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Slk19 clusters kinetochores and facilitates 
chromosome bipolar attachment
Daniel Richmond, Raed Rizkallah, Fengshan Liang, Myra M. Hurt, and Yanchang Wang
Department of Biomedical Sciences, College of Medicine, Florida State University, Tallahassee, FL 32306

ABSTRACT  In all eukaryotic cells, DNA is packaged into multiple chromosomes that are 
linked to microtubules through a large protein complex called a kinetochore. Previous data 
show that the kinetochores are clustered together during most of the cell cycle, but the 
mechanism and the biological significance of kinetochore clustering are unknown. As a kine-
tochore protein in budding yeast, the role of Slk19 in the stability of the anaphase spindle has 
been well studied, but its function in chromosome segregation has remained elusive. Here 
we show that Slk19 is required for kinetochore clustering when yeast cells are treated with 
the microtubule-depolymerizing agent nocodazole. We further find that slk19Δ mutant cells 
exhibit delayed kinetochore capture and chromosome bipolar attachment after the disrup-
tion of the kinetochore–microtubule interaction by nocodazole, which is likely attributed to 
defective kinetochore clustering. In addition, we show that Slk19 interacts with itself, sug-
gesting that the dimerization of Slk19 may mediate the interaction between kinetochores for 
clustering. Therefore Slk19 likely acts as kinetochore glue that clusters kinetochores to 
facilitate efficient and faithful chromosome segregation.

INTRODUCTION
An eukaryotic cell contains multiple chromosomes, but the centro-
meric regions from these chromosomes have been shown to be 
grouped together in yeast and human cells (Funabiki et al., 1993; 
Goh and Kilmartin, 1993; Goshima and Yanagida, 2000; Solovei 
et al., 2004; Duan et al., 2009). In budding yeast, chromosomes are 
connected to microtubules and form clusters during most of the cell 
cycle (Goshima and Yanagida, 2000; Tanaka et al., 2007; Liu et al., 
2008). Previous work shows that the centromere clustering in yeast 
cells is reduced in kinetochore mutants (Jin et al., 2000; Janke et al., 
2001; Anderson et al., 2009). One explanation is that kinetochore 
clustering is maintained by the association of kinetochores with mi-
crotubules. Recent evidence suggests that kinesin-5 sliding motor 

proteins Cin8 and Kip1 promote kinetochore clustering during 
mitosis by controlling the dynamics of kinetochore microtubules 
(Gardner et al., 2008). Another motor protein, Kip3, is also involved 
in kinetochore clustering at metaphase (Wargacki et al., 2010). How-
ever, the molecular mechanism for kinetochore clustering during 
other cell cycle stages and the biological function of this clustering 
remain unclear.

The budding yeast SLK19 gene was isolated because the loss 
of its function causes lethality in cells lacking a motor protein Kar3. 
Given the fact that Kar3 promotes chromosome biorientation (Liu 
et al., 2011; Jin et al., 2012), the genetic interaction suggests a 
possible kinetochore function for Slk19. Indeed, Slk19 has been 
shown to associate with centromeric DNA (Zeng et  al., 1999; 
Zhang et al., 2006). As a kinetochore protein, Slk19 is not essential 
for growth, and slk19Δ mutant cells show almost normal chromo-
some segregation kinetics compared with wild-type (WT) cells 
(Sullivan and Uhlmann, 2003; Jin et al., 2008). Nevertheless, slk19Δ 
mutant is lethal in the absence of the spindle assembly checkpoint 
that monitors flawed kinetochore–microtubule (KT-MT) interac-
tions, indicating the role of Slk19 in faithful chromosome segrega-
tion (Tong et al., 2004; Ye et al., 2005; Collins et al., 2007). How-
ever, the kinetochore function of Slk19 has remained as a mystery 
at the molecular level.
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established. If that is the case, we need to treat cells with nocoda-
zole before the establishment of KT-MT interaction in order to dis-
connect kinetochores from microtubules more efficiently.

When centromeric DNA is being duplicated by the replication 
machinery, kinetochore proteins are displaced from the centromere, 
which disrupts the KT-MT interaction (Kitamura et al., 2007). Cells 
can replicate their DNA in the presence of nocodazole, but the reas-
sembled kinetochores may fail to reestablish the connection to mi-
crotubules due to repressed microtubule polymerization by nocoda-
zole. Therefore we released G1-arrested yeast cells with Mtw1-GFP 
and Spc42-mApple into nocodazole (20 μ/ml) for 120 min, a condi-
tion that allows DNA synthesis but prevents microtubule polymer-
ization. We examined the kinetochore distribution in these cells and 
found that most cells exhibited two or three GFP foci that mark kine-
tochores. Of interest, only one of the GFP dots colocalized with the 
collapsed spindle poles (Spc42-mApple) and others appeared to 

Slk19 is also a component of a mitotic exit pathway FEAR (Cdc14 
early-anaphase release), which promotes the release of the phos-
phatase Cdc14 from the nucleolus during early anaphase. In addi-
tion to Slk19, the FEAR pathway includes separase Esp1, protein 
phosphatase 2A, Spo12, Fob1, and the polo-like kinase Cdc5 
(Stegmeier et al., 2002; Queralt et al., 2006; Wang and Ng, 2006; 
Yellman and Burke, 2006). The FEAR-induced Cdc14 release re-
verses the protein phosphorylation imposed by S-phase CDK 
(cyclin-dependent kinase), which facilitates spindle elongation (Jin 
et al., 2008). Moreover, Slk19 localizes to the spindle midzone dur-
ing anaphase, where it stabilizes the spindle (Pereira and Schiebel, 
2003; Khmelinskii et al., 2007). Similar to the cohesin subunit Scc1/
Mcd1, Slk19 is cleaved by separase Esp1 upon anaphase onset, and 
this cleavage is essential for Slk19’s spindle-midzone localization 
(Sullivan et al., 2001). A series of slk19 in-frame deletion mutants 
was identified, and they are defective for either FEAR signaling or 
kinetochore function. Deletion of a fragment at the central region of 
SLK19 leads to the synthetic lethality with kar3 mutant without dis-
rupting the FEAR function, suggesting the kinetochore-specific role 
of this region (Havens et al., 2010).

Here we show that the absence of a yeast kinetochore protein 
Slk19 leads to kinetochore declustering after treatment with no-
codazole, a microtubule-depolymerizing agent, even though un-
treated slk19Δ mutant cells exhibit normal kinetochore clustering. 
slk19Δ mutants exhibit normal chromosome segregation during an 
undisturbed cell cycle, but we observed a dramatic anaphase entry 
delay after nocodazole treatment. Data with live-cell imaging indi-
cate that slk19Δ mutant cells exhibit defects in both kinetochore 
capture and chromosome biorientation. Our observation that Slk19 
directly interacts with itself supports a possibility that Slk19 dimeriza-
tion mediates kinetochore–kinetochore interaction and clustering, 
which likely facilitates kinetochore capture and chromosome bipolar 
attachment, especially after the disruption of kinetochore–microtu-
bule interaction.

