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ABSTRACT

28

Abscisic acid (ABA) is an essential hormone for plant development and stress

29

response. ABA signaling is suppressed by clade A PP2Cs, which are key repressors of

30

the pathway through inhibition of ABA-activated SnRK2s. Upon ABA perception, the

31

PYR/PYL/RCAR ABA receptors bind to PP2Cs with high affinity and biochemically

32

inhibit their activity. Whereas this mechanism has been extensively studied, how

33

PP2Cs are regulated at the protein level is only starting to be explored. Arabidopsis

34

RING DOMAIN LIGASE5 (RGLG5) belongs to a five-member E3 ubiquitin ligase

35

family whose target proteins remain unknown. We report RGLG5, together with

36

RGLG1, releases PP2C blockade of ABA signaling by mediating PP2CA protein

37

degradation. ABA promotes the interaction of PP2CA with both E3 ligases, which

38

mediate ubiquitination of PP2CA and are required for ABA-dependent PP2CA

39

turnover. Down-regulation of RGLG1 and RGLG5 stabilizes endogenous PP2CA,

40

diminishes ABA-mediated responses and the reduced response to ABA in germination

41

assays is suppressed in the rglg1 amiRrglg5 pp2ca-1 triple mutant, supporting a

42

functional link among these loci. Overall, our data indicate RGLG1 and RGLG5 are

43

important modulators of ABA signaling, and further unveil a mechanism for

44

activation of the ABA pathway by controlling PP2C half-life.

45
46
47
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51

INTRODUCTION

52

The plant hormone abscisic acid (ABA) regulates many key processes in plants,

53

including seed germination and development and various biotic and abiotic stress

54

responses (Cutler et al., 2010; Finkelstein, 2013) . The ABA signaling pathway is

55

initiated

56

(PYR1)/PYR1-LIKE

57

RECEPTORS (RCAR) family of proteins (Ma et al., 2009; Park et al., 2009; Santiago

58

et al., 2009; Nishimura et al., 2010). This is followed by interaction with and

59

inactivation of clade A protein phosphatase type 2Cs (PP2Cs), such as ABA

60

INSENSITIVE 1 (ABI1) and ABI2, HYPERSENSITIVE TO ABA (HAB1) and

61

HAB2,

62

GERMINATION 3 (PP2CA/AHG3), thereby releasing their inhibition on three

63

ABA-activated SNF1-related protein kinases (SnRK2s), i.e. SnRK2.2/D, 2.3/I and

64

2.6/E/OST1 (Umezawa et al., 2009; Vlad et al., 2009). Then these SnRK2s activate

65

downstream signaling by phosphorylation of numerous players, including

66

ABA-responsive transcription factors (Fujii et al., 2009; Fujii and Zhu, 2009;

67

Nakashima et al., 2009), ion channels (Geiger et al., 2009; Lee et al., 2009) and other

68

mediators/effectors involved in ABA signaling and action (Umezawa et al., 2013;

69

Wang et al., 2013).
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70

To optimize allocation of resources between growth/development and stress

71

response, plants need to control timing and extent of ABA pathway activation.

72

Previous work has indicated that posttranscriptional modifications such as

73

phosphorylation (Kobayashi et al., 2005; Hubbard et al., 2010; Cai et al., 2014) and

74

ubiquitination (Zhang et al., 2005; Liu and Stone, 2010, 2011; Kelley and Estelle,

75

2012)

76

“ABA-PYR/PYL/RCARs-PP2Cs-SnRK2s” core ABA pathway involves multiple

77

members with redundant and non-redundant functions (Park et al., 2009; Fujii and

78

Zhu, 2009; Nakashima et al., 2009; Rubio et al., 2009; Antoni et al., 2013; Zhao et al.,

are
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79

2014), which likely allows different combinations depending on various

80

environmental stimuli, developmental stages or cell types (Santiago et al., 2009;

81

Szostkiewicz et al., 2010; Gonzalez-Guzman et al., 2012; Antoni et al., 2012).

82

Recently, studies that address protein dynamics of core ABA signaling components

83

have been published (Bueso et al., 2014; Irigoyen et al., 2014; Kong et al., 2015;

84

reviewed by Yu et al., 2016). However, a comprehensive understanding of the

85

mechanisms and components that regulate receptor and clade A PP2C protein levels is

86

still lacking as well as their contribution to the modulation of ABA signaling in

87

different time and developmental stages. For instance, transcription of some

88

PYR/PYL/RCARs is repressed whereas that of PP2Cs is stimulated in response to

89

ABA (Santiago et al., 2009; Szostkiewicz et al., 2010), indicating there exist a

90

negative feedback transcriptional mechanism to modulate ABA signaling by

91

controlling transcript levels of core elements. In the case of ABI1, it has been

92

demonstrated that ABA induces degradation of the PP2C through PUB12/13 E3

93

ligases but subsequently up-regulates ABI1 expression and protein levels (Kong et al.,

94

2015). PUB13-mediated ABI1 ubiquitination in presence of PYR1 was strictly

95

dependent on ABA, whereas in presence of monomeric receptors ABA only increased

96

ABI1 ubiquitination level (Kong et al., 2015). Recent work also indicates ABA

97

receptor proteins, e.g. PYR1, PYL4 and PYL8, can be degraded via an

98

ubiquitination-dependent mechanism through single subunit and CUL4-based E3

99

ligases, although PYL8 can be protected from degradation by ABA (Bueso et al., 2014;

100

Irigoyen et al., 2014).

101

Arabidopsis has a RING-type E3 ubiquitin ligase family, named RGLG (RING

102

DOMAIN LIGASE), composed of five members, i.e. RGLG1 to 5 (Yin et al., 2007).

103

RGLG1 and RGLG2 have been reported to affect hormone signaling since the rglg1

104

rglg2 double mutant shows altered auxin and cytokinin levels (Yin et al., 2007).

105

RGLG2 catalyzes the formation of ubiquitin Lys-63 linked chains in a heteromeric

106

complex with MMZ2 and AtUBC35 (Yin et al., 2007). Recently we have shown

107

RGLG3 and RGLG4 are essential regulators of the jasmonate pathway (Zhang et al.,
4

108

2012; Zhang et al., 2015). However, in these studies, the molecular targets of

109

RGLG1-4 were not identified. In this study we have found PP2CA, a key negative

110

regulator of ABA signaling (Sheen et al., 1998; Kuhn et al., 2006; Yoshida et al., 2006;

111

Rubio et al., 2009; Lee et al., 2009; Brandt et al., 2015), is a target of RGLG1 and

112

RGLG5. ABA enhances the interaction of RGLG1 and RGLG5 with PP2CA, ABI2

113

and HAB2, and mediates in vitro ubiquitination of these PP2Cs. Both loss-of-function

114

and gain-of-function phenotypes of RGLG1 and RGLG5 reveal their role as positive

115

regulators of ABA signaling in different ABA responses. In particular, we show

116

RGLG1 and RGLG5 mediate ubiquitination of PP2CA in vitro and in vivo, which

117

leads to ABA-dependent turnover of PP2CA. Using PP2CA antibodies we could

118

demonstrate that in cycloheximide (CHX)-treated seedlings ABA induces degradation

119

of endogenous PP2CA. Thus, our work further uncovers a mechanism to control the

120

activation of the ABA pathway by degradation of repressors of ABA signaling.

121
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122

RESULTS

123

Identification of PP2CA as interacting partner of ubiquitin ligases RGLG1 and

124

RGLG5

125

RGLG5 belongs to the RGLG E3 ligase family (Yin et al., 2007). To date, the

126

biological function and targets of RGLG5 remain unknown. We aimed to identify its

127

interacting partners to elucidate RGLG5 function and accordingly, the yeast

128

two-hybrid (Y2H) approach was employed to screen an Arabidopsis cDNA library

129

using RGLG5 as bait. As a result, PP2CA, a key repressor of the ABA pathway (Kuhn

130

et al., 2006; Yoshida et al., 2006; Rubio et al., 2009), was identified as interacting

131

partner of RGLG5. To ascertain whether other RGLG family members interact with

132

PP2CA, the five RGLGs were each coexpressed with PP2CA in yeast for Y2H

133

screening. Both growth assays in selective medium (Figure 1A) and β-galactosidase

134

quantitative assays (Figure 1B) revealed PP2CA interacted with both RGLG1 and

135

RGLG5. Expression in yeast cells of PP2CA fused to the GAL4 activation domain

136

(AD) and RGLG1-5 proteins fused to the GAL4 DNA binding domain (BD) was

137

verified by Western blot analysis (Supplemental Figure 1A). Interestingly, other

138

PP2Cs, namely ABI2 and HAB2, also showed interactions with RGLG1 and RGLG5,

139

but not ABI1 and HAB1, indicating a certain selectivity of these E3 ligases to

140

recognize clade A PP2Cs (Figure 2A; Supplemental Figure 1B). To better address the

141

functional importance of these interactions, we focused on PP2CA for in-depth study.

142

To investigate whether endogenous RGLGs form in vivo complex with PP2CA, we

143

followed a coIP/mass spectrometry (MS) approach to identify proteins that

144

co-immunoprecipitated with FLAG-tagged PP2CA expressed in Arabidopsis

145

(35Spro:FLAG-PP2CA). In protein extracts obtained from two-week-old seedlings

146

after 6 h ABA and 30 h MG132 treatment, but not in mock-treated samples, we found

147

native RGLG1 co-immunoprecipitated with FLAG-PP2CA, suggesting ABA

148

promoted in vivo association of PP2CA and RGLG1 (Figure 1C; Supplemental Table

149

1). RGLG1 expression is induced by ABA treatment and is markedly higher than

150

RGLG5 in seedlings (Supplemental Figure 2), which might explain the failure to
6

151

recover RGLG5 peptides. However, both RGLG1 and RGLG5 expression was

152

induced to similar levels by cold, osmotic or salt stress in root (Supplemental Figure

153

2), which suggests that both genes play a relevant role in this tissue.

