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Abstract: 28 

The R2R3-MYB transcription factor FOUR LIPS (FLP) controls the stomatal 29 

terminal division through transcriptional repression of the cell cycle genes 30 

CDKB1s, CDKA;1, and CYCA2s. We mutagenized the weak mutant allele 31 

flp-1 seeds with ethylmethane sulfonate (EMS) and screened out a flp-1 32 

suppressor 1 (fsp1) that suppressed the flp-1 stomatal cluster phenotype. 33 

FSP1 encodes RPA2a subunit of Replication Protein A (RPA) complexes that 34 

play important roles in DNA replication, recombination, and repair. Here, we 35 

show that FSP1/RPA2a functions together with CDKB1s and CYCA2s in 36 

restricting stomatal precursor proliferation, ensuring the stomatal terminal 37 

division, and maintaining a normal guard cell size and DNA content. 38 

Furthermore, we provide direct evidence for the existence of an evolutionally 39 

conserved, but plant-specific CDK-mediated RPA regulatory pathway. 40 

Serine-11 and Serine-21 at the N-terminus of RPA2a are CDK 41 

phosphorylation target residues. The expression of the 42 

phosphorylation-mimic variant RPA2aS11,21/D partially complemented the 43 

defective cell division and DNA damage hypersensitivity in cdkb1;1 1;2 44 

mutants. Thus, our study provides a mechanistic understanding of the 45 

CDK-mediated phosphorylation of RPA in the precise control of cell cycle and 46 

DNA repair in plants. 47 

Keywords: Stomatal Development; Cell Division; Replication Protein A; 48 

CDK; DNA Damage 49 

Significance: 50 

The Arabidopsis R2R3-MYB transcription factor FOUR LIPS (FLP) is the first 51 

identified key transcription factor regulating stomatal development. By 52 

screening and analysis of a genetic suppressor of flp stomatal defects, we 53 
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found FSP1/RPA2a, encoding a core subunit of Replication Protein A (RPA) 54 

complexes, acts downstream of core cell cycle genes of CDKB1s in ensuring 55 

the terminal division during stomatal development to produce a pair of 56 

kidney-shaped guard cells to compose a functional stomatal complex. We 57 

demonstrate that the CDK-mediated phosphorylation at the N-terminus of 58 

RPA2a is essential for the RPA functions in cell cycle control and response to 59 

DNA damage. We provide the direct evidence for the existence of an 60 

evolutionally conserved, but plant-specific RPA regulatory pathway in plants. 61 

\body 62 

Introduction 63 

Stomata are plant-specific epidermal structures that consist of a pair of 64 

Guard Cells (GCs) surrounding a pore. The formation of stomata requires 65 

successive asymmetric cell division of the precursor cells, including the 66 

Meristemoid Mother Cell (MMC) and the Meristemoid (M), and one 67 

symmetric division of the Guard Mother Cell (GMC) to produce two GCs (1). 68 

FOUR LIPS (FLP) and MYB88 encode R2R3-MYB transcription factors and 69 

function in the regulation of symmetric division of the GMCs. In a weak allele 70 

flp-1, two stomata form abnormally in direct contact. The loss of MYB88 71 

function dramatically enhances the phenotype of flp mutants, leading to 72 

tumor-like stomatal clusters (2, 3). The cell cycle genes CDKB1s, CYCA2s, 73 

and CDKA;1, as transcriptional targets, are directly suppressed by FLP and 74 

MYB88 (4-6).  75 

Replication Protein A (RPA) is a heterotrimeric single-stranded DNA 76 

(ssDNA)-binding protein complex that is required for multiple aspects of DNA 77 

metabolism, including DNA replication, recombination, repair, and telomere 78 

maintenance (7). The homologues of each of the three RPA subunits 79 

(RPA1-3) are well conserved in eukaryotes. In humans, phosphorylation of 80 
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RPA2 at the N-terminal domain is required for the RPA-ssDNA interaction. In 81 

mitotic cells, Serine-23 and Serine-29 at the RPA2 N-terminus are 82 

phosphorylated and activated by Cdc2/CDK to promote DNA replication 83 

(8-12). Upon a DNA damaging condition, RPA2 is hyperphosphorylated by 84 

the PIKK-family kinases (ATM, ATR, and DNA-PK) that facilitates mitotic exit 85 

and the initiation of DNA repairing (13-15). All known RPA2 homologues 86 

have a conserved N-terminal phosphorylation domain, though the specific 87 

residues may be not conserved in different species (11). In contrast to yeast 88 

and most mammals, plants carry multiple paralogs for each of the RPA 89 

subunit (16). For instance, rice has three RPA1s, three RPA2s, and one 90 

RPA3 (16, 17). The model plant Arabidopsis has five RPA1s (RPA1a-e), two 91 

RPA2s (RPA2a, b), and two RPA3s (RPA3a, b). Phylogenetic analysis of the 92 

RPA1 sequences suggests that Arabidopsis RPA1s diverged into two 93 

subgroups, the ACE-group (RPA1a, b, c) and the BD-group (RPA1b, d) (18). 94 

Previously, genetic analysis confirmed that RPA2a plays a critical role in the 95 

