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Abstract 

Mislocalization of o v ere xpressed CENP-A (Cse4 in budding yeast, Cnp1 in fission yeast, CID in flies) contributes to chromosomal inst abilit y 
(CIN) in yeasts, flies, and human cells. Mislocalization of CENP-A is observed in many cancers and this correlates with poor prognosis. Str uct ural 
mechanisms that contribute to mislocalization of CENP-A are poorly defined. Here, we show that interaction of histone H4 with Cse4 facilitates an 
in viv o conf ormational change in Cse4 promoting its mislocalization in budding yeast. We determined that Cse4 Y193A mutant exhibits reduced 
sumoylation, mislocalization, interaction with histone H4, and lethality in psh1 Δ and cdc48-3 strains; all these phenotypes are suppressed by 
increased gene dosage of histone H4. We de v eloped a ne w in viv o approach, antibody accessibility (AA) assa y, to e xamine the conf ormation of 
Cse4. AA assa y sho w ed that wild-t ype Cse4 with histone H4 is in an ‘open’ st ate, while Cse4 Y193A predominantly exhibits a ‘closed’ st ate. 
Increased gene dosage of histone H4 contributes to a shift of Cse4 Y193A to an ‘open’ state with enhanced sumoylation and mislocalization. 
We provide molecular insights into how Cse4-H4 interaction changes the conformational state of Cse4 in viv o. T hese studies adv ance our 
understanding for mechanisms that promote mislocalization of CENP-A in human cancers. 
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hromosomal instability (CIN) and aneuploidy are hall-
arks of cancer cells. Centromeric ( CEN ) DNA and asso-

iated proteins referred to as kinetochore are key determi-
ants to prevent CIN and aneuploidy. The kinetochore pro-
ides an attachment site for microtubules for segregation
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of sister chromatids during mitosis. Centromeric localiza-
tion of evolutionarily conserved histone H3 variant CENP-
A (Cse4 in Saccharomyces cerevisiae , Cnp1 in Schizosac-
charomyces pombe , CID in Drosophila melanogaster ) is a
platform for kinetochore assembly ( 1–3 ). In budding yeast,
Cse4 forms the specialized single nucleosome (referred to
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as point centromere), whereas human CENP-A nucleosomes
are composed of repetitive DNA elements located on 1- to
4- Mb chromosomal regions (referred to as regional cen-
tromere) ( 1–3 ). The evolutionarily conserved CENP-A spe-
cific histone chaperone Scm3 / CAL1 / HJURP (Holliday Junc-
tion Recognition Protein) regulates the centromeric local-
ization of Cse4 / Cnp1 / CID / CENP-A in budding and fission
yeasts, flies and humans, respectively ( 4–11 ). Overexpression
of CENP-A and its homologs leads to its mislocalization to
non-centromeric chromatin and increased CIN in budding
and fission yeasts, flies, and humans ( 12–19 ). Overexpres-
sion and mislocalization of CENP-A is observed in many can-
cers, which correlates with poor patient survival and increased
risk of disease progression ( 20–27 ). Defining mechanisms that
prevent or contribute to the mislocalization of overexpressed
Cse4 / CENP-A is critical for understanding how mislocaliza-
tion of Cse4 / CENP-A contributes to aneuploidy in cancers. 

Studies with S. cerevisiae have shown that ubiquitin-
mediated proteolysis is one of the key mechanisms to regulate
soluble pools and chromatin-bound of Cse4, which contribute
to preventing Cse4 mislocalization to non-centromeric re-
gions. Multiple E3 ubiquitin ligases such as Psh1 ( 28 ,29 ), Slx5
( 30–32 ), Ubr1 ( 31 ), Skp-Cullin-F-box (SCF)-Rcy1 ( 33 ) and
SCF-Met30 / Cdc4 ( 34 ) regulate cellular levels of Cse4 to pre-
vent Cse4 mislocalization. We recently showed that Psh1 con-
tributes to the polyubiquitination of mislocalized Cse4, which
is evicted by Cdc48 segregase under normal physiological con-
ditions ( 35 ). Psh1-mediated proteolysis of Cse4 is regulated
by several factors such as proline isomerase Fpr3 ( 36 ), FACT
(Facilitates Chromatin T ranscription / T ransactions) complex
( 37 ), CK2 (casein kinase 2) ( 38 ), HIR histone chaperone com-
plex ( 39 ), and DDK (Dbf1-dependent kinase) complex ( 40 )
under overexpressed Cse4. We and others have shown that
overexpression of Cse4 leads to enhanced lethality and mis-
localization of Cse4 to non-centromeric regions in psh1 Δ,
cdc48-3, met30-6, cdc4-1, slx5 Δ, cdc7-4 and hir2 Δ strains
( 28–30 , 34 , 35 , 39 , 40 ). In general, mutation and deletion of fac-
tors that prevent Cse4 mislocalization show synthetic dosage
lethality (SDL) when Cse4 is overexpressed from a galactose-
inducible promoter ( GAL-CSE4 ). 

Characterization of pathways that contribute to the mislo-
calization of Cse4 is also an area of active research. The evo-
lutionarily conserved replication dependent Chromatin As-
sembly Factor 1 (CAF-1) promotes mislocalization of overex-
pressed Cse4 in budding yeast ( 41 ). Our studies have defined a
key role for sumoylation of Cse4 in regulating its mislocaliza-
tion to non-centromeric regions and leading to SDL in psh1 Δ

GAL-CSE4 and cdc48-3 GAL-CSE4 strains ( 35 , 42 , 43 ). We
have shown that: (i) sumoylation of lysine (K) 215 / 216 pro-
motes mislocalization of Cse4 and SDL in psh1 � GAL-CSE4
and cdc48-3 GAL-CSE4 strains ( 35 ,42 ). However, structural
effects independent of sumoylation also play a role in mis-
localization of Cse4 because K-to-A substitution in GAL-cse4
K215A / 216A displays significantly reduced lethality and mis-
localization of Cse4 as compared to that observed for GAL-
cse4 K215R / 216R (structurally mimetic mutant that cannot
be sumoylated) ( 42 ), (ii) Strains with reduced gene dosage of
histone H4 ( hhf1 � or hhf2 �) exhibit defects in Cse4 sumoy-
lation, reduced mislocalization of Cse4, and lack of SDL in
psh1 � GAL-CSE4 and cdc48-3 GAL-CSE4 strains ( 35 ,43 ),
(iii) Cse4 Y193A exhibits defects in sumoylation and does not
lead to SDL in psh1 � and cdc48-3 strains, whereas the struc-
tural mimetic Cse4 Y193F is sumoylated and exhibits SDL
in the psh1 Δ and cdc48-3 strains ( 35 ,43 ) and (iv) Cse4–H4 

dimer defective mutants such as cse4-102 , cse4-111 and hhf1- 
20 show defects in sumoylation and do not lead to psh1 �

GAL-CSE4 SDL ( 43 ). Based on these results, we hypothesized 

that the interaction of Cse4 with histone H4 facilitates an in 

vivo structural conformation of Cse4 which is critical for Cse4 

sumoylation, mislocalization, and GAL-CSE4 SDL in psh1 Δ

and cdc48-3 strains. Notably, in vitro studies by Malik et al.
( 44 ) showed that monomer Cse4 exists in a ‘closed’ confor- 
mation due to an interdomain interaction of the N- and C- 
terminus of Cse4; binding of Cse4 with histone H4 facilitates 
an ‘open’ state of Cse4. 

In this study, we used Cse4 Y193A as a tool to examine how 

Cse4–H4 interaction affects the structural conformation of 
Cse4 in vivo and the consequences of the structure on sumoy- 
lation and mislocalization of Cse4 to non-centromeric regions.
Cse4 Y193 is located at the center of alpha helix 2 and inter- 
acts with the alpha helix 2 of histone H4 ( 45 ). We determined 

that the Cse4 Y193A mutant exhibits reduced sumoylation 

and mislocalization, as well as defects in the interaction with 

histone H4 in vivo . Increased gene dosage of histone H4 facil- 
itates Cse4 Y193A–H4 interaction, sumoylation, protein sta- 
bility, and mislocalization of Cse4 Y193A to non-centromeric 
regions. We developed a new in vivo approach, antibody ac- 
cessibility (AA) assay, to show that wild-type Cse4 and struc- 
turally mimetic mutant Cse4 Y193F are in an ‘open’ state,
whereas Cse4 Y193A is in a ‘closed’ state. Cse4 Y193A ex- 
hibits an ‘open’ state upon increased dosage of wild-type his- 
tone H4, but not mutant hhf2-20 , which is defective for inter- 
action with Cse4. Our results provide the first evidence show- 
ing that Cse4-H4 interaction contributes to an ‘open’ confor- 
mation of Cse4 in vivo , thereby facilitating sumoylation and 

mislocalization of Cse4. 

Materials and methods 

Yeast strains, plasmids and methods 

Supplementary Tables S1 and S2 describe the genotype of 
yeast strains and plasmids used for this study , respectively .
Gene deletions and epitope-tagged alleles were constructed 

at the endogenous loci using standard PCR-based integration.
All epitope tagging was confirmed by Western blot analysis. 

