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SUMMARY
CENP-A is a centromere-specific histone 3 variant essential for centromere specification. CENP-A 
partially replaces canonical histone H3 at the centromeres. How the particular CENP-A/H3 ratio at 
centromeres is precisely maintained is unknown. It also remains unclear how CENP-A is excluded 
from non-centromeric chromatin. Here we identify Ccp1, an uncharacterized NAP family protein 
in fission yeast that antagonizes CENP-A loading at both centromeric and non-centromeric 
regions. Like the CENP-A loading factor HJURP, Ccp1 interacts with CENP-A, and is recruited to 
centromeres at the end of mitosis in a Mis16-dependent manner. These data indicate that factors 
with opposing CENP-A loading activities are recruited to centromeres. Furthermore, Ccp1 also 
cooperates with H2A.Z to evict CENP-A assembled in euchromatin. Structural analyses indicate 
that Ccp1 forms a homodimer that is required for its anti-CENP-A loading activity. Our study 
establishes mechanisms for maintenance of CENP-A homeostasis at centromeres and the 
prevention of ectopic assembly of centromeres.
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INTRODUCTION
The centromere is the part of a chromosome responsible for kinetochore assembly. It is 
crucial for the proper segregation of chromosomes (Allshire and Karpen, 2008; Malik and 
Henikoff, 2009). Most eukaryotes contain large and complex “regional” centromeres, which 
have multiple microtubule attachment sites per centromere (Fukagawa and Earnshaw, 2014; 
Westhorpe and Straight, 2015). The underlying DNA sequences in regional centromeres 
across species are highly divergent across species. Epigenetic mechanisms play a key role in 
governing the position specification and function of the centromeres (Gomez-Rodriguez and 
Jansen, 2013; Westhorpe and Straight, 2015). Centromere Protein-A (CENP-A), a conserved 
centromere-specific histone 3 (H3) variant, is indispensible for centromere function, and has 
emerged as the best candidate for the epigenetic mark for centromeres (Gomez-Rodriguez 
and Jansen, 2013; Muller and Almouzni, 2014; Palmer et al., 1991).

The amount of CENP-A at regional centromeres is tightly regulated. CENP-A partially 
replaces canonical histone H3 at the centromere to serve as the structural and functional 
foundation for kinetochore assembly (Black and Cleveland, 2011; Bodor et al., 2014; 
Sullivan and Karpen, 2004). In fact, modifications of histone H3 at centromeres are 
important for proper assembly of CENP-A chromatin (Bergmann et al., 2012; Bergmann et 
al., 2011; Stimpson and Sullivan, 2011). How CENP-A is deposited into centromeres has 
been extensively studied. One key factor known to promote CENP-A loading is the 
conserved histone chaperone, Scm3/HJURP, which is in turn recruited by the Mis16-Mis18 
complex (Dunleavy et al., 2009; Foltz et al., 2009; Pidoux et al., 2009; Williams et al., 2009; 
Yu et al., 2015). However, how CENP-A and histone H3 levels are precisely maintained at 
the centromere remains unknown.
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In most eukaryotic organisms, each chromosome contains a single centromere. 
Misincorporation of CENP-A to non-centromeric regions can lead to formation of ectopic 
centromeres, which has a devastating impact on chromosome segregation (Burrack and 
Berman, 2012; Gonzalez et al., 2014; Heun et al., 2006; Scott and Sullivan, 2014). 
Maintaining the H3 nucleosome integrity is important for preventing mis-incorporation of 
CENP-A. Changes in histone H3 level, or mutations in histone chaperones and the FACT 
chromatin remodeling complex can lead to promiscuous CENP-A incorporation, likely due 
to disturbance of H3 chromatin integrity (Au et al., 2008; Choi et al., 2012; Lacoste et al., 
2014; Lopes da Rosa et al., 2011). Ubiquitin-mediated proteolysis is another mechanism 
implicated in protecting euchromatic regions from assembling ectopic CENP-A chromatin 
(Au et al., 2013; Choi et al., 2012; Collins et al., 2004; Moreno-Moreno et al., 2006). It has 
recently been shown that the FACT complex in the budding yeast Saccharomyces cerevisiae 
can prevent mislocalization of the CENP-A homolog Cse4 by directly mediating ubiquitin-
dependent proteolysis of Cse4 (Deyter and Biggins, 2014). However, the mechanisms 
involved in preventing the ectopic assembly of CENP-A remain poorly understood.

Studies on the centromeres of budding yeast have been instrumental in helping us 
understand centromere structure and function. Budding yeast contains “point” centromeres, 
which are genetically defined by a 125 bp DNA sequence (Clarke and Carbon, 1980; 
Cottarel et al., 1989). In contrast, the fission yeast, Schizosaccharomyces pombe, contains 
large regional centromeres, which are governed by epigenetic mechanisms (Allshire and 
Karpen, 2008; Carroll and Straight, 2006). In fission yeast, the CENP-A homolog, Cnp1 
(CENP-Acnp1), is enriched within 10-12 kb of the central domain region of centromeres, 
which are flanked with pericentromeric heterochromatin. The loading of CENP-Acnp1 also 
depends on the CENP-A loading factor, HJURPscm3. Recrutment of HJURPscm3 is cell 
cycle-regulated, and requires the conserved Mis16-Mis18 complex (Pidoux et al., 2009; 
Williams et al., 2009). Like in other eukartyotes that harbor regional centromeres, the 
mislocalization of CENP-Acnp1 at non-centromeric regions can lead to assembly of ectopic 
CENP-Acnp1 chromatin and consequent chromosome missegregation (Castillo et al., 2013; 
Gonzalez et al., 2014; Ishii et al., 2008). In addition to ubiquitin-mediated proteolysis and 
the FACT complex (Choi et al., 2012; Gonzalez et al., 2014), Pht1, the homolog of histone 
H2A.Z in S. pombe, has also been implicated in preventing ectopic assembly of CENP-
Acnp1 (Ogiyama et al., 2013).