154

We employed additional strategies to confirm the PP2CA-RGLG1 interaction

155

detected by Y2H and coIP/MS analysis and to further study the interaction of RGLG5

156

with PP2CA. Firstly, PP2CA interaction with RGLG1 and RGLG5 was confirmed by

157

pull-down assays using recombinant purified proteins (Figure 1D). These in vitro

158

assays were performed in the absence of ABA and revealed a basal affinity of PP2CA

159

for RGLG1 and RGLG5. Then, to test whether they associate in plant cells, PP2CA

160

and RGLG1 or RGLG5 were fused to the N-terminal fragment of LUC

161

(nLUC-PP2CA) and the C-terminal fragment of LUC (RGLG1-cLUC or

162

RGLG5-cLUC), respectively, and coexpressed in Nicotiana benthamiana. Compared

163

to

164

nLUC+RGLG1/5-cLUC, RGLG1 and RGLG5 showed interaction with PP2CA in the

165

absence of exogenous ABA addition, but after ABA supplementation, this interaction

166

was

167

PP2CA-RGLG5 interaction in planta (Figure 1E).

the
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control
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PP2CA-RGLG1

or

and

168

Although in vitro interaction of RGLG1/RGLG5 and PP2CA does not require

169

exogenous ABA addition, results obtained in planta suggest that additional plant

170

components might be involved in the enhanced ABA-dependent interaction observed

171

in LUC assays. To further substantiate this concept, when GUS-tagged PP2CA was

172

coexpressed with either GFP-tagged RGLG1 or FLAG-tagged RGLG5 in

173

N.benthamiana, co-immunoprecipitation (coIP) assays indicated that in the absence of

174

ABA, the interaction was weak, but it was dramatically enhanced by incubating the

175

protein extracts with 10 µM ABA during coIP (Figure 1F). Similar results were

176

obtained after testing their interaction with ABI2 and HAB2 (Figures 2B and 2C),

177

which suggests that RGLG1 and RGLG5 might target several clade A PP2Cs in an

178

ABA-dependent manner. Altogether, our data suggest that in planta interaction of the

179

E3 ligases RGLG1 and RGLG5 with some clade A PP2Cs is strongly enhanced by
7

180

ABA.

181

Loss of function of RGLG1 and RGLG5 represses ABA-mediated responses

182

The above described interactions suggest potential roles of RGLG1 and RGLG5 in the

183

ABA pathway as regulators of some clade A PP2Cs. Since these PP2Cs are key

184

negative regulator of ABA signaling and a potential target of these E3 ligases, we

185

predicted that impaired or enhanced expression of RGLG1/5 might affect ABA

186

signaling. Thus, to test whether RGLG1 and RGLG5 modulate ABA-mediated

187

responses, loss-of-function mutants and overexpressing (OX) lines were used. rglg1

188

was kindly provided by Dr. Bachmair (Yin et al., 2007), but for RGLG5, we could not

189

confirm T-DNA insertion in several lines requested from public stock centers

190

(Salk_021379 and CS812692 from ABRC, and 751D11 from MPIZ) and gene

191

expression analyses indicated RGLG5 transcript level was not decreased in these lines.

192

Therefore, we generated knock-down mutant lines of RGLG5 by designing a 35S

193

artificial microRNA construct (Supplemental Figure 3A). Transcript level of RGLG5

194

in several lines was examined by real-time PCR and we selected two lines (#2 and #4)

195

whose RGLG5 expression was below 20% of wild-type (wt), whereas expression of

196

RGLG1-4 was not significantly affected (Supplemental Figures 3B and 3C). We

197

generated an rglg1 amiR-rglg5 double mutant and several ABA-mediated responses,

198

including inhibition of seed germination, seedling establishment and root growth were

199

analyzed in rglg1 amiR-rglg5 compared to other genetic backgrounds (Figures 3A-E).

200

The well-studied pp2ca-1 and pyr1 pyl1 pyl2 pyl4 (1124) mutants served as internal

201

controls of ABA-hypersensitive and ABA-insensitive phenotypes, respectively, and

202

demonstrated the effectiveness of the ABA treatment (Kuhn et al., 2006; Yoshida et al.,

203

2006; Park et al., 2009). None of the single rglg1 or amiR-rglg5 mutants had obvious

204

differences in the above described ABA responses compared to wt (Figures 3A-E).

205

However, the rglg1 amiR-rglg5 double mutant, showed diminished ABA sensitivity

206

compared to wt, suggesting partial functional redundancy of RGLG1 and RGLG5 in

207

ABA-mediated responses.

208

Adult plants of wt, single rglg1 or amiR-rglg5 and rglg1 amiR-rglg5 double
8

209

mutant were grown under well watered conditions and no obvious growth differences

210

were observed among them (Supplemental Figure 3D). However, detached leaves of

211

rglg1 amiR-rglg5 showed higher water loss compared to wild-type or single mutants

212

and under drought stress conditions the rglg1 amiR-rglg5 double mutant showed

213

reduced survival (Figures 4A-C), which is in agreement with its reduced ABA

214

sensitivity. Conversely, the overexpression of either RGLG1 or RGLG5 reduced water

215

loss and enhanced markedly plant survival under drought stress compared to wt

216

(Figures 4D-F). Overexpression of either RGLG1 or RGLG5 led to enhanced ABA

217

sensitivity in seed germination, seedling establishment and root growth assays, and

218

increased ABA response under NaCl stress compared to wt (Supplemental Figures

219

4A-F). Finally, the induction of several ABA-responsive genes, including RD29b

220

(Nordin et al., 1993), RD22 (Abe et al., 2003), RAB18 (Lang and Palva, 1992) and

221

P5CS1 (Strizhov et al., 1997), was diminished by down regulation of both RGLG1

222

and RGLG5 (Figure 3E), while enhanced by RGLG1 and RGLG5 overexpression

223

(Supplemental Figure 4G). Altogether, these data demonstrate both RGLG1 and

224

RGLG5 are positive regulators of ABA signaling in different ABA-mediated

225

responses.

226

RGLG1 and RGLG5 mediate ubiquitination of the repressor PP2CA in vitro

227

Since not all RING-domain proteins possess E3 ligase activity (Deshaies and Joazeiro,

228

2009), it was important to determine whether RGLG5 has indeed ubiquitin ligase

229

activity. Using purified GST-RGLG5, we showed RGLG5 could target itself for

230

ubiquitination and the intensity of the ubiquitination band could be enhanced by

231

increasing the reaction time (Supplemental Figure 5A). Moreover, RGLG5

232

self-ubiquitination was abolished either by the lack of any component of the

233

ubiquitination reaction or by mutating (H406Y) or deleting the RING domain

234

(Supplemental Figure 5B). Self-ubiquitination of RGLG1 was also confirmed in

235

subsequent experiments (for instance Supplemental Figure 5C, panel anti-MBP).

236

Then we asked whether RGLG1 and RGLG5 could directly target PP2CA for

237

ubiquitination. Purified MBP-RGLG1 and MBP-RGLG5 were incubated with
9

238

GST-PP2CA in presence of all the other ubiquitination components. As a result,

239

ubiquitination of PP2CA was promoted by MBP-RGLG1 and MBP-RGLG5 in a

240

dose-dependent manner (Figures 5A and 5B; Supplemental Figure 5C), whereas lack

241

of any component of the reaction abolished PP2CA ubiquitination (Figures 5A and 5B;

242

Supplemental Figure 5C). Therefore both RGLG1 and RGLG5 promoted

243

ubiquitination of PP2CA in vitro, whereas RING domain-mutated forms of RGLG1

244

(H462Y) and RGLG5 (H406Y) lost the ability to promote PP2CA ubiquitination

245

(Figure 5C). Similar results were obtained after incubating ABI2 or HAB2 with these

246

two RGLGs (Figures 5D-F). Taken together, these data indicate PP2CA as well as

247

ABI2 and HAB2 can be ubiquitinated in vitro by the E3 ligases RGLG1 and RGLG5.

248

Since the in planta interaction of the E3 ligases RGLG1 and RGLG5 with

249

PP2CA is strongly enhanced by ABA (Figure 1E), we investigated whether ABA or

250

the ABA receptor PYL4 could modify in vitro ubiquitination of PP2CA

251

(Supplemental Figure 6). In vitro ubiquitination of GST-PP2CA was not affected by

252

the addition of ABA, PYL4 or both (Supplemental Figure 6). This result confirms the

253

basal affinity of RGLG1 and RGLG5 for PP2CA and it suggests that either additional

254

plant components, changes in their subcellular location or protein levels induced by

255

ABA (for instance ABA-induced upregulation of PP2CA transcripts), might influence

256

the interaction of PP2CA and RGLG1/RGLG5 in vivo.

