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Highlight 53 

Specific domains of the Arabidopsis RS2Z splicing factors contribute to their nuclear 54 

localization, nucleocytoplasmic dynamics, and ability to contact protein partners and specific 55 

pyrimidine-rich RNA motifs.  56 

 57 

Abstract 58 

The Arabidopsis splicing factors arginine/serine-rich zinc knuckle-containing proteins 32 59 

and 33 (RS2Z32 and RS2Z33) are plant-specific members of the SR family. Here, we 60 

characterized both RS2Z32 and RS2Z33 by examining their expression profile at different stages 61 

of development and their spatial cellular distribution, as well as the contribution of their domains 62 

to the establishment of protein-protein interactions and to RNA binding specificity. We report that 63 

the RS2Z32 and RS2Z33 promoters are ubiquitously active during vegetative and reproductive 64 

growth, and that both RS2Z splicing factors localize in the nucleus (except the nucleolus). We 65 

show that the C-terminal arginine/serine-rich (RS) domain, but not the serine/proline-rich (SP) 66 

extension, is a determinant of nuclear localization. We demonstrate that their RNA recognition 67 

motif (RRM) domain specifically binds pyrimidine-rich RNA motifs via three residues (Y14, 68 

Y46, F48), and is also involved in protein-protein interactions with at least three SR proteins, 69 

namely SR45, SCL30, and SR34. Finally, we show that mutations in RNA-binding domains (i.e. 70 

RRM and zinc knuckles, ZnKs) affect the nucleocytoplasmic dynamics of both RS2Z proteins. 71 

Our findings provide molecular evidence for the involvement of plant-specific SR splicing 72 

factors into the regulation of the splicing process. 73 

 74 

Keywords: Arabidopsis, RS2Z32, RS2Z33, serine/arginine-rich splicing factors, RNA 75 

recognition motif, zinc knuckles, pre-mRNA splicing, protein-RNA and protein-protein 76 

interaction, nucleocytoplasmic shuttling.  77 
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Introduction 79 

The precursor messenger RNA (pre-mRNA) splicing process requires the precise 80 

recognition of splice sites at exon-intron boundaries. It is achieved by the spliceosome, consisting 81 

of small nuclear ribonucleoproteins (snRNPs) and many non-snRNP-associated proteins (Meyer 82 

et al., 2015). Splicing may produce a single transcript from the pre-mRNA by excluding all 83 

introns or generates several mRNAs from a single precursor sequence through different 84 

alternative splicing events (Marquez et al., 2015). When affecting coding sequences, alternative 85 

splicing may lead to proteomic diversity (Manuel et al., 2023), or to nonsense-mediated mRNA 86 

decay (NMD) due to premature termination codons (PTCs) occurring in aberrant alternative 87 

transcripts (Chen and Manley 2009; Palusa and Reddy 2010; Kalyna et al., 2012). Native and 88 

alternative protein isoforms usually diverge in their primary sequence or domain organization, 89 

which could alter the interaction network established with protein, DNA or RNA, as well as the 90 

protein function, stability, or intracellular localization (English et al., 2010; Kalyna et al., 2012; 91 

Drechsel et al., 2013; Remy et al., 2013; Kashkan et al., 2022). 92 

Serine/arginine-rich (SR) splicing factors are phylogenetically highly conserved in 93 

multicellular eukaryotes (Califice et al., 2012). SR proteins typically share a modular structure 94 

defined by one or two N-terminal RNA recognition motifs (RRMs) and a C-terminal domain rich 95 

in arginine-serine dipeptide repeats (RS) (Barta et al., 2010; Manley and Krainer 2010; Califice et 96 

al., 2012). The RRM domain(s) support(s) RNA binding affinity and specificity (Maris et al., 97 

2005; Daubner et al., 2013; Fanara et al., 2024). The RS domain undergoes extensive reversible 98 

phosphorylation (Aubol et al., 2016; Aubol et al., 2017). The phosphorylation landscape of the 99 

RS domain modulates the ability of SR proteins to contact protein partners, as well as the 100 

nucleocytoplasmic dynamics, the subcellular localization, and the protein stability of SR proteins 101 

(Kataoka et al., 1999; Lai et al., 2000; Lai et al., 2001; Xu et al., 2011; Albuquerque-Martins et 102 

al., 2023). A phylogenetic analysis of RRM-containing proteins highlighted the existence of 103 

nineteen SR proteins in Arabidopsis thaliana (Arabidopsis) (Califice et al., 2012), including 104 

SR45 considered as a SR-like protein (Barta et al., 2010). SR proteins are subdivided into several 105 

groups, defined by a distinct multidomain organization, among which the plant-specific RS2Z 106 

subfamily (Barta et al., 2010; Califice et al., 2012). 107 

The zinc knuckle-containing SR splicing factors (RS2Z) bear two CCHC-type zinc 108 

knuckles (ZnKs) located between a unique RRM and the RS domain, as well as a C-terminal 109 
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serine/proline-rich (SP) domain of unknown function (Barta et al., 2010; Califice et al., 2012). 110 

The overexpression of RS2Z33 was shown to lead to increased cell expansion, a modified 111 

polarization of cell elongation and division, and altered auxin signalling (Kalyna et al., 2003). 112 

The involvement of RS2Z33 in cell patterning and root meristem function was recently further 113 

corroborated, depicting a role for RS2Z33 in primary and lateral root development (Thompson et 114 

al., 2023). Both RS2Z genes undergo alternative splicing events leading to NMD features (e.g., 115 

PTC upstream of a splice junction) (Kalyna et al., 2012; Thompson et al., 2023). Post-116 

translational modifications of native RS2Z isoforms were previously reported (Kim et al., 2013; 117 

Liang et al., 2019; Wang et al., 2023). The detailed inventory of protein partners for RS2Z33 118 

regroup many splicing factors (Lopato et al., 2002; Gullerova et al., 2006). Recently, SR45 was 119 

identified as a novel interactor of both RS2Z32 and RS2Z33 (Fanara et al., 2024).  120 

In Arabidopsis, RS2Z32 and RS2Z33 proteins remain poorly characterized at the 121 

molecular level. In this study, we aimed to characterize both proteins through the investigation of 122 

their spatio-temporal expression pattern, their subcellular distribution and nucleocytoplasmic 123 

dynamics, and their protein-protein interaction network. We further determined amino acid 124 

residues supporting these functions. We also identified the RNA motif bound by the RRM 125 

domain of each RS2Z proteins, observing slight modifications in the motifs specifically 126 

recognized by each protein. We showed how three amino acids (Y14, Y46, F48) define their RNA 127 

binding specificity. Finally, we showed that phosphorylatable serine residues are necessary and 128 

sufficient for establishing the RS2Z protein-protein interaction network. Our findings provide 129 

new insights into the molecular function of plant-specific splicing factors. 130 

 131 

Materials and methods 132 

Plant material and growth conditions 133 

Arabidopsis thaliana (Col-0 ecotype) plants were stably transformed by floral dipping, 134 

and at least three independent T3 homozygous lines were analyzed for each construct. Seeds were 135 

surface-sterilized, then sown on half-strength Murashige and Skoog (MS) medium (Duchefa 136 

Biochimie) containing 1% (w/v) sucrose (Duchefa Biochimie) and 0.8% (w/v) Select Agar 137 

(Sigma-Aldrich). After a 48-hour stratification period at 4°C in the dark, plates were transferred 138 

to a climate-controlled growth chamber (21°C) under an 8-h light (100 μmol m-2 sec-1)/16-h dark 139 

regime. Three-week-old seedlings were subsequently transferred in hydroponic trays (Araponics, 140 
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Liège, Belgium) and cultivated for 7 weeks in control Hoagland solution (Talke et al., 2006; 141 

