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ABSTRACT Centromere (CEN) identity is specified epigenetically by specialized nucleosomes
containing evolutionarily conserved CEN-specific histone H3 variant CENP-A (Cse4 in Sac-
charomyces cerevisiae, CENP-A in humans), which is essential for faithful chromosome segre-
gation. However, the epigenetic mechanisms that regulate Cse4 function have not been fully
defined. In this study, we show that cell cycle-dependent methylation of Cse4-R37 regulates
kinetochore function and high-fidelity chromosome segregation. We generated a custom
antibody that specifically recognizes methylated Cse4-R37 and showed that methylation of
Cse4 is cell cycle regulated with maximum levels of methylated Cse4-R37 and its enrichment
at the CEN chromatin occur in the mitotic cells. Methyl-mimic cse4-R37F mutant exhibits
synthetic lethality with kinetochore mutants, reduced levels of CEN-associated kinetochore
proteins and chromosome instability (CIN), suggesting that mimicking the methylation of
Cse4-R37 throughout the cell cycle is detrimental to faithful chromosome segregation. Our
results showed that SPOUT methyltransferase Upa1 contributes to methylation of Cse4-R37
and overexpression of UPA1 leads to CIN phenotype. In summary, our studies have defined
a role for cell cycle-regulated methylation of Cse4 in high-fidelity chromosome segregation
and highlight an important role of epigenetic modifications such as methylation of kineto-
chore proteins in preventing CIN, an important hallmark of human cancers.
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INTRODUCTION

Accurate chromosome segregation is essential for the cell division
and errors in chromosome segregation leads to chromosome insta-
bility (CIN), which is associated with several human diseases and dis-
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orders, for example cancer and developmental delays (Bakhoum
and Swanton, 2014; Santaguida and Amon, 2015). Chromosome
segregation in eukaryotic organisms is regulated by the kinetochore,
a unique chromatin structure composed of centromeric (CEN) DNA,
and associated protein complexes (Verdaasdonk and Bloom, 2011;
Burrack and Berman, 2012; Musacchio and Desai, 2017). Despite the
variations in CEN DNA sequences, ranging from ~125 bp of distinct
DNA sequence in budding yeasts (Clarke and Carbon, 1980) to
mega-base pairs of DNA representing species-specific satellite ar-
rays, sequence repeats, or retrotransposon-derived sequences in
other eukaryotic organisms (Verdaasdonk and Bloom, 2011; Musac-
chio and Desai, 2017), the CEN identity is epigenetically determined
by specialized nucleosomes containing CEN-specific histone H3
variant, CENP-A (Cse4 in Saccharomyces cerevisiae, Cid in flies, and
Cnp1 in fission yeast) (Sullivan et al., 1994; Stoler et al., 1995; Meluh
et al., 1998; Henikoff et al., 2000; Takahashi et al., 2000; Allshire and
Karpen, 2008; Bui et al., 2013). The epigenetic mechanisms that
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regulate the specific localization of Cse4/CENP-A to CEN chromatin,
and thus define CENs remain to be fully characterized. One such
epigenetic mechanism is the posttranslational modifications (PTMs)
of Cse4 such as phosphorylation, methylation, sumoylation, and
ubiquitination, which are known to regulate kinetochore function
and chromosome segregation (Hewawasam et al., 2010; Ranjitkar
et al., 2010; Samel et al., 2012; Au et al., 2013; Boeckmann et al.,
2013; Ohkuni et al., 2016; Hoffmann et al., 2018; Mishra et al., 2019;
Au et al., 2020; Mishra et al., 2021). For example, phosphorylation of
Cse4 by protein kinases Cdc7, Cdc5, and Ipl1 modulate kinetochore
integrity, chromosome biorientation, and segregation (Boeckmann
et al., 2013; Mishra and Basrai, 2019; Mishra et al., 2019; Mishra
et al., 2021). Various studies have previously identified methylation
of Cse4 arginine 37 (R37) in the essential N-terminus domain (END)
of Cse4 (Samel et al.,, 2012; Boeckmann et al., 2013; Anedchenko
etal., 2019; Nguyen et al., 2023). Methylation of Cse4-R37 seems to
be required in the context of a defective kinetochore as cse4-R37A
strain exhibits synthetic genetic interactions with mutants corre-
sponding to inner kinetochore, namely COMA (Ctf19, OkpT,
Mcm21, and Ame1) complex (Samel et al., 2012). It has been pro-
posed that the essential components of the COMA complex namely,
Okp1 and Ame1 serve as readers for Cse4-R37 methylation, and
their association with methylated Cse4-R37 acts as a signal for the
loading of other kinetochore components (Anedchenko et al., 2019).
A recent study has shown that methylation of Cse4-lysine (K) 131 and
Csed-R143 affect the stability of CEN nucleosome, and their ab-
sence is detrimental when combined with the defects in the outer
kinetochore proteins, such as the those of the Ndc80 complex
(Nguyen et al., 2023).

Previous studies have shown that dynamic reversible alterations
in PTMs, such as phosphorylation-modulated kinetochore function
and chromosome segregation during the cell cycle. For example,
Cse4 is phosphorylated in the S-phase by Cdc7 (Mishra et al., 2021),
while it is phosphorylated in G2/M by Cdc5 and Ipl1 kinases (Boeck-
mann et al., 2013; Mishra and Basrai, 2019; Mishra et al., 2019).
Cdc7-mediated S-phase phosphorylation of Cse4 and Cdc5-medi-
ated mitotic phosphorylation of Cse4 contribute to kinetochore in-
tegrity and high-fidelity chromosome segregation (Mishra and Bas-
rai, 2019; Mishra et al.,, 2019; Mishra et al., 2021), whereas
Ipl1-mediated mitotic phosphorylation of Cse4 regulates kineto-
chore-microtubule interactions and chromosome biorientation
(Boeckmann et al., 2013; Mishra and Basrai, 2019). In contrast to
extensive investigations for cell cycle-regulated phosphorylation of
Cse4, studies to date have not examined if methylation of Cse4-R37
located within the END of Cse4 is regulated by the cell cycle and
whether cell cycle-dependent methylation of Cse4-R37 affects its
localization to the CEN chromatin and its interactions with other
components of the kinetochore.

In this study, we generated a methyl-arginine 37 specific anti-
body (MeCse4-R37) and showed that it specifically recognizes meth-
ylated Cse4. Cell cycle stage-specific studies with the MeCse4-R37
antibody show that methylation of Cse4-R37 is cell cycle regulated
with maximum enrichment of methylated Cse4-R37 observed in mi-
totic cells. Chromatin immunoprecipitation (ChIP) experiments
showed the association of methylated Cse4-R37 with the CEN chro-
matin. Methyl-mimic cse4-R37F strain exhibits defects in CEN local-
ization and maintenance of kinetochore proteins, synthetic lethality
(SL) with kinetochore mutants of the COMA complex, and CIN phe-
notype, suggesting that mimicking the methylation of Cse4-R37
throughout the cell cycle is detrimental to faithful chromosome seg-
regation. We identified SPOUT methyltransferase Upal that con-
tributes to methylation of Cse4-R37. In summary, our results provide
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new insights into molecular mechanisms by which misregulation of
cell cycle-dependent methylation of Cse4 contributes to CEN dys-
function and chromosomal instability.

