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ABSTRACT

Chromatin remodeling complexes are multi-protein complexes that regulate the dynamics
of the nucleosomes in the genome. The INO80 chromatin remodeling complex participates in
varied biological processes such as: transcription, DNA repair, DNA replication and
chromosome integrity. It catalyzes the eviction of the H2A.Z variant histone as well as whole
nucleosome eviction. This complex is comprised of 15 subunits and the contribution of each to
chromosome segregations remains unknown. To evaluate the contribution of each subunit to
chromosome segregation, we tested deletion mutants of the non-essential subunits for DNA
content and benomyl sensitivity. Also, we assessed members of the SWR1 and NuA4 complexes
which relate to the same substrate. Additionally, specific members of the complex were tested
for genetic interaction with SGOI. The deletion of INO80, ARPS5, ARPS, IES6 and TAF 14 cause
increased ploidy and increased benomyl sensitivity. Additionally, overexpression of SGO/
suppresses the benomyl sensitivity and possibly protects the cell from diploidization. Overall,
specific subunits of the complex play a role in chromosome segregation and defects caused by

mutants of INO8O could be alleviated by SGOI-mediated bi-orientation.
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I. INTRODUCTION



The cell undergoes several maintenance and regulatory processes to preserve its proper function.
The conservation of the integrity of the genome belongs to one of these regulatory processes. It
is of significant value for cells to preserve the integrity of their genetic information. Alterations
can be transmitted through cell division, propagate the error further and lead to detrimental
conditions to the cell’s function. This premise underlies the important of understanding the
mechanism of segregation of chromosomes during mitosis. It is important to employ a simple
model organism to begin the description of the principles that govern chromosome segregation in
complex organisms. The budding yeast Saccharomyces cerevisiae represents a simple yet
relevant model to study chromosome segregation. In this work, I will examine the involvement

of the chromatin remodeling complex INO80 in chromosome segregation.

The INO80 complex, along with other chromatin remodeling complexes, dynamically controls
chromatin structure by modification of the histone composition of the nucleosomes. Previous
work on the Ies6 subunit of INO80 shows a possible remodeling function of the pericentromere
and ploidy maintenance, which could link the complex to chromosome segregation(Chambers et
al., 2012). The objective of this research is to describe the contribution of the subunits of the
INO8O complex to chromosome segregation and to determine whether these subunits associate
with the pericentromeric regions within chromosomes. The involvement of the complex in
chromosome segregation was assessed by creating deletion mutants of the non-essential subunits
of the complex. The location of the complex was determined by chromatin immunoprecipitation.
The results indicate that specific subunits of the INO80 complex affect chromosome segregation
and affect ploidy status of the cell. Also, some subunits show genetic interactions with SGO1.
Overall, the contribution of these subunits reflects important biochemical and biological

functions of the complex relevant for maintaining chromosome stability.



I1. LITERATURE REVIEW



Saccharomyces cerevisiae as a model organism

The budding yeast, Saccharomyces cerevisiae, is one of the most studies models for
genetics and molecular biology. S. cerevisiae’s genome was the first eukaryotic genome
completely sequenced. The complete sequence of S. cerevisiae has helped progressed the
discovery of homologous proteins and molecular pathways in metazoans, contributing to
understanding conserved mechanisms in biology. Referred to as baker’s or budding yeast, this
unicellular eukaryote presents several advantages as a model based on the simplicity of the

genome, life cycle and versatility as an organism.

The genome of S. cerevisiae is comprised of 5915 ORFs distributed within sixteen
chromosomes of varied lengths (Goffeau et al., 1996). Compared to the genomes of higher
metazoans, the budding yeast holds a compact genome of approximately 12 Mbp with about 70
% corresponding to ORFs. Additionally, the genome presents a low frequency of introns, about 4
% of the protein-encoding genes, which makes it a simple model organism to mutate and assess
gene and protein function. Notably, the characterization of the genes in yeast has given great
insight in the function of homologous genes, conserved molecular mechanisms in higher

metazoan species, gene interactions, gene evolution and diseases (Botstein & Fink, 2011).

The life cycle of this budding yeast provides great advantage for molecular and genetic
studies. S. cerevisiae can exist as both stable haploid and diploid which divide mitotically. Also,
the duplication time last about two hours, making it a fast organism to grow and analyze. Under
starvation, the diploid undergoes meiosis through the process of sporulation, producing four

haploid spores contained in an ascus, making the process genetically tractable.



Chromatin characteristics

The genome of the cell should be kept with high fidelity for the maintenance of proper
biological functions. The information stored in the genome requires a dynamic regulation by
adequate activation/deactivation of genes based on the need of the cell. In eukaryotes, this
regulation is achieved by structural control of the genome and selectively altering the
accessibility of genes. The structural units of the genome are chromosomes and the structural
arrangement is called chromatin. Chromatin comprises the DNA and interacting proteins that
allow control over the compaction of chromatin. Based on compaction, chromatin can be
classified in heterochromatin and euchromatin. In the following sections, the characteristics of

chromatin, its components and factors that affect it are discussed.

The compaction of chromatin plays an important role in the cell cycle and transcription of
genes. Heterochromatin correlates with silencing of genes and euchromatin with actively
transcribed genes. In metazoans, chromatin adopts several structural organizations depending on
the level of compaction. The basal level is provided by the DNA associated with histone proteins
to form the nucleosome, forming the 11 nm “beads on a string” structure, followed by 30 nm
fibers and higher order structures (G. Li & Reinberg, 2011). Distinct models have been proposed
for the 30 nm fibers and higher order structures, yet those structures remain poorly characterized
(Bian & Belmont, 2012; G. Li & Reinberg, 2011). S. cerevisiae contain a simpler organization of
chromatin and serve as model organism to study heterochromatin and its genomic distribution.
Heterochromatin in yeast localizes in particular genomic regions, the telomeres and the mating
type loci (HML, HMR), and highly regulated by silencer regions, post-translational
modifications (PTM) of the nucleosome and protein interaction with the chromatin (Bi, 2014;

Biihler & Gasser, 2009).



Besides heterochromatin and euchromatin, chromosomes exhibit a distinct region called
centromere, involved in the chromosome segregation and genome integrity. The centromeres act
as anchors for the microtubules to guide the transport of chromosomes during cell division. In
metazoans, large regional satellite repeats define the centromeres and contain multiple
attachments with the microtubules during mitosis (Verdaasdonk & Bloom, 2011). However, S.
cerevisiae’s centromeres are characterized by specific DNA sequences and one attachment with
microtubules. This DNA sequences are called as centromere DNA elements I, IT and III (CDEI,
CDEIIL, CDEII), extending about 120 bps (Clarke & Carbon, 1983). Additionally, the CDEs
locates within close distance from the ORF of proteins, rDNAs and autonomous replication

sequences.

Histones, post-translational modifications and functions

The nucleosome is the basic structure that forms chromatin. The nucleosome comprised
of DNA and an octamer formed by two copies of the H2A, H2B, H4 and H3 histones. The DNA
segment of 146 bp wraps around the octameric histone with left handed superhelical turn
forming the core particle of the nucleosome (Luger, Méder, Richmond, Sargent, & Richmond,
1997). The histones share a common structure, comprised by N- and C- terminal extensions
between a histone fold motif characterized by three a helices connected through loops (McGinty
& Tan, 2015). The N-terminals of the histones protrude for the core particle and mediate
interactions with the chromatin and chromatin-interacting proteins. As the building block of
chromatin, nucleosome dynamics control the organization of the genome mediated by PTMs,

histone variants and chromatin remodeling.

The function of PTMs depends on the type of modification, location within the

nucleosome and the genome. Histones undergo various PTMs such as acetylation, methylation,
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phosphorylation, ubiquitination, sumoylation, ADP ribosylation among others (Prakash &
Fournier, 2018; Strahl & Allis, 2000). Typically, PTMs are incorporated in the nucleosome by a
“writer” enzyme and controlled by and “eraser” (Jaiswal, Turniansky, & Green, 2017). Careful
balance between the eraser and the writer enzymes regulate the cell functions associated with the
PTM. Additionally, some PTMs regulate the occurrence of other modifications; this is defined as
the cross-talk between PTMs. Also, the location of histones and their PTM becomes especially

relevant in the yeast genome due to the low distance between genes.

Methylation and acetylation

Methylation and acetylation belong to one of the most characterized modifications,
particularly because of it occurrence and role in transcription. These modifications can define
active or inactive genes by their location, for example H3K4me3, H3K9Ac, H3K14Ac and N-
terminal acetylation of H4 (K5, K6, K12 and K16) predominantly localize in the transcription
start site of active genes (Pokholok et al., 2005). Likewise, H3K36me3 and H3K79me3
distribute within the body of genes. Alternatively, the silent heterochromatin of telomeres and
HM loci represent another case of localized regulation of PTMs, characterized by
hypoacetylation of H4K 16 and hypomethylation in H3K4 and H3K79 (Bi1, 2014; Thurtle & Rine,
2014). Therefore, both methylation and acetylation describe the dynamic state of chromatin
during transcription. Besides transcription, these PTMs participate in other cellular process
(Williamson & Pinto, 2012). Acetylation occurs in cell cycle events, in the assembly of the
nucleosome and chromosome condensation, in H3K56 and H3K 16 respectively (Darieva,
Webber, Warwood, & Sharrocks, 2015; Q. Li et al., 2008; Wilkins et al., 2014). Interestingly,
both H3K56 and H3K 16 are mediated by a previous histone phosphorylation, describing the

cross talk between PTM in the regulation of diverse cell process.