In this study, we identify an uncharacterized protein in fission yeast, Ccp1, antagonizing the 
loading of CENP-Acnp1 at both centromeric and non-centromeric regions. Our data show 
that Ccp1 physically asosciates with CENP-Acnp1. Like HJURPscm3, Ccp1 is recruited to 
centromeres by Mis16 at the end of mitosis. The simultaneous recruitment of CENP-A 
loading and anti-loading factors provides an explanation for how the proper ratio of CENP-
A to histone H3 is maintained at centromeres. Ccp1 also functions together with H2A.Z to 
displace ectopic CENP-A at non-centromeric regions. We report the crystal structure of 
Ccp1. Our data suggests that Ccp1 functions as a novel CENP-A chaperone specifically for 
preventing CENP-A loading. Together, these findings provide insights into how the right 
balance of CENP-A and histone H3 levels is achieved at centromeres, and uncover a 
mechanism for how cells protect themselves from excessive assembly of CENP-A at non-
centromeric regions.
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RESULTS
Ccp1 Antagonizes CENP-A Loading

To identify genes required for proper CENP-A distribution, we performed a candidate visual 
genetic screen using fission yeast cells carrying CENP-Acnp1-GFP under the native promoter 
at the ade6+ locus. In wild type interphase cells, all centromeres are clustered at the nuclear 
envelope; thus, a single fluorescent focus was observed in cells expressing CENP-Acnp1-
GFP at endogenous level (Figure 1A) (Takahashi et al., 2000). Through the screen, we found 
that deletion of the gene SPBC36B7.08C results in more than 12% of cells exhibiting 
multiple foci of CENP-Acnp1-GFP (Figure 1A). We also found that the centromere 
clustering and the level of CENP-Acnp1-GFP are not affected in the mutant (Figures S1A 
and S1B). These results indicate that the gene is important for preventing mis-targeting of 
CENP-Acnp1-GFP to non-centromeric regions. To confirm this, we also examined the 
distribution pattern of N- or C-terminal GFP-tagged CENP-Acnp1 under the control of its 
native promoter at endogenous locus in the mutant background. Both fusion proteins display 
a single fluorescent focus in wild type (Gonzalez et al., 2014; Takayama et al., 2008), but 
they also mislocalize in the mutant (Figures S1C-S1E), similar to CENP-Acnp1-GFP at 
ade6+ locus. We have thus named the gene, ccp1+ (counteracter of CENP-A loading protein 
1). ccp1+ encodes an uncharacterized NAP (Nucleosome Assembly Protein) domain-
containing protein of 244 amino acids, which is 26 and 27% identical to human SET protein 
and budding yeast Vps75, respectively. NAP family proteins often act as histone chaperones 
and play crucial roles in both assembly and disassembly of nucleosomes (Lorch et al., 2006; 
Park and Luger, 2008).

To confirm that CENP-Acnp1-GFP is misincorporated into non-centromeric region in the 
absence of Ccp1, we analyzed ccp1Δ mutant cells using chromatin immunoprecipitation 
(ChIP) along with primers specific to an rDNA region. Consistent with our cytological 
observation, we found that CENP-Acnp1-GFP is significantly enriched at the rDNA region, 
indicating that CENP-Acnp1-GFP associates with ectopic regions (Figure 1B), consistent 
with our cytological observation.

Intriguingly, our ChIP assay showed that the CENP-Acnp1-GFP level at the centromere in the 
mutant is largely unchanged (Figure 1C). However, we found that a significant number of 
ccp1Δ mutant cells displaying a single fluorescence focus has disproportionately brighter 
CENP-Acnp1-GFP signal (Figure 1D). These results suggest that in ccp1Δ cells exhibiting a 
single GFP focus, the level of CENP-Acnp1-GFP at this region can substantially increase.

To further verify the mislocalization of CENP-Acnp1 in the ccp1Δ mutant, we analyzed 
ccp1Δ cells carrying CENP-Acnp1-GFP by ChIP followed by high-throughput sequencing 
(ChIP-seq). Our ChIP-seq data showed that CENP-Acnp1-GFP is significantly enriched in 
euchromatin in ccp1Δ mutant relative to wild type (Figure S1F). Together, our results 
indicate that Ccp1 is required for maintaining proper amounts of CENP-Acnp1 at both 
centromeric and non-centromeric regions. Consistent with this, we found that the mutant 
cells exhibited sensitivity to the microtubule-depolymerizing drug, thiabendazole (TBZ) 
(Figure 1E), which indicates that chromosome segregation in the ccp1 mutant is abnormal. 
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Chromosome missegragation defects were further confirmed by DAPI staining (Figure 
S1G).

Previous studies have shown that CENP-Acnp1-GFP still largely associates with centromeres 
when lowly overexpressed in S. pombe (Castillo et al., 2013). To further examine the role of 
Ccp1 in counteracting the CENP-Acnp1 loading at non-centromeric regions, we induced a 
low level of overexpression of CENP-Acnp1-GFP using the intermediate-strength, thiamine-
repressible nmt42 promoter in the ccp1Δ mutant. After a 32-hour induction, 94% of wild-
type cells display one or two fluorescence foci. In contrast, multiple CENP-Acnp1-GFP foci 
were observed in 46% of the ccp1Δ cells analyzed under the same induction conditions 
(Figure S2A and B). This indicates that low level overexpression of CENP-Acnp1-GFP in 
ccp1Δ cells results in overall euchromatic localization.