Hanikenne et al., 2008; Fanara et al., 2022) (until silique development) under a 16-h light (100 142 

μmol m-2 sec-1)/8-h dark regime in a climate-controlled growth chamber (21°C). Expression 143 

profiling was conducted on 10-week-old plants hydroponically grown. The nutrient medium was 144 

renewed with fresh solution once a week. 145 

Transient transformation of Nicotiana tabacum (cv. Petit Havana) leaves was carried out 146 

by Agrobacterium-mediated infiltration as described (Rausin et al., 2010; Stankovic et al., 2016). 147 

 148 

Vector construction 149 

All binary vector constructions and primers used in this study are listed and detailed in 150 

Supplementary Tables S1-7. Gene coding sequences and promoter regions were amplified from 151 

Arabidopsis cDNA libraries or genomic DNA, respectively, using the Q5 High-Fidelity DNA 152 

polymerase (NEB). Construct assemblies were verified by Sanger sequencing. For both transient 153 

transformation of tobacco leaves and stable transformations of Arabidopsis plants, all final 154 

plasmids were electroporated into Agrobacterium tumefaciens strain GV3101 (pMP90) and used 155 

for agroinfiltration or Arabidopsis floral dipping, respectively.  156 

For directed yeast two-hybrid (dY2H) assays, coding sequences of potential interactors 157 

were cloned into pGBKT7/pGBKT7(+) and pGADT7/pGADT7(+) vectors (Clontech) using 158 

different restriction sites (Supplementary Table S1 for primer lists) (Fanara et al., 2024). 159 

The promoter regions of RS2Z32 and RS2Z33 (701 bp and 1110 bp upstream of the ATG 160 

corresponding to the entire intergenic regions, respectively) were PCR-amplified from genomic 161 

DNA and inserted into the SbfI/KpnI sites of the pMDC32 vector (Curtis and Grossniklaus 2003) 162 

to generate pMDC32:pRS2Z vectors. Subsequently, the open reading frames of RS2Z32 (852 bp) 163 

and RS2Z33 (870 bp) (from the ATG to the last codon before the stop codon, respectively) were 164 

cloned into the AscI/PacI sites to obtain pMDC32:pRS2Z:RS2Z intermediate constructs. Finally, 165 

the EGFP coding sequence was inserted at the PacI site to create the pMDC32:pRS2Z:RS2Z-166 

EGFP vectors. For the pMDC32:pRS2Z:EGFP constructs, the 2X35S promoter of the pMDC32 167 

vector (Curtis and Grossniklaus 2003) was replaced by the corresponding RS2Z32 or RS2Z33 168 

promoter and EGFP was inserted at AscI and EcoRI restriction sites (Supplementary Table S2). 169 

The RS2Z32mutRRM and RS2Z33mutRRM versions were obtained by PCR-based site-170 

directed mutagenesis, introducing alanine substitutions in key RNA-contacting residues 171 
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(Y14A in RNP2 motif, and Y46A and F48A in RNP1 motif) (Daubner et al., 2013), as previously 172 

described (Rausin et al., 2010; Stankovic et al., 2016) (Supplementary Table S3). Additional 173 

mutant variants were assembled by PCR from partially overlapping amplicons covering specific 174 

domain of RS2Z32 or RS2Z33. These were amplified using either the native RS2Z genes, the 175 

RS2ZmutRRM template, or sequences harboring RS or SP domain mutations (named RA and AP, 176 

respectively) synthesized by GenScript (see Supplementary Tables S4 and S5). All assembled 177 

mutant versions (Supplementary Figure S1) were subsequently cloned into yeast vectors for 178 

Y2H (at EcoRI/BamHI) or pMDC32 fused to EGFP for protein localization (at AscI/PacI sites), 179 

respectively. 180 

Bimolecular fluorescence complementation (BiFC) constructs were generated as 181 

previously described (Stankovic et al., 2016; Fanara et al., 2024) (Supplementary Table S6).  182 

For SELEX experiments, coding sequences for the RRM or RRM+ZnKs of RS2Z32 and 183 

RS2Z33 were cloned into the pGEX6P-1 (at BamHI/EcoRI sites) as described (De Franco et al., 184 

2019) (Supplementary Table S7). 185 

 186 

Yeast two-hybrid analyses 187 

The vectors and yeast strains (Saccharomyces cerevisiae) provided in the Matchmaker 188 

Gold Yeast Two-Hybrid System (Clontech) were used to perform directed yeast two-hybrid 189 

(dY2H) analyses by co-transformation of the Y2HGold strain. Prior to (directed) Y2H 190 

experiments, toxicity and autoactivation of the wild-type RS2Z32 or RS2Z33 proteins and mutant 191 

variants were tested as previously described (Fanara et al., 2024) (Supplementary Figure S2). 192 

The Y2HGold strain transformed with the bait vector (pGBKT7-RS2Z32 or pGBKT7-193 

RS2Z33) was used for Y2H screening (including both commercial and custom Arabidopsis 194 

cDNA libraries) as previously described (Fanara et al., 2024). 195 

 196 

Analysis of mRNA levels 197 

Total RNAs were extracted from 100 mg of plant tissues using NucleoSpin RNA Plant kit 198 

(Macherey Nagel). First-strand cDNA synthesis was carried out using 1 µg of total RNAs was 199 

used to synthesize cDNAs using the RevertAid H Minus First Strand cDNA Synthesis Kit 200 

(ThermoFisher Scientific) with oligo(dT) primers. Quantitative PCR reactions were performed as 201 

previously described (Fanara et al., 2024). A total of three technical replicates were performed for 202 
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each combination of cDNA and primer pair (Supplementary Table S8). Gene expression was 203 

normalized relative to At1g58050 as described (Pfaffl 2001). At1g58050 expression was the most 204 

stable gene among all tested references (EF1α and UBQ10) (Czechowski et al., 2005; Spielmann 205 

et al., 2020). 206 

 207 

Confocal Microscopy 208 

Live-cell imaging was performed on Leica TCS SP2 and SP5 inverted confocal laser-209 

scanning microscopes (Leica Microsystems) equipped with a water-immersion objective. Images 210 

were acquired at a resolution of 512x512 pixels. EGFP or YFP fluorescence was imaged as 211 

previously described (Fanara et al., 2024). The Fluorescence loss in photobleaching (FLIP)-212 

shuttling experiments were carried out as previously described (Tillemans et al., 2006; Rausin et 213 

al., 2010; Stankovic et al., 2016) and quantitative analyses were conducted as outlined in the 214 

statistical analysis section below (Supplementary Table S9). 215 

 216 

Production of recombinant proteins and SELEX experiments 217 

Protein productions (native and mutated RRM of RS2Z32 or RS2Z33, or native 218 

RRM+ZnKs of RS2Z32 or RS2Z33) was performed using the expression vector pGEX6P-1 in E. 219 

coli BL21(DE3) cells as previously detailed (De Franco et al., 2019; Fanara et al., 2024). The 220 

Systematic Evolution of Ligands by EXponential enrichment (SELEX) experiment was 221 

performed using a randomized 25-nt DNA template library as previously reported (De Franco et 222 

al., 2019; Fanara et al., 2024), adding 100 µM ZnCl2 in SELEX buffer when studying 223 

