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Mis16 and Mis18 Are Required for CENP-A Loading
and Histone Deacetylation at Centromeres

man kinetochore-specific antigen and later found to be a
histone H3 variant that is essential for equal segregation
(Earnshaw and Migeon, 1985; Palmer et al., 1987; Heni-

Takeshi Hayashi,1,2 Yohta Fujita,1,2

Osamu Iwasaki,1 Yoh Adachi,1 Kohta Takahashi,1,3

and Mitsuhiro Yanagida1,*
1Department of Gene Mechanisms koff et al., 2000; Takahashi et al., 2000; Measday et al.,

2002). This H3 variant is present from lower eukaryotesGraduate School of Biostudies
Kyoto University to vertebrates and associates with kinetochores in all

systems analyzed to date. For example the buddingSakyo-ku, Kyoto 606-8502
Japan yeast cenpA-related protein Cse4 is a kinetochore-spe-

cific histone H3 variant (Stoler et al., 1995) that is essen-
tial for viability and chromosome segregation.

The centromeric DNA of fission yeast is repetitive andSummary
complex. A series of outer repeats (otr) flank inner re-
peats (imr) that surround a central nonrepetitive regionCentromeres contain specialized chromatin that in-
(cnt). The fission yeast cenpA-like kinetochore-specificcludes the centromere-specific histone H3 variant,
histone H3, spCENP-A (designated Cnp1), is present inspCENP-A/Cnp1. Here we report identification of five
the central domain (imr and cnt) of the centromeresfission yeast centromere proteins, Mis14–18. Mis14 is
but not in the outer repetitive heterochromatic regionsrecruited to kinetochores independently of CENP-A,
(Takahashi et al., 2000; Chen et al., 2003). The special-and, conversely, CENP-A does not require Mis14 to
ized chromatin of the central domains changes its struc-associate with centromeres. In contrast, Mis15, Mis16
ture when temperature-sensitive mutants in cnp1 and(strong similarity with human RbAp48 and RbAp46),
some other kinetochore proteins are cultured at the re-Mis17, and Mis18 are all part of the CENP-A recruit-
strictive temperature (Saitoh et al., 1997; Goshima et al.,ment pathway. Mis15 and Mis17 form an evolutionarily
1999; Jin et al., 2002; Pidoux et al., 2003). As a result,conserved complex that also includes Mis6. Mis16 and
chromosomes segregate unequally.Mis18 form a complex and maintain the deacetylated

Mis12/Mtw1, a member of another evolutionarily con-state of histones specifically in the central core of
served kinetochore protein family, is required for accu-centromeres. Mis16 and Mis18 are the most upstream
rate chromosome segregation in both fission and bud-factors in kinetochore assembly as they can associate
ding yeasts (Goshima and Yanagida, 2000). Fissionwith kinetochores in all kinetochore mutants except
yeast genetics and RNAi in tissue culture cells suggestfor mis18 and mis16, respectively. RNAi knockdown
that the Mis12 and CENP-A recruitment pathways arein human cells shows that Mis16 function is conserved
independent and that loading of either protein alone isas RbAp48 and RbAp46 are both required for localiza-
not sufficient for correct segregation (Goshima et al.,tion of human CENP-A.
1999, 2003; Takahashi et al., 2000).

To improve our understanding of the pathways thatIntroduction
recruit kinetochore proteins, we isolated new mutants
that interfere with chromosome segregation. These mu-Recent progress in the molecular cell biology of kineto-
tants identify five new genes involved in kinetochorechores shows that despite divergence in the DNA con-
function. Two of them, Mis16 and Mis18, are requiredtent, size, and sequence of centromeres, the groups of
for the loading of CENP-A and form a complex. Humanproteins that associate with kinetochores are surpris-
homologs of Mis16 are thought to influence chromatiningly conserved in evolution. This poses the intriguing
assembly and remodeling. In addition, we show thatquestion as to how conserved kinetochore proteins can
acetylated histones accumulate in the central domainsassemble on a wide range of DNA sequences. A number
of the centromeres in mis16 and mis18 mutants but notof kinetochore proteins have been identified in model
in wild-type cells. Mis16 and Mis18 therefore appear toorganisms. Some interact with kinetochore micro-
be required to ensure that the histones in the centraltubules and provide the link between the spindle and
domains of the centromeres are maintained in a deacet-chromosomes that is necessary to enable the separated
ylated state.sister chromatids to opposite spindle poles. Others are

required to generate the unique chromatin structure that
Resultsis found at centromeres and is essential for equal segre-

gation.
Seven New ts Mutants Revealed UnequalCENP-A is the kinetochore-specific histone H3 that
Segregation at 36�Cis thought to be a component of kinetochore-specific
One thousand fifteen temperature-sensitive (ts) mutantsnucleosomes. CENP-A was initially identified as a hu-
were isolated by replica plating after nitrosoguanidine
(150 �g/ml) mutagenesis. Individual strains were grown

*Correspondence: yanagida@kozo.lif.kyoto-u.ac.jp at 26�C and then shifted to 36�C for 2–5 hr. Cells were2These authors contributed equally to this work.
stained with DAPI, a fluorescent DNA probe, and ob-3Present address: Division of Cell Biology, Institute of Life Science,
served under a fluorescence microscope. Seven mu-Kurume University, 2432-3 Aikawa-machi, Kurume, Fukuoka, 839-

0861, Japan. tants (53, 68, 262, 271, 362, 634, 818) displayed a chro-
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mosome missegregation phenotype that resulted in the culture temperature was shifted to 36�C after long-
term growth at 26�C. Binucleate cells containing largelarge and small daughter nuclei at 36�C (Figure 1A).

Previous analysis of mis6, mis12, and cnp1 has estab- and small daughter nuclei reached 60%–80% after 6 hr
in all mutants, as the viability declined to 20% (data notlished that this phenotype is the hallmark of mutations in

authentic kinetochore components (Saitoh et al., 1997; shown). The increase in cell number reached a plateau
after increasing around 8-fold. This high frequency ofGoshima et al., 1999; Takahashi et al., 2000). These

strains comprised five groups, designated, mis14–271, unequal chromosome segregation generated aneuploid
cells that could undergo a few rounds of division but-634, mis15–68, mis16–53, mis17–362, and mis18–262,

-818 (Figure 1B). None of them was linked to any lost viability.
We next asked when nitrogen-starved G1-arrestedknown loci.