Overexpression of CENP-Acnp1-GFP in wild-type cells causes slow cell growth (Castillo et 
al., 2013; Gonzalez et al., 2014). We found that the overexpression of CENP-Acnp1-GFP 
under the strong nmt1 promoter in the ccp1Δ mutant results in even stronger inhibition of 
cell growth (Figures 1F and S2C). This is in agreement with the idea that overexpression of 
CENP-Acnp1 enhances the ectopic distribution of CENP-Acnp1-GFP in ccp1Δ cells. This is 
reminiscent of the overexpression of N-terminal deleted CENP-Acnp1, which leads to 
increased level of misincorporation of CENP-Acnp1 and slower growth (Gonzalez et al., 
2014).

Overexpression of Ccp1 Evicts CENP-A

To further investigate the role of Ccp1 in CENP-Acnp1 positioning at centromeres, we 
overexpressed Ccp1 from the strong nmt1 promoter in wild type cells expressing CENP-
Acnp1-GFP at endogenous level. We found that the single CENP-Acnp1 focus is lost from 
centromeres in 76% of the cells analyzed (Figure 2A), even though the level of CENP-
Acnp1-GFP in these cells remained similar to that of wild-type (Figure S3A). These results 
demonstrate that overexpresssion of Ccp1 causes significant eviction of CENP-Acnp1-GFP 
from native centromeres. Consistent with this, cells overexpressing Ccp1 exhibit severe 
growth defects and are highly sensitive to TBZ (Figures 2B and 2C).

The overexpression of CENP-Acnp1 can induce the assembly of stable ectopic CENP-A 
chromatin at non-centromeric regions (Castillo et al., 2013; Gonzalez et al., 2014). To 
investigate whether Ccp1 can promote the exclusion of CENP-Acnp1 from ectopic loci, we 
overexpressed Ccp1 in wild-type cells carrying ectopic CENP-Acnp1 chromatin induced by 
massive overexpression of CENP-Acnp1-GFP. Consistent with previous studies, multiple 
distinct, stable fluorescent foci were observed in control cells overexpressing CENP-Acnp1-
GFP alone, after 24 hrs induction (Figure 2D). However, when we overexpressed Ccp1 in 
cells also overexpressing CENP-Acnp1-GFP, we found that almost all cells exhibited 
diffusion of the CENP-Acnp1-GFP signal, indicating that the ectopically assembled CENP-
Acnp1-GFP was evicted from non-centromeric chromatin (Figures 2D, and S3B). Together, 
our results show that overexpression of Ccp1 results in the eviction of CENP-Acnp1 from 
both centromeric and ectopic loci, consistent with its role as an anti-CENP-A loading factor.

Dong et al. Page 5

Mol Cell. Author manuscript; available in PMC 2017 October 06.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



Ccp1 Interacts With CENP-A

To further investigate the relationship between Ccp1 and CENP-Acnp1, ccp1Δ was crossed 
into a CENP-Acnp1 mutant, cnp1-1, to create a ccp1Δ cnp1-1 double mutant. The double 
mutant displays a severe growth impairment at 32°C. The synthetic growth defects are even 
more apparent at 36°C (Figure 3A). Our data predict that Ccp1 physically associates with 
CENP-Acnp1. To test the idea, we created a TAP-tag version of Ccp1 under the control of its 
native promoter at its endogenous locus. This strain shows no sensitivity to TBZ (Figure 
S4A), indicating that Ccp1-TAP is functional. In the Ccp1-TAP strain massively 
overexpressing CENP-Acnp1-GFP, we found that Ccp1-TAP co-immunoprecipitated with 
CENP-Acnp1-GFP (Figure 3B), supporting the idea that Ccp1 physically associates with 
CENP-Acnp1. We also conducted Co-IP experiments using cells carrying Ccp1-S tag and 
GFP-tagged histone H3. Ccp1-S tag was not able to co-immunoprecipitate H3-GFP from 
cell lysates (Figure S4B). To further confirm the interaction between Ccp1 and CENP-Acnp1, 
we purified chromatin-bound CENP-Acnp1 using the TAP-tag purification method, and 
followed with mass spectrometry (mass spec) analysis to identify its interacting proteins. As 
expected, in addition to CENP-Acnp1, histones were identified by our mass spec analysis of 
purified chromatin-bound CENP-Acnp1 (Figure 3C). We also found that the chromatin-
remodeling complex FACT, including Pof3 and Spt16, interacts with CENP-Acnp1 (Figure 
3C). Consistent with these findings, CENP-A has been shown to be associated with the 
FACT complex in Drosophila and human cells (Boltengagen et al., 2015; Chen et al., 2015; 
Foltz et al., 2006; Okada et al., 2009). In addition, a conserved centromere protein, CENP-T 
(Cnp20 in fission yeast) copurified with CENP-Acnp1. CENP-T also copurified with CENP-
A nucleosome in human cells (Foltz et al., 2006). Importantly, we identified Ccp1 in the 
TAP-tag purified product (Figure 3C). We next performed an in vitro binding assay to 
examine whether Ccp1 directly interacts with CENP-A. We found that GST-tagged Ccp1, 
but not GST alone, was able to pull down CENP-Acnp1/H4 dimer (Figure 3D), indicating a 
direct interaction between Ccp1 and CENP-Acnp1. Notably, we did not observe direct 
interaction between Ccp1 and H3/H4 complex in the parallel pull-down experiments (3D). 
Together, these data indicate that Ccp1 physically interacts with CENP-Acnp1.

Ccp1 Associates with Centromeres in a Cell Cycle-dependent Manner

To investigate how Ccp1 is distributed in the cells, we replaced the endogenous Ccp1 with 
GFP-tagged Ccp1 at its C-terminus. Cells expressing Ccp1-GFP from its endogenous locus 
are not sensitive to TBZ, indicating that Ccp1-GFP is functional (Figure S4A). Ccp1-GFP is 
faintly distributed throughout the nucleus, but also forms a distinct single fluorescence focus 
(Figure 4A). We also found that Ccp1 with N-terminal tagged GFP has the same distribution 
pattern (Data not shown). Ccp1-GFP and CENP-Acnp1-mCherry colocalize, indicating that 
the single Ccp1-GFP focus associates with centromeres (Figure 4A). The centromere 
association of Ccp1 was further confirmed by ChIP assays (Figure S5A).