RRM+ZnKs recombinant proteins. At the end of the experience (round 4), final PCR products 224 

obtained from enriched RNA sequences were subcloned into the pJET vector (CloneJET PCR 225 

Cloning Kit, Thermo Fisher Scientific) and sequenced (Supplementary Tables S10-15). The 226 

obtained sequences were analyzed using the MEME tool (version 5.5.1) (Bailey et al., 2009). 227 

Logos were redesigned using WebLogo software (Crooks et al., 2004). 228 

 229 

Structural modeling of the RS2Z proteins in presence of Zn2+ ions 230 

Three-dimensional model predictions of the RS2Z proteins were performed using the 231 

AlphaFold 3 server (https://alphafoldserver.com) (Abramson et al., 2024). A total of 25 models 232 

were generated, all in the presence of two Zn2+ ions. All models were visually inspected, and the 233 
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ones with the best pTM and ipTM (predicted template modeling, and interface predicted template 234 

modeling) scores were further analyzed using ChimeraX (Pettersen et al., 2021). 235 

 236 

Statistical analysis 237 

For quantitative RT-PCR, data evaluation and statistics were performed using GraphPad 238 

Prism 8 (GraphPad Software v8.0). The replication level of each experiment is described in the 239 

figure legends. For FLIP-shuttling assays, all statistical analyses have been performed using SAS 240 

9.4. Percentages (relative to the initial level) of fluorescence have been analyzed using mixed 241 

linear models (MIXED procedure). Modeled factors included the protein (native or mutated 242 

versions), the time (sampled every 10 seconds from 0 to 120 seconds), the drug (presence or 243 

absence) and their 2- and 3-ways interactions. Since only 2-ways interactions between drug and 244 

protein, and drug and time were significant, other interactions were removed from the final 245 

model. Correlations between residuals from the same sample were modeled using a compound 246 

symmetry structure, and the degrees of freedom used in the tests were corrected using a 247 

Kenward-Roger correction. All relevant contrasts have been estimated and tested using the 248 

ESTIMATE function of the MIXED procedure. p-values lower than 0.05 were deemed 249 

significant. Statistics displayed on figures related to FLIP-shuttling assays, which compared 250 

−LMB and +LMB groups, were generated using means fluorescence intensities of each 251 

experimental group that were processed using a two-way repeated measures analysis of variance 252 

(ANOVA) approach followed by a Bonferroni multiple comparisons post-test. 253 

 254 

Accession numbers and information 255 

All gene sequences are available through The Arabidopsis Information Resource (TAIR, 256 

http://www.arabidopsis.org/), with the following accession numbers: Arabidopsis ACINUS 257 

(AT4G39680), AFC1 (AT3G53570), AFC2 (AT4G24740), AFC3 (AT4G32660), ALY4 258 

(AT5G37720), Cyp59 (AT1G53720), Cyp65 (AT5G67530), Cyp71 (AT3G44600), CypRS64 259 

(AT3G63400), CypRS92 (AT4G32420), eIF4A3 (AT3G19760), GRP7 (AT2G21660), GRP8 260 

(AT4G39260), MAGO (AT1G02140) MOS12 (AT2G26430), MOS14 (AT5G62600), PININ 261 

(AT1G15200), PRP38 (AT2G40650), RS2Z232 (AT3G53500), RS2Z33 (AT2G37340), RS31 262 

(AT3G61860), RS31a (AT2G46610), RS40 (AT4G25500), RS41 (AT5G52040), RSZ21 263 

(AT1G23860), RSZ22 (AT4G31580), RSZ22a (AT2G24590), RZ-1B (AT1G60650), RZ-1C 264 
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(AT5G04280), SAP18 (AT2G45640), SC35 (AT5G64200), SCL28 (AT5G18810), SCL30 265 

(AT3G55460), SCL30a (AT3G13570), SCL33 (AT1G55310), SR30 (AT1G09140), SR34 266 

(AT1G02840), SR34a (AT3G49430), SR34b (AT4G02430), SR45.1 (AT1G16610.1), SR45.2 267 

(AT1G16610.2), SRPK1 (AT4G35500), SRPK2 (AT2G17530), SRPK3a (AT5G22840), 268 

SRPK3b/SRPK5 (AT3G44850), SRPK4 (AT3G53030), and Y14 (AT1G51510).  269 
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Results 270 

RS2Z genes encode nuclear proteins and are expressed at all developmental stages 271 

 Quantitative RT-PCR profiling showed that the RS2Z32 and RS2Z33 genes were 272 

expressed in vegetative (roots, leaves, stems and seedlings) and reproductive (inflorescences and 273 

siliques) organs examined during plant development. RS2Z32 was significantly more expressed 274 

compared to RS2Z33 in all organs but roots, with a significant greater expression for both genes 275 

in siliques and young seedlings (Figure 1). This corroborates and expands the previous 276 

quantification available for these genes (Palusa et al., 2007; Cruz et al., 2014). The expression 277 

profile of both RS2Z genes and the subcellular and tissular distribution of the two splicing factors 278 

were also further determined using promoter:reporter lines [pRS2Z32:EGFP (Supplementary 279 

Figure S3A-M) or pRS2Z33:EGFP (Supplementary Figure S3a-m)] and GFP translational 280 

fusions [pRS2Z32:RS2Z32-EGFP (Figure 2A-Q) or pRS2Z33:RS2Z33-EGFP (Figure 2a-q)], 281 

respectively. Translational fusion lines displayed a nuclear localization of both RS2Z members in 282 

the seed coat (Figure 2A/a) and in embryos freshly dissected from seeds (Figure 2B/b). During 283 

vegetative growth, the hypocotyl and cotyledons displayed fluorescence (Figure 2C/c-D/d), 284 

which was also detected in roots and root hairs (Figure 2E/e-F/f), as well as leaves, trichomes 285 

and stomata (Figure 2G/g-I/i). Immature floral buds showed intense fluorescence signals in the 286 

receptacle, the abscission zone, sepals, petals, stamens and the pistil (Figure 2J/j). During 287 

flowering, mature styles and stigmas (Figure 2K/k), as well as stamens (anthers, filaments and 288 

pollen grains) (Figure 2L/l-N/n) displayed fluorescence signals. Fluorescence was also observed 289 

in ovules, funiculi (Figure 2O/o), and fully developed petals and sepals (including veins) (Figure 290 

2P/p-Q/q). The observations in reporter lines were in agreement with those of the translational 291 

fusion lines, and also largely complete previous results depicting the activity of the promoter of 292 

RS2Z33 in the embryo, leaves, roots, ovules and pollen grains (Kalyna et al., 2003) 293 

(Supplementary Figure S3A/a-M/m).  294 

 295 

Structural modeling of the RS2Z proteins 296 

Prior to directed mutagenesis of their different constitutive domains, structural modeling 297 

was performed for both RS2Z32 and RS2Z33 proteins. During the analysis of their full-length 298 

models, the predicted local distance difference test (pLDDT) —a per-atom confidence estimate— 299 

was used to evaluate model reliability. As anticipated, each protein model showed the presence of 300 
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one RRM domain (residues 10–79) predicted with very high confidence (pLDDT >90), followed 301 

by two consecutive Zn2+-bound zinc knuckles (residues 100–138; hereafter referred as ZnK1 and 302 

ZnK2, and ZnKs if discussed simultaneously) predicted with high confidence (pLDDT >70). 303 

Additionally, both proteins featured an extended unstructured C-terminal region (residues 143–304 

284 in RS2Z32 and 143–290 in RS2Z33) corresponding to their respective RS and SP domains, 305 

predicted with low confidence (pLDDT <50) (Figure 3A-B). As observed in the models, the 306 

