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ABSTRACT The kinetochore is a crucial structure for faithful chromosome segregation during
mitosis and is formed in the centromeric region of each chromosome. The 16-subunit protein
complex known as the constitutive centromere-associated network (CCAN) forms the foun-
dation for kinetochore assembly on the centromeric chromatin. Although the CCAN can be
divided into several subcomplexes, it remains unclear how CCAN proteins are organized to
form the functional kinetochore. In particular, this organization may vary as the cell cycle
progresses. To address this, we analyzed the relationship of centromeric protein (CENP)-C
with the CENP-H complex during progression of the cell cycle. We find that the middle por-
tion of chicken CENP-C (CENP-C'¢6-324) js sufficient for centromere localization during inter-
phase, potentially through association with the CENP-L-N complex. The C-terminus of CENP-
C (CENP-C®01-864) js essential for centromere localization during mitosis, through binding to
CENP-A nucleosomes, independent of the CENP-H complex. On the basis of these results, we
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propose that CCAN organization changes dynamically during progression of the cell cycle.

INTRODUCTION
The key objective of mitosis is equal distribution of genetic material
to the daughter cells. In eukaryotes, this process is accomplished by
attachment of the duplicated sister chromatids to a bipolar mitotic
spindle and their subsequent separation and segregation to the
daughter cells during mitosis. A large protein complex known as the
kinetochore is formed at the centromeric region of each chromo-
some and mediates this attachment between centromeric chroma-
tin and spindle microtubules for faithful chromosome segregation
(Fukagawa and Earnshaw, 2014).

Electron microscopy observations have demonstrated that the
kinetochore is composed of three layers (Rieder, 1982). The inner
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layer contains centromeric chromatin marked by the centromere-
specific histone H3 variant centromeric protein (CENP)-A and con-
sists of a 16-subunit protein complex called the constitutive centro-
mere associated network (CCAN; Cheeseman and Desai, 2008;
Perpelescu and Fukagawa, 2011). The outer layer consists of the
Mis12 complex, the Ndc80 complex, and other intermediaries,
which connect the inner kinetochore with the spindle microtubules
(Cheeseman and Desai, 2008; Santaguida and Musacchio, 2009).

CENP-A (Palmer et al., 1987) specifies the centromeres through
its deposition into the chromatin, and downstream kinetochore as-
sembly subsequently takes place involving CCAN components
(Black and Cleveland, 2011; Westhorpe and Straight, 2013). The
CCAN components CENP-C and the CENP-T-W-S-X complex as-
sociate with the centromeric chromatin and the outer kinetochore
components. These components are believed to function as a
bridge between the inner and outer kinetochore (Gascoigne et al.,
2011; Hori et al., 2013; Fukagawa and Earnshaw, 2014). The CENP-
H-I-K-L-M-N (Okada et al., 2006; Basilico et al., 2014) and CENP-O-
P-Q-R-U complexes (Hori et al., 2008b) may act as scaffolds or me-
diators for the establishment of centromeric chromatin.

CENP-C (Earnshaw and Rothfield, 1985) is the CCAN compo-
nent closest to CENP-A (Wan et al., 2009), and it directly binds to
CENP-A nucleosomes (Kato et al., 2013; Falk et al., 2015). CENP-C
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also binds to the Mis12 complex of the outer kinetochore (Petrovic
et al., 2010; Przewloka et al., 2011), which is associated with the
microtubule-binding Ndc80 complex (Cheeseman and Desai, 2008;
Santaguida and Musacchio, 2009). The CENP-T-W-S-X complex
contains histone-fold domains and forms a nucleosome-like struc-
ture (Nishino et al., 2012; Takeuchi et al., 2014). Whereas CENP-T-
W-S-X is located close to the centromeric chromatin, the N-terminal
region of CENP-T binds directly to the Ndc80 complex of the outer
kinetochore through phosphorylation of CENP-T (Gascoigne et al.,
2011; Nishino et al., 2013). On the basis of artificial tethering experi-
ments performed with CENP-C and CENP-T, we proposed two par-
allel pathways (CENP-C and CENP-T pathways) for Ndc80 recruit-
ment at kinetochores (Hori et al., 2013; Fukagawa and Earnshaw,
2014).