RESULTS
Kinetochore clustering is resistant to nocodazole treatment
Budding yeast kinetochores have been shown to form clusters (Goh 
and Kilmartin, 1993; Goshima and Yanagida, 2000). We confirmed 
the cluster formation in live cells with green fluorescent protein 
(GFP)–tagged Mtw1, a protein located in the center portion of the 
kinetochore (De Wulf et al., 2003). Kinetochores form a single clus-
ter before metaphase and appear as two clusters, presumably after 
the establishment of chromosome bipolar attachment (Supplemen-
tal Figure S1). To examine whether this clustering depends on 
KT-MT interaction, we examined the kinetochore distribution in cells 
that were first synchronized in preanaphase and then treated with 
nocodazole, a microtubule-depolymerizing drug. cdc13-1 mutant 
cells arrest in preanaphase when incubated at nonpermissive tem-
peratures due to the activation of the DNA-damage checkpoint by 
unprotected telomeres (Liang and Wang, 2007). Cells in cdc13-1 
background were first incubated at 34°C to achieve preanaphase 
arrest. After nocodazole treatment, cdc13-1 MTW1-GFP SPC42-
mApple cells showed two adjacent spindle poles (Spc42-mApple). 
However, kinetochores marked by Mtw1-GFP formed a ring-like 
structure with two Spc42-mApple dots residing at each side of the 
ring (Figure 1A). Because the two spindle poles are still separated, 
and the Mtw1-GFP foci are in very close proximity to the spindle 
poles, we speculate that the nocodazole treatment of cells arrested 
in preanaphase cannot disrupt the KT-MT interaction completely. 
One possibility is that nocodazole-mediated microtubule depo-
lymerization fails to disrupt some KT-MT interactions once they are 

FIGURE 1:  Kinetochores can form clusters in the absence of KT-MT 
interaction and sister-chromatid cohesion. (A) Most of the 
kinetochores remain connected to spindle poles after nocodazole 
treatment in cells first arrested in preanaphase. G1-arrested cdc13-1 
MTW1-GFP SPC42-mApple cells were released into YPD medium at 
34°C for 120 min to achieve preanaphase arrest. Nocodazole was 
then added into the medium to 20 μg/ml, and the cells were 
harvested and fixed after 45 min of incubation at 34°C. Confocal 
microscopy was used to project a maximum-intensity image. Bar, 
3 μm. (B) Some kinetochore clusters are disconnected from the 
spindle poles after G1-arrested cells are released into nocodazole. 
G1-arrested MTW1-GFP SPC42-mApple cells were released into 
medium containing 20 μg/ml nocodazole. After 120 min of incubation 
at 25°C, cells were fixed and subjected to confocal microscopy. Scale 
bar, 3 μm. (C) Kinetochore clustering after nocodazole treatment is 
normal in cohesin mutants. WT and scc1-73 cells with MTW1-GFP 
were grown to log phase at permissive temperatures. After G1 arrest, 
the cells were released into 37°C medium containing 20 μg/ml 
nocodazole for 120 min. More than 100 cells were counted for the 
number of Mtw1-GFP foci per cell for each sample, and the average 
from triplicates is shown (right). Left, representative images acquired 
by confocal microscopy. Scale bar, 3 μm.
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two or three Mtw1-GFP foci, whereas slk19Δ mutant cells exhibited 
an obvious clustering defect, as evidenced by the increased number 
of Mtw1-GFP foci per cell. We observed that 79.5% of slk19Δ cells 
showed more than three Mtw1-GFP foci, compared with only 6.0% 
for WT cells (Figure 2A). No spindle structure (Tub1-mCherry) was 
observed in both WT and slk19Δ mutant cells, indicating microtu-
bule depolymerization under this condition. We further used super-
resolution microscopy to examine the kinetochore distribution in 
nocodazole-treated cells, and it was obvious that slk19Δ cells exhib-
ited an increased number of Mtw1-GFP foci (Figure 2A, middle). We 
noticed the presence of several low-intensity GFP foci in some 
slk19Δ mutant cells. Further experiments are needed to clarify 
whether the smaller foci represent single pairs of sister kinetochores. 
We also examined the kinetochore distribution in other nonessential 
kinetochore mutant cells. In contrast to slk19Δ, no obvious kineto-
chore clustering defect was observed in ctf3Δ and ydr532cΔ (kre28Δ) 
mutant cells (Supplemental Figure S5).

The difference in kinetochore clustering between WT and slk19Δ 
cells might be attributed to their differential microtubule-depol
ymerizing dynamics after nocodazole treatment, as previous data 
indicate the role of Slk19 in spindle stability during anaphase (Zeng 
et  al., 1999; Pereira and Schiebel, 2003). Therefore we trapped 
TUB1-GFP and slk19Δ TUB1-GFP cells in a chamber with flowed 
yeast extract/peptone/dextrose (YPD) medium. We used live-cell 
imaging to follow the Tub1-GFP signal after addition of nocodazole 
to the flowed medium (20 μg/ml). WT and slk19Δ mutant cells ex-
hibited similar kinetics for the disappearance of spindle structure 
after nocodazole addition (Figure 2B), indicating that the kineto-
chore declustering in nocodazole-treated slk19Δ mutant cells is un-
likely due to faster microtubule-depolymerizing kinetics. Unlike the 
TUB1-mCherry strains used in Figure 2A, we found that some yeast 
cells with Tub1-GFP showed a GFP dot after nocodazole treatment, 
which likely represents the short microtubules associated with the 
spindle pole body. We speculate that these residual microtubules 
may contribute to the clustering of kinetochores that colocalize with 
the spindle pole after nocodazole treatment, but the clustering of 
kinetochores away from the spindle pole in nocodazole-treated cells 
is likely independent of the microtubules that connect kinetochores 
to the spindle pole. However, we cannot exclude the possibility that 
Slk19 promotes kinetochore clustering through the interaction with 
kinetochore-derived microtubules (Ortiz et al., 2009; Kitamura et al., 
2010).

As a kinetochore protein, Slk19 is also a component of FEAR, 
one of the mitotic exit pathways. To test the possibility that func-
tional FEAR contributes to kinetochore clustering, we examined 
Mtw1-GFP distribution in cells lacking Spo12, which also functions 
in the FEAR pathway (Stegmeier et al., 2002). In contrast to slk19Δ, 
most of spo12Δ mutant cells showed two or three kinetochore clus-
ters after nocodazole treatment, like WT cells (Supplemental Figure 
S6). Therefore the kinetochore clustering defect in slk19Δ mutant is 
likely independent of its role in mitotic exit.

To further confirm the kinetochore clustering defect in slk19Δ 
mutant cells, we used a strain with two GFP-marked centromeres, 
CEN4-GFP and CEN5-GFP. Our rationale is that if Slk19 participates 
in kinetochore clustering, then we should observe a lower percent-
age of cells with colocalized CEN4-GFP and CEN5-GFP in slk19Δ 
mutant cells after nocodazole treatment compared with WT cells. 
After G1-arrested cells were released into media containing nocoda-
zole for 120 min, 35.6% of WT cells showed colocalization of CEN4-
GFP and CEN5-GFP, whereas only 17.3% of slk19Δ cells did (Figure 
2C). Thus the chance of colocalization of kinetochores from chro
mosome IV and V in slk19Δ cells is significantly lower than that in WT 

float away from the spindle poles, indicating that some kinetochores 
are not connected to microtubules (Figure 1B). In most of the cases, 
mApple-marked spindle poles colocalize with the bigger GFP dot, 
indicating that some KT-MT interactions are resistant to nocodazole 
treatment or some kinetochores reestablish the interaction with mi-
crotubules after disconnection even in the presence of nocodazole.

