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ABSTRACT Centromeric localization of CENP-A (Cse4 in Saccharomyces cerevisiae, CID in flies, CENP-A in humans) is essential for
faithful chromosome segregation. Mislocalization of overexpressed CENP-A contributes to aneuploidy in yeast, flies, and humans, and
is proposed to promote tumorigenesis in human cancers. Hence, defining molecular mechanisms that promote or prevent mislocal-
ization of CENP-A is an area of active investigation. In budding yeast, evolutionarily conserved histone chaperones Scm3 and chromatin
assembly factor-1 (CAF-1) promote localization of Cse4 to centromeric and noncentromeric regions, respectively. Ubiquitin ligases,
such as Psh1 and SIx5, and histone chaperones (HIR complex) regulate proteolysis of overexpressed Cse4 and prevent its mislocalization
to noncentromeric regions. In this study, we have identified sumoylation sites lysine (K) 215/216 in the C terminus of Cse4, and shown
that sumoylation of Cse4 K215/216 facilitates its genome-wide deposition into chromatin when overexpressed. Our results showed
reduced levels of sumoylation of mutant Cse4 K215/216R/A [K changed to arginine (R) or alanine (A)] and reduced interaction of
mutant Cse4 K215/216R/A with Scm3 and CAF-1 when compared to wild-type Cse4. Consistent with these results, levels of Cse4
K215/216R/A in the chromatin fraction and localization to centromeric and noncentromeric regions were reduced. Furthermore, in
contrast to GAL-CSE4, which exhibits Synthetic Dosage Lethality (SDL) in pshTA, six5A, and hir2A strains, GAL-cse4 K215/216R does
not exhibit SDL in these strains. Taken together, our results show that deposition of Cse4 into chromatin is facilitated by its C-terminal
sumoylation.
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NEUPLOIDY is a hallmark of many cancers and a significant

driver of tumorigenesis. Aneuploidy, observed in 90% of
solid tumors, is caused by chromosomal instability (CIN), char-
acterized by the unequal distribution of chromosomes into two
daughter cells and/or structural rearrangements of the genome.
One of the key determinants for chromosomal stability is the
centromere, which serves as a site for kinetochore assembly and
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mediates kinetochore-microtubule attachment and spindle as-
sembly checkpoint function. The incorporation of the evolution-
arily conserved centromeric histone H3 variant Cse4 (Cnpl in
Schizosaccharomyces pombe, CID in Drosophila melanogaster,
and CENP-A in humans) into centromeric chromatin is essential
for kinetochore assembly and chromosomal stability (Kitagawa
and Hieter 2001; Biggins 2013; McKinley and Cheeseman
2016).

The evolutionarily conserved CENP-A specific histone
chaperone Scm3 in Saccharomyces cerevisiae and S. pombe
[CAL1 in D. melanogaster, Holliday Junction Recognition Pro-
tein (HJURP) in humans] promotes the centromeric localiza-
tion of Cse4 and Cnpl, respectively (Camahort et al. 2007;
Mizuguchi et al. 2007; Stoler et al. 2007; Pidoux et al. 2009;
Williams et al. 2009). Other chaperones besides Scm3
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facilitate the deposition of overexpressed Cse4 when the bal-
ance of H3 and Cse4 is altered. For example, the evolutionarily
conserved replication dependent Chromatin Assembly Factor
1 (CAF-1) in S. cerevisiae promotes localization of overex-
pressed Cse4 to centromeres (Hewawasam et al. 2018). The
CAF-1 ortholog Mis16 in S. pombe and RbAp46/48 in humans
and D. melanogaster contribute to efficient CENP-A loading to
centromeres (Fujita et al. 2007; Pidoux et al. 2009; Williams
et al. 2009; Boltengagen et al. 2016). In S. cerevisiae, CAF-1
complex not only promotes localization of overexpressed Cse4
to centromeres, but also contributes to the mislocalization of
Cse4 to noncentromeric regions (Hewawasam et al. 2018). In
humans, the transcription-coupled histone H3/H4 chaperone
DAXX/ATRX promotes mislocalization of CENP-A to ectopic
regions (Lacoste et al. 2014; Athwal et al. 2015; Shrestha
etal 2017).

Previous studies have shown that mislocalization of over-
expressed CENP-A contributes to aneuploidy in yeast, flies,
and human cells (Collins et al. 2004; Heun et al. 2006;
Moreno-Moreno et al. 2006; Au et al. 2008; Shrestha et al.
2017). Furthermore, many cancers exhibit elevated CENP-A
messenger RNA levels, and this correlates with poor patient
survival and increased risk of disease progression (Tomonaga
et al. 2003; Amato et al. 2009; Hu et al. 2010; Li et al. 2011;
Wu et al. 2012; Lacoste et al. 2014; Athwal et al. 2015; Sun
et al. 2016). Hence, understanding pathways that promote
and prevent mislocalization of CENP-A is an area of active
research.

In S. cerevisiae, post-translational modifications such as
ubiquitination and sumoylation of Cse4, and histone chaper-
ones such as the HIR complex, regulate proteolysis and cel-
lular levels of Cse4, preventing its mislocalization to
noncentromeric regions, and thereby maintaining chromo-
somal stability (Collins et al. 2004; Hewawasam et al. 2010;
Ranjitkar et al. 2010; Lopes da Rosa et al. 2011; Ohkuni et al.
2016; Cheng et al. 2017; Ciftci-Yilmaz et al. 2018). Our recent
study with a genome-wide screen using synthetic genetic array
with conditional mutant alleles of essential genes identified a
role of F-box proteins Met30 and Cdc4 of the Skpl, Cullin,
F-box (SCF) complex in the proteolysis of endogenous Cse4
to prevent its mislocalization and promote chromosome sta-
bility (Au et al. 2020). We have previously shown that Cse4 is a
substrate for sumoylation as well as ubiquitination (Ohkuni
etal. 2016). We determined that the small ubiquitin-like mod-
ifier (SUMO)-targeted ubiquitin ligase SIx5 regulates proteol-
ysis of Cse4 and prevents its mislocalization to noncentromeric
regions (Ohkuni et al. 2016). Most SUMO substrates are mod-
ified at lysine residues found in the consensus motif W-K-x-D/E
(W is a hydrophobic residue, K is the lysine to conjugated to
SUMO, x is any amino acid, D or E is an acidic residue)
(Rodriguez et al. 2001; Sampson et al. 2001; Bernier-
Villamor et al. 2002). We recently reported that sumoylation
of K65 (64-SKSD-67) in the N terminus of Cse4 promotes its
interaction with SIx5 and regulates proteolysis of Cse4 to pre-
vent its mislocalization for faithful chromosome segregation
(Ohkuni et al. 2018).
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In this study, we have identified and defined a role for
sumoylation of Cse4 K215/K216 (214-MKKD-217) in the C
terminus that is functionally distinct from the N-terminal
sumoylation of Cse4 K65. We report that, unlike Cse4
K65R, defects in proteolysis are not observed for Cse4
K215/216R/A and Cse4 K215/216R/A is not mislocalized
to noncentromeric regions. Our results show defects in the
interaction of Cse4 K215/216R/A with Scm3 and CAF-1 and
reduced levels of Cse4 K215/216R/A at centromeric and
noncentromeric regions, compared to wild-type Cse4. Fur-
thermore, in contrast to GAL-CSE4, which exhibits Synthetic
Dosage Lethality (SDL) in psh1A, sIx5A, and hir2A strains,
GAL-cse4 K215/216R does not exhibit SDL in these strains.
We conclude that Cse4 K215/K216 sumoylation promotes its
interaction with CAF-1 and Scm3, and this facilitates the de-
position of Cse4 into chromatin. Our studies with the triple
mutant cse4 K65/215/216R show that the biological role of
Cse4 K215/216 sumoylation is independent of the role of
Cse4 K65 sumoylation.