Yeast cells were grown in / on rich media (YPD: 1% yeast 
extract, 2% bacto-peptone, 2% glucose) or synthetic complete 
(SC) media containing 2% glucose, 2% raffinose, 2% galac- 
tose or 2% raffinose + 2% galactose. 

In vivo sumoylation assay and 

co-immunoprecipitation (co-IP) 

Cells were grown to logarithmic phase of growth in a 2% raf- 
finose synthetic medium selective for the plasmids at 25 

◦C.
Galactose was added to the media to a final concentration of 
2% to induce Cse4 expression from the GAL promoter for 
3–4 h. Cells (50 OD 600 ) were pelleted, rinsed with sterile wa- 
ter, and suspended in 0.5 ml of guanidine buffer (0.1 M Tris 
[pH 8.0], 6.0 M guanidine chloride, 0.5 M NaCl) for sumoy- 
lation assay, or 0.5 ml of IP lysis buffer (100 mM Tris [pH 

7.5], 150 mM NaCl, 0.1 mM EDTA, 1 mM DTT, 0.5% NP- 
40, 10% glycerol, 1 mM PMSF, and protease inhibitor cock- 
tail (Sigma, P8215)) for co-IP. Cells were homogenized with 

Matrix C (MP Biomedicals) using a bead beater (MP Biomed- 
icals, FastPrep-24 5G). Cell lysates were clarified by centrifu- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1133#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1133#supplementary-data
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ation at 6000 rpm for 5–7 min and protein concentration
as determined using a DC protein assay kit (Bio-Rad). Sam-
les containing equal amounts of protein were brought to a
otal volume of 1 ml with appropriate buffer. 

In vivo sumoylation was assayed in crude yeast extracts us-
ng nickel-nitrilotriacetic acid (Ni-NTA) agarose beads to pull
own His-HA-tagged Cse4 as described previously ( 46 ) with
odifications. Cell lysates were incubated with 100 μl of Ni-
TA superflow beads (Qiagen, 30430) overnight at 4 

◦C. After
eing washed with guanidine buffer one time and with break-
ng buffer (0.1 M Tris [pH 8.0], 20% glycerol, 1 mM PMSF)
ve times, beads were incubated with 2 × Laemmli buffer in-
luding imidazole at 100 

◦C for 5 min. Co-IPs were performed
n crude yeast extracts using anti-HA agarose (A2095, Sigma)
vernight at 4 

◦C. After being washed with Tris-buffered saline
ith Tween-20 (TBS-T) three times, beads were incubated
ith 2x Laemmli buffer at 100 

◦C for 5 min. 
The protein samples were resolved on a 4–12% Bis–Tris

el (Novex, NP0322BOX), proteins were transferred onto ni-
rocellulose membrane, and Western blotting was performed
ccording to standard protocol. Antibodies were as follows:
nti-HA (12CA5) mouse (Roche, 11583816001), anti-Smt3
y-84) (Santa Cruz Biotechnology, sc-28649), and anti-H4
abbit (Abcam, ab10158). Protein levels were quantified us-
ng Image Lab software (version 6.0.0) from Bio-Rad Labo-
atories, Inc (Hercules, CA) or Gene Tools software (version
.8.8.0) from SynGene (Frederick, MD). 

ubcellular fractionation assay 

ells were grown to logarithmic phase of growth in 2% glu-
ose (for endogenous Cse4) or 2% raffinose (for GAL-CSE4 )-
ontaining synthetic medium selective for the plasmids at
5 

◦C. Galactose was added to the media to a final concen-
ration of 2% to induce Cse4 expression from the GAL pro-
oter for 4 h. Subcellular fractionation was performed us-

ng 50 OD 600 cells as described previously ( 15 ). The protein
amples were analyzed by SDS-PAGE and western blot us-
ng anti-HA (12CA5) mouse (Roche, 11583816001) and anti-
2B rabbit (Abcam, ab1790) antibodies. Protein levels were
uantified using Image Lab software (version 6.0.0) from Bio-
ad Laboratories, Inc (Hercules, CA). 

rotein stability assay 

rotein stability assay was performed as described previously
 15 ). Cells were grown to logarithmic phase of growth in a
% raffinose synthetic medium selective for the plasmids at
5 

◦C. Galactose was added to the media to a final concen-
ration of 2% to induce Cse4 expression for 3 h. Cyclohex-
mide (CHX) and glucose were then added to final concentra-
ions of 10 μg / ml and 2%, respectively. Samples were taken
t the indicated time points. The protein samples were ana-
yzed by SDS-PAGE and western blot using anti-HA (12CA5)
ouse (Roche, 11583816001), anti-Tub2 rabbit (Basrai lab-
ratory), and anti-H4 rabbit (Abcam, ab10158) antibodies.
rotein levels were quantified using Gene Tools software (ver-
ion 3.8.8.0) from SynGene (Frederick, MD). 

hIP-qPCR 

hromatin immunoprecipitations were performed as previ-
usly described ( 43 ) with modifications. Briefly, logarithmic
hase cultures were grown in galactose / raffinose (2% final
oncentration each) media for 3–3.5 h and were treated with
ormaldehyde (1%) for 20 min at 30 

◦C. Cell pellets were
washed twice in 1 × PBS and 0.9 ml F A L ysis Buffer (1 mM
EDTA pH8.0, 50 mM HEPES–KOH pH7.5, 140 mM NaCl,
0.1% sodium deoxycholate, 1% Triton X-100) with protease
inhibitor cocktail and PMSF (1 mM) was added to resuspend
the cell pellets, followed by lysis in a FastPrep-24 5G (MP
Biosciences) for 40 s ten times with rest on ice between ev-
ery three consecutive beads-beating. The resulting chromatin
pellet was resuspended in 1.4 ml of F A L ysis Buffer and son-
icated on ice with a Branson digital sonifier 24 times at 20%
amplitude with a repeated 15 s on / off cycle. After 10 min of
centrifugation (12 000 rpm, 4ºC), 60 μl of the resulting solu-
bilized chromatin was taken as Input and the 720 μl was used
for immunoprecipitation with anti-HA-agarose beads (Sigma,
A2095) overnight at 4–8 

◦C. The beads were washed sequen-
tially in 1 ml F A, F A-HS (500 mM NaCl), RIPA, and TE
buffers for 5 min on a rotor two times each. The beads were
suspended in ChIP Elution Buffer (25 mM Tris–HCl pH7.6,
100 mM NaCl, 0.5% SDS) and incubated at 65 

◦C overnight.
The supernatants were treated with proteinase K (0.5 mg / ml)
and incubated at 50 

◦C for 2 h followed by phenol / chloroform
extraction and ethanol precipitation. The DNA pellet was re-
suspended in a total of 500 and 100 μl sterile water for In-
put and IP, respectively. Samples were analyzed by quantita-
tive PCR (qPCR) performed with the 7500 Fast Real Time
PCR System with Fast SYBR Green Master Mix (Applied
Biosystems). The occupancy of the respective protein was cal-
culated as % input. Primers used for this study are listed in
Supplementary Table S3 . 

Ubiquitin (Ub) pull-down assay 

Cells were grown to logarithmic phase of growth in a 2% glu-
cose synthetic medium selective for the plasmids at 25 

◦C. Ub
pull-down assay was performed using whole cell extracts from
50 OD 600 cells as described previously ( 35 ). The protein sam-
ples were analyzed by SDS-PAGE and western blot using anti-
HA (12CA5) mouse (Roche, 11583816001) and anti-Tub2
rabbit (Basrai laboratory) antibodies. 

Antibody accessibility (AA) assay 

Cells were grown to logarithmic phase in a 2% raffinose syn-
thetic medium selective for the plasmids at 25 

◦C. Galactose
was added to the media to a final concentration of 2% to
induce Cse4 expression for 4 h. Cells (50 OD 600 ) were pel-
leted, rinsed with sterile water, and suspended in 0.5 ml of lysis
buffer (50 mM Tris [pH 8.0], 5 mM EDTA, 1% Triton X-100,
150 mM NaCl, 50 mM NaF, 10 mM β-glycerophosphate, 1
mM PMSF, protease inhibitor cocktail). Cells were homoge-
nized with Matrix C (MP Biomedicals) using a bead beater
(MP Biomedicals, FastPrep-24 5G) for 40 s two times. Cell
lysates were clarified by centrifugation at 6000 rpm for 5 min
and protein concentration was determined using a DC protein
assay kit (Bio-Rad). Samples containing 2 mg of total proteins
were brought to a total volume of 1 ml with lysis buffer. 

