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Csedp is a structural component of the core centromere of Saccharomyces cerevisiae and is a member of the
conserved CENP-A family of specialized histone H3 variants. The histone H4 allele hhf1-20 confers defects in
core centromere chromatin structure and mitotic chromosome transmission. We have proposed that Csed4p and
histone H4 interact through their respective histone fold domains to assemble a nucleosome-like structure at
centromeric DNA. To test this model, we targeted random mutations to the Cse4p histone fold domain and
isolated three temperature-sensitive cse4 alleles in an unbiased genetic screen. Two of the cse4 alleles contain
mutations at the Csedp-H4 interface. One of these requires two widely separated mutations demonstrating
long-range cooperative interactions in the structure. The third cse4 allele is mutated at its helix 2-helix 3
interface, a region required for homotypic H3 fold dimerization. Overexpression of wild-type Cse4p and histone
H4 confer reciprocal allele-specific suppression of cse4 and hhfl mutations, providing strong evidence for
Csed4p-H4 protein interaction. Overexpression of histone H3 is dosage lethal in cse4 mutants, suggesting that
histone H3 competes with Cse4p for histone H4 binding. However, the relative resistance of the Cse4p-H4

pathway to H3 interference argues that centromere chromatin assembly must be highly regulated.

The centromere is a specialized chromatin structure that has
evolved to ensure the accurate segregation of replicated chro-
mosomes during mitosis and meiosis. It is composed of cen-
tromeric DNA (CEN DNA) plus a complex assembly of chro-
mosomal and kinetochore proteins (12, 13, 22). The
centromere performs at least three essential functions during
the cell division cycle. First, it provides the site of attachment
for spindle microtubules, thus enabling the accurate segrega-
tion of replicated sister chromatids. Second, it serves to pre-
vent premature sister chromatid separation during segregation
(6). Third, the kinetochore complex monitors the integrity of
microtubule attachment and activates the spindle checkpoint
pathway in the presence of spindle damage (44). Thus, iden-
tifying the proteins of the centromere and defining their func-
tions are critical for understanding the essential process of
chromosome segregation.

The budding yeast Saccharomyces cerevisiae provides a sim-
ple model system for both genetic and biochemical studies of
centromere structure and function. The CEN DNA of §. cer-
evisiae is entirely contained within a sequence of about 125 bp
of DNA present on all 16 chromosomes. Each CEN DNA is
made up of three conserved sequence elements, CDEI,
CDEIl, and CDEIII, which are bound by sequence-specific
DNA binding proteins and additional kinetochore proteins
(reviewed in references 21, 22, and 33). This complex centro-
mere assembly produces a distinctive chromatin structure in
vivo. At each centromere, the CEN DNA region exists as a
nuclease-resistant chromatin domain spanning a total of 180 to
220 bp. This core centromere is delimited on each side by
strong nuclease-hypersensitive sites and is flanked by arrays of
positioned nucleosomes (7, 17). These mapping experiments
led to the hypothesis that the core centromere contained a
nucleosome-like structure (reviewed in reference 41).

Recent evidence suggests that the nuclease resistant core
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centromere contains a specialized variant nucleosome particle.
Key to this hypothesis has been the identification of a con-
served family of centromere-specific histone H3 protein vari-
ants found in a wide range of organisms including mammals
(35, 48), yeast (45, 47), worms (11), and flies (18). The found-
ing member of this family is the mammalian centromere-spe-
cific protein CENP-A (35, 48). CENP-A is a 16-kDa protein
with roughly 65% similarity to histone H3 over its histone fold
domain. The results of site-directed mutational studies of
CENP-A are consistent with the properties expected for a
histone fold and have shown that this domain is necessary for
localization of the protein to the kinetochore (35, 42).
CENP-A has recently been localized to the inner plate of the
kinetochore, and there is a strong correlation between the
presence of a functional mammalian centromere and CENP-A
protein, although a direct test of the role of CENP-A in cen-
tromere function has not yet been completed (50, 52).

The homologue of CENP-A in S. cerevisiae is encoded by the
gene CSE4. It was first identified in a screen for mutants
defective for chromosome segregation (47) and subsequently
through two independent genetic screens based on the fidelity
of mitotic chromosome transmission (4, 45). CSE4 encodes a
27-kDa protein composed of a N-terminal domain with a
unique sequence and a C-terminal domain consisting of a
histone fold motif with >65% similarity to histone H3. Both
the N-terminal and histone fold domains of Cse4p are essential
for function (23, 30). The histone folds of both Cse4p and
CENP-A share distinct sequence features, including a short
peptide insertion and the unusual presence of a tryptophan
residue within the first loop of the fold. Cse4p also has prop-
erties expected of an H3-like histone, since it elutes biochem-
ically with the major core histones during column chromatog-
raphy (47) and it interacts genetically with histone H4 (45).

Several observations indicate that Cse4p is a specific struc-
tural component of the S. cerevisiae centromere (30). First,
core centromere chromatin is disrupted in cse4 mutants when
cells are shifted to restrictive temperatures. Second, Csedp is
physically localized to the CEN DNA as determined by in vivo
cross-linking and chromatin immunoprecipitation. It fails to
cross-link to the DNA located in the nucleosomes surrounding
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TABLE 1. Plasmids used in this study

Plasmid Relevant genotype Source or reference
pPY3-4 2pm URA3 CSE4 This study
pPY11 2uwm URA3 HHT1 This study
pPY12 CEN6 ARS4 TRP1 GALI1:CSE4 This study
pPY13 CEN6 ARS4 TRP1 CSE4 This study
pPY18 CEN6 ARS4 TRPI cse4-101 This study
pPY19 CEN6 ARS4 TRPI cse4-102 This study
pPY20 CEN6 ARS4 TRPI cse4-103 This study
pPY21 CEN6 ARS4 TRPI cse4-104 This study
pLG2 CENG6 ARS4 TRPI cse4-106 This study
pLG3 CEN6 ARS4 TRPI cse4-107 This study
pLG4 CENG6 ARS4 TRPI cse4-108 This study
pLG8 2um LEU2 CSE4 This study
pLG11 CENG6 ARS4 TRPI cse4-109 This study
pLG12 CEN6 ARS4 TRPI cse4-110 This study
pLG26 CEN6 ARS4 TRPI cse4-111 This study
pLG31 CEN6 ARS4 TRPI cse4-112 This study
pLG39 2pum URA3 GALI1:HHF1 This study
pLG41 2uwm URA3 GALI:HHTI This study
pLG48 2pm LEU2 cse4-110 This study
pLG49 2um LEU2 cse4-111 This study
pLG50 2pm LEU2 cse4-102 This study
pKF71 HIS3 GALI:CEN6 15
pPM178 CEN6 ARS4 TRP1 CSE4-HA 30
pTKS6 CEN6 ARS4 TRPI cse4-102-HA This study
pTK57 CENG6 ARS4 TRPI cse4-110-HA This study
pTKS8 CEN6 ARS4 TRPI cse4-111-HA This study
pMS337 CEN4 ARSI LEU2 HHT1 HHF1 31
pMS352 CEN4 ARS1 LEU2 HHTI hhfI-20 45
pRS425 2pm LEU2 43
pRS426 2um URA3 43

