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 32 

ABSTRACT (235 words).  33 

Spo13 is a key meiosis-specific regulator required for centromere cohesion and co-orientation, and for 34 

progression through two nuclear divisions. We previously reported that it causes a G2/M arrest, and 35 

may delay the transition from late anaphase to G1, when overexpressed in mitosis. Yet its mechanism 36 

of action has remained elusive. Here we show that Spo13, which is phosphorylated and stabilized at 37 

G2/M in a Cdk/Clb-dependent manner, acts at two stages during mitotic cell division. Its G2/M arrest 38 

is reversible and largely independent of the Mad2 spindle checkpoint. Genome-wide profiling suggests 39 

that its anaphase delay results from inhibition of Cdc14 function, since mRNAs whose induction 40 

requires Cdc14 activation are reduced. We show that the Spo13-induced delay in anaphase correlates 41 

with Cdc14 phosphatase retention in the nucleolus and with cyclin B accumulation, which both impede 42 

anaphase exit. At the onset of arrest, Spo13 is primarily associated with the nucleolus, where Cdc14 43 

also accumulates. Significantly, overexpression of Separase (Esp1), which promotes G2/M and 44 

anaphase progression, suppresses Spo13 effects in mitosis, arguing that Spo13 acts upstream or parallel 45 

to Esp1. Combined with reduced Pds1 and cyclin B degradation, our findings are consistent with a role 46 

for Spo13 in regulating APC function, which controls both G2/M and anaphase. Similar effects of 47 

Spo13 during meiotic MI may prevent cell cycle exit and initiation of DNA replication prior to MII, 48 

thus ensuring two successive chromosome segregation events without an intervening S phase. 49 

50 
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INTRODUCTION 51 

SPO13, a gene expressed uniquely in meiosis (Buckingham et al., 1990), was identified in a strain 52 

found in nature that generated two-spored asci (Klapholz and Esposito, 1980a). Subsequent analysis 53 

showed that it is required for faithful centromere segregation at MI (Klapholz and Esposito, 1980b; 54 

Rutkowski and Esposito, 2000), protection of Rec8 cleavage by separase during MI (Klein et al., 1999; 55 

Shonn et al., 2002), the recruitment of monopolin to centromeres (Toth et al., 2000; Rabitsch et al., 56 

2003; Katis et al., 2004; Lee et al., 2004), and the establishment of two successive chromosome 57 

segregation events in wild-type cells (Klapholz and Esposito, 1980b; Wagstaff et al., 1982; Rutkowski 58 

and Esposito, 2000; Schonn et al., 2000). Although the action of Spo13 in centromere cohesion and co-59 

orientation has been studied extensively, the mechanism through which it regulates the timing and 60 

progression of meiotic cell divisions is unclear.  61 

In earlier overexpression studies, it was proposed that Spo13 acts as a negative regulator of cell 62 

division based on the finding that it caused a G2/M arrest in mitosis, when overexpressed from a 63 

heterologous promoter. In meiosis, Spo13 is thought to act transiently at two stages: first at G2/M 64 

where it delays meiotic segregation until the machinery for reductional segregation is assembled, and 65 

second, at anaphase/mitotic exit (A/exit) where it allows a second round of segregation without an 66 

intervening S phase (McCarroll and Esposito, 1994). This hypothesis was based on the observation that 67 

SPO13 overexpression during sporulation delayed completion of MI, and that the capacity for two 68 

consecutive divisions in a spo13 deletion mutant could be partially restored by slowing down meiosis. 69 

Moreover, SPO13 overexpression during meiosis suppressed the failure of cdc28-1 cells to execute MII 70 

at semi-permissive temperature, a defect that generates dyads with two diploid MI spores (Shuster and 71 

Byers, 1989). Instead, mostly four-spored tetrads appeared, suggesting that Spo13 compensates for 72 
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reduced CDK activity sufficiently to promote entry into a second M-phase (MII) after MI, without 73 

passage through G1/S (McCarroll and Esposito, 1994).   74 

Progression through mitotic M phase and through the two meiotic divisions requires the activation of 75 

Cdc14 phosphatase. This coincides with the release of Cdc14 from its nucleolar inhibitor Net1 (Shou et 76 

al., 1999; Visintin et al., 1999), upon Net1 phosphorylation (Azzam et al., 2004; reviewed in Stegmeier 77 

and Amon, 2004; Toth et al., 2007). Two different pathways positively regulate this process: the FEAR 78 

pathway (Cdc Fourteen Early Anaphase Release), which is active during the mitotic M phase, as well 79 

as the meiotic MI phase (Stegmeier et al., 2002; Marston et al., 2003), and the MEN (Mitotic Exit 80 

Network (Geymonat et al., 2002; Stegmeier and Amon, 2004)). Separase, a protease encoded by ESP1, 81 

is part of the FEAR pathway (Stegmeier et al., 2002), which couples cohesin cleavage with the early 82 

release of Cdc14 from the nucleolus (Queralt et al., 2006), thus promoting the G2/M transition. 83 

Separase is also implicated in MEN pathway activation and the promotion of the A/exit transition 84 

(Queralt et al., 2006).  85 

Here we investigate how Spo13 overexpression provokes mitotic arrest. We exploited Spo13’s 86 

behavior during mitosis to study its mechanism of action, since the ability to synchronize mitotic 87 

division, coupled with extensive knowledge of metaphase, anaphase and mitotic exit events, allow 88 

questions to be addressed that are difficult to examine in meiosis. While overexpression studies can 89 

result in phenotypes that do not reflect normal activity, they have often provided important insights into 90 

gene function. Finally, we believe that the findings described for Spo13-dependent cell cycle arrest in 91 

mitotic cells may shed light on its normal meiotic function, since several hundred PCR-generated 92 

mutants in the SPO13 open reading frame selected for being deficient in mitotic arrest were also 93 

deficient for meiotic division (J.D.F. and R.E.E., unpublished observation). This suggests that the 94 

meiotic and mitotic functions of Spo13 are closely related, if not inseparable.  95 
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 96 

MATERIALS AND METHODS 97 

Strains and growth conditions: Table 1 lists the yeast strains used in this work. Most studies used 98 

isogenic homozygous diploids containing SPO13 or spo13fs fused to the GAL1 promoter (McCarroll 99 

and Esposito, 1994) and integrated into the genome of W303 strains at the URA3 locus (this study). 100 

The native SPO13 gene is not expressed in mitosis and was therefore not deleted in these strains. Other 101 

tagged and deletion strains were constructed using standard transformation and PCR-based techniques 102 

(Longtine et al., 1998). Plasmids and overexpression constructs used are described in previous studies 103 

(Bystricky et al., 2005; Tinker-Kulberg and Morgan, 1999). Standard growth and sporulation media 104 

were used (Williams et al., 2002). To induce Spo13 overexpression, cells were pregrown to mid/late 105 

log phase in YP with 3% raffinose. Galactose (2%) was then added and cells were sampled at various 106 

times after induction. Where indicated, nocodazole was added to cultures adjusted to 1% DMSO at a 107 

final concentration of 8 µg/ml. In vivo phosphorylation was carried out with a 15 min pulse of 108 

phosphate 32Pi (0.25mM; 108 cpm/ mol phosphate). Spo13 was immunoprecipitated and analyzed by 109 