Phosphorylation

Phosphorylation displays a wide variety of functions in the cell and some are conserved
among eukaryotes (Rossetto, Avvakumov, & Cote, 2012). In mammals, the repertoire of histone
phosphorylation exceeds the ones in yeast, however functions such as DNA repair, meiosis,
apoptosis and chromosome condensation remains conserved and linked to histone
phosphorylation (Banerjee & Chakravarti, 2011; Rossetto et al., 2012). Similar to methylation
and acetylation, phosphorylation occurs in the four canonical histones. H3 displays
phosphorylation in Thr45 during DNA replication (Darieva et al., 2015). Phosphorylation of
H3S10 occurs during G2/M stage and meiosis and linked to chromosome condensation (Hsu et
al., 2000). Similarly, H2BS10 phosphorylation increases during meiosis as well as apoptosis
(Ahn, Henderson, Keeney, & Allis, 2005). Interestingly, promoter phosphorylation of H2B in
Tyr40 represses the expression of histones (Mahajan, Fang, Koomen, & Mahajan, 2012). In the
fission yeast, the H2AS121 phosphorylation regulates the location of Shugoshin (S. A.
Kawashima, Yamagishi, Honda, Ishiguro, & Watanabe, 2010), a protein linked to sensing
chromosome tension during chromosome segregation. Phosphorylation has been highly studied
by its role in DNA damage shown by H4S1 and H2AS129 phosphorylation (Cheung et al., 2005;
Downs et al., 2004; van Attikum, Fritsch, Hohn, & Gasser, 2004). Particularly, H2AS129
phosphorylation assist the recruitment of the NuA4, Swrl and Ino80 complex to DNA damage

sites (Downs et al., 2004; van Attikum et al., 2004).

Ubiquitination

Unlike most small size PTMs, ubiquitin adds a 76-amino acid and about 8.5 kDa protein
to the nucleosome. Ubiquitination of H2A occurs in Lys119 in eukaryotes, yet absent in yeast (J.

Cao & Yan, 2012). H2B displays ubiquitilation in Lys 123 in yeast (Robzyk, Recht, & Osley,
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2000), which correspond to Lys120 in humans. Ubiquitin is commonly associated with protein
degradation; however, histone ubiquitination displays alternative cellular functions. For instance,
H2A ubiquitination has been associated with gene repression (Nakagawa et al., 2008).
Ubiquitination of H2B acts as positive regulator of specific methylations, by H2Bub promoted
methylation through Setl and Dotl of H3K4 and H3K79, respectively; (Ng, Xu, Zhang, &
Struhl, 2002; Sun & Allis, 2002) and reduced chromatin binding of Jhd2, the H3K4 demethylase
(Huang et al., 2015). Alternatively, it displays negative regulation by Set2 inhibition resulting in
decrease of H4K36 methylation (Wyce et al., 2007). Also, H2B ubiquitination stabilizes
nucleosomal positioning, coordinates transcription of genes based of its genomic position and
regulates the spread of H3K36 throughout the genome (Batta, Zhang, Yen, Goffman, & Pugh,

2011).

Histone variants

Csed

The CSE4 gene was initially characterized as a gene involve in chromosome segregation
with homology with the H3 histone and human CENP-A (Stoler, Keith, Curnick, &
Fitzgeraldhayes, 1995). Also, shares structural similarities within the histone fold domain
required for the centromere nucleosome (Morey, Barnes, Chen, Fitzgerald-Hayes, & Baker,
2004) as well as N- and C-terminal extensions. Because incorporation of Cse4 into chromatin
marks centromere formation, the localization of this variant requires a careful regulation. Cse4’s
deposition in the chromosomes occurs during S phase (Pearson et al., 2004), additionally a more
recent study suggests a second deposition during late anaphase to form a centromere with two

copies of Cse4 (Shivaraju et al., 2012). Cell cycle control of Cse4 is mediated by degradation



through ubiquitylation of both N-and C-terminal extensions (Au, Crisp, DeLuca, Rando, &

Basrai, 2008; Au et al., 2013).

To maintain correct chromosome segregation, Cse4 require several regulatory
mechanisms. A dosage-dependent control of H3 and Cse4 is required for accurate genomic
localization and segregation (Au et al., 2008). Defects in Cse4 turnover and increased stability of
Cse4 display chromosome segregation problems (Au et al., 2008; Au et al., 2013). Additionally,
phosphorylation of Cse4 regulates chromosome segregation under microtubule attachment stress
(Boeckmann et al., 2013). Overall, localization, dosage and phosphorylation of Cse4 participate

to regulate correct chromosome segregation.
H2A.Z

The H2A.Z variant shares 63% identity with the canonical H2A histone, however
exhibits diverse characteristics and functions within the cell. Additionally, H2A.Z is expressed
constitutively within the cell cycle, in contrast to the S phase expression of the canonical histone.
This variant is highly conserved among metazoans and essential in some species (Billon & Coté,
2013). In budding yeast, the H2A.Z coding gene, HTZ1, is not essential allowing to describe its
interaction with other genes and cell processes. H2A.Z contributes to a variety of cell processes
such as DNA replication (Dhillon, Oki, Szyjka, Aparicio, & Kamakaka, 2006), DNA repair
(Kalocsay, Hiller, & Jentsch, 2009), chromosome segregation and cohesion (Hou et al., 2010),
chromatin and transcriptional regulation (Martins-Taylor, Sharma, Rozario, & Holmes, 2011;

Papamichos-Chronakis, Watanabe, Rando, & Peterson, 2011).

Most H2A.Z functions directly relates to its specific localization in the genome. Upon

DNA damage, H2A.Z is recruited to double stranded break sites to promote Rad53-mediated
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DNA repair (Kalocsay et al., 2009). A genome-wide study describe H2A.Z’s location primarily
in the +1 nucleosome of Pol II promoters and it correlates with transcription silencing
(Papamichos-Chronakis et al., 2011). Additionally, H2A.Z locates within the end of HM loci and
telomere heterochromatin (Babiarz, Halley, & Rine, 2006; Meneghini, Wu, & Madhani, 2003).
These characteristics define H2A.Z as a boundary element between heterochromatin and
euchromatin. Interestingly, misslocalized H2A.Z has been correlated with genome instability and
aneuploidy (Chambers et al., 2012; Papamichos-Chronakis et al., 2011), which shows the

importance of correct regulation of H2A.Z genome-wide location.

The dynamic of H2A.Z within the genome is thought to be controlled by the NuA4
acetyltransferase complex and the chromatin remodeling complexes SWR1 and INOS0 (Billon &
Coté, 2013). The SWRI1 complex recruits H2A.Z to chromatin by replacing the H2A-H2B dimer
of the nucleosome for a H2A.Z-H2B pair. NuA4 stimulates SWR1’s incorporation of H2A.Z by
acetylation of the N-terminal lysine of histone H4 (K5, 8, 12 and 16) and H2A (K4, 7 and 13) to
recruit Bdf1, a subunit of the SWR1 complex (Altaf et al., 2010). Conversely, the INO8O
complex catalyzes the removal of H2A.Z-H2B dimer for the canonical counterpart (Altaf et al.,
2010; Papamichos-Chronakis et al., 2011). Also, acetylation in H3K56 regulates H2A.Z’s
dynamics impairing SWR1 remodeling and increasing INO80’s (Altaf et al., 2010). In contrast to
INOS80-mediated eviction, recent studies describe H2A.Z turnover as transcriptionally regulated
(Jeronimo, Watanabe, Kaplan, Peterson, & Robert, 2015; Tramantano et al., 2016). Overall, the
individual contribution of the INO80 complex to H2A.Z’s dynamics, particularly in vivo,

remains unclear.
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Chromatin remodeling complexes

Chromatin remodeling complexes are conserved multiprotein complexes that participate
in the genome-wide dynamic maintenance of the chromatin. Interestingly, only a specific subset
of subunits is conserved across eukaryotes, commonly subunits tightly related to molecular
function. The remodeling occurs at the nucleosome level by acting through different
mechanisms: eviction and insertion of nucleosomes to create accessible DNA, dimer exchange
within a nucleosome and nucleosome sliding (Harikumar & Meshorer, 2015). Through these
mechanisms, chromatin remodeling complexes regulate the nucleosome population and
accessibility of DNA elements important for cellular processes such as promoters, origin of
replications and enhancers. Due to its genome-wide chromatin regulation, remodelers regulate
several cell processes including transcription, DNA replication, DNA repair and chromosome
segregation (Clapier & Cairns, 2009; Harikumar & Meshorer, 2015; Morrison & Shen, 2009).
Overall, these remodelers add another level of complexity to the dynamic regulation of

chromatin structure besides histone composition, PTMs and histone variants.

