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Centromeres of eukaryotic chromosomes mark the site for kineto-
chore formation and microtubule attachment and are essential
for accurate chromosome segregation. Although centromere iden-
tity is defined by the presence of the histone H3 variant CenH3/
centromere protein A (CENP-A), little is known about how epige-
netic modifications on CenH3might regulate kinetochore assembly
and centromere function. Here we show that CENP-A from Saccha-
romyces cerevisiae, termed Cse4, is methylated on arginine 37 (R37)
and that this methylation regulates the recruitment of kinetochore
components to centromeric sequences. The absence of Cse4 R37
methylation caused a growth defect in cells lacking the centromere
binding factor Cbf1 and synthetic lethality when combined with
mutations in components of the Ctf19 linker complex that connects
the inner kinetochore to microtubule-binding proteins. The cells
showed a cell-cycle arrest in G2/M phase and defects in plasmid
and chromosome segregation. Furthermore, the levels of Mtw1/
MIND (Mtw1 including Nnf1-Nsl1-Dsn1) and Ctf19 components at
the centromere, but not of Cse4 itself, were reduced in the absence
of Cse4 R37 methylation, thus showing that this modification reg-
ulates the recruitment of linker components to the centromere.
Altogether, our data identify a unique regulatory principle on cen-
tromeric chromatin by posttranslational modification of the amino
terminus of CenH3.

In eukaryotic cells, the accurate segregation of chromosomes
to the daughter cell during mitosis is mediated by the centro-

meres, which specify the site of assembly of the kinetochores and
the attachment of the microtubuli. The underlying centromeric
chromatin is distinct from chromatin in other genomic regions
in that it contains the histone variant CenH3/centromere protein
A (CENP-A) (1) that specifies centromere identity (2). In
organisms with a regional centromere, blocks of CenH3 are in-
terspersed with histone H3-containing nucleosomes in the cen-
tromeric chromatin (3). In the point centromere of the yeast
Saccharomyces cerevisiae, CenH3 (termed Cse4) localizes to
a single centromeric nucleosome that is wrapped around ∼125 bp
of centromeric DNA, where it replaces canonical histone H3 (4–
7). Cse4 consists of a C-terminal histone-fold domain with more
than 60% identity to the histone-fold domain of histone H3. It
furthermore carries a unique 135-aa N terminus that extends from
the core nucleosome and undergoes contacts with kinetochore
proteins that are essential for kinetochore assembly (8, 9).
Kinetochores are large modular structures that are built of

three main classes of protein complexes that have extensive
similarities between larger eukaryotes and S. cerevisiae (10, 11).
First, the inner kinetochore plate is in direct contact with cen-
tromeric chromatin and provides an interface between the ki-
netochore and the centromeric nucleosomes. It comprises DNA-
binding proteins like Cbf1 (12) and Mif2/CENP-C (13), as well as
protein complexes like CBF3, which contains the proteins Cep3,
Ctf13, Ndc10, and Skp1 (14). Second, protein complexes of the
outer kinetochore plate interact with the microtubule ends.
Foremost, the Ndc80 complex, consisting of Ndc80, Spc24, Spc25,
and Nuf2 (15), forms a dumbbell-shaped structure that crosses
the kinetochore vertically from the inner to the outer plate, and
its outer end, together with the Dam1 complex, interacts directly

with the microtubuli (11). Third, the linker layer provides a link
between the inner and the outer kinetochore. The inner end of
the Ndc80 complex interacts with the complexes Knl1/Spc105
(16) and Mtw1/MIND (Mtw1 including Nnf1-Nsl1-Dsn1) (17) of
the linker layer. Furthermore, the Ctf19 complex (17) is a large
constituent of the linker layer comprising at least 13 proteins
[including the Ctf19-Okp1-Mcm21-Ame1 subcomplex, COMA
(8)], and it is regarded as the yeast equivalent of the constitutive
centromere-associated network complex (CCAN) that interacts
with CENP-A (11).
In humans, large tandem arrays of AT-rich α-satellite DNA