SDS-PAGE. Calf intestinal phosphatase (CIP), protein phosphatase 2A (PP2A), a Ser/Thr phosphatase, 110 

and protein tyrosine phosphatase (PTP), with or without the phosphatase inhibitors (0.1 M Na2HPO4, 111 

20 µM okadaic acid, or 200 µM Na-vanadate) were used to assess phosphorylation.   112 

Western blot analysis: Western blot analysis was performed with HRP-conjugated secondary 113 

antibodies. The signal was acquired using Quantity One software (Bio-Rad). Antibody dilutions were 114 

as follows: anti-Spo13 1/5000; anti-Clb2 1/2000 (Santa Cruz, SC 9071); anti-Sic1 1/100 (Santa Cruz 115 

SC 6712); anti-tubulin (TAT-1) 1/2000. Antibodies against TrpE-Spo13 and GST-Spo13 fusions were 116 

used for Western blot analyses of the immunoprecipitated protein.  117 
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Immunofluorescence (IF) and live imaging: Cells were grown as described above and fixed with a 118 

final concentration of 4% paraformaldehyde (PFA) for 20 min at room temperature. PFA was removed 119 

by washing with YPAD at room temperature and cells were spheroplasted with lyticase and zymolyase. 120 

Cells were spotted onto a microscope slide, permeabilized, and processed for immunodetection as 121 

previously described (Gotta et al., 1996). Live imaging was performed using exponentially growing 122 

cultures at a density of 5-8×106 cells/ml. Cells were bound to concanavalinA-coated coverslips in a 123 

Ludin chamber (Life Imaging Services) and imaged in Synthetic Complete (SC) media at 30°C using a 124 

Zeiss LSM510 confocal microscope. Step size for focal stacks was 200 nm. Imaging was performed as 125 

previously described (Varela et al., 2009).  126 

Total RNA isolation, cRNA target synthesis and GeneChip hybridization: Culture conditions and 127 

array hybridization protocols were carried out as published, with a few modifications (Hochwagen et 128 

al., 2005). cRNA target molecules were prepared from 50 ml cultures at 3-5×107 cells/ml. Samples 129 

were hybridized to yeast S98 GeneChips (Affymetrix). Quality of total RNA and cRNA was monitored 130 

using RNA Nano 6000 chips processed using the 2100 BioAnalyzer (Agilent). 220 µl hybridization 131 

cocktail containing heat-fragmented and biotin-labeled cRNA at a concentration of 0.05 µg/µl were 132 

injected into GeneChips and incubated at 45°C on a rotator in a Hybridization Oven 640 (Affymetrix) 133 

overnight at 60 rpm. The arrays were washed and stained with a streptavidin-phycoerythrin conjugate 134 

(SAPE; Molecular Probes). The Gene Chips were processed in a GeneArray Scanner (Agilent) using 135 

the default settings.  136 

Microarray data processing and statistical analysis: CEL files containing the raw data were 137 

computed from DAT array image files using the statistical algorithm implemented in MAS 5.0 138 

(Affymetrix). Data processing and quality control were done as previously described (Schlecht et al., 139 

2008). First, probe sets for which we observed a signal equal to or greater than 100 (empirical 140 
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conservative background threshold) in at least one condition were identified. From these probe sets, the 141 

genes differentially expressed were identified by ANOVA. Genes were filtered using a p-value < 0.005 142 

and a standard deviation >0.3. Differentially expressed genes were then clustered using the k-means 143 

algorithm. Gene ontology was established by searching expression clusters for enrichment of functions 144 

using AMEN (Annotation, Mapping, Expression and Network analysis tool; see SourceForge at 145 

http://sourceforge.net/projects/amen), a microarray data analysis and visualization software suite 146 

(Chalmel and Primig, 2008). For MIAME compliance, CEL feature-level data files are available via the 147 

EBI ArrayExpress public data repository at http://www.ebi.ac.uk/arrayexpress under accession number 148 

E-MEXP-1459. The data are also accessible via the GermOnline database at 149 

http://www.germonline.org (Gattiker et al., 2007).  150 

 151 

RESULTS 152 

Inhibition of mitotic nuclear division by SPO13 is reversible and largely independent of Mad2.  153 

Spo13 has been proposed to act as a cell-cycle regulator during meiosis (McCarroll and Esposito, 154 

1994). Loss-of-function mutants undergo a single division generating dyads with mostly equational 155 

sister-centromere segregation. Tetrad formation can be restored by slowing down meiosis with low 156 

temperatures or adding HU to the medium (McCarroll and Esposito, 1994). One model to explain this 157 

phenotype proposes that wild-type Spo13 acts as a transient negative regulator that slows down entry 158 

into and/or exit from M-phase, until centromere cohesion, co-orientation and segregation occur, 159 

allowing the MI and MII divisions to proceed properly. One might expect, therefore, that 160 

overexpression of Spo13 from a heterologous promoter would provoke a gain-of-function phenotype in 161 

mitosis, such as a G2/M cell-cycle arrest. Indeed, this was found to be the case (McCarroll and 162 

Esposito, 1994; Lee et al., 2002).  163 
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To examine more closely how overexpressed Spo13 affects the mitotic cell cycle, we created isogenic 164 

homozygous diploid cells bearing two integrated copies of wild-type SPO13 or a frame-shift mutation 165 

(spo13fs) under control of the inducible GAL1-10 promoter (hereafter called GAL-SPO13 or GAL-166 

spo13fs). Log-phase cultures growing in raffinose were induced for 2 or 4 hours with galactose and 167 

stained with 4’,6-diamidino-2’-phenylindol-dihydrochloride (DAPI). Using fluorescence imaging we 168 

observed four distinct classes of arrest after 2h on galactose, in cells expressing the wild-type but not 169 

the mutant gene. In class 1, the nucleus was present as a single body in the mother cell (G2/M 170 

phenotype); in class 2, the nucleus extended between mother and daughter cells (“transition” state); in 171 

class 3, a single nucleus migrated into the daughter cell (“migration”); in class 4, an elongated nucleus 172 

extended from mother to daughter cell, typical of anaphase. (Figure 1A). It should be emphasized that 173 

the transition nuclei represent an ambiguous class, which could either reflect G2/M arrested cells or 174 

G2/M delayed cells moving towards nuclear migration. It is unlikely to reflect nuclei caught in the act 175 

of division since cell number remained constant during Spo13 overexpression. Indeed, the appearance 176 

of long spindles in class 4 indicates that these cells are arrested in anaphase (see below).  177 

Similar nuclear phenotypes were detected at the 4-hour-arrest time point, although in different 178 

proportions. The number of G2/M arrested cells decreased from 66% to 26%, while class 3 cells with 179 

undivided migrating nuclei increased proportionately from 6% to 50% (Figure 1B). These findings 180 

suggest that a significant fraction of nuclei in the arrested cells eventually migrate into daughter cells. 181 

In contrast, the fraction of transition (class 2) and of anaphase (class 4) phenotypes remained 182 

essentially the same at 2h and 4h, suggesting that these classes might reflect cells arrested at two 183 

distinct points in the cell cycle: just prior to M phase; and in late anaphase, prior to cytokinesis. It 184 

should be noted that if class 2 represented G2/M arrested cells (class 1) moving toward migration (class 185 

