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ABSTRACT Type 1 phosphatase (PP1) antagonizes Aurora B kinase to stabilize kinetochore–
microtubule attachments and to silence the spindle checkpoint. We screened for factors that 
exacerbate the growth defect of Δdis2 cells, which lack one of two catalytic subunits of PP1 
in fission yeast, and identified Nsk1, a novel protein required for accurate chromosome seg-
regation. During interphase, Nsk1 resides in the nucleolus but spreads throughout the nucle-
oplasm as cells enter mitosis. Following dephosphorylation by Clp1 (Cdc14-like) phosphatase 
and at least one other phosphatase, Nsk1 localizes to the interface between kinetochores 
and the inner face of the spindle pole body during anaphase. In the absence of Nsk1, some 
kinetochores become detached from spindle poles during anaphase B. If this occurs late in 
anaphase B, then the sister chromatids of unclustered kinetochores segregate to the correct 
daughter cell. These unclustered kinetochores are efficiently captured, retrieved, bioriented, 
and segregated during the following mitosis, as long as Dis2 is present. However, if kineto-
chores are detached from a spindle pole early in anaphase B, then these sister chromatids 
become missegregated. These data suggest Nsk1 ensures accurate chromosome segrega-
tion by promoting the tethering of kinetochores to spindle poles during anaphase B.

INTRODUCTION
Proper segregation of sister chromatids to opposite poles of the cell 
during mitosis is essential for cell proliferation. Defects in chromo-
some segregation are implicated in human diseases such as cancers 

and congenital disorders, which are characterized by chromosome 
instability and aneuploidy (Holland and Cleveland, 2009). Segrega-
tion of sister chromatids depends on forces generated by the micro-
tubules that attach to kinetochores. For accurate chromosome seg-
regation, kinetochores must be captured by spindle microtubules 
and properly aligned on the spindle before anaphase onset (Tanaka, 
2010). As cells enter mitosis, one of the two kinetochores of a sister-
chromatid pair is initially captured by the lateral surface of a micro-
tubule nucleated from one of the two spindle poles. Chromosomes 
are primarily retrieved to the spindle pole along the lateral surface 
of the microtubule by interaction of the kinetochore with kinesin 
motors. In yeast, chromosomes can be retrieved not only on the 
lateral surface of the microtubule by kinesin motors, but also by 
end-on attachment to the depolymerizing microtubule end. The lat-
ter process requires coupling of the kinetochore to the microtubule 
end by the DASH complex (Rieder and Alexander, 1990; Tanaka 
et al., 2005, 2007; Franco et al., 2007).
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phase differ between yeasts. Budding yeast kinetochores remain 
attached to the old SPB throughout the cell cycle via short micro-
tubules. After S phase, both sister kinetochores initially bind to 
microtubules from the same (old) SPB and therefore need to be 
reoriented during mitosis to establish biorientation (Biggins et al., 
1999; Kitamura et al., 2007). By contrast, in fission yeast, the SPB 
defenestrates from the nuclear envelope at the end of anaphase B, 
yet kinetochores remain clustered near the SPB via a nonmicrotu-
bule-based linkage (Ding et al., 1997). The molecular nature of this 
linkage is unclear but is thought to involve the transmembrane 
protein Ima1, which binds indirectly to the heterochromatic region 
of centromeres, and other, as-yet-unknown proteins that link the 
outer kinetochore to the inner face of the SPB (King et al., 2008). 
In this paper, we reveal that association of kinetochores to SPBs 
during anaphase B is necessary to maintain accurate chromosome 
segregation, and we identify a novel substrate of the Clp1 phos-
phatase, Nsk1, that binds to the kinetochore–SPB junction during 
anaphase B to facilitate this process.

RESULTS
Nsk1 is required for accurate chromosome segregation 
and timely anaphase onset in fission yeast
Two PP1 catalytic subunits exist in fission yeast, namely Dis2 and 
Sds21. Dis2, but not Sds21, binds the kinetochore and is required 
for correct chromosome segregation and spindle checkpoint silenc-
ing (Ohkura et al., 1989; Vanoosthuyse and Hardwick, 2009). To 
identify additional factors required for accurate chromosome segre-
gation, we screened a genome-wide deletion library for alleles that 
perturbed the growth of Δdis2 mutants (Figure 1A). Thirty-eight 
strong hits were identified (Supplemental Table SI). Since Δnsk1 
Δdis2 double mutants displayed mitotic abnormalities, we chose 
Nsk1 for further analysis (Figure 1B). Nsk1 does not contain any do-
mains of known function, but sequence analyses revealed Nsk1 ho-
mologues in the closely related fission yeast, Schizosaccharomyces 
cryophilus and Schizosaccharomyces octosporus, but not in Schizo-
saccharomyces japonicus (Supplemental Figure S1). Nevertheless, 
we found that both Δnsk1 and Δdis2 cells missegregate chromo-
some 1, and that this is exacerbated in Δnsk1 Δdis2 double mutants 
(Figure 1C). Similar results were observed when the accuracy of 
chromosome segregation was monitored using a minichromosome 
loss assay (Table 1).

Defects in kinetochore–microtubule attachment are recognized 
by the spindle assembly checkpoint (SAC), and this delays the onset 
of anaphase. To assess whether loss of nsk1 delays anaphase, we 
monitored both Cdc13 (cyclin B) localization to SPBs and the per-
centage of cells in prometaphase and metaphase. We found that 
both Δnsk1 and Δdis2 cells are delayed in the timing of anaphase 
onset and that this effect is exacerbated in Δnsk1 Δdis2 double mu-
tants (Figure 1D). The delay in anaphase onset observed in Δnsk1 
cells is abolished by deletion of either mad2 or mad3, indicating 
that this is due either to activation of, or failure to silence, the SAC 
(Figure 1E). To distinguish between these possibilities, we moni-
tored Cdc13 (Cyclin B) destruction in single cells following chemical 
inactivation of Ark1 (Aurora B) kinase in mitotically arrested nda3-
KM311 cells. The nda3-KM311 allele encodes a cold-sensitive 
β-tubulin protein that causes cells to arrest in mitosis at 18°C with no 
microtubules (Hiraoka et al., 1984). We found that loss of nsk1 had 
no effect in this assay, indicating that Nsk1 is not required to silence 
the SAC (Figure S2A). Indeed, we found that Δdis2, but not Δnsk1, 
mutants suppress the proliferation defect of a temperature-sensitive 
ark1-T7 mutant, indicating that Nsk1 does not counteract Ark1 
function (Figure S2B). Nevertheless, the chromosome loss rate was 

Following transport to the spindle pole, sister kinetochores are 
captured by microtubules from either the opposite or the same 
spindle pole. In the latter case, kinetochore–microtubule attach-
ment must be reset until proper biorientation is established. Kineto-
chore–microtubule interactions are governed by dynamic changes 
in phosphorylation of key proteins at the kinetochore–microtubule 
interface. The chromosomal passenger complex (CPC) component 
Aurora B kinase promotes chromosome biorientation by phospho-
rylating kinetochore components to disestablish incorrect microtu-
bule attachments (Cheeseman et al., 2002; Tanaka et al., 2002; Yang 
et al., 2008; Liu et al., 2010). Turnover of the kinetochore–microtu-
bule attachment stops once tension is generated across sister kine-
tochores upon the establishment of correct biorientation (Zhai et al., 
1995; Mallavarapu et al., 1999). Inter-kinetochore tension separates 
outer kinetochore Aurora B targets from the centromere-associated 
CPC, promoting kinetochore association of protein phosphatase 1 
(PP1). This is thought to reverse Aurora B–dependent phosphoryla-
tion of the outer kinetochore, thus stabilizing tension-bearing kine-
tochore–microtubule attachments and silencing the spindle check-
point (Liu et al., 2010; Meadows et al., 2011; Rosenberg et al., 
2011). Lowered Aurora B kinase activity at the outer kinetochore 
also promotes the recruitment of a complex composed of astrin, 
SKAP/kinastrin, and dynein light chain (Tctex-1/LC8), which further 
stabilizes correct kinetochore–microtubule interactions in mamma-
lian cells (Thein et al., 2007; Manning et al., 2010; Schmidt et al., 
2010).

