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Abstract
In budding yeast, extra-chromosomal rDNA circles (ERCs) are a major cause of
aging and their asymmetric segregation during mitosis ensures the birth of a
rejuvenated daughter cell from an aged mother cell. Previous work from the lab has
established that this process relies on the presence of a lateral diffusion barrier at the
bud neck in the outer nuclear membrane. This prevents the free diffusion of DNA
circles into the bud, since they attach to nuclear pore complexes (NPCs) in a
SAGA/TREX-2 dependent manner. Together, this leads to the efficient retention of
NPC-anchored DNA molecules in the yeast mother cell during mitosis. During the
exact same process, however, chromosomes segregate symmetrically with exquisite
fidelity to allow the faithful passage of the genome over generations of cells. This
suggests that the interaction of DNA with NPCs during mitosis is regulated,
depending on the DNA molecule, for example to prevent asymmetric segregation of
chromosomes during mitosis. The goal of this work was to investigate if, and how,
the cell actively distinguishes chromosomes from non-chromosomal DNA and
subsequently sorts them during mitosis, depending on their identity.
First, we confirm that, besides their segregation, chromosomal and nonchromosomal

DNAs

behave

strikingly

different

during

mitosis.

Whereas

chromosomes condense to form rigid and compacted units that can be segregated
by the mitotic spindle, non-chromosomal DNAs do not. We demonstrate that the
centromere is required for chromosome condensation. Indeed, a centromere-less
chromosome lacks a pericentromeric zone of phosphorylated histone 3 at serine 10,
a mark of compacted DNA, whereas the other chromosomes in the same nucleus
are unaffected. Thus, the centromere dictates chromosome condensation in cis. It
performs this role by gating the access of a key condensation factor, the Aurora B
kinase, to chromosomes. Downstream of this, a protein called Shugoshin spreads
compaction away from each centromere to the arms of the chromosome that a
centromere is on. In fitting, specifically targeting these factors to a non-centromeric
chromosome can bypass the need for a centromere to condense. Interestingly,
inducing the condensation of a model DNA circle, for example by tethering Aurora B
to it, leads to an increased propagation of this molecule to the daughter compartment
of the nucleus, by inducing the detachment of this circle from the nuclear pore
complex it is normally attached to. Second, in an effort to identify post-translational
modifications at the NPC that modulate DNA-attachment, we identify lysine 401 as a
novel acetylation site on the SAGA subunit Sgf73. When we prevent Sgf73-K401
from being acetylated, circles are propagating more into the bud.
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Based on these results, we propose that mitotic chromosome condensation detaches
chromosomes from the nuclear periphery at mitosis. Any foreign and/or toxic DNA
lacking a centromere will not condense and remains attached to nuclear pore
complexes and are thereby retained in the mother cell to prevent the spreading of
these molecules into the daughter cells. Such a model is fitting with a genomic
immune system in budding yeast that can separate the chromosomal DNA (self) from
non-chromosomal DNA (non-self; potentially toxic DNA molecules).
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Sommario
Nel lievito di birra, i circoli di rDNA extra-cromosomici sono una causa principale
d'invecchiamento e la loro segregazione asimmetrica durante la mitosi assicura la
nascita di una cellula figlia ringiovanita da una cellula madre invecchiata. Precedenti
lavori svolti dal nostro laboratorio hanno stabilito che questo processo si basa sulla
presenza di una barriera di diffusione laterale nella membrana nucleare esterna,
localizzata al collo del germoglio. Ciò impedisce la libera diffusione dei circoli di DNA
nel germoglio, dal momento che essi si attaccano ai pori nucleari via complesso
SAGA / TREX-2. Tutto ciò porta alla conservazione efficiente delle molecole del DNA
ancorate ai pori nucleari della cellula lievito madre durante la mitosi. Durante lo
stesso processo, tuttavia, i cromosomi si ereditano simmetricamente con molta
accuratezza per consentire il passaggio fedele del genoma nelle generazioni di
cellule successive. Ciò suggerisce che l'interazione del DNA con i pori nucleari sia
regolata in modo specifico durante la mitosi, ad esempio per prevenire la
segregazione asimmetrica dei cromosomi. L'obiettivo di questo lavoro è stato quello
di indagare se e come la cellula distingue in modo attivo i cromosomi dal DNA non
cromosomico e successivamente come li partiziona durante la mitosi, a seconda
della loro identità.
In primo luogo, confermiamo che, oltre alla loro segregazione, il DNA cromosomico e
non cromosomico si comporta in modo straordinariamente diverso durante la mitosi.
I cromosomi si condensano per formare unità rigide e compattate che possono
essere segregate dal fuso mitotico, mentre il DNA non cromosomico non è in grado
di farlo. Noi dimostriamo che il centromero è necessario per la condensazione
cromosomica. Infatti, in un cromosoma senza centromero manca una zona
pericentromerica di istoni 3 fosforilati sulla serina 10, segno distintivo del DNA
compattato, cosa che non avviene agli altri cromosomi nello stesso nucleo. Quindi il
centromero detta la condensazione cromosomica in cis. Il centromero esegue il ruolo
di gating sui cromosomi ad un fattore chiave di condensazione, la chinasi Aurora B.
Nel passo successivo, una proteina chiamata Shugoshin diffonde la compattazione
da ogni centromere verso le braccia dello stesso cromosoma. A conferma di ciò,
mirando specificamente tutti questi fattori ad un cromosoma senza centromero, ne
esclude la sua necessità per la condensazione. È interessante notare che inducendo
la condensazione di un modello di circolo di DNA, ad esempio mediante l'attacco
della chinasi Aurora B, porta ad una maggiore propagazione di questa molecola nel
compartimento nucleare del germoglio, stimolando il distacco di questo circolo dal
pori nucleari ai quali è normalmente attaccato.
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In secondo luogo, nel tentativo di identificare le modificazioni post-traduzionali ai pori
nucleari che modulano l’ancoraggio del DNA, individuiamo la lisina 401 come un
nuovo sito di acetilazione sulla sotto unità Sgf73 del complesso SAGA. Quando
preveniamo l'acetilazione della lisina 401, i circoli si propagando in modo maggiore
nel germoglio.
Sulla base di questi risultati, proponiamo che la condensazione cromosomica
mitotica stacca i cromosomi dalla periferia nucleare durante la mitosi. Ogni molecola
di DNA straniero e / o tossico al quale manca un centromero non si condensa,
rimane attaccata ai pori nucleari e viene quindi mantenuta nella cellula madre per
impedirne la loro diffusione nelle cellule figlie. Tale modello si adatta con un sistema
immunitario genomico nel lievito di birra, in grado di separare il DNA proprio (i
cromosomi) da quello estraneo (molecole di DNA potenzialmente tossiche).
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1. Introduction
All cells come from pre-existing cells and mitosis is the fundamental process that
underlies this phenomenon in eukaryotes. Indeed, there are few events during the
cell division cycle that are as easily observed as the mitotic condensation and
subsequent symmetric segregation of chromosomes during anaphase (Walczak et
al., 2010; Yanagida, 2005). Especially after the discovery that chromosomes carry
almost all of our heritable material, many man-hours went into uncovering the
mechanisms underlying these phenomena (McIntosh and Hays, 2016). As of now,
the cellular machinery that ensures the high fidelity with which replicated
chromosomes are divided between the two resulting daughter cells is becoming
clear. In particular, a specialized region of the chromosome, termed the centromere,
orchestrates chromosome behavior at a very fundamental level (Fig. 1.1A).
1.1 Centromere functions
1.1.1

Centromeres: richness in diversity

On a fundamental level, a key function of the centromere is to direct the formation of
a protein complex, the kinetochore, on itself. The kinetochore attaches one or more
(depending on the species) microtubules from the mitotic spindle to the chromatid it
is on (Musacchio and Desai, 2017; Nagpal and Fukagawa, 2016). With this,
centromeres provide the essential connection between a chromosome and the
microtubule cytoskeleton during mitosis, a definition that has held true since the days
of

Walther

Flemming

(Flemming,

1882).

All

eukaryotic

genomes

contain

centromeres, but evolution has created different strategies to define a centromere
and how to direct the formation of the kinetochore on it in different species.
Point centromeres (Fig. 1.1B) were historically the first to be isolated (Carbon and
Clarke, 1984). These are, until now, exclusively found in the sensu lato clade of the
budding yeasts, such as the commonly used model organism Saccharomyces
cerevisiae. An approximately 125 base pair AT-rich sequence consisting of the
genetic elements CDEI, II and III is sufficient to allow kinetochore formation and
binding of a single microtubule, and hence mitotic stability, on any piece of DNA it is
on. The elegant simplicity of the point centromere and the experimental malleability
of the organisms containing it have made it an excellent topic of study since its
identification (Biggins, 2013; Steiner and Henikoff, 2015 and see below).
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Figure 1.1 Cartoon illustrating the organization of eukaryotic chromosomes and point and
regional centromeres. A. Eukaryotic chromosome after S-phase, containing telomeres and
centromeres. B. Organization of budding yeast point centromeres. The genetic CDE elements wrap
around a CENP-A containing nucleosome. C. Organization of fission yeast regional centromeres. A
CENP-A containing, euchromatic core domain is surrounded by heterochromatic imr and otr domains.

Regional centromeres (Fig. 1.1C) occupy much larger parts of the genome than point
centromeres and can range from tens of kilobases in the fission yeast
Schizosaccharomyces pombe to multiple megabases in humans. Most regional
centromeres contain long arrays of repeated DNA with no apparent sequence
commonality among species. Indeed, regional centromeres are very dynamic units
and it has become clear that they are defined by epigenetic processes and do not
rely on the presence of a specific, conserved, sequence (Malik and Henikoff, 2009).
Besides point and regional centromeres, a third type of centromere is the
holocentromere. Organisms containing holocentromeres do not rely on a single locus
for kinetochore formation and microtubule binding. Instead, the full chromosome
nucleates a number of locations where kinetochores form. Though this may sound
exotic, holocentromeres are in fact common in insects and nematodes and have
evolved at least 13 independent times (Melters et al., 2013). One advantage that
holocentrism might confer is a decreased loss of broken chromosomes during
mitosis, since every piece has the capacity to still attach to the mitotic spindle, owing
to their own centromere (Kursel and Malik, 2016). Holocentromeres will not be further
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discussed in this thesis and I refer the reader to an excellent recent review for more
information (Marques and Pedrosa-Harand, 2016).
Despite their diversity, an almost universal feature of every centromere is that it
introduces changes to the chromatin at and around it, by incorporating specialized
proteins specifically in the pericentromeric chromatin (Vagnarelli, 2013). One of
these, called CENP-A, was first identified in humans (Earnshaw and Rothfield, 1985)
and is now known to be a histone-like protein that specifically replaces histone 3 in
the nucleosome(s) present in the centromeric region (Fig. 1.1B and C). Its
incorporation is one of the upstream events that direct the formation of a kinetochore
on the centromere. As such, important questions are how the cell ensures that
CENP-A is only recruited to centromeric loci and how it exclusively forms functional
kinetochores in mitosis. Recent discoveries of the mechanisms underlying these
processes are showing a multitude of strategies employed by different species,
which will be summarized in the next section.

1.1.2

What defines a centromere?

The genetic character of the budding yeast point centromere was exemplified by
experiments where a second centromere was introduced on a budding yeast
plasmid. Indeed, the introduction of multiple connection points to the mitotic spindle
lead to the unavoidable mis-segregation of this molecule in cells that generated
merotelic attachments (Mann and Davis, 1983). In budding yeast (Fig. 1.1B), defining
a centromere might seem straightforward, since the recruitment of CENP-A (called
Cse4 in this organism) is directly encoded in the genetic CDEII element by
sequences that are partially shared by all chromosomes. However, artificial tethering
of Cse4 to a non-centromeric plasmid is not enough to confer mitotic stability
(Kiermaier et al., 2009), indicating that there are other events encoded in the CEN
sequences that assist in the formation of a fully functional kinetochore (see below). In
budding yeast, there is one and only one nucleosome with CENP-A, which on its own
is sufficient to drive kinetochore formation and spindle attachment (Winey et al.,
1995). Besides guiding kinetochore formation, another role of centromeres lies in the
formation of the centromeric chromatin domain. In budding yeast, this was proposed
to form a cruciform loop structure during mitosis (Verdaasdonk and Bloom, 2011);
Fig. 1.4). Two key protein complexes that are thought to be especially important for
this process are cohesin and condensin. By enriching on centromeres, they might
stabilize this loop, which results in stiffening of the area around the centromere to

11

facilitate binding to the mitotic spindle and subsequent segregation of chromatids
during anaphase (Haase et al., 2012; Stephens et al., 2011; Suzuki et al., 2016).
Besides this, chromatin modifications at point centromeres seem minimal, except for
high levels of histone 3 serine 10 phosphorylation (H3pS10), specifically during
mitosis (Castellano-Pozo et al., 2013 and see below).
Regional centromeres also rely on CENP-A for the formation of a kinetochore, but
the mechanisms behind its integration are different (Fig. 1.1C). Contrary to the point
centromeres observed in budding yeast, regional centromeres are strictly epigenetic.
In the simplest sense, this means that there is no strict genetic component that
defines centromere identity among chromosomes. A series of elegant experiments
using conditional centromeres in S. pombe compellingly showed the dynamic
capacities of regional centromeres. First, inactivation of a centromere can lead to the
formation of an inheritable new one (called a neo-centromere) somewhere else on
the chromosome (Ishii et al., 2008). Complementary, introducing a second
centromere on the same chromosome can lead to inactivation of one of the two
centromeres and survival of a small fraction of cells (Sato et al., 2012). Similar
results were obtained for human dicentric chromosomes (Earnshaw and Migeon,
1985). Looking at the organization of regional centromeres, a central core element
containing CENP-A is commonly surrounded by more peripheral domains (Fig.
1.1C). These pericentromeric regions assist in CENP-A deposition by forming a
specialized domain. In organisms as diverse as S. pombe and human, this largely
consists of heterochromatin, which typically contains histones that are hypoacetylated and highly methylated (Folco et al., 2008; Grewal and Jia, 2007).
Indeed, when the original centromere on a chromosome is inactivated, neocentromeres usually arise in other heterochromatinized regions of the chromosome,
such as the sub-telomeres. In addition, inducing heterochromatin formation on a noncentromeric plasmid leads to their increased mitotic stability in S. pombe (Kagansky
et al., 2009; Sato et al., 2012). In the same organism, the pericentromeric chromatin
is itself required to promote the proper integration of CENP-A in the core domain
(Folco et al., 2008; Kagansky et al., 2009) and as such their disruption was proposed
to contribute to chromosome mis-segregation events (Ekwall et al., 1997; Ekwall,
2007). Besides instructing the formation of a kinetochore, an additional role of the
pericentromeric chromatin is to maintain cohesion between sister chromatids, since
the heterochromatin was shown to be directly required for cohesin recruitment
(Bernard et al., 2001; Nonaka et al., 2002). Thus, the epigenetic chromatin-state
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surrounding regional centromeres is of key importance for centromere identity and
function.
Despite the importance of CENP-A and heterochromatin in centromere function in
many organisms, alternative mechanisms exist as well. One example stems from
recent work on a natural isolate of S. pombe. Besides a change in chromosome
number (four, as opposed to three chromosomes that most laboratory strains
contain), half of the centromeres lacked the heterochromatic stretches flanking them,
seemingly without affecting cell growth or mitosis (Brown et al., 2014). Furthermore,
the yeast Candida lusitaniae contains moderately sized regional centromeres (3-5
kb), but does not contain the machinery required to establish heterochromatin around
it (Kapoor et al., 2015), indicating that these cells must have alternative mechanisms
to guide CENP-A integration. An even more extreme example can be found in the
clade of the trypanosomes, since these parasitic organisms lack a homologue of
CENP-A altogether (Akiyoshi and Gull, 2014). Since trypanosomes are thought to be
one of the most ancient eukaryotic clades, investigating how centromeres function in
these organisms will likely provide a glimpse into the origin and evolution of
centromere diversity (Akiyoshi and Gull, 2013).
1.1.3 Centromere evolution
Centromere sequences are known to be among of the fastest evolving entities of the
eukaryotic genome. In the budding yeasts S. cerevisiae and S. paradoxus, the
mutation rate of centromeric DNA seems to be even higher than in presumed
“neutral” regions of the genome that are not under selection, suggesting that there
might even be positive selection on this process (Bensasson, 2011; Bensasson et
al., 2008). As a consequence, centromere-CENP-A compatibility also diversified
rapidly, particularly among closely related species. Interspecies complementation
experiments within the sensu lato clade of budding yeasts revealed a remarkably low
tolerance of one species’ for another species’ CENP-A (Baker and Rogers, 2006).
Notwithstanding this, as soon as species diversified to reproductive isolation,
selection on CENP-A was evolutionarily less strict, as exemplified by budding yeast
CENP-A being able to substitute for CENP-A in human cells (Wieland et al., 2004
and see discussion). This might suggest that centromeres play a role in speciation
events of organisms occupying similar niches. Besides mere genetic mutations in the
point centromere, it has recently become clear that a very unconventional point
centromere structure is present in the yeast Naumovozyma castellii (Kobayashi et
al., 2015). This organism lacks any of the consensus sequence elements of other
13

point centromeres, suggesting that these can radically change their structure as well,
very much like the interspecies diversity of the repeat types in the core region of
regional centromeres (Verdaasdonk and Bloom, 2011). This phenomenon might be
assisted, at least to some extent, by the heterochromatinization of regional
centromeres, which could

Figure 1.2 Evolution of regional and point centromeres in unicellular fungi in relation to the
presence of the heterochromatin-forming machinery. Taken from Malik et al., 2009.

allow for the fixation of many mutations, due to the lack of functional gene expression
and the epigenetic inheritance of this region. Indeed, this process presumably
resulted in the accumulation of many sequences of foreign origin at centromeres,
such as transposons or the alpha repeats present in human pericentromeric
sequences (Schueler and Sullivan, 2006).
Interestingly, it has become clear
that the intuitively simpler point
centromeres evolved much later
than the more complex epigenetic
centromeres (Fig. 1.2; Malik and
Henikoff, 2009). Indeed, even the
RNAi machinery that is needed to
form the heterochromatin required
Figure 1.3 Schematic overview of the budding yeast
kinetochore with the location of some key proteins
indicated.

for regional centromere function,
for example in S. pombe, is
present
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in

a

degenerated,

inactive, form in the budding yeast (Drinnenberg et al., 2009). How then, did the
switch to a point centromere come about? One hypothesis is that the point
centromere represents a domesticated selfish genetic element (Malik and Henikoff,
2009). This idea fits with the notion that a number of inner kinetochore proteins have
no homologues outside the Saccharomyces clade, which could suggest their foreign
origin (Fig. 1.2). In addition, budding yeasts are some of the few species containing
natural, non-centromeric, but highly symmetrically segregating DNA elements known
as 2-micron plasmids that encode their own segregation machinery (Chan et al.,
2013 and see discussion). Hence, under rare conditions such an element could have
associated itself with the chromosomal genome and gradually made the native,
regional centromeres irrelevant (Fig. 1.2 and Malik and Henikoff, 2009). In either
case, it is clear that every centromere type brings its own advantages and
disadvantages. The point centromere allows rapid identification of chromosomes, but
there is not much room for dynamicity when the centromere sequence is duplicated
or disrupted. The regional centromere, on the other hand, requires a complex
machinery to maintain it, but it is much more flexible in its existence, allowing for
centromeres to be inactivated without this having an immediate detrimental effect to
the cell under some conditions.
1.2 Kinetochore assembly
As mentioned before, one role of the centromere is to dictate the formation of a
kinetochore. This process of kinetochore assembly occurs again and again, every
cell cycle during S-phase on the newly synthesized DNA strand, but also on the
maternal strand after the replication fork passed the centromere. Owing to the
simplicity of point centromeres, much is known about budding yeast kinetochore
assembly (Kitamura et al., 2007). Commonly and historically, the kinetochore is
divided into two parts, inner and outer (Fig. 1.3). Assembly of the inner kinetochore
starts at the very AT-rich CDEII element, since it is the basic unit able to recruit
CENP-A (Fig. 1.1B). The neighboring elements are able to recruit the kinetochore
subunits that ensure high-fidelity chromosome segregation (Hieter et al., 1985b;
McGrew et al., 1986). Briefly, CDEI binds Cbf1 and CDEIII is able to bind a protein
complex called CBF3 (Lechner and Carbon, 1991), which contains among others the
essential inner kinetochore protein Ndc10. Perhaps one role of Ndc10 is to provide
specificity to CENP-A deposition, owing to its interaction with the CENP-A chaperone
Scm3 (Westhorpe and Straight, 2014). How the other subunits of the inner
kinetochore are brought to the kinetochore has not been mapped, but it is likely a
matter of protein-protein interactions, assisted by post-translational modifications.
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The assembly and maintenance of a kinetochore on epigenetic centromeres is a
more complex process. Particularly the very first steps, pertaining to how
pericentromeric heterochromatin induces CENP-A integration are poorly understood.
One important difference compared to budding yeast is that there is no integration of
new CENP-A during S-phase. Hence, the kinetochore is established on pre-existing
CENP-A molecules that were integrated in G1 of the current or mitosis of the
previous cell cycle (Shelby et al., 2000; Silva et al., 2012). A first event in
kinetochore-assembly is the association of CENP-A with the inner kinetochore CCAN
protein complex. How and when this exactly occurs is difficult to investigate, since
the localization of CCAN with centromeres is constitutive over the cell cycle (Nagpal
and Fukagawa, 2016). The outer kinetochore components are recruited in a cellcycle specific manner that is controlled by CDK1 activity and occurs in early mitosis
(Nagpal and Fukagawa, 2016). The precise molecular events underlying the cellcycle specific assembly of a kinetochore on regional centromeres are very complex.
However, it is important to dissect them nonetheless, since this will provide important
cues about kinetochore function, and centromeric regulations thereof, throughout the
cell cycle.
1.3 The spindle assembly checkpoint
Moving beyond how a kinetochore is assembled, I will now discuss the functions of
this protein complex. A very important role of the kinetochore is to attach a single
microtubule from a single spindle pole to each sister chromatid (in yeast; Winey et
al., 1995 and Fig. 1.4). In an ideal mitosis, sister chromatids biorient: microtubules
attach amphitelically (one microtubule from each pole to each sister chromatid).
However, mono-orientation can occur as well, when only one of the two sisterkinetochores attaches (monotely) or when microtubules from one pole attach to both
sister-kinetochores (syntely) (Etemad and Kops, 2016; Kops and Shah, 2012). Cells
have evolved elaborate mechanisms that tightly control for such faulty, monooriented sister chromatids and halt the cell cycle when it occurs to correct
microtubule attachments that can cause aneuploidy. Such a mechanism was long
known to exist, owing to the observation (Jacobs et al., 1988) that yeast cells treated
with a microtubule-destabilizing drug arrested in metaphase. Indeed, the first genes
required for this process were identified in the same organism when screening for
mutants that allowed such drug-treated cells to continue this (lethal) mitosis
nonetheless (Hoyt et al., 1991; Li and Murray, 1991; London and Biggins, 2014).
These identified the important MAD and BUB genes that were part of what would
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later be known as the spindle assembly checkpoint (SAC). A great amount of
Figure 1.4 Simplified overview of the workings of the spindle assembly checkpoint. When an
unattached kinetochore is present, Aurora B destabilizes kinetochore-microtubule interactions and Mad2
engages the spindle checkpoint. Upon bi-orientation of sister kinetochores, the spindle checkpoint is
satisfied and Aurora B can no longer destabilize kinetochore- microtubule interactions and separase
cleaves cohesin, initiating sister chromatid separation.

research has been performed since then to elucidate the precise molecular workings
of this checkpoint (Fig. 1.4). Here, only the key workings, relevant to the “results”
section of this thesis will be unveiled and for a more detailed description I refer the
reader to recent reviews covering this topic (Joglekar, 2016; Stukenberg and Burke,
2015).
In budding yeast, most SAC proteins are not essential, but exhibit increased
frequencies of chromosome loss (see results). The checkpoint is an exclusively
kinetochore-dependent

event,

summarized

in

Figure

1.4,

since

preventing

kinetochore formation with the temperature sensitive allele of Ndc10, ndc10-1, does
not arrest the cell cycle, even though no microtubules can attach to any of the
chromatids (Goh and Kilmartin, 1993; Jiang et al., 1993). One of the first events
downstream of kinetochore formation is the recruitment of proteins specifically to
microtubule-free, unattached kinetochores (Etemad and Kops, 2016). Importantly,
subunits of the outer kinetochore recruit (among others) the protein Mad2 that
undergoes a conformational change in response to unattached kinetochores. This
leads to the extraction of another protein, Cdc20, from a protein complex promoting
anaphase entry, the anaphase-promoting complex, or APC. This yields the APC
dysfunctional. The function of the APC is largely based on its E3-ubiquitin ligase
activity. When not inhibited, it targets many proteins involved in cell cycle inhibition
prior to anaphase for degradation. One of these is securin, a protein that inhibits
separase, which is a protease that cuts a subunit of cohesin (Fig. 1.4). Cohesin is a
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protein complex that holds together sister chromatids, dominating at the pericentric
area. By doing so, cohesin prevents their separation. However, as soon as the SAC
is satisfied, caused by successful formation of a bipolar spindle, securin will be
marked for degradation by the APC, causing separase to become active, cut cohesin
and assist in the initiation of anaphase (Fig. 1.4; Oliveira et al., 2010). Thus, these
events allow sensing of unattached kinetochores and subsequent cell cycle
inhibition. However, it has become clear that a repair process for wrongly attached
microtubules is also in place. The facilitator for this is the kinase Aurora B (Ipl1 in
budding yeast), a key cell-cycle kinase with homologues in many eukaryotes (Biggins
and Murray, 2001; Chan and Botstein, 1993; Krenn and Musacchio, 2015). In the
early stages of mitosis, until anaphase, Ipl1 resides at the inner kinetochores. It is
thought to phosphorylate a wide range of kinetochore proteins while it is there and by
doing so it constantly destabilizes microtubule-kinetochore interactions. However,
upon sister chromatid biorientation, tension between these chromatids is generated,
resulting in the inner kinetochore to be slightly pulled away from the rest of the
chromosome by microtubules (Fig. 1.4; Liu and Lampson, 2009). As this happens,
Ipl1 is proposed to remain at its original location, where the kinetochore used to be. It
was suggested that this spatial model of pulling substrates away from Ipl1 prevents
the kinase from destabilizing MT-KT interactions (Akiyoshi et al., 2010; Pinsky et al.,
2006). Together, the continuous destabilization of MT-KT interactions, combined with
the subsequent inhibition of cell cycle progression until all 16 yeast chromosomes
biorient is thought to be at the heart of the SAC.
1.4 Shugoshin and chromosomes
Besides the core machinery of the SAC there are many more proteins residing at
kinetochores whose roles are less or more understood. One of these proteins is
shugoshin, or Sgo1 in budding yeast (Fig. 1.5). A homologue of Sgo1 was first
discovered in fission yeast S. pombe, where it was strictly required to protect
cohesion of sister chromosomes during meiosis I (Kitajima et al., 2004; Riedel et al.,
2006). When SGO1 was deleted, cohesin complexes were cut prematurely during
the first meiotic division, leading to failures in chromosome segregation during
meiosis. Later, Sgo1 was shown to directly recruit the PP2A phosphatase, to prevent
cohesin cleavage during meiosis I (Riedel et al., 2006). However, from an early stage
it was clear that Sgo1 also has roles during mitosis (Indjeian et al., 2005). Indeed,
during mitosis it is recruited to centromeres by the action of Bub1 (Fernius and
Hardwick, 2007; Yamagishi et al., 2010), a protein known to activate the SAC. The
phosphorylation of histone H2A (at S121) by Bub1 is a key upstream event for this
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recruitment in a broad range of species (Kawashima et al., 2010). At mitotic
centromeres, Shugoshin seems to have diverse roles. The current model is based on
the early observation that budding yeast cells lacking SGO1 exhibit an increased
sensitivity to mild doses of microtubule destabilizing drugs and a significant increase
in chromosome loss during mitosis (Fernius and Hardwick, 2007). Furthermore, the
observation that sgo1Δ cells exhibit slower recovery to chromatid bi-orientation after
spindle destabilization (Indjeian et al., 2005) fueled an effort to link Sgo1 to sister
chromatid bi-orientation. Indeed, Sgo1 promotes the faithful segregation of
chromosomes by stimulating the recruitment of factors, such as Ipl1, to the
kinetochore. In many species, Sgo1 and Ipl1 homologues are part of a processive
loop, depending heavily on each other to be recruited or maintained when on
metaphase kinetochores (Kawashima et al., 2007; Rivera et al., 2012; Vanoosthuyse
et al., 2007; Verzijlbergen et al., 2014; Yamagishi et al., 2010). At least in
vertebrates, these interactions are likely indirect or of a very dynamic nature, since
any direct physical interaction between Aurora B and Shugoshin was not detected
(Vanoosthuyse et al., 2007). Beyond Ipl1, Sgo1 was recently shown to also recruit
the protein complex condensin (see below) to the pericentromeric area, which,
beyond chromosome condensation, is implied in the formation of centromeric
chromatin and chromosome bi-orientation during metaphase (Peplowska et al., 2014;
Verzijlbergen et al., 2014). If anything becomes clear from these studies, it is that
Sgo1 is a central hub involved in kinetochore events (Tanno et al., 2015).
Furthermore, the presence of Sgo1 on chromatin is highly dynamic, since attempts to
perform ChIP experiments with it have not been successful, with one notable
exception (Kiburz et al., 2005). This dynamicity could fit with the idea that Sgo1
promotes the recruitment of many proteins to chromatin and is transiently involved in
many mitotic processes (summarized in Fig. 1.5).
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Figure 1.5 Overview of the functions of shugoshin in budding yeast during meiosis and mitosis.

