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Polo kinase Cdc5 associates with centromeres 
to facilitate the removal of centromeric cohesin 
during mitosis

ABSTRACT Sister chromatid cohesion is essential for tension-sensing mechanisms that mon-
itor bipolar attachment of replicated chromatids in metaphase. Cohesion is mediated by the 
association of cohesins along the length of sister chromatid arms. In contrast, centromeric 
cohesin generates intrastrand cohesion and sister centromeres, while highly cohesin en-
riched, are separated by >800 nm at metaphase in yeast. Removal of cohesin is necessary for 
sister chromatid separation during anaphase, and this is regulated by evolutionarily con-
served polo-like kinase (Cdc5 in yeast, Plk1 in humans). Here we address how high levels of 
cohesins at centromeric chromatin are removed. Cdc5 associates with centromeric chromatin 
and cohesin-associated regions. Maximum enrichment of Cdc5 in centromeric chromatin 
occurs during the metaphase-to-anaphase transition and coincides with the removal of chro-
mosome-associated cohesin. Cdc5 interacts with cohesin in vivo, and cohesin is required for 
association of Cdc5 at centromeric chromatin. Cohesin removal from centromeric chromatin 
requires Cdc5 but removal at distal chromosomal arm sites does not. Our results define a 
novel role for Cdc5 in regulating removal of centromeric cohesins and faithful chromosome 
segregation.

INTRODUCTION
Accurate chromosome segregation is important for the mainte-
nance of genome stability during growth and proliferation of organ-

isms (Lengauer et al., 1998; Maddox et al., 2012). Errors in chromo-
some segregation result in aneuploidy, which has been linked with 
several human diseases, such as developmental disorders and many 
cancers (Santaguida and Amon, 2015; Singh and Gerton, 2015). The 
kinetochore, composed of centromeric DNA (CEN) and associated 
proteins, is an essential component of the chromosomal segrega-
tion machinery (Burrack and Berman, 2012; Choy et al., 2012; 
Maddox et al., 2012). The assembly of kinetochore proteins at bud-
ding yeast CEN (core centromere composed of ∼125 base pairs of 
defined DNA sequences) results in a highly ordered, unique, and 
topologically distinct chromatin structure in the chromosomes 
(Clarke and Carbon, 1980; Bloom and Carbon, 1982; Bloom et al., 
1984; Saunders et al., 1990), the structural integrity of which is re-
quired for accurate chromosome segregation (Newlon, 1988; 
Verdaasdonk and Bloom, 2011; Haase et al., 2013; Mishra et al., 
2013; Mishra et al., 2015). Budding yeast centromeric chromatin 
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cycle arrest was confirmed by fluorescence-activated cell sorting 
(FACS) assay (Supplemental Figure S1). Western blot analysis re-
vealed a cell cycle–dependent expression pattern of Cdc5, with 
maximum protein levels observed in M-phase cells, only low levels 
detected in S-phase cells, and no detectable expression in G1 cells 
(Figure 1C), as previously observed (Hardy and Pautz, 1996; Charles 
et al., 1998). The CEN enrichment of Cdc5 was significantly higher 
in mitotic (M) cells (Figure 1D). No significant enrichment of Cdc5 at 
CEN was detected in G1- and S-phase cells; the ChIP signals in G1- 
and S-phase cells were largely similar to those detected at a nega-
tive control region, 6K120 (Figure 1D). Control experiments per-
formed with an untagged wild-type strain showed no significant 
enrichment of Cdc5 at either CEN or negative control region 6K120 
(Supplemental Figure S2).

Next we examined the CEN association of Cdc5 during cell cycle 
progression using wild-type cells arrested in G1 phase by α-factor 
treatment and at various times after release from G1 arrest (Figure 
2A). On the basis of cell and nuclear morphology, we categorized 
cells as G1, S, metaphase (ME), anaphase (A), and telophase (T) fol-
lowing procedures described previously (Calvert and Lannigan, 
2010). In agreement with previous results (Figure 1B), Western 
blot analysis revealed cell cycle–regulated expression of Cdc5, 
with increased levels observed in metaphase and anaphase cells 
(Figure 2B). ChIP results showed that CEN association of Cdc5 is low 
in cells soon after release from α-factor arrest (40 min), increasing as 
cells enter mitosis (60 min), maximum in anaphase (80 min), and 
decreasing as cells exit mitosis (100–120 min; Figure 2, A and C). We 
did not detect Cdc5 enrichment at a negative control region, 6K120 
(Figure 2C bottom). On the basis of these results, we conclude that 
CEN association of Cdc5 is cell cycle dependent, with maximum 
enrichment in mitosis (metaphase and anaphase).

Because a previous study showed enrichment of Cdc5 at CARs 
(Rossio et al., 2010), we investigated whether Cdc5 localization at 
CARs is cell cycle dependent. We examined three CARs on chromo-
some III (Figure 3A, green triangles), and two non-CARs (Figure 3A, 
black vertical lines) previously reported to either associate or fail to 
associate with cohesin components, respectively (Eckert et al., 2007; 
Ng et al., 2009). The CARs are 114 (CEN3), 134 (peri-CEN, 20 kb 
from CEN3), and 261 (chromosome arm, 147 kb from CEN3), and 
non-CARs are 125 (peri-CEN, 11 kb from CEN3) and 266 (chromo-
some arm, 152 kb from CEN3; Figure 3A). Experiments performed 
with an untagged wild-type strain showed no significant enrichment 
of Cdc5 at any of the regions tested (Figure 3B). In logarithmically 
growing cells, Cdc5 associates specifically with CARs (Figure 3B). 
Cdc5 enrichment at CARs was significantly higher in mitotic cells (M) 
than in S-phase cells and was barely detectable in G1 (Figure 3C). 
The increased levels of Cdc5 at CARs in mitosis were verified by as-
saying cells synchronized in G1 and released into pheromone-free 
medium. Consistent with the increased enrichment of Cdc5 at peri-
CEN and arm CARs (134 and 261, respectively) in nocodazole-
treated cells (Figure 3C), we observed higher levels of Cdc5 at these 
regions in cells undergoing mitosis (60–100 min postrelease; Figure 
4). Taken together, these results show that Cdc5 enrichment at CEN 
and CARs is cell cycle dependent, with maximum enrichment during 
mitosis.

Induced expression of Cdc5 in G1 does not result in 
its recruitment to centromeric chromatin and CARs
The mitotic enrichment of Cdc5 at CEN and CAR sites correlates 
with the protein expression levels of Cdc5, and no significant enrich-
ment of Cdc5 was observed at these sites in G1, when protein 
expression of Cdc5 was not detected (Figure 1, C and D). Therefore 

(CEN and pericentromeric DNA that extends ∼30–50 kb around the 
CEN) exhibits a cruciform structure referred to as centromere loop 
(C-loop), which is analogous to that proposed in the looping model 
for vertebrate centromeres (Yeh et al., 2008; Verdaasdonk et al., 
2012). The intramolecular linkages in the C-loop and the intermo-
lecular linkages along the length of the chromosomes promote the 
biorientation of kinetochores and sister chromatids toward opposite 
spindle pole bodies for faithful chromosome segregation.