3), as considered earlier, then class 2 might be expected to decrease with time as migration increases. 186 
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 Significantly, cell growth continued in all classes even though cytokinesis was inhibited, resulting in a 187 

pseudohyphal or hyperpolarized growth morphology (Figure 1A). Given that the arrest was not 188 

observed in cells overexpressing the spo13fs gene, we conclude that these phenotypes result from full-189 

length Spo13 expression and not from growth on galactose (McCarroll and Esposito, 1994). 190 

Subsequent immunofluorescence analysis for tubulin confirmed the predicted cell-cycle arrest points, 191 

by revealing a vast predominance of short, misoriented spindles (~2.5 m) with elongated cytoplasmic 192 

microtubules, even by 2 hours on galactose (Figure 1C). Only a small number of anaphase spindles 193 

were detected (Figures 4C and 7A).  194 

To investigate whether the G2/M arrest is mediated by and dependent on the spindle checkpoint, we 195 

generated mad2 deletion strains in the GAL-SPO13 background. Again, SPO13 was overexpressed on 196 

galactose and the phenotypes were scored after 2h and 4h of induction. No substantial differences 197 

between the mad2 and MAD2 strains were found by 2 hours, suggesting that the initial arrest phenotype 198 

is largely independent of the spindle checkpoint (Figure 1B), and therefore are not due to impaired 199 

kinetochore function. By 4h, we note a three-fold increase in anaphase cells in the mad2 mutant, 200 

possibly indicating a role for Mad2 in blocking progression from G2/M into a second arrest point in 201 

anaphase.  202 

 We further showed that the arrest due to SPO13 overexpression is reversible and that arrested cells can 203 

efficiently resume growth upon repression of the GAL1 promoter. Specifically, after 4h on galactose, 204 

SPO13-expressing cells were washed twice in glucose and then cultured in raffinose to repress GAL-205 

SPO13 expression. After just 2h on raffinose, cells started to rebud. By 24 hours, cell morphology was 206 

identical to that observed before SPO13 induction (Figure 1D). Coincident with the reversal of arrest, 207 

Spo13 protein levels decreased significantly (see below, Figure 5A). These results are consistent with 208 

earlier observations of rapid SPO13 transcript turnover during transcriptional repression (Wang et al., 209 
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1987; Surosky and Esposito, 1992), and the instability of Spo13 protein in meiosis once transcription 210 

ceases after MI (Sullivan et al. 2007; Katis et al., 2004; JDF and REE, unpublished).  211 

Based on these initial results we conclude that Spo13-dependent mitotic arrest prevents cell-cycle 212 

progression, but not growth, stalling cells both at G2/M as well as in late mitosis in a reversible 213 

manner. Nuclei are nonetheless able to migrate into resulting pseudohyphae. The frame-shift and 214 

reversibility controls argue that cell-cycle arrest stems directly from the high levels of Spo13 protein. 215 

Spo13 is phosphorylated in vivo and depends on Cdc28/Clb for stability.  216 

Immunoprecipitation of Spo13 from cells arrested in mitosis yielded multiple forms, which migrated 217 

more slowly than the major Spo13 band (Figure 2A, anti-Spo13). This suggested that Spo13 might be 218 

post-translationally modified. Because cdc28 mutant cells overexpressing SPO13 break through the 219 

mitotic arrest (McCarroll and Esposito, 1994), we reasoned that Spo13 might be a target of a Cdk 220 

kinase and/or that the Cdc28/Clb complex might control Spo13 stability. Indeed, Spo13 contains 10 221 

Cdk target motifs (SP/TP), as well as the conserved cyclin recognition site RLLEL, which enhances 222 

phosphorylation by cyclin/Cdk complexes when present on substrates (Brown et al., 1999).   223 

To test this hypothesis, Myc-tagged SPO13 was expressed under control of the GAL1 promoter in the 224 

presence of 32P-labeled phosphate. Spo13-Myc was selectively immunoprecipitated and a 32P-labeled 225 

protein co-migrating with Spo13 was recovered in the precipitate (Figure 2A). The incorporated label 226 

in the immunoprecipitated complex was sensitive to calf intestinal phosphatase (CIP) and protein 227 

phosphatase 2A (PP2A), but not protein tyrosine phosphatase (PTP), suggesting that the protein 228 

does indeed carry Ser/Thr phosphorylation (Figure 2A). 229 

To test whether Cdc28 was required for Spo13 stability, we generated a strain carrying GAL1-SPO13-230 

Myc and cdc28-as1, an allele of the unique Cdk in yeast that allows selective inhibition of Cdc28 by 231 
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the addition of a small molecule inhibitor, 1NM-PP1 (Bishop et al., 2000). After induction of SPO13, 232 

the cells were switched to YPD media to repress SPO13 expression, and half the culture was incubated 233 

for 3.5 hours in the presence of 1NM-PP1 (10µM final concentration), to inhibit Cdc28. Compared to 234 

the half that was exposed to solvent only, the culture incubated in 1NM-PP1 showed a strongly reduced 235 

Spo13-Myc signal, suggesting that Spo13 stability requires Cdc28 activity (Figure 2B). Consistent with 236 

this observation, we noted that Spo13-GFP levels were extremely low in G1-phase cells monitored by 237 

quantitative live microscopy (data not shown), and that in GAL1-SPO13-Myc cells arrested in G1 by !-238 

factor growth on galactose did not lead to Spo13-Myc accumulation (Figure 2C). Since Cdc28/Clb is 239 

absent in G1, we conclude that Cdc28/Clb kinase activity either directly or indirectly promotes Spo13 240 

stability. These results are compatible with an independent study proposing that Spo13 is a target of the 241 

Anaphase Promoting Complex (APC)-mediated degradation pathway in G1-phase cells (Sullivan and 242 

Morgan, 2007). 243 

Spo13 overexpression leads to reduced transcript levels of Ace2- and Swi5-dependent cell cycle 244 

genes.  245 

While there is no evidence that Spo13 is or interacts with a transcription factor, we reasoned that 246 

genome-wide mRNA profiling analysis during SPO13 overexpression could reveal indirect effects that 247 

might shed light on why Spo13 provokes a mitotic arrest. To investigate this, we used high-density 248 

oligonucleotide microarrays (S98 GeneChips; Affymetrix bearing probes for 6430 annotated, protein-249 

coding genes), and mRNA isolated from cells expressing either the GAL-SPO13 or GAL-spo13fs allele.  250 

Independent cultures grown in duplicate on YP-raffinose were subjected to galactose induction of 251 

Spo13. Total RNA was isolated from samples at 0, 2, and 4 hours after the addition of galactose. RNA 252 

Nano6000 Chips and the 2100 BioAnalyzer (Agilent) were used to control the quality and homogeneity 253 
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of total RNA and cRNA samples (Suppl. Figure 2A and 2B). Log2-transformed signals compared 254 

across the sample set using density and box plots were very similar and within the expected range, 255 

confirming reproducibility. Because global expression signals were similar at 0 and 2 hours, but 256 

distinct after 4 hours of Spo13 induction (in contrast to the frameshift control), at least some of the 257 

transcriptional changes appeared to be a consequence of the Spo13-induced cell-cycle arrest 258 

(Supplemental Figure 3).  259 

Using a statistical test (ANOVA) with stringent parameters, we identified 58 genes that displayed 260 

signal changes during the time course (see Materials and Methods). K-means clustering revealed 37 261 

genes with reduced mRNA concentration and 21 displaying increased transcript concentration in GAL-262 