Materials and Methods
Yeast strains and plasmids

Supplemental Material, Tables S1 and S2 describe the geno-
types of yeast strains and plasmids used for this study,
respectively.

Sumoylation assay and co-immunoprecipitation

Cell lysates were prepared from 50 ml culture of strains grown
to exponential phase in raffinose/galactose (2%) medium for
2-4 hr to induce expression of Cse4 from the GAL promoter.
Cells were pelleted, rinsed with sterile water, and suspended in
0.5 ml of guanidine buffer (0.1 M Tris-HCI at pH 8.0, 6.0 M
guanidine chloride, 0.5 M NaCl) for sumoylation assay, or
0.5 ml of IP lysis buffer (50 mM Tris-HCI at pH 8.0, 5 mM
EDTA, 1% Triton X-100, 150 mM NacCl, 50 mM NaF, 10 mM
B-glycerophosphate, 1 mM PMSF, 1x protease inhibitor cock-
tail) for co-immunoprecipitation (Co-IP). Cells were homoge-
nized with Matrix C (MP Biomedicals) using a bead beater
(FastPrep-24 5G; MP Biomedicals). Cell lysates were clarified
by centrifugation at 6000 rpm for 5 min and protein concen-
tration was determined using a DC protein assay kit (Bio-Rad,
Hercules, CA). Samples containing equal amounts of protein
were brought to a total volume of 1 ml with appropriate buffer.

In vivo sumoylation was assayed in crude yeast extracts
using nickel-nitrilotriacetic acid (Ni-NTA) agarose beads
to pull down His-HA-tagged Cse4 as described previously
(Ohkuni et al. 2015), with modifications. Cell lysates were
incubated with 100 pl of Ni-NTA superflow beads (30430;
Qiagen, Valencia, CA) overnight at 4°. After being washed
with guanidine buffer one time and with breaking buffer
(0.1 M Tris-HCI at pH 8.0, 20% glycerol, 1 mM PMSF) five
times, beads were incubated with 2 X Laemmli buffer includ-
ing imidazole at 100° for 10 min. The protein samples were
analyzed by SDS-PAGE and Western blotting. Co-IPs were
performed as described previously (Ohkuni et al. 2018), with
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modifications. Cell lysates were incubated with 20 pl of Anti-
FLAG M2 Affinity Gel (A2220; Sigma, St. Louis, MO) for 2 hr
at 4°. After being washed with IP lysis buffer three times,
beads were incubated with 2 X Laemmli buffer at 100° for
5 min. The protein samples were analyzed by SDS-PAGE and
Western blotting.

Protein stability assay

Protein stability assays were performed as described previ-
ously (Ohkuni et al. 2016). Cells were grown to logarithmic
phase of growth in a 2% raffinose synthetic complete me-
dium. Galactose was added to the media to a final concen-
tration of 2% to induce Cse4 expression from the GAL
promoter for 2 hr. Cycloheximide (CHX) and glucose were
then added to final concentrations of 10 wg/ml and 2%, re-
spectively. Samples were taken at the indicated time points
and levels of Cse4 were quantified by Western blot analysis.
Multiple independent measurements were made, and
means*SDs are given on the applicable figures, with the
number of replicates given in parentheses.

Subcellular fractionation assay

Cells were grown to logarithmic phase of growth in a 2%
raffinose synthetic complete medium at 30°. Galactose was
added to the media to a final concentration of 2% to induce
Cse4 expression from the GAL promoter for 4 hr. Subcellular
fractionation was performed as described previously (Au
et al. 2008) with minor modifications. Whole cell extracts
(WCEs) were prepared from lysates before the sucrose gra-
dient centrifugation.

SDS-PAGE, Western blotting, antibodies,
and quantification

SDS-PAGE and Western blotting were performed as described
previously (Ohkuni et al. 2018). Primary antibodies were as
follows: anti-HA (12CA5) mouse (11583816001; Roche),
anti-HA rabbit (H6908; Sigma), anti-Smt3 rabbit (y-84) (sc-
28649; Santa Cruz Biotechnology), anti-Tub2 rabbit (Basrai
laboratory), anti-Pgkl mouse (459250; Invitrogen, Carlsbad,
CA), anti-H3 rabbit (ab1791; Abcam), anti-FLAG mouse
(F3165; Sigma), anti-FLAG rabbit (F7425; Sigma), and anti-
Cse4 rabbit (Strahl laboratory). Secondary antibodies were
ECL mouse IgG, HRP-linked whole Ab (NA931V; GE Health-
care Life Sciences) or ECL rabbit IgG, HRP-linked whole Ab
(NA934V; GE Healthcare Life Sciences). Protein levels were
quantified using Gene Tools software (version 3.8.8.0) from
SynGene (Frederick, MD), or Image Lab software (version
6.0.0) from Bio-Rad.

Chromosome loss assay

Chromosome loss assays were performed as described pre-
viously (Spencer et al. 1990; Au et al. 2008). Briefly, strains
containing a nonessential reporter chromosome (RC) were
plated on synthetic defined medium with limiting adenine to
allow loss of the nonessential RC and incubated at 30° for
5 days. Loss of the RC results in red sectors in an otherwise

white colony. At least 4000 colonies were assayed for each
strain.

Chromatin immunoprecipitation quantitative PCR and
chromatin immunoprecipitation sequencing experiments

Cells were grown to logarithmic phase of growth in a 2%
raffinose synthetic complete medium at 30°. Galactose was
added to the media to a final concentration of 2% to induce
Cse4 expression from the GAL promoter for 2 hr at 30°. Then,
220 ODgqy of cells were fixed in 1% formaldehyde for 20 min
at 30°, quenched with glycine (final concentration 0.4 M) for
5 min, and washed three times with cold TBS (20 mM Tris-HCI
at pH 7.5, 150 mM NaCl). Cells were then suspended in FA
buffer (50 mM HEPES at pH 7.5, 150 mM NaCl, 1 mM EDTA,
1% Triton X-100, 0.1% Na-deoxycholate, 1 mM PMSF, 1 X
protease inhibitor cocktail), homogenized 2 times for 40 sec
with Matrix C (MP Biomedicals) using a bead beater (Fast-
Prep-24 5G; MP Biomedicals), and centrifuged to discard the
supernatant. The pellets were resuspended in FA buffer, vor-
texed, and centrifuged to collect the crude chromatin. The
pellets were resuspended in FA buffer again and the lysates
were sonicated on ice using Branson digital sonifier (20% out-
put, 15 sec per pulse for 24 times) to obtain an average DNA
fragment size of 500 bp. The lysates were centrifuged, and
supernatant was collected as soluble chromatin. A twenty-fifth
of the total chromatin was collected as input, and the remain-
ing was incubated with anti-HA-agarose beads (A2095;
Sigma) at 4° overnight. Beads were collected by centrifuga-
tion and washed at room temperature with the following se-
quence of buffers: twice with FA buffer for 5 min, twice with
FA buffer with 500 mM NaCl for 5 min, twice with radio-
immunoprecipitation assay buffer (RIPA) buffer (10 mM
Tris-HCl at pH 8.0, 250 mM LiCl, 0.5% NP-40, 0.5%
Na-deoxycholate, 1 mM EDTA) for 5 min, and twice with
1 X TE for 5 min. Immunoprecipitated DNA was eluted in
elution buffer (25 mM Tris-HCl at pH 7.5, 10 mM EDTA,
0.5% SDS) at 65° overnight and the immunoprecipitated
samples were treated with proteinase K at 55° for 4 hr. Input
samples were mixed with stop buffer (20 mM Tris-HCI at pH
8.0, 100 mM NaCl, 20 mM EDTA, 1% SDS), incubated at 65°
overnight, and treated with RNase A at 37° for 2hr and
proteinase K at 55° for 2 hr. DNA was extracted once with
phenol/chloroform, followed by chloroform, and precipi-
tated with ethanol. Quantitative PCR (qPCR) was performed
using 7500 Fast Real Time PCR System with Fast SYBR Green
Master Mix (Applied Biosystems), using the following condi-
tions: 95° for 20 sec followed by 40 cycles of 95° for 3 sec,
and 60° for 30 sec. Primers used for this study are listed in
Table S3.