RS2Z canonical RRM was defined by a β1–α1–β2–β3–α2–β4 topology containing the residues 307 

thought to mediate RNA recognition and specificity (Y14 within the β1-strand, and Y46 and F48 308 

within the β3-strand) (Daubner et al., 2013). The ZnKs were structured through Zn2+ metallic 309 

coordination that was mediated by C101, C104, H109 and C114 (ZnK1) and C123, C126, H131 310 

and C136 (ZnK2) within 3 Å (Figure 3A-B). These results suggest that substitutions of all serine 311 

to alanine residues within either the RS domain or the SP domain would not affect the global 312 

structure of the RS2Z proteins as these domains appeared to be intrinsically disordered. On the 313 

other hand, Cys-to-Ala substitutions would likely inhibit the ability of ZnKs to bind Zn2+, leading 314 

to the abolition of their presumed RNA-binding activity. Finally, the canonical RRM (residues 10 315 

to 79) would likely maintain its three-dimensional structure upon Y14A, Y46A and F48A 316 

mutations. 317 

 318 

RS2Z localization depends on native serine residues within the RS domain 319 

The subcellular localization of the two RS2Z proteins, as well as mutant variants for each 320 

of their domains, was next examined. Twelve mutant variants were engineered (Supplementary 321 

Figure S1). First, the RS2ZmutRNP2 and RS2ZmutRNP1 variants were obtained by substituting 322 

to alanines conserved residues mediating the RNA specificity [Y14 (RNP2), Y46 (RNP1) and 323 

F48 (RNP1)] of the canonical RRM (Cléry et al., 2008), and combining these substitutions 324 

generated the RS2ZmutRRM variants. Second, the 3 cysteine residues from each CCHC-type 325 

zinc knuckle were substituted into alanine residues to generate the RS2ZmutZnK1 and 326 

RS2ZmutZnK2 variants, whose mutations were combined to obtain the RS2ZmutZnKs variants. 327 

Mutations within the RRM and both ZnKs were merged to produce the RS2ZmutRRM+ZnKs 328 

variants. Third, all serine were substituted to alanine residues within the RS (17 S-to-A 329 

substitutions) and/or SP domains (15 and 16 S-to-A substitutions for RS2Z32 and RS2Z33, 330 

respectively), generating three variants (mutRS, mutSP, mutRS+SP), respectively. Finally, RRM 331 
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and RS or SP mutations were combined, producing two more mutant variants (mutRRM+RS and 332 

mutRRM+SP) (Supplementary Figure S1).  333 

The intracellular localization of the native and variant RS2Z proteins was determined after 334 

transient expression in tobacco leaf cells, confirming the localization of RS2Z32 and RS2Z33 335 

within the nucleoplasm and speckles-like structures but not in the nucleolus (Lorković and Barta 336 

2004; Tillemans et al., 2005) (Figure 4A/a), similarly to what was observed in leaves of 337 

Arabidopsis stable plants expressing the GFP translational fusions (Figure 4J/j). This 338 

localization was maintained in the mutant variants RS2ZmutRRM (Figure 4B/b) (or lower order 339 

mutant variants; mutRNP1 and mutRNP2) (Supplementary Figure S4A-B), RS2ZmutZnKs 340 

(Figure 4C/c) (or lower order mutant variants; mutZnK1 and mutZnK2) (Supplementary 341 

Figure S4C-D), RS2ZmutRRM+ZnKs (Figure 4D/d), RS2ZmutSP (Figure 4F/f) and 342 

RS2ZmutRRM+SP (Figure 4I/i) mutant variants. In contrast, RS2ZmutRS (Figure 4E/e), 343 

RS2ZmutRS+SP (Figure 4G/g) and RS2ZmutRRM+RS (Figure 4H/h) mutant variants partially 344 

accumulated in the cytoplasm in addition to a nuclear and nucleolar localization. Of note, the 345 

RS2ZmutRRM+RS displayed a fainter cytoplasmic signal compared with the two other mutant 346 

variants bearing the mutated RS (Figure 4H/h). Altogether, the presence of native serine residues 347 

within the RS domain appears necessary to ensure a strict nucleoplasmic localization of both 348 

RS2Z32 and RS2Z33.  349 

 350 

RS2Z dynamics depends mostly on the RRM integrity to be partly controlled by XPO1 351 

We previously determined that RSZ22, SR34 and SR45 are shuttling splicing factors 352 

whose nuclear export might be partly controlled by the XPO1-dependent export pathway 353 

(Tillemans et al., 2006; Rausin et al., 2010; Stankovic et al., 2016). We further showed that the 354 

canonical SR34 RRM (RRM1) contributes to such nucleocytoplasmic dynamics (Stankovic et al., 355 

2016). On the contrary, the canonical RRM or ZnK of RSZ22 are dispensable for 356 

nucleocytoplasmic shuttling (Rausin et al., 2010). In this context, we aimed to determine whether 357 

(i) the RS2Z proteins displayed a shuttling behavior, (ii) whether it may be dependent on the 358 

XPO1 export pathway, and (iii) whether the RRM and/or the ZnKs contributed to shuttling. We 359 

specifically characterized the dynamics of RS2Z32 and RS2Z33 using FLIP-shuttling assays 360 

(Tillemans et al., 2006), focusing on the mutants harboring mutations within the RNP motifs of 361 

the RRM and/or within the CCHC-type zinc knuckle(s) (Supplementary Figure S1). The native 362 
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RS2Z proteins were highly dynamic factors, as indicated by the rapid loss of fluorescence upon 363 

photobleaching (Figure 5A/a). Treatment with leptomycin B (LMB), a XPO1-specific inhibitor, 364 

led to a statistically significant lower shuttling kinetics, suggesting a XPO1-dependent nuclear 365 

export (Figure 5A/a). Mutations in the RNP1, RNP2 or ZnK2 significantly altered the shuttling 366 

activity of the RS2Z proteins in absence of LMB treatment compared to the native RS2Z protein 367 

(Figure 5B/b-E/e, insets; Supplementary Table S9). In contrast, the RS2ZmutZnK1 displayed 368 

similar dynamics than the native RS2Z proteins (Figure 5D/d, insets; Supplementary Table 369 

S9). Combining either RNP1 and RNP2 or ZnK1 and ZnK2 mutations (i.e. mutRRM and 370 

mutZnKs, respectively) did not impair more the shuttling dynamics of these mutant variants in 371 

absence of LMB (Supplementary Figure S5A/a-B/b, insets); however, the 372 

RS2ZmutRRM+ZnKs variant remained as dynamic as the native RS2Z proteins (Supplementary 373 

Figure S5C/c, Supplementary Table S9). The RS2ZmutZnK2 variant showed no significant 374 

impairment compared to the native RS2Z proteins upon LMB treatment, in contrast to the 375 

RS2ZmutRNP1 variant that appeared more sensitive to LMB. All other mutant variants displayed 376 

an increased shuttling kinetics compared to the native RS2Z proteins, resulting in a faster rate of 377 

fluorescence loss when subjected to LMB (Figure 5 and Supplementary Figure S5, and 378 

Supplementary Table S9). Interestingly, the RS2ZmutRNP2 variant was not sensitive to LMB 379 

treatment, displaying shuttling kinetics similar to what was observed without LMB treatment 380 

