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Summary 
Sister chromatid cohesion is established by the cohesin complex in S phase and 
persists until metaphase, when sister chromatids are captured by microtubules 
emanating from opposite poles [1]. The Aurora B-containing chromosome 
passenger complex (CPC) plays a crucial role in achieving chromosome bi-
orientation by correcting erroneous microtubule attachment [2]. The centromeric 
localization of the CPC relies largely on histone H3-T3 phosphorylation (H3-pT3), 
which is mediated by mitotic histone kinase Haspin/Hrk1 [3-5]. Hrk1 localization 
to centromeres depends largely on the cohesin subunit Pds5 in fission yeast [5]; 
however, it is unknown how Pds5 regulates Hrk1 localization. Here we identify a 
conserved Hrk1-interacting motif (HIM) in Pds5 and a Pds5-interacting motif 
(PIM) in Hrk1 in fission yeast. Mutations in either motif result in the displacement 
of Hrk1 from centromeres. We also show that the mechanism of Pds5-dependent 
Hrk1 recruitment is conserved in human cells. Notably, the PIM in human 
Haspin/Hrk1 is reminiscent of the YSR motif found in the mammalian cohesin 
destabilizer Wapl and stabilizer Sororin, both of which bind PDS5 [6-12]. 
Similarly, and through the same motifs, fission yeast Pds5 binds to Wpl1/ Wapl 
and acetyltransferase Eso1/Eco1 in addition to Hrk1. Thus, we have identified a 
protein-protein interaction module in Pds5 that serves as a chromatin platform for 
regulating sister chromatid cohesion and chromosome bi-orientation. 
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Results and Discussion 

Identification of the conserved Pds5-interacting motif in Haspin/Hrk1 
Haspin localization to centromeres depends on Pds5 in fission yeast [5]. To identify the 

interaction domain of fission yeast Pds5 and Hrk1/Haspin, we made truncations of the 

Hrk1 protein, and examined their interactions by yeast two-hybrid assay. We found that 

the interaction depends on the 10 most N-terminal residues of Hrk1 (Figure S1A). The 

alignment of the N-terminus of Haspin from various organisms allowed us to identify a 

conserved 5-amino acid sequences (K/R-T-Y-G-K/R) (Figure 1A and S1B). 

Accordingly, alanine substitutions in this motif impaired the interaction of Hrk1 with 

Pds5 (Figure 1B). Therefore, we named this sequence the Pds5-interacting motif (PIM). 

We next made truncations of the Pds5 protein and examined their binding with Hrk1 by 

yeast two-hybrid assay. The results indicated that the N-terminal 200-residue region of 

Pds5 interacts with Hrk1 (Figure S1C). The alignment of this Pds5 domain from various 

organisms allowed us to identify the most conserved sequences (A-P-D/E-A-P) (Figure 

1C). Indeed, the mutations in (A-P-D/E-A-P) of Pds5 impaired its binding to Hrk1 

(Figure 1D). We thus named this sequence the Haspin-interacting motif (HIM). 

Immunoprecipitation assays using fission yeast extracts revealed that Hrk1 interacts 

with Pds5 throughout the cell cycle (Figure 1E), and that a mutation in either PIM or 

HIM diminishes their interaction (Figure 1F). These data suggest that the conserved 

binding motifs PIM in Hrk1 and HIM in Pds5 are required for stabilizing protein 

interaction. 

  

PIM in Hrk1 and HIM in Pds5 are crucial for the proper localization of Hrk1 on 
chromatin in fission yeast 
To investigate the physiological roles of PIM in Hrk1 and HIM in Pds5, we introduced 

hrk1-pim and pds5-him mutations into the endogenous proteins in fission yeast, in 

which PIM in Hrk1 and HIM in Pds5 were subjected to alanine substitution (Figure 1A 

and 1C). We further tagged Hrk1 with GFP for live imaging. Hrk1-GFP appeared as 

punctate dots in the nuclei of cells arrested at prometaphase, whereas this localization 
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was largely abolished in both hrk1-pim and pds5-him cells (Figure 2A). To further 

delineate Hrk1 localization on chromatin, we performed ChIP experiments using 

prometaphase arrested cells. Hrk1 localized to the cohesin-rich region in wild-type cells, 

whereas this localization was largely abolished in hrk1-pim and pds5-him cells (Figure 

2B). Accordingly, H3-pT3, which is a crucial phosphorylation target of Hrk1 in 

chromatin, was diminished in hrk1-pim and pds5-him cells (Figure 2B). Moreover, Bir1 

(a component of the CPC), which is enriched at the pericentromeric regions in WT 

cells, was largely abolished in hrk1-pim and pds5-him cells (Figure 2B). Notably, H3-

pT3 was hardly detected in the euchromatic region as compared with Hrk1 [5] (Figure 

2B), suggesting that the heterochromatic property of the chromatin promotes Hrk1 

activation. The localization of Bir1 was restricted to the pericentromeric regions, most 

likely because the centromeric Bub1 kinase and shugoshin are also required for CPC 

localization [5] (Figure 2B). 

 

Fluorescence observation revealed that Ark1 (a fission yeast homolog of Aurora B 

kinase, a component of the CPC) was reduced at centromeres during metaphase in hrk1-

pim and pds5-him cells as in hrk1∆ and pds5∆ cells (Figure 2C). Consistent with the 

reduction in Ark1 from centromeres, a defect in chromosome bi-orientation (lagging 

chromosomes at anaphase) increased in hrk1-pim and pds5-him cells (Figure 2D). To 

examine the specificity of the hrk1-pim and pds5-him mutant defects, we sought to 

target Hrk1 artificially to the pericentromeric regions by fusing the chromodomain (CD) 

of Swi6, which binds to H3K9me (histone H3 methylated on lys9) locating mainly in 

the pericentromeric regions. Remarkably, the reduction in Ark1 and the anaphase 

lagging chromosomes seen in pds5-him cells were largely suppressed by the expression 

of Hrk1-CD or Hrk1-pim-CD, but not Hrk1-KD (kinase dead) -CD (Figure 2E and 2F). 

We confirmed that the expression of Hrk1-CD in pds5-him cells did not restore 

cohesion defects (Figure S4B). Thus, HIM in Pds5 and PIM in Hrk1 are required solely 

for centromeric Hrk1 localization and its function, at least in the context of targeting the 

CPC to centromeres. 

 

Because of the reduction in centromeric CPC, hrk1∆ cells show mild sensitivity to 

microtubule depolymerizing TBZ, which reflects the chromosome segregation errors. 

Although hrk1-pim and pds5-him cells also showed mild TBZ sensitivity, pds5∆ cells 
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showed much greater sensitivity (Figure 2G). This might be explained by the fact that 

cohesion is also defective in pds5∆ cells but not in hrk1∆ cells (Figure S4A) [5, 13]. 

Taken together, the results suggest that Pds5 has at least two distinct functions, one in 

recruiting Hrk1 and the other in facilitating sister chromatid cohesion (see below). 

 

Top2/Topoisomerase II facilitates the recruitment of Hrk1 by Pds5 
It was recently reported that a non-catalytic function of Topoisomerase IIα/Top2 is 

required for centromeric Aurora B localization through Haspin recruitment in budding 

yeast and Xenopus; the SUMOylated C-terminus of Top2 acts as a scaffold for Haspin 

[14-16]. Our analyses in fission yeast suggest that Top2 facilitates Hrk1 recruitment to 

chromatin, especially near kinetochores, and that Pds5 takes over Hrk1 from Top2 

(Figure S2). 

 

Haspin interaction with PDS5A/B is required for its localization to the inner 
centromeres in human cells 
A recent study using MEF cells prepared from PDS5A or PDS5B knockout mice 

demonstrated that mPDS5B but not mPDS5A is required for H3-T3 phosphorylation 

and Aurora B localization, although the regulation of the Haspin localization was not 

addressed [17]. To investigate the mechanism of Haspin localization in human cells, we 

raised a doxycycline-inducible GFP-tagged Haspin HeLa cell line and arrested cells in 

prometaphase by the addition of nocodazole. Haspin-GFP was detected at the inner 

centromeres of mitotic chromosomes (Figure 3A). To examine the requirement of PDS5 

for Haspin localization, we treated HeLa cells with small interfering RNA (siRNA) 

against PDS5A and/or PDS5B (human have two PDS5 paralogues) (Figure S3A). 

Haspin-GFP accumulation at the inner centromeres was significantly reduced in both 

PDS5A and PDS5B siRNA-treated cells (Figure 3A). Accordingly, Aurora B 

accumulation at the inner centromeres was also reduced in these siRNA-treated cells 

(Figure 3A). Thus, our data suggest that both PDS5A and PDS5B play a conserved role 

in localizing Haspin to the inner centromeres and thereby enriching Aurora B in 

centromeres. 