The binding of GFP-labeled Lac repressor to a centro- mutant cells would lose viability upon introduction into
a nitrogen-rich complete medium under restrictive con-mere-linked array of Lac operator repeats (Experimental

Procedures) was used to confirm that the large and ditions (36�C) that would induce them to re-enter the cell
cycle and commence log phase growth. FACS analysissmall daughter nuclear phenotypes were indeed due to

unequal segregation of chromosomes. All of the seven confirmed that re-entry into the cell cycle and S phase
was synchronous (Figures 1E and 1F, left panels forstrains cultured at 36�C showed a high frequency of

chromosome missegregation (Figure 1C). Hence we mis16–53 and mis18–262, respectively). In the mis16
mutant, the first mitosis (5 hr) was completely normal,concluded that the correct segregation of chromatids

to opposite spindle poles requires the function of the and the unequal segregation of chromosomes occurred
in the second mitosis (7–8 hr, right panel). Cell viabilityMis14–Mis18 proteins.
decreased as the second mitosis generated unequal
chromosome segregation. Essentially the same resultsSpecialized Centromere Chromatin Is Disrupted

in mis14–mis18 were obtained for mis18–262 (Figure 1F), mis14–271,
mis15–68, and mis17–362 (data not shown). Therefore,The chromatin of the central centromere has an organi-

zation that is distinct from that of the outer repeats and in order for missegregation to occur, these mutant cells
had to be continuously maintained at the nonpermissivethe chromosome arms. This difference is revealed as a

smeared digestion pattern upon micrococcal nuclease temperature from the previous mitosis. In other words,
kinetochore proteins had to be maintained in an inactive(MNase) of the central centromere as opposed to the

nucleosome ladders seen on digestion of other chroma- state from one mitosis until the next. Restoration of
protein function at any point between two mitoses en-tin. In order to analyze the structure of the chromatin in

the centromeres of these novel mutants, nuclear chro- abled cells to segregate their chromosomes correctly.
These results suggest that kinetochore structure maymatin was prepared from wild-type and mis14–mis18

mutants cultured at 36�C for 8 hr and probed by micro- be maintained throughout replication and that a single
kinetochore can give rise to two functional daughtercoccal nuclease digestion (Figure 1D). The smeared pat-

tern in the central centromere was greatly reduced in kinetochores without needing to recruit functional com-
ponents that are not already part of the kinetochore.mis14–mis18 mutants and replaced with the more or-

dered nucleosome ladders that are typical of the outer However it is possible that the first cycle after release
from nitrogen starvation is slower than the second, andrepeats. This suggested that Mis14–Mis18 were re-

quired for the formation or maintenance of specialized these mutants might only affect kinetochore function
during rapid cell cycles.chromatin of centromeres. The small amount of smeared

chromatin that persisted in the mutants was probably
due to incomplete penetrance of the particular mutant Sequence Comparisons of the mis14�–mis18�

Genes and Their Gene Productsalleles used.
Gene cloning was done by transformation of mutant
strains, and the mutant alleles were sequenced and theLoss of Viability Coincides with Missegregation

We examined the phenotypes of the mutants in detail. We changes in amino acid sequence are depicted in Figures
2A–2D. Mis14 (Spac688.02c) shows weak similaritymonitored the degree of unequal chromosome segrega-

tion, cell number, and viability of the mutant strains (mis14– (23% identical) to the budding yeast S. cerevisiae Nsl1,
a kinetochore protein (Figure 2A) that is also predicted271, mis15–68, mis16–53, mis17–362, and mis18–262) as

Figure 1. Unequal Segregation and Disruption of Specialized Centromere Chromatin in Seven ts Mutants

(A) DAPI-stained cells cultured at 36�C for 5 hr. Unequal sized daughter nuclei (arrowheads) were frequently observed in mutants (indicated
by the strain number) but not in wild-type (WT).
(B) Linkage analysis established that the seven strains mapped to five loci.
(C) Mutant cells showing 1:1 segregation of CEN1-GFP revealed the missegregation of other chromosomes as they showed the large and
small daughter nuclei by DAPI.
(D) Centromere-specific chromatin structure is disrupted in mis14–mis18 mutant cells. Chromatin prepared from mutant cultures at 36�C for
8 hr was digested with MNase for 0, 1, 2, 4, and 8 min, followed by gel electrophoresis and Southern hybridization with the three centromere
DNA probes, cnt, imr, and otr. The centromeric DNAs are depicted with the probes (the short bars) used.
(E and F) Unequal segregation occurs after the traverse of a pre-G1 stage. The mis16–53 and mis18–262 strains arrested by nitrogen starvation
at 26�C were shifted to complete medium at 36�C. Left: Aliquots of the cultures were used for FACS analysis. The DNA content in wild-type
972 is also shown. S phase occurred around 4 hr. Right: The loss of viability (%), the unequal mitosis (%), and the increase in cell number
are shown.
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tion of the mis16� gene by one-step replacement
showed that the mis16� gene was essential for cell via-
bility. The Ura� mis16 null spores germinated and fre-
quently (more than 50%) displayed severe unequal seg-
regation of the chromosomes before they ceased cell
division (Supplemental Figure S1 at http://www.cell.
com/cgi/content/full/118/6/715/DC1). As the prw1�

gene is not essential (Nakayama et al., 2003) and a plas-
mid carrying the prw1� gene failed to rescue the ts
phenotype of mis16 (data not shown), Prw1 and Mis16
execute distinct functions.

Mis17 (Spbc21.01) is serine rich and a sequence or-
phan (Figure 2D). Mis18 (Spcc970.12) failed to give any
indication of any characterized functional domains.
Gene disruption indicated that mis18� was essential
for cell viability (data not shown). Gene-disrupted cells
frequently (�30%) produced the unequal sized nuclei
(Supplemental Figure S2 on Cell website). Mis18 has
homologs in vertebrates (e.g., human C21ORF45 and
OIP5 designated hMis18�, �, respectively).