Cell lysates were incubated with 25 μl of anti-HA-Agarose
antibody (Sigma, A2095) overnight at 4 

◦C. Proteins bound to
the beads were washed with lysis buffer three times (10 min
each) and eluted in 2 × Laemmli buffer at 100 

◦C for 5 min.
The protein samples were resolved on a 4–12% Bis–Tris gel
(Novex, NP0322BOX). Cse4 levels in whole cell extracts or IP
were detected by Western blot using anti-HA rabbit antibody
(Sigma, H6908). Protein levels were quantified using Image
Lab software (version 6.0.0) from Bio-Rad Laboratories, Inc
(Hercules, CA). 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1133supplementary-data
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tionation showed that levels of chromatin-associated Cse4 
Protein purifications: Cse4, Cse4 Y193A and histone
H4 

Yeast histone H4 was subcloned by PCR into the pET15(b)
vector. Yeast Cse4 and Cse4 Y193A were subcloned by PCR
into a modified pET28(a) vector with an N-terminal Avi-Smt3
tag and using the C-terminal 6xHis tag. For protein produc-
tion, the H4 construct was transformed into Rosetta (DE3)
cells. The cells were grown in LB media at 37 

◦C with antibi-
otics chloramphenicol and ampicillin to an OD 600 ∼0.4, the
temperature was reduced to 16 

◦C and expression was induced
with 0.5 mM IPTG overnight. For the Cse4 constructs, they
were transformed into BL21(DE3) cells with pBirAcm plas-
mid encoding BirA for biotinylation of the Avi tag. The cells
were grown in LB media at 37 

◦C with antibiotics kanamycin
and chloramphenicol with the addition of 5 μg / ml biotin to
an OD 600 ∼0.4, the temperature was reduced to 16 

◦C and
expression was induced with 0.5 mM IPTG overnight. Cells
were harvested and resuspended in lysis buffer (50 mM tris,
250 mM NaCl, 1 mM TCEP, 2 mM PMSF, 10 mM imidazole,
and 0.1% Triton X-100, pH 8.0), sonicated on ice, and the
lysate was centrifuged (12 000 rpm, Avanti JXN-26) at 4 

◦C
for 20 min. The supernatant was incubated with Ni Sepharose
6 Fast Flow resin (Cytiva) for 1 h at 4 

◦C with constant gen-
tle tumbling. The Ni Sepharose was loaded on a gravity col-
umn and washed with buffer containing 50 mM Tris (pH
8.0), 250 mM NaCl, 1 mM TCEP and 20 mM imidazole. Re-
combinant proteins were eluted with 50 mM Tris (pH 8.0),
250 mM NaCl, 1 mM TCEP and 250 mM imidazole. Protein
samples were separated on a 14% SDS-PAGE and transferred
to Immobilon-P Transfer Membrane (Millipore), amido black
staining was used to determine purity, streptavidin-HRP was
used to detect biotin incorporation in the Cse4 constructs, and
anti-His was used to detect the H4. 

Biolayer interferometry 

Binding affinity of H4 to the Cse4 constructs was determined
on Octet RED96 (Sartorus). Protein samples were diluted in
either standard assay buffer (50 mM Tris, 150 mM NaCl, 0.01
mg / ml BSA, and 0.02% Tween 20, pH7.5) or high salt with
reducing reagent assay buffer (50 mM Tris, 500 mM NaCl,
0.01 mg / ml BSA, 1 mM DTT and 0.02% Tween 20, pH7.5)
as follows: Cse4 constructs 20 μg / ml, biocytin (quenching so-
lution) 5 μg / ml and the H4 was diluted in a range between 50
and 0.068 μM. Octet SA Biosensors (Sartorus) were hydrated
with the assay buffer prior to the experiment. The monitoring
conditions were as follows: initial baseline for 60 s, loading
for 120 s, quenching for 120 s, baseline for 30 s, association
for 60 s, and dissociation for 90 s; shake speed 1000 rpm,
and plate temperature remained at a constant 30 

◦C. To ascer-
tain the binding constants, the data were analyzed using Octet
Data Analysis 10.0.1.6. To calculate the binding constants the
following concentration of H4 was used: 50, 16.66, 5.55, 1.8,
0.617, 0.205 and 0.068 μM. 

Results 

Increased gene dosage of histone H4 enhances 

sumoylation of Cse4 Y193A, and SDL phenotype of 
GAL-cse4 Y193A in wild-type and psh1 � strains 

To investigate mechanisms for Cse4 mislocalization, we fo-
cused on a cse4 Y193A mutant (Cse4 Y193 mutated to A193).
Cse4 Y193A expressed from its own promoter complements
a cse4 � mutant and does not show temperature sensitivity 
( 35 ), and endogenous Cse4 Y193A associates with CEN DNA 

( Supplementary Figure S1 ). Cse4 Y193A is ideally suited to 

study mechanisms that contribute to Cse4 mislocalization be- 
cause overexpressed Cse4 Y193A exhibits defects in sumoy- 
lation, reduced enrichment in chromatin, and lack of SDL in 

psh1 Δ and cdc48-3 strains ( 35 ,43 ), all of which correlate with 

reduced mislocalization of Cse4. Y193 of Cse4 has been pro- 
posed to interact with the alpha helix 2 of histone H4 ( 45 ). We 
therefore used genetic and biochemical approaches to exam- 
ine whether defects in Cse4 Y193A–H4 interaction contribute 
to phenotypes of overexpressed Cse4 Y193A. 

In budding yeast, two loci HHF1 and HHF2 encode iden- 
tical histone H4 protein. We examined whether increased 

gene dosage of histone H4 ( HHF1 / 2 μ or HHF2 / 2 μ) can 

lead to SDL of psh1 Δ GAL-cse4 Y193A strain. HHF1 / 2 μ

and HHF2 / 2 μ strains do not show growth defects on glu- 
cose plates (Figure 1 A). SDL was observed for psh1 � GAL- 
CSE4 strain with vector, HHF1 / 2 μ, or HHF2 / 2 μ (Figure 
1 A and Supplementary Figure S2 A). GAL-cse4 Y193A did 

not show SDL in a psh1 � strain, however, psh1 Δ GAL-cse4 

Y193A strain with HHF1 / 2 μ or HHF2 / 2 μ exhibits SDL phe- 
notype on galactose plates (Figure 1 A and Supplementary 
Figure S2 A). 

We previously reported a correlation of Cse4 sumoylation 

to SDL phenotype ( 42 ,43 ). Hence, we examined whether in- 
creased gene dosage of histone H4 that contributes to psh1 Δ

GAL-cse4 Y193A SDL is due to increased Cse4 Y193A 

sumoylation. Sumoylation assays were done using a wild-type 
strain with Cse4 or Cse4 Y193A expressing vector, HHF1 / 2 μ

or HHF2 / 2 μ. Consistent with our previous study ( 43 ), we 
observed greatly reduced levels of Cse4 Y193A sumoylation 

(Figure 1 B and Supplementary Figure S3 ). Increased gene 
dosage of histone H4 led to a significant increase in the sumoy- 
lation of both wild-type Cse4 and Cse4 Y193A (Figure 1 B).
More importantly, the sumoylation levels of Cse4 Y193A with 

H4 / 2 μ were about eight times higher than that observed for 
wild-type Cse4 vector control (Figure 1 C). 

The enhancement of Cse4 and Cse4 Y193A sumoylation 

with H4 / 2 μ prompted us to examine whether expression of 
HHF2 / 2 μ contributes to increased lethality of GAL-CSE4 

and GAL-cse4 Y193A in a wild-type strain. A control strain 

expressing HHF2 / 2 μ alone did not show growth defects on 

glucose and galactose plates (Figure 1 D). Consistent with 

our hypothesis, GAL-CSE4 and GAL-cse4 Y193A strains ex- 
pressing HHF2 / 2 μ showed more severe growth defects (Fig- 
ure 1 D and Supplementary Figure S2 B). Not surprisingly, the 
SDL phenotype was more pronounced for the GAL-CSE4 

HHF2 / 2 μ strain (Figure 1 D). Taken together, our results show 

that increased gene dosage of histone H4 enhances sumoyla- 
tion of Cse4 Y193A and results in an SDL phenotype of GAL- 
cse4 Y193A in wild-type and psh1 � strains. 

Increased gene dosage of histone H4 contributes to 

c hromatin enric hment and mislocalization of Cse4 

Y193A 

Several studies have shown a correlation between SDL with 

enrichment of Cse4 in chromatin, increased Cse4 protein sta- 
bility and mislocalization of Cse4 ( 28–30 , 34 , 35 , 39 , 40 , 42 , 43 ).
Hence, we examined these phenotypes of strains with GAL- 
cse4 Y193A with and without HHF2 / 2 μ. Subcellular frac- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1133supplementary-data
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Figure 1. Increased gene dosage of histone H4 suppresses the defects in Cse4 Y193A sumoylation and leads to SDL of psh1 � GAL-cse4 Y193A strain. 
( A ) Expression of histone H4 / 2 μ contributes to SDL phenotype in a GAL-cse4 Y193A psh1 � strain. Growth assays were performed by plating five-fold 
serial dilution of cells on glucose (2%)- or galactose (2%)-containing synthetic medium selective for the plasmids. The plates were incubated at 25 ◦C for 
3 da y s. Isogenic y east strains used here w ere as f ollo ws: psh1 � strain (YMB9034) transf ormed with G AL-CSE4 (pMB1345) or G AL-cse4 Y193A 

(pMB1766) and subsequently transformed with empty vector (pRS425), HHF1 / 2 μ (pMB1928), or HHF2 / 2 μ (pMB1929). ( B ) Increased gene dosage of 
histone H4 enhances Cse4 Y193A sumoylation. Levels of sumoylated Cse4 were assayed from the indicated strains, which were grown in galactose 
medium for 4 h at 25 ◦C. Arrows indicate the three high molecular weight bands that represent sumoylated Cse4. Cse4 16KR, in which all 16 lysine (K) 
residues are mutated to arginine (R), is used as a negative control. Asterisk indicates nonspecific sumoylated proteins that bind to beads. Isogenic yeast 
strains used here were as follows: wild-type strain (BY4741) transformed with GAL-CSE4 (pMB1345), GAL-cse4 16KR (pMB1344), or GAL-cse4 Y193A 