Once all sister kinetochores are correctly bioriented on the spin-
dle, cohesion between sister chromatids is removed, allowing sister 
chromatids to segregate to opposite spindle poles during anaphase. 
Importantly, end-on, kinetochore–microtubule attachments must be 
maintained both during anaphase A, as sister kinetochores are pulled 
toward the opposite poles by depolymerization of kinetochore mi-
crotubules, and anaphase B, as the distance between poles in-
creases, driven by microtubule polymerization and sliding at the 
spindle midzone (Nabeshima et al., 1998; Khodjakov et al., 2004; 
Civelekoglu-Scholey and Scholey, 2010). Altered kinetochore and 
microtubule behavior in anaphase requires reversal of early mitotic 
phosphorylation events. Dephosphorylation of cyclin B/Cdk1 sub-
strates is catalyzed by both Cdc14-like and type 2A (PP2A) phos-
phatases (Minshull et al., 1996; Visintin et al., 1998). Budding yeast 
Cdc14 promotes chromosome segregation by stabilizing microtu-
bule dynamics at anaphase onset, largely through influencing the 
behavior of interpolar microtubules (Higuchi and Uhlmann, 2005). 
The Cdc14-like phosphatase, Clp1, is also required for accurate 
chromosome segregation in fission yeast. This was initially thought 
to be due to altered localization of Aurora B, but has since been dis-
puted (Trautmann et al., 2004; Bohnert et al., 2009; J. C. Meadows, 
unpublished data). As such, the mechanisms by which Clp1 pro-
motes accurate chromosome segregation in fission yeast are largely 
unknown.

Yeast kinetochores normally cluster in a region of the nuclear 
envelope underlying the spindle pole body (SPB) during inter-
phase in a Rabl-like formation (Funabiki et al., 1993; Jin et al., 
1998, 2000). It is unclear whether Rabl formation aids the efficiency 
of kinetochore capture or enforces a geometric arrangement of 
kinetochores that promotes chromosome biorientation. Our find-
ing that the fission yeast DASH complex is required for the retrieval 
of kinetochores that have become unclustered suggests that the 
pathways required to establish chromosome biorientation are in-
fluenced by intranuclear kinetochore position (Franco et al., 2007). 
Although kinetochore clustering is established at the end of ana-
phase A, the mechanisms by which it is maintained during inter-
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FIGURE 1: Nsk1 is required for accurate chromosome segregation and timely anaphase onset. (A) Plate containing 
selective antibiotics and 1 mg/ml phloxine B from a genome-wide screen for mutants that are slow growing in the 
absence of Dis2. Phloxin B stains dead cells. (B) Log-phase Δnsk1 Δdis2 cells were fixed and stained with DAPI and 
calcofluor to stain chromatin and septa, respectively. Closed arrow indicates a cell undergoing abnormal chromosome 
segregation in mitosis. Open arrows indicate a cell in which all chromosomes have been segregated to one of the two 
daughter cells. Scale bars: 2 μm. (C) G2-synchronized wild-type, Δnsk1, Δdis2, and Δnsk1 Δdis2 cells expressing lys1:lacO 
gfp-NLS-lacI cdc11-cfp were isolated from a 10–40% lactose gradient and segregation of chromosome 1 was monitored 
in the following anaphase. The percentage of missegregation was calculated as the total number of cells displaying 
either nondisjunction (blue bar) or non-SPB–associated sister chromatids (red bar). Error bars are the SD from the mean 
of three independent experiments. (D) Log-phase wild-type, Δnsk1, Δdis2, and Δnsk1 Δdis2 cells expressing Cdc13-gfp 
were fixed, and the percentage of cells with spindle- and SPB-associated Cdc13 assessed. Error bars are the SD from 
the mean of three independent experiments. (E) Log-phase cultures of wild-type, Δmad2, Δmad3, Δnsk1, Δnsk1 Δmad2, 
and Δnsk1 Δmad3 cells expressing dad1-gfp and sid4-tdtomato were fixed, and the percentage of prometaphase and 
metaphase (PM + M) cells were assessed. Error bars are the SD from the mean of three independent experiments.

considerably worse in Δnsk1 Δmad2 cells than in Δnsk1 single mu-
tant (Table 1). These results establish Nsk1 as a novel factor required 
for accurate chromosome segregation and timely anaphase onset in 
fission yeast.

Nsk1 binds the kinetochore–SPB junction during anaphase B
To gain further insight into the function of Nsk1, we monitored the 
localization of Nsk1 in both fixed and live cells. Nsk1 was tagged at 
its C-terminus with green fluorescent protein (GFP) in sid4-tdtomato 
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temporal resolution. We found that Nsk1 localizes in puncta along 
the axis of the spindle during anaphase A and then associates to the 
kinetochore–SPB interface from the end of anaphase A and during 
anaphase B (Figure 3, C and D, and Supplemental Movie S1).

Nsk1 does not bind to lagging sister kinetochores 
during anaphase B
We were unable to determine whether Nsk1 binds kinetochores or 
the spindle during anaphase A by live-cell analysis, since anaphase 
A only lasts 40–45 s at this temperature (Meadows and Millar, 2008). 
Imaging at even higher temporal resolution was not possible, due to 
the very low abundance of Nsk1. To circumvent this problem, we 
arrested nda3-KM311 nsk1-gfp sid4-cfp cnp1-mcherry cells in mito-
sis and examined the localization of Nsk1 in fixed-cell populations 
following release into anaphase. Importantly, lagging sister chroma-
tids are frequently observed on release of nda3-KM311 cells to the 
permissive temperature (Trautmann et al., 2004). At the arrest point, 
we did not observe discrete dots of Nsk1, indicating that Nsk1 does 
not localize to kinetochores or SPBs before anaphase onset 
(Figure 4A). This is not due to the absence of microtubules, as simi-
lar results were observed when cells were arrested in mitosis by 
overexpression of Mph1 (MPS1) kinase, which ectopically activates 
the spindle checkpoint (K. M. May and K. G. Hardwick, unpublished 
data). However, following release of nda3-KM311 nsk1-gfp sid4-cfp 
cnp1-mcherry cells to the permissive temperature, Nsk1 appeared 
at the kinetochore–SPB junction at the end of anaphase A (Figure 4, 
A and B). At early time points, we found that Nsk1 occasionally co-
localizes with a single lagging Cnp1 dot on the anaphase A spindle 
(Figure 4B, cell I). In other cells with lagging kinetochores in ana-
phase A (∼50%), no Nsk1 localization could be detected (Figure 4B, 
cell II). At later time points, we found that Nsk1 always binds to the 
kinetochore–SPB junction, so long as at least one kinetochore is as-
sociated with the SPB. However, we never observed association of 
Nsk1 to the kinetochores of lagging sister chromatids (Figure 4B, 
cells III and IV).

