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Eukaryotic cells ensure accurate chromosome segregation in mitosis by assembling a microtubule-binding site on each
chromosome called the kinetochore that attaches to the mitotic spindle. The kinetochore is assembled specifically during
mitosis on a specialized region of each chromosome called the centromere, which is constitutively bound by >15
centromere-specific proteins. These proteins, including centromere proteins A and C (CENP-A and -C), are essential for
kinetochore assembly and proper chromosome segregation. How the centromere is assembled and how the centromere
promotes mitotic kinetochore formation are poorly understood. We have used Xenopus egg extracts as an in vitro system
to study the role of CENP-C in centromere and kinetochore assembly. We show that, unlike the histone variant CENP-A,
CENP-C is not maintained at centromeres through spermatogenesis but is assembled at the sperm centromere from the
egg cytoplasm. Immunodepletion of CENP-C from metaphase egg extract prevents kinetochore formation on sperm
chromatin, and depleted extracts can be complemented with in vitro-translated CENP-C. Using this complementation
assay, we have identified CENP-C mutants that localized to centromeres but failed to support kinetochore assembly. We
find that the amino terminus of CENP-C promotes kinetochore assembly by ensuring proper targeting of the Mis12/MIND

complex and CENP-K.

INTRODUCTION

Cell proliferation requires the equal segregation of the ge-
nome between daughter cells during division. Eukaryotic
chromosome segregation is accomplished by attaching each
replicated chromosome to opposite poles of the mitotic spin-
dle so that chromosomes are equally distributed in an-
aphase. The interaction site between chromosomes and the
mitotic spindle is the kinetochore, a multiprotein complex
that assembles in mitosis to bind spindle microtubules. Ki-
netochores also monitor improper attachment to the spindle
through the mitotic checkpoint and directly couple the chro-
mosomes to spindle forces during anaphase segregation
(Inoue and Salmon, 1995; Nicklas, 1997; Rieder and Salmon,
1998; Cleveland ef al., 2003).

Although kinetochores only assemble in mitosis, the site
of kinetochore assembly, the centromere, persists through-
out the cell cycle. The first identification of centromere-
specific binding proteins came from analysis of scleroderma
patient sera and led to the identification of three proteins
that constitutively localize to centromeres (Moroi et al., 1980;
Earnshaw and Rothfield, 1985). Two of these proteins,
CENP-A and -C, are essential for centromere formation in all
eukaryotes. CENP-A is a histone H3 variant that replaces
histone H3 in centromeric nucleosomes and is required for
kinetochore formation (Palmer ef al., 1991; Cleveland et al.,
2003; Carroll and Straight, 2006). CENP-A chromatin directs
the assembly of at least 19 additional centromere proteins
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(CENP-C, -H, -I, K-U, and -W and the Mis12/MIND pro-
teins: Mis12, Nsll1, Nnfl, and Dsnl) that are required for
formation of the mitotic kinetochore (Cheeseman and Desai,
2008; Hori et al., 2008).

Inhibition of CENP-C, another essential centromere pro-
tein, either by antibody microinjection or depletion, mimics
the phenotype of CENP-A disruption, resulting in a general
failure in centromere and kinetochore assembly (Saitoh et al.,
1992; Brown et al., 1993; Tomkiel ef al., 1994; Fukagawa and
Brown, 1997; Fukagawa et al., 1999; Kwon et al., 2007). The
mechanism for specifically targeting CENP-C to centro-
meres is not known. In human cells depletion of the CENP-K
member of the CENP-H/I/K complex results in a 50% de-
pletion of CENP-C at centromeres (Cheeseman et al., 2008),
but CENP-C is able to localize to centromeres in the absence
of the CENP-H or -I proteins (Goshima et al., 2003; Liu et al.,
2006). Studies in chicken cells have shown that targeting of
CENP-C to the interphase centromere requires the CENP-
H/I/K proteins but that, in mitosis, CENP-C can associate
with centromeres in the absence of CENP-H/I/K (Fuka-
gawa et al., 2001a; Okada et al., 2006; Kwon et al., 2007;
Cheeseman et al., 2008). CENP-C binds to DNA and immu-
noprecipitates with histone H3-containing nucleosomes but
has not been shown to interact directly with CENP-A nu-
cleosomes (Yang et al., 1996, Ando et al., 2002; Hori et al.,
2008); thus, how CENP-C is specifically targeted to centro-
meres remains to be determined.

Several domain mapping and mutagenesis studies have de-
fined regions of CENP-C that are required for stability, DNA
binding, dimerization, and centromere localization. The amino
terminus of CENP-C confers instability on CENP-C, and fusion
of the amino terminus of human CENP-C with heterologous
proteins is sufficient to destabilize the fusion protein (Lanini
and McKeon, 1995). Both CENP-C’s central region and carboxy
terminus have been implicated in targeting CENP-C to the
centromere and binding alpha-satellite DNA (Lanini and
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McKeon, 1995; Yang et al., 1996; Song et al., 2002; Trazzi et al.,
2002). All known CENP-C homologues contain a highly con-
served Mif2 homology/CENP-C signature motif near their
carboxy terminus (Brown, 1995; Talbert et al., 2004), and mu-
tants in this conserved domain prevent centromere localization
(Meluh and Koshland, 1995; Fukagawa et al., 2001b; Heeger et
al., 2005). Another conserved region in the carboxy terminus of
CENP-C has been shown to dimerize the protein (Sugimoto et
al., 1997; Cohen et al., 2008), implying that the interpretation of
previous cellular localization studies of CENP-C mutants may
have been confounded by heterodimerization of mutant
CENP-C with endogenous wild type CENP-C.