To further verify that all GFP dots observed are clusters of func-
tional kinetochores, we examined the localization of GFP-marked 
centromere on chromosome IV (CEN4-GFP) with mCherry-labeled 
Nuf2, another kinetochore protein. After G1 cells were released into 
nocodazole for 120 min, we found that the CEN4-GFP dot colocal-
ized with either the bigger or the smaller mCherry dot (Supplemen-
tal Figure S2), indicating that even the smaller fluorescent dots are 
real kinetochores. This result is in agreement with a previous obser-
vation that some kinetochores detach from the spindle microtubules 
after nocodazole treatment (Gillett et al., 2004).

A smaller Mtw1-GFP focus in nocodazole-treated yeast cells 
could be a single kinetochore or a cluster. If the smaller kinetochore 
focus away from the spindle poles is from a single chromosome, we 
expect the fluorescence intensity of the larger foci to be 15 times 
larger than that of the smaller ones, as a haploid yeast cell contains 
16 chromosomes. Therefore we analyzed the fluorescence intensity 
in cells that contain two GFP dots after nocodazole treatment and 
found that the average ratio is 2.25 (n = 100). Obviously, this ratio is 
much less than 15. Thus it is very likely that more than one kineto-
chore consists of the smaller kinetochore foci that are not linked to 
microtubules. In other words, kinetochores are clustered in the ab-
sence of KT-MT interaction.

Previous work showed that pericentric chromatin in budding 
yeast is organized into an intramolecular loop, and the loops from 
the 16 chromosomes form a cylindrical array. Although cohesin is 
not required for loop formation, it was proposed that cohesin may 
contribute to the stability or proximity of the intramolecular loops 
(Yeh et al., 2008). To test whether cohesin facilitates kinetochore 
clustering, we examined kinetochore distribution in cohesin mu-
tant cells (scc1-73/mcd1) that were released into 37°C nocodazole 
medium for 120 after G1 arrest. We did not detect an obvious 
difference in the number of Mtw1-GFP foci per cell in WT and 
scc1-73 mutant cells, suggesting that cohesin may not be directly 
involved in kinetochore clustering upon nocodazole treatment 
(Figure 1C). In addition, we failed to detect a dramatic kineto-
chore clustering defect in nocodazole-treated GAL-SCC1 cells 
growing in glucose medium, which represses the expression of 
cohesin Scc1/Mcd1 (Supplemental Figure S3A). Furthermore, 
ctf8Δ, ctf18Δ, and dcc1Δ mutant cells were shown to have a cohe-
sion defect (Mayer et al., 2001), but they did not exhibit an obvi-
ous kinetochore clustering defect after nocodazole treatment 
(Supplemental Figure S3B).

Slk19 is required for kinetochore clustering 
after nocodazole treatment
Because kinetochores form clusters when they are away from spin-
dle poles, kinetochore protein(s) is likely responsible for this cluster-
ing. Thus we analyzed kinetochore clustering in some yeast mutant 
cells lacking a nonessential kinetochore protein. For this purpose, 
we first constructed WT and slk19Δ kinetochore mutant strains in 
MTW1-GFP TUB1-mCherry background in order to visualize the ki-
netochore localization and the spindle structure. Like WT cells, 
slk19Δ mutant cells showed normal kinetochore clustering in an un-
disturbed cell cycle, with one GFP dot in G1 and S phase and two 
after metaphase (Supplemental Figure S4). After G1-arrested cells 
were released into nocodazole for 120 min, most WT cells showed 
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containing 15 μg/ml benomyl (Figure 3A). In contrast, spo12Δ cells 
did not show any noticeable benomyl sensitivity, suggesting that 
the slow-growth phenotype of slk19Δ mutants is not due to the de-
fect in mitotic exit. Therefore the kinetochore function of Slk19 
might become essential when cells are challenged with microtubule-
depolymerizing agents.

Defects in KT-MT interaction trigger the spindle assembly check-
point to delay the cell cycle through the stabilization of the ana-
phase inhibitor Pds1 (Cohen-Fix et al., 1996). In the absence of no-
codazole treatment, slk19Δ cells exhibited only a slight delay in 
Pds1 degradation (Figure 4B), which is in agreement with previous 
data (Sullivan et al., 2001). Next we released the G1-arrested WT 
and slk19Δ mutant cells into 20 μg/ml nocodazole for 120 min and 
then washed off the nocodazole to monitor the cell cycle response 
to nocodazole treatment. In the presence of nocodazole, slk19Δ 
budded normally, similar to WT cells. After nocodazole washout, 

cells, confirming that Slk19 is required to cluster kinetochores from 
separated chromosomes in the presence of nocodazole.

slk19Δ mutant cells exhibit a delay in the reestablishment 
of the KT-MT interaction
Our data suggest that Slk19 functions as a glue to mediate the inter-
action of kinetochores from separate chromosomes. We next asked 
how Slk19’s kinetochore function facilitates chromosome segrega-
tion. Previous data indicate that slk19Δ mutant cells exhibit normal 
chromosome segregation kinetics (Sullivan et al., 2001; Jin et al., 
2008), but the synthetic lethality between slk19Δ and spindle as-
sembly checkpoint mutants suggests a role of Slk19 in faithful chro-
mosome segregation. Therefore we first assessed the sensitivity of 
slk19Δ mutants to the microtubule poison benomyl. Although slk19Δ 
cells grew normally on YPD plates, a rich medium for yeast cells, 
the mutant cells showed a clear slow-growth phenotype on plates 

FIGURE 2:  Slk19 is required for kinetochore clustering after nocodazole treatment. (A) slk19Δ mutants show a 
kinetochore clustering defect. G1-arrested WT and slk19Δ cells in a MTW1-GFP TUB1-mCherry background were 
released into 20 μg/ml nocodazole for 120 min. After fixation, >100 cells were counted for the number of Mtw1-GFP 
foci per cell. Right, the average of three separate experiments. Left, representative images for Mtw1-GFP and Tub1-
mCherry signals from confocal microscopy. Middle, representative images for Mtw1-GFP signals from superresolution 
microscopy. Bar, 3 μm. (B) slk19Δ mutant cells show similar microtubule-depolymerizing kinetics as WT cells. WT and 
slk19Δ cells with Tub1-GFP were loaded into a chamber where YPD medium containing 20 μg/ml nocodazole started to 
flow over the cells at time 0. Maximum-projection images were then created to show the spindle morphology over time. 
(C) Fewer slk19Δ cells show colocalized centromeres from chromosomes IV and V after nocodazole treatment. WT and 
slk19Δ cells in a TUB1-mCherry background with GFP-marked centromeres of chromosome IV and V (CEN4-GFP 
CEN5-GFP) were grown to log phase at 25°C. After G1 arrest, the cells were released into 20 μg/ml nocodazole for 
120 min and then harvested and fixed for fluorescence microscopy. The number of GFP dots per cell was counted in 
>100 cells, and the average from triplicates is shown. Confocal microscopy was used to project representative 
maximum-intensity images for CEN4-GFP, CEN5-GFP, and Tub1-mCherry. Bar, 3 μm.
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contrast, the visible Tub1-mCherry cluster 
appeared at 30 min in the slk19Δ cell, but 
the complete colocalization of all the GFP-
marked kinetochores and mCherry-labeled 
spindle occurred at 48 min, showing that 
this cell needs 18 min to achieve kineto-
chore capture. On average, it took WT cells 
16 min for all the GFP foci to colocalize with 
the spindle after nocodazole washout. It is 
striking that slk19Δ mutant cells took an av-
erage of 40 min to achieve the colocaliza-
tion (n = 70). We noticed that four slk19Δ 
cells failed to achieve complete colocaliza-
tion during the entire course of the experi-
ment (150 min), and these cells were ex-
cluded for the calculation of the average 
capture time. Furthermore, we found that 
many of the cells formed a single GFP dot at 
first, and then two separated foci appeared 
before spindle elongation, presumably indi-
cating the time window between chromo-
some capture and the establishment of 
chromosome bipolar attachment.