are found at centromeres and define the regional centromere
(3). At the S. cerevisiae point centromere, the ∼125 bp of cen-
tromeric sequence consists of three conserved sequence ele-
ments—CDEI, CDEII, and CDEIII—that are required for
centromere function (10). CDEI is bound by Cbf1 and enhances
centromere function (12); CDEII folds around the centromeric
nucleosome containing Cse4 (18); and CDEIII binds the CBF3
complex (14).
Canonical histones are abundantly modified by various post-

translational modifications (PTMs) that are critical for the reg-
ulation of chromatin function and the establishment of chromatin
domains (19). In contrast, little is known about PTMs on CenH3.
A role for phosphorylation of human CENP-A by Aurora B ki-
nase has been described in the final stages of cytokinesis (20), and
maize CenH3 is also phosphorylated (21). Additionally, Cse4
levels in the cell are controlled by ubiquitination of Cse4 that is
mediated by the ubiquitin ligase Psh1. Ubiquitination-dependent
proteolysis prevents Cse4 from being aberrantly localized to eu-
chromatic sites (22, 23), although the exact site of ubiquitination
on Cse4 remains to be determined.
Here we sought to identify PTMs on Cse4 and to determine

their effect on kinetochore assembly and centromere function.
Significantly, we found mono- and dimethylation of arginine 37
(R37) of Cse4. The absence of Cse4 R37 methylation caused de-
fects in plasmid and chromosome segregation, synthetic growth
defects/lethality in the absence of Cbf1 or components of the Ctf19
linker complex, and reduced levels of Mtw1/MIND and Ctf19
components at the centromere. Altogether, our data identify a
unique mechanism of regulation on centromeric chromatin by
controlling the recruitment of the inner kinetochore plate through
a PTM on CenH3.

Results
Methylation of Cse4 on Arginine 37. We sought to address the
question whether CenH3 (Cse4) from yeast carries PTMs, as is
the case for canonical histones, and whether such modifications
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on Cse4 regulate its function in kinetochore formation and
chromosome segregation. To uncover such PTMs, we purified
Cse4 from S. cerevisiae cells and analyzed it by gel-enhanced
liquid chromatography mass spectrometry (GeLCMS) (24). In
doing so, we were able to identify methylation of Cse4 on R37.
Collision-induced dissociation fragmentation analysis of trypsin-
digested Cse4 identified the peptide 27-R.LAGDQQSINDR.A-
37 as unmodified [mass-to-charge ratio (m/z) = 608.799] and
monomethylated (m/z = 615.807). Inspection of the MS/MS
spectrum of the parent ion of m/z = 615.807 allowed us to
uniquely assign the methylation site to R37 (Fig. 1A and Fig. S1).
To further validate this, we generated antibodies that recognized
Cse4 that is mono- or asymmetrically dimethylated at R37 (Cse4-
R37me1, Cse4-R37me2a) (Fig. 1B and Fig. S2). In wild-type
cells, these antibodies were able to detect methylated Cse4, and
the signal was reduced or absent from cells in which Cse4-R37
was mutated to alanine (cse4-R37A) (Fig. 1C). This showed that

Cse4 was both mono- and asymmetrically dimethylated on R37
in vivo. Whether Cse4 carries symmetrical dimethylation on R37
remains to be determined.

Cse4-R37 Methylation Is Essential in the Absence of the Centromere
DNA Element I (CDEI)-Binding Factor Cbf1. Arginine 37 is located
within the essential N-terminal domain (END, amino acids 28–60)
of Cse4 (25), which is part of the 135-aa N terminus of Cse4 that is
necessary for kinetochore function. We next sought to determine
how the absence of Cse4 R37 methylation affected centromere
function. For this purpose, we generated an allele of CSE4 that
encodes a Cse4 variant with R37 replaced by alanine to imitate the
unmethylated state of Cse4 (cse4-R37A). Cells carrying cse4-R37A
showed no appreciable growth defect or temperature sensitivity
(see below; Fig. 2B). However, in cells lacking the CDEI-binding
protein Cbf1, cse4-R37A caused a severe growth defect and tem-
perature sensitivity. Specifically, CSE4 or cse4-R37A was intro-