Interestingly, our time-lapse microscopy demonstrated that the centromeric focus of Ccp1-
GFP is present throughout interphase. However, the signal vanishes at the onset of mitosis 
and reappears in telophase, indicating that Ccp1 delocalizes from centromeres during 
mitosis (Figure 4B). Therefore, the association of Ccp1 with centromeres is cell cycle-
regulated. Intriguingly, this temporal pattern is similar to that observed for the CENP-A 
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loading factors HJURPscm3 and the Mis16- Mis18 complex (Pidoux et al., 2009; Williams et 
al., 2009).

Mis16 Recruits Ccp1 to Centromeres

It is known that Mis16 recruits the CENP-A loading factor, HJURPscm3 at the end of 
mitosis, which in turn mediates the loading of CENP-A at centromeres (Pidoux et al., 2009; 
Williams et al., 2009). We investigated whether the centromere association of Ccp1 also 
depends on Mis16 using a temperature-sensitive mis16-53 mutant (Hayashi et al., 2004). We 
observed that the centromeric localization of Ccp1-GFP in mis16-53 cells was completely 
abolished after incubation at 36°C for four hours (Figure 4C). However, in the null mutant of 
ams2+, which produces another key CENP-A loading factor (Chen et al., 2003), Ccp1-GFP 
remains at centromeres (Figure S5B). Also, in the ccp1 mutant, Mis16-GFP still associates 
with centromeres (Figure 4D). These results indicate that Mis16 is required for the 
localization of Ccp1 at centromeres. Furthermore, our yeast two-hybrid assays indicate that 
Ccp1 physically interacts with Mis16 (Figure 4E). Together, our data suggest that the Mis16-
Mis18 complex is responsible for recruiting factors with opposing activities for CENP-A 
loading at the end of mitosis to centromeres to mediate the CENP-A level at these loci.

Ccp1 Cooperates with H2A.Z to Prevent Mistargeting of CENP-A

Pht1, a homolog of H2A.Z, has been suggested to play a role in preventing ectopic 
incorporation of CENP-A (Ogiyama et al., 2013). Consistent with this study, we found that 
approximately 14% of pht1Δ cells exhibited multiple foci of CENPcnp1-A-GFP (Figure 5A), 
a percentage similar to that observed in ccp1Δ cells (Figure 1A). Our yeast two-hybrid 
analysis also showed that Ccp1 associates with Pht1 (Figure 5B). Furthermore, double 
mutant cells of ccp1Δ and pht1Δ displayed a higher percentage of multiple CENPcnp1-A-
GFP foci than either single mutant strain (Figure 5A). Consistent with this, the ccp1Δ pht1Δ 
double mutant is more sensitive to TBZ than the single mutants (Figure 5C). These data 
suggest that Ccp1 functions in parallel with Pht1 to prevent ectopic formation of CENP-A 
chromatin.

Structure Determination of the Ccp1 Protein

To learn more about the molecular function of Ccp1, we determined its structure at 2.1 Å by 
single-wavelength anomalous diffraction (Se-SAD). The final model contains two Ccp1 
molecules (residues 2-207) and 258 water molecules per asymmetric unit, and it was refined 
to an Rwork/Rfree of 0.193/0.236. Another region (residues 208-244), which contains a 
stretch of acidic Asp/Glu amino acids, is not included owing to disorder in the crystals. All 
the structural models have excellent geometrical parameters (Table 1). Our crystal structure 
indicates that Ccp1 is a homodimer (Figures 6C and 6D). This is confirmed by Co-IP using a 
strain expressing both TAP-tagged and mCherry-tagged Ccp1 (Figure S6A).

The structures of the Ccp1 molecules in the non-crystallographic dimer are essentially 
identical, with a root mean squared deviation (r.m.s.d.) of 0.62 Å for the superimposition of 
all ~200 Cα atoms. Ccp1 has highest structural similarity to NAP family proteins, which 
include budding yeast Nap1, Vps75 and the human SET/ TAF-Ib/INHAT(Muto et al., 2007; 
Park and Luger, 2006; Park et al., 2008; Tang et al., 2008) (Figure S6B). The closest 
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structural homologue was budding yeast Vps75 (PDB 2ZD7; Z-score of 19.3, 27% sequence 
identity) (Park et al., 2008; Tang et al., 2008), with a r.m.s.d. of 2.5 Å between 212 
structurally equivalent α-carbon atomic pairs.

Similar to other NAP family proteins, the Ccp1 protein has a “headphone” shaped topology 
with three major domains: the structurally defined dimerization domain, earmuff domain and 
a disordered acidic C-terminal domain (Figures 6A and 6B). In brief, the dimerization 
domain is comprised of a long helix (α1, residues 1-44) that is arranged in an antiparallel 
fashion with the helix from the opposing subunit. The globular shaped “earmuff” domain 
contains a four-stranded β-sheet (β1–β4) and five helices (the N-terminal α2, α3, α4 and 
the C-terminal α5, α6) that together form a hydrophobic core (Figures 6A and 6B). 
Interestingly, unlike the Nap1 and Vps75 proteins, we found that Ccp1 contains relatively 
short β1 and β2 strands but long β3 and β4 strands. The C-terminal domain is enriched with 
acidic residues of Asp/Glu, probably devoid of stable secondary and tertiary structure, and 
therefore is disordered in the structure, suggesting that the domain is highly mobile in 
aqueous solution.