SPO13 versus GAL-spo13fs cells (Figures 3A and 3B). The cluster of genes for which weaker signals 263 

were obtained (for convenience referred to as down-regulated genes, irrespective of whether direct or 264 

indirect effect cause their signal reduction) included loci involved in cell-cycle progression (AMN1, 265 

DSE3, PCL9, and SIC1), chromatin assembly (HTB2), cytokinesis (BUD9, CTS1, and DSE2), DNA-266 

replication (CDC46/MCM5, CDC47/MCM7, CDC54/MCM4, and MCM3), and formation of the cell 267 

wall (SCW11) (Figures 3A and 3C). The group of genes for which increased mRNA concentrations 268 

were detected (referred to as up-regulated, regardless of cause or mechanism) included, as expected, 269 

SPO13 itself and galactose inducible loci (GAL2, GAL7, and GAL10) (Figure 3C). In addition, we 270 

detected genes encoding metabolic functions (BNA2, CAT2, OPI3, SNO2, and SNZ2), a heat-shock 271 

protein (HSP26) and NDT80, a sporulation-specific transcription factor that is required for middle-272 

meiotic gene expression and activation of its own expression via a positive feedback loop (Pak and 273 

Segall, 2002). In this context, it is noteworthy that three of the up-regulated genes (NDT80, BNA2, and 274 

YJR079W) were previously reported to be repressed by Sum1, a DNA-binding transcription factor that 275 

represses Ndt80 and a subset of Ndt80-induced genes during vegetative growth (Hepworth et al., 1998; 276 
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Xie et al., 1999; McCord et al., 2003; Jolly et al., 2005). However, the SUM1 transcript itself is not 277 

altered under these conditions, suggesting that the protein may be regulated by post-transcriptional 278 

mechanisms.   279 

A substantial number of genes whose mRNA concentration dropped below the threshold of detection 280 

during Spo13-induced cell-cycle arrest contain binding sites for the DNA-binding transcription factors 281 

Ace2 combined with Swi5, Fkh1, or Fkh2 (AMN1, DSE2, and SCW11), or Swi5 alone (PCL9 and 282 

SIC1). Since the mRNAs of these genes are not normally down-regulated below detection limits of 283 

microarrays at the G2/M phase of the mitotic cell cycle, the decreasing signal intensitites are likely due 284 

to impaired activator function and not simply a consequence of cells accumulating at the arrest stage 285 

(Cho et al. 1998, Granovskaia et al. 2010). We suspected these transcription factors might be post-286 

translationally regulated since neither ACE2 nor SWI5 transcript levels were detectably altered (Figure 287 

3D). Indeed, the nuclear localization of Ace2 and Swi5 is known to be promoted by Cdc14 phosphatase 288 

and Net1 phosphorylation during the cell cycle (Visintin et al., 1998; O'Conallain et al., 1999). These 289 

results, coupled with the Spo13-induced cell-cycle arrest phenotype shown in Figure 1 (see also 290 

McCarroll and Esposito, 1994), led us to propose that Spo13 may delay mitotic exit by antagonizing 291 

the release of Cdc14 from its nucleolar inhibitor Net1, thereby preventing the nuclear localization of 292 

Ace2 and Swi5. This explanation would not only account for the decreased mRNA concentration of 293 

their target genes (Figure 3D), but would provide a mechanism for the Spo13-induced mitotic arrest, 294 

given the important role of Cdc14 phosphatase in progression through mitosis.  295 

Spo13 overexpression inhibits nucleolar release of Cdc14 phosphatase. 296 

To test the status of Cdc14 activation upon Spo13 overexpression, we introduced a CDC14-GFP gene 297 

fusion into GAL-SPO13 or GAL-spo13fs cells for live analysis. The nucleolus was visualized by 298 

expression of a plasmid-borne NOP1-CFP fusion (Bystricky et al., 2005). After 2-h induction of either 299 
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GAL-SPO13 or GAL-spo13fs, cells were examined by confocal microscopy. In Spo13-arrested cells, 300 

Cdc14 co-localized with Nop1 in the mother cell nucleolus (Figure 4A a; G2/M arrest phenotype), or in 301 

the rDNA domain spanning from mother to daughter nuclei in anaphase (Figure 4A b). There was no 302 

detectable release of Cdc14. In contrast, in cells expressing spo13fs, Cdc14 was released from its 303 

interphase co-localization with the nucleolus (Nop1) in late mitosis, and cells continued through the 304 

cell cycle (Figure 4A c, d).  305 

We confirmed the live-imaging phenotypes by anti-HA immunostaining of HA-tagged Cdc14 in strains 306 

expressing either GAL-SPO13 or GAL-spo13fs. In all cells blocked by the Spo13-induced arrest, we 307 

found Cdc14-HA co-localized with Nop1 (Figure 4B). Strikingly, even in transition and A/exit cells in 308 

which the nucleolus spans mother and daughter cells, Cdc14 remained nucleolar. Again, a significant 309 

number of these cells (19% of total cells scored; n=130) had anaphase spindles (Figure 4C, anti-310 

tubulin), providing further evidence for the second point of arrest or delay in late anaphase in response 311 

to high Spo13 levels (Table 2). Importantly, in all cases Spo13-expressing cells arrested with Cdc14 in 312 

the nucleolus, unlike late anaphase cells expressing spo13fs (Figure 4). These data support the 313 

conclusion that Spo13 directly or indirectly interferes with Cdc14 release and thereby delays the down-314 

regulation of the mitotic Cdk, an event essential for the A/exit transition.   315 

Spo13 overexpression affects the stability of Clb2.  316 

To examine the molecular effects of Spo13 overexpression further, we monitored the reversibility of 317 

changes at a biochemical level. After 4 hours on galactose, strains harboring GAL-SPO13 and GAL-318 

spo13fs were shifted back to glucose and released into a medium containing raffinose, in which the 319 

GAL1 promoter remains repressed. Samples were taken at the indicated time points, and the instability 320 

of Clb2, which normally increases as cells progress through mitosis, was assayed by Western blot 321 

(Figure 5). As expected, the Spo13 protein accumulated during GAL-SPO13 induction, and was not 322 
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present in cells expressing the frame-shift allele (spo13fs; Figures 5A and 5B). Spo13 persisted, albeit 323 

at a reduced level, for 4h even after the GAL1 promoter was repressed, consistent with it being 324 

stabilized by the M-phase Cdk. Clb2 also accumulated to high levels during Spo13-induced arrest 325 

(Figure 5A, see Lee et al., 2002) and remained high during 4 hours on raffinose, suggesting that APC-326 

dependent degradation of Clb2 was impaired. Neither the accumulation of Clb2 on galactose nor its 327 

degradation once Spo13 protein levels decreased, were observed in GAL-spo13fs cells (Figure 5B)  328 

Both Cdc14 activation and a functional APC are necessary for Clb2 degradation in late mitosis 329 

(Queralt, et al., 2006; Stegmeier and Amon, 2004; Toth, et al., 2007). Thus the persistent accumulation 330 

of Clb2 in the presence of overexpressed Spo13, is consistent with the proposal that a high level of 331 

Spo13 in mitosis inhibits Cdc14 activation and directly or indirectly impairs activation of the APC.  332 

