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ABSTRACT

Histone H2A plays an important role in chromosomal segregation among parent and
daughter cells during mitosis. While it is established that this histone is important in maintaining
chromosome number in cell, further work is carried out to explore the role of other histones like
H3 and H4 for similar effects. A systematic study is initiated by screening a library based on
mutation of different amino acid residues in these histones. This detailed screening identified
specific regions within H3 and H4, which are critically important for centromeric function.
These histones residing near the DNA entry/exit region of nucleosome effects the functionality
of cell cycle protein, Sgol, which in turn helps maintaining error free cell cycle by sensing
proper tension among sister chromatids during anaphase of mitosis. This work shows that a
mutation in H3 and H4 at the DNA entry/exit region moderately effects the nucleosome structure

and reduces the centromeric and pericentromeric localization of Sgo1l.
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I. INTRODUCTION



The quest to understand the ability of cells for sustaining their normal function, to thrive
and propagate leads us to genetics. It is important to understand the way genes control the cell to
perform its normal cellular functions, and how these functions lead to the faithful transmission of
chromosomes from mother to daughter cells. Mutations that affect the regulation of gene
expression or protein function can result in detrimental effects on the genome integrity. To
execute this task, it is useful to start with a simple system that provides us with the principles that
govern the same process in more complex and difficult to study organisms. For this purpose, |
am using the unicellular eukaryote Saccharomyces cerevisiae, commonly known as the budding
yeast, as the model organism to understand the role of histones in the normal propagation of
cells.

Histone proteins are important not only for packaging chromosomes, but also for
distributing equal amount of chromosomes into the developing daughter cells. Past work from
our laboratory has shown the importance of histone H2A in chromosome segregation [1]. The
objective of the research presented here is to establish the role of histones H3 and H4 in this
essential cellular process. A thorough protein-structure analysis was undertaken, with the goal of
understanding the contribution of each amino acid residue of histones H3 and H4 to the process
of chromosome segregation. This was carried out using substitution and deletion mutations
present in a synthetic histone H3 and H4 library. The results not only revealed specific regions
within histones H3 and H4 that are very important for maintaining chromosome number, but also
the role played by other non-histone proteins to ensure equal segregation of chromosomes during
cell division. Altogether, the outcome of this work has provided new and insightful information
regarding the basic mechanism that histones, along with other proteins, play in securing the

integrity of the genome during each round of chromosome replication and cell division.



Il. LITERATURE REVIEW



Saccharomyces cerevisiae as a model eukaryote

The budding yeast, Saccharomyces cerevisiae, is a useful unicellular eukaryote, widely
being used as a model genetic system to understand conserved processes in higher eukaryotes,
including humans. It is the first eukaryote whose genome has been completely sequenced, and
has many genes that share functional conservation throughout metazoans [2]. Saccharomyces
cerevisiae can be maintained both in haploid and diploid state, making it an ideal system to study
recessive genes and gene complementation [3]. The haploid yeast has 16 chromosomes that are
very well characterized. The high degree of homologous recombination makes the manipulation
of its genes very easy and amenable for research. In addition, it has a short generation time of
less than two hours (ideal growth conditions) making it a practical experimental organism. This
class of fungi is non-pathogenic in nature, and therefore is appropriate for performing genetic
studies in the laboratory [3, 4]. The basic mechanism of the cell cycle, where a cell grows and
divides into two daughter cells, is well conserved among all eukaryotes. Any insults to the well-
controlled cell cycle can lead to many life threatening diseases, like cancer and tumorigenesis
[5]. S. cerevisiae has served as a very useful model system to understand cell cycle regulation in
all eukaryotes, which in turn will help in understanding the abnormalities of the cell-cycle that

affect human health [6].

Histones and its modifications

In the eukaryotic cell nucleus, the negatively charged DNA is organized by a group of
small alkaline proteins called histones. They are arranged into a very compact structure called
chromatin, which in turn consists of a set of a repetitive basic unit, the nucleosome. Based on

crystallographic studies, the high-resolution structure of the nucleosome (2.8 /&) was first



reported by Luger et al. in 1996 [7]. Each nucleosome is made up of two copies of four histone
proteins (H3, H4, H2A and H2B) and wrapped by 147 bp of DNA. These core proteins have a
common histone fold structural motif of the following configuration: helix1-loop1-helix2-loop2-
helix3. These folds are important for interaction among the histones within a nucleosome and
also between the histones and DNA. The highly basic N-terminal tails of the histones protrude
out of the nucleosomes [8]. The nucleosome consists of a histone octamer where two copies of
H3 and H4 form a tetramer in the center surrounded by two H2A-H2B dimers [9, 10]. Another
histone, H1, is reported to be present in between nucleosomes near the entry/exit point of the
DNA [11]. In budding yeast histone H1 is present only after thirty seven nucleosomes [12].

This systematic level of packaging helps the chromatin achieve its highest level of compaction in
its three dimensional structure; the chromosome [13]. The amino terminal tails of histones are
very flexible and are subjected to various covalent post-translational modifications, such as
acetylation, methylation, phosphorylation, ADP ribosylation, ubiquitylation and sumoylation
[14]. These modifications are not restricted to histone tails but are also seen in the globular
domain of the histone proteins. They play a major role in maintaining the chromatin structure,
thereby regulating all chromosomal functions, including transcription, DNA replication, and
chromosome segregation. The details of the histone modifications are discussed in the following

sections.

Acetylation
This is the most well studied histone modification to date. Histone Acetyltransferases
(HAT) and Histone Deacetylases (HDAC) are the enzymes that respectively add and remove

acetyl groups from particular lysine residues in histones. Acetylation neutralizes the positive



charge on these residues making them less associated to the negatively charged DNA.
Hypoacetylation is particularly seen in heterochromatic regions of chromosomes (chromatin
structure that remains condensed throughout the major part of the cell cycle and remains
transcriptionally silent), whereas hyper-acetylation is associated with euchromatin (chromatin
structure that remains de-condensed throughout the major part of the cell cycle and
transcriptionally active). This is particularly evident in the case of the inactive X chromosome in
humans females (Barr body), where H4K5, H4K8, H4K12, H4K16 are not acetylated [15]. The
open chromatin structure associated with hyper acetylation allows various regulatory proteins to
access the DNA. Moreover, acetylation of H4K5, H4K12 and H3K56 are an important marker
for newly synthesized histones in the cytoplasm, which later get incorporated into the replicating
DNA at the S phase of the cell cycle during nucleosome assembly [16]. The acetylation of H4
tail residues is important in determining the level of compaction that a chromatin can undergo.
Although acetylation of H4K16 is a euchromatin mark, it also serves as a recognition motif for
the Sir proteins that lead to formation of heterochromatin both at telomeres and the silent mating
type loci in yeast [17].

Histone Deacetylases, on the other hand, are important for a compact chromatin structure
and cell cycle progression [18]. In Saccharomyces cerevisiae, histone H2A mutants with defects
in chromosome segregation have shown to be genetically suppressed by a deletion of HDAC
[19]. Currently, inhibitors of HDAC have become major targets of research for the treatment of

abnormal cell proliferation in tumor and cancer cell [20-22].



Phosphorylation

Phosphorylation of serine and threonine residues add an additional negative charge to the
histones. This leads to an open chromatin structure, which is linked to transcriptional activation
[23]. H3S10 and H3S28 are the most studied phosphorylation modification sites. These two
sites are reported to positively regulate chromatin condensation and mitosis [24]. In
Tetrahymena, a ciliated protozoan, phosphorylated H3S10 (S10p) has been reported to be
essential for error free chromosome segregation [25]. H3S10 is phosphorylated by Aurora
kinase (humans)/Ipl1 (yeast) which is an important cell cycle checkpoint protein. H3S10p is also
important in modulating the association of the heterochromatin protein HP1 and methylated
H3K9 (K9me) during mitosis. Phosphorylation of the adjacent H3S10 is required to displace
HP1 from H3K9me in the metaphase stage of mitosis [26]. In humans, H3T3 phosphorylation
by Haspin kinase is important for recruiting survivin, another checkpoint protein and a member
of the chromosomal passenger complex (discussed later), to the centromere [27]. This in turn
concentrates the level of Ipll in the centromere. Another histone kinase, Bubl, it has recently
been reported to phosphorylate H2A S121 in fission yeast. This serves as a positive signal to
recruit Shugoshin (a protein which senses lack of tension among sister chromatids) to the
centromeres, which is important for proper chromosome segregation [28]. The level of H3
phosphorylation is balanced by the kinase/phosphatase activity of Ipl1 and Gcl7 in
Saccharomyces cerevisiae, which is important for proper mitosis [29, 30]. Loss of
phosphorylation of H3T3, H3S10, H3T11, and H3S28 by PPI (Protein Phosphate-1) marks the

exit from mitosis [31].



Methylation

Histone methylation is well characterized, particularly because of the substrate
specificities of the histone methyl transferase (HMT). Lysine residues of histone H3 and H4 are
mono/di/tri methylated whereas the arginine residues only accept one or two methyl groups. The
addition of a methyl group to specific lysine and arginine does not interfere with the charge of
the histone, but it certainly increases overall ‘hydrophobicity and basicity’ of the histone, making
it more tightly associated with DNA [32]. H3K9me is an important marker of silent chromatin
[33]. Itis absent in budding yeast but is present in fission yeast and higher eukaryotes like
drosophila, mice and humans [34]. Both H3K9me® and H4K20me are important for maintaining
successful chromosome segregation and integrity of centromeric chromatin structure and
function in human cells [35]. H3K9me3 acts as a recognition motif for the binding of
heterochromatin protein HP1 [33]. H4K20me on the other hand inhibits H4K16ac, a marker for
active chromatin [36]. Methylation of H3K4, H3K36 and H3K79 is usually associated with
active transcription. In budding yeast, Setl and Set2 methylate H3K4 and K36 respectively, and
associate with RNA polymerase 11, emphasizing their role in transcription initiation and
elongation [36, 37]. Different levels of methylation serve as recognition sites for different
proteins and for different cell functions. This is evident in the case of H4K20me and H4K20me?,
which are recognized by DNA repair proteins when there is DNA damage. In contrast,
H4K20me? is not recognized by these repair factors [38].

For many years, no demethylase was reported, implying irreversible methylation. Recent
studies have reported the presence of LSD1 (Lysine specific demethylase or KDM1A) that
erases the mono and di methyl mark on H3K4 but not the tri methyl mark. However, this

demethylase is not seen in budding yeast. Another group of demethylases containing the



Jumonji domain (JmjC proteins) has recently been discovered, and these enzymes are able to
remove the tri-methyl lysine marker. This particular family of demethylases is found in most
organisms ranging from bacteria to humans [39-42]. The levels of methylation in particular
histone residues are important to be maintained by methylase and demethylase activities, as
deviation from normal levels are usually seen in different cancer cells [43]. Methylases and

demethylase are currently being tested as new targets to treat cancer cells [44].

Ubiquitination
Ubiquitination has usually been associated with protein degradation. However, in 1975, histone
mono ubiquitination on H2A K119 was first reported in higher eukaryotes (absent in budding
yeast) [45], but little was known about the role of this histone modification. Later, histone H2B
was observed to have a site for this modification in K120 in mammals and K123 in budding
yeast. Unlike other covalent histone modifications, ubiquitin is a large protein of 76 amino
acids. This bulky modification can certainly impact the nucleosome structure and chromatin
conformation. The requirement of Rad6/Ubc2 ubiquitin conjugating enzyme for H2B 123Ub has
linked this modification to transcription [9]. It is known that H2B K123Ub positively affects
H3K4 methylation by Setl, and negatively affects H3K36 methylation by Set2 [45]. H2B
K123Ub is also important for methylation of Dam1, a kinetochore protein, by Setl. Loss of
H2A K119Ub affects H2A S120p by Aurora/Ipl-1 kinase, a cell cycle regulating protein [31].
These two instances show the effectiveness of ubiquitination in the control of cell cycle and
proper chromosome segregation.

Ubiquitination, like other histone modifications, is reversible. Ubp8, a deubiquitinating

enzyme in yeast, erases H2B 123Ub. Ubp8 is a component of the SAGA acetyltransferase



complex, a chromatin-remodeling complex well known for its regulatory effects on transcription

[46, 47]. This example emphasizes the cross regulation of acetylation and ubiquitination.

Other Histone Modifications

Sumoylation, ADP ribosylation, proline isomerization and crotonylation, are
modifications less explored and little is known about their functions. Sumoylation is the addition
of the SUMO (small ubiquitin-related modifier) group. This modification is conserved from
yeast to mammals, and histone sumoylation is primarily related to transcriptional repression [47,
48].

As the name itself suggests, ADP ribosylation is the addition of one or more adenosine
di-phosphate ribose to lysine, arginine or glutamic acid from NAD [49]. This reversible
modification is mainly seen during DNA repair and plays a role in open chromatin structure,
making the cellular machinery more accessible to DNA [50, 51].