(pMB1766) and subsequently transformed with empty vector (pRS425), HHF1 / 2 μ (pMB1928), or HHF2 / 2 μ (pMB1929). ( C ) Quantification of relative 
le v els of sumoylated Cse4 or Cse4 Y193A from 1B. Levels of sumoylated Cse4 were normalized to nonmodified Cse4 probed by anti-HA antibody in the 
pull-down samples. Statistical significance from multiple biological repeats was assessed by one-way ANO V A ( p -value < 0.0 0 01) followed by Tukey 
post-test (all pairwise comparisons of means). Error bars indicate standard deviation from the mean. ( D ) Expression of histone H4 / 2 μ contributes to 
increased growth defects of GAL-CSE4 and GAL-cse4 Y193A in a wild-type strain. Growth assays were performed by plating five-fold serial dilution of 
cells on glucose (2%)- or galactose (2%)-containing synthetic medium selective for the plasmids. The plates were incubated at 25 ◦C for 2–3 days. 
Isogenic yeast strains used here were as follows: wild-type strain (BY4741) transformed with empty vector (pYES2 or pMB433), GAL-CSE4 (pMB1345), 
or GAL-cse4 Y193A (pMB1766) and subsequently transformed with empty vector (pRS425) or HHF2 / 2 μ (pMB1929). 
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 in a ‘closed’ conformation due to an interdomain interaction 
Y193A were reduced when compared to wild-type Cse4 (Fig-
ure 2 A and B, and Supplementary Figure S4 ). Increased gene
dosage of histone H4 ( HHF2 / 2 μ) showed an enrichment of
chromatin-associated Cse4 Y193A (Figure 2 A and B, and
Supplementary Figure S4 ). Consistent with these results, Cse4
Y193A was rapidly degraded after cycloheximide treatment in
a wild-type strain, but more stable in strains with HHF2 / 2 μ

(Figure 2 C and D). While the levels of histone H4 were con-
sistent throughout the time course in both strains (Figure 2 C),
the initial levels of histone H4 (0 min) in cells expressing
HHF2 / 2 μ were slightly higher when compared to endogenous
histone H4 (Figure 2 E). 

We next examined whether increased gene dosage of hi-
stone H4 contributes to increased stability and mislocaliza-
tion of Cse4 Y193A in a psh1 Δ strain. Similar to results
with wild-type strain, Cse4 Y193A was rapidly degraded in
a psh1 � strain ( Supplementary Figure S5 ), and expression of
HHF2 / 2 μ increased the stability of Cse4 Y193A in this strain
(Figure 2 F and G). Levels of histone H4 were also consis-
tent throughout the time course in the psh1 � strains (Figure
2 F). Initial levels of histone H4 (0 min) in cells expressing
HHF2 / 2 μ were also slightly higher when compared to en-
dogenous histone H4 (Figure 2 H). The reduced stability of
Cse4 Y193A even in a psh1 � strain in vivo is due to other
E3 ubiquitin ligases-mediated or ubiquitin-independent pro-
teolysis. We next performed chromatin immunoprecipitation
(ChIP)-qPCR experiments in a psh1 � strain to examine the
localization of Cse4 Y193A at non-centromeric regions. The
advantage of using a psh1 Δ strain for ChIP experiments is
because the non-centromeric regions of Cse4 mislocalization
such as promoters of SAP4 and RDS1 , the pericentromeric R1
region of CEN3 , and the ACT1 coding region are well defined
based on previous studies ( 43 ,47 ). An enrichment of wild-type
Cse4 and structural mimic mutant Cse4 Y193F was observed
at these regions ( Supplementary Figure S6 ). However, levels
of Cse4 Y193A were lower at these non-centromeric regions.
Strains expressing HHF2 / 2 μ showed increased mislocaliza-
tion of Cse4 Y193A to non-centromeric regions (Figure 2 I).
Taken together, we conclude that increased gene dosage of hi-
stone H4 facilitates mislocalization of Cse4 Y193A to non-
centromeric regions, which consequently contributes to its in-
creased stability. 

Increased gene dosage of histone H4 facilitates 

Cse4 Y193A–H4 interaction 

We hypothesized that the phenotypes of Cse4 Y193A with
HHF2 / 2 μ such as SDL, protein stability, enrichment in
chromatin, and increased mislocalization are due to in-
creased interaction of Cse4 Y193A with histone H4. Co-
immunoprecipitation (Co-IP) experiments were done with
strains co-expressing either GAL-3HA-CSE4 or GAL-3HA-
cse4 Y193A with or without HHF2 / 2 μ. Immunoprecipitation
with anti-HA antibody showed that Cse4 interacts with his-
tone H4, and this interaction is increased about 3-fold upon
expression of HHF2 / 2 μ (Figure 3 A and B). In contrast to
this, we were unable to detect an interaction of Cse4 Y193A
with histone H4. However, expression of HHF2 / 2 μ revealed
a highly significant increase in the interaction of Cse4 Y193A
with histone H4, albeit a lower level than that observed for
Cse4-H4 interaction (Figure 3 A and B). Taken together, our
results show that increased gene dosage of histone H4 facili-
tates Cse4 Y193A–H4 interaction, and we propose that this
contributes to Cse4 Y193A sumoylation, mislocalization, sta- 
bilization and SDL phenotype in a psh1 � strain. 

Increased gene dosage of histone H4 promotes 

accumulation of polyubiquitinated Cse4 Y193A in a 

cdc48-3 strain under normal physiological 
conditions 

Our results so far have shown a role of histone H4 dosage 
in the context of overexpressed Cse4 Y193A for its mislo- 
calization. To investigate the physiological consequences of 
increased gene dosage of histone H4 in a cse4 Y193A mu- 
tant, we examined the steady state levels of endogenous Cse4 

Y193A with and without expression of HHF2 / 2 μ in wild- 
type cells. Steady state levels of endogenous Cse4 Y193A were 
moderately reduced ( P = 0.0492), when compared to endoge- 
nous wild-type Cse4 (Figure 4 A and B). However, expression 

of HHF2 / 2 μ promotes a steady state level of Cse4 Y193A 

that is comparable to wild-type Cse4 (Figure 4 A–C). Subcel- 
lular fractionation was done to examine the enrichment of 
endogenous Cse4 Y193A in chromatin. Similar to the results 
from GAL-cse4 Y193A (Figure 2 A), chromatin-associated en- 
dogenous Cse4 Y193A was lower when compared to wild- 
type Cse4 and overexpression of HHF2 increased chromatin 

association of Cse4 Y193A even when compared to wild- 
type Cse4 (Figure 4 D and E, and Supplementary Figure 
S7 ). These results show that increased gene dosage of his- 
tone H4 ( HHF2 / 2 μ) contributes to higher steady state levels 
and enrichment of chromatin-association of endogenous Cse4 

Y193A. 
We have recently reported that endogenous Cse4 at non- 

centromeric regions is removed by Cdc48 

Ufd1 / Npl4 segregase 
in a Psh1-mediated polyubiquitination-driven manner under 
normal physiological conditions ( 35 ). This study showed that 
polyubiquitinated endogenous Cse4 in a cdc48-3 strain is 
chromatin-associated ( 35 ). In agreement with this, soluble 
pools of endogenous Cse4 are barely detectable compared to 

endogenous Cse4 in chromatin ( Supplementary Figure S7 and 

( 34 )). Hence, we investigated whether the polyubiquitination 

status of endogenous Cse4 Y193A in a cdc48-3 strain is af- 
fected upon increased gene dosage of histone H4. As reported 

previously, we observed reduced polyubiquitination of Cse4 

Y193A in a cdc48-3 strain (Figure 4 F). In contrast, higher 
levels of polyubiquitinated Cse4 Y193A were observed upon 

expression of HHF2 / 2 μ (Figure 4 F and G). Consistent with 

these results, cdc48-3 GAL-cse4 Y193A showed SDL only in 

strains expressing HHF2 / 2 μ (Figure 4 H). We conclude that 
increased gene dosage of histone H4 contributes to increased 

steady state levels of endogenous Cse4 Y193A, accumulation 

of polyubiquitinated Cse4 Y193A in chromatin under nor- 
mal physiological conditions, and SDL phenotype of cdc48-3 

GAL-cse4 Y193A strain. 

