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PP2A-3 interacts with ACR4 and regulates formative cell division in the Arabidopsis root 

Kun YUEa,b,1, Priyanka SANDALc,1, Elisabeth L. WILLIAMSd,1, Evan MURPHYd, Elisabeth STESa,b,e,f, Natalia NIKONOROVAa,b, Priya RAMAKRISHNAd, Nathan CZYZEWICZd, Laura MONTERO MORALESa,b, Robert KUMPFa,b, Zhefeng LINd, Brigitte VAN DE COTTEa,b, Mudassar IQBALg,#, Michiel VAN BELa,b, Eveline VAN DE SLIJKEa,b, Matthew R. MEYERh, Astrid GADEYNEa,b, Cyril ZIPFELi, Geert DE JAEGERa,b, Marc VAN MONTAGUa,b,3, Daniël VAN DAMMEa,b, Kris GEVAERTe,f, A. Gururaj RAOc,2,Tom BEECKMANa,b,2, and Ive DE SMETa,b,d,j,2,3

aDepartment of Plant Systems Biology, VIB, B-9052 Ghent, Belgium.
bDepartment of Plant Biotechnology and Bioinformatics, Ghent UniversityB-9052 Ghent, Belgium.
cRoy J. Carver Department of Biochemistry, Biophysics and Molecular Biology, Iowa State University, Ames, Iowa 50011, United States.
dDivision of Plant and Crop Sciences, School of Biosciences, University of Nottingham, Loughborough LE12 5RD, United Kingdom.
eDepartment of Medical Protein Research, VIB, B-9000 Ghent, Belgium
fDepartment of Biochemistry, Ghent University, B-9000 Ghent, Belgium
gMultidisciplinary Centre for Integrative Biology, School of Biosciences, University of Nottingham, Loughborough LE12 5RD, United Kingdom
hDepartment of Medicine, Washington University, School of Medicine, St. Louis, MO 63130, United States.
[bookmark: aff-1]iThe Sainsbury Laboratory, Norwich Research Park, Norwich, United Kingdom.
jCentre for Plant Integrative Biology, University of Nottingham, Loughborough LE12 5RD, United Kingdom.




















ABSTRACT

In plants, the generation of new cell types and tissues depends on coordinated and oriented formative cell divisions. The plasma membrane-localized receptor kinase ARABIDOPSIS CRINKLY 4 (ACR4) is part of a mechanism controlling formative cell divisions in the Arabidopsis root. Despite its important role in plant development, very little is known about the molecular mechanism ACR4 is affiliated to and its network of interactions. Here, we used various complementary proteomic approaches to identify ACR4-interacting protein candidates that are likely novel regulators of formative cell divisions and that could pave the way to unraveling the molecular basis behind ACR4-mediated signaling. We identified PROTEIN PHOSPHATASE 2A-3 (PP2A-3), a catalytic subunit of PP2A holoenzymes, as a novel regulator of formative cell divisions and as the first described substrate of ACR4. Our in vitro data argue for the existence of a tight post-translational regulation in the associated biochemical network through reciprocal regulation between ACR4 and PP2A-3 at the phosphorylation level.










