bioRxiv preprint doi: https://doi.org/10.1101/2022.02.03.479016; this version posted February 4, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

ABA signaling prevents phosphodegradation of the
Arabidopsis SR45 splicing factor to negatively

autoregulate inhibition of early seedling development

Rui Albuquerque-Martins'?, Déra Szakonyi!, James Rowe?, Alexander M.

Jones?” and Paula Duque®”
LInstituto Gulbenkian de Ciéncia, 2780-156 Oeiras, Portugal

2 Sainsbury Laboratory, University of Cambridge, Cambridge B2 1LR, UK

“ Correspondence: Paula Duque (duquep@igc.gulbenkian.pt); Alexander M. Jones

(amj53@cam.ac.uk)

Running Title: ABA signaling stabilizes negative regulator SR45


mailto:duquep@igc.gulbenkian.pt
https://doi.org/10.1101/2022.02.03.479016
http://creativecommons.org/licenses/by-nc-nd/4.0/

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

30
31

bioRxiv preprint doi: https://doi.org/10.1101/2022.02.03.479016; this version posted February 4, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

ABSTRACT

Alternative splicing is a key posttranscriptional mechanism to expand the coding capacity of
eukaryotic genomes. Although the functional relevance of this process remains poorly
understood in plant systems, major modulators of alternative splicing called serine/arginine-
rich (SR) proteins have been implicated in plant stress responses mediated by the abscisic acid
(ABA) hormone. Loss of function of the Arabidopsis thaliana SR-like protein SR45, a bona
fide splicing factor, has been shown to cause plant hypersensitivity to environmental cues and
activation of the ABA pathway. Also, consistent with both animal and plant SR proteins being
extensively and reversibly phosphorylated at their C-termini, ABA-induced changes in the
phosphorylation status of SR45 have been reported.

Here, we show that SR45 overexpression reduces Arabidopsis sensitivity to ABA during early
seedling development. Moreover, exposure to ABA dephosphorylates SR45 at multiple amino
acid residues and leads to accumulation of the protein via reduction of SR45 ubiquitination and
proteasomal degradation. Using phosphomutant and phosphomimetic transgenic Arabidopsis
lines, we demonstrate the functional relevance of ABA-mediated dephosphorylation of a single
SR45 residue, T264, in antagonizing SR45 ubiquitination and degradation to promote its
function as a repressor of seedling ABA sensitivity. Taken together, our results reveal a
mechanism in which ABA signaling negatively autoregulates during early plant development

via posttranslational control of the SR45 splicing factor.

Key words: Abscisic acid (ABA), alternative splicing, Arabidopsis thaliana, protein

phosphorylation, SR proteins.
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INTRODUCTION

Serine/arginine-rich (SR) proteins are members of a highly conserved family of RNA-binding
factors that play important roles in mRNA splicing. These accessory spliceosomal proteins
bind to cis-regulatory sequences in the precursor-mRNA (pre-mRNA), promoting early
spliceosome assembly and influencing splice site selection. SR proteins are thus crucial in
alternative splicing, a posttranscriptional mechanism that generates multiple transcripts from
the same gene and has key biological relevance in eukaryotes, namely in developmental
programs and stress response. Structurally, SR proteins present one or two N-terminal RNA
recognition motifs (RRMs), responsible for binding transcripts, and an arginine/serine-rich
(RS) protein-protein interaction domain at their C terminus that recruits core spliceosome
components to splice sites. The RS domain is subjected to extensive reversible
phosphorylation (reviewed in Duque, 2011), which in animal systems is known to be required
for spliceosome assembly and has also been linked to mMRNA export from the nucleus (Huang
et al., 2004; Sanford et al., 2005) or in switching functions from splicing activator to repressor
(Shi and Manley, 2007; Feng et al., 2008). In plant systems, SR proteins are being increasingly
implicated in abiotic stress responses mediated by the abscisic acid (ABA) hormone (Carvalho
etal., 2010; Chen et al., 2013; Xing et al., 2015; Albagami et al., 2019; Laloum et al., 2021).
The phytohormone ABA coordinates several developmental processes, such as seed dormancy,
embryo maturation, seedling growth and greening, but is also pivotal in the response to
environmental challenges. Sensing of osmotic or oxidative stress by plant cells leads to a
massive increase in the levels of ABA, which is recognized by the PYR/PYL/RCAR
(PYRABACTIN RESISTANCE/PYRABACTIN RESISTANCE-LIKE/REGULATORY
COMPONENT OF ABA RECEPTORYS) intracellular soluble receptors. Hormone-receptor
binding facilitates the formation of a protein complex with PP2C (PROTEIN PHOSPHATASE
2C) phosphatases, preventing the latter from inhibiting core ABA signaling protein kinases
named SnRK2 [SUCROSE NON-FERMENTING 1 (SNF1)-RELATED PROTEIN KINASE
2]. In the absence of PP2Cs, SnRK2s activate themselves by autophosphorylation and can then
phosphorylate specific transcription factors (TFs), such as bZIPs (BASIC LEUCINE ZIPPER),
to induce the expression of stress-responsive genes (reviewed in Finkelstein, 2013; Sah et al.,
2016).

Phosphorylation-triggered protein degradation is an important strategy common to animal and
plant systems (reviewed in Filipéik et al., 2017; Vu et al., 2018; Bhaskara et al., 2019). In
plants, it is crucial not only for the regulation of light signaling (Al-Sady et al., 2006; Shen et
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al., 2007; Yue et al., 2016) but also of several important players in the ABA pathway (Liu and
Stone, 2010; Lietal., 2016; Chen et al., 2018; Li et al., 2018; Mizoi et al., 2019). The ubiquitin-
proteasome system is a highly regulated mechanism to control protein levels in eukaryotic cells
that targets for degradation proteins covalently linked to the polypeptide ubiquitin. For a
protein to be recognized by the 26S proteasome, a chain of at least four ubiquitin monomers is
needed, which is delivered to the substrate by an ATP-dependent enzymatic E1-E2-E3
conjugation cascade (reviewed in Sadanandom et al., 2012). E3 ubiquitin ligases are the most
numerous and diverse of the three groups of enzymes, being responsible for substrate
recognition and specificity. Substrate phosphorylation is one of the signals recognized by some
types of E3 ubiquitin ligase complexes (reviewed in Deshaies, 1999).

The most studied Arabidopsis thaliana SR-related protein is SR45, a bona fide splicing factor
(Ali et al., 2007) that plays an established role in ABA responses (Carvalho et al., 2010; Xing
etal., 2015; Carvalho et al., 2016; Albagami et al., 2019). Having been classified as a canonical
SR protein for many years, SR45 is currently considered an SR-like protein (Barta et al. 2010)
due to its two RS domains that flank a single RRM (Golovkin and Reddy, 1999). The only
SR45 loss-of-function mutant described to date, sr45-1, exhibits a variety of developmental
phenotypes, including reduced plant size, late and bushy inflorescences, delayed root growth,
as well as abnormal leaf and flower morphology (Ali et al., 2007). Moreover, sr45-1 mutant
seedlings are hypersensitive to ABA and glucose (Carvalho et al., 2010; Carvalho et al., 2016)
as well as to high salinity (Albagami et al., 2019). Seven different splice variants of the A.
thaliana SR45 gene are annotated, but only two have been characterized: SR45.1 and SR45.2,
which despite exhibiting very similar expression patterns, fulfill different functions. While both
variants are able rescue the mutant’s glucose hypersensitivity (Carvalho et al., 2010), SR45.2
rescues the root growth defect and SR45.1 rescues the flower (Zhang and Mount, 2009), salt
(Albagami et al., 2019) and (partially) ABA (Xing et al., 2015) phenotypes.