Recruitment of Nsk1 to the kinetochore–SPB junction 
does not require microtubules
To determine whether localization of Nsk1 to the kinetochore–SPB 
junction requires spindle microtubules, we took advantage of the 
observation that inactivation of Ark1 (Aurora B) kinase in arrested 
nda3-KM311 ark1-as3 cells by addition of a cell-permeable ATP 
analogue (1NMPP1) silences the SAC. This leads to cyclin B (Cdc13) 
destruction and the onset of cytokinesis, even in the absence of 
microtubules (Vanoosthuyse and Hardwick, 2009). We found that, 
following addition of 1NMPP1 to arrested nda3-KM311 ark1-as3 
nsk1-gfp sid4-cfp cnp1-mcherry cells, Nsk1 appeared at the kineto-
chore–SPB junction in the absence of microtubules (Figure 4C). No-
tably, in arrested nda3-KM311 cells, many but not all kinetochores 
became detached from the SPB. We found that Nsk1 appears 
strongly at kinetochores that remain bound to SPBs, but not kineto-
chores that are not associated to SPBs (Figure 4D). We never ob-
served Nsk1 at SPBs that are not associated with kinetochores. 
These results indicate that Nsk1 binds to the kinetochore–SPB junc-
tion after anaphase onset but, paradoxically, loss of Nsk1 influences 
the timing of anaphase onset. This paradox is resolved later in the 
paper in Figures 7–9 and the associated text.

Dephosphorylation of Nsk1 by Clp1 controls its 
relocalization at anaphase onset
To determine how the localization of Nsk1 changes at anaphase 
onset, we first examined whether Nsk1 is differentially modified 

cells. Sid4 is a constitutively bound component of the SPB outer 
plaque (Krapp et al., 2001). The nsk1-gfp allele does not display any 
growth defect in the absence of dis2, nor any delay in anaphase 
onset or elevated rate of minichromosome loss, indicating that tag-
ging the C-terminus of Nsk1 with GFP does not noticeably alter 
Nsk1 function (unpublished data). We found that Nsk1 localizes pre-
dominantly in the nucleolus during interphase, as judged by colo-
calization with fission yeast fibrillarin, Fib1 (Beauregard et al., 2009; 
Figures 2A and S3A). During prometaphase and metaphase, Nsk1 
localizes broadly throughout the nucleoplasm, suggesting it is re-
leased from the nucleolus at the G2/M transition (Figure 2A). During 
anaphase B, Nsk1 appears as two prominent dots that seem to co-
localize with SPBs, before it returns to the nucleolus at the end of 
anaphase B, indicating that Nsk1 undergoes cell cycle–dependent 
changes in its localization (Figure 2A). An identical localization pat-
tern was observed in nmt1:gfp-nsk1 cells under repressive condi-
tions, although Nsk1 decorates the whole anaphase B spindle when 
overexpressed (Figure S3B).

We noted that Nsk1-gfp signals are very weak. To quantify this, 
we compared anaphase Nsk1-gfp fluorescence with anaphase 
Dam1-gfp fluorescence in a mixed population of cells. Dam1 is a 
component of the DASH complex that is estimated to be present at 
6–7 copies per kinetochore in fission yeast (Joglekar et al., 2008). 
We found that the Dam1-gfp signal is ∼2.5 times stronger than the 
Nsk1-gfp signal, implying that ∼7–8 copies of Nsk1 are present at 
each SPB-associated dot during anaphase B (Figure 2B).

To examine the localization of Nsk1 during anaphase B more 
carefully, we analyzed the relative positions of Nsk1; Sid4; and the 
fission yeast CENP-A homologue, Cnp1, in fixed nsk1-gfp sid4-cfp 
cnp1-mcherry cells. In all analyzed cells (n > 20), we found the peak 
of Nsk1-gfp fluorescence occurs between the Cnp1-mcherry and 
Sid4-cfp peaks, suggesting that Nsk1 binds the junction between 
kinetochores and the inner face of the SPB (Figure 2C).

As seen by live-cell imaging, Nsk1 appears at SPBs coincident 
with the onset of spindle elongation (Figure 3, A and B). Some Nsk1 
binds weakly to the elongating anaphase B spindle, but it does not 
accumulate at the spindle midzone (Figure 3A). To more precisely 
determine the timing of Nsk1 localization during mitosis, we filmed 
nsk1-gfp sid4-tdtomato and nsk1-gfp cnp1-mcherry cells at a higher 

Minichromosome loss  
per division (%)

wild type 0.01 ± 0.03

Δnsk1 1.06 ± 0.59

Δdis2 1.37 ± 0.15

Δnsk1 Δdis2 27.00 ± 5.83

clp1(C286S) 1.12 ± 0.34

Δnsk1 clp1(C286S) 1.59 ± 0.52

Δdis2 clp1(C286S) 24.48 ± 3.66

Δmad2 0.15 ± 0.07

Δnsk1 Δmad2 2.46 ± 0.32

Δdlc1 0.04 ± 0.02

Δnsk1 Δdlc1 0.85 ± 0.07

nsk1-gfp 0.05 ± 0.01

nsk1-gfp Δdlc1 0.13 ± 0.01

TABLE 1: Fidelity of chromosome segregation by minichromosome 
loss assay
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FIGURE 2: Nsk1 localizes at the kinetochore–SPB interface in a cell cycle–dependent manner. (A) Log-phase cultures of 
nsk1-gfp sid4-tdtomato cells were fixed and analyzed by fluorescence microscopy. A series of images of cells at 
different stages of the cell cycle are depicted. Scale bars: 2 μm. (B) Equal volumes of log-phase dam1-gfp (yellow 
outline) and nsk1-gfp sid4-tdtomato (red outline) cells were mixed and fixed. Left panels show a representative image 
containing both cell types. Bottom, right image shows the GFP channel with a high-intensity adjustment. Far right panel 
shows the fluorescence intensities of Dam1-gfp and Nsk1-gfp signals from these mixed-population experiments. 
Horizontal bars indicate the mean fluorescence levels. (C) Fluorescence levels over a 2-μm distance were calculated for 
the three channels in a nsk1-gfp cnp1-mcherry sid4-cfp cell. Top, left panel shows the cell under examination with the 
analyzed regions boxed (yellow). Enlargements are shown below. Arrows indicate the direction of the cell middle. The 
pixel line (white, dashed) used to measure fluorescence levels is shown. Right panel is a graph generated by this line 
scan.
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FIGURE 3: Nsk1 loading occurs at anaphase onset. (A) Log-phase cultures of nsk1-gfp sid4-tdtomato cells were grown 
on agar pads at 30°C and analyzed by fluorescence microscopy. A series of images of a mitotic cell at 1-min intervals is 
depicted. The time at which Nsk1 appears at the kinetochore–SPB junction (open arrows) and late anaphase B spindle 
(closed arrow) is highlighted. Scale bars: 2 μm. (B) Graph of spindle length against time for multiple nsk1-gfp sid4-
tdtomato cells. Spindle length is the distance between two Sid4-tdtomato dots. Time zero corresponds to the 
appearance of Nsk1 at the pole. (C & D) Log-phase cultures of nsk1-gfp sid4-tdtomato (C) or nsk1-gfp cnp1-mcherry 
(D) cells were grown on agar pads at 30°C and analyzed by fluorescence microscopy. A series of images from two 
representative cells at 30 s intervals are depicted. Note that in each case Nsk1 appears before the end of anaphase A. 
Time 0 corresponds to the appearance of Nsk1 at the poles.
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Nsk1 that migrated with a slower electro-
phoretic mobility were observed by SDS–
PAGE, consistent with Nsk1 being phospho-
rylated (Figure 5A). These slower-migrating 
species become scarcer, coincidental with 
reduction in Cdc13 levels, as mitotically ar-
rested nda3-KM311 nsk1-gfp cells enter 
anaphase following release to the permis-
sive temperature (Figure 5B). This indicates 
that Nsk1 may be dephosphorylated during 
anaphase. To test whether Nsk1 is dephos-
phorylated by the proline-directed Cdc14-
like phosphatase Clp1, cell cycle–depen-
dent modification of Nsk1 was examined in 
nda3-KM311 nsk1-gfp clp1(C286S) cells, 
which express a substrate-trapping allele of 
Clp1 that binds, but does not release, its 
phosphosubstrates (Jia et al., 1995; Chen 
et al., 2008). In these cells, the proportion of 
faster-migrating Nsk1 increases only very 
slowly after release into anaphase, suggest-
ing that Clp1 dephosphorylates Nsk1 (Figure 
5, A and B). Consistent with this, we found 
that Clp1(C286S) coimmunoprecipitates 
with Nsk1 from cell lysates (Figure 5C).