257

PP2CA is subjected to 26S proteasome degradation and ABA enhances PP2CA

258

degradation

259

The ubiquitination of PP2CA promoted by RGLG1 and RGLG5 might induce its

260

degradation via the 26S proteasome. In spite of its key role in ABA signaling, protein

261

levels and stability of PP2CA have not been investigated previously. It is well known

262

that ABA induces transcriptional upregulation of clade A PP2Cs (Santiago et al., 2009;

263

Fujita et al., 2009; Szostkiewicz et al., 2010; Supplemental Figure 7) and recent

264

results from Kong et al., (2015) confirmed that ABI1 protein level is strongly

265

increased by a 6 h ABA treatment. Since clade A PP2Cs are key negative regulators of

266

ABA signaling, their ABA-mediated upregulation acts as a negative feedback
10

267

mechanism to reset and desensitize ABA signaling (Santiago et al., 2009). Both GUS

268

histochemical staining and immunoblot analysis revealed a low expression of the

269

PP2CA promoter in the absence of ABA which was markedly upregulated both in leaf

270

and root tissues upon ABA treatment (Supplemental Figure 7A and 7B). This might

271

generate difficulties to detect endogenous PP2CA under normal growth conditions

272

and, additionally, the expected molecular weight of PP2CA is close to the Rubisco

273

large subunit. We generated a PP2CA polyclonal antibody using truncated (1-200

274

amino acid residues) PP2CA as antigen to immunize rabbit and by immunoblot

275

analysis we could detect PP2CA in etiolated seedlings (see Supplemental Figure 8 for

276

PP2CA antibody specificity). We found that ABA treatment upregulated PP2CA

277

protein level, which is in agreement with the upregulation of PP2CA transcripts and

278

activation of PP2CA promoter (Supplemental Figures 7 and 8). To investigate PP2CA

279

protein dynamics, we analyzed endogenous PP2CA levels in mock-, CHX- and

280

CHX+MG132-treated seedlings (Figures 6A and 6B). These experiments revealed a

281

turnover of PP2CA mediated by the 26S proteasome pathway. Next, we compared

282

PP2CA protein stability in CHX-treated seedlings in the absence or presence of

283

exogenous ABA. ABA treatment, in the absence of protein synthesis, enhanced

284

PP2CA degradation (Figures 6C and 6D). Addition of the proteasome inhibitor

285

MG132 blocked PP2CA degradation, which indicated that ABA-enhanced PP2CA

286

degradation also occurs in the 26S proteasome (Figures 6E and 6F).

287

In order to avoid the use of CHX previously to ABA-treatment, which was

288

required above to prevent ABA-mediated upregulation of the PP2CA promoter, we

289

took advantage of 35Spro:FLAG-PP2CA transgenic lines. Direct measurements of

290

PP2CA protein levels by western blot analysis showed ABA stimulated PP2CA

291

degradation via the 26S proteasome pathway, since co-incubation with MG132

292

prevented this effect (Figures 6G and 6H). Similar results were obtained in a GUS

293

activity assay using Arabidopsis protein extracts prepared from 35Spro:PP2CA-GUS

294

transgenic lines submitted to different treatments (Figure 6I; Supplemental Figure 9).

295

Moreover, we also generated 35Spro:HA-PP2CA lines in pp2ca-1 background and
11

296

protein stability studies also indicated ABA-enhanced degradation of PP2CA, while

297

continuous synthesis of PP2CA in the absence of degradation led to accumulation of

298

the protein (Figures 6J and 6K). Taken together, these results reveal the turnover of

299

PP2CA through the 26S proteasome, which is enhanced by ABA. Finally, we set up

300

an in vitro cell-free degradation assay using purified His-PP2CA. We also found that

301

degradation of His-PP2CA was enhanced by exogenous addition of ABA compared to

302

mock-treated plants, which was attenuated by adding MG132 (Figures 6L and 6M).

303
304

RGLG1 and RGLG5 mediate ABA-dependent PP2CA degradation

305

To determine whether RGLG1 and RGLG5 mediate protein turnover of PP2CA,

306

endogenous PP2CA protein levels were compared in wt and rglg1 amiR-rglg5

307

seedlings that were treated with CHX in the absence or presence of exogenous ABA.

308

The turnover of PP2CA was markedly diminished in rglg1 amiR-rglg5 compared to

309

wt, either in the absence or presence of exogenous ABA; therefore, RGLG1 and

310

RGLG5 mediate PP2CA degradation (Figures 7A and 7B). To avoid the use of CHX

311

together with ABA-treatment, protein dynamics of FLAG-PP2CA expressed in rglg1

312

amiR-rglg5 was compared to that in wt (Figure 7C). ABA-promoted PP2CA

313

degradation was abolished by down-regulation of the two RGLGs (Figure 7C and 7D).

314

Conversely, ABA-enhanced degradation of FLAG-PP2CA in RGLG1ox or RGLG5ox

315

plants was increased (Supplemental Figure 10A and 10B), suggesting that degradation

316

of PP2CA in response to ABA is dependent on RGLG1 and RGLG5 function. We also

317

conducted in vitro cell-free degradation assays by monitoring the level of His-PP2CA

318

after incubation with protein extracts prepared from rglg1 amiR-rglg5, RGLG1ox,

319

RGLG5ox or wt. Protein extracts prepared from rglg1 amiR-rglg5 mitigated ABA’s

320

effect on stability of purified His-PP2CA (Figure 7E and 7F), whereas overexpression

321

of RGLG1 or RGLG5 in these extracts enhanced the degradative effect of ABA on

322

PP2CA (Supplemental Figure 10C-F). Addition of MG132 mitigated PP2CA

323

degradation; however, MG132-resistant vacuolar proteases are released in cell-free

324

degradation assays, which might explain the partial effect of this compound to
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325

preserve PP2CA protein levels (Figure 7G and 7H; Supplemental Figure 10C-F).

326

Finally, we investigated whether RGLG1 and RGLG5 mediate PP2CA

327

ubiquitination in planta. FLAG-tagged PP2CA either from wild type or rglg1

328

amiR-rglg5 was separately immunoprecipitated after mock- or ABA-treatment, in

329

presence of MG132. No obvious difference of FLAG-PP2CA ubiquitination level was

330

observed in rglg1 amiR-rglg5 after treatment with ABA while addition of exogenous

331

ABA could increase the level of ubiquitinated PP2CA in Col-0 (Figure 7I). This result

332

suggests RGLG1 and RGLG5 are required for ABA-promoted ubiquitination of

333

PP2CA in planta. Altogether, the above data support RGLG1 and RGLG5 contribute

334

to in vivo degradation of PP2CA.

335

Functions of RGLG1 and RGLG5 in ABA signaling are dependent on PP2CA

336

To determine the genetic relationship between RGLG1/5 and PP2CA, we crossed the

337

pp2ca-1 loss-of-function mutant to rglg1 amiR-rglg5 mutant. Since our results

338

support that RGLG1/5 positively regulate ABA signaling by targeting PP2CA for

339

degradation, RGLG1/5 should act genetically upstream of PP2CA, and pp2ca

340

loss-of-function mutant should attenuate or abolish some ABA-insensitive phenotypes

341

of rglg1 amiR-rglg5 mutant. PP2CA/AHG3 encodes a phosphatase that strongly

342

blocks ABA signaling during germination and pp2ca-1 shows the strongest

343

ABA-hypersensitivity in seed germination assays among loss-of-function mutants of

344

clade A PP2Cs (Yoshida et al., 2006; Rubio et al., 2009). Therefore, we analyzed

345

ABA-mediated inhibition of seed germination and seedling establishment in the

346

pp2ca-1 rglg1 amiR-rglg5 triple mutant since PP2CA plays a predominant role in this

347

ABA response, whereas other putative PP2C targets -HAB2 or ABI2- play less

348

relevant roles in this assay. As shown in Figure 8, ABA-mediated inhibition of radicle

349

emergence, seedling establishment or early seedling growth in the triple mutant

350

became similar to that of pp2ca-1, reflecting full recovery of ABA sensitivity in rglg1

351

amiR-RGLG5 by pp2ca-1. This genetic analysis confirms a functional link between

352

RGLG1/5 and PP2CA and indicates that RGLG1/5 act upstream of PP2CA in the

353

ABA signaling pathway.
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356

DISCUSSION

357

The “ABA-PYR/PYL/RCARs-PP2Cs-SnRK2s” core ABA signaling pathway has

358

been widely studied in the past years and ABA-dependent PYR/PYL-mediated

359

inhibition of PP2Cs has been extensively documented (Cutler et al., 2010; Finkelstein,

360

2013). Our work, together with recent results from Kong et al., (2015), unveils a

361

second level of regulation during ABA signaling, i.e. the effect of ABA on PP2C

362

protein levels. In our study we provide evidence that RGLG1/5 E3 ubiquitin ligases

363

positively regulate various ABA responses by targeting PP2CA for degradation in the

364

presence of ABA. In addition to PP2CA, we also found that HAB2 and ABI2 are

365

candidate targets of RGLG1/5. Thus, ABA promoted the interaction of RGLG1/5 with

366

HAB2 and ABI2 in vivo (Figures 2B and 2C), RGLG1/5 mediated ubiquitination of

367

HAB2 and ABI2 in vitro (Figures 5D-F), and HAB2 was subjected to ABA-mediated

368

degradation via the 26S proteasome pathway (Supplemental Figure 9). The recent

369

report from Kong et al., (2015) has described the 26S proteasome degradation of the

370

ABI1 PP2C mediated by PUB12/13 U-box E3 ligases, which belong to a different E3

371

family. In this latter case, only ABI1 was targeted for degradation by PUB12/13

372

ligases, whereas other PP2Cs closely related to ABI1 were not recognized by these E3

373

ligases. Therefore it seems RGLG1/5 might play a more general function in ABA

374

pathway by regulating more than one PP2C. Another key difference between

375

PUB12/13 and RGLG1/5 is that ubiquitination of ABI1 was absolutely dependent on

376

the presence of ABA receptors whereas PP2CA, HAB2 and ABI2 were ubiquitinated

377

in the absence of ABA receptors (Figure 5). This suggests the conformation of PP2CA,

378

HAB2 and ABI2 allows their ubiquitination in vitro by RGLG1/5; however, we found

379

that ABA somehow enhances PP2C-RGLG1/5 interaction in vivo, increasing the

380

efficiency of ubiquitination and subsequent degradation. Altogether these studies

381

reveal that both inhibition and degradation of clade A PP2Cs are important for

382

activation of ABA signaling. Moreover, since degradation of ABI1 (Kong et al., 2015)

383

and PP2CA (this work) was ABA-dependent, the role of PYR/PYL ABA receptors

384

might extend beyond of reversible inhibition of the PP2Cs. Finally, the
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385

ABA-insensitive phenotype of rglg1 amiR-rglg5 is not as strong as that of pyr/pyl

386

combined mutants (Gonzalez-Guzman et al., 2012), which suggests that ABA

387

signaling can occur through inhibition of PP2C activity even in the absence of PP2CA

388

ubiquitination. However, since the rglg1 amiR-rglg5 mutant shows reduced ABA

389

sensitivity even in the presence of a full set of PYR/PYLs, it suggests that PP2C

390

degradation is required for full activation of ABA signaling.