Interestingly, the 4262 RNAs reported by Xing et al (2015) to bind SR45 include transcripts
encoding 30% of all ABA signaling genes (Hauser et al., 2011). Furthermore, in addition to
interacting with other splicing factors, including U1-70K (Golovkin and Reddy, 1999), U2AF
(Day et al., 2012), three different U5 snRNP components and several SR proteins (Golovkin
and Reddy, 1999; Tanabe et al., 2009; Zhang et al., 2014), SR45 has been found to interact
with two proteins involved in ABA responses, the SNW/SKI-INTERACTING PROTEIN
(SKIP) (Wang et al., 2012), a putative transcription factor conferring plant salt tolerance (Feng
et al., 2015), and the SUA SUPPRESSOR OF ABI3-5 (SUA) protein (Mukhtar et al., 2011),
which controls alternative splicing of ABA-INSENSITIVE 3 (ABI3) (Sugliani et al., 2010).
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99  Several reports of phosphorylation at specific SR45 residues in different plant tissues and stress

100  conditions have been published (De La Fuente Van Bentem et al., 2006; De La Fuente Van
101 Bentem et al., 2008; Umezawa et al., 2013; Wang et al., 2013; Zhang et al., 2014), with an
102  early study showing that a LAMMER-type protein kinase, AFC2, can interact with and
103  phosphorylate SR45 in vitro (Golovkin and Reddy, 1999). Moreover, Zhang et al. (2014)
104  reported the relevance of phosphorylation of a single SR45 amino acid residue, T218, in both
105 the regulation of flower development and alternative splicing of a direct mMRNA target. On the
106  other hand, a phosphoproteomics study found evidence of ABA-induced dephosphorylation of
107  SR45 at adifferent residue, T264 (Wang et al., 2013). Given that SR45 transcript and splicing
108 levels are reportedly unchanged by ABA treatment (Palusa et al., 2007; Cruz et al., 2014), these
109 data strongly suggest that SR45 is regulated by ABA at the posttranslational level.
110  How SR45 is posttranslationally regulated by ABA and related stresses remains largely
111 unknown. Here we report that the A. thaliana SR45 protein accumulates and is
112 dephosphorylated at several residues in response to ABA. We find that ABA-mediated
113  dephosphorylation of the protein reduces its ubiquitination and targeting for proteasomal
114  degradation, thus leading to SR45 stabilization under ABA conditions. Our results also
115 demonstrate that the T264 SR45 residue is sufficient to influence phosphorylation-dependent
116  proteasomal degradation of the protein and thereby its function as a negative regulator of the
117  ABA pathway.

118 RESULTS

119  Overexpression of the SR45 protein causes plant ABA hyposensitivity

120  We previously showed that loss of function of the Arabidopsis SR45 gene leads to enhanced
121  sensitivity to the ABA hormone at the cotyledon greening stage (Carvalho et al., 2010), with
122 Xing et al. (2015) later reporting that overexpression of the SR45.1 splice variant partially
123 rescues this ABA greening inhibition phenotype. Given that the SR45 gene produces at least
124 two splice isoforms with distinct functions (Zhang and Mount, 2009; Albagami et al., 2019),
125  we decided to investigate the effect of expressing the genomic SR45 fragment on the ABA
126  response of transgenic seedlings during early development. To this end, we cloned the gene’s
127  genomic fragment upstream of the eGFP sequence driven by either the endogenous SR45
128  (pSR45::gSR45-eGFP) or the strong, constitutive UBQ10 (pUBQ10::gSR45-eGFP) promoter

129  (Supplemental Figure 1). These two constructs were independently transformed into sr45-1
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130  mutant plants (Ali etal., 2007), with two complementation (C1 and C2) and two overexpression
131 (OX1 and OX2) transgenic lines being isolated for the pSR45::gSR45-eGFP and
132  pUBQ10::gSR45-eGFP constructs, respectively.

133  As seen in Figure 1A, RT-gPCR analysis using primers specific for the SR45 gene (see
134  Supplemental Figure 1) revealed that the OX1 and OX2 lines express about 15- and 30-fold
135 higher transcript levels than the Col-0 wild type, respectively, while in the C2 line expression
136 is enhanced by only ~2.5 fold and C1 expresses similar levels to the wild type. As expected,
137  transcript levels were barely detectable in the sr45-1 knockout mutant. Similar results were
138  obtained when primers specific for the GFP coding sequence were used (see Supplemental
139  Figure 1) and the expression levels of the transgene were normalized to those of the C2
140  complementation line (Figure 1A). Western blot analysis using anti-GFP antibodies showed
141  that the relative differences in SR45-GFP transcript among the transgenic lines were matched
142  at the protein level, as both overexpression lines showed highly elevated amounts of SR45-
143 GFP when compared to the complementation lines, with C2 exhibiting slightly higher levels
144  of the fusion protein than C1 (Figure 1B).

145  Phenotypical characterization of the transgenic lines revealed no defects in cotyledon
146  development under control conditions and full rescue of the ABA hypersensitivity of the sr45-
147 1 mutant (Figure 1C). Moreover, all plant lines expressing significantly enhanced SR45 mRNA
148  levels (OX1, OX2 and C2) displayed reduced sensitivity to exogenous ABA. Notably, OX2
149  was the transgenic line that displayed stronger ABA hyposensitivity, correlating with higher
150  expression of the SR45-GFP transgene. Our results show that SR45’s function as a negative
151  regulator of ABA signaling during early seedling development is dependent on SR45 protein
152  levels.

153 ABA enhances SR45 protein levels

154  Previous work indicates that the expression levels and splicing pattern of the SR45 gene are
155 unchanged by ABA (Palusa et al., 2007; Cruz et al., 2014), but it remains unknown whether
156  SR45 protein levels are regulated by the phytohormone. To investigate this, we treated
157  seedlings from a transgenic complementation line with 2 uM ABA and followed SR45 protein
158 levels for 3 hours by western blotting. Results revealed an evident accumulation of the SR45-
159  GFP fusion protein over time in the ABA-treated samples, with the highest levels being
160  detected after 180 minutes, while control samples harvested at the same timepoints showed no
161 increase in SR45 protein levels (Figure 2A). Although endogenous SR45 transcript levels are
162  not ABA regulated (Palusa et al., 2007; Cruz et al., 2014), we confirmed that our transgene
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163  was also not transcriptionally affected by ABA. As seen in Supplemental Figure 2A, RT-qPCR
164  analysis of the SR45-GFP transcript in SR45-GFP/sr45-1 seedlings revealed no changes in
165  expression levels upon ABA treatment.

166 A similar trend of SR45-GFP accumulation was observed in transgenic seedlings treated with
167  ABA when the fluorescence intensity was measured in primary roots by confocal microscopy.
168  Figure 2B shows that addition of 10 uM ABA to the sample’s buffer increased the mean SR45-
169 GFP fluorescence intensity per segmented nucleus by around 50% in 150 minutes,
170  unequivocally demonstrating that the amounts of SR45 protein are upregulated by the ABA
171  phytohormone.

172 ABA dephosphorylates SR45 and enhances its levels in a SnRK2-dependent manner

173 Inaphosphoproteomics study by Wang et al. (2013), the phosphorylation levels of SR45 were
174  reported to decrease in response to an ABA treatment. To verify whether SR45 is
175  dephosphorylated by ABA in our conditions, we treated seedlings from a complementation line
176  with 2 uM ABA for 3 hours and compared the phosphorylation status of the SR45-GFP fusion
177  protein with that from seedlings subjected to a mock treatment. As evident from the Phos-tag
178  gel in Figure 3A, SR45 is markedly dephosphorylated in response to ABA. We next analyzed
179  the phosphorylation levels of SR45 upon ABA treatment of transgenic plants expressing the
180 pSR45::gSR45-eGFP construct in the snrk2.2/3/6 triple mutant background. The SR45
181  dephosphorylation induced by ABA was severely impaired by loss of SnRK2 function,
182  indicating that the switch in the protein’s phosphorylation status depends on ABA signaling
183  (Figure 3A). These Phos-tag analyses revealed the occurrence of five different protein
184  isoforms, while single bands had been detected in SDS-Page blots, thus showing that SR45 can
185  be phosphorylated at multiple amino acid residues. We observed a clear SnRK2-dependent
186  accumulation of the least phosphorylated form of the SR45 protein in response to ABA, with
187  phospho-isoforms 3 and 4 accumulating in the ABA-treated snrk2.2/3/6 line (Figure 3A).

188  Importantly, when SR45 protein levels were analyzed in the same samples by western blotting,
189  the SR45 protein accumulation observed upon ABA treatment (see also Figure 2A) was
190 abolished in the snrk2.2/3/6 mutant background (Figure 3B), indicating that the ABA-induced
191  rise in SR45 levels fully depends on ABA signaling downstream of SnRK2s and suggesting a
192  putative link between dephosphorylation of the SR45 protein and its accumulation. As in the
193  complementation line (see Supplemental Figure 2A), RT-qPCR analysis of SR45-GFP
194  transcript levels in SR45-GFP/snrk2.2/3/6 seedlings revealed no changes upon ABA treatment
195  (Supplemental Figure 2B).
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196  ABA stabilizes SR45 by reducing protein ubiquitination and proteasomal degradation

197  Having established that SR45 is ABA regulated at the posttranslational level, we hypothesized
198 that the different amounts of SR45 protein observed under control and ABA conditions were
199  due to distinct stability of the protein. To test this, we treated seedlings with the potent
200  proteasome inhibitor MG132 before exposure to ABA and determination of SR45-GFP protein
201  levels by western blotting (Figure 4A). Notably, pre-treatment with MG132 resulted in a
202  significant increase of SR45 levels only in the absence of ABA, suppressing the difference in
203  SR45 content between the control and ABA conditions (Figure 4A). This indicates increased
204  targeting of SR45 for proteasomal degradation under control conditions, strongly suggesting
205 that the ABA-dependent SR45 protein accumulation is due to increased stability of the SR45
206  protein under ABA conditions.