SIGNIFICANCE STATEMENT

Plant growth and development are mediated through a wide range of proteins, including receptor kinases and phosphatases. The receptor kinase ACR4 is part of a mechanism controlling formative cell divisions in the Arabidopsis root. However, the regulation of ACR4 signaling and how it affects cell divisions remains completely unknown. We discovered that ACR4 phosphorylates the PP2A-3 catalytic subunit of the PP2A phosphatase holoenzyme, and that PP2A dephosphorylates ACR4. These data exposed a tightly regulated point in the associated biochemical network regulating formative cell divisions in plant roots. 
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INTRODUCTION
Plants rely on coordinated formative cell division for the formation of new cell types and tissues (1). For example, in the Arabidopsis root, the development of columella cells requires a tight coordination of formative cell division and differentiation (1). In the primary root apical meristem, columella stem cells − upon formative cell division − give rise to new stem cells and daughter cells that will differentiate (2) (Fig. S1 A). Several plant hormones and proteins that play a role in this process have been identified, and small regulatory networks have been proposed (3-11). However, our knowledge on the mechanisms and signaling networks mediating formative cell divisions is sparse and is largely derived from transcriptional data (12).
Reversible protein phosphorylation represents a major mechanism regulating cell signaling (13), and several kinases have been shown to play a role in primary root development (5, 6, 14). For example, the evolutionarily conserved plasma membrane-localized receptor-like kinase ARABIDOPSIS CRINKLY 4 (ACR4) marks the plasma membrane in the primary root tip columella and is part of a mechanism controlling formative cell divisions in the Arabidopsis root (5, 15, 16). ACR4 possesses an extracellular ligand binding domain, a transmembrane helix, and an intracellular domain that contains the juxtamembrane and the C-terminal subdomains, which flank the core kinase domain with serine/threonine kinase activity (Fig. 1 A). The intracellular juxtamembrane domain is a likely recruitment site for interacting proteins and essential to facilitate downstream signaling (17, 18). ACR4 is expressed throughout plant development in specific cells and tissues, such as protoderm, columella and stage I lateral roots, and ACR4 preferentially localizes at plasmodesmata (15, 19-21). In addition to its primary and lateral root phenotypes, Arabidopsis loss-of-function acr4 mutants are affected in maintaining epidermal cell identity, including disorganized cell layers in the ovule integument (19, 21). Although ACR4 was the first receptor kinase to be assigned a role in root development (5), our knowledge about its signaling pathway in the root remains limited (15, 22).
In addition to post-translational modifications such as phosphorylation, developmental programs and cellular functions largely rely on interactions between proteins, forming complex networks to control biological processes (23). While membrane proteins play a crucial role in many biological processes, knowledge of the in planta membrane interactome is limited (23). Notwithstanding the recent progress with respect to global analyses of membrane protein interactions, so far ACR4 was not represented in a membrane-linked Arabidopsis interactome (24). Therefore, the objective of this study was to use ACR4-centered, protein-focused systems biology approaches to gain insight into the ACR4 signaling cascade and to identify new potential regulators of formative cell division. 