maintenance of epigenetic gene silencing in plants and abiotic stresses 96 

(19-21). 97 

In this study, with an aim of obtaining genetic suppressors of flp-1, we 98 

identified a genetic mutation in Arabidopsis RPA2a that led to inhibited 99 

stomatal clustering in flp-1 and arrested GMC divisions. Our study 100 

discovered the existence of an evolutionally conserved, but plant-specific 101 

CDK-mediating RPA regulatory pathway. Also, by assaying the stomatal 102 

development and DNA damage responses, we established the physical and 103 

genetic interactions between the RPA and CDKs in the precise control of cell 104 

cycle as well DNA repair in plants. 105 

Results 106 

Isolation of fsp1, a Suppressor of flp-1 in Stomatal Development. The 107 
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flp-1 mutant is featured by extra terminal divisions during stomatal 108 

development, suggesting the role of FLP in restricting cell division (3). To 109 

identify new genetic players in regulating the one-time terminal division, we 110 

created an ethylmethane sulfonate (EMS) mutagenized M2 population of 111 

flp-1 mutants and screened for mutants with altered stomatal phenotypes. 112 

flp-1 fsp1 (flp-1 suppressor1) was isolated for significantly reduced stomatal 113 

clusters, compared to flp-1 (Fig.1 A-C and SI Appendix, Table S1). In 114 

addition, aberrant cells were occasionally found in the epidermis of flp-1 fsp1 115 

double mutant (Fig. 1C). Using a GC fate marker E1728, we confirmed that 116 

the aberrantly shaped, single cells in fsp1 have the GC identity (Fig. 1D and 117 

inset), resembling the Single Guard Cell (SGC) phenotype in cdkb1;1 1;2 118 

and cyca2s mutants (4,5). The Stomatal Index (SI) of fsp1 mutant was 119 

reduced as well, indicating that FSP1 promotes stomatal production (SI 120 

Appendix, Table S2). 121 

FSP1 Encodes Arabidopsis RPA2a Subunit of the RPA Complex. Using 122 

map-based cloning, we determined that mutation of FSP1 gene was located 123 

within the BAC clone T28124 on chromosome 2. Based on growth defects 124 

reminiscent of rpa2a/ror1-1 mutants, such as dwarf seedlings, narrow leaves, 125 

and early flowering (SI Appendix, Fig. S1A) (19, 20), we amplified and 126 

sequenced the open reading frames of RPA2a from fsp1 and found that fsp1 127 

possessed the same point mutation as in ror1-2, ag (1343) changed to aa, 128 

which induces altered splicing events (Fig. 1E). The expression of RPA2a 129 

(cDNA) fused with GFP under the control of the native promoter fully rescued 130 

the stomatal defects of fsp1 mutants (Fig. 1F and SI Appendix, Table S2). 131 

The functionality of RPA2a was further confirmed by the reappearance of 132 

flp-1-featured stomatal clusters in flp-1 fsp1 mutants carrying 133 

RPA2a:RPA2a-GFP (Fig. 1G and SI Appendix, Table S1). In addition, the 134 

introgression of the fsp1 mutation in flp-1 myb88 double mutants largely 135 
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repressed the size and number of stomatal clusters (Fig. 1 H,I and SI 136 