To understand how CENP-C assembles at centromeres
and how centromeric CENP-C directs centromere and kinet-
ochore formation, we used an established in vitro system for
kinetochore assembly onto sperm chromatin in Xenopus lae-
vis egg extracts. We chose this system for several reasons.
First, mitotic Xenopus egg extracts assemble functional kinet-
ochores after sperm addition (Desai et al., 1997; Wood et al.,
1997). Second, because egg extracts can be depleted of en-
dogenous proteins and complemented with mutants, they
provide an excellent system for dissecting the centromere
and kinetochore assembly process. Third, most chromatin
proteins are removed from sperm chromatin during sper-
matogenesis and do not reassemble until fertilization (Phil-
pott and Leno, 1992), making sperm chromatin a relatively
naive template for analyzing centromere and kinetochore
assembly.

Here we demonstrate that CENP-C is not packaged into
sperm chromatin but assembles at centromeres from the egg
cytoplasm upon sperm addition. Depletion of CENP-C from
egg extract prevents centromere and kinetochore assembly.
By complementing the depletion phenotype with CENP-C
mutant proteins, we show that the localization of CENP-C to
centromeres is primarily controlled through the CENP-C
motif and the central DNA-binding domain. We further
show that the amino terminus of CENP-C directs centro-
mere and kinetochore assembly through the localization of
the Mis12/MIND and CENP-H/I/K complexes.

MATERIALS AND METHODS

Cloning and Antibody Generation

X. laevis CENP-C (GenBank accession number FJ791250) was cloned by
screening a lambda phage library made from X. laevis ovary RNA with a PCR
fragment of X. tropicalis CENP-C. CENP-K (GenBank accession number
NP_001088353) and Nsl1 (GenBank accession number FJ791251) were identi-
fied through BLAST analysis (Altschul ef al., 1990) and were amplified from
a Xenopus ovary cDNA library by PCR. CENP-C sequences from different
organisms were aligned using MAFFT (Katoh et al., 2002).

For CENP-C antibody production, a fragment of XICENP-C (amino acids
207-296) was cloned into pGEX-6P-1 (GE Healthcare, Waukesha, WI) to yield
plasmid ASP382, which was expressed in Escherichia coli and purified using
glutathione agarose (Sigma, St. Louis, MO) according to the manufacturer’s
instructions. To generate an affinity column for antibody purification, a six-
histidine fusion to the same CENP-C fragment was purified on Ni-NTA
agarose (Qiagen, Chatsworth, CA) and coupled to Affigel-10-activated NHS
agarose (Bio-Rad, Richmond, CA). Rabbit polyclonal antibodies were affinity-
purified against the antigen and eluted in 100 mM glycine, pH 2.5, with 100
mM NaCl. XICENP-A antibodies were generated as previously described
(Maddox et al., 2003). XICENP-E antibodies were generated as previously
described (Wood ef al., 1997) using the XICENP-E rod construct provided by
Ken Wood (Cytokinetics Inc., South San Francisco, CA) and Don Cleveland
(Ludwig Institute for Cancer Research, San Diego, CA). Peptide antibodies
were generated as previously described (Field et al., 1998) against peptides for
CENP-K (acetyl-CRHPEDPKRIRLE-amide) and Nsll (acetyl-CRPVET-
TPRETEAKVK-amide) synthesized by Bio-Synthesis (Lewisville, TX). MYC
antibody was purified from the supernatant of 9E10 mouse hybridoma cells
by protein G affinity chromatography. The Mad2 antibody was provided by
Andrew Murray (Harvard University, Cambridge, MA) and Rey-Huei Chen
(Institute of Molecular Biology, Academia Sinica, Taipei, Taiwan), the Zw10
and XRod antibodies were provided by Geert Kops (University Medical
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Center Utrecht, Utrecht, The Netherlands), the dynein antibody was provided
by Suzanne Pfeffer (Stanford University School of Medicine, Stanford, CA),
and P. Todd Stukenberg (University of Virginia, Charlottesville, VA) pro-
vided the Nnfl and Dsnl antibodies.

For expression of CENP-C using rabbit reticulocyte lysate, the XICENP-C
sequence was codon-optimized for E. coli and rabbit reticulocyte expression by
gene synthesis (DNA 2.0, Menlo Park, CA). The resulting sequence and trunca-
tion fragments were cloned into modified pCS2+ vectors to generate the MYC-
tagged constructs listed in Supplemental Table S1. All constructs except 1533 and
1540 were cloned into a modified pCS2+ backbone with Ascl and Pacl sites
inserted after six copies of the MYC tag (polylinker: CCATGGAGCAAAAGCT-
CATTTCTGAAGAGGACTTGAATTCGAGGCGCGCCAAATTAATTAACTCG-
AGCCTCTAGA). For 1020, 1147, 1148, 1150, and 1151, ACC was inserted be-
tween the Ascl site and the codon for the first indicated amino acid.

During the course of our complementation experiments, we found that
N-terminally tagged full-length CENP-C did not complement CENP-K localiza-
tion as well as untagged CENP-C, even though the N-terminally tagged protein
localized normally and complemented CENP-E assembly. We constructed
C-terminally tagged versions of CENP-C, ASP1533 and ASP1540, and verified
that their loading to centromeres was equivalent to N-terminal tagged versions
(Supplemental Figure S3). These C-terminal truncations were used in the exper-
iments shown in Figures 5 and 6 and Supplemental Figure S3. C-terminal
MYC-tagged fusions to CENP-C were constructed by cloning the codon-opti-
mized XICENP-C sequence cloned into a modified pCS2+ backbone with Ascl
and Pacl sites inserted (polylinker: GCAGGATCCCATCGATTCGAATTCGA-
GGCGCGCCAAATTAATTAACTCGAGCCTCTAGA) after PCR to remove the
stop codon and add three copies of the MYC tag at the carboxy terminus
followed by a stop codon.