391

Whereas inhibition of PP2C activity is a reversible mechanism that regulates

392

ABA signaling according to fluctuating ABA levels in response to environmental cues,

393

degradation of PP2C is an irreversible decision that could lead to sustained ABA

394

signaling when stress situation persists. Ubiquitination of PP2Cs might be reversed by

395

deubiquitinating enzymes, providing an additional source of regulation on protein

396

stability from core ABA signaling components (Zhao et al., 2016). In nature, both

397

transient and sustained forms of stress occur; therefore, a double mechanism to

398

abolish PP2C function seems to be better prepared to cope with different

399

environmental stresses. In this way, monitoring the repressor protein abundance

400

provides an additional mechanism to regulate ABA signaling, which complements the

401

biochemical inhibition of phosphatase activity through PYR/PYLs. Thus, ABA, as

402

other hormones such as auxin, jasmonate and gibberellin, follows a relief of

403

repression mechanism that degrades negative regulators via 26S proteasome (Santner

404

and Estelle, 2010; Kelley and Estelle, 2012; Kong et al., 2015). A model integrating

405

RGLG1/5 into the ABA signaling pathway is shown in Figure 9, where

406

RGLG-mediated PP2CA degradation could be auxiliary to PYR/PYL-mediated

407

inhibition of PP2CA activity. This model illustrates the idea that ubiquitin-mediated

408

degradation of the PP2CA repressor might be dependent on ABA perception or

409

facilitated by the upregulation of PP2CA transcripts induced by ABA. In the first case,

410

the ABA-Receptor-PP2CA ternary complex, in addition to inhibiting PP2CA activity,

411

might label PP2CA for degradation. Alternatively, RGLG1/5-PP2CA interaction

412

might be simply facilitated by the higher PP2CA protein level induced by

413

upregulation of PP2CA transcripts. Paradoxically, whereas ABA inhibits PP2C
16

414

activity through ABA receptors and promotes ABI1 and PP2CA degradation, it also

415

up-regulates ABI1 and PP2CA transcripts as a feedback mechanism. The role of the

416

26S proteasome in the turnover of PP2Cs (Kong et al., 2015, this work) and ABA

417

receptors (Bueso et al., 2014; Irigoyen et al., 2014) is further extended by the

418

observation that ZmOST1 seems to be targeted for proteasome degradation by casein

419

kinase 2-mediated phosphorylation at the ABA box (Vilela et al., 2015).

420
421
422
423
424
425
426
427
428
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429

METHODS

430

PP2CA polyclonal antibodies and immunoblot detection of endogenous PP2CA

431

The polyclonal antibody of PP2CA was generated by Shanghai ImmunoGen

432

Biological Technology Co., Ltd (ABclonal). To avoid cross reaction with other PP2Cs,

433

a fragment of truncated PP2CA (1-200 amino acids) was fused with GST tag and the

434

recombinant protein expressed in E. coli was used as an antigen to raise polyclonal

435

antibody in rabbit. The resulting antiserum was purified by IgG-affinity

436

chromatography. To ensure specific binding to PP2CA, the antibody was further

437

isolated by membrane strip affinity purification. Briefly, 200 μg purified His-PP2CA

438

was loaded into a SDS-PAGE gel and then transferred to Nitrocellulose membrane.

439

The membrane containing His-PP2CA was stained with Ponceau S solution and cut

440

into small strip. The strip was pre-eluted with 2 ml 0.2 M glycine (pH 2.7) for 2 min

441

and then blocked with 5% non-fat milk in TBST for 1 h. After washing the membrane

442

with TBST for three times, it was incubated with antibody solution (200 μl antibody

443

in 3 ml TBS) overnight and then washed again with TBST for 3 times. The antibody

444

was eluted by incubating with 100-200 μl 0.2 M glycine (pH 2.7) for 2 min. The

445

resulting antibody solution was neutralized with 2 M Tris-HCl (pH 8.5), generating a

446

final concentration of 150 mM Tris-HCl. The elution and neutralization steps were

447

repeated for two more times. The final antibody solution was dialyzed against 1×PBS

448

(pH 7.4), concentrated to a volume of 150 μl with ultra-filtration column, and tested

449

by western blot analysis. To prepare protein extracts, seedlings were grown vertically

450

on MS solid medium under dark condition for 2 weeks and then transferred into liquid

451

MS medium supplemented with different chemicals under dark condition for the

452

indicated time points. Samples were harvested and total proteins were extracted by

453

homogenizing the seedlings in the lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM

454

NaCl, 0.1% NP-40, 1 mM DTT, 1mM PMSF and plant-specific protease inhibitor

455

cocktail) at a ratio of 1:2 (m/v). The concentration of total protein was determined by

456

Bradford assays and equal amount of total proteins were mixed with 4×SDS loading
18

457

buffer. Boiled samples were separated by SDS-PAGE gel electrophoresis and

458

analyzed by western blot. The polyclonal antibody of PP2CA α-E2663 was used to

459

detect endogenous PP2CA protein levels. Actin was detected as loading control.

460

Plant materials and growth condition

461

Arabidopsis thaliana ecotype Col-0 was used as wild type. rglg1 (SALK_062384)

462

mutant was requested from Dr. Andreas Bachmair. RGLG5 knock-down mutants were

463

generated based on artificial microRNAs strategy. Seeds of pyr1 pyl1 pyl2 pyl4 (1124)

464

were requested from Dr. Sean R. Cutler. Seeds of pp2ca-1 were kindly provided by Dr.

465

Julian I Schroeder; ABI2-GFP transgenic seeds were gifted by Dr. Dapeng Zhang.

466

Arabidopsis plants were grown as previously described (Zhang et al., 2012).

467

N.benthamiana plants were grown under a 16 h/8 h photoperiod.

468

Knock down of RGLG5 by artificial microRNA-based strategy

469

Overlapping PCR was performed using specific primers designed by Web MicroRNA

470

Designer (http://wmd3.weigelworld.org/cgi-bin/webapp.cgi) and plasmid pBSK as

471

template

472

“GTCGTTCACTTATAGGAAACT” designed to target RGLG5 transcript. After

473

verification by sequencing, the amiRNA precursor was digested with XhoI/SpeI, and

474

cloned into pJim19 digested with the same restriction enzymes. The constructs were

475

introduced into Agrobacterium tumefaciens strain EHA105 by electroporation, and

476

the wild-type plants were transformed using the floral dip method as reported

477

previously (Clough and Bent, 1998). Seeds of the transformed plants were selected by

478

hygromycin. Homozygous T3 transgenic seeds or plants were used for further studies.

479

To obtain rglg1 amiR-rglg5 double mutant, homozygous rglg1 was crossed with

480

amiR-rglg5 (4#). Seeds were sowed on MS medium containing 25 μg/ml hygromycin

481

and T-DNA insertion in rglg1 was confirmed by PCR using primers LBa1 and 323A,

482

genomic DNA as template.

to

replace

miR319a

sequence

by

a

21

nucleotides

sequence
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483

Generation of transgenic plants

484

RGLG1, RGLG5 and PP2CA cDNAs were each cloned into XhoI/SpeI- digested

485

pJim19, resulting in a fusion with 3× FLAG tag at the N terminus. To construct

486

RGLG1-GFP and RGLG5-GFP, the GUS sequence of pBI121 was replaced by GFP

487

cDNA via Bam HI/SacI sites. The pBI121-RGLG1-GFP and pBI121-RGLG1-GFP

488

plasmids were then created by linking RGLG1 or RGLG5 coding region without stop

489

codon to the GFP (C terminus) via Bam HI and KpnI. To construct PP2CA-GUS and

490

HAB2-GUS fusions, entire coding sequences of PP2CA and HAB2 with no stop

491

codons were amplified by PCR and separately inserted into pBI121-GUS vector

492

upstream of GUS. The primers used above are given in Supplemental Table 2. All the

493

constructs are under the control of CaMV 35S promoter. These constructs were

494

introduced into Agrobacterium tumefaciens strain EHA105 by electroporation, and

495

the wild-type or mutant plants were transformed using the floral dip method as

496

reported previously (Clough and Bent, 1998). Seeds of the transformed plants were

497

selected by hygromycin for pJIM19 constructs or kanamycin for pBI121 constructs.

498

Homozygous T3 transgenic seeds or plants were used for further studies. The

499

generation of 35Spro:3HA-PP2CA transgenic lines in pp2ca-1 background was

500

performed

501

FLAG-PP2CA×RGLG1-GFP and FLAG-PP2CA×RGLG5-GFP were obtained by

502

crossing FLAG-PP2CA with either RGLG1-GFP or RGLG5-GFP transgenic lines.

503

Transgenic Arabidopsis ABI2-GFP×FLAG-RGLG1 or ABI2-GFP×FLAG-RGLG5

504

was produced by crossing ABI2-GFP with FLAG-RGLG1 or FLAG-RGLG5

505

transgenic lines, respectively.

506

To construct the PP2CApro:GUS gene, a fragment comprising 2 Kb 5’ upstream of the

507

ATG start codon from PP2CA was amplified by PCR using the following primers:

508

FproPP2CA (5’-AAG CTT GGT TTT ACC CGA ACT TAA CCC AAA TGC-3’,

509

including HindIII site) and RproPP2CA (5’-GAG CTC CAT TTG ATC TCT AAC

510

AAA ACT TCT CCA-3’, including SacI site). The PCR product was cloned into

as

described

(Antoni

et

al.,

2012).