207  To verify that the differences in SR45 stability correlate with different ubiquitination levels of
208  the protein, we immunoprecipitated SR45-GFP (IP) from protein extracts of seedlings treated
209  with ABA and checked for the presence of ubiquitin conjugates (Figure 4B). As expected, for
210  the same amount of IP loaded in the SDS-Page gel, more immunoprecipitated SR45-GFP was
211  retrieved in ABA-treated samples when compared to the control, but a higher accumulation of
212  ubiquitin was detected in control compared to ABA pull-downs. Quantification of the ubiquitin
213  signal and normalization to the amounts of immunoprecipitated SR45-GFP showed that the
214 ubiquitination levels of the immunoprecipitated SR45-GFP are reduced by more than half
215 under ABA conditions (Figure 4B). Immunoprecipitation of control 35S::GFP transgenic
216  seedlings showed residual ubiquitin conjugates bound to GFP alone (Supplemental Figure 3).
217  Together, these results show a higher degree of both SR45 ubiquitination and degradation by
218  the ubiquitin-proteasome system under control conditions, with the protein being less

219  ubiquitinated and more stable upon exposure to ABA.

220  Phosphorylation of T264 residue controls SR45 protein ubiquitination and degradation

221  Given that phosphorylation-dependent protein ubiquitination and degradation is a known
222 mechanism to rapidly control protein levels in both animal and plant systems (reviewed in
223  Filipcik et al., 2017; Vu et al., 2018; Bhaskara et al., 2019), we next asked whether SR45
224 stability is dependent on the phosphorylation status of the protein. To address this question, we
225 generated transgenic Arabidopsis lines expressing the pUBQ10::gSR45-eGFP construct
226  mutated at a threonine (T) phosphoresidue reported by Wang et al. (2013). We changed this

227  T264 residue either to an alanine (A), an amino acid that cannot be phosphorylated
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228  (phosphomutant lines), or to aspartic acid (D), which is structurally similar to a phosphorylated
229  threonine and thus mimics constitutive phosphorylation (phosphomimetic lines).

230  To investigate whether SR45 phosphorylation at the T264 residue affects ubiquitination of the
231  protein, we immunoprecipitated SR45-GFP from protein extracts of overexpression (OX1),
232 phosphomutant (PMutl) and phosphomimetic (PMim1) transgenic seedlings grown in control
233 conditions and checked for the presence of ubiquitin in the IPs (Figure 5A). Quantification of
234  the respective signals and calculation of the ubiquitin/SR45 ratio showed much higher
235  ubiquitination levels in the pulldowns from the phosphomimetic line when compared with the
236  overexpression and phosphomutant lines, with SR45-GFP immunoprecipitated from the latter
237  line, in which T264 is never phosphorylated, showing the lowest degree of ubiquitination
238  (Figure 5A). These results indicated that phosphorylation of the T264 residue promotes SR45
239  ubiquitination.

240  To verify that T264 phosphorylation also results in rapid destabilization of SR45, we next
241  followed degradation of the protein along time. As observed in Figure 5B, while in the control
242  overexpression line SR45 decayed to about 60% of its initial levels in 15 minutes, the protein
243 was noticeably more rapidly degraded in the phosphomimetic line, falling to nearly 20% in the
244 same timeframe. By contrast, SR45 was markedly more stable in phosphomutant extracts,
245  beginning to decay only after 30 minutes and reducing its amounts to only about half after an
246  hour. Addition of the MG132 inhibitor to the protein extracts showed that the observed decay
247  of the SR45 protein in all plant lines is proteasome dependent (Figure 5C). We thus concluded
248  that T264 phosphorylation controls SR45 protein degradation via the ubiquitin-proteasome
249  system — dephosphorylation of the protein at this residue results in reduced levels of

250  ubiquitination and therefore enhanced protein stability.

251  Phosphorylation of T264 residue controls ABA-induced SR45 protein accumulation and
252  plant ABA sensitivity

253  Finally, we analyzed the effect of SR45 phosphorylation at the T264 residue on ABA
254 responses. First, to test ABA-driven SR45 protein accumulation, we treated seedlings from the
255  OX1 overexpression, the PMutl phosphomutant and the PMim1 phosphomimetic transgenic
256  lines with 2 uM ABA and assessed SR45-GFP levels after 3 hours by western blotting. As
257  shown in Figure 6A, the accumulation of SR45-GFP under ABA conditions observed in the
258 C2 complementation line (see Figure 2 and Figure 3B) was reproduced with OX1, an
259  overexpression line in which the transgene is driven by a different promoter, reinforcing
260  posttranslational regulation of SR45 by ABA. By contrast, the ABA-induced SR45 protein
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261  accumulation was abolished in both the transgenic line where SR45 cannot undergo
262  phosphorylation at T264 (PMutl) and in the line where SR45 is constitutively phosphorylated
263  atthisresidue (PMim1). We actually observed a slight decrease in the SR45-GFP protein levels
264 upon ABA treatment in the phosphomutant and phosphomimetic lines (Figure 6A) consistent
265  with reduced transcript levels (Supplemental Figure 4), possibly due to ABA downregulation
266 of UBQ10 promoter activity. This transcriptional downregulation of expression of the
267  transgene by ABA was also observed in an independent set of phospho-transgenic lines, OX2,
268  PMut2 and PMim2 (Supplemental Figure 5A), where again a rise in SR45 protein levels in
269  response to ABA treatment was observed only in the overexpression line (Supplemental Figure
270  5B). These results demonstrate that a switch in the phosphorylation status is required for SR45
271  protein accumulation in response to ABA exposure, corroborating the notion that the ABA-
272  induced increase in the SR45 protein depends on its dephosphorylation by the hormone.

273  Having gained molecular insight into the effects of the T264 mutation on SR45, we then asked
274  whether it would impact the plant’s physiological response to ABA and affect sensitivity to the
275  hormone during cotyledon greening. Figure 6B shows that phenotypical characterization of the
276  transgenic OX1, PMutl and PMim1 lines under control conditions revealed no differences in
277  cotyledon development. However, while the OX1 and Pmutl lines displayed a similar
278  reduction in cotyledon greening when grown in ABA, the PMim1 phosphomimetic seedlings
279  showed a higher sensitivity to ABA, despite the fact that this particular line expressed about
280 twice the levels of the SR45-GFP mRNA (Figure 6B). A similar result was obtained when
281  independent transgenic lines (OX2, PMut2 and PMim2) were isolated and analyzed, with the
282  PMim2 phosphomimetic line being clearly the most sensitive to ABA (Supplemental Figure
283  6). Inthis case, OX2 was less sensitive to ABA when compared to PMut2, most likely because
284  of markedly higher SR45-GFP transcript levels in the former transgenic line (Supplemental
285  Figure 6). In conclusion, the fact that SR45 phosphomimetic transgenic lines, in which the
286  T264 residue is constitutively phosphorylated, exhibit enhanced ABA sensitivity indicates that
287  SR45 depends on dephosphorylation to enhance its levels and exert its role as a negative

288  regulator of ABA responses during early plant development.

289 DISCUSSION

290  We show here that overexpression of the Arabidopsis SR45 gene causes reduced plant
291  sensitivity to the phytohormone ABA. While Carvalho et al. (2010) observed complete rescue
292  of the partially ABA-dependent sr45-1 glucose phenotype upon overexpression of either the

10
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293  SR45.1 0or SR45.2 splice variants, Xing et al. (2015) found that overexpressing the SR45.1 splice
294  variant partially reverts sr45-1 ABA hypersensitivity during early seedling development.
295  Neither study had identified an ABA hyposensitive phenotype upon SR45 overexpression,
296  perhaps due to the fact that individual SR45 splice variants were tested independently instead
297  of the genomic fragment. Seven SR45 transcripts are currently annotated and at least SR45.1
298  and SR45.2 are known to fulfill different biological roles (Zhang and Mount, 2009; Albagami
299 et al., 2019), rendering it likely that a combination of SR45 splice forms is required for the
300 protein’s role as a negative regulator of the ABA pathway. Alternatively, the ability to reduce
301  ABA sensitivity could arise from the use of different promoters to drive the SR45 transgene.
302  In our overexpression lines, the genomic construct is driven by the UBQ10 promoter, while
303  previous work used 35S, whose activity can vary in different organs and under abiotic stress
304  (Kiselev et al., 2021). Nevertheless, we recently also found opposite ABA and ABA-related
305 phenotypes for the loss-of-function mutant and Arabidopsis lines expressing the SCL30a SR
306  protein under the control of the 35S promoter (Laloum et al., 2021).