In order to identify and study the protein products
of mis14�–mis18� genes, the products’ chromosomal
genes were tagged with 8myc epitopes at the C terminus
by a standard replacement method. The tagged genes
were functionally equivalent to the wild-type genes as
they did not appear to induce any defects in mitosis.
As seen in Figure 2E, the Myc-tagged Mis14, Mis15, and
Mis16 were detected in extracts of the integrant strains
by immunoblotting. The level of Mis16-myc was the
highest of all these molecules. Mis17-myc produced

Figure 2. A Schematic Representation of Mis14–Mis17 Proteins many bands ranging from 50 to 120 kDa. It is probable
(A) Mis14 and budding yeast Nsl1. that Mis17 is modified. Myc-tagged Mis18 is also shown.
(B) Mis15 and budding yeast Chl4.
(C) Mis16 is highly similar to human RbAp48 (53% identity) and

Kinetochore and Nuclear LocalizationRbAp46 (50%).
of Chromosomally Integrated(D) Mis17 is a sequence orphan.
Mis14–Mis17 GFP Fusions(E) Immunoblotting of S. pombe extracts expressing the Myc-tagged

Mis14–Mis18 proteins. The tagged genes were chromosomally inte- GFP (green fluorescent protein) was inserted in-frame
grated and verified by Southern hybridization. The protein bands at the C termini of Mis14–Mis17. Each of the resulting
were observed at the expected positions. Mis17-myc produced mul- tagged genes with the native promoter was integrated
tiple bands.

into the chromosome to replace the wild-type gene.
Southern hybridization confirmed the correct integra-
tion. As shown in Figure 3A, the GFP signals for Mis14to contain coiled-coil motifs. Nsl1 genetically and physi-
were clustered into a single dot in interphase and be-cally interacts with Mtw1 (Euskirchen, 2002; Pinsky et
came dispersed into multiple spots in mitotic cells. Thisal. 2003; Scharfenberger et al., 2003; Nekrasov et al.,
distribution is indistinguishable from that of established2003; Westermann et al., 2003; De Wulf et al., 2003), a
kinetochore proteins (Saitoh et al., 1997; Goshima et al.,budding yeast homolog of fission yeast Mis12 (Goshima
1999). The images obtained for Mis15-GFP and Mis17-and Yanagida, 2000).
GFP were identical to those of Mis14-GFP, suggestingMis15 (pi022; Figure 2B) exhibits weak similarity (21%
that Mis15-GFP and Mis17-GFP were located at theidentity) to the budding yeast Chl4/Mcm17/Ctf17, a ki-
kinetochores (Figures 3B and 3D). In sharp contrast,netochore protein (Pot et al., 2003). Chl4/Mis15 has no
GFP-tagged Mis16 was enriched in the whole nuclearestablished protein motif. Mis15 mutant protein contains
chromatin region throughout the cell cycle (Figure 3C).the substitution W113R. This tryptophan residue is con-
At 36�C, additional kinetochore/SPB (spindle pole body)served in the S. cerevisiae and Candida albicans Chl4
dots were particularly clear in the interphase. In mitosis,proteins.
a diffuse GFP labeling pervaded the whole nucleus.Sequence analysis of the Mis16� gene (Spcc1672.10)

predicts seven WD repeats (Figure 2C) and similarity to
human RbAp46 and RbAp48 (50%–53% identity). The Mis14–Mis17 Proteins Bound to the Central

Region of Centromeressequence of S. pombe Prw1, a component of the Clr6-
containing histone deacetylase complex (Nakayama et Chromatin immunoprecipitation (CHIP) was done using

centromere DNA probes to determine whether Mis14–al., 2003), exhibits 44% identity with the predicted se-
quence of Mis16. In addition to Prw1, the histone deacet- Mis17 proteins bound to centromeres (Saitoh et al.,

1997; Goshima et al., 1999). Chromosomally integratedylase complex contains Alp13, Clr6, and Pst2; Clr6 is
the catalytic subunit. Budding yeast Hat2 also exhibits Myc-tagged Mis14–Mis17 were immunoprecipitated by

anti-Myc antibodies, followed by the PCR amplificationsimilarity (33%–37% identity) to Prw1 and Mis16. Disrup-
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Figure 3. Kinetochore Localization and Central Centromere DNA Association of Mis14, Mis15, Mis16, and Mis17

(A–D) Localization of GFP-tagged Mis14–Mis17 expressed by the chromosomally integrated genes. (A) Mis14-GFP, (B) Mis15-GFP, (C) Mis16-
GFP, (D) Mis17-GFP. DAPI was used for counter stain.
(E) Chromatin immunoprecipitation (CHIP) was done for chromatin preparations of cells expressing Mis14–Mis17 tagged with the myc epitope.
The centromere probes used were cnt1, imr1, and dg while pericentric probe lys1 was also used (their genomic localizations indicated below
by vertical lines). Tagged Mis6 was used as a positive control.

of the precipitates with appropriate DNA probes along- predominantly localized to the central centromere
DNA regions.side a strain in which chromosomally integrated Mis6

was precipitated as a positive control. As shown in Fig-
ure 3E, immunoprecipitates of Myc-tagged Mis14– High-Copy Suppression and Synthetic Lethal

Interactions amongst mis MutantsMis17 contained the central centromeric DNAs such as
cnt1 and imr1, but not the outer centromeric sequence We next assessed the relationship between the different

kinetochore components by asking whether an increasedg and the pericentric marker lys1. These results estab-
lished that the kinetochore proteins Mis14–Mis17 were in gene dosage of one component could suppress the
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defect in mutations in other genes. To this end, plasmids centromeres were out of focus. The signal for spCENP-A
carrying the cnp1�, mis6�, mis12�, mis14�–mis18� was diffused throughout the nucleus in mis15, mis16,
genes were individually introduced into cnp1, mis6, mis17, and mis18 mutants, indicating that the kineto-
mis12, or mis14–mis18 mutant strains and the trans- chore localization of CENP-A was impaired in these
formants plated at the restrictive (33�C –36�C) and per- strains. For Mis6-GFP, the proportion of the culture that
missive (22�C–26�C) temperatures (Figure 4A). Elevating exhibited dot staining was further reduced to less than
cnp1� gene dosage with the high copy number plasmid 5% and the signal was diffused throughout the nucleus
pCNP1 weakly suppressed the ts phenotype of mis6, in mis15, mis16, mis17, and mis18 mutants at 36�C (Fig-
mis15, mis16, mis17, and mis18 mutants, while increas- ure 5B). However, Mis6-GFP remained as a dot in a
ing mis6� gene dosage did not suppress any mutants mis14 mutant. These results showed that Mis15–Mis18
tested. Plasmid pMIS12 suppressed two mis14 alleles. were required for the association of Mis6 and spCENP-A
Conversely, pMIS14 suppressed the ts phenotype of with kinetochores.
mis12–537: high-copy suppression of mis12 and mis14 The frequency with which Mis12-GFP dots could be
was thus mutual. These results are represented sche- seen was reduced (25%) in mis14 mutant cells but unaf-
matically in Figure 4A (the arrows indicate suppression). fected in all other mutants (Figure 5C). The localization

Synthetic genetic interactions were found between of Mis14-GFP signals was then tested in wild-type and
mis12 and mis14: both mis12–537 mis14–271 and kinetochore mutants (Figure 5D). The kinetochore local-
mis12–537 mis14–634 double mutants were lethal at ization of Mis14-GFP was diminished (25% cells) in a
30�C (data not shown). Other synthetic interactions were mis12 mutant but normal in other mutants. This demon-
found for mis6, mis15, and mis16: three double mutants strated that Mis14 and Mis12 were mutually dependent
mis6–302 mis15–68, mis15–68 mis16–53, and mis6–302 upon one another for kinetochore localization, which is
mis16–53 were lethal at 30�C. consistent with their association in the same complex.