 
To examine the physical interaction between PDS5 and Haspin in human cells, we 

performed co-immunoprecipitation assays using chromatin extracts prepared from 
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mitotic HeLa cells. Indeed, Haspin co-immunoprecipitated PDS5A and PDS5B (Figure 

3B). Yeast two hybrid analysis further indicated that the N-terminus of Haspin binds the 

N-terminus of PDS5B through the PIM-HIM interaction module (Figure 3C). To 

investigate the functional significance of this interaction in human cells, we raised a 

doxycycline-inducible GFP-tagged Haspin (-WT or -pim) HeLa cell line and observed 

protein localizations at the inner centromeres in nocodazole-arrested cells (Figure S3B). 

Remarkably, although wild type Haspin was enriched at the inner centromeres, the 

mutant protein Haspin-pim was hardly detected on the inner centromere (Figure 3D). 

Moreover, the reduction in Aurora B signals in Haspin siRNA-treated cells was rescued 

by the expression of Haspin-WT-GFP but not by that of Haspin-pim-GFP (Figure 3D). 

In human, shugoshin and Aurora B form the inner centromere–shugoshin (ICS) network 

regulating both sister chromatid cohesion and chromosome bi-orientation [2, 18]. Sister 

chromatid cohesion was weakened in Haspin-pim-GFP expressing cells (Figure 3D), 

suggesting the impairment in the integrity of ICS network. These results support the 

notion that Pds5 recruits Haspin to the inner centromeres through the PIM-HIM 

interaction module in a manner that is conserved between fission yeast and humans. 

 

The HIM of Pds5 is a crucial platform for Wpl1 and Eso1 in fission yeast 
A recent X-ray crystal structure study suggested that human PDS5B A92 

(corresponding to A83 in the HIM of fission yeast Pds5) is a critical residue in the 

interaction with Wapl [6] (Figure 1C). Notably, the PIM of Hrk1/Haspin shows a 

similarity to the YSR motif of human Wapl and Sororin, which is required for PDS5B 

binding (Figure S4C, [6]). We found that while the Sororin homolog has not been 

identified in yeasts [12], the fission yeast Wapl homolog Wpl1 has the same conserved 

PIM sequence in its N-terminus, which might correspond to the YSR motif of human 

Wapl (Figure 4A). Indeed, the mutation of the PIM in the N-terminus of Wpl1 impaired 

Pds5 binding, whereas the pds5-him mutation also impaired this interaction (Figure 4B). 

To investigate the functional significance of the Wpl1-Pds5 interaction, we took 

advantage of the fact that wpl1∆ suppresses the temperature sensitivity of eso1-H17 

[19]. Indeed, the expression of the Wpl1-WT in eso1-H17 wpl1∆ cells caused growth 

defects at higher temperature, whereas the expression of Wpl1-pim did not result in any 

growth defects (Figure 4C), suggesting that Wpl1-pim is non-functional. These results 
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indicate that the protein-protein interaction modules of Pds5 and Wapl are conserved 

between yeasts and humans, and that this interaction is crucial for Wpl1/Wapl function. 

 

Eso1/Eco1 acetyltransferase is also known to interact with Pds5 to establish cohesion 

through Smc3/Psm3 acetylation [13, 17, 20-27], although it is not known how Pds5 

interacts with Eso1 in fission yeast. We found that a PIM-like motif exists in the middle 

region of fission yeast Eso1, which was previously mapped as a Pds5 binding region 

[28] (Figure 4D). A mutation in the PIM of Eso1 impairs interaction of Eso1 with Pds5 

and importantly the pds5-him mutation impairs the interaction of Pds5 with Eso1 

(Figure 4E). Notably, eso1-pim cells show a growth defect at higher temperature as well 

as TBZ sensitivity, both of which are suppressed by wpl1∆ (Figure 4F). Furthermore, 

Psm3-K106 acetylation is reduced in eso1-pim and pds5-him cells, both of which show 

cohesion defects (Figure 4G and 4H). These results support the functional interaction of 

Eso1 with Pds5 through the conserved motifs, PIM and HIM, respectively. Notably, 

although the eso1∆ mutant is lethal, the eso1∆ wpl1∆ double mutant is viable, while 

mildly defective in sister chromatid cohesion [13] (Figure S4A). Because Pds5 interacts 

with both Eso1 and Wpl1 through the same interaction module, we examined the 

possibility that the pds5-him mutant might mimic the eso1∆ wpl1∆ double mutant. 

Indeed, these two mutants as well as the eso1∆ wpl1∆ pds5-him triple mutant showed 

almost identical defects in sister chromatid cohesion (Figure S4A), revealing the 

specific functional interaction of the HIM of Pds5 with Eso1 and Wpl1. PIM in Eso1 

homologs is found only in the Schizosaccharomyces group; human Esco1 does not 

contain PIM, although Esco1 binds PDS5A/B, presumably through a different pathway 

[25, 26]. Because Sororin interacts with PDS5B through the YSR motif (PIM) and 

might be present only in metazoans [6, 12, 29], fission yeast Eso1 might be the 

prototype for human Esco1 and Sororin, which are essential for cohesin acetylation and 

antagonizing Wapl through binding to Pds5. 

 

To examine the localization profile during the cell cycle, we performed 

immunoprecipitation assays using asynchronous (mostly G2 phase) or M-phase cells. 

Both Eso1 and Wpl1 associated with Pds5 in both G2 and M phase (Figure S4D and 

S4E). To compare the protein levels of Pds5, Hrk1, Eso1 and Wpl1, we tagged these 

proteins with GFP in their C-termini and examined the fluorescence under a 
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microscope. Signal quantification of interphase and M phase cells revealed that Pds5 is 

much more abundant than the other proteins throughout the cell cycle (Figure 4I). 

Although Hrk1-GFP accumulated at centromeres in M-phase arrested cells (Figure 2A), 

it was hardly detectable in un-arrested M-phase cells (Figure 4I). Thus, while Eso1, 

Wpl1 and Hrk1 all bind to the same surface of Pds5, we assume that they do not always 

compete for binding because of the excess amounts of Pds5 in the cells. 

 

In conclusion, our data identify the HIM of Pds5 as a binding motif for Haspin/Hrk1 in 

fission yeast. Our analyses also show that human PDS5B binds Haspin through the 

same HIM-PIM interaction module, indicating that the Haspin localization mechanism 

is highly conserved. Our analyses reveal that the Top2-dependent Haspin recruitment 

mechanism also functions in fission yeast as shown in budding yeast and Xenopus [15, 

16]. We further showed that the HIM in Pds5 also interacts with Wpl1 and Eso1 

through the same HIM-PIM interaction module in fission yeast. Thus, our study reveals 

that the HIM in Pds5 serves as a chromatin platform for regulating sister chromatid 

cohesion and chromosome bi-orientation.  

 

EXPERIMENTAL PROCEDURES 
All methods and reagents used are described in the Supplemental Experimental 

Procedures. 

 
SUPPLEMENTAL INFORMATION 
Supplemental Information includes Supplemental Experimental Procedures and four 

figures, and can be found with this article online at XXXXXXXXX. 

 

Author Contributions 

Y.G., Y.Y and Y.W. designed the experiments. Y.G. and Y.Y. conducted the yeast 

experiments. Y.Y., M.SK., M.A., and Y.T. conducted the HeLa cell experiments. Y.W. 

supervised the project. Y.G. and Y.W. wrote the manuscript. 

 

Acknowledgements 

We thank Hiroyuki Miyoshi, Makoto Nakanishi, Yoshikazu Johmura, Yuki Okada, 

Yoshinori Makino, Takashi Sutani and Katuhiko Shirahige for kindly providing 



 8 

materials and technical information; Shiho Takahashi-Kariyazono for technical advice; 

all members of the Watanabe laboratory for their support and discussion. We also thank 

the National Bio-Resource Project of the MEXT, Japan for yeast strains. This work was 

supported in part by a JSPS Research Fellowship (to Y.G.), JPSP KAKENHI Grant 

Number 24770180, 26440093 (to Y.T.), and MEXT KAKENHI Grant Number 

25000014 (to Y.W.). 

 

References 

 

1. Nasmyth, K. (2011). Cohesin: a catenase with separate entry and exit gates? Nat 

Cell Biol 13, 1170-1177. 

2. Watanabe, Y. (2012). Geometry and force behind kinetochore orientation: 

lessons from meiosis. Nat Rev Mol Cell Biol 13, 370-382. 