To examine whether Clp1 influences the 
localization of Nsk1, we monitored Nsk1 lo-
calization following the release of mitotically 
arrested nda3-KM311 nsk1-gfp clp1+, nda3-
KM311 nsk1-gfp Δclp1, and nda3-KM311 
nsk1-gfp clp1(C286S) cells to the permissive 
temperature. Whereas Nsk1 appeared as 
two dots coincident with the onset of ana-
phase in wild-type cells, fewer Nsk1 dots 
were detected in cells lacking Clp1, and no 
signal whatsoever was detected in the 
clp1(C286S) mutant, even though all three 
strains exited mitosis with approximately 
the same kinetics (Figure 5D). This suggests 
that dephosphorylation of Nsk1 by Clp1 is 
necessary for its relocalization at anaphase 
onset. However, we noted that Nsk1 mi-
grated at an intermediate mobility in log-
phase clp1(C286S) cells between that ob-
served in log-phase, wild-type cells and 
cells arrested in mitosis, suggesting that an-
other phosphatase may inefficiently de-
phosphorylate Nsk1 when Clp1 is absent or 
inactive (Figure 5A).

Cells lacking Clp1 display defects in 
chromosome biorientation (Trautmann et al., 
2004). To assess whether this is due to a fail-
ure to trigger kinetochore localization of 
Nsk1, we monitored the fidelity of chromo-
some segregation in Δnsk1, Δdis2, and 
clp1(C286S) single mutants and Δnsk1 
clp1(C286S), Δnsk1 Δdis2, and Δdis2 
clp1(C286S) double mutants, using a 
minichromosome loss assay. We observed 

minichromosome loss in all single mutants and striking synergistic 
defects in Δnsk1 Δdis2 and Δdis2 clp1(C286S) cells, but not in Δnsk1 
clp1(C286S) cells (Table 1). This strongly suggests that the Dis2 and 

FIGURE 4: Nsk1 associates to the kinetochore–spindle junction during anaphase B in the 
absence of microtubules. (A) Log-phase cultures of nda3-KM311 nsk1-gfp cnp1-mcherry sid4-cfp 
cells were arrested in mitosis by incubation at 18°C for 6 h. Following release at 30°C, cells were 
fixed and the percentage of cells with Nsk1 at SPBs (red diamonds) or two separated nuclei 
(blue squares) was analyzed by fluorescence microscopy. (B) Images of cells from the experiment 
in (A) either 5 min (cells I and II) or 15 min (cells III and IV) following release to the permissive 
temperature. Localization of SPBs (blue), kinetochores (red), and Nsk1 (green) are shown both 
separately and merged. Arrows highlight representative kinetochores with (open arrow) and 
without (closed arrows) Nsk1. Scale bars: 2 μm. (C) Log-phase cultures of nda3-KM311 ark1-as3 
nsk1-gfp cnp1-mcherry sid4-cfp were arrested in mitosis by incubation at 18°C for 6 h. Following 
addition of 1NMPP1 and continued incubation at 18°C, cells were fixed at intervals and the 
percentage with SPB-associated Nsk1 (red diamonds) or septa (blue squares) was determined 
by fluorescence microscopy. (D) Images of a cell from the experiment in (C) 50 min after addition 
of 1NMPP1. Localization of SPBs (blue), kinetochores (red), and Nsk1 (green) are shown 
separately and merged. Arrows highlight representative kinetochores with (open arrow) and 
without (closed arrow) Nsk1.

during mitosis. Cell lysates were prepared from either log-phase 
(30°C) or mitotically arrested nda3-KM311 nsk1-gfp cells (18°C) and 
analyzed by Western blotting. In arrested cells, additional species of 
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Clp1 phosphatases act in parallel to promote accurate chromosome 
segregation in fission yeast and that regulated association of Nsk1 
to the kinetochore–SPB junction partly explains the role of Clp1 in 
this process.

Nsk1 contains 11 consensus phosphorylation sites ([ST]PX[RK]) 
for Cdk1/Cdc2 kinase, several of which are phosphorylated in vivo 
(Koch et al., 2011; Figure S4). To examine the role of Cdk1/Cdc2 
phosphorylation on Nsk1 localization, these phosphorylation sites 
were mutated to nonphosphorylatable alanine residues, and this 
nsk1-11A mutant was expressed in cells lacking endogenous nsk1. 
We found that additional, slower-migrating species of Nsk1 were 
not observed when nda3-KM311 nsk1-11A cells were blocked in 
mitosis (Figure 5E). Importantly, unlike wild-type Nsk1, the Nsk1-
11A protein appeared at the kinetochore–SPB junction in 25.1% of 
mitotically arrested nda3-KM311 cells (Figure 5E). In log-phase cul-
tures, Nsk1-11A appeared as punctate dots along the spindle in 
41.8% of preanaphase mitotic cells (Figure 5F). These data indicate 
that Nsk1 is phosphorylated by Cdk1/Cdc2 kinase on multiple sites 
in early mitosis, and this prevents Nsk1 localization to the spindle 
and kinetochore–SPB interface until it is dephosphorylated by Clp1 
at anaphase onset.

Nsk1 stability is regulated by dynein light chain 
We next examined whether accumulation of Nsk1 at the kineto-
chore–SPB interface is dependent on known SPB-binding proteins, 
including Msd1, Alp7, and dynein light chain (Dlc1; Miki et al., 2002; 
Oliferenko and Balasubramanian, 2002; Sato et al., 2004; Toya et al., 
2007). To our surprise, although loss of Msd1 or Alp7 had little or no 
effect on Nsk1 localization, we were unable to observe Nsk1 at the 
spindle pole in the absence of Dlc1 in fixed-cell preparations 
(Figure 6A). This effect was specific to Dlc1, since absence of Dlc2 
(another dynein light chain protein) or Dhc1 (dynein heavy chain) 
had no effect on Nsk1 localization (Figure 6A). To examine this more 
closely, we filmed Δdlc1 nsk1-gfp sid4-tdtomato cells during ana-
phase B. Although we were unable to detect Nsk1 at the kineto-
chore–SPB junction in most movies (13/16), we detected weak Nsk1 
signal in other movies (3/16) (Figure 6B and Movie S2). Furthermore, 
in fixed cells, we also observed substantially reduced localization of 
Nsk1-gfp to both the nucleolus during interphase and to the nu-
cleus during prometaphase and metaphase, indicating that loss of 
Dlc1 effects Nsk1 localization throughout the cell cycle (Figure 6C). 
Importantly, we found that the steady-state level of Nsk1 was lower 
in Δdlc1 cells than in wild-type cells (Figure S5A). On addition of 
cycloheximide, Nsk1-gfp levels remained relatively constant over 
1 h in the presence of Dlc1 but were further reduced in its absence 
(Figure 6D). This suggests that Dlc1 is primarily required for the sta-
bility of the Nsk1 protein, rather than for its subcellular localization. 
Consistent with this, overexpressing Nsk1 restores nuclear and spin-
dle localization in the absence of Dlc1 (Figure S5B). Notably, we 
found an artificial minichromosome is missegregated in 0.04% of 
Δdlc1 cells, compared with 1.06% of Δnsk1 cells, but only 0.01% of 
wild-type cells, suggesting that there is sufficient Nsk1 protein in 
Δdlc1 cells to promote accurate chromosome segregation (Table 1). 
By contrast, an artificial minichromosome is missegregated in 0.05 ± 
0.01% of nsk1-gfp and 0.13 ± 0.02% of nsk1-gfp Δdlc1 cells (Table 1), 
indicating that although the Nsk1-gfp protein is functional, its stabil-
ity is more sensitive to loss of Dlc1 than the wild-type Nsk1 protein.