307 SR proteins are established phosphoproteins, and several phosphorylation residues have been
308 annotated for SR45. Moreover, a phosphoproteomics study listed SR45 as displaying reduced
309  phosphorylation under ABA conditions (Wang et al. 2013). In agreement, we found that upon
310 ABA exposure SR45 is dephosphorylated at several residues in a ShRK2-dependent manner,
311 indicating that ABA signaling downstream of SnRK2 kinases is either activating phosphatases
312  that dephosphorylate SR45 or deactivating kinases that phosphorylate SR45 under control
313  conditions. Interestingly, we detected ABA-induced accumulation of a specific SR45 phospho-
314  isoform (isoform 4 in Figure 3A) in the snrk2.2/3/6 background, suggesting that this SR45
315  (de)phosphorylation event is occurring either due to ABA signaling upstream of SnRK2s or
316 independently of these core ABA pathway components. SnRK2-independent ABA signaling,
317 in which PP2C phosphatases dephosphorylate other kinases activating different branches of
318 ABA signaling, has been previously reported (Brandt et al., 2012). Our findings fit with the
319  general model in which dephosphorylation negatively regulates ABA signaling (reviewed in
320 Yangetal., 2017). In fact, several PP2C phosphatases are known to negatively regulate ABA
321 signaling, with the corresponding loss-of-function mutants displaying ABA hypersensitive
322  phenotypes (Merlot et al., 2001; Yoshida et al., 2006; Nishimura et al., 2007), as observed for
323  SR45.

324 Importantly, we found that the SR45 protein accumulates upon ABA treatment in a SnRK2-
325  dependent manner and that the phosphorylation status of the protein controls this ABA-induced

326  increase in SR45 levels. Indeed, using phosphomutant and phosphomimetic lines in which the
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327  SR45 protein is never phosphorylated or constitutive phosphorylation is mimicked at T264, a
328  previously reported ABA-specific SR45 dephosphorylation residue (Wang et al., 2013), we
329  show that: i) a switch in the SR45 phosphorylation status is required for ABA induction of
330  SR45 protein accumulation, ii) dephosphorylation of the T264 residue upon ABA exposure
331  results in both reduced ubiquitination levels and lower proteasomal degradation rates of SR45,
332 and iii) SR45 phosphorylation at T264 enhances plant ABA sensitivity at the early seedling
333  stage.

334  Our results demonstrate functional and physiological relevance for ABA-mediated
335  posttranslational modification of an SR-related splicing factor that negatively regulates ABA
336  responses during early plant development (Carvalho et al., 2010; Xing et al., 2015). We show
337  that SR45 is phosphorylated under control conditions, with phosphorylation of a single residue
338  being able to modulate the protein’s ubiquitination levels and the amounts of SR45 that are
339 targeted to degradation by the ubiquitin-proteasome system. Upon exposure to ABA,
340  downstream signaling triggers SR45 dephosphorylation, thus reducing both the ubiquitination
341 and degradation rates of the protein. Consistent with ABA stabilization of the SR45 protein,
342  we also demonstrate that the protein’s role as negative regulator of the ABA pathway is
343  dependent on SR45 protein levels, pointing to ABA-induced SR45 accumulation as a
344  mechanism of negative autoregulation of ABA signaling. Also in agreement with our model
345  (Figure 7), SR45 phosphomimetic lines are more sensitive to ABA — when T264
346  dephosphorylation is prevented, SR45 is degraded at higher rates resulting in lower amounts
347 of SR45 protein and enhanced seedling sensitivity to ABA; given that SR45 is
348  dephosphorylated by ABA, both the overexpression and the phosphomutant lines display a
349  decreased ABA response.

350 In plants, protein phosphodegradation is crucial in the regulation of the phytochrome
351 interacting factor 5 (PIF5) and PIF3 transcription factors involved in light signaling (Al-Sady
352 etal., 2006; Shen et al., 2007; Yue et al., 2016), but has also been shown to regulate directly
353  key ABA signaling components, including the Arabidopsis PYR/PYLs receptors (Chen et al.,
354  2018), DEHYDRATION-RESPONSIVE ELEMENT-BINDING PROTEIN 2A (DREB2A)
355  (Mizoietal., 2019) and GUANINE NUCLEOTIDE EXCHANGE FACTOR 1 (RopGEF1) (Li
356 etal, 2016; Li et al., 2018). Moreover, the RING-type E3 ligase KEEP ON GOING (KEG)
357  regulates itself via ABA-dependent phosphodegradation, thereby stabilizing the ABA-
358 INSENSITIVE 5 (ABI5) transcription factor, which is ubiquitinated by this E3 ligase (Liu and
359  Stone, 2010). As for SR proteins, although their phosphorylation-dependent degradation has

360  not yet been reported, a couple of studies in humans have looked into both phosphorylation
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361 and proteasomal degradation of these RNA-binding proteins. Breig and Baklouti (2013) found
362 that mutating an AKT signaling phosphorylation site has no effect on proteasomal degradation
363  of the human SR protein SRSF5, while acetylation downregulates phosphorylation levels and
364  promotes degradation of SRSF2, suggesting a link between acetylation and phosphorylation in
365  regulating the levels of this SR protein (Edmond et al., 2011).

366 In line with our findings, POLYUBIQUITIN 3 (UBQ3) is a reported interactor of the
367  Arabidopsis SR45 (Kim et al., 2013). SR45 has also been reported to interact with the products
368  of the At2g43770 and At1g10580 genes (Zhang et al., 2014), which are predicted to contain
369  WD40 domains (Zhang et al., 2008). WD40 proteins function as potential substrate receptors
370  of CUL4 E3 ubiquitin ligases (Lee etal., 2008), and it is interesting to note that two components
371  of these E3 ligases are also reported negative regulators of ABA signaling (Lee et al., 2010).
372  However, phosphorylated substrates are usually recognized by F-box proteins, which are part
373  of the the Skpl-Cullin-F-box (SCF) complex, a different major type of E3 ubiquitin ligases
374 (reviewed in Deshaies, 1999; Sadanandom et al., 2012). Further biochemical and genetic
375  studies should allow the identification of both the kinases or phosphatases and the E3 ligase
376  complexes regulating SR45 protein levels and unveil the precise molecular mechanisms

377  leading to SR45 dephosphorylation and accumulation in response to ABA.

378 METHODS

379 Plant Materials

380 The Arabidopsis thaliana Colombia ecotype (Col-0) was used as the wild type in all
381  experiments. The sr45-1 knockout homozygous line was originally isolated in the Duque lab
382  (Carvalho et al. 2010). The snrk2.2/3/6 triple mutant was kindly provided by P.L. Rodriguez

383  (Universidad Politécnica de Valencia, Spain).

384  Generation of transgenic lines

385  To generate the pSR45::gSR45-eGFP constructs, a fragment including the SR45 promoter and
386 its genomic sequence was isolated by PCR using primers annealing 1252 bp upstream and 2756
387  bp downstream of the SR45 start codon (Supplemental Table 1) and Col-0 DNA as a template.
388  The SR45 amplicon was subcloned into pGEM®-T Easy vector and incorporated in a GFP-
389 tagged version of the binary pBAO002 vector using the BspEI/Pacl restriction sites. The
390 construct was then used to transform the Arabidopsis sr45-1 and snrk2.2/3/6 mutants by the

391 floral dip method (Clough and Bent, 1998) using Agrobacterium tumefaciens strain GV3101.
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392  The full-length SR45 fragment (excluding the stop codon) was amplified using primers with
393 attBl/attB2 MultiSite Gateway sites (Supplemental Table 1). An entry clone was generated
394  introducing the amplicon into a pDONR™221 (Invitrogen) by recombination. The entry clone
395  SR45 in pDONR™221 along with the vectors with the ubiquitin-10 promoter (UBQ10) in
396 pDONR™P4-PIR (Invitrogen) and eGFP in pDONR™P2R-P3 (Invitrogen) was recombined
397  with the destination vector pHM43GW to generate the pUBQ10::gSR45-eGFP overexpression
398  construct according to Hartley et al. (2000). To generate SR45 variants carrying the T264A
399 and T264D mutations, site-directed mutagenesis was performed using Pfu DNA polymerase
400  on SR45 in the pPDONR™221 clone using different primer pairs (Supplemental Table 1). The
401  resulting clones were further recombined with UBQ10 in pDONR™P4-P1R and eGFP in
402 pDONR™P2R-P3 in the pHm43GW destination vector as described above for the
403  overexpression construct. Each construct was independently transformed into sr45-1 mutant
404  plants by agroinfiltration. All experiments with transgenic lines were conducted on isolated T3

405  homozygous lines.