Cse4 Y193A is in a ‘closed’ conformation and 

increased gene dosage of histone H4 facilitates an 

‘open’ state of Cse4 Y193A 

Our results for increased mislocalization of Cse4 Y193A upon 

increased gene dosage of histone H4 led us to investigate the 
mechanistic basis for these observations by focusing on the 
in vivo consequences of Cse4–H4 interaction on the confor- 
mation of Cse4. A recent study for in vitro analysis of Cse4 

structure from Malik et al. showed that soluble Cse4 exists 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1133supplementary-data
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Figure 2. Increased gene dosage of histone H4 contributes to chromatin enrichment, protein st abilit y, and mislocalization of Cse4 Y193A. ( A ) 
Enrichment of chromatin-associated Cse4 Y193A upon expression of HHF2 / 2 μ. Subcellular fractionations were conducted using whole cell extracts 
prepared from equal numbers of the indicated strains grown in galactose medium for 4 h at 25 ◦C. Cse4 levels in chromatin were monitored by Western 
blot analysis with anti-HA-antibody. Histone H2B was used as a marker for chromatin fraction. Isogenic yeast strains used here were as follows: 
wild-type strain (BY4741) transformed with GAL-CSE4 (pMB1345) or GAL-cse4 Y193A (pMB1766) and subsequently transformed with empty vector 
(pRS425) or HHF2 / 2 μ (pMB1929). ( B ) Quantification of levels of chromatin-associated Cse4 Y193A with and without expression of HHF2 / 2 μ. Levels of 
chromatin-associated Cse4 from 2A were quantified in arbitrary density units after normalization to H2B le v els. Statistical significance from three 
biological repeats was assessed by one-way ANO V A ( p -value = 0.0218) followed by Tukey post-test (all pairwise comparisons of means). Error bars 
indicate standard deviation from the mean. ( C ) HHF2 / 2 μ contributes to increased stability of Cse4 Y193A in a wild-type strain. The indicated strains 
w ere gro wn in galactose medium f or 3 hr. Glucose (2%) containing cy clohe ximide (CHX; 10 μg / ml) w as added and cells w ere collected at the indicated 
time points. Blots were probed with anti-HA (Cse4), anti-Tub2 (loading control), or anti-H4 antibody. Isogenic yeast strains used here were as follows: 
wild-type strain (BY4741) transformed with GAL-cse4 Y193A (pMB1766) and subsequently transformed with empty vector (pRS425) or HHF2 / 2 μ
(pMB1929). ( D ) Kinetics of turno v er from 2C. Error bars represent standard deviation from the mean of three biological repeats. Cse4 protein half-life 
(t 1 / 2 ) is indicated as the mean ± SD. The difference in t 1 / 2 is statistically significant ( p = 0.0001). ( E ) Initial le v els of histone H4 (0 min) from 2C is 
indicated. Error bars represent standard deviation from the mean of three biological repeats. ( F ) HHF2 / 2 μ contributes to increased stability of Cse4 
Y193A in a psh1 � strain. Protein st abilit y assays were performed as described in 2C. Isogenic yeast strains used here were as follows: psh1 � strain 
(YMB9034) transformed with GAL-cse4 Y193A (pMB1766) and subsequently transformed with empty vector (pRS425) or HHF2 / 2 μ (pMB1929). ( G ) 
Kinetics of turno v er from 2F. Error bars represent standard deviation from the mean of three biological repeats. Cse4 protein half-life ( t 1 / 2 ) is indicated as 
the mean ± SD. The difference in t 1 / 2 is statistically significant ( P = 0.0038). ( H ) Initial le v els of histone H4 (0 min) from 2F is indicated. Error bars 
represent standard deviation from the mean of three biological repeats. ( I ) Enhanced gene dosage of histone H4 facilitates Cse4 Y193A mislocalization. 
ChIP-qPCR experiments were performed on chromatin lysates from the indicated strains after growth in galactose medium for 3 h at 25 ◦C. Error bars 
represent standard deviation from the mean of three biological repeats. Isogenic yeast strains used here were as follows: psh1 � strain (YMB9034) 
transformed with GAL-cse4 Y193A (pMB1766) and subsequently transformed with empty vector (pRS425) or HHF2 / 2 μ (pMB1929). 
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Figure 3. Increased gene dosage of histone H4 facilitates Cse4 Y193A-H4 interaction. ( A ) Cse4 Y193A shows reduced interaction with histone H4, and 
this is enhanced b y e xpression of HHF2 / 2 μ. P rotein e xtracts w ere prepared from the indicated strains after growth in galactose medium for 3 h at 25 ◦C. 
Co-IP experiments were performed with anti-HA agarose antibody. Whole cell extracts (WCE) and IP samples were analyzed by Western blot analysis 
with anti-HA and anti-H4 antibodies. Isogenic yeast strains used here were as follows: wild-type strain (BY4741) transformed with GAL-CSE4 (pMB1458) 
or GAL-cse4 Y193A (pMB1965) and subsequently transformed with empty vector (pRS425) or HHF2 / 2 μ (pMB1929). ( B ) Levels of histone H4 after 
immunoprecipitation of HA-Cse4 were quantified after normalization to Cse4 levels in the IP ( α-HA, IP). Statistical significance from two to three 
biological repeats was assessed by one-way ANO V A ( P value < 0.0 0 01) followed by Tukey post-test (all pairwise comparisons of means). Error bars 
indicate standard deviation from the mean. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

between the N-terminal (NTD) and the C-terminal domain
(CTD), and binding to histone H4 (obligate partner) enables
an ‘open’ state of Cse4 ( 44 ). Atomistic molecular dynamics
(MD) simulations for monomeric Cse4 (Movies from ( 44 ))
showed that the N-terminus end of Cse4 is located inside the
Cse4 structure. In contrast, the N-terminus end of Cse4 is lo-
cated outside of the Cse4 structure upon the Cse4-H4 com-
plex formation, due to disruption of the interdomain interac-
tion between NTD and CTD. We developed an antibody ac-
cessibility (AA) assay that allows us to detect conformational
changes of Cse4 between ‘open’ and ‘closed’ states in vivo . The
principle of the AA assay, which was done using N-terminally
tagged 8His-HA-Cse4 (Figure 5 A), is outlined in Figure 5 B.
The ‘closed’ state of N-terminal tagged 8His-HA-Cse4 may
not be accessible to anti-HA agarose beads and hence not de-
tected on an anti-HA western blot. However, upon interaction
with histone H4, the ‘open’ state of Cse4 may be accessible to
anti-HA agarose beads, thereby giving a signal on a western
blot probed with anti-HA antibody (Figure 5 B). As a proof of
principle, we examined the conformational state of cse4-102
(L176S M218T) and cse4-111 (L194Q) mutants, which are
defective for Cse4–H4 interaction ( 48 ). Consistent with our
hypothesis, cse4-102 and cse4-111 mutants showed greatly
reduced AA (Figures 5 C and D), suggesting that the Cse4-
102 and Cse4-111 mutant proteins are in a ‘closed’ form in
vivo . We confirmed that the His-tagged Cse4-102 and Cse4-
111 mutant proteins prepared under the denaturing condition
were equally accessible like wild-type Cse4 to Ni-NTA beads
( Supplementary Figure S8 ). It should be noted that sumoyla-
tion of Cse4-102 and Cse4-111 is also greatly reduced similar
to that observed of Cse4 Y193A sumoylation ( 43 ). 

We next investigated the conformational state of Cse4
Y193A and structural mimic mutant Cse4 Y193F in vivo . In
agreement with the reduced interaction of Cse4 Y193A with
histone H4 in vivo (Figure 3 ), AA assay showed that wild-type
Cse4 is in an ‘open’ state whereas Cse4 Y193A is predomi-
nantly in a ‘closed’ state (Figures 6 A and B). The structurally
mimic mutant Cse4 Y193F also exhibits an ‘open’ state albeit 
reduced compared to wild-type Cse4 (Figures 6 A and B). Con- 
sistent with these results, an association of histone H4 was 
observed for wild-type Cse4 and Cse4 Y193F whereas his- 
tone H4 was not detectable due to AA defect in Cse4 Y193A 

( Supplementary Figure S9 ). We next asked whether expres- 
sion of HHF1 / 2 μ or HHF2 / 2 μ facilitates a conformational 
change of Cse4 Y193A from ‘closed’ to ‘open’ form. Indeed,
Cse4 Y193A exhibits an ‘open’ conformation in strains ex- 
pressing HHF1 / 2 μ or HHF2 / 2 μ (Figures 6 C and D). Taken 

together, we conclude that Cse4 Y193A is in a ‘closed’ con- 
formation and increased gene dosage of histone H4 facilitates 
a transition to an ‘open’ state of Cse4 Y193A. 

Wild-type histone H4, but not mutant histone H4 

( hhf2-20 ), contributes to an ‘open’ state of Cse4 

Y193A and sumoylation 

Our model predicts that ‘closed’ state of Cse4 Y193A is 
changed to an ‘open’ state by the interaction of wild-type hi- 
stone H4 with Cse4 Y193A in strains expressing HHF1 / 2 μ

or HHF2 / 2 μ. If Cse4-H4 interaction is required for the con- 
formational change of Cse4 in vivo , we predicted that over- 
expression of a histone H4 mutant that is defective for Cse4 

interaction will not result in a conformational change of Cse4 

Y193A. Previous studies have shown that hhf1-20 with mu- 
tations (T82I A89V) in the histone fold domain of histone H4 

is defective for interaction with Cse4 ( 48 ). Since HHF1 and 

HHF2 are identical proteins, we constructed a hhf2-20 mu- 
tant (Figure 7 A). AA assay was done using GAL-cse4 Y193A 

strain expressing vector, HHF2 / 2 μ, or hhf2-20 / 2 μ. Consis- 
tent with our prediction, the AA assay showed an ‘open’ state 
of Cse4 Y193A upon expression of HHF2 / 2 μ, but not vector 
or hhf2-20 / 2 μ (Figure 7 B and C). 