Appendix, Fig. S1B). We also revisited the T-DNA allele, rpa2-5/ror1-3 (Fig. 137 

1E and SI Appendix, Fig. S1A) (19, 20), which displayed a similar stomatal 138 

phenotype as fsp1. The flp-1 stomatal phenotype was suppressed in flp-1 139 

rpa2-5 double mutants (SI Appendix, Fig. S1 C,D and Table S2). Benefiting 140 

from easy genotyping, rpa2-5 was then used in most of the later experiments 141 

(renamed as rpa2a-5).  142 

RPA2a Is Expressed in Specific Stomatal Lineage Stages. A 143 

complemented ror1-1 transgenic line harboring ROR1:gROR1-GUS-GFP (19) 144 

(here referred as RPA2a-GFP) was used to investigate the RPA2a 145 

expression pattern and localization. RPA2a-GFP fluorescent signals were 146 

observed in a subset of stomatal lineage cells and compared with those of 147 

three translational reporters of SPEECHLESS (SPCH), MUTE, and FLP, 148 

which have distinct and sequential expression patterns during stomatal 149 

development (Fig. 1J). The expression of RPA2a-GFP overlapped with 150 

SPCH-GFP (22) in MMCs prior to asymmetric entry divisions but not in both 151 

newly-formed meristemoids (M) and Stomatal Lineage Ground Cells (SLGC) 152 

after division. In late meristemoids and early GMCs (EGMCs), where 153 

MUTE-GFP was turned on (23), diffuse RPA2a-GFP signals reappeared. 154 

RPA2a-GFP persisted in late GMCs (LGMCs), but disappeared in young 155 

GCs (YGCs) after the terminal symmetric cell division. The expression of 156 

RPA2 overlapped with FLP-GFP (3, 24) only at LGMC stage, prior to the 157 

GMC division, but not in YGCs. Taken together, RPA2a shows a cell type- 158 

and time-specific expression profile, with the preferences in the precursor 159 

cells (actively dividing) prior to either asymmetric or symmetric divisions 160 

during stomatal development.  161 

RPA2a Functions Together with FLP Downstream Target Genes 162 

CDKB1s and CYCA2s. CDKB1;1 gene is one of the direct transcriptional 163 
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targets of FLP in controlling stomatal terminal symmetric divisions. In 164 

agreement with this, expression of CDKB1;1-GFP (24) overlaps with 165 

FLP-GFP in LGMCs and YGCs while partially with RPA2a-GFP in LGMCs 166 

(Fig. 1J). In comparison to SGC frequencies of 42.0 ± 2.6% in cdkb1;1 1;2 167 

and 8.0 ± 2.1% in rpa2a-5, the rpa2a-5 cdkb1;1 1;2 triple mutant produced 168 

dramatically more SGCs (64.0 ± 1.6%, Fig. 2A-D). GMC divisions also 169 

require CYCA2 activity (5). While SGCs in cyca2;3 mutants was found at a 170 

low frequency of 4.0 ± 0.8% (Fig. 2E), the occurrence of SGCs in rpa2a-5 171 

cyca2;3 double mutants was elevated to 47.0 ± 2.0% (Fig. 2F). Consistently, 172 

the frequency of SGCs in cyca2;3 2;4 (27.6 ± 3.4%) was greatly elevated to 173 

78.0 ± 8.5% in rpa2a-5 cyca2;3 2;4 triple mutants (Fig. 2 G and H), indicating 174 

interaction between RPA2a and CDKB1s/CYCA2s functions in GMC 175 

divisions.  176 

An ectopic and prolonged expression of RPA2a-GFP was occasionally found 177 

in two daughter cells after a GMC division in flp-1, suggesting that RPA2a is 178 

required for subsequent GMC divisions that end up with two stomata next to 179 

each other (SI Appendix, Fig. S2 A-H). RPA2a transcription level slightly but 180 

not significantly increased in flp-1 myb88 (SI Appendix, Fig. S2I). Although 181 

12 putative FLP/MYB88 binding sequences are present within the RPA2a 182 

promoter (4-6), neither FLP nor MYB88 showed clear binding activity to 183 

RPA2a promoter according to the results of yeast one-hybrid assays (SI 184 

Appendix, Fig. S2 J and K), indicating that RPA2a might not be a direct 185 

transcriptional target of FLP/MYB88.  186 

Combined Loss of RPA2a and CDKB1s/CYCA2s Function Induces 187 

Abnormal Cell Enlargement and Endoreduplication. Differing from the 188 

interlocking, continuously expanding pavement cells, the mature stomatal 189 

GCs once matured remain their shape and size for the life time in leaves. 190 

The area of the paired GCs mostly ranged from 200 to 500 µm2 in 191 
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Arabidopsis (SI Appendix, Fig. S3). However, about 45% and 71% stomata 192 

in rpa2a-5 cdkb1;1 1;2 and rpa2a-5 cyca2;3 2;4 triple mutants, respectively, 193 

are larger than 500 µm2 (Fig. 2 A-H and SI Appendix, Fig. S3). It has been 194 

widely accepted that cell size and differentiation are closely correlated to the 195 

nuclear DNA levels (25). We therefore measured the nuclear DNA levels in 196 

SGCs after DAPI (4′,6-diamidino-2-phenylindole) staining. The DNA content 197 

in wild-type GCs was defined as 2C-DNA level. Our results showed that 198 

SGCs in the rpa2a-5, cdkb1;1 1;2, and cyca2;3 2;4 mutants all displayed a 199 

similar DAPI fluorescence intensity (4C-DNA level), indicating that RPA2a, 200 

similar to CDKB1s and CYCA2s, is required for the mitosis of GMC divisions. 201 

But in the rpa2a-5 cdkb1;1 1;2 or rpa2a-5 cyca2;3 2;4 triple mutants, the 202 

enlarged SGCs contained single giant nuclei with a mean DNA level of 203 

6C-8C (Fig. 2 I-N). The analysis of DNA ploidy distribution in 9- and 204 

14-day-old cotyledons using flow cytometry confirmed that RPA2a may 205 

coordinately act with CDKB1s/CYCA2s to restrict the onset of endocycle (SI 206 

Appendix, Fig. S4).  207 

Above results indicated that the mitosis was blocked but the endoreplication 208 

was inappropriately unrestricted in the rpa2a-5 cdkb1;1 1;2 triple mutants. In 209 