Prolines present in histones can be either in trans or cis isomeric form. The change is
achieved by proline isomers and is important for modulating chromatin structure. This structural
change regulates the modification pattern of nearby residues [52].

Recently a new modification, lysine crotonylation has been identified. This novel
modification adds a crotonyl group to the lysine residues, and is not only present in the histone
tails but also found in the globular domain. It is functionally associated with active chromatin
structure and is found throughout eukaryotes, from yeast to humans. The exact function and

association of this modification with other non-histone proteins has not yet been identified [53].
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Histone code and crosstalk among histone modifications

The presence or absence of various chemical modifications on specific histone residues
serves as a marker required for the recruitment of different non-histone proteins to the chromatin.
This directly or indirectly affects the nucleosome stability, chromatin structure as well as cell
cycle progression. For example, in mammals, Haspin kinase phosphorylates H3T3, which
facilitates binding of the chromosomal passenger complex to chromatin during mitosis. Another
phosphorylation marker on H2A S122/T121p by Bubl kinase is required for centromeric
localization of Sgol and error free chromosome segregation [54]. There are different histone
residues, either in the flexible tail or in the globular domain, which in a particular combination
can generate a signal that can be detected by different regulatory proteins required for proper
chromatin function. In higher eukaryotes H4K8ac, H3K14ac and H3S10p together are
associated with active chromatin, whereas H3K9me? and loss of acetylation of H3 and H4 are
associated with transcriptional repression [55, 56]. Sometimes the same modification in a
particular residue results in different biological functions. This is possibly due to the presence of
other histone markers working in concert with it. H3S10p and H3S28p signal docking of
proteins essential for chromosome condensation and segregation, but H3S10p and H3S28p along
with H3K14ac recruit proteins for relaxed chromatin structure and active transcription [24].
Some of the histone residues can be subjected to dual modifications like those in H3K9. This
particular lysine residue can be either acetylated or methylated, so one modification cross-
regulates the other at a certain time. H3K9ac is related to open chromatin, while methylation is
related to silent chromatin [32, 57]. Crosstalk is not only possible between histones, but also to
various non-histone proteins. H2B K123Ub activates Setl methyltransferase to establish the

H3K4me mark on chromatin. Setl also methylates Dam1K233, an outer kinetochore protein
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important for spindle-chromatin binding. The adjacent residues of Dam1S122/123 are the sites
of phosphorylation by Ipl1, another checkpoint protein required for proper chromosome
segregation. However, methylation opposes phosphorylation of adjacent residues, which in turn
is essential to maintain a proper balance of Dam1 phosphorylation and methylation required for

its normal function [31, 58, 59].

Distinct chromatin structure of the centromere

The centromere is present in the primary constriction of the chromosome. Its presence is
important for maintaining the physical association of sister chromatids until anaphase, for
kinetochore protein assembly and proper chromosome dynamics. In budding yeast, a single
nucleosome is recognized as the 'point centromere'. It has only 125 bp of DNA wrapped around
a single specialized nucleosome. This is replaced with multiple nucleosomes in higher
eukaryotes and is referred to as ‘regional centromere’. In the centromeric
nucleosome/nucleosomes, the usually recognized H3 is replaced with its highly conserved
variant Cse4 (in budding yeast), CID (in Drosophila) and CENP-A (in humans) [14, 60]. The
centromere is generally associated with transcriptionally inactive chromatin/ heterochromatin
structure. For a long time it was assumed to have histone modifications characteristic of
transcriptionally repressed heterochromatin. It was later found to have unique combinations of
histone marks that are present both in heterochromatin and euchromatin regions. For example,
H4K9me, which is a heterochromatin marker, is absent in the centromeric histones but is present
in the adjoining pericentromeric histones. In contrast, hypoacetylation of H4 tail and H3K4me?,
which are euchromatin markers, are seen in the centromeric histones [61-64]. These

modification markers make the centromeric histones unique from any histones present in other

12



parts of the chromosome. This unique centromeric identity may be important for its early
replication timing which gives enough time for the kinetochore to assemble on the newly formed
chromatin. Moreover the distinctive modification pattern in the centromeric nucleosome is
essential for the association of kinetochore and therefore its function in chromosome segregation

[63, 65].

Cell cycle and chromosome segregation

In a cell division cycle the cell duplicates its chromosomes (S phase), and at the end
distributes a copy of the duplicated chromosomes to each of the daughter cells (M phase)
resulting in a genetically identical progeny. The S and M phases are separated by two growth or
resting phases, where the cell prepares to proceed to the next step of the cell cycle [4, 66]. To
achieve error free cell propagation, the whole DNA replication and the chromosome distribution
machinery of the cell are very carefully monitored. Any problem the cell encounters in
replication and segregation leads to a pause signal, allowing enough time for the cell to fix the
problem by itself. The centromere is a special region of the DNA that is attached to a
proteinaceous complex, the kinetochore. The cell surveillance machinery ensures the attachment
of the centromeric DNA to the plus end of spindle microtubules from opposite poles of the cell,
before anaphase of mitosis. This attachment results in equal distribution of chromosomes into
the opposite poles [67, 68]. In normal cells, if the centromere is not properly attached to the
spindle or there is not enough bipolar tension sensed by the kinetochore proteins, a checkpoint
gets activated that prevents the cell to proceed to anaphase until the error is fixed [69]. Once the
checkpoint proteins are activated, they target to inactivate the Anaphase Promoting Complex

(APC), an E3 Ubiquitin ligase. If there is sufficient bipolar attachment of the kinetochore-
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microtubule, the APC is activated by binding to Cdc20. This causes the ubiquitination of the
securing protein (Pdsl) that secures the attachment of the sister chromatids. The destruction of
securin releases separase (Epslp), which causes cleavage of cohesin. This promotes the
separation of sister chromatids and the cell moves forward to the next step, anaphase [70-72].
On the contrary, if the kinetochore is not attached to the microtubule, there are different
signaling pathways that ultimately sequester Cdc20 by the formation of Mad2-Cdc-20 and MCC
(mitotic checkpoint complex). The MCC is composed of Mad2-Cdc20, BubR1/Mad3, and Bub3
[73, 74].

Recent studies have shown that there are many other proteins that may act to amplify the
inhibitory effect of the checkpoint proteins. Bubl kinase, Bub3 kinase, Mps1 kinase are
included in this category. Bubl (Budding uninhibited by benomyl) kinase is dispensable for
checkpoint activation, but it improves the level of inhibitory signals to inactivate the APC [73,
75]. Mpsl (Monopolar spindle) kinase, on the other hand, phosphorylates Ndc80, a kinetochore
protein. This phosphorylation activates the checkpoint and dephosphorylating inactivates it [73].
There is also a phosphatase, PPI (Protein Phosphate-1) homolog (Glc7 in budding yeast) that
reduces the kinase activity in the attached kinetochore. This facilitates to form an active APC
[76]. Therefore, a balance of phosphorylation and dephosphorylating is required to maintain the
stability of the APC. If the kinetochore is properly attached to the microtubule, the checkpoint
proteins Mad1-Mad2 are removed from the kinetochore to the spindle poles which in turn release
unbound Cdc20 to bind and activate the APC.

What happens when the kinetochore is attached to the microtubule but does not sense
enough bipolar tension? This is particularly important in correcting the synthelic attachment,

where the microtubules from the same pole are attached to both sister kinetochores. The
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checkpoint signal proteins are not directly activated in this case. The conserved kinase protein
Ipl1/Aurora kinase senses the tensionless in the kinetochore and dissociates the kinetochore and
microtubule attachment [77]. This kindles the whole signaling pathway of checkpoint protein
activation and inactivation of the APC. The Aurora kinase is conserved from yeast to humans.
In budding yeast, there is only one Aurora kinase member, Ipl1. Ipll is a serine/threonine kinase
that moves from the chromosome arms at the early part of the cell cycle to the centromeric
region during metaphase, and later to the spindle during anaphase. This kinase is the enzymatic
component of the CPC (chromosomal passenger complex) [31, 78]. The other major members of
the CPC in budding yeast are Birl (Baculovirus IAP repeat, IAP-Inhibitor of Apoptosis repeat)
and Sli15 (Synthetically lethal with Ipl1). Both Birl and Slil15 are important for the Ipl1 kinase
activity [78]. In recent years, another protein, Sgol (Shugoshin), has received plenty of attention
for its role in sensing tensionless in sister chromatids. There are two Shugoshin like proteins,
Sgol and Sgo2 in fission yeast and higher eukaryotes. Sgol plays a role in protection of
centromeric cohesin in meiosis whereas Sgo2 is required to sense tension generated from proper
attachment of kinetochore and microtubules during both mitosis and meiosis. In budding yeast,
only Sgol is found, which is important for protecting centromeric cohesin in meiosis [79]. The
exact role of Sgol during mitosis is still unclear. This protein, like Pds1 (securin), is expressed
at the beginning of the cell cycle (G1/S), resides in the kinetochore and dissipates as the sister
chromatids successfully separate and move to the opposite poles in anaphase [80]. The
checkpoint protein kinase Bubl is reported to be essential for the proper localization of Sgol in
the centromeric region of the chromosome. A mutation in the C terminal of the Bubl protein
that impairs its kinase activity mislocalizes Sgol. This causes missegregation due to the

incapability of the cells to sense tension in the kinetochore [81]. The phosphorylation of histone
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H2A S121 by Bub1 signals Sgol localization at the kinetochore in fission yeast [28]. Changes
observed in the structure of the inner kinetochore and pericentromeric chromatin further confirm
the important role played by bubl kinase in the phosphorylation of the conserved C terminal of
histone H2A, and thereby Sgol recruitment to the kinetochore [82]. In fission yeast and humans,
Sgo2 (equivalent to Sgol in budding yeast) is essential to localize Aurora kinase (Ipl-1 in
budding yeast) in the centromere through Survivin (Bir-1 in yeast) [83]. This clarifies the role of
Sgo1l in the time of improper tension sensed in the kinetochore; Sgol loads Ipl1 (along with CPC
proteins) in the centromere. Ipll then works to disassemble the kinetochore microtubule
attachment and thereby signals an active checkpoint. However, according to another
independent investigation, Sgol is not required for Ipl1 localization to the centromere, instead it
works in a parallel pathway to activate the checkpoint when there is an improper tension sensed
by the kinetochore proteins. This group proposes a pathway where Bubl kinase recruits Sgol to
the kinetochore, which requires the involvement of Mps1 [82]. In this model, Sgol is not
responsible for proper Ipll localization to the centromere. In fact, when Ipll is inactive, Sgol

over expression overcomes improper kinetochore microtubule attachments [84].
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1. METHODS
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A. Yeast strains, genetic methods and media

The yeast strains are isogenic to FY2, which is originally derived from S288C, unless
indicated otherwise [85]. The strains were developed following standard procedures [86-89].
The list of yeast strains made and used for this study are indicated, along with their genotypes, in
Table 1. Strain IPY283, which already has a lac operator array engineered very near to
centromere 1V, was used to prepare the parent strains IPY1008 and 1PY1044. IPY1008 and
IPY1044 are believed to be genotypically identical. However IPY1044 shows a better GFP
signal and is selected for the characterization studies of the mutants with the mutations integrated
at their genomic loci. HHT1-HHF1, which encodes for the first copy of histones H3 and H4,
was first deleted with the kanamycin resistance gene. A plasmid pIP220 was constructed on the
plasmid background pRS317 (CEN, LYS2) with HHT1-HHF1 from pIP90. This newly
constructed plP220 is then inserted into the strains mentioned above whose HHT1-HHF1 had
been deleted. This step is important before deleting the second copy of the gene H3 and H4, as
absence of both the copies of H3 and H4 is lethal to the cells. The construction of IPY1008 and
IPY 1044 was accomplished by deleting HHT2-HHF2, the second copy of the genes encoding H3
and H4, with the nourseothricin resistance gene (Nat"). IPY1008 and IPY 1004 were used to
screen the H3 and H4 mutant library after counter-selecting for pIP220. This is achieved by
plating the yeast cells in medium containing alpha-aminoadipate.

HHT1-HHFL1 is deleted by recombination with the PCR amplification product of
GHB151 (KanMX) or pAG25 (natMX) using primers 0lP351/01P352 or 0l1P393/01P394,
respectively. The list of primers is listed in Table 3. The deletions were confirmed by PCR
using 0lP349/0IP73 and 0lP88/01P73 or 0lP88/01P395. HHT2-HHF2 was deleted by

recombination with the PCR amplified gene product of plasmid pAG25 (natMx), using
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0IP353/01P354, and confirmation was done using 0lP184/01P185. SGO1 was deleted by using
the PCR amplified gene product of pAG32 containing the hygromycin B resistance gene
(HphMX) using 0lP391/01P392. The above deletion was confirmed by primers 0lP326/01P327.
The 13xMyc tag was added to the 3' of SGOL1 using GHB160 (13xMyc-KanMx) as template and
primers 0lP396/01P397 [90]. The 13xMyc tag was added to the 3' of PDS1 by crossing IPY 1044
to IPY1005. The tagging of SGO1 with 13xMyc-KanMx was confirmed by PCR with
01P326/01P327, and the tagging of PDS1 with 0lP357/01P358. Properly sized DNA amplicons
were visualized by electrophoresis on 0.8% agarose gels.