Sequencing libraries, with two biological replicates from
each strain (both input and IP), were prepared using Illumina
Nextera DNA Library Kit #FC-121-1031 and 75-base paired-
end reads were obtained by multiplexing on a single Illumina
NextSeq model 500 run. Reads were aligned to the sacCer3
genome assembly using Bowtie version 1.0.0 with the follow-
ing parameters: -n2 -3 40 -m3-best-strata -S, and loci of

The Role of C-terminal Cse4 Sumoylation 841


https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000002918
https://www.yeastgenome.org/locus/S000001857
https://identifiers.org/bioentitylink/SGD:S000000605?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090

enrichment were called with input sequences as control using
MACS version 2.1.1.20160226 in paired-end mode with the
following settings: -g 1.21e7-keep-dup auto -B-SPMR. Pile-
ups were generated during peak calling. For enrichment
analysis, only peaks common to each replicate were consid-
ered. Statistics were performed using Prism 8.

Data availability

Strains and plasmids are available upon request. Sequencing
data generated for this study has been deposited in the Gene
Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo)
under accession number GSE145602. The authors affirm that
all data necessary for confirming the conclusions of the article
are present within the article, figures, and tables. Supplemen-
tal material available at figshare: https://doi.org/10.25386/
genetics.11899908.

Results

Cse4 K215/216 at the C terminus are targets
for sumoylation

Since Cse4 K215 and K216 (214-MKKD-217) meet the crite-
rion for potential SUMO consensus site (GPS-SUMO (Ren
et al. 2009; Zhao et al. 2014; http://sumosp.biocuckoo.org),
we examined if Cse4 K215/216 are targets of sumoylation
in vivo. We mutated both K215 and K216 to arginine (R) and
performed an affinity pull-down assay to examine the sumoy-
lation status of transiently overexpressed GAL-HA-cse4 K215/
216R (K215/216 mutated to R215/216). Pull-down experi-
ments were done using Ni-NTA agarose beads and SUMO-
modified species were detected by Western blot analysis with
anti-Smt3 antibody (Figure 1A). Strains expressing HA-CSE4
and HA-cse4 16KR (all 16K mutated to R) were used as con-
trols. As described previously (Ohkuni et al. 2016; Ohkuni
etal. 2018), at least three high-molecular-weight sumoylated
Cse4 species were observed in wild-type cells (Figure 1A,
denoted by arrows) and these SUMO-modified species were
not detected in strains expressing vector alone or HA-cse4
16KR. Strains expressing HA-cse4 K215/216R showed re-
duced levels of sumoylated Cse4 even though similar levels
of Cse4 and Cse4 K215/216R were pulled down (Figure 1A).
Quantification showed significant reduction in sumoylation
status of Cse4 K215/216R when compared to wild-type Cse4
(Figure 1B). These results suggest that Cse4 K215/216 in the
C terminus are the target of sumoylation.

We have recently shown that Cse4 K65 in the N terminus
contributes to sumoylation of Cse4 and cse4 K65R strains exhibit
reduced levels of sumoylation and ubiquitination with defects in
proteolysis of Cse4 K65R (Ohkuni et al. 2018). The reduced
levels of sumoylated Cse4 K215/216R prompted us to examine
whether Cse4 K215/216 sumoylation regulates Cse4 proteoly-
sis in vivo. Since arginine is also target of methylation, we gen-
erated a mutant in which Cse4 K215/216 are changed to
alanine (A). Previous studies aimed at defining the role of ubig-
uitination of Cse4 in Psh1-mediated proteolysis have also used
K-to-A substitution (Hewawasam et al. 2010). Protein stability
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assays were performed using whole-cell extracts from cells that
transiently overexpressed either CSE4, cse4 K215/216R, or cse4
K215/216A after treatment with CHX to inhibit protein synthe-
sis. Western blot analysis was used to measure levels of HA-Cse4
after CHX treatment. HA-Cse4 was rapidly degraded (t;» =
34.4 = 6.9 min) in wild-type strains (Figure 1C), as reported
previously (Ohkuni et al. 2016). The stability of both HA-Cse4
K215/216R (t;,» = 28.8 = 3.6 min) and HA-Cse4 K215/216A
(t12 = 27.4 = 1.6 min) were not significantly different when
compared to wild-type HA-Cse4 (Figure 1, C-E). These obser-
vations suggest that defects in sumoylation of Cse4 K215/216R
do not affect Cse4 proteolysis.

Overexpression of cse4 K215/216R/A does not exhibit
SDL in a psh1A strain

Previous studies showed that defects in Cse4 proteolysis in a
psh1A strain contribute to its mislocalization to noncentro-
meric regions and SDL when Cse4 is overexpressed
(Hewawasam et al. 2010; Ranjitkar et al. 2010; Au et al
2013). We examined the growth phenotype of psh1A strains
with GAL-CSE4, GAL-cse4 K215/216R, or GAL-cse4 K215/216A.
As expected, the SDL phenotype was observed in a psh1A strain
with GAL-CSE4 on galactose medium (Figure 2, A and B); how-
ever, SDL was not observed in pshlA strains expressing
GAL-cse4 K215/216R (Figure 2A) or GAL-cse4 K215/216A (Fig-
ure 2B). Notably, the growth of the psh1A strain was better with
GAL-cse4 K215/216A when compared to GAL-cse4 K215/216R.
We also examined the proteolysis of Cse4 K215/216R/A in a
psh1A strain. The stability of HA-Cse4 K215/216R and HA-Cse4
K215/216A were not increased when compared to HA-Cse4 in
the psh1A strain (Figure 2, C and D and Figure S1). We con-
clude that overexpression of cse4 K215/216R/A does not lead to
SDL or increase the stability of HA-Cse4 K215/216R/A in a
psh1A strain, suggesting that K215/216 sumoylation does
not affect Cse4 proteolysis.

Sumoylation of Cse4 K215/216 affects its interaction
with Cac2, a subunit of the CAF-1 complex

Similar to our finding that overexpression of cse4 K215/216R/A
suppresses the SDL in a pshlA strain, Hewawasam et al.
showed that deletion of CAC2, which encodes one of the sub-
units of the CAF-1 complex, suppresses the SDL phenotype of
GAL-CSE4 in a psh1A strain (Hewawasam et al. 2018). Fur-
thermore, these authors showed that the CAF-1 complex inter-
acts with Cse4 and regulates deposition of overexpressed Cse4
into noncentromeric chromatin (Hewawasam et al. 2018).
We hypothesized that sumoylation of Cse4 K215/216 may
regulate its interaction with Cac2, facilitating deposition of
overexpressed Cse4 into noncentromeric regions, which in
turn contributes to the SDL phenotype of GAL-CSE4 in a
psh1A strain. To examine this, we performed Co-IP experi-
ments with strains coexpressing either HA-CSE4 or HA-cse4
K215/216R/A with CAC2-FLAG (Figure 3). Consistent with
previous results (Hewawasam et al. 2018), immunoprecipita-
tion with anti-FLAG showed an interaction between Cac2 and
Cse4, but not the control lacking Cac2-FLAG (Figure 3A). In
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contrast, significantly reduced interaction was observed between
Cac2 and Cse4 K215/216R or Cse4 K215/216A (Figure 3, A and
B), leading us to propose that sumoylation of Cse4 K215/216
contributes to its interaction with the CAF-1 subunit Cac2.