1.5 Cell cycle regulation of the kinetochore
Thus, the centromere and kinetochore are able to create a specialized chromatin
domain and recruit certain proteins specifically during mitosis. With this, it is
becoming clear that kinetochore function might be regulated in a cell cycle
dependent manner. It will be key to identify the events causing this regulation and
how they impact centromere and kinetochore function. It is not difficult to imagine
that certain cell-cycle dependent kinases, such as Aurora B, Cdk1 and Polo-like
kinase, post-translationally modify kinetochore components to regulate their function
and localization (Holt et al., 2009; Swaney et al., 2013). Indeed, many highthroughput proteomic studies have identified mainly phosphorylation (reviewed in
(Funabiki and Wynne, 2013), but also acetylation (Mo et al., 2016) and sumoylation
events are known to occur directly on kinetochore subunits (Wan et al., 2012).
Furthermore, many kinetochore-associated proteins, such as Sgo1, but also Ipl1, are
expressed in a cell cycle dependent manner (Eshleman and Morgan, 2014).
1.6 Chromosome condensation
As described before, chromosome condensation is readily observable in most
metazoan cells and reflects one of the most dramatic transitions of chromatin during
the cell cycle. Because of this, a number of important mechanisms underlying this
transition were identified, which will be briefly summarized in this section.

20

1.6.1 Nucleosome-nucleosome interactions in chromosome condensation
On a fundamental level, chromosome condensation is an exclusively mitotic event.
Indeed, when interphase and mitotic human cells were fused, an induction of
condensation in the interphase cell was observed, suggesting that some diffusible
mitotic factor primes chromosome condensation (Johnson and Rao, 1970). One of
the first hints as to what such a factor might do to induce chromosome condensation
came from studying the behavior of naked and chromatinized DNA. Strikingly,
whereas a naked piece of DNA was heavily transcribed, the presence of
nucleosomes seemed to inhibit it (Knezetic and Luse, 1986). Later, it became clear
that nucleosomes cause these effects by enforcing higher-order structures in
chromatin (Schwarz and Hansen, 1994). Thus, the simplest interpretation from these
early studies is that chromatinization induces some level of DNA compaction and that
this inhibits transcription. However, since not all parts of the genome are equally
transcribed, there is need for additional layers of regulation. One way of achieving
this is to directly influence nucleosome distribution in the genome, for example by
introducing so-called nucleosome-depleted regions close to the transcription start
site to facilitate the transcription machinery to load there (Lohr, 1997). Indeed, recent
ChIP-seq experiments have established that groups of genes cluster together based
on their expression level simply based on the nucleosome density that is found in
their promoter regions (Rando and Winston, 2012). Thus, nucleosome density has
the potential to regulate the compaction of chromatin, but it is unclear whether such a
mechanism is actually employed to induce compaction during mitosis.
Rather, a key mechanism to regulate nucleosome packing relies on the tails of the
histone proteins (Fig. 1.6). For example, an early study uncovered that removal of
the tail of histone 4 lead to de-repression of key heterochromatic regions in budding
yeast, the silent mating type loci (Chahal et al., 1980). In addition, experiments using
nuclease accessibility of chromatin fibers as a read-out for compaction, established
that hyper-acetylated chromatin is much more sensitive to nuclease than their hyperphosphorylated counterparts (Bradbury, 1992; Vidali et al., 1978). Furthermore, cellcycle fluctuations of these acetylation events were observed as well. Whereas
acetylated histones tended to be more present in interphase cells, phosphorylated
species enriched in mitosis, coinciding with chromosome condensation (Fig. 1.6;
(Billett and Barry, 1974). These seminal findings were extended into more
mechanistic insights in the decennia that followed. Importantly, the phosphorylation
of serine 10 on histone 3 was shown to be a causal event for mitotic chromosome
condensation. Indeed, H3-S10 phosphorylation occurred strictly when chromosomes
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condensed in mammalian cells and diminished again when chromosomes
decompacted at the end of mitosis (Hendzel et al., 1997). Subsequently,
groundbreaking experiments in the ciliate Tetrahymena could show for the first time a
causal

effect

of

these

events

(Wei

et

al.,

1999).

Strains

carrying

an

unphosphorylatable H3-S10A allele failed to condense their chromosomes during
mitosis

and

subsequently

failed

to

segregate

them.

Subsequently,

the

phosphorylation of H3-S28 and H3-T3 (Dai et al., 2005) were identified and shown to
also coincide with condensation. An important next step was the identification of the
kinases responsible for these modifications. For H3-pS10 this was shown to be the
Aurora B kinase, or Ipl1 in yeast (see above and Hsu et al., 2000) and other
organisms. The haspin kinases were shown to phosphorylate H3-T3 and in fact
turned out to be upstream of Aurora B – H3-pS10, since Survivin, an Aurora Binteracting protein, directly binds this histone modification (Kelly et al., 2010; Wang et
al., 2010). Subsequently, elaborate feedback loops between Aurora B and the
Haspin kinases turned out to be in place to ensure each other’s presence, especially
at mitotic centromeres (Funabiki and Wynne, 2013; Wang et al., 2011b).
The requirement of H3-pS10 for chromosome condensation was not easily
extendable to other model organisms (such as yeast, cultured mammalian cells or D.
melanogaster), since preventing H3-pS10 did not show phenotypes that were as
drastic, if any at all, as those in ciliates (Adams et al., 2001; Afonso et al., 2014;
Ditchfield et al., 2003; la Barre, 2001). These observations have prompted some
researchers to put the role of nucleosomes in mitotic chromatin compaction into
question (Kschonsak and Haering, 2015). However, the picture that rather seems to
emerge from these data is that nucleosome-nucleosome interaction is a complex
event that probably requires many modifications on different histones performed by
many different enzymes (Fig. 1.6). This might lead to redundancies in nucleosome
packing pathways during mitosis. Second, assays to study chromatin packing might
be limiting in observing the subtle defects that some histone mutants cause in
chromatin structure (Neurohr and Gerlich, 2009). Finally, recently developed
CRISPR/Cas9 genome editing technologies now allow the facile construction of
endogenous, homozygotic loss of phosphorylation alleles, such as H3-T3A or H3S10A in more complex eukaryotes, to allow a proper study of the functions of these
residues.
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Figure 1.6 Simplified overview of nucleosomes and some of the key modifications on the histone
proteins during interphase and mitosis. During interphase, chromatin is open and accessible and
generally histone tails are acetylated. At mitosis, the indicated histone tail phosphorylation events
contribute to increased packing of chromatin, caused by the general removal of most acetylations.

1.6.2 Higher-order organization of mitotic chromosomes by condensin
A key discovery in the field of chromosome condensation was the identification of the
protein complex condensin, first shown to be essential for chromosome condensation
in Xenopus egg extracts (Hirano and Mitchison, 1994). Condensin is a universal
complex among almost all taxa of life, since many organisms contain homologous
genes encoding condensin-like proteins and even prokaryotes contain a condensinlike complex that is responsible for chromosome organization and segregation (Fig.
1.7; Hirano, 2016; Nolivos and Sherratt, 2014). Importantly, while yeast and other
simple eukaryotes typically have one variant of condensin, most metazoans contain
at least two, termed condensin I and II. Similar to H3-pS10, the essentiality of
condensin differs among species. Indeed, condensin inactivation does not fully
abrogate chromosome condensation in a wide range of species, but it is clear that
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condensin has some universal role in chromosome organization, since many
condensin-depleted

cells

have

defects

in

chromosome

morphology

and/or

segregation (Coelho et al., 2003; Gerlich et al., 2006; Petrova et al., 2012; Vagnarelli
et al., 2006).

Figure 1.7 Cartoon of condensin and condensin-action. A. Protein subunits of budding yeast
condensin. B. Mitotic activation of condensin subunits by kinases engages condensin to stabilize or
form higher-order structures of chromatin (see text).

From a structural point of view, eukaryotic condensin is a pentameric protein
complex, somewhat resembling a semi-closed ring in electron microscopy images.
Indeed, the two coiled-coil SMC (Structure of Mitotic Chromatin; Smc2 and Smc4)
subunits of condensin turn back on themselves to interact with other so-called nonkleisin subunits (Brn1, Ycg1 and Ycs4) to close the ring (Fig. 1.7A). Like cohesin,
condensin seems to trap DNA topologically inside its ring-like structure, though this is
happening with much lower efficiency than what was seen for cohesin (Cuylen et al.,
2011; Haering et al., 2008). The only apparent biochemical activity of condensin is a
very low ATPase activity (Kimura and Hirano, 1997; Piazza et al., 2014). This activity
is important for DNA supercoiling activity of condensin (see below). Furthermore, it
was shown that direct binding of condensin to DNA via the subunits Brn1 and Ycs4 in
budding yeast stimulated ATPase activity (Piazza et al., 2014).
An important next step was to elucidate how condensin performs its roles in the
condensation process (Fig. 1.7B). Building on biochemical data, it was demonstrated
that condensin is able to induce positive supercoiling of DNA in yeast (Baxter et al.,
2011). This supercoiling activity was later proposed to spread out from the

24

centromeres to the chromosome arms as mitosis progresses, coinciding with the
condensation process itself (Leonard et al., 2015). Furthermore, there are key roles
of condensin in the individualization of sister chromatids during mitosis (Charbin et
al., 2013; Sullivan et al., 2004). Valuable cell biological information came from
studying the localization of condensin during the cell cycle. In yeast, it is present in
the nucleus throughout the cell cycle, but during mitosis, it gets slightly more
punctate, especially at the nucleolus (see below). These results are complemented
by ChIP-chip experiments, which could show an enrichment of condensin at the
rDNA, centromeres and tRNA genes (D'Ambrosio et al., 2008).
In mammals, the condensin I and II complexes evolved different functions.
Condensin I seems to be required to laterally compact chromosomes, while
condensin II seems to be involved in the axial shortening, the latter being more
similar to the roles of budding yeast condensin (Shintomi and Hirano, 2011).
Condensin I and II also localize differently during the cell cycle (Gerlich et al., 2006).
Condensin I is mainly cytoplasmic, even during prophase when chromosomes
condense, and only comes in contact with chromosomes as the nuclear envelope
breaks down and even then it interacts very dynamically. Condensin II is in proximity
with chromatin during the whole cell cycle, but starts to colocalize strongly with
chromosomes particularly in mitosis. Indeed, FRAP experiments showed that
condensin II is much more dynamic in interphase than in mitotic cells, suggesting it
might physically trap DNA in the latter stage. A series of elaborate in vitro
experiments have recently tried to precisely address the requirement of condensin in
condensation. There, by going back to the original Xenopus egg extracts, it could be
shown that CDK-phosphorylated condensin and the histone chaperone FACT, which
assists the integration of the frog histone variant H2A.X into chromatin, are sufficient
to condense DNA extracts of this organism (Shintomi et al., 2015). In line with these
findings, another study found a direct interaction between condensin and histone
H2A in S. pombe, by which nucleosomes provide a direct chromatin scaffold for
condensin on chromosomes (Hirano, 2006; Tada et al., 2011). Even though the
discussion remains (Houlard et al., 2015; Kschonsak and Haering, 2015), these
studies underline the intimate interplay between nucleosomes and condensin in the
formation and organization of mitotic chromatin (Fig. 1.7B).
1.6.2.1 Condensin regulation
As mentioned above, some condensins localize continuously to the nucleus, for
example in budding yeast (Varela et al., 2009). Since chromosomes are not
continuously condensed, this indicates that some level of regulation of condensin (or
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condensin targets) must occur to prevent it from condensating chromatin during the
whole cell cycle. There is ample evidence that this might occur by post-translational
modification of condensin (Fig. 1.7B).
Particularly mitotic kinases are key factors involved in chromosome condensation.
Shortly after the discovery of condensin, it was shown that Cdk1 phosphorylates and
activates it. Xenopus egg extracts lacking Cdk1 failed to mitotically condense a
chromatin extract (Kimura et al., 1998). These results were confirmed in budding
yeast as well, where particularly Cdk1-mediated phosphorylation of Smc4 is key for
proper condensation (Robellet et al., 2015). Another mitotic kinase shown to be
required for condensin activation was the Aurora B kinase. Indeed, in budding yeast
cells lacking Aurora B (Ipl1) activity, the rDNA locus does not form a typically
compacted structure (Lavoie et al., 2004; Neurohr and Gerlich, 2009; Vas et al.,
2007). Furthermore, chromosomes fail to shorten during mitosis when Ipl1 is
inactivated in G1 (Kruitwagen et al., 2015), but not in metaphase (Neurohr et al.,
2011). A thorough study aimed to compare the roles of this and other kinases, such
as Cdc5 (Polo like kinase) (St-Pierre et al., 2009). Cdc5-mediated phosphorylation
events were shown to be particularly important for condensin activity, whereas Ipl1
had more subtle roles in maintaining it. Next, the mitotic kinase Mps1 was recently
shown to directly phosphorylate condensin II subunits in cultured human cells. This
process seemed to be of particular importance for the loading of condensin at the
onset of mitosis (Kagami et al., 2014). Based on these results, it seems that almost
all mitotic kinases have some control over condensin function (Fig. 1.7B). The
current dogma in the field is that they do so by freely diffusing in the nucleus or
around all DNA and thereby engage condensation activities (Wang et al., 2011a;
Zaytsev et al., 2016). It will be interesting to test this role more directly and to dissect
them in more detail to gain a better understanding in potential condensin “priming”
events during early mitosis by one kinase that subsequently requires the activity of
another to fully engage the condensin-based chromosome organization machinery.
1.6.3 Other factors involved in chromosome condensation
The ability of chromosomes to condense under conditions where H3-pS10 is
prevented or condensin activity is absent or lowered (see above for references) has
fueled investigations to find other factors required for chromosome condensation that
go beyond these processes. A few recent advances have identified such factors,
mostly in cultured human cells. One of them could be the chromokinesin KIF4, which
is thought to act in parallel to condensin and topoisomerase II to primarily assist in
laterally shortening chromosome arms, but not the centromeres (Samejima et al.,
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2012). Furthermore, proteomic analyses of mitotic chromosomes are starting to
reveal in high detail the precise molecular events occurring at mitotic chromatin
(Booth et al., 2016; Ohta et al., 2010; 2016). A recent microscopy-based screen
using fission yeast S. pombe has also lead to the identification of new factors
involved in the condensation process (Petrova et al., 2012). One other, hitherto
underappreciated event for successful chromosome segregation is performed by the
protein Ki-67, which is thought to act as a chromosome surfactant, covering
chromosomes as they condense, preventing clumping of individual chromosomes in
the center of the metaphase plate (Booth et al., 2014; Cuylen et al., 2016).
1.6.4 Why do chromosomes condense?
The sections above highlight the giant steps that were taken to pinpoint the
molecular details underlying the condensation process. Using these data, much
research has gone into answering the question as to why and if chromosome
condensation is required for cell viability. This question is challenging to answer,
since many “condensation factors” have dual roles. For example, condensin has
roles in the spindle assembly checkpoint, which naturally increases chromosome
loss when abrogated. Thus, to specifically test the roles of condensin in
condensation, separation-of-function alleles must be used (Samoshkin et al., 2009;
Verzijlbergen et al., 2014).
Nevertheless, it has become clear that chromosome condensation prevents the
formation of entanglements of chromosome arms during the separation of sister
chromatids. These entanglements can result in chromosome breakage and
eventually loss of parts of the genome for one of the two daughter cells (Bastians,
2015). A second result of the condensation process, is that the arms become part of
a rigid mass that has a smaller chance to get stuck during anaphase. This function is
exemplified well for the longest chromosome in budding yeast, chromosome XII. This
chromosome contains the rDNA repeats (Petes, 1979), which makes this
chromosome of variable length due to the recombinogenic nature of this locus
(Kobayashi, 2014). Thus, to prevent this part of the genome from getting stuck in the
spindle midzone during mitosis, condensin enriches there to properly separate the
DNA from the two sister chromatids (D'Amours and Amon, 2004; Sullivan et al.,
2004). Condensin might perform these functions by ensuring the removal of any
inter-DNA molecule connection, a process termed chromatid decatenation.
Condensin, or one of the proteins that it interacts with, has recently been shown to
possess activity that is able to remove such inter-sister catenations (Charbin et al.,
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2013). Intriguingly, such a process might already occur during S-phase, at least in
human cells (Ono et al., 2013).
The precise function of nucleosome-nucleosome interaction during chromosome
condensation has remained enigmatic. An interesting proposition is that H3-pS10
somehow assists in forming a chromatin fiber that is “competent” for condensin
recruitment or binding (Van Hooser et al., 1998; Wei et al., 1999). However, as
described above, the lack of specific loss-of-function mutations or the apparent lack
of clear phenotypes of the few existing alleles precludes testing of such hypotheses.
Yanagida, 2009, has put forward an interesting proposal for another function of
chromosome condensation. In this work, the author proposes a role for the
condensation machinery, primarily exemplified by the condensin complex, in
“cleansing” the chromatin prior to mitosis. Especially the re-annealing of the
chromatin fiber was hypothesized to be a mayor role of condensin. Indeed, many
transcription and replication factors are able to pull the double helix apart. If such
factors are left as they are at mitosis, they might pose a barrier for the faithful
segregation of sister chromatids. Another aspect of this cleansing process might be
to erase any transcriptional memories that were present in the cell prior to its
division. Such a process would allow the formation of daughter cells with a re-set
identity. Subsequent experimental work from the same group seems to confirm the
cleansing hypotheses. Indeed, condensin prefers to interact with ssDNA (Akai et al.,
2011; Piazza et al., 2014). Furthermore, condensin temperature sensitive mutants
could be rescued by alleviating the activity of replication protein A, a protein able to
induce the formation of ssDNA. Also, condensin enriches at mitotically up-regulated
genes during mitosis and a failure to do so results in chromosome mis-segregation.
Though a solid proof of the cleansing model leaves much more experiments to be
desired, these data represent the promising first steps to move beyond the canonical
explanations regarding the necessity of chromosome condensation.
1.7 Non-chromosomal DNAs during mitosis
So far, I exclusively focused on the behavior of chromosomes during mitosis and the
mechanisms ensuring their symmetric segregation. However, it is clear that the
nuclei of eukaryotes contain much more DNA than “just” chromosomes. In this
section I will highlight the plethora of such non-chromosomal DNA elements and their
relevance and behavior, starting out with the budding yeast and later expanding
these findings to more complex eukaryotes.
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Figure 1.8 Extra-chromosomal rDNA circle (ERC) formation and aging in budding yeast. A. The
rDNA array on chromosome XII is highly repetitive and DNA damage can be repaired by intra-strand
homology. The resulting holiday junction can be processed to form a DNA circle, containing one (or
more) rDNA repeats and an autonomous replication sequence (ARS). B. An ERC-based model of aging
in budding yeast. A young cell contains very few ERCs, but with age this cell accumulates ERCs, which
will eventually kill her. The daughter cell of an aged mother cell is rejuvenated.

1.7.1 Non-chromosomal DNAs and aging in budding yeast
The formation of non-chromosomal DNA elements was recognized at an early stage
in budding yeast research. One of the first described cases was that of extrachromosomal rDNA circles (Meyerink et al., 1979) in the yeast S. carlsbergensis.
Such circles form as a result from a DNA break in the rDNA array, which contains
100-200 repeats of the 9.1 kb rDNA unit (Fig. 1.8A). Upon a DNA break, the cell
might repair this through intra-chromatid homologous recombination. In that case, a
Holliday junction forms and the inherent symmetry of this structure makes that in
approximately 50% of the cases, a circular byproduct is formed upon resolvation of
the junction (Fig. 1.8A and Klein, 1995). The resulting episome, called extrachromosomal rDNA circle (ERC) contains one (or more) rDNA repeat, but also
contains an autonomous replication sequence (ARS) that allows these circles to
replicate at least once every cell cycle. The consequence is that, as the mother cell
produces buds, the amount of circles increases exponentially. A breakthrough for the
relevance of such circles in yeast biology came when Sinclair et al., 1997 discovered
that they are a cause of aging in budding yeast. Replicative aging has been observed
in budding yeast almost 70 years ago (Barton, 1950). In budding yeast, this is
defined as the amount of buds that can be produced before a given mother cell dies
(Barton, 1950; Mortimer and Johnston, 1959). Indeed, this number is limited for every
cell, with a median lifespan in the population of approximately 25-27 generations.
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When comparing the nuclear rDNA circle content of aged cells by Southern blot, a
large fraction of ERCs was specifically present in these old cells, as compared to
their younger peers (Sinclair and Guarente, 1997).
However, the most compelling experiments showing a causal role of ERCs in the
replicative aging process came when the gene SGS1 was deleted. These sgs1Δ
cells, among other defects, have a hyper-recombinogenic rDNA, resulting in
increased ERC formation and, consequently, to shorter-lived mother cells (McVey et
al., 2001). In addition, the authors (Sinclair and Guarente, 1997) could show that
decreased replication of these circles (by slightly inhibiting the replication machinery)
lead to an increase in the lifespan of the mother cells. Complementary experiments
showed that decreasing the formation rate of ERCs lead to similar phenotypes
(Defossez et al., 1999). Importantly, the aging phenotype does not seem to be in any
way specific to the rDNA sequence, since yeast cells transformed with an artificial
non-centromeric plasmid lacking any similarity to the rDNA also show accelerated
aging (Falcón and Aris, 2003). Importantly, the aging phenotype segregates strictly
asymmetrically during mitosis. Even though a mother cell might have produced many
buds (and is loaded with ERCs), her buds are born with a full lifespan potential
ahead of them, allowing an eternal lineage of daughter cells to exist. This process
has fascinated many biologists ever since, focusing primarily on two important
questions: I) How is this phenotype segregating asymmetrically? and II) How do
ERCs cause aging phenotypes?
1.7.2 DNA circles are retained in the mother cell by SAGA/TREX-2 mediated
attachment to nuclear pore complexes
Starting with the first question, a simple mechanism to allow asymmetric segregation
of age might simply rely on the inherent function and architecture of budding yeast.
However, a model taking into account the time that yeast cells spend in anaphase
(where exchange of hypothetically free diffusing ERCs could occur) together with the
width of the bud neck, showed circle propagation frequencies of around 15%,
strongly contrasting with a value of less than 4% in living yeast cells (Gehlen et al.,
2011; Shcheprova et al., 2008). A complementary study also concluded that ERC
retention frequency in the mother must be similarly high to ensure rejuvenation of
daughter cells (Gillespie et al., 2004). Thus, the highly asymmetric segregation of
DNA circles observed in live yeast cells must be an active process. The Barral lab
has taken a lead in the field by establishing that DNA circles attach to nuclear pore
complexes (NPCs) (Fig. 1.9). However, by itself this process is not sufficient to
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achieve circle asymmetry, since NPCs can theoretically diffuse freely into the bud
compartment of the nucleus. Strikingly, the latter process is hindered by the
presence of a lateral diffusion barrier in the outer nuclear membrane (ONM) at the
bud neck. Although the precise nature of this barrier is under current investigation, it
is clear that it efficiently retains any protein (-complex) that is present in the ONM. In
this case, nuclear pore complexes, with a DNA circle attached to them, are hindered
to freely diffuse into the bud in a diffusion barrier dependent manner (DenothLippuner et al., 2014; Shcheprova et al., 2008 and Fig. 1.9). In a subsequent work,
the lab could show that the SAGA/TREX-2 complexes mediate the attachment of the
circles to NPCs (see below). Indeed, in cells lacking this tether, DNA circles are
moving freely in the nucleoplasm and hence, are no longer sensitive to the diffusion
barrier and as a consequence move into the daughter compartment of the nucleus
more frequently (Fig. 1.9, left cell). As expected, these mother cells also show an
increase in lifespan, in some mutants lacking components of SAGA, such as SGF73,
the median lifespan almost doubles (Denoth-Lippuner et al., 2014).

Figure 1.9 Cartoon showing models of how different mutants affect DNA circle retention. In a WT
cells (left), DNA-circles attach to nuclear pore complexes (NPCs) and these are restricted in their
movement to the daughter compartment of the nucleus by a diffusion barrier at the bud neck in the outer
nuclear membrane. In a diffusion barrier mutant (middle), DNA circles attach to NPCs, but are no longer
retained as well in the mother cell nuclear compartment. In a SAGA or TREX-2 mutated cells, DNAcircles do not attach to NPCs and freely diffuse in the nucleoplasm, thereby also ending up in the
daughter cell compartment. The middle and right mother cells will be longer-lived than WT. Adapted
from Denoth-Lippuner et al., 2014.

Surprisingly little is known about the detrimental role of ERCs on the aging process.
One early proposition was that the ERCs present in old cells titrate away important
parts of the housekeeping proteome, thereby disrupting essential processes like
transcription and replication (Sinclair and Guarente, 1997). However, evidence for
this notion is lacking. Denoth-lippuner et al., 2014 provide a suggestion for an
alternative model. When cells containing a fluorescently tagged model DNA circle
were aged (approximately 12 divisions), a big cluster of these circles appeared.
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Interestingly, this cluster was covered by a similarly large cap-shaped structure of
NPCs. One intriguing possibility is that the cap contains NPCs that are dysfunctional
in some of their well-described canonical functions, for example nuclear-cytoplasmic
transport. As a consequence, the cells might eventually die from detrimental effects
caused by this. Indeed, clustered NPCs show a strongly diminished diffusion speed
compared to their WT counterparts. Further investigations of these clustered NPCs
are ongoing. So far, these have lead to the striking observation that NPCs in the cap
have a different composition than their counterparts that are outside the cap, further
confirming the idea that such NPCs might lack some of their original functions (but
gained one in DNA circle retention) (Anne Meinema, unpublished).
1.7.3 Other types of DNA circles in budding yeast
Despite extensive investigations into ERCs, it has become clear that many parts of
the yeast genome are prone to form DNA circles. For example, circles stemming
from the telomeres and repeated transposable elements (Møller et al., 2015) are
readily detected (Mukherjee and Storici, 2012). Furthermore, a recent large-scale
study obtained estimates of the total non-chromosomal DNA content of an
exponentially growing (i.e. mostly young) budding yeast population. The thrilling
conclusion from this work is that 23% of the budding yeast genome is present in
some extra-chromosomal DNA element, over the whole population. Most of these
circles contained a gene or a fragment of it. Importantly however, for the circles to
have any accumulative potential the presence of an autonomous replication
sequence is required. Indeed, the vast majority of the identified DNAs do contain
one. A particularly interesting class of DNA circles identified in these studies is that
containing the HXT6 and 7 genes. These circles were identified before in a yeast
population grown for 450 generations under glucose limiting conditions (Brown et al.,
1998). Functionally this could make sense, since HXT6 and 7 encode proteins that
are high-affinity transporters that facilitate glucose uptake from the extracellular
environment into the cells. Similar results were obtained for yeast cells grown under
the presence of xylose, which amplified a heterologously introduced xylosefermenting gene by circle formation (Demeke et al., 2015) or low nitrogen, where the
cells amplified the gene encoding the general amino acid transporter GAP1 on
circles (Gresham et al., 2010). The authors of these works have referred to these
circles simply as a copy number variance that occurs under sufficient evolutionary
pressure. However, knowing that all non-centromeric DNA elements without their
own segregation machinery are rapidly lost in the yeast population, it will be
interesting to determine how these types of seemingly more “advantageous” circles
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segregate during mitosis. One possibility is that they obtained some symmetric
segregation promoting element, for example, the silent mating type loci (HML and
HMR; Ansari and Gartenberg, 1997; Kimmerly et al., 1988) and telomeres (Enomoto
et al., 1994) were shown to confer stability to a non-centromeric plasmid by recruiting
the Sir2 protein deacetylase. Together, these studies underline that nonchromosomal DNAs are an abundant and probably under-appreciated, part of the
yeast nucleus whose functions merit further investigation.
1.7.4 DNA circles are not yeast specific
As might be expected from the generality of the DNA repair machinery, DNA circles
are not restricted to the Saccharomyces clade. Indeed, similar circles have been
identified in Drosophila (Cohen et al., 2003), plants (Cohen et al., 2008) and
Xenopus (Cohen et al., 1999). Furthermore, human cells were also demonstrated to
contain circles encoding part of the 5S ribosomal DNA element, reminiscent of the
ERCs in budding yeast (Cohen et al., 2010). The function and consequences of such
molecules on human cells are poorly understood. This is somewhat surprising, given
that from a fundamental point of view, any scientist working on cultured mammalian
cells is aware of the rapid clearance of exogenously transfected plasmids (Shimizu et
al., 2005). Whether this is an active process and, if yes, how this could work
mechanistically remains to be fully determined, but recent work suggested that the
cell is able to actively separate circles from its own genome (Wang et al., 2016). By
observing the behavior of fluorescently labeled, transfected plasmids in cultured
human cells, they established that these circles are clustered and confined in small
ER-membrane
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structures

that

are

subsequently

segregated

asymmetrically during mitosis, preferentially to the daughter cell receiving the young
centrosome. Besides fundamental knowledge about the behavior of extrachromosomal DNAs in these cells, it is becoming increasingly clear how common
these molecules actually are in mammalian systems. One study, focusing on the
tissue of mouse brains identified many, relatively short, so-called microDNAs, whose
relevance might lie in gene expression regulation, but remains to be explored further
(Shibata et al., 2012).
A few classes of extra-chromosomal DNAs in mammalian cells are well described,
largely owing to their immediate pathological relevance. T-circles, for example, are a
category of extra-chromosomal DNAs that contain a set of telomere repeats.
Interestingly, the presence of these circles is increased in cells lacking telomerase,
which has prompted many groups to investigate a potential role of T-circles in the
lengthening of telomeres (Pickett and Reddel, 2015). An even more therapeutically
33

relevant group of extra-chromosomal DNAs in human cells are those of the double
minutes (Storlazzi et al., 2010). These DNA molecules usually contain driver
oncogenes and are now known to be present in at least half of tested human cancers
(Turner et al., 2017). Their presence is variable over the cell population and thereby
is thought to contribute to tumor cell heterogeneity and evolution. In fact, the extrachromosomal DNAs have an enormous potential to generate a genetically diverse
tumor, supposedly more than chromosomal duplications and modifications of
oncogenes can do (Turner et al., 2017).
1.7.5 What sets DNA circles apart from chromosomes?
So far, I have described that extra-chromosomal DNAs seem to be abundant in all
organisms tested so far. In addition, in yeast these circles seem to have asymmetric
mitotic segregation patterns that differ profoundly from those observed for
chromosomes. This process seems to be important, at least in budding yeast, to
segregate age to only one of the two daughter cells, thereby ensuring the birth of one
rejuvenated daughter cell. Besides this key difference in behavior of different DNA
molecules, there are other differences that have been described as well.
From the data described above, it is easy to imagine that transcription occurs on
DNA circles as well. For this, the data in cultured mammalian cells (for example of
the double minutes) is especially strong, but also in yeast it seems conceivable,
given the roles of the SAGA complex in promoting transcription. An important
discovery was that the transcriptional machinery on the ERCs changes as compared
to that present on the rDNA. It is well-established that the rDNA is transcribed by
RNA polymerase I (Goodfellow and Zomerdijk, 2013). However, as soon as an rDNA
repeat is excised from a chromosomal locus, it seems to switch to RNA polymerase
II for its transcription (Conrad-Webb and Butow, 1995). Based on this, it seems that
there is something inherently different about a DNA circle compared to a
chromosome, that is nucleotide sequence independent (Table 1).
Besides transcription, data from our lab (Denoth-Lippuner, 2014) suggests that the
compaction status of non-chromosomal DNAs is altered compared to chromosomes.
In particular, this seems to depend on the presence of a centromere: whereas
centromeric plasmids compact during anaphase, removing the centromere prevents
this process from occurring. In the results and discussion sections of this work, I will
highlight the potential roles of this phenomenon.
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Table 1: Key differences between chromosomes and DNA-circles.
Chromosomes

DNA-circles

Segregate symmetrically during mitosis

Segregate asymmetrically during mitosis

Transcription by three RNA polymerases

Transcription by RNA Pol II only?