All yeast media were prepared as described [91]. Benomyl plates were prepared by
adding adequate amount of benomyl (Sigma, St. Louis) to hot YPD to a final concentration of
S5ug/ml, 10pg/ml, and 15ug/ml of benomyl. Canavanine plates were prepared by adding 60ug/ml
of canavanine (Sigma, St. Louis) to synthetic complete medium lacking arginine (SC-Arg).
Hydroxyurea (HU) plates were prepared by adding hydroxyurea (US Biologicals) to YPD at a
final concentration of 200 mM. Alpha-aminoadipate medium was prepared by adding alpha-

aminoadipate (US Biologicals) to SD (Synthetic minimal glucose medium) as described [92] .

B. Bacterial strains and plasmids
Plasmids were amplified in Escherichia coli DH5a and isolated using standard
procedures [93]. Plasmid pIP220 was made by digesting HHT1-HHF1 from pIP90 with
restriction enzymes Sall and Notl, and cloning it into the corresponding restriction sites in
pRS317 [87, 94]. High copy plasmids for suppression studies of mutants were prepared as listed

in Table 2. The fragments containing IPL1 and BIR1 are from plP213 and pIP114, respectively.
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BUB1 was isolated from genomic DNA of IPY498 by PCR amplification with primers

01P389/01P390 and cloned into pRS424 [94] with restriction enzymes Xhol and Notl.

C. Mutant H3 and H4 library screening
Individual plasmids were isolated by alkaline lysis [93] or Zyppy™ Plasmid Miniprep Kit

(Zymo Research) from 486 Escherichia coli strains having synthetic histone H3 and H4
substitution and deletion mutants in the plasmid pRS414 (Thermo Scientific Open Biosystem,
Catalog NoYSC5135) [95, 96]. For yeast transformations, 2 ul of the isolated plasmids were
introduced into 10 pl of 2x107 cells/ml of IPY 1008 following 96-well plate transformation, as
described [97], and resuspended in 15 ul of sterile distilled water of which 6 ul was plated on
SC-tryptophan (SC-Trp). The tryptophan prototrophs were inoculated into 150 ul of SC-Trp
liquid medium and incubated at 30 °C overnight. 5 ul of the above cells were plated on SD +
alpha-aminoadipate medium. The transformed lysine auxotrophs were plated on YPD, YPD +
Benomyl (15 pg/ml), YPD + Hydroxyurea, SC-tryptophan, SC-lysine, SC-arginine/UV, SC-
arginine + Canavanine/UV, and incubated at 26 °C. Two additional YPD plates were incubated
at 37 °C and 13 °C for temperature sensitivity testing of the mutants.

Selected mutant plasmids from the library were digested with Bful/BciV1 (Thermo
Scientific) and introduced into the yeast strain IPY1044 for integration at the HHT2-HHF2 locus.
Transformants were selected on SC-uracil plates. The integrations were confirmed by PCR with
01P371/01P185 for H3 mutants, and 01P232/01P185 for H4 mutants. The integrated strains were
plated on SD + tryptophan + alpha-aminoadipate medium to select for the cells that have lost the
HHT1-HHF1 lysine plasmid (pIP220), which carries the wild-type H3 and H4 encoding genes

and covers the mutant phenotypes. All the mutants were propagated for several generations to
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allow for the substitution of the wild-type histones for the H3 and H4 mutant histones in the cell.
This is accomplished by passing the cells six times trough consecutive 10 ml YPD cultures. In
each passage 30ul of an overnight culture was inoculated into fresh 10 ml YPD and incubated at
30°C overnight. The mutants were then subjected to phenotypic analysis by spot-plating on
YPD, YPD + Benomyl (15 ug/ml), YPD + Hydroxyurea, SC-Uracil, SC-Lysine, SC-
Arginine/UV, SC-Arginine + Canavanine/UV and incubated at 26 °C. Two YPD plates were

incubated at 37 °C and 13 °C.

D. Time point study of mutants
All the mutants were propagated for 6 passages on YPD. The 6"-passage mutants were
grown until early log phase and synchronized to the G1 phase of the cell cycle by adding alpha
factor to the final concentration of 0.9 uM, and grown for 3 hrs at 30 °C. The synchronized cells
were washed two times with sterile distilled water and resuspended in fresh YPD. At each
designated time point, the cells were collected for cell counting by a hemocytometer, flow
cytometry analysis and for nuclear visualization with 4°,6-diamidino-2-phenylindole (DAPI) and

centromere (GFP) visualization with fluorescence microscopy.

E. Canavanine assay of ploidy
The ploidy status of a yeast cell can be determined by monitoring the CAN1 gene copy
number on chromosome V [98]. This gene encodes for plasma membrane arginine permease
[99]. Canavanine is a toxic homologue of arginine. If a yeast cell has a wild-type CAN1 gene, it
can uptake canavanine and die, while a recessive canl gene confers resistance to canavanine.

Therefore, the frequency of canavanine resistant mutants is much higher in haploid than diploid
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cells mutagenized by UV irradiation, or in cells with two copies of chromosome V [1, 100]. For
this essay, the yeast strains were patched or spotted on YPD plates and then replica plated onto
SC-arginine + canavanine and SC-arginine. Both plates were then subjected to UV irradiation
(300 ergs/mm2) with a UV source (Stratalinker UV cross linker, Stratagene, Agilene
Technologies). The cells were then incubated in the dark for 5 days at 26 °C. Cells resistant to
canavanine (haploid) grow colonies that appear as papillae on the canavanine plates. The diploid

cells remain sensitive to canavanine and are unable to survive on the canavanine plates.

F. Microscopy
Cell expressing green fluorescence protein (GFP) tagged centromeres and DAPI stained
nucleic acids were visualized and imaged with a fluorescent microscope Axio Imager M1
(Zeiss). At each selected time point either live cells or cells fixed with ethanol were visualized.
A minimum of 200 cells per time point were counted for DAPI stained nucleic acids and GFP

tagged centromeres.

G. Flow cytometry
Exponentially growing cells were fixed with ethanol, treated with proteinase K, RNase
and stained with propidium iodide as described in literature [16]. The DNA content was
quantified by fluorescence of a minimum of 15,000 cells per sample, using a Becton Dickinson

FACSCalibur Instrument at 480 nm excitation.
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H. PDS1 stability assay

Exponentially growing cells were synchronized with 0.9 uM alpha factor for 3 to 4 hours,
depending on the doubling time of the strains, and then washed twice with water before
incubating them in fresh YPD at 30 °C (with or without nocodozole (30 ug/ml)). The cells were
collected at the indicated time points. The cells are treated with protein extract buffer (0.06 M
Tris HCI pH-6.8, 6 M Urea, 2% SDS, 5% 3 mercaptoethanol and 0.0025% bromophenol blue)
and immediately transferred to a boiling water bath for 5 minutes [101]. After centrifugation, the
supernatants were used as protein extracts and loaded on a Nusep 4-20% gel for SDS-PAGE.
The proteins were transferred to a PVDF membrane (BioTrace PVDF, Pall) for immunoblot
analysis (western) using a wet tank mini Trans-blot system (Bio-Rad). The membranes were
blocked in 5% nonfat dry milk in TBST (150 mM NaCl, 100 mM TrisHCI pH-6.8, 0.5% Tween-
20). The proteins were detected using anti-c-Myc (9E10, Roche) or anti-Saccharomyces
cerevisiae phosphoglycerate kinase monoclonal antibody (Invitrogen) at a 1:10,000 dilution.
The blots were developed using Immunobilon Western Chemiluminescent HRP substrate
(Millipore-WBKLS0100). Images of blots were captured in a FluorChem™ 8900 instrument

(Alpha Innotech).

I. Chromatin Immunoprecipitation assay
Chromatin Immunoprecipitation (ChIP) was performed on wild type, H3K42A, and
H4K44Q background strains (IPY1067, IPY1068, IPY1075) with Sgo1-13xMyc. The antibody
used for immunoprecipitation was anti-c-Myc (9E10, Roche). The protocol followed is
described in Kanta et al. [19]. The PCR products were resolved in a 1.5% agarose gel with

ethidium bromide and imaged in a FluorChem™ 8900 instrument (Alpha Innotech). The
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presence of Sgol was detected by performing a PCR using centromeric primers (cen3 core)
0I1P142/01P143, and pericentromeric primers (cen3 + 0.5kb left) 0lP210/0IP211 on the above

strains and compared with untagged strains.

J. Viability assay
Two hundred and fifty exponentially growing cells were plated on YPD and incubated at
26 °C for 3 days. Viable colonies were counted in four separate replicas. Average and standard
error from each strain was used to determine the percent of viability with respect to the wild-type

strain.
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Table 1: Yeast strains used or made for this study

Alternate
Name

IPY167 MAT « ura3-52 trp1463 his34200 leu241 lys24202

IPY283 MATa ura3-52 trp1463 (hta2-htb2)A::TRP1 his3-205::HIS3-
GFP-Lacl leu241::1acO-LEU2

IPY1008 MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX(hht2-hhf2) A::natMX
<plP220>

IPY1044 MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::natMX
<plP220>

PCYH3-0 | IPY1067 MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu241::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::HHT-hhfs-
URA3 <plP220>

PCYH3-1 | IPY1068 MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEU2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhtsK42A-hhfs-
URA3 <plP220>

PCYH3-2 | IPY1069 MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEU2 lys202 (hht1-hhfl)4::KanMX (hht2-hhf2)A::hhtsK42Q-hhfs-
URA3 <plP220>

PCYH3-3 | IPY1070 MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhtsK42R-hhfs-
URA3 <plP220>

PCYH3-4 | IPY1071 MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhtsG44S-hhfs-
URA3 <plP220>

PCYH4-0 | IPY1072 MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-

LEUZ2 lys202 (hhtl1-hhfl)A::KanMX (hht2-hhf2) A::hhts-HHF2-
URA3 <plP220>
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PCYH4-1

IPY1073

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-hhfsK44A-
URA3 <plP220>

PCYH4-2

IPY1074

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-hhfsK44R-
URA3 <plP220>

PCYH4-3

IPY1075

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-hhfsK44Q-
URA3 <plP220>

PCYH3-5

IPY1076

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu241::lacO-
LEU2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhtsK56A-hhfs-
URA3 <plP220>

PCYH3-7

IPY1077

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhtsK56Q-hhfs-
URA3 <plP220>

PCYH4-14

IPY1078

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-hhfsK91A-
URA3 <plP220>

PCYH4-15

IPY1079

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEU2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-hhfsK91R-
URA3 <plP220>

PCYH4-16

IPY1080

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEU2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-hhfsK91Q-
URA3 <plP220>

PCYH4-17

IPY1081

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu241::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-hhfsR92A-
URA3 <plP220>

PCYH4-18

IPY1082

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu241::lacO-
LEU2 lys202 (hht1-hhfl)4::KanMX (hht2-hhf2) A::hhts-hhfsR92K -
URA3 <plP220>

PCYH4-22

IPY1083

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-hhfsL97A-
URA3 <plP220>

PCYH4-23

IPY1084

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEU2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-hhfsG99A-
URA3 <plP220>
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PCY1

IPY1085

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-HHF2-
URA3 <plP209> <plP220>

PCY2

IPY1086

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhtsK42A-hhfs-
URA3 <plP209> <plP220>

PCY3

IPY1087

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhtsK42Q-hhfs-
URA3 <plP209> <plP220>

PCY4

IPY1088

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhtsG44S-hhfs-
URA3 <plP209> <plP220>

PCY5

IPY1089

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-hhfsK44Q-
URA3 <plP209> <plP220>

PCY6

IPY1090

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-hhfsL97A-
URA3 <plP209> <plP220>

PCY61

IPY1091

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEU2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-hhfsK91Q-
URA3 <plP209> <plP220>

PCY7

IPY1092

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-hhfsG99A-
URA3 <plP209> <plP220>

PCY8

IPY1093

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEU2 lys202 (hht1-hhfl)4::KanMX (hht2-hhf2) A::hhts-HHF2-
URA3 <YEplacl12>

PCY9

IPY1094

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEU2 lys202 (hht1-hhfl)4::KanMX (hht2-hhf2) A::hhtsK42A-hhfs-
URA3 <YEplacl12>

PCY10

IPY1095

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hhtl1-hhfl)A::KanMX (hht2-hhf2) A::hhtsK42Q-hhfs-
URA3 <YEplacl12>
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PCY11

IPY1096

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhtsG44S-hhfs-
URA3 <YEplacl12>