406  Plant growth

407  For all phenotypical assays, seeds were surface sterilized for 10 minutes with 50 % (v/v) bleach
408 and 0.02 % (v/v) Tween X-100 under continuous shaking and then washed three times in sterile
409  water. Approximately 100 seeds per genotype were plated in triplicate on half-strength MS
410  medium (0.5X MS basal salt mix Duchefa Biochemie, 0.5 mM myo-inositol, 2.5 mM MES,
411  and 0.8 % agar, adjusted to pH 5.7) supplemented or not with 0.5 uM ABA (S-ABA Duchefa
412  Biochemie). The plates were wrapped in aluminum foil and stored at 4 °C for 3 days. After
413  stratification, plates were transferred to a growth chamber set to continuous light conditions
414 (100 pmol m 2s ") and 22 °C. The percentage of green seedlings was calculated over the total
415  number of germinated seeds (displaying an emerged radicle) after 7 days. The average of the
416  percentages was calculated per genotype and statistical differences between the genotypes were
417  assessed using a Student’s t-test.

418  For protein extraction, seedlings were grown for 5 days in 0.5X MS agar medium under
419  continuous light conditions (100 pmol m~2 s7!) at 22 °C. The seedlings were then transferred
420  to liquid 0.5X MS medium and grown with constant shaking for 48 hours in the same growth
421  conditions. At this stage, control (ethanol) or 2 uM ABA (S-ABA Duchefa Biochemie; ethanol
422  stock) treatments were applied for specific amounts of time (0, 30, 60, 90 or 180 minutes). To
423  inhibit proteasomal degradation, 50 uM MG132 (Sigma, C2211; DMSO stock) or DMSO
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424 (control) were added 60 minutes prior to the onset of the ABA treatment. The plant material
425  was harvested and frozen at -80 °C for protein extraction.

426  To compare the RNA levels of all transgenic lines, plants were also grown for 5 days in 0.5X
427  MS agar medium under continuous light and transferred to liquid 0.5X MS medium for 48
428  hours with constant shaking. To test for transcriptional ABA regulation, 2-day-old seedlings
429  were grown on a paper filter and placed on 0.5X MS agar medium plates under continuous
430 light conditions. The seedlings were then transferred to 0.5X MS agar medium supplemented

431  with 1 pM ABA or ethanol (control) and grown for 180 minutes before harvesting.

432 RNA Extraction and RT-gPCR Analyses

433  Total RNA was extracted from Arabidopsis seedlings using the innuPREP Plant RNA kit
434  (Analytik Jena BioSolutions). All RNA samples were treated with DNAsel (Promega) and
435 cDNA was synthesized using the SuperScript™ III Reverse Transcriptase (Invitrogen) and
436  oligo (dT)is primers. RT-gPCR was performed using an ABI QuantStudio-384 instrument
437  (Applied Biosystems) and the Luminaris Color HiGreen qPCR Master Mix, high ROX
438  (Thermo Scientific) on 2.5 pL of cDNA (diluted 1:20) per 10-uL reaction volume, containing
439 300 nM of each specific primer (Supplemental Table 1). Cycle threshold (Ct) values were
440 adjusted for each gene in each biological replicate. Relative expression values were generated
441  for the target gene using a log2 transformation, normalizing the gene Ct values to the
442  housekeeping control gene PEX4 (PEROXIN4), according to Vandesompele et al. (2002). The
443  average value of the relative expression of each gene in all the biological replicates was
444 calculated per sample. Statistical differences between the average relative expressions of each

445  sample were inferred using a Student’s t-test.

446  Microscopic Analyses

447  For confocal microscopy analysis, sr45-1 seedlings expressing the pSR45::0SR45-eGFP
448  construct were mounted on slides in a vacuum grease/coverslip reservoir as described in Rizza
449 etal. (2019) in 0.25X MS. Seedlings were imaged for an hour of pretreatment, and then a
450  buffer exchange was performed to 0.25X MS + 10 uM ABA and imaging was resumed.
451  Confocal images were acquired on an upright Leica SP8 microscope using a HC PL APO CS2
452  20x/0.75 DRY objective. The emission laser and detection windows were as follows: GFP
453 - 488nm laser, 493nm - 568nmdetection; Gain: 200. A custom Fiji (Schneider et al., 2012;
454  Rueden et al., 2017) plugin, ‘Simple auto segmentation.py’, was developed using CLIJ2

455  (Haase et al., 2020) to perform segmentation and fluorescence quantification per nucleus.
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456  Source code and installation instructions are available at https://github.com/JimageJ/ImageJ-

457  Tools. This preprocesses images for segmentation with difference of Gaussian and tophat filters
458  followed by thresholding using Otsu’s method. A watershed and connected components
459  analysis are used to split and identify objects in the threshold image. Any objects lost in
460  watershed are added back in and a non-zero dilation and multiplication is used to expand the

461  object map into the original binary map to produce the final segmentation.

462  Protein Extraction, Western Blot and Phos-tag Assays

463  Frozen 7-day-old Arabidopsis seedlings subjected to prior treatments were ground with a
464  mortar and pestle under liquid nitrogen. Total protein was extracted in an extraction buffer
465  containing 50 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, 0.5% Triton™ X-100(Sigma-
466  Aldrich), 1 tablet of Complete Protease Inhibitor Cocktail (Roche) and 1 tablet of PHOSSTOP
467  (Roche). The extract was centrifuged at 18,000 g for 10 minutes at 4 °C and the protein content
468  of the supernatant determined using the Bradford method (Bio-Rad) in a spectrophotometer
469  measuring the absorbance at 595 nm and then eluted in Laemmli 2X buffer with 8 % pB-
470  mercaptoethanol (95 °C for 5 minutes). After determining the protein concentration in each
471  sample, equal amounts of protein were resolved in 8 % SDS/polyacrylamide gels. The proteins
472  were then transferred to PVDF membranes (Immobilon-P; Millipore) and subsequently
473  blocked with 5 % nonfat dry milk for 2 hours. The membranes were probed overnight at 4 °C
474  with anti-GFP primary antibodies (Roche 11814460001; 1:1000) and then with anti-
475  mouse peroxidase-conjugated secondary antibodies (Jackson Immunoresearch # 115-035-146;
476  diluted 1:4000) for 2 hours at room temperature. All antibodies were diluted in TBS buffer (25
477  mM Tris-HCI pH 7.4, and 137 mM NaCl) supplemented with 1 % nonfat dry milk. After
478  incubating with the antibodies, the membranes were washed with TBS containing 0.05 %
479  Tween® 20 (Sigma-Aldrich) for 40 minutes. The peroxidase activity associated with the
480 membrane was visualized by enhanced chemiluminescence. The intensity of the protein bands
481  was quantified using ImageJ software, normalizing protein levels to the Rubisco large subunit
482  visualized in membranes stained with Ponceau (0.1 % Ponceau S Sigma-Aldrich in 5 % acetic
483 acid). The statistical differences between the average protein levels of each sample were
484  inferred using a Student’s t-test.

485  To separate the different SR45 phospho-isoforms under control and ABA conditions, Mn?*-
486  Phos-tag™ SDS-PAGE was performed. An equivalent amount of total protein was loaded and
487  resolved in a 6 % acrylamide gel with 50 uM MnClz and 25 puM pf Phos-tag™ (Wako Pure
488  Chemicals Industries). Each sample was supplemented with 1:10 MnClz to minimize the
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489  “smiling” effect before the run. The gel was washed twice for 20 minutes with transfer buffer
490 (25 mM Tris, 192 mM glycine, 0.1 %, SDS and 20 % ethanol) supplemented with ImM EDTA,
491  followed by an additional wash of regular transfer buffer for 10 minutes. The proteins were
492  wet-transferred to a PVDF membrane (Immobilon-P; Millipore) for 2.5 hours at 100 V. The

493  membrane was blocked and probed with antisera as mentioned above.