The chromatin remodeling complexes are classified in four families: SWI/SNF, ISWI,
CHD and INOS8O families (Clapier & Cairns, 2009). All share common features that describe
their function as remodelers, however the subunit quantities and composition vary between
families. Primarily, remodelers hydrolyze ATP to catalyze the chromatin arrangement (Ryan &
Owen-Hughes, 2011). Furthermore, chromatin remodeling complexes carry subunits to regulate
the ATPase activity, recognition of PTM for targeted recruitment, varied nucleosome affinity and
interaction with other chromatin proteins (Clapier & Cairns, 2009). The revision on chromatin

remodeling within this work focuses on the INO80 complex and its role in genomic stability.
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The INO80 complex

The INO80 complex represents a conserved chromatin remodeling complex from the
family of Snf2 proteins (Ryan & Owen-Hughes, 2011). Because of the multisubunit nature of the
complex, the subunit composition varies, however specific subunits exhibit homology among
distante species. Both human and budding yeast share common subunits: the catalytic subunit
Ino80, two different copies of RuvB-like DNA helicases, les2, Ies6, monomeric Actin and three
actin related proteins Arp4, Arp5 and Arp8. Saccharomyces cerevisiae’s INO80 complex is
comprised of 15 different subunits: Ino80, Rvbl, Rvb2, les1-6, Actl, Arp4, Arp5, Arp8, Taf14
and Nhp10. Based on the cryo EM structure, the INO80 complex displays the Ino80 subunit as
scaffold and describe 4 particular modules: a Rvb1/2 dodecamer, Arp5 module comprised by
Arp5, Tes2 and Ies6, Nhp10 module constituted by Nhp10, Ies1, Ies3 and Ies5, and the Arp8
module formed Arp8, Arp4, Taf14, Actl and les4 (Tosi et al., 2013). The assembly of these
modules within the complex depends on interaction within the Ino80 subunit. The Ino80 subunit
interacts with the Nhp10 module through the N-terminal tail and the Arp8 module through a
HSA domain. The HSA domain represents the primary binding platform for the assemble of
actin related proteins in chromatin remodeling complexes (Szerlong et al., 2008). The C-terminal
contains a RecAl and RecA2 domain, however the RecA2 presents an insertion responsible for
the interaction with the Arp5 module and the Rvb1/2 dodecamer. Additionally, some of the
subunits are shared with other complexes, Arp4 and Actl coprecipitate with both NuA4 and
SWR1 complexes and Rvb1/2 only with SWRI1. Also, Arp5 and Ies6 forms a subcomplex of
unknown additional functions in the cell (W. Yao et al., 2016). Additionally, Taf14 belongs to
multiple complexes INO80, SWI/SNF, RSC, NuA3 histone acetylase and transcription initiation

factors TFIIF and TFIID. Notably, the individual contributions of the subunits to INO80s
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function require further research. Most studies have focused on the function of the conserved

subunits.

Molecularly, the INO80 complex mediate nucleosome turnover, the exchange of the
H2A.Z-H2B pair for H2A-H2B dimer and nucleosome sliding (Papamichos-Chronakis et al.,
2011; Udugama, Sabri, & Bartholomew, 2011). Functionally, the INO80 complex participate in
transcription, DNA replication, DNA repair, chromosome segregation and cell metabolism.
INOS8O regulates the genome-wide localization of H2A.Z primarily to +1 and TTS to delimitate
silent chromatin (Xue et al., 2015). Similarly, deletion of subunits of the complex differentially
affect gene expression (Papamichos-Chronakis et al., 2011; W. Yao et al., 2016). A recent study
describes common regulation of cell functions among subunits as well as subunit exclusive
functions (Beckwith et al., 2018). Both Arp8 and Arp5 exhibit similar genetic interactions, in
contrast to the exclusive interaction of Ies6, suggesting variable contributions to the function of
the complex despite the different structural module. Other phenotypes have been showed by
deletion of subunits of the complex. Arp8 deletion mutants alter DNA replication, DNA repair
and reduce Ino80’s recruitment to chromatin (Lademann, Renkawitz, Pfander, & Jentsch, 2017,
Shimada et al., 2008; W. Yao et al., 2016). In contrast to the variety of its functions, little is
known about the regulation that affects the complex. In vitro studies show that inositol
hexaphosphate inhibits the nucleosome sliding by the INO80 complex (Shen, Xiao, Ranallo, Wu,
& Wu, 2003; Willhoft, Bythell-Douglas, McCormack, & Wigley, 2016). Also, the binding of the
complex is mediated by H2A phosphorylation during DNA damage repair (Morrison et al.,

2004).

The INO80 complex functions through the cell cycle, however the involvement in mitosis

shows detrimental effects to the cell, particularly in chromosome segregation. In humans, both

14



overexpression and downregulation of Ino80 show regulation of diverse type of cancers (Poli,
Gasser, & Papamichos-Chronakis, 2017). Similarly, disruption of the INO80 complex causes
aneuploidy and structural abnormalities in the chromosome (Hur et al., 2010). Yeast mutants of
subunits of the complex exhibit similar phenotypes; deletion of Ies6 increases ploidy and
enriches H2A.Z in the pericentric region (Chambers et al., 2012) and deletion of Arp8 affects
chromatin cohesion (Ogiwara, Enomoto, & Seki, 2007), suggesting a conserved role in
chromosome segregation and chromosome structure. The INO80 complex controls the genomic
location of the H2A.Z variant and euchromatin-associated PTMs. Deletion of the Ino80 subunit
causes a mislocalization of H2A.Z in intragenic regions (Papamichos-Chronakis et al., 2011).
Additionally, the INO80 complex controls the spread of H3K79me3 into intergenic regions (Xue
et al., 2015). Similarly, deletion of Nhp10 suppresses the mislocalization of Cse4, suggesting that
it might also control location of the centromeric H3 variant (Hildebrand & Biggins, 2016).
Overall, the studies aforementioned suggest that the INO80 complex could participate in the
control of pericentric chromatin by accurate localization of H2Z.A to prevent spreading of

euchromatin and regulate centromere structure.

Chromosome segregation

For accurate segregation of the chromosomes, the cells undergo a condensation of the
chromosomes and bi-orientation to lead the chromosomes during the migration to the daughter
cells At the onset of mitosis, condensation is guided by the physical constraint of the chromatin
fibers caused by cohesin and condensin (Antonin & Neumann, 2016). Additionally, PTMs
mediate chromosome condensation mainly through H3T3 and H3S10 phosphorylation leading to
H4K16 deacetylation. Previous to migration of the sister chromatids, the chromosomes exhibit a

bidirectional orientation to guide the process. Bi-orientation requires the attachment of the sister
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chromatid to the opposite spindle poles, through interaction of the microtubules, kinetochores
and the centromere (Tanaka, Stark, & Tanaka, 2005). The spindle assembly checkpoint (SAC)
arrests the cell by inhibiting the Anaphase Promoting Complex which cleaves cohesion and
condensin presiding chromosome segregation (Krenn & Musacchio, 2015). SAC’s function
prevents the migration of incorrectly attached sister chromatid and promotes bi-orientation.
Additionally, Aurora kinase B phosphorylates H3S10 and is primarily involved in the bi-
orientation as well (Krenn & Musacchio, 2015). Similarly, Sgo1 regulates bi-orientation but

unlike Aurora kinase B doesn’t possess catalytic activity.

Sgol

Sgol was named “shugoshin” that means guardian spirit in Japanese for its role in
conserving the correct segregation of chromosomes. Sgol maintains the correct segregation of
chromosomes by regulating the bi-orientation of the sister chromatids (Wang & Dai, 2005).
Failure in bi-orientation of the sister chromatids causes synthelic attachment between
chromosomes and microtubules causing missegregation and chromosome loss. Sgol is highly
conserved, however higher eukaryotes exhibit a homologue, Sgo2, with similar functions (Y.
Yao & Dai, 2012). Particularly, Sgo1 associates with the heterochromatic pericentric region in
fission yeast and humans (Yamagishi, Sakuno, Shimura, & Watanabe, 2008). Budding yeast also
exhibits the pericentric location of Sgol despite of its highly gene-dense region around
centromeres (Haase, Stephens, Verdaasdonk, Yeh, & Bloom, 2012). Bubl, a member of the
SAC, appears to regulate the localization of Sgol in humans and yeast via phosphorylation of
H2AS121 and H2AT120, respectively (Haase et al., 2012; Y. Yao & Dai, 2012). Notably,
defective Sgol recruitment through H2A phosphorylation impairs kinetochore shape,

microtubule dynamics and decreases bi-orientation of the chromosome. Mps1 has been shown to
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regulate the spindle localization of Sgol and might mediate an interaction with the spindle
assembly checkpoint (Storchové, Becker, Talarek, Kogelsberger, & Pellman, 2011). Together,
these findings suggest that Sgol require precise localization to effectively regulate chromosome

segregation

The regulatory mechanism of bi-orientation by Sgol remains unclear. However, the
physical and genetic interactions of Sgol with other proteins reveal a hint on the regulatory
pathways. Sgol overexpression suppresses benomyl sensitivity of histone mutants that causes
impaired cell cycle progression, increased missegregation and monopolar chromosome
attachment (S. Kawashima et al., 2011). This genetic interaction suggests that Sgo1 might
regulate bi-orientation in altered chromatin that causes impaired chromosome segregation. Sgol
interacts with Rstl, a subunit of the PP2A phosphatase, through a coiled-coil domain and recruits
it to the pericentric region. Bi-orientation of chromosomes decreases in cell depleted of Rts1 in
the pericentromere (Eshleman & Morgan, 2014). Additionally, Sgo1 recruits condensing and
Ipl1 to the centromere, assisted by PP2A (Peplowska, Wallek, & Storchova, 2014). Overall,
Sgol mediates the centromeric recruitment of proteins to regulate bi-orientation. However, the
relationship between Sgol mediated bi-orientation and chromatin structure remain unexplored.
This study explores the possible genetic interactions between INO80 and Sgol in the regulation

of chromosome segregation.
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III. METHODS
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A. Saccharomyces cerevisiae strains and media

The Saccharomyces cerevisiae strains are listed in Table 1. The strains used for this study are
isogenic to FY2, which originally derives from S288C, unless indicated otherwise (Winston,
Dollard, & Ricupero-Hovasse, 1995). Most deletion mutants were obtained from the BY4741
deletion collection. Deletions of INO80 and IES3 were constructed by the PCR amplification
product of GHB151 using the primer pairs 0IP452/01P453 and oIP470/0IP471, respectively and
verified by the following primer pairs oIP451/01P434 and 01P472/01P434. Particularly, the
INOS0 was deleted in JMx4-3B x FY 1342 and sporulated to obtain the mutant in a haploid cell.
The 13-Myc tag with Nat® as selectable marker was added to the C-terminal of INO80 through
recombination of the PCR product of plasmids pIP279 in the FY 1342 strain. A list of primers is

provided in Table 2.