the core domain or to several other noncentromeric DNA
locations examined. Finally, as visualized by immunofluores-
cence microscopy, Csedp is localized in the nucleus in discrete
foci whose number and movements during the cell division
cycle are consistent with those expected for CEN DNA.
Histone H4 is also likely to be a component of the S. cerevi-
siae core centromere. In a previous genetic screen for histone
H4 mutants specifically defective in mitotic chromosome
transmission, we identified a novel temperature-sensitive H4
mutant, Ahf1-20, which at semipermissive temperatures has
a 60-fold increase in the frequency of chromosome loss. At
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restrictive temperatures hhfl-20 cells arrest at medial nuclear
division. Increased CSE4 gene dosage suppresses the essential
defect caused by the hhfI-20 allele (45). Furthermore, cells
expressing hhf1-20 also show a disruption of core centromere
chromatin at restrictive temperatures, and this defect is sup-
pressed by overexpression of wild-type Csedp in the hhfI-20
mutants (30).

These genetic and biochemical results led us to propose a
model in which the core centromere of S. cerevisiae is assem-
bled around a specialized variant nucleosome containing at
least Cse4p and histone H4 (30). This model makes strong
predictions regarding genetic interactions between Cse4p, hi-
stone H4, and histone H3. To investigate these predictions we
have constructed a set of cse4 point mutants by both site-
directed and random mutagenesis of the DNA sequence en-
coding the Csedp histone fold. Here we report the character-
ization of these new cse4 alleles, their interactions with histone
H4, and their effects on centromere function. The results of
these experiments show that Cse4p-histone H4 interactions are
essential for centromere function in S. cerevisiae and suggest a
highly regulated pathway for the assembly of the core centro-
mere chromatin.

MATERIALS AND METHODS

Strains and plasmids. The relevant plasmid constructs used in this study are
listed in Table 1, and the genotypes of yeast strains are listed in Table 2. All DNA
and bacterial manipulations were by standard protocols (39). Yeast growth
media, as well as transformation, sporulations, and DNA isolation protocols
were carried out as described previously (1).

Site directed mutagenesis. All site-directed mutants used in this study were
created using the pAlter system (Promega). The oligonucleotide sequence used
to delete the KDQ insertion in Cse4p was 5" TTGACTGCCAACGTAAATCA
GTTGTAAACTCGTCTGTAA 3'. The underlined letters mark the boundary of
the deleted nucleotides. The oligonucleotide used to change the tryptophan to
phenylalanine was 5" CGCCATTGACTGAAAACGTAAATC 3'. Oligonucleo-
tides 180 (5" CAATAATCCTACCTGATACGCTTCG 3') and 179 (5" CTTGC
AAATGGAACTTTGGAGATTA 3') were used to create cse4-111 and cse4-112.
Boldface type indicates change from the wild-type sequence.

Mutagenesis and library construction. The substrate for mutagenesis of CSE4
was a 1.8-kb EcoRI-PstI fragment of pPY12 that contains a GALI-CSE4 fusion
gene. Oligonucleotides that annealed to the GALI promoter region and approx-
imately 200 bp downstream of the 3’ end of CSE4 were used as primers for the
PCR. Mutagenesis was performed essentially as described (32) to generate a
library of PCR fragments. This library was used to repair gaps in pPY13 and
introduce changes in the histone fold region of Cse4p. Analysis of the phenotype
of the mutants was performed by plasmid shuffle (8). Five cse4(Ts) alleles were
recovered into DH5a bacteria as described (38). Plasmid DNA was purified from
the bacteria and used to transform MSY718. All five plasmids conferred tem-
perature-sensitive growth. Sequence analysis revealed that two of the plasmids
were identical and thus define four independent mutants.

TABLE 2. Yeast strains used in this study

Strain Relevant genotype
MSY535 MATa ura3-52 leu2-3,112 lys2A200 HHT1 hhfl-10 A(HHT1-HHF1) A(HHT2-HHF?2)
MSY554 MATa ura3-52 leu2-3,112 lys2A200 HHTI1 hhfl-20 A(HHT1-HHF1) A(HHT2-HHF2)
MSY559 MATa ura3-52 leu2-3,112 lys2A200 HHTIHHF1 A(HHT2-HHF?2)
MSY713 MATa ura3-52 leu2-3,112 lys2A200 HHTI1 hhfl-20 A(HHT1-HHF1) A(HHT2-HHF2) rad9::URA3
MSY715 MATa ura3-52 leu2-3,112 lys2A200 HHTI1 hhfl-20 A(HHTI1-HHF1) A(HHT2-HHF?2) bub2::URA3
MSYTIT ot MATa ura3-52 leu2-3,112 trpl Al his3A200 cse4::LEU2 pPY9
MSY718 MATo ura3-52 leu2-3,112 trpl Al his3A200 cse4::LEU2 pPY9
MSYT78I .ot MATa ura3-52 leu2-3,112 lys2A200 HHT1 hhfl-36::LEU2 A(HHTI-HHF1) A(HHT2-HHF?2)
MSY819¢ MATa ura3-52 leu2-3,112 trpl Al his3A200 cse4::LEU2 madl-1 pPY12
MSY824 MATa ura3-52 leu2-3,112 trpl Al his3A200 cse4::LEU2 rad9::URA3 pPY12
s30° MATa ura3-52 lys2-801 ade2-101 his3A200 leu2Al ctf13-30
MSY1167 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2Al ctf13-30 HIS3::pKF71
MSY1358 MATa ade2-101 canl-200 his3-11,15 leu2-3,112 trpl-1 ura3-1 cse4::LEU2 pPY9
MSY1398 MATa ade2-101 canl-200 his3-11,15 leu2-3,112 trpl-1 ura3-1 cse4::LEU2 HIS3::pKF71 pPY9
MSY1542 MATo ura3-52 leu2-3,112 trp1-289 his3A1 A(HHTI-HHF1) A(HHT2-HHF2) HIS3::pKF71 pMS352
MSY1543 MATo ura3-52 leu2-3,112 trp1-289 his3A1 A(HHTI-HHF1) A(HHT2-HHF2) HIS3::pKF71 pMS337

“ Provided by Daniel Burke.
® Provided by Forrest Spencer (15).
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FIG. 1. Conditional growth and protein levels of Cse4p point mutants. (A) The growth phenotypes of the wild-type plasmid shuffle strain and the histone fold Cse4p
mutants at the permissive (28°C) and restrictive (37°C) temperature are shown. Tenfold serial dilutions of each strain were spotted onto synthetic complete medium
minus tryptophan and grown for 2 days at the indicated temperatures. The location of the point changes in the mutants can be found in Table 1. (B) Mutant Cse4
proteins are stable at the restrictive temperature. Crude lysates were made from the indicated strains grown at 28°C and then shifted to 37°C for 4 h. Equal amounts
of protein were run on a sodium dodecyl sulfate-12.5% polyacrylamide gel and electroblotted to nitrocellulose. Western blot analyses were performed using and

anti-HA antibody (HA.11).