Xenopus Extracts and Tissue Culture

X. laevis CSF extracts and demembranated sperm were prepared as previ-
ously described (Murray, 1991). Nocodazole was added to extracts to 100
png/ml, and recombinant nondegradable cyclin B was added to extracts to 45
pg/ml.

gXenopus tissue culture (XTC) cells were grown in 70% Leibovitz L-15 media
(Invitrogen, Carlsbad, CA) supplemented with 15% heat-inactivated fetal
bovine serum, penicillin (100 U/ml), and streptomycin (0.1 mg/ml).

Immunofluorescence

XTC cells grown on coverslips were fixed for 5 min in 2% formaldehyde and
then postfixed for 3 min in ice-cold methanol. Coverslips were then rehy-
drated, blocked, and treated with CENP-A and -C antibodies at 1 ug/ml
followed by DNA staining with Hoechst33342 at 1 ug/ml. The localization of
CENP-C and -A on demembranated sperm nuclei was assayed by adhering
sperm to poly-L-lysine-coated acid-washed coverslips without fixative and
then treating sperm with 5 uM recombinant Xenopus Nap-1 (Shintomi et al.,
2005) in sperm dilution buffer (10 mM K*HEPES, pH 7.7, 1 mM MgCl,, 100
mM KCl, and 150 mM sucrose) for 30 min. Sperm nuclei from this and egg
extract experiments were fixed for 5 min using 2% formaldehyde and pro-
cessed for immunofluorescence as previously described (Desai et al., 1999)
with minor modifications (McClelland et al., 2007). Alexa-conjugated second-
ary antibodies were used according to the manufacturer’s specification (Mo-
lecular Probes, Eugene, OR), as was a MYC antibody directly conjugated to
Alexa fluor (Cell Signaling Technology, Danvers, MA). Where required, cov-
erslips were blocked using rabbit whole IgG (Jackson ImmunoResearch, West
Grove, PA). For three-wavelength detection of centromere proteins, CENP-A
and -C antibodies were directly coupled to Alexa fluors (Molecular Probes).

Immunodepletion

Depletion experiments were performed using affinity-purified antibodies
bound to Dynabeads protein A beads (Invitrogen). For 100 ul of extract, 0.6 ug
of CENP-C antibody or whole rabbit IgG was bound to 33 ul of beads in 20
mM Tris-HCI, pH 7.4, 150 mM NaCl, and 0.1% Triton X-100 for 1 h at 4°C. The
beads were then washed and resuspended in extract for 1 h at 4°C. Beads
were removed from the extract by two 5-min rounds of exposure to a magnet.

In Vitro Translation of Recombinant XICENP-C

The TnT Sp6-coupled rabbit reticulocyte system (Promega, Madison, WI) was
used for in vitro transcription/translation (IVT) of plasmid DNA according to
the manufacturer’s protocol, except twice the recommended DNA was added
for maximum extract expression. For a 40 ul egg extract reaction, 2 ul of IVT
reaction were added and mixed before addition of sperm chromatin.

Immunoblotting

Samples were separated by SDS-PAGE and transferred onto nitrocellulose in
transfer buffer [10 mM 3-(cyclohexylamino)-1-propanesulfonic acid, pH 11.3,
0.1% SDS, and 20% methanol] for 2 h and 15 min for detection of CENP-A and
-C. CENP-A and -C primary antibodies were both used at 1.5 ug/ml, and
either horseradish-peroxidase—conjugated anti-rabbit antibody (1:5000; GE
Healthcare) or Alexa488-conjugated anti-rabbit antibody (1:500; Molecular
Probes) was used for detection by chemiluminescence or fluorescence, respec-
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CENP-C dimerization
central region motif domain
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Organism CENP-C motif sequence % identity
to human

H. sapiens RRTKRTRLKPLEY-WRG----ERIDY

G. gallus RRTKRIRLKPLEY-WRG----ERVTY 86

M. musculus RRSNRIRLKPLEY-WRG----ERVDY 81

X. laevis RRSKRTRVKPLAY-WRG----ERVNY 76

Z. mays RKSSRTRSRPLEY-WLG----ERLLY 67

A. thaliana RRSTRIKSRPLEY-WRG----ERFLY 62

S. pombe RRSKRTRIAPLAF-WKN----ERVVY 57

N. crassa TRSGRHSFKPLAY-WRN----EHVDY 52

S. cerevisae RKSTRVKVAPLQY-WRN----EKIVY 48

C. elegans RRSTRVRVKPVRS-WLG----EQPVY 48

D. melanogaster RRSKRGQV-PLQMSWCHTMDPSKFNF 33

Consensus +++ R +++P+ + W++ +++ +

C DAPI

CENP-A CENP-C

Mitosis

Interphase

tively. Fluorescence of detected bands was background-corrected and quan-
tified using Image] (http://rsb.info.nih.gov/ij/; Abramoff et al., 2004); back-
ground correction was performed by measuring the integrated intensity of a
region encompassing the CENP-C band and then subtracting from that the
intensity as measured in an identical region above the band in the same lane.
CENP-C was quantified relative to the glutathione S-transferase (GST)-tagged
portion of CENP-C used as a blotting standard. For egg extract experiments,
1.5 pl of extract was loaded onto each lane. Frog tissue culture nuclei were
prepared for immunoblot by swelling XTC cells in 10 mM K*HEPES, pH 8.0,
1.5 mM MgCl,, 10 mM KCl, and 1 mM DTT for 15 min on ice and then
shearing by passage through a 23-gauge needle.