Although these two pathways for Ndc80 binding are distinct,
centromeric chromatin is complicated, and it is unclear how these
two pathways organize the centromeric chromatin. In particular, it
is unclear how the CENP H-I-K-L-M-N complex (CENP-H complex)
is involved in these two pathways. Although centromeric localiza-
tion of the CENP-H complex depends on CENP-T (Hori et al.,
2008a), CENP-H-related proteins are present in CENP-C—deficient
chicken DT40 cells (Kwon et al.,, 2007). In addition, although
CENP-C localization in interphase is abolished in CENP-H- or
CENP-K-deficient DT40 cells, mitotic CENP-C localization is not
altered in these knockout cells (Fukagawa et al., 2001; Kwon et al.,
2007). Moreover, centromeric localization of CENP-H-associated
proteins depends on CENP-C in human cells (Basilico et al., 2014;
Klare et al., 2015). Therefore it is possible that the CENP-C and
CENP-T pathways interact during organization of centromeric
chromatin. In addition, the relationship may vary during the cell
cycle (Kwon et al., 2007; Hemmerich et al., 2008).

To address how these two pathways are organized during pro-
gression of the cell cycle, we analyzed various CENP-C domains
using chicken DT40 cells and recombinant proteins. We found that
different regions of CENP-C are responsible for its centromeric local-
ization during progression of the cell cycle. The middle portion of
chicken CENP-C (amino acids [aa] 166-324) is sufficient for centro-
meric localization during interphase, potentially through association
with CENP-L-N. The C-terminus of CENP-C (aa 643-864) is essential
for centromeric localization during mitosis, through binding to CENP-
A nucleosomes, independent of the CENP-H complex.

RESULTS

The middle portion and C-terminus of CENP-C are
responsible for localization of interphase and mitotic
centromeres, respectively

We previously showed that depletion of CENP-H or CENP-K in
DT40 cells results in loss of CENP-C localization in interphase nuclei
(Fukagawa et al., 2001; Kwon et al., 2007) but not in mitotic chromo-
somes. This suggests that CENP-C has different modes of localiza-
tion to the kinetochore at different stages in the cell cycle. To test
this hypothesis, we prepared various chicken CENP-C—truncated
mutants fused with green fluorescent protein (GFP; Figure 1A), in-
troduced them into CENP-C—deficient cells, and examined the lo-
calization of each mutant CENP-C in both interphase and mitosis
(Figure 1B). We noted that numbers of centromere foci in interphase
nuclei are less than those in mitotic cells because centromere foci
were clustered in interphase nuclei.

CENP-C contains various functional domains (Basilico et al.,
2014; Klare et al., 2015). The N-terminal end is required for Mis12
binding (Petrovic et al., 2010; Przewloka et al., 2011), whereas the
C-terminal end forms a dimer and is crucial for CENP-A binding
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(Hori et al., 2013; Kato et al., 2013). These two regions are relatively
conserved. Another CENP-A-binding region (the middle of CENP-
C) is not conserved in chicken CENP-C (Figure 1A). However, al-
though the aa 166-324 region of chicken CENP-C is relatively con-
served, its function is unclear.

We found that CENP-C81-8¢4 preferentially localized to centro-
meres in mitotic cells but that these CENP-C signals were diffused in
interphase nuclei (Figure 1B). In contrast, CENP-C'-¢%3, which lacks a
CENP-A-binding dimerization domain, preferentially localized to
centromeres in interphase cells, but its centromeric localization in
mitotic cells was lower than CENP-C localization in wild-type cells
(Figure 1B). These data suggest that the entire N-terminal portion of
CENP-C (aa 1-643) is primarily responsible for centromere localiza-
tion in interphase nuclei, and the C-terminal dimerization domain of
CENP-C is critical for centromeric localization during mitosis. We
further analyzed the N-terminal CENP-C region responsible for cen-
tromere localization in interphase nuclei and found that CENP-
C166-324 s sufficient for centromeric localization in interphase nuclei
(Figure 1B). We also confirmed that clear punctate signals of CENP-
C166-324_GFP in interphase were lost in mitosis and were visible
again in next G1 cells by live-cell imaging (Figure 1C). On the basis
of these results, we conclude that the middle portion of CENP-C
(aa 166-324) is potentially responsible for interphase centromeric
localization and that the C-terminus of CENP-C (aa 601-864) is
critical for mitotic centromeric localization.