Condense during mitosis

Do not condense?

1.8 DNA-nuclear periphery interactions
As mentioned before, chromosomes undergo extensive interactions with the nuclear
periphery, which I will briefly discuss in this section. Looking at the organization of
the budding yeast nucleus, centromeres are clustered at the spindle pole body (SPB)
(Taddei et al., 2010) and the chromosome arms are in a so-called “Rabl”
conformation where the telomeres and other arm loci are interacting with the nuclear
periphery (Fig. 1.10). Such interactions are known to determine the behavior of these
loci, as most of the chromosome domains binding the nuclear periphery are
characterized by extensive heterochromatinization. In budding yeast, these are the
telomeres (Gottschling et al., 1990), rDNA and silent mating type loci (Rine et al.,
1979). The tethers to the nuclear envelope occur by protein-protein interactions. For
the (sub)telomeres, the protein Esc1 at the nuclear envelope interacts with proteins
present at the telomeres, such as Yku70 and Rap1. Subsequently, the Sir proteins
are recruited to establish transcriptional silencing of these domains (Hediger et al.,
2002; Taddei and Gasser, 2004), a task that they perform by deacetylating histone
tails (Oppikofer et al., 2013). In a similar process, the nucleolus is also tethered to
the nuclear periphery and silenced by the Sir2 histone deacetylase (Mekhail and
Moazed, 2010; Mekhail et al., 2008). However, to fully establish a silenced chromatin
state, the attachment of the rDNA to the inner nuclear membrane is also needed.
Thus, repetitive units of the budding yeast genome tend to interact with the nuclear
periphery to assist in their transcriptional silencing. Despite the importance of these
interactions for the maintenance of silenced chromatin domains in budding yeast,
these factors do not seem to play a role in the asymmetric segregation of DNA
circles (Denoth-Lippuner et al., 2014 and Anne Meinema, unpublished).
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Figure 1.10 Overview of a stereotypical budding yeast cell in interphase (left) and anaphase
(right).

1.8.1 Interactions of DNA with the nuclear pore complex
Besides the nuclear periphery itself, the nuclear membrane contains nuclear pore
complexes, about 100-200 per budding yeast nucleus (Winey et al., 1997). These big
protein complexes are hubs for chromatin interactions (Fig. 1.10). Especially the part
of the NPC that is protruding into the nucleoplasm, called the nuclear basket,
interacts with chromosomes. Indeed, integral parts of the nuclear basket are known
to be involved in the transcription of many genes (Schmid et al., 2006). These
interactions occur with the help of a number of protein complexes. One of these is
the SAGA-complex. As mentioned before, this is a multi-subunit complex, which was
originally discovered for its role in histone acetylation (Koutelou et al., 2010). In fact,
the first histone acetyltransferase that was ever discovered was the Tetrahymena
homologue of SAGAs Gcn5 (Brownell et al., 1996). In budding yeast, the SAGA
complex associates prominently with the GAL1, 10, 7 cluster that is required for cells
to grow under the presence of galactose as a carbon source. It co-activates
transcription by recruiting RNA polymerase II (Luthra et al., 2007; Weake and
Workman, 2011). Recently, it has also become clear that SAGA is required for the
basal transcription of many household genes that are highly expressed in
exponentially growing budding yeast cells (Bonnet et al., 2014; Ghosh and Pugh,
2011). At NPCs, SAGA interacts with the NPC basket-proteins Mlp1, Mlp2 (Luthra et
al., 2007) and Nup1 (Cabal et al., 2006). Remarkably, SAGA also functions in mRNA
export via its interaction with the TREX-2 complex (Strambio-de-Castillia et al.,
2010). This has lead scientists to hypothesize that SAGA facilitates the
transcriptional response by bringing a target gene close to the nuclear exit point of its
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mRNA, in a widely debated process termed gene gating (García-Oliver et al., 2012;
Green et al., 2012). Another means to tether DNA to the nuclear pore complexes
occurs through the so-called DNA zip code sequences (Ahmed et al., 2010; Brickner
et al., 2012). This sequence-specific targeting of genes is particularly known to occur
for the INO1 gene, but indeed, every gene that contains this sequence element
required is prone to this event. In addition, by globally restructuring the interactions of
chromosomes with NPCs, it has been proposed that this system has the capability to
sculpt the 3D organization of the budding yeast genome (Brickner et al., 2012).
1.8.2 Consequences of DNA-nuclear periphery interactions
Besides promoting transcription, it is becoming clear that attaching chromosomes to
nuclear pore complexes also brings a number of obstacles with it (Fig. 1.10). First,
when chromatin is duplicated, replication forks have to pass many transcription
bubbles and the cell must ensure that this goes smoothly, without replication fork
stalling. It was uncovered that the attachment of DNA to the nuclear basket, and the
associated transcription and mRNA export machinery, is a major hindrance for
replication forks to pass (Bermejo et al., 2011). Indeed, when chromatin is left
attached to nuclear pores during S-phase, the fork collides with the transcription
machinery, a process that leads to under-replication and forms a threat to genome
stability. Evolving a mechanism that specifically detaches chromosomal loci from the
NPCs to protect replication fork stability solved this problem. The mechanism is
based on phosphorylation of components of the tethering machinery, including the
TREX-2 complex and nuclear basket proteins, by the protein Rad53. These
phosphorylation events induce the release of chromosomes from NPCs and allow
passage of the replication fork (Bermejo et al., 2011; 2012). A second point in the cell
cycle where chromosomes detach from the nuclear periphery is mitosis. In budding
yeast, this was first observed for the telomeres and subtelomeres, which interact with
the nuclear periphery (see above, Hediger et al., 2002). Independently tagging a
telomere on three different chromosomes with the use of the LacO-LacI-GFP system
revealed that they are in close association with the nuclear periphery in G1 cells, as
expected based on the importance of this process in silencing and stability of this
region. However, when the cells progressed into mitosis, the average distance of
these foci to the nuclear periphery increased drastically. The potential relevance of
this release was unclear, until these findings were extended to the fission yeast S.
pombe (Fujita et al., 2012). In this organism, an active mechanism underlying the
mitotic

release

of

telomeres

was

discovered.

Interestingly,

mitosis-specific

phosphorylation of the telomere binding protein Rap1 by the cyclin dependent kinase
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Cdc2 facilitates the release of the telomeres from the nuclear periphery at the onset
of mitosis. Importantly, when the detachment was prevented, for example by using
phospho-deficient alleles of Rap1, chromosomes failed to segregate symmetrically in
mitosis. Thus, the process of detachment from NPCs might be required to facilitate
proper chromosome segregation (Kanoh, 2013). However, certain species seemed
to have evolved ways to avoid such problems, since an opposite effect was observed
in the closely related fission yeast Schizosaccharomyces japonicus (Yam et al.,
2013). In this organism, chromatin maintains an interaction with nuclear pores during
mitosis and this is particularly required to ensure faithful inheritance of NPCs and the
formation of two equally sized daughter nuclei. Of note, though S. pombe and S.
japonicus are closely related in evolutionary time, they differ radically in the way their
nucleus is organized. Whereas S. pombe undergoes a closed mitosis, S. japonicus
undergoes a process called semi-open mitosis, where the nuclear envelope partially
breaks down to allow exchange with the cytoplasm (Aoki et al., 2011; Boettcher and
Barral, 2013). It will be interesting to investigate the relevance of this process in
regulating NPC-DNA interactions. However, one picture that emerges from all these
studies is that the interaction of DNA with the nuclear periphery has much more
consequences than only regulating the transcriptional state of the underlying
chromatin.
1.8.3 DNA-nuclear lamina interactions in mammals
The last decades have witnessed an increasing understanding of the role of the
nuclear lamina in chromatin regulation in mammals (Fig. 1.11). Importantly, since
these organisms break down their nuclear envelope at mitosis, the process of
regulating chromatin interactions must be fundamentally different, but might obtain
similar goals. Mammalian cells contain a nuclear lamina that contains homologues of
yeast inner nuclear membrane proteins, among many more mammal-specific
proteins (Champion et al., 2017; Ungricht and Kutay, 2017). During the G1/S/G2
stages of the cell cycle, it is mostly the heterochromatin that is interacting with the
nuclear lamina, whereas the more open euchromatin is present in central parts of the
nucleus. At the onset of mitosis, the protein-protein interactions of the lamina
proteins are disrupted, to a large extent by phosphorylation by mitotic kinases and
the action of the microtubule cytoskeleton (Güttinger et al., 2009; Mühlhäusser and
Kutay, 2007; Ungricht and Kutay, 2017). An additional aspect of mammalian mitosis
is that membrane pieces must be cleared from chromatin (Fig. 1.11). Indeed, a
failure to do so can result in mis-segregation of chromosomes, due to mostly
endoplasmic reticulum membrane remaining stuck at the metaphase plate (Schlaitz
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et al., 2013). The clearance of ER membranes from the condensating chromatin
seems to be an active process that depends to a large extent on microtubules
(Champion et al., 2017). Especially the microtubule binding proteins REEP2/3 are
essential to clear the ER from the metaphase plate (Schlaitz et al., 2013).
Furthermore, the SUN proteins present in the inner nuclear membrane are also
required to clear membrane from chromatin (Turgay et al., 2014). Thus, even though
these cells are much more complex than budding yeast, they seem to require similar
processes as yeast cells do in order to segregate their chromosomes properly during
mitosis (Fig. 1.11).

Figure 1.11 Overview of the interactions of mammalian chromosomes with the nuclear envelope
in different stages of the cell cycle. Image taken from Champion et al., 2017.
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1.9 Goals of this work
The segregation of eukaryotic chromosomes requires extensive machinery that
allows their condensation, detachment from the nuclear envelope, attachment to the
mitotic spindle and factors to sense the fidelity of these processes. It has become
clear that during the exact same process, many non-chromosomal DNA elements
are present in the nucleus as well. While a full set of chromosomes is clearly required
for the viability of every cell, the non-chromosomal DNAs can form a threat to cell
viability. For example, extra-chromosomal rDNA circles (ERCs) in budding yeast are
a major cause of aging in this organism. The cell has evolved elaborate mechanisms
to ensure the asymmetric segregation of these DNAs during mitosis, which ensure
the birth of at least one rejuvenated, reset and naïve daughter cell. The main
question underlying this work is if, and how, the cell can actively distinguish between
these two types of DNA and sort them accordingly during mitosis. Building on
previous work from our lab and others, we formulate the following hypothesis of how
this process could function in budding yeast. Chromosomal DNA is not condensed
during interphase and interacts, through SAGA/TREX-2, with nuclear pore
complexes (NPCs). During mitosis, chromosome condensation is initiated at the
centromeres and recruits one or more deacetylases that, while condensing
chromatin, promote detachment of chromosomes from NPCs. This allows their
faithful segregation, by preventing them from being retained, with the NPC they
interact with, by the lateral diffusion barrier in the outer nuclear membrane. Nonchromosomal DNAs, on the contrary, lack a centromere and hence do not condense
during mitosis. Thereby, they maintain their interactions with NPCs, allowing their
efficient retention in the mother cell. This mechanism allows the cell to efficiently tell
apart its own genome from potentially toxic non-chromosomal DNA elements.
As such, the goals of this project were to:
I. Identify post-translational modifications that regulate DNA attachment to
nuclear pore complexes.
II. Investigate the role of the centromere in chromosome condensation.
III. Determine the role of chromosome condensation in regulating the attachment
of DNA to nuclear pore complexes.
IV. Investigate whether the identified mechanisms can function as a genomic
immune system discriminating self from non-self DNA in budding yeast.
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2. Results
2.1 Axial contraction and short-range compaction of chromatin synergistically
promote mitotic chromosome condensation
In order to test a role of chromosome condensation in determining DNA identity (see
section 1.9), we first sought to get a deeper understanding of the condensation
process itself. It is known that neighboring nucleosomes specifically interact to form a
tight chromatin fiber during mitosis. In addition, condensin induces the formation of
higher-order structures. It is unclear if and how these different pathways are
coordinated with each other to regulate the formation of mitotic chromatin. One
reason is the absence of an easy-to-use assay to study the compaction of chromatin
on the nucleosome level.
2.1.1 A microscopy-based assay to measure chromatin fiber compaction
In order to develop a chromatin condensation assay, we reasoned that increased
nucleosome-nucleosome interaction might render chromatin less accessible to DNAbinding proteins. To test this idea directly, we asked whether chromatin condensation
restricted access for heterologous reporter proteins to their binding sites when those
are introduced at a chosen chromosomal locus. Therefore, we used a yeast strain in
which a set of Tet operator (TetO) repeats are inserted at the TRP1 locus on
chromosome IV, 15 kb from CEN4, and constitutively expressing the TetR-mCherry
fusion protein, which efficiently binds the TetO repeat. As a consequence, these cells
exhibit a red dot in their nucleus throughout the cell cycle (Fig. 2.1A). To test whether
the intensity of TetR-mCherry fluorescence possibly varied over the cell cycle, we
measured the fluorescence intensity of this dot in G1 cells (unbudded), when the
chromatid is decondensed, but not replicated yet, and in late anaphase mother cells,
when the chromatid is separated from its sister and has reached full condensation
(Fig. 2.1B and 2.3C; (D'Amours et al., 2004; Neurohr et al., 2011; Sullivan et al.,
2004 and see below). After subtracting background fluorescence, we noticed a highly
significant (p < 0.0001), 2 - 2.5 fold decrease in mCherry fluorescence intensity at the
TetO repeats on the anaphase compared to the G1-phase chromosomes (Fig. 2.1A
and B).
We next asked whether the variations of fluorescence intensity at the TetO repeats
reflected changes in H2A/H4 interaction. Supporting this view, mutating key residues
in the H3 phosphorylation and H4 deacetylation pathway established by Wilkins et al.
(2014) affected these variations (Fig. 2.1B and C). Strikingly, mutations that abrogate
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the mitotic interaction between H2A and H4, such as H3 S10A, hst2∆ and the H4 ∆916 mutations, all abolished the reduction in brightness of the TetR-mCherry focus
normally observed in anaphase cells (Fig. 2.1B). In reverse, mutations that promote
constitutive H2A/H4 interaction, such as H3 S10D and H4 K16R, caused the TetRmCherry focus to constitutively show, i.e. even in G1 cells, the low fluorescence
intensity normally specific of anaphase cells. The effect of the H3 S10D mutation was
indeed mediated by the recruitment of Hst2, since the hst2Δ mutation suppressed it;
the H3 S10D hst2∆ double mutant cells showed constitutive high brightness, similar
to hst2∆ single mutant cells. Interestingly, however, introducing the H4 K16R
mutation in the hst2∆ mutant cells did not restore the intensity drop normally
observed during anaphase, suggesting that H4 K16 is not the sole residue that Hst2
deacetylates to promote nucleosome-nucleosome interaction (Fig. 2.1B).

Figure 2.1 Fluorescence intensity of TetO/TetR-mCherry as a read-out for chromatin compaction.
(A) Representative images of a cell in G1 and anaphase, containing a TetO array at the TRP1 locus and
expressing TetR-mCherry (red). Fluorescence intensity of a focus is measured by determining the total
fluorescence and subtracting the background, giving the corrected fluorescence intensity. Scale bar is 2
µm. (B) TetR-mCherry intensities for the indicated wild type (WT) and mutant strains in G1 and
anaphase mother cells. One way Analysis Of Variance ( ANOVA) was performed to test significance.
(C) Fluorescence intensity for a wild type strain containing LYS4:LacO and expressing LacI-GFP.
Student’s t-test was performed to determine significance. (D) Anaphase TetR-mCherry intensities for the
indicated strains, synchronized in G1 by alpha-factor treatment and released at the indicated
temperatures. Intensities for G1 were determined 5 min after release from alpha-factor induced arrest.
All data are means and standard deviation for n>30 cells. **** p<0.0001 and n.s. not significant.
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To test whether the observed fluctuations in fluorescence intensity were specific for
the TRP1 locus or TetO/TetR-mCherry, we also measured the fluorescence intensity
at the LYS4 locus, in the middle of the right arm of chromosome IV, where we
integrated LacO repeats in cells expressing LacI-GFP. Although the effect was
slightly less pronounced, we observed a similar, and significant, decrease in reporter
brightness in anaphase compared to G1 cells at this locus (Fig. 2.1C). As for the
TRP1 locus, mutants in the H3 S10 pathway also affected fluctuations in intensity at
the CEN distal locus: hst2∆, H3 S10A and H3S10D hst2∆ showed a continuously
higher fluorescent intensity on the LacO repeats near the LYS4 gene and the H3
S10D mutation also resulted in a continuously lower fluorescent signal. These data
indicated that changes in chromatin organization during mitosis indeed affected
either the recruitment or the fluorescence intensity of TetR-mCherry and LacI-GFP
on two distant chromatin loci, one close to the centromere and the second in the
middle of the second longest yeast chromosome arm.
Since chromatin condensation is regulated by the kinase aurora B (Ipl1 in budding
yeast), we last asked whether Ipl1 activity is required for the intensity decrease of
TetR-mCherry at the TRP1 locus in mitotic cells. We arrested wild type yeast cells
and cells containing the temperature sensitive ipl1-321 allele in G1 with alpha-factor,
released them at the restrictive temperature of 35º Celsius and determined
TetO/TetR-mCherry fluorescence intensity in the same G1 or following anaphase
(Fig. 2.1D). Whereas wild type cells showed no significant difference in G1 and
anaphase TetO/TetR-mCherry fluorescence intensity, the ipl1-321 strain showed a
significantly brighter dot when undergoing anaphase at the restrictive temperature.
Compaction in G1 of ipl1-321 cells at the restrictive temperature was not affected,
presumably due to the fact that this protein has no activity in G1, even in wild type
cells (Buvelot et al., 2003). Thus, we conclude that the enhanced H2A-H4 interaction
triggered by aurora B-dependent recruitment of the deacetylase Hst2 onto chromatin
indeed affects the intensity of the TetR-mCherry signal on the chromosome.
2.1.2 Fluorophore concentration quenching causes fluctuations in brightness
We next wanted to better understand the molecular processes and structural
changes of chromatin that were underlying the fluorescence variation at the TetO
array over the cell cycle. Assuming enhanced nucleosome-nucleosome interaction
promotes chromatin compaction, three models may explain the observed decrease
of fluorescence in mitosis. First, chromatin compaction might reduce access of DNAbinding proteins, such as TetR-mCherry, to their binding site on DNA and cause their
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removal, as postulated by the chromosome cleansing hypothesis. Second, chromatin
compaction might increase the local packing of TetR-mCherry, leading to quenching
of the fluorophore (Lakowicz, 2013); these two first models are depicted in figure
2.2A. Third, the changed local environment of mitotic chromatin might reduce the
intrinsic fluorescence of mCherry and GFP.

In order to better distinguish between these models, we rationalized that coexpressing TetR-GFP with TetR-mCherry would not protect mCherry from a
cleansing effect (model 1) or a change in local environment (model 3), but should
strongly reduce any quenching, due to intercalation of a second fluorophore with a
different excitation spectrum. Furthermore, in this context, quenching might be
replaced by FRET between the TetR-GFP and TetR-mCherry molecules.
Remarkably, unlike the cells expressing only TetR-mCherry, cells expressing both
versions of TetR failed to show significant variation of the fluorescence signal for
either mCherry or GFP at the TetO array between anaphase and G1 (Fig. 2.2B).
Thus, cleansing and a general change in the local environment of the fluorophores
are unlikely to explain the fluorescence drop observed at the TetO array during
anaphase in the cells expressing solely TetR-mCherry. Supporting the idea that the
intensity drop was due to a quenching effect, FRET was indeed observed upon
exciting in the GFP and recording emission in the red channel in cells expressing
both TetR-mCherry and TetR-GFP, but not in cells expressing TetR-mCherry alone
(Fig. 2.2C). Moreover, FRET was significantly increased during anaphase compared
to G1-phase (Fig. 2.2B and C), indicating that the fluorophores are indeed brought in
closer proximity during anaphase compared to interphase. We conclude that
increased H2A/H4 interaction results in a tighter packing of fluorophores and their
quenching, establishing that H2A/H4 interaction leads to compaction of mitotic
chromatin in vivo. Furthermore, cell cycle dependent changes of TetR-mCherry or
TetR-GFP signal on TetO arrays is a reliable measure of short-range compaction of
the underlying chromatin.
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Figure 2.2 Fluorophore quenching causes changes of TetO/TetR intensity over the cell cycle. (A)
Two models to explain anaphase-specific decrease in fluorescence brightness (cleansing and
quenching, see text for explanations). Shown are the consequences of each model in G1 and
anaphase, in the case of cells carrying TRP1:TetOs and either expressing only TetR-mCherry or TetRmCherry and TetR-GFP. (B) G1 and anaphase TetO/TetR-mCherry intensities in cells carrying TetO
and expressing only TetR-mCherry (left) or TetR-mCherry and TetR-GFP (right). Data are means and
standard deviations, unpaired Student’s t tests were performed to test significance, **** p<0.0001 and
n.s. not significant. (C) FRET values for indicated strains. Plotted are mean values and standard
deviation. Unpaired Student’s t tests were performed to test significance, ** p<0.01 and n.s. not
significant.

2.1.3 Chromatin compaction precedes the axial shortening of chromosomes
Next, we investigated the dynamics of chromatin compaction during the cell cycle. To
this end, we visualized both the TetO/TetR-mCherry (at TRP1) and LacO/LacI-GFP
(at LYS4) loci simultaneously. This presence of two labeled loci on the same
chromosome allowed measuring the physical distance separating them and hence
the long-range contraction of the chromosome arm along its longitudinal axis during
anaphase. Using this strain, we first recorded time-lapse movies (Fig. 2.3A) in which
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we measured the intensity of the LacI-GFP fluorescence at the LYS4 locus in cells
progressing through mitosis (Fig. 2.3B). Upon averaging the signal of at least 15 (t =
-18 minutes) to maximum 31 (t = 0 minutes) such traces, we observed that the
intensity of the signal was indeed lowest during the first 12 minutes of anaphase,
while starting to increase as soon as the cells started to exit mitosis (Fig. 2.3B, blue
line indicates the formation of the first bud in the population). We also noticed that
fluorescence intensity at the LacO locus was highly variable throughout every single
movie, leading to high standard deviations. This variation was lowest during
anaphase and started to increase as soon as chromatin was decondensing,
consistent with the idea that chromatin is more constrained when it is most
compacted and fluorophore quenching is highest. The source of this fluorescence
variation is not known, but might reflect breathing movements of the underlying
chromatin or complex photochemistry effects. In either case, this intrinsic cell-to-cell
variability precludes drawing conclusions at the single cell level and emphasizes the
fact that the quenching assay introduced here is statistical in nature.
Next, we wanted to determine whether the dynamics of chromatin compaction could
be related to the contraction of the chromosome arm measured using the TRP1LYS4 distance, as described previously by us and others (Guacci et al., 1994;
Neurohr et al., 2011; Petrova et al., 2012; Vas et al., 2007). To avoid variations due
to photobleaching, we used snapshot images of cells at precise and representative
time points in mitosis (Fig. 2.3C): metaphase (large buds but neither the TRP1 nor
the LYS4 loci were separated), early anaphase (sister TRP1 loci – in red – are
separated, but the two LYS4 loci are not), mid-anaphase (both loci have undergone
separation but the LYS4 locus still lags behind), late anaphase (all loci are separated
and moved to the opposite poles of the cell) and G1 (unbudded cell). For each of
these stages (>25 cells each), we measured both the intensity of the fluorescence on
the two arrays and the distance between them. In this study, we focused specifically
on the loci segregated to the mother cell, as we showed before that mother and bud
are not directly comparable (Neurohr et al., 2011).
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Figure 2.3 Dynamics of chromatin compaction and chromosome arm contraction. (A) Example of
a cell going from metaphase to the next G1 phase with TRP1 and LYS4 loci marked with TetR-mCherry
and LacI-GFP, respectively. (B) Background normalized, mean GFP-intensity values of mitotic cells,
aligned at mid-anaphase (red dashed line: GFP dot split). Blue line indicates formation of the first bud.
Standard deviations are shown. (C) Upper panel: normalized (to G1) intensity of TetR-mCherry and
LacI-GFP foci in mother cells in the indicated cell cycle stages. Lower panel: mother TRP1:TetO LYS4:LacO distances in indicated cell cycle stages. Shown are mean and standard deviation for n>30
cells. (D) Nuclear diameter of G1 and late anaphase cells in wild type and hst2∆ cells containing
Nup170-GFP. Box shows median value, whiskers all data points n>50 cells. Scale bars are 2 µm.

Analysis of this data set indicated that the two marked loci underwent compaction
and decompaction with slightly different kinetics (Fig. 2.3C, upper panel). During
early anaphase, both the TetO and LacO array seemed to be compacted to some
extent already. As cells progressed to mid anaphase, the CEN4 proximal TetO
arrays seemed slightly more compacted than the distal LacO arrays. In late
anaphase, the TetO array was already starting to unpack, whereas the LacO
remained compacted. Both dots had recovered their full intensity in the G1 cells,
demonstrating that the intensity decrease in anaphase was not solely the
consequence of sister-chromatid separation, which is expected to reduce
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fluorescence intensity by half, down to its G1 level until the next S-phase. In the
same cells, measuring the TetO-LacO distance (Fig. 2.3C, lower panel) indicated
that the chromosome first stretched out upon anaphase onset, to subsequently
contract, reaching their shortest length in late anaphase, as reported (guacci 1994
harrison 2009). The TetO-LacO distance re-extended then to its steady state
average in G1 cells.
The changes in distance between the two loci could be due to changes in nuclear
diameter, which would constrain the maximal distance that the loci can move apart
by random motion. However, we did not observe any significant changes in nuclear
diameter (as determined by GFP-tagging the nucleoporin Nup170) when comparing
late anaphase and the G1 phase in wild type and hst2∆ cells (Fig. 2.3D). Thus, the
shortening of the TRP1-LYS4 distance in late anaphase cells truly reflects the effect
of chromatin condensation by axial contraction of the chromosomes. Furthermore,
our results established that short-range chromatin compaction was not strictly
concomitant with long-range axial contraction of the chromosome, but rather
preceded it.
2.1.4 Condensin is not involved in local chromatin compaction
These observations suggested that chromatin compaction and axial contraction of
mitotic chromosomes might be distinct processes. Thus, we asked whether
condensin, which is essential for axial chromosome contraction, contributed to shortrange compaction of chromatin. We analyzed the brightness of the TetR-mCherry
focus in yeast cells carrying the smc2-8 allele, a temperature sensitive mutation in
the condensin subunit Smc2 (Fig. 2.4A). Remarkably, condensin inactivation for 90
minutes at the restrictive temperature had no effect on the changes in mCherry
brightness between the ana- and G1-phase of the cell cycle, whereas it indeed
abrogated shortening of the TetO-LacO distance during anaphase (see below). We
therefore conclude that condensin, unlike histone 3 phosphorylation and histone 4
deacetylation, does not promote nucleosome-nucleosome interaction. To test this
idea further, we directly probed H2A/H4 interaction by using genetically encoded UVinducible crosslinking (Wilkins et al., 2014). We arrested cells in G1 with alpha factor
and released them in the presence of nocadozole under wild type and smc2-8
conditions at 37ºC. FACS analysis showed that the release and arrest was equally
efficient in both cells (Fig. 2.4C). In wild type cells, as reported before, H4/H2A
crosslinking is observed in mitosis and correlated strongly with H4 K16 deacetylation
(Fig. 2.4B). In fitting with the microscopy data (Fig. 2.4A), the crosslinking between
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H4 and H2A showed no difference in kinetics in the condensin inactivated and in the
wild type cells (Fig. 2.4B). Thus, condensin function is not required for proper, shortrange compaction of mitotic chromatin.