Sumoylation of Cse4 K215/216 regulates its enrichment
in chromatin and localization to noncentromeric regions

Given the reduced interaction of Cac2 with Cse4 K215/216R/
A, we reasoned that levels of chromatin-associated Cse4

Time after addition of CHX (min)

K215/216R/A would also be reduced. We performed subcel-
lular fractionation to examine the levels of Cse4 and Cse4
K215/216R/A in soluble and chromatin fractions (Figure 4,
A and B and Figure S2). Pgkl and histone H3 served as
controls for the soluble and the chromatin fractions, respec-
tively. Consistent with our hypothesis, levels of chromatin-
associated Cse4 K215/216R and Cse4 K215/216A are significantly
reduced as compared to wild-type Cse4 (Figure 4, A and B
and Figure S2). In contrast, levels of Cse4 K215/216R and
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https://identifiers.org/bioentitylink/SGD:S000004570?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000004570?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000004570?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000000605?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000002918?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://www.yeastgenome.org/locus/S000001857
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090
https://www.yeastgenome.org/locus/S000001857
https://identifiers.org/bioentitylink/SGD:S000001532?doi=10.1534/genetics.120.303090

>

Vector
GAL-CSE4

Wild-type

GAL-cse4 K215/216R

Vector
GAL-CSE4

psh1A

GAL-cse4 K215/216R

GAL-CSE4
X XN EX

Wild-type

GAL-cse4 K215/216A

X X NT1R

Vector
GAL-CSE4

Wild-type

psh1A

psh1A

GAL-cse4
K215/216R

GAL-CSE4 GAL-CSE4

CHX(min) ©0 30 60 90 0 30 60 90 O 30 60 90
o-HA (Csed) ..-—...-..--

0-Tub2 — - - - - - - - . - .- -

Csed (%)

Wild-type psh1A

GAL-cse4

GAL-CSE4 K215/216A

0 30 60 80 0 30 60 90 0 30 60 90

..- —...-..- -

GAL-CSE4

CHX (min)
a-HA (Csed)

o-Tub2

Cse4 K215/216A in the soluble fraction were similar to that
of Cse4, implying that sumoylation of Cse4 K215/216 facili-
tates its deposition into chromatin.

Based on our results showing reduced enrichment of Cse4
K215/216R/A in the chromatin fraction, we hypothesized
that Cse4 K215/216 sumoylation facilitates deposition of
overexpressed Cse4 into noncentromeric chromatin. Previ-
ous studies have shown high levels of overexpressed Cse4
at promoters of PHO5, SLP1, SAP4, and RDSI1 in a psh1A
strain, but not in a wild-type strain (Hildebrand and Biggins
2016; Hewawasam et al. 2018). We performed chromatin
immunoprecipitation (ChIP)/qPCR experiments in a psh1A
strain to examine the localization of Cse4 K215/216R/A at

844 K. Ohkuni et al.

100

Galactose

Figure 2 Overexpression of cse4
K215/216R/A does not exhibit Syn-
thetic Dosage Lethality (SDL) in a
psh1A strain. (A and B) Overex-
pression of cse4 K215/216R/A does
not result in SDL in a psh7A strain.
Fivefold serial dilutions of the in-
dicated strains were plated on
glucose (2%)- or galactose (2%)-
containing synthetic medium se-
lective for the plasmid. The plates
were incubated at 30° for 4 days
and photographed. Wild-type
(BY4741) and psh1A (YMB9034)
cells transformed with vector (pYES2),
PGAL-8His-HA-CSE4 (pMB1345),
or pGAL-8His-HA-cse4 K215/216R
(PMB1768) were used in A. Wild-
type BY4741) and psh1A (YMB9034)
cells transformed with vector
(pPMB433), pGAL-6His-3HA-CSE4
(PMB1458), or pGAL-6His-3HA-cse4
K215/216A (pMB1675) were used in
B. (C) The stability of HA-Cse4 K215/
216R/A is not increased when com-
pared to HA-Cse4 in a psh1A strain.
Wild-type (BY4741) and pshTA
(YMB9034) strains transformed
with either pGAL-6His-3HA-CSE4
(PMB1458), pGAL-6His-3HA-cse4
K215/216R (pMB1789), or pGAL-
6His-3HA-csed K215/216A (pMB1675)
were assayed as described in Fig-
ure 1C. (D) Kinetics of turnover
from C. Cse4 protein half-life (t1,)

11

tuz (min) is indicated. Error bars of CSE4
©CSE4in WT 30.1 in wild type (WT) and CSEZ in
BCSE¢ in psh1a b psh1A represent average devia-

tion of two replicates.

Acsed K215/216R in psh1A  43.3
©csed K215/216A in psh1A 36.5
0 30 60 90

Time after addition of CHX (min)

the promoters of PHOS5, SLP1, SAP4, and RDS1. As expected,
an enrichment of Cse4 was observed at the promoters of
these genes in a psh1A strain; however, significantly reduced
levels of Cse4 K215/216R/A were observed at the promoters
of these genes as compared to wild-type Cse4 (Figure 4, C-F).
The reduced enrichment of Cse4 K215/216R/A in chroma-
tin and localization to noncentromeric regions are consis-
tent with defects in the interaction of Cse4 K215/216R/A
with Cac2. These results suggest that sumoylation of Cse4
K215/216 promotes its mislocalization to noncentromeric
regions.

To further analyze the contribution of Cse4 K215/216
sumoylation to its genome-wide localization, we performed
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Figure 3 Cse4 K215/216 are required for efficient interaction of Cse4
with the CAF-1 subunit Cac2. (A) Cse4 K215/216R/A shows reduced
interaction with Cac2. Co-IP experiments were performed using protein
extracts, prepared from the indicated strains, with anti-FLAG agarose
antibody. Samples were resolved by SDS-PAGE and levels of Cse4 and
Cac2 were detected by Western blot analysis with anti-HA and anti-FLAG
antibodies, respectively. Isogenic yeast strains were as follows: Cac2-Flag
(YMB10975) transformed with either pGAL-6His-3HA-CSE4 (pMB1458),
PGAL-6His-3HA-cse4 K215/216R (pMB1789), or pGAL-6His-3HA-cse4
K215/216A (pMB1675); and untagged Cac2 (BY4741) transformed with
PGAL-6His-3HA-CSE4 (pMB1458) for negative control. WCE, whole-cell
extract. (B) Levels of Cse4 (a-HA, IP) after immunoprecipitation of Cac2-
FLAG were quantified after normalization to Cac2 levels in the IP (a-FLAG,
IP) in three independent experiments. Statistical significance of the nor-
malized values was assessed by one-way ANOVA (P = 0.0125) followed
by Tukey post test (all pairwise comparisons of means). Error bars show
SD from the mean.

ChIP-sequencing experiments to examine the localization of
overexpressed Cse4 or Cse4 K215/216R/A in a psh1A strain.
The results showed that genome-wide enrichment of both
Cse4 K215/216R and Cse4 K215/216A were reduced when
compared to wild-type Cse4 (Figure 5A). For validation, we
performed qPCR focusing on a subset of noncentromeric re-
gions. Our results showed reduced enrichment of Cse4 K215/
216R and Cse4 K215/216A when compared to wild-type
Cse4 at intergenic regions such as UGA3/UGX2 convergent

region (Figure 5B), FIG4/LEM3 divergent promoter (Figure
5C), and COQ3 promoter (Figure 5D) and the coding region
of GUP2 (Figure 5E), suggesting that sumoylation of Cse4
K215/216 facilitates mislocalization of overexpressed Cse4
to noncentromeric regions genome-wide.