3. Kelly, A.E., Ghenoiu, C., Xue, J.Z., Zierhut, C., Kimura, H., and Funabiki, H. 

(2010). Survivin Reads Phosphorylated Histone H3 Threonine 3 to Activate the 

Mitotic Kinase Aurora B. Science 330, 235-239. 

4. Wang, F., Dai, J., Daum, J.R., Niedzialkowska, E., Banerjee, B., Stukenberg, 

P.T., Gorbsky, G.J., and Higgins, J.M. (2010). Histone H3 Thr-3 

Phosphorylation by Haspin Positions Aurora B at Centromeres in Mitosis. 

Science 330, 231-235. 

5. Yamagishi, Y., Honda, T., Tanno, Y., and Watanabe, Y. (2010). Two histone 

marks establish the inner centromere and chromosome bi-orientation. Science 

330, 239-243. 

6. Ouyang, Z., Zheng, G., Tomchick, D.R., Luo, X., and Yu, H. (2016). Structural 

Basis and IP6 Requirement for Pds5-Dependent Cohesin Dynamics. Mol Cell 

62, 248-259. 

7. Shintomi, K., and Hirano, T. (2009). Releasing cohesin from chromosome arms 

in early mitosis: opposing actions of Wapl-Pds5 and Sgo1. Genes Dev 23, 2224-

2236. 

8. Murayama, Y., and Uhlmann, F. (2015). DNA Entry into and Exit out of the 

Cohesin Ring by an Interlocking Gate Mechanism. Cell 163, 1628-1640. 



 9 

9. Kueng, S., Hegemann, B., Peters, B.H., Lipp, J.J., Schleiffer, A., Mechtler, K., 

and Peters, J.M. (2006). Wapl controls the dynamic association of cohesin with 

chromatin. Cell 127, 955-967. 

10. Waizenegger, I.C., Hauf, S., Meinke, A., and Peters, J.M. (2000). Two distinct 

pathways remove mammalian cohesin from chromosome arms in prophase and 

from centromeres in anaphase. Cell 103, 399-410. 

11. Gandhi, R., Gillespie, P.J., and Hirano, T. (2006). Human Wapl is a cohesin-

binding protein that promotes sister-chromatid resolution in mitotic prophase. 

Current Biology 16, 2406-2417. 

12. Nishiyama, T., Ladurner, R., Schmitz, J., Kreidl, E., Schleiffer, A., Bhaskara, 

V., Bando, M., Shirahige, K., Hyman, A.A., Mechtler, K., et al. (2010). Sororin 

mediates sister chromatid cohesion by antagonizing Wapl. Cell 143, 737-749. 

13. Vaur, S., Feytout, A., Vazquez, S., and Javerzat, J.P. (2012). Pds5 promotes 

cohesin acetylation and stable cohesin-chromosome interaction. EMBO Rep 13, 

645-652. 

14. Coelho, P.A., Queiroz-Machado, J., Carmo, A.M., Moutinho-Pereira, S., 

Maiato, H., and Sunkel, C.E. (2008). Dual role of topoisomerase II in 

centromere resolution and aurora B activity. PLoS Biol 6, e207. 

15. Yoshida, M.M., Ting, L., Gygi, S.P., and Azuma, Y. (2016). SUMOylation of 

DNA topoisomerase IIalpha regulates histone H3 kinase Haspin and H3 

phosphorylation in mitosis. The Journal of cell biology 213, 665-678. 

16. Edgerton, H., Johansson, M., Keifenheim, D., Mukherjee, S., Chacon, J.M., 

Bachant, J., Gardner, M.K., and Clarke, D.J. (2016). A noncatalytic function of 

the topoisomerase II CTD in Aurora B recruitment to inner centromeres during 

mitosis. The Journal of cell biology 213, 651-664. 

17. Carretero, M., Ruiz-Torres, M., Rodriguez-Corsino, M., Barthelemy, I., and 

Losada, A. (2013). Pds5B is required for cohesion establishment and Aurora B 

accumulation at centromeres. EMBO J 32, 2938-2949. 

18. Carmena, M., Wheelock, M., Funabiki, H., and Earnshaw, W.C. (2012). The 

chromosomal passenger complex (CPC): from easy rider to the godfather of 

mitosis. Nat Rev Mol Cell Biol 13, 789-803. 

19. Feytout, A., Vaur, S., Genier, S., Vazquez, S., and Javerzat, J.P. (2011). Psm3 

acetylation on conserved lysine residues is dispensable for viability in fission 



 10 

yeast but contributes to Eso1-mediated sister-chromatid cohesion by 

antagonizing Wpl1. Mol Cell Biol. 

20. Rowland, B.D., Roig, M.B., Nishino, T., Kurze, A., Uluocak, P., Mishra, A., 

Beckouet, F., Underwood, P., Metson, J., Imre, R., et al. (2009). Building sister 

chromatid cohesion: smc3 acetylation counteracts an antiestablishment activity. 

Mol Cell 33, 763-774. 

21. Ben-Shahar, T.R., Heeger, S., Lehane, C., East, P., Flynn, H., Skehel, M., and 

Uhlmann, F. (2008). Eco1-dependent cohesin acetylation during establishment 

of sister chromatid cohesion. Science 321, 563-566. 

22. Unal, E., Heidinger-Pauli, J.M., Kim, W., Guacci, V., Onn, I., Gygi, S.P., and 

Koshland, D.E. (2008). A molecular determinant for the establishment of sister 

chromatid cohesion. Science 321, 566-569. 

23. Zhang, J., Shi, X., Li, Y., Kim, B.J., Jia, J., Huang, Z., Yang, T., Fu, X., Jung, 

S.Y., Wang, Y., et al. (2008). Acetylation of Smc3 by Eco1 is required for S 

phase sister chromatid cohesion in both human and yeast. Mol Cell 31, 143-151. 

24. Noble, D., Kenna, M.A., Dix, M., Skibbens, R.V., Unal, E., and Guacci, V. 

(2006). Intersection between the regulators of sister chromatid cohesion 

establishment and maintenance in budding yeast indicates a multi-step 

mechanism. Cell Cycle 5, 2528-2536. 

25. Minamino, M., Ishibashi, M., Nakato, R., Akiyama, K., Tanaka, H., Kato, Y., 

Negishi, L., Hirota, T., Sutani, T., Bando, M., et al. (2015). Esco1 Acetylates 

Cohesin via a Mechanism Different from That of Esco2. Curr Biol 25, 1694-

1706. 

26. Rahman, S., Jones, M.J., and Jallepalli, P.V. (2015). Cohesin recruits the Esco1 

acetyltransferase genome wide to repress transcription and promote cohesion in 

somatic cells. Proc Natl Acad Sci U S A 112, 11270-11275. 

27. Chan, K.L., Gligoris, T., Upcher, W., Kato, Y., Shirahige, K., Nasmyth, K., and 

Beckouet, F. (2013). Pds5 promotes and protects cohesin acetylation. Proc Natl 

Acad Sci U S A 110, 13020-13025. 

28. Tanaka, K., Hao, Z., Kai, M., and Okayama, H. (2001). Establishment and 

maintenance of sister chromatid cohesion in fission yeast by a unique 

mechanism. EMBO Journal 20, 5779-5790. 



 11 

29. Zhang, N., and Pati, D. (2012). Sororin is a master regulator of sister chromatid 

cohesion and separation. Cell Cycle 11, 2073-2083. 

 

 

Figure 1. Pds5-Hrk1 interaction depends on conserved motifs HIM and PIM in 
fission yeast. 
(A) Schematics of Hrk1 and the multiple alignment of the PIM of Haspin/Hrk1. Blue 

letters indicate the conserved PIM sequence and the alanine-substituted pim mutant (see 

also Figure S1A).  

(B) Yeast two-hybrid analysis using the WT and pim mutant of Hrk1. Ras and Raf are 

negative control.  

(C) Schematics of Pds5 and the multiple alignment of the HIM in Pds5. Red letters 

indicate the conserved HIM sequence and the alanine-substituted him mutant (see also 

Figure S1C). A sliding-window analysis was performed to identify the conserved amino 

acid site of the Pds5 (see also Supplemental Experimental Procedures).  

(D) Yeast two-hybrid analysis using the N-terminal fragment of Pds5. Rad21 is a 

subunit of cohesin as positive control of Pds5 interaction.  

(E) Cell extracts were prepared from pds5-13myc hrk1-GFP cells growing 

asynchronously (G2) or arrested at M-phase by nda3-KM311 (M). Note that the 

S.pombe asynchronous cells are mostly in G2. Hrk1-GFP was immunoprecipitated (IP) 

with an anti-GFP antibody to test for precipitation together with Pds5-13myc. 