rpa2a-5 single mutant, the expression levels of G1-to-S genes CDT1, MCM2, 210 

ORC3, and PCNA1 were significantly increased comparing those in wild type. 211 

Most of these elevations as well as CDC6a, CCS52A, ORC1a, CDKA;1, 212 

were additively enhanced in rpa2a-5 cdkb1;1 1;2 triple mutants (SI Appendix, 213 

Fig. S5A). In addition, the expression levels of genes during endoreplication 214 

initiation, such as E2Fa, E2Fc, and E2Ff, were largely increased in the triple 215 

mutants (SI Appendix, Fig. S5B). These results demonstrated that RPA2a 216 

and CDKB1s act together to suppress the expression of endocycling genes 217 

that restrict endoreduplication.  218 

RPA2a Function Is Conservatively Regulated by CDKs through Protein 219 
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Phosphorylation. Supported by our genetic data above, we tested the 220 

hypothesis that RPA2a may directly interact with CDKs in regulating cell 221 

division and cell cycle. Results of Bimolecular Fluorescent Complementation 222 

(BiFC) assays using the tobacco transient expression system and 223 

Co-ImmunoPrecipitation (Co-IP) assay using the proteins that were extracted 224 

from the infiltrated tobacco leaves suggested that RPA2a directly interacts 225 

with CDKB1;1 and CDKA;1 (Fig. 3 A-D and SI Appendix, Fig. S6).  226 

It was reported that coexpression of the RPA2 subunit with other RPA 227 

subunits could enhance the solubility and function of RPA protein complexes 228 

(26). When RPA2a-GST was coexpressed with RPA1b-HIS in E. coli, RPA1b 229 

proteins failed to be pulled down by RPA2a. Only when the RPA3a was 230 

present, in which RPA2a-GST-RPA3a-S coexpressed with RPA1b-HIS, the 231 

whole RPA complex could be pulled down by GST beads, indicating that the 232 

pre-formation of RPA2-RPA3 subcomplex is essential for the assembly of 233 

RPA complex (SI Appendix, Fig. S7A). However, regardless the presence of 234 

RPA3 and RPA1, RPA2a proteins could be phosphorylated in vitro by active 235 

CDK-CYCLIN protein complexes (27) (Fig. 3 E,F and SI Appendix, Fig. S7B). 236 

Additionally, a faint delayed band next to the RPA2a-GST was observed 237 

when the products of CDK phosphorylation reaction were separated on 238 

SDS-PAGE gels (Fig. 3G). Once alkaline phosphatases were added to the 239 

products, the delayed band disappeared, indicating the phosphorylation is 240 

the cause of the slower mobility of RPA2a-GST proteins in gels (SI Appendix, 241 

Fig. S7B). Elimination of the N-terminal 32 amino acids abolished the 242 

delayed band, suggesting that this region contains the primary 243 

phosphorylation target sites (Fig. 3G).  244 

To predict the CDK-phosphorylation target residues in RPA2a protein, the 245 

sequence of the N-terminus of RPA2a protein was compared with those in 246 

human, yeast, and rice RPA2 proteins. Among the 12 Serine residues within 247 

http://www.baidu.com/link?url=80GLpSmDj6tnQzm4FiYYxGJkkuvMNGdGIHD1rxqlUrB8lfHKZVo4oNSnLgs7Ug1EPYWx1Yg3vy5YOjkJ4vluWNUynsgOKZcTEvidhCFKb8GJDFBEvXxuQoPqRDmltNtY&wd=&eqid=99b22fc600002486000000035631c73f
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the first 32 amino acids of RPA2a N-terminus, Ser-11 is the consensus CDK 248 

phosphorylation sites, corresponding to Ser-23 of human RPA2 protein. 249 

Ser-21 is another predicted phosphorylation target site of CDKs 250 

(www.cbs.dtu.dk/services/) that maybe conserved in plants (SI Appendix, Fig. 251 

S7 C-F). When Ser-11 and Ser-21 were substituted with 252 

non-phosphorylatable Glycines, the extent of phosphorylated band was 253 

reduced (Fig. 3G), indicating that these two residues are predominant 254 

CDK-phosphorylation targets, but other sites in RPA2a might get 255 

phosphorylated in vitro as well.  256 

To assess the function of phosphorylation sites in the RPA2a protein in planta, 257 