Sumoylation of Cse4 K215/216 affects its association
with the Cse4 chaperone Scm3 and centromeric chromatin

We next examined the effects of Cse4 K215/216R/A muta-
tions on the localization of Cse4 to centromeric chromatin.
ChIP/qPCR experiments showed reduced levels of Cse4
K215/216R and Cse4 K215/216A at CEN1 and CEN3 regions
(Figure 6, A and B). The chaperone Scm3 (HJURP in hu-
mans) is responsible for centromeric localization of Cse4
(Camahort et al. 2007; Mizuguchi et al. 2007; Stoler et al.
2007). The reduced centromeric localization of Cse4 K215/
216R and Cse4 K215/216A prompted us to examine if the
interaction with Scm3 is also reduced. We performed Co-IP
experiments using strains coexpressing either HA-CSE4 or
HA-cse4 K215/216R/A with SCM3-FLAG (Figure 6, C and
D). As expected, immunoprecipitation with anti-FLAG
showed an interaction between Scm3 and Cse4, but not the
control lacking Scm3-FLAG. Consistent with our hypothesis,
significantly reduced interaction was observed between
Scm3 and Cse4 K215/216R and Cse4 K215/216A (Figure
6, C and D).

SCM3 is essential for haploid growth; however, overex-
pression of CSE4 can rescue the lethality of strains depleted
for Sem3 (Scm3°ff) (Camahort et al. 2009). Since overex-
pressed Cse4 is unable to rescue the growth of Scm3° strains
when CAC2 is deleted, CAF-1 is proposed to be the primary
chaperone targeting overexpressed Cse4 to the centromeres
when Scm3 is depleted (Hewawasam et al. 2018). Given the
reduced interaction of Cse4 K215/216R/A with Cac2 (Figure
3), we hypothesized that the lethality of Scm3°f strains may
not be rescued by overexpression of cse4 K215/216R/A.
Growth assays were performed using a strain in which ex-
pression of SCM3 is regulated by the GAL promoter and ex-
pression of CSE4 or cse4 K215/216R regulated by a copper-
inducible promoter on a plasmid. The Scm3°™ strain is viable
on galactose medium with or without copper (Figure 6E).
The Scm3°ff strain is viable on glucose medium only when
CSE4 is overexpressed on copper-containing medium (Figure
6E, row 5), but not when cse4 K215/216R was similarly over-
expressed (Figure 6E, row 6). The lack of complete suppres-
sion of growth in strains expressing copper-inducible cse4
K215/216R are not due to reduced levels of Cse4 K215/
216R compared to Cse4 (Figure S3). Taken together, we pro-
pose that sumoylation of overexpressed Cse4 K215/216 pro-
motes its association with centromeric chromatin (via CAF-1)
when Scm3 is depleted.

Our results so far have shown reduced deposition of over-
expressed Cse4 into both centromeric and noncentromeric
chromatin in the absence of K215/216 sumoylation,
prompting us to ask if Cse4 215/216R/A mutation might
lead to defects in chromosome segregation under normal
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Figure 4 Cse4 K215/216 regulates its enrichment
in chromatin and localization to noncentromeric
regions. (A) Levels of chromatin-associated Cse4
K215/216R/A are reduced when compared to wild-
type Cse4. Subcellular fractionation experiments were
done using a wild-type (BY4741) strain transformed
with pGAL-3HA-CSE4 (pMB1597), pGAL-3HA-cse4
K215/216R (pMB1815), or pGAL-3HA-csed K215/
216A (pMB1677). Whole-cell extracts (WCEs) were
fractionated into soluble and chromatin fractions.
Cse4 levels in each fraction were monitored by West-
ern blot analysis with anti-HA antibody. Pgk1 and
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histone H3 were used as markers for soluble and chro-
matin fractions, respectively. (B) Levels of chromatin
bound Cse4 were quantified after normalization to
H3 levels in the chromatin in three independent exper-
iments. Statistical significance of the normalized values
was assessed by one-way ANOVA (P = 0.0004) fol-
lowed by Tukey post test (all pairwise comparisons of
means). Error bars show SD from the mean. (C—F) Re-
duced levels of Cse4 K215/216R/A at noncentromeric
regions. ChIP-gPCR experiments were done using
chromatin prepared from psh7A (YMB9034) strain
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SAP4, and (F) RDST promoter regions. Statistical sig-
nificance was assessed by one-way ANOVA (P =
0.0007, PHOS5; P = 0.0004, SLPT; P = 0.0004,
SAP4; P=0.0004, RDST) followed by Tukey post test
(all pairwise comparisons of means). Error bars show
average deviation of two biological repeats.
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physiological conditions. We tested the effect of Cse4 K215/
216R/A mutations on chromosome segregation using a colony
sectoring assay that measures the frequency of loss of a non-
essential RC resulting in red sectors in an otherwise white
colony. Our results showed that strains expressing cse4
K215/216R and cse4 K215/216A from their endogenous pro-
moter showed 2.5- to 4-fold higher loss of the RC when com-
pared to that observed in a wild-type strain (Figure 6F).

Biological role of Cse4 K215/216 sumoylation is
independent of the role of Cse4 K65 sumoylation

We have previously shown that N-terminal sumoylation of
Cse4 K65 regulates Cse4 proteolysis and prevents mislocali-
zation to noncentromeric regions (Ohkuni et al. 2018). To
examine the biological relationship between sumoylation at
Cse4 K65 and at K215/216, we constructed a strain express-
ing cse4 K65/215/216R and tested it for sumoylation, ability

846 K. Ohkuni et al.

pshiA

to suppress GAL-CSE4 SDL in a psh1 A strain, interaction with
Cac2 and Scm3, and chromosomal association with centro-
meric and noncentromeric regions. The sumoylation status of
Cse4 and Cse4 mutants (K65R, K215/216R, K65/215/216R)
was assayed using whole-cell extracts (Figure 7, A and B). As
expected, Cse4 K65R and Cse4 K215/216R showed signifi-
cant reduction in sumoylation when compared to Cse4 (Fig-
ure 7B). Furthermore, sumoylation of Cse4 K65R was not
significantly different from that of Cse4 K215/216R (Figure
7B). The sumoylation of Cse4 K65/215/216R was signifi-
cantly reduced when compared to that observed either
Cse4 K65R or Cse4 K215/216R (Figure 7B). In agreement
with our previous studies (Ohkuni et al. 2016), we failed to
detect SUMO-modified Cse4 species in the siz1 A siz2A (de-
letion of SUMO E3 ligases) strain (Figure 7A). Hence, we
conclude that both K65 and K215/216 are targets of Cse4
sumoylation.
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We next used the cse4 K65R, cse4 K215/216R, and cse4
K65/215/216R strains to examine the functional relationship
between Cse4 K65 and Cse4 K215/216 sumoylation. In the
first approach, we examined the ability of GAL-cse4 K65/215/
216R to suppress SDL in a psh1A strain. As expected, GAL-CSE4

UGA3/UGX?2 convergent

p =0.0008

p = 0.0023
L — |

p=0.0218
| — |
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Figure 5 Cse4 K215/216 regulates genome-wide
mislocalization of Cse4 to non-CEN regions. ChIP
was performed using chromatin prepared from
psh1A (YMB9034) strain transformed with pGAL-
6His-3HA-CSE4 (pMB1458), pGAL-6His-3HA-cse4
K215/216R (pMB1789), or pGAL-6His-3HA-cse4
K215/216A (pMB1675). Input and IP samples were
used for ChIP-sequencing as described in Materials
and Methods. (A) The violin plot shows Cse4 ge-
nome-wide enrichment for GAL-CSE4, GAL-cse4
K215/216R, and GAL-cse4 K215/216A in a psh1A
background. Mean Cse4 enrichment for both K215/
216 mutants was significantly less than that of wild
type (P < 0.0001 by one-way ANOVA with Dun-
nett's post test). (B-E) For validation of the ChlP-
sequencing, qPCR was performed to assay associa-
tion of Cse4 levels at intergenic regions and a cod-
ing region of a gene. (B) UGA3/UGX2 convergent,
(C) FIG4/LEM3 divergent, (D) COQ3 tandem, and (E)
open reading frame of GUP2 were tested. Statistical
significance was assessed by one-way ANOVA (P =
0.0008, UGA3/UGX2; P < 0.0001, FIG4/LEM3; P =
0.0003, COQ3; P = 0.0006, GUP2) followed by
Tukey post test (all pairwise comparisons of means).
Error bars show average deviation of two biological
repeats. Gray line in B-D represents position of the
primer set.