Fig. 1. Cse4 is methylated at arginine 37. (A) Collision-induced dissociation analysis and full annotation of the parent ion (Cse4 27-LAGDQQSINDRme-37) with
m/z = 615.81. Score and expected values as calculated by Mascot are reported, and fragments detected in the experiment are indicated in color (blue for b ions
and red for y ions). (B) Specificity of antibodies generated against Cse4-R37me1 and R37me2a. The indicated amount of Cse4 peptide carrying R37me2a (Left)
or R37me1 (Right) was spotted on nitrocellulose membrane. Antibodies were preincubated with the competing peptides indicated to the right of the blots.
(C) Histone extracts from WT (AEY2781) and cse4-R37A (AEY5040) cells were probed with α-Cse4-R37me1 and R37me2a antibodies, as well as with α-HA to
detect 3xHA-Cse4 as a loading control.
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duced on a plasmid into a cbf1Δ cse4Δ strain carrying CSE4 on
aURA3-marked plasmid, and the ability of the strain to grow in the
absence of pURA3-CSE4 was tested on URA3-counterselective

medium containing 5-fluoro-orotic acid (5-FOA) (Fig. 2A). Only
few cells carrying cse4-R37A were able to survive on 5-FOA, and
these cells showed slow growth at lower temperatures (30 °C) and
were unable to grow at high temperatures (Fig. 2B), showing that
this allele caused a strong synthetic growth defect in the absence of
Cbf1. This defect was observed both when cse4-R37A was present
on a centomere (CEN)-based plasmid (Fig. 2A) and when it was
chromosomally integrated in the native CSE4 locus (Fig. 2B). This
result indicated that methylation of Cse4-R37 becomes essential
when centromere function is compromised by cbf1Δ. Notably, most
mutations of modification sites on canonical histones cause no
obvious growth defect (26), and some display a growth defect in the
absence of a second factor (27). Thus, the synthetic growth defect of
cse4-R37A observed here was at least as severe as that observed for
canonical histones.
Conceptually, the methylation of Cse4 could affect its function

by influencing protein stability or by regulating its interaction
with (a) kinetochore protein(s). However, protein levels of the
mutant Cse4 protein were not altered, as measured by Western
analysis of HA-tagged Cse4-R37A in cbf1Δ cells at the restrictive
temperature (see below and Fig. 4A), suggesting that the absence
of methylation regulated interactions of the Cse4 N terminus
with the kinetochore, rather than protein stability. A growth
defect/inviability was also seen when R37 was mutated to glu-
tamine (cse4-R37Q; Fig. 2A), arguing that the phenotype was
related to the absence of methylation rather than to the size
difference of the substituted amino acid. Furthermore, mutation
of another residue in the END domain in the vicinity of R37,
cse4-S40A, did not show a growth defect in cbf1Δ or ctf19Δ (Fig.
S3), indicating that the synthetic genetic effects of R37 mutation
were not a general effect of all residues in the END domain.
The growth defect of cbf1Δ cse4-R37A cells suggested that

centromere function might be disrupted in these cells, which may
cause a synchronous cell cycle arrest. To test this, cbf1Δ cse4-R37A
cells, WT cells, or single mutants were shifted to the restrictive
temperature, and the DNA content of the cells was measured by
FACS analysis. Importantly, cbf1Δ cse4-R37A cells, but not cbf1Δ
or cse4-R37A single mutants, arrested with a 2nDNA content (Fig.
2C), indicating an arrest at the G2/M phase transition of the cell
cycle. This suggested that in the absence of Cbf1, Cse4-R37A,
which did not haveR37methylation, caused a defect in centromere
function and chromosome segregation at the G2/M boundary.