The Yeast Extract Peptone Dextrose (YPD) was prepared as growth media for yeast strains.
Synthetic dextrose minimal medium (SD), synthetic complete and dropout medium (SC) were
prepared for selection of plasmid acquired strains and genotypic characterization of strains
(Rose, 1990) . Benomyl was added to hot YPD to reach concentrations of 10 and 15 pg/mL for
sensitivity test of strains. Canavanine plates were prepared by adding canavanine sulfate to a
final concentration of 3 pug/mL. For selection of deletion mutants, G-418 or hygromycin were

added to YPD to concentrations of 200 pg/mL and 150 pg/mL, respectively.
B. Escherichia coli strains and media

E. coli DHS alpha cells were employed for amplification of plasmids. The E. coli strains

carrying the plasmid were propagated in LB medium containing ampicillin at 100 pg/mL.
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C. Design of 13-Myc plasmid with Nat® marker

The 13-Myc plasmid with Nat® marker was constructed by replacement of the KanMX6
marker of plasmid GHB160 by the Nat® cassette of pAG25. GHB160 was digested with Pmel
and BgllII in their respective cutting buffers, the DNA was separated in a 0,8 % agarose gel and
the 13-Myc vector gel extracted. pAG25 was digested with EcoRV and BgllIl, the Nat® cassette
separated and extracted as mentioned previously. The Nat® cassette was cloned in the 13-Myc
vector with T4 ligase and incubation overnight at room temperature. Competent DHS alpha
E.coli were transformed with the ligation product using standard procedures (Sambrook J.,
1989). The resulting plasmid was named pIP279. The plasmids used in this study are

summarized in Table 3.
D. Double mutant construction

The double mutant strains carrying deletion of SGO! and subunits of the INO80 complex
were generated after multiple crossing and transformation. Crossing of IPY 1109 and FY 1333
generated a SGO! heterozygous diploid and sporulation of the diploid produced JGx2-1C,
haploid strain with SGO! deleted. JGx2-1C was crossed with BY4741 to generate another
haploid sgo /A mutant strain, JMx4-3B. Finally, JMx4-3B x FY 1342 was generated by mating
JMx4-3B and FY 1342 and transformed to delete genes ARPS5, ARPS, TAF14 and INOS0 of the
INOS8O complex. The genes were deleted by recombination with the marker cassettes using the
Gietz Lithium Transformation procedure (Gietz & Schiestl, 2007; Gietz, Schiestl, Willems, &
Woods, 1995). Additionally, the double mutant diploids were transformed with either the SGO!
high copy plasmid pIP153 or the vector YEplac181. The diploids carrying the double deletions

alone and with the plasmids were sporulated to obtain the respective double mutant haploids.
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E. Benomyl sensitivity assay

Cell were grown up to approximately 108 cell/mL and counted with a hemocytometer.
The concentration of cells was adjusted to 10® cell/mL and diluted serially 10-fold to down to 10°
cell/mL. Of each dilution 5 uL were linearly spotted on YPD and YPD + benomyl at 10 and 15
pg/mL and incubated at 30 °C for 3 to 5 days. The sensitivity was assessed by impaired growth

in benomyl plates.
F. Canavanine assay of ploidy

Cells were streaked on YPD plates and grown for 2 days, followed by replica plating on SC-
Arg and SC-Arg + canavanine and mutagenized by UV light (300 ergs/mm?). Plates were
incubated in the dark at 30 C for 3 to 4 days. Ploidy was assessed by cell growth. Appearance of
papillae indicated haploid strains due to mutagenesis of the single copy of CAN1 gene. However,
diploid mutants won’t grow because of the uptake and toxicity of canavanine by a second

unmutated copy of the CANI permease gene.
G. Flow cytometry

Cells were exponentially grown in YPD, pelleted and later fixed in a mixed solution
comprised of 300pL of 50 mM Tris pH 7.5 and 700uL ethanol 95%. Cells were pelleted and
washed with 50mM Tris pH 7.5. Subsequently, the washed cells were resuspended in 100 pL 50
mM Tris pH 7.5 treated with RNAse at 1 mg/mL and incubated at 37 °C overnight. Next, 5 uLL
Proteinase K (20 mg/mL) was added an incubated at 50 °C for 1 hour. The cells were stained
with a solution of propidium iodide diluted at 15 pg/mL in 50mM Tris pH 7.5 buffer and

sonicated for 5 seconds in Branson 1510 sonicator. Stained cells were kept at 4 °C in the dark
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until flow cytometry analysis in (BD Biosciences). Results are reported by recording a minimum

of 10 000 events.

H. Chromatin Immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) was carried out in a wild type untagged strain,
INO80-13Myc tagged and arp84 with INO80-13Myc tagged strains. The antibody employed
was anti-c-Myc (Roche, 9E10) and protein G Dynabeads for immunoprecipitation (Invitrogen-
ThermoFisher) The ChIP was performed according to standard method (Kanta, Laprade,
Almutairi, & Pinto, 2006). The pericentromeric location was assessed by PCR with the primer
pair olP210/01P211 for the 0,5 Kb left flanking region of CEN3. The PCR product was resolved
in a 1.0 % agarose gel with ethidium bromide and imaged in a FluorChemTM 8900 instrument

(Alpha Innotech).
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IV.  RESULTS
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Specific subunits of complexes INO80 and SWRI1 affect ploidy

The deletion mutants of the subunits of the INO80, SWR1, NuA4 and the HTZ1 gene
were obtained from the BY4741 deletion collection, unless indicated otherwise. For the INO80
complex, the subunits investigated were Ino80, Ies1 to Ies6, Taf14, Nhp10, Arp4, Arp5, Arp8.
ARP4 is an essential gene, therefore the subunit Arp5 was assessed in the temperature sensitive
mutant arp4-26. The subunits Swrl, Swc2-7, Bdf1, Yaf9 and Arp6 of the SWR1 complex were
also analyzed, as well as the Eafl, Eaf3, Eaf6 and Eaf7 corresponding to the NuA4 complex. The
deletion of INOS80 and IES3 were obtained by targeted transformation and recombination. The
purpose of the analysis was to identify the key subunits of these complexes related to
chromosome segregation, primarily focused in the ploidy maintenance. The ploidy status of the
mutants was initially analyzed by performing a canavanine assay, which monitors the copy
number of chromosome V. The results of the canavanine assay are shown in Figure 1. Overall, a
small number of subunits of the complexes caused increased ploidy in the cell. The deletion
mutants of ARPS, IES6, ARPS and TAF'14 of the INO80 complex showed increased ploidy.
Regarding SWR1 complex the diploid causing mutants were swrid, bdf1A, yaf94, and sweiA4.
Although swc64 showed some papillae indicative of a haploid state, the amount was lower
compared to the haploid control, and flow cytometry analysis (see below) confirmed that it had
diploidized. Notably, deletion of HTZI doesn’t affect ploidy. None of the NuA4 exclusive
subunits assessed affected ploidy, however these don’t comprise the entire subunit composition

of the complex and the remaining subunits remain to be explored.

Flow cytometry of the mutants was performed for a more accurate assessment of ploidy
in the mutants. Flow cytometry provides a better measurement of ploidy by considering the size

of the cell and the whole DNA content of the cell compared to the canavanine test that evaluates
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ploidy based on the copy of chromosome V. Figure 2 shows the results of the flow cytometry
analysis of the subunits of the INO80 complex. In addition to the mutants analyzed by the
canavanine assay, the arp4-26 and ino80A mutants were included in flow cytometry analysis.
Overall, the flow cytometry analysis confirmed the ploidy increased showed in the canavanine
assay for subunits of the INO80 complex. In the ino804 mutant it can be observed a mixed
population of haploid and diploid cells, due to the short time of growth after germination.
Additionally, the temperature sensitive mutant arp4-26 increased ploidy only under growth at 37
°C, but remained haploid at 26 and 30 °C. This subunit is shared among the three complex and

might indicate a common mechanism of action.

As shown in Figure 3, swrid, bdfiA, yaf94, and swcb64, increased ploidy in support of
the canavanine data, however swc34 exhibited both haploid and diploid phenotype. The
inconsistency of the phenotypes of swe54 and swc64 in both ploidy assays suggest that these
mutants undergo increased ploidy later than the other mutants of the complex and perhaps less
relevant contribution to genomic maintenance. The DNA content of the mutants of the NuA4

complex and htzI14 confirms the haploid phenotype observed in the canavanine assay.