RESULTS AND DISCUSSION	
Mapping putative ACR4 interactions. To identify novel regulators of formative cell division in Arabidopsis, we combined in silico, tandem affinity purification (TAP), yeast two-hybrid (Y2H), and phage display approaches to define potential ACR4-interacting proteins. Given the technical difficulties associated with plasma membrane proteins, we focused on intracellular ACR4 domains for our in vitro and in vivo studies (Fig. 1 A). We first interrogated available protein-protein interaction (PPI) databases for experimental and predicted interactions by applying the PPI tool within CORNET 2.0 (25) to ACR4 (AT3G59420). This resulted in a network with 85 nodes which mainly lacked experimental validation (Fig. S2 and SI Appendix). Second, we applied a TAP approach to Arabidopsis cell suspension cultures expressing the N- or C-terminally tagged ACR4 intracellular kinase domain (Fig. 1 A and Fig. S3). This analysis resulted in 4 putative ACR4-interacting proteins, of which 2 occurred in at least 2 biological replicates and in both assays with N- and C-terminally tagged ACR4 intracellular kinase domain, and were not present in any in house background list, namely 4-HYDROXY-TETRAHYDRODIPICOLINATE REDUCTASE 1 (HTPA REDUCTASE 1/DAPB1; AT2G44040) and HTPA REDUCTASE 2/DAPB2 (AT3G59890) (SI Appendix). Based on TAP data alone, two other candidates, PROTEIN PHOSPHATASE 2A-3 (PP2A-3; AT2G42500) and PP2A-4 (AT3G58500), could not be conclusively identified as bona fide ACR4-interacting proteins as they were only detected in one technical repeat. Third, we applied a conventional high throughput Y2H assay to screen for potential interactions with the ACR4 intracellular domain (Fig. 1 A). This revealed 4 potential ACR4-interacting proteins with high confidence (SI Appendix). Finally, we screened a synthetic 15-mer peptide encompassing the Ser475 phosphorylation site within the intracellular juxtamembrane domain of ACR4 (Fig. 1 A) against a 21-amino acid phage-peptide library (26, 27). When the resulting consensus binding motifs for the phosphorylated peptide were queried against the Arabidopsis protein database, over 4000 potential ACR4-interacting proteins were identified (SI Appendix). Taken together, our complementary approaches identified several putative ACR4-interacting proteins, but when we searched for overlap between the different approaches this was limited to absent (SI Appendix). This could mean that different approaches yielded different subsets of putative ACR4-interacting proteins or that we picked a large number of likely false-positives.
In silico quality assessment of putative ACR4 interactions. To increase the confidence in the potential ACR4-interacting proteins listed in SI Appendix and to select candidates for functional analyses, we performed in depth in silico quality assessment. Correlated gene expression is an indicator of co-functionality of genes in common pathways and processes (28), and interacting proteins are often significantly co-expressed. First, we used CORNET 2.0 (25) to globally explore co-expression of ACR4 and genes encoding potential ACR4-interacting proteins, which showed some co-expression (Pearson correlation coefficient > 0.55) between ACR4 and some CORNET (2/85) and phage display hits (44/4402) (SI Appendix). Second, to further support potential PPIs in the root tip and during lateral root initiation, we used available cell- and tissue-specific transcript profiling datasets (5, 29). Visualization of root tip in silico expression patterns for TAP (3/4) and Y2H candidates (2/4) through the BAR Arabidopsis eFP Browser (30), revealed distinct expression patterns that, at least partially, overlapped with the ACR4 expression domain (Fig. S2). In addition, some of the CORNET (8/85) and PHAGE DISPLAY candidates (360/4402) were – similar to ACR4 – also transcriptionally differentially regulated in a transcriptome study of pericycle cells undergoing lateral root initiation (5) (SI Appendix). Based on the above observations, we generated a priority list for CORNET, TAP, Y2H and PHAGE DISPLAY hits, narrowing down the number of candidates from 4495 to 525 (SI Appendix). Next, to globally assess interactions between ACR4 and potential interacting proteins, we used the PPI tool within CORNET 2.0 (25). Indeed, several of the CORNET, Y2H, TAP and prioritized PHAGE DISPLAY hits are connected with ACR4 and with each other in predicted and experimentally validated protein-protein interaction networks focusing on pairwise interactions (SI Appendix). To gain insight in the molecular functions represented in this protein-protein interaction network, we determined that several statistically overrepresented Gene Ontology (GO) categories with respect to biological process (5%) and molecular function (5%) were related to phosphorylation (SI Appendix), which is in agreement with the fact that ACR4 is a receptor kinase. Taken together, through our in silico assessment we increased the confidence in a subset of potential ACR4-interacting proteins (SI Appendix). However, our dataset is not necessarily comprehensive, as, for example, WUSCHEL RELATED HOMEOBOX 5 (WOX5), CRINKLY4-RELATED (CCR) proteins, and CLAVATA1 (CLV1), which were shown to interact with ACR4 (15, 31), were not retained. 