and GAL-cse4 K65R exhibit SDL phenotype in psh1A strains on
galactose medium (Figure 7C). As shown earlier (Figure 2A),
GAL-cse4 K215/216R did not lead to SDL in a pshIA strain
(Figure 7C). The triple mutant expressing GAL-cse4 K65/215/
216R also did not show SDLin a psh1A strain (Figure 7C). sbi5A
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Figure 6 Csed4 K215/216 regulates localiza-
tion of Cse4 to CEN regions and interaction
with Scm3. (A and B) ChIP-qPCR experi-
ments were done using chromatin prepared
from a psh7A (YMB9034) strain trans-
formed with pGAL-6His-3HA-CSE4 (pMB1458),
PGAL-6His-3HA-csed K215/216R (pMB1789), or
PGAL-6His-3HA-csed  K215/216A  (pMB1675).
The association at (A) CENT and (B) CEN3 were
assayed. Statistical significance was assessed
by one-way ANOVA (P = 0.0042, CENT; P =
0.0136, CEN3) followed by Tukey post test
(all pairwise comparisons of means). Error
bars show the average deviation of two bi-
ological repeats. (C) Cse4 K215/216R/A shows
reduced interaction with Scm3. Co-IP experi-
ments were performed using protein extracts,
prepared from the indicated strains, with
anti-FLAG agarose antibody. Samples were
resolved by SDS-PAGE and levels of Csed
and Scm3 were detected by Western blot
analysis with anti-HA and anti-FLAG anti-
bodies, respectively. Isogenic yeast strains
were as follows: Scm3-Flag (YMB10976) trans-
formed with either pGAL-6His-3HA-CSE4
(PMB1458), pGAL-6His-3HA-cse4 K215/216R
(pMB1789), or pGAL-6His-3HA-cse4 K215/
216A (pMB1675); and untagged Scm3
(BY4741) transformed with pGAL-6His-3HA-
CSE4 (pMB1458) for negative control. WCE,
whole-cell extract. (D) Levels of Cse4 (a-HA,
IP) after immunoprecipitation of Scm3-
FLAG were quantified after normalization
to Scm3 levels in the IP (a-FLAG, IP) in three
biological repeats. Statistical significance of
the normalized values was assessed by one-
way ANOVA (P < 0.0001) followed by
Tukey post test (all pairwise comparisons
of means). Error bars show SD from the
mean. (E) Overexpression of cse4 K215/
216R fails to rescue the growth of Scm3off
strain. Scm3 expression under the GAL pro-
moter was controlled by addition of galac-
tose (Scm3°") and glucose (Scm3°ff). CSE4
overexpression was controlled by a copper-
inducible promoter on a plasmid. Overex-
pression of CSE4 (0.5 mM copper) can res-
cue the growth of Scm3°ff strains on
glucose media due to chaperone activity
of CAF-1 to assemble to Cse4 at centro-
meres. Overexpression of cse4 K215/216R

(0.5 mM copper) does not rescue the growth defect of Scm3°f strain on glucose medium. Cells were spotted in fivefold dilutions on the plates indicated,
incubated at 30° for 3 days, and photographed. Isogenic yeast strains are GAL-SCM3 transformed with vector (JG1689), Cu-CSE4 (JG1690), or Cu-csed
K215/216R (YMB11165). (F) cse4 K215/216R/A mutants exhibit increased chromosome loss under normal physiological condition. Yeast strains (CSE4:
YMB10298, cse4 K215/216R: YMB10300, cse4 K215/216A: YMB10299) were plated on SD with limiting adenine and incubated for 5 days at 30°.
Chromosome loss was determined by counting the number of colonies that exhibit sectoring phenotype due to loss of nonessential RC. The number of
sectored colonies/total colonies from three independent clones were CSE4: 3/4155, cse4 K215/216R: 11/6069, and cse4 K215/216A: 13/4319. Graph
shows chromosome loss relative to that observed in the CSE4 strain normalized to 1.0.

and hir2A strains, which are defective in Cse4 proteolysis, sim-
ilarly exhibit SDL with GAL-CSE4 (Ohkuni et al. 2016; Ciftci-
Yilmaz et al. 2018). We examined the ability of GAL-cse4 K65/
215/216R to suppress SDL in these strains as well. The results
showed that sixX5A and hir2A strains expressing GAL-CSE4 or
GAL-cse4 K65R exhibit SDL on galactose medium (Figure S4),
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although the growth inhibition was not as pronounced as that
observed with the pshlA strain expressing GAL-CSE4 or
GAL-cse4 K65R (Figure 7C). This is not surprising since SIx5
regulates Psh1-independent proteolysis of Cse4, and Hir2 reg-
ulates Psh1 and other pathways for proteolysis of Cse4 (Ohkuni
et al. 2016; Ciftci-Yilmaz et al. 2018). The six5A and hir2A
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Figure 7 Cse4 K65 and Cse4 K215/216 contribute

*wrE

to sumoylation of Cse4 and the SDL of GAL-cse4
K65R in psh1A is suppressed by cse4 K215/216R.
(A) Cse4 K65 and Csed4 K215/216 contribute to
P sumoylation of Cse4. Wild-type strain (BY4741)
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Wild-type

transformed with vector (pYES2), pGAL-8His-HA-CSE4
(PMB1345), pGAL-8His-HA-cse4  16KR (pMB1344),
PGAL-8His-HA-cse4  K65R (pMB1762), pGAL-
8His-HA-cse4 K215/216R (pMB1768), or pGAL-
8His-HA-cse4  K65/215/216R  (pMB1769) were
assayed as described in Figure 1A. Cse4 sumoylated
species (arrows) and nonspecific sumoylated
species that bind to beads (asterisk) are shown. A
sizTA siz2A strain (YMB7277) transformed with
pMB1345 was used for an additional negative con-
trol. Because of the defect in the induction of
GAL-CSE4 in siz1A siz2A strain (Ohkuni et al.
2016), we used x1 and x2 protein levels of pull-
down sample from this strain. (B) Quantification of
relative sumoylation of Cse4 and Cse4 mutants
(K65R, K215/216R, K65/215/216R) in arbitrary den-
sity units (normalized to nonmodified Cse4 probed

Glucose

Glucose Galactose
Vector
GAL-CSE4
GAL-cse4 K65R
GAL-csed K215/216R

GAL-csed K65/215/216R

Galactose by anti-HA in pull-down sample) determined in
three biological repeats. Statistical significance was
assessed by one-way ANOVA (P < 0.0001) followed
by Tukey post test (all pairwise comparisons of
means). Error bars indicate SD from the mean. **P <
0.01, ****P < 0.0001. ns, not significant. (C)
GAL-cse4 K65R exhibits SDL in a psh7A strain and
this is suppressed by cse4 K215/216R. Growth as-

says were done using fivefold serial dilutions of the indicated strains plated on glucose (2%)- or galactose (2%)-containing synthetic medium selective
for the plasmid. The plates were incubated at 30° for 3 days and photographed. Wild-type (BY4741) and psh1A (YMB9034) cells transformed with
vector (pYES2), pGAL-8His-HA-CSE4 (pMB1345), pGAL-8His-HA-cse4 K65R (pMB1762), pGAL-8His-HA-cse4 K215/216R (pMB1768), or pGAL-8His-

HA-csed K65/215/216R (pMB1769) were used.

strains expressing GAL-cse4 K215/216R or GAL-cse4 K65/215/
216R do not exhibit SDL phenotype (Figure S4). Taken to-
gether, these results show that the SDL of GAL-cse4 K65R is
suppressed, intra-allelically, by cse4 K215/216R in pshIA,
shx5A, and hir2A strains; in the presence of K215/216R, the
K65R phenotype is masked.