PCY12

IPY1097

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-hhfsK44Q-
URA3 <YEplacl12>

PCY13

IPY1098

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-hhfsL97A-
URA3 <YEplacl12>

PCY14

IPY1099

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-hhfsG99A-
URA3 <YEplacl12>

1PY1046

IPY1100

MATa his34200 leu240 lys202 ura340 /ura3-52 PDS1-
13xMyc::KanMX

PCY15

IPY1101

MATa trp1463 his3-205::HIS3-GFP-Lacl leu241::lacO-LEU2
lys202 (hhtl-hhfl)A::KanMX (hht2-hhf2)A::hhts-HHF2-URA3
PDS1-13xMyc::KanMX

PCY16

IPY1102

MATa trp1463 his3-205::HIS3-GFP-Lacl leu241::lacO-LEU2
lys202 (hhtl-hhfl)A::KanMX (hht2-hhf2)A::hhtsK42A-hhfs-URA3
PDS1-13xMyc::KanMX

PCY17

IPY1103

MATa ura3-52 trp1463 leu240 lys202 (hht1-hhfl)A::KanMX
(hht2-hhf2) A::hhtsK42Q-hhfs-URA3 PDS1-13xMyc::KanMX

PCY18

IPY1104

MATa trpl463 his2D200 leu241::lacO-LEUZ2 lys202 (hht1-
hhfl)A::KanMX (hht2-hhf2)A::hhtsG44S-hhfs-URA3 PDS1-
13xMyc::KanMX

PCY19

IPY1105

MATa trpl463 his3-205::HIS3-GFP-Lacl leu241::lacO-LEU2
lys202 (hhtl-hhfl)A::KanMX (hht2-hhf2)A::hhts-hhfsK44R-URA3
PDS1-13xMyc::KanMX

PCY20

IPY1106

MATa his3-205::HIS3-GFP-Lacl leu2A41::lacO-LEU2 lys202
(hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-hhfsK44Q-URA3 PDS1-
13xMyc::KanMX

PCY21

IPY1107

MATa trpl463 his3-205::HIS3-GFP-Lacl leu2A1::lacO-leu2
lys202 (hhtl-hhfl)A4::KanMX (hht2-hhf2)A::hhts-hhfsL97A-URA3
PDS1-13xMyc::KanMX
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PCY60

IPY1108

MATa trp1463 his34200 his3-205::HIS3-GFP-Lacl leu240
lys202 (hht1l-hhfl)A::KanMX (hht2-hhf2)A::hhts-hhfsG99A-URA3
PDS1-13xMyc::KanMX

PCY22

IPY1109

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-HHF2-
URA3 sgolA4::HphMX <plP220>

PCY23

IPY1110

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhtsK42A-hhfs-
URA3 sgolA4::HphMX <plP220>

PCY24

IPY1111

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhtsK42Q-hhfs-
URA3 sgolA4::HphMX <plP220>

PCY25

IPY1112

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEU2 lys202 (hht1-hhfl)4::KanMX (hht2-hhf2)A::hhtsG44S-hhfs-
URA3 sgolA4::HphMX <plP220>

PCY26

IPY1113

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-hhfsK44Q-
URA3 sgolA4::HphMX <plP220>

PCY27

IPY1114

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEU2 lys202 (hht1-hhfl)4::KanMX (hht2-hhf2)A::hhts-hhfsK91Q-
URA3 sgolA4::HphMX<plP220>

PCY28

IPY1115

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu241::lacO-
LEU2 lys202 (hhtl1-hhfl)4::KanMX (hht2-hhf2) A::hhts-HHF2-
URA3 <plP211> <plP220>

PCY29

IPY1116

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu241::lacO-
LEU2 lys202 (hht1-hhfl)4::KanMX (hht2-hhf2) A::hhtsK42A-hhfs-
URA3 <plP211> <plP220>

PCY30

IPY1117

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEU2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2)A::hhtsK42Q-hhfs-
URA3 <plP211> <plP220>

PCY31

IPY1118

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEU2 lys202 (hht1-hhfl)4::KanMX (hht2-hhf2) A::hhtsG44S-hhfs-
URA3 <plP211> <plP220>
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PCY32

IPY1119

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-hhfsK44Q-
URA3 <plP211> <plP220>

PCY33

IPY1120

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-hhfsL97A-
URA3 <plP211> <plP220>

PCY34

IPY1121

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-hhfsG99A-
URA3 <plP211> <plP220>

PCY35

IPY1122

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-hhfsK91Q-
URA3 <plP211> <plP220>

PCY36

IPY1123

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEU2 lys202 (hht1-hhfl)4::KanMX (hht2-hhf2) A::hhts-HHF2-
URA3 <plP214> <plP220>

PCY37

IPY1124

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhtsK42A-hhfs-
URA3 <plP214> <plP220>

PCY38

IPY1125

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEU2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhtsK42Q-hhfs-
URA3 <plP214> <plP220>

PCY39

IPY1126

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEU2 lys202 (hht1-hhfl)4::KanMX (hht2-hhf2) A::hhtsG44S-hhfs-
URA3 <plP214> <plP220>

PCY40

IPY1127

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEU2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-hhfsK44Q-
URA3 <plP214> <plP220>

PCY41

IPY1128

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-hhfsL97A-
URA3 <plP214> <plP220>

PCY42

IPY1129

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEU2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-hhfsG99A-
URA3 <plP214> <plP220>
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PCY43

IPY1130

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-hhfsK91Q-
URA3 <plP214> <plP220>

PCY44

IPY1131

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-HHF2-
URA3 <plP424> <plP220>

PCY45

IPY1132

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhtsK42A-hhfs-
URA3 <plP424> <plP220>

PCY46

IPY1133

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhtsK42Q-hhfs-
URA3 <plP424> <plP220>

PCY47

IPY1134

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEU2 lys202 (hht1-hhfl)4::KanMX (hht2-hhf2) A::hhtsG44S-hhfs-
URA3 <plP424> <plP220>

PCY48

IPY1135

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEU2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2)A::hhts-hhfsK44Q-
URA3 <plP424> <plP220>

PCY49

IPY1136

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-hhfsL97A-
URA3 <plP424> <plP220>

PCY50

IPY1137

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEU2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-hhfsG99A-
URA3 <plP424> <plP220>

PCY51

IPY1138

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEU2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-hhfsK91Q-
URA3 <plP424> <plP220>

PCY52

IPY1139

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hhtl1-hhfl)A::KanMX (hht2-hhf2) A::hhts-HHF2-
URA3 <plP215> <plP220>

PCY53

IPY1140

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEU2 lys202 (hht1-hhfl)4::KanMX (hht2-hhf2) A::hhtsK42A-hhfs-
URA3 <plP215> <plP220>
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PCY54

IPY1141

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhtsK42Q-hhfs-
URA3 <plP215><plP220>

PCY55

IPY1142

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhtsG44S-hhfs-
URA3 <plP215> <plP220>

PCY56

IPY1143

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-hhfsK44Q-
URA3 <plP215> <plP220>

PCY57

IPY1144

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-hhfsL97A-
URA3 <plP215> <plP220>

PCY58

IPY1145

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEU2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2) A::hhts-hhfsG99A-
URA3 <plP215> <plP220>

PCY59

IPY1146

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEU2 lys202 (hht1-hhfl)A::KanMX (hht2-hhf2)A::hhts-hhfsK91Q-
URA3 <plP215> <plP220>

PCY62

IPY1147

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEU2 lys202((hht1-hhfl)4::KanMX)A::natMX (hht2-
hhf2) A::hhtsK42A-hhfs-URA3 <plP220>

PCY63

IPY1148

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEU2 lys202((hht1-hhfl)4::KanMX)A::natMX (hht2-
hhf2) A::hhts-hhfsK44Q-URA3 <plP220>

PCY64

IPY1149

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202((hht1-hhfl)4::KanMX)A::natMX (hht2-
hhf2)A::hhts-HHF2-URA3 <plP220>

PCY65

IPY1150

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202((hht1-hhfl)A::KanMX)A::natMX (hht2-
hhf2)A::hhts-HHF2-URA3 SGO1-13xMyc::KanMX <plP220>

PCYG66

IPY1151

MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEU2 lys202((hht1-hhfl)4::KanMX)A::natMX (hht2-
hhf2)A::hhtsK42A-hhfs-URA3 SGO1-13xMyc::KanMX <plP220>
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PCY67 IPY1152 MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu2A41::lacO-
LEUZ2 lys202((hht1-hhfl)4::KanMX)A::natMX (hht2-
hhf2) A::hhts-hhfsK44Q-URA3 SGO1-13xMyc::KanMX <plP220>
PCY68 IPY1153 MATa ura3-52 trp1463 his3-205::HIS3-GFP-Lacl leu241::lacO-

LEUZ2 lys202((hht1-hhfl)4::KanMX)A::natMX (hht2-
hhf2)A::hhts-HHF2-URA3 SGO1-13xMyc::KanMX <plP220>
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Table 2: Plasmid used or made for this study

Cloning vector/Restriction

Name Relevant genotype site Reference
pIP90 HHT1-HHF1, LEU2,2n pRS425/ BamHI, Hindlll Unpublished
pIP114 | BIRI, TRP, 2u pRS425/ Xhol, Notl Unpublished
plP209 SGOI, TRP, 2u YEplac112/ SpHI, Sall This study
plP211 IPL1, TRP, 2u pRS424/ Xhol, Notl This study
pIP213 IPL1, LEU2,2p pRS425/ Xhol, Notl Unpublished
plP214 BIRI, TRP, 2u pRS424/ Xhol, Notl This study
pIP215 BUBI, TRP, 2u pRS424/ Xhol, Notl This study
plP220 HHT1-HHF1, LYS, CEN pRS317/ Sall, Notl This study
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Table 3: Primers used for this study

0lP-231 5' CATGATGAAGCGTTCTAAACGCAC 3

0lP-232 5' TAGCCGTGACGTTTGCGATGTCTT 3

0lP-326 5' TACAACTACTGCTAGGCGCA 3

olP-327 5' GTATAATTGACAGCACGAGG 3
S'GCAGTTGAATACGAATCCCAAATATTTGCTTGTTGTTACGGATCCC

0lIP-351 CGGGTTAATTAA S
STTTGTTCGTTTTTTACTAAAACTGATGACAATCAACAAAGAATTCG

0l1P-352 AGCTC GTTTAAAC 3'
S'CTCCTCATGTCGTTAAAAGCATTGCGAATAGATAGATGAATATCAG

0l1P-353 GGGCATGATGTGACT 3
S'CTATCTAAGACAGTTCGGAAACTAGTTTCTTTTATTGAGACTTAGC

0l1P-354 TCGTTTTCGACACTGGATS'

0l1P357 STTCAAAGAAGTTGCCGCCGTS3'

01P358 S'/ATGGGTGAGGCCGCAGATTAZ

0lP371 S'GGATGAGGCGGTGAAAGAGAS'

0l1P389 S'GCCCTCGAGTTCTAACGCTGCCAAGATAGAS

0I1P390 S'GTTGCGGCCGCACTACCAGTAACATCCCAAS
GCATATATATGTTTAATTGGGTATAGAGGGGTTATTGTTTGACCATC

01P391 AGGGGCATGATGTGACT
ATAGAAATTATTAAGGAACACCAGGGCAAAAAGACTATATATCAGC

0lP392 TCGTTTTCGACACTGGAT
CGGGCAGTTGAATACGAATCCCAAATATTTGCTTGTTGTTATCAGGG

01P393 GCATGATGTGACT
GTTTTTGTTCGTTTTTTACTAAAACTGATGACAATCAACAAAGCTCG

01P394 TTTTCGACACTGGAT

01P395 ATTCGTCGTCCGATTCGT
AAGGCAGTGAAACATCAACCAAAAACATATCGCACCAAAAAACGG

01P396 ATCCCCGGGTTAATTAA
TTTATTATGCAAAAATATAGAAATTATTAAGGAACACCAGGGCGAA

0l1P397 TTCGAGCTCGTTTAAC

01P398 TTGTTGCCAAAGAAGGATGCCAAGGCTACCAAG

0I1P399 TTGTTGCCAAAGAAGGAAGCCAAGGCTACCAAG

0lP-400 TTGTTGCCAAAGAAGGCTGCCAAGGCTACCAAG
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IV.RESULTS
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Strain construction and library screening

