOylation promotes SnRK2.6 turnover. Phenotypically, snrk2.6 mutants were completely
insensitive to ABA-induced stomatal closure; siz/ mutants displayed pronounced hypersensitivity; and the snrk2.6
sizl double mutant phenocopied snrk2.6—showing no significant response to ABA beyond that of the snrk2.6
mutant. These data indicate that SIZ/ acts as a negative regulator of ABA-triggered stomatal closure and SnRK2.6
functions as a positive regulator, and the inhibitory activity of SIZ/ is strictly dependent on SnRK2.6, placing
SnRK2.6 genetically upstream of SIZ/ in the ABA signaling pathway. Conclusion SnRK2.6 undergoes
SUMOylation, although the specific SUMOylation sites have not been defined. SnRK?2.6 is dynamically regulated
by reversible SUMOylation—catalyzed by SIZ1 and reversed by ESD4—which controls its protein stability.
SUMOylation acts as a destabilizing signal for SnRK2.6, and SIZ1 exerts its negative effect on ABA-triggered
stomatal closure probably through promoting SnRK2.6 degradation via SUMOylation. These findings uncover

SUMOylation as a critical regulatory layer fine-tuning SnRK2.6 abundance in ABA signaling.
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