Mis12 and Mis14 were thus recruited to kinetochores,
Physical Interactions amongst Kinetochore Proteins independently of defects in the functions of CENP-A,
The above results indicated that the functions of Mis12 Mis6, Mis15, Mis16, Mis17, or Mis18.
and Mis14 and Cnp1, Mis6, Mis15, Mis16, and Mis17 Kinetochore localization of Mis15-GFP was abolished
were closely related. We therefore used a coimmuno- (�5% cells) in a mis16 mutant and diminished in mis17,
precipitation assay to ask whether Mis6, Mis12, Mis14– mis18, mis6, and cnp1 mutants (Figure 5E). In mis12
Mis17 physically interacted with each other. For this and mis14 mutants, the frequency of cells with Mis15-
purpose, strains in which HA-tagged Mis6 and Myc- GFP kinetochore staining was similar to that of wild-
tagged Mis14–Mis17 genes had been integrated at the

type cells. For Mis17-GFP, similar localization data were
native loci were employed. Anti-Myc immunoprecipi-

obtained in different genetic backgrounds (Figure 5G).
tates were immunoblotted with polyclonal anti-Mis12,

These results established that Mis16 and Mis18 were
anti-Myc, and anti-HA antibodies (Figure 4B). Mis12

needed for the recruitment of spCENP-A, Mis6, Mis15,coimmunoprecipitated with Mis14-Myc, while Mis6-HA
and Mis17 to kinetochores. As the levels of Cnp1, Mis6,coimmunoprecipitated with Mis15-Myc and Mis17-Myc.
and Mis15 proteins were similar in mis16 and wild-typeFurthermore, Mis15-HA coprecipitated with Mis17-Myc
cells (Figure 6B and data not shown), the failure in asso-(Figure 4C). These results indicated that Mis14 and
ciation with kinetochores was not due to the loss ofMis12 formed a complex, while Mis6, Mis15, and Mis17
these proteins in mis16 mutant. The kinetochore local-formed a second distinct complex in cell extracts. We
ization of the Mis6, Mis15, and Mis17 complex may bedid not detect any stable association of Mis16 with any
facilitated by Mis16 and Mis18. Kinetochore recruitmentof these proteins. The results of physical interactions
of Mis15, Mis16, Mis17, and Mis18 was only slightlyare summarized in Figure 4D.
affected by mutation of cnp1. Because Mis12 and Mis14
could be recruited to kinetochores, we conclude thatLocalization Dependencies of Kinetochore Proteins
the kinetochore structure was partially retained in mis16In order to analyze how these kinetochore proteins were
and mis18 mutants at 36�C.recruited to kinetochores in different genetic back-

The kinetochore dot-like signals of Mis16-GFP weregrounds, we constructed eight strains in which the
prominent in cells at 36�C and less obvious at low tem-cnp1�, mis6�, mis12�, mis14�–mis18� genes were
perature (20�C): Mis16-GFP was seen throughout nu-tagged with GFP under the control of their native pro-
clear chromatin at 20�C. With the exception of mis18,moter and crossed them with kinetochore mutants. GFP
none of the kinetochore mutations affected the punctatesignals were observed in resulting strains at the restric-
nature of Mis16-GFP fluorescence (Figure 5F). Con-tive (36�C) and the permissive (20�C) temperatures (Fig-
versely, the dot localization of Mis18-GFP was only abol-ures 5A–5H).
ished in mis16 mutants (Figure 5H). These resultsThe kinetochore dot localization of spCENP-A was
strongly suggested that Mis16 and Mis18 act at the mostmaintained in a mis14 mutant but greatly diminished
upstream level of the kinetochore recruitment pathway(10%–20% dot frequencies) in mis15, mis16, mis17, and
for Cnp1, Mis6, Mis15, and Mis17. Mis16 and Mis18,mis18 mutants at 36�C (Figure 5A). The frequency with
respectively, failed to be properly loaded in mis18 andwhich dots could be seen was scored and plotted to
mis16 mutant cells. A summary of dependency relation-give the graphs to the right of the micrographs for each
ships between kinetochore proteins with respect to as-set of experiments. Note that GFP observation was car-
sociation with the kinetochore (indicated by the arrows)ried out at a single focal plane so that the signals of

GFP could not be seen in a fraction of cells in which the is shown in Figure 5I.
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Figure 4. Genetic and Physical Interactions of Mis14–Mis17

(A) High-copy suppression of mis mutants by plasmids carrying the centromere protein genes. Eight mutants (indicated above the plates)
contained one of plasmids carrying the genes indicated and plated at 22�C, 26�C, 33�C, or 36�C. The genetic interactions are schematized
by arrows.
(B) Extracts of S. pombe cells expressing Mis6-HA and the indicated Myc-tagged proteins were immunoprecipitated by anti-Myc antibody.
Precipitated materials were then immunoblotted, using antibodies against HA, Myc, and Mis12.
(C) Two strains expressing Mis15-HA or both Mis15-HA and Mis17-Myc were immunoprecipitated by anti-Myc antibodies. Mis15-HA was
coimmunoprecipitated with Mis17-Myc.
(D) A summary of physical interactions observed is depicted.
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Figure 6. Histone Deacetylation Patterns in the Centromeric Regions Are Greatly Altered in mis16 and mis18 Mutants

(A and B) Cnp1 fails to associate with centromeres at 36�C in a mis16 mutant in which a Cnp1-GFP gene fusion is integrated into the
chromosome. A CHIP experiment was performed using the central centromere probes of cnt1, imr1, and the outer centromeric repeat dg (A).
The amount of cnt1 and imr1 DNAs coprecipitated with the Cnp1-GFP fusion was reduced in mis16 mutant cells at 36�C. The level of Cnp1-
GFP protein was virtually identical in the wild-type and mutant strains at 36�C (B).
(C) Mis16 physically interacts with Mis18 but not with Cnp1. Mis16-Myc, Mis18-GFP, and Cnp1-HA that were chromosomally integrated were
expressed under the control of the native promoter and immunoprecipitated (IP) using antibodies against Myc, GFP, and HA. The tagged
Mis16 and Mis18 were detected in the precipitates of Mis18 and Mis16, respectively. The tagged Cnp1 protein was not detected in the
precipitates of Mis16 and Mis18.
(D) The level of histones H3 and H4 acetylation in the central centromere. CHIP experiment was done for the centromere regions using
antibodies against acetylated H3 and H4. Anti-AcH4 (06–598) and (06–866) were against acetylated K5, K8, K12, K16 in H4, while two other
antibodies were against acetylated H4 K16 and H3 K9. The centromere probes used were central cnt1, imr1, and outer dg while pericentric
probe lys1 was also used. Indicated strains were cultured at the restrictive temperature (36�C) for 8 hr.