We next examined whether the conformational change 
of Cse4 Y193A to an ‘open’ state correlates with GAL- 
CSE4 psh1 � SDL and Cse4 Y193A sumoylation. Growth 
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Figure 4. Increased gene dosage of histone H4 contributes to enrichment of Cse4 Y193A in chromatin and accumulation of polyubiquitinated Cse4 
Y193A in a cdc48-3 strain under normal ph y siological conditions. ( A ) Increased steady state le v els of endogenous Cse4 Y193A upon expression of 
HHF2 / 2 μ. The indicated strains were grown to logarithmic phase in glucose (2%)-containing synthetic medium selective for the plasmids. Protein 
e xtracts w ere analyz ed b y Western blot analy sis with anti-HA (Cse4), anti-H4 or anti-Tub2 (loading control) antibody. Isogenic y east strains used here 
were as follows: wild-type (YMB1 1 160) or cse4 Y193A mutant (YMB1 1 163) cells transformed with empty vector (pRS425) or HHF2 / 2 μ (pMB1929). ( B ) 
L e v els of endogenous Cse4 from 4A were quantified in arbitrary density units after normalization to Tub2 levels. Statistical significance from three 
biological repeats was assessed by one-way ANO V A ( p -value = 0.0092) followed by Tukey post-test (all pairwise comparisons of means). Error bars 
indicate standard deviation from the mean. ( C ) Levels of histone H4 from 4A were quantified in arbitrary density units after normalization to Tub2 levels. 
Statistical significance from three biological repeats was assessed by one-way ANO V A ( p -value = 0.0015) followed by Tukey post-test (all pairwise 
comparisons of means). Error bars indicate standard deviation from the mean. ( D ) Increased levels of chromatin-associated endogenous Cse4 Y193A 

upon expression of HHF2 / 2 μ. Subcellular fractionations were conducted using whole cell extracts prepared from equal numbers of logarithmically 
growing cells in glucose (2%)-containing synthetic medium selective for the plasmids. Cse4 levels in chromatin were monitored by Western blot 
analysis with anti-HA-antibody. Histone H2B was used as markers for chromatin fraction. Isogenic yeast strains used here were as follows: wild-type 
(YMB1 1 160) or cse4 Y193A mutant (YMB1 1 163) cells transformed with empty vector (pRS425) or HHF2 / 2 μ (pMB1929). ( E ) Levels of 
chromatin-associated endogenous Cse4 from 4D were quantified in arbitrary density units after normalization to H2B le v els. Statistical significance from 

four biological repeats was assessed by one-way ANO V A ( p -value = 0.0 0 03) followed by Tukey post-test (all pairwise comparisons of means). Error bars 
indicate standard deviation from the mean. ( F ) Increased gene dosage of histone H4 contributes to accumulation of polyubiquitinated endogenous Cse4 
Y193A in a cdc48-3 strain. Ub pull-down assay was performed using protein extracts from logarithmically growing cells in glucose (2%)-containing 
synthetic medium selective for the plasmids. Input and ubiquitin pull-down samples were analyzed using anti-HA (Cse4) and anti-Tub2 antibodies. 
Untagged Cse4 was used as a negative control. Asterisk shows nonmodified Cse4. Isogenic yeast strains used here were as follows: cdc48-3 
6His-3HA-CSE4::NatR (YMB10652) or cdc48-3 6His-3HA-cse4 Y193A::NatR (YMB11619) strain transformed with empty vector (pRS425) or HHF2 / 2 μ
(pMB1929). ( G ) L e v els of polyubiquitinated Cse4 from 4F were quantified in arbitrary density units after normalization to input Cse4. Statistical 
significance from three biological repeats was assessed by one-way ANO V A ( P -value = 0.0 0 05) followed by Tukey post-test (all pairwise comparisons of 
means). Error bars indicate standard deviation from the mean. ( H ) GAL-cse4 Y193A cdc48-3 strain exhibits SDL with HHF2 / 2 μ. Cells were spotted in 
fiv e-f old serial dilutions on glucose (2%)- or galactose (2%)-containing synthetic medium selective for the plasmids. The plates were incubated at 25 ◦C 

for 4 days. Isogenic yeast strains used here were as follows: cdc48-3 strain (PK1658) transformed with GAL-CSE4 (pMB1345) or GAL-cse4 Y193A 

(pMB1766) and subsequently transformed with empty vector (pRS425) or HHF2 / 2 μ (pMB1929). 
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Figure 5. Antibody Accessibility (AA) assay for conformational state of Cse4 in vivo. ( A ) Schematic showing N-terminally tagged 8His-HA-Cse4. 
N-terminal tail and histone hold domain (HFD) are pale and dark greens, respectively. ( B ) AA assay can detect ‘open’ but not ‘closed’ form of Cse4. The 
‘closed’ form of N-terminally tagged 8His-HA-Cse4 will not be accessible to anti-HA agarose beads and hence not detected on anti-HA w estern blot. T he 
"open’ form will be accessible to anti-HA agarose beads giving a signal on the anti-HA western blot. ( C ) The Cse4-H4 dimer defective mutants, Cse4-102 
and Cse4-1 1 1, sho w ed reduced AA and ‘closed’ f orm. AA assa y w as perf ormed using the indicated strains after transient induction of Cse4 in galactose 
medium for 4 h at 25 ◦C. Input and IP ( α-HA, IP) samples were resolved by SDS-PAGE and levels of Cse4 were monitored by Western blot analysis with 
anti-HA-antibody. Isogenic yeast strains used here were as follows: wild-type strain (BY4741) transformed with GAL-CSE4 (pMB1345), GAL-cse4-102 
(pMB1984), or GAL-cse4-1 1 1 (pMB1988). ( D ) L e v els of Cse4 that bind to anti-HA agarose beads from 5C were quantified in arbitrary density units after 
normalization to input le v els. Statistical significance from three biological repeats was assessed by one-way ANO V A ( P -value < 0.0 0 01) followed by 
Tuk e y post-test (all pairwise comparisons of means). Error bars indicate standard deviation from the mean. 

 

 

 

 

 

 

 

 

 

 

 

 

assay showed that HHF2 / 2 μ, but not hhf2-20 / 2 μ, exhibits
SDL in a psh1 � GAL-cse4 Y193A strain (Figure 7 D and
Supplementary Figure S10 ). Sumoylation assay showed that
HHF2 / 2 μ, but not hhf2-20 / 2 μ, increased the sumoylation
of Cse4 Y193A (Figure 7 E and F). These results show that
an ‘open’ conformation of Cse4 Y193A correlates with its
sumoylation and SDL of psh1 � GAL-cse4 Y193A strain. 

Accumulation of polyubiquitinated endogenous 

Cse4 Y193A in a cdc48-3 strain is specific to HHF2, 
but not hhf2-20 or hhf2 R36A 

The correlation of ‘open’ and ‘closed’ states of Cse4 Y193A in
strains with and without HHF2 / 2 μ, respectively, led us to ex-
amine how this affects the accumulation of polyubiquitinated
endogenous Cse4 Y193A in a cdc48-3 strains. Growth as-
says showed that cdc48-3 GAL-cse4 Y193A with HHF2 / 2 μ,
but not hhf2-20 / 2 μ, exhibits SDL on galactose plate (Fig-
ure 8 A) similar to results for psh1 � cse4 Y193A strain (Fig- 
ure 7 D and Supplementary Figure S10 ). Growth similarities 
between psh1 � and cdc48-3 background support our previ- 
ous studies that Psh1-mediated polyubiquitination of Cse4 is 
subsequently recognized by Cdc48 

Ufd1 / Npl4 segregase for re- 
moval from chromatin ( 35 ). We observed the accumulation of 
polyubiquitinated Cse4 Y193A in a cdc48-3 strain expressing 
HHF2 / 2 μ, but not in cdc48-3 strain with hhf2-20 / 2 μ (Figure 
8 B and C). These results show that increased gene dosage of 
histone H4 facilitates an ‘open’ conformation of Cse4 Y193A 

with accumulation in a polyubiquitinated state in a cdc48-3 

strain. 
We next examined the relevance of histone H4 in the in- 

teraction of Cse4 with Psh1 and the accumulation of polyu- 
biquitinated Cse4 in a cdc48-3 strain. The rationale for this 
is based on results from Deyter et al. showing that mutation 

of histone H4 R36 exhibits reduced interaction between Cse4 

and Psh1 ( 49 ). Since Psh1 contributes to polyubiquitination of 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1133supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1133supplementary-data
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Figure 6. Cse4 Y193A is in a ‘closed’ configuration and increased gene dosage of histone H4 facilitates an ‘open’ state of Cse4 Y193A. ( A ) Cse4 Y193A 