The earmuff domain of the Ccp1 dimer is attached to the concave side of the dimerization 
domain helices, therefore forming a pronounced cleft near the center of the homodimer 
(Figures 6C and 6D; Figure S6C). The electrostatic potential surface is largely negative, 
especially near the edge of the cleft (Figures 6E and 6F). The dimensions of the cleft are ~ 
35 Å height with a width of ~ 12 Å at the narrowest point near the dimerization domain, and 
~ 55 Å width between the tips of the turn between β3 and β4. The NAP1 and Vps75 
homodimers also form a prominent central cleft by the earmuff domains, which has been 
shown to accommodate the histone H3-H4 tetramer (Bowman et al., 2011; Park and Luger, 
2006; Tang et al., 2008).

There are extensive H-bonds and van der Waals interactions among the anti-parallel pairing 
of the α1-helices along their entire length of 40 amino acids (Figure 7A). The two helical 
axes are aligned in an antiparallel “tram-track” fashion, rather than coiling around each 
other. The kink in the long α1-helices may contribute to the formation of this unique 
arrangement, which is commonly observed among the NAP family proteins. A conserved 
Pro-34 is located at a distance of about 2/3 of the α1-helix length from the N-terminus, 
which generates a ~40° kink. A second kink (~25°) is observed at Leu13 of the helices. As a 
consequence of the antiparallel pairing of the two helices, Pro34 juxtaposes Leu13 of the 
second Ccp1 molecule within the dimer (Figure 7A). It is likely that the bend at Leu13 is 
caused by the need to maintain packing by keeping the two helical axes parallel. The 
residues contributing to dimer formation are Ala6, Phe7, Leu10, Leu13, Phe17, Ala20, 
Ile24, Leu31, Phe32, Leu35, Phe36, Ile42, Leu43, and Ile46 (Figure 7A). The dimer is 
further stabilized by the β3-β4 loop and the α5-helix.

Dimerization of Ccp1 is Required for its Anti-CENP-A Loading Activity

To disrupt the formation of the Ccp1 dimer, a series of residues at the dimer interface, 
including Leu10, Phe17, Ile24 and Phe32, were selected for mutagenesis (Figures 7A and 
S7A). Our result indicated that a quadruple mutant, ccp1-4A (L10A/F17A/I24A/F32A) was 
unable to dimerize, as evidenced from the analysis on the gel-filtration chromatography 
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(Figure 7B). Consistent with this, we found that Ccp1-4A-TAP was unable to co-
immunoprecipitate Ccp1-4A-mCherry (Figure S7B and C). To determine whether 
dimerization of Ccp1 is essential for its function as an anti-CENP-A loading factor in vivo, 
we replaced the endogenous Ccp1 with ccp1-4A. The ccp1-4A mutant is sensitive to TBZ 
(Figure 7C). Also similar to the ccp1Δ mutant, 12% of ccp1-4A cells showed multiple 
CENP-Acnp1-GFP foci (Figure 7D), indicating that dimerization of Ccp1 is required for its 
capability to counteract CENP-A loading. In addition, we found that the mutation 
significantly disrupts the interaction between Ccp1 and Mis16 (Figure 7E). Consistent with 
this, the association of Ccp1-4A-GFP with centromeres is lost (Figures 7F and S5A). Our 
yeast two-hybrid assay also showed that the dimerization mutant of Ccp1 results in loss of 
interaction between Ccp1 and Pht1 (Figure 7G).

DISCUSSION
Here using a visual genetic screen, we identified Ccp1, a novel NAP family protein that 
counteracts the loading of CENP-A at centromeres. Our results further reveal that both 
loading and anti-loading factors of CENP-A are needed at centromeres to mediate the proper 
level of CENP-A and histone H3, and provide a plausible explanation for how CENP-A and 
histone H3 are balanced at centromeres.

Ccp1 belongs to the conserved NAP family proteins. NAP family proteins often function as 
histone chaperones, and play diverse roles, including nucleosome assembly and disassembly, 
chromatin remodeling and transcription (Park and Luger, 2006, 2008). NAP domain is 
known to be required and sufficient for histone binding (Fujii-Nakata et al., 1992). It has 
been shown that NAP1 and Vps75, two NAP family histone chaperones, directly bind the 
histone H3-H4 tetramer (Bowman et al., 2011; Selth and Svejstrup, 2007). Our results 
suggest that Ccp1 may function as a CENP-A chaperone specifically used for dissembling 
the CENP-A nucleosome. Consistent with this, our structural analysis of Ccp1 reveals that, 
similar to NAP1 and Vps75, Ccp1 forms a homodimer, which contains a pronounced central 
cleft between the highly acidic earmuff domains. The central cleft in Nap1 and Vps75 has 
been shown to interact with the histone H3-H4 tetramer (Bowman et al., 2011). We suggest 
that Ccp1 may directly interact with CENP-A through the central cleft to disassemble 
CENP-A nucleosomes. In agreement with this idea, we show that the disruption of Ccp1 
dimerization results in loss of its ability to antagonize CENP-A loading. We also noticed 
that, although the overall structure of Ccp1 is similar to the structures of other NAP family 
proteins, the relative length of the β strands and the dimension of the central cleft differ. 
These structural differences may account for its role as a CENP-A chaperone in regulating 
CENP-A homeostasis.

HJURPscm3 is a well-characterized CENP-A chaperone (Dunleavy et al., 2009; Foltz et al., 
2009; Pidoux et al., 2009; Williams et al., 2009). Crystal structures of HJURPScm3 in 
complex with CENP-A/H4 have been reported (Cho and Harrison, 2011; Zhou et al., 2011). 
These structural studies indicated that the recognition by HJURP is conferred by CENP-A 
targeting domain (CATD) in CENP-A (Cho and Harrison, 2011; Zhou et al., 2011), 
consistent with a previously proposed model (Foltz et al., 2009). It will be interesting to 
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investigate in the future whether Ccp1 specificity depends on the CENP-A/H4 structure 
conferred by the CATD domain.