Cohesion along the length of the chromosomes is facilitated by 
chromosomal association of cohesins (Hornig and Uhlmann, 2004; 
Gerton, 2007; Brooker and Berkowitz, 2014). The cohesin complex 
is composed of four subunits: Scc1/Mcd1, Scc3, Smc1, and Smc3 
(Hartman et al., 2000; Laloraya et al., 2000; Nasmyth, 2002; Glynn 
et al., 2004; Weber et al., 2004; Gerton, 2005; Bose and Gerton, 
2010; Rossio et al., 2010; Marston, 2014; Roccuzzo et al., 2015). An 
enrichment of cohesins is seen at cohesin-associated regions (CARs) 
and at centromeric chromatin (Blat and Kleckner, 1999; Megee 
et al., 1999; Tanaka et al., 1999). Removal of cohesins from chromo-
somes facilitates separation of sister chromatids at anaphase and 
cell cycle progression (Hartman et al., 2000; Marston, 2014; Guacci 
et al., 2015). Evolutionarily conserved Cdc5 has been shown to reg-
ulate several aspects of mitosis (Zitouni et al., 2014; Archambault 
et al., 2015), including sister chromatid separation, by phosphorylat-
ing Scc1/Mcd1 (Alexandru et al., 2001) to promote its proteolytic 
cleavage by separase (Uhlmann et al., 2000). Mutation of phosphor-
ylatable serines to alanines in Scc1/Mcd1 or depletion of Cdc5 re-
sults in anaphase delay (Alexandru et al., 2001; Hornig and Uhl-
mann, 2004). It has been proposed that preferential phosphorylation 
of chromatin-bound Scc1/Mcd1 by Cdc5 accelerates its cleavage 
compared with soluble cohesin (Hornig and Uhlmann, 2004); 
however, not all Scc1/Mcd1 is cleaved by separase in anaphase 
(Uhlmann et al., 1999).

Here we report that Cdc5 associates with centromeric chromatin 
and CARs in a cell cycle–dependent manner. Enrichment of Cdc5 in 
mitosis overlaps with the timing of removal of cohesin from chromo-
somes. Cohesin proteins interact with Cdc5 in vivo and are required 
for the enrichment of Cdc5 at centromeric chromatin during mitosis. 
We demonstrate the persistence of centromeric cohesin in ana-
phase cells of a cdc5 mutant. Our results show that Cdc5 associates 
with centromeric chromatin to regulate the removal of cohesin from 
this region and promote faithful chromosome segregation.

RESULTS
Cdc5 associates with centromeric chromatin in a cell 
cycle–dependent manner
To determine whether Cdc5 associates with centromeric chromatin, 
we performed chromatin immunoprecipitation (ChIP) experiments 
using a wild-type strain carrying hemagglutinin (HA)-tagged Cdc5 
expressed from its own promoter. ChIP–quantitative PCR (qPCR) 
showed that Cdc5 associates with core CEN (CEN1 and CEN5) in 
logarithmically growing cells (Figure 1A). No significant enrichment 
of Cdc5 was observed at the negative control region 6K120 (Rossio 
et al., 2010) or in an untagged wild-type strain (Figure 1A). We next 
examined Cdc5 enrichment in chromatin regions flanking CEN. 
ChIP-qPCR showed that Cdc5 is strongly enriched at the central 
core region of CEN3 and flanking chromatin (Figure 1B). No signifi-
cant enrichment was detected in an untagged wild-type strain used 
as a control (Figure 1, A and B).

To examine whether association of Cdc5 with CEN varies during 
the cell cycle, we performed ChIP experiments using a wild-type 
strain arrested in the G1 (α-factor treatment), S (hydroxyurea treat-
ment), or M (nocodazole treatment) phases of the cell cycle. The cell 
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Cohesin proteins interact with Cdc5 and regulate the 
mitotic enrichment of Cdc5 at centromeric chromatin 
and CARs
The association of Cdc5 at CEN and CARs (Figures 1–4) coincides 
with the high levels of cohesins shown to associate at these re-
gions (Megee et al., 1999; Laloraya et al., 2000; Glynn et al., 
2004; Weber et al., 2004; Eckert et al., 2007); hence we asked 
whether cohesin interacts with Cdc5 in vivo and investigated its 
role in Cdc5 centromeric association. In budding yeast, the cohe-
sin complex is composed of four subunits: Scc1/Mcd1, Scc3, 
Smc1, and Smc3 (Nasmyth, 2002). We constructed strains ex-
pressing Cdc5 and TAP-tagged Mcd1 or Cdc5 and green fluores-
cent protein (GFP)–tagged Smc3 from their endogenous promot-
ers. Immunoprecipitation experiments showed in vivo interaction 
of Cdc5 with Mcd1 and Smc3 (Figure 6). No interaction was ob-
served in control experiments using a strain with untagged Mcd1 
or Smc3 (Figure 6).

we sought to determine whether recruitment of Cdc5 at CEN and 
CAR sites is regulated by the cell cycle or is an outcome of its cell 
cycle–dependent expression pattern. We constructed a strain ex-
pressing HA-tagged Cdc5 from a galactose-inducible promoter 
(GAL1-3HA-CDC5) and performed ChIP experiments using cells 
growing logarithmically and cells arrested in G1 with α-factor treat-
ment. The galactose-induced expression of Cdc5 in logarithmically 
growing and G1 cells was determined by Western blotting (Figure 
5A). FACS analysis confirmed the synchronization of cells in G1 
(Figure 5B). ChIP-qPCR revealed significant enrichment of Cdc5 at 
CEN3 and CARs (134, 261) in logarithmically growing cells, but no 
significant enrichment of Cdc5 was detected at these regions in G1 
cells (Figure 5C). The ChIP signals in G1 cells were largely similar to 
those detected at the negative control region 6K120 or at CEN3, 
CARs, and 6K120 region in an untagged wild-type strain (Figure 
5C). On the basis of these results, we conclude that the enrichment 
of Cdc5 at CEN and CARs is cell cycle regulated.