A yeast strain was constructed to serve as a host for screening a library of histones H3 and
H4 mutants. The goal was to identify specific amino acids in H3 and H4 that would affect
chromosome segregation and genome integrity, with particular emphasis in ploidy maintenance.
For this purpose yeast strain IPY1008, carrying deletions of the two chromosomal copies of the
genes that encode histones H3 and H4, was constructed. In addition, this strain was engineered
with a GFP-tagged centromere that allowed the visualization of chromosome segregation in these
cells. The strain also carries a plasmid with a wild-type copy of HHT1-HHF1, encoding histones
H3 and H4, which makes the cell viable and allows for shuffling the wild-type copy with mutant
copies of H3 and H4. Strain IPY1008 was transformed with each of the H3 and H4 486 mutants
present in the synthetic library. The Trp* transformants were allowed to lose the wild-type
plasmid pIP220 (Figure 1). The resulting 486 mutant strains that carried an episomal copy of the
synthetic histone H3 and H4 mutant library plasmids in the haploid IPY1008 strain were
subjected to phenotypic screening by plating them on media at different temperatures or
containing various drugs. (The library mutants that are reported to be lethal to yeast were not
used for IPY1008 transformation). This screening was done in 96 well plates and in 3 replicates.
Ninety mutants that were sensitive to benomyl (15 pg/ml), hydroxyurea, canavanine, 13 °C or
37°C were selected for further studies. Benomyl affects the polymerization of microtubules[102,
103]. Strains that have problems in chromosome segregation are usually more sensitive to the
presence of a drug that affects the function of microtubules. Hydroxyurea inhibits the enzyme
ribonucleoside diphosphate, in turn affecting the production of deoxyribonucleostides from
ribonucleotides, a necessary step for DNA synthesis[104]. Any mutants that have a defect in S

phase will be more sensitive to hydroxyurea than the ones that have normal DNA synthesis. In
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order to analyze the ploidy status of the mutants and determine whether they have a cell cycle
defect that affects their genome, the DNA content of the ninety strains was determined by flow
cytometry. Most of the mutants did not show any obvious ploidy defect. About thirty-four
mutants among the ninety strains tested showed clear ploidy defects or what appeared an
emerging diploid phenotype. All these mutants were propagated for six passages (see Methods)
and re-tested for the growth and drug sensitivity phenotypes, and by flow cytometry to clarify the
ploidy phenotype. The results for the H3 mutants are shown in Figure 2, 3 and 4 and for the H4
mutants in Figure 5, 6 and 7. In addition, these mutants were tested on galactose (YPGal) and
glycerol (YPG) containing medium as the only source of carbon source. These are commonly
used for screening mutations that may affect transcription of genes involved in carbon source
utilization and respiration, respectively. In this screen, the mutants were tested on these media to
assess pleiotropic phenotypes that may not relate to chromosome segregation. Strains that
cannot utilize a fermentable carbon source like galactose for ATP production will be sensitive in
media that have only galactose as a carbon source. Similarly, mitochondrial activity of the
mutants was investigated by letting them grow on a non-fermentable carbon source like glycerol.
None of the thirty-four mutants showed growth defects on YPGal or YPG (Figure 8 and 9).
Based on the results of the phenotypic analysis of drug sensitivity, temperature sensitivity,
ploidy, and flow cytometric analysis of the thirty-four mutants, six strains that showed consistent
and severe phenotypes on benomyl plates, hydroxyurea, and ploidy maintenance were selected
for further analysis. The mutations reside in two amino acids positions in histone H3, with two
replacements in the same lysine at position 42; H3K42A, H3K42Q, and H3G44A, and three
amino acid positions in histone H4; H4K44Q, H4L97A and H4G99A. To visualize the spatial

distribution of these mutations in the nucleosome structure, they were identified in the model of
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the yeast nucleosome available from crystallographic data (Figure 10). The location of the
amino acid replacements of the mutants in the nucleosome model showed an interesting pattern.
The histone H3 and H4 mutations are clustered in two regions of the nucleosome, suggesting that
the nucleosome has structurally defined areas that are especially susceptible to chromosome
segregation defects. One region is near the DNA entry/exit point (H3K42, H3G44, H4K44), and
close to the surrounding DNA (H3K56), and the other region is located toward the center of the

nucleosome (H4K91, H4R92, H4L97, HAG99).

To characterize these mutants, the episomal alleles were integrated into the chromosomal
locus of the hht1-hhfl genes in the haploid IPY1044 strain. The integrated alleles were then re-
tested for their initial phenotypes and used for further characterization of their chromosome
segregation phenotypes. All six mutants carrying the integrated alleles retained their phenotypes,

as seen in Figures 11, 12 and 13.

Characterization of the H3 and H4 mutants

The six histone H3 and H4 mutants were studied extensively throughout a cell cycle to
understand the cause of the phenotypes observed. The strains were synchronized in G1 with
alpha mating factor and at each designated time the growth, cell morphology, centromere
localization, and DNA content of the cells were analyzed. The wild type strain cycles normally
in 93 minutes (Figure 14), but both substitution mutants H3K42A and H3K42Q were delayed at
the G2/M phase of the cell cycle, reflected in the number of cells with large buds and undivided
nucleus, shown by DAPI staining (Figure 18, 20 and 27). It is also interesting to note that some

of the synchronized cells at time zero started as a diploid and progressed throughout the cycle as
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such. At the end of three hours, many three to four GFP-centromere dots were seen, representing
diploid cells and chromosome missegregation (Figurel8, 20). This is consistent with the
canavanine assay and flow cytometry data, indicating that this mutant has completely
diploidized. Although H3K42 has been reported as a site of histone methylation [105], the
absence of this modification does not appear to be the cause for the increase in ploidy problem
of the strains, since it is not seen in the H3K42R mutant, which still retains the positive charge of
the lysine residue with no chance of methylation. H3K42R behaves perfectly normal like the
wild type strain (Figure 19). The Pds1 stability assay was used to determine the response of the
mutants to the spindle assembly checkpoint proteins. When the cells exit from metaphase,
checkpoint proteins allow the cell to move to anaphase only when chromosomes are properly
attached to the centromere and there is enough bipolar tension. The Pdslp protein dissipates
when the cells move from metaphase to anaphase, the details of this mechanism has been
described in the Literature Review section. The time of disappearance of Pdslp reflects the
status of the G2/M checkpoint in the cell. The abnormally long stability of Pdslp in H3K42A
indicates that some defects in the cell have activated the checkpoint (Figure 28). The
chromosomes either are not attached to the spindle properly or there is not enough tension sensed
by the kinetochore proteins. The checkpoint machinery has halted the cell cycle to allow the cell
time to repair the problem. This usually results in large budded cells that do not distribute the
chromosomes to the daughter cells. Although H3K42Q is cycling, there is no complete
dissipation of Pds1p. This reflects the incapability of H3K42Q cells to detect the chromosome
segregation problem. Nocodozole, a drug that interferes with microtubule polymerization,
usually halts the cells at the G2/M checkpoint. Absence of that stop signal indicates faulty

checkpoint proteins that are unable to activate a surveillance system even in the case of a
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problem. In the presence of nocodozole treatment both mutants, H3K42A and H3K42Q, show a
stable Pdslp, indicating that the checkpoint is functional in both strains (Figure 28).

Only two amino acid residues apart, the H3G44A replacement also has an increase-in-
ploidy phenotype. This mutation also causes a slow growth rate like the mutants discussed
above. Even though it has a mixed population of haploids and diploids from the beginning of the
cell cycle study, unlike others it seems to have no G2/M checkpoint halt as seen in the Pds1p
stability assay (Figure 21, 27 and 28). This result would indicate a faulty tension sensing system
in this mutant. The checkpoint proteins are functional, seen as the cells halting at metaphase
with the nocodozole treatment.

The next amino acid replacement that was studied is histone H4K44, which when placed
in the nucleosome model, is in close proximity to the H3 mutants described above, at the DNA
entry/exit point of the nucleosome. The H4K44Q has the slowest growth of all the mutants
studied. This mutant appears to have become a stable diploid, as seen by the two GFP dots at the
beginning of the cycle (Figure 23). In the Pdslp stability assay, it showed a checkpoint arrest
both with and without nocodozole treatment (Figure 28). This amino acid position with other
substitutions, like H4K44A, did not show any delay in growth or problem in chromosome
number. On the other hand, H4K44R had some minor problems as seen in Figure 24, where it
showed minor sensitivity at 13 °C and in presence of benomyl and hydroxyurea (Note: The GFP
tagged centromere study of H4K44R did not work well. After 180 minutes the cells gave some
blurred GFP images making it difficult to distinguish the signal, and is not included in this
study). H4K44 is a site of methylation, which in turn affects methylation of H3K36 by Setlp
[106, 107]. H4K44R mimics the non-methylated state of this residue, suggesting that the

modification is not essential for the role of H4 in cell division. The viability assay of all the
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mutants showed in Figure 16 indicates a large amount of dead cells in H4K44Q, compared to the
wild type and other mutants.

In the central region of the nucleosome, H4L97A is the other mutant that had a slow
growth phenotype and had many cells with large buds and undivided chromosomes (Figurel5,
25). There is an evident ploidy problem in the cells at the end of the cell cycle (three or four
GFP tagged signal at centromeres), showing higher ploidy (2C and 4C) as well as aneuploidy
(Figure 27). Pds1p is stable throughout the time period of assay, showing the same profile with
and without treatment with nocodozole, indicating that the checkpoint has been activated in this
mutant and remains active throughout the cycle.

H4G99A has a growth rate similar to the normal wild type cells (Figure 15). The strain
did show an obvious ploidy defect by flow cytometry and centromere visualization with GFP. It
also showed aneuploidy and some minor ploidy increase (Figure 26, 27). This mutant displays a
strong sensitivity to benomyl as well hydroxyurea, and the flow cytometry data indicate some
delay in S phase, which is in agreement with the hydroxyurea sensitivity. Thus, it appears that
this mutant may start with defects during DNA replication that extend to mitosis, but is not
delaying anaphase, based on the dissipation of Pds1 (Figure 28). Therefore, the defects are not
relayed to the G2/M checkpoint, or the cell senses that most of the problem is fixed and continues

with the cycle.

Interaction of histone H3 and H4 mutants with Sgol.
Recently, it was reported that H3G44S has an impaired tension sensing ability, most
likely due to improper recruitment of Sgolp to the kinetochore, and when Sgol was expressed in

high dosage, it was able to suppress its mutant phenotype [108]. Sgolp is an important member
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of the checkpoint proteins that sense tension at the kinetochore during chromosome segregation.
The mutants H3K42 (A/Q), H3G44 (A) and H4K44 (Q) that we are studying are either at the
same position in H3 (H3G44A) or near to that position in the nucleosome (H3K42 and H4K44).
Therefore, we reasoned that overexpression of Sgol may also suppress the mutations we are
studying in this region. We tested this possibility by introducing a plasmid that expresses SGO1
in high copy, from a yeast 2um plasmid, into each of the mutant strains, including H4L97A and
H4G99A, located toward the center of the nucleosome. The transformants were tested for their
phenotypes on plates as well as their DNA content by flow cytometry. When Sgolp was
overexpressed in H3K42A, H3K42Q, H4G44A and H4K44Q, it completely suppressed the
benomyl sensitivity (Figure 29, 30 and 31), as well as the ploidy increase, as shown by flow
cytometry. However, the same over expression of Sgolp in H4L97A and H4G99A had no
suppressor effect on these mutants, differentiating them functionally from the above group
(Figure 29, 30 and 31). These results not only confirm the relevance of the H3G44 position but
also expand it to include H3K42 and H4K44 in their functional interaction with Sgol.
Moreover, they emphasize the unique requirement of the structure of nucleosome at the DNA
entry/exit point (where H3K42, H3G44 and H4K44 reside), which is necessary for error free
tension sensing during chromosome segregation.

To better understand the interaction between Sgolp and the H3K42A/Q, H4G44A and
H4K44Q mutants, strains that carried both, the H3 or H4 mutations and a deletion of SGO1 were
created. If Sgolp were solely responsible for the inability of the mutants for erroneous
chromosome distribution, then removal of this protein would be fatal for the strains carrying the

histone mutations in combination with an sgol deletion. Analysis of these mutants showed no
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exacerbation of their phenotypes, indicating no direct effect of removing Sgolp on these mutants
(Figure 32, 33 and 34).

Previous investigations on H3G44S revealed a reduced level of Sgolp at the
pericentromeric region in this mutant [108]. To understand the effect that not only this particular
residue (H3G44), but the whole region of DNA entry/exit play in establishing the association of
Sgolp with the pericentromere, a ChlP analysis was performed on the H3K42A and H4K44Q
mutants from this particular region of the nucleosome. Both mutants showed a pronounced
decrease of Sgolp in the centromeric as well as pericentromeric region of chromosome Il1

(Figure 35).

Interaction of H3 and H4 mutants with Ipll and Bubl kinases.