RPA2a variants were generated and introduced into rpa2a-5 mutant to 258 

evaluate their ability to rescue stomatal defects. RPA2a-GFP, and individual 259 

variants with single mutation, RPA2aS11/G-GFP and RPA2aS21/G-GFP, could 260 

fully rescue the stomatal production and GMC division defects of rpa2a-5 261 

mutant (SI Appendix, Table S2). By contrast, further mutation of 262 

RPA2aS11,21/G-GFP or N-terminus deletion variant RPA2a
△32

-GFP showed a 263 

reduced rescuing ability (Fig. 4 A, B and SI Appendix, Table S2). However, a 264 

phosphorylation-mimic variant RPA2a:RPA2aS11,21/D-GFP (Ser-11 and Ser-21 265 

were substituted with Aspartic acids) rescued rpa2a-5 GMC division defects 266 

(Fig. 4C and SI Appendix, Table S2).  267 

We further examined how RPA2a phosphorylation-variants perform in flp-1 268 

fsp1 double mutants. While, the wild-type RPA2a-GFP fully complemented 269 

the loss function of RPA2a and restored the flp-1-like stomatal clustering, the 270 

expression RPA2a:RPA2a
△32

-GFP and RPA2a:RPA2aS11,21/G-GFP led to a 271 

mild stomatal clustering phenotype (Fig. 4 D and E and SI Appendix, Table 272 

S1). RPA2aS11/G-GFP and RPA2aS21/G-GFP fully complemented stomatal 273 

phenotype of flp-1 fsp1 (SI Appendix, Table S1). Therefore, the 274 
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phosphorylation status of Ser-11 and Ser-21 within the N-terminal 32 275 

residues is critical for the full function of RPA2a.  276 

We introduced RPA2a-GFP, RPA2a:RPA2aS11/D-GFP, RPA2aS21/D-GFP, and 277 

RPA2aS11,21/D-GFP into cdkb1;1 1;2 double mutants to assess the genetic 278 

interaction between RPA2a and CDKB1s in vivo. RPA2aS11,21/D-GFP showed 279 

strong effects in reducing the formation of SGCs in cdkb1;1 1;2, while the 280 

remaining three transgenes had certain effects (Fig. 4 F-H and SI Appendix, 281 

Table S3). Therefore, these results suggest that the phosphorylation status 282 

of RPA2a is epistatic to CDKB1 mutations. 283 

CDKB1 Activity Promotes RPA2a Nuclear Localization. The strong 284 

expression of complementary RPA2a-GFP was mainly found in the nucleus, 285 

but also present in the cytoplasm. RPA2a-GFP signals were more diffuse in 286 

cdkb1;1 1;2 epidermal cells (Fig. 5 A,B and SI Appendix, Fig. S8 A and B). 287 

Western blot analysis confirmed the abundance of nuclear RPA2a-GFP 288 

proteins was decreased in cdkb1;1 1;2 (Fig. 5C). RPA2aΔ32-GFP and the 289 

phosphorylation-deficient version RPA2aS11,21/G-GFP displayed a 290 

pronounced fluorescent signals in the cytoplasm of epidermal cells (Fig. 5 D, 291 

E and SI Appendix, Fig. S8 C and D). By contrast, the signals of 292 

RPA2aS11,21/D-GFP, which fully complemented the stomatal defects of 293 

rpa2a-5, displayed a high degree of colocalization with DAPI in the nucleus, 294 

with a Pearson’s-Rr value of 0.89 (Fig. 5F and SI Appendix, Fig. S8E). 295 

Quantitative analysis of relative GFP fluorescent intensity in the nucleus 296 

consistently supported that CDK-mediated phosphorylation of RPA2a 297 

promotes the nuclear accumulation of RPA2a (SI Appendix, Fig. S8K).  298 

We fused the Nuclear Localization Sequence (NLS) or Nuclear Export Signal 299 

(NES) to the C-terminus of CDKB1;1 and co-expressed with RPA2a-mCherry 300 

in tobacco leaves. A Non-Nuclear Localization Sequence (NNLS, a control 301 
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sequence to the NLS) and Non-Nuclear Export Signal (NNES, a control 302 

sequence to the NES) (28) were also fused with CDKB1;1 as controls. When 303 

individually expressed, RPA2a-mCherry remained in nucleus and cytoplasm 304 

(SI Appendix, Fig. S9A). However, RPA2a-mCherry signals predominantly 305 

retained in the nucleus when co-expressed with CDKB1;1-NLS-GFP (SI 306 

Appendix. Fig. S9B). By contrast, when co-expressed with 307 

CDKB1;1-NES-GFP, besides the nucleus, abundant RPA2a-mCherry signals 308 

were accumulated in the cytoplasm (SI Appendix Fig. S9C). 309 

CDKB1;1-NNLS-GFP or CDKB1;1-NNES-GFP did not change the 310 

subcellular localization pattern of RPA2a-mCherry (SI Appendix Fig. S9 D 311 

and E). Thus, the physical interaction with CDKB1;1 either in the nucleus or 312 

in the cytoplasm seems to affect the subcellular localization of RPA2a. 313 

To further clarify whether the subcellular localization is associated with the 314 

function of RPA2a, we generated NLS-fused RPA2a:RPA2a-NLS-GFP, and 315 

NES-fused RPA2a:RPA2a-NES-GFP and transformed into rpa2a-5 mutant. 316 

The fluorescent signals of RPA2a-NLS-GFP were exclusively accumulated in 317 

the nuclei (Fig. 5H and SI Appendix, Fig. S8 G and L), in which the defective 318 

overall growth and GMC division of rpa2a-5 mutants were fully recovered 319 

(Fig. 5L and SI Appendix, Table S4). However, a transgenic line carrying 320 

RPA2a-NES-GFP line #12, in which the diffuse GFP signals were detected in 321 

both cytoplasm and nucleus (Fig. 5J and SI Appendix, Fig. S8 I and L), the 322 

growth and stomatal defects in rpa2a-5 were partially rescued (Fig. 5L and SI 323 