(Figure 5C/c, Supplementary Table S9).  381 

 382 

The RRM of RS2Z proteins contributes, together with the RS domain, to contacting splicing 383 

factors 384 

A previous study described a yeast two-hybrid (Y2H) screen to identify RS2Z33 protein 385 

interactors (Lopato et al., 2002). It used a truncated version of the protein (RS2Z33ΔSP) due to 386 

the toxicity of the full-length protein in yeast. In this screen, RS2Z33ΔSP was found to interact 387 

with SR34, RSZ21, RSZ22, SC35, SCL28, SCL30, and SCL33 (Lopato et al., 2002). As the 388 

native untruncated RS2Z32 protein was recovered during a recent Y2H screen using SR45 as a 389 

bait (Fanara et al., 2024), we used here full-length versions of the two RS2Z proteins in new Y2H 390 

analyses using two Arabidopsis cDNA libraries (a commercially available and a custom-made) in 391 

yeast two-hybrid (Y2H) assays. This confirmed known interactions of RS2Z33 with SCL30 392 

(Lopato et al., 2002), SR45.1 and SR45.2 (Zhang and Mount 2009; Fanara et al., 2024), and led 393 
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to the identification of previously unidentified partners of RS2Z32 (SCL30 and CypRS64). 394 

Directed yeast two-hybrid assays (dY2H) allowed the confirmation of these interactions (Figure 395 

6A, Supplementary Figure S6 and Supplementary Figure S7).  396 

The dY2H set-up was further used to examine associations between all Arabidopsis SR 397 

proteins and the native RS2Z proteins. Contrary to RS2Z interactions with RSZ21, SR34a, 398 

SCL28 or SCL30a, which appeared to be relatively weak, RS2Z strongly associated to SR45 399 

isoforms, SR34, SCL30 and SCL33 (Supplementary Figure S7A-B). Upon testing all mutant 400 

variants engineered in this study, the RS2Z contacts with the two SR45 isoforms were disrupted 401 

(e.g., no growth of yeast cells) upon RS mutations, and the RS2ZmutRRM variants showed a 402 

weakened (e.g., fewer colonies able to grow) association to both SR45 isoforms (Figure 6A). In 403 

contrast, we observed a number of distinct interaction patterns of RS2Z mutant variants and the 404 

two SR45 isoforms: (i) the association of RS2ZmutRRM variants with SR45.2 was weaker than 405 

with SR45.1, as shown by the absence of growth of yeast cells upon serial dilutions (e.g., OD 406 

0.025) (Supplementary Figure S6); and (ii) the RRM+ZnKs mutations abolished contacts with 407 

SR45.2 but not with SR45.1 (Figure 6A). We further showed that the sole RS2Z RRM 408 

(RS2Z∆ZnKs+RS+SP) sustained a weakened interaction with SR45 isoforms (Supplementary 409 

Figure S7C), and that the RS2Z proteins were predominantly contacted by the RS1 domain of 410 

SR45.1, in which mutations impacted more strongly the association to RS2Z32 compared to 411 

RS2Z33 (Supplementary Figure S8). A complete abolition of these contacts was observed upon 412 

mutations applied to both RS domains of SR45.1 (Supplementary Figures S8). Similarly, the 413 

RS2Z-SCL30 interactions were also weakened or abolished upon mutations applied to the RRM 414 

or ZnKs and to the RS domain, respectively. Mutations of the RS domain of RS2Z32 and 415 

RS2Z33, respectively, abolished and weakened the association to SR34. The RS2Z33-SR34 416 

association was fully disrupted when combining RS and RRM mutations (Figure 6A).    417 

Putative interactions with kinases potentially involved in the phosphorylation of serine 418 

residues of the RS2Z RS and SP domains were also analyzed using dY2H. While none of the 3 419 

CLK kinases (AFC1-3) (Bender and Fink 1994) interacted with the RS2Z proteins (Figure 6B), 3 420 

out of 5 SRPK kinases (SRPK3a, SRPK3b [also named SRPK5] and SRPK4) were found to 421 

strongly interact with RS2Z32 and RS2Z33, which confirmed a recent report (Wang et al., 2023) 422 

(Figure 6A and Supplementary Figure S6). Mutations applied to the RS domain abolished the 423 

association to SRPK3a, SRPK3b and SRPK4 (Figure 6A). Those results indicated that the RS 424 
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domain, but not the SP, is involved in interactions with kinases of the SRPK family, suggesting 425 

that phosphorylation of serine residues in the RS domain may take place. 426 

As nuclear cyclophilins are involved in pre-mRNA maturation and are known to interact 427 

with SR proteins (Lorković and Barta 2004; Gullerova et al., 2006; Barbosa Dos Santos and Park 428 

2019; Jo et al., 2022), we tested the associations of RS2Z proteins to Cyp59, Cyp65, Cyp71, 429 

CypRS64 and CypRS92 (Figure 6A-B). Cyp59, CypRS64 and CypRS92 were found to interact 430 

with the two RS2Z proteins, however, the mutRRM variants were unable to sustain these 431 

contacts. Mutations affecting the RS domain were also responsible for the complete disruption of 432 

the RS2Z-Cyp59 association, hence only the native proteins and the mutant variants harboring 433 

altered ZnKs or SP domains were able to contact Cyp59 (Figure 6A). The interaction between 434 

Cyp59 and RS2Z32 appeared to be weaker than the one involving RS2Z33, as depicted by the 435 

lack of resilience of yeast cells to grow upon serial dilutions (also noticeable at the starting OD of 436 

0.25) (Supplementary Figure S6).  437 

It was shown that RS2Z33 interacts with MOS14, a transportin-SR (TRN-SR) thought to 438 

drive the nuclear import of SR proteins (Xu et al., 2011). Here, we found that both RS2Z32 and 439 

RS2Z33 were able to interact with MOS14, which required an intact RS domain, as well as an 440 

intact SP domain (Figure 6A).  441 

Finally, no interaction was observed between hnRNP-like proteins (GRP7, GRP8, RZ-1B, 442 

and RZ-1C), PRP38, MOS12, ALY/REF ortholog ALY4, EJC core components (MAGO, Y14, 443 

eIF4AIII), or the peripheral EJC components (ACINUS, SAP18, and PININ) and the full-length 444 

versions of RS2Z proteins (Figure 6B). 445 

Our observations depict the involvement of serine residues in contacting kinases and 446 

splicing factors, which also requires in some extent the presence of a native canonical RRM 447 

(containing unaltered RNP1 and RNP2 motifs). 448 

 449 

RS2Z proteins strongly interact with mRNA processing factors in planta 450 

Interactions observed in yeast cells showed that the RS2Z proteins interact with few SR 451 

proteins that are known to interact between themselves (e.g., SCL30-SR34 (Lorković et al., 452 

2008), SR34-SR45 (Stankovic et al., 2016), and SR45-SCL30 (Fanara et al., 2024)) and that are 453 

all contacted by CypRS64 (Lorković et al., 2004; Fanara et al., 2024). We used Yellow 454 

Fluorescent Protein (YFP)-based bimolecular fluorescence complementation (BiFC) to confirm 455 
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in planta these specific interactions. RS2Z proteins fused to the C-terminal fragment of YFP 456 

(CYFP) and interactors fused to the N-terminal fragment of YFP (NYFP) were transiently co-457 

expressed in tobacco leaf cells. This allowed to determine that RS2Z proteins interacted with 458 