How is Ccp1 recruited to centromeres? We demonstrated that the temporal localization 
pattern of Ccp1 to centromeres is the same as the CENP-A chaperone, HJURPscm3. 
Incorporation of HJURPscm3 at the end of mitosis depends on Mis16-Mis18 complex 
(Pidoux et al., 2009; Williams et al., 2009; Yu et al., 2015). We found that centromeric 
incorporation of Ccp1 also requires the Mis16-Mis18 complex. Our results suggest that the 
Mis16-Mis18 complex promotes targeting of both CENP-A loading and anti-loading factors 
to centromeres at the end of mitosis (Figure 7H). Coordinated recruitment of factors with 
opposite activities for CENP-A loading at this stage may ensure that the proper amount of 
CENP-A is incorporated into centromeres during later stage of cell cycles.

How non-centromeric regions are protected from mistakenly assembling CENP-A is another 
key question in chromatin regulation. So far, only a few of factors have been shown to be 
involved in this process. Ubiquitin-mediated proteolysis appears to be a conserved 
mechanism to inhibit the assembly of CENP-A at ectopic loci by controlling CENP-A 
protein level (Collins et al., 2004; Gonzalez et al., 2014; Moreno-Moreno et al., 2006). 
CENP-A also can mis-incorporate to euchromatic region if histone H3 chromatin integrity is 
perturbed (Au et al., 2008; Choi et al., 2012; Lopes da Rosa et al., 2011). Recently, the 
H2A.Z homolog Pht1 in fission yeast has been implicated in the exclusion of CENP-A from 
non-centromeric chromatin (Ogiyama et al., 2013). In this study, we show that, in agreement 
with Ccp1 as a CENP-A chaperone for dissembling CENP-A nucleosome, Ccp1 is also 
important for excluding CENP-A from non-centromeric chromatin. Our results further 
suggest that Ccp1 may cooperate with Pht1 to remove mis-incorporated CENP-A at non-
centromeric regions (Figure 7H), and provide new insight into the mechanism underlying 
prevention of ectopic centromere formation. Redundant pathways involved in excluding the 
formation of ectopic centromere likely explain the relative small percentage of cells showing 
CENP-A mislocalization in ccp1Δ. Importantly, we demonstrate that Ccp1 as an anti-CENP-
A loading factor helps maintain the integrity of both centromere and non-centromeric 
regions. Our results suggest that the duality of its function is achieved through its ability to 
interact with different proteins at different loci (Figure 7H).

One caveat associated with this study is that our results largely rely on GFP-fused CENP-
Acnp1. C-terminally tagged CENP-A in Drosophila, mouse and budding yeast is functionally 
impaired (Kalitsis et al., 2003; Schuh et al., 2007; Wisniewski et al., 2014). We and others 
found that C-terminal GFP-tagged CENP-Acnp1 in fission yeast is also impaired, but largely 
functional (Gonzalez et al., 2014; Takayama et al., 2008). Tagging CENP-Acnp1-GFP at N-
terminus causes no detectable defects (Takayama et al., 2008), but we cannot rule out the 
possibility that the N-terminus might have subtle effect on the function of CENP-Acnp1.

Taken together, our findings uncover a critical missing link for how CENP-A homeostasis is 
maintained at centromeres, and provides insight into how the cells protect themselves from 
erroneously assembling CENP-A at ectopic regions. Since major features of centromere 
regulation in S. pombe are conserved, we expect that similar mechanisms are used by other 
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eukaryotes, including humans, for balancing specific CENP-A/H3 ratios at centromeric and 
non-centromeric loci.

EXPERIMENTAL PROCEDURES
Strains, Media and Genetic Analysis

Fission yeast strains used in this study are listed in Table S1. Standard media and genetic 
analysis for fission yeast were used (Moreno et al., 1991).

TAP-tag Purification

TAP-tag purification was performed as described (Cheeseman et al., 2001). Briefly, cell 
lysates in 1× lysis buffer (50 mM bis-Tris propane, pH 7.0, 0.1 M KCl, 5 mM EDTA, 5 mM 
EGTA and 10% glycerol) were cleared by ultra-centrifugation. After the salt concentration 
was adjusted to 0.4 M KCl, the extract was incubated with IgG sepharose (GE Healthcare) 
for 2 hr. Immediately following washing, protein was eluted from the beads and incubated 
overnight with TEV protease (Invitrogen). S protein agarose beads (Novagen) was then 
added and incubated for 3 hr. The eluted fractions from S protein agarose were subjected to 
mass spectrometry analysis at Proteomics Resource Center at NYU School of Medicine 
(New York, NY).

Immunoprecipitation

Mild over-expression of CENP-Acnp1-GFP was conducted by supplement with 0.05 μM 
thiamine for 24 hr. Cells were collected and lysed in lysis buffer (20 mM HEPES at pH 7.5, 
5 mM EDTA, 100 mM NaCl, 0.1% Nonidet P-40) with 1 mM PMSF and proteinase 
inhibitor (P8215; Sigma). Lysates were incubated with S-protein agarose (Novagen) or lgG 
sepharose (GE Healthcare) at 4 °C for 2 h. After washing with lysis buffer three times, 
proteins were eluted in SDS loading buffer. Eluates were analyzed by Western blotting using 
commercial anti-S-peptide (MA1-981; Thermo Scientific), Peroxidase Anti-Peroxidase 
(P1291; Sigma), anti-GFP (11814460001; Roche) antibodies.

Yeast Two-hybrid Assays

Yeast two-hybrid analyses were performed using the ProQuest two-hybrid system according 
to the manufacturer's instructions (Invitrogen). Details are described in the Supplemental 
Information.

in vitro pull-down assays

Details on in vitro pull-down assays are described in the Supplemental Information.