RESULTS

Methylation of Cse4-R37 is cell cycle regulated with
maximum methylation observed in mitotic cells

Various studies have identified methylation of Cse4-R37 (Samel
etal., 2012; Boeckmann et al., 2013), that is located within the END
of Csed (Keith et al.,, 1999). Mutation of Cse4-R37 to cse4-R37A
does not affect chromosome segregation, however, methylation of
Cse4-R37 is important in the context of a defective kinetochore.
For example, the cse4-R37A strain exhibits genetic interactions
with mutants of kinetochore genes, such as those encoding for the
components of the COMA complex (Samel et al., 2012). Notably,
Cse4 is one of the key factors that regulates kinetochore architec-
ture and its structural changes during mitosis, which are important
for faithful chromosome segregation (Yeh et al., 2000; Wisniewski
et al., 2014; Hara and Fukagawa, 2020). Hence, we sought to de-
fine the dynamics and physiological significance of Cse4-R37 meth-
ylation through the cell cycle. To facilitate the detection of Cse4-
R37 methylation, we generated a methyl-arginine 37 specific
antibody (MeCse4-R37) and tested its specificity using endoge-
nously expressed HA-Cse4 or HA-cse4-R37A expressed from their
native promoters at the endogenous locus. The MeCse4-R37 anti-
body detected methylated Cse4 in wild-type HA-CSE4 strain, but
reactivity was not observed in HA-cse4-R37A strain (Figure 1A;
Supplemental Figure S1, A and B). These results show that the
MeCse4-R37 antibody preferentially recognizes methylated Cse4-
R37 thereby providing an ideal tool for further studies. To deter-
mine whether methylation of Cse4-R37 is cell cycle regulated, we
assayed methylation of endogenously expressed HA-Cse4 in wild-
type cells that were synchronized in G1 (o-factor treatment), S (hy-
droxyurea treatment) or G2/M (nocodazole treatment) stages of the
cell cycle. The cell cycle stage was confirmed by flow cytometry,
nuclear position and cell morphology analyses (Figure 1B; Supple-
mental Figure S1C). Maximum enrichment of methylated Cse4-R37
was observed in G2/M cells compared with that observed in the
S-phase cells, whereas it was barely detectable in G1 cells (Figure
1C). We quantified the fraction of methylated Cse4-R37 (VeHA-
Csed) and normalized this to total Cse4 levels (HA-Csed) in each
stage of the cell cycle using the procedure described previously
(Mishra et al., 2015). The enrichment of methylated Cse4-R37 was
significantly higher (three to fivefold) in mitotic (G2/M) cells than
the G1 or S-phase cells (Figure 1D). Based on these observations,
we conclude that methylation of Cse4-R37 is cell cycle regulated,
which is primarily observed in mitotic cells and to some extent, in
S-phase cells.

We next performed cell cycle arrest-release experiment to con-
firm the methylation pattern of Cse4-R37. Cells were synchronized
in G1 (o-factor treatment) and released into pheromone-free media
(Figure 2, A, B, and C). Based on the flow cytometry profiles (Sup-
plemental Figure S2A), nuclear position, and cell morphology
(Figure 2C), cells were categorized as G1, S, metaphase, anaphase,
and telophase as described previously (Calvert and Lannigan, 2010;
Mishra et al., 2011; Mishra et al., 2021). Consistent with results from
Figure 1,C and D, methylation of Cse4-R37 was barely detectable in
G1 cells (20 min post release from o-factor arrest), observed in S-
phase cells (40 min post release from a-factor arrest), and was highly
enriched in mitotic cells (60-100 min post release from o-factor ar-
rest) (Figure 2, A and B). The highest enrichment of methylated
Cse4-R37 was observed in metaphase cells (Figure 2, B and C).
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FIGURE 1: Methylation of Cse4-R37 is cell cycle regulated. (A) Specificity of MeCse4-R37
antibodies to methylated Cse4. Western blots showing specific reactivity of the MeCse4-R37
antibodies. Cse4 was enriched with Ni-NTA agarose from whole cell extracts of logarithmically
growing wild-type (YMB7289) and cse4-R37A (YMB7287) strains and analysed by Western
blotting using 0-HA and o-MeCse4-R37 antibodies. (B) Cell morphology analysis show
synchronization in G1, S-phase and G2/M. Wild-type strain (YMB7289) was grown to early
logarithmic phase at 25°C and synchronized in G1 (3-uM o-factor treatment), S-phase (0.2-M HU
treatment), and G2/M (20-ug/mL NOC treatment). Cell cycle stages were determined based on
nuclear position and cell morphology by microscopic examination of at least 100 cells for each
sample. Different stages of the cell cycle: G1, S-phase (S), and G2/M. Average + standard error
(SE) derived from three biological replicates is shown. (C) The levels of methylated Cse4-R37 are
higher in G2/M (mitotic) cells. Cse4 was enriched with Ni-NTA agarose using whole cell extracts
from wild-type strain (YMB7289) synchronized in G1, S-phase, and G2/M and analysed by
Western blotting using 0-HA and o-M¢Cse4 antibodies. (D) Enrichment of relative methylation of
Cse4 in G1, S-phase, and G2/M. Ratio of methylated Cse4-R37 (MeHA-Cse4) to the total Cse4
(HA-Csed) was calculated using Image J (Schneider et al., 2012). Three biological replicates were

done. Average * SE is shown. **p value < 0.01, Student's t test.

Based on these results, we conclude that methylation of Cse4-R37
is cell cycle regulated.

Methylated Cse4 associates with the CEN chromatin

The increased methylation of Cse4-R37 in mitotic cells led us to ex-
amine if methylated Cse4 associates with the CEN chromatin. This
was done by ChIP experiments using chromatin from wild-type HA-
CSE4 and HA-cse4-R37A strains synchronized with nocodazole in
the G2/M phase of the cell cycle (Supplemental Figure S2B) and
antibodies to HA-Cse4 and MeCse4-R37. Western blotting showed
that expression of HA-Cse4 and HA-cse4-R37A is similar in these
two strains (Figure 2D; Supplemental Figure S2C). ChIP-quantitative
PCR (gPCR) showed that the levels of CEN-associated HA-Cse4
were similar between wild-type (3.5% at CENT, and 3.2% at CEN3)
and HA-cse4-R37A (3.8% at CENT, and 3.24% at CEN3) strains
(Figure 2E). However, MeCse4-R37 levels at CEN were significantly
lower in HA-cse4-R37A (0.07% at CEN1, and 0.08% at CEN3) than in
wild-type (0.37% at CEN1, and 0.38% at CEN3) strain (Figure 2F).
No significant enrichment of Cse4 or MeCse4-R37 was observed at
non-CEN ACTT1 locus used as a negative control. These results show
that methylated Cse4 associates with CEN chromatin in mitotic cells.

Reduced association of methyl mimic Cse4-R37F with CEN
chromatin and kinetochores

We constructed a cse4-R37F strain in which Cse4-R37 was re-
placed with phenylalanine (F) because F mimics methylarginine
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2018; Angrand et al., 2022; Wang et al.,
2023). ChIP experiments were done to ex-
amine the association of HA-tagged pro-
tein in G2/M cells of wild-type HA-CSE4
and mutant HA-cse4-R37A and HA-cse4-
R37F strains. Cell cycle synchronization in
G2/M was confirmed by flow cytometry
profiles and examination of nuclear posi-
tion and cell morphology (Supplemental
Figure S3, A and B). ChIP-gPCR showed
that the enrichment of HA-Cse4 and HA-
cse4-R37A at CEN chromatin (CENT and
CEN3) is not significantly different (p value
=> 0.05; Figure 3A). However, enrichment
of HA-cse4-R37F at CEN chromatin was
significantly reduced (~1.5% of input)
when compared with the levels observed
for HA-Cse4 (~2.7% of input; Figure 3A).
No significant enrichment of HA-Cse4,
HA-cse4-R37A, or HA-cse4-R37F was de-
tected at the non-CEN ACT1 locus used as
a negative control (Figure 3A). Western
blotting showed that the protein levels of
HA-Cse4, HA-cse4-R37A, or HA-cse4-
R37F were similar (Figure 3B; Supplemen-
tal Figure S3C).