(F) Cell extracts were prepared from the indicated mutant cells arrested at M-phase. 

Hrk1-GFP was immunoprecipitated to test for precipitation together with Pds5-13myc. 

 

Figure 2. Pds5-Hrk1 interaction is required for Hrk1 localization and subsequent 
Aurora B recruitment in fission yeast. 
(A) Localization of endogenous Hrk1-GFP in WT and mutant cells arrested at M-phase 

by nda3-KM311. 

(B) ChIP analysis of WT, hrk1-pim and pds5-him cells. ChIP analysis was used to 

measure Bir1, Hrk1, Pds5, H3-pT3, and H3 throughout the kinetochore (cnt1, imr1), 

heterochromatic centromere (dg, dh), mating type locus (mat), and subtelomere (tel); 

and the euchromatic arm region (mps1, 56F2, zfs1 and mes1) in the indicated strains 
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arrested at M-phase. Mean values from three polymerase chain reaction (PCR) 

amplifications are shown with SD (error bars). 
(C) The signal intensity of Ark1-GFP in metaphase cells from asynchronous culture was 

measured; n = 20 cells. Mean values from 3 independent experiments are shown with 

SD (error bars). 

(D) Quantification of the frequency of lagging chromosomes in anaphase of each 

mutant; n > 150 anaphase cells. Mean values from 3 independent experiments are 

shown with SD (error bars). 

(E) The signal intensity of Ark1-GFP was measured in the indicated cells in metaphase; 

n=20 cells. Swi6-ChromoDomain (CD) was fused to Hrk1 C-terminus and ectopically 

expressed. Error bars represent SD (n = 3). 

(F) Quantification of the frequency of lagging chromosomes in anaphase of each 

mutant; n > 150 anaphase cells. CD was fused to Hrk1 C-terminus and ectopically 

expressed in pds5-him mutant. Error bars represent SD (n = 3). 

(G) Serial dilution growth assay of indicated mutant cells. Cells were spotted with 10 

times dilution in each spot with or without 15 µg/ml TBZ in YE media. 

***p < 0.005, ****p < 0.001, one-way ANNOVA with Bonferroni’s multiple 

comparisons test relative to WT [(C), (D) and (E)] or to CD[F]. Scale bars 3 µm. 

See Figures S2 and S4. 

 
Figure 3. Human PDS5B recruits Haspin through the conserved PIM-HIM 
interaction modules in Human cells. 
(A) Haspin-GFP expressing cells were treated with siRNAs against PDS5A and/or 

PDS5B (see also Figure S3A). Cells were treated with nocodazole and immunostained. 

Lower graphs represent the quantification of centromeric Haspin and Aurora B signals 

divided by the signal on chromosome arm from 10 centromeres in each cell (n = 5 cells, 

error bar SEM).  

(B) Cell extracts prepared from nocodazole-arrested cells were immunoprecipitated (IP) 

by anti-Haspin antibody and control IgG. Co-precipitated PDS5A/B were 

immunoblotted. Actin is the negative control for co-immunoprecipitation. * indicates 

IgG heavy chain in IP lanes. 
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(C) Yeast two-hybrid assays of PDS5B against Haspin. Haspin-pim and PDS5B-him 

mutation were shown in Figure 1A and C, respectively. Left plate lacks histidine and 

contains 1 mM 3-AT for selection, while right plate only lacks histidine for selection. 

(D) Haspin-GFP expressing cells were treated with siRNA against endogenous Haspin 

(see also Figure S3B). Cells were treated with nocodazole and immunostained. Lower 

graphs represent the quantification of centromeric Haspin and Aurora B as in Figure 3A 

(n = 5 cells, error bar SEM) and the measurement of CENP-C distance from each cells 

(n = 50 kinetochores from 5 cells, error bar SD).  

****p < 0.001, one-way ANNOVA with Bonferroni’s multiple comparisons test 

relative to control (A) or two-tailed unpaired t-test (D). Scale bars 3 µm. 

 
Figure 4. Eso1 and Wpl1 also utilize PIM-HIM interaction module for Pds5 
binding.  
(A) Schematics of fission yeast Wpl1 and the multiple alignment of the PIM in Wapl. 

Blue letters indicate the YSR motif [6], which is similar to the PIM. 

(B) Yeast two-hybrid analysis using Wpl1, Pds5 and their mutants.  

(C) Growth assay at restrictive temperature of eso1-H17 wpl1∆ cells carrying the 

indicated plasmids. In the presence of thiamine, Wpl1 expression from nmt81 promoter 

was repressed. In the absence of thiamine, Wpl1 was expressed. 

(D) Schematics of Eso1 and the multiple alignment of the PIM in Eso1 among 

Schizosaccharomyces group members. Blue box indicates N-terminus DNA polymerase 

Y family domain, brown indicates Zinc Finger, and orange indicates the 

acetyltransferase domain. Blue letters show the PIM in Eso1 and substituted residues in 

eso1-pim mutant. 

(E) Yeast two-hybrid analysis of Eso1 against Pds5. T (T-antigen) is a negative control. 

(F) Serial dilution growth assay. The endogenous eso1+ gene was replaced by eso1+-

GFP or eso1-pim-GFP. TBZ was added in the right two plates with indicated 

concentrations. 

(G) The Psm3-FLAG protein was immunoprecipitated from cell extracts of each strain 

(asynchronous cell culture, mainly G2). Samples were analyzed by immunoblot using 

anti-AcK106-Psm3, anti-FLAG anti-Myc. 
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(H) Distances of sister cen2-GFP were measured in the indicated cells, which were 

arrested at metaphase (by cut9-665, see also Figure S4A). Error bars represent SD (n = 

20 cells). 

(I) Signal intensity of Pds5 and its interactors with GFP tag in asynchronous culture. 

Pictures are representative from single focus. The arrowhead indicates prometaphase 

cells. Each bar represents the average nuclear signal intensity of interphase cells (I) and 

prometaphase cells (M). Error bars represent SD (n = 20 cells). Scale bars 3 µm. 
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Figure S1, related to Figure 1�
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Figure S1, related to Figure 1. Mapping of interaction domain of Pds5 and Hrk1. �
(A) The schematics of Hrk1 and the fragments used in the yeast two-hybrid assay against Pds5 are shown. 
The Pds5 interacting fragment is shown in red. The yeast two-hybrid results are shown in the right pictures. 
(B) Phylogenetic tree of Haspin/Hrk1 calculated by kinase domain conservation. The kinase domain is 
shown by the black square, PIM is indicated by the red square and the PIM-like motif is indicated by the 
orange square. The PIM-like motif is following; S. cerevisiae alk2: aa.14-RRYFA- , C. elegans-1: aa.156-
REYHD- , Maize: aa.114-KAYFE- , Arabidopsis: aa.78-RAYVN- . �
(C) Schematics of Pds5 and the fragments used in the yeast two-hybrid assay against Hrk1-N are shown. 
The Hrk1-N interacting fragment is shown in red. The actual yeast two-hybrid results are shown in the right 
pictures.�
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Figure S2, related to Figure 2  �

0
0.005

0.01
0.015
0.02

0.025

0
0.005

0.01
0.015
0.02

0.025

C� Hrk1-GFP ChIP in 
central core (%)

cnt1

imr1

**�

*�

0	

0.02	

0.04	

0	

5	

10	

0	

5	

10	

0	

0.2	 Top2-13myc ChIP (%)

Hrk1-GFP ChIP (%)

H3 ChIP (%)

Cnp1 ChIP (%)

zf
s1

m
es

1

m
sp

1

Hetero. Eu.Kin.

56
F2dh m
atim
r1 dg te
l

cn
t1

B�

A�

WT pds5-him top2-12KR pds5-him 
top2-12KR

0	

5	

10	

0	

1	

2	
0	

0.05	

0.1	

0	

0.5	

1	

H3 ChIP (%)

H3-pT3 / H3 ChIP (%)

Bir1 ChIP (%)

Hrk1-GFP ChIP (%)

im
r1 zf
s1

m
es

1

m
sp

1

Hetero. Eu.Kin.

56
F2dh m
atdg te
l

cn
t1

im
r1 zf
s1

m
es

1

m
sp

1

Hetero. Eu.Kin.

56
F2dh m
atdg te
l

cn
t1

im
r1 zf
s1

m
es

1

m
sp

1

Hetero. Eu.Kin.

56
F2dh m
atdg te
l

cn
t1

im
r1 zf
s1

m
es

1

m
sp

1

Hetero. Eu.Kin.