Figure 2.4 Condensin does not impact chromatin compaction. (A) TetR-mCherry intensities in the
mother cell for the indicated strains and cell cycle stages. To inactivate Smc2, cells were shifted to 37ºC
for 90 min. One way ANOVA was performed to test significance, **** p<0.0001 and n>40. (B) Yeast
cells producing H2A Y58BPA were synchronized with alpha-factor at permissive temperature and then
released into medium containing nocodazole at restrictive temperature. Samples were taken at
indicated times, irradiated with UV and histones extracted with acid from isolated nuclei. Western blot
against H4 detects the H2A-H4 crosslink (upper row), bulk H4 (lower row) and blotting against H4
K16Ac shows cell cycle progression. (C) FACS analysis of alpha-factor synchronized cells released into
nocodazole (wild type or smc2-8)
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2.1.5 The chromatin compaction pathway does not contribute to axial
contraction of chromosomes
In order to investigate in more detail how the phosphorylation of H3 S10 and the
subsequent activation of Hst2 contributed to chromosome condensation, we next
characterized if these events promoted axial contraction of chromosome IV, using
the LacO-TetO distance as a readout (see figure 2.3D). Confirming the role of aurora
B/Ipl1 in chromosome condensation, the ipl1-321 mutant cells failed to undergo
chromosome contraction when shifted to the restrictive temperature prior to mitosis,
compared to wild type cells at these temperatures (Fig. 2.5A). As expected from
previous studies (Lavoie et al., 2002; Neurohr et al., 2011), the function of Ipl1 in the
contraction of regular chromosomes was unlikely to require H3 S10 phosphorylation
and H2/H4 interaction, since the mutations H3 S10A and H4 Δ9-16 did not impair
anaphase contraction (Fig. 2.5B and C). Thus, Ipl1 promotes the axial contraction of
chromosomes independently of phosphorylating H3 S10 and of promoting H4/H2A
interaction, but possibly by promoting condensin function (see discussion).
In contrast, the hst2∆ mutation did abrogate the proper contraction of the
chromosome during mitosis, implying that Hst2 acts in both axial chromosome
contraction and short-range chromatin compaction (Fig. 2.5C and 2.1B). Even more
remarkably, the H3 S10D phospho-mimicking allele caused chromosome IV to
remain in a constitutive state of axial contraction throughout the cell cycle (Fig. 2.5B
and C). This most probably reflected constitutive recruitment of Hst2 to nucleosomes,
since inactivation of the HST2 gene in these cells abolished contraction (Fig. 2.5B
and C). Thus, boosting the recruitment of Hst2 to chromatin through mimicking
constitutive and ubiquitous phosphorylation of H3 promoted both chromatin
compaction and axial chromosome contraction, despite the fact that the H3dependent pathway of Hst2 recruitment is normally dispensable for Hst2 function in
axial chromosome contraction during regular mitoses (though, it is essential for
adaptive hyper-condensation of an artificially long chromosome). We next sought to
determine the role of H4 K16 deacetylation in anaphase chromosome contraction. In
accordance with the idea that H4 deacetylation solely plays a role in mitotic
chromatin compaction, the H4 K16R allele did not show any significant differences in
chromosome contraction compared to wild type cells (Fig. 2.5D). When we deleted
HST2 on top of H4 K16R, we observed a significant decrease in chromosome
contraction as compared to wild type and H4 K16R cells, but no significant difference
with hst2∆ cells (Fig. 2.5D). Based on this we conclude that H4 deacetylation has no
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evident roles in chromosome contraction. Furthermore, our data suggest that HST2,
when deleted, does not have its defects on chromosome contraction through the
chromatin compaction pathway, but rather by acting on another factor.

Figure 2.5 Chromatin compaction does not influence axial chromosome contraction. (A) TRP1LYS4 distances for the indicated strains, synchronized in G1 by alpha-factor treatment and released at
the indicated temperatures. (B) TRP1-LYS4 distances were determined in the mother cell for the
indicated strains and cell cycle stages. Box shows median value, whiskers all data points n>30 cells.
One way ANOVA was performed to test significances, ** p<0.01, **** p<0.0001, n.s. not significant. (C)
Example cells containing the indicated mutations and their impact on chromosome length as determined
by the TRP1 (red) to LYS4 (green) distance. (D) TRP1-LYS4 distances were determined for the
indicated strains in anaphase. Box shows median value, whiskers all data points n>45. One way
ANOVA was performed to test significances, *** p<0.001, * p<0.05, n.s. not significant.
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Together, in agreement with the fact that they follow different kinetics (Fig. 2.3), our
data reveal that axial contraction of chromosomes and compaction of chromatin are
two independent processes. They depend on distinct molecular pathways that are at
least in part coordinated by the same regulatory input, namely the activity of the
kinase Aurora B and the deacetylase Hst2.
2.1.6 Hst2 may promote condensin function
The data above demonstrated that hst2∆ mutant cells have strong defects in axial
chromosome contraction, while other components of the chromatin compaction
pathway (H3 S10A and H4) do not. Thus, we rationalized that Hst2 might not only
promote chromosome compaction, but also the function of factors required for the
axial contraction of chromatids, such as condensin. To test this notion, we measured
the effect of combining the smc2-8 mutation with H3 and hst2∆ mutations on axial
chromosome contraction during anaphase. As expected, the smc2-8 single mutant
cells grown at the restrictive temperature failed to axially contract their mitotic
chromosomes to wild type levels (Fig. 2.6A). Deletion of Hst2 in these cells did not
exacerbate their contraction phenotype (Fig. 2.6A), suggesting that condensin and
Hst2 might act in the same genetic pathway. In contrast, contraction was restored in
the H3 S10D smc2-8 double mutant cells. This effect was likely due to boosting Hst2
recruitment and activity since it disappeared in the H3 S10D hst2∆ smc2-8 triple
mutant cells. The effect of H3 most likely depended on the phosphorylation state of
S10, since the S10A mutation did not promote contraction. Thus, enhanced
activation of Hst2 (H3 S10D) suppressed the effect of the smc2-8 mutation on
chromatin contraction. Hst2 might mediate suppression of the contraction defect in
smc2-8 cells either through activation of a still unknown, alternative contraction
pathway or through stimulation of condensin activity such as to restore at least part
of its function.
2.1.7 Axial contraction and chromatin compaction synergistically facilitate
chromosome segregation
In order to establish the physiological relevance of our phenotypic observations, we
next asked whether combining compaction and contraction disrupts cell growth and
viability. Consistent with condensin and H3 S10 phosphorylation pathways acting
synergistically to promote proper chromosome condensation, the smc2-8 H3-S10A
double mutant cells were growing slower than the smc2-8 single mutant cells, and
were unable to grow at 33°C, unlike the single mutant cells (Fig. 2.6B). Accordingly,
the smc2-8 hst2∆ double mutants showed the same phenotype. Thus, when the
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condensin complex was only partially active, cells depended on Hst2 and
phosphorylation of histone H3 on S10 for growth. Remarkably, however, the smc2-8
H3 S10D double mutant did not show any altered or improved growth or viability
phenotype compared to the smc2-8 single mutant cells. It grew reasonably well at
33°C, while being non-viable at 37°C. Thus, restoring axial contraction of the
chromosomes using the H3 S10D mutation was not sufficient to restore the viability
of the cells lacking condensin function. These results are consistent with condensin
playing more roles than simply promoting the axial contraction of chromosomes.

Figure 2.6 Condensin and HST2 are in the same genetic pathway that ensures proper
chromosome segregation. (A) TRP1-LYS4 distances were determined for the indicated strains in
anaphase after shifting cells for 90 min to 37ºC. Box shows median value, whiskers all data points n>30.
One way ANOVA was performed to test significance between G1 in smc2-8 at 25ºC and other strains,
**** p<0.0001 and n.s. not significant. (B) Spotting assay of indicated strains on YPD plates at the
indicated temperatures. (C) Percentage of anaphase cells containing anaphase bridges for the indicated
strains after 90 min at 25ºC or 90 min at 33ºC. DAPI, 4', 6-diamidino-2-phenylindole; YPD, yeast extract
peptone dextrose. n>240, scale bar is 2 µm.

To further test the requirement of condensin and H3 S10 pathways on chromosome
segregation, we imaged anaphase cells stained with 4', 6-diamidino-2-phenylindole
(DAPI) to visualize the frequency with which the single and double mutant strains
produced lagging chromatin. The cells were grown at 25°C, the permissive
temperature for the smc2-8 mutation or shifted for 90 minutes to 33°C, a semi-
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permissive temperature for smc2-8 mutant cells. At 25°C, the smc2-8 single and the
smc2-8 H3 S10A, smc2-8 hst2∆ and smc2-8 H3 S10D double mutants cells showed
no strong differences (6.3 to 8.0%) in the frequency at which lagging chromatin was
observed in the center of the spindle (Fig. 2.6C). In contrast, the smc2-8 H3 S10A
and the smc2-8 hst2∆ double mutants grown at 33°C showed a marked increase in
the frequency (18.9% and 16.9% respectively) of lagging chromatin compared to the
smc2-8 single mutant cells. The smc2-8 H3 S10D mutant cells did not show such an
additive phenotype (10.0%; Fig. 2.6C). These data indicate that the pathways
promoting the short-range compaction of chromatin and the axial contraction of
chromosomes contribute synergistically to shaping mitotic chromosomes in order to
ensure their correct segregation prior to cell division.

Figure 2.7 Chromosome contraction (TRP1-LYS4 distances) of yeast anaphase mother cells of
the indicated genotype. Shown is average and standard error of the mean. One way ANOVA was
performed to determine significance. All values were compared to the WT long chromosome, unless
otherwise indicated. * p<0.05, ** p<0.01, non-significance not shown.

2.1.8 Adaptive hyper-condensation of long compound chromosomes depends
on Hst2
When yeast cells are challenged with an extremely long chromosome, they respond
by hypercondensing that chromosome (Neurohr et al., 2011). To test whether Hst2
and H4-K16 deacetylation stimulate chromatin condensation in mitosis, we asked
whether Hst2 supports the condensation of the long compound chromosome
LC(XII:IV) cen12∆, which hypercondenses in anaphase in an Aurora B- and H3pS10dependent manner (Fig. 2.7 WT LC, (Neurohr et al., 2011). Hypercondensation is
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detected by the shortening of the distance between the fluorescently tagged loci
TRP1 and LYS4 (see above) on LC(XII:IV)cen12∆ during late anaphase. We first
reproduced the observation that the H3-S10A allele, which prevents H3pS10,
prevented hypercondensation (Fig. 2.7). When we introduced the H3-S10D
phosphomimicking allele (see above), the long chromosome condensed even more
than normally, in fitting with the same phenotype observed for WT chromosomes
(see above). Next, we disrupted the more upstream event of H3-T3 phosphorylation.
The phospho-deficient H3-T3A allele also resulted in a failure to hypercondense.
Furthermore, when we used a phosphomimicking allele of this mutation, H3-T3D, we
observed no change in hypercondensation (Fig. 2.7). Next, we wondered whether
Hst2 acts downstream of H3pS10 in adaptive hypercondensation, like it does for WT
chromosome condensation. Indeed, when we created double mutants containing H3S10A and hst2∆, the condensation defect was similar to the two single mutants,
suggesting that these components act in the same genetic pathway to promote
adaptive hypercondensation of extra-long compound chromosomes (Fig. 2.7).
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2.2 Centromeric licensing of chromatin condensation enables yeast cells to
sort chromosomal from non-chromosomal DNA
2.2.1 DNA circles do not condense during mitosis
In the previous section, we have described that chromosome condensation includes
several processes. Specifically, the contraction of the chromosome axis to shorten
the chromosome arms, mediated by the condensin complex (Antonin and Neumann,
2016; Kschonsak and Haering, 2015), and the compaction of the chromatin fiber,
through nucleosome-nucleosome interaction (Kruitwagen et al., 2015; Wilkins et al.,
2014). These processes are well visible on large chromosomes such as those of
plants and animal cells, but whether smaller molecules, such as DNA circles and
other DNA fragments undergo such changes during mitosis is difficult to assess by
standard microscopy. In budding yeast, the introduction of fluorescently labeled tags
at chosen loci along a given chromosome arm allows for precise assaying of the
contraction of the chromosome axis during mitosis, measured as the shortening of
the spatial distance between the two labeled loci (henceforth called contraction, see
above) (Neurohr et al., 2011; Vas et al., 2007). However, the visualization of
chromatin compaction is more difficult, due to the fact that nucleosome-nucleosome
interaction cannot be resolved by diffraction-limited microscopy. Recently, this
limitation has been overcome owing to the observation that chromatin compaction is
sufficiently tight to bring associated fluorophores within their quenching distance,
leading to a drop in fluorescence intensity specifically during mitosis (henceforth
referred to as chromatin compaction) (Kruitwagen et al., 2015). Thus, the same
fluorescent labels can be used to precisely measure both the contraction of the
chromosome axis and the compaction of the chromatin fiber at the tagged loci. We
used these methods to characterize chromatin organization on chromosomal and
non-chromosomal DNA molecules during yeast mitosis.
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Fig. 2.8 Non-centromeric DNA does not condense. A. Scheme illustrating the TRP1:TetO-TetRmCherry marked chromosome IV, the cen- TetO-TetR-mCherry marked DNA circle and the CEN+
plasmid. Representative example cells containing each molecule are shown. B. Fluorescence
intensities of TetO-TetR-mCherry foci on Chr. IV, the DNA circle or plasmid in the indicated cell cycle
stage. C. Cartoon illustrating the estradiol-inducible formation of the cen4*- chromosome. D.
Representative anaphase cells before and after excision of LoxCEN4*. White arrows indicates
measurement of TRP1-LYS4 distance (d). E. Fluorescence intensities of TetR-mCherry and LacI-GFP
foci for CEN4* and cen4*- chromosomes in G1 or anaphase mother cells. F. TRP1-LYS4 distance of
CEN4* and cen4*- chromosome IV in the indicated cell cycle stages and conditions. G. Correlation
between anaphase TRP1-LYS4 distance (µm) and mitotic spindle length (µm) for CEN4* (light grey) or
cen4*- (dark grey) chromosomes. Linear regression was performed to make trend line and to
2
determine r values. In all graphs, average and standard errors of the mean (SEM) are shown in black,
median is shown in red, n>45 cells from at least 3 independent clones. One-way ANOVAs (2.8B, E, F)
were performed to test significance. * p<0.05, ** p<0.01, *** p<0.001, non-significance not shown.
Scalebars are 2 µm.
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DNA circles are too small to measure axial contraction and therefore we first tested
whether the chromatin of DNA circles is differentially compacted than that of
chromosomes. As a proxy for chromatin compaction, we measured the fluorescence
intensity of TetR-mCherry molecules bound to an array of 224 Tet operator
sequences (TetO) placed either on the right arm of chromosome IV or on a model,
self-replicating DNA circle (Fig. 2.8A) (Denoth-Lippuner et al., 2014b; Shcheprova et
al., 2008). The corresponding cells co-expressed GFP-labeled nucleoporin (Nup82)
and GFP-labeled Spc42, a spindle pole body marker, in order to visualize the
nucleus and precisely determine the cell cycle stage of individual cells. On
chromosome IV, the mCherry focus on the TetO array becomes dimmer as the cells
proceed through mitosis (anaphase, dumbbell-shaped nucleus aligned along the
mother-bud axis), compared to cells in interphase (G1, unbudded cells with a single,
rounded nucleus; Fig. 2.8B), as reported (Kruitwagen et al., 2015). As expected, this
effect depended on the function of the Aurora B kinase (see below).
In contrast, the intensity of the mCherry focus on the DNA circle remained
constitutively bright over the cell cycle, indicating a failure to condense in mitosis
(Fig. 2.8B). Unlike the labeled chromosomal locus, these circles segregate
asymmetrically to the nucleus in the mother cell and localize away from the spindle
pole bodies (Fig. 2.8A). Strikingly, when containing the 117 base pair-long sequence
of the centromere of chromosome III (CEN; Fig. 2.8A), the otherwise identical
plasmid restored compaction dynamics to an extent similar as that observed for the
chromosomal array, oscillating between a bright state in interphase and a dim state
in mitosis. Thus, the constitutively open state of the CEN-less circle appears not to
be simply due to the circular nature of the underlying DNA molecule. Together, these
data indicated that chromosomal and non-chromosomal chromatin did not behave in
the same manner during the cell cycle, despite being in the same nucleus. Whereas
chromosomes responded to cell cycle progression by compacting in mitosis, nonchromosomal chromatin did not. Furthermore, the centromere appeared to play a key
role in instructing chromatin to compact.
2.2.2 Non-centromeric chromosomes do not condense in mitosis
Based on these data, we next asked whether centromeres also regulate the
condensation of bona fide chromosomes. To this end, we investigated whether
inactivation of its centromere affected the condensation of an endogenous
chromosome. We flanked the centromere of chromosome IV, the second longest
chromosome in yeast, with lox recombination sites (forming CEN4*, see materials
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Fig. 2.9 CEN4* excision frequency as determined by qPCR. A. Diagram depicting the strategy for
addressing CEN4* excision upon β-estradiol treatment. qPCR primer 1 (P1) combined with primer 2
(P2) only give an amplification product in CEN4* cells, while P2 and primer 3 (P3) allow amplification
only in cen4*- cells. B. Result of the qPCR-based excision efficiency assay described in (A). C.
Calculation of CEN4* excision efficiency. For P1+P2, the qPCR product was obtained in 96.18% of
CEN4* cells, while after 3 hours in β-estradiol this product was only detected in 3.82% of cells. For
P2+P3, the qPCR product was obtained in 97.37% of cen4*- cells, while before treatment with βestradiol this product was only detected in 2.63% of CEN4* cells. In B and C error bars represent the
SEM of four independent experiments

and methods, (Warsi et al., 2008) in cells that expressed the Cre recombinase fused
to the estradiol-binding domain of the murine estrogen receptor (Cre-EBD; Fig. 2.8C;
(Lindstrom and Gottschling, 2009)). After 180 minutes in estradiol, 96.18±3.21% of
cells had excised CEN4*, as determined by qPCR (Fig. 2.9). To visually monitor the
effect of centromere excision on the condensation state of the chromosome, the cells
also contained the TetO array inserted at the TRP1 locus, recognized by TetRmCherry as above, and an array of 256 LacO sequences inserted at the LYS4 locus,
labeled with LacI-GFP, 470 kb further down the same arm of chromosome IV. Using
this strain, the axial contraction of chromosome IV during mitosis was assayed by
measuring the spatial distance separating the two labeled loci and comparing it
between cells in interphase (G1) and mitosis (anaphase, when contraction is
maximal (Neurohr et al., 2011; Vas et al., 2007)). Anaphase cells were identified by
their large bud and the fact that they contained an elongated mitotic spindle (4-9 µm
in length, labeled with CFP-tubulin, Fig. 2.8D). In parallel, measurement of
fluorescence intensity at the mCherry and GFP dots provided information about
chromatin compaction at the labeled loci, as above. In these assays, CEN4*
chromosome IV contracted along its axis and compacted chromatin at both labeled
loci during anaphase, as evidenced by a drop in inter-loci distance and fluorescence
intensity compared to G1 phase cells (Fig. 2.8E and F), as previously described
(Kruitwagen et al., 2015; Neurohr et al., 2011). Note that the cells barely condensed
their chromosomes during the course of these unperturbed metaphases (i.e. in cells
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Fig. 2.10 Chromatin compaction in ipl1-321 and cdc15-1 mutant cells. A. Fluorescence intensity
of the TetO-TetR-mCherry locus in ipl1-321 cells at the indicated temperature in G1 or anaphase.
Student t-tests were performed to test significance. * p<0.05, ** p<0.01, *** p<0.001, non-significance
not shown. B. Fluorescence intensity of the TetO-TetR-mCherry locus in cdc15-1 and WT cells grown
at the indicated temperature.

Fig. 2.11 Categorization of phenotypes of cen4*- containing chromosomes. A. LoxCEN4* excision
frequencies after induction of recombination. Anaphase cells (as judged by Tub1-CFP) containing the
cen4*- chromosome (as determined by the presence of mCherry and GFP foci in the mother cell). B.
Fraction of anaphase cells with an indicated distribution of green and red foci 120 minutes after
induction of LoxCEN4* excision. C. Condensation measurements that were performed in cells of the
indicated category shown in B. The color of the word “compaction” indicates the color of the focus/foci
that was measured.
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with a spindle below 2 µm in length) (Fig. 2.8F). Indeed, metaphase largely overlaps
with S-phase in budding yeast (Kitamura et al., 2007). Correlation analysis shows
that contraction of the arm of CEN+ chromosome IV became tighter as the spindle
elongated, reaching its maximal contraction in cells with an 8 µm long spindle (Fig.
2.8G). Accordingly, condensation was maximal in cells arrested in late anaphase,
using the cdc15-1 temperature-sensitive mutation (Fig. 2.8F and 2.10B). As
expected, contraction and compaction depended on the function of the Aurora B
kinase, since it was abolished in the ipl1-321 mutant cells grown at their restrictive
temperature (Fig. 2.8F and 2.10A). Together, these data indicated that flanking
CEN4* with lox recombination sites or expression of Cre-EBD did not affect the
contraction and compaction of chromosome IV during mitosis. Thus, using these
assays we investigated the effect of estradiol addition and thus, CEN4* excision, on
the condensation of the chromosome.
Two hours after estradiol addition, nearly 90% of the cells retained both copies of
chromosome IV in the mother cell during anaphase (Fig. 2.8D and 2.11A and B),
consistent with CEN4* being excised. However, this complicated the analysis of
chromosome contraction and chromatin compaction using our fluorescence assays,
because it is impossible to determine to which of the two sister chromatids the foci
belong. Fortunately, separation of the chromosome IV chromatids was not efficient in
these cells, such that in more than 80% of the cen4*- cells at least one of the labeled
loci remained un-split at the resolution of light microscopy (Fig. 2.8D and 2.11B). We
only analyzed these cells with such foci to unambiguously measure inter-focus
distances, whereas fluorescence quenching was only analyzed on the split loci (Fig.
2.11C). These measurements established that upon CEN4* excision neither the
fluorescence intensity of the TetR-mCherry and LacI-GFP dots (Fig. 2.8E) nor the
distance between them (Fig. 2.8F and G) dropped in anaphase compared to G1
phase cells. Thus, both chromatin compaction and contraction of the chromosome
arm were abolished on a cen- chromosome IV. These defects were not due to a
defect in anaphase progression, since CEN4* and cen4- cells showed the same
distributions of spindle length (Fig. 2.12). They were specifically caused by excision
of the centromere, since removal of another piece of chromosome IV using the same
Cre/lox system did not disrupt chromosome condensation (Fig. 2.13A-C).
Furthermore, arresting the cen4*- mutant cells in late anaphase using the cdc15-1
mutation did not restore chromosome arm contraction (Fig. 2.8F) and chromatin
compaction (Fig. 2.10B). Thus, we conclude that CEN4* is required for the mitotic
condensation of at least chromosome IV, especially during anaphase.
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Fig. 2.12 Anaphase spindle length (µm) in cells containing a CEN4* or cen4*- chromosome. Shown is the median
spindle length.

Fig. 2.13 Excision of a non-CEN4* piece from chromosome IV does not impact its condensation. A.
Strategy to lox out mCherry:NAT from the left arm of chromosome IV. Representative images of cells prior
and after excision. B. C. TRP1-LYS4 distance (B) and fluorescence intensities of TetR-mCherry and LacIGFP (C) of mother cells prior and after excision of mCherry:NAT. Average and SEM are shown in black,
median is shown in red. One-way ANOVAs were performed to test significance. * p<0.05, ** p<0.01, ***
p<0.001, non-significance not shown.

2.2.3

Centromeres

initiate

chromosome

condensation

in

cis

by

phosphorylating H3-S10
Since arm contraction and chromatin compaction both depended on Aurora B
function, we next wondered whether the effect of CEN4* excision reflected a defect
in Aurora B activity. Furthermore, we reasoned that if any, these defects could be
either global or specific to the affected chromosome. Thus, we sought a method to
probe Aurora B activity across all chromosomes. Since serine 10 on histone H3 is a
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key target of Aurora B (Hsu et al., 2000; Lavoie et al., 2004; 2002), we monitored its
phosphorylation

prior

to

and

after

CEN4*

excision

using

chromatin

immunoprecipitation (ChIP) followed by quantitative PCR against several loci on
chromosome IV (RMD1, NTH1 and RAD55) and one on chromosome VII (PMA1) in
cells expressing either wild type H3 (H3-S10) or a non-phosphorylatable mutant of
H3 (H3-S10A). All four tested loci where efficiently precipitated with an anti-H3-pS10
antibody in the WT strain, but not from the H3-S10A mutant cells, demonstrating the
specificity of the method (Fig. 2.14A). Remarkably, the level of H3-pS10 was higher
at RMD1, NTH1 and PMA1, which are all adjacent to their relative centromeres, than
at the RAD55 locus, positioned 50 kb away from centromere IV (Fig. 2.14A). In
addition, CEN4* excision strongly reduced the level of H3-pS10 at RMD1 and NTH1
(juxtaposing CEN4*), whereas it had little or no effect at PMA1 (juxtaposing CEN7).
These data suggest that the centromere is required for H3-S10 phosphorylation.
We next employed ChIP-seq to gain a more global view on the distribution of H3pS10 along the full genome prior and after CEN4* excision. As reported (CastellanoPozo et al., 2013), exponentially growing cells displayed a ~30 kb peri-centromeric
zone where H3-S10 was abundantly phosphorylated (Fig. 2.14B-D). Surprisingly
however, the levels of H3-S10 phosphorylation were very low elsewhere on the
chromosome. This was true for asynchronously growing cells, but also for cells
arrested in late anaphase, where condensation is maximal, using the cdc15-1
temperature sensitive mutation (Fig. 2-15A and B). The peak of H3 phosphorylation
in the peri-centromeric region depended on Aurora B activity, since it was eradicated
in the ipl1-321 mutant cells grown at the restrictive temperature (Fig. 2.14E and F).
Under these conditions, the levels of H3-pS10 on chromosome arms were
unchanged or slightly increased, suggesting that this fraction of S10 phosphorylation
is not relevant for chromosome condensation. Thus, having established a sensitive
assay to probe for the distribution of Aurora B activity along chromosomes, we next
investigated what the consequences were of removing CEN4*. Strikingly, in the
cen4*- cells the peri-centromeric peak of H3-pS10 was reduced to background levels
on chromosome IV, while remaining unaffected on all other chromosomes (Fig.
2.14D and see chromosome VII in Fig. 2-14B as example). In contrast, CEN4*
excision had little or no effect on the levels of H3-pS10 on any chromosome arm,
including those of chromosome IV (Fig. 2.14D). These results demonstrated that
centromeres are required in cis to recruit Aurora B activity on each chromosome
individually and that spreading of this activity is limited to 15-20 kb away on either
side of the centromere. Thus, Aurora B activity was chromosome-autonomous. The
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latter observation suggests that Aurora B might promote the condensation of the
arms rather indirectly than directly.

(Figure legend on next page)
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Fig. 2.14 The centromere induces a chromosome-specific pericentromeric zone of H3pS10.
H3pS10 and H3total were detected by ChIP-qPCR in CEN4* and cen4*- cells expressing wild-type H3S10 or H3-S10A at the loci depicted on the diagram to the right of the chart. H3pS10 ChIP signal was
normalized to H3total ChIP. Error bars represent the SEM of three independent experiments. B. H3pS10
and H3total ChIP-seq results for chr. IV and chr. VII in CEN4* and cen4*- cells. H3pS10 ChIP-seq signal
was normalized to H3total ChIP-seq C. Same as in (B), but with a focus on pericentromeric regions of chr.
IV and chr. VII. D. Quantification of H3pS10 and H3total ChIP-seq for each of the yeast chromosomes in
CEN4* and cen4*- cells. H3pS10 ChIP-seq signal was normalized to total H3total ChIP-seq. Left: whole
chromosomes; middle: pericentromeric regions; right: chromosome arms. Error bars represent the SEM
of three independent ChIP-seq experiments. In B-D, the ChIP-seq signal corresponding to background
noise coming from [H3pS10 normalized to H3total ChIPs] in cells expressing H3-S10A was subtracted
from the signal obtained from cells expressing wild-type H3-S10. E. Detection of H3pS10 and H3total by
ChIP-seq at chr. IV and chr. VII in IPL1 and ipl1-321 cells. H3pS10 ChIP-seq signal was normalized to
total H3total ChIP-seq. The upper right inlets focus on pericentromeric regions. F. Quantification of
H3pS10 ChIP-seq signals on whole chromosomes, pericentromeric region and chromosome arms in
ipl1-321 cells relative to Ipl1 cells. In A and B, the ChIP-seq signal corresponding to background noise
coming from [H3pS10 normalized to H3total ChIPs] in cells expressing H3-S10A was subtracted from the
signal obtained from cells expressing wild-type H3-S10.G. TRP1-LYS4 distances in the indicated CEN4*
or cen4*- diploid strains. H. Fluorescence intensities of TetR-mCherry and LacI-GFP foci for yeast
strains used in (G). In G, average and SEM are shown in black, median is shown in red, n>45 cells from
at least 3 independent clones. For G and H, n>45 in at least 3 independent clones. One-way ANOVAs
were performed to test significance. * p<0.05, ** p<0.01, *** p<0.001, non-significance not shown. Oneway ANOVAs (2.14G and H) were performed to test significance. * p<0.05, ** p<0.01, *** p<0.001, nonsignificance not shown.