Western blots. Wild-type, cse4-102, cse4-110, and cse4-111 constructs contain-
ing an in-frame hemagglutinin (HA) tag in the N terminus of the protein were
constructed using a KpnI-BstBI fragment from pPM178 (30). These were intro-
duced as the sole source of Cse4p by plasmid shuffle into MSY1358 and serve to
complement the null mutant as assayed by growth. Cultures were grown at a
permissive temperature, and then half the cultures were shifted to 37°C for 4 h.
Cells were harvested and lysates were prepared by glass bead disruption and 0.3
M ammonium sulfate extraction buffer. A non-HA-tagged wild-type Cse4p strain
served as a negative control. Proteins were quantitated using the Bio-Rad mi-
croassay, and a total of 100 g of protein from each lysate was run on a sodium
dodecyl sulfate-12.5% polyacrylamide gel. The proteins were electroblotted onto
nitrocellulose and blocked with 10% dry milk in Tris-buffered saline overnight.
Enhanced chemiluminescence was performed essentially as described by the
manufacturer (Amersham Life Science) using the HA.11 antibody (1:1,000;
BADbCO) as the primary antibody against the HA tag and goat anti-mouse
coupled to horseradish peroxidase (Amersham) as the secondary antibody.

Flow cytometry and immunofluorescence. Flow cytometry and cell cycle anal-
ysis were carried out as described previously (28). Overnight cultures were
diluted to 5 X 10° cells/ml and incubated at either 28 and 33°C or 28 and 37°C.
These cultures were maintained for 3 or 5 h at those temperatures. One-milliliter
samples for flow cytometry were taken every hour and analyzed on a FACScan
fluorescence-activated cell sorter (Becton Dickinson). At the termination of the
time course, 5 to 10 ml of each culture was prepared for immunofluorescence as
described (37). Indirect immunofluorescence was performed using YOL34 (rat
a-tubulin) as the primary antibody and goat a-rat conjugated to Texas Red as the
secondary antibody. Nuclear DNA was visualized by the addition of DAPI
(4',6'-diamidino-2-phenylindole) (0.4 pg/ml; Boehringer Manheim).

Checkpoint analysis. Strains containing either HHFI, hhfl-20, CSEA4,
GALI::CSE4, or the cse4 point mutants alone or in combination with a rad9A,
bub2A, madl-1, or madlA mutation were grown to mid-log phase (5 X 10°to 1 X
107) at 28°C. The cultures were shifted to 37°C, and aliquots were plated on
yeast-peptone-dextrose plates and grown at 28°C. Plating efficiency was deter-
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TABLE 3. Cse4p amino acid substitutions in cse4 alleles

Allele Substitution(s)
CSEA-TOT . V194A, L196S
cse4-102 ... ..L175S, M217T
CSEA-T03 s 1156V, L193Q
CSCH-104 ...t L1968, 1229V
cse4-106 .... LA172-174
cse4-107 .... L175F
cse4-108 ... M217T
cse4-109 ... WI178F
cse4-110.... L196S
cse4-111 L193Q
cse4-112 1156V

mined from the number of colonies formed at 28°C after 3 days of growth divided
by the total number of cells plated. Cell cycle arrest was monitored by microscopy
and flow cytometry.

Chromatin Immunoprecipitations. In vivo cross-linking, chromatin immuno-
precipitation, and DNA fragment mapping were performed as described (29, 30).
Cultures were grown to a concentration of 2 X 107 cells/ml at 28°C and then
shifted to 37°C for 4 h before cross-linking. Strains MSY1517 through MSY1520
were grown in yeast-peptone-dextrose and the histone overexpression strains
MSY1475 through MSY 1482 were grown in SC-URA medium with galactose as
the carbon source (1). Cross-linked chromatin was precipitated with purified
anti-HA immunoglobulin G monoclonal antibody (12CA5) at a final concentra-
tion of 4 wg/ml per reaction mixture.

Transcriptional read-through assays. pKF71 was obtained from the Spencer
laboratory and was described previously (15). The plasmid was digested with
BamHI and used to transform MSY1358 or MX1-4C. Strains were maintained in
galactose-containing medium to ensure the test centromere remained inactive.
The level of transcription off the GALI promoter in wild-type, cse4-110, and
cse4-111 was determined using pJK101 (10). o-Nitrophenyl-B-p-galactopyrano-
side assays were performed essentially as described (1). The protein concentra-
tion of the lysates was determined by the Bio-Rad protein microassay using
bovine serum albumin as the standard. The specific activity was calculated as
follows: optical density at 420 nm X 0.850/ (0.0045 X protein concentration X
extract volume X time).

Molecular modeling. The structures of the S. cerevisiae Cse4p and histone H4
proteins were modeled on the X-ray crystal structures of the nucleosome using
Sybyl (Tripos). Identical interpretations were obtained using either the histone
octamer data set (Protein Data Bank entry 1HIO [2]) or the nucleosome data set
(Protein Data Bank entry 1AOI [26]). The amino acid differences present in the
yeast proteins were introduced into the crystal structures and optimized by local
energy minimization around the set of yeast-specific residues.

RESULTS

Site-directed cse4 mutations. The first loop in the histone
fold domain of Cse4p has two obvious features that distinguish
it from histone H3: (i) a three-amino-acid insertion and (ii) the
substitution of tryptophan (W178) for the corresponding phe-
nylalanine found in H3. Both of these alterations are charac-
teristic of the CENP-A family of H3 variants, occurring in
Csedp in S. cerevisiae, several variants in Caenorhabditis el-
egans, and mammalian CENP-A. The position of the short
amino acid loop insertion is conserved in all family members,
but its exact length and sequence vary. In Cse4p the insertion
comprises the three amino acids lysine, aspartate, and glu-
tamine (KDQ) at positions 171 to 173. Tryptophan is an un-
usual amino acid in histone proteins and is not present in the
major core histones. Thus, given its location in loop 1, it could
potentially play a role in the centromere-specific functions of
the family. The roles of these features in directing the local-
ization of CENP-A to human centromeres have been tested,
and neither deleting the extra loop residues nor replacing the
CENP-A tryptophan with phenylalanine affected CENP-A lo-
calization to the centromere (42). We were able to test the full
biological function of these same features in Csedp by site-
directed mutagenesis and gene replacement in S. cerevisiae.