Another putative CENP-A-binding region of chicken
CENP-C is dispensable for CENP-C function

Human CENP-C contains two CENP-A binding regions (Figure 1A;
Kato et al., 2013). The first is the C-terminal dimerization domain,
which is highly conserved among species. The second is the middle
of human CENP-C (aa 444-537 in human CENP-C); no clearly ho-
mologous region is present in chicken CENP-C. To determine the
function of the corresponding region in chicken CENP-C (aa 325-
643), we introduced a CENP-C232-643 mytant into CENP-C-defi-
cient cells and investigated cell viability. As shown in Figure 1D,
CENP-CA325-643 rescued the CENP-C deficiency, suggesting that
the middle region of chicken CENP-C (aa 325-643) is dispensable
for its function and that this region may not be required for centro-
meric localization of CENP-C. We confirmed that CENP-CA325-643
and CENP-T showed clear centromere localization in CENP-C-
deficient cells expressing CENP-C2325-643 (Figure 1E). In contrast,
CENP-C'%%3 did not rescue the CENP-C deficiency (Figure 1D),
because the C-terminus of CENP-C is responsible for CENP-A bind-
ing. On the basis of these results, we suggest that the putative
CENP-A- binding region of chicken CENP-C (aa 325-643) is dis-
pensable for cell viability and may not be involved in CENP-A bind-
ing in chicken cells.

Centromeric localization of CENP-C"%¢-324 depends

on the CENP-H complex

CENP-C'324 preferentially localizes to interphase centromeres
(Figure 1, B and C). We previously showed that interphase CENP-C
localization depends on the CENP-H complex (Fukagawa et al.,
2001; Kwon et al., 2007), and, therefore, interphase centromeric lo-
calization of CENP-C'¢*-324 may depend on the CENP-H complex.
To test this possibility, we expressed CENP-C'¢¢-324.GFP in CENP-N
conditional-knockout cells (Supplemental Figure S1), which exhibit
complete loss of CENP-H, -I, K, -L, and -M (unpublished data) and
a reduction of CENP-T levels (Supplemental Figure S1), similar to
CENP-H- or CENP-K-knockout cells (Fukagawa et al., 2001; Okada
et al., 2006; Kwon et al., 2007; Hori et al., 2008a). Although
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CENP-C66-324_GFP localized to interphase centromeres in the pres-
ence of CENP-N, this localization was abolished in the absence of
CENP-N (Figure 2A). We also confirmed that interphase centromere
localization of CENP-C'-%4% depends on CENP-N (Figure 2A). On the
basis of these results, we conclude that interphase centromeric lo-
calization of CENP-C'%-324 depends on the CENP-H complex.

Given that CENP-C®0'-8¢4 |ocalizes to mitotic centromeres and
mitotic CENP-C localization does not depend on the CENP-H com-
plex (Kwon et al., 2007), it is possible that CENP-C%01-8%4 |ocalizes to
the mitotic centromere after depletion of CENP-H-related proteins.
To test this hypothesis, we expressed mutant CENP-C01-8¢4 jn
CENP-C and CENP-W double-knockout cells to avoid dimerization
of CENP-C®0'-8¢* and wild-type CENP-C. We previously demon-
strated that CENP-H-complex proteins do not localize to centro-
meres in CENP-C and CENP-W double-knockout cells (Hori et al.,
2008a). In control cells (in the presence of endogenous CENP-C
and CENP-W), we observed centromere localization of CENP-
Ce01-864 in both interphase and mitotic cells (Figure 2B, left). When
expression of both genes was turned off, interphase localization
CENP-C®01-864 \as abolished, but mitotic localization was not al-
tered (Figure 2B, right). This indicates that mitotic localization of
CENP-C0'-84 does not depend on the CENP-H complex. Because
only CENP-A is present in the centromeric region in CENP-C and
CENP-W double-knockout cells, it is possible that CENP-Cé01-864
directly recognizes CENP-A.