56
F2dh m
atdg te
l

cn
t1

D�

pds5-him

WT

Hrk1

Cohesin
Kinetochore

Top2
SUMOHrk1

Pds5
Hrk1

Pds5Pds5

Hrk1

Kinetochore
Top2 Pds5Pds5

SUMO



Figure S2, related to Figure 2. Top2 C-terminal SUMOylation supports Hrk1 recruitment by Pds5�
 (A) ChIP analysis of WT, pds5-him, top2-12KR and pds5-him top2-12KR cells. ChIP analysis was used 
to measure Bir1, Hrk1,  H3-pT3, and H3 throughout the chromosome loci used in other ChIP 
experiments in the indicated strains arrested at M-phase. Averages of three PCR amplifications are 
shown. Error bars represent SD (n = 3).�
(B) ChIP analysis was used to measure Top2-13myc, Hrk1, H3, and Cnp1 (CENP-A in S. pombe) 
throughout the chromosome loci used in other ChIP experiments in the WT cells arrested at M-phase. 
Averages of three PCR amplifications are shown. Error bars represent SD (n = 3).�
(C) ChIP analysis was used to measure the central core (cnt1, imr1) accumulation of Hrk1-GFP in WT, 
pds5-him, top2-12KR and pds5-him top2-12KR cells at M-phase. Averages of 9 PCR amplifications 
from 3 independent IPs are shown. Error bars represent SD (n = 9). �
(D) Schematic image of Top2 function for Hrk1 localization. Hrk1 transiently associates with Top2 
around kinetochores, and moves onto Pds5 enriched around centromeres. 
*p < 0.05, **p < 0.01, ****p < 0.001, one-way ANNOVA with Bonferroni’s multiple comparisons test.�

To examine whether Top2 is required for Hrk1 recruitment also in fission yeast, we sought to construct a 
non-SUMOylated Top2 mutant. Previous proteomics analysis targeting SUMOylated proteins in fission 
yeast identified the 12 SUMOylated lysines in the C-terminus of Top2 [S1]. Therefore, we constructed a 
top2-12KR strain, in which 12 SUMOylated lysines were replaced with arginines. ChIP assays of mitotic 
cells indicated that chromatin associated Hrk1, H3-pT3 and Bir1 were slightly reduced in top2-12KR 
cells, whereas they were mildly reduced in pds5-him cells (Figure S2A). Remarkably, the pds5-him 
top2-12KR double mutant cells showed a synergetic reduction of Hrk1 localization, indicating that Pds5 
and Top2 act in related but different ways in loading Hrk1 onto chromatin. ChIP assays indicated that 
Top2 accumulates at the central core region of centromeres during M phase (Figure S2B, [S2]), although 
Hrk1 localizes to cohesin sites (Figure 2B  and S2B). Therefore, we hypothesized that the interaction 
between Hrk1 and Top2 might be not stable. If the interaction of Top2 with Hrk1 is transient or weaker 
than that with Pds5, Hrk1 may accumulate at the central core only in the absence of Pds5 (or in the 
pds5-him mutant) (Figure S2D). Consistent with this prediction, a slight, but significant accumulation of 
Hrk1 at the central core region was observed in the pds5-him cells as compared with WT cells (Figure 
S2C) despite the reduction of Hrk1 in other cohesin-rich regions. Importantly, this residual accumulation 
of Hrk1 was canceled in the pds5-him top2-12KR double mutant (Figure S2C). These data suggest that 
Top2 facilitates Hrk1 recruitment to chromatin, especially near kinetochores, and that Pds5 takes over 
Hrk1 from Top2 (Figure S2D).�
�



Figure S3, related to Figure 3�
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Figure S3, related to Figure 3. Immunoblot assay of HeLa cells used in Figure 3.�
(A) Immunoblot of the indicated proteins using HeLa cell line stably expressing Haspin-GFP extracts 
treated with the indicated siRNAs.�
(B) The indicated HeLa cells treated with 3’UTR targeted siRNA were subjected to immunoblot of 
Haspin. Asterisk indicates the non-specific background band in Haspin immunoblotting.�



Figure S4, related to Figure 2 and 4�
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(C) Schematics of human Wapl. Red boxes show the PIMs and black boxes indicate the FGF motif. Yeast
two-hybrid analysis of human Wapl against human PDS5B with PIM and FGF mutations.
(D) Cell extracts were prepared from pds5-13myc eso1-GFP cells growing asynchronously (G2) or arrested
at M-phase (by nda3-KM311). Eso1-GFP was immunoprecipitated (IP) with anti-GFP antibody to test for
precipitation together with Pds5-13myc.
(E) Cell extracts were prepared from pds5-13myc wpl1-GFP cells growing asynchronously (G2) or arrested
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Table 1 S. pombe strains

PD 557 h+ ade6 nda3-KM311 hrk1::nat c::Phrk1-hrk1-Thrk1<<hyg pds5-13myc<<bsd
PD 558 h+ ade6 nda3-KM311 hrk1::nat c::Phrk1-hrk1-GFP<<kanhyg pds5-13myc<<bsd

PD 557 h+ ade6 nda3-KM311 hrk1::nat c::Phrk1-hrk1-Thrk1<<hyg pds5-13myc<<bsd
PD 558 h+ ade6 nda3-KM311 hrk1::nar c::Phrk1-hrk1-GFP<<kanhyg pds5-13myc<<bsd
YZ 432 h+ ade6 leu1 nda3-KM311 hrk1::nat c::Phrk1-hrk1-pim-GFP<<kanhyg pds5-13myc<<bsd
YZ 433 h+ ade6 leu1 nda3-KM311 hrk1::nat c::Phrk1-hrk1-GFP<<kanhyg pds5-him-13myc<<bsd

PD 558 h+ ade6 nda3-KM311 hrk1::nat c::Phrk1-hrk1-GFP<<kanhyg pds5-13myc<<bsd
YZ 432 h+ ade6 leu1 nda3-KM311 hrk1::nat c::Phrk1-hrk1-pim-GFP<<kanhyg pds5-13myc<<bsd
YZ 433 h+ ade6 leu1 nda3-KM311 hrk1::nat c::Phrk1-hrk1-GFP<<kanhyg pds5-him-13myc<<bsd

PD 558 h+ ade6 nda3-KM311 hrk1::nat c::Phrk1-hrk1-GFP<<kanhyg pds5-13myc<<bsd
YZ 432 h+ ade6 leu1 nda3-KM311 hrk1::nat c::Phrk1-hrk1-pim-GFP<<kanhyg pds5-13myc<<bsd
YZ 433 h+ ade6 leu1 nda3-KM311 hrk1::nat c::Phrk1-hrk1-GFP<<kanhyg pds5-him-13myc<<bsd

PL 874 h90 ade6-M216 leu1 ark1+-GFP<<kan z::Padh15-mcherry-atb2+<<nat
PP 338 h90 ade6-M216 leu1 ark1-GFP<<kan z::Padh15-mCherry-atb2<<hyg hrk1::nat
PJ 350 h90 ade6 leu1 pds5::hyg z::Padh13-mCherry-atb2<<nat ark1-GFP<<kan
PA 292 h- h- leu1 ark1-GFP<<kan z::Padh13-mCherry-atb2<<hyg hrk1::nat c::Phrk1-hrk1-pim-Thrk1<<hyg
YZ 404 h90 ade leu1 ark1-GFP<<kan pds5-him-13myc<<bsd  z::Padh13-mCherry-atb2<<nat

PJ 209 h90 ade6-M216 leu1 z::Padh13-mCherry-atb2<<nat
PJ 283 h- ade6-M216 leu1 hrk1::hyg z::Padh13-mCherry-atb2<<nat
PJ 349 h- ade6 leu1 pds5::kan z::Padh13-mCherry-atb2<<nat
PA 293 h- leu1 z::Padh13-mCherry-atb2<<hyg hrk1::nat c::Phrk1-hrk1-pim-Thrk1<<hyg
YZ 405 h90 ade leu1 pds5-him-13myc<<bsd  z::Padh13-mCherry-atb2<<nat

PL 874 h90 ade6-M216 leu1 ark1-GFP<<kan z::Padh15-mcherry-atb2<<nat

YZ 461 h+ ade leu1 ark1-GFP<<kan pds5-him-13myc<<bsd  z::Padh13-mCherry-atb2<<nat lys1::Padh41-CFP-
2CD<<hyg

YZ 466 h+ ade leu1 ark1-GFP<<kan pds5-him-13myc<<bsd  z::Padh13-mCherry-atb2<<nat c::Padh41-hrk1-CFP-
2CD<<hyg

YZ 484 h+ ade leu1 ark1-GFP<<kan pds5-him-13myc<<bsd z::Padh13-mCherry-atb2<<nat c::Padh41-hrk1-pim-CFP-
2CD<<hyg