To determine whether the KDQ insertion was required for
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protein function, the codons for the insertion were deleted
from the gene to create the allele cse4-106. To determine if the
tryptophan was required for function, it was changed to its H3
equivalent phenylalanine (W178F) to create the allele cse4-
109. These alleles were subcloned into pRS314 and introduced
into MSY1358 by plasmid shuffle as the only source of Cse4p
protein. Cells expressing cse4-106 or cse4-109 were wild type in
a variety of assays, including growth, temperature sensitivity
(Fig. 1A), hhfI-20 suppression, and centromere transcriptional
read-through (see below and Fig. 4A). These results are en-
tirely consistent with those reported for CENP-A and show
that neither the KDQ insertion nor the conservative W178
substitution is essential for Cse4p function in mitotic growth.

Isolation of cse4 histone fold mutations. To identify essential
functional residues in Cse4p, we carried out an unbiased ge-
netic screen for temperature-sensitive cse4 mutants. A library
of cse4 mutants was constructed by targeting random muta-
tions to the DNA sequence encoding the histone fold domain
using PCR misincorporation. The fold domain mutations were
then recovered by gap repair into the full-length CSE4 se-
quence to generate a mutant library in yeast (see Materials and
Methods). The final constructs also carried a triple-HA epi-
tope tag in the unique N-terminal domain of Cse4p to facilitate
assays of protein expression.

Four independent temperature-sensitive mutants were re-
covered from a screen of 3,200 library colonies and designated
cse4-101, -102, -103, and -104 (Fig. 1A). The library plasmid
was recovered from each isolate and sequenced to determine
its amino acid sequence (Table 3). Each of these initial alleles
carried mutations producing two amino acid substitutions.
Since both cse4-101 and cse4-104 shared the amino acid sub-
stitution L196S, we constructed the single L196S substitution
allele cse4-110. As shown in Fig. 1A, the L196S substitution is
sufficient to confer the temperature-sensitive phenotype. Next,
the two substitutions in the cse4-102 allele were separated into
the single substitution alleles cse4-107 and cse4-108. As shown
in Fig. 1A, neither of these single point mutations produced a
tight temperature-sensitive lethal phenotype. A slight growth
defect is evident in cse4-108, but this allele has little effect on
centromere integrity (see Fig. 4A below). Thus, the essential
defect in cse4-102 requires both substitutions. Finally, the two
substitutions in cse4-103, 1156V and L193Q, were separated
into the single point mutant alleles cse4-111 and cse4-112. As
shown in Fig. 1A, the single L193Q substitution in cse4-111 is
sufficient to confer the temperature-sensitive phenotype,
whereas the 1156V substitution in cse4-112 gives wild-type
growth.

Mutant Csedp proteins are stable. Since Cse4p is an essen-
tial gene product, rapid degradation of the mutant proteins at
restrictive temperatures would provide a trivial explanation for
the temperature sensitivity of the mutants. Therefore, we de-
termined the relative levels of Csedp present in the wild-type
and mutant strains at permissive and restrictive temperatures.
Lysates were prepared from cultures grown at 28°C or shifted
to 37°C for 4 h, and the expression of Cse4p was assayed by
Western blotting using the anti-HA antibody, HA.11. As
shown in Fig. 1B, Csedp from the cse4 mutants was not de-
graded at restrictive temperatures. On the contrary, the mu-
tants contain more protein than wild-type cells at both permis-
sive and restrictive temperatures. At present we do not know
the reasons for this increased accumulation, but in any case the
temperature-sensitive phenotypes of cse4-102, -110, and -111
cannot be due to the simple absence of protein.

The cse4 histone fold mutants are impaired for nuclear
division. Several lines of evidence indicate that these new cse4
histone fold mutants are defective for centromere function.
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FIG. 2. Gy/M arrest in cse4 mutants. (A) Flow cytometry of cse4 strains in exponential cultures grown at 28°C. Wild-type and cse4 mutant strains were stained for
DNA content with propidium idodide and analyzed by flow cytometry. Representative histograms of cell number versus relative fluorescence are shown. In each panel
the circles show the channel data points and the solid line shows the overall fit of the data to a model of Gy, S, and G,/M phase cell populations. Below each plot the
individual G, S, and G,/M model fits are shown at half scale. (B) Cell division cycle profiles. The relative lengths of the cell cycle phases were approximated using
culture doubling times and the percentage of cells in each phase as estimated from the flow cytometry histograms. The estimates are the mean of six independent
measurements for each mutant. The profiles are aligned at the S/G,/M boundary for comparison of the relative lengths of the G,/M cell cycle phase. (C) Morphology
of cse4 cells accumulated at restrictive temperature. The nuclear and spindle morphology are shown for the class of cse4-102, cse4-110, and cse4-111 mutant cells that
accumulate following arrest at the restrictive temperature (Table 2). Each pair of micrographs illustrates the nuclear staining (DAPI) and the spindle staining (tubulin)

visualized with an antitubulin antibody.

First, they have a cell division cycle defect at mitosis. As shown
in the DNA histograms of Fig. 2A, cse4 mutants show a
marked accumulation of cells with a 2C DNA content even at
permissive temperatures, reflecting a delay in cell cycle pro-
gressions through G,/M (Fig. 2A and B). This arrest is exac-
erbated at the restrictive temperature (Table 4). The most
abundant class of aberrant cells found in the mutant strains is
a large budded cell with a single nucleus and a bipolar spindle
(Fig. 2C). This type of cell is rarely found in the wild-type strain
but can range up to 36% in the mutants (Table 4). Often the
mitotic spindle in mutant cells is not properly aligned with
respect to the bud. These results are similar to those reported
previously for cse4-1 and hhf1-20 (45, 47).

cse4 and hhfI-20 mutants engage the spindle checkpoint
pathway. The second line of evidence suggesting that the cse4
and AhfI-20 mutants are impaired for centromere function is
that they specifically activate the spindle-kinetochore check-
point pathway. The integrity of spindle attachment to the ki-
netochore is monitored by a checkpoint pathway which in-
cludes the product of the BUB and MAD genes (20, 24, 36, 51).
In the presence of spindle or kinetochore damage, the check-
point pathway serves to negatively regulate cell cycle progres-
sion at G,/M until the damage is repaired. The consequence of
disrupting the checkpoint pathway in the presence of an in-
complete kinetochore or spindle is that cells fail to arrest
division and lose viability as a result of the damage. As shown
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TABLE 4. Morphology of cse4 mutants

% of cells with morphology:

. Temperature
Strain (°C) L]
Wild type 28 53.4 39.3 1.4 6.0 0 0
37 62.6 30.4 0.5 6.5 0 0
cse4-101 28 11.8 39.6 13.7 27.4 4.2 0
37 7.9 49.6 20.3 3.8 6.4 2.1
cse4-102 28 36.8 20.0 23.7 8.4 2.6 6.8
37 40.4 338 15.8 3.1 1.7 4.8
cse4-103 28 19.2 40.2 25.8 13.1 0.8 0.8
37 11.4 37.8 29.4 14.4 5.5 1.5
cse4-104 28 23.5 40.3 20.8 10.4 5.0 0
37 29.7 21.5 30.1 9.1 1.8 6.8
cse4-110 28 17.0 25.7 33.0 18.0 2.9 0
37 9.2 35.4 36.9 8.7 3.6 5.6
cse4-111 28 14.0 32.6 21.3 24.7 1.7 6.2
37 26.5 26.0 28.9 8.3 0.5 9.3

in Fig. 3 both AhfI-20 and a conditional GALI::CSE4 null
allele are hypersensitive to disruption of the kinetochore-spin-
dle checkpoint pathway, but not to disruption of the DNA
damage checkpoint pathway. Flow cytometry and analysis of
cell morphology confirmed that the decreased viability in the
double mutants was accompanied by a loss of cell cycle check-
point arrest (data not shown). The cse4 point mutants were
difficult to examine in temperature shift experiments because
of their constitutive G,/M defect even at permissive tempera-
tures. However, cse4 madlA double mutants showed reduced
viabilities consistent with an activation of the spindle check-
point in the cse4 single mutant cells.

csed4 and hhf1-20 mutants disrupt core centromere structure
in vivo. The third line of evidence for a kinetochore defect in
the cse4 histone fold mutants comes from an in vivo assay of
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FIG. 3. hhfI-20 and cse4 mutants activate the spindle-kinetochore check-
point pathway. (A) Checkpoint control in #AfI-20 mutants. Cultures were grown
to mid-log phase at 28°C and then shifted to 37°C, the restrictive temperature for
hhfl1-20 cells. The kinetics of cell viability are shown following the shift to the
restrictive temperature. Open circle, MSY559 (HHF1I); open square, MSY554
(hhfl-20); open diamond, MSY556 (hhfI-20 rad9::URA3); filled circle, MSY713
(hhf1-20 bub2::URA3). (B) Checkpoint control in GALI::CSE4 conditional null
mutants. Cultures were grown to mid-log phase in galactose medium and then
shifted to raffinose medium to turn off CSE4 expression. The kinetics of cell
viability are shown following the shift to raffinose medium. Open square,
MSY753 (GALI::CSE4); open diamond, MSY824 (GALI::CSE4 rad9::URA3);
filled diamond, MSY819 (GALI1::CSE4 madl).

Time on glucose (hrs)

kinetochore function (15). The rationale for this assay is that
placement of a CEN DNA sequence within the intron of an
artificial GAL1::lacZ reporter reduces the expression of B-ga-
lactosidase by assembling a kinetochore complex and blocking
the transcribing polymerase. Mutations in CEN DNA, or in
known kinetochore proteins, disrupt this complex giving in-
creased transcriptional read-through and expression of lacZ
(15). Therefore, to assay kinetochore function in vivo, we in-
tegrated this reporter construct into the set of cse4 and hhf1-20
mutants and measured B-galactosidase activities in cells grown
at semipermissive temperatures. The results of these assays are
shown in Fig. 4. The known kinetochore mutant ctf13-30 serves
as a positive control in these assays (15) and routinely ex-
pressed levels of B-galactosidase activity two- to threefold
higher than wild-type control cultures. All of the cse4(Ts) mu-
tants produced increased expression of lacZ, consistent with a
disruption of the kinetochore complex. Furthermore, cse4 mu-
tants that were not temperature-sensitive did not give in-
creased transcriptional read-through (Fig. 4A). We also found
that the histone H4 mutant hhfI-20 gave increased lacZ ex-
pression in cells grown at semipermissive temperatures (Fig.
4B).

Since cse4 and hhf1-20 mutations affect proteins of the his-
tone family, the increased expression of lacZ in the read-
through assay could have been the result of alterations in
GALI promoter activity and not the centromere complex.
Therefore, we assayed the expression of a GALI::lacZ con-
struct lacking CEN DNA. As shown in Fig. 4C, there was no
change in the level of expression of B-galactosidase among
mutant and wild-type strains. Therefore, we conclude that cse4
and hhf1-20 affect the integrity of the CEN DNA kinetochore
complex directly and not the basal transcription of the re-
porter. Based on their nuclear and spindle morphologies, their
activation of the spindle-kinetochore checkpoint arrest, and
their disruption of a CEN DNA block to transcription, we
conclude that the lethal defect in these cse4(Ts) mutants is in
centromere structure and function.

The locations of cse4 mutations are at sites of histone-his-
tone interaction. To begin to understand how the cse4 muta-
tions disrupt centromere function, we mapped the locations of
the amino acid substitutions in the mutants onto a molecular
model of the Cse4p-H4 dimer based on the crystal structure of
the nucleosome (Fig. 5). The histone fold motif (2) consists of
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FIG. 4. Transcriptional read-through of CEN DNA in cse4 and hhfI-20 mu-
tants. For each panel the indicated strains were grown in synthetic complete
galactose medium lacking histidine, and cell extracts were prepared after 18 h of
growth at the semipermissive temperature. The units for levels of B-galactosidase
activity (LacZ Activity) are nanomoles of ONPG cleaved per milligram of lysate
protein per minute. (A) LacZ expression was determined in wild-type, ctf13-30,
and isogenic cse4 mutant strains grown at 33°C. In these strains GALI::LacZ
expression requires transcription through a CEN DNA insert located in an intron
of the reporter gene. The CEN DNA insert partially blocks transcription in
wild-type cells, giving low levels of expression. In ctf13-30 mutants this block is
compromised, giving increased expression (14). The values represent the average
of two to three independent cultures. (B) Transcription through CEN DNA was
determined for isogenic HHFI and hhfI-20 strains as described above. Cells were
grown at a semipermissive temperature of 34°C, and the values represent the
average of three to four independent cultures. (C) LacZ expression was deter-
mined for wild-type and two cse4 mutant strains as described above. However, in
these strains the GALI::LacZ reporter gene is carried on a 2p plasmid and lacks
the CEN DNA insert. In all panels, error bars show standard deviations.

two short alpha-helical segments (helix 1 and helix 3) con-
nected to a long central alpha-helix (helix 2) by two loop and
beta-strand segments (loop 1 and loop 2). Two histone fold
domains pair head-to-tail across their long central helical re-
gions, forming paired-element motifs where loop 1 from one
chain runs antiparallel to loop 2 from the other chain (Fig.
5A).

The three amino acid substitutions in cse4-102 and cse4-111
all involve residues in Cse4p that are predicted to be in close
association with the histone fold domain of H4. Residue L175
in loop 1 of Csedp resides in a hydrophobic environment cre-
ated by residues V70, T73, and V81 from histone H4 (Fig. 5B).
Residue M217 in helix 3 of Cse4p is in close proximity to amino
acids 150, E53, V54, and V57 from helix 2 of histone H4 (Fig.
5C). Thus, both the L175F and M217T mutations in cse4-102
are predicted to affect its interaction with histone H4 and
perhaps the binding of the Cse4p-H4 dimer to DNA (3, 26).
Residue L193 of Cse4p is located near the middle of the long
helix 2 domain where it meets with helix 2 of histone H4. L193
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projects into a hydrophobic region formed by neighboring
Csedp residues plus amino acids .37, V54, V57, and LS8 from
histone H4 (Fig. SE). Thus, the L193Q substitution in cse4-111
would also be predicted to disrupt the Cse4p-H4 interface.