FIGURE 1: Cdc5 associates with centromeric chromatin in a cell cycle–dependent manner. (A) Cdc5 associates with core 
CEN DNA. ChIP was performed for Cdc5 using a wild-type strain containing Cdc5-HA (YMB9264) and an untagged 
control strain (YMB9263). Strains were grown to logarithmic phase at 30°C. ChIP was performed using α-HA antibodies. 
Enrichment of Cdc5 to CEN1 and CEN5 as determined by qPCR is shown as percentage input. The negative control 
region 6K120 was used as a background control. Average from three biological replicates ± SE. **p <0.01, Student’s  
t test. (B) Cdc5 is enriched at the CEN and peri-CEN chromatin. ChIP was performed as in A. Average from three 
biological replicates ± SE. (C) Western blotting showing the protein expression levels of Cdc5-HA in wild-type strain 
containing Cdc5-HA (YMB9264) and untagged control (YMB9263). Strains were in logarithmic phase of growth (LOG) or 
arrested in G1-phase (α-factor), S-phase (hydroxyurea), or M-phase (nocodazole) stages of the cell cycle. Antibodies 
used in Western blotting were α-HA (Cdc5) and α-Tub2 (loading control). (D) Association of Cdc5 with CEN DNA 
increases in mitotic cells. ChIP-qPCR shows the levels of CEN-associated Cdc5 in a wild-type strain containing Cdc5-HA 
(YMB9264) and untagged control (YMB9263) grown to logarithmic phase at 30°C or arrested at various stages of the 
cell cycle as in C. Enrichment at CEN (CEN1, CEN3, and CEN5) and a negative control region 6K120 was determined by 
qPCR and is shown as percentage input. Average from three biological replicates ± SE. **p < 0.01; ns, not statistically 
significant, Student’s t test.
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phase transition (Figures 2 and 4), we posited that Cdc5 might be 
required for the removal of chromatin-bound cohesin. In wild-type 
cells, cohesin is lost from both centromeric chromatin and chromo-
somal arms at anaphase onset (Marston, 2014). To characterize the 
Cdc5 dependence of cohesin loss, we monitored the localization of 
Smc3-GFP in anaphase cells of wild-type and cdc5-99 strains grown 
at permissive temperature (25°C) and after a 2.5-h shift to the non-
permissive temperature of 37°C. The well-characterized tempera-
ture-sensitive cdc5-99 mutant exhibits a defect in mitotic exit at the 
nonpermissive temperature of 37°C (St-Pierre et al., 2009). Spindle 
pole body (SPB) component Spc29–red fluorescent protein (RFP) 
was used as a marker for centromeric chromatin due to the close 
physical proximity of the SPB to the kinetochores in budding yeast. 
Using the distance between SPBs as a measure for spindle length, 
we quantitated Smc3-GFP foci in anaphase cells with a spindle 
length of 3–8 μm. In addition to the diffuse Smc3-GFP fluorescence 
observed over the separated chromatin masses in both wild-type 
and cdc5-99 cells, distinct Smc3-GFP foci were observed in the 
cdc5-99 mutant (Figure 8A). No detectable Smc3-GFP foci were 
ever observed in wild-type cells in anaphase. Quantification of the 
cdc5-99 cells with Smc3-GFP foci at one or both of the spindle poles 
was significantly higher (32 vs. 13%, p < 0.05) at 37°C (n = 144) than 
at 25°C (n = 125; Figure 8B). We next examined the localization 

Next we examined whether Mcd1 is required for enrichment of 
Cdc5 at CEN and CARs. Because cohesin subunits are essential for 
cell viability, we used mcd1-1, a well-characterized temperature-sen-
sitive mutant that arrests in M phase at the nonpermissive tempera-
ture (37°C) and exhibits defects in establishment and maintenance of 
cohesion (Guacci et al., 1997; Noble et al., 2006; Skibbens et al., 
2010; Eng et al., 2014, 2015). The expression of Cdc5 was similar in 
wild-type and mcd1-1 strains grown at 25 and 37°C, as measured by 
Western blot analysis (Figure 7A). The enrichment of Cdc5 at CEN 
and CARs in nocodazole-treated (M-phase arrest) wild-type and 
mcd1-1 cells grown at 25°C and after shift to 37°C was assayed by 
ChIP. The cell cycle arrest was verified by FACS assay (Figure 7B). 
ChIP-qPCR showed that Cdc5 levels at CEN3, as well as CARs lo-
cated at peri-CEN (134) and the chromosomal arm (261), are re-
duced threefold to fourfold specifically in the mcd1-1 strain at 37°C 
(Figure 7C). There was no significant enrichment of Cdc5 at negative 
control region 6K120 under any condition (Figure 7C). We conclude 
that cohesin is required for enrichment of Cdc5 at CEN and CARs.

cdc5-99 strains exhibit persistence of cohesin at CEN 
and peri-CEN regions in anaphase
Given our findings that association of Cdc5 at centromeric chromatin 
and CARs is maximal in cells undergoing the metaphase-to-ana-

FIGURE 2: CEN association of Cdc5 is cell cycle regulated, with maximum enrichment in cells undergoing mitosis. A 
wild-type strain containing Cdc5-HA (YMB9264) was grown at 30°C, arrested in G1 with α-factor, washed, and released 
into pheromone-free medium. α-Factor was added again 80 min after release to block the cells at the subsequent G1. 
Samples were taken at various time points (minutes) after G1 release. (A) FACS analysis revealed cell cycle progression. 
Cell cycle stages were determined based on cell morphology and nuclear position by microscopic examination of 100 
cells for each time point. Different stages of the cell cycle: G1, S phase (S), metaphase (ME), anaphase (A), and 
telophase (T). (B) Expression of Cdc5 is cell cycle regulated. Western blot analysis was carried out on whole-cell protein 
extracts prepared from samples taken at various times after release from G1 arrest as in A. Blots were probed with 
α-HA (Cdc5) and α-Tub2 (loading control) antibodies. (C) Centromeric levels of Cdc5 are highest in mitotic cells. ChIP 
for Cdc5 was carried out using α-HA antibodies. Enrichment of Cdc5 at CEN3 (top) and a negative control region 
6K120 (bottom) determined by qPCR and shown as percentage input. Average from three biological replicates ± SE.
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number of cdc5-99 cells with Mcd1-GFP foci 
at one or both of the spindle poles was sig-
nificantly higher (24 vs. 3%, p < 0.05) at 37°C 
(n = 197) than at 25°C (n = 94; Figure 8D).

The proximity of Smc3-GFP and Mcd1-
GFP foci to Spc29-RFP in cdc5-99 strains 
suggested the persistence of cohesin in 
centromeric chromatin; hence we used 
ChIP to assay the association of Smc3-HA at 
CARs close to (CEN) or distant from the cen-
tromere (arm), using either metaphase or 
anaphase cells from wild-type, cdc5-99, and 
cdc15-2 strains. Metaphase cells were ob-
tained by growing strains at 25°C in no-
codazole, and anaphase cells were obtained 
after release from nocodazole at the non-
permissive temperature of 37°C (Figure 9). 
We used cdc15-2 as a control because this 
strain arrests at a stage similar to cdc5 mu-
tants during mitosis (Surana et al., 1993; 
St-Pierre et al., 2009). The cell cycle stage 
was determined by monitoring Pds1 levels 
(Cohen-Fix et al., 1996) by Western blotting, 
DNA content by FACS, and nuclear mor-
phology by microscopy (Calvert and 
Lannigan, 2010). High levels of Pds1 are 
present in metaphase; however, levels of 
Pds1 are undetectable in anaphase, as deg-
radation of Pds1 is required for anaphase 
onset (Cohen-Fix et al., 1996; Cohen-Fix 
and Koshland, 1999). Consistent with this, 
high levels of Pds1 were observed in meta-
phase but not in anaphase cells of wild-type, 
cdc5-99, and cdc15-2 strains (Figure 9, A 
and B). Large-budded cells with the nucleus 
at the neck or separated nuclei indicate 
metaphase and anaphase cells, respectively 
(Figure 9B). ChIP-qPCR showed enrichment 
of Smc3-HA at CEN (114), CARs flanking the 
centromere (112, 115), and the arms (261, 
304, 307) in metaphase cells of wild-type, 
cdc5-99, and cdc15-2 strains (Figure 9, C 
and D). Smc3-HA levels were significantly 
reduced at both the centromeric chromatin 
(CEN [114], peri-CEN CARs [112, 115]) and 
the chromosomal arms (261, 304, 307) in 
anaphase cells of wild-type and cdc15-2 
strains, and these levels were largely similar 
to those at non-CARs (125, 310; Figure 9D). 
In contrast, in anaphase cells of the cdc5-99 
strain, Smc3-HA levels were significantly re-
duced only at CARs at chromosomal arms 
(261, 304, 307) and remained high at cen-
tromeric chromatin (CEN [114] and peri-
CEN CARs [112, 115]). The levels of Smc3-
HA at CEN and peri-CEN CARs in anaphase 
cells of cdc5-99 strains were not statistically 

different from those observed at these chromosomal regions in 
metaphase cells (Figure 9D). No significant enrichment of Scm3-HA 
was detected at non-CARs (125, 310) at either metaphase or ana-
phase (Figure 9D). These results suggest that Cdc5 is required for 
the removal of cohesin from centromeric chromatin during mitosis.