ACR4 interacts with PP2A-3. Taking the results of SI Appendix into account allowed us to impose additional criteria to select candidates for functional analyses. Among the candidates selected by at least two approaches and with a high score in the priority list (SI Appendix), we retrieved sequences that match PP2A-3 and/or PP2A-4, which are isoforms of catalytic PP2A C subunits and that form a subclade in the family of 5 Arabidopsis PP2A C subunits (32). In general, the PP2A heterotrimeric holoenzyme, which is a major, highly conserved eukaryotic serine/threonine phosphatase, consists of a catalytic C subunit, a type A scaffolding/regulatory subunit, and a type B regulatory subunit (33). In Arabidopsis, PP2A phosphatases have been implicated in various hormone-regulated, cellular and developmental processes, including spatial control of cell division and columella organization, and in innate immunity, but little is known about their dynamic and highly regulated function (34-37). In the context of our focus on formative cell division, we selected PP2A-3 (and PP2A-4) for subsequent in depth functional characterization. First, an overlay assay indicated that PP2A-3 can specifically interact with both the naïve ACR4 intracellular domain (ACR4ICD) (endogenously phosphorylated at a limited number of residues in E. coli through an unknown mechanism) and fully in vitro autophosphorylated ACR4ICD (26) (Fig. S3 and SI Supplemental Notes). Second, gel-filtration analyses further confirmed the interaction between the ACR4 intracellular domain (ACR4ICD) and PP2A-3 (Fig. S3 and SI Supplemental Notes). Subsequently, the purified recombinant MBP:ACR4ICD was effectively pulled down with GST:PP2A-3 in vitro (Fig. 1 B). Moreover, in Nicotiana benthamiana transient expression assays, ACR4:YFP:HA was able to co-immunoprecipitate FLAG:PP2A-3 in planta (Fig. 1 C). Taken together, these data strongly indicate that ACR4 and PP2A-3 interact with each other.
ACR4 and PP2A-3 are co-expressed. As mentioned above, Arabidopsis eFP Browser data suggested that PP2A-3 is weakly expressed in columella stem cells and in the root apical meristem (Fig. S2). To confirm this, we analyzed seedlings expressing a pPP2A-3::n3xGFP fusion and assessed expression in the root tip. In 5 independent transformants we indeed observed pPP2A-3::n3xGFP expression in the root tip, but PP2A-3 was more broadly expressed than ACR4 (5) (Fig. 2 A and Fig. S1). In addition, we observed PP2A-3 expression during early lateral root initiation (Fig. S1), which also overlapped with ACR4 expression at this stage (5) (Fig. S1). Taken together, these results show that ACR4 and PP2A-3 are expressed in overlapping domains, further supporting that they can physically interact.
PP2A-3 is involved in columella stem cell differentiation. To test genetically if PP2A-3 plays a role in ACR4-mediated stem cell regulation, we analyzed primary root length and columella stem cell differentiation in a previously characterized pp2a-3 mutant (36). The primary root of pp2a-3 is slightly longer than wild type (Fig. 2 B-C). With respect to columella stem cell differentiation, we observed less differentiation in pp2a-3 compared to wild type, which is similar to acr4 (Fig. 2 D-E). However, since such a columella phenotype can also be explained by altered auxin distribution, levels or response (11), the similarity between the pp2a-3 and acr4 mutants does not provide conclusive support for a genetic and/or physical interaction. This is especially relevant since PP2A-3 has been shown to play a role in auxin transport (38). We therefore tested to what extent acr4 and pp2a-3 are affected in their sensitivity to NPA with respect to primary root length and columella differentiation. In these assays, acr4 and pp2a-3 appeared equally sensitive to NPA treatment as Col-0 (Fig. S4), suggesting that there is no apparent auxin transport-mediated effect in this case. The genetic interaction between ACR4 and PP2A-3 was further supported by the acr4 pp2a-3 double mutant, where we could not record an additive effect arguing both are active in the same pathway (Fig. 2 D-E). Although we cannot rule out cell-specific changes, we have excluded that the similarities in phenotype are due to a broad differential regulation of ACR4 or PP2A-3 expression in pp2a-3 and acr4 mutants, respectively (Fig. S5). Taken together, our observations indicate a role for PP2A-3 in cellular patterning during primary root development that overlaps with ACR4 function, and further suggest that this is possibly independent of an affected auxin transport capacity. 
PP2A-3 and PP2A-4 redundantly affect primary root growth. Given that PP2A-4 is closely related to PP2A-3, we explored possible redundancy with respect to primary root growth. Indeed, a double pp2a-3 pp2a-4 mutant displayed a short primary root, further reduced columella differentiation and severely disrupted cell organization in the root tip compared to wild type (Fig. 2 B-E) (36). However, this double mutant phenotype appeared to be less severe than the one obtained by Ballesteros and co-workers (38), which is possibly due to the use of different T-DNA lines. Short root phenotypes associated with disrupted cell division and/or cellular patterning in the root tip are often associated with a loss of quiescent center cell identity (39, 40). To assess if the quiescent center was absent in the disrupted root tip of pp2a-3 pp2a-4, we analyzed the expression of the quiescent center marker QC184 (7). Surprisingly, notwithstanding the dramatic impact on the regular cellular pattern in the root tip, QC184 expression was not abolished, and even appeared to expand into the columella (Fig. 2 F). The latter might suggest that the stemness gradient in pp2a-3 pp2a-4 is perturbed. Furthermore, we applied cantharidin – an inhibitor of PP2A and PP2A-related phosphatases (SI Supplemental Notes) – to the QC184 and pWOX5::GUS markers (7), demonstrating that quiescent center identity is not lost when interfering with PP2A activity (Fig. 2 G and Fig. S6). Interestingly, WOX5 expression was shown to be similarly affected in the clavata3/embryo surrounding region 40 (cle40) mutant, and ACR4 was identified as a target of CLE40 signaling (15, 22), further corroborating the potential connection between PP2A and ACR4. Next, evaluating sensitivity to cantharidin with respect to primary root growth revealed that acr4 is equally sensitive to cantharidin treatment as pp2a-3, and both are not significantly more sensitive than the control (Fig. S7). We furthermore established that cantharidin does not negatively affect ACR4 expression levels, and observed a similar (minor) up-regulation as in pp2a-3 pp2a-4 (Fig. S5). Taken together, these results further suggest that ACR4 and PP2A-3 act in the same pathway. 
ACR4 phosphorylates PP2A-3. PP2A activity and function in eukaryotic cells is regulated via post-translational modification of PP2A subunits (41). For example, PP2A complex assembly depends on the phosphorylation status of the catalytic subunit and phosphorylation of protein phosphatases has been shown to inactivate the enzyme (41, 42), but this has not been demonstrated in plants. To evaluate if ACR4 affects the phosphorylation status of PP2A-3, we compared the phospho-proteomes of Col-0 and acr4 seedlings. However, although we could detect a peptide (NH3-GAGYTFGQDISEQFNHTNNLK-COOH) for PP2A-3 (or PP2A-4) in all samples, we did not observe any (differential) phosphorylation. Since PP2A holoenzymes act in various pathways (37, 38, 43, 44) and since ACR4 only acts in a few cells, it is likely that subtle differences mediated by ACR4 could be masked. Therefore, we explored if PP2A-3 could be phosphorylated by ACR4 in vitro. Indeed, in vitro kinase assays demonstrated that purified recombinant autophosphorylated SUMO:ACR4ICD, but not a mutant inactive version of ACR4ICD with K540A and D641A amino acid exchanges (mACR4ICD), could phosphorylate purified recombinant PP2A-3 (PP2A-3::6xHIS) (Fig. 3 A). Subsequently, we identified the ACR4-dependent PP2A-3 phosphosites from the in vitro kinase assay using high resolution mass spectrometry analyses. This revealed a total of 9 – so far unknown – phosphorylated residues of which five are at Ser, three are at Thr and one is at Tyr (Fig. S8 and SI Appendix). Mapping these sites on a three-dimensional homology model of Arabidopsis PP2A-3, based on the structure of the catalytic chain within the trimeric human PP2A enzyme, showed that these residues were predominantly solvent exposed even in the trimer structure and, therefore, quite likely accessible for phosphorylation by ACR4 (Fig. S8 and SI Appendix). Taken together, our results pinpoint PP2A-3 as a substrate for ACR4 kinase activity. Phosphorylation of the tail of the PP2A catalytic subunit plays an important role in regulating the assembly – and thus activity – of PP2A holoenzymes (41). We therefore explored PP2A activity in cellular extracts prepared from acr4 seedlings using a PP2A phosphatase assay system (37, 45, 46). In our hands, this revealed a decrease in PP2A activity of about 19% in acr4 compared to wild type, which was similar to that associated with the PP2A regulatory subunit mutant rcn1 (22%) and the catalytic subunit mutant pp2a-3 (16%) (Fig. 3 B). Although the results did not achieve statistical significance (p-value for acr4 = 0.083), likely because the ACR4 impact on PP2A activity is diluted, they are reproducible and suggestive of ACR4 being required for some of the cellular PP2A activity.
PP2A-3 dephosphorylates ACR4. With respect to receptor kinases, PP2A has been shown to modulate the phosphostatus of BRI1 and the co-receptor BAK1 (37, 47, 48), so we also evaluated if PP2A-3 is capable to dephosphorylate ACR4. First, using E. coli-expressed PP2A-3 in a phosphatase assay did not yield a convincing difference with respect to dephosphorylation of ACR4ICD (Fig. S8 and SI Supplemental Notes). Therefore, to determine whether ACR4 could be a substrate of PP2A, we used – in accordance with Wu and colleagues (47) – a purified, active human PP2A to dephosphorylate the ACR4ICD that had been phosphorylated in vitro. This demonstrated PP2A-mediated dephosphorylation of the phosphorylated ACR4ICD (Fig. 4 A), and pinpoints ACR4 as a substrate for PP2A phosphatase activity. To assess the biological importance of altering the PP2A-mediated phosphorylation status of ACR4, we analyzed ACR4:GFP in the root of the pp2a-3 pp2a-4 double mutant. This revealed a weak GFP signal in pp2a-3 pp2a-4, with reduced membrane localization, as compared to the control (Fig. 4 B), which is likely not due to a change in ACR4:GFP expression levels (Fig. S5). To explore this further, we investigated ACR4:GFP in the presence of the PP2A inhibitor cantharidin. This revealed a reduced membrane association of ACR4:GFP upon inhibiting PP2A activity within 5 hours, while the membrane localization of the routinely used membrane marker FORMIN HOMOLOG 6 (FH6):GFP (49), was largely unaffected (Fig. 4 C-D and Fig. S9). Overall, these results suggest that membrane localization of ACR4 is dependent on PP2A-3 (and potentially PP2A-4).