Cnp1 Fails to Associate with Centromeres the central centromere probes cnt1 and imr1 coprecipi-
tated as they did in wild-type cells, but coprecipitationin mis16–53

In order to confirm that Cnp1 was absent from the centro- was barely detectable at 36�C (Figure 6A). An immu-
noblot with anti-GFP antibodies demonstrated that themeres of mis16 mutant cells, we performed a CHIP (chro-

matin immunoprecipitation) experiment and immuno- apparent reduction in association at 36�C was indeed
due to a decrease in association rather than to destruc-precipitated GFP-tagged Cnp1 with anti-GFP antibodies

from mis16–53 cells. In mutant extracts cultured at 20�C, tion of the Cnp1 fusion protein at 36�C (Figure 6B).

Figure 5. Recruiting Pathways for Kinetochore Proteins

Localization of GFP-tagged and chromosomally integrated Cnp1 (spCENP-A), Mis6, Mis12, and Mis14–Mis18 with the native promoter was
determined in various mutant backgrounds (cnp1, mis6, mis12, mis14–mis18). Each strain was grown at the permissive temperature and then
shifted to the restrictive temperature for 8 hr. Quantitation of the frequency of cells with punctate dot staining in wild-type (WT) and different
mutants are shown on the right. Kinetochore localization of Cnp1 (A), Mis6 (B), Mis12 (C), Mis14 (D), Mis15 (E), Mis16 (F), Mis17 (G), and Mis18
(H). (I) A schematic representation of the kinetochore localization dependency (indicated by arrows).
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Figure 7. Human RbAp46 and RbAp48 Are Required for Kinetochore Localization of CENP-A

(A) Immunolocalization of RbAp48 and RbAp46. Hoechst 33342 and anti-tubulin antibody were used, respectively, for staining DNA and tubulin.
(B) Single and double RNAi were done in HeLa cells for 72 hr using specific siRNAs. The levels of RbAp46 and RbAp48 were assayed by
immunoblot using specific antibodies.
(C) HeLa cells were immunostained with antibodies against RbAp48 or RbAp46 or both and CENP-A. The signals of CENP-A were greatly
reduced in HeLa cells following simultaneous RNAi treatment against both RbAp46 and RbAp48.
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Mis16 Physically Interacts with Mis18 specifically within the central core region of centro-
meres.but Not with CENP-A

As Mis16 localization was dependent upon that of Mis18
and vice versa, we asked whether the Mis16 and Mis18 Human Mis16-like Proteins Are Required

for CENP-A Kinetochore Localizationproteins physically associated with one another. Strains
were constructed in which the genes of Myc-tagged Two human proteins RbAp46 and RbAp48 (retinoblas-

toma-associated protein; Qian et al., 1993; Qian andMis16, GFP-tagged Mis18, and/or HA-tagged Cnp1
were chromosomally integrated and expressed under Lee, 1995) are highly related (50%–53% identity) to S.

pombe Mis16. Specific antibodies against RbAp46 andthe control of a native promoter. Extracts by 0.2 M NaCl
were prepared and immunoprecipitated either by anti- RbAp48 (purchased from Calbiochem) were employed

for immunolocalization and immunoblotting in HeLaMyc, anti-GFP, or anti-HA antibody. As shown in Figure
6C, immunoprecipitation using antibodies against Myc cells. High specificities of these antibodies were con-

firmed in this laboratory. The proteins associated withor GFP established that GFP-tagged Mis18 formed a
complex with Myc-tagged Mis16. However, within the nuclear chromatin in interphase (Figure 7A). Upon entry

into mitosis, however, RbAp46 and RbAp48 no longersensitivity limits of the assay, we did not detect any
coprecipitation of Cnp1 with Mis16 or Mis18. associated with chromosomal DNA but re-associated

before cell division: nuclear chromatin staining in telo-
phase was particularly significant for RbAp46.

RNAi was performed for each protein individually andA Marked Increase in the Level of Histone H3
and H4 Acetylation in the Central Centromeres in combination to simultaneously target both homologs

in order to determine whether, like their fission yeastof mis16 and mis18 Mutants
We used chromatin immunoprecipitation to examine the counterpart, RbAp46 and RbAp48 are involved in re-

cruiting CENP-A to centromeres. The levels of RbAp46acetylation of the centromeric histones in mis16 and
mis18 mutant cells. We probed histone binding to the and RbAp48 in HeLa cells were greatly reduced 72 hr

after adding specific siRNAs (Experimental Procedures)central cnt1, imr1, and outer dg regions using antibodies
that recognized acetylated K5, K8, K12, and K16 of his- to the culture medium to induce RNAi knockdown (Fig-

ure 7B). No defect in CENP-A recruitment was apparenttone H4 and acetylated K16 of histone H4 and K9 of
histone H3. Wild-type, mis16, and mis18 cells were pro- when RNAi was used to deplete RbAp46 or RbAp48

on their own (Figure 7C). When both molecules werecessed after 8 hr at 36�C alongside the control strains
mis12 and clr6. The central centromere DNA probes targeted by simultaneous RNAi for both genes, the levels

of the RbAp46 and RbAp48 proteins were not decreasedshowed a marked increase in the ability of this region
to coprecipitate with acetylated H4 and H3 in mis16 and by the same degree as that seen upon targeting of an

individual molecule alone. However, despite this reduc-mis18 mutants over the behavior seen in wild-type cells.
Such a striking difference in histone acetylation between tion in efficiency of depletion of RbAp46 and RbAp48,

there was a dramatic and reproducible impact upon thewild-type and mis16 (or mis18) mutants did not occur
in the outer centromere region dg or the lys1 locus as no ability of CENP-A to associate with kinetochores. The

kinetochore signals of CENP-A were virtually abolished.difference was seen in the levels of histone acetylation
between wild-type and mis16 or mis18 cells. In the mis12 Unfortunately the polyclonal antibodies against hMis6

did not work well enough in immunofluorescence mi-mutant, acetylated histones were slightly more abun-
dant in the central centromere than in wild-type. In the croscopy to enable us to ask whether hMis6 also de-

pended upon RbAp46/48 function for association withcontrol clr6 mutant, no change occurred in the central
centromere, but the levels of acetylation were slightly the kinetochores.