SR45.1, SCL30, SR34 and CypRS64 within the nucleoplasm and inside speckles-like granules in 459 

tobacco leaf cells (Figure 7). The interaction between the RS2Z proteins and SR45 was also 460 

dependent on their respective RS domain(s) (Supplementary Figure S9), confirming yeast 461 

results.  462 

 463 

RNA binding specificity of RNA-contacting domains of the RS2Z proteins 464 

We then determined the RNA sequences bound by the RS2Z factors. Recombinant RRM 465 

domains of RS2Z32 and RS2Z33 fused to a glutathione-S-transferase were used in a Systematic 466 

Evolution of Ligands by EXponential enrichment (SELEX) experiment. Among the 10 467 

independent clones sequenced after SELEX and used in a MEME analysis, a common central 468 

motif, 5’-G[G/C]UA-3’, flanked by variable regions was found to be recognized by the two 469 

RS2Z proteins (Figure 8A-B). While both RRM recognized a U/C-rich stretch at the 3’-end of 470 

their respective RNA motif, the 5’-end was highly variable. We studied the occurrence of ‘CC’ 471 

dinucleotides in the sequences used by MEME to identify each motif, which showed that 60% 472 

and 71% of the sequences contained the motif 5’-CCGGUA-3’ for RS2Z32 and RS2Z33, 473 

respectively (Supplementary Tables S10-11). 474 

Substitutions to alanines of Y14, Y46 and F48 residues, that are thought to control RNA 475 

binding specificity, disrupted the recovery of a significant motif by SELEX (Figure 8C-D). 476 

Indeed, two different sets of ten sequences obtained with the mutated RS2Z32 or RS2Z33 RRM 477 

were analyzed (Supplementary Tables S12-13) using the MEME tool, and no enriched motif 478 

was discovered (Figure 8C-D). Interestingly, among the sequences selected through binding to 479 

the native RRM of RS2Z32 and RS2Z33, purine and pyrimidine contents were approximately 480 

even (with a 2.5-3% enrichment in purine bases) (Supplementary Tables S10-11). In contrast, 481 

upon Y14A-Y46A-F48A substitutions, purine bases were enriched by ~14% to ~22% on average 482 

in sequences contacted by RS2Z32 and RS2Z33 (Supplementary Tables S12-13). This also 483 

confirmed the importance of these residues in the selectivity of sequences connected by the 484 

native RRM.  485 
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Although Zn knuckles were shown to contribute to the RNA binding specificity of many 486 

splicing factors (De Franco et al., 2019), including SRSF7 (Cavaloc et al., 1999; Königs et al., 487 

2020), no significant RNA motif were uncovered when SELEX experiments were performed 488 

using recombinant proteins including both RRM and ZnKs (Supplementary Figure S10 and 489 

Supplementary Tables S14-15). Altogether, our results demonstrate that the amino acids Y14, 490 

Y46 and F48 of the RRM govern the RNA binding specificity of each RS2Z protein for an RNA 491 

motif characterized by a U/C-rich stretch at its 3’ end. 492 

 493 

Discussion 494 

Splicing is a crucial event in the regulation of gene expression and many trans-acting 495 

protein factors, including SR proteins, are involved in splice-site selection through the binding to 496 

specific cis-elements (Chen and Manley 2009). The functional relationship between RRM and 497 

ZnK of the plant RSZ (one RRM and one ZnK) was previously explored in the context of the 498 

nucleocytoplasmic shuttling activity and subcellular localization of RSZ22 (Rausin et al., 2010). 499 

In contrast, little was known about RS2Z32 and RS2Z33, which belong to a plant-specific 500 

subfamily characterized by the presence of a canonical RRM domain, directly followed by two 501 

CCHC-type zinc knuckles (ZnKs), and RS and SP domains (Barta et al., 2010).  502 

Using mutant variants, we evaluated how each of the RRM, ZnKs, RS and SP domains 503 

modulate the molecular functions played by the RS2Z proteins. The impact of mutations 504 

introduced in each domain of RS2Z proteins was evaluated by assessing several parameters 505 

defining a typical SR splicing factor, i.e. (i) their intracellular localization; (ii) their 506 

nucleocytoplasmic dynamics, showing that shuttling kinetics were differently affected depending 507 

on the mutations; (iii) the protein–protein interactions, highlighting that different mutations 508 

abolished the association to different partners; and (iv) the protein–RNA interactions, proving the 509 

existence of contacts between the mutated RRM and RNA molecules despite an alteration of 510 

specificity (Yang et al., 2011; Pabis et al., 2019; Ni et al., 2023; Fanara et al., 2024). While we 511 

showed changes in the molecular functions of the engineered mutant variants compared to the 512 

native RS2Z proteins, these changes were likely not linked to structural impairments of the 513 

mutated domains as the RS2Z proteins are largely predicted to be poorly structured outside of the 514 

RNA recognition motif (RRM), therefore these intrinsically disordered region are expected not to 515 

be affected upon alanine substitutions (Figure 3A-B). 516 
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 517 

Alteration of the RS domain of RS2Z proteins leads to their nucleolar sequestration and 518 

disrupts their ability to contact splicing factors 519 

We observed that the RS domain of both RS2Z proteins often reinforces the contact 520 

between their RRM and other splicing factors. Indeed, the substitution of all serine residues 521 

within the RS domain by alanine residues can either severely diminish or even abolish the contact 522 

with splicing partners (e.g., SR45 isoforms, SCL30 and SR34). Interestingly, S-to-A substitutions 523 

within the RS domain also affect the subcellular localization of the RS2Z members, which leads 524 

to nucleolar sequestration and to a partial cytoplasmic accumulation of the RS2ZmutRS variants 525 

suggesting a role for the RS domain in the control of the nucleoplasmic localization of SR 526 

proteins. This is further supported by the observation of the cytoplasmic retention of both a SR34 527 

mutant variant displaying R/S-to-G/T substitutions (Stankovic et al., 2016) and a SR45 mutant 528 

variant displaying S-to-A substitutions within the RS2 domain (Fanara et al., 2024). This 529 

suggests that RS-mutated variants are less effectively imported in the nucleus, which is in 530 

agreement with the absence of interactions of RS2ZmutRS variants with the plant transportin-SR 531 

(MOS14) thought to ensure the nuclear import of plant SR proteins (Xu et al., 2011). 532 

Furthermore, the absence of interactions between the RS2ZmutRS variants and the SRPK kinases 533 

(SRPK3a, SRPK3b and SRPK4) also supports the observation of the cytoplasmic accumulation 534 

of these mutant variants, as the nuclear import of SR proteins by MOS14 requires phosphorylated 535 

residues (Lai et al., 2000; Lai et al., 2001). These SRPK kinases (SRPK3a, SRPK3b and SRPK4) 536 

might therefore contribute to the nuclear import of the RS2Z members conjointly with MOS14. 537 

This hypothesis is also supported by a recent study that links an exclusive cytoplasmic 538 

localization of RS2Z32 to the down-regulation of phosphorylation levels of specific serine 539 

residues within the RS domain (but not within the SP domain) in an srpk3 srpk4 srpk3b/srpk5 540 

triple mutant (Wang et al., 2023). All of these observations thus suggest that nuclear import of 541 

RS2Z32 and RS2Z33 by the transportin-SR MOS14 requires prior phosphorylation of RS domain 542 

serine residues, likely by SRPK3a, SRPK3b and SRPK4. Interestingly, the RS2ZmutRRM+RS 543 

variant displays a fainter cytoplasmic fluorescent signal than the RS2ZmutRS, suggesting a 544 

diminution of the nuclear export of the RS2Z proteins, which is corroborated by the observed 545 

diminution of shuttling kinetics of this mutant variant compared to the native protein, mostly due 546 

to the alteration of the RNP2 motif.  547 
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 548 