CONCLUSIONS
Interactions between membrane-associated proteins and soluble proteins are essential for signal transduction and for regulating plant growth and development. Here, we used various approaches to generate a prioritized list of potential ACR4-interacting proteins that are possibly involved in formative cell division, cell-to-cell communication and root development. Taking all our interaction data together and since there is limited to no overlap between the different approaches, it seems that to study protein-protein interactions the use of multiple approaches is preferred as each technique seems to expose a distinct subset of potential interactors and can increase confidence in some potential interactors that would otherwise be discarded.
Starting from the prioritized, potential ACR4-interacting candidates, we identified PP2A-3 as the first described ACR4 substrate and showed that PP2A-3 plays an important role in the control of columella stem cell divisions and/or differentiation. Previously, it was shown that PP2A complexes associate with membranes in growing seedlings and that PP2A may interact with plasma membrane components (35, 43). Similar to the PP2A effect on BRI1 where dephosphorylated BRI1 is internalized (47, 48) and on BAK1 (37), we showed that PP2A can dephosphorylate ACR4. In this context, we also showed that PP2A activity affects the membrane localization of ACR4. The resemblance of the acr4 and pp2a-3 columella stem cell phenotype, together with the cell biological data, suggest that PP2A acts as a positive regulator of ACR4 function and that it is the dephosphorylated form of the ACR4 protein that is localized to the plasma membrane and functional. On the basis of the available data, we propose a tentative model whereby on the one hand ACR4 phosphorylates the PP2A-3 catalytic subunit of the PP2A holoenzyme, possible facilitating complex assembly, and on the other hand, PP2A dephosphorylates ACR4, regulating its membrane localization and possibly activity (Fig. S10). The balance between these two likely affects formative cell divisions and cell differentiation in the root, and as such ACR4 and/or PP2A appear to control their own activity. In future, it will be important to characterize the importance of the individual ACR4 and PP2A-3 phosphosites, and evaluate these in the context of ACR4 localization and/or activity and PP2A activity and/or complex assembly, respectively. Here, it should be taken into account that, for example in brassinosteroid signaling, PP2A type B subunits usually recruit substrates and regulate their activity (44, 50) and that membrane localization of PP2A C subunits is regulated by methylation and in turn impacts target dephosphorylation (47). 