Appendix, Table S4). Whereas, RPA2a-NES-GFP transgenic line #5, in 324 

which GFP signals were mostly restricted to the cytoplasm, showing a barely 325 

colocalization with DAPI in the nucleus, a representative low value of 326 

Pearson’s-Rr at -0.23 (Fig. 5K and SI Appendix, Fig. S8J and L). Neither the 327 

plant growth defect nor the stomatal defect of rpa2a-5 mutant was rescued in 328 

line #5 (Fig. 5L and SI Appendix, Table S4). The high expression level of 329 
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RPA2a-NES-GFP in line #5 (SI Appendix, Fig. S10) might provide higher 330 

nuclear export signals (from the NES), which drive RPA2a proteins into the 331 

cytoplasm against the endogenous nuclear ‘stay force’, such as being 332 

phosphorylated by CDKs. The control lines RPA2a-NNLS-GFP and 333 

RPA2a-NNES-GFP phenocopied the protein localization and 334 

complementation ability of the wild-type RPA2a-GFP (Fig. 5 G, I, L and SI 335 

Appendix, Fig. S8 F, H and Table S4).  336 

The N-terminal Domain Is also Required for RPA2a’s Function in 337 

Response to DNA Damage. It has been reported that Arabidopsis rpa2a 338 

alleles exhibited hypersensitivity to the genotoxic agent Methyl Methane 339 

Sulfonate (MMS) treatment (19-21). However, how the RPA2a protein and its 340 

subdomains are related to the DNA damage responses in plants remains 341 

unknown. The 5-day MMS treatment generally arrested plant growth and 342 

induced seedling chlorosis. The introduction of RPA2a-GFP or 343 

RPA2aS11,21/D-GFP recovered rpa2a-5 growth to the wild-type level. However, 344 

the N-terminal defectives RPA2a
△32-GFP and phosphorylation-deficient 345 

RPA2aS11,21/G-GFP only partially complemented the chlorosis phenotype of 346 

rpa2a-5 (SI Appendix, Fig. S11). Furthermore, cdkb1;1 1;2 and rpa2a-5 347 

cdkb1;1 1;2 displayed hypersensitivity to MMS treatment as well. The 348 

phosphorylation-mimic variant RPA2aS11,21/D alleviated the sensitivity of 349 

cdkb1;1 1;2 to MMS (Fig. 6 A,B and SI Appendix, Fig. S12), that is consistent 350 

with its stronger capability than wild-type RPA2a in rescuing cdkb1;1 1;2 351 

GMC divisions (SI Appendix, Table S3). Therefore, our finding observation is 352 

consistently with the previous findings in yeast and human that the 353 

phosphorylation of N-terminus is important for RPA2 function in response to 354 

DNA damage.  355 

Discussion 356 
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In this study, we found that a genetic mutation in Arabidopsis RPA2a not only 357 

suppressed flp-1 stomatal clustering phenotype but also induced the 358 

formation of SGCs. RPA2a functions together with CDKB1s and CYCA2s in 359 

ensuring the stomatal lineage cell divisions and maintaining a normal DNA 360 

content and guard cell size. Furthermore, we found that Ser-11 and Ser-21 of 361 

Arabidopsis RPA2a are consensus sites for CDK phosphorylation. Being 362 

phosphorylated by CDKs at these sites is tightly associated with the RPA2a 363 

subcellular localization and function in cell cycle control and the response to 364 

DNA damage. 365 

RPA2a and Core Cell Cycle Genes Coordinately Control Cell Cycle 366 

Procession. FLP and MYB88 directly repress the transcription of several 367 

core cell cycle genes, such as CDKB1;1, CYCA2;3, and CDKA;1, to ensure 368 

that only two GCs are produced during the terminal GMC divisions (2-6). FLP, 369 

as an atypical R2R3-MYB transcription factor, recognizes downstream 370 

targets through a cis-regulatory element that overlaps with E2Fs (4, 33, 34). 371 

There are 12 putative FLP/MYB88/E2F binding sequences within the RPA2a 372 

promoter. But, neither FLP nor MYB88 displayed a clear binding activity to 373 

the RPA2a promoter (SI Appendix, Fig. S2). It was proposed that rice 374 

OsRPA1 and OsRPA2 might be the target genes of the S-phase transcription 375 

factor E2Fs (35). It will be interesting to test whether FLP and MYB88 376 

compete with E2Fs in regulating RPA2a transcription.  377 

RPA stabilizes ssDNA and interacts with replication proteins at the initiation 378 

site of DNA replication to facilitate the formation of replication forks (12, 36). 379 