Finally, we tested whether CENP-H depends on each mutant
CENP-C. We performed these experiments using CENP-C condi-
tional-knockout cells at 36 h after addition of tetracycline (Kwon
et al., 2007), which does not cause significant CENP-H reduction
(Figure 2, C and D). When we expressed CENP-CA-324 or CENP-
CA166-224 ynder these conditions, CENP-H was reduced to 30-40%
of its previous levels (Figure 2, C and D, and Supplemental Figure
S2), suggesting a dominant-negative effect on CENP-H localization.
We also observed a 40-50% reduction in CENP-T, consistent with
loss of CENP-H (Supplemental Figures STE and S2B). Consistent
with this, CENP-CA1%6-224 did not rescue CENP-C deficiency
(Figure 1C), and strong mitotic defects were observed. We noted
that whereas CENP-C'¢¢-324 js sufficient for centromere localization
in interphase cells, CENP-CA166-224 stil| |ocalizes to interphase cen-
tromeres (Supplemental Figure S2), suggesting that an additional
N-terminal region of CENP-C (aa 225-324) may be responsible for
centromere localization in interphase cells. On the other hand, in
CENP-C—deficient cells expressing CENP-C'-¢43, CENP-H and
CENP-T levels remained the same as in control cells (Figures 1B and
2, C and D, and Supplemental Figure S2). Consistent with this, we
also observed Mis12 at kinetochores in these cells (unpublished
data). However, CENP-C-deficient cells expressing CENP-C'-4%3 are
not viable, showing similar mitotic index as that of CENP-C—defi-
cient cells (Figure 2E). This suggests that proper kinetochore struc-
ture is not formed even if CENP-H localizes to centromeres, because
CENP-C'%3 does not localize to centromeres during mitosis.

On the basis of these data, we conclude that the CENP-H
complex is involved in centromeric localization of the middle por-
tion of CENP-C (aa 166-324) and that the C-terminus of CENP-C
(aa 601-864) is not related to the CENP-H complex but may be
related to CENP-A.

The middle portion of CENP-C directly binds the

CENP-L-N complex

Given that the middle portion of CENP-C (aa 166-324) is related to
the CENP-H complex, we next analyzed direct interactions between
the middle portion of CENP-C- and CENP-H-complex proteins.
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The yeast homologue of CENP-C, Mif2, directly interacts with Imi3-
Chl4 dimers, the counterpart of the CENP-L-N complex (Hinshaw
and Harrison, 2013). Therefore we focused on the CENP-L-N com-
plex among the CENP-H complex proteins. Because the 166-224
aa region of chicken CENP-C is relatively conserved, conserved resi-
dues are shown in red in Figure 3A.

We first expressed and purified a complex of full-length CENP-L
and the C-terminal domain of CENP-N fused with the maltose bind-
ing protein (MBP; MBP-CENP-N</L; Figure 3B and Supplemental
Figure S3). We also prepared recombinant CENP-C'66-224 or CENP-
C166-324 fsed with MBP and histidine (His; MBP-CENP-C'¢¢-224_Hjs
or MBP-CENP-C'¢¢-324His; Figure 3B). To test the direct interaction
of CENP-C with the CENP-L-N complex, we immobilized MBP-
CENP-C'-324.His on Ni-Sepharose beads and used it as a bait to
pull down MBP-CENP-N</L. We observed reproducible pull down
of MBP-CENP-N</L (Figure 3C). We also observed that MBP-CENP-
N</L-His interacted with MBP-CENP-C'%¢-324 (unpublished data).
We also tested for interactions between the CENP-L-N complex and
other domains of CENP-C and found that other domains, including
the C-terminus of CENP-C, did not bind the CENP-L-N complex
(Supplemental Figure S3).