Microscopy and Analysis

Immunofluorescence microscopy images were obtained with a 60X 1.4 NA
PlanApo objective and a CoolSnap-HQ CCD camera (Photometrics, Tucson,
AZ) mounted on an Olympus IX70 microscope (Melville, NY) using a motor-
ized stage and a DeltaVision Spectris system (Applied Precision, Seattle, WA)
and deconvolved with Applied Precision software. Axial images were col-
lected at 0.2-um steps through the entire cell or nucleus and used to construct
maximum intensity projections. The fluorescence intensity of centromeres
was quantified using MetaMorph software (Molecular Devices, Sunnyvale,
CA) by constructing a mask using the CENP-A channel and then applying
that mask to images and reading signal intensity at each centromere. More
than 100 centromeres were analyzed per condition in each experimental trial.
To control for variations in noncentromeric background fluorescence, eight
121-pixel boxes were positioned in noncentromeric regions over each nucleus.
The background fluorescence per pixel was calculated for each channel and
subtracted from centromere fluorescence measurements in that nucleus.

RESULTS

Characterization of X. laevis CENP-C

To examine centromere assembly using the frog egg extract
system, we cloned the X. Ilaevis CENP-C homologue
(XICENP-C; Figure 1A and Supplemental Figure S1). The
1400-amino acid XICENP-C is highly homologous to all
known CENP-C proteins within the conserved CENP-C sig-
nature motif (residues 1206-1226). XICENP-C also contains
the C-terminal cupin domain (residues 1311-1397) that has
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Figure 1. X. laevis CENP-C contains the universal
CENP-C motif and localizes to centromeres in tissue
culture cells. (A) Domain organization (top) of X.
laevis CENP-C and its homology in the CENP-C
signature motif (boxed) to organisms ranging from
yeast to humans. (B) Western blot of Xenopus tissue
culture cell lysate with preimmune sera (Preim-
mune) or affinity-purified Rabbit antibody raised
against Xenopus CENP-C (a-XICENP-C). (C) Colo-
calization of CENP-C with the centromeric histone
CENP-A by immunofluorescence in interphase and
mitotic Xenopus tissue culture cells. Bar, 5 um.

been shown to dimerize CENP-C (Sugimoto et al., 1997;
Cohen et al., 2008) and a central region (residues 730—885)
previously shown to be sufficient for DNA binding and
centromere localization in human cells (Yang et al., 1996;
Sugimoto et al., 1997; Trazzi et al., 2002). We generated a
polyclonal antibody to an 89-amino acid fragment in the
amino terminus of XICENP-C (Figure 1B). We stained cul-
tured X. laevis S3 cells with this antibody and observed that
XICENP-C localizes to centromeres in both interphase and
mitosis (Figure 1C), consistent with the constitutive cell
cycle localization of CENP-C in other eukaryotes (Saitoh et
al., 1992; Knehr et al., 1996; Kalitsis et al., 1998b; Dawe et al.,
1999; Ogura et al., 2004; Heeger et al., 2005).

During spermatogenesis, sperm chromatin is extensively
remodeled through the replacement of histones H2A and
H2B with protamines and the removal of histone H1 (Phil-
pott and Leno, 1992). CENP-A is retained at sperm centro-
meres during spermatogenesis (Haaf et al., 1990; Palmer et
al., 1990; Zeitlin et al., 2005), and CENP-A chromatin serves
as the centromere and kinetochore assembly site for each
paternal chromosome after fertilization. We characterized
CENP-C’s assembly in the Xenopus egg extract system in
order to determine whether CENP-C is also preserved in
sperm chromatin or whether it is assembled at fertilization.
We treated demembranated sperm with the histone chaper-
one nucleosome assembly protein 1 (Napl) to artificially
decondense the sperm chromatin (Mosammaparast et al.,
2005; Shintomi et al., 2005) and performed immunofluores-
cence using CENP-A and -C antibodies. CENP-A was re-
tained on sperm chromatin, but we did not detect CENP-C
staining on sperm centromeres (Figure 2A). The lack of
detectable CENP-C on sperm chromatin was not likely due
to removal by Nap1, as CENP-C is localized at centromeres
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Figure 2. CENP-C assembly in the Xenopus egg extract system. (A)
CENP-C is not retained in Xenopus sperm chromatin. After decon-
densation with Xenopus Nap-1, Xenopus sperm nuclei show staining
for CENP-A but not CENP-C, whereas Xenopus somatic cell nuclei
stain for both CENP-A and -C. Bar, 5 um. (B) Immunoblot of
Xenopus sperm preparation and XTC cell nuclei, indicating the
levels of CENP-A and -C in the sperm preparation and in somatic
nuclei. Crude Xenopus egg extract (Extract), nuclei from the sperm
preparation (Sperm prep, 5 X 10° total nuclei with 3.95 X 10°
contaminating somatic nuclei), and XTC cell nuclei corresponding
to the number of contaminating somatic nuclei in the sperm prep-
aration (Somatic nuclei control, 3.95 X 10° nuclei from XTC cells).
(C) CENP-C is ~10 nM in CSF egg extract by immunoblot. The level
of CENP-C in crude Xenopus egg extract (Extract) was compared by
Western blotting to serial dilutions of a purified GST fusion of
CENP-C (AA207-296) as a standard. A Coomassie-stained gel of the
purified GST fusion is shown on the right. (D) CENP-C assembles
onto sperm chromatin centromeres after incubation of sperm in
either metaphase arrested CSF (top) or interphase (bottom) egg
extract. Bar, 5 pm.

on contaminating somatic nuclei in the sperm preparation
(Figure 2A, Somatic nucleus).