CDT1 and CDC6 are DNA replication licensing components that help the 380 

loading of the MCM DNA helicases to the DNA replication origins. Similar to 381 

human Cdt1 proteins, the Arabidopsis CDT1 is degraded through a 382 

CDK-mediated phosphorylation. CDT1 and CDC6 are also regulated by E2F 383 

transcription factors (37). In rpa2a cdkb1;1 1;2 or rpa2a cyca2;3 2;4, 384 
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transcription levels of a set of G1-to-S phase genes, including CDT1, CDC6, 385 

E2F-family genes are significantly upregulated, indicating that RPA2a and 386 

core cell cycle genes coordinately restrict the G1-to-S transition and prevent 387 

the entry of endocycle. Recently, the roles of CYCD5;1 and CYCD7;1 in 388 

regulating GMC division and differentiation have been elegantly described 389 

(38, 39). However, the expression of CYCD5;1 and CYCD7;1 was not altered 390 

either in rpa2a-5, cdkb1;1 1;2 or in rpa2a-5 cdkb1;1 1;2 triple mutants (SI 391 

Appendix, Fig. S5C).  392 

The Functions of RPA2a Are Regulated by CDKs in Plant-specific 393 

Manner. RPA2 proteins get phosphorylated during the G1-to-S transition 394 

and M-phase, dephosphorylated at the end of M-phase (8, 29-31). In yeast, a 395 

single CDK (cdc2) regulates DNA replication licensing, DNA replication 396 

initiation, and cell mitosis by changing its activity levels from low, to 397 

intermediate and high, respectively (38, 40). CDK-mediated RPA2 398 

phosphorylation at Ser-23 occurs during S-phase while phosphorylation at 399 

Ser-29 happens only during mitosis (12). In Arabidopsis, generally, CDKA;1 400 

activity is more important for the G1-to-S transition, CDKB1s is required for 401 

the G2-to-M progression (32). Here, we found that RPA2a proteins could be 402 

phosphorylated by CDKA;1 in vitro as well, suggesting that RPA2a might be 403 

regulated by both A1- and B1-type CDKs in Arabidopsis. Therefore, in 404 

contrast to the single CDK in yeast, the divergent functions of RPA2a from 405 

DNA replication to mitosis might by regulated by both A1-type CDKA;1 and 406 

the plant specific B1-type CDKB1s (Fig. 6C).  407 

RPA2a and CDK-CYCLIN Are Involved in DNA Repair. DNA 408 

Double-Strand Breaks (DSBs) also can occur during DNA replication. 409 

Arabidopsis atm mutant displays chromosomal fragmentation and reduced 410 

fertility (41). SUPPRESSOR OF GAMMA RESPONSE 1 (SOG1) is a 411 

functional analogue of mammalian tumour suppressor p53 in plants, which is 412 
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directly phosphorylated and activated by ATM upon DNA damage (42, 43). 413 

The activated SOG1 induces an increase of CYCB1;1 transcript (44). In 414 

rpa2a-5, the transcription level of CYCB1;1, but not CYCA2;3, was 415 

dramatically upregulated (SI Appendix, Fig. 12B), suggesting the existing of 416 

a regulatory circuit during DNA repair.  417 

Materials and Methods 418 

Details on plant growth conditions, positional cloning, plasmid construction, 419 

flow cytometric analysis, protein-protein interaction BiFC and Co-IP assays 420 

are provided in SI Appendix, Materials and Methods.   421 
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Figure legends: 433 

Fig. 1. FSP1 encodes RPA2a subunit required for stomatal precursor cell 434 

divisions. (A-D) DIC images of epidermis of wild-type (A), flp-1 (B), flp-1 435 

fsp1(C), and fsp1 (D). Brackets indicate the stomatal clusters. SGCs are 436 

highlighted with yellow color and normal GCs with blue color. Inset, 437 

expression of the mature GC marker E1728 in a SGC. (E) Map-based 438 

isolation and gene structure of FSP1. The mutation site in fsp1 is the same 439 

as ror1-2. rpa2a-5 (ror1-3) is a T-DNA insertion line. (F and G) 440 
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RPA2a:RPA2a-GFP rescued fsp1 SGC phenotype (F), while induced the 441 

reappearance of flp-1 clusters in flp-1 fsp1 (G). (H and I) flp-1 myb88 cluster 442 