To verify the interaction and identify residues responsible, we
performed nuclear magnetic resonance (NMR) experiments with
CENP-C'¢-324 and found that it was disordered when alone but
showed peak shifts on addition of CENP-N</L. Because CENP-
C166-324 as slightly aggregated in the NMR sample tube, we re-
peated the experiment using CENP-C'¢6-224, which showed a much
clearer peak shift, indicating a clear interaction between CENP-
C166-224 and CENP-N</L (Figure 3D and Supplemental Figure S3).
We highlighted the CENP-C residues that showed a clear peak shift
upon addition of CENP-N</L (Figure 3, A and D, and Supplemental
Figure S3).

On the basis of biochemical and NMR analyses, we conclude
that the middle portion of CENP-C (aa 166-324) directly binds the
CENP-L-N complex.

The C-terminus of CENP-C, but not the middle portion of
CENP-C, directly binds to the CENP-A nucleosome

Human CENP-C binds to CENP-A (Kato et al., 2013; Falk et al.,
2015). We previously showed that the C-terminal dimerization do-
main has activity to recruit CENP-A to a noncentromeric locus, using
LacO-Lacl experiments (Hori et al., 2013). In addition, microscopic
observations in this study suggest that mitotic centromeric localiza-
tion of CENP-C¢1-8¢* depends on CENP-A (Figure 2). We directly
tested whether CENP-C fragments bind to reconstituted CENP-A
nucleosomes in vitro. We prepared a biotinylated CENP-A nucleo-
some with MBP-fused CENP-C'6-324 or CENP-C®0'-84 and per-
formed a pull-down experiment using streptavidin beads. As shown
in Figure 4A, CENP-C®0'-8¢ binds to the CENP-A nucleosome, but
CENP-C'¢-324 does not. On the basis of these results, we conclude
that the C-terminus of CENP-C, but not the middle portion of
CENP-C, directly binds to the CENP-A nucleosome.

DISCUSSION

In recent years, multiple centromeric proteins have been identified
(Cheeseman and Desai, 2008; Santaguida and Musacchio, 2009; Fu-
kagawa and Earnshaw, 2014). Another important question concerns
how these proteins are organized to form a functional kinetochore.
Although we previously proposed two distinct pathways (CENP-C
and CENP-T pathways; Hori et al., 2013; Fukagawa and Earnshaw,
2014) for binding of the Ndc80 complex, a crucial microtubule pro-
tein complex in kinetochores, it was unclear how these two pathways
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(see D and Supplemental Figure S3). (B) Gel-filtration profiles for the CENP-Nct/L complex and CENP-C'6-224, Peak
fractions were visualized using SDS-PAGE. The CENP-N/L complex was prepared from MBP-CENP-N<t (54 kDa) and
MBP-CENP-L (80 kDa). (C) Histidine pull down of CENP-C'%¢-324 with the CENP-N<t/L complex. (D) "H'>N HSQC
spectrum of free CENP-C'%¢-24 (red) overlaid with that of CENP-C'%¢-224 in complex with CENP-N</L (blue). Residues
that showed shifted or abolished peaks are labeled.

are organized in centromeric chromatin. In particular, the relation-
ship between the CENP H-I-K-L-M-N complex (CENP-H complex)
and CENP-C was unclear. Although we previously suggested that
the localization dependence of CENP-C on the CENP-H complex
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varies during the progression of the cell cycle (Kwon et al., 2007), the

region of CENP-C responsible for this dependence was unknown.
We conclude that the middle portion of chicken CENP-C (CENP-