Note that the protein level of CENP-A was also reducedenhanced in the outer dg and lys1 regions.
The increase of hyperacetylated H3 in the central cen- by RNAi treatment of HeLa cells that simultaneously de-

pleted RbAp46 and RbAp48. RT-PCR for CENP-A intromeres of mis16 and mis18 mutants could indicate
that Cnp1 (CENP-A) has been replaced with regular RbAp46/48 RNAi-treated cells showed that the decline

in protein level did not arise from a decline in the abun-acetylated histone H3. When considered alongside the
striking increase of acetylated histone H4 in the central dance of CENP-A RNA transcript (Figure 7D). Monitoring

the kinetics in the reduction of protein levels betweencentromeres in the same mutants, it is clear that there
is a marked change in chromatin structure in the central 24 and 72 hr after RNAi ablation showed that CENP-A

levels went into a slow decline after a rapid reductionbut not outer centromere regions when the function of
Mis16 or Mis18 is compromised. These data strongly of RbAp46/48 levels (Supplemental Figure S3 on Cell

website). This suggests that the reduction in RbAp46/support the view that Mis16 and Mis18 play an important
role in maintaining the level of deacetylated histones 48 levels probably affected CENP-A stability because

(D) RT-PCR was done to estimate the levels of CENP-A transcripts in HeLa cells that had been subjected to single or double RNAi treatment.
HeLa cells that had been treated with RNAi against CENP-A were used as control. No significant change was observed following single RNAi
to ablate either RbAp46 or RbAp48 individually and double RbAp46 and RbAp48 in comparison with no RNAi.
(E) In HeLa cells simultaneously treated for RbAp46 and RbAp48 RNAi, micronuclei were not observed, whereas HeLa knockdown by CENP-A
RNAi frequently showed micronuclei (indicated by arrows). Quantitative data are also shown.
(F) Interactions between kinetochore proteins (see text). Ams2 is a GATA-like factor that is required for the efficient loading of spCENP-A in
fission yeast.
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the protein that could not be incorporated into the cen- kinetochore in the absence of any of these kinetochore
protein functions. Third, a high copy number plasmidtromeres was being degraded, rather than being a con-
carrying CENP-A partly rescues the ts phenotype of thesequence of altered transcription of the gene.
mutants implicated in the CENP-A loading pathway (butThe frequencies of mitotic and interphase cells were
not mutants implicated in the Mis12 pathway). Fourth,assessed by monitoring cell shape in cells in which 72 hr
the lack of a physical association between Mis16 andRNAi treatment had been followed by incubation for a
CENP-A is not inconsistent with an upstream role. Mis16further 18 hr in the presence or the absence of nocoda-
may indirectly affect CENP-A as a downstream target.zole (Noc). In contrast to those control cells without
However, the level of immunoprecipitable Cnp1-HA inRNAi, the presence of Noc did not affect the frequency
the 0.2 M NaCl supernatants used for immunoprecipita-of mitotic cells if the cells had received a prior treatment
tion was not great and so it may have been difficult towith RNAi against RbAp46 and/or RbAp48 (data not
detect a direct interaction under the condition used here.shown). This indicated that many HeLa cells became
Similarly, Mis16 or Mis18 might directly interact withdefective in progression through interphase after RNAi
Cnp1 bound to chromatin, but such an interaction wouldof RbAp46 and/or RbAp48. After double RbAp46/48
not be detected in our assays. Alternatively, other kinet-knockdown, HeLa cells displayed very few of the mi-
ochore proteins such as Mis6, Mis15, or Mis17 or un-cronuclei that become abundant after CENP-A RNAi
identified proteins may directly interact with CENP-A.treatment of HeLa cells (Figure 7E). The interphase phe-

What then is known about RbAp48/RbAp46- andnotypes (infrequent occurrence of micronuclei) ob-
Mis16-related proteins? They belong to a particularserved in HeLa cells after RNAi treatment that targeted
class of WD40 proteins (WD stands for Trp and Asp,both RbAp46 and RbAp48 were therefore rather distinct
and 40 for the unit of repeat amino acids), many of whichfrom that arising from CENP-A RNAi and probably oc-
act in different ways on chromatin. RbAp46/48 is rathercurred prior to the loss of CENP-A recruitment to kineto-
abundant and was found to be a ubiquitous bindingchores. These results strongly suggested that, like their
partner of retinoblastoma (RB) tumor suppresser proteinfission yeast counterpart Mis16, RbAp46 and RbAp48
(Qian et al., 1993) and a component of the human chro-were upstream factors that were required for the recruit-
matin-assembly factor-1 (CAF-1) complex that pro-ment of CENP-A to kinetochores.
motes the assembly of nucleosomes onto newly repli-
cated DNA (Verreault et al., 1996; Krude, 1999). The flyDiscussion
RbAp46/48-like protein is a component of chromatin-
remodeling complex NURF (Martinez-Balbas et al.,The present study was initiated by screening fission yeast
1998). In plants Arabidopsis, AtMSI1 that is similar tofor kinetochore mutants in an attempt to identify genes
RbAp46/48 is implicated in gene silencing, a part ofthat are required for the recruitment of the two principal
an epigenetic process (Hennig et al., 2003). As genekinetochore proteins, Mis12/Mtw1 and spCENP-A. A sys-
silencing is believed to be caused by the immobilizationtematic characterization of the dependency relation-
of nucleosomes that would inhibit the access for activeships between the ability of distinct kinetochore compo-
gene expression and require histone modifications,

nents to be recruited to centromeres indicated that
such as deacetylation or methylation, it is gratifying that

Mis16 and Mis18 both acted as upstream factors for
RbAp46/48-like proteins are reported to be a component

the kinetochore recruitment of CENP-A. By using RNAi
of histone deacetylation complex (Nakayama et al.,

in HeLa cells, we established that double knockdown 2003; Furuyama et al., 2003). One model that has been
of two human proteins that exhibit over 50% sequence proposed (Henikoff, 2003) is that RbAp46/48-like pro-
identity to Mis16, RbAp46 and RbAp48, abolished kineto- teins perform their tasks during replication-coupled
chore localization of CENP-A. Hence RbAp48-like WD40 nucleosome assembly and hold out exposed histones
proteins are essential factors that are required for the (the tetramer of histones H3 and H4) for modification
recruitment of CENP-A in both fission yeast and human and chromatin remodeling. However, a plasmid carrying
cells. RbAp48/RbAp46/Mis16 are the first nuclear CENP-A the gene for Prw1, a fission yeast WD40 in the histone
recruitment factors to be identified that are conserved deacetylation complex that is similar to Mis16, failed
in human and fission yeast. Human Mis18 is also re- to suppress the mis16 mutant phenotype, so it would
quired for recruiting CENP-A, but a detailed analysis of appear that Mis16 may not be directly involved in Clr6-
Mis18 function will be reported elsewhere (Y. Fujita et dependent histone deacetylation. In addition, Clr6 showed
al., submitted). no influence over the acetylation pattern of histones in