The mutation in cse4-110 is different. Residue L196 is lo-
cated on helix 2 of Cse4p and participates in interactions sta-
bilizing the packing of helix 2 and helix 3 of Cse4p. It is close
to neighboring residues on helix 2 but also to amino acids
M217, A220, R221, and R224 from helix 3 of Cse4p. Only V57
from histone H4 is nearby this region (Fig. 5D). The helix
2-helix 3 structure is critical for the homotypic dimerization of
H3 fold domains through the assembly of a stable four-helix
bundle (2, 26). Thus, the major defect caused by the L196S
mutation in cse4-110 is predicted to be primarily a disruption
of Cse4p dimerization and not its interaction with histone H4.

Mutant Cse4p protein remains bound to CEN DNA at re-
strictive temperatures. The locations of the amino acid substi-
tutions in Csedp suggest that at restrictive temperatures H4-
Csedp and Csedp-Csedp interactions are defective. Thus, the
most-aggressive hypothesis for the temperature-sensitive lethal
phenotype of the cse4 mutants was that the centromere nu-
cleosome becomes unstable and physically dissociates from the
CEN DNA at elevated temperatures. To test this hypothesis,
we analyzed the association of Csedp with CEN DNA by in
vivo cross-linking and chromatin immunoprecipitation (ChIP).
Cells expressing either wild-type or mutant HA-tagged Csedp
were grown at 28°C, shifted to 37°C for 4 h, and then analyzed
by ChIP. Cse4p remained specifically bound to CEN DNA at
restrictive temperatures whether mutant or wild type (data not
shown). Furthermore, the distribution of cross-linked Cse4p
within the CEN3 region was unaltered. As shown in Fig. 6,
both wild-type Cse4-HAp and mutant Cse4-111-HAp continue
to localize to the core CEN3 DNA fragment following growth
at restrictive temperatures. Similar results were obtained with
cse4-102 and cse4-110 (data not shown). These results show
that preexisting centromeres do not suffer a major loss of
Csedp from the core region when mutants are shifted to re-
strictive temperatures.

CSE4 suppression of hif1-20. A second way in which defects
in H4-Cse4p and Csedp-Csedp protein-protein interactions
might be lethal is during the assembly of new centromeres
when these interactions are first established. In that case, we
reasoned that overexpression of wild-type Cse4p should sup-
press the mutation in sAfI-20 by driving the assembly of H4-
Csedp dimers. To test this prediction, high-copy CSE4 was
introduced into Ahf1-20 cells and two unrelated temperature-
sensitive histone H4 mutants, hAf1-36 and hhfI-10, as controls.
The hhf1-36 allele encodes a Y72G substitution within the
histone fold domain of H4, altering its interaction with H2A-
H2B dimers. Mutants expressing AhfI-36 are temperature sen-
sitive and arrest at restrictive temperatures in G, due to a
failure to transcribe the G, cyclin genes (40). The hhfI-10
allele encodes a histone H4 protein with four substitutions
within the N-terminal domain, K5Q, K8Q, K12Q, and K16Q.
Cells expressing hhfI-10 are temperature sensitive, and they
delay in the cell cycle at G,/M due to activation of the DNA
damage checkpoint pathway (28). As shown in Fig. 7A, high-
copy CSE4 is able to suppress hhf1-20 but is unable to suppress
the temperature-sensitive lethality of either AhfI-10 or hhfI-36.

The structures of the cse4(Ts) alleles described above sug-
gest defects in either Cse4p-H4 interactions or Csedp-Csedp
dimerization. Either defect would be predicted to compromise
the ability of the mutant cse4 allele to suppress hhfI-20, pro-
vided that suppression is relevant to centromere function. As
shown in Fig. 7B this is the case; none of the cse4 alleles were
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FIG. 5. Model of the locations of cse4 amino acid substitutions. The protein structures of the Cse4p-H4 dimer were modeled based on the X-ray crystal structures
of histones H3 and H4 in the nucleosome (Materials and Methods). In each panel structures and labels referring to Csedp are shown in green and those referring to
histone H4 are shown in white. The wild-type residue that is mutated in each cse4 allele is shown in red. Atoms that are within 5 A of the side chain of the mutated
residue are colored yellow. (A) A partial nucleosome structure depicting a Cse4p-H4 dimer and one turn of DNA is shown. The view is down the superhelical axis of
the DNA, perpendicular to the pseudodyad axis of the nucleosome which is within the plane of the illustration extending from left to right. Approximate vectors for
the points of view shown in panels B, C, D, and E are indicated by the red arrows. (B) The region surrounding L175, one of the two amino acids mutated in cse4-102,
is shown. The view is looking down between loop 1 of Cse4p and loop 2 of histone H4. (C) The region around M217, the second amino acid mutated in cse4-102, is
shown. The view is looking down just behind loop 1 of histone H4 onto helix 3 of Cse4p. Foreground residues in helix 1 of histone H4 have been clipped to expose
the interior region. (D) The region around L196, the residue mutated in cse4-110, is shown. The view is looking up towards the dyad axis along helix 3 of Cse4p. (E)
The region around L193, the residue mutated in cse4-111, is shown. The view looks down through the dimer where helix 2 of Cse4p and helix 2 of histone H4 cross.

able to suppress hhfI1-20, nor did they show any synthetic dos-
age lethality.

Histone H4 suppression of cse4. The simplest interpretation
of the suppression of AhfI-20 by high-copy CSE4 is that an
increased concentration of Cse4p drives its interaction with the
mutant histone H4 protein. This model predicts that the re-
ciprocal should also be true: cse4 alleles should be suppressed
by increased expression of histone H4. To test this hypothesis
we placed expression of HHFI under the control of the GAL1
promoter and introduced this construct into isogenic wild-type
and cse4 mutant strains on a multicopy plasmid. When these
strains were grown on glucose, where the GALI::HHFI gene is

repressed, there was no change in the temperature sensitivity
of the cse4 mutants (not shown). However, on galactose, where
histone H4 is overexpressed, we observed an allele-specific
pattern of suppression. As illustrated in Fig. 8A, overexpres-
sion of histone H4 was able to suppress the temperature-
sensitive lethality of cse4-102 and cse4-111, but not cse4-110.
This pattern of suppression matches precisely that predicted
from the structures of the individual cse4 alleles. The muta-
tions in both cse4-102 and cse4-111 are within the Csedp-
histone H4 interface, while the mutation in cse4-110 is not in a
position to greatly impair the interaction of Cse4p with histone
H4. Thus, this allele-specific suppression of cse4 by histone H4
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FIG. 6. Chromatin immunoprecipitation of CEN3 DNA with wild-type and mutant Cse4 protein. The region of chromosome III from approximately bp 112,800 to
115,200 is illustrated in the diagram. The location of CEN3, containing the CDEI, CDEII, and CDEIII sequences, is indicated by the open box in the center of the
region separating the left (L) and right (R) arms of chromosome III. Cells expressing epitope-tagged Cse4 protein from either the wild-type gene (CSE4-HA) or the
mutant cse4-111 allele (cse4-111-HA) were grown at the restrictive temperature for 4 h. Formaldehyde cross-linked chromatin was prepared and immunoprecipitated
with anti-HA antibody specific for Cse4-HAp (a-HA) or mock treated (No Ab). The coimmunoprecipitated DNAs and total input DNA (Total) were analyzed by PCR
with primers corresponding to short, overlapping intervals flanking CEN3. A map of the amplified intervals is provided by location of the boxes shown below the
chromosome III diagram. The sets of PCR products from these reactions are shown in the images located below the corresponding sequence interval. Mutant Cse4-111p
remains specifically associated with CEN3 DNA at the restrictive temperature. Similar results were obtained for cse4-102 and cse4-110.