C166-324) is sufficient for centromeric localization in interphase
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Loading of CENP-N
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CENP-A directly
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FIGURE 4: CENP-C®'-8% directly binds to the CENP-A nucleosome in vitro. (A) Analysis of MBP-ggCENP-C%0-8¢4 and
MBP-ggCENP-C'%¢-32% proteins by Western blot after streptavidin pull down using a biotinylated CENP-A nucleosome.
The pull-down experiment was performed at the various salt concentrations indicated. CENP-C%0'-84 clearly bound to
CENP-A, with the strongest interaction at 250 mM NaCl (gel on the right). (B) Model showing cell cycle-dependent
kinetochore organization. During interphase, the N-terminus of CENP-N preferentially binds to CENP-A nucleosomes
(Fang et al., 2015), whereas the C-terminus of CENP-N and CENP-L binds to the middle portion of CENP-C. The
CENP-C-CENP-A interaction is probably weak during interphase. In contrast, CENP-C binds to CENP-A nucleosomes
via its C-terminal dimerization domain during mitosis. CENP-N may not associate with CENP-A nucleosomes, because

CENP-N does not bind to compact chromatin (Fang et al., 2015).

through association with CENP-L-N. The C-terminus of CENP-C
(CENP-C801-8¢%) s essential for centromeric localization during mito-
sis, through binding to CENP-A nucleosomes. On the basis of these
findings and other recent reports, we propose a model for CCAN
organization during progression of the cell cycle (Figure 4B). During
interphase, the N-terminus of CENP-N preferentially binds to CENP-
Anucleosomes (Fang et al., 2015), and the complex of the C-termi-
nus of CENP-N and CENP-L binds to the middle portion of CENP-C
(Figure 3). During interphase, the CENP-C-CENP-A interaction
must be weak, because centromeric localization of CENP-C during
interphase depends on CENP-N, CENP-H, and CENP-K, whereas
the C-terminus of CENP-C does not localize to interphase centro-
meres (Figure 1). However, during mitosis, CENP-C binds to CENP-
A nucleosomes via its C-terminal dimerization domain. Because the
middle portion of CENP-C does not efficiently localize to mitotic
centromeres, this middle portion is not required for mitotic CENP-C
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localization. In this case, CENP-N may not associate with CENP-A
nucleosomes, because it does not bind to compact chromatin (Fang
et al., 2015). In fact, live-cell imaging of CENP-N suggests that
CENP-N levels at mitotic kinetochores are low (Hellwig et al., 2011).
In addition, CENP-N knockout does not cause a CENP-C reduction
during mitosis, because CENP-C binds tightly to CENP-A nucleo-
somes, consistent with our previous observation (Kwon et al., 2007).
In this model, we propose that CENP-T associates with centromeric
DNA, but this association must be facilitated by the CENP-H com-
plex, because CENP-H knockout causes reduction of CENP-T (Hori
et al., 2008a; Supplemental Figure S2).

Recent reports proposed that CENP-C is upstream of other
CCAN proteins in human cells (Basilico et al., 2014; Klare et al.,
2015). In our model, CENP-C may largely contribute to localization
of the CENP-H complex to the mitotic centromere through associa-
tion of CENP-C to CENP-A (Figure 4B). In addition, although we did
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not demonstrate CENP-H-CENP-C interactions using chicken pro-
teins, it is possible that, in addition to CENP-L-N, CENP-H-|-K-M
may bind directly to CENP-C, as suggested for human proteins
(Klare et al., 2015). Klare et al. (2015) demonstrated that mutation to
alanine (3A mutation) of hydrophobic residues in human CENP-C,
corresponding to residues in chicken CENP-C responsible for bind-
ing to CENP-L-N (based on our NMR studies), caused disruption of
interaction with the CENP-H complex. However, we observed ~60%
CENP-H at mitotic chromosomes in CENP-C-deficient chicken
DT40 cells (Kwon et al., 2007; Hori et al., 2008a). We believe that
chromatin association of CENP-T largely contributes to CCAN
assembly in chicken cells. Therefore CENP-C deficiency may not
cause a strong reduction in CENP-H proteins in chicken cells be-
cause CENP-T tightly binds chromatin even in CENP-C—deficient
cells.

We still do not know why protein dependence in CCAN is slightly
different between chicken and human cells. Of course, we cannot
conclude that chicken and human systems are entirely conserved
without completing all analyses using both chicken and human cells.
However, we believe that essential architecture of the kinetochore is
similar between chicken and human cells. However, there are subtle
differences as well. For example, we demonstrated that the second
CENP-A-binding domain of CENP-C (aa 444-537 in human CENP-
C, which corresponds to aa 325-643 in chicken CENP-C) is not es-
sential in chicken cells, but this region is required for CENP-A bind-
ing in human cells (Kato et al., 2013; Falk et al., 2015).