sho w ed reduced AA and is in a ‘closed’ state. AA assay was performed using the indicated strains after growth of strains in galactose medium for 4 h at 
25 ◦C. Input and IP ( α-HA, IP) samples were resolved by SDS-PAGE and levels of Cse4 were monitored by Western blot analysis with anti-HA-antibody. 
Isogenic yeast strains used here were as follows: wild-type strain (BY4741) transformed with GAL-CSE4 (pMB1345), GAL-cse4 Y193A (pMB1766), or 
GAL-cse4 Y193F (pMB1787). ( B ) Quantification of the relative levels of Cse4 that binds to anti-HA agarose beads after normalization to input levels. 
Statistical significance from three biological repeats was assessed by one-way ANO V A ( P -value < 0.0 0 01) followed by Tukey post-test (all pairwise 
comparisons of means). Error bars indicate standard deviation from the mean. ( C ) Enhanced gene dosage of histone H4 promotes AA and an ‘open’ 
form of Cse4 Y193A. AA assays were conducted as describe in 6A. Isogenic yeast strains used here were as follows: wild-type strain (BY4741) 
transformed with GAL-CSE4 (pMB1345) or GAL-cse4 Y193A (pMB1766) and subsequently transformed with empty vector, HHF1 / 2 μ (pMB1928), or 
HHF2 / 2 μ (pMB1929). ( D ) Quantification of the relative levels of Cse4 that bind to anti-HA agarose beads after normalization to input levels. Statistical 
significance from multiple experiments was assessed by one-way ANO V A ( p -value < 0.0 0 01) followed by Tukey post-test (all pairwise comparisons of 
means). Error bars indicate standard deviation from the mean. 
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ndogenous chromatin-associated Cse4 in a cdc48-3 strain,
e asked whether histone H4 R36A mutation shows reduced

evels of polyubiquitinated Cse4 Y193A in a cdc48-3 strain
ue to defects of the Cse4-Psh1 interaction. Indeed, the ac-
umulation of polyubiquitinated Cse4 Y193A in a cdc48-3
train was greatly reduced upon expression of hhf2 R36A / 2 μ

Figure 8 B and C). In contrast to cse4 Y193A hhf2-20 strain,
se4 Y193A hhf2 R36A strain exhibits SDL on galactose plate
Figure 8 A) due to the ‘open’ form of Cse4 Y193A (Figure
 D and E). These findings support the specific role of histone
4 R36 as a key residue promoting the Cse4-Psh1 interaction

hat is independent of Cse4 mislocalization. Taken together,
e conclude that an ‘open’ state of Cse4 Y193A upon expres-

ion of HHF2 / 2 μ leads to accumulation of polyubiquitinated
se4 Y193A in a cdc48-3 strain. 

istone H4 gene dosage regulates the 

onformational state of wild-type Cse4 

ur results showing that increased gene dosage of histone H4
ontributes to an ‘open’ state of Cse4 Y193A prompted us
o examine whether histone H4 gene dosage affects the con-
ormational state of wild-type Cse4 in vivo . We performed
A assay using strains deleted for either one of the histone
4 alleles ( hhf1 � and hhf2 �). Wild-type Cse4 predominantly
exhibits a ‘closed’ state in hhf1 � and hhf2 � strains (Fig-
ure 9 A and B). Consistent with a correlation between the
sumoylation and ‘open’ state of Cse4, we have previously re-
ported that Cse4 sumoylation is defective in hhf1 � and hhf2 �

strains ( 43 ). Taken together, we conclude that Cse4–H4 in-
teraction facilitates an ‘open’ state of wild-type Cse4 for its
sumoylation. 

Discussion 

The incorporation of CENP-A into centromeric chromatin
is essential for establishing centromere identity and prevent-
ing CIN. Mislocalization of overexpressed CENP-A to non-
centromeric chromatin contributes to CIN in yeasts, flies,
and humans ( 13–19 ). Overexpression and mislocalization of
CENP-A are observed in many cancers and this correlates
with poor prognosis. In this study, we investigated how the
in vivo conformation of Cse4 affects the localization of Cse4
to non-centromeric regions. Our results show that increased
gene dosage of histone H4 facilitates in vivo conformational
change of Cse4 that contributes to Cse4 sumoylation and mis-
localization. We propose a model in which monomer Cse4
is in a ‘closed’ state and interaction of Cse4 with histone
H4 alters the conformation of Cse4 to an ‘open’ state in
vivo (Figure 9 C). The ‘open’ state of Cse4 correlates with its
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Figure 7. W ild-t ype histone H4, but not mut ant Hhf2-20, contributes to an ‘open’ conformation of Cse4 Y1 93A. ( A ) Sc hematic of hhf2-20 (T82I A89V) 
mutant. HFD: histone fold domain. ( B ) AA of Cse4 Y193A due to ‘open’ state in strains expressing HHF2 / 2 μ but not the Cse4-H4 dimer defective 
mutant hhf2-20 / 2 μ. AA assay was performed using the indicated strains after transient induction of Cse4 in galactose medium for 4 h at 25 ◦C. Input and 
IP ( α-HA, IP) samples were resolved by SDS-PAGE and levels of Cse4 were monitored by Western blot analysis with anti-HA-antibody. Isogenic yeast 
strains used here were as follows: wild-type strain (BY4741) transformed with GAL-cse4 Y193A (pMB1766) and subsequently transformed with empty 
v ector (pR S425), HHF2 / 2 μ (pMB1929), or hhf2-20 / 2 μ (pMB2061). ( C ) Quantification of the relativ e le v els of Cse4 that bind to anti-HA agarose beads 
after normalization to input le v els. Statistical significance from two to three biological repeats was assessed by one-way ANO V A ( p -value = 0.0012) 
f ollo w ed b y Tuk e y post-test (all pairwise comparisons of means). Error bars indicate standard de viation from the mean. ( D ) SDL phenotype of G AL-cse4 
Y193A psh1 � strain observed upon expression of HHF2 / 2 μ but not the Cse4-H4 dimer defective mutant hhf2-20 / 2 μ. Growth assays were performed 
by plating five-fold serial dilution of cells on glucose (2%)- or galactose (2%)-containing synthetic medium selective for the plasmids. The plates were 
incubated at 25 ◦C for 4 days. Isogenic yeast strains used here were as follows: psh1 � strain (YMB9034) transformed with GAL-cse4 Y193A (pMB1766) 
and subsequently transformed with empty vector (pRS425), HHF2 / 2 μ (pMB1929), or hhf2-20 / 2 μ (pMB2061). ( E ) Increased sumoylation of Cse4 Y193A 

upon expression of HHF2 / 2 μ but not the Cse4-H4 dimer defective mutant hhf2-20 / 2 μ. Levels of sumoylated Cse4 were assayed from the indicated 
strains after growth in galactose medium for 4 h at 25 ◦C. Arrows indicate the three high molecular weight bands that represent sumoylated Cse4. Cse4 
16KR, in which all 16 lysine (K) residues are mutated to arginine (R), is used as a negative control. Asterisk indicates nonspecific sumoylated proteins 
that bind to beads. Isogenic yeast strains used here were as follows: wild-type strain (BY4741) transformed with GAL-CSE4 (pMB1345), GAL-cse4 16KR 

(pMB1344), or GAL-cse4 Y193A (pMB1766) and subsequently transformed with empty vector (pRS425), HHF2 / 2 μ (pMB1929), or hhf2-20 / 2 μ
(pMB2061). ( F ) Quantification of the relative levels of sumoylated Cse4. Levels of sumoylated Cse4 were normalized to nonmodified Cse4 probed 
against HA in the pull-down samples. Statistical significance from two to three biological repeats was assessed by one-way ANO V A ( p -value < 0.0 0 01) 
f ollo w ed b y Tuk e y post-test (all pairwise comparisons of means). Error bars indicate standard de viation from the mean. 
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Figure 8. Strains expressing HHF2 / 2 μ, but not hhf2-20 and hhf2 R36A , show accumulation of polyubiquitinated endogenous Cse4 Y193A. ( A ) GAL-cse4 
Y193A with HHF2 / 2 μ or hhf2 R36A / 2 μ lead to SDL in a cdc48-3 strain. Growth assays were performed by plating five-fold serial dilution of cells on 
glucose (2%)- or galactose (2%)-containing synthetic medium selective for the plasmids. The plates were incubated at 25 ◦C for 5 days. Isogenic yeast 
strains used here were as follows: cdc48-3 strain (PK1658) transformed with GAL-cse4 Y193A (pMB1766) and subsequently transformed with empty 
v ector (pR S425), HHF2 / 2 μ (pMB1929), hhf2-20 / 2 μ (pMB2061), or hhf2 R36A / 2 μ (pMB2063). ( B ) R educed accumulation of polyubiquitinated Cse4 
Y193A in strains expressing hhf2-20 / 2 μ and hhf2 R36A / 2 μ in a cdc48-3 strain. Ub pull-down assay was performed using protein extracts from 