YZ 489 h+ ade leu1 ark1-GFP<<kan pds5-him-13myc<<bsd  z::Padh13-mCherry-atb2<<nat c::Padh41-hrk1(KR)-CFP-
2CD<<hyg

YZ 468 h90 ade leu1 pds5-him-13myc<<bsd  z::Padh13-mCherry-atb2<<nat lys1::Padh41-CFP-2CD<<hyg
YZ 473 h90 ade leu1 pds5-him-13myc<<bsd  z::Padh13-mCherry-atb2<<nat c::Padh41-hrk1-CFP-2CD<<hyg
YZ 482 h90 ade leu1 pds5-him-13myc<<bsd  z::Padh13-mCherry-atb2<<nat c::Padh41-hrk1-pim-CFP-2CD<<hyg
YZ 487 h90 ade leu1 pds5-him-13myc<<bsd  z::Padh13-mCherry-atb2<<nat c::Padh41-hrk1(KR)-CFP-2CD<<hyg

JY 450 h90 ade6-M216 leu1
PJ 280 h+ ade6-M216 leu1 hrk1::nat
PJ 395 h- ura4-D18 leu1 pds5::ura4
YZ 407 h- ade leu1 pds5-him-13myc<<bsd
PA 254 h+ ade6-M216 leu1 hrk1::natr c::Phrk1-hrk1(4A)-Thrk1<<hyg

YW 14 h- eso1-H17 wpl1::natr leu1 pREP81-mCherry
YW 15 h- eso1-H17 wpl1::natr leu1 pREP81-wpl1-mCherry
YW 16 h- eso1-H17 wpl1::natr leu1 pREP81-wpl1-pim-mCherry

JY 450 h90 ade6-M216 leu1

Fig 2F

Fig 1E

Fig 2A

Fig 1F

Fig 2B

Fig 2C

Fig 2D

Fig 2E

Fig 4F

Fig 2G

Fig 4C



PJ 395 h- ura4-D18 leu1 pds5::ura4
PP 101 h- leu1 wpl1::hyg
YZ 592 h+ or h- leu1  eso1-GFP<<kan
YZ 593 h+ or h- leu1  eso1-pim-GFP<<kan
YZ 587 h- leu1 wpl1::hygr eso1-GFP<<kan
YZ 588 h- leu1 wpl1::hygr eso1-pim-GFP<<kan

JY 450 h90 ade6-M216 leu1
YW 8 h90 or h+ ade6 leu1 wpl1::hyg psm3-FLAG'<<kan eso1-GFP<<kan pds5-13myc<<bsd
YW 9 h90 or h+ ade6 leu1 wpl1::hyg psm3-FLAG'<<kan eso1-pim-GFP<<kan pds5-13myc<<bsd
YW 6 h90 or h+  ade6 leu1 wpl1::hyg psm3-FLAG'<<kan eso1-GFP<<kan pds5-him-13myc<<bsd

YW 27 h? pds5-GFP z::Padh13-mCherry-atb2<<nat ade6 leu1
YZ 438 h90 or h- ade leu1 eso1-GFP<<kan z::Padh13-mCherry-atb2<<nat
YZ 440 h90 ade leu1 wpl1-GFP<<hyg z::Padh13-mCherry-atb2<<nat
PJ 222 h90 ade6-M216 leu1 hrk1-GFP<<hyg z::Padh13-mCherry-atb2<<nat

PA 242 h+ ade6 nda3-KM311 hrk1-GFP<<hyg pds5-13myc<<bsd
PA 299 h+ ade6 nda3-KM311 hrk1-GFP<<hyg  pds5-him-13myc<<bsd
YW 75 h+ ade6-M216 nda3-KM311 hrk1-GFP<<hyg  top2-12KR-3FLAG<<kan
YW 85 h+ or h- ade6-M216 nda3-KM311 hrk1-GFP<<hyg  top2-12KR-3FLAG<<kan pds5-him-13myc<<bsd

YZ 575 h+ ade6-M216 nda3-KM311 hrk1-GFP<<hygr top2-13myc<<bsd

PA 242 h+ ade6 nda3-KM311 hrk1-GFP<<hyg pds5-13myc<<bsd
PA 299 h+ ade6 nda3-KM311 hrk1-GFP<<hyg  pds5-him-13myc<<bsd
YW 75 h+ ade6-M216 nda3-KM311 hrk1-GFP<<hyg  top2-12KR-3FLAG<<kan
YW 85 h+ or h- ade6-M216 nda3-KM311 hrk1-GFP<<hyg  top2-12KR-3FLAG<<kan pds5-him-13myc<<bsd

YZ 426 h+ or h- ade leu1 cut9-665 cen2-GFP z::Padh15-mCherry-atb2<<nat pds5-13myc<<bsd
PJ 355 h+ leu1 cut9-665 cen2-GFP z::Padh15-mCherry-atb2<<nat pds5::hyg
YZ 427 h+ ade leu1 cut9-665 cen2-GFP z::Padh15-mCherry-atb2<<natr pds5-him-13myc<<bsd
PJ 330 h+ leu1 cut9-665 cen2-GFP z::Padh15-mCherry-atb2<<natr hrk1::hygr
PH 227 h+ leu1? cut9-665 cen2-GFP wpl1::hygr z::Padh15-mCherry-atb2<natr
YZ 490 h+ or h- leu1 cut9-665 cen2-GFP z::Padh15-mCherry-atb2<<natr eso1::ura4 wpl1::hyg
YZ 491 h+ or h- leu1 cut9-665 cen2-GFP z::Padh15-mCherry-atb2<<natr eso1::ura4 wpl1::hyg pds5-him-13myc<<bsd

YZ 426 h+ or h- ade leu1 cut9-665 cen2-GFP z::Padh15-mCherry-atb2<<nat pds5-13myc<<bsd
YZ 427 h+ ade leu1 cut9-665 cen2-GFP z::Padh15-mCherry-atb2<<natr pds5-him-13myc<<bsd
YW 203 h+ or h- ade? leu1 cut9-665 cen2-GFP z::Padh15-mCherry-atb2<<natr pds5-13myc<<bsd  c::Padh41-hrk1-CFP-

2CD<<hyg
YW 204 h+ h+ ade? leu1 cut9-665 cen2-GFP z::Padh15-mCherry-atb2<<natr pds5(HIM2-3A)-13myc<<bsd c::Padh41-

hrk1-CFP-2CD<<hyg

PD 557 h+ ade6 nda3-KM311 hrk1::nat c::Phrk1-hrk1-Thrk1<<hyg pds5-13myc<<bsd

YZ 504 h90 or h+ ade leu1 nda3-KM311 eso1-GFP<<hyg pds5-13myc<<bsd

YZ 505 h90 or h+ ade leu1 nda3-KM311 eso1-GFP<<hyg pds5-him-13myc<<bsd

PD 557 h+ ade6 nda3-KM311 hrk1::nat c::Phrk1-hrk1-Thrk1<<hyg pds5-13myc<<bsd
YZ 521 h90 or h+ ade leu1 nda3-KM311 wpl1-GFP<<hyg pds5-13myc<<bsd
YZ 522 h90 or h+ ade leu1 nda3-KM311 wpl1-GFP<<hyg pds5-him-13myc<<bsd
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Supplemental Experimental Procedures 
 
Schizosaccharomyces pombe strains 

All S. pombe strains used are listed in Supplemental Table 1. Deletion and GFP tagging of 
endogenous genes were performed using a PCR-based targeting method for S. pombe. To generate the 
pds5-him (P82A, D83A and P85A), hrk1-pim (K8A, T9A, Y10A and G11A), eso1-pim (K587A, T588A, 
Y589A and G590A) and wpl1-pim(R111A, S112A, Y113A and L114A), HIM or PIM residues were 
changed to alanine by using a PrimeSTAR Mutagenesis Basal Kit (TaKaRa). To generate top2-12KR, 
K1228, K1254, K1255, K1269, K1280, K1284, K1292, K1309, K1376, K1398, K1399 and K1437 were 
replaced with Arginine by using the same PrimeSTAR Mutagenesis Basal Kit (TaKaRa). To express wpl1 
and wpl1-pim, each gene was cloned into the pREP81 expression vector with an mCherry tag with a 
C-terminus. To express hrk1-CFP-2CD, a sequence encoding cyan fluorescent protein (CFP) and two 
copies of the CD of Swi6 (residues 69-216) were fused to the C terminus of Hrk1 and cloned under the 
promoter Padh41 (a weak version of the adh11 promoter). To express mCherry-tubulin, a sequence 
encoding mCherry was fused to the amino terminus of atb2+, cloned under the promoter Padh15 (a weak 
version of the adh1+ promoter), and integrated into the locus adjacent to the zfs1+ gene of chromosome 2 
(we refer to this as the Z locus) using the natr marker. 
 