Our model suggests that during interphase, CENP-C localization
occurs downstream of CENP-H-I-K-L-M-N, which is inconsistent with
the reported model in which CENP-C is upstream of other CCAN
proteins (Basilico et al., 2014; Klare et al., 2015). Although CENP-C
dependence has not been analyzed in human cells, the architecture
of CCAN organization must be altered during human cell cycle pro-
gression. We propose that these dynamic changes in CCAN organi-
zation are essential for formation of a plastic kinetochore structure.

MATERIALS AND METHODS

Molecular biology, cell culture, and transfections

For expression of CENP-C deletion mutants in DT40 cells, Ecogpt
gene or blasticidin S resistance cassette under control of the chicken
B-actin promoter was inserted as selection marker. A Gene Pulser ||
electroporator (Bio-Rad, Tokyo, Japan) was used for all transfections
into DT40 cells. All molecular biology experiments, including South-
ern and Western blot analyses, were followed by standard methods.
All chicken DT40 cells were cultured at 38.5°C in DMEM supple-
mented with 10% fetal bovine serum, 1% chicken serum, j-
mercaptoethanol, penicillin, and streptomycin.

Immunofluorescence

Chicken DT40 cells were prepared by the cytospin method and
fixed in 3% paraformaldehyde for 10 min at room temperature. Im-
munofluorescence staining of DT40 cells was performed using anti—
CENP-T (a rabbit antibody against recombinant full-length chicken
CENP-T), anti-CENP-C (a rabbit antibody against recombinant
chicken CENP-C 1-330 aa), and anti-CENP-H (a rabbit antibody
against recombinant chicken CENP-H). Several cell lines expressing
GFP or monomeric red fluorescent protein fusions were also used to
examine protein localization. Images were collected with a cooled
charge-coupled device camera (CoolSnap HQ; Roper Scientific,
Tokyo, Japan) mounted on an inverted microscope (IX71; Olympus,
Tokyo, Japan) with a 100x objective lens together with a filter wheel.
All subsequent analysis and processing of images were performed
using MetaMorph software (Molecular Devices, Sunnyvale, CA).
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High-resolution images were also collected using a confocal scan-
ner box (Cell Voyager CV1000; Yokogawa, Tokyo, Japan) with an oil
immersion objective lens (100x).

Protein preparation

Chicken  MBP-CENP-C'-'>-His, MBP-CENP-C'¢¢324-His, MBP-
CENP-C'%¢2?4.Hijs, and MBP-CENP-C®'8%His fragments and
chicken MBP-CENP-N</L were cloned into pMal coexpression vec-
tor. Proteins were expressed in BL21(DE3)Star-pRARE2LysS by addi-
tion of 0.2 mM isopropyl-B-p-thiogalactoside (IPTG) for 12 h at 16°C.
The proteins were purified using Ni-Sepharose and Amylose resin
and a Superdex 200 column. Isotope-labeled proteins were pre-
pared by growing cultures in M9 medium containing [**N]Jammo-
nium chloride and ["*NJammonium sulfate (Cambridge Isotope
Laboratory, Tewksbury, MA) and expressed by addition of 0.2 mM
IPTG for 14 h at 16°C. Cell pellets were resuspended in lysis buffer
(25 mM Tris-HCl, pH 7.5, 2 mM EDTA, 100 pg/ml lysozymes) and
lysed by sonication. The samples were cleared by centrifugation at
18,000 rpm at 4°C for 30 min. The cleared supernatant was filtered
through a 0.8-um filter to remove residual debris and large aggre-
gates. The lysate was then passed through either a 5-ml His-Trap FF
(GE Healthcare, Tokyo, Japan) or 5-ml MBP-Trap (GE Healthcare)
preequilibrated with His-running buffer (10 mM Tris-HCI, pH 7.5,
500 mM NaCl, 1 mM dithiothreitol [DTT], 20 mM imidazole) or MBP-
running buffer (10 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM DTT),
respectively, depending on requirement. The samples were eluted
in appropriate running buffer supplemented with 500 mM imidazole
or 10 mM maltose. Fractions containing CENP-C or CENP-N</L
were concentrated and dialyzed into MBP-running buffer and
loaded onto a Superdex 200 10/300 or HiLoad Superdex 200
16/600 preequilibrated with MBP-running buffer. Fractions contain-
ing protein were concentrated and stored at 4°C. For NMR, samples
were treated with TEV protease to cleave MBP, which was removed
by passing through a Ni-Sepharose column. Because chicken CENP-
C tended to be aggregated during storage, all samples were used
within 1 wk from purification.