494  SR45-GFP Immunoprecipitation and Protein Degradation Assay

495  Total protein was extracted from approximately 100 mg of 7-day-old Arabidopsis seedlings
496  with 800 uL of the extraction buffer described above. The extract was centrifuged at 18,000 g
497  for 10 minutes at 4 °C and the supernatant incubated for 1 hour at 4 °C with continuous
498  agitation with 100 uL of Sepharose beads (Sigma-Aldrich). The extract was then further
499  centrifuged at 500 g for 2 minutes, and the input fraction was removed and eluted in Laemmli
500  2x buffer for 5 minutes at 95 °C. After incubation with 20 pL of GFP-Trap® Agarose beads
501 (ChromoTek) for 1.5 h, the beads were washed 3 times with cold extraction buffer for 10
502  minutes each wash and the proteins eluted from the beads in 30 pL of Laemmli 2x buffer for 5
503  minutes at 95 °C. Finally, 15 pL of the immunoprecipitate and 20 uL of the input fraction were
504 loaded in separate SDS-Page gels, with blotting performed as described above. For detection
505 of UBQ conjugates, the membranes were stripped for 15 minutes with Western BLOT Stripping
506  Buffer (Takara) following the manufacturer’s instructions and reprobed with Ubiquitinll
507  (Agrisera AS08307; 1/10000) and anti-rabbit peroxidase-conjugated secondary antibodies
508 (Amersham Pharmacia; diluted 1/10000). The intensity of the protein bands was quantified
509 using ImagelJ software. Statistical differences between the average ratios of each sample were
510 inferred using a Student’s t-test.

511 The degradation rate of the SR45 protein was assessed in protein extracts from 7-day-old
512  seedlings grown in control conditions supplemented with 50 uM MG132 or DMSO (control)
513 and left to degrade at room temperature for 0, 15, 30 and 60 minutes. The protein extracts were

514  loaded in an SDS-Page gel and blotting performed as described above.

515 SUPPLEMENTAL INFORMATION

516  Supplemental Figure 1. Constructs for generation of the overexpression and

517  complementation transgenic lines.

518  Schematic representation of the pUBQ10::gSR45-eGFP and pSR45::gSR45-eGFP constructs.
519  The UBQ10 and the SR45 promoters are shown in orange and blue, respectively, and the eGFP
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520  sequence in green. Exons are shown in black, the 5° UTR in white, and introns are represented
521 by black lines. The cloning scar sequences are shown immediately downstream of the promoter
522  and/or of the last exon. The location of the primers used to detect the transgene is indicated by

523  the arrow pairs.

524  Supplemental Figure 2. Effect of ABA and loss of SnRK2 function on SR45-GFP
525  transcript levels.

526 RT-gPCR analysis of SR45-GFP transcript levels in 2-day-old seedlings of the C2
527  complementation (SR45-GFP/sr45-1) line (A) or of a transgenic line expressing the
528  pSR45::gSR45-GFP construct in the snrk2.2/3/6 mutant background (SR45-GFP/snrk2.2/3/6)
529  (B) treated for 180 minutes with 1 uM ABA, using PEX4 as a reference gene and primers
530 annealing to the GFP sequence (see Supplemental Figure 1). Control samples (set to 1) were
531 treated with the equivalent volume of the solvent of the ABA solution (ethanol). Results
532  represent means + SE (n = 3), with no statistically significant differences being found between

533  treatments for each set of primers (P > 0.05; Student’s t-test).

534  Supplemental Figure 3. Ubiquitination levels of the GFP protein.

535  Protein gel blot analysis of the GFP protein immunoprecipitated from extracts of 7-day-old
536  seedlings of a 35S::GFP transgenic line treated for 180 minutes with 2 uM ABA using a-GFP
537  (IP) or a-UBQ11 (Co-IP) antibodies. Control samples were treated with the equivalent volume
538 of the solvent of the ABA solution (ethanol). Equal volumes of both the input fraction (Input)
539  and the IP were loaded.

540  Supplemental Figure 4. Effect of ABA on SR45-GFP transcript levels in the OX1, PMutl

541 and PMiml transgenic lines.

542 RT-gPCR analysis of SR45-GFP transcript levels in 2-day-old seedlings of the OX1
543  overexpression (pUBQ10::SR45-GFP/sr45-1), PMutl phosphomutant (pUBQZ10::SR45-
544  GFP_T264A/sr45-1) and PMiml phosphomimetic (pUBQ10::SR45-GFP_T264D/sr45-1)
545  transgenic lines treated for 180 minutes with 1 uM ABA, using PEX4 as a reference gene and
546  primers annealing to the GFP sequence (see Supplemental Figure 1). Control samples (set to
547 1) were treated with the equivalent volume of the solvent of the ABA solution (ethanol).
548  Results represent means £ SE (n = 3), with different letters indicating statistically significant

549  differences between treatments for each genotype (P > 0.05; Student’s t-test).
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550 Supplemental Figure 5. Effect of ABA on SR45-GFP transcript and protein levels in the
551 OX2, PMut2 and PMim2 transgenic lines.

552  (A) RT-gPCR analysis of SR45-GFP transcript levels in 2-day-old seedlings of the OX2
553  overexpression (pUBQ10::SR45-GFP/sr45-1), PMut2 phosphomutant (pUBQZ10::SR45-
554  GFP_T264A/sr45-1) and PMim2 phosphomimetic (pUBQ10::SR45-GFP_T264D/sr45-1)
555  transgenic lines treated for 180 minutes with 1 uM ABA, using PEX4 as a reference gene and
556  primers annealing to the GFP sequence (see Supplemental Figure 1). Control samples (set to
557 1) were treated with the equivalent volume of the solvent of the ABA solution (ethanol).
558  Results represent means £ SE (n = 3), with different letters indicating statistically significant
559  differences between treatments for each genotype (P > 0.05; Student’s t-test).

560 (B) Protein gel blot analysis using a-GFP antibodies of the SR45-GFP fusion protein in 7-day-
561  old overexpression (OX2), phosphomutant (PMut2) and phosphomimetic (PMim2) transgenic
562  seedlings treated for 180 minutes with 2 uM ABA. Control samples were treated with the
563  equivalent volume of the solvent of the ABA solution (ethanol), and a total of 20 ng of protein
564  were loaded per sample. Bands were quantified and relative protein levels determined using
565  the Ponceau loading control as a reference, with results representing means = SE (n = 3), control
566  conditions set to 1, and different letters indicating statistically significant differences between

567  treatments for each genotype (P < 0.05; Student’s t-test).

568  Supplemental Figure 6. Physiological phenotypes of the OX2, PMut2 and PMim2
569  transgenic lines.

570  Cotyledon greening percentages of 7-day-old seedlings of the OX2 overexpression, PMut2
571  phosphomutant and PMim2 phosphomimetic transgenic lines grown under control conditions
572  or in the presence of 0.5 uM ABA, with representative images of ABA conditions (scale bar =
573 1 cm), and RT-gPCR analysis of SR45-GFP transcript levels in the same seedlings (control
574  conditions), using PEX4 as a reference gene and primers annealing to the GFP sequence (see
575  Supplemental Figure 1). Results represent means £ SE (n = 3), and different letters indicate
576 statistically significant differences between genotypes (P > 0.05; Student’s t-test).

577  Supplemental Table 1. Sequences of the Primers Used in this study

578  FUNDING
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778 FIGURE LEGENDS

779  Figure 1. Effect of SR45 overexpression on ABA signaling during cotyledon development.

780 (A) RT-gPCR analysis of SR45-GFP transcript levels in 7-day-old pUBQ10::SR45-GFP/sr45-
781 1 (OX1 and OX2) and pSR45::SR45-GFP/sr45-1 (C1 and C2) transgenic seedlings grown
782  under control conditions, using PEX4 as a reference gene and primers annealing to either the
783  SR45 or GFP sequences (see Supplemental Figure 1). Transcript levels of either the Col-0
784  (SR45 primers) or the C2 transgenic line (GFP primers) were set to 1. Results represent means
785 + SE (n = 3), and different letters indicate statistically significant differences between
786  genotypes for each set of primers (P < 0.05; Student’s t-test).