Using the same approach, we also 
compared the capture process for a single 
kinetochore in WT and slk19Δ cells with 
CEN4-GFP and TUB1-mCherry. Consis-
tently, slk19Δ cells showed an obvious de-

lay in the colocalization of CEN4-GFP with the spindle compared 
with WT cells (Figure 4B), but the delay was not as dramatic as that 
from the strains with Mtw1-GFP. We speculate that this difference 
is due to the fact that CEN4-GFP represents one of the 16 pairs of 
sister kinetochores. Taken together, these results suggest that 
Slk19-dependent kinetochore clustering facilitates chromosome 
capture after the disruption of the KT-MT interaction.

slk19Δ mutant cells exhibit delayed chromosome bipolar 
attachment after exposure to nocodazole
The live-cell microscopy data indicate that slk19Δ cells show a de-
lay in kinetochore capture after nocodazole treatment, but the de-
lay in anaphase onset in slk19Δ cells as indicated by spindle elon-
gation is more dramatic (Figure 4A). It is possible that Slk19 also 
plays a role in chromosome bipolar attachment in addition to the 
kinetochore capturing. To test this idea, we first grew cdc13-1 and 
cdc13-1 slk19Δ cells at 34°C to achieve preanaphase arrest, as loss 
of Cdc13 function creates unprotected telomeres that activate the 
DNA-damage checkpoint (Lin and Zakian, 1996). We then treated 
the cells with nocodazole. The nocodazole treatment of cdc13-1–
arrested cells did not cause kinetochore declustering, and that 
was also true for cdc13-1 slk19Δ cells. After nocodazole was 
washed off, we examined the localization of CEN4-GFP relative to 
the spindle over time while keeping the cells at 34°C to retain the 
preanaphase arrest. The localization of a single or separated GFP 
dots at the center region of the spindle indicates bipolar attach-
ment on chromosome IV. We counted cells containing a CEN4-
GFP dot within the center region of a spindle (one-third) in this 
category (Figure 5A, arrow), whereas the localization of a CEN4-
GFP dot at the end of a spindle suggests failed bipolar attach-
ment. Just after nocodazole release, no spindle structure appeared 
in both cdc13-1 and cdc13-1 slk19Δ cells. After release from no-
codazole treatment for 30 min, 56.8% of cdc13-1 cells exhibited 
CEN4-GFP localization at the center region of the spindle, whereas 

however, slk19Δ cells showed an obvious delay in the transition from 
large-budded to unbudded cells. Consistent with the budding in-
dex, slk19Δ cells also showed stabilized Pds1 protein after nocoda-
zole exposure (Figure 3C). Because the disappearance of Pds1 pro-
tein marks anaphase entry (Cohen-Fix et  al., 1996), this result 
suggests that slk19Δ cells may have difficulty in establishing correct 
KT-MT interaction after nocodazole treatment. Previous work indi-
cates that slk19Δ mutant cells lose viability quickly after treatment 
with nocodazole (Pfiz et al., 2002), but we did not observe signifi-
cant viability loss with our slk19Δ strains, which could be attributed 
to different genetic backgrounds.

Our data suggest that Slk19 protein keeps kinetochores together 
after their disconnection from the spindle poles. To reestablish the 
KT-MT interaction, the disconnected kinetochores are first captured 
by a microtubule and then moved to the vicinity of one spindle pole 
through Cik1/Kar3-mediated transport (Tanaka et al., 2005, 2007), 
which may facilitate chromosome bipolar attachment (Liu et  al., 
2011). Clustered kinetochores might be transported to a spindle 
pole as a group, thereby facilitating the reestablishment of KT-MT 
interaction. To test this idea, we compared the kinetochore capture 
process in WT and slk19Δ cells after nocodazole treatment. The G1-
arrested cells were released into nocodazole medium for 100 min to 
disrupt KT-MT interaction. After nocodazole was washed off, the 
cells were subjected to live-cell microscopy, and the colocalization 
of kinetochore (Mtw1-GFP) and spindle (Tub1-mCherry) was exam-
ined. Note that spindle reformation varied slightly from cell to cell, 
but the average time was similar between WT and slk19Δ cells. As 
described earlier, most WT cells showed two or three Mtw1-GFP 
foci just after the release from nocodazole, but slk19Δ mutant cells 
exhibited more GFP foci. The kinetochore capture process in repre-
sentative WT and slk19Δ cells is shown in Figure 4A. In the WT cell, 
the mCherry cluster appeared 24 min after the movie was started, 
and all Mtw1-GFP signals colocalized with Tub1-mCherry at 30 min. 
Thus this cell finished the kinetochore capture within 6 min. In 

FIGURE 3:  slk19 mutant cells show delayed anaphase entry after nocodazole treatment. 
(A) slk19Δ mutants show sensitivity to benomyl. WT, slk19Δ, spo12Δ, and mad1Δ mutant cells 
were grown to saturation, 10-fold diluted, and spotted onto YPD with and without 15 μg/ml 
benomyl. The plates were scanned after incubation at 30°C for 3 d. (B) slk19Δ mutants do not 
show an obvious cell cycle defect in an unperturbed cell cycle. WT and slk19Δ cells with 
PDS1-18myc were released from G1 into YPD at 25°C. Cells were harvested every 20 min and 
examined for their budding index and Pds1 protein levels. (C) slk19Δ mutants show an anaphase 
entry delay after exposure to nocodazole. G1-arrested WT and slk19Δ cells with PDS1-18myc 
were released into YPD containing 20 μg/ml nocodazole at 25°C for 120 min. Nocodazole was 
then washed off, and the cells were released into YPD medium at 25°C. Cells were harvested 
every 20 min for budding index and Pds1 protein levels. Pgk1 protein level is shown as a loading 
control.
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The delay of chromosome bipolar attachment in slk19Δ cells 
could increase the chance of syntelic attachments, in which both 
sister kinetochores are connected to microtubules emanating from 
a single spindle pole. Sgo1 is a component of the tension check-
point that senses syntelic attachment and delays anaphase onset 
(Indjeian et al., 2005; Jin et al., 2012). If syntelic attachments occur 
in slk19Δ cells after nocodazole treatment, these cells will show a 
Sgo1-dependent cell cycle delay. Because sgo1Δ cells are sensitive 
to nocodazole treatment in G1 phase but are insensitive when first 
arrested at G2/M phase (Indjeian and Murray, 2007), we generated 
slk19Δ, sgo1Δ, and slk19Δ sgo1Δ strains in cdc13-1 CEN4-GFP 

only 27.9% of cdc13-1 slk19Δ cells showed this phenotype. 
cdc13-1 slk19Δ cells also showed a lower percentage of cells with 
the CEN4-GFP dot at the spindle center after nocodazole release 
for 45 and 60 min, and thus slk19Δ mutant cells appeared to take 
longer time to achieve bipolar attachment (Figure 5A). These re-
sults suggest that slk19Δ mutants may display a chromosome bi-
polar attachment defect after nocodazole treatment. Because 
treatment of cdc13-1 slk19Δ cells growing at 34°C did not cause 
defective kinetochore clustering, the delayed bipolar attachment 
in slk19Δ cells is likely independent of the kinetochore capture 
defect.