pattern of another cohesin component, Mcd1-GFP, in anaphase cells 
of wild-type and cdc5-99 strains using growth conditions and proce-
dure as described earlier. The persistence of Mcd1-GFP foci was ob-
served in anaphase cells of cdc5-99 strain, whereas no detectable 
Mcd1-GFP foci were observed in wild-type cells (Figure 8C). The 

FIGURE 3: Cdc5 associates with CARs in a cell cycle–dependent manner, with maximum 
enrichment in mitosis. (A) Schematic showing CARs and non-CARs on chromosome III. Cohesins 
have been shown to either associate (CARs) or fail to associate (non-CARs) at these regions in 
previous studies (Eckert et al., 2007; Ng et al., 2009). Centromere (CEN3, violet circle), CAR 
(green triangle), and non-CAR (black vertical line) sites. CEN is located at 114 kb; peri-CEN CAR 
134 (20 kb from CEN), chromosome arm CAR 261 (147 kb from CEN), peri-CEN non-CAR 125 
(11 kb from CEN), and chromosome arm non-CAR 266 (152 kb from CEN) were examined. 
(B) Cdc5 associates with CARs. ChIP was performed for Cdc5 in a wild-type strain tagged with 
Cdc5-HA (YMB9264) and an untagged control strain (YMB9263). Cells were grown to 
logarithmic phase at 30°C. Enrichment of Cdc5 to CEN (114), CAR (134 and 261), and non-CAR 
control regions (125 and 266) on chromosome III was determined by qPCR and is shown as 
percentage input. Average values of three biological replicates ± SE of the mean. Values sharing 
the same letter (a, b) are not significantly different at the 5% level based on analysis of variance. 
(C) Enrichment of Cdc5 at CARs is higher in mitotic cells. ChIP-qPCR was performed with 
wild-type strain YMB9264 (Cdc5-HA) using cells prepared as in Figure 1C. Enrichment at CAR 
(134 and 261) and non-CAR control (125 and 266) regions is shown as percentage input. 
Average from three biological replicates ± SE. **p < 0.01; ns, not statistically significant, 
Student’s t test.
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FIGURE 5: Induced expression of Cdc5 in G1 does not result in its recruitment to CEN and CARs. A wild-type strain 
containing GAL1-3HA-CDC5 (YMB9441) and untagged control (JG595) were grown at 30°C in yeast extract/peptone 
with 2% galactose and raffinose and arrested in G1 with α-factor for 2 h. Samples were collected for protein extraction, 
DNA content, and ChIP analyses. (A) Induced expression of Cdc5 (GAL1-3HA-CDC5) in G1. Western blot analysis was 
carried out on whole-cell protein extracts prepared from cultures growing logarithmically or arrested in G1 with α-factor 
treatment. Blots were probed with α-HA (Cdc5) and α-Tub2 (loading control) antibodies. (B) FACS analysis revealed 
synchronization of cells in G1. (C) Cdc5 does not associate with CEN and CARs in G1. ChIP for Cdc5 (GAL1-3HA-CDC5) 
was carried out using α-HA antibodies. Enrichment of Cdc5 at CEN3, CARs (134, 261), and a negative control region 
6K120 was determined by qPCR and is shown as percentage input. Average from three biological replicates ± SE. 
**p < 0.01; ns, not statistically significant, Student’s t test.

FIGURE 4: CAR association of Cdc5 is cell cycle regulated, with maximum enrichment in cells undergoing mitosis. A 
wild-type strain containing Cdc5-HA (YMB9264) was grown at 30°C, arrested in G1 with α-factor, washed, and released 
into pheromone-free medium. α-Factor was added again 80 min after release to block the cells at the subsequent G1. 
Samples were taken at various time points (minutes) after G1 release. ChIP-qPCR was performed to determine the 
enrichment pattern of Cdc5 at CARs and non-CARs on chromosome III throughout the cell cycle. The CAR (green 
triangles) and non-CAR (black vertical lines) examined are shown schematically in Figure 3A. Cdc5 enrichment is shown 
as percentage input. Average from three biological replicates ± SE for each time point. (A) Enrichment levels of Cdc5 at 
non-CAR (125) located at peri-CEN3. (B) Enrichment levels of Cdc5 at CAR (134) located at peri-CEN3. (C) Enrichment 
levels of Cdc5 at CAR (261) located at the chromosomal arm. (D) Enrichment levels of Cdc5 at non-CAR (266) located at 
the chromosomal arm.
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mined the frequency of loss of the RC using 
a colony color assay as described previously 
(Spencer et al., 1990). Loss of the RC results 
in formation of red sectors in an otherwise 
white colony. Colonies that are at least half 
red indicate loss of the RC in the first cell 
division. The frequency of RC loss in cdc5-
99 strains was about sixfold higher than 
in the wild-type strain (Figure 11A), similar 
to that reported for kinetochore mutants 
(Kastenmayer et al., 2005; Ma et al., 2012).

DISCUSSION
Evolutionarily conserved polo-like kinase 
Cdc5 and its homologues play a range of 
crucial and conserved roles in regulation of 
cell cycle events (Alexandru et al., 2001; Lee 
et al., 2005; St-Pierre et al., 2009; Rossio 
et al., 2010; Ratsima et al., 2011; Botchkarev 
et al., 2014; Walters et al., 2014; Zitouni 
et al., 2014; Archambault et al., 2015). 
Among its many roles, Cdc5 is required for 
the phosphorylation and subsequent cleav-
age of Scc1/Mcd1 in order to promote sister 
chromatid separation (Alexandru et al., 2001; 
Hornig and Uhlmann, 2004). Our results pro-

vide mechanistic insight into the role of Cdc5 in the removal of cen-
tromeric cohesin during mitosis. We show that Cdc5 associates with 
centromeric chromatin and is required for the efficient removal of 
cohesin at core CEN and peri-CEN regions during mitosis. These 
conclusions are based on results showing that Cdc5: 1) associates 
with CEN and CARs in a cell cycle–dependent manner, with maxi-
mum enrichment in mitosis; 2) interacts with cohesins in vivo; 3) re-
quires cohesin for its mitotic enrichment at CEN and CARs; 4) is re-
quired for the removal of cohesin from centromeric chromatin in 
anaphase; and 5) is required for faithful chromosome segregation.