Ploidy increase correlates with benomyl sensitivity

The benomyl sensitivity test correlates well with mutations that impair chromosome
segregation. Benomyl destabilizes the polymerization of microtubules increasing failure in
microtubule attachment and tension; causing missegregation of chromosomes. Results of
benomyl sensitivity test are shown in Figure 4. Only subunits of the INO80 and SWR1
complexes were assessed; NuA4 was excluded from the rest of the study. The deletion of Ies6,
Arp5, Taf14 and Arp8 of INO80 complex increased the sensitivity to benomyl, correlating with

the ploidy analysis. Within the SWR1 complex, swriA, bdf1A, yaf94, swc2A, swe3A, swedA,
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sweb4 and swe74 increased sensitivity to benomyl. Interestingly, some benomyl sensitive
mutants of SWR1 complex (swc24, swe34 and swe74) don’t diploidize. Table 4 summarizes the
correlation between benomyl sensitivity and ploidy increase. This suggests that mutations in
specific subunits of the complex govern the maintenance of segregation and other subunits
provide a supplementary effect on the function of the complex, but still affecting tension or
microtubule attachment problems. Notably, 4#z/4 showed a high sensitivity to benomyl,
however remained haploid. Since both INO80 and SWR1 complexes have H2A.Z as a substrate
(Gerhold & Gasser, 2014; Morrison & Shen, 2009), the increased ploidy phenotypes of these

complexes can’t be explained by absence of H2A.Z in the chromatin.
Interaction of the INO80 complex with SGO1

Overexpression of SGO1 has been shown to suppresses the sensitivity to benomyl and
alleviate chromosome missegregation (S. Kawashima et al., 2011). The analyzed interactions
with SGOI were focused on the ploidy increase mutants of the INO80 complex. Mutants of
subunits that are exclusive to the INO80 complex were transformed with either plasmid
YEplacl81 as vector control or plasmid pIP153 to allow high copy expression of SGO1. The
transformed mutants were grown overnight between 1 to 2 days in selective medium (SC-Leu) to
maintain the plasmids. The saturated culture was adjusted to 1x10® cell/mL and diluted for
benomyl sensitivity assay (Methods). Subunits exclusive to INO80 were selected to avoid
ambiguous phenotypes due to possible additive or synergistic effects of multi-complex subunits.
For this analysis, mutants of the BY4741 deletion collection were evaluated. The faf144 mutant
was excluded of the analysis because it belongs to multiple complexes including: TFIID, TFIIF,

NuA3, SWI/SNF and INO80. Of the exclusive mutants, arp54 and arp84 were selected, ies64
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was excluded because of reports suggesting stability dependent of Arp5 and both forming a

subcomplex (W. Yao et al., 2015; W. Yao et al., 2016).

Surprisingly, overexpression of SGO/ caused different phenotypes in members of the
same complex. High copy of SGO! exacerbated the benomyl sensitivity of an arp84 mutant,
suggesting an increased missegregation. In contrast, the overexpression of SGO/ didn’t affect the
sensitivity in arp54. This difference in phenotype towards SGO!I overexpression suggests
different genetic interactions of subunit despite of belonging to a same complex. Additionally,
these findings attribute different functional properties to specific subunits or even the structural
modules of the complex. Importantly, the mutants used in the transformation were already
diploid. The effect observed in the experiment might not reflect any protective or disruptive

effects of SGOI before diploidization.

The strain JMx4-3B x FY 1342 was prepared to obtain a diploid heterozygous for sgoi4
and further delete subunits of INO80. The subunits selected for deletion were Ino80, Arp5, ArpS,
Tafl4, Ies3 and Ies4 to evaluate the phenotypes of the double mutants. After transformation with
specific deletion-PCR product for the targeted gene and verification of the deleted gene, the
diploid was sporulated and the segregants with double mutants were selected for analysis. In
general, the double mutants experienced poor germination, rarely producing growth on 4 spores
of the dissected tetrads, particularly in the increase in ploidy mutants of INOS8O0. Interestingly, the
ino804sgolA and arp54sgolA double mutants couldn’t be obtained after germination of the

tetrads. The remaining double mutants were analyzed through benomyl sensitivity assay.

The double mutants analyzed for benomyl sensitivity were arp84sgoiA, ies34sgolA,
ies44sgolA and tafi44sgolA. Three different double mutant and corresponding single mutant

segregants were analyzed and compared with both parental strains. Overall, the sgo/4 single
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mutants showed similar sensitivity to the JMx4-3B parent with deleted SGO! (Figure 6). The
arp84, ies34, ies44 and taf144 mutants segregated from the diploid exhibited similar
sensitivities those seen in Figure 4, showing consistency of the phenotype despite the difference
in strains. Notably, all double mutants exhibited lower growth on YPD compared to the wild-
type parent FY1342, yet similar to JMx4-3B indicating similar growth defect to the SGO!
deletion. Additionally, the double mutants were more sensitive than the corresponding single
subunit mutant of INO80, however similar to sgo/4. These results suggest that deletion of
INOS8O0’s subunits don’t affect sgo/4’s sensitivity and might be in similar pathways in regard to
microtubule tension and attachment. By comparing Figure 3 and 4B, benomyl sensitivity test
don’t always reflect the increased ploidy phenotype and flow cytometry is required for a clearer

assessment of the double mutants in chromosome segregation.

The DNA content of the double mutants showed no effect in the ploidy state of the
ies34sgoliA, ies44sgolA (Figure 7). Contrary to the results showed in Figure 2., the newly
germinated arp84 mutant showed haploid profile. Additionally, different segregants of the
heterozygous double mutant arp84sgo 14 exhibit both haploid and diploid ploidy states. The
presence of the haploid state on both arp84 and arp84sgoi4 suggest that these haploid mutants
require further cell divisions for complete diploidization. Also, it can’t be determined if deletion
of SGOI contributed to diploidization of one of the segregants, for further inspection the number
of generations should be accounted. In contrast, both taf144 and taf144sgolA consistently
exhibited the increased ploidy phenotype. It remains unclear if the double mutation contributed
to further increase of ploidy or a faster diploidization compare to the single mutant. Overall, the
double deletions didn’t show clear interaction in ploidy between these subunits of INO80 and

Sgol.
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Overexpression of SGOI suppresses chromosome instability of specific mutants of INO80

Heterozygous diploid strains of arp54 sgolA and ino804 sgo 14 were transformed with
plasmids YEPlac181 and pIP153 to further sporulate and select the arp54 and ino804 segregants
that retained the plasmid after germination. The arp84 sgo 14 was transformed as well with both
plasmids but the arp84 mutant with pIP153 wasn’t obtained after several dissections.
Additionally, the arp84 sgol4 diploid experienced poor retention of the pIP153 plasmid after
germination, although this was only a qualitative observation. The overexpression of SGO!
suppressed the benomyl sensitivity of the arp54 and ino804 strains, being the suppression
greater for ino804 sgolA (Figure 8). The increased resistance to benomyl by overexpression of
SGOI suggests a decrease in chromosome missegregation. However, this test doesn’t allow to

verify if the overexpression protects against diploidization.

The ino804 segregants of the heterozygous diploid of ino804 sgo 14 that retained the
plasmids were grown to mid-log in selective medium for the maintenance of the plasmids, fixed
and their DNA content analyzed by flow cytometry. The ino804 mutant exhibited haploid and
diploid profiles in different segregants containing the vector, but stayed haploid by keeping the
high copy plasmid with SGOI (Figure 9). The profile of the haploid ino804 with the vector
suggests that the mutant is in process of diploidization. These preliminary results of DNA
content suggest that overexpression of SGO! suppresses the increase in ploidy phenotype of
ino804. However, further analysis is required to determine if the overexpression of SGOI is

sufficient for protection from ploidy increase or only delays the process.
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Loss of Arp8 doesn’t affect pericentromeric binding of Ino80

A past study showed that the INO80 complex can locate in specific regions throughout
the genome (Papamichos-Chronakis et al., 2011). Due to the importance of the centromere in
chromosome segregation, we decided to explore if the INO80O complex locates in the periphery
of the centromere (pericentromere). Additionally, we wanted to determine if the loss of Arp8
could cause decrease of binding to the genome. As shown in Figure 10, Ino80 locates within 0.5
Kb to the left from centromere I1I. Additionally, the loss of Arp8 doesn’t affect the binding of
Ino80 in this region. Additional ChIP experiments in flanking regions of the centromere are
required to describe if the pericentromeric location of INO8O0 is universal across all centromeres.
Additionally, Ino80 have been shown to increase binding to chromosomal regions during cell
cycle arrest which suggest that the complex might have differential binding throughout the cell
cycle (Shimada et al., 2008). Overall, pericentromeric localization of Ino80 is not affected by
ARPS deletion, indicating that the recruitment of the complex to this region depends on other

subunits.
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V. DISCUSSION

31



Specific subunits of INO80 and SWRI1 involved in chromosome segregation

The functional significance of the diverse subunit composition of INO80, SWR1 and
NuA4 complexes remains unknown. It is important to determine the influence of the structure of
theses complexes to better understand their function and regulations. Due to structural
complexity, the study of these complexes represents a big challenge to assess the relevance of
each subunit in the function of a given complex. Additionally, these complexes share subunits
that might contribute to a common mechanism of action. This study analyses the effects of
specific subunits of each complex in maintaining chromosome segregation and then focuses on
the involvement of the INO80 complex by further exploring the contribution of its subunits in
more detail. Initially, the results demonstrate that the absence of specific subunits cause ploidy
increase. For the INO80 complex, deletion of INOS80, ARPS5, ARPS, IES6 and TAF'14 causes
ploidy increase. Similarly, mutants of SWR1, YAF9, BDF1, SWC5 and SWC6 diploidized the
cell. Additionally, the temperature sensitive mutant of the shared subunit Arp4 increased ploidy
at 37 °C. The results suggest similarities as well as differences regarding to the function of the
complexes. Deletion of Ino80 and Swr1, the scaffold protein of each complex, suggests that the
complex requires an assembly agent to maintain proper function in chromosome segregation.
The arp4-26 mutant causing increased ploidy at non-permissive temperature could indicate a
similar mechanism of function. Particularly, arp4-26 contains a single mutation of G187R,
located outside of the binding pocket of ATP. Figure 11 shows the ribbon model of Arp4 based
on crystallographic data and indicates the location of the G187R mutation with respect to the
ATP binding site. Crystallographic analysis suggests that ATP binds tightly to Arp4 and is

involved in the folding of the protein (Fenn et al., 2011), suggesting that the G187R mutation of
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arp4-26 causes poor ATP binding and improper folding at the restricted conditions. Therefore,

the presence of Arp4 appears essential for the maintenance of normal ploidy.