MATERIALS AND METHODS
Materials and methods are described in SI Materials and Methods.
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FIGURE LEGENDS

Figure 1. ACR4 interacts with PP2A-3. (A) Schematic representation of ACR4 with key domains and regions used for protein-protein interaction studies. (B) In vitro GST pull-down experiment using GST:PP2A-3 and MBP:ACR4ICD according to indicated combinations (+). PP2A-3 and ACR4ICD were detected by Western blotting with anti-GST and anti-MBP antibodies, respectively. (C) In planta YFP pull down experiment using ACR4:YFP:HA and FLAG:PP2A-3 transiently co-expressed in tobacco leaves by Agrobacterium infiltration according to indicated combinations (+). PP2A-3 and ACR4 were detected by Western blotting with anti-FLAG and anti-HA antibodies, respectively. 

Figure 2. PP2A-3 mediates stem cell divisions. (A) Representative image of pPP2A-3::n3xGFP in a primary root tip of a 4 day old seedling. (B-C) Primary root phenotype of pp2a-3, pp2a-4, and pp2a-3 pp2a-4 seedlings compared to wild-type control (Col-0) at 9 days after germination. Scale bar, 1 cm. (B). (C) Quantification of primary root length. The bar graph shows average ± standard error (18 ≤ n ≥ 20). Statistical significance (Student’s t-test) compared to Col-0 is indicated: *, p-value < 0.01. (D-E) Representative images (D) and quantification (E) of columella stem cell daughter cell differentiation (20 ≤ n ≥ 96) and irregular cellular pattern in pp2a-3 pp2a-4 (D, right panel). Statistical significance (Z Test Calculator for 2 Population Proportions, p < 0.05) compared to Col-0 (*) or acr4 (#) is indicated. (F-G) Expression of QC184 and pWOX5::GUS in 5-day-old pp2a-3 pp2a-4 seedlings (F) or in 5-day-old seedlings grown on 10 µM cantharidin (G). Representative pictures with number of seedlings with similar expression pattern indicated. Pink arrowhead, quiescent center. Yellow asterisk, first columella cell layer with starch granules.

Figure 3. PP2A-3 is phosphorylated by ACR4 kinase. (A) Autoradiogram for co-incubated E. coli-expressed PP2A-3 and ACR4 kinase (ACR4ICD) or mutant inactive kinase mACR4ICD as indicated (upper panel). From left to right: molecular weight standards, 1 µg of autophosphorylated ACR4ICD, 1 µg ACR4ICD was first autophosphorylated with [γ32P]ATP and kinase assay performed with 10 µg PP2A-3, 1 µg of mutant inactive kinase mACR4ICD, 1 µg of mutant inactive kinase mACR4ICD incubated with 10 µg PP2A-3, and 10 µg PP2A-3. Corresponding Coomassie blue-stained gel (lower panel) as loading control. (B) Bar diagram for PP2A activity detected in whole 12 day old seedlings protein extracts as average of three biological repeats (with 3 technical repeats each) ± standard error. Statistical significance (Student’s t-test) compared to Col-0 is indicated: *, p-value < 0.05. 

Figure 4. PP2A-3 dephosphorylates ACR4. (A) Pro-Q-diamond stained gel showing the phosphorylation status of ACR4ICD co-incubated without or with PP2A-3 as indicated (upper panel). The same gel stained with Sypro Ruby (lower panel) as loading control. (B-D) Localization of ACR4:GFP in pp2a-3 pp2a-4 background (B) and following treatment with DMSO or 50 µM cantharidin for indicated hours (C-D). Red asterisk, plasma membrane with ACR4 localization; arrowhead, plasma membrane analyzed in D. (D) Detail of indicated membrane in C (yellow arrowhead) and quantification of GFP signal across the yellow line as smooth average graph. Black arrowhead, position of plasma membrane. 
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