Ipl1 kinase is an important protein for the proper distribution of chromosomes during
cell division, and is necessary for the survival of the cell [100, 109]. This protein is particularly
important during chromosome segregation when there is improper tension between sister
chromatids [69, 77, 110]. There is also a report on the role of Sgolp in recruiting this kinase to
the centromere in human and fission yeast [83]. To investigate whether this protein can
compensate for the defects caused by the histone H3 and H4 mutants, an over expression study
of both Ipllp and Birlp (a component of chromosomal passenger complex, along with Ipll and
Sli15) was separately conducted on all the above H3 and H4 mutants (Figure 36, 37 and 38). No
striking effect was seen on the mutants, however, it cannot be ruled out that even if Ipll is
overexpressed, it may not be functionally active as a kinase in the absence of overexpression of

all the other members of the chromosomal passenger complex.
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The H3K42, H3G44, H4K44 mutants seem to have a defect in tension sensing during
mitosis. Bubl kinase is a spindle checkpoint protein that is not only required to form a
functional mitotic checkpoint complex but also reported to phosphorylate histone H2A S121[28,
73, 74]. The phosphorylation by Bub1l kinase regulates the pericentromeric localization of
Sgolp. Analysis of the location of the H3K42, H3G44, and H4K44 on the nucleosome model
revealed that these residues are very close to H2A S121 (Figure 39). To understand the role that
Bubl may play on these mutants, and to assess whether the mutants may cause decreased
phosphorylation of H2A S121, an overexpression study was done by expressing BUBL in a yeast
2 um plasmid. The data showed no striking effects on the mutants, assessed by benomyl and
hydroxyurea sensitivity as well as flow cytometric analysis (Figure 40, 41 and 42). These results
can be interpreted in two different ways. On one side, the structural changes in the structure of
the nucleosome caused by the H3 and H4 mutations may render the H2A S121 abnormally
positioned to serve as a substrate for Bub1l. On the other hand, Bubl is known to interact with
other proteins, which may also need to be overexpressed to become a functional kinase.

A closer look at the nucleosome structure revealed potential interactions between the
mutated residues and the neighboring environment that may lead to the structural perturbations
responsible for the observed phenotypes. H3K42 forms hydrogen bonds with H3G44, H3T45
and to the surrounding DNA. Although H3K42A and H3K42Q can form hydrogen bonds with
H3G44 and H3T45, they may distort the association with DNA. This distortion becomes even
more apparent for H3K42Q, which shows the potential formation of an additional hydrogen bond
with the DNA (Figure 43). The H3K44 residue does not normally form hydrogen bonds with the
surrounding amino acids, however, H4K44Q, unlike the wild type H4K44, may form hydrogen

bonds with both H3 and H2A residues, deforming the normal nucleosome structure especially at
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the critical DNA entry/exit point (Figure 44). In the case of H4L97, its position in the center of
the nucleosome flanked by H4T96 and H4Y 98, which form hydrogen bonds with H3, must have
a strong influence in the association and stability of the four histones (Figure 45). Thus, the
H4L97A replacement may result in an overall shift in the structure of the nucleosome, with
specific and negative consequences in the interactions needed for normal chromosome

segregation.
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Figure 1: Library screen. HHT1-HHF1 and HHT2-HHF2 were first deleted from the chromosome. Viability is maintained
with a plasmid carrying a wild type copy of histones H3 and H4 encoding genes (HHT1-HHF1) on a LYS2 plasmid (pIP220).
The diagram shows the steps followed to screen the mutant H3 and H4 histone library. HHTS and HHFS denote the synthetic

H3 and H4 genes that constitute the library.
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Figure 2: Sensitivity tests on plasmid expressing H3 mutants. A tenfold serial dilution of the H3 mutants was spotted on
various plates staring with 108 cells/ml. H3K42Q and H3G44A are very sensitive to Benomyl (Ben) and Hydroxyurea (HU).
Unless otherwise stated the cells were grown on YPD and the temperature was 26 °C.



6v

Figure 3: Canavanine assay of strains with plasmids expressing H3 mutants. Overnight grown cultures of the indicated
mutants were plated on both SC-Arg (arginine) plates with or without canavanine, irradiated with UV, and incubated for 5
days at 26 °C. H3K42Q and H3G44A behave as the diploid strain, suggesting an increase in ploidy phenotype.
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Figure 4: DNA content analysis by flow cytometry of the strains carrying the plasmids expressing H3 mutants. Only
H3K42Q and, H3G44A show increase in ploidy.
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Figure 5: Sensitivity tests on plasmids expressing H4 mutants. A tenfold serial dilution of the H4 mutants was spotted on
various plates staring with 108 cells/ml. H4K44Q and H4L97A are sensitive to Benomyl (Ben) and Hydroxyurea (HU).
H4D85A/N, H4V88A and H4K91Q are sensitive to Hydroxyurea only. Unless otherwise stated the cells were grown on YPD
and the temperature was 26 °C.



¢S

Figure 6: Canavanine assay of strains with plasmids expressing H4 mutants. Overnight grown cultures of the indicated
mutants were plated on both SC-Arg (arginine) plates with or without canavanine, irradiated with UV, and incubated for 5
days at 26 °C. H4K44Q, H4K91Q, and H4L97A behave as the diploid strain, suggesting an increase in ploidy phenotype.
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Figure 7: DNA content analysis by flow cytometry of the strains carrying the plasmids expressing H4 mutants.
H4K44Q and H4L97A show an increase in ploidy.
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Figure 8: Carbon source assay of strains with plasmids expressing H3 mutants. Overnight grown cultures of the mutant
strains were plated on YPD, YP+Glycerol and YP+Galactose plates. Picture was taken after 3 days of incubation at 26 °C.
None of the mutants display growth problems on fermentable and non-fermentable carbon source.
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Figure 9: Carbon source assay of strains with plasmids expressing H4 mutants. Overnight grown cultures of the mutant
strains were plated on YPD, YP+Glycerol and YP+Galactose plates. Picture was taken after 3 days of incubation at 26 °C.
None of the mutants display growth problems on fermentable and non-fermentable carbon source.
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Figure 10: Nucleosome structure based on yeast crystallographic data. The location of the different H3 and H4 amino
acid mutations selected from the initial plasmid expression study are highlighted. The four histone proteins are shown as
wires: H4, blue; H3, red; H2B, green; and H2A, yellow. The nucleosome model was developed in Swiss PDB viewer 4.04V.
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Figure 11: Sensitivity tests on integrated H3 and H4 mutants. Tenfold serial dilution of the above mutants was spotted on
various plates staring with 108 cells/ml. H3K42Q, H3G44A, H4K44Q, and H4L97A, consistent with the plasmid expression
studies, show sensitivity to Benomyl (Ben) and Hydroxyurea (HU). In addition, H3K42A and H4G99A integrated strains also
show sensitivity to Benomyl and Hydroxyurea. Unless otherwise stated the cells were grown on YPD and the temperature was

26 °C.
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Figure 12: Canavanine assay of integrated H3 and H4 mutants. Overnight grown cultures of the indicated mutants were
plated on both SC-Arg (arginine) plates with or without canavanine, irradiated with UV, and incubated for 5 days at 26 °C.
H4K44Q, H4K91Q and H4L97A behave as diploid indicating an increase in ploidy phenotype.
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Figure 13: Analysis of GFP-tagged centromeres of the H3 and H4 mutants. Exponentially growing cells on YPD were
imaged with a fluorescent microscope Axio Imager M1 (Zeiss). Images were merged with the whole cell image visualized
with differential interference contrasct (DIC).
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Figure 14: Growth rate of wild type and H3 mutant strains. Exponentially growing cells were synchronized with the
mating pheromone alpha-factor and cells were counted with a hemocytometer at the indicated time points. Doubling time is
calculated based on their growth rate. DT-Doubling Time.
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Figure 15: Growth rate of wild type and H4 mutant strains. Exponentially growing cells were synchronized with the
mating pheromone alpha-factor and cells were counted with a hemocytometer at the indicated time points. Doubling time is
calculated based on their growth rate. DT-Doubling Time.
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2. 30mins 98 0 2 0 0 0 0 0 0 0
3. 60 mins 3 0 51 45 0 1 0 0 0 0
4. 90 mins 27 0 36 36 0 1 0 0 0 0
5. 120 mins 5 0 45 48 0 2 0 0 0 0
6. 180mins 23 0 45 32 0 0 0 0 0 0
7. 240 mins 13 0 22 64 0 1 0 0 0 0
8. 300 mins 20 0 33 46 0 0 1 0 0 0

Time after a factor releasgUNBUDDED| BUDDED

Large Bud

1. 0 min 98 2 0 0 0 0 0

2. 30 mins 98 0 0 0 0 0

3. 60 mins 2 98 0 0 0 0 0

4. 90 mins 25 75 0 0 0 0 0

5. 120 mins 3 97 0 0 0 0 0

6. 180 mins 10 90 0 0 0 0 0

7. 240 mins 33 67 0 0 0 0 0

8. 300 mins 28 72 0 0 0 0 0

Figure 17: GFP and DAPI counts of wild type cells. Exponentially growing wild type cells were synchronized with o
mating factor and released on fresh medium. GFP-tagged centromeres (green) and DAPI stained DNA (blue) denoting nuclei
were visualized with fluorescence microscopy and counted based on the indicated morphologies drawn on top of each column.
At least 200 cells were counted for each time point. Data is shown in percent.
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Figure 18: GFP and DAPI counts of H3K42A. Exponentially growing mutant cells were synchronized with o mating factor
and released on fresh medium. GFP-tagged centromeres (green) and DAPI stained DNA (blue) denoting nuclei were
visualized with fluorescence microscopy and counted based on the indicated morphologies drawn on top of each column. At
least 200 cells were counted for each time point. Data is shown in percent.



99

Time after a factor releasel UNBUDDED BUDDED

Large Bud

00
000 0 Jd0 &E & &S
1. Omin 100 0 0 0] 0 0 0 0 0 0
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Figure 19: GFP and DAPI counts of H3K42R. Exponentially growing mutant cells were synchronized with o mating factor
and released on fresh medium. GFP-tagged centromeres (green) and DAPI stained DNA (blue) denoting nuclei were
visualized with fluorescence microscopy and counted based on the indicated morphologies drawn on top of each column. At
least 200 cells were counted for each time point. Data is shown in percent.
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5. 120 mins 2 6 3 25 10 12 25 9 8 1
6. 180 mins 8 20 14 14 7 9 19 2 4 4
7. 240 mins 10 18 10 5 10 12 10 0 16 9
8. 300 mins 8 17 14 2 8 16 18 0 12 5
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Figure 20: GFP and DAPI counts of H3K42Q. Exponentially growing mutant cells were synchronized with o mating factor
and released on fresh medium. GFP-tagged centromeres (green) and DAPI stained DNA (blue) denoting nuclei were
visualized with fluorescence microscopy and counted based on the indicated morphologies drawn on top of each column. At
least 200 cells were counted for each time point. Data is shown in percent.
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6. 180 mins 40 6 21 0 2 12 0 19
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Figure 21: GFP and DAPI counts of H3G44A. Exponentially growing mutant cells were synchronized with o mating factor
and released on fresh medium. GFP-tagged centromeres (green) and DAPI stained DNA (blue) denoting nuclei were
visualized with fluorescence microscopy and counted based on the indicated morphologies drawn on top of each column. At
least 200 cells were counted for each time point. Data is shown in percent.
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2. 30 mins 100 0 0 0 0 0 0 0 0 0
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Figure 22: GFP and DAPI counts of H4K44A. Exponentially growing mutant cells were synchronized with o mating factor
and released on fresh medium. GFP-tagged centromeres (green) and DAPI stained DNA (blue) denoting nuclei were
visualized with fluorescence microscopy and counted based on the indicated morphologies drawn on top of each column. At
least 200 cells were counted for each time point. Data is shown in percent.
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Figure 23: GFP and DAPI counts of H4K44Q. Exponentially growing mutant cells were synchronized with o mating factor
and released on fresh medium. GFP-tagged centromeres (green) and DAPI stained DNA (blue) denoting nuclei were
visualized with fluorescence microscopy and counted based on the indicated morphologies drawn on top of each column. At
least 200 cells were counted for each time point. Data is shown in percent.
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Figure 24: GFP and DAPI counts of H4K44R. Exponentially growing mutant cells were synchronized with o mating factor
and released on fresh medium. GFP-tagged centromeres (green) and DAPI stained DNA (blue) denoting nuclei were
visualized with fluorescence microscopy and counted based on the indicated morphologies drawn on top of each column. At
least 200 cells were counted for each time point. Data is shown in percent. GFP-signal blurred after 180 minutes and counts
could not be determined. NA-not applicable
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Figure 25: GFP and DAPI counts of H4IL97A. Exponentially growing mutant cells were synchronized with o mating factor
and released on fresh medium. GFP-tagged centromeres (green) and DAPI stained DNA (blue) denoting nuclei were
visualized with fluorescence microscopy and counted based on the indicated morphologies drawn on top of each column. At
least 200 cells were counted for each time point. Data is shown in percent.
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Figure 26: GFP and DAPI counts of H4G99A. Exponentially growing mutant cells were synchronized with o mating factor
and released on fresh medium. GFP-tagged centromeres (green) and DAPI stained DNA (blue) denoting nuclei were
visualized with fluorescence microscopy and counted based on the indicated morphologies drawn on top of each column. At
least 200 cells were counted for each time point. Data is shown in percent.
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Figure 27: DNA content analysis by flow cytometry of the synchronized mutants after realease from a-factor. H3K42A,
H3K42Q, H3G44A, H4K44Q, H4L97A, and H4G99A show an increase in ploidy.
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Figure 28: Pdsl stability assay of the synchronized wild type and mutant strains after release from a-factor.
Immunoblot of Pds1-Myc visualized with anti-myc antibodies. Pgkl was used as the loading control and visualized with anti-
Pgkl antibodies. Wild type, H3K42Q, H3G44A, and H4G99A cycle normally.
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Figure 29: Sensitivity tests of the mutant strains over expressing Sgolp. Sgolp over expression suppresses the benomyl
and hydroxyurea sensitivity of the H3K42A/Q, H3G44A, and H4K44Q strains.
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Figure 30: Canavanine assay of the mutant strains over expressing Sgolp. Overnight grown cultures of the indicated
mutants were plated on both SC-Arg (arginine) plates with or without canavanine, irradiated with UV, and incubated for 3
days at 26 °C. Sgolp over expression in H3K42A/Q, H3G44A, and H4K44Q strains suppressed the increase in ploidy