FIGURE 4:  slk19Δ mutant cells show kinetochore capture defect after nocodazole treatment. (A) slk19Δ mutant cells 
show a dramatic delay in kinetochore capture after the disruption of KT-MT interaction by nocodazole. G1-arrested WT 
and slk19Δ cells with MTW1-GFP TUB1-mCherry were released into YPD containing 20 μg/ml nocodazole for 100 min. 
After nocodazole was washed off, the cells were transferred onto an agarose pad on a microscope slide to perform 
live-cell imaging at 25°C. Although it took 8 min to prepare the slide and start the live-cell imaging after nocodazole 
washout, we set the movie starting point as time 0 for convenience. The localization of Mtw1-GFP and the spindle 
structure over the time course in a representative cell of WT and slk19Δ are shown. The timing of kinetochore capture 
was assessed based on the movies made from the live-cell imaging, and we define the point of kinetochore capture as 
when all Mtw1-GFP signals colocalize with the spindle (Tub1-mCherry). Right, kinetochore-capture kinetics in the WT 
and slk19Δ cells (n = 70). Scale bar, 3 μm. (B) slk19Δ mutant cells exhibit delayed capture of a GFP marked chromosome 
IV (CEN4-GFP) by spindle microtubule. WT and slk19Δ cells with CEN4-GFP TUB1-mCherry were treated the same as in 
A. The point when the CEN4-GFP colocalizes with the spindle was defined as kinetochore capture. Left, localization of 
CEN4-GFP and spindle morphology in representative WT and slk19Δ cells over time. Right, kinetics of kinetochore 
capture for chromosome IV in WT and slk19Δ mutant cells (n = 41). Scale bar, 3 μm.
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and released the cells into YPD medium at 
25°C to follow the cell cycle progression. 
Compared to cdc13-1 single mutant, more 
cdc13-1 slk19Δ cells remained as large bud-
ded. Of interest, the delayed M-to-G1 tran-
sition in cdc13-1 slk19Δ mutants was com-
pletely suppressed by sgo1Δ. Moreover, 
cdc13-1 slk19Δ cells exhibited a significant 
delay in segregation CEN4-GFP, and this 
delay was also suppressed by sgo1Δ (Figure 
5B). Consistently, cdc13-1 slk19Δ sgo1Δ 
double mutants exhibited increased viability 
loss after nocodazole treatment (unpub-
lished data). Given the established check-
point function of Sgo1 in sensing syntelic 
attachments, we speculate that the loss of 
function of Slk19 delays the establishment 
of chromosome bipolar attachment after 
nocodazole treatment and increases the fre-
quency of syntelic attachment.

Faulty KT-MT attachment activates the 
spindle checkpoint to prevent spindle elon-
gation. In cells lacking sister chromatid co-
hesion, however, the spindle will elongate 
even in the presence of these faulty attach-
ments, which will allow us to visualize chro-
mosome missegregation. Thus we created 
scc1-73 (mcd1), scc1-73 slk19Δ, and scc1-73 
spo12Δ strains in CEN5-GFP TUB1-mCherry 
background, which will lose cohesion when 
incubated at 37°C (Michaelis et  al., 1997). 
Cells arrested in G1 phase were released 
into nocodazole for 120 min at 25°C to dis-
rupt the spindle structure. After nocodazole 
washout, the cells were released into 25°C 
YPD to examine the spindle morphology 
over time. At 80 min after nocodazole wash-
out, 47.4% of WT cells, but only 22.5% of 
slk19Δ cells, showed an elongated spindle, 
indicating an anaphase entry delay in slk19Δ 
mutants. In contrast, spo12Δ mutant cells 
did not show any delay in spindle elonga-
tion compared with WT cells (Figure 5C, 
left). Thus slk19Δ mutant cells showed de-
layed metaphase–anaphase transition after 
nocodazole exposure.

In parallel, a portion of the cells was re-
moved every 20 min after nocodazole wash-
out and shifted to 37°C for 15 min to inacti-
vate cohesin (see the diagram in Figure 5C 
for an illustration of the experiment). After 
fixation, CEN5-GFP segregation was only 
scored in cells with an elongated spindle. 
The rationale for this experiment is that the 
abolition of cohesion will allow spindle elon-
gation regardless of proper chromosome 
attachment. If slk19Δ cells take longer to 
form bipolar attachment after nocodazole 
washout, then these cells will be more prone 

to chromosome missegregation after cohesin inactivation. After no-
codazole washout for 20 and 40 min, the temperature shift caused 
a high frequency of CEN5-GFP cosegregation in all three strains, 

background. After achieving G2/M arrest by growing the cells at 
34°C, we shifted the cells to 25°C medium containing 20 μg/ml no-
codazole. After incubation for 60 min, we washed off nocodazole 

FIGURE 5:  slk19Δ mutant cells show capture-independent defect in chromosome bipolar 
attachment. (A) slk19Δ mutants show a lower percentage of cells with the CEN4-GFP in the 
middle of the spindle after nocodazole treatment of cells arrested in preanaphase. cdc13-1 and 
cdc13-1 slk19Δ cells with CEN4-GFP TUB1-mCherry were first incubated in 34°C medium to 
achieve preanaphase arrest. Then we added 20 μg/ml nocodazole into the medium for 60 min 
to disrupt the spindle structure. After nocodazole was washed off, the cells were released into 
34°C YPD medium, and the relative localization of CEN4-GFP to the spindle was assessed over 
time. We counted the percentage of cells with the CEN4-GFP dot within the one-third of the 
center region of the spindle, and at least 100 cells were counted for each sample. The average 
from three independent experiments is shown. Right, representative images. (B) slk19Δ mutants 
show tension checkpoint–dependent anaphase entry delay after nocodazole exposure. 
G1-arrested WT, slk19Δ, sgo1Δ, and slk19Δ sgo1Δ in a cdc13-1 CEN4-GFP background were 
released to 34°C YPD medium for 120 min to achieve preanaphase arrest. The cells were then 
shifted to a medium containing 20 μg/ml nocodazole and incubated at 25°C for 60 min. After 
nocodazole was washed off, the cells were resuspended in fresh YPD media at 25°C and 
harvested over time to examine budding index and CEN4-GFP segregation. More than 100 cells 
were counted for each sample. Left, percentage of large-budded cells. Right, percentage of 
cells with segregated CEN4-GFP dots (one GFP dot in each mother and daughter cell) at the 
indicated time points. (C) slk19Δ mutant cells exhibit more chromosome missegregation after 
nocodazole exposure in a cohesin mutant. G1-arrested scc1-73, scc1-73 slk19Δ, and scc1-73 
spo12Δ cells with CEN5-GFP TUB1-mCherry were released into YPD containing 20 μg/ml 
nocodazole for 120 min at 25°C. After nocodazole washout, cells were released into 25°C YPD 
medium and removed every 20 min to examine the spindle structure. In parallel, an aliquot of 
the cells was taken every 20 min and shifted to 37°C for 15 min to inactivate cohesin. After 
fixation, we examined the localization of CEN5-GFP only in cells with an anaphase spindle, and 
the presence of one or two GFP dots within a single cell body indicates CEN5-GFP 
missegregation. Left, average percentage of cells with anaphase spindle. Right, average 
percentage of cells with cosegregated CEN5-GFP after the shift to 37°C. More than 100 cells 
were counted for each sample, and the average is from three separate experiments.
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studies (Sullivan et al., 2001). The coimmu-
noprecipitation result indicates the Slk19–
Slk19 interaction and Slk19 cleavage do not 
regulate this interaction.