Fig. 2.15 ChIP-seq on H3-pS10 in CDC15 and cdc15-1 containing cells. A. Detection of H3pS10
and H3total by ChIP-seq at chr. IV and chr. VII in CDC15 and cdc15-1 cells. H3pS10 ChIP-seq signal
was normalized to total H3total ChIP-seq. B. Quantification of H3pS10 ChIP-seq signals on whole
chromosomes, pericentromeric region and chromosome arms in cdc15-1 cells relative to CDC15 cells.
In A and B, the ChIP-seq signal corresponding to background noise coming from [H3pS10 normalized
to H3total ChIPs] in cells expressing H3-S10A was subtracted from the signal obtained from cells
expressing wild-type H3-S10.

The observation above suggested that each centromere might promote chromosome
condensation in cis. To test this idea, we next characterized the effect of CEN4*
deletion on chromosome condensation in trans. We constructed diploid cells carrying
one unlabeled copy of chromosome IV and one fluorescently labeled one (serving as
the reporter chromosome). The loxable CEN4* was then introduced either on the
reporter chromosome, or on its unlabeled homolog. Using these strains we analyzed
the effect of CEN4* excision on the condensation of the reporter chromosome.
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Overall, the TetO-LacO distance was on average higher in these diploid than in the
haploid cells, most likely due to scaling of condensation with spindle length and
nuclear volume (Neurohr et al., 2011). Similar to haploid cells, the reporter
chromosome contracted and compacted during anaphase, as long as it was CEN+,
whereas contraction and compaction were lost upon excision of its centromere (Fig.
2.14G and H). Excision of the centromere on the non-labeled homologue had no
effect on the mitotic contraction and compaction of the reporter chromosome,
demonstrating that the centromere exerts its function solely in cis. Together, all these
results are consistent with Aurora B being only active on a single, small locus around
the centromere, from where it induces condensation of the entire chromosome. This
interpretation would also explain why non-centromeric DNA molecules fail to
condense during mitosis.
2.2.4 The inner kinetochore, but not nuclear localization, controls chromosome
condensation
We next wondered how the centromere establishes Aurora B activity on the
chromosome. Two competing models could account for this observation. In the first
model, Aurora B might form a short-range activity gradient focused at the pole of the
spindle or at the place where all centromeres co-localize (spatial model). In this case,
upon centromere inactivation, the chromosome would detach from the spindle,
causing it to drift out of the zone of Aurora B activity. In the second model, the
centromere directly recruits Aurora B to the chromosome, possibly through the
protein structures attached to it (structural model). One prediction of the spatial
model is that it should have a different impact on chromosome condensation
depending on where the chromosome is physically localized in the nucleus. Using
the labeled loci as a proxy for the localization of the chromosome relative to the
spindle poles, we investigated whether cen- chromosomes that were located close to
the spindle pole were more likely to contract than those more distal (Fig. 2.16A and
B). However, chromosome contraction did not correlate with the position of the
chromosome in the nucleus (Fig. 2.16C), showing that the nuclear localization of the
cen4*- chromosome is not a critical determinant of condensation.

66

(Figure legend on next page)
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Fig. 2.16 The centromere functionally promotes chromosome condensation. A. Categorization of
localization patterns observed for anaphase cen4*- chromosomes in SPB proximal, distal or both
regions. B. Fraction of CEN4* and cen4*- anaphase chromosomes localizing to the SPB proximal,
distal or both regions. C. TRP1-LYS4 distances for SPB proximal, distal or both localized CEN4* and
cen4*- anaphase chromosomes. D. Example WT G1 and anaphase cells and anaphase cells
containing the dam1-1 mad2Δ or ndc10-1 alleles grown at the restrictive temperature. White arrows
indicate TRP1-LYS4 distances. E. TRP1-LYS4 distance at the indicated cell cycle stages of CEN4*
and cen4*- chromosomes and/or indicated temperature sensitive alleles grown at either the permissive
(-) or restrictive (+) temperature. CEN4* and cen4*- data from Figure 2.8F is shown as a reference F.
Fluorescence intensities of TetR-mCherry and LacI-GFP foci for yeast strains used in E. CEN4* and
cen4*- data from Figure 2.8E is shown as a reference. Nuclear outlines in A and D are shown with a
thin, dashed line. Scale bars are 2 µm. In C and E, average and SEM are shown in black, median is
shown in red. For B and C, anaphase cells of three clones were assessed, one representative clone is
shown. In F, average and SEM are shown in black, median is shown in red, n>45 cells from at least 3
independent clones. For E and F, n>45 in at least 3 independent clones. One-way ANOVAs were
performed to test significance. * p<0.05, ** p<0.01, *** p<0.001, non-significance not shown. Scale
bars are 2 µm.

Another strong prediction of the spatial model is that the attachment of the
chromosome to the spindle would be absolutely required for its condensation.
Therefore, we tested whether the outer kinetochore, which mediates the microtubulebinding function of the kinetochore, is required for chromosome condensation. The
temperature sensitive dam1-1 mutation inactivates the Dam1 complex upon growth
at 37°C, and thereby largely disrupts the attachment of the chromosome to the
spindle, leading to activation of the spindle assembly checkpoint (SAC) and arrest in
metaphase. When combined with the mad2∆ mutation, inactivating the SAC, the
dam1-1 mutation causes anaphase cells to mis-segregate chromosomes at high
frequency, retaining them in the mother nucleus (Fig. 2.16D). Strikingly, these cells
still contracted the axis of chromosome IV properly (Fig. 2.16E) and compacted its
chromatin like WT cells (Fig. 2.16F). As a control, excision of CEN4* in the dam1-1
mad2∆ cells fully abrogated the contraction of chromosome IV and the compaction of
its chromatin (Fig. 2.16E and F). Another approach to detach chromosomes from the
spindle is to prematurely disrupt sister-chromatid cohesion, thereby releasing the
tension exerted by microtubules on kinetochores and activating the Aurora Bdependent detachment of microtubules from kinetochores (Marston, 2014; Stephens
et al., 2011). In the spatial model, such perturbation would be predicted to impair the
condensation of the chromosome, whereas in the structural model this should have
no effect. To test this notion, we used the strong temperature sensitive allele of the
cohesin gene SCC1, scc1-73, and combined it with the mad2∆ mutation to allow
these cells to progress into anaphase upon scc1-73 inactivation at 37°C. Scoring
chromosome IV contraction and chromatin compaction on the TetO array established
that these mutant cells were fully proficient in anaphase chromosome condensation
(Fig. 2.16E and F). Thus, neither cohesin, despite its role in chromosome
condensation in metaphase arrested cells (Guacci et al., 1997; Lavoie et al., 2004;
Lopez-Serra et al., 2012; Schalbetter et al., 2016), nor sustained attachment of the
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chromosome to the spindle are required for the full condensation of chromosome IV
as the cells enter anaphase. Since none of our experiments provided support for the
spatial model, we conclude that the role of the centromere in the condensation of
yeast chromosomes is not to properly place the chromosome relative to a local
gradient of Aurora B activity in the nucleus.
To test the idea that the centromere directly acts in chromosome condensation
independently of its role in spindle attachment, we next asked whether the inner
kinetochore, unlike the outer kinetochore, would be required for proper chromosome
condensation. Inactivation of the Nnf1 protein, a component of the MIND complex
that links inner and outer parts of the kinetochore (Dimitrova et al., 2016) disrupts
most of the kinetochore, whereas the Ndc10 protein, a key component of the inner
kinetochore, disrupts the entire kinetochore altogether (Goh and Kilmartin, 1993).
Importantly, mutant cells carrying either the ndc10-1 or the nnf1-1 temperature
sensitive alleles failed to contract chromosome IV and compact the TetO array on it
(Fig. 2.16D-F). Therefore, whereas the outer kinetochore and kinetochoremicrotubule interaction were dispensable for chromosome condensation, the inner
kinetochore fulfills an essential function of the centromere in chromosome
condensation.
2.2.5 The centromere acts upstream of Aurora B, H3-pS10 and Hst2
Together, our data supported a model according to which the centromere and the
inner kinetochore located on it acted directly in cis by recruiting Aurora B activity onto
the chromosome to induce its condensation. Thus, the centromere appeared to act
as a licensing locus for chromosome condensation: only DNA molecules carrying a
centromere are able to recruit Aurora B activity and allowed to condense in mitosis.
In order to test this idea further, we reasoned that if this is correct, targeting Aurora B
to a single locus on a cen- chromosome should restore its condensation. Taking
advantage of the fact that an Ipl1-TetR fusion protein is efficiently targeted to TetO
sequences on chromatin (Mendoza et al., 2009), we expressed the Ipl1-TetRmCherry fusion protein in our strain carrying the CEN4* reporter chromosome and
tested whether it bypassed the need for CEN4* in chromosome IV condensation (Fig
2.17A). Remarkably, both contraction of cen- chromosome IV (Fig 2.17A) and
compaction of both the TetO and the LacO arrays (Fig. 2.17B and C) were
completely restored. Moreover, the Ipl1-TetR-mCherry expressing cells contracted
both CEN+ and cen- chromosome IV constitutively through interphase and mitosis
(Fig. 2.17B and C). The chromosomal region between TRP1/LYS4 remained
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contracted in these cells irrespective of whether they were in G1, S/G2 or anaphase
of the cell cycle. These effects required the kinase activity of Aurora B, since
expression of a kinase-dead allele of Ipl1 fused to TetR did not restore the
contraction of cen- chromosome IV (Fig 2.17B). Furthermore, fusing Ipl1 to LacI to
target the kinase to the LacO array further down the arm of chromosome IV also fully
restored its condensation (Fig 2.17B and C), indicating that the effect of Aurora B
depended neither on the locus to which it was targeted nor on the DNA-binding
domain to which it was fused. Finally, targeting Aurora B to chromosome IV was
essential for these effects, since expression of Ipl1-TetR in cells lacking a TetO array
promoted neither the contraction of chromosome IV nor the compaction of its
chromatin (Fig. 2.18). Thus, recruitment of Aurora B onto a given chromosome was
sufficient in order to bypass the centromere’s role in the chromosome’s
condensation. Consistent with these findings, replacement of histone H3 with a
phospho-mimicking variant (H3-S10D) also caused constitutive hyper-contraction
and enhanced compaction of at least chromosome IV, as expected (Kruitwagen et
al., 2015; Wilkins et al., 2014), and this was not affected by CEN4* excision (Fig
2.17D and E). Importantly, these effects of H3-S10D depended on the function of the
deacetylase Hst2 (Fig 2.17D and E), consistent with pS10 stimulating this enzyme
(Kruitwagen et al., 2015; Wilkins et al., 2014).
2.2.6 Ipl1 and H3-pS10 induce the compaction and relax the retention of DNA
circles
Thus, our data indicated that one reason why DNA circles do not condense during
yeast cell division is that they are not chromosomal, i.e. not physically linked to any
centromere, preventing licensing by Aurora B. Consistent with this idea, expression
of H3-S10D or targeting Ipl1-TetR to a model DNA circle (see Fig. 2.8A) triggered the
compaction of the reporter TetO-array, in an Hst2-dependent manner (Fig. 2.17F).
Strikingly, scoring the retention frequency of these circles in the mother cell indicated
that while the de-compacted circles were efficiently retained, as reported (DenothLippuner et al., 2014b; Gehlen et al., 2011; Shcheprova et al., 2008), forcing their
compaction using either Ipl1-TetR or H3-S10D expression impaired their confinement
(Fig. 2.17G). Whereas only 3% of the naturally decondensed circles manage to pass
to the bud during cell division, 13-15% of the compacted circle foci did, reaching the
frequency predicted for passively diffusing circles (Gehlen et al., 2011).
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Fig. 2.17 The centromere acts upstream of Ipl1-H3pS10-Hst2 to promote condensation and
defects DNA circle retention A. Scheme illustrating the experimental strategy to tether Aurora B to the
TetO repeats of the fluorescently tagged LoxCEN4* chromosome. B-C. TRP1-LYS4 distance (B) and
TetR-mCherry and LacI-GFP fluorescence intensities (C) in CEN4* and cen4*- cells in the indicated cell
cycle stage and expressing Ipl1-TetR-mCherry, Ipl1-LacI-GFP or Ipl1-D227A-TetR-mCherry. D-E. TRP1LYS4 distance (D) and TetR-mCherry and LacI-GFP fluorescence intensities (E) in CEN4* and cen4*cells in the indicated cell cycle stage containing H3-S10D or H3-S10D hst2Δ. CEN4* and cen4*- data
from Figure 2.8E and F is shown as a reference. In B and D, average and SEM are shown in black,
median is shown in red, in C and E average and SEM are shown. F. Fluorescence intensities of TetOTetR-GFP containing DNA molecules in the indicated cell cycle stages. G. Left: example cells containing
GFP marked DNA circle(s) and CFP marked SPBs in late anaphase. Right: plasmid propagation
frequencies for WT and the indicated mutants. Average and SEM (F) or standard deviation (G) is shown.
Scalebar is 2 µm. For B-G, n>45 in at least 3 independent clones. One-way ANOVAs were performed to
test significance. * p<0.05, ** p<0.01, *** p<0.001, non-significance not shown.

Fig. 2.18 TetO repeats are required for Ipl1- or Sgo1-TetR-mCherry fusion proteins to elicit
condensation effects. TRP1-LYS4 distances in G1 and anaphase mother cells of a chromosome
containing two LacO repeat arrays in WT and under expression of either Ipl1-TetR-mCherry or Sgo1TetR-mCherry. One-way ANOVAs were performed to test significance. *** p<0.001.

Taken together, we conclude that the role of the centromere in recruiting Aurora B is
key for its function in licensing the chromosome for mitotic condensation. The
functional consequence of this mechanism is that non-chromosomal DNAs do not
condense. Furthermore, our data indicate that preventing condensation is
instrumental for confining non-chromosomal DNA circles in the mother cell with high
fidelity.
2.2.7 Shugoshin is required for chromosome condensation
To better understand how Ipl1-TetR fusions promoted chromosome condensation,
we next determined how Ipl1 recruitment to the TetO array affected the distribution of
kinase activity along chromosome arms. As expected, expression of Ipl1-TetR
caused a strong increase in S10 phosphorylation at the TetO array, independently of
whether CEN4* was present or not (Fig. 2.19A and B), demonstrating that Ipl1 is
indeed efficiently recruited to the TetO sequence. Strikingly however, expression of
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the Ipl1-TetR fusion protein did not noticeably change the level of H3-S10
phosphorylation anywhere else on chromosome IV (Fig. 2.19C). Thus, Ipl1-TetR
promoted the condensation of the entire chromosome without spreading its activity
along the arms.
Since on bona fide chromosomes Aurora B is active only at a relatively small region
around the centromere and local activation of Aurora B on a CEN-less DNA piece is
sufficient to promote condensation of the entire piece, some downstream effectors
must propagate the condensation signal along chromosome arms. In addition, this
would be a prerequisite for chromatin condensation to be chromosome-autonomous,
as our data suggested, and to preclude the condensation of non-centromeric DNA.
To identify such factors, we investigated whether any other known kinetochore,
centromere and peri-centromeric proteins contribute to chromosome condensation.
In addition to mediating chromosome attachment to the spindle, the kinetochore acts
in the SAC and the control of sister-centromere cohesion. However, inactivation of
the SAC components Mad2 and Bub1 did not affect chromosome condensation (Fig.
2.19D and E). Beyond its functions in the SAC, Bub1 also mediates the protection of
centromeric cohesin from premature cleavage. The fact that bub1Δ mutant cells
show no defect indicates that the timing of cohesion cleavage is not important for
proper condensation. Similarly, removing the kinetochore proteins Ctf19 and Chl4,
which ensure the recruitment of centromeric and peri-centromeric cohesin onto
chromosomes, also did not affect chromosome condensation (Fig. 2.19D and E).
Thus, centromeric cohesin and their recruitment factors are neither required for the
proper contraction of yeast chromosome arms nor for the compaction of their
chromatin during chromosome segregation.
In striking contrast, inactivation of the protein shugoshin/Sgo1, which is involved in
chromosome biorientation, tension sensing, the protection of sister-chomatid
cohesion during meiosis I, Aurora B activation and condensin recruitment at
centromeres (Marston, 2015; Peplowska et al., 2014; Verzijlbergen et al., 2014),
emerged as a clear exception in these studies. Cells lacking the SGO1 gene failed to
contract the arms of the reporter chromosome and to compact chromatin at the
reporter loci (Fig. 2.19D and E). ChIP-seq analysis of H3-S10 phosphorylation in the
sgo1Δ mutant cells indicated that shugoshin inactivation hardly affected the pattern
of pS10 distribution along chromosomes (Fig. 2.19F and G), suggesting that
shugoshin acts downstream of Aurora B in chromosome condensation.
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Fig. 2.19 Shugoshin promotes chromosome condensation. A. Detection of H3pS10 and H3total by
ChIP-seq at chr. IV in cells expressing Ipl1-TetR-mCh or not in CEN4* and cen4*- conditions. The
displayed 40 Kb region is centered on CEN4* and contains the TetO array (see diagram below the
graph). H3pS10 ChIP-seq signal was normalized to total H3total ChIP-seq. B. Quantification of ChIPseq signals obtained in (A) for the whole 40kb pericentromeric and TetO array regions. In A and B, the
ChIP-seq signal corresponding to background noise coming from [H3pS10 normalized to H3total ChIPs]
in cells expressing H3-S10A was subtracted from the signal obtained from cells expressing wild-type
H3-S10. C. Detection of H3pS10 and H3total by ChIP-seq at chr. IV and chr. VII in IPL1 and Ipl1-TetRmCherry expressing cells. H3pS10 ChIP-seq signal was normalized to H3total ChIP-seq. D-E. TRP1LYS4 distances (D) and TetR-mCherry and LacI-GFP fluorescence intensities (E) in cells in the
indicated cell cycle stage and of the indicated genotype. F. Detection of H3pS10 and H3total by ChIPseq at chr. IV and chr. VII in SGO1 and sgo1Δ cells. H3pS10 ChIP-seq signal was normalized to H3total
ChIP-seq. The upper right inlets focus on pericentromeric regions. G. Quantification of H3pS10 ChIPseq signals on whole chromosomes, pericentromeric region and chromosome arms in sgo1Δ cells
relative to SGO1 cells. In F and G, the ChIP-seq signal corresponding to background noise coming
from [H3pS10 normalized to H3total ChIPs] in cells expressing H3-S10A was subtracted from the signal
obtained from cells expressing wild-type H3-S10. H-I. TRP1-LYS4 distances (H) and TetR-mCherry
and LacI-GFP fluorescence intensities (I) in cells in the indicated cell cycle stage and of the indicated
genotype. In D and H, average and SEM are shown in black, median is shown in red, in E and I
average and SEM are shown. For D, E, H and I, n>45 cells from at least 3 independent clones. Oneway ANOVAs were performed to test significance. * p<0.05, ** p<0.01, *** p<0.001, non-significance
not shown.
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Shugoshin protects sister chromatid cohesion during meiosis I by recruiting the
protein phosphatase PP2A to chromatin, which is mediated by a direct interaction
between Shugoshin and Rts1, the B’ regulatory subunit of PP2A (Kitajima et al.,
2004; Yu and Koshland, 2007). Therefore, we tested whether the interaction of
Shugoshin with PP2A contributed to chromosome condensation. Importantly,
measurements of chromosome IV contraction and compaction revealed that the
reporter chromosome was constitutively condensed in the rts1Δ mutant cells (Fig.
2.19H and I). Cells expressing the Sgo1-3A mutant protein, in place of Sgo1 (Xu et
al., 2009), which cannot interact with Rts1, also constitutively condensed the reporter
chromosome (Fig. 2.19H and I). Finally, the sgo1∆ rts1∆ double mutant failed to
condense, phenocopying the sgo1∆ single mutant cells, demonstrating that
constitutive condensation of rts1∆ cells involved Sgo1 function. Together, these data
identify shugoshin as a novel chromosome condensation factor. Furthermore, it does
not function through recruiting PP2A, which rather inhibited Shugoshin function in
chromosome condensation.
2.2.8 Shugoshin acts downstream of Aurora B and H3pS10
To unravel the functional relationship between Aurora B and shugoshin in
chromosome condensation, we next investigated whether targeting Sgo1 to a cenless chromosome was sufficient to bypass the need for a centromere in inducing
chromosome condensation. Similar to Ipl1-TetR, expression of a Sgo1-TetR fusion
protein in the CEN4* and the cen4*- cells promoted the constitutive condensation of
the reporter chromosome phenotype (Fig. 2.20A and B), which depended on the
presence of the TetO array (Fig. 2.18). Targeting Sgo1 to the more distant LacO
repeats using a Sgo1-LacI fusion protein had the same effect (Fig. 2.20A and B).
Thus, targeting of Sgo1 to a cen-less chromosome is sufficient to trigger its
condensation. Strikingly, Sgo1-TetR promoted the condensation of both the sgo1∆
and the ipl1-321 mutant cells grown at their restrictive temperature (Fig. 2.20C),
indicating that at least in this context, Sgo1-TetR does not require Aurora B activity
for promoting condensation. In contrast, the Ipl1-TetR fusion protein failed to trigger
the condensation of the reporter chromosome in sgo1∆ mutant cells, although it fully
supported its condensation upon inactivation of endogenous Aurora B activity (ipl1321 mutant cells). Thus, Aurora B strictly required shugoshin function in order to
promote the mitotic condensation of the reporter chromosome. Supporting this
conclusion, the constitutive hyper-condensation phenotype of the H3-S10D mutant
cells was abrogated upon deletion of the SGO1 gene (Fig. 2.20D). Furthermore,
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Fig. 2.20 Shugoshin acts downstream of Aurora B. A-B. TRP1-LYS4 distances (A) and TetRmCherry and LacI-GFP fluorescence intensities (B) in cells in the indicated cell cycle stage and
expressing Sgo1-TetR-mCherry or Sgo1-LacI-GFP. CEN4* and cen4*-, data from Figure 2.8E,F are
shown for reference. C. TRP1-LYS4 distances in anaphase cells expressing Sgo1-TetR-mCherry or
Ipl1-TetR-mcherry, combined with the indicated deletions (SGO1) or lacking Ipl1 activity (via ipl1-321).
sgo1Δ and ipl1-321 data are repeated from Figure 2.19D and 2.8F, respectively, for reference. D.
TRP1-LYS4 distances for cells of the indicated genotype in the indicated cell cycle stage. WT, H3S10D
and sgo1Δ data is repeated from Figures 2.8F, 2.17D and 2.19D respectively, as a reference. E.
Detection of H3pS10 and H3total by ChIP-seq at chr. IV in cells overexpressing Sgo1-TetR-mCh or not,
in CEN4* and cen4*- conditions. The displayed 40 Kb region is centered on CEN4* and contains the
TetO array (see diagram below the graph). H3pS10 ChIP-seq signal was normalized to H3total ChIP-seq.
F. Quantification of H3pS10 ChIP-seq signals on whole chromosomes, pericentromeric region and
chromosome arms in sgo1-TetR-mCh cen4*- cells relative to SGO1 CEN4* cells. In E and F, the ChIPseq signal corresponding to background noise coming from [H3pS10 normalized to H3total ChIPs] in cells
expressing H3-S10A was subtracted from the signal obtained from cells expressing wild-type H3-S10.
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ChIP-seq experiments confirmed that Sgo1-TetR expression did not restore
phosphorylation of H3-S10, neither on the TetO array, nor anywhere else on the
chromosome (Fig. 2.20E and F). Thus, Sgo1 acts in chromosome condensation
downstream of Ipl1 and the pericentromeric peak of H3-S10 phosphorylation,
probably contributing to making it chromosome-autonomous.
2.2.9 Sgo1 and Hst2 promote propagation of condensation downstream of Ipl1
Our data are consistent with a model in which centromeres license the condensation
of DNA molecules by gating the activation of Aurora B. In addition, we have shown
that Shugoshin performs its roles in chromosome condensation downstream of
Aurora B. Because of this, we hypothesized that Sgo1 might function in propagating
compaction away from Ipl1 to chromosome arms. To test this, we developed an
assay to visualize this propagation process (Fig. 2.21A). The assay benefitted from
the fact that Ipl1-TetR induces the condensation of the reporter chromosome also in
G1 phase cells, in a Shugoshin and Hst2-dependent manner (Fig. 2.17A and B and
Fig. 2.21B). Thus, targeting Ipl1-TetR to the TetO array not only triggered the

Fig. 2.21 Shugoshin propagates a signal to promote compaction of chromosome arms A. Scheme
illustrating the strategy used to identify genes involved in propagation of compaction away from a
TRP1:TetO emitter locus of high Aurora B activity to the receptor LYS4:LacO locus. B-C. TRP1-LYS4
distances (B) and TetR-mCherry and LacI-GFP fluorescence intensities (C) in G1 phase cells expressing
Ipl1-TetR-mCherry on top of the indicated genotypes. D. TetR-mCherry and LacI-GFP fluorescence
intensities in G1 cells expressing Sgo1-TetR-mCherry on top of the indicated genotypes. In A, C, D and
F, average and SEM are shown in black, median is shown in red. In B, G and H average and SEM are
shown. For all graphs, n>45 in at least 3 independent clones. One-way ANOVAs were performed to test
significance. * p<0.05, ** p<0.01, *** p<0.001, non-significance not shown.
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compaction of chromatin at that locus (called here the emitter), as shown by
quenching of the mCherry signal, but also at the distant LacO array (used here as
receptor), demonstrating that the compaction signal was properly propagated from
the emitter to the receptor locus (Fig. 2.21A and C). We reasoned that inactivation of
genes specifically involved in signal propagation should not affect chromatin
compaction at the emitter array to which Ipl1 is bound, but should prevent
compaction at the receptor locus (Fig. 2.21A). In contrast, a factor directly required
for chromatin compaction should affect fluorescence quenching at both loci. We used
this assay to test whether Sgo1 and Hst2 act as direct compaction factors, or rather
mediate signal propagation. Deletion of SGO1 did not affect chromatin compaction at
the emitter, but abrogated compaction at the receptor locus (Fig. 2.21C and D).
Strikingly, inactivation of HST2 resulted in a similar phenotype (Fig. 2.21C and D).
Thus, both Hst2 and shugoshin contribute to signal propagation.
Consistently, Sgo1-TetR was able to promote the compaction of both the emitter and
the receptor arrays on the CEN4* reporter chromosome during the G1 phase, even
in cells where H3 was replaced with non-phosphorylatable H3-S10A (Fig. 2.21D). In
cells lacking Hst2, Sgo1-TetR only promoted compaction of the emitter, but not of the
receptor. Thus, these data confirmed that Sgo1 acts downstream of Aurora B in
signal propagation and indicate that Sgo1 requires the deacetylase Hst2 to
propagate the condensation signal.
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2.3 Extended studies into the differential segregation of self and non-self DNA
So far, this work has uncovered new mechanisms of chromosome condensation,
how these are initiated by the mitotic centromere and what the consequences are of
this process for distinguishing chromosomal from non-chromosomal DNA. Beyond
this, we have also performed a number of follow-up studies to further investigate
certain aspects of this model, which we will describe in this section. First, we will look
into other events that affect chromosome condensation, particularly the role of
histone 3 threonine 3 phosphorylation (H3-pT3) and the SAGA complex. Then, we
will ask how PP2ARts1 impacts DNA circle segregation. Lastly, we will investigate
potential post-translational modifications on the SAGA-complex that could be needed
for efficient DNA circle retention.
2.3.1 Dissecting the role of PP2ARts1, H3-pT3 and haspin kinases in
chromosome condensation
Our previous results implied a role for PP2A subunit Rts1 in chromosome
condensation, presumably through inhibition of Sgo1 (see Fig. 2.19H and I). An
alternative model could be that Rts1 acts directly on H3-pS10, for example by
dephosphorylating it towards the end of mitosis. We decided to directly test this idea
by determining H3-pS10 levels by ChIP experiments in cells lacking RTS1. However,
when we probed H3-pS10 by Q-PCR at the RMD1 region (proximal to the 3’ side of
CEN4), we observed either a decrease or no change of H3-pS10. The same was
true for the PMA1 locus (proximal to CEN7) (data by Pierre Chymkowitch, not
shown). Inactivating the centromere on chromosome IV did not change these
observations. However, since we are only probing specific loci with this method, it will

Figure 2.22 Haspin kinases Alk1 and 2 and H3-T3 promote mitotic chromosome
condensation. A, B. TRP1-LYS4 distances in cells of the indicated genotype in the indicated cell
cycle stage. One way ANOVA was performed to test significance. *** p<0.001, non-significance not
shown.
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be important to perform ChIP-seq experiments with these strains to gain information
on the chromosome-wide changes in H3-pS10 upon RTS1 deletion.
Another phosphorylated residue on histone 3, which has been implicated in
chromosome organization, is H3-T3 (see introduction). Its phosphorylation by the
haspin kinases was shown to be required to recruit the chromosomal passenger
complex, containing Ipl1, to centromeric chromatin. Recently, it was also directly
implicated in chromosome condensation, since yeast cells lacking the haspin kinases
(encoded by ALK1 and ALK2) indeed do not phosphorylate H3-S10 during mitosis
and, as a consequence, fail to induce mitotic nucleosome-nucleosome interaction
(Wilkins et al., 2014). To further test this notion, we used the fluorescently tagged
chromosome IV and introduced alk1Δ alk2Δ. The resulting cells failed to contract the
reporter chromosome in anaphase, extending the role of haspin kinases in
condensation beyond chromatin compaction (Fig. 2.22A). Next, we prevented H3pT3 by mutating this threonine to alanine. Strikingly, this resulted in a similar failure
for chromosomes to contract in anaphase. Together, these data confirm that H3-pT3
is a critical upstream phosphorylation event required to induce mitotic chromosome
contraction (Fig. 2.22A). We next wondered if the haspin kinase Alk1 is able to
bypass the need of a centromere for chromosome condensation. For this, we used a
similar tethering strategy as described before, but now we fused Alk1 to TetRmCherry in combination with the TetO:TetR-mCherry and LacO:LacI-GFP tagged
LoxCEN4* chromosome. The expression of ALK1-TetR is able to induce
chromosome contraction in a centromere independent way (Fig. 2.22B). Thus, Alk1
might also be gated by the centromere to induce condensation. It will be interesting
to establish whether the haspin kinases and H3-pT3 are indeed more upstream
players in chromosome condensation. A starting point to investigate this could be to
test whether the condensation defect of H3-T3A cells is rescued by tethering Sgo1 or
Ipl1 to chromosomes. Furthermore, H3-pT3 could be dephosphorylated by PP2ARts1, which could explain the role of Rts1 in condensation. For this, it will be
important to test the interplay between Rts1 and H3-pT3, for example by genetics
and ChIP-seq experiments on this modification.
2.3.2 Rts1 promotes DNA circle retention
In an earlier part of this section, we demonstrated that the lack of condensation of
DNA circles allows their asymmetric segregation during anaphase. Indeed, inducing
compaction of DNA circles by tethering the Aurora B kinase to them, or by using the
phospho-mimicking allele of H3-S10 lead to a more symmetric segregation of the
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circles, in an Hst2-dependent manner. We also showed that the phosphatase PP2ARts1 is involved in chromosome condensation, as described above. Here, we extend
these findings by showing that when we remove RTS1 from cells, we also observe
an increased propagation of DNA circles into the bud. This confirms the strong
correlation observed between condensation-inducing mutants and an increased
circle propagation (Fig. 2.23A). In fitting, when we prevented the phosphorylation of
H3-S10A we could rescue this phenotype. However, considering that RTS1 deletion
does not seem to impact H3-pS10 (see above), these results rather point to H3-S10A
being able to induce decondensation via an alternative, Rts1-independent, pathway.