Enrichment of Cdc5 at centromeric chromatin was highest in mi-
totic cells undergoing the transition from metaphase to anaphase. 
Even though Cdc5 is expressed in S-phase and anaphase cells, we 
observed significantly lower levels of chromatin-associated Cdc5 
during the S phase of the cell cycle. Moreover, ectopic expression of 
Cdc5 in G1 does not result in its recruitment to CEN and CARs, sug-
gesting that the binding of Cdc5 to these chromosomal regions is 
regulated by the cell cycle. Association of Cdc5 flanking CEN6 and 
CARs was reported in a ChIP-on-chip study evaluating the role of 
Rsc2 in mitotic exit (Rossio et al., 2010). Our comprehensive ChIP 
analysis shows that the cell cycle–regulated centromeric enrichment 
of Cdc5 coincides with its role in removal of cohesin from this region. 
We discovered that cohesin components Scc1/Mcd1 interact with 
Cdc5 in vivo, and the interaction is required for enrichment of Cdc5 
at CEN and CARs. It is of note that high-throughput proteomic stud-
ies also identified cohesin components when Cdc5 was used as bait 
in affinity-capture mass spectroscopy experiments (Ho et al., 2002; 
Snead et al., 2007; Breitkreutz et al., 2010). The cohesin-dependent 
enrichment of Cdc5 at CEN and CARs reflects a dynamic enzyme–
substrate relationship between Cdc5 and cohesin components, re-
sulting in preferential removal of chromatin-bound cohesin. Of most 
importance, our results suggest a role for Cdc5 in removal of centro-
meric cohesins, most likely from the intramolecular linkages in the 
C-loop (Yeh et al., 2008; Hu et al., 2011), but not cohesins in the 
arms of chromosomes (Figure 11B). The C-loop model resolved a 
paradox in which sister kinetochores can separate up to 800 nm in 

A previous study showed that SMC subunits of cohesin complex 
(e.g., Smc1) remain associated with chromosomes for ∼10 min after 
the degradation of Scc1/Mcd1 in anaphase (Tanaka et al., 1999). 
Hence we investigated whether Cdc5 is also required for removal of 
Mcd1 from centromeric chromatin. We examined the association of 
Mcd1-HA at CEN and CARs in cdc5-99 and cdc15-2 grown at 25°C 
in nocodazole (metaphase) and after release from nocodazole at 
37°C (anaphase). We detected high levels of Pds1 in metaphase but 
not in anaphase cells of cdc5-99, and cdc15-2 strains (Figure 10, A 
and B). The levels of Pds1 were slightly lower in cdc15-2 than in the 
cdc5-99 strain (Figure 10A). ChIP-qPCR showed enrichment of 
Mcd1-HA at CEN (114), CARs flanking the centromere (112, 115), 
and the arms (261, 304, 307) in metaphase cells of cdc5-99 and 
cdc15-2 strains (Figure 10, C and D). Mcd1-HA levels were signifi-
cantly reduced at CEN (114), peri-CEN CARs (112, 115), and chro-
mosomal arms CARs (261, 304, 307) in anaphase cells of cdc15-2, 
and these levels were largely similar to those at non-CARs (125, 31; 
Figure 10D). Consistent with the results for Smc3-HA, significantly 
reduced levels of Mcd1-HA were observed at CARs in chromosomal 
arms (261, 304, 307), whereas Mcd1-HA levels remained high at 
centromeric chromatin (CEN [114] and peri-CEN CARs [112, 115]) in 
anaphase cells of cdc5-99 strains. The levels of Mcd1-HA at CEN 
and peri-CEN CARs in anaphase cells of cdc5-99 strains were statis-
tically not different from those observed at these chromosomal re-
gions in metaphase cells (Figure 10D). No significant enrichment of 
Mcd1-HA was detected at non-CARs (125, 310) at either metaphase 
or anaphase (Figure 10D). The persistence of both Smc3 and Mcd1 
in CEN and peri-CEN chromatin in anaphase cells of the cdc5-99 
strain supports a role for Cdc5 in the removal of cohesin from cen-
tromeric chromatin.

Cdc5 is required for faithful chromosome segregation
The cell cycle–regulated centromeric association of Cdc5 and its role 
in removal of centromeric cohesin led us to examine whether defects 
in Cdc5 would result in increased chromosome loss. We constructed 
a cdc5-99 strain carrying a reporter chromosome (RC) and deter-

FIGURE 6: Cdc5 interacts with cohesin proteins Mcd1 and Smc3 in vivo. (A) Cdc5 interacts in 
vivo with Mcd1. Wild-type strain (MAY8878) expressing TAP-tagged Mcd1 (CDC5 MCD1-TAP) 
and a control strain (BY4741) expressing untagged Mcd1 (CDC5 MCD1) from their native 
promoters were grown at 30°C. Cell extracts were prepared and used in immunoprecipitation 
experiments using α-Cdc5 monoclonal and α-TAP antibodies. Eluted proteins were analyzed by 
Western blotting with α-Cdc5, α-TAP (Mcd1), and α-Tub2 (loading control) antibodies. IN, input; 
IP, immunoprecipitated samples. (B) Cdc5 interacts in vivo with Smc3. Wild-type strain 
(YMB9431) expressing GFP-tagged Smc3 (CDC5 SMC3-GFP) and a control strain (YMB8702) 
expressing untagged Smc3 (CDC5 SMC3) from their native promoters were grown at 30°C. Cell 
extracts were prepared and used in immunoprecipitation experiments using α-Cdc5 monoclonal 
and α-GFP antibodies. Eluted proteins were analyzed by Western blotting with α-Cdc5, α-GFP 
(Smc3), and α-Tub2 (loading control) antibodies.
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et al., 2009; Botchkarev et al., 2014; Walters et al., 2014; Zitouni 
et al., 2014; Roccuzzo et al., 2015), chromosome segregation errors 
observed in cdc5-99 strain may not be due to solely defects in co-
hesin removal. Previous studies showed that Cdc5 interacts with and 
phosphorylates kinetochore proteins in vivo (e.g., Slk19) to promote 
proper microtubule attachment and spindle function (Stegmeier 
et al., 2002; Snead et al., 2007; Park et al., 2008; Liang et al., 2009; 
Richmond et al., 2013). Plk1, the human homologue of Cdc5, also 
localizes to the CEN (Arnaud et al., 1998; Kishi et al., 2009), where it 
likely phosphorylates Rad21 (the human Scc1 homologue; 
Waizenegger et al., 2000). In addition, Plk1 phosphorylates kineto-
chore protein Mis18BP1, which in turn licenses the recruitment of 
new CENP-A to kinetochores in the G1 phase of the cell cycle 
(McKinley and Cheeseman, 2014). Of note, Cse4 (the budding yeast 
CENP-A homologue) was identified as an in vivo interacting partner 
of Cdc5 in a genome-wide proteomic study (Snead et al., 2007). 
Future studies should help us to address whether Cdc5-mediated 
phosphorylation of kinetochore proteins affects the removal of cen-
tromeric cohesins.

In summary, our studies provide novel insights into the role 
of Cdc5 in removal of centromeric cohesin but not cohesin from 

vivo despite high levels of cohesin at centromeres. The persistence 
of Smc3 and Mcd1 in anaphase of cdc5-99 cells at the nonpermis-
sive temperature may reflect the presence of intramolecularly linked 
cohesin in the C-loop, whereas the absence of cohesin in chromo-
some arms shows that Cdc5 is dispensable for removal of intermo-
lecularly linked cohesins. Cdc5 has been shown to regulate removal 
of cohesin from chromosome arms for segregation of homologous 
chromosomes in meiosis I but to be dispensable for meiosis II (Brar 
et al., 2006; Katis et al., 2010; Attner et al., 2013). Attner et al. (2013) 
concluded that additional kinases or substrates and/or the differen-
tial nature of centromeric versus chromosome arm cohesin regulate 
the removal of centromeric cohesin in meiosis II. On the basis of our 
results, we conclude that Cdc5 represents the first example of dif-
ferential regulation of centromeric versus arm cohesin during mitosis 
in budding yeast.