To further test whether Slk19 directly 
interacts with itself in vitro, we purified 
Slk19-histidine (His), Slk19-HA-His, and 
Slk19-Myc-His from bacterial lysates 
(Supplemental Figure S7). We first mixed 
purified Slk19-HA-His proteins with either 
Slk19-His or Slk19-Myc-His. We then used 
anti-Myc to immunoprecipitate the mix-
tures and performed Western blotting by 
probing with anti-Myc and anti-HA anti-
bodies. We detected a strong Slk19-HA-
His band from both mixtures; however, only 
the mixture containing Slk19-Myc-His and 
Slk19-HA-His showed an anti-HA band 
after immunoprecipitation with anti-Myc 
antibody (Figure 6B, left). Similarly, anti-HA 
antibody could also pull down Slk19-Myc-
His in the mixture containing Slk19-HA-His 
and Slk19-Myc-His (Figure 6B, right). 
Together these in vivo and in vitro results 
demonstrate that Slk19 directly interacts 
with itself. We speculate that Slk19 di-
merization leads to the formation of bridges 
between kinetochores (Figure 6C).

DISCUSSION
The kinetochore clustering in budding yeast 
has been documented for many years, but 

the biological significance of this clustering has remained a mystery. 
Moreover, it is unclear whether this clustering is totally dependent 
upon the KT-MT interaction. Here we report that the kinetochore 
protein Slk19 clusters kinetochores, which is likely independent of 
KT-MT interaction. We further show that, in the absence of Slk19, 
kinetochore capture and the establishment of chromosome bipolar 
attachment are delayed after the disruption of the KT-MT interac-
tion by nocodazole. We also show in vivo and in vitro evidence indi-
cating that Slk19 protein interacts with itself. Therefore we propose 
a model in which Slk19–Slk19 interaction leads to kinetochore clus-
tering (Figure 6C), a mechanism that becomes critical for chromo-
some capture and bipolar attachment after the disruption of KT-MT 
interaction.

Our data indicate that the Slk19-mediated kinetochore cluster-
ing is likely independent of the microtubules that connect kineto-
chores to the spindle poles. First, the scattered kinetochores in 
nocodazole-treated slk19Δ mutant cells are away from the spindle 
pole, suggesting the loss of connection with the spindle poles. 
Moreover, the slk19Δ mutant cells show similar microtubule depo-
lymerizing kinetics as WT cells in response to nocodazole treat-
ment (Figure 2B). In addition to spindle poles, recent data indicate 
that kinetochores also generate microtubules (Ortiz et  al., 2009; 
Kitamura et al., 2010). Thus it is possible that Slk19 promotes kine-
tochore clustering by associating and/or stabilizing these microtu-
bules. Another possibility is that Slk19 binds to other kinetochore 
proteins directly, and the Slk19–Slk19 interaction leads to kineto-
chore clustering.

Previous work showed abnormal nuclear morphology in slk19Δ 
mutant cells (Zhang et al., 2006). One interesting question is whether 
the kinetochore clustering defect is secondary to the abnormal 

indicating the failure of chromosome attachment. After nocodazole 
release for 80 min, however, the difference in the frequency of 
CEN5-GFP missegregation between WT, spo12Δ, and slk19Δ mu-
tant cells became very significant (25.4% for WT vs. 48.1% for 
slk19Δ; Figure 5C, right), indicating that Slk19 is required for the 
efficient establishment of chromosome bipolar attachment after no-
codazole exposure. Given that our data indicate that most of WT 
and slk19Δ mutant cells can finish chromosome capture 80 min after 
nocodazole washout (Figure 4A), we speculate that Slk19 also pro-
motes bipolar attachment in addition to its role in chromosome 
capture. Because spo12Δ mutant cells did not show any defect in 
chromosome bipolar attachment after nocodazole exposure, we 
conclude that the kinetochore function of Slk19 is independent of 
its role in mitotic exit.

Dimerization of Slk19 might be required 
for its kinetochore function
Slk19 is a protein with seven coiled-coil motifs that localize in its 
central region and C-terminus (Zeng et al., 1999; Zhang et al., 2006). 
The coiled-coil motifs are made up of α-helices that usually mediate 
protein dimerization (Lupas and Gruber, 2005). Indeed, genome-
wide studies indicate that Slk19 can interact with itself (Newman 
et al., 2000; De Wulf et al., 2003; Wong et al., 2007; Tarassov et al., 
2008). To confirm the Slk19–Slk19 interaction, we generated a 
SLK19-HA/SLK19-Myc diploid strain. Anti-hemagglutinin (HA) anti-
body was used to immunoprecipitate the cell lysate from cycling 
cells, and then proteins were probed with anti-Myc and anti-HA an-
tibodies after separation. In the immunoprecipitate, we detected 
both full-length and fragments of Slk19-Myc (Figure 6A). The short 
forms of Slk19 are likely cleavage products, based on previous 