Analysis of subunit contribution to the INO80 complex in chromosome segregation

The single deletion of subunits of INO80 allows the assessment the importance of each
member in the function of the complex, by testing for different phenotypes. Similarly, the
physical interactions between the subunits add a mechanistic connection to the phenotype, by
examining the integrity of the complex in those mutants. The reports of this study indicate that
mutants of INO80, ARP4, ARP5, ARPS, IES6 and TAF14 increase ploidy and increase sensitivity
to benomyl. This suggests that the deletion of these subunits perturb the chromatin remodeling
function of the complex and leads to chromosome instability. In contrast, the absence of the Ies],
les2, Tes3, les4, Ies5 and Nhp10 doesn’t affect chromosome segregation. These subunits may be
required for assembly, stability, or recruitment of the complex related to other functions, such as
DNA repair or transcription, but not essential for the role of INO80 complex in chromosome
segregation. Recent structural studies describe the complex in specific modules due to the
importance in the integrity of the complex (Tosi et al., 2013). The deletion of INOS80 causes the
loss of the main scaffold for the full assembly of the complex. The loss of specific physical
interaction between the subunits has been shown to cause partial assembly of the complex and
could affect biochemical and biological functions. The deletion of ARPS causes full loss of Arp4,
Ies4 and partial loss of Actl and Taf14 in pull down experiments. This arrangement of subunit
interactions suggests that phenotypes observed for chromosome segregation might involve the
combine action of the subunits physically interacting with Arp8. Similarly, loss of Taf14 through
deletion diploidized the cell, however the cause of this phenotype could be indirect since Taf14

is also found in other cellular complexes. Finally, Arp5 and Ies6 belong to another module and
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their deletion also increased ploidy, indicating than more than one module is involved in
maintaining the function of INO80. Within this study, ARP5 was selected for further analysis of
the complex in chromosome segregation due to previous studies indicating this subunit as
requirement for stability of Ies6. Interestingly, INO80, ARPS8, ARPS5 and IES6 are also conserved
in humans. Ultimately, these structural units of the complex represent key structural elements for

maintenance of the function of the complex and correct chromosome segregation.

The phenotypic assessment and subunit composition of the INO80 complex highlights
the importance of actin and acting related proteins (Arps) in its function. Commonly, actin exists
as filamentous actin (F-actin) and globular actin (G-actin). Interestingly, Actl, Arp4, Arp5 and
Arp8 appear as monomers within the INO80 complex. The presence of the structural similarities
of these proteins along the complex suggests that these subunits might contribute mainly to
structural integrity of the complex and therefore could be affecting chromosome segregation.
However, our results indicate that Arp8 and Arp5 contribute differently in chromosome
segregation due to the different genetic interaction with SGO! (Figures 5, 6 and 8). Therefore, in
spite of their homology it appears that Arp5 and Arp8 have different functions within the
complex. Additionally, Actl and Arp4 belong to multiple complexes and might be involved in a

general structural feature of chromatin remodeling complexes.

The ATPase activity of the complex represents the primary energy supply for the DNA
translocation that leads to chromatin remodeling. Structural analysis of Arp4 and Arp8 indicate
that both have ATP-binding sites, yet there haven’t been reports of ATPase activity (Fenn et al.,
2011). With the current information, Ino80 represents the primarily subunit of the complex
responsible for ATP hydrolysis. However, Arp8 and Arp5S modulate the ATPase activity of the

complex in the presence of nucleosomes (Tosi et al., 2013). Deletion of both subunits decreases
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the affinity of the complex for the nucleosome and the remodeling activity (Shen, Ranallo, Choi,
& Wu, 2003; Tosi et al., 2013; W. Yao et al., 2016). Our results indicate different contributions
from Arp8 and ArpS5 to chromosome segregation (Figure 5, 6 and 8). Since these reports describe
in vitro conditions, the difference of Arp8 and Arp5 might be related to the biological function of

the complex.

Differential genetic interaction of ARP5 and ARP8 with SGOI relevant to chromosome

segregation

The function of the INO80 complex is to remodel chromatin, specifically the exchange of
H2A.Z-H2B dimers by H2A-H2B. The histone exchange accomplished by this complex impacts
several biological functions and processes. The loss of INO8O0 causes a global mislocalization of
nucleosomes throughout the genome (Papamichos-Chronakis et al., 2011). As mentioned before,
INOS80, ARP4, ARP5, ARPS, IES6 and TAF'14 contribute to the maintenance of INO80’s function
and keep chromosomal stability (Figures 1, 2 and 4). The correlation between ploidy increase
and benomyl sensitivity of these subunits (Table 4) indicates that the impairment of INO80’s
function causes errors in microtubule attachment that leads to missegregation of chromosomes
and diploidization. Sgo1 protects the chromosomes form missegregation by promoting bi-
orientation. Based on this function, overexpression of SGO! could alleviate the missegregations
phenotype of the mutants of the INO80 complex. Overexpressed SGO! had no effect on arp54
but increases benomyl sensitivity of arp84. Based on this observation, we believe that SGO! in
high copy won’t reverse the sensitivity of these mutants that were already diploid before the
introduction of the plasmid. Considering these different phenotypes of ARPS5 and ARPS, each
might interact differently with SGOI. After multiple germinations, the arp84 mutant germinated

with the pIP153 plasmid was not found, further analyses are required to determine if the
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overexpression of SGO! is lethal to newly germinated arp84 mutants. As shown by our results,
SGOI overexpression suppresses the sensitivity to benomyl of the arp54 mutant germinated with
the high copy plasmid (Figure 8). The current reports of arp54 mutants suggest that the Arp5-
Ies6 module get recruited to the insertion region of Ino80 and mediate the ATP activity of the
complex (Tosi et al., 2013; W. Yao et al., 2016). The ATP hydrolysis of the complex represents
a later stage on the mechanism of chromatin remodeling and relates to the binding of Arp5-Ies6
to the final step on the assembly of the complex. Conversely, conformational changes of a fully
assembled complex might also trigger the ATP hydrolysis. Ultimately, loss of Arp5 interferes
with the remodeling activity by reducing the efficiency of ATP hydrolysis of the complex; likely

resulting in the chromosome missegregation phenotype.

Overexpression of SGO! suppresses both benomyl sensitivity and increase in ploidy of
ino804 mutants (Figure 8 and 9). Deletion of INO80 commonly shows the most deleterious
phenotypes among the rest of the subunits (Papamichos-Chronakis et al., 2011). The loss of the
scaffold and ATPase properties of the INO80 complex represents the most extreme impairment
of its function. Interestingly, by overexpressing SGO! yeast cells can partially overcome the lack
of function of the INO80 complex, suggesting that the defects in chromosomes segregation

caused by deletion of INO80 can be fixed by correcting chromosomal bi-orientation.

INOS80 conserves pericentromeric binding upon ARPS8 deletion

We further analyzed the presence of Ino80 in the flanking region of the centromere. The
ChIP experiment demonstrated that Arp8 doesn’t affect the binding of Ino80 to the centromere
(Figure 10). This indicates that the increase in ploidy phenotype of arp84 is not related to
recruitment of the complex to the pericentromeric region. The increased ploidy might be caused

by the inability of the complex to remodel chromatin in the absence of Arp8 due to the lower
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ATPase activity. The crosslink profile of the subunits of the complex suggest that Arp4 might
interact directly with the HSA domain of Ino80 (Tosi et al., 2013). This domain is also present in
Swrl and has been recently shown to interact directly with a Actl-Arp4 dimer (T. Cao et al.,
2016). Figure 12 shows the tertiary complex between the HSA domain of Swrl, Actland Arp4
based on crystallography data. These finding stress the relevance of Actl and Arp4 in the
assembly of the complex. Our ChIP analysis suggests that a partially assembled INO80 complex
remains bound in the pericentromeric region of the genome but not fully functional, since Ino80
is still present in the absence of Arp8. This stalled INO80 complex might be the cause of
enrichment of H2A.Z in the pericentromeric region and result in chromosome missegregation.
Consistently, deletion of /ES6 has been shown to enrich H2A.Z in the pericentromeric region
(Chambers et al., 2012). Further analysis of H2A.Z levels in INO80 mutants studied here will be
required to validate this hypothesis. Since the regulations of chromosome segregation mainly
occurs during mitosis, further studies are required to determine if the increase in ploidy
phenotype of the INO80 mutants is related specifically to mitosis or a general effect throughout

the cell cycle.