Nsk1 promotes the association of kinetochores to SPBs 
during anaphase B
To understand how Nsk1 influences chromosome segregation, we 
next examined kinetochore (Fta3) and SPB (Sid4) position in fixed-

cell populations. In 9.0% of interphase Δnsk1 cells, one pair of sister 
kinetochores failed to cluster near the SPB during interphase 
(Figure 7A). By contrast loss of Dis2 had only a marginal effect on 
kinetochore clustering in the presence or absence of Nsk1 (Figure 
7A). Similar results were obtained when kinetochore position was 
assessed with other GFP-tagged kinetochore proteins and in 
clp1(C286S) mutant, in which relocalization of Nsk1 to the kineto-
chore–SPB junction is impaired (Figure S6A). To investigate how un-
clustered kinetochores are generated in the absence of Nsk1, we 
filmed Δnsk1 fta3-gfp sid4-tdtomato cells during anaphase B, since 
this is when Nsk1 can be observed at the kinetochore–SPB junction. 
In 138/170 (81.2%) movies no obvious defect in kinetochore behav-
ior could be detected, compared with wild-type cells (Figure 7B, 
class I, and Movie S3). However, in 29/170 (17.1%) movies, sister-
chromatid separation and early anaphase B were normal, but one 
kinetochore became detached from one of the two SPBs late in ana-
phase B and remained detached during the following interphase 
(Figures 7B, class II, and S6B and Movie S4). This phenotype, which 
has not been observed in more than 200 movies of wild-type cells, 
accounts for the percentage of unclustered kinetochores observed 
in log-phase populations of Δnsk1 cells (Figure 7A). More strikingly, 
in two movies (1.2%), sister-chromatid separation occurred normally, 
but one kinetochore became detached from the SPB in early 
anaphase B and was not segregated to either pole (Figure 7B, 
class III, and Movie S5). In one extreme example, we filmed a cell in 
which all three kinetochores became sequentially detached from 
one of the two SPBs (Figure 7B, class IV, and Movie S6). This strongly 
suggests that Nsk1 is required for accurate chromosome segrega-
tion, promoting the tethering of kinetochores to SPBs during ana-
phase B (see Discussion).

Unclustered kinetochores are retrieved in the absence 
of Nsk1, but this process delays the onset of anaphase
To examine the fate of unclustered kinetochores, we filmed fta3-
gfp sid4-tdtomato cells and Δnsk1 fta3-gfp sid4-tdtomato cells 
that had both clustered and unclustered kinetochores (Figure 8A 
and Movies S7 and S8, respectively). Without exception, we found 
that, in the absence of Nsk1, unclustered kinetochores were re-
trieved to one or the other spindle pole with kinetics comparable 
to those reported in other studies (0.6–2.0 μm/min; Figure 8B; 
Grishchuk and McIntosh, 2006; Franco et al., 2007). However, we 
noted that Δnsk1 cells that had unclustered kinetochores during 
interphase spent on average more time in prometaphase and 
metaphase than Δnsk1 cells with clustered kinetochores (Figure 8, 
A and C). Conversely, Δnsk1 cells with clustered kinetochores 
spent on average the same time in prometaphase and metaphase 
as wild-type cells (Figure 8C). This strongly suggests that the de-
lay in anaphase onset observed in log-phase Δnsk1 cultures 
(Figure 1, D and E) is due to the extra time required to capture, 
retrieve, and biorient unclustered kinetochores during the subse-
quent mitosis. These data also demonstrate that Nsk1 is not re-
quired for the initial capture, retrieval, or biorientation of kineto-
chores during prometaphase or metaphase, consistent with the 
observation that Nsk1 only binds the kinetochore–SPB junction 
after anaphase onset.

Dis2 is required for the retrieval of unclustered kinetochores
We initially identified Nsk1 based on the additive growth defect of 
Δnsk1 Δdis2 cells (Figure 1A and Table 1). Although both Δnsk1 and 
Δdis2 cells individually display defects in chromosome segregation, 
we wished to explain this synthetic phenotype. To do this, we 
filmed Δnsk1 Δdis2 cells during mitosis. We found that unclustered 
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FIGURE 5: Dephosphorylation of Nsk1 by Clp1 promotes its association to the kinetochore–SPB junction. (A) Total-cell 
extracts were prepared from log-phase or mitotically arrested cultures of wild-type, nda3-KM311 nsk1-gfp clp1+, or 
nda3-KM311 nsk1-gfp clp1(C286S) cells. Proteins were separated by SDS–PAGE and Western blotting and probed 
with anti-GFP antibodies. Closed arrow indicates major Nsk1-gfp species observed in log-phase extracts. Open arrow 
indicates slower-migrating species observed in mitotically arrested extracts. Asterisk indicates a 50-kDa nonspecific 
band also found in the wild-type strain and used as a loading control throughout. (B) Log-phase cultures of nda3-
KM311 nsk1-gfp clp1+ or nda3-KM311 nsk1-gfp clp1(C286S) cells were arrested in mitosis by incubation at 18°C for 
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Our data demonstrate that Nsk1 is phosphorylated in mitosis 
and dephosphorylated during anaphase, coincident with its relocal-
ization to the kinetochore–SPB junction. Both dephosphorylation of 
Nsk1 and its relocalization are disrupted in clp1(C286S) cells, sug-
gesting that dephosphorylation of Nsk1 on proline-directed sites 
controls its relocalization. Consistent with this, recent phosphopro-
teome analysis has shown that Nsk1 is highly phosphorylated during 
mitosis and, although only 38% of the Nsk1 sequence is covered in 
this study, many of the reported Nsk1 phosphorylation sites corre-
spond to Cdk1/Cdc2 consensus sites (Koch et al., 2011; Figure S4). 
We demonstrate that mutation of these sites to nonphosphorylat-
able alanine residues largely abolishes the mobility shift of Nsk1 on 
SDS–PAGE and causes premature localization of Nsk1 to the pre-
anaphase mitotic spindle and SPB. These data strongly suggest that 
phosphorylation of Nsk1 on consensus Cdk1/Cdc2 sites prevents its 
localization during prometaphase and metaphase and dephospho-
rylation of Nsk1 on these sites, at least in part by Clp1, promotes its 
association to the spindle and kinetochore–SPB junction during ana-
phase B. At present, it is unclear why Nsk1 is sequestered in the 
nucleolus during interphase or what triggers its export to the nucle-
oplasm at the G2/M transition or its return to the nucleolus at the 
end of anaphase B.