We next used a cell-biology approach to quantify the intensity of
green fluorescent protein (GFP)-Cse4 at the kinetochore using fluo-
rescence imaging in wild-type strain and in mutants expressing GFP-
cse4-R37A or GFP-csed4-R37F. Discrete GFP-Cse4 foci consistent
with kinetochore localization were observed for wild-type and mu-
tants. However, the intensity of GFP-cse4-R37F foci was reduced
when compared with that observed for GFP-Cse4 or GFP-cse4-R37A
foci (Figure 3C). We quantified the fluorescence intensity of the GFP-
foci using the Foci Quant script in the Image J (Schneider et al.,
2012). This analysis revealed significantly reduced levels (p value =
2.8 x 10%%) of GFP-cse4-R37F fluorescence intensity (1289.8 + 687.7,
mean * SD) when compared with that observed for GFP-Cse4
(1876.6 £ 954.3) or GFP-cse4-R37A (2408.9 + 776.4; Figure 3D).

The reduced association of cse4-R37F at CEN chromatin and ki-
netochores prompted us to examine whether the turnover and ex-
change of cse4-R37F were also affected at the CEN chromatin using
a Fluorescence Recovery After Photobleaching (FRAP) assay (Pear-
son et al., 2004). Consistent with cell biology results (Figure 3D), the
GFP fluorescence intensities at the metaphase kinetochore of wild-
type GFP-Cse4 were higher than that for GFP-cse4-R37F (wild-type
= 123.5, csed4-R37F = 102.2). The metaphase kinetochores deco-
rated with GFP-foci representing GFP-Cse4 or GFP-cse4-R37F were
photobleached and FRAP (pre and post) was measured. The aver-
age GFP fluorescence recovery at 10 min post photobleaching in
the cse4-R37F strain was 9.8%, which is markedly higher than that
observed for the wild-type strain (~5.4%). Moreover, a pairwise t test

S G2/M
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FIGURE 2: Methylated Cse4-R37 is highly enriched and associates with CEN chromatin in mitotic cells. (A) Enrichment
of methylated Cse4-R37 increases during the mitosis. Wild-type strain (YMB10574) grown in YPD at 25°C to early
logarithmic phase and synchronized in G1 with a-factor, released into pheromone-free medium, and sampled at 20 min

time intervals. a-factor was readded at 80 min to block cells in next G1.

Cse4 was enriched with Ni-NTA agarose from

whole cell extracts and analysed by Western blotting using o-HA and o-M¢Cse4-R37 antibodies. Western blots show the
levels of Cse4 (HA-Csed) and methylated Cse4-R37 (MeHA-Cse4) during the cell cycle. (B) Enrichment of relative
methylation of Cse4-R37 during the cell cycle. Ratio of methylated Cse4-R37 (VeHA-Cse4) to the total Cse4 (HA-Cse4)
was determined with Image J (Schneider et al., 2012). Average from three biological replicates + SE. ***p value < 0.001,
Student’s t test. (C) Cell cycle stages were determined based on nuclear position and cell morphology by microscopic
examination of at least 100 cells for each sample. Different stages of the cell cycle: G1, S-phase (S), metaphase (Meta),
anaphase (Ana) and Telophase (Tel). Average + SE derived from three biological replicates is shown. (D) Protein levels of
Cse4 and cse4-R37A are largely similar in G2/M cells. Wild-type (WT, YMB10574) and cse4-R37A (YMB11651) strains
were grown to early logarithmic phase at 25°C and synchronized with nocodazole in G2/M. Western blotting of protein
extracts using o-HA and a-Tub2 (loading control) antibodies. (E and F) Methylated Cse4-R37 associates with CEN
chromatin in G2/M. ChIP was performed in WT ( YMB10574) and cse4-R37A (YMB11651) strains from (D) using o-HA
agarose and o-M*Cse4-R37 antibodies. Enrichment of Cse4 and M¢Cse4-R37 at CENs (CENT and CEN3) and a negative
control (ACT1) was determined by qPCR and is shown as % input. Average from three biological replicates + SE. *p

value < 0.05, Student's t test.

comparison of GFP-fluorescence intensities post photobleaching
revealed a significant difference between wild-type and cse4-R37F
strains (p value = 0.015, Supplemental Table S1). Taken together,
these observations suggest that methyl mimic cse4-R37F affects its
stable maintenance at the kinetochores with reduced levels at the
CEN chromatin.

Methyl mimic cse4-R37F strain exhibits defects in
kinetochore and CIN phenotype

Previous studies have shown that Mif2 (CENP-C in humans), a part of
the inner kinetochore associates with Cse4 and is present at CEN

4 | PK. Mishra etal.

chromatin (Brown et al., 1993; Meluh and Koshland, 1995; Cohen
et al., 2008; Ho et al., 2014). The reduced CEN association of cse4-
R37F led us to examine whether CEN localization of Mif2 is also re-
duced in cse4-R37F strain. ChIP experiments were done to assay the
CEN levels of Mif2 in wild-type, cse4-R37A, and cse4-R37F strains
synchronized in G2/M (Supplemental Figure S3, A and B). ChIP-gPCR
showed that the enrichment of Mif2 at CEN chromatin (CENT and
CENB3) is largely similar and not significantly different between wild-
type and cse4-R37A strains (p value = > 0.05; Figure 4A). However,
enrichment of Mif2 at CEN was significantly reduced in cse4-R37F
(~1.7-1.9% of input) when compared with the wild-type (~3.2% of
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extracts from strains in (A) using o-HA and o-Tub2 (loading control) antibodies. (C) Reduced association of GFP-cse4-
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examined.

input; p value = < 0.05; Figure 4A) strain. No significant enrichment
of Mif2 was detected at the non-CEN ACTT1 locus used as a negative
control (Figure 4A). Western blotting showed that the protein levels
of Mif2 were similar in wild-type, cse4-R37A, and cse4-R37F strains
(Figure 4B; Supplemental Figure S3D).