RS2Z proteins contact splicing partners through their RRM 549 

Our results indicate that many residues of the RRM of RS2Z proteins (including the 550 

mutated residues Y14, Y46 and F48) are involved in the association with other splicing factors, 551 

such as SR45 (SR45.1 and SR45.2, Supplementary Figure S7C), SCL30 and SR34 (Figure 6A 552 

and Supplementary Figure S6). This corroborates a previous report showing that the RNA-553 

binding domains (e.g., RRM and ZnKs) of RS2Z33 (truncated protein harboring RRM+ZnKs 554 

only) were involved in the interactions with a second SCL subfamily member, namely SCL33 555 

(Lopato et al., 2002). Interestingly, our dY2H assays showed that the RS2Z32-SR45 dimer is 556 

more affected by mutations applied to the RRM (mutRRM variant) than the RS2Z33-SR45 557 

dimer, which implies that mutated residues (Y14A, Y46 and F48) might be involved in the 558 

formation of the RS2Z32-SR45 complex. This challenges the general idea that the canonical 559 

RRM domain is solely involved in the recognition of RNA molecules. The contribution of the 560 

RRM to the formation of spliceosomal complexes has already been described for Y14-MAGO 561 

that heterodimerize notably through the β-sheet surface of the RRM of Y14, ultimately unabling 562 

its RNA binding ability (Shi and Xu 2003). Our dY2H and BiFC results additionally indicate that 563 

the association of the RS2Z proteins to SR45 involves both RS domains of SR45. Indeed, neither 564 

RS2Z32 nor RS2Z33 can interact with the SR45mutRS1+RS2 in yeast and plant cells 565 

(Supplementary Figures S8 and S9). Reciprocally, the RS domain of RS2Z proteins also proved 566 

important to maintain this interaction in yeast and plant cells (Figure 6A, Supplementary 567 

Figure S6 and Supplementary Figure S9). 568 

 569 

RNA binding specificity of the RRM of RS2Z proteins 570 

 Cis-elements (or RNA motifs) bound by plant SR proteins have been studied through sev-571 

eral strategies: (i) in silico studies performed on RNA-Seq data of sr loss-of-function mutants 572 

searching for motifs common to differentially expressed genes, (ii) SELEX experiments, (iii) 573 

individual-nucleotide crosslinking and immunoprecipitation (iCLIP) assay, and (iv) RNAcompete 574 

approach (Yan et al., 2017; Laloum et al., 2023; Fanara et al., 2024; Köster et al., 2025). Motifs 575 

associated to SCL30, SR45, SR34, SR34a and RS31 binding to RNAs were determined, all of 576 

which display purine-rich features (Yan et al., 2017; Fanara et al., 2024; Köster et al., 2025), with 577 

the exception of the 5’-GCU-3’ motif of SR34a (Laloum et al., 2023). In contrast, RS2Z proteins 578 
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recognize a common cis-element displaying a pyrimidine-rich feature (U/C stretch) at the 3’ end 579 

of a central motif 5’-G[G/C]UA-3’. Interestingly, the sequences bound by RS2Z32 and RS2Z33 580 

upstream and downstream of this central motif were more variable. These distinct specificities 581 

may stem from sequence divergence between the RRM of the two RS2Z proteins, e.g. the 582 

RS2Z32 Y62 residue is replaced by a histidine in RS2Z33, or the RS2Z32 A78 and N89 residues 583 

are replaced by phenylalanine residues capable of connecting RNA (Zeke et al., 2022) in 584 

RS2Z33. However, these additional residues are not the main drivers of the RNA binding speci-585 

ficity of RS2Z proteins as mutations of three conserved residues in RNP2 and RNP1 motifs (Y14, 586 

Y46 and F48) were sufficient to disrupt the recovery of a significant motif with each RS2Z RRM. 587 

The enrichment in pyrimidine bases in an RNA motif, as observed at the 3’ end of the RS2Z RNA 588 

motifs, is usually associated to the control of AS events (Ule et al., 2006; Goers et al., 2010; 589 

Uemura et al., 2017). The binding of RS2Z33 to the CALLOSE SYNTHASE5 (CalS5) pre-mRNA 590 

has been proposed to positively regulate the splicing removal of its intron 6 (Huang et al., 2013). 591 

While the motif associated with both RS2Z32 and RS2Z33 (5’-CCGCUA-3’) is absent from the 592 

CalS5 pre-mRNA sequence, the 5’-CUGCUA-3’ motif specifically bound by the RRM of 593 

RS2Z33 is present in both the exon 5 and the exon 27 of CalS5. The observation of a RS2Z33 594 

binding motif in an exon upstream of the regulated intron 6 suggests that this SR protein might 595 

indeed regulate the splicing pattern of its putative target, CalS5, which supports the working hy-596 

pothesis of Huang and colleagues (Huang et al., 2013). The interactors of RS2Z33 (SR45, 597 

SCL30, and SR34) might not regulate this specific intron removal as their RNA binding sites (5’-598 

AGAAGA-3’ for SR45 and SCL30, and 5’-AGGGAG-3’ for SR34) are present in relatively dis-599 

tant positions from the intron 6 (Yan et al., 2017; Fanara et al., 2024).  600 

 601 

Do RS2Z proteins play redundant molecular functions? 602 

While most of our results largely suggest a functional redundancy between RS2Z32 and 603 

RS2Z33 (e.g., identical expression profile and interactors, or similar dynamics and RNA motifs 604 

bound), our dY2H assays showed some noticeable differences between the RS2Z32 and RS2Z33 605 

complexes. Although the association of RS2Z32 to partners also contacted by RS2Z33 appeared 606 

to be weaker (e.g., Cyp59), the putative functional redundancy of the RS2Z proteins remains to 607 

be confirmed by complementation experiment of a double mutant. However, as a quintuple rsz 608 

rs2z mutant (Yan et al., 2017) displays no phenotypic impairments, it is challenging to propose a 609 
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specific biological function for the RS2Z members. One could speculate on the physiological 610 

role(s) of the RS2Z proteins by examining how the expression of their respective genes is 611 

regulated by multiple stresses. Using available Arabidopsis RNA-seq resources (Zhang et al., 612 

2020; Yu et al., 2022) (https://plantrnadb.com/athrdb/) suggests that RS2Z genes are responsive to 613 

specific stresses for which they are distinctively transcriptionally regulated (e.g., dehydration, 614 

low red/far-red ratio or salt), sometimes in opposite directions (cold or methyl jasmonate) (Feng 615 

et al., 2020), even though they can be co-regulated in some instances (e.g., dark treatments) 616 

(Pietzenuk et al., 2016).  617 

 618 

Conclusion 619 

In this study, we characterized the contribution of the RS, SP, RRM and two ZnKs 620 

domains, and their constitutive residues, to the function of the Arabidopsis RS2Z32 and RS2Z33 621 

proteins investigating the many aspects defining a splicing factor. Serines of the RS domain 622 

control the nucleoplasmic diffusion of RS2Z32 and RS2Z33. On the other hand, the RNA-623 

binding domains of both RS2Z proteins are involved in the shuttling activity of the RS2Z 624 

proteins, and the RRM itself is also involved in both protein-protein and protein-RNA 625 

interactions. The RRM specifically binds RNA molecules via the residues Y14, Y46 and F48, and 626 

the RNA motifs identified appear to be different from the generally observed purine-rich 627 

sequences recognized by SR45, SCL30 and SR34. Many charged residues in the RRM likely 628 

serve to contact splicing factors that also displays a shuttling dynamic (e.g., SR45 and SR34). A 629 