Figure 2.23 Chromosome condensation detaches DNA circles from NPCs. A. Fluorescence
intensities of plasmid foci (as in figure 3.2) in the indicated conditions and cell cycle stages. B. Plasmid
propagation frequencies using the assay described in Fig. 2.17G in the indicated strains. C.
Colocalization of a plasmid focus (TetR-mCherry; green line) and Nup82-3sfGFP (red line) in strains of
the indicated genotype. Error bars are standard error of the means. In A, t-tests were performed to
determine statistical significance, *** p<0.001, non-significance not shown.

2.3.3 Condensation disrupts DNA circle attachment to NPCs
Next, we wondered how condensation promotes a more symmetric DNA circle
segregation. As described in the introduction, we hypothesized that condensation
directly detaches DNA from NPCs. In order to test this idea, we benefitted from a
previously established assay in the lab (Denoth-Lippuner et al., 2014; Shcheprova et
al., 2008). This consists of a yeast strain containing an inducibly non-centromeric
TetO-plasmid and a fluorescently labeled nucleoporin, Nup82-3sfGFP. Combining
excision of the centromere with fast image acquisition at a spinning disk microscope
allowed us to capture both plasmids and NPCs with minimal blur. By drawing an
intensity plot around the plasmid focus and the Nup82 signal, and aligning such plots
for more than 50 cells, we can acquire statistics on the co-localizaton between NPC
and circle (Fig. 2.23B). Indeed, in WT cells, the fluorescent intensity of Nup823sfGFP is much higher at the plasmid dot compared to the rest of the nuclear
periphery, in a SAGA dependent manner (Denoth-Lippuner et al., 2014 and figure
2.23B). Strikingly, inducing condensation of the model DNA circle via H3-S10D
resulted in a loss of NPC localization, in an Hst2-dependent manner. This suggests
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that chromatin condensation has the intrinsic capability to remove DNA molecules
from the nuclear pores.
2.3.4 A role for the SAGA complex in chromosome condensation
So far, we have observed a strong role for the lack of condensation in DNA circle
attachment to NPCs to retain them in the mother cell during yeast anaphase. In
addition, previous work from the lab has established that the SAGA/TREX-2
complexes are required to tether DNA circles to NPCs (see introduction). Given this
observation, we next wondered whether the SAGA complex might play roles in
chromosome condensation as well. SAGA has two enzymatic activities encoded in
GCN5, an acetyltransferase and UBP8, a deubiquitinating enzyme. Since acetylation
events have generally been associated with open, decondensed chromatin, we
started by deleting GCN5 in cells containing a fluorescently tagged reporter
chromosome to determine its contraction. Strikingly, these cells were continuously
condensed, even in G1 phase (Fig. 2.24A). Specifically, the contraction of these
chromosomes was even more pronounced than in WT anaphase cells, resembling
the process of hyper-condensation that our lab previously described (Neurohr et al.,
2011). This suggests that Gcn5, and SAGA in general, are able to open chromatin
globally over chromosomes and when it is not present, chromosomes are
continuously condensed.
Building on this idea, we next wondered if and how the SAGA complex is integrated
with other chromosome condensation factors. For this, we introduced gcn5Δ in cells
containing a temperature sensitive allele of Ipl1 or condensin (Smc2). In single
mutant cells lacking Aurora B or condensin, anaphase chromosome contraction does
not take place, in agreement with many previous reports showing that these proteins
are key condensation factors (see above and Fig. 2.24A). However, both of these
defects could be rescued when GCN5 was deleted. Specifically, the chromosomes
condensed indistinguishably from WT anaphase cells (Fig. 2.24A). Based on these
results, we hypothesize that one role of the chromosome condensation machinery
might be to strip factors like Gcn5 of chromatin. The latter might promote it to be
open and/or accessible, in this case for the transcription machinery. To more directly
test whether the SAGA complex, and Gcn5 in particular, are able to decondense
chromatin, we constructed a Gcn5-TetR-mCherry fusion protein that tethers to the
TetO repeats of a fluorescently tagged chromosome (see above). Indeed, the
presence of this fusion protein resulted in a failure of mitotic chromosomes to
contract, staying in a similar state as that in G1 cells (Fig. 2.24B). These results
support a model in which Gcn5 must be removed from or inactivated on chromatin in
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order to condense, though many more experiments are required to test this idea in
depth (see below and discussion).

Figure 2.24 Gcn5 regulates chromosome decondensation. A, B. TRP1-LYS4 distances in cells of
the indicated genotype in the indicated cell cycle stage. One way ANOVA was performed to test
statistical significance. *** p<0.001, non-significance not shown.

Figure 2.25 An approach to find differentially acetylated proteins in young and plasmid-loaded cells.
A. Schematic of the method: Sgf73-TAP was introduced in young cells and cells containing an artificial noncentromeric plasmid. The latter cells were aged at least 24 hours before immune-purifying Sgf73-TAP and
its interacting proteins. B. Acetylated proteins identified in the three indicated conditions. C. Acetylation sites
identified on Sgf73.

2.3.5 Sgf73-K401 is required for efficient DNA circle retention in yeast mother
cells
We next wondered what molecular events are required to attach DNA molecules to
nuclear pore complexes (NPCs). For this, we hypothesize that chromosomes are
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specifically removed from NPCs prior or during mitosis, while DNA circles stay
attached throughout the cell cycle.

Since the acetyltransferase of the SAGA-complex, Gcn5, is required for DNA circle
retention by NPC-attachment, we started by testing the idea that acetylation might be
involved in regulating the differential segregation of chromatin by interfering with the
attachment status of DNA to NPCs. For this, we devised a protein pull down and
mass spectrometry assay (in collaboration with the groups of Paola Picotti and Ruedi
Aebersold at ETH Zurich; Fig. 2.25A), allowing us to directly compare acetylated
peptides in young cells (i.e. without DNA circles) and aged cells (i.e. with DNA
circles). First, we tagged the SAGA subunit Sgf73 with the tandem affinity purification
(TAP) tag. A sample of young cells was obtained by growing these cells
exponentially according to standard conditions. To obtain aged cells, we introduced a
non-centromeric plasmid in this strain. To precisely mimic the natural ERCs that
accumulate in yeast, this plasmid contained, besides a selection marker, an rDNA
repeat. Growing these cells in selective medium resulted in an enrichment of older
cells, while the buds, devoid of DNA circles, will not be able to populate the culture.
Subsequently, we performed protein pull downs on the TAP-tag from young, aged
and hst2Δ cell lysates. After preparing the sample for mass spectrometry, we
analyze acetylated peptides in both samples and qualitatively compared the results,
which are depicted in figure 2.25B. Many proteins are differentially acetylated when
comparing different conditions and an equal amount is only present in one of these
three conditions. To confirm the physiological relevance of these results, it will
important to repeat these experiments and to perform non-tagged control
experiments.
Nevertheless, if the hypothesis held true, I expected to identify proteins that are
acetylated more strongly in cells containing non-centromeric plasmids or hst2Δ. The
mass spectrometry results showed that many of the subunits of the SAGA complex
are acetylated. However, there were very few acetylation sites that were specific for
the protein purification done in cells transformed with non-centromeric plasmid. The
only exception was the SAGA subunit Sgf73 (Fig. 2.25C). Besides 4 known
acetylation sites, being K33 (Henriksen et al., 2012), K180, K211 and K288
(Mischerikow et al., 2009), a novel acetylated lysine, K401, was detected exclusively
in circle-containing cells. To test whether this modification was required for the
attachment of DNA circles to NPCs, we tested the retention of a model noncentromeric plasmid, pPCM14 (Megee and Koshland, 1999). This plasmid contains a
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replication origin (ARS1) an array of 224 TetO repeats. Together with the expression
of TetR-GFP, this results in the presence of a green fluorescent focus (or foci)
representing where this plasmid is in the cell (Fig. 2.26A and see above). Besides
this, the plasmid contains a centromere that is flanked by recombination sites. Upon
expression of the R recombinase, the centromere is efficiently recombined out. The
plasmid furthermore contains two selectable auxotrophic markers. URA3 is present
adjacent to the centromere, in between the recombination sites, and LEU2 is present
on the backbone of the plasmid. In budding yeast, all centromeres cluster at the
spindle pole body (Kitagawa and Hieter, 2001). Accordingly, when the Rrecombinase is not expressed, GFP foci strongly colocalize with the fluorescently
tagged SPB-subunit Spc42. Upon excision of the centromere, plasmid foci cease to
do so (Denoth-Lippuner et al., 2014). Subsequently, by counting the segregation
pattern of cells containing 1, 2 or 4 of these foci, we determine the plasmid
propagation frequency for each individual plasmid focus. In brief, a low propagation
frequency means that a given focus has a very low tendency to be encountered in
the bud compartment of the nucleus during anaphase. Indeed, WT cells retain DNAcircles with very high fidelity in the mother compartment during mitosis. However,
removing the SAGA-subunit SGF73 lead to an increased plasmid propagation
frequency, as reported before (see introduction and Fig. 2.26B).
Next, we performed mutagenesis studies on Sgf73-K401 and used this method to
test the biological relevance of this acetylated residue. A K401 to arginine (R)
mutation will prevent acetylation, while a K to glutamine (Q) may work as an acetylmimicking mutation (Fig. 2.26B). If acetylation of K401 is relevant for plasmid
retention, the K to R mutants will cause plasmids to propagate more into the bud,
possibly via a failure to interact with NPCs. The Sgf73-K401Q mutant, given that this
mutant is a bona fide acetyl-mimic, should behave like WT. Indeed, in the K401R
mutant, plasmid retention is decreased to levels similar to those observed in full
deletes of SAGA proteins (such as Gcn5 or Sgf73). Strikingly, a K401Q mutant
seems to be unaffected, indicating that the acetyl-mimic works and that acetylation of
Sgf73-K401 is an event required for DNA circle retention (Fig. 2.26B).
Previously, we showed that not only circular non-centromeric DNAs are retained in a
SAGA and diffusion barrier dependent manner, but that also non-centromeric
chromosomes, like the LoxCEN4 construct used above, are efficiently restricted to
the mother compartment of the nucleus during mitosis. To test whether Sgf73-K401
impacts not only the retention of circular non-centromeric DNAs, we used a TetO
marked chromosome containing LoxCEN4 and determined the chromosome
propagation frequency (Fig. 2.26C). After confirming that under WT conditions, this
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chromosome is efficiently retained in the mother and that this process is disrupted in
gcn5Δ cells, we introduced the Sgf73-K401R and K401Q alleles. Similarly to their
effect on DNA circles, K401R resulted in increased chromosome propagation to the
bud, whereas K401Q did not (Fig. 2.26C). Thus, Sgf73-K401 is required to ensure
the asymmetric segregation of both DNA circles and much bigger, linear, noncentromeric chromosomes.

Figure 2.26 Sgf73-K401 is required for DNA circle retention in the mother cell. A. Scheme of the
plasmid used to determine plasmid propagation frequency and example images of cells prior (left) and
after plasmid-centromere excision. B, C. Plasmid or cen- chromosome propagation in the indicated
strains. D. Growth of the indicated strains on the indicated plates after 1 (YPD) or 2.5 (GAL) days at 30
degrees. E. Schematic of chromosome loss assay and chromosome loss rates in the indicated strains.
Error bars are standard error of the means. ANOVA was performed to test statistical significance, ***
p<0.001, non-significance not shown. E represent single clone data, no significance could be
determined. Image in E taken from Yuen et al., 2007.

We next wondered how Sgf73-K401 does so. Based on the role of SAGA in
attaching DNA to NPCs, we hypothesize that Sgf73 acetylation is required for
precisely this process. Indeed, very recent data by a PhD-student in the lab, Anna
Marzellíusardóttir, indicate that a model TetO DNA circle fails to colocalize with the
NPC-component Nup82 when the K401R mutant is introduced (data not shown).
We next asked whether this reflects a specific loss-of-function of SAGA or whether it
is a more indirect disruption of the SAGA complex, for example by failing to recruit all
the subunits. A simple experiment that we performed to distinguish between these
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two options was to grow Sgf73 mutant cells on galactose. Under these conditions,
SAGA is required to transcribe the GAL genes. Indeed, sgf73Δ cells grow without
problem on standard, glucose-containing YPD plates, but have a severe growth
defect on plates containing exclusively galactose as a carbon source (Fig. 2.26D).
Interestingly, a strain carrying the K401R mutation in Sgf73 does not have a growth
defect on galactose, suggesting that this allele does not affect transcription or mRNA
export, both standard functions of the TREX-2/SAGA complexes (Fig. 2.26D). Thus,
these findings suggest that acetylated lysine 401 of Sgf73 is specifically involved in
the retention of DNA circles in the yeast mother cell during mitosis.
2.3.7 A role for Sgf73-K401 and the deacetylase in chromosome segregation
Next, as outlined in the introduction, we wondered whether there is any relevance of
Sgf73-K401 acetylation in regulating the attachment of chromosomes to NPCs as
well. Work from the past has suggested that chromosomes are removed from the
nuclear periphery during mitosis. Furthermore, based on the observation that NPCs
with DNA attached to them are retained with high fidelity in mother cells, we
hypothesized that deacetylation of lysines, such as Sgf73-K401, might be required to
release chromosomes from NPCs. If this were the case, one candidate deacetylase
for such a process is Hst2. It is known to be active in mitosis, where it assists in the
condensation of chromosomes. Since this process depends on centromeres, Hst2
fulfills the criteria of a chromosome-specific NPC-detachment factor. To test whether
Sgf73-K401 and Hst2 regulate the detachment of chromosomes from NPCs, we
determined chromosome loss in cells carrying mutant forms of these factors (Fig.
2.26E). The rationale behind these experiments is that a failure to detach
chromosomes from NPCs may cause retention of these NPCs in the mother
compartment of the nucleus and hence, chromosome loss for the daughter cell. To
assay chromosome loss, we made use of a previously established (Hieter et al.,
1985a; Spencer et al., 1990) method (Fig. 2.26E). The system consists of a yeast
strain carrying a test chromosome, a fragment of chromosome III. By itself, the strain
is ade2-, leading to the formation of a red pigment and red colonies. However, the
test chromosome contains the gene SUP11 (followed by the URA3 selection
marker), which is able to specifically suppress the formation of this pigment.
Therefore, when cells are plated on solid medium containing only a low concentration
of adenine, colonies can form, but in due time red sectors will appear. When a colony
is half-red and half-white, a mis-segregation event of the test chromosome occurred
in the first cell division. By plating many cells (~6500) and counting the amount of half
sectored colonies that results from them one can obtain a number reflecting the loss
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of the test chromosome. For WT cells, this value is low (0.0001) (Fig. 2.26E). Next, to
get a baseline value of chromosome loss we first deleted the SAC-component
MAD2. As expected, this drastically increased chromosome loss. Next, we
introduced the Sgf73-K401R mutation. Strikingly, this mutation lead to an increase in
the fidelity of chromosome segregation beyond WT levels. In contrast, Sgf73-K401Q
does not show such an effect, since chromosome loss is very similar to WT cells.
Next, we depleted the deacetylase Hst2, which showed a small increase in
chromosome loss (Fig. 2.26E). There are many possibilities as to what caused this
phenotype. One option is that this loss somehow depended on a failure to properly
engage the SAC in these cells. To test this possibility, we created double mutant
hst2Δ mad2Δ cells. If Hst2 has any disruptive effects on the SAC, we would expect
that the chromosome loss frequency of the double mutants would be the same as
mad2Δ cells. In contrast, the chromosome loss frequency was additive of the two
individual deletes (Fig. 2.26E). This suggests that the cause for chromosome loss in
hst2Δ lies beyond the spindle checkpoint. One attractive possibility is that Hst2 is
required for the removal of chromosomes from NPCs and when this cannot happen
efficiently, chromosomes might be segregated to the mother only. In addition, these
results suggest that Sgf73-K401 might not be the single lysine that can cause such a
phenotype, since Sgf73-K401Q mutants do not show an increased chromosome
loss. Alternatively, an unknown process not related to the SAC or chromosome
detachment causes chromosome loss in hst2Δ cells.

Figure 2.27 Palmitoylation and Set1 are required for efficient DNA circle retention. A. Plasmid
propagation frequencies in cells of the indicated genotype. B. Model to explain the role of Gcn5, Akr1
and Set1 in DNA circle retention. Error bars are standard error of the means. ANOVA was performed to
test statistical significance, *** p<0.001, non-significance not shown.
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2.3.8 Additional factors required for DNA circle retention
During my PhD I have also explored the role of other proteins in the retention of DNA
circles in the mother cell, which I will describe here. These factors do not exclude the
existence of other post-translational modifications required for circle retention that
are either dependent on the SAGA/TREX-2 complex or act parallel to it.
Palmitoylation
One option that we explored is that of acylation. In its essence, this is the attachment
of an acyl chain to a cysteine residue of a protein, which is generally thought to
mediate the tethering of any protein to the membrane. Such a tethering event is
crucial for any protein to be sensitive to, and thus retained by, the diffusion barrier.
Indeed, prenylation was suggested to mediate the retention of protein aggregates in
the yeast mother cell during mitosis (Saarikangas et al., 2017). Another type of acyl
chain that can be attached to cysteines is palmitoyl, which is unbranched and much
longer than prenyl. On a biochemical level, the reaction is catalyzed by
palmitoyltransferases. Indeed, SAGA (Gcn5) and TREX-2 (Sac3) were identified to
interact with the palmitoyltransferase Akr1 by affinity purification (Lee et al., 2011).
As a starting point, we wondered whether Akr1 has any function in DNA circle
retention. To this end, we deleted it in strains carrying the TetO-marked model DNA
circle (Fig. 2.27A). As opposed to WT cells, akr1Δ cells segregated these circles
much more symmetrically. Specifically, the plasmid propagation frequency reached
almost 0.30, which is double the theoretical value based on modeling of yeast mitosis
in combination with a free-moving plasmid particle (Gehlen et al., 2011). A possible
cause for this might be a disturbed morphology and cell-cycle timing in these cells.
This is not surprising, since Akr1 has a role in down-regulating the mating
pheromone receptor. Hence, cells lacking AKR1 might induce a mating response
even without pheromone, and later resume from it again. Furthermore, a portion of
cells could have a broader bud neck. Despite these considerations, it seems clear
that Akr1 has some role in circle retention, be it direct or indirect. In order to obtain a
better understanding of this role, we hypothesized that the TREX-2 protein Sac3
might be a direct target of Akr1. To test this option, we constructed a mutant Sac3
protein, where we mutated all cysteines to serines (giving rise to Sac3-13CS). These
cells do not show the gross morphological defects as exhibited by akr1Δ, but they do
show an increased circle propagation, coming close to the maximum theoretical
value, like SAGA and diffusion barrier disrupted cells (Fig. 2.27A). These data
indicate that palmitoylation could be a factor stabilizing DNA circles at NPCs.
Alternatively, the Sac3-13CS protein could be dysfunctional due to some entirely
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unrelated reason. To more directly test this notion, we revisited our mass
spectrometry data (see Fig. 2.25), comparing acetylation in the interactome of Sgf73
in young cells and aged cells loaded with a non-centromeric plasmid. We checked for
palmitoylated peptides in these samples. Although there were no differences
between young and aged cells, palmitoylated peptides coming from SAGA subunits
were identified: one on Ada2 and one on Tra1, at C1415. Given the direct interaction
between Akr1, Sac3 and Gcn5, an attractive model could be the following (Fig.
2.27B): as soon as a piece of DNA attaches to an NPC, the SAGA complex engages
or activates Akr1 by acetylating it. Subsequently, Akr1 might palmitoylate Sac3, but
also some of the other SAGA subunits, such as Ada2 or Tra1 to anchor SAGA in the
outer nuclear membrane. This could assist in stabilizing the interaction between DNA
circle, SAGA and NPC, or it could slow down the diffusion of the whole
macromolecular unit. To test this model, acetylation sites on Akr1 must be identified
and, perhaps more importantly, palmitoylation of Sac3 must be confirmed as well.
Methylation
Another event that could assist in DNA circle retention is that of chromatin
modification. Indeed, SAGA might recruit chromatin-modifying enzymes that facilitate
the attachment of DNA to NPCs in some way. One of such enzymes is Set1, a
histone methyltransferase that methylates histone 3 at lysine 4 (H3-K4), a mark of
active transcription. To test the role of this protein in circle retention, we deleted
SET1 in the strain carrying the TetO-marked circle (see above). When calculating the
plasmid propagation frequency, we noted an increased propagation that was similar
to SAGA deletes. This hints to a potential role of chromatin modifications that assist
in the retention of DNA circles (Fig. 2.27B).
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3. Discussion
The goal of this study was to investigate a potential DNA sorting system in budding
yeast that can discriminate chromosomal from non-chromosomal DNA. Indeed, our
data support the existence of such a mechanism, based on centromere-dependent
chromosome condensation, which determines the fate of a DNA molecule during
mitosis.
3.1 Short-range compaction and long-range axial contraction ensure the
formation of a mitotic chromosome
Mitotic chromosome condensation is the process through which a relatively relaxed
interphase chromosome condenses into two relatively short, compact sister
chromatids that the spindle can symmetrically segregate. The kinase Aurora B has
long been implicated in this process (Lavoie et al., 2002; 2004; Tada et al., 2011).
Through activation of condensin and phosphorylation of S10 on histone H3 it is
thought to promote the formation of a mitotic chromosome. However, how these
pathways interacted with each other to shape mitotic chromosomes was poorly
understood.
3.1.1 A novel assay to measure short-range chromatin compaction
In the first part of this thesis, we monitored chromosome condensation in living yeast
cells by using two microscopy assays, allowing us to distinguish long-range
contraction of chromosomes along their longitudinal axis from short-range chromatin
compaction. The first assay has been used before (Guacci et al., 1994; Petrova et
al., 2012; Vas et al., 2007), but did not detect a role for histone phosphorylation
during regular mitoses (Neurohr et al., 2011). The second assay, introduced here,
uses fluorophore quenching to show that nucleosome-nucleosome interaction via H3
phosphorylation

and

in

an

Hst2-dependent

manner

promotes

short-range

compaction of mitotic chromatin in vivo. This enhanced packing is evidenced by the
increased quenching of fluorophores when the chromosome locus is decorated by
multiple copies of a fluorescent reporter. The quenching effect was observed
similarly well whether we used GFP or mCherry as a fluorophore, and independently
of whether it was fused to TetR or to LacI. Though we cannot exclude any local
effects of the repetitive nature of the TetO and LacO repeats on chromatin
compaction, this novel fluorescence based assay allows for a simple detection of
chromatin compaction states. Beyond promoting chromosome segregation, the exact
function of this compaction process will be interesting to address. Our studies
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establish that chromatin compaction does not displace DNA-associated proteins
such as TetR or LacI, as a strong cleansing model would predict. Although they do
not exclude that other DNA-binding factors might be removed from the DNA during
this process, these data suggest that compaction might serve other functions, such
as to change the biophysical properties of the chromatin fiber during segregation.
Chromatin compaction might for example affect the local stiffness, elasticity and
mechanical resistance of chromosomes to facilitate their decatenation, protection
and movement during anaphase (Stephens et al., 2011).
3.1.2 H3-S10D causes constitutive chromosome condensation
It is remarkable that the H3-S10D mutation is able to establish an Hst2-dependent
and constitutive state of compaction and contraction, as evidenced by both assays.
We propose that this mutation strongly boosts the recruitment and activation of Hst2
all along chromosomes by mimicking the phosphorylated state of histone H3. Two
models may explain how H3-S10D elicits its effects. In the first, H3-S10D might lead
to hyper-activation of chromatin compaction by over-recruitment of Hst2, such that it
might shorten the chromosome axis, independently of the contraction machinery.
However, the following observations speak against this idea: i) cross-linking studies
do not indicate that H3-S10D increases nucleosome-nucleosome interaction (Wilkins
et al., 2014), ii) fluorescence quenching of TetR-mCherry and LacI-GFP is not
enhanced in the H3-S10D mutant compared to WT anaphase cells, and iii)
phosphorylation of H3-S10 does promote the condensin- and Hst2-dependent
contraction of artificially long chromosomes (Neurohr et al., 2011; Wilkins et al.,
2014). Thus, these data support an alternative model: Hst2 may stimulate condensin
function, and hyper-activation of Hst2 by H3-S10D may promote this effect and
thereby chromosome arm contraction. To fully distinguish between these two models
it will be important to investigate the effect of the H3-S10D mutation on condensin
loading and activity. Furthermore, it is important to note that the phenotype of the H3S10D mutant cells does not seem to reflect physiological conditions taking place
during regular mitoses, indicating that the fraction of Hst2 driving wild type
chromosome contraction does not depend on H3-S10 phosphorylation (dashed
arrow figure 3.1A, left panel). Rather, it might reflect what happens when both
chromosome condensation pathways are hyper-activated, for example under the
presence of an artificially long chromosome or in small cells, such as cells grown on
a poor carbon source (see below). In any case, it is striking that the H3-S10D strain
does not show any obvious defects in growth and viability despite causing chromatin
compaction and contraction throughout the cell cycle. Thus, this constitutively
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condensed state does not impair access and remodeling of chromatin by the
transcription and replication machineries during interphase in any major manner.
3.1.3 Integrating chromosome condensation pathways in a new model
Based on our data on chromosome contraction and compaction, we propose that
mitotic chromosome condensation entails at least three processes (Fig. 3.1A and B).
First, a histone 3 and 4-dependent process, which we term chromatin compaction,
ensures the short-range tightening of DNA into a smaller volume via nucleosomenucleosome interaction (Wilkins et al., 2014). This process strictly depends on the
phosphorylation of histone H3 on serine 10, and the subsequent deacetylation of
lysine 16 of histone H4. Because this event has little impact on the length of
condensed chromosomes, it has escaped attention until now. However, our data
indicate that it is an important event for proper chromosome architecture and an early
event of every yeast mitosis.
Second,

a

condensin-dependent

process,

termed

here

axial

chromosome

contraction, ensures the long-range contraction of the chromosome, probably by
facilitating the formation of higher order chromatin structures along the chromosome
axis (Baxter et al., 2011; Cuylen et al., 2011). This process is completed after
chromatin compaction, in late anaphase, but does not strictly require it in order to
proceed. Certainly, it will be interesting to clarify this order of events, to dissect how it
is controlled, and to determine whether it facilitates the ordered condensation of wellseparated chromosome arms. Moreover, the observation that Hst2 contributes to
both processes suggests that this enzyme might be pivotal for coordinating
compaction and contraction with each other. In this respect, it will be interesting to
determine how Hst2 promotes the shortening of the chromosome axis, and whether it
does so by directly modulating condensin function.
Third, our data indicate the existence of an additional, also condensin-dependent
process devoted to some other aspect of chromosome organization, beyond
compaction and contraction. Indeed, restoring the contraction of the chromosome
along its axis in the smc2-8 condensin mutant cells by mimicking constitutive H3
phosphorylation did not alleviate the temperature-dependent lethality caused by the
smc2-8 mutation. Furthermore, although inactivation of the deacetylase Hst2 largely
abolished the axial contraction of chromosomes, HST2 is not an essential gene.
Hence, we suggest that the essential function of condensin is not to mediate longrange contraction. Rather, the essential function of condensin most likely relates to
its roles in orchestrating the decatenation of intertwined sister-chromatids (Baxter et
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al., 2011; Baxter and Aragón, 2012; Charbin et al., 2013) and the re-annealing of
single stranded DNAs (Sakai et al., 2003).