In the second approach, we examined the interaction of Cse4
and Cse4 mutants (K65R, K215/216R, K65/215/216R) with
Cac2 and Scm3. As shown earlier (Figure 3), Co-IP experiments
with anti-FLAG showed significantly reduced Cse4 K215/216R-
Cac2 interaction when compared to Cse4-Cac2 interaction;
however, Cse4 K65R-Cac2 interaction was similar to that ob-
served for Cse4-Cac2 (Figure 8, A and B). The interaction of the
triple mutant Cse4 K65/215/216R with Cac2 was not signifi-
cantly different from that observed for the double mutant Cse4
K215/216R (Figure 8, A and B). The interaction of the triple
mutant with Sem3 is shown in Figure 8, C and D. As found
earlier, Co-IP with anti-FLAG showed significantly reduced
Cse4 K215/216R-Scm3 interaction when compared to wild-
type Cse4 (Figure 8, C and D). Although the interaction of
Cse4 K65R-Scm3 was reduced compared to Cse4-Scm3, a sig-
nificant difference for the interaction of Scm3 with either the
double Cse4 K215/216R or the triple mutant Cse4 K65/215/
216R was not observed (Figure 8, C and D).

In the third approach, we examined the localization of Cse4
and Cse4 mutants (K65R, K215/216R, K65/215/216R) to

noncentromeric and centromeric regions using ChIP/qPCR (Fig-
ure 8E). As shown earlier, ChIP/qPCR showed significantly re-
duced localization of Cse4 K215/216R when compared to that
for Cse4 to noncentromeric regions (RDS1 and FIG4/LEM3 di-
vergent promoter regions and the coding region of GUP2) and a
centromeric region (CEN3) (Figure 8E); however, the localiza-
tion of Cse4 K65R to these regions was not reduced compared to
the localization of Cse4 (Figure 8E). Furthermore, the localiza-
tion of the triple mutant Cse4 K65/215/216R to noncentro-
meric regions or CEN3 was not significantly different from the
localization of the double mutant Cse4 K215/216R to these
regions (Figure 8E). Taken together, these results show that
the phenotypes (SDL, interactions with Cac2 and Scm3, and
chromosomal localization) of the triple mutant cse4 K65/215/
216R are similar to those for the double mutant cse4 K215/
216R. The overexpression phenotypes of cse4 K65R are not
observed in the additional presence of cse4 K215/216R, pre-
sumably because the reduced interaction with Cse4 chaperones
Scm3 and Cac2 contributes to reduced deposition into chroma-
tin. Thus, the biological role of Cse4 K215/216 sumoylation is
independent of the role of Cse4 K65 sumoylation.

Discussion

We have identified K215/216 as sumoylation sites in the C
terminus of Cse4 and present multiple lines of evidence
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Figure 8 Biological role of Csed4 K215/216
sumoylation is independent of the role of
Csed K65 sumoylation. (A) The interaction
of Csed K65/215/216R with Cac2 is similar
to that of Cse4 K215/216R with Cac2. Co-IP
experiments were performed as described in
Figure 3A, using the following strains: Cac2-
Flag (YMB10975) transformed with either
PGAL-6His-3HA-CSE4 (pMB1458), pGAL-
6His-3HA-cse4  K65R (pMB1791), pGAL-
6His-3HA-cse4 K215/216R (pMB1789), or
PGAL-6His-3HA-cse4 K65/215/216R
(pMB1792). WCE, whole-cell extract. (B)
Quantification of interaction of Cse4 and
Cse4 mutants (K65R, K215/216R, K65/215/
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216R) with Cac2. Levels of Cse4 (a-HA, IP)
after immunoprecipitation of Cac2-FLAG
were quantified after normalization to Cac2
levels in the IP (a-FLAG, IP) from six biological
repeats. Statistical significance of the normal-
ized values was assessed by one-way ANOVA
(P = 0.0023) followed by Tukey post test (all
pairwise comparisons of means). Error bars
show SD from the mean. (C) The interaction
of Csed K65/215/216R with Scm3 is similar to
that of Cse4 K215/216R with Scm3. Co-IP
experiments were performed as described
in Figure 6C, using the following strains:
Scm3-Flag (YMB10976) transformed with
either pGAL-6His-3HA-CSE4 (pMB1458),
PGAL-6His-3HA-cse4 K65R (pMB1791),

CEN3
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PGAL-6His-3HA-cse4d K215/216R (pMB1789),
or pGAL-6His-3HA-cse4 K65/215/216R
(pMB1792). WCE, whole-cell extract. (D)
Quantification of interaction of Cse4 and
Csed mutants (K65R, K215/216R, K65/215/
216R) with Scm3. Levels of Cse4 (a-HA, IP)
after immunoprecipitation of Scm3-FLAG
were quantified after normalization to
Scm3 levels in the IP (a-FLAG, IP) from three
biological repeats. Statistical significance of
the normalized values was assessed by one-
way ANOVA (P = 0.0002) followed by Tukey
post test (all pairwise comparisons of
means). Error bars show SD from the mean.
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(E) The localization of Cse4 K65/215/216R to

chromosomal loci is similar to that observed for the localization of Cse4 K215/216R. ChIP-qPCR experiments were done from psh7A strain (YMB9034)
transformed with pGAL-6His-3HA-CSE4 (pMB1458), pGAL-6His-3HA-csed K65R (pMB1791), pGAL-6His-3HA-cse4 K215/216R (pMB1789), or pGAL-
6His-3HA-cse4 K65/215/216R (pMB1792), and assayed for association with RDS7 and FIG4/LEM3 divergent promoter regions, open reading frame of
GUP2, and CEN3. Statistical significance was assessed by one-way ANOVA (P = 0.0057, RDST; P = 0.0008, FIG4/LEMS3; P = 0.0072, GUP2; P = 0.0030,
CEN3) followed by Tukey post test (all pairwise comparisons of means). Error bars show average deviation of two biological repeats.

suggesting that Cse4 K215/216 sumoylation facilitates its
deposition into chromatin. Support for this conclusion is
based on finding that Cse4 K215/216R exhibits: (1) reduced
sumoylation; (2) lack of SDL in pshIA, six5A, and hir2A
strains; (3) reduced interaction with histone chaperones
Cac2 and Scm3; and (4) reduced localization to centromeric
and to noncentromeric regions. Consistent with a role for
Cse4 K215/216 sumoylation in facilitating deposition of
Cse4 into chromatin, overexpressed Cse4 K215/216R was
unable to suppress the growth of strains depleted of Scm3.