provides compelling genetic evidence for the interaction of
these two histone proteins as an essential part of centromere
function in vivo.

Histone H3 is dosage lethal in cse4 mutants. An important
implication of the variant nucleosome model of the centro-
mere is that Cse4p should be in competition with histone H3
for binding to histone H4. If Cse4p and histone H4 interact
through their respective histone fold domains, then the asso-
ciation of histone H3 with histone H4 must block the binding
of Csedp. We reasoned that overexpression of histone H3
might titrate available histone H4 molecules and enhance its
competition with Cse4p. To test this hypothesis, we placed the
histone H3 gene HHTI under control of the GALI promoter
and introduced the construct into isogenic wild-type and cse4
mutant cells. As shown in Fig. 8B, induction of GALI::HHTI
has no effect on the growth of wild-type strains at a variety of
temperatures. In contrast, overexpression of histone H3 has a
strong dominant-negative effect on all three of the cse4 mu-
tants. Impaired growth is evident even at 28°C, and the mutant
cells overexpressing histone H3 die at 30 to 33°C instead of
37°C. Overexpression of HHT1 was not generally dosage lethal
with centromere mutations, as it did not affect the growth
profile of ctf13-30 mutants (Fig. 8B).

Finally, we used ChIP to ask whether overexpression of H3
or H4 disrupts the binding of Cse4p to CEN3 DNA. If over-
expression of histone H3 partially blocks the assembly of new
centromeres, we reasoned that the CEN3 signal would be al-
tered by less than twofold, a difference that is below the current
resolution of our assays. However, if overexpression disrupted
preexisting centromeres, then the change in CEN3 immuno-
precipitation might be significantly larger. As shown in Fig. 9,
neither the dosage lethality of HHTI overexpression nor the
dosage suppression of HHFI over-expression caused any major

change in the association of Cse4p protein with CEN3 DNA in
cse4 mutants. Thus, the most likely target of H3 and H4 over-
expression is the centromere nucleosome assembly pathway.

DISCUSSION

Several lines of evidence argue that histones H4 and Csedp
play important roles in the assembly and function of the core
centromere of S. cerevisiae. First, both cse4 and hhfI-20 mu-
tants are defective for mitotic chromosome transmission and
arrest with a characteristic G,/M phenotype (4, 45, 47), a
phenotype shared by the new cse4(Ts) mutants described
above. Also, as shown here, this arrest phenotype is imposed by
activation of the spindle-kinetochore checkpoint pathway in
the mutants, implying that histone H4 and Cse4p are required
for normal kinetochore function. Furthermore, both cse4 and
hhf1-20 mutants disrupt the ability of the centromere complex
to block transcriptional elongation, suggesting a direct role in
centromere chromatin structure in vivo. Finally, in vivo
crosslinking experiments showed that Cse4p is physically lo-
cated at CEN DNA within the core centromere (30).

Taken together, these results lead to the simple hypothesis
that Csed4p and histone H4 interact through their respective
histone fold domains to form a nucleosome-like structure at
the centromere. We undertook an unbiased genetic screen for
Csedp histone fold mutations to challenge this hypothesis di-
rectly, and the results of the experiments reported here provide
strong support for the model. First, dosage suppression by
CSE4 is allele specific and has no effect on temperature-sen-
sitive alleles of histone H4 that do not affect the centromere
pathway. Second, point mutations within the histone fold do-
main of Csedp are defective for centromere function in vivo.
Third, overexpression of wild-type histone H4 was able to
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FIG. 7. Csedp suppression of Ahfl mutations. (A) Csedp is a specific sup-
pressor of hhf1-20. The individual 4AfI mutant yeast strains indicated on the left
of each row were transformed with a high-copy plasmid expressing CSE4. Ten-
fold serial dilutions of each strain were spotted on synthetic complete medium
lacking uracil and grown at permissive (28°C) and restrictive (37°C) tempera-
tures. (B) High-copy expression of mutant cse4 alleles does not suppress hhf1-20.
hhfl1-20 cells were transformed with five different plasmids containing the CSE4
alleles indicated to the left of each row: vector (pRS425), CSE4 (pLGS), cse4-102
(pLG50), cse4-110 (pLG48), or cse4-111 (pLG49). Tenfold serial dilutions were
spotted onto synthetic complete medium lacking leucine and grown at permissive
(28°C) and restrictive (37°C) temperatures.

suppress the lethality of cse4 mutations and this suppression
was also allele specific, affecting only those cse4 alleles in which
the amino acid substitutions were at the Cse4p-H4 interface.
This reciprocal allele-specific suppression argues that Csedp
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and histone H4 interact through their histone fold domains to
accomplish one or more essential steps in centromere structure
and function in vivo.

Site-directed mutations targeted to the CENP-A gene first
highlighted the importance of cooperative interactions across
the histone fold domain (42). The cse4-102 allele provides a
striking example of such a long-range cooperative interaction.
This allele encodes two amino acid substitutions located at
opposite ends of the Cse4p histone fold. Either mutation alone
has little or no effect on growth or centromere integrity, but
together they result in a temperature-sensitive lethal pheno-
type and a loss of the block to transcriptional read-through of
CEN DNA. A second important conclusion from the CENP-A
analysis was that the helix 2-helix 3 region of the fold is im-
portant in the assembly of CENP-A at the centromere (42).
The cse4-110 allele confirms this conclusion for Csedp. In the
nucleosome, the helix 2-helix 3 structure of the H3 fold is
critical for the homotypic dimerization of H3 in the (H3-H4),
tetramer (2, 26). The L196S mutation in cse4-110 is located at
the center of the interactions stabilizing the helix 2-helix 3
structures. This substitution presumably disturbs the integrity
of Csedp dimerization and formation of the (Cse4p-H4), tet-
ramer in the centromere nucleosome-like complex.