cse4-R37A Causes Plasmid and Chromosome Segregation Defects.
Because the Cbf1 protein binds to the CDEI element of centro-
meric DNA sequences (12), the observation that cse4-R37A caused
a cell-cycle arrest in cbf1Δ suggested that it affected the segregation
of chromosomes lacking Cbf1 function. To directly test this, we
examined the stability of plasmids lacking CDEI (CDEIΔ) in cells
that were WT for Cbf1 but carried cse4-R37A and thus had no
observable growth defect. As expected, CDEIΔ had a slight effect
on plasmid stability inWT cells (Fig. 2D) (28). However, cse4-R37A
cells showed a strongly increased plasmid loss rate with the CDEIΔ
plasmid comparedwithWT, but not the equivalent plasmid carrying
an intact CDEI, and this effect was exacerbated upon shift of the
cells to a higher temperature (Fig. 2D). The effect of cse4-R37Awas
not due to the nature of the substituted amino acid, because cse4-
R37Q showed a similar effect on plasmid loss of the CDEIΔ plasmid
(Fig. S4). These results showed that centromere function and seg-
regation of a plasmid compromised in CDEI was severely disrupted
in the absence of Cse4-R37 methylation. Furthermore, cse4-R37A
caused increased loss rates of a large linear, nonessential chromo-
some fragmentwith a deletion inCDEI ofCEN6 (29), but not of the
respective WT CEN6 fragment (Fig. S5), indicating that it caused
not only minichromosome loss but also the loss of a large chro-
mosome fragment. These results showed that cse4-R37A disrupted
centromere stability and chromosome segregation in the absence of

Fig. 2. Cse4-R37 was required for cell-cycle progression and chromosome
segregation. (A) Mutation of Cse4-R37 to alanine (cse4-R37A) or glutamine
(cse4-R37Q) caused slow growth and inviability, respectively, in combination
with cbf1Δ. Plasmid-borne cse4-R37A/-Q was introduced into a cbf1Δ cse4Δ
strain carrying a URA3-marked CSE4 plasmid, and the ability of the cells to
survive in the absence of CSE4 was tested on URA3-counterselective medium
containing 5-FOA. (B) cse4-R37A on a plasmid (second row) as well as chromo-
somally integrated (third row) caused slowgrowthat 30 °C and lethality at 37 °C
in the cbf1Δ background. Rows 3–6 show a tetratype tetrad from a genetic cross
of cse4-R37Awith cbf1Δ. (C) cbf1Δ cse4-R37A cells arrested at theG2/Mphase of
the cell cycle at the restrictive temperature. WT (AEY4), cbf1Δ (AEY4816), cse4-
R37A (AEY4965), and cbf1Δ cse4-R37A (AEY4985) cells were grown to early
logarithmic phase at 23 °C and shifted to37 °C for 5 h. DNAcontent asmeasured
by FACS analysis is shown. (D) cse4-R37A showed a maintenance defect for
plasmids lacking the CDEI sequence of CEN6. Error bars give SD of three in-
dependent experiments. *Significant difference, P < 0.01.
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CDEI or the CDEI-binding factor Cbf1, suggesting a role for Cse4
R37 methylation in the assembly of a functional kinetochore.

Synthetic Lethality Between cse4-R37A and Mutations in Components
of the Ctf19 Complex.Because the absence of Cse4R37methylation
showed a synthetic genetic interaction with cbf1Δ, we next asked
whether this was a global genetic effect, or whether it was specific to
the loss of certain kinetochore proteins. To test this, we performed
genetic crosses between cse4-R37A and strains carrying mutations
in genes encoding components of the inner and outer kinetochore
as well as the linker layer. Interestingly, we found that cse4-R37A
showed a strong specificity for synthetic genetic interactions in
combination with defects in the Ctf19 complex. cse4-R37A was
synthetically lethal with ctf19Δ, mcm21Δ, and ame1-4 and showed
a strong synthetic growth defect with okp1-5 (Fig. 3A and Table 1).
All four respective proteins are components of theCOMAcomplex
(8), a subcomplex of the Ctf19 complex (17).
We furthermore found severe synthetic growth defects of cse4-

R37A, with mutations in the genes encoding the Ctf19 complex
components Iml3/Mcm19 (Fig. 3B), Chl4 (Fig. 3C), andCtf3 (Table
1). A slight synthetic growth defect was observed in cse4-R37A cells,
with a defect in Mtw1 (mtw1-11), a subunit of the Mtw1/MIND
complex, as well as with Spc105 (spc105-4). Furthermore, cse4-
R37A was synthetically lethal in the absence of the kinesin motor
protein Cin8 (Table 1). In contrast, no defects were found in
combination with mutations in components of the Ndc80 complex,
nor with proteins and complexes acting at the DNA–kinetochore
interface like Mif2/CENP-C and CBF3 (10) (Table 1), thus in-
dicating that Cse4-R37 acted in the same pathway as these proteins
or protein complexes. This is in agreement with earlier observations
of a synthetic lethality between ctf19Δ andmutations in components
of the inner kinetochore like Mif2, Cep3, and Ndc10 (30). These
results showed a remarkable selectivity in the effect of Cse4 R37

methylation in that it specifically became essential when centromere
function was compromised by mutations in Ctf19 components.