logarithmically growing cells in glucose (2%)-containing synthetic medium selective for the plasmids. Input and ubiquitin pull-down samples were 
analyzed using anti-HA (Cse4) and anti-Tub2 antibodies. Untagged Cse4 was used as a negative control. Asterisk shows nonmodified Cse4. Isogenic 
yeast strains used here were as follows: cdc48-3 6His-3HA-CSE4::NatR (YMB10652) or cdc48-3 6His-3HA-cse4 Y193A::NatR (YMB11619) strain 
transformed with empty vector (pRS425), HHF2 / 2 μ (pMB1929), hhf2-20 / 2 μ (pMB2061), or hhf2 R36A / 2 μ (pMB2063). ( C ) Levels of polyubiquitinated 
Cse4 from 8B were quantified in arbitrary density units after normalization to input Cse4. Statistical significance from three biological repeats was 
assessed by one-way ANO V A ( P -value < 0.0 0 01) followed by Tukey post-test (all pairwise comparisons of means). Error bars indicate standard deviation 
from the mean. ( D ) Cse4 Y193A exhibits an ‘open’ conformation upon expression of hhf2 R36A . AA assay was performed using the indicated strains 
after growth in galactose medium for 4 h at 25 ◦C. Input and IP ( α-HA, IP) samples were resolved by SDS-PAGE and levels of Cse4 were monitored by 
Western blot analysis with anti-HA-antibody. Isogenic yeast strains used here were as follows: wild-type strain (BY4741) transformed with GAL-cse4 
Y193A (pMB1766) and subsequently transformed with empty vector (pRS425), HHF2 / 2 μ (pMB1929) or hhf2 R36A / 2 μ (pMB2063). ( E ) Levels of Cse4 
that bind to anti-HA agarose beads from 8D were quantified in arbitrary density units after normalization to input levels. Statistical significance from two 
biological repeats was assessed by one-way ANO V A ( P -value < 0.0 0 01) followed by Tukey post-test (all pairwise comparisons of means). Error bars 
indicate standard deviation from the mean. 
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Figure 9. Histone H4 gene dosage regulates the conformational state of wild-type Cse4. ( A ) Wild-type Cse4 predominantly exhibits a ‘closed’ state in 
hhf1 � and hhf2 � strains. AA assay was performed using the indicated strains after growth in galactose medium for 4 h at 25 ◦C. Input and IP ( α-HA, IP) 
samples were resolved by SDS-PAGE and levels of Cse4 were monitored by Western blot analysis with anti-HA-antibody. Isogenic yeast strains used 
here were as follows: wild-type (BY4741), hhf1 � (YMB10766), and hhf2 � (YMB10767) strains transformed with GAL-CSE4 (pMB1345). ( B ) Quantification 
of the relative levels of Cse4 that bind to anti-HA agarose beads after normalization to input levels. Statistical significance from three biological repeats 
was assessed by one-way ANO V A ( P -value < 0.0 0 01) followed by Tukey post-test (all pairwise comparisons of means). Error bars indicate standard 
deviation from the mean. ( C ) Interaction of histone H4 with Cse4 facilitates conformational changes in Cse4 for its sumoylation and mislocalization. 
Model depicts a proposal of how Cse4–H4 interaction promotes conformational change in Cse4 for its mislocalization. Monomer Cse4 is in a ‘closed’ 
state in vivo and interaction of Cse4 with histone H4 contributes to a change in the conformation of Cse4 to an ‘open’ state. The ‘open’ state of Cse4 
facilitates its sumoylation and mislocalization to non-centromeric regions. Mislocalized Cse4, which is in an ‘open" state, is polyubiquitinated by Psh1, 
and this promotes the interaction between polyubiquitinated Cse4 and the Cdc48 Ufd1 / Npl4 segregase complex, resulting in the removal of Cse4 from 

non-centromeric regions for proteasomal degradation ( 35 ). 

 

 

 

 

 

 

 

sumoylation, protein stability, enrichment in chromatin, mis-
localization to non-centromeric regions, SDL phenotype in
psh1 � and cdc48-3 strains, and accumulation of polyubiqui-
tinated form of Cse4 in a cdc48-3 strain under normal physi-
ological conditions. Our results provide the first evidence that
Cse4-H4 interaction contributes to an ‘open’ conformation of
Cse4 in vivo , thereby facilitating sumoylation and mislocaliza-
tion of Cse4. 
We used Cse4 Y193A as a tool to examine molecular events 
that contribute to the mislocalization of Cse4 in vivo . Cse4 

Y193A with all 16 lysine residues intact is ideally suited 

for this study because unlike cse4-102 and cse4-111 , which 

are defective for centromere function ( 48 ), Cse4 Y193A only 
exhibits defects in non-centromeric localization while cen- 
tromeric deposition is unaffected. Overexpressed Cse4 Y193A 

does not exhibit SDL in psh1 Δ and cdc48-3 strains due to re- 
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uced mislocalization. Increased gene dosage of histone H4
ontributes to increased sumoylation, protein stability, mis-
ocalization of Cse4 Y193A in a wild-type strain and ac-
umulation of polyubiquitinated Cse4 Y193A in a cdc48-
 strain. Consistent with these results, Co-IP experiments
howed that Cse4 Y193A exhibits reduced interaction with
istone H4, and increased gene dosage of histone H4 pro-
otes Cse4 Y193A-H4 interaction. In addition, increased

ene dosage of histone H4 promotes increased Cse4-H4 inter-
ction and GAL-CSE4 SDL phenotype in a wild-type strain.
everal studies have highlighted the importance of maintain-
ng proper histone gene dosage for preventing CIN. For exam-
le, stoichiometric balance of canonical histone pairs (H2A-
2B or H3-H4) is essential for high fidelity of mitotic chro-
osome transmission in budding yeast ( 15 ). Strains with re-
uced gene dosage of histone H4 ( hhf1 � or hhf2 �) exhibit
efects in Cse4 sumoylation, reduced mislocalization of Cse4,
nd lack of SDL in a psh1 � GAL-CSE4 strain ( 43 ). Constitu-
ive expression of histone H3 due to a partial deletion of the
romoter of H3 ( Δ16H3 ) suppresses the mislocalization of
se4 K16R and the chromosome loss phenotype in GAL-cse4
16R strains ( 15 ). Moreover, increased gene dosage of histone
3 and H4, which restores balance of H3-H4 stoichiometry,

howed a lack of SDL in a psh1 � GAL-cse4 Y193A strain
 Supplementary Figure S11 ). Thus, increased gene dosage of
istone H4, which promotes Cse4-H4 interaction, leads to
se4 mislocalization. 
In this study, we developed a new in vivo approach, An-

ibody Accessibility (AA) assay, to examine and define the
olecular mechanism by which conformational changes of
se4 between ‘open’ and ‘closed’ states contribute to Cse4
islocalization. The AA assay is a simple and powerful tool

o detect potential and otherwise hidden protein structural
hanges in vivo that can also be used to study other pro-
eins. The interaction of Cse4 with histone H4 facilitates an
open’ state of Cse4 which is critical for Cse4 sumoylation
nd mislocalization, as well as GAL-CSE4 SDL in psh1 Δ and
dc48-3 strains. The AA assay showed reduced accessibility of
se4 Y193A with anti-HA-antibody in vivo suggesting that
se4 Y193A is predominantly in a ‘closed’ conformation. In-
reased gene dosage of histone H4 facilitated a conforma-
ional change of Cse4 Y193A to an ‘open’ state. Expression of
se4-H4 dimer defective mutant hhf2-20 / 2 μ did not change

he ‘closed’ state of Cse4 Y193A to ‘open’, suggesting that a
unctional interaction of histone H4 is required for a confor-
ational change in Cse4 Y193A in vivo . Notably, our in vitro
inding studies showed that both wild-type Cse4 and Cse4
193A interact with histone H4 and dissociate from histone
4 in a similar manner ( Supplementary Figure S12 ). Since we
bserved reduced interaction between Cse4 Y193A and his-
one H4 in vivo , we propose that in addition to histone H4,
ther factors such as histone chaperones may also contribute
o the in vivo conformation of Cse4 upon interaction with his-
one H4. Future studies will allow us to identify proteins that
egulate in vivo conformation of Cse4 and how these con-
ribute to Cse4 mislocalization. 

We observed reduced sumoylation and polyubiquitination
f Cse4 Y193A, supporting the idea that the ‘closed’ form of
se4 has limited access to SUMO and ubiquitin modifying

nzymes in vivo . Open state of Cse4 Y193A upon increased
ene dosage of histone H4 enable to access to those E3 lig-
ses. H4 R36 is a key residue that promotes Cse4 interaction
ith E3 ubiquitin ligase Psh1 ( 49 ). Open state of Cse4 Y193A
upon increased gene dosage of hhf2 R36A is consistent with
the SDL of cdc48-3 GAL-cse4 Y193A hhf2 R36A strain, sug-
gesting that chromatin-associated mislocalized Cse4 is in an
‘open’ state. 

In summary, we have established that in vivo conforma-
tional changes of Cse4 regulates its sumoylation and mislocal-
ization to non-centromeric regions. We propose that monomer
Cse4 Y193A is in a ‘closed’ form in vivo . Increased gene
dosage of histone H4 facilitates the formation of a Cse4
Y193A-H4 dimer, and to an ‘open’ state of Cse4 Y193A. In-
terestingly, human CENP-A has F101, instead of Y ( 35 ). Struc-
turally mimetic mutant Cse4 Y193F is in an ‘open’ state simi-
lar to wild-type Cse4. Based on the conservation between Cse4
Y193 and CENP-A F101, it is of interest to examine the role
of CENP-A F101 in localization of CENP-A to centromeric
and non-centromeric regions in human cells. These studies
will elucidate mechanisms that contribute to mislocalization
of CENP-A in human cancers. 
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