ESP1 Separase overexpression bypasses the cell-cycle arrest imposed by Spo13.  333 

To determine how Spo13 might inhibit Cdc14 release, we investigated the relationship between 334 

overexpressed Spo13 and the Separase Esp1. Besides its role in cleaving cohesin, Esp1 functions in the 335 

FEAR (Stegmeier et al., 2002) and MEN (Queralt et al., 2006) pathways, leading to the 336 

phosphorylation of Net1 and subsequent release of Cdc14 from the nucleolus, which in turn promotes 337 

exit from mitosis. Esp1 acts in this context by inactivating PP2ACdc55 phosphatase to allow 338 

phosphorylation of both Net1 by Cdc28 kinase (FEAR activation) and the GAP complex (Bub2/Bfa1) 339 

promoting MEN activation (Queralt et al., 2006). Intriguingly, Esp1 overexpression is sufficient to 340 

trigger Cdc14 activation, through a mechanism independent of its proteolytic activity on cohesin 341 

(Sullivan and Uhlmann, 2003). To distinguish whether Spo13 interferes with Cdc14 release by acting 342 

upstream or downstream of Esp1 we used similar suppression analyses.  343 

Using strains carrying either GAL-SPO13, GAL-ESP1, or both, we tested whether SPO13 induction 344 

overrides the release of Cdc14 provoked by GAL-ESP1 induction (Tinker-Kulberg and Morgan, 1999; 345 
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Sullivan and Uhlmann, 2003). To ensure that cells have progressed properly through S phase without 346 

premature sister separation, we blocked cells at the G2/M boundary by exposure to nocodazole under 347 

non-inducing conditions. Galactose was then added for 1h, cells were washed with YP raffinose and 348 

released from nocodazole into galactose. Cell-cycle progression was monitored by both fluorescence 349 

imaging and Western blot analysis (Figures 6A-D). As expected, GAL-ESP1 cells passed through 350 

mitotic exit and began to rebud 40 minutes after release, coinciding with the degradation of Clb2. In 351 

contrast, GAL-SPO13 cells remained arrested, with high Clb2 and Spo13 levels. The persistence of 352 

metaphase and anaphase spindles throughout the experiment in these cells agreed with our earlier 353 

results on mitotic arrest. 354 

In contrast to overexpression of Spo13 alone, the coordinated overexpression of both Esp1 and Spo13 355 

allowed metaphase spindles to disappear quickly despite the presence of high levels of Spo13. Thus, 356 

Esp1 overexpression clearly suppressed the Spo13-induced arrest at G2/M. These cells also 357 

accumulated anaphase spindles rapidly after release from nocodazole, illustrating the effect of Spo13 358 

on anaphase/exit, which was less visible in asynchronous cells. By 80 minutes the anaphase spindles 359 

were disassembled, demonstrating more rapid progression in the presence of both Esp1 and Spo13, 360 

compared to the presence of Spo13 alone (Figure 6A). Consistently, Clb2 degradation also occurred 361 

faster in strains overexpressing both genes, than in cells with GAL-SPO13 only (Figure 6B). These data 362 

indicate a suppression of the Spo13-induced arrest by Esp1, which is known to confer Cdc14 release 363 

and activation. Interestingly, in the ESP1 SPO13 double-expressing strain low levels of Clb2 were still 364 

detectable at 80, 100 and 120 min, consistent with incomplete APC activation. 365 

Immunofluorescence studies performed for Cdc14 on these same cells showed that Cdc14 is released 366 

both in nocodazole-arrested and in anaphase cells in the presence of Esp1, either when expressed alone 367 

or together with Spo13 (Figures 6C, D). As expected, cells expressing GAL-SPO13 alone accumulated 368 
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anaphase spindles, and Cdc14 release from the nucleolus was less efficient (Figure 6D). On galactose, 369 

Cdc14 was released in 97% of cells when Esp1 was overexpressed alone, in 20% of cells when Spo13 370 

is overexpressed alone, and in 56% of cells when both are expressed. Given that the expression of Esp1 371 

overrides the Spo13-induced arrest at both stages of mitosis, and reverses the Spo13-induced 372 

sequestration of Cdc14, these data strongly suggest that Spo13 acts upstream of Esp1 (or in parallel to 373 

it) to regulate both the FEAR (G2/M) and MEN (A/exit) pathways. 374 

Finally, to test if Spo13 localization provides any further insight into its mode of action, we monitored 375 

the subcellular distribution of overexpressed Spo13 in living cells. At 2h of induction of GAL- SPO13-376 

GFP ~ 80% of the Spo13-GFP foci co-localized with the nucleolar marker Nop1 (n=120; Figure 6E, 377 

right panels), providing novel evidence for its association with the nucleolus. The distribution of the 378 

Spo13 signal was nonetheless distinct from the uniform nucleolar staining of Cdc14 (Figure 6C). By 3h 379 

of induction multiple large nuclear foci of Spo13-GFP were observed, which did not colocalize with 380 

either the mitotic spindle or the nucleolus (Figure 6F). The significance of this localization with respect 381 

to Esp1 and Cdc14 activation remains unclear. 382 

Spo13 interferes with the APC pathway 383 

The above data suggest that Spo13 may act upstream of Separase (Esp1) to impair the release of Cdc14 384 

from its inhibitor Net1, which is required for progression through mitosis. Given that Separase is 385 

activated by APC cleavage of Securin (Pds1) (Cohen-Fix et al., 1996), it seems a plausible hypothesis 386 

that APC function is diminished in the presence of Spo13 (Katis et al., 2004). To test this, we 387 

investigated the stability of Securin (Pds1), a key APC substrate, during Spo13 overexpression. Pds1 388 

was tagged with 18-Myc epitopes in strains carrying GAL1-SPO13 or GAL-spo13fs. After 4h of 389 

galactose induction samples were taken and processed for immunofluorescence (Figure 7A). In the 390 

spo13-fs strain, Pds1 was present in G2/M cells but not detectable in cells at anaphase. In contrast, 391 
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Pds1 was detectable at all cell-cycle phases in cells overexpressing Spo13. Intriguingly, cells with long 392 

spindles usually showed a heterogeneous pattern, with Pds1 signal being stronger in one of the two 393 

stretched nuclei. This suggests that Pds1 is partially degraded over time and/or is being resynthesized 394 

in a nucleus that has progressed further in the exit pathway. 395 

We examined this further by studying Pds1 stability in synchronized cultures. The GAL-SPO13 and 396 

GAL-spo13-fs strains were grown in YP-raffinose to reach mid-log phase (5x106 cells/ml), at which 397 

point, nocodazole was added for 1.5h to block cells in G2/M. Cells were then washed twice with YP-398 

raffinose, released into drug-free YP-galactose to induce Spo13 expression, and samples analysed 399 

every 30 minutes and analysed by Western blot (Figure 7B). In the control strain expressing GAL-400 

spo13fs, Pds1 levels started to drop 60 min after release from nocodazole, and were undetectable by 90 401 

min. In contrast, significant amounts of stabilized Pds1 (30-50% of the initial level) were seen in cells 402 

expressing Spo13. These results confirm that normal degradation of both Pds1 and Clb2, two key 403 

substrates for APC, is inhibited by Spo13 in mitotic cells, providing further support for the notion that 404 

Spo13 either directly or indirectly inhibits APC function (Katis et al., 2004).  405 