We provide evidence that Mis16 and Mis18, both es- the central cores of centromeres (see below).
sential for cell viability, function as upstream factors for The question of how kinetochore chromatin assembly
the CENP-A kinetochore loading pathway. First, Mis16 is affected by Mis16 (and Mis18) was addressed by
and Mis18 are required for proper recruitment of a group CHIP experiments using antibodies against acetylated
of kinetochore proteins, CENP-A, Mis6/CENP-I, Mis15/ histones H3 and H4. In wild-type cells, any of four anti-
Chl14, and Mis17 (but not for Mis12/Mtw1 and Mis14/ bodies were barely capable of precipitating the central
Nsl1). The physical interaction of Mis16 with Mis18 is centromere cnt and imr regions but efficiently precipi-
consistent with the mutual dependency between the tated the outer centromere dg probe and the lys1 gene
function of each molecule for the recruitment of the sequence. In both mis16 and mis18 mutants, however,
other to kinetochores. The Mis16–Mis18 complex may there was a striking increase in the abundance of acet-
be a part of the functional holo-complex. Secondly, and ylated histones within the central centromere regions.
most importantly, with the exception of Mis16 and Mis18 Such drastic changes were specific to the central cen-

tromere. In mis12 and clr6 mutants, such changes werethemselves, these two molecules can be recruited to the



Upstream Recruitment Factors for CENP-A Loading
727

medium SPA are described previously (Moreno et al., 1991). Trans-not observed. We concluded that the central centromere
formation was done using the lithium method (Ito et al., 1983). Cellis highly deacetylated in wild-type, and that the mainte-
number was measured by the Sysmex F-800 (Toa Med Elec Co).nance of such a state required Mis16 and Mis18 func-
For nitrogen starvation, cells grown in EMM2 were suspended in

tion. It remains to be determined whether the Mis16 and EMM2-NH4Cl at 26�C for 24 hr. For the release from the G1 arrest,
Mis18 complex directly affected the state of histone cells were diluted to an appropriate concentration in YPD. HeLa

cells were grown at 37�C in D-MEM (GIBCO) supplemented withacetylation as a part of a deacetylase. S. pombe has six
10% FBS, 1% penicillin-streptomycin, and 1% antibiotic-antimy-histone deacetylases that include the one that contains
cotic.Clr6, and it will be of considerable interest to identify

which deacetylase is functionally related to Mis16 and
Plasmids and Gene HandlingMis18.
Multicopy vector pSK248 containing the budding yeast LEU2 was

Mis16 is present throughout the nuclear chromatin used to clone the S. pombe genes that could complement the ts
and may not act solely at kinetochores. It may interact phenotype of mutants. For integration of the genomic DNA onto

chromosome, pYC6 and pYC11 that contained the S. pombe ura4�with multiple proteins in addition to Mis18. The binding
gene and the budding yeast LEU2, respectively, but lacked a replica-of Mis18 to Mis16 may confer the specificity for acting
tion origin were used (Chikashige et al., 1989).at centromeres. This model may explain our results in

fission yeast and fit with the situation in HeLa cells. Single
Isolation of ts MutantsRbAp48 and RbAp46 RNAi did not reduce CENP-A kineto-
The procedures described by Takahashi et al. (1994) were followed.

chore signals, but after single RNAi treatment of either S. pombe strain h� leu1 GFP-eat1� containing the integrated GFP-
homolog, HeLa cells ceased to grow, suggesting that eat1� gene whose product is located in the nuclear chromatin was

used for mutagenesis by N-methyl-N�-nitrosoguanidine (NTG). TheRbAp46 and RbAp48 have essential functions that are
S. pombe culture treated with NTG was grown and plated, followeddistinct from CENP-A recruitment. However, only the
by replica plating. Strains that could grow at 26�C but not at 36�Cdouble RNAi greatly diminished the loading of CENP-A
were selected and streaked. These ts candidate strains were storedonto kinetochores, indicating that human Mis18 may
in glycerol. One thousand fifteen ts strains were obtained from

functionally interact with both RbAp48 and RbAp46. 200,000 colonies. Seven mutants (53, 68, 262, 271, 362, 634, 818)
Mis16/RbAp46/48 may have multiple tasks in chromatin displayed a chromosome missegregation phenotype that resulted

in large and small daughter nuclei at 36�C. The temperature sensitiv-assembly and remodeling, one of them being to facilitate
ity of all the seven strains showed 2:2 segregation pattern in tetradthe recruitment of CENP-A or CENP-A-containing his-
analysis, indicating that a single mutation is responsible for thetone oligomers to the site of kinetochore chromatin by
mutant phenotype.interacting with Mis18.

The seven kinetochore-defective mutants isolated
Gene Cloning and myc- or GFP-Tagged Genes

through cytological screening of over 1000 ts strains in The genomic DNA library was transformed into mis14–mis18 mu-
this study defined five new genetic loci, mis14–mis18. tants in order to identify the mutant genes. Transformants were

collected and plasmids were recovered. As the whole genome se-All of these mutants were defective in the specialized
quence of S. pombe has been determined, the sequences at thechromatin structure of the central centromere region
end of the inserts in these clones were used to define the genomicand displayed unequal segregation in anaphase. Figure
sequences cloned in the complementing DNA fragments. Introns7F shows a summary of the genetic interactions re-
were confirmed by PCR amplification of cDNA. Plasmids were re-

vealed as high-copy suppression (black arrows) and covered from transformants of mis14–271. Subcloning established
physical interactions (blue lines) alongside the localiza- that Spac688.02c (25 kb from scn1 locus) was responsible for com-

plementation. Tetrad dissection indicated that scn1 and mis14–271tion dependency relationships (green arrows). Mis14 be-
were only 4.2 cM apart, supporting the conclusion that the mis14�longs to the Mis12 group, while Mis15, Mis16, Mis17,
gene was identical to Spac688.02c. Transformation and subcloningand Mis18 form the CENP-A group that also includes
followed by tetrad dissection showed that pi022 was the gene en-Mis6 and Ams2. Ams2, a GATA-like element, genetically
coding Mis15. Although the database indicated that pi022 had two