Δnsk1 cells display an increased rate of chromosome missegre-
gation. However, unlike Dis2, Nsk1 is not required for the capture, 
retrieval, or biorientation of sister chromatids and does not op-
pose Ark1 activity (Figure S7). So why is the SAC activated in some 
Δnsk1 cells? In wild-type cells, kinetochores cluster in an area un-
derlying the SPB during interphase (Funabiki et al., 1993). This 
clustering is disrupted in around 9% of Δnsk1 cells. We found that 
only Δnsk1 cells that enter mitosis with unclustered kinetochores 
are delayed in the timing of anaphase, compared with wild-type 
cells. This suggests unclustered kinetochores activate the SAC in 
early mitosis until they are captured, retrieved, and bioriented by 
spindle microtubules. We conclude that the delay in anaphase on-
set observed in some Δnsk1 cells results from a failure to properly 
cluster kinetochores during the previous mitosis (see model in 
Figure 9).

In most Δnsk1 cells, chromosomes segregate normally to spindle 
poles during anaphase B. However, in ∼17% of cells, one or more 
kinetochores become detached from one of the two SPBs. If de-
tachment occurs late in anaphase B, the chromosome remains in the 
correct nucleus, but has to be captured and retrieved during the 
following prometaphase (Figure 9). Infrequently, kinetochores 

kinetochores are seldom retrieved to the SPB in mitotic Δnsk1 Δdis2 
cells. In cells that fail to retrieve their kinetochores, anaphase does 
not take place and spindles eventually collapse (Figure 8, A and B, 
and Movie S9). Interestingly, in some Δnsk1 Δdis2 cells, unclustered 
kinetochores appear to be retrieved, lost, and retrieved again 
(Figure 8B). These data suggest that Dis2, like the DASH complex, 
is required both for kinetochore retrieval and for the establishment 
of end-on attachments at the spindle pole (Franco et al., 2007; 
Gachet et al., 2008; Vanoosthuyse et al., 2009). Consistent with 
this, Δnsk1 Δdam1 cells display comparable growth defects to 
Δnsk1 Δdis2 (unpublished data). To further clarify this, we moni-
tored kinetochore and SPB position following release of mitotically 
arrested nda3-KM311 cells to the permissive temperature. At the 
arrest point, kinetochores were displaced from SPBs and needed to 
be recaptured and retrieved to the spindle pole before they were 
bioriented on the mitotic spindle. Whereas cells lacking Nsk1 dis-
played no defect in kinetochore retrieval, cells lacking either Dis2 
or Dam1 were substantially impaired (Figure 8D). Thus the failure to 
recapture unclustered kinetochores in Δnsk1 Δdis2 cells is likely to 
be a major contributory factor to the slow-growth phenotype of this 
double mutant.

DISCUSSION
PP1 antagonizes Aurora B at the kinetochore to stabilize tension-
bearing kinetochore–microtubule attachments and silence the SAC 
(Pinsky et al., 2006, 2009; Vanoosthuyse and Hardwick, 2009; Liu 
et al., 2010). We found that fission yeast Δdis2 cells, which lack one 
of two type 1 phosphatases, suppress the temperature sensitivity of 
ark1-T7 mutants, are defective in kinetochore retrieval, missegre-
gate chromosomes at high frequency, and are delayed in the timing 
of anaphase onset. We screened for new factors that exacerbate 
these effects and identified Nsk1, a novel protein that promotes ki-
netochore–SPB association in anaphase. Nsk1 localizes to the nucle-
olus during interphase and redistributes throughout the nucleo-
plasm from mitotic entry until anaphase onset. Nsk1 appears on the 
axis of the anaphase A spindle and then at the inner face of SPBs 
during anaphase B. Importantly, we did not see Nsk1 on kineto-
chores of lagging sister chromatids, indicating Nsk1 is not a kineto-
chore protein sensu stricto. Likewise, Nsk1 never colocalizes with 
SPBs during anaphase B, unless they are associated with at least 
one kinetochore, indicating Nsk1 is not simply an SPB-associated 
protein. Rather, we found Nsk1 accumulates at the kinetochore–SPB 
junction during anaphase B.

6 h and then released to the permissive temperature. At the times indicated, total-cell extracts were prepared and 
probed by Western blotting using anti-GFP antibodies to detect Nsk1-gfp and anti-Cdc13 antibodies to monitor 
mitotic exit. Open arrow indicates slower-migrating Nsk1-gfp. Closed arrow indicates more rapidly migrating species. 
Some slower-migrating Nsk1-gfp remains after 90 min at permissive temperature, but note that ∼20% of cells do not 
enter anaphase under this regime. (C) Extracts were prepared from log-phase cultures of clp1(C286S)-13myc or 
nsk1-gfp clp1(C286S)-13myc cells and incubated in the presence of anti-GFP antibodies. Extracts and 
immunoprecipitates were probed by Western blotting using anti-Myc antibodies. (D) Log-phase cultures of nda3-
KM311 nsk1-gfp sid4-tdtomato, nda3-KM311 nsk1-gfp sid4-tdtomato Δclp1, and nda3-KM311 nsk1-gfp sid4-tdtomato 
clp1(C286S) cells were arrested in mitosis by incubation at 18°C for 6 h and then released to the permissive 
temperature. At each time point, cells were fixed with formaldehyde and the percentage of cells displaying SPB-
associated Nsk1 (left panel) or two separated nuclei (right panel) was measured. (E) Log-phase cultures of nmt1:nsk1-
gfp Δnsk1 sid4-tdtomato nda3-KM311 or nmt1:nsk1-11A-gfp Δnsk1 sid4-tdtomato nda3-KM311 cells were grown in 
rich medium (containing thiamine) either at 30°C or arrested in mitosis by incubation at 18°C for 6 h. Total-cell extracts 
were prepared, and proteins were separated by SDS–PAGE and Western blotting and probed with anti-GFP 
antibodies as in (A). Alternatively, mitotically arrested cells were fixed, and the percentage of cells with Nsk1 
associated to spindle poles was assessed by fluorescence microscopy. (F) Log-phase cultures of nmt1:nsk1-gfp Δnsk1 
sid4-tdtomato or nmt1:nsk1-11A-gfp Δnsk1 sid4-tdtomato cells grown in rich medium (containing thiamine) at 30°C 
were fixed and analyzed by fluorescence microscopy.
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FIGURE 6: Nsk1 stability requires Dlc1. (A) Log-phase nsk1-gfp sid4-tdtomato cells that were either wild-type or 
deleted for Dlc1 (Δdlc1), Dlc2 (Δdlc2), Dhc1 (Δdhc1), Alp7/Mia1 (Δalp7), or Msd1 (Δmsd1) were fixed, and Nsk1 
localization was examined in anaphase B cells. Scale bars: 2μm. (B) Images from two representative movies of Δdlc1 
nsk1-gfp sid4-tdtomato cells during anaphase B taken at 1-min intervals. Arrow indicates weak Nsk1-gfp signal in Δdlc1 
cells. Time zero is the end of anaphase A. (C) Log-phase Δdlc1 nsk1-gfp sid4-tdtomato cells were fixed, and Nsk1-gfp 
localization was assessed at different cell cycle stages. (D) Log-phase nsk1-gfp and Δdlc1 nsk1-gfp cells were treated 
with 100 μg/ml cycloheximide. Samples were taken at the times indicated and analyzed by Western blotting. Asterisk 
indicates nonspecific 50-kDa band used as a loading control.

become detached from SPBs in early anaphase B, causing chromo-
some missegregation (Figure 9). These data suggest the primary 
role of Nsk1 in accurate chromosome segregation is in promoting 

association of kinetochores with SPBs during anaphase B. Other fac-
tors, such as Ima1, must be necessary for maintenance of kineto-
chore clustering during interphase, since spindles disassemble, 
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FIGURE 7: Nsk1 promotes association of kinetochores to SPBs during anaphase B. (A) Log-phase cultures of wild-type, 
Δnsk1, Δdis2, and Δnsk1 Δdis2 cells expressing fta3-gfp, and sid4-tdtomato cells were fixed, and the percentage of 
interphase cells with kinetochores that were not clustered near the SPB was determined by fluorescence microscopy 
(left panel). Images of Δnsk1 fta3-gfp sid4-tdtomato cells with either clustered (left column) or unclustered (right column) 
kinetochores. Arrow indicates an unclustered kinetochore. Scale bars: 2 μm. (B) Images from four representative movies 
of individual Δnsk1 fta3-gfp sid4-tdtomato cells during anaphase B. In the first three movies, time zero is the end of 
anaphase A. In the fourth movie, imaging started partway through anaphase B. Arrows indicate the time of initial 
detachment of kinetochores from SPBs. Time is shown in minutes.