Microscopy

Cells were imaged using the Delta Vision System (Applied Precision, Issaquah, WA). 
Images were taken as z-stacks of 0.2 μm increments with an oil immersion objective (×100), 
and deconvolved using SoftWoRX2.50 software (Applied Precision). For the candidate gene 
screen, candidate gene deletion strains carrying CENP-Acnp1-GFP at endogenous level were 
visually examined by epi-fluorescence microscopy (Olympus BX53).
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Crystallization and Structure Determination

Ccp1 was solved by single-wavelength anomalous dispersion. Details for protein 
purification, crystallization, data collection and refinement are described in the 
Supplemental Information.

Mutational Studies on the Dimer Interface

The construct for the Ccp1 quadruple mutant (L10A/F17A/I24A/F32A) was generated by 
PCR with pairs of primers harboring the corresponding mutated nucleotides, and was 
confirmed by sequencing. The expression and purification for the quadruple mutant protein 
were conducted in the same way as wild type Ccp1. To confirm the disruption of the dimer 
formation of the quadruple mutant, ~2 mg proteins from the wild type and quadruple mutant 
were analyzed by Superdex 200 gel filtration chromatography.

ChIP and ChIP-seq

Details on ChIP and ChIP-seq analysis are described in the Supplemental Information.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ccp1 Antagonizes the Loading of CENP-Acnp1 at Both Centromeric and Non-
centromeric Regions. (See also Figure S1 and S2)
(A) CENP-Acnp1-GFP is mislocalized to non-centromeric regions in the ccp1Δ mutant. The 
nuclear envelope is visualized with Ish1-mCherry. The percentage of cells containing 
multiple CENP-Acnp1-GFP foci (>2) is indicated.
(B) CENP-Acnp1-GFP is enriched at rDNA regions as shown by ChIP assays. ChIP assays 
were performed using an antibody against GFP and primers specific for an rDNA region and 
a control gene, act1+ (act). Three independent experiments were performed. The relative fold 
enrichment is shown in the right panel. The value for WT was normalized to 1.0. WCE, 
whole-cell extracts. Data represent mean ± S.D.
(C) ChIP assay showed that CENP-A-GFP level at centromere (cen) is largely unchanged. 
ChIP assays were performed using a GFP antibody and primers specific for a centromeric 
region. Data represent mean ± S.D.
(D) CENP-Acnp1-GFP signal is enhanced in a subpopulation of ccp1Δ mutant cells 
displaying a single GFP focus. Quantifications were performed using ImageJ software 
(v1.50i) (McCloy et al., 2014). The percentage of cells exhibiting a single GFP signal with 
an intensity twice the average of wild type was plotted.
(E) ccp1Δ mutant cells are sensitive to TBZ. Serially diluted cells were plated on rich media 
containing 17.5μg/ml TBZ.
(F) Cells overexpressing CENP-Acnp1 in the ccp1Δ mutant show slower growth than wild-
type cells overexpressing CENP-Acnp1. Overexpression was induced in minimal medium 
without thiamine (−thiamine). Scale bars, 2 μm.
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Figure 2. Overexpression of Ccp1 Results in Eviction of CENP-Acnp1 at Centromeric and 
Noncentromeric Regions. (See also Figure S3)
(A) CENP-Acnp1-GFP signal at centromeres is diminished in cells overexpressing Ccp1. The 
percentage of cells showing loss of the CENP-Acnp1-GFP focus at centromeres is indicated.
(B) Abnormal morphology in cells overexpressing Ccp1. Wild-type cells carrying nmt1-
Ccp1 were plated on minimal media without thiamine for 24 hrs.
(C) Cells overexpressing Ccp1 are highly sensitive to TBZ. Serially diluted cells were plated 
on media containing 17.5μg/ml TBZ. –TBZ, media without TBZ.
(D) Overexpression of Ccp1 causes eviction of ectopically-assembled CENP-A from 
noncentromeric loci. Cells carrying nmt1-CENP-Acnp1-GFP and nmt1-Ccp1 were used 
(right panel). Cells overexpressing CENP-Acnp1-GFP alone were used as a control (left 
panel). The percentage of cells showing diffuse GFP pattern in nucleoplasm is indicated. 
Scale bars, 2 μm.
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Figure 3. Ccp1 Interacts with CENP-A. (See also Figure S4)
(A) Synthetic genetic interactions of ccp1Δ with a CENP-Acnp1 mutant, cnp1-1. Serial 
dilutions of cells on YES medium were incubated at 25°C, 32°C, or 36°C for 3 days.
(B) Cell lysates from cells expressing Ccp1-TAP and CENP-Acnp1-GFP were subjected to 
immunoprecipitation with an antibody specific for the TAP tag. CENP-Acnp1-GFP was 
intermediately overexpressed under the nmt42 promoter. Precipitated proteins were analyzed 
by Western blotting using indicated antibodies. Cells expressing CENP-Acnp1-GFP or Ccp1-
TAP only were used as control. The percentage of immunoprecipitated CENP-Acnp1-GFP 
relative to input was indicated.
(C) Summary of mass spectrometry analysis of purified chromatin-bound CENP-Acnp1-TAP. 
The number of peptides identified and sequence coverage are shown.
(D) Coomassie blue staining showing binding between GST-Ccp1 and the refolded 
heterodimeric complexes: CENP-A/H4 (lane 5), and H3/H4 complexes (lane7). GST protein 
alone was served as control (Lane 6 and Lane 8). Glutathione sepharose beads were used to 
pull down the GST-Ccp1 or GST proteins in the pull-down assays. Input: Lane 1, 2, 3 and 4 
mark the size of CENP-A/H4 dimer, H3/H4 dimer, GST-Ccp1 and GST alone, respectively. 
Individual bands of these proteins on the gel were indicated by lower-case letters: a, CENP-
A-TFH; b, H4-TFH; c, H3-TFH. Note: CENP-A-TFH and H4-TFH have similar molecular 
weights and comigrated in one band. Right panel: quantification of CENP-A/histones pulled 
down by the in vitro binding assays. Data represent mean ± S.D.
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Figure 4. Centromere Localization of Ccp1 Depends on Mis16. (See also Figure S4 and S5)
(A) Ccp1-GFP is localized in the nucleus, preferentially enriched at centromeres. CENP-
Acnp1-mCherry expressed at endogenous level was used to visualize centromeres.
(B) Ccp1 is recruited to centromeres at the end of mitosis. Wild-type cells carrying Ccp1-
GFP were used. The nucleus can be visualized by Ccp1-GFP signal, which is also faintly 
diffuse throughout the nucleus. Cells were assigned to cell cycle stages based on nuclear 
morphology.
(C) The centromere localization of Ccp1-GFP was abolished in mis16-53 mutant. The 
percentage of interphase cells showing diffuse GFP pattern within the nucleus is indicated.
(D) The centromere localization of Mis16-GFP is not affected in the ccp1Δ mutant. The 
percentage of interphase cells showing single GFP focus is indicated.
(E) Yeast two-hybrid assay showing that Ccp1 interacts with Mis16. BD, GAL4 DNA-
binding domain fusion; AD, GAL4 activation domain fusion. Scale bars, 2 μm.
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Figure 5. Ccp1 Interacts with H2A.Z
(A) Distribution of CENP-A-GFP in the pht1Δ mutant, and the ccp1Δ pht1Δ double mutant. 
Scale bars, 2 μm.
(B) Yeast two-hybrid assay showing that Ccp1 interacts with Pht1. BD, GAL4 DNA-binding 
domain fusion; AD, GAL4 activation domain fusion.
(C) Serial dilutions of the ccp1Δ pht1Δ double mutant were spotted on the rich media 
containing 17.5μg/ml TBZ. ccp1Δ and pht1Δ mutants were used as a control.
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Figure 6. Crystal Structure of Ccp1 Dimer. (See also Figure S6)
(A) Ribbon drawing of the Ccp1 Monomer, colored spectrally from dark blue at its N-
terminal segment to red at its C-terminal segment.
(B) Topology diagram of the Ccp1 monomer.
(C and D) Ribbon diagram of the Ccp1 dimer.
(E and F) Electrostatic potential at the molecular surface viewed as in C and D, respectively. 
The contour level is at ±5 kT/e; red for negative potential and blue for positive potential.
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Figure 7. Dimerization of Ccp1 is Required for its Anti-CENP-A Loading Activity. (See also 
Figure S5 and S7)
(A) The dimerization domain, top and side views. Residues involved in the interactions at 
the dimerization interface are shown. Residues (Leu13 and Pro34) that generate the kink are 
indicated. Residues selected for mutagenesis to disrupt dimer interaction are shown.
(B) Upper panel: Gel-filtration chromatography of the wild type protein (red) and a 
quadruple mutant (L10A/F17A/I24A/F32A, blue). Lower panel: Protein samples of the 
indicated fractions were subjected to SDS-PAGE and Coomassie blue staining. The retention 
volume for the quadruple mutant shifted backward ~1.4ml on the gel filtration column 
Superdex 200, indicating the dissociation of dimer into monomer.
(C) Sensitivity of ccp1-4A mutant to TBZ. Indicated cells were spotted on the rich media 
containing 17.5μg/ml TBZ.
(D) CENP-Acnp1-GFP distribution in ccp1-4A mutant. Scale bars, 2 μm.
(E) Yeast two-hybrid assay showing that interaction with Ccp1-4A with Mis16 is 
compromised. BD, GAL4 DNA-binding domain fusion; AD, GAL4 activation domain 
fusion.
(F) The association of Ccp1-4A-GFP with centromeres is lost. Scale bars, 2 μm.
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(G) Yeast two-hybrid assay showing that interaction with Ccp1-4A with Pht1 is abolished. 
BD, GAL4 DNA-binding domain fusion; AD, GAL4 activation domain fusion.
(H) Model: Mis16 recruits Ccp1 and HJURPScm3 to centromeres to balance the level of 
CENP-A (red) and histone H3 (green) nucleosomes. In non-centromeric regions, Ccp1 acts 
together with H2A.Z to evict mis-incorporated CENP-A.
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Table 1