Figure 3.1 Model for chromosome condensation. A. Scheme indicating genetic interactions between
the involved players. B. Cartoon illustrating short-range chromatin compaction and long-range
chromosome contraction.

In an earlier study we demonstrated that yeast cells challenged by the presence of
an exceptionally long chromosome or by being themselves exceptionally small (for
example, whi3Δ mutant cells and cells growing on a poor carbon source) possess
the ability to condense chromosomes beyond wild type levels to adjust the axial
contraction of long chromosomes and adapt their length to the length of the spindle,
a process we termed adaptive hyper-condensation (Neurohr et al., 2011), and which
we would like to rename adaptive hyper-contraction. This process depended on
condensin and phosphorylation of H3-S10, this last requirement being in contrast to
what is observed for the contraction of most wild type chromosomes during regular
mitoses. Accordingly, single smc2-8 and H3-S10A mutants failed to hyper-contract
an exceptionally long chromosome (Neurohr et al., 2011). Since the H3-S10A
mutation had no defect on the axial contraction of wild type chromosomes, these
results indicated that adaptive hyper-contraction depended more heavily on Ipl1dependent phosphorylation of S10 on histone H3 than regular chromosome
condensation does. Thus, we propose that H3-S10 is hyper-phosphorylated on long
chromosomes by Ipl1 located in the center of the spindle (midzone), boosting Hst2
and

condensin

activity

(Fig.

3.2).

Our

observation

that

mimicking

S10

phosphorylation, using the H3-S10D allele, promotes axial shortening in an Hst2dependent manner is indeed consistent with high levels of S10 phosphorylation
promoting the cross talk between compaction and contraction via Hst2.
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Figure 3.2 Model indicating the events on a WT (brown, condensation) and an extra long
compound chromosome (grey-brown, hypercondensation).

It will be interesting to test how the principles laid out here function in eukaryotes with
a more complex chromosome structure, such as humans. A good starting point for
such investigations would be to test the effects of H3-S10 mutation and/or removal of
the Hst2 homologues on such cells. How important is a tight regulation between
short-range chromatin compaction and long-range chromosome contraction? How
does that impact chromosome structure? And how do such mutations affect the
segregation of the genetic material? Together, our work once again underlines that
yeast is a powerful system to dissect the mechanisms underlying chromosome
condensation and how the disruption of such mechanisms affects chromosome
segregation and cell viability.
3.2 The centromere gates chromosome condensation
Having gained significant insight into the processes underlying mitotic chromosome
condensation, we next show that these events are initiated at centromeres (see
introduction). Our work has identified two key events underlying this. First, the kinase
Aurora B is locally activated. Second, the condensation signal propagates along the
chromosome arms from the centromere, independently of further Aurora B function.
Shugoshin and Hst2 contributed to propagation. A remarkable consequence of this
control is that non-chromosomal DNA molecules, i.e. all DNA-based entities lacking a
centromere, do not condense during mitosis. This differential behavior of
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chromosomal and non-chromosomal DNA contributes in turn to the implementation
of their distinct fates during mitosis. Thus, these observations establish a number of
points that are relevant for the understanding of chromosome reorganization and
segregation during mitosis, and beyond this, for conceiving whether and how
eukaryotes might distinguish their genome from other coding molecules and limit the
propagation of foreign genetic material.
3.2.1 Cell-cycle regulation of chromosome condensation by centromeres
Mitotic entry is controlled in eukaryotes by the activation of the kinase Cdk1, the
activity of which then spreads over cytoplasm and nucleoplasm (Enserink and
Kolodner, 2010). Cdk1 activation further stimulates other mitotic kinases to spread
the mitotic signal throughout the cell (Champion et al., 2017).

Therefore, it was

tempting to assume that like most mitotic processes, chromosome condensation was
induced globally, by kinase-based diffusible signals (Wang et al., 2011; Zaytsev et
al., 2016). Our observations, however, indicate that in budding yeast chromosome
condensation cannot be explained solely based on a diffusion-driven mechanism.
First, phosphorylation of H3-S10 on chromosomes is highly restricted to the
pericentromeric

region,

both

in

asynchronous

and

anaphase-arrested

cell

populations, the later case corresponding to the stage when chromosome arms are
maximally condensed. Thus, Aurora B activity, which is required for condensation of
the chromosome arms, does not act globally by diffusion in yeast. Second, and most
importantly, the facts that centromeres act strictly in cis and that chromosome
condensation is chromosome-autonomous preclude the possibility that once initiated
on a given chromosome the condensation signal could use diffusion in the
nucleoplasm in order to propagate. Accordingly, our study identifies three steps in
the control of chromosome condensation (Fig. 3.3).
First, centromeres must be activated to promote the mitotic condensation of the
chromosome.

Since

bypassing

centromere

function

leads

to

constitutive

chromosome condensation, our data indicate that all signals downstream of the
centromere can escape cell cycle control. Hence, the centromere emerges as the
place where input from the cell cycle control machinery is received and integrated to
coordinate chromosome condensation with mitotic progression. We hypothesize that
this input reaches the centromere by diffusion. We assume that it involves the
phosphorylation of centromeric, kinetochore or pericentromeric proteins by Cdk1 or
downstream kinases (Swaney et al., 2013). How this activates condensation is not
clear. We note that on normal chromosomes Aurora B-dependent phosphorylation of
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H3-S10 in the pericentromeric chromatin is as strong, if not stronger, in samples of
asynchronous cells as in cells arrested in anaphase using the cdc15-1 mutation.
This suggests that Aurora B is active at centromeres during a large fraction of the cell
cycle, yet activates condensation only in late mitosis. In contrast, in the absence of a
centromere, targeting Aurora B to a single locus is sufficient to promote the
constitutive condensation of the underlying DNA molecule. Thus, one inherent
function of the centromere, as opposed to other loci, might be to both recruit and
activate Aurora B and concomitantly to inhibit the generation of a condensation
signal until anaphase onset. Thereby, the centromere licenses chromosome
condensation by tightly gating the condensation signal during mitotic progression
(Fig. 3.3).
3.2.2 Gating and propagation of compaction to chromosome arms
Second, at centromeres or in the pericentromeric region Aurora B establishes the
condensation signal. Indeed, the presence of Aurora B on a single locus was
sufficient to trigger it. It might do so through several routes. Phosphorylation of H3S10 may suffice in order to trigger the process, since expression of H3-S10D elicits
constitutive condensation of chromosomes, probably through recruitment of Hst2
(Kruitwagen et al., 2015; Wilkins et al., 2014). However, since H3-S10A mutant cells
still contract their chromosome arms (Kruitwagen et al., 2015; Lavoie et al., 2004),
S10 phosphorylation is not the sole mode of Aurora B function. A second route might
involve the phosphorylation and activation of Shugoshin. Indeed, our data place
Shugoshin downstream of Aurora B and this protein carries many sites that fit the
consensus for phosphorylation by Aurora B. Interestingly, both Shugoshin and
Aurora B are able to activate condensin (Lavoie et al., 2004; St-Pierre et al., 2009;
Vas et al., 2007; Verzijlbergen et al., 2014), which therefore might also act in the
initiation or spreading of the condensation signal (Fig. 3.3).
Third, the signal spreads along the chromosome and triggers its condensation. This
process must involve proteins that are tightly chromosome-bound or activated only
locally. Our data establish that this process involves Shugoshin and Hst2. Proteins
that are topologically associated with the chromosome, such as SMC complexes,
would also be excellent candidates for capturing and propagating the condensation
signal along chromosomes. The fact that Shugoshin interacts functionally and
physically with both the cohesin and the condensin complexes provides support for
this idea (Kitajima et al., 2004; Marston, 2015; Peplowska et al., 2014; Verzijlbergen
et al., 2014; Yu and Koshland, 2007). However, our results using the scc1-73
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(cohesin) or smc2-8 (condensin; Kruitwagen et al., 2015) alleles suggest that both
are individually dispensable for signal propagation in cells progressing without
interruption through mitosis. However, a role of these complexes in signal
propagation is not yet fully excluded; they might act redundantly. This could be key
for chromosome condensation to proceed very rapidly once it is triggered. It could
also explain why cells arrested in metaphase show a cohesin-dependent initiation of
chromosome condensation, although cells that do not arrest at the SAC, such as the
scc1-73 mad2∆ double mutant cells, can undergo chromosome condensation in a
seemingly unperturbed and cohesin-independent manner. In either case, once it
propagates, the signal elicited by Aurora B promotes condensation of the underlying
chromatin, at least in part through condensin activation and H4 K16 deacetylation
(Kruitwagen et al., 2015; Wilkins et al., 2014).
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Figure 3.3 Model illustrating the potential events underlying centromere-dependent mitotic
chromosome condensation

3.2.3 What benefits might spreading confer?
Next, it is important to consider what a mechanism of centromere-dependent
chromosome condensation achieves biologically. One advantage of initiating
chromosome condensation in cis and not in trans, could be that the cell can very
tightly control the condensation process. A challenge of chromosome condensation
is to prevent “inter-condensation” of sister chromatids. One way in which this risk
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could be relieved is to let condensation specifically occur from one location. The
lateral spreading of condensation factors might facilitate to restrict those factors from
“jumping” to a spatially proximal chromosome, by strictly keeping them within the
chromatin environment of a single chromosome. A second advantage is that it allows
the cell control over which molecules to condense and which ones not, a concept
that will be eluded on later in this section.
It is not the first time that a spreading mechanism has been implicated in
chromosome organization. Indeed, in budding yeast, the chromosome organizing
complex condensin was recently shown to spread out its activity from centromeres,
with the assistance of the protein Top2 (Leonard et al., 2015). Furthermore, mouse
embryonic stem cells also seem to rely on a spreading mechanism, since H3-pS10
seems to spread out from the pericentromeres to the more distal regions of the
chromosomes, as judged by immunofluorescence (Hendzel et al., 1997). More
generally, small genetic loci have been shown before to make global changes to the
DNA molecule they are on. Indeed, transcriptional enhancers are able to globally
change the transcriptional activity of many genes. This is the case in, for example,
embryonic development of metazoans, where the Hox genes regulate gene
expression patterns by globally changing chromosome conformations (Montavon and
Duboule, 2013), but also more specifically in mammalian cells, where so-called super
enhancers, are responsible for the global regulation of pluripotency genes and
through that are key regulators of cell identity (Pott and Lieb, 2015). Lastly, a
stereotypical case of a small locus regulating a full chromosome is found in Xchromosome inactivation (Galupa and Heard, 2015), where a small locus is able to
induce the heterochromatinization of a full chromosome, which, in the case of
humans, is more than twelve times as big as the complete budding yeast genome.

3.2.4 Functional coordination of chromosome arms and the centromere via
Sgo1/Rts1 during mitosis
The centromere is best known for linking the chromosomes to the mitotic spindle, via
the kinetochore. However, chromosome segregation relies not only on attachment to
the spindle, but also on the resolution and retraction of the sister-chromatid arms to
ensure that the whole chromosome finds its way to the spindle poles. Thus, it is
perhaps not a surprise that centromere segregation and arm condensation are
coordinated by the same structure, at least in yeast. On a structural level,
coordination between centromeres and chromosome arms is interesting also
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because these two chromosomal domains are very differently organized.

The

centromere, the stretching of which is essential for tension sensing and SAC function
during metaphase, is enriched in cohesin and condensin throughout metaphase
(Renshaw et al., 2010; Stephens et al., 2011; Verdaasdonk and Bloom, 2011). In
contrast, in most organisms the chromosome arms start to lose cohesin and to
become resolved at that time (Nasmyth and Haering, 2009).

It is therefore

remarkable that Shugoshin acts in both the protection of centromeric cohesion and
the condensation of the arms. It could therefore be pivotal for coordinating these
processes along the chromosome. We find that in contrast to the pericentromeric
chromatin, where Shugoshin acts at least in part through recruitment of PP2ARts1,
Shugoshin function in chromosome arm is inhibited by PP2A. Indeed, rts1∆ mutant
cells condense their chromatin constitutively in a Shugoshin-dependent manner,
indicating that Shugoshin is constitutively active in these cells. Fundamentally, what
this could imply is that PP2ARts1 normally functions in global decondensation of
chromosomes at the end of mitosis and that in rts1Δ cells, condensation is simply
maintained. Alternatively, it could imply that PP2ARts1 has roles in preventing
condensation of non-centromeric DNAs. In such a model, Rts1 could be a
nucleoplasmic factor that binds all DNAs and decondenses them, unless the
centromere, perhaps through Sgo1, over-rides this during mitosis.
However, Sgo1 cannot be the only
target of Rts1, since sgo1Δ cells do not
condense, whereas sgo1Δ rts1Δ seem
to be fine. We hypothesize that, since
PP2A was recently shown to act
Figure 3.4 Model illustrating the many options
through which Rts1 can influence chromosome
condensation

primarily on threonines, at least through
its Cdc55 subunit, one possibility could
be that dephosphorylation of H3-pT3 is

performed by PP2ARts1. H3-pT3 was shown to be required to maintain Ipl1 at
kinetochores and a phospho-deficient H3-T3A mutation causes defects in
chromosome condensation (this work). Thus, in principle, by feeding back on this
upstream event, and on Sgo1 more downstream, Rts1 has the potential to regulate
condensation on many levels (Fig. 3.4). As a starting point, it would be interesting to
determine if H3-pT3 is affected in cells lacking RTS1. On a centromeric
chromosome, we would expect H3-pT3 levels to be higher than WT under these
conditions.
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3.3 Acetylation and deacetylation as a means to regulate condensation
It is difficult to determine the function of genes whose deletion leads to constitutive
condensation, i.e. condensation not just in anaphase, but also in G1 and metaphase
cells. One reason is that our knowledge about the process of chromosome
decondensation is limited (Antonin and Neumann, 2016). For example, it is unclear
what entails decondensation on a fundamental level. Is it a simple reversal of the
events leading up to chromosome condensation or is it a more specialized process?
This work might help in answering such questions, by providing the first results
pointing to a role of the SAGA complex in chromosome condensation.
Here, we have extended previous observations suggesting that the acetyltransferase
subunit of the SAGA complex, Gcn5, plays a role in condensation (Denoth-Lippuner,
2014).

Specifically,

cells

lacking

GCN5

constitutively

compact

their

DNA,

independent of the centromere. In addition, tethering Gcn5 to WT chromosomes in
mitosis resulted in their full decondensation. It will be important to determine the
precise mechanisms by which this phenotype occurs. One suggestion came from
combining the gcn5Δ mutant cells with known mutants disrupting condensation, such
as Aurora B (ipl1-321) or condensin (smc2-8). In both of these cases, the SAGA
delete phenotype was dominant.
Based on this, we would like to propose that the SAGA complex, through at least the
acetyltransferase Gcn5, is able to bypass condensation and that one role of the
condensation machinery is to strip off or inactivate SAGA on chromatin (Fig. 4.4). In
this model, an important aspect is how SAGA might promote decondensation. Since
SAGA itself has many roles in transcription, it is possible to envision a mechanism in
which SAGA acetylates histone proteins and thereby facilitates the accessibility of
chromatin for DNA replication and transcription regulatory proteins. Indeed, SAGA is
involved in the transcription of a large percentage of yeast and mammalian genomes
(Bonnet et al., 2014; Ghosh and Pugh, 2011; Huisinga and Pugh, 2004; Venters et
al., 2011) and could thereby globally decompact large parts of the genome. A second
mechanism by which SAGA could regulate condensation is by direct modification of
the condensation machinery. Our data have established that the deactylase Hst2 is
activating the chromosome organizing complex condensin and the observation that
gcn5Δ smc2-8 mutant cells condense their chromosomes like WT might indicate that
Gcn5 is inhibiting condensin (and vice versa). Thus, one intriguing possibility is that
condensin is regulated by an acetylation and deacetylation cycle (Fig. 4.4). In G1/S
cells, SAGA’s roles in transcription ensure that it is active on chromatin and might
therefore inhibit condensin by acetylation. In mitotic cells, the chromosome
condensation machinery is spreading out over the chromosome arms; perhaps the
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histone deacetylase Hst2 is activating condensin under these conditions (Fig. 3.5). In
human cells, condensin is known to be acetylated and a portion of these lysines are
conserved in yeast (Choudhary et al., 2009). Furthermore, another Smc complex,
cohesin, is well known to be acetylated during the cell cycle and this regulation is
essential for its activity (Ouyang and Yu, 2017). Together, it will be interesting to
perform mutagenesis studies on the previously mentioned conserved lysine residues
in yeast condensin to start addressing whether acetylation of condensin is regulating
condensation. Furthermore, it will be of interest to determine the binding of acetyldeficient and mimicking mutants of condensin to the genome via ChIP-seq
experiments.
In reverse, it will be important to test the role of the condensation machinery on the
SAGA complex. One role of condensin and condensation in general was proposed to
be the “cleansing” of some interphase proteins from chromatin in mitosis (Yanagida,
2009). We speculate that the SAGA complex is removed specifically from mitotic
chromatin. Different scenarios can be imagined for such a process. On the one hand,
the condensation process itself might change the structure of the chromatin in such a
way that SAGA no longer recognizes it as a target. Second, enzymatic activities (at
least phosphorylation and deacetylation) of the condensation machinery might act
directly on certain subunits of the SAGA complex, thereby releasing it from mitotic
chromosomes. Indeed, many SAGA subunits contain canonical Ipl1 phosphorylation
motifs, a number of which are in fact shown to be phosphorylated in vivo (Swaney et
al., 2013). Another observation that could fit with a “SAGA-cleansing model” is that
the SAGA complex seems to have a higher affinity for non-centromeric plasmids as
for their centromeric counterparts (Denoth-Lippuner, 2014). This could reflect an
inherent capacity of the SAGA complex or a cell-cycle dependency in binding
strength to these DNA molecules. To test this model more specifically, it will be
important to determine the binding of the SAGA complex over the cell cycle on
chromosomes. Another approach would be to stably tether SAGA subunits (for
example Gcn5) to chromosomes and test whether this could function as a “barrier”
that prevents the spreading of condensation beyond that point.
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Figure 3.5 Scheme showing the genetic interactions between several components of the
(de)condensation machinery in a (de)acetylation-dependent condensation mechanism.

3.4 Sgf73-K401 as a regulator of DNA circle to NPC interactions
Self-replicating, non-centromeric DNA molecules serve as one of the main causes of
aging in budding yeast. To ensure the birth of a young and naïve daughter cell, even
from an aged mother, these circles are segregated highly asymmetrically during
mitosis to only the mother compartment of the nucleus. We have previously shown
that DNA circles attach to NPCs via the TREX-2/SAGA complexes. This makes them
sensitive to a diffusion barrier in the outer nuclear membrane at the bud neck area,
which prevents free diffusion of any protein (-complex) present in this membrane.
Since SAGA and TREX-2 are also responsible for the anchoring of chromosomes to
nuclear pore complexes (see introduction), we wondered whether the attachment
status of DNA to NPCs is regulated differently for DNA circles and chromosomes. To
test a potential role of acetylation in this process, we compared the acetylome of the
Sgf73-TAP interactome in young cells and aged cells, containing DNA circles. We
identified lysine 401 on Sgf73 to be acetylated in the sample of aged cells and
mutating it to an unacetylatable arginine residue defected DNA circle retention.
Preliminary data furthermore suggested that this was due to a failure of DNA circles
to attach to NPCs.
An immediate next step would be to verify this modification biochemically, for
example with a K401Ac specific antibody. We expect the modification to be present
more abundantly in aged cells. An important future direction is first to establish
whether this modification is indeed performed by the acetyltransferase of the SAGA
complex, Gcn5. Next, based on the results outlined here, we would expect Sgf73K401R mutant containing cells to be longer lived (i.e. can produce more daughter
cells before dying), owing to a defect in DNA circle retention. A more long-term goal
would be to dissect in more detail the function of the K401 modification. One
intriguing starting observation is that Sgf73-K401R cells grow seemingly fine on
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galactose-containing medium, for which a transcriptionally functional SAGA complex
is required. This suggests that Sgf73-K401Ac is perhaps a modification that is
specifically needed for the tethering of DNA to NPCs, but not so much for activating
SAGA-mediated transcription. Perhaps Sgf73-K401Ac is able to stabilize the
interaction between DNA and NPC.
Another potential function of Sgf73-K401Ac is that it could directly impact the
behavior of NPCs. Previous work from our lab and others have uncovered that not all
NPCs are as sensitive to the barrier as others (Denoth-Lippuner, 2014. For example,
in circle retention experiments we observe that circle-associated NPCs are retained
up to 96%. However, when performing bleaching experiments of NPCs in young
cells, we rather see a number of 60-70%. Based on this, it seems that NPCs
containing a DNA circle require something else in addition that helps to retain them.
One such event might be the mere attachment of a circle to an NPC, which increases
the size of the particle and might thereby affect diffusion speed. While this notion
remains to be more thoroughly investigated, we would like to propose that Sgf73K401Ac might be a post-translational modification that impacts NPC-retention in the
mother. In this manner, NPCs containing an acetylated SAGA complex might be less
sensitive to the ONM diffusion barrier. It will be interesting to start investigating this
idea, for example by determining NPC distribution in mitosis in WT, K401 mutants
and hst2Δ cells.
3.5 Condensation disrupts DNA circle retention
One mayor difference between DNA circles and the chromosomal genome is that the
latter condenses during mitosis, whereas the circles stay uncondensed throughout
the cell cycle. The detachment of chromosomes from the nuclear periphery has been
suggested to occur during mitosis. Since the timing of this event would coincide with
chromosome condensation, we were prompted to test the role of condensation in
retaining DNA circles. We could show that by inducing condensation, either circlespecific by tethering Ipl1 to them, or genome wide, by using the H3-S10D or rts1Δ
mutants, DNA circles are no longer retained in the mother cell. For the H3-S10D
allele we could furthermore show that a model DNA circle no longer attaches to
NPCs. Thus, these data provide, for the first time, direct evidence for the notion that
chromosome condensation promotes the removal of DNA from the nuclear periphery
(Fig. 3.6).
It will be important to investigate if this same finding also holds true for regular
chromosomes in mitosis. In order to test this, a number of challenges must be
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addressed. First, it must be tested whether chromosome detachment from NPCs (or
the nuclear periphery in general) is a general requirement to ensure proper
chromosome segregation. Though there are results describing the removal of mostly
telomeric DNA from the nuclear periphery (Fujita et al., 2012; Hediger et al., 2002)
and the potential chromosome loss events that result from it, a more precise analysis
of the need to remove DNA from NPCs is missing. The evolutionary architecture of
the budding yeast nucleus constrains chromosomes at the SPBs and telomeres,
restricting the movement of chromosomes through nuclear space, complicating a
simple analysis of chromosome localization during the cell cycle. However, a
fluorescently tagged locus on a sufficiently long chromosome, combined with labeled
nuclear pore complexes and high-speed fluorescent microscopy might minimize
these restraints. It would be especially interesting to observe the movement of known
SAGA-dependent loci throughout the cell cycle. The subsequent step to take after
this, is to test whether chromosome condensation is indeed required for proper
chromosome segregation, via NPC-detachment. We have made a starting point in
addressing this issue by determining chromosome loss rates in strains carrying
mutant Sgf73-K401 alleles. Strikingly, the Sgf73-K401R mutation allowed more
efficient chromosome segregation than WT cells. We speculate that this is caused by
the fact that chromosomal interactions with the NPC are decreased, perhaps
allowing the spindle to capture chromatids more efficiently. Furthermore, the K401R
allele might minimize the risk that a chromosome remains partially attached to NPCs,
thereby decreasing the frequency of its loss. However, the Sgf73-K401R mutation
might also come as a cost for cellular viability, since we observed that it results in a
failure to retain age in the mother compartment of the nucleus. In contrast, the acetylmimicking allele Sgf73-K401Q did not elevate chromosome loss rates, suggesting
that either the mutation is not a complete mimic or that this modification is not the
only one that can induce constitutive chromosome attachments to NPCs (see below).
It will be highly interesting to investigate how condensation can affect attachment of
DNA to NPCs. An attractive model is that an acetylation and deacetylation cycle is at
the heart of this process, which is an extension of a similar cycle proposed to act in
chromosome condensation (Fig. 3.6 and see above). In this case, DNA bound to
NPCs in G1 is stabilized there in some way by SAGA, perhaps by acetylation of
Sgf73-K401, but likely also other targets. However, as the cells progress into
anaphase, all centromeric DNAs, such as bona fide chromosomes, will recruit the
condensation machinery. A key regulator of condensation is the histone deacetylase
Hst2, which might start to spread out over the chromosome and promote
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condensation. Concomitantly, it might deacetylate other SAGA targets that go
beyond the histone proteins. One of such sites could be Sgf73-K401, where the
deacetylation would destabilize the DNA-NPC interaction in some way. Hence,
chromosomes are detached from the NPCs, whereas the DNA circles maintain a
continuous attachment. However, alternative models that do not rely on direct
modification of NPCs are also possible. For example, compaction might sufficiently
stiffen chromatin so that it detaches from NPCs as a consequence. One important
starting point to test such ideas is to map which proteins at the NPC region are
acetylated in G1 and compare that with those in anaphase arrested cells.

Figure 3.6 Model linking chromosome condensation and DNA-detachment from nuclear pore
complexes. The potential events in interphase and mitosis are displayed.