Transgenic

Arabidopsis
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511

pCR8/GW/TOPO. Next, it was recombined by Gateway LR reaction into pMDC163

512

destination vector (Curtis and Grossniklaus, 2003), in-frame with the GUS gene. The

513

pMDC163-based construct carrying the PP2CApro:GUS gene was transferred to

514

Agrobacterium tumefaciens pGV2260 (Deblaere et al., 1985) by electroporation and

515

used to transform Col-0 wild-type plants by the floral dipping method (Clough and

516

Bent, 1998). Seeds of transformed plants were harvested and plated on hygromycin

517

(20 μg/ml) selection medium to identify T1 transgenic plants, and T3 progenies

518

homozygous for the selection marker were used for further studies. Imaging of GUS

519

was performed as previously described (Gonzalez-Guzman et al., 2012).

520

Yeast two hybrid assay

521

RGLGs were cloned into pGBKT7 vector as bait and PP2Cs were inserted into

522

pGADT7-Rec vector as prey, respectively. For interaction assays, each pair of bait and

523

prey constructs were cotransformed into yeast strain AH109 based on the

524

manufacturer’s instructions of the MatchMaker GAL4 Two-Hybrid System (Clontech).

525

Transformants growing well on SD/-Leu/-Trp medium were taken as positive clones

526

harboring both plasmids. Interactions between two proteins were determined by

527

growing transformants on SD/-Leu/-Trp/-His/-Ade medium with serial dilution and

528

quantifying β-galactosidase activities using o-nitrophenyl-β-D-galactopyranoside

529

(Sigma) as substrate. Yeast protein extracts were analyzed by immunoblotting using

530

anti-HA antibody to detect PP2C proteins fused to the GAL4 activation domain (AD)

531

and anti-myc antibody to detect RGLG proteins fused to the GAL4 DNA binding

532

domain (BD) according to manufacturer’s instructions (Clontech).

533

Firefly luciferase complementation imaging assay (LCI)

534

The full-length PP2CA was fused upstream of N-Luc in the pCAMBIA1300-NLuc

535

vector, and RGLG1 or RGLG5 was fused downstream of C-Luc in the

536

pCAMBIA1300-CLuc vector. The resulting constructs were transferred into

537

Agrobacterium tumefaciens strain EHA105. To determine the interaction between

538

PP2CA and RGLG1 or RGLG5, Agrobacterium harboring the indicated vectors were
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539

resuspended in infiltration buffer containing 10 mM MgCl2, 10 mM MES, 0.5 g/l

540

glucose and 150 μM acetosyringone to a final concentration of OD600 = 0.5. Equal

541

volumes of different combinations were mixed and co-infiltrated into Nicotiana

542

benthamiana leaves using a needleless syringe. Plants were first kept under dark for

543

24 h, and then at 16 h light/8 h dark for another 24-48 h at 22℃. MG132 was

544

infiltrated into the same region 12 h before inspection. To test the effects of ABA

545

treatment, 50 μM ABA was infiltrated into the same area on leaves 3 h before

546

observation. N.benthamiana leaves were infiltrated with 0.1 mg/ml luciferin and

547

placed under dark for 5 min before CCD imaging. LUC activity was observed with a

548

low-light cooled CCD imaging apparatus (Berthold Technologies). The exposure time

549

of LUC was 1-10 min depending on the signal intensity.

550

Expression and purification of recombinant protein

551

Full length RGLG5, PP2CA, HAB2 and ABI2 coding sequences were amplified by

552

PCR and cloned into the prokaryotic expression vector pGEX-4T-1 (Amersham

553

Biosciences) to generate GST fusions. To produce MBP fusion proteins, the full

554

length coding regions of RGLG1 and RGLG5 were amplified and cloned into

555

pMAL-c2x vector (New England Biolabs). Primers used are listed in Supplemental

556

Table 2. QuikChange Lightning Multi Site-Directed Mutagenesis Kit (Agilent

557

Technologies) was used to produce Ring-domain mutated form of RGLG1 (H462Y)

558

and RGLG5 (H406Y) by PCR amplification with specific primers and indicated

559

plasmid as template. Recombinant His-PP2CA was produced as described (Antoni et

560

al., 2012). To generate His-PYL4, full length coding sequence of PYL4 was amplified,

561

digested by EcoRI and XhoI, and inserted into pET-28a. The recombinant constructs

562

were then transformed into Escherichia coli strain BL21 (DE3). For expression, 1

563

mM IPTG was added to the cell culture to induce GST-tagged proteins whereas 0.3

564

mM and 0.4 mM IPTG were needed to efficiently induce MBP and His fusion

565

proteins, respectively. The soluble GST-tagged proteins were purified using the

566

MagneGST™ protein purification system (Promega) according to the manufacturer’s

567

protocols.

Purification of MBP fusion proteins was carried out following the
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568

manufacturer’s instructions of pMAL Protein Fusion and Purification System (New

569

England Biolabs). The soluble His-fusion protein was extracted and immobilized onto

570

Ni-NTA agarose beads (QIAGEN) and the purification procedures were conducted

571

according to the protocols for purification under native conditions in the

572

QIAexpressionist.

573

In vitro pull-down assay

574

Equal amount of purified MBP, MBP-RGLG1 or MBP-RGLG5 proteins were

575

incubated with equal volume of amylose resin beads (New England Biolabs) in buffer

576

A1 containing 1×TBS, 1 mM PMSF, and protease inhibitor cocktail at 4℃ for two

577

hours with gentle rotation. The beads were then washed three times with buffer A1

578

and aliquoted equally into four parts. The indicated amount of purified His-PP2CA of

579

was added to the mixture, and incubated overnight at 4℃. After washing 5 times with

580

buffer A2 containing 1×TBS, 1 mM PMSF, 0.05% Triton X-100

581

inhibitor cocktail, the bound proteins were eluted with 1× SDS loading buffer with

582

boiling for 5 min at 100℃ and examined by western blot using anti-His or anti-MBP

583

antibodies.

584

Cell-free protein degradation assay

585

Cell-free protein degradation assay was conducted as previously described (Wang et

586

al., 2009). Briefly, Seven-day-old Arabidopsis seedlings of different genotypes were

587

harvested and grounded into fine powder in liquid nitrogen. Total proteins were

588

extracted in the degradation buffer containing 25 mM Tris-HCl, pH 7.5, 10 mM NaCl,

589

10 mM MgCl2, 4 mM PMSF, 5 mM DTT and 10 mM ATP. The debris was removed

590

by two times of centrifugations at 16000 g for ten minutes at 4 °C and the

591

supernatants were transferred to new tubes. Protein concentration was determined

592

using the Bradford method (Biorad). Then, the total extracts of each genotype were

593

adjusted to equal concentration with the degradation buffer. To monitor the

594

degradation of the recombinant His-PP2CA protein, 100 ng of the purified protein

595

was incubated in 100 μl total extracts (containing 500 μg total proteins) at 15 °C for

and protease
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596

each assay. ABA and MG132 were added to the in vitro degradation assays as

597

indicated. Reactions were stopped by adding 4×SDS loading buffer. Samples were

598

taken at the indicated intervals to determine the abundance of the remained

599

His-PP2CA by western blot using anti-His antibody (Bioeasy). The bands intensity

600

was quantified using Image J software (http://imagej.nih.gov/ij/).

601

In vitro ubiquitination assay

602

Self-ubiquitination assay was performed as described (Zhang et al., 2012) . For in

603

vitro

604

adding 500 ng purified MBP-RGLG1 (MBP-RGLG1H462Y) or MBP-RGLG5

605

(MBP-RGLG55H406Y), 300 ng GST-PP2CA or GST-HAB2 or GST-ABI2, 50 ng E1

606

(Sigma), 100 ng E2 UbcH5b (Enzo Life Sciences), 3 μg FLAG-tagged ubiquitin

607

(Sigma), 10 mM phosphocreatine, and 0.1 unit of creatine kinase in the ubiquitination

608

buffer (50 mM Tris-HCl pH 7.5, 3 mM ATP, 5 mM MgCl2, and 0.5 mM DTT) and

609

incubated at 37 °C for 2 h. The reaction was stopped by adding 4× SDS loading buffer.

610

Samples were separated by 8% SDS-PAGE gel and analyzed by western blot using

611

anti-GST (Abmart), anti-FLAG (Sigma) or anti-MBP (Earthox) antibody.

612

In vivo immunoprecipitation assays

613

For

614

ABI2-GFP×FLAG-RGLG5 transgenic Arabidopsis, 2-week-old seedlings were

615

transferred from selective MS medium to liquid MS containing 50 μM ABA for the

616

indicated time. ~300 mg plant materials were harvested and total proteins were

617

extracted in 3 volumes of lysis buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.1%

618

NP-40, 50 μM MG132, 1 mM DTT, 1mM PMSF and plant-specific protease inhibitor

619

cocktail). The concentration of total protein was determined by Bradford assays

620

(Bio-Rad), and each lysate (1 ml) with equal amount of protein was

621

immunoprecipitated by incubating with 20 μl anti-GFP mAb-Agarose (MBL) beads

622

for 4 h at 4℃ with gentle rotation. For immunoprecipitation with anti-FLAG

623

antibody, the lysates were incubated with 0.5 μl anti-FLAG and 25 μl Protein

624

G-Sepharose (Invitrogen) beads for 4 h at 4℃ with gentle rotation. After incubation,
24

substrate ubiquitination assay, a total reaction volume of 30 μl was mixed by

coimmunoprecipitation

using

ABI2-GFP×FLAG-RGLG1

or

625

the beads were washed with 1 ml of lysis buffer for 4 times and eventually eluted by

626

adding 30 μl 1× SDS protein loading buffer and boiling for 5 min at 100℃.

627

Immunoprecipitated proteins were separated by 10% SDS-PAGE gel and checked

628

using anti-FLAG or anti-GFP (Abmart) antibody.