Our immunofluorescence data suggested that CENP-A is
retained in sperm chromatin but CENP-C is not. By Western
blotting we detected both CENP-A and -C in our sperm
preparation (Figure 2B); however, ~8% of the nuclei in our
sperm preparation are from contaminating somatic cells. We
immunoblotted somatic cell nuclei isolated from cultured
Xenopus cells in equivalent number to those contaminating
our sperm preparation (Figure 2B). We found that the levels
of CENP-C were similar between the sperm preparation and
the purified somatic cell nuclei, indicating that the levels of
CENP-C in our sperm preparation can be largely accounted
for by the contribution from contaminating somatic cells.
This is in contrast to the levels of CENP-A in our sperm
preparation that are considerably higher than can be ac-
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counted for by contaminating somatic cells and thus are
consistent with CENP-A being retained in sperm chromatin
(Figure 2B).

CENP-C is not present on sperm chromatin, but it is
readily detectable in Xenopus egg extracts (Figure 2B). We
determined the CENP-C concentration in Xenopus egg ex-
tract to be ~10 nM by comparing the levels in egg extract to
a standard of the CENP-C fragment used to generate our
antibody (Figure 2C). To assay whether CENP-C could as-
semble from the egg cytoplasm onto sperm chromatin, we
incubated demembranated sperm in either metaphase or
interphase egg extract followed by immunofluorescent lo-
calization of CENP-C and -A. CENP-C assembles from the
egg cytoplasm and colocalizes with CENP-A at centromeres
within an hour after sperm addition to the egg extract (Fig-
ure 2D). Together, these data demonstrate that CENP-C is
absent from sperm chromatin and assembles from the
Xenopus egg cytoplasm upon introduction of sperm. Thus,
CENP-C assembly onto sperm chromatin is likely to be an
early step in centromere assembly after fertilization of the

€gg.

CENP-C Is Required for Kinetochore Assembly in Xenopus
Egg Extract

The kinetochore kinesin CENP-E is essential for chromo-
some alignment, mitotic checkpoint signaling, and kineto-
chore function in Xenopus egg extract (Wood et al., 1997;
Abrieu et al., 2000). In human cells, CENP-E localization to
kinetochores depends upon CENP-C (Liu ef al., 2006). We
used the localization of CENP-E to kinetochores as an assay
for kinetochore assembly in mitotic egg extracts. CENP-A,
-C, and -E localized normally in mock-depleted egg extracts,
whereas extracts depleted of CENP-C showed normal
CENP-A localization but lacked CENP-C and -E at centro-
meres (Figure 3A). To test whether we could rescue the
kinetochore assembly defect in CENP-C-depleted extracts,
we added in vitro—translated CENP-C, tagged at the amino
terminus with six copies of the MYC tag, back into the
depleted extract at approximately the same levels as the
endogenous protein (Figure 3B). MYC-CENP-C addback
rescued both the CENP-C and -E localization defect (Figure
3C). MYC-CENP-C efficiently complemented the depleted
extracts as assayed by the percentage sperm nuclei that
exhibited CENP-A and -C colocalization at all 18 haploid
centromeres (mock depleted, 97 * 0.57%; CENP-C-depleted,
97 * 0.57%; mean = SEM; n = 3). Our data indicate that
CENP-C is required for CENP-E localization in Xenopus egg
extracts and establishes an in vitro assay for studying the
role of CENP-C in centromere and kinetochore assembly.

Mutants of CENP-C Separate Its Targeting to the
Centromere from Its Role in Kinetochore Assembly

To analyze the determinants of CENP-C assembly at the
centromere, we generated a CENP-C truncation series span-
ning the known functional domains of CENP-C, as well as
an arginine to alanine point mutant in a critical residue of
the CENP-C motif (R1210A; Fukagawa et al., 2001b; Heeger
et al., 2005) and analyzed the ability of each mutant to
localize and to support CENP-E assembly in the presence or
absence of the endogenous CENP-C (Figure 4A, Supplemen-
tal Figure S2). The full-length CENP-C and the truncation
mutants (381-1400 and 712-1400) that retained the intact
cupin homology domain, the CENP-C signature motif, and
the central region were able to localize to centromeres in
mock-depleted extracts. The expression of the mutants in the
presence of endogenous CENP-C did not have dominant

4249



K. J. Milks et al.

CENP-A CENP-C DAPI

mock- . .

depleted CENP-A CENP-E

N E - -

Dilutions of
control extract

A DAPI

CENP-C-

depleted DAPI
extract

1 2
CENP-C— enm. (i =

— —200 -

— —

0a-CENP-C immunoblot

1 mock-depleted extract + control

2 mock-depleted extract + MYC-CENP-C

3 CENP-C-depleted extract + control

4 CENP-C-depleted extract + MYC-CENP-C

C DAPI

Addback

CENP-A CENP-E

buffer

MYC-
CENP-C
CENP-C-
depleted
extract CENP-A CENP-E
buffer
MYC-
CENP-C

effects, because CENP-E localized normally in all cases. In
CENP-C-depleted extracts, the full-length protein and the
truncations retaining all three CENP-C domains (381-1400
and 712-1400) localized to centromeres. A partial truncation
of the central region (811-1400) and a truncation of the
dimerization domain (1-1350) were able to target to centro-
meres only when CENP-C was depleted, although the trun-
cation of the dimerization domain was present at reduced
levels. This result suggests that these truncations contain
sufficient targeting information for centromere localization
but that the endogenous CENP-C prevents the localization
of these mutants. Our complementation experiments show
that all three conserved regions of CENP-C are essential for
proper localization of CENP-C to the centromere.