Absence of Cse4-R37 Methylation Causes a Defect in Kinetochore
Assembly. Our above results indicated that Cse4 R37 methylation
was essential for full centromere and kinetochore function, raising
the question of how this function was compromised in the absence
of this modification. Two principle mechanisms can be envisioned:
one in which the modification regulates protein proteolysis and
restriction of Cse4 to the centromere (22, 23), and one in which it
dictates the interaction with kinetochore proteins and thus regu-
lates kinetochore assembly. We can exclude the first possibility,
because we found equal amounts of cellular Cse4 and Cse4-R37A
even at the restrictive temperature for cbf1Δ cse4-R37A cells (Fig.
4A). Additionally, cse4-R37A did not compromise the recruitment
of Cse4 at CEN4 at the permissive or restrictive temperature, as
measured by ChIP (Fig. 4A), nor did it lead to an enrichment of
Cse4 at noncentromeric sites (Fig. S6). The level of Cse4 associ-
ated with CEN4 was reduced upon shift of the cells to the re-
strictive temperature, but this reduction (albeit to a lesser degree)
was observed in cse4-R37A. This indicated that Cse4 deposition at
centromeres was not affected by R37 methylation.
We next measured the association of the MIND complex

component Mtw1 to CEN4 by ChIP analysis. Importantly, upon
shift of cbf1Δ cse4-R37A to the restrictive temperature, the level
of Mtw1 associated with CEN4 was significantly reduced com-
pared with the cbf1Δ strain, but this reduction was not the result
of a reduction in the cellular level of Mtw1 (Fig. 4B). This in-
dicated that Cse4 R37 methylation was necessary for efficient
recruitment of the MIND complex to the centromere.
We further asked whether the association of other kinetochore

complexes was compromised by cse4-R37A. As for Mtw1, we
observed a marked reduction in the association of the Ctf19/
COMA component Ame1 to centromeric sequences upon shift
of the cells to the restrictive temperature, whereas the cellular
levels of Ame1 were unaffected (Fig. 4C), suggesting that Ame1
association to the centromere required Cse4-R37 methylation.
Taken together, these results provided mechanistic insight into

Fig. 3. Mutation of Cse4-R37 caused synthetic lethality and growth defects
when combined with mutations in genes encoding Ctf19 complex compo-
nents. (A) Tetrad dissection of genetic crosses of cse4-R37A with isogenic
W303 strains carrying ctf19Δ (Left) or mcm21Δ (Right). The four spores from
individual asci are aligned in vertical rows. Double mutants are marked with
circles. (B) cse4-R37A caused a synthetic growth defect in the absence of the
Ctf19 complex component Iml3/Mcm19. Serial dilutions of four segregants of
a tetrad from a cross between cse4-R37A and iml3Δ were spotted on com-
plete medium and grown at the indicated temperatures for 3 d. The top two
rows show the parental strains. (C) cse4-R37A caused a synthetic growth
defect with chl4Δ. Representation as in B.

Table 1. Synthetic genetic interactions of cse4-R37A with
mutations in genes encoding kinetochore components

Kinetochore
component/complex Allele

Synthetic phenotype
with cse4-R-37A*

CENP-C mif2-3 —

Cbf1 cbf1Δ Growth defect
CBF3 complex cep3-1, cep3-2 —

ndc10-1 Slight growth defect
ndc10-2 —

Ctf19 complex ctf19Δ Lethality
okp1-5 Growth defect
mcm21Δ Lethality
ame1-4 Lethality
iml3Δ/mcm19Δ Growth defect
chl4Δ Growth defect
ctf3Δ/chl3Δ Growth defect

Mtw1/MIND complex mtw1-11 Slight growth defect
Ndc80 complex ndc80-1 —

spc25-1 —

spc24-1 —

Knl1 complex spc105-4 Slight growth defect
Kinesin motor protein cin8Δ Lethality
Replication fork-associated

factor
csm3Δ —

*Additional phenotype caused by cse4-R37A in combination with the indi-
cated allele of the gene encoding the respective kinetochore component.—,
no additional phenotype observed.
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the role of Cse4 R37 methylation in centromere function and
showed that it acts by regulating the recruitment of complexes of
the linker layer of the kinetochore to the centromere.