Data collection and refinement statistics.

Parameter* Ccp1_mu2 Ccp1_wt

Data collection statistics

    Wavelength (Å) 0.97923 0.97892

    Resolution range (Å) 29. 29-2. 10(2. 18-2. 10) 38. 76 -2. 10 (2. 18-2. 10)

    Space group P 41 2 2 P 41 2 2

    Cell dimensions

        a,b,c (Å) 86.81 86.81 158.78 86.66 86.66 158.77

        α, β, γ (°) 90, 90, 90 90, 90, 90

    Unique reflections 36000 (3501) 35996 (3534)

    Multiplicity 13.6 (13.9) 14. 4 (14. 7)

    Completeness (%) 99.74 (98.93) 99.69 (99.33)

    Mean I/sigma(I) 37.5 (11.1) 23.8 (5.6)

    Wilson B-factor 23.86 23.87

    R-merge (%)† 9.1(60.6) 8. 0 (69. 8)

Structure refinement

    Rwork/Rfree (%) 17.9/22.1 19.3/23.6

    Number of non-hydrogen atoms 3917 3774

        macromolecules 3451 3488

        ligands 28

        waters 466 258

    Protein residues 414 414

    RMSD

        Bond length (Å) 0.006 0.003

        Bond angles (°) 1.07 0.73

    Average B-factor 37.3 34.6

        macromolecules 35.6 34.0

        ligands 53.5

        solvent 49.9 41.0

    Ramachandran plot (%)

        favored region 99 97

        allowed region 0.76 2.76

        Outliers region 0.24 0.24

*
Values in parentheses are for highest-resolution shell.

†
Rmerge= Σhkl |I-<I>|/ΣhklI where I is the intensity of unique relfection hkl and <I> is the average over symmetry-related observations of unique 

reflection hkl.
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