Based on the results for defects in kinetochore integrity in cse4-
R37F strains (Figures 3 and 4), we hypothesized that mimicking the
continuous methylation of Cse4-R37 throughout the cell cycle will
contribute to defective chromosome segregation. We constructed
cse4-R37A and cse4-R37F strains carrying a reporter chromosome
fragment (CF) and determined the frequency of CF loss which re-
sults in red sectors in an otherwise white colony (Spencer et al.,
1990) The frequency of CF loss in the first division (half red-half
white colonies) was not significantly different between wild-type and
cse4-R37A strains (p value = 0.52; Figure 4C). Notably, the fre-
quency of CF loss was significantly higher (about 15-fold; p value =
0.0083; Figure 4C) in cse4-R37F strain than in the wild-type strain
and the increased CF loss of cse4-R37F strain is similar to that
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described for other kinetochore mutants(Kastenmayer et al., 2005;
Ma et al., 2012). We noted that Cse4-R37 is substituted by a K resi-
due in some fungal species carrying point CEN (Supplemental
Figure S4A). Given that K can also be a substrate residue for meth-
ylation, we hypothesized that the cse4-R37K strain may not exhibit
defects in chromosome segregation. Consistent with this hypothe-
sis, CF loss was not observed in the cse4-R37K strain (Supplemental
Figure S4B). Taken together, we conclude that methyl mimic cse4-
R37F contributes to defects in kinetochore integrity and CIN.

cse4-R37F strain exhibits synthetic growth defects with
kinetochore mutants

We performed a genome-wide genetic screen using a synthetic ge-
netic array (SGA) to identify gene deletions or mutants that display SL
with cse4-R37F strain. A query strain with cse4-R37F integrated at the
endogenous CSE4 locus was mated to an array of nonessential
(~4293 gene deletions) and essential (~786 conditional TS alleles)
genes, and the growth of the haploid meiotic progeny of each mutant
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FIGURE 4: Methyl mimic cse4-R37F strain exhibits defects in kinetochore integrity and CIN phenotype. (A) Levels of
Mif2 are reduced at CEN chromatin in cse4-R37F strains. ChIP was performed with 0-Mif2 antibodies using chromatin
from strains in Figure 3A. Enrichment of Mif2 at CENs (CEN1 and CEN3) and a negative control (ACT1) was determined
by qPCR and is presented as percent input. Average from three biological replicates + SE. *p value < 0.05, Student's t
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CIN. Frequency of CF loss in wild-type (WT; YPH1015), cse4-R37A (YMB11649), and cse4-R37F (YMB11650) was
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carrying cse4-R37F was measured at the permissive temperature of
26°C. The SGA score for growth was calculated as defined previously
(Baryshnikova et al., 2010; Wagih et al., 2013) and filtered based on
the intermediate confidence threshold values (p value < 0.05 and
[Score] >0.08; Costanzo et al., 2010; Costanzo et al., 2016). The
SGA showed that mutants corresponding to 188 essential and 368
nonessential genes exhibited significant negative genetic interac-
tion with cse4-R37F strain (Supplemental Table S2). Gene Ontology
(GO) analysis of the negative genetic interactors for biological pro-
cesses and cellular components was performed using FunSpec
software with a cutoff value of <0.05 (http://funspec.med.utoronto.
ca/). GO identified categories related to kinetochore, chromosome
segregation, cell division, mitosis, and chromosomes (Figure 5A). A
majority of the negative interactor genes are related to kinetochore
function and chromosome segregation representing the compo-
nents of COMA (Ctf19, Okp1, Mcm21, Ame1), DAM1 (e.g., Dam1,
Dad1), MIND (e.g., Dsn1), and Ndc80 (e.g., Spc24) complexes
(Supplemental Table S2). We validated the results of SGA by ge-
netic analysis and tetrad dissection of a subset of kinetochore mu-
tants (KAN*R) with cse4-R37F (NAT*R). We observed SL of cse4-
R37F with mutants of the COMA complex as both the cse4-R37F
ameT1-4 and cse4-R37F ctf19A double mutants were inviable as
KAN* NAT* progeny was not observed and the two cse4-37F
mecm21A mutants that we recovered showed very slow growth
(Figure 5, B and C). We also validated genetic interaction of cse4-
R37F with mutant that corresponds to microtubule-associated pro-
tein Irc15 where only two of 10 expected cse4-R37F irc15A mutants
and five of 10 expected cse4-R37F madT1A mutants were viable
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(Figure 5B). The viable spores in these strains largely exhibit syn-
thetic sick (slow growth) phenotype. In contrast to cse4-R37F, SL
was not observed in cse4-R37K when combined with the deletion
of a component of the COMA complex, Ctf19 (Supplemental
Figure S4C). Overall, SGA screen for SL with cse4-R37F and nones-
sential and essential gene mutants revealed an enrichment of
genes that regulate kinetochore function and faithful chromosome
segregation.

cse4-R37F strain exhibits reduced levels of kinetochore
proteins Ctf19 and Ame1 at CEN chromatin

The results of SGA and validation by analysis of meiotic progeny
confirmed SL of cse4-R37F with mutants corresponding to compo-
nents of the COMA complex namely, Ctf19 and Ame1 (Figure 5). We
posit that cse4-R37F strains may exhibit reduced association of Ctf19
and Ame1 at CEN chromatin. Hence, we examined the CEN levels of
Ctf19 and Ame1 in G2/M cells of wild-type and mutant strains (Sup-
plemental Figure S3). In agreement with our hypothesis, ChIP-gPCR
showed that the enrichment of Ctf19 at CEN was reduced signifi-
cantly in cse4-R37F strain (~0.12-0.17% of input) when compared
with the wild-type (~0.39% of input; Figure 6A). Similarly, CEN levels
of Ame1 were also reduced significantly in cse4-R37F strain (~1.0%
of input) than the levels observed for the wild-type strain (~2.4% of
input; Figure 6B). The enrichment of Ctf19 or Ame1 at CEN chroma-
tin (CENT and CEN3) was not significantly different between wild-
type and cse4-R37A strains (p value = > 0.05; Figure 6, A and B). No
significant enrichment of Ctf19 or Ame1 was detected at the non-
CEN ACTT1 locus used as a negative control (Figure 6, A and B).
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FIGURE 5: Methyl mimic cse4-R37F strains exhibits negative genetic interactions with chromosome segregation
mutants. (A) GO analysis of the negative genetic interactors for biological process and cellular component based on
SGA of cse4-R37F with nonessential and essential gene mutations. (B) Methyl mimic cse4-R37F strains exhibits negative
genetic interactions with ame1-4, ctf19A, mem21A, irc15A, chl4A, and mad1A. Analysis of meiotic progeny of tetrad
analysis from mating of cse4-R37F with isogenic BY4741 strains carrying mutations in kinetochore components as
indicated. The number of expected and observed double mutants observed are shown. (C) Representative image from
tetrad dissection showing SL when cse4-R37F was combined with kinetochore mutant ame1-4. The four spores (S1-54)

from individual asci and their genotypes are marked.

Western blot analysis showed similar levels of protein expression of
Ctf19 and Ame1 in wild-type and mutant strains (Figure 6, C and D;
Supplemental Figure S3, E and H). These results show that cse4-
R37F strain has reduced CEN association of kinetochore proteins
Ctf19 and Ame1 and this may contribute to the CIN phenotype of
cse4-R37F strain (Figure 4C) and SL phenotype when cse4 R37-F is
combined with kinetochore mutants (Figure 5).