The N-terminal truncation mutants that localize normally
to the centromere (381-1400 and 712-1400) are unable to
support mitotic kinetochore assembly as assayed by CENP-E
localization (Figure 4, A and B). This indicates that the amino
terminus of CENP-C is essential for kinetochore assembly. Our
mutant analysis demonstrates that the localization of CENP-C
to centromeres can be separated from the ability of CENP-C to
support kinetochore formation.
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Figure 3. CENP-C is required for CENP-E assembly in
Xenopus egg extract. (A) CENP-C-depleted CSF egg
extracts fail to assemble CENP-C and -E at centromeres.
Xenopus sperm chromatin incubated in mock-depleted
extracts (left) and CENP-C-depleted extracts (right)
was stained for CENP-A and -C or -E. Bar, 5 um. (B)
Addition of MYC-tagged CENP-C to CENP-C-depleted
extracts restores CENP-C to endogenous levels (left).
An additional ~119-kDa results from the in vitro trans-
lation reaction used to complement the extract, as seen
in the MYC immunoblot (right). (C) Addback of MYC-
CENP-C rescues CENP-E kinetochore localization in
extracts depleted of endogenous CENP-C. Bar, 5 um.

The Amino Terminus of CENP-C Is Necessary for
Centromere and Kinetochore Assembly

We determined whether the amino terminus of CENP-C was
generally required for kinetochore assembly, in addition to
being required for CENP-E localization, by analyzing the
localization of other mitotic kinetochore proteins in our
complementation assay. In Xenopus egg extracts, the Rod/
Zw10/Zwilch (RZZ) complex controls the kinetochore local-
ization of the checkpoint protein Mad2 and the motor pro-
tein dynein but not CENP-E (Kops et al., 2005). In extracts
depleted of CENP-C, we did not detect Mad2, Zw10, Rod, or
dynein localization at kinetochores (Figure 5). Our data are
consistent with previous experiments in human and chicken
cells demonstrating the dependence of these other kineto-
chore proteins on CENP-C for kinetochore localization (Liu
et al., 2006; Kwon et al., 2007).

Complementation of CENP-C depleted extracts with full-
length CENP-C rescued the localization defect of all of these
kinetochore proteins, indicating that CENP-C depletion did
not also deplete other factors required for kinetochore as-
sembly. Complementation of CENP-C-depleted extracts
with the CENP-C mutant that lacks the first 381 amino acids
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Figure 4. Domain analysis of CENP-C. (A) The
CENP-9193C truncations used in the experiment
are diagrammed on the left. The regions span-
ning the central domain, CENP-C motif and cu-
pin domain (from left to right) are shaded dark
gray. The results of the extract complementation
results for MYC-tagged CENP-C localization and
CENP-E localization are indicated on the right.
(B) Representative immunofluorescence images of
complementation experiments showing CENP-A
and MYC-CENP-C or CENP-E. Bar, 5 um. See also
Supplemental Figure S2.

(CENP-C 381-1400) failed to rescue the assembly of the RZZ
complex, Mad2, dynein, and CENP-E (Figure 5). Our results
demonstrate that the assembly of multiple distinct kineto-
chore proteins depends on the amino terminus of CENP-C.

CENP-C is a member of a group of ~15 proteins, called
the constitutive centromere-associated network (CCAN),
that is bound to the centromere throughout the cell cycle and
are required for kinetochore assembly. As cells enter mitosis,
the CCAN directs the assembly of the KNL-1 protein and
Mis12/MIND complex (Misl2, Dsnl, Nnfl, and Nsll),
which in turn recruit the Ndc80 complex (Spc24, Spc25,
Ndc80, and Nuf2) during kinetochore assembly (reviewed
in Cheeseman and Desai, 2008). In vertebrates, the CENP-
H/1/K complex of CCAN proteins is required at the centro-
mere for the assembly of the Ndc80 complex but not the
Mis12 complex (Goshima et al., 2003; Liu et al., 2006; McClel-
land et al., 2007). To determine whether CENP-C directs the
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is interdependent, and depletion of Nsl1, Nnfl, or Mis12
causes loss of cellular Dsnl protein (Kline ef al., 2006). Our
data indicate that Xenopus Nsll can be localized to centro-
meres independently of the other Mis12 complex members.
The defect in Mis12 complex localization in CENP-C-de-
pleted extracts is not likely due to codepletion with CENP-C
or protein instability because CENP-C depletion does not
affect the levels of Mis12, Dsnl, or Nsll in the extract (Sup-
plemental Figure S4). The CENP-K protein also required
CENP-C for its localization to centromeres, suggesting that
the CENP-H/I/K complex is dependent on CENP-C in Xe-
nopus (Figure 6C). Complementation of the depleted extracts
with full-length CENP-C rescued Dsnl, Nnfl, and CENP-K
targeting. However, addback of CENP-C 381-1400 failed to
complement the targeting of Dsnl, Nnfl, and CENP-K, in-
dicating that the amino terminus of CENP-C also directs
their localization (Figure 6, C and D).