The levels of histones H2A and H2A.Z at centromeric regions may vary throughout the
cell cycle. The function of the INO80 complex might become relevant during mitosis to remove
H2A.Z from the pericentromeric region. H2A.Z lacks the phosphorylation site (S121) of H2A
responsible for recruitment of Sgol in yeast which suggests that enrichment of H2A.Z caused by
impairment of INO80 function might affect pericentromeric location of Sgol, and perhaps other

kinetochore-associated proteins.
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Table 1. Yeast strains use in the study

Strain or Lab name Description

identification

BY4741 MATa his341 leu2A40 met1540 ura340

BY4741 MATa his341 leu2A40 met15A0 ura3A0 iesIA::KanMX
iesiA

BY4741 MATa his3A41 leu2A40 met1 540 ura340 ies2A::KanMX
ies2A

BY4741 MATa his341 leu2A40 metl1 540 ura3A40 ies3A::KanMX
ies34

BY4741 MATa his341 leu2A40 metl1 540 ura3A40 ies4A::KanMX
ies44

BY4741 MATa his3A41 leu2A40 met1 540 ura340 ies5A:: KanMX
ies5A

BY4741 MATa his341 leu2A40 met1540 ura3A0 ies6A::KanMX
ies6A

BY4741 MATa his341 leu2A40 met1540 ura340 arp54::KanMX
arpsA

BY4741 MATa his3A1 leu2A0 met1 540 ura3A40 arp8A.:KanMX
arp84

BY4741 MATa his341 leu2A40 met1540 ura340 nhp10A4::KanMX
nhpl104

BY4741 MATa his3A1 leu2A0 met1540 ura3A0 tafl44.:KanMX
taf144

BY4741 MATa his3A1 leu2A0 met1 540 ura3A0 bdfiA::KanMX
bdfiA

BY4741 MATa his341 leu2A40 met1540 ura340 arp6A4::KanMX
arp6A

BY4741 MATa his3A41 leu2A40 met1 540 ura340 swriA::KanMX
swriA
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Table 1. (Cont.)

Strain or Lab name Description
identification
BY4741 MATa his3A1 leu2A0 met1 540 ura3A0 yaf9A:: KanMX
vaf94
BY4741 MATa his341 leu2A40 met1540 ura340 swc2A::KanMX
swe2A
BY4741 MATa his3A1 leu2A0 met1 540 ura3A0 swe3A::KanMX
swe3A
BY4741 MATa his3A41 leu2A40 met1540 ura340 swesA::KanMX
swedA
BY4741 MATa his3A41 leu2A40 met1540 ura340 swcbA::KanMX
swcbA
BY4741 MATa his3A1 leu2A0 met1 540 ura3A0 swc7A::KanMX
swe74
BY4741 MATa his3A1 leu2A40 met1540 ura340 htziA::KanMX
htzlA
BY4741 MATa his3A1 leu2A0 met1 540 ura3A0 eaflA::KanMX
eafl4
BY4741 MATa his341 leu2A40 met1540 ura340 eaf34::KanMX
eaf34
BY4741 MATa his3A1 leu2A0 met1 540 ura3A0 eaf6A:: KanMX
eafo
BY4741 MATa his3A41 leu2A40 met1540 ura340 eaf74::KanMX
eaf74
FY1333 MATo leu2A0 ura340
FY1342 MATo leu2A0 met1540 ura340

IPY812

IPY1109
JGx2-1C MATo leu2 lys24202 ura3™ sgolA::HphMX
JMx4-3B MATa leu2 lys24202 ura3™ sgolA::HphMX
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Table 1. (Cont.)

Strain or Lab name Description

identification

JMx4-3B x MATa/o. leu2A0/ leu2 lys24202/LYS2 met1 5A0/MET15

FY1342 ura3A40/ ura3” SGO1/ sgolA::HphMX

JMx13 MATa/a leu2A0/ leu2 lys24202/LYS2 met1 SAO/MET15
ura3A0/ ura3” IES4/ ies4A::KanMX SGO1/ sgolA::HphMX

JMx14 IPY1206 MATa/o leu2A0/ leu2 lys24202/LYS2 met1SAO/METI15
ura3A0/ ura3” ARPS/ arp8A.::KanMX SGO1/ sgolA::HphMX

IMx15 IPY 1209 MATa/o leu2A0/ leu2 lys24202/LYS2 met1 SAO/METI1S5
ura3A0/ ura3” TAF 14/ taf14A::KanMX SGO1/ sgo1A:: HphMX

IMx16 IPY 1207 MATa/o leu2A0/ leu2 lys24202/LYS2 met1 SAO/METI1S5
ura3A0/ ura3” ARPS5/ arp5A4::KanMX SGO1/ sgolA::HphMX

IMx17 IPY 1205 MATa/o leu2A0/ leu2 lys24202/LYS2 met1 SAO/METI1S5
ura340/ ura3” INOS80/ ino80A::KanMX SGO1/ sgolA::HphMX

IMx18 MATa/o leu2A0/ leu2 lys24202/LYS2 met1 SAO/METI1S5
ura3A0/ ura3 IES3/ ies34::KanMX SGO1/ sgolA:: HphMX

IMx19 MATa/o leu2A0/ leu2 lys24202/LYS2 met1 SAO/METI1S5
ura3A0/ ura3” SGO1/ sgolA::HphMX <YEplacl81>

IMx20 MATa/o leu2A0/ leu2 lys24202/LYS2 met1 SAO/METI1S5
ura340/ ura3” SGO1/ sgolA::HphMX <pIP153>

IMx21 MATa/o leu2A0/ leu2 lys24202/LYS2 met1 SAO/METI1S5
ura3A0/ ura3” ARPS/ arp84::KanMX SGO1/ sgolA::HphMX
<YEplacl81>

IMx22 MATa/o leu2A0/ leu lys24202/LYS2 met1 SAO/METI1S5
ura3A0/ ura3” ARPS/ arp84::KanMX SGO1/ sgolA::HphMX
<plIP153>

JMx23 MATa/o leu2A0/ leu2 lys24202/LYS2 met1 SAO/MET15
ura3A0/ ura3” TAF14/ taf144::KanMX SGO1/ sgo1A:: HphMX
<YEplacl81>

IMx24 MATa/o leu2A0/ leu2 lys24202/LYS2 met1 SAO/METI1S5
ura3A0/ ura3” TAF14/ taf144::KanMX SGO1/ sgolA::HphMX
<pIP153>

IMx25 MATa/o leu2A0/ leu2 lys24202/LYS2 met1 SAO/MET15
ura3A0/ ura3” ARPS/ arp54.::KanMX SGO1/ sgolA::HphMX
<YEplacl81>

IMx26 MATa/o leu2A0/ leu2 lys24202/LYS2 met1 SAO/METI1S5
ura3A0/ ura3” ARPS/ arp54::KanMX SGO1/ sgolA::HphMX
<pIP153>

IMx27 MATa/o leu2A0/ leu2 lys24202/LYS2 met1 SAO/MET15
ura3A0/ ura3” INO80/ ino80A4::KanMX SGO1/ sgolA::HphMX
<YEplacl81>
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Table 1. (Cont.)

Strain or Lab name Description

identification

IMx28 MATa/o leu2A0/ leu2 Iys24202/LYS2 met1SAO0/METI15
ura3A0/ ura3” INOS80/ ino804::KanMX SGO1/ sgolA::HphMX
<plP153>

JMx13-7B IPY1211 leu2 lys24202 ura3 ies4A::KanMX sgolA::HphMX

ies4A sgolA

JMx13-7D IPY1212 leu2 met1540 ura3 ies4A::KanMX sgolA::HphMX

ies44 sgolA

JMx13-19A | IPY1213 leu2” ura3 ies4A::KanMX sgolA::HphMX

ies4A sgolA

JIMx13-11A | IPY 1227 leu2” met1540 ura3 ies4A::KanMX

ies44

IMx14-8C IPY1215 leu2 met1540 ura3 arp84::KanMX sgolA.:: HphMX

arp84 sgolA

JMx14-8D IPY1216 leu2” ura3 arp84::KanMX sgolA::HphMX

arp84 sgo i/

JIMx14-11D | IPY 1214 leu2 lys24202 ura3 arp84::KanMX sgolA::HphMX

arp84 sgolA

IMx14-12C | IPY1228 leu2” ura3 arp84::KanMX

arp84

JMx15-6B IPY1217 leu2 lys24202 met1540 ura3 tafl144::KanMX sgolA::HphMX

taf144 sgolA

JMx15-20B | IPY1218 leu2” ura3 taf144::KanMX sgolA::HphMX

tafl44 sgoliA

JMx15-20D | IPY1219 leu2~ met1540 ura3 taf144::KanMX sgolA::HphMX

tafl44 sgoliA

JMx15-2B IPY 1226 leu2 lys24202 met1540 ura3 taf144::KanMX

taf144

JMx17-12B | IPY1223 leu2 lys24202 ura3 ino804::KanMX

ino804
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Table 1. (Cont.)