FIGURE 6:  Slk19 protein forms dimers. (A) Both full-length and cleaved fragment of Slk19 
physically interact with themselves. Diploid yeast strains containing either SLK19/SLK19-13Myc 
or SLK19-6HA/SLK19-13Myc were grown to log phase. The cells were harvested to prepare the 
whole cell extracts with a bead beater. The extracts were first incubated with anti-HA antibody, 
and then protein A/G-coated agarose beads were added. Western blotting was performed to 
detect Slk19-6HA and Slk19-13Myc in the whole-cell extracts and the immunoprecipitates. 
Asterisk indicates a nonspecific band. (B) Slk19 interacts with itself in vitro. Purified Slk19-HA-His 
was mixed with Slk19-His or Slk19-Myc-His, and then the mixtures were pulled down with 
anti-Myc antibody. Slk19 proteins with different tags in the mixture and immunoprecipitates 
were detected using Western blotting with anti-Myc and anti-HA antibodies. A similar pull-down 
assay was performed after the mixture of Slk19-Myc-His with Slk19-His or Slk19-HA-His. (C) The 
working model for Slk19-dependent kinetochore clustering and sister kinetochore cohesion.
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In budding yeast, an interesting observation is that sister kineto-
chores separate before anaphase entry (Goshima and Yanagida, 
2000; He et al., 2000). Because separase is inactive before anaphase 
onset, cohesin cleavage is unlikely the cause for this sister centrom-
ere separation. Work from the Bloom lab showed a cruciform struc-
ture of the pericentric chromatin (Yeh et al., 2008). This observation 
indicates that the enriched cohesin at the pericentric region unlikely 
links sister centromeres, and instead it might stabilize the cruciform 
structure by introducing cohesion within a single chromatin at peri-
centric regions. Thus a unique mechanism may contribute to sister 
chromatid cohesion at centromeric regions. Our evidence suggests 
that Slk19 mediates interaction between kinetochores from different 
chromosomes. It is possible that Slk19 also mediates interaction be-
tween sister kinetochores, which contributes to sister-chromatid co-
hesion at centromeric regions. To test this possibility, we looped out 
a pair of GFP-marked centromeres of chromosome IV in nocoda-
zole-treated cells and found that slk19Δ cells showed higher fre-
quency of separated sister centromeres (Supplemental Figure S8). 
However, the result could not support a solid conclusion because of 
the lower frequency of the excision of the centromere from chromo-
some IV, as indicated by only 40% viability loss after the induction of 
recombination. If the Slk19–Slk19 interaction contributes to sister 
kinetochore cohesion, the tension resulting from chromosome bipo-
lar attachment can separate sister kinetochores and centromeres by 
breaking up the Slk19-Slk19 interaction in the absence of separase-
dependent cohesin cleavage. Moreover, this Slk19-mediated sister 
centromere cohesion should be reversible. Indeed, separated sister 
centromeres in metaphase cells reunite after nocodazole treatment, 
and this reunion depends on Slk19 (Zhang et al., 2006). Therefore 
both kinetochore clustering and sister chromatid cohesion at cen-
tromere regions could be attributed to Slk19-mediated interkineto-
chore interaction (Figure 6C).

Our data also indicate the role of Slk19 in the establishment of 
chromosome bipolar attachment. The exposure of cdc13-1 slk19Δ 
cells to nocodazole delayed the chromosome bipolar attachment 
significantly after nocodazole was washed off, and this delay de-
pends on a functional tension checkpoint, indicating the presence 
of syntelic attachments. Because we did not observe obvious kine-
tochore declustering in these cells, it is likely that Slk19 also facili-
tates chromosome bipolar attachment in a kinetochore-clustering–
independent manner. One explanation is that the Slk19–Slk19 
interaction between sister kinetochores ensures their opposite ori-
entation, which facilitates the bipolar attachment. In the absence of 
Slk19, however, the presence of misorientated sister kinetochores 
increases the frequency of syntelic attachment, especially after the 
disruption of KT-MT interaction.

Kinetochore clustering is also observed in higher eukaryotes 
(Solovei et al., 2004), indicating that this mechanism could be con-
served. Although a Slk19 homologue is lacking in higher organisms 
based upon protein sequence homology, several functional ortho-
logues have been suggested due to its diverse functions (Sato et al., 
2003; Vos et al., 2006; Ohkuni et al., 2008). One of the candidates is 
the mammalian protein CENP-F/mitosin, which localizes to the kine-
tochore from late G2 to early anaphase but moves to spindle mid-
zone in late anaphase, a pattern similar to that of Slk19 (Rattner 
et al., 1993; Liao et al., 1995; Zhu et al., 1995; Yang et al., 2003). Of 
interest, knockdown of CENP-F leads to weakened centromeric-
specific cohesion (Holt et al., 2005). Moreover, more-scattered chro-
mosome distribution in CENP-F knockdown cells is consistent with 
the function of CENP-F in kinetochore clustering, although further 
experiments are needed to confirm this notion (Holt et al., 2005). 
Similar to Slk19, CENP-F has also been shown to dimerize (Zhu 

chromatin structure. Because nocodazole treatment abolishes the 
abnormal nuclear morphology seen in slk19Δ cells (Zhang et  al., 
2006), the kinetochore declustering in nocodazole-treated slk19Δ 
cells is unlikely a consequence of the abnormal nuclear morphology. 
Instead, the enriched localization of Slk19 at kinetochores suggests 
that the kinetochore function of Slk19 likely contributes to kineto-
chore clustering. In addition, the data from the Dawson lab show the 
colocalization of Slk19 with another kinetochore protein, Mtw1 
(Havens et al., 2010). We also performed live-cell imaging in cells 
with SLK19-GFP NUF2-mCherry and found the colocalized Slk19 
and kinetochore protein Nuf2 until anaphase, when the spindle mid-
zone localization of Slk19 was noticed (unpublished data). Because 
we showed direct Slk19–Slk19 interaction, one possibility is that the 
interaction between Slk19 proteins from different kinetochores me-
diates kinetochore clustering (Figure 6C), but more experiments are 
needed to confirm this model.

In nocodazole-treated slk19Δ mutant cells, in addition to a major 
kinetochore cluster that associated with the spindle poles, more 
small Mtw1-GFP foci were detected. One interesting question is 
whether the smaller Mtw1-GFP dot represents a single pair of sister 
kinetochores. In some slk19Δ cells, we observed as many as nine 
Mtw1-GFP foci. Given that yeast cells have only 16 pairs of sister 
chromatids in G2/M phase, some of the smaller foci have to be a 
single pair of sister kinetochores. In nocodazole-treated slk19Δ cells, 
some kinetochores may stay together even when they are discon-
nected from the spindle pole. One possibility is that these kineto-
chores just colocalize by chance but without any linkage. Alterna-
tively, an unknown mechanism clusters these kinetochores in the 
absence of Slk19 and KT-MT interaction. Therefore further analysis 
is necessary to determine whether kinetochore clustering is abol-
ished completely in slk19Δ mutant cells once they become discon-
nected from the spindle pole.

Kinetochore declustering was also observed in other kinetochore 
mutants, such as nuf2-60 and ndc80-1, even without treatment with 
nocodazole (Janke et al., 2001; Anderson et al., 2009). Nuf2 and 
Ndc80 are components of the Ndc80 kinetochore complex, which is 
required for the KT-MT interaction. Recent data show that the asso-
ciation of Slk19 with kinetochore is abolished in some temperature-
sensitive kinetochore mutant strains when incubated at 37°C, in-
cluding spc105ts, ndc80-1, and mtw1-1 (Pagliuca et  al., 2009). 
Therefore it is possible that the abolished KT-MT interaction alone 
causes kinetochore clustering. Alternatively, both the loss of the 
KT-MT interaction and the absence of Slk19 at kinetochores are nec-
essary for kinetochore declustering.

What is the biological significance of this Slk19-dependent 
kinetochore clustering? For the kinetochores that lose their con-
nection to the spindle pole, the highly dynamic spindle micro
tubules are responsible for their capture. Then the minus end–
directed motor complex Cik1/Kar3 transports the captured 
kinetochores toward the vicinity of the spindle pole (Tanaka et al., 
2005). The increased distance between a kinetochore and the 
spindle pole will significantly reduce the chance of kinetochore 
capture. A whole kinetochore cluster will be moved to the spindle 
pole once only one kinetochore in this cluster is captured. This 
mechanism is expected to increase the efficiency for the trans-
port of detached kinetochores toward the vicinity of a spindle 
pole, where they have a much higher chance to be captured by 
spindle microtubules. In support of this speculation, we observed 
a dramatic kinetochore capturing delay in slk19Δ mutant cells 
after the disruption of KT-MT interaction. Therefore kinetochore 
clustering could be an unidentified mechanism that facilitates 
kinetochore capture.