 406 

DISCUSSION 407 

It has been proposed that Spo13 acts as a transient negative regulator or timer, slowing meiotic events 408 

to: 1) allow proper establishment of the reductional machinery for centromere cohesion/co-orientation 409 

prior to the first M-phase, allowing homologs to segregate properly, and 2) impede the anaphase to MI 410 

exit, thereby ensuring two successive meiotic divisions without an intervening S phase. This permits 411 

haploid products to form (McCarroll and Esposito, 1994). The present study exploited the mitotic 412 

overexpression phenotype of Spo13 to probe Spo13’s mechanism of action in regulating cell cycle 413 

progression.  414 
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When expressed in mitotically dividing cells, the Spo13 protein was stabilized in both S- and M-phase 415 

cells, and induced a cell-cycle arrest that is largely independent of the spindle checkpoint gene MAD2. 416 

Importantly, Spo13 does not accumulate to detectable levels in G1-arrested cells, and Spo13-induced 417 

arrest can be reversed by repressing Spo13 expression or provoking Spo13 degradation through 418 

inhibition of the Cdc28/Clb kinase complex. The use of an analogue-sensitive Cdc28 gene suggests 419 

that Spo13 stability is directly dependent on the mitotic activity of the Cdk/Clb complex. Indeed, 420 

Spo13, which has 10 SP/TP consenses, is phosphorylated (Figure 2). This would argue for a reciprocal 421 

positive feedback loop between Spo13 and Cdc28. Namely, SPO13 overexpression results in the 422 

accumulation of Clb2 and an enhancement of Cdc28/Clb activity, which in turn stabilize Spo13 423 

(McCarroll and Esposito, 1994). Consistent with this model, a recent report suggests that Spo13 is a 424 

target of APC, which may degrade unphosphorylated Spo13 in G1 (Sullivan and Morgan, 2007).  425 

Our data provide compelling evidence that Spo13 delays mitotic cell-cycle progression at two different 426 

points: at the G2/M transition and late in anaphase. The effect at anaphase is particularly clear if Spo13 427 

is induced in synchronized cells released from a metaphase arrest. We see enrichment of anaphase 428 

spindles and poor degradation of Pds1 Securin by both immunofluorescence and Western blot analysis. 429 

These findings suggest that the level of Pds1 degradation that occurs in the presence of Spo13 is 430 

insufficient to allow the Esp1-mediated cohesin cleavage needed for the G2/M transition, as well as 431 

down-regulation of PP2ACdc55, which is necessary for Cdc14 release from the nucleolus and the 432 

segregation of rDNA at anaphase (Sullivan et al., 2004).  433 

Genome-wide microarray analysis provided useful clues as to how Spo13 overexpression might arrest 434 

cells in late anaphase. We observed progressively decreasing mRNA concentrations for a number of 435 

cell cycle-regulated genes that are under the control of Ace2 and Swi5 transcription factors, including 436 

some cases where the mRNAs became undetectable in arrested cells. This is not seen in other G2/M-437 

arrested cells. Both Ace2 and Swi5, which are substrates of the Cdc14 phosphatase, require 438 
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dephosphorylation during late anaphase to activate their function (F. Uhlmann, personal 439 

communication). This led us to examine whether Spo13 might inhibit A/exit by negatively regulating 440 

Cdc14. Indeed, we find that ectopic expression of Spo13 prevents the release of Cdc14 from the 441 

nucleolus, an event that correlates with Cdc14 activation and subsequently with exit from mitosis 442 

(Stegmeier et al., 2002; Buonomo et al., 2003; Marston et al., 2003). Given that the proper balance of 443 

Cdc14 and Cdk/Clb activities are known to be crucial for triggering mitotic exit (Toth et al., 2007), we 444 

conclude that high levels of Spo13 must also ultimately interfere with this balance.  445 

Of special relevance for interpreting the effects of Spo13, is the finding that Separase (Esp1) plays a 446 

key role in coordinating Cohesin cleavage at G2/M with subsequent Cdc14 release during anaphase. 447 

Esp1 not only cleaves Scc1 releasing cohesion, but also down-regulates PP2ACdc55, thus allowing Net1 448 

phosphorylation (Queralt et al., 2006) and Cdc14 release (Shou et al., 1999; Visintin et al., 1999). 449 

Based on this, we tested whether the effects of Spo13 overexpression might act in part by reducing 450 

Esp1 function. Indeed, ESP1 overexpression can bypass the Spo13-induced G2/M arrest as well as the 451 

nucleolar retention of Cdc14, arguing that Spo13 either acts upstream or in parallel to Esp1 function. 452 

Since ESP1 overexpression also overcomes metaphase arrest in the absence of APC (Uhlmann et al., 453 

2000), our data suggest that Spo13 may modulate Esp1 activity by inhibiting APC (see also Lee et al., 454 

2002; Katis et al., 2004). We tested this by monitoring the degradation of a key APC target, Securin or 455 

Pds1. We could confirm that high levels of Spo13 impair Pds1 degradation. This in turn would prevent 456 

complete activation of Separase (Esp1), which is needed for both anaphase progression and exit from 457 

mitosis.  458 

It is important to note that while Esp1 overexpression could overcome Spo13 inhibition to allow Cdc14 459 

release, it did not fully rescue the delay in the A/exit transition resulting from Spo13 overexpression. 460 

During the combined overexpression of both ESP1 and SPO13, Clb2 persisted in a stable state longer 461 
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than in the strain overexpressing ESP1 alone (Figure 6B). This suggests that Spo13 has additional 462 

effects on A/exit, independent of Separase. One plausible explanation is that Spo13 may directly or 463 

indirectly inhibit APC function, which acts both upstream and downstream of Separase. It has recently 464 

become clear that Cdc14 activation promotes exit from mitosis by allowing dephosphorylation of the 465 

APC regulator Cdh1 as well as a set of late-anaphase substrates (Visintin et al., 1998; Stegmeier et al., 466 

2002; D'Amours et al., 2004; Stegmeier and Amon, 2004; Sullivan et al., 2004; Torres-Rosell et al., 467 

2005; Khmelinskii et al., 2007; Queralt et al. 2006; Toth et al., 2007). The failure to release Cdc14 in 468 

cells overexpressing Spo13 and the massive accumulation of Clb2 in late anaphase in these cells 469 

suggests that Spo13 also negatively regulates anaphase by altering the late mitotic balance between 470 

Cdc14 and Cdc28/Clb2 activities as indicated earlier. 471 

How does this mechanism relate to Spo13’s role in meiotic division? As noted earlier, in meiosis 472 

Spo13 is required for homolog separation and two successive M-phases, MI and MII, without an 473 

intervening S phase. The meiotic Spo13 protein is detected specifically during MI when its transcript 474 

level peaks, and it is degraded by APC at the end of MI. Loss of SPO13 function causes diploid cells 475 

(or haploids expressing both mating type alleles), to undergo a single, largely equational, division on 476 

the MI spindle and exit the cell cycle forming dyads with two diploid (or haploid) spores (Klapholz and 477 