Surprisingly, none of the mutations in the cse4(Ts) alleles
altered codons for Csedp-specific residues. The mutations at
L175, L193, and L196 all affect invariant leucines conserved
throughout the histone H3 family of proteins. Residue M217 in
Csedp differs from the corresponding 1124 in S. cerevisiae his-
tone H3; however, methionine occurs at this position in the
major histone H3 proteins of other organisms and it is not
characteristic of the CENP-A variant proteins. Interestingly,
Keith et al. found that no individual Cse4p-specific residue was
essential for centromere function using chimeric gene con-
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FIG. 8. Genetic interactions of histones H3 and H4 with cse4 alleles. (A) Overexpression of histone H4 suppresses cse4-102 and cse4-111 but not cse4-110. The
histone H4 gene HHFI was placed under control of the GALI promoter in plasmid pLG39. The CSE4 wild-type, cse4 mutant, and ctf13-30 strains indicated on the
left of each row were transformed with either vector alone (pRS426) or pLG39 carrying the GALI::HHFI construct (2u. HHF1). Strains were grown on synthetic
complete galactose medium at either permissive (28°C) or minimal restrictive (35, 37, or 37.5°C) temperatures. (B) Overexpression of histone H3 is dosage lethal in
cse4 mutants. The histone H3 gene HHTI was placed under control of the GALI promoter in plasmid pLG41. The CSE4 wild-type, cse4 mutant, and ctf13-30 strains
were transformed with vector (pRS426) or pLG41 (2 HHT1) and grown at either permissive (28°C) or semipermissive (33 or 32°C) temperatures.
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FIG. 9. ChIP of CEN3 DNA with Cse4 protein following overexpression of
histones H3 or H4. Strains expressing epitope-tagged Cse4 protein from wild-
type, cse4-102, and cse4-110 alleles were grown on galactose medium to induce
overexpression of either histone H3 (top panel) or histone H4 (bottom panel)
from the GALI promoter carried on 2 multicopy plasmids (+). Control cells
contained the 2 vector only (—). Cultures were grown for 4 h at the tempera-
tures indicated, and the in vivo cross-linking of Cse4 protein with the core CEN3
DNA fragment was determined by ChIP as described in the legend to Fig. 6. The
cse4-102 and cse4-110 mutants are able to form colonies at 33°C on galactose
medium with vector alone but are inviable at that temperature when histone H3
is overexpressed. Conversely, cse4-102 cells are inviable at 35°C on galactose
medium but can form colonies at that temperature when histone H4 is overex-
pressed. The cse4-110 mutant is poorly suppressed by histone H4 overexpression
and fails to give colonies at 37°C with either vector or histone H4 overexpression.
The association of Cse4 protein with CEN3 DNA was unaffected by overexpres-
sion of either histone H3 or histone H4 in the mutant strains.

structs that substituted portions of the histone H3 gene for the
corresponding region of CSE4 (23). Thus, as the Csedp/
CENP-A family evolved to assume a specialized role in cen-
tromere chromatin, it accumulated multiple cooperative sub-
stitutions spread across the protein while continuing to
maintain highly conserved properties of the H3 histone fold.
The dominant-negative phenotype of histone H3 overex-
pression in cse4 mutants has important implications for the
assembly pathway of the centromere. The simplest interpreta-
tion of this interference is that histone H3 competes with
Csedp for binding to histone H4 (Fig. 10A). In this model, cse4
mutations that impair formation of the (Cse4p-H4), tetramer
would shift the equilibrium to the histone H3 pathway, leading
to a defect in centromere function. Overexpression of histone
H3 would further antagonize Cse4p-H4 assembly by competing
for histone H4, exacerbating the centromere defect of the cse4
mutants. Although this simple model provides a useful frame-
work, it fails to explain the remarkable buffering capacity of the
Csedp branch of the pathway. Histone H3 is an abundant
nuclear protein and must be highly expressed to provide two
molecules for each of the roughly 100,000 nucleosomes that
package the yeast genome. Currently, the exact stoichiometry
of Csedp in the cell is not known, but it is not abundant (T.
Kalashnikov and M. M. Smith, unpublished data), perhaps on
the order of two molecules at the centromere of each of the 16
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FIG. 10. A model of the Csedp-H4 assembly pathway. (A) A simple model
for the interactions of histones H3 and H4 with Cse4p is shown. In this model,
histones Cse4p and H3 compete for the binding of histone H4. The structural
and genetic results reported here suggest that the formation of the H4-Cse4p
dimer is impaired in hhf1-20, cse4-102, and cse4-111 mutants, while formation of
the (H4-Csedp), tetramer is impaired in the cse4-110 mutant. In those mutants,
overexpression of histone H3 further antagonizes the formation of the centro-
mere variant nucleosome, leading to dosage lethality. (B) Cooperative down-
stream interactions would favor the assembly of a CEN variant nucleosome in the
face of histone H3 competition for histone H4. Additional known centromere
components are illustrated. It is not known whether histone H2A-H2B dimers
participate in the structure, or whether specialized chromatin assembly factors
(CAFs) may be required.

yeast chromosomes. Despite this low abundance, high-copy
overexpression of histone H3 from the GAL! promoter is not
deleterious in CSE4 wild-type cells (Fig. 8B) (see also refer-
ence 27), and in cse4 cells its expression only reduces the
maximal permissive temperature of the mutants. How, then,
does the Csedp assembly pathway withstand the competition of
excess histone H3?

One attractive mechanism for buffering Cse4p would be to
separate H3-H4 assembly from Cse4p-H4 assembly in either
time or space (for a recent summary, see reference 18). Both
the transcription and the translation of histone H3 and H4 in
S. cerevisiae are cell cycle regulated, and their expression de-
creases rapidly outside of early S phase (14, 19, 25; reviewed in
reference 34). Currently nothing is known about Cse4p trans-
lation; however, its mRNA is present constitutively at low
abundance throughout the cell division cycle (P. Yang and
M. M. Smith, unpublished data). Thus, once out of S phase, the
concentrations of free histone H3 and H4 may fall to levels
comparable to the concentration of free Csedp. Consistent
with this idea, if CENP-A is expressed in mammalian cells
under the cell cycle regulation of the major histone H4 genes,
it is incorporated generally into the chromatin (42).

Highly cooperative downstream binding interactions would
provide another potential mechanism for driving the Cse4p-H4
assembly pathway (Fig. 10B). Centromere assembly is known
to be dependent on CEN DNA and multiple protein com-
plexes, consistent with strong cooperative binding among these
components and CEN DNA (16, 29, 33, 46). Thus, cooperative
binding of the (Csed4p-H4), tetramer with CEN DNA and
other centromere proteins would serve to drive the H4-Cse4p
branch of the pathway against a concentration of histone H3.
Finally, there may be novel chromatin assembly factors or
structural arrangements in the cell that have evolved to spe-
cifically catalyze the assembly of the centromere nucleosome
(5,9, 18, 49). We anticipate that further genetic and biochem-
ical studies designed to test the predictions of these models will
provide important insights into the mechanisms by which cen-
tromeres are specified and assembled.
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