Evolutionarily conserved SPOUT methyltransferase Upa1
contributes to Cse4 methylation

A previous study showed that strains deleted for genes encoding
arginine methyltransferases (Hmt1, Rmt2, and Hsl7) do not show
reduced methylation of Cse4-R37 or exhibit the synthetic growth
defects when combined with cbf1A or ctf19A strains (Samel et al.,
2012) suggesting that methylation of Cse4-R37 is likely catalyzed by
an uncharacterized methyltransferase(s). Notably, previous studies
have identified a novel role for SPOUT (SpoU-TrmD) methyltransfer-
ases in protein arginine methylation in budding yeast (Wlodarski
et al., 2011; Young et al., 2012). Moreover, human SPOUT methyl-
transferase protein 1 (also known as CENP32) associates with the
kinetochore (Ohta et al., 2015) and its depletion exhibits negative
genetic interaction with a deletion of CEN protein (CENP-P;
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Horlbeck et al., 2018), a phenotype that is analogous to SL observed
in cse4-R37A strains when combined with the deletion of CENP-P
homologue in budding yeast, Ctf19 (Samel et al., 2012). Remark-
ably, deletion of Upal (yeast homologue of CENP32) also exhibits
negative genetic interactions and growth defects with the kineto-
chore mutants (Costanzo et al., 2010; Costanzo et al., 2016). More-
over, Upa1 interacts in vivo and in vitro with kinetochore protein
Cbf5 (Jiang et al., 1993; Krogan et al., 2004; Schwer et al., 2011;
Snider et al., 2014; Ismail et al., 2022) and is an active component of
preprimordial 60S pre-ribosome (Ismail et al., 2022). Based on these
observations, we hypothesized that Upa1 may have a role in Cse4-
R37 methylation. Hence, we examined the levels of Cse4-R37 meth-
ylation in wild-type and upalA strains synchronized in G2/M (Sup-
plemental Figure S5). Western blot analysis showed that MeCse4-R37
was significantly reduced in upalA (~40% reduction) when com-
pared with the wild-type strain (Figure 7, A and B). The reduction in
MeCsed-R37 is linked to upalA strain as the defect in methylation is
complemented by a plasmid expressing UPAT from its native pro-
moter (Figure 7, A and B). Consistent with a role for UPA1 in Cse4-
R37 methylation, overexpression of UPAT resulted in significant in-
crease in the levels of MeCse4-R37 in G2/M but not in G1 cells
(Figure 7, C and D; Figure Sé). Moreover, strains overexpressing
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at CENs (CEN1 and CEN3) and a negative control (ACT1) was determined by qPCR and is
presented as % input. Average from three biological replicates + SE. **p value < 0.01, Student'’s
t test. (C) Expression of Ctf19 in wild-type, cse4-R37A, and cse4-R37F strains are similar.
Western blotting of protein extracts was done using 0-Ctf19 and o-Tub2 (loading control)
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UPAT exhibit increased CF loss in a wild-type strain (Figure 7E). To
determine whether the CF loss phenotype is due to increased meth-
ylation of Cse4-R37, we compared CF of GALUPAT in wild-type and
cse4-R37A strains. Our results showed that CF loss was significantly
reduced in a cse4-R37A strain upon UPAT overexpression (Figure
7E). Taken together, these results suggest that SPOUT methyltrans-
ferase Upa contributes to Cse4-R37 methylation.

R37 methylation through the cell cycle and
its impact on kinetochore structure and
function have not been characterized. Here,
we report that Cse4-R37 methylation is cell
cycle regulated with maximum enrichment
observed in mitotic cells and methylated
Cse4-R37 associates with the CEN chroma-
tin. The studies with methyl mimic cse4-
R37F strain revealed: a) synthetic growth
defects when combined with kinetochore
mutants such as those corresponding to
COMA complex, b) reduction and faster ex-
change of cse4-R37F at the kinetochore, c)
reduction in the levels of CEN-associated
kinetochore proteins Mif2, Ctf19, and
Ame1, and d) increased frequency of chro-
mosome loss. In addition, we have identi-
fied a novel role for SPOUT methyltransfer-
ase Upal in methylation of Cse4-R37. Based
on these results, we propose a model in
which cell cycle-dependent methylation of
Cse4-R37 regulates faithful chromosome
segregation and its misregulation contrib-
utes to defects in kinetochore structure and
function leading to CIN (Figure 8).

We provide the first evidence for cell cy-
cle regulation for methylation of Cse4-R37.
The abundance of methylated Cse4-R37 in-
creases from S-phase to G2/M cells and de-
creases rapidly in cells arrested in G1, imply-
ing a high degree of coordination between
the cell cycle and Cse4-R37 methylation.
Previous studies have shown that Cse4 re-
cruitment to the kinetochore is regulated by
the cell cycle and its exchange at the kineto-
chore occurs during the early S-phase when
old Cse4 molecules are replaced by the new
Cse4 molecules (Pearson et al., 2004; Wis-
niewski et al., 2014). The seeding of new

Cse4 molecules at the kinetochore in the S-phase is essential for
subsequent assembly of other components of the kinetochore, spin-
dle, microtubules, and other factors associated with the process of
chromosome segregation (Yeh et al., 2000; Yeh et al., 2008; Wis-
niewski et al., 2014; Bloom and Costanzo, 2017; Lawrimore et al.,
2018). Methylation of Cse4-R37 has been proposed to be recog-
nized by kinetochore proteins Okp1 and Ame1, which in turn serves

as a signaling mechanism for subsequent assembly of other kineto-

DISCUSSION

Evolutionarily conserved CEN-specific histone H3 variant, Cse4 and
its homologues are considered as an epigenetic mark for kineto-
chore identity and are essential for faithful segregation of chromo-
somes during the cell-division cycle (Sullivan et al., 1994; Stoler
et al., 1995; Meluh et al., 1998; Henikoff et al., 2000; Takahashi
et al., 2000; Allshire and Karpen, 2008). Recent studies have high-
lighted the role of Cse4 PTMs in its regulation, kinetochore function
and chromosome segregation (Hewawasam et al., 2010; Ranjitkar
et al., 2010; Samel et al., 2012; Au et al., 2013; Boeckmann et al.,
2013; Ohkuni et al., 2016; Hoffmann et al., 2018; Mishra et al., 2019;
Au et al., 2020; Mishra et al., 2021). Methylation of Cse4 arginine
residue at position 37 has been identified and proposed to have a
role in kinetochore assembly (Samel et al., 2012; Boeckmann et al.,
2013; Anedchenko et al., 2019). However, the dynamics of Cse4-
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chore components (Anedchenko et al., 2019). Our observation
showing enrichment of methylated Cse4-R37 in S-phase cells is con-
sistent with the proposed role of Cse4-R37 methylation in kineto-
chore assembly. However, the maximum enrichment of methylated
Cse4-R37 was detected in mitotic cells, suggesting that Cse4-R37
methylation may have additional mitotic roles at the budding yeast
kinetochore. Precedence for this is based on studies with human
cells in which arginine methylation of regulator of chromatin con-
densation 1 (RCC1) protein modulates spindle formation and chro-
mosome segregation (Clarke, 2021; Huang et al., 2021). Similarly,
arginine methylation of ubiquitin-associated protein 2-like (UBAP2L)
is necessary for proper alignment of chromosomes in metaphase
and is required for correct kinetochore—microtubule attachment for
the error-free progression of the mitosis (Maeda et al., 2016). More-
over, arginine methylation of Rad? plays an important role in S and

Molecular Biology of the Cell
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FIGURE 7: SPOUT methyltransferase Upa1 contributes to methylation of Cse4-R37. (A) Reduced
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by plasmid based UPA1. Quantification of relative methylation of Cse4 of strains from (A). Ratio
of methylated Cse4 (MeHA-Cse4) to the total Cse4 (HA-Cse4) was calculated using Image J.
Three biological replicates were done. Average + SE is shown. **p value < 0.01, ns = statistically
not significant, Student’s t test. (C) Increased methylation of Cse4-R37 in mitotic cells of UPA1
overexpressing strain. Western blot analysis of Ni-NTA agarose immunoprecipitated extracts
from wild-type (WT) strain with vector (YMB11878) or GAL1-6HIS-HA-UPAT (YMB11879) strain
grown in SC-Ura with galactose + raffinose (2% each) at 25°C for 6 h, synchronized in G2/M with
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Three biological replicates were done. Average + SE is shown. *p value < 0.05, Student's t test.
(E) Overexpression of UPAT causes errors in chromosome segregation. Frequency of CF loss in
wild-type with vector (YMB12214) or GAL1-6HIS-HA-UPA1 (YMB12215) and cse4-R37A strain
with vector (YMB12217) or GAL1-6HIS-HA-UPA1 (YMB12218) was determined as described in
Materials and Methods. At least 1000 colonies each from three independent transformants were
counted. Average + SE is shown. **p value < 0.01, Student's t test.
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G2/M cell cycle progression and checkpoint
activation (He et al., 2011). Future studies
will allow us to define the physiological
significance of methylated Cse4-R37 in
mitosis.