629

For

630

N.benthamiana leaves were infiltrated with Agrobacterium harboring the indicated

631

constructs. The agroinfiltration was performed as described above in “Firefly

632

luciferase complementation imaging assay”. 50 μM MG132 was also infiltrated

633

into the same region 12 h before sample collection to inhibit protein degradation.

634

Protein extracts were prepared as indicated above except that the lysates were

635

incubated with or without 10 μM ABA at 4℃ for 3 h before immunoprecipitation.

636

Polyclonal anti-GFP (1 mg/ml, MBL) or anti-FLAG antibody coupled with 25 μl

637

Protein G-Sepharose was then added to immunoprecipitate the total protein extracts.

638

As negative controls, IgG was added in parallel to eliminate non-specific binding.

639

After elution as above, samples were subjected to western blot analysis, and anti-GUS

640

(Sigma), anti-GFP or anti-FLAG antibody were used to detect fusion proteins.

641

To detect the ubiquitination form of PP2CA in vivo, 2-week-old transgenic

642

Arabidopsis 35S:3×FLAG-PP2CA/Col-0 and 35S:3×FLAG-PP2CA/rglg1 amiR-rglg5

643

were treated with MG132 or in combination of ABA for 6 h. Samples were harvested

644

and total proteins were extracted as indicated above except that deubiquitinylating

645

enzymes inhibitor PR619 (Sigma) were also included in the lysis buffer. The

646

concentration of total proteins was determined by Bradford assays, and each lysate

647

with equal amount of protein (500 mg) was immunoprecipitated by incubating with

648

0.5 μl anti-FLAG and 25 μl Protein G-Sepharose beads for 6 h at 4℃ with gentle

649

rotation. Immunoprecipitated products were obtained as mentioned above and

650

analyzed by immunoblots. Anti-FLAG antibody was used to detect total

651

FLAG-PP2CA and anti-ubiquitin to detect the ubiqutinated PP2CA in plant.

652

IP-Mass Spectrometry analysis

653

2-week-old transgenic Arabidopsis seedlings overexpressing FLAG-PP2CA were
25

coimmunoprecipitation

in

Nicotiana

benthamiana,

4-

to

5-week-old

654

treated with 50 μM MG132 for 24 h and 50 μM ABA for 6 h. 4-5 g materials were

655

harvested for total protein extraction. Anti-FLAG immunoprecipitates were prepared

656

as described in “In vivo immunoprecipitation assays”.

657

were finally eluted from the beads by adding 400 μg/ml 3×FLAG peptides in 1×PBS

658

buffer, with gentle rotation at 4ºC for 1 h×3 times. The eluted proteins were then

659

collected and lyophilized. A final volume of 30 μl 1×PBS buffer was added to

660

resuspend the powder. The resulting products were resolved on 4-12% NuPAGE®

661

Bis-Tris MiNi Gel (Invitrogen) and visualized by colloidal blue staining kit

662

(Invitrogen). The protein bands from 15 to 100 KD were cut from the gel and digested

663

with trypsin. The extracted peptides were subjected to LC-MS/MS analysis using

664

Easy nLC 1000 system (Thermo Scientific) connected to a Velos Pro Orbitrap Elite

665

mass spectrometer (Thermo Scientific) equipped with a nano-ESI source. The raw

666

data files were converted to mascot generic format (“.mgf”) using MSConvert before

667

submitted for database search. Protein identification was carried using Mascot server

668

v. 2.3.02 (Matrix Science) against TAIR Arabidopsis thaliana protein database.

669

In vivo protein degradation assay

670

Seedlings were grown vertically on MS solid medium for 2 weeks and then

671

transferred in liquid MS medium supplemented with 50 μM ABA for the indicated

672

time points. Samples were harvested and total proteins were extracted by

673

homogenizing the seedlings in the lysis buffer containing 50 mM Tris-HCl, pH 7.5,

674

150 mM NaCl, 0.1% NP-40, 1 mM DTT, 1mM PMSF and plant-specific protease

675

inhibitor cocktail at a ratio of 2:1 (m/v). The concentration of total protein was

676

determined by Bradford assays and equal amount of total proteins were mixed with

677

2× SDS loading buffer. Boiled samples were separated by SDS-PAGE gel

678

electrophoresis and analyzed by western blot. Anti-FLAG was used to detect

679

FLAG-PP2CA and anti-GFP to confirm the expression of RGLG fusions. Anti-Actin

680

was detected as a loading control.

681

GUS assays

682

For

683

pBI-PP2CA-GUS, pBI-HAB2-GUS or pBI-GUS (negative control) were germinated

protein

stability

analysis,

transgenic

FLAG-tagged proteins

Arabidopsis

seedlings

carrying
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684

and grown on MS plate supplemented with 50 μg/ml kanamycin for 7 days followed

685

by transferring to liquid MS medium with or without 50 μM MG132, and/or 100 μM

686

cycloheximide (CHX, Sigma), as well as 50 μM ABA for the indicated time. Treated

687

seedlings were collected for GUS staining, which was performed following the

688

method described previously (Zhang et al., 2012) and stained plants were visualized

689

using Leica E24HD. GUS activity was measured as reported recently (Zhang et al.,

690

2015). Briefly, total protein was extracted from 7-day-old seedling tissues using GUS

691

extraction buffer (50 mM sodium phosphate buffer, pH7.5, 10 mM β-mercaptoethanol,

692

0.1% Triton X-100 and 10 mM EDTA) followed by quantification by Bradford assays.

693

Then 50 mg total protein was firstly incubated at 37°C for 5 min before 1 mM

694

4-Methylumbelliferyl-β-D-glucuronide (4-MUG) (Sigma) was added. After 60 min of

695

reaction, 100 µl sample was taken and 2.4 ml 0.2 M Na2CO3 was added to terminate

696

the reaction, then each sample was quantified for absorbance at Ex 365/Em 455 with a

697

fluorospectrophotometer (Hitachi) to calculate 4-methylumbelliferone (4-MU)

698

production. The final GUS activity was expressed as pmol (4-MU) · min-1 ·µg-1 (fresh

699

weight).

700

Phenotype analysis

701

For germination assay, about 100 sterilized seeds of each genotype were sowed on

702

MS plates supplemented without or with different concentrations of ABA. After

703

stratification in the dark at 4℃for 3 days, plates were transferred to greenhouse at 22℃

704

under a 16 h/8 h photoperiod. Germination rate was the percentage of seeds that

705

showed an obvious emergence of radicle after 3 days. Seedling establishment was

706

scored after 7 days as the percentage of seedlings that developed fully green expanded

707

cotyledons (Pizzio et al., 2013).

708

For root growth assay, seeds were grown vertically on MS medium for 3-5 days and

709

then 10 seedlings of each genotype were transferred to MS plates in the presence or

710

absence of different concentrations of ABA for another periods of time (Pizzio et al.,

711

2013). Then photographs were taken and primary root length was monitored and

712

analyzed using ImageJ software.
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713

To study the effect of NaCl on germination and postgermination growth, seeds were

714

sown on MS plates with or without various concentrations of NaCl and the plates

715

were kept in the dark at 4ºC for 3 days. Afterward, the plates were moved to

716

greenhouse under long-day conditions (16-h-light/8-h-dark cycle). Photographs were

717

taken 7 days later to record different sensitivities to NaCl of each genotype.

718

To measure leaf water loss, rosette leaves of similar developmental stages from

719

4-week-old plants grown under short-day conditions (8-h-light/16-h-dark cycle) were

720

excised from their roots, placed on open Petri dishes, and kept on the lab bench for the

721

indicated time and then their fresh weights were monitored. Water loss was expressed

722

as a percentage of weight loss at the indicated time versus initial fresh weight (Zhu et

723

al., 2007). For drought treatment experiment, 7-day-old plants were transferred from

724

MS medium to water-saturated soil and the plants were grown under short-day

725

conditions until they were 3 weeks old. Watering was withdrawn until severe damage

726

was observed in wt plants (18-20 d). Survival rate was recorded 3 days after

727

rehydration (Zhu et al., 2007). To minimize experimental variations, the same

728

numbers of plants were grown on the same tray.

729

RNA extraction and real-time PCR

730

For qRT-PCR analysis of ABA-responsive genes, 7-day-old seedlings grown under

731

long-day conditions were transferred to liquid MS medium supplemented with or

732

without 50 μM ABA for the indicated time. Total RNA extraction, cDNA synthesis

733

and real-time PCR were performed as described (Zhang et al., 2012). UBQ10 was

734

used as an internal control for normalization of transcript levels (Zhang et al., 2012).

735

Primers used for gene expression analyses are listed in Supplemental Table 2.

736

Accession Numbers

737

The Arabidopsis Genome Initiative numbers for genes mentioned in this article are as

738

follows: RGLG1 (At3G01650), RGLG2 (At5G14420), RGLG3 (At5G63970), RGLG4

739

(At1G79380), RGLG5 (At1G67800), ABI1 (AT4G26080), ABI2 (AT5G57050),

740

PP2CA

(AT3G11410),

HAB1

(AT1G72770),

HAB2

(AT1G17550),

RD29a
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741

(AT5G52310), RD29b (AT5G52300),

RAB18 (AT5G66400), RD22 (AT5G25610),

742

DREB2A (AT5G05410), P5CS1 (AT2G39800), ERD10 (AT1G20450), ADH1

743

(AT1G77120), PYL4 (AT2G38310)

744

Supplemental Data

745

The following materials are available in the online version of this article.

746

Supplemental Figure 1. Immunoblot analysis verifies the expression of the

747

AD-PP2Cs and BD-RGLGs proteins in the Y2H assay.

748

Supplemental Figure 2. Relative expression of RGLG1 and RGLG5 in seedlings.

749

Supplemental Figure 3. Generation of RGLG5 knock-down lines by artificial

750

microRNA strategy.