phenotype. H4L97A and H4G99A were not suppressed.
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Figure 31: DNA content analysis by flow cytometry of the mutant strains over expressing Sgolp. Sgolp over expression
in H3K42A/Q, H3G44A, and H4K44Q strains suppressed the increase in ploidy phenotype. H4L97A and H4G99A were not
suppressed.
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Figure 32: Sensitivity tests of the histone mutants carrying a sgol deletion. Absence of Sgol in the mutants has no
phenotypic effect on the sensitivity tests.
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Figure 33: Canavanine assay of the histone mutants carrying a sgol deletion. Overnight grown cultures of the indicated
mutants were plated on both SC-Arg (arginine) plates with or without canavanine, irradiated with UV, and incubated for 3
days at 26 °C. No suppression was observed in the strains carrying a deletion of sgo1.
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WILDTYPE H3K42A

WILDTYPE + sgolA H4K42A + sgolA H3K42Q + sgolA

H3G44A

H4K44Q

H4K44Q + sgoIA

Figure 34: DNA content analysis by flow cytometry of the histone mutants carrying an sgol deletion. Absence of Sgol

had no effect on the histone mutants, as they retained their ploidy defect.



18

Figure 35: Chromatin Immunoprecipitation (ChIP) of Sgol at the centromere and pericentromeric region of
chromosome I11. ChIP on Sgol-Myc was carried out with anti-myc antibodies. PCR primers used were specific for CEN3
and a pericentromeric region (CEN3+ 0.5Kb left). Sgol shows a decrease in association with the centromeric and
pericentromeric region of chromosome 111 in the histone mutants located in the DNA entry/exit region of the nucleosome.

CEN3L
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Figure 36: Sensitivity tests of the histone mutants carrying IPL1 and BIR1 over expressing plasmids. None of the mutant
strains were affected by IPL1 and BIR1 overexpression.
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Figure 37: Canavanine assay of the histone mutants carrying Ipll and Birl over expressing plasmids. Overnight grown
cultures of the indicated mutants were plated on both SC-Arg (arginine) plates with or without canavanine, irradiated with UV,
and incubated for 3 days at 26 °C. No suppression of the increase in ploidy was observed. However, H4K44Q with
overexpressing BIR1 shows a mild suppression reflected as few papillae.
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WILDTYPE H3K42A H3K42Q H4K44Q H4L97A H4G99A
+Vector +Veetor +Vector +Vector +Vector +Vector

WILDTYPE H3K42A +2p H3IK420Q+2p H4K44Q +2p H4L97A +2p H4GY99A +2p
+2n IPLY IPLI IPLI IPLI IPLI IPL1

WILDTYPE H3K42A +2p H3K42Q +2p H4K44Q +2p H4L97A +2p H4G99A +2p
+2u BIRI BIR] BIRI BIR] BIRI BIRI

Figure 38: DNA content analysis by flow cytometry of the histone mutants carrying Ipllp and Birlp over expressing
plasmids. Ipllp and Birlp over expression in most of the mutants had no effect on the ploidy level. Birl overexpression
appears to alleviate the ploidy defect of the H4K44Q strain.
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Figure 39: H2AS121 is in proximity to the histone residues H3K42, H3G44 and H4K44. The locations of the H3 and H4
mutations are highlighted, along with H2A S121. The four histone proteins are shown as wires: H4, blue; H3, red; H2B,
green; and H2A, yellow. The nucleosome model was developed in Swiss PDB viewer 4.04V.
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Figure 40: Sensitivity tests of the histone mutants carrying a BUB1 over expressing plasmid. Bublp over expression in
H3G44A makes it more sensitive to benomyl and hydroxyurea.
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Figure 41: Canavanine assay of the histone mutants carrying a BUBL1 over expressing plasmid. Overnight grown
cultures of the indicated mutants were plated on both SC-Arg (arginine) plates with or without canavanine, irradiated with UV,
and incubated for 3 days at 26 °C. None of the above mutants showed suppression by over expression of BUB1.
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Figure 42: DNA content analysis by flow cytometry of the histone mutants carrying a BUBL1 over expressing plasmid.

GJH4L97A
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BUBL1 over expression had no effect on the ploidy level of the mutants.
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Figure 43: H3K42 and its mutations in the nucleosome structure. A. H3K42 forms hydrogen bonds with H3G44 and
H3T45 and to the surrounding DNA. B. H3K42A forms hydrogen bonds with H3G44 and H3T45. C. H3K42Q forms
hydrogen bonds similarly as in H3K42 and H3K42A, with an additional hydrogen bond with DNA. The four histone proteins
are shown as wires: H4, blue; H3, red; H2B, green; and H2A, yellow. The surrounding DNA is shown in white. The
important residues for this study are highlighted: H3K42 (cyan), H3G44 (green) and H44K44 (pink). The nucleosome model
(PDB-11D3) was imaged in Swiss PDB viewer 4.04V.



Figure 44: H4K44 and its mutations in the nucleosome structure. A. H4K44 does not form any hydrogen bond. B.
H4K44Q forms hydrogen bonds with H3L48. C. H4K44Q forms hydrogen bond with H2AL116. The four histone proteins
are shown as wires: H4, blue; H3, red; H2B, green; and H2A, yellow. The surrounding DNA is shown in white. The important
residues for this study are highlighted: H4K44 (pink). H3K42 (cyan), and H3G44 (green). The nucleosome model (PDB-
11D3) was imaged in Swiss PDB viewer 4.04V
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Figure 45: H4L 97 in the nucleosome structure. A H4L97 is shown toward the center of the nucleosome, flanked by H4T96
and H4Y98, which form hydrogen bonds with H3. B. H4L97A still maintains the hydrogen bonds between H4T96 and H4Y98
with H3. C. H4G99A still maintains the hydrogen bonds between H4T96 and H4Y98 with H3. The four histone proteins are
shown as wires: H4, blue; H3, red; H2B, green; and H2A, yellow. H4L97 is marked with magenta. The nucleosome model

(PDB-11D3) was imaged in Swiss PDB viewer 4.04V.
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Figure 46: Model of the yeast centromere in the histone mutants. A possible change in the nucleosome structure is shown
as star-shaped pericentromeric nucleosomes. The red star indicates H3 or H4 mutations in the DNA entry/exit region of the
nucleosome. The mutations affect kinetochore assembly and/or microtubule attachment. Sgol is reduced/absent in the
centromeric and pericentromeric region. X is a redundant protein that functions parallel to Sgol in sensing lack of tension
among sister chromatids during mitosis.
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H3 and H4 mutants define regions of the nucleosome susceptible to chromosome
segregation defects.

Previous work has already demonstrated that histones play a role in maintaining proper
chromosome number during the cell cycle. In a single histone protein, mutation of a single
amino acid residue is sufficient to cause chromosome segregation defects [1, 111], but the
precise role of each individual histone is still unclear. This is an important and still unanswered
question that is necessary to better understand the whole process that controls the accurate
transmission of chromosomes during cell division. This study is done to partly answer the above
question. We tried to understand the contribution of each residue of histone H3 and H4 in
maintaining the proper segregation of chromosomes during cell division. After screening a
library encompassing 486 substitutions or deletions, six mutants were selected, because they
displayed strong and consistent chromosome missegregation phenotypes. Although the library is
biased towards the substitutions available for each position in H3 and H4, the screen allowed us
to analyze the results in the context of the structure-function of the nucleosome. The six mutants
represent five residues: H3K42, H3G44, H4K44, H4L97, and H4G99. This result indicates that
histones H3 and H4 are permissive to a large number of amino acid replacements throughout the
whole protein, with very few critical residues required for chromosome segregation that cannot
tolerate any changes. H3K56, H3K122, H488, H4K91 are some of the residues that were
initially identified in the screen, but were not selected for further studies because they have also
been reported to participate in either DNA damage or transcriptional regulation [16, 112-114].
The finding that H3K42, H3G44, and H4K44 are all located in the DNA entry/exit point of the
nucleosome emphasizes the role that this region has in maintaining proper chromosome

segregation.
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The mutations in the library were created in a way that would mimic the charge or size of
the residues in its unmodified or modified state. This gives us an additional opportunity to
understand the role that the particular residue is playing. In histones we see an abundance of
lysine residues (the positive charge of the lysine binds tightly to the negatively charged
surrounding DNA) that are mostly subjected to post translational modifications, and thus provide
ample possibilities to make the protein structure more flexible in terms of charge and size. There
are two lysine residues (H3K42 and H3K44) out of the five critical residues that we identified,
emphasizing the probability that post translational modifications may play a role in these
mutants’ uncontrolled chromosome segregation. The mutation that mimics the modification
required to maintain an error free cell cycle may survive the chromosome segregation phenotype
testing of the mutants. On the contrary, mutations that avoid the necessary modification may
succumb at non-permissive temperatures and to various drugs like benomyl or hydroxyurea. The
drug sensitivity provides a connection to a pathway defective in the mutants, for example,
hydroxyurea sensitivity can be associated with DNA synthesis defects, and benomyl with altered
microtubule assembly and chromosome missegregation. The most abundant modifications that
exist in histones are methylation, acetylation, phosphorylation and ubiquitination. These either
change the charge of the residue making it more or less tightly associated with the surrounding
negatively charged DNA, or the size, changing the regional conformation of the nucleosome.

All these changes may affect the higher order chromatin structure of the mutants. The
modification may also provide a mark required to initiate the association of other non-histone

proteins required for an accurate cell cycle.

95



Specific H3 and H4 mutations cause chromosome segregation defects.

Characterization of the mutants as they progressed through a cell cycle allowed us to
understand the deficiencies caused by the mutations. The DNA flow cytometric analysis
indicated that the H3K42A strain behaved as a stable diploid, therefore it must have increased its
ploidy early on after exchanging the wild type for the mutated histone H3. The cells also
displayed a slow S phase and a long GoM phase. Both of these characteristics correlate with its
sensitivity to hydroxyurea and benomyl, respectively. The strain cycles very slowly, which is
also confirmed by the growth rate data, with an estimate doubling time of about 130 minutes,
compared to about 90 minutes in the wild type H3 and H4 strain. H3K42A has both ploidy and
aneuploidy problems. The Pds1 stability assay indicated that the strain has a good tension
sensing system that gets activated and arrests the cells at metaphase for an unusually long time.
This reflects the strain’s ability to sense the problem and an effort to repair it [115]. The GFP
tagged centromere data is also consistent with these findings, reflecting a long metaphase arrest
where large buds are seen but the chromosomes are not yet distributed between the mother and
daughter cells [116]. The same trend is seen in H3K42Q but in this mutant the Pds1 stability
assay indicated a faulty tension sensing machinery. The Pdsl protein seems to go away with
time even though the DNA content in the strain shows a ploidy and aneuploidy problem. This is
also supported by the growth rate of this mutant. It has a typical doubling time of 100 minutes,
which is comparable to that of the wild-type strain. All these findings indicate that H3K42A and
H3K42Q are defective in chromosome segregation. However, the degree of damage may differ
between the two strains. Both show similar ploidy and aneuploidy problems thorough a cell
cycle. It appears that H3K42A attempts to fix the problem by blocking the cells at metaphase,

but H3K42Q evade the checkpoint and continues to go though the cell cycle without a halt. In
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H3K42Q, the DNA content indicates that some cells can even reach the tetraploid stage. Both
mutants have a functional tension sensing checkpoint proteins; they both arrest the cells for a
long time under nocodozole treatment as seen in the Pds1 stability assays.

H3G44A behaves as a diploid from the beginning of the cell cycle study, similarly to
H3K42A. This mutant also displays a slow S phase but does not have a very long GoM arrest, as
noticed in the flow cytometry studies. It shows a striking disappearance of Pds1, comparable to
that of wild type, implying either a problem in sensing lack of tension between chromosomes, or
a chromosome segregation defect that is not sensed by the spindle-assembly checkpoint.