A recent study has identified methylation
within the C-terminus of Cse4 (K131 and
R143), which affects the stability of CEN nu-
cleosomes in the context of defects in outer
kinetochore proteins, such as those of the
Ndc80 complex (Nguyen et al., 2023). Al-
though both C- and N-terminus methylation
of Csed exhibit negative genetic interac-
tions with kinetochore mutants and defects
in CEN integrity, there is a distinction in
which they affect the kinetochore structure
and function. The phenotypes for the C-
terminus methylation were observed when
combined with mutations in the outer kinet-
ochore component (Nguyen et al., 2023),
whereas the phenotypes for N-terminus
methylation were detected when combined
with mutations in the inner kinetochore
components, such as COMA complex
(Samel et al., 2012; Anedchenko et al,
2019). It is possible that the C- and the N-
terminus methylation of Cse4 could be con-
trolled differentially by the cell cycle in a
manner that coordinates the assembly of
kinetochore components and faithful chro-
mosome segregation. Moreover, various
studies have shown that Cse4 is modified by
both phosphorylation and methylation
(Samel et al., 2012; Boeckmann et al., 2013;
Anedchenko et al., 2019; Mishra and Basrai,
2019; Mishra et al., 2019; Mishra et al,,
2021). Notably, methylated Cse4-R37 is
flanked by two of the phosphorylated resi-
dues, S33 and S40 (Boeckmann et al., 2013;
Mishra and Basrai, 2019), however relation-
ships between these two PTMs of Cse4 and
their physiological significance for chromo-
some segregation remain to be investi-
gated. Studies from budding yeast and
other systems have highlighted the impor-
tance of the crosstalk between PTMs in de-
termining their activity and function (Zhang
et al., 2005; Fang et al., 2014, Liu et al,
2020; Smith et al., 2020). For example,
methylation of kinetochore protein Dam!1
by Set1 methyltransferase inhibits its phos-
phorylation by Ipl1 kinase, which is critical
for faithful chromosome segregation and
cell viability (Zhang et al., 2005). It is of great
interest to examine for possible crosstalk
between phosphorylation and methylation
of Cse4.

The cse4-R37A mutant exhibits no ob-
servable phenotype unless it is combined
with the kinetochore mutants (Samel et al.,
2012; Anedchenko et al., 2019). The lack of
any detectable phenotype in cse4-R37A
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could be due to compensatory effect produced by the methylation
of R143 in the C-terminus of Cse4 (Nguyen et al., 2023) or other
methylated arginine residues in Cse4 that are yet to be identified.
In this study we show that the cse4-R37F mutant, which mimics
methylation of Cse4-R37 throughout the cell cycle shows SL with
kinetochore mutants, such as COMA complex. The assembly of
COMA complex at the kinetochore occurs via its interaction with the
N-terminus of Cse4, which subsequently facilitates the recruitment
of Sli15/Ipl1 to the kinetochore for the fidelity of spindle assembly
checkpoint and chromosome biorientation (Hornung et al., 2014;
Anedchenko et al., 2019; Fischbock-Halwachs et al., 2019). When
combined with the kinetochore mutants, the absence (cse4-R37A)
or mimic of methylation (cse4-R37F) may interfere with the integrity
of the mitotic spindle, which likely contributes to growth defects and
SL phenotypes.

Although both cse4-R37F and cse4-R37A mutants exhibit
growth defects and SL with kinetochore mutants, several pheno-
types were uniquely observed in the cse4-R37F mutant, for exam-
ple, reduction in CEN levels of kinetochore proteins such as, AmeT,
Ctf19, Mif2, including cse4-R37F, a faster exchange of cse4-R37F at
the metaphase kinetochore, and increased frequency of CIN. Ap-
parently, mimicking the methylation of Cse4-R37 throughout the
cell cycle (cse4-R37F) shows much stronger phenotypic defects
than the absence of Cse4-R37 methylation (cse4-R37A). One of the
contributing mechanisms for this observation could be disruption
of the dynamic cell cycle-dependent regulation of Cse4-R37 meth-
ylation. Mimicking the presence of methylation in G1 or the lack of
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demethylation in late mitosis (late anaphase and telophase) possi-
bly creates an epigenetic chromatin environment at the kineto-
chore that is not ideal for faithful chromosome segregation. The
presence of methylation in G1 could interfere with the assembly of
kinetochore proteins in the S-phase, whereas the lack of demethyl-
ation in late mitosis may affect the processes of error corrections
caused by faulty kinetochore-microtubule attachments. Moreover,
depletion of CEN levels of cse4-R37F and its faster exchange at the
kinetochore indicate that cse4-R37F is a less stable protein and
cannot remain stably associated with the kinetochore. The deple-
tion of Cse4 from CEN has previously been shown to increase the
accumulation of negative DNA supercoils at the CEN DNA
(Henikoff and Furuyama, 2010; Huang et al., 2011; Henikoff and
Furuyama, 2012; Mishra et al., 2013; Vlijm et al., 2017) leading to
topological defects that interfere with the downstream assembly of
kinetochore components, cell cycle progression, and checkpoint
function, and these observations were associated with kinetochore
dysfunction and CIN (Haase et al., 2013; Mishra et al., 2013). It is
intriguing to speculate that reduction in CEN associated cse4-R37F
could potentially contribute to accumulation of negative DNA
supercoils at the CEN leading to increased frequency of CIN as
observed in cse4-R37F mutant. We surmise that these events either
individually or collectively contribute to defects in the kinetochore
in cse4-R37F strains. Taken together, we propose that the mimick-
ing methylation of Cse4-R37 throughout the cell cycle may inter-
fere with the ordered assembly of kinetochore components and
trigger incorrect geometric positioning and defective kinetochore
orientation during mitosis, all of which are essential for faithful
chromosome segregation (Yeh et al., 2000; Sprague et al., 2003;
Watanabe, 2012; Bloom and Costanzo, 2017; Lawrimore et al.,
2018; Lawrimore and Bloom, 2019).