Discussion
The modification of histones by PTMs is a mechanism that is
central to the regulation of chromatin function in eukaryotic
cells. Here, we have identified a unique PTM on CenH3/Cse4 in
S. cerevisiae, methylation of arginine 37. Furthermore, we show
that this modification has a defined regulatory role in centromere
biology in that it controls the recruitment of kinetochore pro-
teins to centromeric sequences. The absence of this modification
has striking phenotypic consequences and causes synthetic le-
thality with several components of the Ctf19 linker complex,
a severity of phenotype that rivals that of mutations in PTM sites
of canonical histones. Furthermore, cse4-R37A causes defects in
plasmid and chromosome segregation of centromeres lacking
CDEI, and a cell cycle arrest at G2/M in the absence of the
CDEI-binding protein Cbf1.

It is interesting to note that the phenotype of cse4-R37A shows
such specificity for mutations in the Ctf19 complex but displayed no
additional effect when combined with mutations in the other linker
complexes MIND and Knl1, as well as in the outer kinetochore
complex Ndc80. This suggests that potential interactions between
the Cse4 N terminus and the MIND, Knl1, and Ndc80 complexes
become essential in the absence of R37 methylation, either by di-
rect contact with Cse4 or via an indirect association that ismediated
by other kinetochore proteins. Therefore, in analogy to PTMs on
other histones (31), we propose that R37 methylation regulates the
interaction of the Cse4 N terminus with such (a) kinetochore
protein(s), for instance by attracting a positive regulator with
a methyl-arginine-binding module, or by repelling a negative reg-
ulator. One possibility is that, as cells go through S phase and ini-
tiate kinetochore assembly, this modification is directed to Cse4,
perhaps because the chromatin structure is more accessible during
DNA replication and chromatin assembly, which is in agreement
with the fact that we do not find full Cse4-R37 methylation (Fig.
S1). Subsequently, the methylated N terminus of Cse4 recruits
kinetochore proteins to the centromeric chromatin, which ulti-
mately leads to the formation of a functional kinetochore and to
microtubuli attachment. Consequently, the absence of this modi-
fication impairs the ability of Cse4 to nucleate a kinetochore,
which ultimately disrupts chromosome segregation and leads to
chromosome loss. Notably, this regulation is markedly distinct
from that of Cse4 ubiquitination by Psh1 (22, 23), because unlike
ubiquitination, the methylation of Cse4 did not affect the stability
of the Cse4 protein. Methylation of Cse4-R37 is likely to be cat-
alyzed by a previously unknown or the combination of several
methyltransferases, because the absence of the three known argi-
nine methyltransferases (Hmt1, Rmt2, and Hsl7) did not decrease
Cse4-R37methylation, nor did they cause the same genetic defects
as mutation of Cse4-R37 (Fig. S7). Thus, like for H3 R2 methyl-
ation in yeast (32), the responsible enzyme for Cse4-R37 methyl-
ation remains to be identified.
The Cse4 N terminus has previously been shown to interact

with the Ctf19 protein (9). However, this interaction seems not
to be affected by R37 methylation, because the absence of R37
methylation causes lethality in cells lacking Ctf19. Therefore,
other interaction partners with the Cse4 N terminus must exist,
perhaps another component of the Ctf19 linker complex, whose
interaction is mediated by Cse4 methylation.
In summary, with this work, we have revealed a unique mecha-

nism for the epigenetic regulation of centromeric chromatin in that
we identified a PTM of the centromeric CenH3/Cse4 histone var-
iant itself, rather than the canonical histones, that has a regulatory
role in centromere function. The disruption of this process causes
chromosome segregation defects, which in larger eukaryotes can
lead to tumor formation by causing aneuploidy and genomic in-
stability. Thus, by extension, the study of similar processes in larger
eukaryotes will shed light on hitherto unknown regulatory mecha-
nisms controlling genomic stability in those organisms.