centromere localization of the Mis12 or the CENP-H/I/K
complexes in Xenopus extracts, we depleted CENP-C from

egg extract, incubated sperm in the depleted extract, and

DISCUSSION

assayed the resulting sperm centromeres for the localization

of three Mis12 complex proteins (Nsl1, Dsn1, and Nnfl) and
the CENP-K protein. In contrast to results in other metazoan
systems (Kwon et al., 2007; Przewloka et al., 2007), Nsll
localization at centromeres was independent of CENP-C
(Figure 6, A and B). In Xenopus extracts, the other Mis12
complex proteins, Dsnl and Nnfl, required CENP-C for
their targeting to centromeres (Figure 6C). In human cells,
the centromeric localization of Mis12, Dsnl, Nnfl, and Nsl1

Vol. 20, October 1, 2009

CENP-C is an essential component of the centromere and
kinetochore in all eukaryotes. Here we use an in vitro system
in Xenopus egg extracts to study the role of CENP-C in
centromere and kinetochore assembly. We demonstrate that,
before fertilization, sperm chromatin lacks CENP-C and that
CENP-C is assembled from the egg cytoplasm onto sperm
centromeres. Removal of CENP-C from egg extracts pre-
vents centromere and kinetochore formation, and readdition
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of CENP-C to the extract rescues centromere and kineto-
chore assembly. Using this complementation assay, we dem-
onstrate that CENP-C targeting to the centromere requires
the central region of CENP-C thought to be involved in
DNA binding, the CENP-C signature motif, and (to a lesser
extent) the CENP-C cupin domain that may mediate
CENP-C dimerization. We generated mutants that separate
the targeting of CENP-C to the centromere from its role in
centromere and kinetochore assembly. We show that the
amino terminus of CENP-C is required for proper kineto-
chore targeting of proteins involved in spindle checkpoint
function and microtubule binding. We also find that
CENP-C directs centromere and kinetochore assembly by
facilitating the assembly of the Mis12 complex at the centro-
mere, as well as the localization of CENP-K.

Domain Organization of Xenopus CENP-C

Our domain mapping studies have shown that the overall
structure of Xenopus CENP-C is conserved with other verte-
brate CENP-C proteins. Xenopus CENP-C contains the
CENP-C signature motif, and mutation of a conserved argi-
nine (R1210A) in this region prevents CENP-C localization,
consistent with mutational studies of the CENP-C motif in
other organisms (Fukagawa et al., 2001b; Heeger et al., 2005).
The central region of vertebrate CENP-C is thought to me-
diate DNA binding and has been shown to be important for
centromere localization in human and chicken cells (Yang et
al., 1996; Sugimoto et al., 1997; Song et al., 2002; Trazzi et al.,
2002). We find that this region is required for CENP-C
localization to Xenopus centromeres. Yeast CENP-C (Mif2)
lacks this conserved region, but it has recently been shown
that Mif2 binds specifically to yeast centromere DNA
(Cohen et al., 2008); thus, DNA binding appears to be an
important feature of CENP-C proteins. The third conserved
region between CENP-C proteins is the C-terminal cupin
domain, which has been shown to be required for dimeriza-
tion of the CENP-C protein (Sugimoto et al., 1997; Cohen et
al., 2008). Deletion of the cupin domain severely compro-
mises the ability of CENP-C to assemble at sperm centro-
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Figure 5. Kinetochore assembly is rescued by
full-length CENP-C but not CENP-C 381-1400.
The localization of CENP-A and MYC-CENP-C
or MYC-CENP-C 381-1400 with CENP-C,
CENP-E, Mad2, Zw10, XRod, and dynein at ki-
netochores of sperm nuclei incubated in ei-
ther mock- or CENP-C-depleted extracts af-
ter complementation with buffer control, tagged
full-length CENP-C, or tagged CENP-C 381-1400
addback. CENP-C is not detected in the CENP-C
381-1400 addback because the antibody was
made to the N-terminus of CENP-C. Bar, 5 um.

meres. The amino terminus of CENP-C has previously been
shown to confer instability on the protein and has been
proposed to mediate oligomerization of CENP-C in vivo
(Lanini and McKeon, 1995; Sugimoto et al., 1997). We find
that the amino terminus of CENP-C is dispensable for
proper centromere localization but essential for kinetochore
assembly.

An important feature of our in vitro complementation
system in Xenopus egg extracts is that it allows us to test the
functions of CENP-C mutants in the absence of significant
levels of endogenous protein. In addition, monitoring kinet-
ochore assembly in egg extracts does not require that a
specific mutant maintain the viability of the organism or cell.
In the presence of the endogenous CENP-C, mutants of
CENP-C that lack part of the DNA binding domain or lack
the cupin domain (811-1400 and 1-1350, respectively) are
unable to localize to centromeres. However, these mutants
can bind to the centromere when the endogenous protein is
removed, indicating that they possess sufficient information
to target properly but cannot compete with wild type
CENP-C.