The mitotic enrichment of Cdc5 at CEN suggests a role for Cdc5 
in kinetochore function because of major changes in spatial geom-
etry and spindle tension that occur at the kinetochore during mito-
sis. Consistent with this hypothesis, we observed errors in chromo-
some segregation in the cdc5-99 strain. Because Cdc5 is involved in 
many biological processes (Archambault and Glover, 2009; St-Pierre 

FIGURE 7: Mitotic enrichment of Cdc5 at CEN and CARs requires cohesin. Wild type (WT; MAY8775), mcd1-1 
(MAY8851), and untagged control (YPH499) expressing Cdc5-13Myc were grown in YPD with nocodazole (20 μg/ml) to 
arrest cells in M phase at permissive temperature (25°C) and shifted to nonpermissive temperature (37°C) for 2.5 h. 
(A) Western blotting showing the protein expression levels of Cdc5 in WT, mcd1-1, and untagged control strains. 
Antibodies used were α-Myc (Cdc5) and α-Tub2 (loading control). (B) FACS profile showing synchronization of WT, 
mcd1-1, and untagged control strains in M phase of the cell cycle after nocodazole treatment. (C) Cdc5 levels are 
reduced at CEN and CARs in mcd1-1 strains. ChIP was performed using chromatin extracts from WT, mcd1-1, and 
untagged control strains with α-Myc antibodies. Enrichment of Cdc5 at the CEN3 (114), peri-CEN CAR (134), and 
chromosomal arm CAR (261) was determined by qPCR and is shown as percentage input. CARs are marked (green 
triangles). The negative control region 6K120 was used as a background control. Average from three biological 
replicates ± SE. **p < 0.01; ns, not statistically significant, Student’s t test.
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sin antagonist WAPL, whereas removal of 
centromeric cohesin at the metaphase-to-
anaphase transition by Plk1 is achieved by a 
separase-dependent mechanism (Waizeneg-
ger et al., 2000; Hauf et al., 2001; Gandhi 
et al., 2006; Kueng et al., 2006; Haarhuis 
et al., 2013). Mutations and overexpression 
of Plk1 are observed in many cancers (Davies 
et al., 2005; Stephens et al., 2005; Kan et al., 
2010), displaying chromosomal instability 
and aneuploidy (Degenhardt and Lampkin, 
2010). Hence elucidation of molecular 
mechanisms by which polo kinases regulate 
cohesin removal and faithful chromosome 
segregation might help us identify and de-
velop novel therapeutic targets for cancer 
therapy.

MATERIALS AND METHODS
Strains, plasmids, and culture 
conditions
Saccharomyces cerevisiae strains and plas-
mids used in this study are listed in Table 1. 
Strains were grown in 1% yeast extract/2% 
Bacto-peptone/2% glucose (YPD) or in yeast 
synthetic medium containing 2% glucose 
and supplements to allow for the selection 
of plasmids used.

Assay for the loss of reporter 
chromosome
Loss of a nonessential RC was measured 
using a colony color assay in which RC loss 
results in red sectors in an otherwise white 
colony (Spencer et al., 1990). Wild-type 
and cdc5-99 strains were grown to loga-
rithmic phase in selective medium to main-
tain the RC. Cultures were diluted and 
plated on complete synthetic medium with 
limiting adenine at 30ºC. The frequency of 
chromosome loss was measured by count-
ing the colonies that were at least half red, 
indicating loss of the RC at the first cell 
division. At least 3000 colonies of three in-
dividual transformants were examined for 
each strain.

ChIP and qPCR experiments
ChIP assays were performed with three bio-
logical replicates as described previously 
(Mishra et al., 2007, 2011). Antibodies used 
to capture protein–DNA complexes were α-
HA (A2095; Sigma-Aldrich, St. Louis, MO) 
and α-Myc (A7470; Sigma-Aldrich). ChIP-
qPCR was carried out using SYBR Green 
Master Mix in a 7500 Fast Real Time PCR 
System (Applied Biosystems, Foster City, 
CA) following conditions used previously 
(Mishra et al., 2011). The enrichment values 

were determined as percentage input using the ΔΔCT method (Livak 
and Schmittgen, 2001). Primer sequences used in this study are pre-
sented in Table 2.

chromosomal arms. Differential regulation of cohesin removal has 
also been reported in mammalian cells, where removal of cohesin 
from chromosomal arms in prometaphase is regulated by the cohe-