SPBs defenestrate from the nuclear envelope, and Nsk1 returns to 
the nucleolus at the end of anaphase B (Hagan and Hyams, 1988; 
Ding et al., 1997; King et al., 2008). We found that retrieval of un-
clustered kinetochores requires Dis2. This is likely to be a major con-
tributory factor to the slow-growth phenotype of Δdis2 Δnsk1 dou-
ble mutants. The frequency of detachment of kinetochores from 
SPBs during early anaphase B may also be increased in Δnsk1 Δdis2 
mutants; however, the percentage of dead cells in log-phase cul-
tures makes this difficult to assess by live-cell imaging. Regardless, 
these data suggest that kinetochore clustering aids chromosome 
biorientation in yeast.

So what is the molecular function of Nsk1? One possibility is that 
Nsk1 physically tethers kinetochores to SPBs. This seems unlikely, as 
Nsk1 is a low-abundance protein. Indeed, the stability of Nsk1 re-
quires Dlc1, and Nsk1-gfp protein is barely detectable by fluores-
cence microscopy in the absence of Dlc1. Nevertheless, Δdlc1 cells 
display relatively mild chromosome segregation and kinetochore-
unclustering defects, suggesting even a small amount of Nsk1 at the 

kinetochore–SPB junction is sufficient for its function. This is incon-
gruous with the idea of Nsk1 being a physical tether. An alternative 
possibility is that Nsk1 acts to regulate a tether. Nsk1 shares some 
phenotypic similarities with S. cerevisiae protein Fin1, which is nega-
tively regulated by Cdk1-dependent phosphorylation (Woodbury 
and Morgan, 2007). Fin1 targets PP1 to kinetochores and ectopi-
cally silences the SAC when overexpressed (Akiyoshi et al., 2009). 
Interestingly, Nsk1 and its S. cryophilus and S. octosporus homo-
logues contain consensus PP1-binding motifs ([K/R]X(0–1)VX[F/W]) in 
their C-termini (Rhind et al., 2011; Figure S1). However, we could not 
detect interaction between Nsk1 and Dis2 by coimmunoprecipita-
tion or yeast two-hybrid screening. Moreover, mutation of this site 
does not influence Nsk1 function in vivo (Figure S7). The mechanism 
of Nsk1 action therefore remains unclear. Identifying additional 
Nsk1-interacting partners will be key for determining how Nsk1 links 
kinetochores to SPBs during anaphase B.

Although no obvious structural Nsk1 homologues exist outside 
fission yeasts, it is interesting to speculate whether Nsk1 function 
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FIGURE 8: Retrieval of unclustered kinetochores delays the onset of anaphase and requires PP1Dis2. (A) Images from 
two representative movies of mitotic Δnsk1 fta3-gfp sid4-tdtomato cells that entered mitosis with either clustered 
kinetochores (top panels) or an unclustered kinetochore (middle panels). Time zero is the point of pole separation. 
Images from a representative movie of a mitotic Δnsk1 Δdis2 fta3-gfp sid4-tdtomato cell that entered mitosis with an 
unclustered kinetochore pair (bottom panels). This cell was already in mitosis when imaging began. Images were taken 
at 1-min intervals. Arrows indicate unclustered kinetochores. (B) Movies of Δnsk1 fta3-gfp sid4-tdtomato and Δdis2 
Δnsk1 fta3-gfp sid4-tdtomato cells with unclustered kinetochores during mitosis were analyzed, and the distance (“d” in 
the schematic) from kinetochore (green) to SPB (red) was measured in each frame. Blue lines represent retrieval events 
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microtubules, but also to SPBs, to prevent 
chromosome missegregation during early 
anaphase B. Although Nsk1 is not a direct 
astrin or SKAP homologue, we suggest 
regulated recruitment of Nsk1 to the kine-
tochore may serve an analogous role. It is 
intriguing in this respect that fission yeast 
Dlc1 is the direct homologue of Tctex-1/
LC8, a component of the astrin/SKAP com-
plex (Miki et al., 2002; Schmidt et al., 2010). 
Regardless, our finding that association of 
Nsk1 to the kinetochore is dependent on 
Clp1 provides at least a partial explanation 
why this conserved phosphatase is re-
quired for accurate chromosome segrega-
tion in fission yeast.

MATERIALS AND METHODS
Genome-wide screen for synthetic sick 
interactions with Δdis2 mutants
The PEM-2 (Pombe Epistasis Mapper-2) 
method (Roguev et al., 2007) was applied 
with some minor modifications (see Strain 
Construction) to carry out genetic crosses 
between a strain lacking PP1Dis2 (dis2::hygR) 
and the collection of all deletions of nones-
sential genes in S. pombe (Bioneer, version 
1). A Singer RoToR HAD station (kindly 
made available by the Tyers Lab, Wellcome 
Trust Center for Cell Biology, Edinburgh) 
was used to array the cells so that each 
cross was duplicated (768 independent 
spots per plate). After mating on SPAS for 
4 d at 30°C, cells were transferred onto YES 
(yeast extract with supplements) medium 
containing 100 μg/ml G418, 20 μg/ml hy-

gromycin B, and 100 μg/ml cycloheximide. After 2–3 d at 30°C, 
cells were transferred onto YES medium containing 100 μg/ml 
G418, 100 μg/ml hygromycin B, 100 μg/ml cycloheximide, and 
1 mg/ml phloxin B and grown for another 2 d at 30°C. We found 
that addition of phloxin B helped with the identification of synthetic 
sick interactions, in which the double mutant is viable but grows 
poorly. The screen was repeated three times with Δdis2 as bait and 
a list of the 38 genes whose deletion gave a strong synthetic sick 
phenotype is shown in Table SI.