The Amino Terminus of CENP-C Directs Centromere and
Kinetochore Assembly

The importance of CENP-C in the process of kinetochore
formation is well established from conditional mutant, anti-
body injection, gene knockout, and siRNA depletion studies
(Meeks-Wagner et al., 1986; Brown et al., 1993; Tomkiel et
al., 1994; Fukagawa and Brown, 1997; Kalitsis et al., 1998a;
Fukagawa et al., 1999; Moore and Roth, 2001; Oegema et al.,
2001; Kwon et al., 2007). Using our complementation assay,
we have been able to separate the functional domains of
CENP-C that direct kinetochore formation and centromere
localization. A CENP-C truncation that localizes normally to
the centromere but lacks the first 381 amino acids of the
amino terminus cannot rescue kinetochore formation in ex-
tracts depleted of the endogenous CENP-C. We assayed the
assembly of several different protein complexes, including
the CENP-E motor protein important for chromosome con-
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Figure 6. CENP-C is necessary for the assembly of the Mis12/MIND complex and CENP-K. (A) Nsl1 localization is independent of CENP-C.
Representative immunofluorescence image of Nsl1 and CENP-C localization in mock- or CENP-C-depleted extracts are shown. Bar, 5 um.
(B) Quantification of Nsl1 and CENP-C levels (normalized to the levels in mock-depleted extracts) after CENP-C depletion. Error bars, SEM;
n = 3. (C) Dsnl, Nnfl, and CENP-K localization in mock- and CENP-C-depleted extracts after complementation with buffer control,
full-length CENP-C, or tagged CENP-C 381-1400. Bar, 5 um. (D) Quantification of Dsn1, Nnfl, and CENP-K levels at sperm centromeres in
CENP-C-depleted extracts after buffer control, CENP-C, or CENP-C 381-1400 addback. Error bars, SEM; n = 3.

gression and mitotic checkpoint signaling (Wood et al., 1997;
Abrieu et al., 2000), the Mad?2 protein required for the mitotic
checkpoint (Li and Murray, 1991), and the dynein motor and
the RZZ complex necessary for lateral chromosome micro-
tubule interaction and for proper spindle checkpoint signal-
ing (Starr et al., 1998; Howell et al., 2001; Wojcik et al., 2001;
Gassmann et al., 2008). Previous work in Xenopus extracts
showed that CENP-E assembly at the kinetochore is inde-
pendent of the RZZ complex, whereas both Mad2 and dy-
nein require the RZZ complex for their localization (Kops et
al., 2005). All of these factors were dependent on the amino
terminus of CENP-C for their localization to the kinetochore.
This is consistent with depletion studies that place other
kinetochore proteins downstream of CENP-C (Liu et al.,
2006; Kwon et al., 2007) and demonstrates the importance of
the amino terminus of CENP-C in directing the assembly of
these complexes.

Kinetochore microtubule binding is regulated by the func-
tions of the KMN (KNL1/Mis12/Ndc80) network. The re-
cruitment of the Mis12/MIND complex (Mis12, Nsl1, Dsn1,
and Nnfl) to the kinetochore is a key step in bringing
together the microtubule binding activities of the KNL1
protein and the Ndc80 complex (Cheeseman et al., 2006;
Kline et al., 2006). Previous studies in vertebrate cells had
shown that the Mis12/MIND complex proteins required
CENP-C for their centromeric localization (Kwon et al.,
2007). Surprisingly, we found that the Nsll component of
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the Mis12/MIND complex could be independently associ-
ated with centromeres in the absence of CENP-C, but that
Dsn1 and Nnfl required the amino terminus of CENP-C for
their localization to centromeres. This suggests the interest-
ing possibility that CENP-C may facilitate the assembly of
the Mis12 complex at centromeres by recruiting Dsn1, Nnfl
and Mis12 to centromeric Nsl1.

CENP-C is a component of the CCAN that includes
CENP-C, -H, -I, -K-U, and -W (Cheeseman and Desai, 2008;
Hori et al., 2008). Previous studies in chicken cells have
implicated the CCAN proteins CENP-H, -I, -K, and -L in
controlling both the incorporation of CENP-A into centro-
meric chromatin and the association of CENP-C with cen-
tromeres (Okada et al., 2006). In human cells, CENP-C and
the Mis12 complex appear to localize to centromeres after
CENP-H or -I depletion (Goshima et al., 2003; Liu et al.,
2006). However, CENP-K depletion reduces the level of
CENP-C at centromeres by one-half (Cheeseman et al., 2008).
The depletion of CENP-C from Xenopus egg extract pre-
vented CENP-K assembly, and this defect could be rescued
by addback of CENP-C but not the amino terminal CENP-C
truncation. Although we have been unable to localize
CENP-H or -I in the Xenopus egg extract system, the failure
of CENP-K to localize after CENP-C depletion suggests that
CENP-C directs the assembly of the CENP-H/-I/-K com-
plex to centromeres. This is consistent with our observation
that Xenopus CENP-C depletion prevents CENP-K and
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Mad2 assembly; analogous to the failure of Mad2 localiza-
tion in human or Schizosaccharomyces pombe cells lacking
CENP-I (Liu et al., 2003; Saitoh et al., 2005).

Functional Roles for CENP-C in Xenopus

We have found that CENP-C is excluded from sperm chro-
matin and must be assembled upon fertilization in the early
embryo. Our observations suggest that the site of the cen-
tromere is predetermined by the location of CENP-A chro-
matin and that, after fertilization, the recruitment of
CENP-C to centromeric sites is a key step in centromere and
kinetochore assembly. CENP-C appears to play a bridging
role by both recognizing CENP-A chromatin and directing
the assembly of the centromere and kinetochore. A major
unresolved question is what molecular mechanisms direct
the centromere-specific binding of CENP-C. The Xenopus in
vitro system we have described should allow us to directly
test specificity determinants for CENP-C association with
centromeric chromatin. Identification of factors that associ-
ate with the amino terminus of CENP-C is a promising
future direction for understanding how CENP-C facilitates
the assembly of the centromere and kinetochore.
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