Esposito, 1980b; Wagstaff et al. 1982; Rutkowski and Esposito, 2000). The termination of meiosis 478 

after a single division, in which many chromosomes separate sister chromatids instead of homologs, 479 

appears to depend on the Mad2 spindle checkpoint (Shonn et al., 2000). The question remains, 480 

however, why wild-type Spo13 cells, which undergo a reductional MI, execute a second M-phase 481 

without first exiting division and initiating another round of DNA replication. We propose that Spo13 482 

may be able to promote MII immediately after MI, by preventing the complete loss of Clb/Cdk activity 483 

and the A/exit transition (Queralt et al., 2006; Toth et al., 2007). Only after mitotic exit can pre-484 
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replication complexes assemble to allow a subsequent round of DNA replication. The ability of Spo13 485 

to prevent a second S phase by keeping Clb/Cdk activity high is consistent with the fact that 486 

overexpression of SPO13 in the cdc28-1 mutant at a semi-permissive temperature (30oC) allowed MII 487 

to immediately follow MI in meiotic cells as described earlier (Shuster and Byers, 1989; McCarroll and 488 

Esposito, 1994). In this case, we speculate that Spo13 modulates Cdk activity by maintaining high 489 

cyclin B levels (Figure 6) and preventing full Cdc14 release from the nucleolus. As discussed above, 490 

this could be achieved by interfering with APC function, although proof of this requires future analysis. 491 

Consistent with this model, we note that yeast cyclins have been detected during meiosis throughout 492 

MI and MII (Carlile and Amon, 2008).  493 

The control of two successive chromosome segregation events (MI and MII) without an intervening S 494 

phase is a fundamental feature of meiosis that is conserved from yeast to man. The fact that in 495 

meiotically dividing frog oocytes cyclin B appears not to be degraded between MI and MII (Taieb et 496 

al., 2001), provides a tantalizing hint that the effects of Spo13 on anaphase and exit from mitosis in 497 

yeast, and could well provide a plausible model for how organisms universally control this crucial 498 

event. 499 
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Figure legends 659 
 660 
Figure 1: SPO13 overexpression phenotypes during mitosis. (A) Micrographs of DAPI staining and 661 

DIC images showing typical SPO13 overexpression phenotypes after 2 hours (upper panels) or 4 hours 662 
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(lower panels) on galactose. (B) Quantification of the mitotic arrest phenotypes in GAL-SPO13 MAD2 663 

(GA-3419) or GAL-SPO13 mad2 (GA-583) strains after 2 or 4 hours on galactose. The total number of 664 

cells presented for each strain stems from two independent experiments with identical phenotypic 665 

distributions. (C) Micrographs of DAPI staining and DIC images of GAL-SPO13 (GA-3419) showing 666 

the phenotypes 2 and 24 hours after transcriptional repression of GAL-SPO13 by return to glucose-667 

containing media (see Materials and Methods). (D) Immunofluorescence (IF) with anti-tubulin 668 

antibodies and DAPI staining of GAL-SPO13 (GA-3419) cells show misoriented spindles after 2 hours 669 

on galactose. Bars = 5 m.  670 

Figure 2: Analysis of SPO13 phosphorylation and stability. (A) 32P-labeled band co-migrates with 671 

Spo13-Myc, which forms multiple bands on a Western blot with anti-Myc antibody (right lane, anti-672 

Spo13, see arrows) after immunoprecipitation. The 32P-labeled precipitates were incubated in the 673 

presence or absence of the indicated phosphatases (CIP, calf intestinal phosphatase; PP2A, protein 674 

phosphatase 2A; or PTP, protein tyrosine phosphatase) with or without an excess of the appropriate 675 

phosphatase inhibitors, Na2HPO4, okadaic acid, or Na-vanadate, as indicated. (B) Western blot analysis 676 

with anti-Myc antibody on strain GAL-SPO13-13MYC cdc28-as1 (GA-4355). Spo13-Myc was 677 

expressed for 3.5 hours and then repressed by washing twice in glucose. The culture was divided, and 678 

further grown on raffinose for 3.5h. Where indicated, the ATP analogue 1NM-PP1 was added to 679 

inactivate the cdc28-as1 allele. RNase42 indicates an abundant cytoplasmic RNA helicase used as a 680 

Western blot control. (C) Western blot analysis with anti-Myc antibody on GAL-SPO13-13MYC 681 

cdc28-as1 (GA-4355) in which SPO13-Myc expression was induced with galactose in the presence or 682 

absence of the yeast pheromone !-factor, which arrests cells in G1 phase. The loading control is an 683 

unidentified protein detected by Ponceau staining of the Western blot transfer. 684 
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Figure 3: Genome-wide mRNA profiling during Spo13-dependent mitotic arrest. (A) and (B) Heat 685 

maps and graphical displays with signal distributions for each timepoint, displayed in duplicate. Data 686 

are shown for overexpression of wild-type (GAL-SPO13, GA-3419) at 0h, 2h and 4h, and frameshift 687 

(GAL-spo13fs, GA-4318) at 4h. Left dots indicate genes whose expression depends upon the specific 688 

transcription factor given at bottom. Right dots indicate participation in the biological process (given at 689 

bottom). Log2-transformed signal intensities are color-coded as given in the scale. (C) Bar diagrams 690 

summarize linear signal intensities (y-axis) versus color-coded samples (x-axis) for typical cases of 691 

down- and up-regulated genes, as well as control genes. The samples are described below the graphs. 692 

(D) Model of the pathways that contribute to the Spo13-dependent sequestration or Net1-dependent 693 

release of Cdc14 from the nucleolus. Diagram shows regulation of Ace2 and Swi5 transcription factors 694 

by Cdc14, which leads to the transcription of their target genes (top). Bar diagrams below show linear 695 

expression signals for four selected genes; samples are color-coded as in (C). 696 

Figure 4: Cdc14 co-localization with Nop1 in cells expressing SPO13 or spo13fs. (A) Cells 697 

expressing GAL-SPO13 CDC14-GFP pNOP1-CFP (GA-4390) or GAL-spo13fs CDC14-GFP pNOP1-698 

CFP (GA-4388), as indicated, were visualized after 2 hours of growth on galactose. Selected cells 699 

arrested at G2/M (a) or in anaphase (b and c) and G1 (d) are enlarged in the middle and right panels. 700 

Nop1 is shown in red, Cdc14 in green, and co-localization of the two is shown in white (coloc). (B) 701 

Immunofluorescence for Cdc14-HA and anti-Nop1 on cultures expressing either GAL-SPO13 CDC14-702 

6HA (GA-4394) or GAL-spo13fs CDC14-6HA (GA-4393) after 2 hours of induction with galactose. 703 

Micrographs show the co-localization of Cdc14 with Nop1 in red, and their coincidence with DAPI 704 

staining (blue). In all categories of Spo13-induced arrest we see co-localization of Cdc14 and Nop1 705 

staining, whereas in spo13fs-expressing cells we see co-localization in interphase but not in anaphase 706 

cells. (C) Immunofluorescence for Cdc14-HA or anti-tubulin, each combined with anti-Nop1, in a 707 
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culture expressing GAL-SPO13 CDC14-6HA (GA-4394) after 2 hours of induction with galactose. Top 708 

panels: Cdc14, Nop1, and DAPI are shown in yellow, green, and blue, respectively. Co-localization of 709 