850 K. Ohkuni et al.

We previously identified and defined a role for sumoylation
of Cse4 K65 in the N terminus for proteolysis of Cse4 in
preventing its mislocalization (Ohkuni et al. 2018). To dis-
tinguish the functional roles of K65 and K215/216 sumoyla-
tion, we analyzed a triple mutant Cse4 K65/215/216R.
The phenotypes of cse4 K65/215/216R including lack of
GAL-CSE4 SDL in psh1A, six5A, and hir2A strains, reduced
interaction with Cac2 and Scm3, and reduced localization to
centromeric and noncentromeric regions, are not signifi-
cantly different from those observed for the double mutant
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cse4 K215/216R, but the phenotypes due to K65R are sup-
pressed by mutations at K215/216. Hence, the functional
role of Cse4 K215/216 sumoylation is distinct from that of
Cse4 K65 sumoylation and Cse4 K65 sumoylation occurs
downstream of Cse4 K215/216 sumoylation, i.e., after Cse4
is incorporated into chromatin. We propose a model in which
Cse4 K215/216 sumoylation regulates its interaction with
histone chaperones Scm3 and CAF-1 and this facilitates the
deposition of overexpressed Cse4 into CEN and non-CEN re-
gions, respectively (Figure 9). The interaction of sumoylated
Cse4 K215/216 with CAF-1 promotes centromeric localiza-
tion of overexpressed Cse4 only under conditions when Scm3
is depleted (Scm3°ff). Sumoylation of mislocalized Cse4 at
K65 promotes its interaction with SIx5 leading to ubiquitin-
mediated proteolysis of Cse4 that prevents the stable associ-
ation of mislocalized Cse4 at non-CEN regions. Overexpressed
Cse4 is mislocalized to noncentromeric regions only when pro-
teolytic mechanisms are disrupted.

Though technical difficulties precluded us from conclusively
establishing that Cse4 K65 and K215/216 are the direct targets
of sumoylation, the phenotypes of cse4 K215/216R mutants
support a role for these sites in Cse4 sumoylation and not
ubiquitination. For example, (1) Cse4 K65 and Cse4 K215/
216 meet the criterion for sumoylation consensus motif and
Cse4 K65R, Cse4 K215/216R showed reduced levels of sumoy-
lation when compared to wild-type Cse4; (2) Cse4 K65/215/
216R showed significantly reduced levels of sumoylation when
compared to Cse4 K65R and Cse4 K215/216R; (3) sumoyla-
tion of Cse4 is barely detectable in a sizIA siz2A strain; (4)

Figure 9 Sumoylation of Cse4 K215/216 facilitates
deposition into chromatin. We propose a model in
which Cse4 K215/216 sumoylation regulates its in-
teraction with histone chaperones Scm3 and CAF-1,
and this facilitates the deposition of overexpressed
Csed into CEN and non-CEN regions, respectively.
The interaction of sumoylated Cse4 K215/216 with
CAF-1 promotes centromeric localization of overex-
pressed Cse4 only under conditions when Scm3 is
depleted (SCM3 expression OFF). The functional
role of Cse4 K215/216 sumoylation is distinct from
that of Cse4 K65 sumoylation and Cse4 K65
sumoylation occurs downstream of Cse4 K215/
216 sumoylation, i.e., after Cse4 is incorporated in-
to chromatin. Sumoylation of mislocalized Cse4 at
K65 promotes its interaction with SIx5 leading to
ubiquitin-mediated proteolysis of Cse4 that pre-
vents the stable association of mislocalized Cse4
at non-CEN regions (Ohkuni et al. 2018).

Cse4 degradation
by the proteasome

S

1

GAL-cse4 K215/216R does not exhibit SDL in psh1A and sIx5A
strains; (5) Cse4 K215/216 are unlikely to be sites for ubiqui-
tination as previous studies showed ubiquitination of Cse4
K131, K155, K163, and K172 (Hewawasam et al. 2010); and
(6) Cse4 K215/216R/A does not exhibit defects in Cse4 pro-
teolysis in contrast to Cse4 4KA [K131, K155, K163, K172
mutated to alanine (A)], which exhibits defects in Cse4 pro-
teolysis (Hewawasam et al. 2010).

To examine the role of C-terminal sumoylation of Cse4, we
constructed Cse4 K215/216R/A mutants. The substitution
of K with R preserves the positive charge and since arginine
is also target of methylation, we also generated a Cse4 K215/
216A mutant. As described above, K-to-A substitutions in
Cse4 have been used for studies with Pshl (Hewawasam
et al. 2010). Our results showed that even though both
GAL-cse4 K215/216R and GAL-cse4 K215/216A do not ex-
hibit SDL in a pshlA strain, the growth with GAL-cse4
K215/216A is better than that with GAL-cse4 K215/216R.
Consistent with this, we observed greater defects in the in-
teraction of Cse4 K215/216A with Cac2 and Scm3 and
reduced association with noncentromeric and centromeric
chromatin when compared to that observed for Cse4 K215/
216R. Furthermore, cse4 K215/216A expressed from its own
promoter has a higher chromosome loss when compared to
cse4 K215/216R strain under normal physiological condi-
tions. We propose that structural differences between Cse4
K215/216R and Cse4 K215/216A contribute to the differ-
ence in the severity of the phenotypes between these two
mutants.
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Reduced interaction of Cse4 K215/216R and Cse4 K65/
215/216R with Cac2 and Scm3 was observed when Cse4
was overexpressed, suggesting that sumoylation Cse4 K215/
216 regulates its interaction with histone chaperones. SUMO-
interacting motif (SIM) has been identified in several nonco-
valent interaction partners. For example, SIx5 interacts with
sumoylated substrates noncovalently through multiple SIMs
(Xie et al. 2007; Xie et al. 2010). Interestingly, CAF-1 subunits,
Cacl (114-TTAIE-118, P = 0.019), Cac2 (271-LVVIP-275, P =
0.017), Cac3 (239-IIDLP-243, P = 0.06), and Scm3 (161-
1IDIS-165, P = 0.039) have putative SIMs based on the search
engine (GPS-SUMO: http://sumosp.biocuckoo.org; Ren et al.
2009; Zhao et al. 2014). Future studies will allow us to exam-
ine the biological role of individual SIMs in CAF-1 and Scm3 for
interaction with Cse4. In addition, the histone chaperone
DAXX, which contributes to mislocalization of CENP-A, also
has a SIM in the C terminus and this motif is crucial for target-
ing DAXX to promyelocytic leukemia oncogenic domains (Lin
et al. 2006). CENP-A in Arabidopsis is sumoylated and this
sumoylation regulates the disassembly of centromeres, which
is a property of terminated differentiated cells (Mérai et al.
2014). It will be of interest to determine if human CENP-A is
sumoylated and if sumoylation of CENP-A regulates its inter-
action with DAXX in human cells. These studies are clinically
relevant because mutations in DAXX predict better prognosis of
pancreatic neuroendocrine tumors. Additionally, overexpres-
sion and depletion of DAXX correlates with an enhancement
or suppression of ovarian cancer cell proliferation, respectively.

In conclusion, our studies provide the first evidence for
sumoylation of Cse4 K215/216 and a possible mechanistic role
of Cse4 sumoylation for interaction with Scm3 and CAF-1
thereby facilitating Cse4 deposition into chromatin. We pro-
pose that when overexpressed, high levels of sumoylated Cse4
are mislocalized, and this contributes in part to the SDL of
GAL-CSE4 in mutants such as psh1A, hir2A, and sbxX5A that
are defective in Cse4 proteolysis. Additionally, our data shows
that the biological role of Cse4 K215/216 sumoylation in facil-
itating chromatin deposition is independent of the role of Cse4
K65 sumoylation in regulating Cse4 proteolysis. Since all ca-
nonical histones are sumoylated (Nathan et al. 2006) and his-
tone chaperones such as HJURP and CAF-1 are well conserved,
we also propose that sumoylation of histones and histone var-
iants is critical for their interaction with chaperones and chro-
matin-associated functions. Our results provide impetus for
future studies to further understand how Cse4 sumoylation
regulates chromosomal stability when the balance of chroma-
tin-associated Cse4 and H3 is altered. Furthermore, character-
ization of pathways that regulate deposition of overexpressed
Cse4 will help us to understand mechanisms that promote
mislocalization of CENP-A in human cancers.
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