FIGURE 8: Persistence of Smc3 and Mcd1 close to spindle pole bodies in anaphase cells of 
cdc5-99 strains. (A) Wild-type (WT, KBY6098-1) and cdc5-99 (KBY6097-1) strains containing 
SMC3-GFP and SPC29-RFP were grown at permissive temperature (25°C) and shifted to the 
nonpermissive temperature (37°C) for 2.5 h. Cells with spindle length 3–8 μm were considered 
to be in anaphase and were used for imaging. Spc29-RFP was used as a spindle pole marker. 
Representative images showing the persistence of Smc3-GFP signals in anaphase cells of 
cdc5-99 strain (KBY6097-1). (B) Percentage of Smc3-GFP foci proximal to the spindle poles was 
determined in cdc5-99 strain (KBY6097-1) at permissive temperature (25°C, n = 125) and 2.5 h 
after shift to nonpermissive temperature (37°C, n = 144). Standard weighted-means analysis was 
used to calculate averages, and significance was determined by one-way analysis of variance. 
Bar diagram represents average ± SE of the mean. *p < 0.05. (C) WT (YMB9695) and cdc5-99 
(YMB9696) strains containing MCD1-GFP and SPC29-RFP were used. Strain VG3507-2A carrying 
MCD1-GFP (a gift from Vincent Guacci, University of California, Berkeley, CA) was used to 
construct strains YMB9695 and YMB9696. Strains were grown at permissive temperature (25°C) 
and shifted to the nonpermissive temperature (37°C) for 3 h. Cells with spindle length 3–8 μm 
were considered to be in anaphase and were used for imaging. Spc29-RFP was used as a spindle 
pole marker. Representative images showing the persistence of Mcd1-GFP signals in anaphase 
cells of cdc5-99 strain (YMB9696). (D) Percentage of Mcd1-GFP foci proximal to the spindle 
poles was determined in cdc5-99 strain (YMB9696) at permissive temperature (25°C, n = 94) and 
3 h after shift to nonpermissive temperature (37°C, n = 197). Standard weighted-means analysis 
was used to calculate averages, and significance was determined by one-way analysis of 
variance. Bar diagram represents average ± SE of the mean. *p < 0.05.
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FIGURE 9: Cdc5 is required for the removal of Smc3 from centromeric chromatin. WT (YMB9693), cdc5-99 (YMB9709), 
and cdc15-2 (YMB9703) expressing Smc3-6HA and Pds1-18Myc from their endogenous promoters were used. Smc3-
6HA was an internally tagged version of Smc3 (six copies of HA inserted at amino acid residue 607) using plasmid 
pVG466 (a gift from Vincent Guacci). Strains were grown in YPD at permissive temperature (25°C) with nocodazole 
(NOC, 20 μg/ml) for 2 h to synchronize cells in metaphase. Cells were then shifted to nonpermissive temperature (37°C) 
for 1 h, followed by release from NOC into YPD at 37°C for 45 min to enrich cells in anaphase. Samples were collected 
for Western blot analysis for Pds1, nuclear morphology, DNA content, and ChIP analyses. Three biological replicates 
were performed for each strain. (A) Western blot analysis showing high levels of Pds1 only in metaphase cells of WT, 
cdc5-99, and cdc15-2 strains. Antibodies used were α-Myc (Pds1) and α-Tub2 (loading control). (B) Cell cycle stages 
(metaphase and anaphase) were determined based on nuclear position and cell morphology by microscopic examination 
of 100 cells for each strain per replicate as described previously (Calvert and Lannigan, 2010; Mishra et al., 2011). DNA 
content was determined by FACS. (C) Schematic representation of CARs and non-CARs on chromosome III. The 
schematic is derived from Figure 3A with additional CARs and non-CARs. Centromere (CEN3, violet circle), CAR (green 
triangle), and non-CAR (black vertical line) sites. CEN is located at 114 kb; peri-CEN CARs 115 (1 kb from CEN) and 112 
(2 kb from CEN), chromosome arm CAR 261 (147 kb from CEN), 304 (190 kb from CEN), 307 (193 kb from CEN), 
peri-CEN non-CAR 125 (11 kb from CEN), and chromosome arm non-CAR 310 (196 kb from CEN) were examined.  
(D) Smc3 persists at CEN and peri-CEN chromatin in cdc5-99 strains. ChIP was performed with chromatin prepared from 
metaphase (ME) or anaphase (A) with strains as described using α-HA antibodies. Enrichment of Smc3 at CEN3 (114), 
peri-CEN CARs (112, 115), and chromosomal arm CARs (261, 304, 307) were determined by qPCR and is shown as 
percentage input. The non-CAR peri-CEN loci 125 and 310 in chromosome arms were used as a negative control. 
Average from three biological replicates ± SE. **p <0.01; *p <0.05; ns, not significant, Student’s t test.
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FIGURE 10: Cdc5 is required for the removal of Mcd1 from centromeric chromatin. cdc5-99 (YMB9711), and cdc15-2 
(YMB9712) strains expressing Mcd1-3HA, and Pds1-18Myc from their endogenous promoters were used. Strains KT046 
(Tong and Skibbens, 2014) and D1469 carrying MCD1-3HA were used to construct strains YMB9711 and YMB9712, 
respectively. Strains were grown in YPD at permissive temperature (25°C) with nocodazole (NOC; 20 μg/ml) for 2 h to 
synchronize cells in metaphase. Cells were then released into YPD at nonpermissive temperature (37°C) for 2.5 h to 
enrich cells in anaphase. Samples were collected for Western blot analysis, nuclear morphology, DNA content, and ChIP 
analyses. Three biological replicates were performed for each strain. (A) Western blotting showing high levels of Pds1 
only in metaphase cells of cdc5-99 and cdc15-2 strains. Antibodies used were α-Myc (Pds1) and α-Tub2 (loading control). 
(B) Cell cycle stages (metaphase and anaphase) were determined based on nuclear position and cell morphology by 
microscopic examination of 100 cells for each strain per replicate. DNA content was determined by FACS. (C) Schematic 
representation of CARs and non-CARs on chromosome III as detailed in Figure 9C. (D) Mcd1 persists at CEN and 
peri-CEN chromatin in cdc5-99 strains. ChIP experiments were performed using chromatin prepared from metaphase 
(ME) or anaphase (A) cells from strains as described using α-HA antibodies. Enrichment of Mcd1 at CEN3 (114), 
peri-CEN CARs (112, 115), and chromosomal arm CARs (261, 304, 307) were determined by qPCR and is shown as 
percentage input. The non-CAR peri-CEN loci 125 and 310 in chromosome arms were used as negative controls. 
Average from three biological replicates ± SE. **p <0.01; *p < 0.05; ns, not significant, Student’s t test.

Immunoprecipitation and Western blotting
Immunoprecipitation assays were performed as described previ-
ously (Mishra et al., 2011). Protein extracts were prepared 

with the trichloroacetic acid procedure and quantified using the 
Bio-Rad DC protein assay (Bio-Rad Laboratories, Hercules, CA). 
Equal amounts of protein for each sample were resolved on 
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SDS–polyacrylamide gels and transferred to nitrocellulose 
membrane. Primary antibodies used were α-HA (clone 12CA5; 
Roche Molecular Systems, Pleasanton, CA), α-GFP (A11122; 
Life Technologies, Carlsbad, CA), α-TAP (CAB1001; Thermo 
Scientific, Waltham, MA), α-Cdc5 (11H12 and 4F10; Medimabs, 
Montreal, Canada), α-Myc (Z-5, sc-789; Santa Cruz Bio-
technology, Dallas, TX), and α-Tub2 (Mishra et al., 2011). 
Secondary antibodies were horseradish peroxidase (HRP)–
conjugated donkey α-rabbit immunoglobulin G (IgG; NA934V, 
Amersham Biosciences, Amersham, United Kingdom), and 
HRP-conjugated sheep α-mouse IgG (NA931V; Amersham 
Biosciences).

Microscopy
Cultures grown to logarithmic phase at permissive temperature 
(25°C) and after a shift to nonpermissive temperature (37°C) 
were used for all imaging experiments. Anaphase cells that ex-
hibited a spindle length of 3–8 μm were selected based on the 
position of spindle pole bodies (Spc29-RFP; Chen et al., 2000; 
Maddox et al., 2000). Cells were imaged for Smc3-GFP, Mcd1-
GFP, and Spc29-RFP signals at room temperature on a Nikon 
TE-2000E inverted microscope equipped with a 1.4 numerical 
aperture/100× Plan-Apo objective (Nikon Instruments, New York, 
NY) as described previously (Haase et al., 2013; Salmon et al., 
2013).

FIGURE 11: Cdc5 is required for faithful chromosome segregation. 
(A) Cdc5 is required for faithful chromosome segregation. Frequency 
of RC loss in wild-type (WT; YPH363) and cdc5-99 (YMB9438) strains 
was determined as described in Materials and Methods. At least 3000 
colonies from three independent transformants were counted. Values 
are mean ± SE. *p < 0.05, Student’s t test. (B) Schematic model for the 
role of Cdc5 in cohesin removal from centromeric chromatin during 
mitosis. In WT cells, cohesin is removed from chromosomal arms and 
centromeric chromatin during metaphase-to-anaphase transition, 
whereas in cdc5-99 strains, cohesin is removed from chromosomal 
arms but persists at centromeric chromatin.