Cell culture
Media, growth, and maintenance of strains were as previously de-
scribed (Moreno et al., 1991). Strains used in this study are listed in 

is conserved. In mammalian cells, a complex containing astrin, 
SKAP (also known as kinastrin), and dynein light chain (Tctex-1/
LC8) is recruited to the kinetochore upon the establishment of 
correct biorientation to selectively stabilize microtubule attach-
ments at these kinetochores (Thein et al., 2007; Manning et al., 
2010; Schmidt et al., 2010). Separation of segregated chromo-
somes is largely dependent on microtubule-mediated anaphase A 
movement in mammalian cells. In yeast, elongation of the ana-
phase B spindle, which increases from 2 to 14 μm in fission yeast, 
has a more major role, and this is thought to aid the resolution of 
merotelic kinetochore–microtubule attachments (Courtheoux 
et al., 2009). We suggest that the kinetochores of segregated sis-
ter chromatids in yeast need to be tightly tethered, not only to 

in cells that subsequently go through anaphase. Red lines represent the paths of kinetochores in cells where spindles 
subsequently collapse (see Figure 8A and Movie S5). Green and purple lines represent kinetochores that are retrieved 
but subsequently lost and retrieved again before proceeding into anaphase. Note: we cannot confirm whether the same 
kinetochores are lost in each case. (C) The length of time individual fta3-gfp sid4-tdtomato and Δnsk1 fta3-gfp sid4-
tdtomato cells spent in prometaphase and metaphase (PM + M) was determined by live-cell imaging. Cells lacking Nsk1 
were divided into those that entered mitosis with at least one unclustered kinetochore (unclustered) and those that did 
not (clustered). Closed circles represent movies where mitotic entry and exit can be assessed. Open circles represent 
movies where either entry or exit from mitosis are absent. The mean duration of completed mitoses from each class is 
represented by a horizontal line. (D) Log-phase cultures of wild-type, Δnsk1, Δdis2, and Δdam1 cells expressing 
nda3-KM311 dad1-gfp sid4-tdtomato were arrested in mitosis, as before. Kinetochore recapture was assayed as 
described in Materials and Methods. Error bars are the SD from the mean of three independent experiments.

FIGURE 9: Model to explain the different fates of clustered and unclustered kinetochores 
(green) relative to the position of spindle poles (red) in the absence of Nsk1. Please refer to the 
text for an explanation.
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onto yeast extract agar containing no additional adenine for 3 d at 
30°C. Half-sectored, or greater than half-sectored, pink colonies 
were scored.

Chromosome retrieval assay
The retrieval of kinetochores following release of mitotically arrested 
nda3-KM311 cells to the permissive temperature was measured ex-
actly as previously described (Vanoosthuyse et al., 2009).

Microtubule-independent localization assay
Mid-log-phase ark1-as3 nda3-KM311 nsk1-gfp cnp1-mcherry sid4-
cfp cells were arrested in early mitosis in liquid cultures by shifting to 
18°C for 6 h followed by addition of 5 μM 1NMPP1 (1-naphthyl-
methyl-4-amino-1-tert-butyl-3-(p-methylphenyl)pyrazolo[3,4-d]py-
rimidine). Cells were fixed in 3.7% formaldehyde mounted in me-
dium containing DAPI (to label DNA) and calcofluor (to label cell 
walls and septa). For each treatment condition and for each time 
point, 200–300 cells were analyzed.

Spindle checkpoint silencing assay
Spindle checkpoint silencing assay was done exactly as described 
(Meadows et al., 2011).

Immunoprecipitation and Western blotting
Proteins were extracted in HB buffer (25 mM MOPS, pH 7.2, 150 mM 
KCl, 15 mM MgCl2, 15 mM ethylene glycol tetraacetic acid, 1 mM 
dithiothreitol, 0.1% Triton, 0.1 mM sodium vanadate, 60 mM 
β-glycerophosphate, complete protease inhibitor cocktail [EDTA 
free; Roche, Indianapolis, IN], 1 mM phenylmethylsulfonyl fluoride) 
from ∼2 × 108 cells. Cleared extracts were then incubated for 3 h at 
4°C with sheep anti-GFP antibody prebound to protein G. The 
beads were then washed three times with HB buffer and once with 
phosphate-buffered saline containing 0.02% Tween. The immuno-
precipitated complexes were then analyzed by immunoblot using 
anti-Myc antibody (9E10; Cambridge Bioscience, Cambridge, UK). 
For Western blotting of total-cell extracts, cells were lysed in 20% 
trichloroacetic acid and precipitated proteins were solubilized in 
SDS sample buffer. Mitotic exit was assayed using purified anti-
Cdc13 antibodies (a gift from Paul Nurse).

Table SII. All experiments were performed at 30°C, unless otherwise 
stated.

Strain construction
Deletion of nsk1 and carboxy-terminal tagging of Nsk1 with GFP 
were performed by two-step PCR-based gene targeting, as previ-
ously described (Bahler et al., 1998; Krawchuk and Wahls, 1999). 
Amino-terminal tagging of Nsk1 was achieved using Gateway Tech-
nology (Invitrogen, Carlsbad, CA). pDONR was used as the entry 
vector and pLYS1U-HFG1c was used as the destination vector. Cor-
rect clones were verified by sequencing. Integration and verification 
were as previously described (Matsuyama et al., 2008). nsk1-11A was 
synthesized by GeneArt (Invitrogen), introducing alanine residues at 
the following sites: S48, S71, S103, S113, S140, S171, S195, S236, 
S304, T381, and T437 and the open reading frame (ORF) cloned into 
pLYS1U-HFG1c using Gateway Technology. The nsk1-V390A, W392A 
mutation was made using the Phusion site-directed mutagenesis kit 
(Thermo Scientific, Lafayette, CO) according to the manufacturer’s 
instructions. In all gene deletions (Δ), the entire ORF was removed. 
The genotypes of the strains used in this study are detailed in Table 
SII. A list of oligonucleotides used is provided in Table SIII.

Fluorescence microscopy
Analysis of live cells was performed in an imaging chamber (Cover-
Well PCI-2.5; Grace Bio-Labs, Bend, OR) filled with 1 ml of 1% aga-
rose in minimal medium and sealed with a 22-mm × 22-mm glass 
coverslip. Fluorescence imaging was performed on a Nikon TE-2000 
inverted microscope with a 100×, 1.49 numerical aperture objective 
lens equipped with a Photometrics Coolsnap-HQ2 liquid-cooled 
CCD camera (Photometrics, Tucson, AZ). Images were collected and 
analyzed using MetaMorph (version 7.5.2.0; Molecular Devices, 
Sunnyvale, CA). Stacks of six z-sections (0.6 μm apart) were taken at 
each time point, and exposure times of 1 s for GFP, tdTomato, or 
mCherry and 0.25 s for DAPI were used. Maximum-intensity projec-
tions were made for each time point, which was followed by intensity 
adjustments and conversion to 24-bit TIFF images.

Fluorescence levels for high-resolution localization were mea-
sured in MetaMorph using the linescan option set at one pixel width 
for a 2-μm length. Chromatic aberrations were minimized by using a 
single dichroic filter for all channels and by observing spindle poles 
and kinetochores in various orientations to correct for any pixel shift. 
The pattern of localization was maintained in all imaged cells. Fluo-
rescence levels for relative intensities were measured using Meta-
morph by setting an active region circle with a diameter of five pixels 
(90 nm2). Average intensities within this region were calculated, and 
the average cytoplasmic fluorescence background was subtracted.

Measurement of mitotic index
Mid-log cdc13-gfp, fta4-gfp sid4-tdtomato, or dad1-gfp sid4-tdto-
mato cells were fixed in 3.7% formaldehyde for 10 min and mounted 
in medium containing 4′,6-diamidino-2-phenylindole (DAPI; to label 
DNA). Stacks of 16 z-sections (0.2 μm apart) were taken and pro-
jected images were made for each time point, which was followed 
by intensity adjustments. The percentage of cells with Cdc13-gfp on 
separated SPBs or the percentage of cells with kinetochores in be-
tween separated SPBs was determined.

Minichromosome loss assay
Minichromosome loss in cells bearing the Ch16 (ade6-M216) 
minichromosome and ade6-M210 allele was assayed as previously 
described (Niwa et al., 1989). Cells were grown to mid-log phase in 
Edinburgh minimal medium (EMM) lacking adenine and then plated 
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