Cdc14 and Nop1 is shown in red. Bottom panels, anti-tubulin in green, anti-Nop1 in yellow, DAPI 710 

stain in blue. Bars = 5 m. The diagram shows the distribution of proteins along the extended 711 

segregating chromosomes, and microtubules (green) as in the micrographs.  712 

Figure 5: Western blot analysis of cell-cycle proteins. (A) Western blot analysis of samples at the 713 

indicated timepoints during galactose induction and after repression of the GAL promoter on raffinose 714 

media of GAL-SPO13 (GA-3419). Antibodies used are indicated at the right. (B) As in (A), with strain 715 

GA-4318 expressing GAL-spo13fs.  716 

Figure 6: ESP1 overexpression suppresses Spo13-induced arrest. (A) Graphs show cell counts for 717 

budding index, metaphase or anaphase spindles on strains expressing GAL-SPO13, GAL-ESP1, and 718 

both GAL-SPO13 and GAL-ESP1 as well as CDC14-6HA (GA-5441, GA-5406, and GA-4458, 719 

respectively). Cells were blocked at G2/M with nocodazole and released in the presence of galactose. 720 

(B) Western blot analysis of the indicated proteins at the indicated timepoints from the experiment 721 

described in (A). (C, D) Representative micrographs showing immunofluorescence analysis of the 722 

indicated proteins and strains either during galactose induction on nocodazole (C) or on cells released 723 

from nocodazole arrest for 40, 60 or 80 min on galactose (D). GAL-SPO13 refers to strain GA-5441, 724 

GAL-ESP1 is GA-5406, and GAL-SPO13 + ESP1 is GA-4458. Quantitation of Cdc14 release at 725 

equivalent timepoints is as follows. Under nocodazole arrest with overexpression of ESP1: 83%; 726 

SPO13: 19%; ESP1 SPO13: 55%; after arrest and release into galactose, ESP1: 97% (at 40 min); 727 

SPO13: 20% (at 80 min), ESP1 SPO13: 56% (at 60 min). Between 30 and 106 cells were counted for 728 

each point. (E) Representative live fluorescence images of strain GAL-SPO13-GFP pNOP1-CFP (GA-729 

4175) showing NOP1-CFP (red) and SPO13-GFP (green) at 10 and 120 min after shift to galactose-730 
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containing media. Bar = 2µm. 85% of cells counted show colocalization. (F) After 3h induction on 731 

galactose some mitotic cells show large aggregates of Spo13-GFP that do not colocalize with DNA, the 732 

nucleolus nor the spindle, detected here by immunofluorescence (red= tubulin; green = Spo13; blue = 733 

DAPI). Bar = 2µm. 734 

Figure 7. Securin (Pds1) dynamics in the presence and absence of Spo13. Strains GA-5829 (GAL-735 

SPO13 PDS1-18Myc) and GA5826 (GAL-spo13fs PDS1-18Myc) were grown on YP-raffinose to log 736 

phase and then galactose was added to induce expression of SPO13 or spo13fs. Both cultures were 737 

analyzed by Immunofluorescence at 4h after induction. (B) The same strains described in (A) were 738 

arrested at the G2/M transition with nocodazole, then nocodazole was washed out with YP raffinose 739 

and cells were released into YP galactose. Samples were taken at the indicated timepoint and analyzed 740 

by Western blot. Antibodies against the indicated proteins were used. Bars= 5µm. 741 

 742 

743 
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Table 1. Yeast strains  744 
 745 
Strain 
name* 

Relevant genotype (W303 background)  

GA-583 MATa/MAT  GAL-spo13fs-URA3/ GAL -spo13fs-URA3 MAD2::mad2-KanMX/ 
MAD2::mad2-KanMX 

GA-4318 MATa/MAT  GAL-spo13fs-URA3/ GAL -spo13fs-URA3 
GA-3419 MATa/MAT  GAL -SPO13-URA3/ GAL -SPO13-URA3 
GA-4175 MATa/MAT  GAL -SPO13-GFP-KanMX/ GAL -SPO13-KanMX pNOP1-CFP-

HIS3 
GA-4355 MATa cdc28::cdc28-as1-URA3 GAL-SPO13-13Myc-URA3 
GA-4388 MATa/MAT  GAL -spo13fs-URA3*/ GAL -spo13fs-URA3 cdc14::CDC14-5GFP-

TRP1/ cdc14::CDC14-5GFP-TRP1 pNOP1-CFP-HIS3 
GA-4390 MATa/MAT  GAL -SPO13-URA3/ GAL -SPO13-URA3 cdc14::CDC14-5GFP-

TRP1/ cdc14::CDC14-5GFP-TRP1 pNOP1-CFP-HIS3 
GA-4393 MATa/MAT  GAL -spo13fs-URA3/ GAL -spo13fs-URA3 cdc14::CDC14-6HA/ 

cdc14::CDC14-6HA 
GA-4394 MATa/MAT  GAL -SPO13-URA3/ GAL -SPO13-URA3 cdc14::CDC14-6HA/ 

cdc14::CDC14-6HA 
GA-5230 MAT! GAL -SPO13 GAL -ESP1 cdc14::CDC14-HA6-TRP1 
GA-5406 MATa GAL -ESP1 cdc14::CDC14-HA6-TRP1 
GA-5441 
GA5826 
GA5829 

MATa GAL -SPO13 cdc14::CDC14-HA6-TRP1 
MAT a GAL -spo13fs-URA3 pds1::PDS1-18MYC-TRP 
MAT  GAL -SPO13-URA3 pds1::PDS1-18MYC-TRP 

*All strains were constructed for this study. 746 

Table 2: Spo13 inhibits Cdc14 release from the nucleolus. A summary of the frequency of observed 747 

phenotypes after 2 hours of induction of GAL-SPO13 on galactose from the experiments shown in 748 

Figures 4A and 4B. Experimental details are described in the legend to Figure 4; IF = immunostaining; 749 

Live= live GFP imaging. 750 

Cdc14-Nop1 co-localization/number examined 

Strain Exp G1 S G2/M Extended nucleolus 

GAL-spo13fs live 184/184 86/86 7/7 0/5 

GAL-SPO13 live - - 66/66 12/12 

GAL-spo13fs IF 43/43 45/45 22/22 0/22 

GAL-SPO13 IF - - 93/93 17/20 
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 751 

Supplemental Figure 1: Microscopic view of Spo13 arrest samples used for microarray analysis. 752 

The morphology of yeast cells overexpressing mutant (left panels) and wild-type (right panels) SPO13 753 

alleles as indicated is shown using DIC and UV light microscopy. Hours of induction are indicated. 754 

 755 

Supplemental Figure 2: RNA quality control. (A) and (B) Total RNA and cRNA targets from two 756 

replicate samples overexpressing GAL-SPO13 and GAL-spo13fs, as indicated, are summarized for 757 

cells arrested for 0, 2 and 4 hours. MW indicates molecular weight markers in kb. 758 

 759 

Supplemental Figure 3: Microarray data quality control. (A) Box plot of log2-transformed signal 760 

intensity distributions before normalization (y-axis) for the sample set as given (x-axis). Data from two 761 

wild-type and mutant (fs) replicate samples induced for 0, 2 and 4 hours are given in red and blue, 762 

respectively. (B) Color-coded distance matrix of galactose-induced wild-type and mutant (fs) samples 763 

as indicated. Identical samples are given in black. 764 

 765 
 766 
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*

Release of G2/M arrested cells into Galactose

* uneven Pds1 degradation was found in 45% of the 77 anaphases cells scored 

Pds1 localization in asynchronous cultures