BiFC approach allowed the confirmation of several interactions observed in yeast cells. Among 630 

them, the connection between SR45, SCL30, SR34 or CypRS64 and the RS2Z proteins was 631 

visualized in planta. Collectively, our observations suggest that RS2Z proteins play highly 632 

redundant functions. 633 
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Figure legends 897 

Figure 1. Expression profiling of RS2Z genes in Arabidopsis organs. Quantitative RT-PCR 898 

analyses of RS2Z genes expression in Arabidopsis vegetative and reproductive organs. Values 899 

represent means ± SEM (from three biological replicates, each consisting of pools of organs from 900 

three plants) and are relative to AT1G58050. Data were analyzed by two-way analysis of variance 901 

(ANOVA) followed by Bonferroni multiple comparison post-test. Statistically significant 902 

differences between means of all genes within one tissue are indicated by asterisks  (**P<0.01, 903 

***P<0.001). Statistically significant differences between means for one gene between tissues are 904 

indicated by letters (P<0.05). n.s., not significant. 905 

 906 

Figure 2. Localization of RS2Z proteins in all vegetative and reproductive organs. Translational 907 

fusions are expressed in seed coat (A/a), embryo (B/b), hypocotyl (C/c) and cotyledons (D/d), 908 

two-week-old root epidermis (E/e) including root hairs (F/f), leaf epidermis (G/g-I/i) including 909 

trichomes (G/g-H/h) and stomata (I/i), immature floral bud (including sepals, petals, stamens and 910 

pistil) (J/j), mature gynoecium (valves, stigma and style) (K/k), mature androecium (anther and 911 

filament) (L/l), pollen grains [(M/m-N,n), arrow], ovules (O/o) and funiculi [(O/o), arrow], 912 

petals (including veins) (P/p) and sepals (including veins) (Q/q). Red signals represent 913 

chlorophyll autofluorescence. At least three independent T3 homozygous lines were generated 914 

and analyzed, depicting similar fluorescence profiles.  915 

 916 

Figure 3. Structure of the native RS2Z32 and RS2Z33 proteins. AlphaFold models of RS2Z 917 

monomers. Cartoon representations of the RS2Z32 (A) and RS2Z33 (B) monomers colored 918 

according to the pLDDT value from red (<50), white (>70) and blue (>90) (left). RS and SP 919 

domains, which present pLDDT values below 50, are considered unstructured and are not 920 

displayed. Predicted structured domains are shown: RRM (with Y14, Y46 and F48 shown as 921 

sticks) in red and ZnK1/2 in yellow and orange, respectively (right). Purple spheres represent 922 

Zn2+ ions that are coordinated by amino-acid residues shown as sticks: Cys101, Cys104, His109 923 

and Cys114 in ZnK1 and Cys123, Cys126, His131 and Cys136 in ZnK2 (within 3 Å).  924 

 925 

Figure 4. Structural determinants modulating the localization of RS2Z members. Subcellular 926 

fluorescence distribution in transient expression assays in tobacco leaf cells upon N-terminal 927 
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EGFP-tagging of the native RS2Z32 or RS2Z33 and their respective mutant variants: wild-type 928 

RS2Z proteins (A/a), RS2ZmutRRM (B/b), RS2ZmutZnKs (C/c), RS2ZmutRRM+ZnKs (D/d), 929 

RS2ZmutRS (E/e), RS2ZmutSP (F/f), RS2ZmutRS+SP (G/g), RS2ZmutRRM+RS (H/h), 930 

RS2ZmutRRM+SP (I/i), and Arabidopsis thaliana T3 homozygous plants expressing the GFP 931 

translational fusions (pRS2Z32:RS2Z32-EGFP and pRS2Z33:RS2Z33-EGFP) (J/j). Scale bars = 932 

10 µm. Red signals represent chlorophyll autofluorescence. Whenever cytoplasmic and nuclear 933 

signals were detected, insets depict the detailed intranuclear localization. At least three 934 

independent transient events were generated and analyzed, depicting similar fluorescence 935 

profiles.  936 

 937 

Figure 5. Nucleocytoplasmic shuttling of native RS2Z proteins and mutant variants. FLIP-938 

shuttling was assessed without (−LMB) or with LMB (+LMB) treatment in tobacco epidermal 939 

leaf cells. One hundred percent fluorescence indicates prebleach fluorescence intensity. As a 940 

control of the dynamic nature of native RS2Z proteins, cells were repeatedly scanned under no 941 

photobleaching conditions and fluorescence was monitored. Insets show the overlay of wild-type 942 

and mutant curves. Values are means ± SEM for at least 12 nuclei. A significant inhibitory effect 943 

of LMB is indicated by asterisks (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). n.s., not 944 

significant.  945 

 946 

Figure 6. RS2Z32 and RS2Z33 associate with kinases, splicing-associated factors, and the 947 

nuclear import factor. (A) The baits tested correspond to native and mutant variants. (B) Absence 948 

of interaction between RS2Z32 or RS2Z33 with kinases (SRPK1, SRPK2, and AFC1-3), nuclear 949 

cylophilins (Cyp65 and Cyp71), hnRNP-like proteins (GRP7, GRP8, RZ-1B, and RZ-1C), 950 

PRP38, MOS12, ALY/REF ortholog ALY4, EJC core components (MAGO, Y14, eIF4AIII), or 951 

the peripheral EJC components (ACINUS, PININ, and SAP18). From the initial culture, dilutions 952 

to an OD600 of 0.25 were spotted on -Trp/-Leu/-His/X-α-Gal/AurA agar plates. Positive 953 

interactions were confirmed by growth and blue staining as seen with the positive control 954 

(pGADT7-T x pGBKT7-53). An abolished interaction is characterized at most by a shadow of 955 

dead cells (similar to the negative control pGADT7-T x pGBKT7-Lam). Serial dilutions (OD 956 

0.25, 0.025 and 0.0025) are presented in Supplementary Figure S6. 957 

 958 
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Figure 7. RS2Z proteins interact with mRNA processing factors in planta. Bimolecular 959 

fluorescence complementation (BiFC) in transient expression assay in tobacco leaf cells through 960 

co-expression of RS2Z32 or RS2Z33 fused to the C-terminal half of YFP (RS2Z32:CYFP or 961 

RS2Z33:CYFP) and either SR45.1., SCL30, SR34 and CypRS64 fused to the N-terminal half of 962 

YFP (SR45.1, SCL30, SR34, or CypRS64:NYFP). For all observations, representative images of 963 

fluorescence reveal the interactions of RS2Z32 or RS2Z33 with the respective proteins in the 964 

nucleus, and in speckle-like structures (arrowheads). At least three independent transient events 965 

were generated and analyzed, depicting similar fluorescence profiles. Scale bars = 10 µm. Red 966 

signals represent chlorophyll autofluorescence. 967 

 968 

Figure 8. The RRM of RS2Z proteins binds to a pyrimidine-rich RNA motif. RNA motifs were 969 

identified through 4 rounds of SELEX selection using either the native RRM of RS2Z32 (A) and 970 

RS2Z33 (B) or the mutated versions of the RRM of RS2Z32 (C) and RS2Z33 (D). Two non-971 

significant RNA motifs (#1-2) were identified using the mutated versions. The statistical 972 

significance (E-value) is indicated at the bottom of each consensus. Logos were redesigned using 973 

WebLogo (Crooks et al., 2004). All RNA motifs were discovered using the MEME tool (version 974 

5.5.1) with 10 sequences. 975 