A previous study did not reveal a role for arginine methyltransfer-
ases Hmt1, Rmt2, and Hsl7 in methylation of Cse4-R37 (Samel et al.,
2012). We have now identified SPOUT methyltransferase Upa1 that
contributes to the methylation of Cse4-R37. The level of Cse4-R37
methylation was reduced upon deletion of UPAT, while it was in-
creased upon UPAT overexpression. Although SPOUT methyltrans-
ferases are largely known to modify RNAs, recent studies have de-
fined their role in protein arginine methylation (Wlodarski et al.,
2011; Krishnamohan and Jackman, 2019). Notably, Spout Family
Methyltransferase 1 (Sfm1) methylates arginine 146 of Rps3 protein
in budding yeast, which is required for the import of Rps3 protein to
the nucleolus for assembly of the ribosomal small subunit (Young
etal., 2012). The methylation of Rps3-R146 is physiologically impor-
tant as its absence (rps3-R146A) affects cellular growth and fitness
(Young et al., 2012). While we cannot conclude for a direct or indi-
rect role of Upa1 in Cse4-R37 methylation, our result showing ~40%
reduction in Cse4-R37 methylation in upalA strains suggests the
involvement of additional methyltransferase(s) in methylation of
Cse4-R37. The involvement of multiple methyltransferases in meth-
ylation of a single substrate and the ubiquity of coordinated transla-
tional methylation machinery have been reported from budding
yeast and other organisms (Young et al, 2012). For example,
Rpl12ab in budding yeast is known to be methylated by three meth-
yltransferases namely Rmt2, Rkms2, and Ntm1 (Chern et al., 2002;
Webb et al., 2008; Webb et al., 2010). Likewise, evolutionarily con-
served eukaryotic elongation factor 1A (eEF1A) has been shown to
be methylated by two different methyltransferases (Lipson et al.,
2010). Our studies also provide an exciting opportunity for the iden-
tification and characterization of additional methyltransferases as
well as potential demethylases that differentially regulate the meth-
ylation status of Cse4 during the cell cycle.
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In summary, this study is the first report describing cell cycle
regulated methylation of Cse4-R37 with maximum enrichment in mi-
totic cells. The analysis of a mutant mimicking methylated Cse4-R37
enabled us to demonstrate that the misregulation of methylation on
Cse4-R37 contributes to defects in kinetochore function and CIN.
We have also defined a role for SPOUT methyltransferase Upa1 in
methylation of Cse4-R37. These studies are important from an evo-
lutionary standpoint, as consistent with our observations for cell cy-
cle-dependent methylation of Cse4-R37 in budding yeast, methyla-
tion of CENP-A with maximum enrichment during mitosis has been
reported in human cells (Sathyan et al., 2017). Moreover, CENP-A
methylation is catalyzed by the enzyme NRMT, and methylation of
CENP-A regulates kinetochore integrity and cell survival (Sathyan
et al., 2017; Srivastava and Foltz, 2018; Srivastava et al., 2018). Be-
cause the molecular function of Cse4/CENP-A is evolutionarily con-
served, our studies from budding yeast will help us better under-
stand the physiological significance of methylation of kinetochore
proteins for high-fidelity chromosome segregation and how errors in
these pathways contribute to CIN observed in many cancers.

MATERIALS AND METHODS

Yeast strains and plasmids

The yeast strains and plasmids used in this study are listed in Table
1. Strains were grown in yeast peptone dextrose (YPD; 1% yeast
extract, 2% Bacto-peptone, 2% glucose) or in synthetic minimal me-
dium with required carbon source and amino acids dropout de-
pending on the plasmid selection.

Production of Cse4 methylarginine 37 antibodies

We generated methylarginine 37 specific Cse4 antibodies (o-
MeCse4-R37) using peptides corresponding to the Cse4-R37 site
with N-terminal cysteine residues (H,N-CQQSIND(RMe)AL-amide).
Polyclonal antibodies were raised against the conjugated methyl-
peptide in rabbits by New England Peptide (Gardner, MA) and affin-
ity purified.

Cell cycle synchronization experiments

Strains were grown in YPD or in selective media to early logarithmic
phase at 25°C and were synchronized in G1 with 3-uM a-factor
treatment (RP0O1002, GenScript), S-phase with 0.2-M hydroxyurea
(HU, H8627, Sigma) or G2/M with 20-ug/mL nocodazole (NOC,
M1404, Sigma) for 2 h. For G1 arrest-release experiments, strains
were grown in YPD to early logarithmic phase at 25°C, synchronized
in G1 with o-factor and released into pheromone-free YPD medium.
o-factor was readded at 80 min after release to block cells in next
G1. Samples were taken at time points after release from G1. Flow
cytometry was done to verify the cell cycle synchronization using a
BD FACSort flow cytometer and Cell Quest software (BD Biosci-
ences, Boston, MA). The cell cycle stages were determined based
on nuclear position and cell morphology of the cells by visual exami-
nation under the Zeiss Axioskop 2 microscope (Carl Zeiss) as de-
scribed (Calvert and Lannigan, 2010).

Protein extractions, immunoprecipitation (IP), and Western
blotting

Total protein extracts were made using the Trichloroacetic Acid
(TCA) protein-precipitation approach (Kastenmayer et al., 2005),
and the levels of protein were determined using Bio-Rad DC protein
quantitation assay (Bio-Rad Laboratories, Hercules, CA). IP experi-
ments were performed to enrich Cse4 from whole-cell extracts using
methodologies as described previously (Boeckmann et al., 2013).
Briefly, cells were dissolved in lysis buffer (0.1-M Tris pH 8.0, 6-M
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guanidine chloride, 0.5-N NaCl, 10-mM N-ethylmaleimide, NEM)
and disrupted by glass beads in a FastPrep-5G bead beating system
(SKU: 116005500, MP Biomedical). Protein extracts were clarified by
centrifugation and incubated with Ni-NTA Superflow agarose
(30410, Qiagen) at 4°C for 16 h. Incubated agarose samples were
washed once with the lysis buffer followed by three washes with the
washing buffer (25-mM Tris pH 8.0, 10-mM NEM, 0.3-M NaCl, 0.1%
NP-40). Proteins bound to Ni-NTA agarose were eluted in 1 x Laem-
mli buffer. Protein samples were fractionated by SDS-PAGE on
4-12% Bis-TRIS SDS-polyacrylamide gels, transferred to nitrocellu-
lose membrane, and Western blot analysis was done as described
(Boeckmann et al., 2013). Primary antibodies for Western blotting
were o-HA (12CA5, Roche), o-MeCse4-R37 (custom made by the
Basrai laboratory), a-Myc (M4439, Sigma Aldrich), o-Mif2 (a gift
from Pam Meluh), a-Ctf19 (a gift from Arshad Desai) and o-Tub2
(custom made by the Basrai laboratory). Secondary antibodies were
HRP-conjugated a-rabbit 1gG (NA934V) and HRP-conjugated o-
mouse IgG (NA931V) (Thermo Fisher Scientific).

ChIP and gPCR experiments

ChIP was done in three biological replications using the procedure
as described (Mishra et al., 2007; Mishra et al., 2011). Strains were
grown in YPD at 25°C and synchronized in G2/M with nocodazole
(20-pg/mL nocodazole) for 2 h. Protein-DNA complexes were cap-
tured using a-HA agarose (A2095, Sigma Aldrich), a-Myc agarose
(A7470, Sigma Aldrich), a-MeCse4-R37 (custom made by the Basrai
laboratory), o-Mif2 (a gift from Pam Meluh), and o-Ctf19 (a gift from
Arshad Desai) antibodies, washed and processed as previously de-
scribed (Mishra et al., 2007; Mishra et al., 2011). ChIP-qPCR was
done with Fast SYBR Green Master Mix in a 7500 Fast Real Time
PCR System (Applied Biosystems, Foster City, CA) using primer se-
quences for CENT, CEN3, and ACT1 as described (Mishra et al.,
2021) and amplification conditions: 95°C for 20 s, followed by 40
cycles of 95°C for 3 s, 60°C for 30 s. The enrichment was calculated
as percent input from three biological replicates using the AACt
method (Livak and Schmittgen, 2001).