751

Supplemental Figure 4. ABA hypersensitivity in Arabidopsis transgenic lines

752

overexpressing either RGLG1 or RGLG5.

753

Supplemental Figure 5. E3 ligase activity of RGLG5 and in vitro ubiquitination of

754

PP2CA by RGLG1 and RGLG5.

755

Supplemental Figure 6. In vitro ubiquitination of PP2CA by RGLG1 and RGLG5 is

756

not affected by ABA and PYL4.

757

Supplemental Figure 7. Expression of the PP2CA promoter is strongly induced by

758

ABA. Transcriptional profiles of PP2C genes in response to ABA.

759

Supplemental Figure 8. α-E2663 is an specific antibody for PP2CA. ABA

760

up-regulates PP2CA protein level.

761

Supplemental Figure 9. GUS staining of seedlings expressing PP2CA-GUS or

762

HAB2-GUS reveals ABA-induced degradation of the phosphatases via the 26S

763

proteasome pathway.

764

Supplemental Figure 10. Overexpression of RGLG1 or RGLG5 enhances

765

ABA-promoted degradation of FLAG-PP2CA.

766

Supplemental Table 1. List of peptides identified for PP2CA and RGLG1 in

767

anti-FLAG immunoprecipitates obtained from 35Spro:3×FLAG-PP2CA Arabidopsis

768

seedlings mock-treated or treated with ABA and MG132.

769

Supplemental Table 2. List of primers used in this study.
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Figure 1. In vitro and in vivo interaction of PP2CA with ubiquitin ligases RGLG1 and RGLG5.
(A) Interaction of PP2CA with RGLGs in yeast two-hybrid assays.
assays Photographs were taken 5 days after yeast cells were grown on Leu– Trp– /Yeast Nitrogen Base (YNB) or Leu– Trp– His–
Ade–/YNB medium. The T+Lam and T+P53 were used as negative and positive controls for the yeast two-hybrid system, respectively.
(B) Quantitative analysis of interactions in (A) by measuring β-galactosidase (β-gal) activities. o-nitrophenyl -β-D-galactopyranoside was used as substrate. Bars indicate the mean ± standard
deviation (SD) from the three replicas. Asterisks indicate a significant difference from the negative control pair AD-PP2CA+BD (Student’s t-test: **, P < 0.01).
(C) Number of PP2CA and RGLG peptides identified by IP/Mass Spectrometry (MS). Total proteins were extracted from seedlings of 35Spro:3×FLAG-PP2CA treated without (mock) or with
ABA and MG132. Immunoprecipitation (IP) was performed using anti-FLAG and the IP products were analyzed by mass spectrometry.
(D) In vitro interaction of PP2CA with RGLG1 and RGLG5. Serial concentrations of His-tagged PP2CA were incubated with immobilized MBP-RGLG1, MBP-RGLG5 or MBP proteins.
Bounded proteins were detected by western blot using anti-His and anti-MBP antibodies.
antibodies
(E) Interaction between PP2CA and RGLG1 or RGLG5 in firefly luciferase complementation imaging assay. Construct pairs PP2CA-nLUC/ RGLGs-cLUC, PP2CA-nLUC/cLUC, nLUC/
RGLGs-cLUC were co-expressed in N. benthamiana leaves. 50 µM ABA was injected 3 h before LUC observation. Two representative results were shown.
(F) Coimmunoprecipitation of PP2CA with RGLG1 and RGLG5. GUS-tagged PP2CA and GFP-tagged RGLG1 or FLAG-tagged RGLG5 were co-expressed in N. benthamiana. Protein
extracts were incubated with (+) or without (-) 10 µM ABA for 3 h before immunoprecipitation using GFP or FLAG antibodies bounded to Protein G-Sepharose beads. IgG was added in
parallel as negative controls.

Figure
g
2. Interaction assays
y of clade A PP2Cs with RGLGs. ABI2 and HAB2 interact with RGLG1 and RGLG5 in an ABA-dependent
p
manner.
(A) Yeast-two-hybrid analysis of interactions between PP2Cs and RGLGs. Full-length PP2Cs were each cloned into pGADT7Rec
plasmid and used as preys; full-length RGLGs were inserted separately into pGBKT7 plasmid and used as baits. Each pair of prey and
bait was then co-transformed into yeast. Photographs were taken 5 days after yeast cells were grown on Leu–Trp–/Yeast Nitrogen Base
(YNB) and Leu–Trp–His–Ade–/YNB medium.
(B) ABA-enhanced interaction of ABI2 with RGLG1 and RGLG5 in Arabidopsis. Two-week-old transgenic Arabidopsis seedlings
coexpressing ABI2-GFP and FLAG-RGLG1 or FLAG-RGLG5 were transferred to liquid MS medium supplemented with 50 µM ABA and
sampled at the indicated time points. Immunoprecipitation was performed using anti-FLAG (IP: α-FLAG) or anti-GFP (IP: α-GFP)
antibodies bounded to Protein G-Sepharose beads, separately. Anti-GFP and anti-FLAG antibodies were used to detect the proteins in
total extracts (Input) and immunoprecipitates (IP).
(C) ABA-enhanced interaction of HAB2 with RGLG1 and RGLG5. HAB2-GUS and RGLG1-GFP or FLAG-RGLG5 fusions were
coexpressed in N. benthamiana leaves by infiltration. Protein extracts were incubated with (+) or without (-) 10 µM ABA for 3 h before
immunoprecipitation with anti-GFP or anti-FLAG antibodies bounded to Protein G-Sepharose beads. IgG was added in parallel as
negative controls. Total extracts (Input) and immunoprecipitates (IP) were subjected to immunoblot analysis using anti-GUS, anti-GFP or
anti-FLAG antibodies.

Figure 3. Diminished ABA sensitivity of the
rglg1 amiR-rglg5 double mutant.
(A) Seed germination of Col-0, rglg1, rglg5,
amiR-rglg5 rglg1 amiR-rglg5,
amiR-rglg5,
amiR-rglg5 pp2ca-1 and
1124. Radicle emergence was scored after 72h growth on MS plates containing the indicated
concentrations of ABA. Seedling establishment
was scored as the percentage of seeds that
developed fully green expanded cotyledons
after
ft 7-day
7 d growth
th on MS plates
l t containing
t i i the
th
indicated concentrations of ABA. Bars are
Mean ± standard deviation (SD) of three
replications. Asterisks indicate a significant
difference from wild type (Student’s t-test: **, P
< 0.01).
)
(B) Photographs of representative seedlings
as in (A) taken 9 day after sowing on MS
plates with or without 0.8 µM ABA.
(C) ABA-mediated inhibition of root growth in
Col-0, rglg1, rglg5, amiR-rglg5, rglg1 amiRrglg5 pp2ca-1
rglg5,
pp2ca 1 and 1124.
1124 Photos were taken
10 days after transferring 3-day-old seedlings
to MS plates supplemented without or with the
indicated concentrations of ABA.
(D) Primary root length quantifications of the
indicated genetic backgrounds after ABA
treatment indicated in (C). Bars indicate Mean
± SD of thirty seedlings. Asterisks indicate a
significant difference from wild type (Student’s
t-test: *, P < 0.05; **, P < 0.01).
(E) Expression profiles of ABA-responsive
genes in Col
Col-0,
0, rglg1, rglg5, amiR
amiR-rglg5,
rglg5, rglg1
amiR-rglg5, pp2ca-1 and 1124. 7-day-old
Arabidopsis seedlings were transferred to
liquid MS medium containing 50 µM ABA and
sampled at the indicated time points. Gene
expression was examined using quantitative
real-time
l ti
PCR UBQ10 was used
PCR.
d as the
th
internal control, and expression levels were
normalized to that measured at time 0. Data
represent the mean ± SD of four technical
replicas.

Figure 4. Enhanced water loss and drought sensitivity of rglg1
amiR-rglg5
amiR
rglg5 compared to wt or single mutants.
mutants Diminished water
loss and enhanced drought resistance of overexpressing RGLG1
or RGLG5 plants compared to Col-0.
(A) Drought sensitivity of Col-0, rglg1, amiR-rglg5, rglg1 amiRrglg5, pp2ca-1 and 1124 plants. 3-week-old plants were subjected
to drought stress by withholding watering (Drought) for 12 days
( h the
(when
th lethal
l th l effect
ff t was observed
b
d in
i the
th double
d bl mutant
t t plants),
l t )
then the plants were rewatered (Rehydration).
(B) Survival rate of plants in (A). Survival rate was recorded 3
days after rehydration. Bars indicate SD calculated from three
replicated experiments. Asterisks indicate significant difference
from the wild type
yp ((Student’s t test，**,P<0.01).
)
(C) Water loss rate of detached leaves of four-week-old plants as
indicated in (A). Fresh weights were monitored at the indicated
time. Bars indicate SD calculated from three replications.
Asterisks indicate a significant difference from wild type (Student’s
t-test: *, P < 0.05; **, P < 0.01).
(D) Enhanced drought tolerance of Arabidopsis plants
overexpressing RGLG1 or RGLG5 compared to Col-0. 3-week-old
plants were subjected to drought stress by withholding water
(Drought) for 19 days (when the lethal effect was observed in the
wild type plants), then the plants were rewatered (Rehydration).
(E) Percentage of plants that survived as mentioned in (D).
S i l rate was recorded
Survival
d d 3 days
d
after
f rehydration.
h d i
B
Bars
i di
indicate
SD calculated from three independent experiments. Asterisks
indicate significant difference from the wild type (Student’s t test,
**, P<0.01).
(F) Water loss rate of detached leaves of four-week-old RGLG1 or
RGLG5 overexpressing
p
gp
plants compared
p
to the wild type
yp ((Col-0).
)
Fresh weight was monitored at the indicated time. Bars indicate
SD calculated from three replications. Asterisks indicate a
significant difference from wild type (Student’s t-test: **, P < 0.01).