Synchronous culture of fission yeast 

Unless otherwise stated, all media and growth conditions were as described previously [S3]. 
Complete medium (YE and YPDA) and minimal medium (MM) were used. YPDA was used only for 
prometaphase arrest by nda3-KM311. For prometaphase arrest, we used the nda3-KM311 mutation and 
cells cultured at 17°C for 12 h in YPDA medium. To measure the frequency of lagging chromosome at 
anaphase, cells were cultured at low temperature (18°C) for 7 h, and then fixed and stained with DAPI. To 
measure the centromeric cohesion during metaphase, we used cut9-665 mutant which can be arrested at 
metaphase at restrictive temperature. cut9-665 cells were cultured at 26.5°C, and transferred to 37°C 
followed by 1h incubation.  
 
Two-hybrid assay 

Full-length, fragment or the mutant of hrk1, wpl1 and hPDS5B cDNA was subcloned into the 
pBTM116 vector and full-length, fragment or the mutant of eso1 and rad21 cDNA was subcloned into the 
pGBKT7 vector and used as bait. Full-length or fragment pds5, hHaspin and hWapl cDNA was amplified 
by PCR and cloned into the pGADT7 vector and used as prey. These plasmids were transformed into L40 
strain (for pBTM116 bait) or AH109 strain (for pGBKT7) respectively. SC media lacking appropriate 
supplement was used for transformation of each plasmid and selection. Plates lacking leusine and 
tryptophan were used for selecting plasmid containing yeast clone. Plates lacking histidine and or adenine 
with the addition of appropriate amounts of 3-amino-1, 2, 4-trizole (3-AT) were used as the selective 
media. 
 
Multiple alignment, calculation of identical residues of Pds5 and phylogenetic tree of Haspin 

To identify the conserved amino acid region of Haspin, Pds5, Wapl and Eso1, in 
phylogeneticaly distant related species, we collected the amino acid sequences of several species from 
Uniprot. Note that only the G. gallus Haspin and the D. rerio Haspin sequences were obtained from NCBI 
Protein database (NCBI). These sequences were aligned by Clustal Omega (EMBL-EBI). A 
sliding-window analysis was performed by manually to identify the conserved amino acid site of Pds5 
(Figure 1C). The window size is 10 amino acids. If all aligned amino acid sequence were identical in one 
site, the score of that site is 1. In the other case, the score of that site was counted as 0. Then the window 
(10 a.a) was slid over the amino acids, and the score was calculated and plotted on the middle of window. 
The residue number was based on fission yeast Pds5. Phylogenetic tree of Haspin (Figure S1B) was based 
on the alignment of Haspin kinase domain by Clustal Omega (EMBL-EBI). ClustalW2-Phylogeny 
(EMBL-EBI) was used to make phylogenetic tree with default settings. 



 
Quantification of fluorescent signals of fission yeast 

To quantify the fluorescent signals at the centromeric Ark1-GFP in Figure 2C and 2E, in-focus 
images were obtained using a microscope (Axioplan2, Zeiss) equipped with a cooled CCD camera 
(Quantix, Photometrics) and the AxioVision software program (Zeiss). Z-stacked 2D images (by taking 
the maximum signal at each pixel position on the images) of Ark1-GFP were taken with Axio Vision 
imaging software (Carl Zeiss). We measured the average intensity of the nuclear dots associated on the 
rod-shape mCherry-Atb2 signal (mitotic spindle) and subtracted the average background intensity in 
Adobe Photoshop CS6 (Adobe). The intensities of protein signals were quantified as the average of 20 
cells. To quantify the fluorescent signals at the nuclear Pds5-GFP, Eso1-GFP, Wpl1-GFP and Hrk1-GFP 
in Figure 4I, single z section images were taken with Axio Vision imaging software. We measured the 
average intensity of the nuclear signal of M-phase (judged by the rod shaped short mCherry-Atb2, mitotic 
spindle) and interphase. Nuclear signals were subtracted the average background intensity. 
 
Co-immunoprecipitation from fission yeast extracts 

Cells were cross-linked after incubation in YPDA medium at 30°C for 12!h (for interphase, 
almost G2) or at 17°C for 12!h (for prometaphase arrest by nda3 arrest) by treatment with 1% 
formaldehyde. After washing with buffer 1 (50!mM HEPES-KOH (pH!7.5), 140!mM NaCl, 1!mM EDTA, 
0.1% TritonX-100), the cells were suspended in buffer 1 containing 1!mM PMSF and complete protease 
inhibitors (Roche), and then lysed with a Multi beads shocker (Yasui Kikai) four times (10!sec each time) 
at 2,500 rpm. Crude cell extracts were sonicated 2 times (10 sec each). Then, the supernatant was 
collected after centrifugation. Cell extracts were incubated with anti-GFP antibody (Living Colors, 
Clonetech) 1 h at 4°C. Protein G Dynabeads (GE) were added and the incubation was continued for 2 h at 
4°C. After washing with buffer 1, samples were boiled with 1x Sample Buffer. We analyzed the 
immunoprecipitates by SDS–PAGE and western blotting with anti-GFP (1:5,000, handmade, goat), 
anti-myc (1:1,000, 9E10, Santa Cruz), and anti-tubulin (1:5,000, B-5-1-2, SIGMA) antibodies. 

 
Chromatin immunoprecipitation (ChIP) assay 

All ChIP assays in this study were performed using cells arrested at prometaphase (by 
nda3-KM311). The procedure was carried out essentially as described previously with a following 
modification [S5]. After washing the immunoprecipitation beads, the co-immunoprecipitated DNA was 
extracted at 65°C for 30 min with Buffer containing 20 mM Tris-HCl 100 mM NaCl 20 mM EDTA 0.1% 
NaCl. The supernatant was collected and incubated at 65°C for 8 h, after which 1ul Proteinase K was 
added and the incubation was continued for an additional 3 h at 55°C. DNA was purified using a 
QIAquick PCR purification Kit (Qiagen) before PCR. Anti-Bir1 polyclonal antibodies, anti-GFP 
polyclonal antibodies (Clonetch), anti-myc monoclonal antibodies (9E10, Santa Cruz) anti-H3 polyclonal 
antibodies (Abcam) and anti-H3T3 phospho-specific antibodies (UPSTATE) were used for 
immunoprecipitation. We included control IgG immunoprecipitation in each experiment to account for 
nonspecific binding in the ChIP fractions. DNA prepared from whole cell extracts or immunoprecipitated 
fractions was analysed by quantitative PCR with the LightCycler 480 system (Roche) using SYBR Green 
I Master (Roche). 
 
Cohesion assay of fission yeast  

We used the cut9-655 mutant that is a temperature sensitive mutant of APC/C subunit for 
metaphase arrest. Cells carrying cut9-655 were cultured at 26.5°C and transfer to 37°C. After 1 h 
incubation at 37°C, cells were fixed by cold methanol (Wako) and stored at -30°C o/n. Methanol was 
removed after centrifugation and cells were washed by PEMS (100mM PIPES (Wako), 1mM EGTA 
(Wako), 1mM MgSO4 (Wako), 1.2M Sorbitol (Wako)). PEMS suspended cells were mounted on slide 
glass (Matsunami) and observed by Deltavision P system (GE Healthcare). The distance of sister 
chromatid cen2-GFP was measured by softWoRx software (Delata Vision). The metaphase-arrested cells 



were judged by the rod shape mCherry-Atb2 signal (metaphase spindle) and single DNA mass stained by 
DAPI. 
 
Quantification of lagging chromosome in fission yeast 

Cells were cultured at low temperature (18°C) for 7 h. Cells were fixed by cold methanol and 
stored at -30°C o/n. Methanol was removed after centrifugation and cells were washed by PEMS. PEMS 
suspended cells were mounted on slide glass (Matsunami) and observed by using a microscope 
(Axioplan2, Zeiss). Anaphase cells were judged by the elongated mCherry-Atb2 signal (anaphase spindle) 
and the two-divided mass of DNA stained by DAPI. Cells carrying lagging chromosome stained with 
DAPI during anaphase were counted (> 150 anaphase cells in each experiment). 

 
Analysis of Psm3 acetylation 

The Flag-tagged Psm3 was immunoprecipitated from cell extracts prepared in HB buffer (25 
mM MOPS (pH7.2), 150 mM NaCl, 15 mM TA, 60 mM ß-glycerophosphate, 0.1 mM Na-orthovanadate, 
0.1 mM NaF, 15 mM p-nitrophenylphosphate, 1% Triton-X100, 1 mM dithiothreitol, 1 mM PMSF, 
complete protease inhibitor (Roche)) using anti-Flag M2 monoclonal antibody-conjugated agarose 
(Sigma) and analyzed by immunoblot probed with anti-Flag M2 (Sigma), and anti-AcPsm3 antibodies as 
described previously [S5]. 