787  (B) Protein gel blot analysis using a-GFP antibodies of the SR45-GFP fusion protein in 7-day-
788  old seedlings of overexpression (OX1 and OX2) and complementation (C1 and C2) transgenic
789  lines grown under control conditions. A total of 30 ng of protein was loaded per sample, and
790 Ponceau staining is shown as a loading control. Results are representative of at least 3
791  independent experiments.

792  (C) Representative images and quantification of cotyledon greening in 7-day-old seedlings of
793  the Col-0 wild type, the sr45-1 mutant, the OX1 and OX2 overexpression lines and the C1 and
794  C2 complementation lines grown under control conditions or in the presence of 0.5 uM ABA
795 (means = SE, n = 3). Different letters indicate statistically significant differences between
796  genotypes under each condition (P < 0.05; Student’s t-test). Scale bar = 2.5 mm.

797  Figure 2. Effect of ABA on SR45 protein levels.
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798  (A) Protein gel blot analysis using a.-GFP antibodies of the SR45-GFP fusion protein in 7-day-
799  old seedlings of the C2 complementation transgenic line treated for 0, 30, 60, 90 or 180 minutes
800 with 2 uM ABA. Control samples were treated with the equivalent volume of the solvent of
801 the ABA solution (ethanol). A total of 40 ng of protein was loaded per sample, and Ponceau
802  staining is shown as a loading control. Results are representative of at least 3 independent
803  experiments.

804  (B) Sum Z projection images (top) and fluorescence intensity quantification (bottom) of fast
805  SR45-GFP accumulation in the primary root of 4-day-old seedlings of the C2 complementation
806  transgenic line treated with 10 uM ABA observed by confocal microscopy. Scale bar = 100

807 um. Line indicates mean values, with shaded region indicating the 95% confidence interval.

808  Figure 3. Effect of ABA and loss of SnRK2 function on SR45 protein phosphorylation

809 and amounts.

810 Phos-tag (A) and protein (B) gel blot analyses using a-GFP antibodies of the SR45-GFP fusion
811 protein in 7-day-old seedlings of the C2 complementation (SR45-GFP/sr45-1) line and a
812  transgenic line expressing the pSR45::gSR45-GFP construct in the snrk2.2/3/6 mutant
813  background (SR45-GFP/snrk2.2/3/6) treated for 180 minutes with 2 uM ABA. Control samples
814  were treated with the equivalent volume of the solvent of the ABA solution (ethanol), and a
815 total of 40 ng of protein were loaded per sample. In (A), arrows indicate phosphorylated forms
816  of SR45, and the results are representative of at least 3 independent experiments. In (B), bands
817  were quantified and relative protein levels determined using the Ponceau loading control as a
818  reference, with results representing means £ SE (n = 4), control conditions set to 1, and different
819 letters indicating statistically significant differences between treatments for each genotype (P
820 < 0.05; Student’s t-test).

821  Figure 4. Effect of ABA on SR45 protein stability and ubiquitination.

822  (A) Protein gel blot analysis using a-GFP antibodies of the SR45-GFP fusion protein in 7-day-
823  old seedlings of the C2 complementation line pre-treated with MG132 and subjected to a 180-
824  minute treatment with 2 uM ABA.. Control samples (-MG132 or -ABA) were treated with the
825 equivalent volume of the solvent of the MG132 or ABA solutions (DMSO or ethanol,
826  respectively). A total of 40 ng of protein were loaded per sample. Bands were quantified and
827  relative protein levels determined using the Ponceau loading control as a reference, with control
828  conditions set to 1. Results represent means £ SE (n = 4), and different letters indicate
829  statistically significant differences between treatments (P < 0.05; Student’s t-test).
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830 (B) Protein gel blot analysis of the SR45-GFP fusion protein immunoprecipitated from extracts
831  of 7-day-old seedlings of the C2 complementation line treated for 180 minutes with 2 uM ABA
832 using a-GFP (IP) or a-UBQ11 (Co-IP) antibodies. Control samples were treated with the
833  equivalent volume of the solvent of the ABA solution (ethanol). Equal volumes of both the
834  input fraction (Input) and the IP were loaded. Signals were quantified and the UBQ/SR45-GFP
835 ratio determined, with control conditions set to 1. Results represent means + SE (n = 3), and
836  different letters indicate statistically significant differences between treatments (P < 0.05;
837  Student’s t-test).

838  Figure 5. Effect of T264 phosphorylation on SR45 ubiquitination and degradation.

839  (A) Protein gel blot analysis of the SR45-GFP fusion protein immunoprecipitated from
840 extracts of 7-day-old seedlings of the OX1 overexpression (pUBQ10::SR45-GFP/sr45-1),
841 PMutl phosphomutant (pUBQ10::SR45-GFP_T264A/sr45-1) and PMim1 phosphomimetic
842  (pUBQ1L0::SR45-GFP_T264D/sr45-1) transgenic lines grown in control conditions using o.-
843  GFP (IP) or a-UBQ11 (Co-IP) antibodies. Equal volumes of both the input fraction (Input) and
844  the IP were loaded. Signals were quantified and the UBQ/SR45-GFP ratio determined, with
845  control conditions set to 1. Results represent means + SE (n = 3), and different letters indicate
846 statistically significant differences between genotypes (P < 0.05; Student’s t-test).

847  (B) Protein gel blot analysis using a-GFP antibodies of the SR45-GFP fusion protein in 7-day-
848  old seedlings of the OX1 overexpression, PMutl phosphomutant and PMim1 phosphomimetic
849  transgenic lines supplemented or not with MG132 and left at room temperature for 0, 15, 30 or
850 60 minutes. Control samples (-MG132) were treated with the equivalent volume of the solvent
851  of the MG132 solution (DMSO), and a total of 20 ng of protein were loaded per sample. Bands
852  were quantified and relative protein levels determined using the Ponceau loading control as a

853  reference, with time O set to 1. Results are representative of at least 3 independent experiments.

854  Figure 6. Effect of T264 phosphorylation on ABA-dependent SR45 protein accumulation

855 and cotyledon development.

856  (A) Protein gel blot analysis using a-GFP antibodies of the SR45-GFP fusion protein in 7-day-
857 old seedlings of the OX1 overexpression (pUBQL0::SR45-GFP/sr45-1), PMutl
858  phosphomutant (pUBQ10::SR45-GFP_T264A/sr45-1) and PMiml phosphomimetic
859  (pUBQ1L0::SR45-GFP_T264D/sr45-1) transgenic lines treated for 180 minutes with 2 uM
860  ABA. Control samples were treated with the equivalent volume of the solvent of the ABA
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861 solution (ethanol), and a total of 20 ng of protein were loaded per sample. Bands were
862 quantified and relative protein levels determined using the Ponceau loading control as a
863  reference, with results representing means + SE (n = 3), control conditions set to 1, and different
864 letters indicating statistically significant differences between treatments for each genotype (P
865 < 0.05; Student’s t-test).

866  (B) Cotyledon greening percentages of 7-day-old seedlings of the OX1 overexpression, PMutl
867  phosphomutant and PMim1 phosphomimetic transgenic lines grown under control conditions
868  orin the presence of 0.5 uM ABA, with representative images of ABA conditions (scale bar =
869 1 cm), and RT-gPCR analysis of SR45-GFP transcript levels in the same seedlings (control
870  conditions), using PEX4 as a reference gene and primers annealing to the GFP sequence (see
871  Supplemental Figure 1). Results represent means = SE (n = 3), and different letters indicate

872  statistically significant differences between genotypes (P > 0.05; Student’s t-test).

873  Figure 7. Model of ABA-mediated SR45 regulation of early seeding development.

874  In the absence of ABA, PP2Cs inhibit SnRK2 activity, thus blocking ABA signaling and its
875 inhibition of early seedling development. Under these conditions, SR45 is phosphorylated by
876  (an) unknown kinase(s), triggering SR45 ubiquitination and proteasomal degradation.

877  When ABA accumulates in the cell, the hormone binds to the PYL/PYR/RCAR receptors
878  creating a complex with PP2C, thus derepressing SnRK2s that are then able to activate
879  themselves through autophosphorylation and induce downstream signaling. ABA signaling
880 either activates (a) phosphatase(s) or inactivates (a) kinase(s) that dephosphorylate SR45,
881 leading to its deubiquitination and stabilization. The increase in SR45 protein levels then results
882 in negative regulation of ABA signaling, alleviating its inhibition of early seedling

883  development.
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Figure 1. Effect of SR45 overexpression on ABA signaling during cotyledon development.