His-affinity pull-down assay

Purified MBP-CENP-C'-'¢5-His, MBP-CENP-C'¢¢-324.His, MBP-CENP-
C'¢6224 His, or MBP-CENP-C®'-8%_His fragments and MBP-CENP-
N¢/L were mixed in 1:1 M ratio and incubated at 4°C for 2 h in wash
buffer (10 mM Tris-HCI, pH 7.5, 500 mM NaCl, 1 mM DTT, 20 mM
imidazole). The mixture of each CENP-C fragment and CENP-N</L
was added to 30 pl of Ni-Affinity beads (Roche, Tokyo, Japan), made
up to 100 pl with wash buffer, and incubated for 1 h at 4°C with rotat-
ing. Beads were washed three times with 1 ml of wash buffer and then
eluted with 40 pl of elution buffer (10 mM Tris-HCI, pH 7.5, 500 mM
NaCl, 1 mM DTT, 500 mM imidazole). The eluate was collected and
boiled with SDS sample buffer and run on 10-20% SDS-PAGE gel.
Bands were visualized with Coomassie brilliant blue staining.

NMR analysis

NMR experiments were performed on AVANCE DRX600 (Bruker
BioSpin, Billerica, MA) at 298 K using samples dissolved in 10 mM
Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM DTT, and 5% D,O. Sequen-
tial assignments of the backbone 'H, 3C, and >N chemical shifts of
CENP-C'¢224 were obtained from the standard triple-resonance
NMR spectra HNCO, HN(CA)CO, HNCA, HN(CO)CA, CBCACONH,
and HNCACB (lkura et al., 1990). Data were processed and analyzed
using the program NMRPipe (Delaglio et al., 1995) and the program
Kujira (Kobayashi et al., 2007). For the chemical shift perturbation
experiment, CENP-N/L was added to the CENP-C'%22% at a
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protein ratio of 1:1, and a "H-">"N HSQC spectrum of the complex
was measured.

CENP-A streptavidin pull-down assay

Dynabeads M280 Streptavidin (Invitrogen, Tokyo, Japan) were
washed in the nucleosome binding buffer (20 mM Tris-HCI, pH 7.5,
1 mM DTT, 250 mM KClI). CENP-A nucleosomes were prepared as
described previously (Tachiwana et al., 2011; Arimura et al., 2012). A
100 pl amount of biotinylated CENP-A nucleosome (0.1 pg/pl) was
added to 100 pl of washed beads and incubated for 2 h at 4°C while
under rotation. Beads were washed three times in binding buffer
(20 mM (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 20%
glycerol, 1T mM DTT, 0.2 mM EDTA, 150-450 mM NaCl). A 30
amount of beads was incubated with purified MBP-CENP-C166-324-
His or MBP-CENP-C¢01-8¢4_His for 1 h at 4°C with rotation. The su-
pernatant was removed, and beads were washed three times with
binding buffer. Beads were subsequently boiled in SDS sample buf-
fer and run on a 10-20% SDS-PAGE gel. The gel was transferred to
a polyvinylidene fluoride membrane using a Semi-Dry transfer sys-
tem (Bio-Rad). The bands were visualized by Western blot analysis
with anti-MBP antibody (NEB, Tokyo, Japan) and anti-CENP-A
antibody.
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