H4K44Q is the slowest and sickest mutant of the six strains characterized in this study.
This strain behaves exactly as the H3K42A mutant in terms of long cycling time, slow S and
G2M phases, and even in having problems of ploidy and aneuploidy. All these data further
implies a role of the amino acid residues located at the DNA entry/exit point in maintaining a
structure that is necessary to undergo a controlled cell division. Any alteration to the structure
may affect the tension sensing ability of the checkpoint proteins. Alternatively, the structural
defects alter the centromere-kinetochore structure in such a way that the faulty association results
in poor tension, triggering the checkpoint response.

H4L97A and H4G99A behave quite differently from the above mutants. At the
beginning of the cell cycle they both have a mixed haploid and diploid population. H4L97A has
a long doubling time whereas H4G99A has a shorter one. H4G99A, unlike H4L97A, does not
have a long metaphase arrest which is more evident through the Pds1 stability assay. Since these
mutants are located in the center of the nucleosome, their defects may be related to a more
general change in the overall structure of the nucleosome, perhaps by altering the association of

one or more critical components of the kinetochore.
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Sgol plays an important role in the DNA entry/exit point of the nucleosome

The mutants serve as an important tool to understand the role of the checkpoint proteins
in cell cycle. Previous studies on H3G44S revealed the importance of this residue for
pericentromeric localization of Sgol, a protein known for sensing tension generated by the
attachment of microtubules during chromosome segregation [80, 108, 117]. Surprisingly, we
found that overexpression of Sgol not only suppressed the benomyl sensitivity of H3G44A but
also all the other mutants that are in the DNA entry/exit point of the nucleosome. H3K42A,
H3K42Q, and H4K44Q belong to this category. On the contrary, the H4L97A and H4G99A
mutants, that are located in the center of the nucleosome, are not affected by the Sgol
overexpression. This finding emphasizes the relevance of the DNA entry/exit point region in the
function of Sgol. We analyzed the localization of Sgol in two mutants, H3K42A and H4K44Q,
both mutations located at the DNA entry/exit point of the nucleosome. There is no or very little
Sgol in the centromeric and pericentromeric regions of chromosome I11 in these mutants
compared to the wild-type strain, indicating that these mutations are in critical residues for the
recruitment of Sgo1l to the centromere and pericentromere of chromosomes. A deletion of SGO1
in a wild-type cell causes only a mild sensitivity to benomyl, with no obvious chromosome
segregation defects. Therefore, the absence of Sgol at the centromere and pericentromere in the
histone mutants must contribute in part, but not solely, to the chromosome segregation defects.
Likely, the improper association of Sgol exacerbates the microtubule attachment defects that the
abnormal chromatin structure of the mutants has created. Therefore, a deletion of SGO1 would
not enhance the phenotypes observed in the mutants. In fact, the strains carrying the histone
mutations in conjunction with a deletion of SGO1 showed identical phenotypes to those of the

individual histone mutants. This result suggests that another redundant protein or group of
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proteins may sense the lack of tension in these mutants and functions in a parallel pathway to
that of Sgol.

Ipl1 kinase is a member of the chromosome passenger protein complex that is important
for sensing lack of tension in unattached or mis-attached kinetochores to microtubules [77]. In
fission yeast it was reported that Sgol is important for Ipl1/Aurora kinase localization to the
centromere [83]. Thus, if increased Sgol alleviates the problem of chromosome missegregation
in the mutants, then overexpressing Ipl1 may increase the level of Sgol. This in turn may help to
diminish chromosome missegregation in the mutants. No effect of over-expression of Ipl1 and
its partner Birl in the mutant strains was found. This cannot be judged completely as a negative
result since the Ipll kinase may be over-expressed but may not be active in the absence of its
partners Birl, Nbll and Slil15, the components of the chromosomal passenger complex [78, 109,
118]. The same situation may apply to Birl. Co-overexpression of all the subunits may be
necessary for full activity of the individual kinases in the complex, providing more conclusive

results.

The H3 and H4 mutants alter the structure of histone H2A in the nucleosome

The location of the H3K42, H3G44A and H4K44 is spatially close to H2AS121 in the
nucleosome structure. Bub1l kinase has been reported to phosphorylate H2AS121, a mark that is
important for Sgol localization to the pericentromere [28, 81, 82]. It has been shown by X-ray
crystallography that in the H4K44Q mutant the H2A protein is unconventionally placed in the
nucleosome [119]. All these data together suggest that Bub1 may play a role in the phenotypes
observed in the H3 and H4 mutants. Although Bubl over-expression did not show any

suppression, it is possible that its kinase activity also depends on the over-expression of its
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interacting partners. Moreover, the suppression seen by Sgol over-expression stresses the
connection between these mutations and Sgol centromeric localization, regardless of the
potential Bubl participation in the process. The mutations may affect a direct association of
Sgol with nucleosomes, or the interaction with an intermediate messenger that relays of

information between the lack of tension along chromosomes and Sgo1l activity.

H3 and H4 mutant effects on the nucleosome structure

H3K42 is a site of methylation, which is known to be unique for Ascomycetes including
Saccharomyces cerevisiae. This particular residue is reported to affect transcription through
alteration of the chromatin structure [120]. However, this residue is partially conserved in higher
eukaryotes, including humans, where the positively charged lysine is replaced by the positively
charged arginine. This arginine residue is also reported to be dimethylated in both human and
mouse cells [121]. Therefore, it appears relevant that this residue is methylated for proper
histone function. In the nucleosome model we can see a hydrogen bond between H3K42 and the
surrounding DNA in the DNA entry/exit point, suggesting implications for the nucleosome and
higher order chromatin structure. Methylation of lysine or arginine residues maintains the net
positive charge of the residue with increased size and hydrophobicity making a more close
association with the surrounding DNA [32]. The hydrophobicity of methyl residues is usually
mimicked by substituting lysine with phenylalanine, leucine, or methionine [120]. These
changes were unavailable in the library. H3K42A and H3K42Q both show chromosome
segregation defects whereas H3K42R does not. The positive charge of the lysine residue is only
maintained when it is mutated to arginine. This correlates well with our sensitivity assays where

the H3K42R behaves comparable to the wild-type strain in the presence of benomyl and
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hydroxyurea. When H3K42 is mutated to either alanine (where it is unable to form a hydrogen
bond with the DNA) or glutamine (where it is able to form a hydrogen bond with the
surrounding DNA), it loses the positive charge of the residue. Until now we understand that the
positive charge at H3K42 is important to be maintained for an accurate nucleosome structure.
Methylation, which maintains the charge but adds hydrophobicity, makes the association of
DNA and H3 tighter. All these interactions may be important to maintain the nucleosome
structure at the DNA entry/exit point.

H3G44 is the other residue that is conserved from yeast to humans. Again this residue is
located at a very critical site of the nucleosome, the DNA entry/exit point that connects the
flexible tail of H3 to rest of the core H3 with a  turn. Glycine has the smallest size among all
the amino acids, and is preferentially positioned in the turns of the protein between alpha helices.
H3G44 forms a hydrogen bond with DNA which may also be essential for maintaining the
structure of the nucleosome [7]. H3G44A may distort the turn of the H3 protein resulting in an
unstable nucleosome or unfavorable chromatin structure.

H4K44 is not in the same histone protein as the above residues but shares the same
position at the DNA entry/exit point of the nucleosome as the other H3 mutants discussed above.
There is no confirmed report of any kind of modifications in this residue [106]. The H4K44A
and H4K44R strains have similar phenotype as wild type in the presence of benomyl and
hydroxyurea. But H4K44Q is a very sick strain with a severe slow growth rate and extreme
sensitivity to benomyl and hydroxyurea. H4K44Q mimics the acetylated state of the lysine
residue in terms of its charge and size similarity [119, 122]. Acetylation of lysine residue
relieves the positive charge on the residue making it less likely associated to the surrounding

DNA. The charge on H4K44 may also act as a marker to attract other non-histone proteins that
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have a chromatin-related function. H4K44 is known to be important for maintaining the
methylation of H3K36 by Set2 [107, 123]. Furthermore, X-ray crystallographic analysis of
H4K44Q established a nucleosome structural change in this mutant relative to the wild type
[119]. Whether the structural change of the nucleosome is due to the altered interaction of this
residue with the surrounding DNA or to its effect on the methylation of H3K36 is still unclear.
The other residues that were selected for this study are H4L97A and H4G99A. Both
residues are located in the center of the nucleosome and interact with the H2A-H2B dimmer [7].
These mutations may affect the histone-histone interaction, which certainly has its consequence
on nucleosome instability [10]. A previous investigation on these mutants showed altered
chromatin structure with lower number of nucleosomes [124]. H4L97A is also genetically
suppressed by over-expression of the histone H2A variant Htz1 [117, 125]. Further work needs

to be done to understand the role of these two residues in the maintenance of a normal cell cycle.

Proposed model of the centromeric /pericentromeric chromatin structure in the histone H3
and H4 mutants

Our results clearly indicate that the nucleosome has different regions that correlate with
different functions. Sgol, which is a non-essential protein, is necessary to maintain normal
chromosome segregation in strains that have problems with sensing tension. The function of
Sgol is associated with to the nucleosome structure in the DNA entry/exit point. Based on our
investigation, we believe there is a possible chromatin structural change in the cells having
mutations in H3 and H4 at the DNA entry/exist point of the nucleosome (Figure 46). This
change may have a particularly strong effect on the structure of the centromere, which in turn

affects kinetochore assembly, chromosome attachment and proper segregation during mitosis. In
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addition, the altered chromatin structure diminishes or abolishes the association of Sgol with the
centromeric/pericentromeric region (Figure 46). When Sgol is present in the histone mutants,
Sgol is not likely functional because it is not present at the centromere/pericentromeric
chromatin. This is equivalent to the deletion of SGO1. The finding that a deletion of SGO1 has
no further chromosome segregation defects on the mutants emphasizes the fact that Sgol has
diminished or no association to the centromeric/pericentromeric region of the chromosome in
these mutants of the DNA entry/exit region. It also suggests that Sgol is functioning on the
same pathway affected by the histone mutations. Overexpression of Sgol suppresses the
chromosome segregation defects caused by the histone mutants, perhaps by overcoming a
reduced affinity between Sgol and the nucleosome at the DNA entry/exit point (in a Bubl
dependent or independent manner, as indicated below). There is the probability of a redundant
parallel pathway (Protein X in Figure 46) that is important to sense lack of tension during
chromosome segregation. This pathway could be associated with the Ipl1 chromosome
passenger complex. In the histone mutants, where there is reduced Sgo1l at the centromere, the
alternate parallel pathway takes over the task of sensing proper tension among sister chromatids.
Both pathways are necessary for sensing bipolar tension among sister chromatids, and one is not
sufficient to overcome the severe defects caused by the histone mutations. Sgol is not essential,
but may improve the tension-sensing checkpoint of the cell cycle.

Bub1l kinase, which is proposed to engage Sgol, has a mild or no effect on the mutants.
Correct nucleosome structure at the DNA entry/exit point must be necessary to transfer the signal
between Bubl activity and Sgol function. Further work can be done to understand the exact role
of Bubl in this process. Bubl, a non-essential protein kinase, not only phosphorylate H2A S121

and signals Sgo1l to the pericentromere, but it is also a component of the spindle-assembly
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checkpoint protein complex. Assuming H2A S121 phosphorylation is the only signal that brings
Sgo1 to the pericentromere, a mutation of H2A S121A will mimic loss of phosphorylation by
Bub1, keeping its other checkpoint function intact, and interfering only with the Sgol function at
the pericentromere. This mutation introduced in the mutants H3K42A/Q, H3G44A, or H4K44Q
will help us to further understand the sequence of events between Bubl phosphorylation on H2A
S121 and Sgo1l positioning in the chromosome.

There is a great deal of debate on the activity of Sgol and Ipl1, or in a broader sense the
chromosome passenger protein complex. Ipll is an essential protein while Sgo1l is not. What
would happen when we make a temperature sensitive allele of Ipl1, or a kinase-dead mutant, in
the strains that have problems with Sgol function like the H3K42A/Q, H3G44A, and H4K44Q
mutants? Can Ipll and Sgol substitute for each other’s function? Non-essential Sgol becomes
essential when the Ipl1 activity is greatly reduced? The answers to these questions will help our
understanding of many functions required for proper cell cycle and chromosome segregation.

In the future, we can extend this work to understanding more complex cell cycle proteins
in humans. Aneuploidy, polyploidy, and tumorigenesis are closely related in terms of their
appearance and cell response [126, 127]. Moreover, many of the cell cycle regulatory proteins
like Ipl1/Aurora kinase and HDAC (Histone deacetylase) are currently been researched as
potential targets for anticancer drug development [128, 129]. This study can be continued to
reveal the mechanism of action of many of these different cell cycle proteins in both normal and

tumor cells.
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