Strain name Genotype Reference

YMB9431 MATa ura3-1 leu2-3112 his3-11,15 trp1-1 ade2-1 can1-100 SMC3-GFP::URA3 This study

YMB9263 MATa ura3-52 lys2-801 ade2-101 trp1Δ63 his3Δ200 leu2Δ1 CSE4-13MYC::LEU2 CEN-TRP1 This study

YMB9264 MATa ura3-52 lys2-801 ade2-101 trp1Δ63 his3Δ200 leu2Δ1 CSE4-13MYC::LEU2 CEN-CDC5-
3HA::TRP1 (p344)

This study

JG595 MATa ura3-1 leu2,3-112 his3-1 trp1-1 ade2-1 can1-100 Δbar1 CSE4-12MYC::URA3 SCM3-
3FLAG::kanMX

Camahort et al. 
(2007)

YMB9441 MATa ura3-1 leu2,3-112 his3-1 trp1-1 ade2-1 can1-100 Δbar1 CSE4-12Myc::URA3 SCM3-
3FLAG::kanMX GAL1-3HA-CDC5::TRP1

This study

YMB9693 MATa ura3-1 leu2-3112 his3-11,15 trp1-1 ade2-1 can1-100 SMC3-N607-6HA::URA3 PDS1-18MYC::LEU2 This study

YMB9695 MATa MCD1-GFP leu2-3112 ura3-52 his3-11,15 bar1 GAL+ SPC29-RFP::Hyg This study

YMB9696 MATa MCD1-GFP leu2-3112 ura3-52 his3-11,15 bar1 GAL+ SPC29-RFP::Hyg cdc5-99::HIS3MX6 This study

YMB9703 MATa ura3-1 leu2-3112 his3-11,15 trp1-1 ade2-1 can1-100 SMC3-N607-6HA::URA3 PDS1-
18MYC::LEU2 cdc15-2

This study

YMB9709 MATa ura3-1 leu2-3112 his3-11,15 trp1-1 ade2-1 can1-100 SMC3-N607-6HA::URA3 PDS1-
18MYC::LEU2 cdc5-99::HIS3MX6

This study

YMB9711 MATa ade2-1 his3-11,15 leu2-3112 trp1-1 ura3-1 can1-100 MCD1-3HA::TRP1 PDS1-18MYC::LEU2 
cdc5-99::HIS3MX6

This study

YMB9712 MATα leu2-3112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 [phi+] rad5-535 MCD1-3HA::HPHMX6
cdc15-2::TRP1 PDS1-18MYC::LEU2

This study

YMB8702 MATa ura3-1 leu2-3112 his3-11,15 trp1-1 ade2-1 can1-100 This study

KBY6097-1 MATα ura3-1 leu2-3112 his3-11,15 trp1-1 ade2-1 can1-100 SMC3-GFP::URA3 cdc5-99::HIS3MX6 
SPC29-RFP::Hyg

This study

KBY6098-1 MATa ura3-1 leu2-3112 his3-11,15 trp1-1 ade2-1 can1-100 SMC3-GFP::URA3 SPC29-RFP::Hyg This study

YMB9438 MATα ura3-52 lys2-801 leu2-Δ1 ade2-101 his3-Δ200 [CFIII (CEN3.L) CFVII (RAD2.d) URA3 SUP11] 
cdc5-99::HIS3

This study

YPH363 MATα ura3-52 lys2-801 leu2-Δ1 ade2-101 his3-Δ200 [CFIII (CEN3.L) CFVII (RAD2.d) URA3 SUP11] Spencer et al. 
(1990)

TABLE 1: Strains and plasmids used in this study.
  Continues
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Strain name Genotype Reference

BY4741 MATa ura3Δ0 leu2Δ0 his3Δ1 met15Δ0 Open Biosystems, 
Lafayette, CO

MAY8878 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 MCD1-TAP::HIS3 This study

YPH499 MATa ura3-52 lys2-801 ade2-101 trp1Δ63 his3Δ200 leu2Δ1 Sikorski and 
Hieter (1989)

MAY8775 MATa ura3-52 ade2-101 his3-11,15 leu2-3112 CDC5-13MYC This study

MAY8851 MATa ura3-52 ade2-101 his3-11,15 leu2-3112 CDC5-13MYC mcd1-1 This study

VG3507-2A MATa MCD1-GFP leu2-3112 ura3-52 his3-11,15 bar1 GAL+ V. Guacci,  
University of 
California, 
Berkeley, CA

KT046 MATa ade2-1 his3-11,15 leu2-3112 trp1-1 ura3-1 can1-100 MCD1-3HA::TRP1 Tong and 
Skibbens (2014)

D1469 MATα leu2-3112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 [phi+] rad5-535 MCD1-3HA::HPHMX6
cdc15-2::TRP1

D. D’Amours, 
Université 
de Montréal, 
Montréal, QC

Plasmids Description Reference

p344 CEN-CDC5-3HA::TRP1 D. D’Amours 

pVG466 SMC3-N607-6HA::URA3 V. Guacci 

pSB205 PDS1-18MYC::LEU2 S. Biggins, 
Fred Hutchinson 
Cancer Research 
Center, Seattle, 
WA

TABLE 1: Strains and plasmids used in this study. Continued

Locus Forward (5′–3′) Reverse (5′–3′) Reference

CEN1 CTCGATTTGCATAAGTGTGCC GTGCTTAAGAGTTCTGTACCAC Choy et al. (2011)

CEN3 GATCAGCGCCAAACAATATGG AACTTCCACCAGTAAACGTTTC Choy et al. (2011)

CEN5 AAGAACTATGAATCTGTAAATGACTGATTCAAT CTTGCACTAAACAAGACTTTATACTACGTTTAG Choy et al. (2011)

6K120 AACGTCACTTTTTTTCCAGGG GCAAAGCTAGCTAACGAACAA This study

CEN3-L1 ATATTGTTTGGCGCTGATCGCC TTGATGAACTTTTCAAAGATGAC Choy et al. (2011)

CEN3-L2 TCATCTTTGAAAAGTTCATCAAGG GATAACAAAGCATGGTATGGCG Choy et al. (2011)

CEN3-L3 GCCATACCATGCTTTGTTATCGTC TATTATGCTCCCCTGGATTTTATGCG Choy et al. (2011)

CEN3-L4 AGCATTAGAGCCACTGTCATTTC ATAATTAAGATACGAATGTGTTCGTTG Mishra et al. (2013)

CEN3-R1 TTTACTGGTGGAAGTTTTGCTCA GTCAACGAGTCCTCTCTGGCTA Choy et al. (2011)

CEN3-R2 GAGAGGACTCGTTGACGTAGAA GAATATGATAATGGTTACACCAGTAGG Choy et al. (2011)

CEN3-R3 TGTAACCATTATCATATTCATGAC GATTTAATGCACGTTATGTTTCG Choy et al. (2011)

CEN3-R4 ACTGACAGCACCATTAATCAATCA TATCCTCAGTAGAGGGCAAAGTT Mishra et al. (2013)

125 TGCCAAGTTGTGCTTTTTAGTTGAG TTGATGTGTTGATTGTTCGGTCAC Eckert et al. (2007), 
Ng et al. (2009)

134 CCGATGGTTAGGATTTCCAACG GGTTTTCAGAACAGAATGGGGC Eckert et al. (2007), 
Ng et al. (2009)

261 TTGCCACAGCCACAGATATAACTG GATGGACAAAGCGTTGTATCCG Eckert et al. (2007), 
Ng et al. (2009)

266 CAGACTTCCTCCAAGCAACAGG TCCTCCTTAGCCTTTTCTTCAGC Eckert et al. (2007), 
Ng et al. (2009)

304 CCCCTTCCAAAGACCTGACA CCAGCCGTCGATCCTAAAGA Laloraya et al. (2000)

307 GTAGCGCTCTCAACTACCCT TCGTATACTGTTAGGGTCTGCA Laloraya et al. (2000)

310 TCTCGGAATTTATCATGACCCAT AAACCCTGCACACATTTCGT Laloraya et al. (2000)

TABLE 2: Primers used in this study.
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