numbers and size are repressed by fsp1 mutation. (J) RPA2a-GFP 443 

expression profile in the stomatal linage cells. RPA2a-GFP (Scale bars: 20 444 

µm). 445 

Fig. 2. RPA2a function synergistically with CYCA2s and CDKB1s in GMC 446 

division. (A-G) Micrographs of epidermis of wild-type (A), rpa2a-5 (B). 447 

cdkb1;1 1;2 (C), rpa2a-5 cdkb1;1 1;2 (D), cyca2;3 (E), rpa2a-5 cyca2;3 (F), 448 

cyca2;3 2;4 (G), and rpa2a-5 cyca2;3 2;4 (H). SGCs are highlighted with 449 

yellow color and normal GCs with blue color. The numbers at the right-upper 450 

corner indicate percentage of SGCs in total stomata. (I-N) DAPI fluorescence 451 

micrographs. Red arrowheads indicate the nuclei. (Scale bar: 20 µm).  452 

Fig. 3. Phosphorylation of RPA2a by CDK complexes. (A-D) The RPA2a 453 

protein binds CDKB1;1 protein in BiFC assays (A-C) and Co-IP assays (D). 454 

(Scale bars: 20 µm). (E) in vitro phosphorylation assays. RPA2a is 455 

phosphorylated by Cak1-CDKA;1-CYCD3;1 complex in the form of 456 

RPA1b-RPA2a-RPA3a complex. (F) RPA2a is also phosphorylated by 457 

Cak1-CDKB1;1-CYCB1;2 complexes. The bottom box shows the loading 458 

controls after Coomassie Brilliant Blue (CBB) gel staining. MBP and GST 459 

proteins were used as positive and negative controls, respectively. Red 460 

arrows, the RPA2a phosphorylation band in phosphorylation 461 

autoradiographs. (G) Phosphorylation of RPA2a by 462 

Cak1-CDKB1;1-CYCB1;2 complexes is confirmed by finding a delayed band 463 

in 12.5% SDS-PAGE. The extent of phosphorylation of the RPA2a proteins 464 

was reduced when Ser-11 and Ser-21 were substituted or was barely 465 

detected when the N-terminus was deleted.  466 

Fig. 4. Rescue stomatal phenotypes by RPA2a variants. (A-C) The formation 467 
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of SGCs in rpa2a-5 mutant was partially rescued by RPA2a
△ 32-GFP 468 

construct (A) or RPA2aS11,21/G-GFP (B), while was mostly rescued by 469 

RPA2aS11,21/D-GFP (C). (D and E) The formation of SGCs in flp-1 fsp1 was 470 

barely affected by RRPA2a
△32-GFP (D) or RPA2aS11,21/G-GFP (E). (F-H) The 471 

formation of SGCs in cdkb1;1 1;2 mutant is partially rescued by RPA2a-GFP 472 

(G), but is greatly repressed by RPA2aS11,21/D-GFP (H). The numbers at the 473 

right-upper corner indicate percentage of SGCs in total stomata. SGCs are 474 

highlighted with yellow color and normal GCs with blue color. (Scale bars: 10 475 

µm). 476 

Fig. 5. Function of RPA2a is associated with its phosphorylation status and 477 

subcellular localization. (A) Nuclear expression of RPA2a-GFP in a 478 

complemented rap2a-5. (B) Diffuse RPA2a-GFP in cdkb1;1 1;2. (C) 479 

RPA2a-GFP proteins were found in both the cytoplasm and the nucleus by 480 

western blot analysis. Amount of RPA2a-GFP in the nucleus is reduced in 481 

cdkb1;1 1;2. (D and E) Diffuse GFP signals in RPA2a
△32-GFP (D) and 482 

RPA2aS11,21/G-GFP (E). (F) Predominant GFP signals in the nucleus of 483 

RPA2aS11,21/D-GFP. (G-K) The RPA2a subcellular localization in 484 

RPA2a-NNLS-GFP (G), RPA2a-NLS-GFP (H), RPA2a-NNES-GFP (I), and 485 

two RPA2a-NES-GFP transgenic lines, line #12 (J) and line #5 (K). Insets, 486 

the enlarged region highlighted by the white dashed-line boxes. (Scale bars: 487 

20 µm). (L) The retarded overall growth of rpa2a-5 was rescued by RPA2a 488 

variants except RPA2a-NES-GFP. (Scale bar: 1 cm). 489 

Fig. 6. Phosphorylation-mimic RPA2a
S11,21/D

 alleviated the MMS effects in 490 

cdkb1;1 1;2. (A and B) Seven-day-old seedlings were transferred to liquid 491 

MS (A) or liquid MS medium containing 0.01% MMS (B) for 5 days before 492 

imaging. Seedlings of rpa2a-5, cdkb1;1 1;2, and rpa2a-5 cdkb1;1 1;2 493 

displayed hypersensitivity to MMS. Phosphorylation-mimic RPA2aS11,21/D 494 
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alleviated the MMS effects on cdkb1;1 1;2. (Scale bar: 1 cm). (C) Model for 495 

RPA2 function in stomatal terminal division regulation and DNA repair 496 

progression. T-bars and dashed-lines indicate negative and positive 497 

regulation, respectively.  498 
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