Figure 5. RGLG1- and RGLG5-mediated in vitro ubiquitination of PP2CA.
(A, B) In vitro ubiquitination of PP2CA by RGLG1 and RGLG5, respectively. Purified GST-PP2CA was incubated with ATP, FLAGUbiquitin, E1, E2 and MBP-RGLG1 or MBP-RGLG5 in a reaction. Each component was omitted from assays as a control. The
ubiquitination products were examined by immunoblot (IB) using anti-GST, anti-FLAG and anti-MBP antibodies.
(C) In vitro ubiquitination of PP2CA by wt RGLG1 and RGLG5 compared to their Ring domain-mutated forms. Ubiquitinated bands
were detected as in (A). The first lane contains uniquely purified GST-PP2CA. Arrows indicate the position of MBP-RGLG1 (red)
and MBP-RGLG5 (black). IB using anti-MBP detects self-ubiquitination of MBP-RGLG1 (red line) and MBP-RGLG5 (black line).
(D, E) In vitro ubiquitination of HAB2 by RGLG1and RGLG5, respectively.
(F) In vitro ubiquitination of ABI2 by RGLG1 and RGLG5.

Figure 6. ABA enhances PP2CA degradation mediated by the 26S proteasome pathway.
(A) PP2CA is degraded by the 26S proteasome. Two-week-old etiolated seedlings were transferred to liquid MS
medium and were mock-, 100 µM CHX- or 100 µM CHX+50 µM MG132-treated for the indicated time period.
Total protein extracts were prepared for western blot analysis. The α-E2663 polyclonal antibody of PP2CA was
used to determine the endogenous PP2CA protein level (arrow). Actin was used as a loading control. The relative
protein levels of PP2CA at 0 h were set as 1. Bars indicate the mean ± SD from the three replicas. Asterisks
indicate a significant difference between the indicated comparisons (Student’s t-test: **, P < 0.01).
(B) Quantification of signal intensity in (A) by Image J software.
(C) ABA enhances PP2CA degradation. Two-week-old etiolated seedlings were treated with 100 µM CHX or 100
µM CHX
CHX+50
50 µM ABA for the indicated time period.
(D) Quantification of signal intensity in (C) by Image J software .
(E) ABA enhances PP2CA degradation through the 26S proteasome. Two-week-old etiolated seedlings of Col-0
were treated with 100 µM CHX+50 µM ABA or 100 µM CHX+50 µM ABA+50 µM MG132 for the indicated time
period.
(F) Quantification of signal intensity in (E) by Image J software.
(G) PP2CA protein
t i dynamics
d
i
after
ft different
diff
t treatments
t t
t determined
d t
i d by
b Western
W t
bl t analysis.
blot
l i Two-week-old
T
k ld
seedlings constitutively overexpressing 3×FLAG-PP2CA were transferred to liquid MS medium and were mock-,
50 µM ABA- or 50 µM ABA+50 µM MG132-treated, and sampled at the indicated time points. Western blot was
performed using anti-FLAG antibody. Actin was analyzed as a loading control.
(H) Three-independent experiments as in (G) were performed and the signal intensity was determined by Image J
software. The protein levels of FLAG-PP2CA without treatment ((0 h)) were defined as “1”. Bars indicate the mean
± SD from the three replicas. Student’s t tests were used to determine significant levels of the indicated
comparisons. *, P < 0.05; **, P < 0.01.
(I) Quantified GUS activities in protein extracts prepared from plants expressing PP2CA-GUS submitted to
different treatments. Seven-day-old seedlings were mock-treated or treated with 50 µM ABA, 50 µM MG132, 100
µM cycloheximide (CHX) or the indicated combinations. Samples were harvested at the indicated time points for
measuring GUS activity.
activity Bars indicate the mean ± SD from the three replicas.
replicas Student
Student’s
s t tests were used to
determine significant levels of the indicated comparisons. *, P < 0.05; **, P < 0.01.
(J) Effect of CHX, MG132 and ABA treatment on HA-PP2CA protein levels in pp2ca-1 background. 10-d-old
seedlings expressing HA-tagged PP2CA were either mock- or chemically-treated with 100 µM CHX, 50 µM
MG132 or 50 µM ABA for the indicated time period. Immunoblot analysis using anti-HA was performed to quantify
protein levels.
(K) Three-independent
Th
i d
d t experiments
i
t as in
i (J) were performed
f
d and
d the
th histogram
hi t
represents
t the
th average relative
l ti
protein level with respect to time 0 (error bars indicate standard error).
(L) In vitro degradation of His-PP2CA. Whole cell extracts prepared from 7-day-old seedlings of Col-0 were
incubated with purified His-PP2CA at 15ºC supplemented with or without different combinations of ABA and
MG132, and sampled at the indicated time points. Anti-His antibody was used to detect protein dynamics and
actin was analyzed
y
as a loading
g control.
(M) Three-independent experiments as in (L) were performed and the signal intensity was determined by Image J
software. The protein levels of His-PP2CA in Col-0 extracts with indicated treatments at 0 min were defined as
“1”. Bars indicate the mean ± SD from the three replicas. Student’s t tests were used to determine significant
levels of the indicated comparisons. *, P < 0.05; **, P < 0.01.

Figure 7. RGLG1- and RGLG5-mediated protein turnover of PP2CA.
(A) PP2CA protein levels in Col-0 versus rglg1 amiR-rglg5 in
response to ABA. Two-week-old etiolated seedlings of Col-0 and
rglg1 amiR-rglg5 were treated with 100 µM CHX or 100 µM CHX+50
µM ABA for 0,
0 1,
1 3,
3 6 h.
h Samples were harvested for Western blot
analysis using α-E2663 to detect endogenous PP2CA protein levels
(arrow) in Col-0 and rglg1 amiR-rglg5. Actin was analyzed as a
loading control.
(B) The signal intensity in (A) was determined by Image J software.
(C) ABA enhances PP2CA protein degradation. Two-week-old
seedlings of transgenic Arabidopsis constitutively expressing
3×FLAG-PP2CA in Col-0 or rglg1 amiR-rglg5 backgrounds were
transferred to liquid MS medium without (Mock) or with 50 µM ABA
for the indicated time period. Anti-FLAG was used to detect FLAGPP2CA. Actin was analyzed as a loading control.
(D) The signal intensity in (C) was determined by Image J software.
The relative protein levels of FLAG-PP2CA at time point 0 h were set
as”1”. Bars indicate the mean ± SD from the three replicas.
Student’s t tests were used to determine significant levels of the
indicated comparisons. **, P < 0.01.
(E, G) In vitro degradation of His-PP2CA by protein extracts
prepared from 7-day-old Col-0 or rglg1 amiR-rglg5 seedlings.
Purified His-PP2CA was incubated for the indicated time period in
th absence
the
b
(M k) or presence off ABA (E) or in
(Mock)
i presence off ABA or
ABA+MG132 (G). Protein dynamics of PP2CA was analyzed by
Western blot using anti-His antibody. Actin was analyzed as a
loading control.
(F, H) The signal intensity was determined by Image J software from
three-independent experiments as in (E) and (G), respectively. The
relative protein levels of His-PP2CA
His PP2CA in Col-0
Col 0 and rglg1 amiR-rglg5
amiR rglg5 at
time point 0 min were defined as “1”. Bars indicate the mean ± SD
from three replicas. Student’s t tests were used to determine
significance of the indicated comparisons. **, P < 0.01.
(I) In vivo ubiquitination of PP2CA in different genetic backgrounds.
FLAG-PP2CA protein was immunoprecipated from 2-week-old
35S::3×FLAG-PP2CA/Col-0
35S::3
FLAG PP2CA/Col 0 and 35S::3
35S::3×FLAG-PP2CA/rglg1
FLAG PP2CA/rglg1 amiR
amiRrglg5 seedlings treated with MG132 or ABA+MG132.
Immunoprecipated proteins were detected by immunoblotting using
anti-FLAG and anti-ubiquitin antibodies, respectively.

Figure 8. ABA insensitivity of rglg1 amiR-rglg5 is dependent on PP2CA activity.
(A) Seed germination and (B) Seeedling establishment of Col-0, rglg1 amiR-rglg5 double, rglg1 amiR-rglg5
pp2ca-1 triple and pp2ca-1 mutants. Radicle emergence was scored after 72-h growth on MS plates containing
the indicated concentrations of ABA (A). Seedling establishment was scored as the percentage of seeds that
developed fully green expanded cotyledons after 7-day growth on MS plates containing the indicated
concentrations of ABA (B). Bars are Mean ± SD of three replicas. Asterisks indicate a significant difference
from wild type (Student
(Student’s
s tt-test:
test: **,, P < 0.01).
(C) Photographs of representative plates were taken 12 day after sowing the indicated genetic backgrounds on
MS plates lacking or containing 0.8 µM ABA.

Figure 9. Proposed model for the enhanced degradation of PP2CA via the 26S proteasome mediated by ABA and
RGLG1/5. Under non-stress conditions (-ABA, low ABA levels), RGLG1 and RGLG5 show less interaction with PP2CA
(discontinous arrow) or there is less PP2CA available for interaction because PP2CA transcripts are up-regulated by ABA.
PP2CA interacts with SnRK2s, which prevents their activation and leads to inhibition of downstream ABA responses.
PP2CA levels under non-stress conditions are regulated by RGLG1/5 or additional unidentified E3s. When plants are
challenged (+ABA, high ABA levels), ABA promotes the interaction of PYR/PYLs with PP2CA, inhibiting its phosphatase
activity. ABA facilitates RGLG1/5 interaction with PP2CA, which leads to its ubiquitination and degradation via the 26S
proteasome pathway, resulting in full activation of ABA signaling. As a negative feedback mechanism, ABA also increases
PP2CA and clade A PP2C transcripts.
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