 
HeLa cell culture, cell line construction and siRNA 

We used a HeLa cell line, which shows relatively few segregation errors [S6]. Y. Okada 
provided 293T cells. The cell lines were maintained at 37°C atmosphere in DMEM medium containing 
10% FBS, 100 U/ml penicillin and 100 µg/ml streptomycin, all purchased from Gibco. Nocodazole (1 µM, 
Sigma), and thymidine (2 mM, Sigma) were used for cell treatments. Recombinant lentiviruses were 
obtained by transfection of pCMV-VSV-G-RSV-Rev, pCAG-HIVgp and 
CS-IV-TRE-RfA-UbC-Puro-GFP-Haspin-wild type and -pim (provided by H. Miyoshi and M. Nakanishi 
[S7]) into the packaging cell line, 293T. The produced lentiviruses were used to infect HeLa cells: 72 h 
after infection, cells were selected with 2 µg/ml puromycin. Transgenes were induced by treatment with 
0.7 µg/ml (for wild type) or 2 µg/ml (pim) of doxycycline for 24 h. To generate the Haspin-pim (R14A, 
T15A, Y16A and G17A) and hPDS5B-him (P83A, E84A and P86A), PIM or HIM residues were changed 
to alanine by using a PrimeSTAR Mutagenesis Basal Kit (TaKaRa). The siRNAs of Pds5 A, Pds5B and 
Haspin were obtained from JbioS. The siRNA sequences are Pds5A: 
5’-GCUCCAUAUACUUCCCAUGTT-3’, Pds5B: 5’-GAGACGACUCUGAUCUUGUTT-3’, Haspin: 
5'-CCAGUCAGCUUUUCAAACAAGAATT-3'. Transfections of the siRNA were performed using 
RNAiMAX (Invitrogen) in forward transfection mode. The final concentration of siRNA duplex was 20 
nM. All control samples were treated similarly without siRNA.  
 
Co-immunoprecipitation using a mitotic HeLa cell extract 

To synchronize the cells in prometaphase, cells were treated with thymidine for 24 h, washed 
twice in PBS and released into thymidine-free medium. 10 h after release, thymidine was added to the 
medium and the cells were incubated for 16 h. The cells were then washed twice in PBS, and incubated in 
nocodazole-containing medium for 15 h. For immunoprecipitation of Haspin, cells were harvested and 
washed once in PBS, and suspended in ice-cold cell lysis buffer (50 mM Tris-HCl pH 7.5, 100 mM NaCl 
and 0.3% Triton X-100, 10% glycerol supplemented with complete protease inhibitor cocktail, PhosSTOP 
phosphatase inhibitor cocktail (Roche), 2 µM Okadaic acid (Wako), 2 µM Microcystin-LR (Wako) and 
1mM phenylmethyl sulphonyl fluoride). The cells were incubated for 1 h at 4°C, and centrifuged at 4°C 
for 15 min. The pellet was collected and washed 2 times with chromatin extraction (CE) buffer (10 mM 
Tris-HCl pH 7.5, 100 mM NaCl, 1 mM CaCl2, 1.5 mM MgCl2, 10% glycerol, 2 µM Okadaic acid (Wako), 
2 µM Microcystin-LR (Wako) and 1mM phenylmethyl sulphonyl fluoride), and incubated in CE buffer 
supplemented with Micrococcal nuclease (0.008 U/µl) for 15 min at 30°C. The solubilized chromatin 
fractions were collected following centrifugation at 21,000 x g for 10 min at 4°C, incubated with 5 µg 



rabbit polyclonal α-Haspin (Abcam) or control rabbit IgG for 5 h at 4°C, and finally incubated with 
protein A Dynabeads (Thermo Fisher Scientific) for 1 h. The beads were washed three times with CE 
buffer, suspended in SDS-PAGE sample buffer and boiled. The eluted immunoprecipitants were analyzed 
by SDS-PAGE and immunoblot. 
 
Immunostaining of HeLa cell and quantification of fluorescent signals and cohesion defects 

For sample preparation, cells were immersed in hypotonic buffer (PBS:H2O=1:3) for 20 min 
and spun onto glass slides in a cytocentrifuge using Cytospin4 (Thermo Scientific) for 5 min at 1,350 rpm. 
For the staining of Haspin and Aurora B, samples were fixed in 1% PFA/0.2% triton for 15 min and 
extracted in 0.2% Triton X-100/PBS for 10 min. After being washed in PBS, the cells were incubated in 
3% BSA/PBS for 15 min, and incubated with primary antibodies in 3% BSA/PBS for 1 h at room 
temperature. The cells were washed twice in PBS for 10 min, incubated with secondary antibodies (0.1-1 
µg/ml in Hoechst 33342 (Dojindo)) for 1 h at 37°C, washed three times in PBS and mounted with 70% 
glycerol/PBS.  

Images were acquired on an IX-70 microscope (Olympus) equipped with a CoolSnap HQ CCD 
camera (Roper Scientific) and the DeltaVision Core system (GE Healthcare). A total of 20-40 Z sections 
were acquired in 0.2 µm steps using Olympus 60x 1.40NA PlanApo and 100x 1.35NA UPlanApo 
objectives. Images were deconvolved using the DeltaVision software program. Projection of the images 
and quantification of the signal intensities were carried out with the softWoRx software program (GE 
Healthcare). For quantification of the enrichment of the protein at the inner centromere, the signal 
intensity of the region between sister kinetochore pairs was divided by the intensity of the adjacent 
HOECHST33342-positive chromosome arm region. At least 5 cells were quantified in each experiment.  

To quantify the centromeric cohesion defect, we measured sister centromere distance. The 
distance between sister CENP-C pairs was measured with the softWoRx software program (GE 
Healthcare). 50 sister kinetochore pairs from 5 cells were measured.  
  
Antibody used for Immunostaining of HeLa cell  

The following primary antibodies were used for the immunostaining of HeLa cell. AuroraB 
(1:500, anti-AIM-1, BD Bioscience, Cat: 611083), GFP(rabbit) (1:1000, anti-GFP, Life technologies,REF: 
A11122), GFP(chicken) (1:1000, anti-GFP, Aves Labs,Cat : GFP-1010), Haspin (1:1000, anti-Haspin, 
Abcam, ab115800), PDS5A (1:2000, anti-SCC112, Abcam, ab17961), PDS5B (1:1000, anti-PDS5B, 
Abcam, ab70299), CENP-C (1�1000, anti-CENP-C, MBL, PD030) 
 
Statistical analysis 

Kruskal–Wallis one-way analysis of variance (ANOVA) with Bonferroni’s multiple 
comparisons test was performed to estimate the differences among more than 3 groups. All the data 
replicates were applied and analyzed using GraphPad Prism version 6.03 (GraphPad Software). To 
estimate the significant differences between 2 groups, t-test was performed. Before performing t-test, f-test 
was performed to estimate the difference and when P > 0.05 in f-test, Student’s t-test was performed.  
 
Code availability 

For Haspin, H. sapiens (Q8TF76), X. laevis (E3URQ0), D. melanoguster (P83103), C.elegans 
(G5EE25, Q9BL96), Z.mays (B6TIJ0), A.thaliana (O80528), S. cerevisiae (P43633, P32789), 
S.octosporus (S9Q3M5), S.cryophilus (S9XAK0), S.japonicus (B6JWA5) and S. pombe (O13924) are 
from Uniprot and G. gallus (XP_425408.2) and D. rerio (XP_017211541.1) are from the NCBI protein 
database. For Pds5, H. sapiens (Q29RF7, Q9NTI5), G. gallus (Q5F3V3, Q5F3U9), X. laevis (Q4QXM3, 
Q498H0), D. rerino (A1L1F4), D. melanoguster (A1Z8S6), S. cerevisiae (Q04264) and S. pombe 
(Q9HFF5) are from Uniprot. For Wapl, H. sapiens (Q7Z5K2), G. gallus (F1NF28), X. tropicalis 
(F7E4C6), D. rerino (F1QU33), D.melanoguster (X2JAA8), S. cerevisiae (Q99359) and S. pombe 
(O94364) are from Uniprot. For Eso1 of Schizosaccaromyces group, S. octosporus (S9PZ40), S. 
cryophilus (S9WZX1), S. japonicus (B6K7S5) and S. pombe (O42917) are from Uniprot. 
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