SGA and tetrad analysis

Yeast strain carrying cse4-R37F only copy in the genome integrated
at its endogenous locus and expressed from its native promoter was
used to examine synthetic fitness defects with deletions of nones-
sential genes and essential genes. SGA screens were performed at
26°C following the procedures for generating the haploid double
mutant array (Costanzo et al., 2016). The data were processed and
scored as described previously (Baryshnikova et al., 2010; Wagih
et al., 2013). Tetrad dissection of genetic crosses of cse4-R37F with
isogenic BY4741 strains carrying deletions of nonessential or muta-
tions of essential genes were performed following the budding
yeast mating and spore analysis procedures (Mortimer and Haw-
thorne, 1975).

Cell biology and microscopic assays

Wild-type (GFP-Cse4) and mutant strains (GFP-cse4-R37A and GFP-
cse4-R37F) were grown in synthetic complete media. Cells were im-
aged using a Zeiss Axioimager Z2 microscope after exciting the GFP
signals by the Zeiss Colibri LED illumination system (Carl Zeiss).
The fluorescence intensity of Cse4-GFP and its mutants were deter-
mined by running an automatic foci quantification plugin (Fociquant)
in Image J (Schneider et al., 2012) and data were analyzed statisti-
cally using RStudio software (https://www.rstudio.com/). FRAP ex-
periments were performed in metaphase cells of wild type (GFP-
Csed) and cse4-R37F (GFP-cse4-R37F) selected from logarithmically
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(A) Saccharomyces cerevisiae strains:

Strain Genotype Reference

YPH1015 MATa ura3-52 lys2-801 ade2-101 trp1A63 his3A200 leu2A1 CFIIl (CEN3L.YPH278) HIS3 SUP11  Phil Hieter

YMB7287 MATa ura3A0 leu2A0 his3AT met15A0 csed4A::KAN pRS416-6His-3HA-cse4-R37A This study

YMB7289 MATa ura3A0 leu2A0 his3AT met15A0 cse4A::KAN pRS416-CSE4 (pRB199) This study

YMB8121 MATo his3A1 leu2A0 ura3A0 met15A0 lyp1A can1A::STE2pr-SpHIS5 cse4A::3HA- This study
cse4R37F::mx4NAT

YMB10574 MATa ura3A0 leu2A0 his3A1 met15A0 csedA::6His-3HA-CSE4::mx4NAT Basrai Lab

YMB11649 MATa ura3-52 lys2-801 ade2-101 trp1A63 his3A200 leu2A1 CFIII (CEN3L.YPH278) HIS3 SUP11  This study
csedA::6His-3HA-cse4R37A::mx4NAT

YMB11650 MATa ura3-52 lys2-801 ade2-101 trp1A63 his3A200 leu2A1 CFlll (CEN3L.YPH278) HIS3 SUP11  This study
csedA::6His-3HA-cse4R37F::mx4NAT

YMB11651 MATa ura3A0 leu2A0 his3AT met15A0 csedA::6His-3HA-csedR37A::mx4NAT This study

YMB11652 MATa ura3A0 leu2A0 his3A1 met15A0 csedA::6His-3HA-cse4R37F::mx4NAT This study

YMB11757 MATa ura3-52 lys2-801 ade2-101 trp1A63 his3A200 leu2A1 CFlIl (CEN3L.YPH278) HIS3 SUP11  This study
csedA::6His-3HA-cse4R37K:mx4NAT

YMB11828 MATa ura3A0 leu2A0 his3A1T met15A0 6His-3HA-CSE4::mx4NAT Ame1-Myc This study

YMB11829 MATa ura3A0 leu2A0 his3A1 met15A0 6His-3HA-CSE4-R37A::mx4NAT Ame1-Myc This study

YMB11830 MATa ura3A0 leu2A0 his3AT met15A0 6His-3HA-CSE4-R37F::mx4NAT Ame1-Myc This study

YMB11832 MATa his3A1 leu2A0 met15A0 ura3A0 6His-3HA-CSE4:mx4NAT upalA::HIS3 This study

YMB11878 MATa his3A1 leu2A0 met15A0 ura3A0 6His-3HA-CSE4:mx4NAT pMB433 (GAL URA3 vector)  This study

YMB11879 MATa his3A1 leu2A0 met15A0 ura3A0 6His-3HA-CSE4::mx4NAT GAL1-6HIS-HA-UPA1::URA3  This study
(mORF)

YMB11880 MATa his3A1 leu2A0 met15A0 ura3A0 6His-3HA-CSE4::mx4NAT pRS425 (LEU2, 2u vector) This study

YMB11881 MATa his3A1 leu2A0 met15A0 ura3A0 6His-3HA-CSE4::mx4NAT upal1A::HIS3 pRS425 This study
(LEU2,2p vector)

YMB11882 MATa his3A1 leu2A0 met15A0 ura3A0 6His-3HA-CSE4:mx4NAT upalA::HIS3 UPA1:LEU2, 2y This study

YMB12214 MATa ura3-52 lys2-801 ade2-101 trp1A63 his3A200 leu2A1 CFIII (CEN3L.YPH278) HIS3 SUP11  This study
pMB433 (GAL URA3 vector)

YMB12215 MATa ura3-52 lys2-801 ade2-101 trp1A63 his3A200 leu2A1 CFlIl (CEN3L.YPH278) HIS3 SUP11  This study
GAL1-6HIS-HA-UPAT::URA3 (mORF)

YMB12217 MATa ura3-52 lys2-801 ade2-101 trp1A63 his3A200 leu2A1 CFIII (CEN3L.YPH278) HIS3 SUP11  This study
cse4A::6His-3HA-cse4R37A:mx4NAT pMB433 (GAL URA3 vector)

YMB12218 MATa ura3-52 lys2-801 ade2-101 trp1A63 his3A200 leu2A1 CFIII (CEN3L.YPH278) HIS3 SUP11  This study
csedA::6His-3HA-csedR37A::mx4NAT GAL1-6HIS-HA-UPA1T::URA3 (mORF)

BY4741 MATa ura3A0 leu2A0 his3A1T met15A0 Open Biosystems

T785 MATa leu2A0 his3A1 ura3A0 met15A0 GFP-CSE4::HISMX This study

T786 MATa leu2A0 his3AT ura3A0 met15A0 GFP-cse4-R37A::HISMX This study

T796 MATa leu2A0 his3A1 ura3A0 met15A0 GFP-cse4-R37F::HISMX This study

(B) List of plasmids:

Plasmid Description Reference

pRS425 Vector::LEU2 2y Basrai Lab

pUPA1 UPAT:LEU2 2u Boone Lab

pRB199 CEN 6HIS-3HA-CSE4::URA3 R. Baker

pMB433 Vector GAL1::URA3 Basrai Lab

pGALT UPAT  GAL1-6HIS-3HA-UPA1::URA3 Open Biosystems

TABLE 1: List of strains and plasmids used in this investigation.
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growing cultures based on the position of kinetochores (Cse4-GFP)
and spindle pole bodies (Spc29-RFP) as described previously (Chen
et al., 2000; Maddox et al., 2000). The GFP-Cse4 intensity values
were statistically analyzed using a pairwise t test in the GraphPad
Prism (Dotmatics, MA).

Chromosome segregation assays

The frequency of errors in chromosome segregation was measured
by a colony color assay as described previously (Spencer et al.,
1990). In this assay, the loss of a reporter mini-CF led to the forma-
tion of red-sectored colonies instead of a white colony. Strains con-
taining CF were grown to the logarithmic phase in medium select-
ing for the CF and plated on synthetic complete medium with
limiting adenine at 25°C. The frequency of CF loss was calculated by
counting the colonies that showed at least half or more than half
red-sectors and were normalized to the total number of colonies.
About 1000 colonies were examined for each strain from three inde-
pendent transformants.
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