(A) RT-gPCR analysis of SR45-GFP transcript levels in 7-day-old pUBQ10::SR45-GFP/sr45-1 (OX1 and OX2) and
pSR45::SR45-GFP/sr45-1 (C1 and C2) transgenic seedlings grown under control conditions, using PEX4 as a
reference gene and primers annealing to either the SR45 or GFP sequences (see supplemental Figure 1). Transcript
levels of either the Col-0 (SR45 primers) or the C2 transgenic line (GFP primers) were set to 1. Results represent
means + SE (n = 3), and different letters indicate statistically significant differences between genotypes for each set of
primers (P < 0.05; Student’s t-test).

(B) Protein gel blot analysis using o-GFP antibodies of the SR45-GFP fusion protein in 7-day-old seedlings of
overexpression (OX1 and OX2) and complementation (C1 and C2) transgenic lines grown under control conditions. A
total of 30 ng of protein was loaded per sample, and Ponceau staining is shown as a loading control. Results are
representative of at least 3 independent experiments.

(C) Representative images and quantification of cotyledon greening in 7-day-old seedlings of the Col-0 wild type, the
sr45-1 mutant, the OX1 and OX2 overexpression lines and the C1 and C2 complementation lines grown under control
conditions or in the presence of 0.5 yM ABA (means + SE, n = 3). Different letters indicate statistically significant
differences between genotypes under each condition (P < 0.05; Student’s t-test). Scale bar = 2.5 mm.
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Figure 2. Effect of ABA on SR45 protein levels.

(A) Protein gel blot analysis using a-GFP antibodies of the SR45-GFP fusion protein in 7-day-old
seedlings of the C2 complementation transgenic line treated for 0, 30, 60, 90 or 180 minutes with
2 uyM ABA. Control samples were treated with the equivalent volume of the solvent of the ABA
solution (ethanol). A total of 40 ng of protein was loaded per sample, and Ponceau staining is
shown as a loading control. Results are representative of at least 3 independent experiments.

(B) Sum Z projection images (top) and fluorescence intensity quantification (bottom) of fast SR45-
GFP accumulation in the primary root of 4-day-old seedlings of the C2 complementation
transgenic line treated with 10 yM ABA observed by confocal microscopy. Scale bar = 100 um.
Line indicates mean values, with shaded region indicating the 95% confidence interval.
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Figure 3. Effect of ABA and loss of ShnRK2 function on SR45 protein phosphorylation and amounts.

Phos-tag (A) and protein (B) gel blot analyses using a-GFP antibodies of the SR45-GFP fusion protein in
7-day-old seedlings of the C2 complementation (SR45-GFP/sr45-1) line and a transgenic line expressing
the pSR45::gSR45-GFP construct in the snrk2.2/3/6 mutant background (SR45-GFP/snrk2.2/3/6) treated
for 180 minutes with 2 yM ABA. Control samples were treated with the equivalent volume of the solvent of
the ABA solution (ethanol), and a total of 40 ng of protein were loaded per sample. In (A), arrows indicate
phosphorylated forms of SR45, and the results are representative of at least 3 independent experiments.
In (B), bands were quantified and relative protein levels determined using the Ponceau loading control as
a reference, with results representing means + SE (n = 4), control conditions set to 1, and different letters
indicating statistically significant differences between treatments for each genotype (P < 0.05; Student’s t-

test).
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Figure 4. Effect of ABA on SR45 protein stability and ubiquitination.

(A) Protein gel blot analysis using a-GFP antibodies of the SR45-GFP fusion protein in 7-day-old seedlings
of the C2 complementation line pre-treated with MG132 and subjected to a 180-minute treatment with 2 yM
ABA. Control samples (-MG132 or -ABA) were treated with the equivalent volume of the solvent of the
MG132 or ABA solutions (DMSO or ethanol, respectively). A total of 40 ng of protein were loaded per
sample. Bands were quantified and relative protein levels determined using the Ponceau loading control as
a reference, with control conditions set to 1. Results represent means + SE (n = 4), and different letters
indicate statistically significant differences between treatments (P < 0.05; Student’s t-test).

(B) Protein gel blot analysis of the SR45-GFP fusion protein immunoprecipitated from extracts of 7-day-old
seedlings of the C2 complementation line treated for 180 minutes with 2 yM ABA using a-GFP (IP) or a-
UBQ11 (Co-IP) antibodies. Control samples were treated with the equivalent volume of the solvent of the
ABA solution (ethanol). Equal volumes of both the input fraction (Input) and the IP were loaded. Signals
were quantified and the UBQ/SR45-GFP ratio determined, with control conditions set to 1. Results
represent means + SE (n = 3), and different letters indicate statistically significant differences between

treatments (P < 0.05; Student’s f-test).
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Figure 5. Effect of T264 phosphorylation on SR45 ubiquitination and degradation.

(A) Protein gel blot analysis of the SR45-GFP fusion protein immunoprecipitated from extracts of 7-day-old
seedlings of the OX1 overexpression (pUBQ10::SR45-GFP/sr45-1), PMut1 phosphomutant (pUBQ10::SR45-
GFP_T264A/sr45-1) and PMim1 phosphomimetic (pUBQ10::SR45-GFP_T264D/sr45-1) transgenic lines grown in
control conditions using a-GFP (IP) or a-UBQ11 (Co-IP) antibodies. Equal volumes of both the input fraction (Input)
and the IP were loaded. Signals were quantified and the UBQ/SR45-GFP ratio determined, with control conditions
set to 1. Results represent means + SE (n = 3), and different letters indicate statistically significant differences
between genotypes (P < 0.05; Student’s t-test).

(B) Protein gel blot analysis using a-GFP antibodies of the SR45-GFP fusion protein in 7-day-old seedlings of the
OX1 overexpression, PMut1 phosphomutant and PMim1 phosphomimetic transgenic lines supplemented or not
with MG132 and left at room temperature for 0, 15, 30 or 60 minutes. Control samples (-MG132) were treated with
the equivalent volume of the solvent of the MG132 solution (DMSO), and a total of 20 ng of protein were loaded per
sample. Bands were quantified and relative protein levels determined using the Ponceau loading control as a
reference, with time 0 set to 1. Results are representative of at least 3 independent experiments.
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Figure 6. Effect of T264 phosphorylation on ABA-dependent SR45 protein accumulation and cotyledon
development.

(A) Protein gel blot analysis using a-GFP antibodies of the SR45-GFP fusion protein in 7-day-old seedlings of
the OX1 overexpression (pUBQ10::SR45-GFP/sr45-1), PMut1 phosphomutant (pUBQ10::SR45-
GFP_T264A/sr45-1) and PMim1 phosphomimetic (pUBQ10::SR45-GFP_T264D/sr45-1) transgenic lines treated
for 180 minutes with 2 yM ABA. Control samples were treated with the equivalent volume of the solvent of the
ABA solution (ethanol), and a total of 20 ng of protein were loaded per sample. Bands were quantified and
relative protein levels determined using the Ponceau loading control as a reference, with results representing
means = SE (n = 3), control conditions set to 1, and different letters indicating statistically significant differences
between treatments for each genotype (P < 0.05; Student’s f-test).

(B) Cotyledon greening percentages of 7-day-old seedlings of the OX1 overexpression, PMut1 phosphomutant
and PMim1 phosphomimetic transgenic lines grown under control conditions or in the presence of 0.5 yM ABA,
with representative images of ABA conditions (scale bar = 1 cm), and RT-gPCR analysis of SR45-GFP
transcript levels in the same seedlings (control conditions), using PEX4 as a reference gene and primers
annealing to the GFP sequence (see Supplemental Figure 1). Results represent means + SE (n = 3), and
different letters indicate statistically significant differences between genotypes (P > 0.05; Student’s t-test).
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Figure 7. Model of ABA-mediated SR45 regulation of early seeding development.
In the absence of ABA, PP2Cs inhibit SnRK2 activity, thus blocking ABA signaling and its inhibition of early seedling
development. Under these conditions, SR45 is phosphorylated by (an) unknown kinase(s), triggering SR45 ubiquitination

and proteasomal degradation.
When ABA accumulates in the cell, the hormone binds to the PYL/PYR/RCAR receptors creating a complex with PP2C,

thus derepressing SnRK2s that are then able to activate themselves through autophosphorylation and induce
downstream signaling. ABA signaling either activates (a) phosphatase(s) or inactivates (a) kinase(s) that dephosphorylate
SR45, leading to its deubiquitination and stabilization. The increase in SR45 protein levels then results in negative
regulation of ABA signaling, alleviating its inhibition of early seedling development.