Strain or Lab name Description
identification

JMx17-19B IPY 1224 leu2 met1540 ura3 ino804::KanMX
ino804

JIMx18-5D leu2” met1540 ura3 ies34::KanMX sgolA::HphMX
ies34 sgolA

JMx18-10A leu2 lys24202 ura3 ies3A::KanMX sgolA::HphMX
ies34 sgolA

JIMx18-12D leu2” ura3 ies3A::KanMX sgolA::HphMX
ies34 sgolA

JMx18-18B leu2 lys24202 ura3 ies34::KanMX
ies34

JMx19-10B leu2 ura3” <YEplacl81>
WT +
YEplacl81

JMx20-9B leu2 ura3 <pIP153>
WT +
pIP153

IMx23-4C leu2 ura3 taf144::KanMX <YEplacl81>
tafl44 +
YEplac181

IMx23-6C leu2 met1540 ura3 taf144::KanMX <YEplacl81>
tafl44 +
YEplac181

IMx24-6B leu2 ura3 taf144::KanMX <pIP153>
tafl44 +
pIP153

IMx24-15D leu2 lys24202 met1540 ura3 tafl44::KanMX <pIP153>
tafl44 +
pIP153

42



Table 1. (Cont.)

Strain or Lab name Description
identification

IMx25-9D leu2 lys24202 ura3 arp54::KanMX <YEplacl81>
arp54 +
YEplacl81

IMx25-16A leu2 lys24202 ura3™ arp54::KanMX <YEplacl81>
arp54 +
YEplacl81

IMx26-5C leu2 lys24202 ura3™ arp54::KanMX <pIP153>
arp54 +
pIP153

IMx26-16A leu2 lys24202 ura3 arp54::KanMX <pIP153>
arp54 +
pIP153

IMx27-4D leu2 lys24202 met1540 ura3™ ino80A4::KanMX <YEplacl81>
ino804 +
YEplac181

JMx27-8D leu2 lys24202 ura3 ino804.::KanMX <YEplacl81>
ino804 +
YEplac181

IMx28-4D leu2” met1540 ura3 ino80A4::KanMX <pIP153>
ino804 +
pIP153

JMx28-8D leu2” ura3 ino80A4::KanMX <pIP153>
ino804 +
pIP153
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Table 2. Primers used in the study

Name

Sequence (5°- 3°)

Purpose

olP210

CCGTATCATGGACGATTTCCTT

Forward of
CENS3 core
region

olP211

TTGTCAAGTTGCTCACTGTGATTT

Reverse of
CEN3 core
region

olP434

ATTACGCTCGTCATCAAAATCA

Reverse for
Kan® deletion
confirmation

oIP435

CGAAGGACTCTGAACATAAGACG

Forward of
ARPS5 for
deletion

olP436

GCCGATTTGTAAACAGCACTAAG

Reverse of
ARPS for
deletion

olP437

GACTATGATACATCATTACAACGC

Forward for
confirmation
of arp5A

olP438

GAACGCCCACGAAGTAGCAA

Forward of
ARPS for
deletion

0IP439

ACGCCTTCAAGTTGTGCTCC

Reverse of
ARPS for
deletion

0lP440

GCAAGATGACTTATTTGAGAATGG

Forward for
confirmation
of arp8A

olP441

GTCAAGGCTGTAGTGCGGTGA

Forward of
TAF14 for
deletion

olP442

GTAAGGTGTCGCGGTTATTGGA

Reverse of
TAF 14 for
deletion

0lP443

CACTCAAGACGAGAAAGCTCTT

Forward for
confirmation
of taf14A

olP444

GGCCGGCACTAACCACGAAT

Forward of
1ES3 for
deletion

olP445

GGTAGTGCGAGAGATGGTCA

Reverse of
1ES3 for
deletion
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Table 2. (Cont.)

Name

Sequence (5°- 3°)

Purpose

olP446

GGAAAACTTGACGTCTCATCGC

Forward for
confirmation
of ies3A

olP447

CGTTACGCCGTCTAGAGCTTT

Forward of
1ES4 for
deletion

0lP448

GGTCGGCTACCAGATTTAGTAC

Reverse of
1ES4 for
deletion

0lP449

GGCAGGTTACGTTGAGTAAGA

Forward for
confirmation
of ies4A

oIP450

GAGTAACTACCGATCCTGTCC

Forward for
confirmation
of ino80A

oIP451

GCGTATTCTGAGCCATCTCTC

Reverse for
confirmation
of ino80A

olP452

TAGCAAAGCAAGGCTTAAGACATATAGAAGAGCATTT
ATAGACGGATCCCCGGGTTAATTAA

Forward for
deletion of
ino80A

0lP453

ATGAAGATAGCAGATTAAAGATAGACATTAACTCCGC
TTAATGAATTCGAGCTCGTTTAAAC

Reverse for
deletion of
ino80A

olP454

ATAAGTCAAGATGGAATTAAGGAAGCGGCAAGTGCAT
TGGCACGGATCCCCGGGTTAATTAA

Forward for
C-Terminal
tagging of
INOS80 with
13-Myc

oIP455

TTAACTCCGCTTAATGTAAATAACACAATATGAATACC
TTTTGAATTCGAGCTCGTTTAAAC

Reverse for C-
Terminal
tagging of
INOS80 with
13-Myc

olP464

TTGGATGAGAAGCAGCCAGGAT

Forward for
confirmation
of nhpl0A

olP465

TGGATAAAGCGCCTAGAACGTC

Forward for
confirmation
of nhpl0A

0lP466

CGAATGCGGTAACGGTACAAGT

Forward for
confirmation
of iesIA
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Table 2. (Cont.)

Name

Sequence (5°- 3°)

Purpose

olP467 | CGTGTCCACGGTGAAGAAGAC

Forward for
confirmation
of iesIA

olP468 | CGCCTAACTAGCAAATAACTGGC

Forward for
confirmation
of ies2A

0oIP469 | AGTCTGCCTTACGTGGTTCTGC

Forward for
confirmation
of ies2A

0oIP470 | TGCGTTGTTAACTGACATAGCTGTCTTCAATGGAATCATA | Forward for

ACCGGATCCCCGGGTTAATTAA

deletion of
ies3A

olP471 | GAAGTTGGGGATTTTGCAAACTTGTCTTATGTTAATCTTG | Reverse for

GCGAATTCGAGCTCGTTTAAAC

deletion of
ies3A

olP472 | GGTAGTGCGAGAGATGGTCA

Forward for
confirmation
of ies3A

olP473 | AACCTGAGTTGAATGGCTGTGG

Forward for
deletion of
ies5A

olP474 | CACGCAGTGAAGGAGATTACAGA

Reverse for
deletion of
ies5A

Table 3. Plasmids used in the study

Name Relevant genotype Cloning vector/restriction
sites
GHB160 13-Myc, kanMX6 pFA6a-13Myc-kanM X6
pAG25 natMX6 pAG25
YEplacl81 LEU2,2 n YEplacl81
pIP153 SGOI1,LEU2,2 n YEplac181/ Pstl, Sall
pIP279 13-Myc, natMX6 pFA6a-13Myc-kanM X6/

Bglll, EcoRV
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Table 4. Phenotypical analysis of deletion mutants of INO80 and SWR1 complex.

Complex Mutant Canavanine test | Flow cytometry Benomyl
sensitivity
iesiA Haploid Haploid -
ies24 Haploid Haploid -
ies34 Haploid Haploid -
ies44 Haploid Haploid -
INO8O ies5A Haploid Haploid -
ies6 Diploid Diploid +
nhpl104 Haploid Haploid -
tafl44 Diploid Diploid +
arps4 Diploid Diploid +
arp84 Diploid Diploid +
swriA Diploid Diploid +
swe2A Haploid Haploid +
swe3A Haploid Haploid +
SWR1 swesA Diploid Diploid -
swcbA Diploid Diploid +
arp6 Haploid Haploid -
bdf14 Diploid Diploid +
Shared between yafoA Diploid Diploid +
SWRI1 and
NuA4
NuA4 eafiA Haploid Haploid Not tested (NT)
eaf3/ Haploid Haploid NT
eaf6A Haploid Haploid NT
eaf74 Haploid Haploid NT
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Figure 1. Canavanine assay for ploidy on the deletion mutants of subunits in INO80, SWR1 and
NuA4 complex. Specific subunits of the complexes increase ploidy.
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Figure 3. Ploidy analysis by flow cytometry in subunits of SWR1 and NuA4 complex and H7Z1. A. Deletion mutants of SWR1’s
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background. B. Sensitivity of deleted H7Z/ and subunits of SWR1 complex from the BY4741 background.
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Figure 7. DNA content of double mutants recently germinated. A. arp84 sgolA B. ies34 sgolA. C. ies44 sgolA. D. taf144 sgolA
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Figure 10. Chromatin Inmunoprecipitation (ChIP) of Ino80 at the pericentromeric region of chromosome III. ChIP on Ino80-Myc was
carried out with anti-myc antibodies. PCR primers used were specific for CEN3 and a pericentromeric region (CEN3+ 0.5Kb left).
IP/INPUT represents the relative intensity of the IP with respect of the respective input.



Figure 11. Crystal structure of Arp4. Yellow ATP bound to Arp4. Red, location of G187R
mutation of arp4-26. Blue, S23 and D163 form a H-bond to tightly enclose ATP. PDB code
3QB0. Modeled using Pymol
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Figure 12. Ternary complex between Actl-Arp4-HSA domain. Green: Actl. Cyan: Arp4. Purple
HSA domain. PDB code SE9E. Modeled using Pymol.
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