Volume 24  March 1, 2013	 Slk19 and kinetochore clustering  |  575 

subcloned a double-stranded DNA oligonucleotide containing 
the coding sequence for HA or Myc tag (with NotI overhangs) into 
the NotI restriction site of the pET-Slk19-His plasmid. This results 
in an HA or Myc tag at the C-terminus of Slk19, in frame with the 
His tag. The correct frame and sequence of the tags were con-
firmed by sequencing.

Bacterial expression and purification of slk19 proteins
Slk19 plasmids were transformed into Rosetta (DE3) cells and 
grown in LB Miller broth medium (EMD Chemicals, San Diego, CA) 
with ampicillin (100 μg/ml final concentration) overnight at 37ºC. 
The overnight bacterial culture was diluted 1:6 in LB–ampicillin 
and grown for 1 h at 37ºC, then for 6 h at room temperature to 
allow for optimal expression of the Slk19 proteins. Bacterial cells 
were then pelleted by centrifugation and resuspended in ice-cold 
PBS, pH 7.5, supplemented with a cocktail of protease inhibitors 
(Sigma-Aldrich, St. Louis, MO). The suspension was sonicated on 
ice (three bursts, 15 s each, with 2-min intervals between sonica-
tion bursts to allow cooling). Bacterial lysates were cleared by 
high-speed centrifugation.

To purify the His-tagged proteins, the cleared bacterial lysates 
were incubated with nickel beads (Qiagen, Valencia, CA), pre-
washed, and equilibrated in PBS, with rotation for 2 h at 4°C. The 
resulting slurry of beads and lysates was centrifuged at 500 × g for 
2 min at 4°C. The beads were washed four times with cold PBS, 
with 5-min rocking for every wash. The beads were further washed 
twice with PBS containing 20 mM imidazole and twice with PBS 
containing 50 mM imidazole. Slk19-His, Slk19-HA-His, or Slk19-
Myc-His was then eluted at 4°C from the beads in PBS containing 
100 mM Imidazole. The eluted proteins were then dialyzed in PBS 
at 4°C for 2 h. The purified proteins were stored at −80°C until 
used in the binding/dimerization assay. Samples of cleared bacte-
rial lysates and purified proteins were analyzed on an SDS–PAGE 
gel and visualized with Coomassie blue staining. In addition, the 
expression of the HA and Myc tags was confirmed by Western 
blot analysis of the purified proteins with anti-HA and anti-Myc 
antibodies.

Slk19 binding/dimerization assays
For the binding assays, purified Slk19-HA-His was mixed with puri-
fied Slk19-Myc-His or Slk19-His (negative control) and incubated for 
2 h at 4°C. The mixtures were then diluted with PBS up to 1 ml and 
incubated with anti-Myc antibody (Santa Cruz Biotechnology, Santa 
Cruz, CA) overnight at 4°C. Protein A/G beads were then added for 
1 h. The protein-bead complexes were then pelleted by centrifuga-
tion at (1000 × g for 2 min at 4°C), washed four times with cold PBS, 
and boiled in 2× SDS–PAGE loading buffer before loading on the 
gel and subsequent Western blotting, as indicated in Figure 6B. 
This experiment was alternatively performed by incubating purified 
Slk19-Myc-His with purified Slk19-HA-His or Slk19-His (negative 
control), followed by immunoprecipitation with anti-HA antibody 
(Sigma-Aldrich).

et al., 1995). These similarities suggest that CENP-F could be the 
functional orthologue of yeast Slk19 in mammalian cells.

MATERIALS AND METHODS
Yeast strains and growth
The yeast strains used in this study are listed in Supplemental Table 
S1. All strains are isogenic to Y300, a W303 derivative. Yeast cells 
were grown in YPD or indicated synthetic medium. To arrest cells in 
G1 phase, 5 μg/ml α-factor was added into cell cultures. After 
120 min of incubation, the G1-arrested cells were washed twice with 
water and then released into fresh medium to start cell cycle. 
Nocodazole was used at 20 μg/ml in 1% dimethyl sulfoxide. To 
induce the expression of SCC1 (MCD1) from a galactose-inducible 
promoter control, we first grew cells in raffinose medium and then 
added galactose to the medium to a final concentration of 2%.

Cytological techniques
Cells with GFP-, mApple-, or mCherry-tagged proteins were fixed 
with 3.7% formaldehyde for 5 min at room temperature, and then 
washed twice with 1× phosphate-buffered saline (PBS) buffer and 
resuspended in PBS buffer for fluorescence microscopy (Carl Zeiss 
MicroImaging, Jena, Germany). Live-cell microscopy was carried 
out with an Andor Revolution SD imaging system that uses a 
Nikon Eclipse Ti microscope (Andor Technology, South Windsor, 
CT). Glass depression slides were used to prepare an agarose pad 
filled with synthetic or complete medium. All live-cell images 
were acquired at 25°C with a 100× objective lens. Twelve Z-sec-
tions were collected at each time point, and each optical section 
was set at 0.5 μm thickness. The time-lapse interval was set at 3 or 
5 min as indicated. Maximum projections from applicable time 
points were created using Andor IQ2 software. To visualize micro-
tubule-depolymerizing dynamics, filtered YPD medium contain-
ing 20 μg/ml nocodazole was flowed over cells with Tub1-GFP 
trapped in a chamber (CellASIC, Hayward, CA). Superresolution 
images were taken from the DeltaVision OMX system from 
Applied Precision (Issaquah, WA). The error bars in all the figures 
represent the SEM.

Protein techniques
Cell pellets from 1.5 ml of cell culture were resuspended in 200 μl of 
0.1 N NaOH and incubated at room temperature for 5 min. After 
centrifugation, the cells were resuspended in equal volume (30 μl) 
of double-distilled H2O and SDS protein-loading buffer. The 
samples were then boiled for 5 min and resolved with 10% SDS-
polyacrylamide gel. Proteins were detected with enhanced chemi-
luminescence (PerkinElmer LAS, Waltham, MA) after probing with 
anti-Myc antibody (Covance Research Products, Berkeley, CA) and 
horseradish peroxidase–conjugated secondary antibody (Jackson 
ImmunoResearch Laboratories, West Grove, PA).

Construction of slk19 bacterial-expression plasmids
To construct bacterial expression plasmids, we cloned the Slk19 
open reading frame from yeast genomic DNA using PCR. The 
primers contain cut sites for the NdeI and NotI restriction enzymes. 
After PCR, the amplified product was digested with NdeI and NotI 
enzymes (New England BioLabs, Ipswich, MA) and ligated into the 
NdeI/NotI cloning site of the bacterial expression plasmid pET-
20b(+) (Invitrogen, Carlsbad, CA) in frame with a C-terminal His 
tag. The cloned Slk19 was fully sequenced to make sure that no 
mutations were introduced during the cloning procedure. The re-
sulting plasmid is referred to as pET-Slk19-His. To construct pET-
Slk19-HA-His and pET-Slk19-Myc-His expression plasmids, we 
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