Materials and Methods
Yeast Strains, Plasmids, and Methods. Yeast strains and plasmids used in this
study are described in Tables S1 and S2. Yeasts were grown and manipulated
using standard genetic techniques (33). Plasmid-borne cse4 alleles were
constructed using the gap repair method and verified by sequence analysis.
For chromosomal integration of cse4-R37A, the cse4-R37A allele was trans-
ferred into a URA3-marked integrating vector (pAE1636) and introduced
into a WT strain (AEY4) by integrative transformation followed by loop-out
on 5-FOA medium. Candidate strains were tested for the presence of the
cse4-R37A allele using an allele-specific PCR. In addition, the cse4 allele was
amplified from such strains by PCR and verified by sequence analysis.

Plasmid loss was measured in a WT (AEY4) and a cse4-R37A strain
(AEY4965) carrying a CEN6-TRP1 plasmid containing either a functional
centromere sequence (pAE264) or a centromere sequence without the CDEI
element (pAE1771) as previously described (34). FACS of yeast cells was
performed as previously described (35).

Fig. 4. Mutation of Cse4-R37 caused a defect in the recruitment of Mtw1/
MIND and Ctf19 complex components to the kinetochore. (A) The association
of Cse4 at CEN4 as measured by ChIP analysis was not affected by cse4-R37A.
cbf1Δ cse4Δ strains carrying either CSE4 or cse4-R37A on a plasmid were
grown to early logarithmic phase at the permissive temperature (23 °C) and
kept at this temperature or shifted to the restrictive temperature (37 °C) for
4 h. ChIP analysis was performed with α-HA (for Cse4) and, as a control, with
α-H4 antibody. Values give the enrichment relative to input. Error bars give SD
of three independent ChIP experiments. *Significant difference, P < 0.05.
Right: Western blot analysis of the amounts of HA-Cse4 and histone H2B in
whole cell extracts. (B) ChIP of 9xmyc-Mtw1 at CEN4 and an unrelated ge-
nomic region, POL1. ChIP was performed as in A. Right: Western blot analysis
of the amounts of 9xmyc-Mtw1 and H2B in whole-cell extracts. (C) ChIP of
9xmyc-Ame1 at CEN4 and POL1. Analysis and representation are as in B.
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Mass Spectrometry. Partially purifiedhistones (36) from cells containing 3xHA-
tagged Cse4 were resolved on 10% (weight/vol) SDS-polyacrylamide gels. The
Cse4 bandwas excised and digested in-gel with trypsin as previously described
(37). The peptidemixturewas separated by nano-liquid chromatography (LC)-
MS/MS using an Agilent 1100 Series nanoflow LC system and analyzed by MS/
MS on a 7-Tesla LTQ-FT-Ultra mass spectrometer (ThermoFisher Scientific).
Details on MS acquisition are described in SI Materials and Methods.

Antibody Generation and Western Blotting. Rabbit polyclonal antibodies were
raised against a synthetic Cse4 peptide containing R37me1 [SINDR(me)
ALSLGGC] or R37me2a [QSINDR(me2a)ALSLGGC]. The antibodies were iso-
lated from the crude serum by two subsequent affinity purification steps with
the synthetic modified peptides cross-linked to SulfoLink (Pierce). The serum
wasfirst applied to a columnwith themodified peptide and elutedwith 0.1M
glycine (pH 2.5). After neutralization, the eluate was applied to a column
with the unmodified peptide, and the supernatant was used for Western
blotting (1:200) on histone extracts isolated as described above. For peptide

competition, the antibodies were preincubated with 100 pmol (R37me2a) or
4,000 pmol (R37me1) of the indicated peptide for 60 min at 28 °C before
Western blotting. HA-tagged Cse4 was detected using an α-HA antibody
(1:10,000; Covance). Other antibodies used in this study were anti-H2B
(39237; Active Motif), anti-H4 (31827; Abcam), and anti-myc (M4439; Sigma).

Additional details are available in SI Materials and Methods.
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