interacts with Mis12 and Mis14 and links the two groups. introns, cDNA sequencing showed that the second one was not
We showed that Mis12 and Mis14 formed a complex, correctly assigned. The corrected mis15� sequence codes for a 409

amino acid polypeptide (calculated MW, 47.4 kDa, pI 6.54). Cloningwhile Mis6, Mis15, and Mis17 constituted another com-
and tetrad dissection established that a single genetic locusplex. These results are consistent with the recent reports
Spcc1672.10 encoded Mis16. The mis16 locus is linked to cut15–85of the kinetochore protein complexes of S. cerevisiae
(24.2 cM). Gene cloning and tetrad dissection established that the(Pinsky et al. 2003; Scharfenberger et al., 2003; Nekrasov
mis17� gene was identical to Spbc21.01. Mis17 encodes a 441

et al., 2003; Westermann et al., 2003; De Wulf et al., amino acid protein (calculated MW, 49.6 kDa; pI, 4.86). The mis18�

2003; Cheeseman et al., 2002). In these studies, the gene was identified as Spcc970.12. The mis18–262 and mis18–818
mutant genes contained G117D and T49A substitutions, respec-Mtw1 (Mis12-like) complex was shown to contain Nsl1
tively. To tag the C terminus by myc or GFP, the termination codons(Mis14) and two other proteins. The Ctf19 complex con-
of mis14�–mis18� genes were changed to the NotI site so as totained Ctf3 (Mis6) and Chl4 (Mis15). Although no exten-
incorporate 8Myc or GFP and the polyA terminal sequences of thesive sequence similarity existed between Ctf19 and
nmt1� gene (Maundrell, 1990). The S65T mutant form of GFP was

Mis17, Mis17 is possibly a functional counterpart of used (Heim et al., 1995). Southern hybridization confirmed the cor-
Ctf19 in the complex. Fission yeast kinetochore forma- rect integration of the tagged sequence. The Myc-tagged Mis14,

Mis15, and Mis16 produced the bands with expected moleculartion thus requires at least three complexes (circles in
weights (46 kDa, Mis14-myc; 62 kDa, Mis15-myc; 80 kDa, Mis16-myc).Figure 7F), two of which are also found in budding yeast.

Experimental Procedures Microscopy and FACScan
DAPI staining was done as described (Adachi and Yanagida, 1989).
To observe cells that expressed the tagged GFP protein, cells wereStrains, Media, and Culture of Nitrogen-Starved Cells

S. pombe strains were derived from haploid wild-type 972 (h�) and adhered to glass funnel filter and fixed by immersion in 100% metha-
nol at �80�C. After 30 min, PBS (phosphate buffer saline) was added975(h�). The complete YPD, the minimal EMM2, and the sporulation



Cell
728

to cells for washing cells until 30% methanol dilution. To observe and Tuschl, T. (2001). Duplexes of 21-nucleotide RNAs mediate RNA
interference in cultured mammalian cells. Nature 411, 494–498.the pericentromeric DNA, LacI-GFP-NLS was expressed in the pres-

ence of thiamine (Goshima et al., 1999) and bound to the LacI binding Euskirchen, G.M. (2002). Nnf1p, Dsn1p, Mtw1p, and Nsl1p: a new
sequences at the lys1 locus near CEN1 (Nabeshima et al., 1997; group of proteins important for chromosome segregation in Sac-
Straight et al., 1996). The procedures for immunofluorescence mi- charomyces cerevisiae. Eukaryot. Cell 1, 229–240.
croscopy of HeLa cells were described (Goshima et al., 2003). Anti-

Furuyama, T., Tie, F., and Harte, P.J. (2003). Polycomb group pro-RbAp48 and anti-RbAp46 polyclonal antibodies were from Calbio-
teins ESC and E(Z) are present in multiple distinct complexes thatchem. For estimation of the DNA content, the Becton Dickinson
undergo dynamic changes during development. Genesis 35,FACScan apparatus was used.
114–124.

Goshima, G., Kiyomitsu, T., Yoda, K., and Yanagida, M. (2003). Hu-MNase Digestion, CHIP, and Immunoprecipitation
man centromere chromatin protein hMis12, essential for equal seg-The MNase digestion was done using three probes described pre-
regation, is independent of CENP-A loading pathway. J. Cell Biol.viously (Takahashi et al., 1992). The CHIP method was also per-
160, 25–39.formed as described (Saitoh et al., 1997). For immunoprecipitation,

cell extracts were prepared with the extraction buffer (25 mM Goshima, G., and Yanagida, M. (2000). Establishing biorientation
occurs with precocious separation of the sister kinetochores, butHEPES-KOH at pH7.5, containing 200 mM NaCl, 10% glycerol, 0.2%

NP-40 and protease inhibitors, 1 mM PMSF, and 1% Trasylol). Immu- not the arms, in the early spindle of budding yeast. Cell 100, 619–633.
noprecipitation was done using anti-Myc antibody (9E10, Calbio- Goshima, G., Saitoh, S., and Yanagida, M. (1999). Proper metaphase
chem), anti-HA antibody (12CA5, Roche), and anti-GFP antibody spindle length is determined by centromere proteins Mis12 and Mis6
(Roche) conjugated with protein A-Sepharose. Antibodies against required for faithful chromosome segregation. Genes Dev. 13, 1664–
acetylated histones H3 and H4 were purchased from Upstate Inc. 1677.

Harborth, J., Elbashir, S.M., Bechert, K., Tuschl, T., and Weber, K.
RNAi Method (2001). Identification of essential genes in cultured mammalian cells
The siRNA (Elbashir et al., 2001) was synthesized for RNAi of RbAp48 using small interfering RNAs. J. Cell Sci. 114, 4557–4565.
(5�-GCCACUCAGUUGAUGCUCATT-3�) and RbAp46 (5�-GGAGAA

Heim, R., Cubitt, A.B., and Tsien, R.Y. (1995). Improved green fluo-GUAAACCGUGCUCTT-3�) by JbioS. The procedures of cell culture
rescence. Nature 373, 663–664.and transfection were based on Elbashir et al. (2001) and Harborth et

al. (2001) using Oligofectamine (Invitrogen). Cells for immunoblotting Henikoff, S. (2003). Versatile assembler. Nature 423, 814–815, 817.
and fluorescence microscopy were collected 72 hr after trans- Henikoff, S., Ahmad, K., Platero, J.S., and van Steensel, B. (2000).
fection. Heterochromatic deposition of centromeric histone H3-like proteins.

Proc. Natl. Acad. Sci. USA 97, 716–721.
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