3.6 A genomic immunity system to sort centromeric and non-centromeric
DNAs
The frequency of horizontal gene transfer in eukaryotes is extremely low (Andersson,
2005), with the bdelloid rotifers being a notable exception (Gladyshev et al., 2008).
Given the vast amounts of DNA in the extracellular milieu of many cells, for example
in that of marine eukaryotes, this is surprising (Karl and Bailiff, 1989). Although the
frequency of DNA uptake in eukaryotes has not been studied, it is likely that the
general physiology of cells provides a first line of defense in the form of, for example,
rigid cell walls, which could prevent a large portion of DNAs from entering a cell. As
soon as a DNA molecule does manage to enter the cell, however, it is generally not
known how the cell reacts to it. Given the very low proportion of laterally acquired
genes in for example the budding yeast genome (Goffeau et al., 1996; Seoighe and
Wolfe, 1999), we propose that cells have evolved a genomic immune system that
could prevent such DNAs from stably inhabiting eukaryotic nuclei.
In budding yeast, this system efficiently retains DNA without a centromere in the
mother cell, whereas chromosomes are allowed to pass into the bud. At the heart of
genomic immunity in budding yeast are the attachments that all DNAs undergo with
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NPCs and the process of chromosome condensation that can directly prevent them.
In such a model, the centromere acts as a sequence that confirms the “self” identity
of a given piece of DNA for the cell. In this study, we have mostly underlined the
detrimental nature of DNA circles in the aging process of the budding yeast.
However, we can imagine many other sources of such DNAs that move beyond
those formed by the cell itself. I will highlight a few of such DNAs in this last section
and underline how a genomic immunity system could be in place to protect the cell
against them.
3.6.1 Selfish DNA elements
In theory, any transposon or virus should be eliminated by asymmetric segregation in
budding yeast populations, except when they encode their own segregation
machinery. Perhaps by looking at the way that certain naturally occurring nonchromosomal DNAs in yeast manage to escape asymmetric segregation can teach
us something about the validity of our genomic immune system hypothesis. The first
case in point is that of the Ty elements that are present in the budding yeast
genome. One of the best-studied ones is the Ty1 element. This is an approximately
6kb long retroviral remnant that has turned into a transposon. It replicates via an
RNA intermediate and can integrate in the genome (Dai et al., 2007). However,
under laboratory conditions the integration frequencies of these retro-transposons
are extremely low (10-5 to 10-7 per element per generation; Curcio et al., 2015). Thus,
some mechanism(s) seems to prevent these elements from spreading through the
population. An interesting clue as to what this might be, came from a genetic screen
in budding yeast using a plasmid-encoded Ty element, allowing for careful analysis
of retrotransposition events. In this work, a large portion of the complete yeast
haploid deletion collection was tested. Strikingly, genes whose deletion increased
transposition events included the SAGA subunits SGF73, ADA2 and ADA3 and the
TREX-2 subunit SAC3 (Irwin et al., 2005). Even more strikingly, a number of
nucleoporins (Nup84, Nup100, Nup120 and Nup133) were also found to increase
transposition when deleted. It remains to be determined how these deletes promote
the spreading of transposons. It is entirely possible that aspects like RNA-processing
or nuclear transport are disrupted in these cells. However, one intriguing alternative
possibility is that SAGA/TREX-2 and nuclear pore deletions prevent the attachment
of such DNAs to nuclear pore complexes, allowing them to spread to the daughter
part of the nucleus.
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A second, well-described, selfish DNA element in budding yeast is the 2-micron
plasmid. This plasmid is extremely well maintained in populations, with mitotic
stability rates that challenge those of bona fide chromosomes (Chan et al., 2013).
They are thought to be present at approximately 40-60 copies per cell (Sau et al.,
2015). Due to this very high copy number it is hard to imagine that every single
plasmid forms its own kinetochore, since standard yeast centromeric plasmids are
toxic at 34 or more copies, perhaps due to titration of the chromosome segregation
machinery from bona fide chromosomes (Futcher and Carbon, 1986). Instead, this
plasmid encodes its own replication machinery (Jayaram et al., 1983). A current topic
of investigation is how this machinery manages to provide stable mitotic inheritance.
Only recently it has become apparent that symmetric segregation of the 2-micron
plasmid depends on a functional Ipl1 and components of the monopolin complex (Liu
et al., 2013). The model that has been proposed based on this is that the plasmids
“hitchhike” on chromosomes to promote their stable inheritance. While this model
has not been ruled out in any way, we would like to propose an alternative. In our
model, the 2-micron plasmid is somehow able to bypass the genomic immune
system into limiting its segregation to mother cells. By somehow promoting its own
condensation, and detachment from the nuclear pore complex, the plasmid might be
able to ensure, with the help of other unknown mechanisms, its spreading through
the population. To test this idea, it will be important to address the condensation
state of 2-micron plasmids and also to determine whether they interact with nuclear
pore complexes.
3.6.2 Could genomic immunity enforce speciation?
Another, highly speculative, aspect of cell biology where a genomic immunity system
might be of importance could be in speciation events. One classic definition of a
species is the ability to create viable progeny with members of the same species, but
not with those of another one. Indeed, such processes can be studied in the sensu
stricto clade of budding yeasts. A number of very closely related species, such as S.
cerevisiae, S. paradoxus and S. eubayanus (Boynton and Greig, 2014) exists.
Strikingly, though these organisms can readily mate with each other to form a diploid
lineage, the haploid spores that are the result of a subsequent meiosis are, to a very
large extent, infertile. Some of these organisms have large truncations in their
genome that could (partially) explain failing of meioses (Delneri et al., 2003).
However, such truncations do not exist between, for example, S. cerevisiae and S.
paradoxus. Given that centromere sequences can vary widely between these
organisms (see introduction), we speculate that the chromosome condensation
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machinery of one organism is not complementary with the other. This could lead to
chromosomes remaining stuck to the nuclear pore complexes during meiosis, and
subsequently, these chromosomes might fail to segregate into all four spores. In
order to test these ideas, a starting point could be to test spore viability of such
hybrids, containing constitutively condensed chromatin, the Sgf73-K401R allele or
simply cells lacking the outer nuclear membrane diffusion barrier.
Such notions are not restricted to yeasts. Indeed, a set of Drosophila proteins was
recently shown to promote speciation events. Interestingly, these proteins even
localized at centromeres (Thomae et al., 2013). Furthermore, heterochromatin
factors were also shown to confer reproductive isolation in hybrids of fruit flies (Bayes
and Malik, 2009). It will be very interesting to see how these proteins confer their
effects and if there are similar mechanisms in place like in budding yeast, that can
distinguish self from non-self DNA and act accordingly.
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4. Materials and methods
Plasmid construction
All plasmids were constructed using in vivo homologous recombination using the pUG23 backbone
where we switched LEU2 for ADE2, and replaced yeGFP with TetR-linker-mCherry or linker-LacI-linkerGFP, respectively, in budding yeast (Ma et al., 1987). Plasmids were sequenced to verify correct
construction. The artificial ERC plasmid used in Sgf73-TAP pulldowns was obtained from D. Sinclair.
Yeast strains
All yeast strains used in this study were derived from the S288c background and are described in
section 5.7. Histone mutants were amplified from the synthetic non-essential histone collection from
Thermo Scientific and transformed in S288c derived strains. Genes were deleted by using standard
methods (Janke et al., 2004). Temperature sensitive strains were obtained by crossing and tetrad
dissection. Spotting assays were done by aligning cells at OD600 = 0.1 and diluting 1:5 in subsequent
steps. 2.5 µl drops were plated on yeast extract peptone dextrose (YPD) medium or YPGal and grown
for 2.5 days. The excisable centromere on chromosome IV was obtained from (Warsi et al., 2008). In
short, the native CEN4 was replaced by CEN1 flanked by lox recombination sites and a kanamycin
resistance marker, the resulting product is referred to as LoxCEN4*. CEN excision was performed by
adding 1 µM of estradiol (Sigma Fluka Aldrich) from a 1000x stock dissolved in ethanol to logarithmically
growing cells. ndc10-1 cells were synchronized using α-factor, as described before (Farcas et al., 2011;
Norden et al., 2006), and released at the restrictive temperature. Expression of TetR-mCherry or LacIGFP fusion proteins was achieved by switching cells from SD –ADE medium for 3h to an equal volume
of SD –ADE –MET, after a single wash in SD –ADE –MET. All microscopy data are at least 40 cells
from one representative clone from a total number of three.
Fluorescent microscopy
All strains were grown at 30ºC on YPD medium. Condensin, temperature sensitive strains were grown in
liquid YPD until OD600 = 0.4 and then transferred to 25ºC or 37ºC for 90 minutes prior to imaging. For
imaging, cells were resuspended in non-fluorescent medium (SD –TRP) and put on an agar pad. All
microscopy was done using a Deltavision microscope (Applied Precision) with a CCD HQ2 camera
(Roper), 250W Xenon lamps, Softworx software (Applied Precision), and a temperature chamber set to
the desired temperature. For both chromosome contraction and chromatin compaction assays, still
images were taken using 750 ms exposure in the TRITC (red) channel and 500 ms exposure time for
the FITC (green) over ten Z-stacks that were 0.5 µm apart. Transmission images were taken as a
reference. Analysis was done using Fiji image processing software. We defined G1 cells as round cells
with no bud and anaphase cells as a budded cell where the red focus leads and the green focus
followed. All measurements were done in mother cells. Sum intensity projections were used and a line
was drawn between the green and red foci to determine chromosome contraction. For fluorescence
intensity, a ROI was drawn around a focus and the integrated density was determined. An identically
sized ROI was put in the nucleus to determine the background signal. Background intensity was
subtracted from the focus intensity to yield the fluorescent intensity for a given focus. For the example
cell in figure 3A, one hour long movies were taken using slightly modified conditions: 300 ms FITC
exposure, 500ms TRITC exposure and 8 Z-stacks that were 0.5µm apart. FRET was done using the
same microscope described above. First the FRET channel was recorded using 500 ms exposure in the
FITC channel while capturing emission in the TRITC channel. Then, excitation and emission in TRITC
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was recorded using 500 ms of exposure time. Analysis was done by drawing a ROI around the
fluorescent focus in both channels, subtracting the background and determining the ratio between them.
At least 50 cells were measured for all conditions. For Ipl1 inactivation, exponentially growing cells were
arrested with alpha-factor according to standard protocols and released at 25ºC or 35ºC. To obtain G1
condensation, cells were released for 5 minutes, to obtain anaphase condensation cells were released
for approximately 2 hours at the indicated temperatures before imaging.
Nuclear diameters were determined by imaging Nup170-GFP as described above and by using Fiji
image processing software.
DAPI staining was performed by growing cells of a given strain to OD600 < 1.0 in YPD at 25ºC, then two
new diluted cultures were made at OD600 = 0.2. One of them was again put at 25ºC, while the other was
kept at 33ºC for 90 minutes. Cells were harvested by 90 s centrifugation in a 1.5 ml Eppendorf tube at
650 RCF. Cells were resuspended in 1 ml 70% EtOH, left to fix for seven minutes, spun down again and
washed in 1 ml sterile water, before being resuspended in 3-5 µl PBS containing 0.5 µg/ml DAPI. Cells
were prepared on a glass slide and imaged by using the DAPI channel with 300 ms exposure.
Transmission images were taken for reference. At least 240 cells were counted for each condition.
cen- anaphase cells were identified by the presence of a mitotic spindle and only one focus in at least
one channel (TRITC or FITC). Data depict >45 cells of one representative clone of two or three total
clones. All average intensities were normalized to WT G1 cells.
Nocodazole arrest was performed by adding 15 ug/ml nocodazole (1% DMSO final concentration) to a
logarhytmically growing culture. Estradiol was added 30 minutes after.
Plasmid propagation assay
Plasmid propagation frequencies were determined as described in Denoth-Lippuner et al., 2014. Briefly,
an overnight culture was prepared in SD-URA. In the morning, cells were diluted to OD600=0.1 in YPD.
After one hour, estradiol was added and cells were imaged at a TILL vision microscope 3-3.5 hours
later.
Crosslinking and FACS analysis
Crosslinking and acid extraction of histone H2A was performed and analyzed as previously described
(Wilkins et al., 2014). In brief, the histone H2A Y58TAG expression vector, under control of its native
promoter, was co-transformed into yeast cells with the plasmid pESC-BPARS, which harbors the
evolved E. coli Tyr-tRNACUA/AARS pair, under control of constitutive promoters. Cells were cultured as
described below and then subjected to irradiation at 365 nm UV light at a distance of ~5 cm for 7 min on
ice (Vilber Lourmat lamp, 2 X 8W, 365 nm tubes, 32 W, 230 V #VL-208.BL). The nuclei of the
crosslinked samples were isolated and then the histones further purified by acid extraction. The histone
crosslinked products, or H4 K16ac levels, were visualized by western blot chemoluminescence after
being decorated with H4 (Abcam, ab7311) or H4 K16ac (Active Motif, 39167) antibodies.
Synchronization of yeast cells was performed in either BY4741 (WT) or smc2-8 temperature sensitive
cells. Both cell types were cultured in the same manner except that the smc2-8 cells were grown at a
permissive temperature of 25°C rather than 30°C. Cells were initially inoculated into an overnight culture
of standard synthetic complete medium (1.7 g/L Difco Yeast nitrogen base without amino acids, 5 g/L
ammonium sulfate, 2% glucose, and 2 g/L amino acid dropout mixture) supplemented with pBPA at a
final concentration of 1 mM. The cultures were then diluted to an OD600 = 0.25 in YPDA, also
supplemented with pBPA. Cells were allowed to double once at permissive temperatures and then
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alpha factor was added to a final concentration of 5 µg/mL (Sigma T6901). Cells were again grown at
permissive temperature for 2 hr and the arrest efficiency was monitored by microscopy (arrest stopped
when >95% of the cells entered G1 based on morphology). Cells were washed with YPDA and then
expanded into YPDA (without pBPA). At release time zero, nocodazole was added to a final
concentration of 1.5 µg/mL and shifted to the restrictive temperature of 37°C. Proper cell arrest and
synchronization was monitored by FACS. FACS samples were prepared as previously described (haase
2004).
ChIP-seq experiments
ChIP assays were performed as described (Chymkowitch et al., 2012; 2015), with minor modifications.
Cells were fixed with 1% (vol/vol) formaldehyde for 30 min. Formaldehyde was quenched for 5 min by
adding glycine to a final concentration of 125 mM. Cells were washed with cold Tris-buffered saline,
resuspended in lysis buffer [50 mM Hepes-KOH (pH 7.5), 140 mM NaCl, 1 mM EDTA, 1% (vol/vol)
Triton X-100, 0.1% (vol/vol) Na-deoxycholate, and protease inhibitor cocktail] and were sonicated twice
for 15 min by performing alternating cycles of 30s pulses followed by a 30s cool-down period using a
Diagenode Bioruptor Twin. After centrifugation, supernatants were immunoprecipitated at 4°C using
anti-H3pS10 and -H3 antibodies (abcam) and Dynabeads (Thermo Fisher Scientific). Beads were first
washed with lysis buffer, followed by washing with lysis buffer containing 500 mM NaCl, then with wash
buffer [10 mM Tris (pH 8.0), 250 mM LiCl, 0.5% (vol/vol) Nonidet P-40, 0.5% (wt/vol) Na-deoxycholate
and 1 mM EDTA], and finally with a buffer (pH 8.0) containing 10 mM Tris and 1 mM EDTA. Elution was
performed in 50 mM Tris (pH 8.0), 10 mM EDTA, 1% (wt/vol) SDS at 65°C, and the cross-link was
reversed 5 hours at 65°C. After RNase and proteinase K treatment, DNA fragments were purified using
QIAquick PCR purification kit (Qiagen). Novogene performed high-throughput sequencing of purified
DNA fragments.
Analysis of sequencing data
Analysis of raw reads was performed by Hemispherian AS as before (Chymkowitch et al., 2015), with
specific modifications. Briefly, two recombinant genomes including chromosome IV-specific sequences
of CEN+ and cen- cells were generated. The sequence present in CEN+ cells removed after estradiol
treatment was cut out and replaced by the remaining sequence found in cen- cells. A new gene
annotation adjusted for changes in chromosome name and position was also generated. Chromosome
IV CEN+ coordinates were added 3207bp if they were located downstream of the first cut site (449257),
because the insert is 4164bp minus 975bp longer than the sequence of a WT chromosome IV. Similarly,
coordinates of cen- chromosome IV were subtracted 310 bp (647-957). Raw read generated from CEN+
and cen- cells were then aligned to the corresponding genome. We also generated chromosome size
files and genome files for IGV visualization.
Quantification of ChIP-seq reads on whole chromosomes was performed by Hemispherian AS. Briefly,
chromosomes IV, VI, VII and XII were divided in 500 equally sized bins. The number of reads in each
bin for IP and input samples was quantified using bedtools multicov, and normalized the values for
sequencing depth before subtracting the input values.
Reads were counted separately for samples not treated and treated with E2 (because they have
different headers). Samples were then merged, column headers added and normalized to sequencing
depth. A 33Kb-long region containing the centromeric sequence and TetO array was divided in 299
equally sized bins and ChIP-seq reads were quatified as described above.
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Sgf73-TAP pulldown experiments
Cells were grown in 1L SD complete (Sgf73-TAP and Sgf73-TAP hst2Δ) or SD –ADE (SGf73-TAP +
ADE2-DNA circle until OD600 = ~0.8. Cells were resuspended in 500ML buckets and washed once in
PBS containing 2% glucose. Pellets were resuspended in lysis buffer containing 50mM Tris PH8.0,
100mM NaCl, 1.5 Magnesiumchloride, 0.15% NP40 + protease inhibitor cocktail in water. Cells were
turned into popcorn by dripping lysate in liquid nitrogen. Popcorn was ground in a SPEX Freezer Mill in
5 cycles (2min precool, 3m runtime, 2min cool at intensity 15). Resultant powder was transferred to
50ML falcon tubes. Next powder was resuspended in lysis buffer (see above). Tubes were left at room
temperature for two minuts to give the detergent a chance to work. Next, liquid was transferred to precooled 1.5 Ml LoBIND eppendorf tubes and lysate was cleared by 5mins centrifugation at 13000RPM at
4 degrees in a standard Eppendorf table top centrifuge. Supernatant was taken and mixed with
9

Dynabeads M-270 Epoxy (143.0.1 Invitrogen, 4 x 10 beads/60 mg beads) coupled to Rabbit IgG
(Sigma I5006). Immunoprecipitation was allowed to take place by spinning tubes 2h head-over-head at
4 degrees. A magnet was used to remove the supernatant. Beads were washed 5x 5minutes head-overhead in lysis buffer lacking any detergent. After the final step, beads were resuspended in 100ul 50mM
Tris PH8.0, 100mM NaCl, 1.5 Magnesiumchloride with protease inhibitor containing TEV protease.
Elution was done for 1H at room temperature. The eluate was obtained by separating beads with a
magnet and was snap-frozen in liquid nitrogen. The efficiency of the procedure was followed via SDSPAGE and western blot.
4.1 Strain list
yYB number

Genotype

3085

Mating
type
a

3476

a

3477

a

trp1::TetO:TRP1
lys4::LacO:LEU2
GFP:HIS3 TetR-mCHERRY
his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 ipl1-321

3811

a

3827

Plasmid

rec-URA3-CENrec-tetO-LEU2

a

4699

a

4730

a

6100

rec-URA3-CENrec-tetO-LEU2

a

7333

rec-URA3-CENrec-tetO-LEU2

a

8080
8269
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a
a

CFIII (CEN3.L.YPH278) URA3:SUP11
trp1-1 ura3-52 lys2-801 ade2-101 his3-∆200 leu2
his3::LacR-

CFIII (CEN3.L.YPH278) URA3:SUP11
mad2::natMX
trp1-1 ura3-52 lys2-801 ade2-101 his3-∆200 leu2
leu2::LEU2 terR-GFP his3::HIS3 pGAL-Cre SPC42CFP:KanMX4 gcn5::natNT2
ura3-52 ade2-101
trp1-∆63
trp1::TetO:TRP1
lys4::LacO:LEU2
his3::LacRGFP:HIS3 TetR-mRFP Spc42-GFP:hph hht1::hht1S10A:KanMXloxP hht2::hht2-S10A:bleloxP ura3 ade1
leu2
Chr12(1059):NAT:Chr4(1517)
Cen12::caURA3 trp1::TetO:TRP1 lys4::LacO:LEU2
his3::LacR-GFP:HIS3 TetR-mRFP Spc42-GFP:hph
hht1::hht1-S10A:KanMXloxP hht2::hht2-S10A:bleloxP
bar1∆? ura3-x ade1 leu2-x
Spc42-CFP:kanMX4 Gal4-EBD:TRP1 TetR:LEU2
pGAL-Rec:HIS3 ura3∆0 met15? lys2?
Spc42-CFP:kanMX4
Gal4-EBD:TRP1
GFP:LEU2 pGAL-Rec:HIS3 ura met15? lys2?
sgf73::hphNT1
Nup170-GFP:HIS3 ura3 ade1 leu2
Sgf73-TAP:HIS3

TetR-

8271

a

8283

pYB519

8358

rec-URA3-CENrec-tetO-LEU2

8362

Sgf73-TAP:HIS3
Hst2::KanMX
Sgf73-TAP:HIS3

a
a

8391

rec-URA3-CENrec-tetO-LEU2

a

8548

rec-URA3-CENrec-tetO-LEU2

a

8667

rec-URA3-CENrec-tetO-LEU2

a

8876

rec-URA3-CENrec-tetO-LEU2

a

8924

a

8950

a

9101

a

9204

rec-URA3-CENrec-tetO-LEU2

a

9209

rec-URA3-CENrec-tetO-LEU2

a

9332

a

9493

a

9498

a

9504

a

Spc42-CFP:kanMX4 Gal4-EBD:TRP1 TetR:LEU2
pGAL-Rec:HIS3 ura met15? lys2?
Akr1::HYG
sgf73::Sgf73K401R:hphNT1
ura3-52 his3Δ200 leu2 lys2-801 ade2-101 trp1Δ63
Spc42-CFP:kanMX4 Gal4-EBD:TRP1 TetR:LEU2
pGAL-Rec:HIS3 ura met15? lys2?
Sgf73K401R:HYG
Spc42-CFP:kanMX4 Gal4-EBD:TRP1 TetR:LEU2
pGAL-Rec:HIS3 ura met15? lys2?
Set1::HYG
Spc42-CFP:kanMX4 Gal4-EBD:TRP1 TetR:LEU2
pGAL-Rec:HIS3 ura met15? lys2?
Sac3-C200S-C204S-C307S-C359S-C401S-C422SC493S-C531S-C840S-C954S-C1009S-C1062SC1259S:HYG
Spc42-CFP:kanMX4 Gal4-EBD:TRP1 TetR:LEU2
pGAL-Rec:HIS3 ura met15? lys2?
Sgf73K401Q:hphNT1
Chr12(1059):NAT:Chr4(1517)
Cen12::caURA3 trp1::TetO:TRP1 lys4::LacO:LEU2
his3::LacR-GFP:HIS3 TetR-mRFP Spc42-GFP:hph
hht1::hht1-S10A:KanMXloxP hht2::hht2-S10A:bleloxP
hst2::ADE2
bar1∆? ura3-x ade1 leu2-x
Chr12(1059):NAT:Chr4(1517)
Cen12::caURA3 pGAL1:Cen4:KanMX
trp1::TetO:TRP1
lys4::LacO:LEU2
his3::LacRGFP:HIS3 TetR-mRFP
Spc42-GFP:hph hst2::ADE2
bar1∆? ura3-x ade2 leu2-x
his3Δ200 leu2Δ0 lys2Δ0 trp1Δ63 ura3Δ0 met15Δ0
can1::MFA1pr-HIS3
hht1-hhf1::NatMX4
hht2hhf2::[HHTS-HHFS]-URA3
Spc42-CFP:kanMX4 Gal4-EBD:TRP1 TetR:LEU2
pGAL-Rec:HIS3 ura met15? lys2?
Ipl1-tetR-mCherry:hphNT1
Spc42-CFP:kanMX4 Gal4-EBD:TRP1 TetR:LEU2
pGAL-Rec:HIS3 ura met15? lys2?
hst2::NatMX
his3Δ200 leu2Δ0 lys2Δ0 trp1Δ63 ura3Δ0 met15Δ0
can1::MFA1pr-HIS3
hht1-hhf1::NatMX4
hht2hhf2::[HHT-S10D-HHFS]-URA3
Chr12(1059):NAT:Chr4(1517)
Cen12::KanMX trp1::TetO:TRP1 lys4::LacO:LEU2
his3::LacR-GFP:HIS3 TetR-mRFP
Spc42-GFP:hph
Hhf1-Hht1::ADE2
hht2-hhf2::[HHT-H3T3A-HHFS]-URA3
bar1∆? ura3-x ade2 leu2-x
Chr12(1059):NAT:Chr4(1517)
Cen12::KanMX trp1::TetO:TRP1 lys4::LacO:LEU2
his3::LacR-GFP:HIS3 TetR-mRFP
Spc42-GFP:hph
Hhf1-Hht1::ADE2
hht2-hhf2::[HHT-H3T3D-HHFS]-URA3
bar1∆? ura3-x ade2 leu2-x
Chr12(1059):NAT:Chr4(1517)
Cen12::KanMX trp1::TetO:TRP1 lys4::LacO:LEU2
his3::LacR-GFP:HIS3 TetR-mRFP
Spc42-GFP:hph
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9782

a

9849

a

9867

a

9981

a

10006

a

10063

a

10065

a

10077

a

10116

a

10122

a

10128

a

10257

rec-URA3-CENrec-tetO-LEU2

a

10274

a

10331
10450

a
a

10584

a

10818

a

10858

a

10861

a

11021

a

11173

a

116

Hhf1-Hht1::ADE2
hht2-hhf2::[HHT-H3S10D-HHFS]-URA3
bar1∆? ura3-x ade2 leu2-x
trp1::TetO:TRP1
lys4::LacO:LEU2
his3::LacRGFP:HIS3 TetR-mRFP Hhf1-Hht1::NatMX ura3 ade1
leu2
CFIII (CEN3.L.YPH278) URA3:SUP11
Sgf73K401Q:hphNT1
trp1-1 ura3-52 lys2-801 ade2-101 his3-∆200 leu2
loxCEN4lox:KanMX GDP-creEDB78:LEU2 his3∆1
leu2∆0 ura3∆0 met15∆0
Spc42-CFP:kanMX4 Gal4-EBD:TRP1 TetR:LEU2
pGAL-Rec:HIS3
Hhf1-Hht1::NatMX
hht2-hhf2::[HHT-S10D-HHFS]hphNT1
ura met15? lys2?
trp1::TetO:TRP1
lys4::LacO:LEU2
his3::LacRGFP:HIS3
TetR-mRFP
Hhf1-Hht1::NatMX
hst2::hphNT1 ura3 ade1 leu2
CFIII (CEN3.L.YPH278) URA3:SUP11
MAD2::natMX HST2::hphNT1
trp1-1 ura3-52 lys2-801 ade2-101 his3-∆200 leu2
CFIII (CEN3.L.YPH278) URA3:SUP11
trp1-1 ura3-52 lys2-801 ade2-101 his3-∆200 leu2
HST2::hphNT1
CFIII (CEN3.L.YPH278) URA3:SUP11
Sgf73K401R:hphNT1
trp1-1 ura3-52 lys2-801 ade2-101 his3-∆200 leu2
trp1::TetO:TRP1
lys4::LacO:LEU2
his3::LacRGFP:HIS3 TetR-mRFP Hhf1-Hht1::NatMX hht2hhf2::[HHT-HHF∆9-16]-URA3 ura3 ade1 leu2
trp1::TetO:TRP1
lys4::LacO:LEU2
his3::LacRGFP:HIS3 TetR-mRFP Hhf1-Hht1::NatMX hht2hhf2::[HHT-HHFK16R]-URA3 ura3 ade1 leu2
trp1::TetO:TRP1(?)
lys4::LacO:LEU2
his3::LacRGFP:HIS3 TetR-mRFP
Hhf1-Hht1::NatMX hht2-hhf2::[HHT.T3A-HHFS]-URA3
bar1∆? ura3-x ade1 leu2-x
Spc42-CFP:kanMX4 Gal4-EBD:TRP1 TetR:LEU2
pGAL-Rec:HIS3
SHHF2-SHHT2S10D:hygNT1
hst2::NatMX
ura met15? lys2?
trp1::TetO:TRP1
lys4::LacO:LEU2
his3::LacRGFP:HIS3 TetR-mRFP smc2-8
Nup170-GFP:HIS3 hst2::NatMX ura3 ade1 leu2
trp1::TetO:TRP1
lys4::LacO:LEU2
his3::LacRGFP:HIS3 TetR-mRFP HHT2S10D:URA3 ura3 ade1
leu2
trp1::TetO:TRP1
lys4::LacO:LEU2
his3::LacRGFP:HIS3 TetR-mRFP HHT2S10D:URA3 smc2-8
his3Δ200 leu2Δ0 lys2Δ0 trp1Δ63 ura3Δ0 met15Δ0
can1::MFA1pr-HIS3
hht1-hhf1::NatMX4
hht2hhf2::[HHTS10AS]-URA3
trp1::TetO:TRP1
lys4::LacO:LEU2
his3::LacRGFP:HIS3
TetR-mRFP
HHT2S10D:URA3
hst2::NatMX ura3 ade1 leu2
trp1::TetO:TRP1lys4::LacO:LEU2
his3::LacRGFP:HIS3 TetR-mRFP HHT2S10D:URA3 smc2-8
hst2::NatMX
trp1::TetO:TRP1(?)
lys4::LacO:NAT
his3::LacRGFP:HIS3 TetR-mRFP
loxCEN4lox:KanMX GDP-creEDB78:LEU2
gcn5::hphNT1
bar1∆? ura3-x ade1 leu2-x
trp1::TetO:TRP1
lys4::LacO:LEU2
his3::LacR-

11181

a

11214

a

11224

a

11324

a

11446

alpha

11518

diploid

11520

diploid

11566

alpha

11575

a

11676

a

11743

a

11767

a,
alpha

11811

a

11816

a

12002
12155

a
a

12731

a

13100

a

13300

a

13403

pMET25:IPL1TetR-mCherry

a

13405

pMET25:SGO1TetR-mCherry

a

GFP:HIS3 TetR-mRFP hht1::hht1-S10A:KanMXloxP
hht2::hht2-S10A:bleloxP smc2-8 ura3 ade leu2
trp1::TetO:TRP1
lys4::LacO:hphNT1
his3::LacRGFP:HIS3 TetR-mCHERRY loxCEN4lox:KanMX GDPcreEDB78:LEU2
ura3::CFP-TUB1:URA3 ade2 leu2
trp1::TetO:TRP1
lys4::LacO:hphNT1
his3::LacRGFP:HIS3 TetR-mCHERRY mad2::NatMX
trp1::TetO:TRP1
lys4::LacO:hphNT1
his3::LacRGFP:HIS3 TetR-mCHERRY bub1::NatMX
ura3 ade2 leu2
trp1::TetO:TRP1lys4::LacO:hphNT1
his3::LacRGFP:HIS3 TetR-mCHERRY
sgo1::NatMX ura3 ade2 leu2
trp1::TetO:TRP1
lys4::LacO:hphNT1
his3::LacRGFP:HIS3 TetR-mCHERRY mad2::NAT
nnf1-17::LEU ura3::CFP-TUB1:URA3 ade2 leu2
trp1::TetO:TRP1/TRP1 lys4::LacO:LEU2/LYS4 TetRmRFP leu2/leu2 ura3/ura3 his3/his3
trp1::TetO:TRP1/TRP1 TetR-mRFP/ TetR-GFP:LEU2
leu2/leu2 ura3/ura3 his3/his3
his3Δ200 leu2Δ0 lys2Δ0 trp1Δ63 ura3Δ0 met15Δ0
can1::MFA1pr-HIS3
hht1-hhf1::NatMX4
hht2hhf2::[HHTS10AS]-URA3 smc2-8
trp1::TetO:TRP1
lys4::LacO:LEU2
his3::LacRGFP:HIS3 TetR-mCHERRY ndc10-1 ura3::CFPTUB1:URA3
ade2 leu2
smc2-8 hhf1-hht1::NatMX hst2::hphNT1 ura3 ade1
leu2
trp1::TetO:TRP1
lys4::LacO:hphNT1
his3::LacRGFP:HIS3 TetR-mCHERRY
loxCEN4lox:KanMX
GDP-creEDB78:LEU2
hht2hhf2::[HHT-S10D-HHFS]-URA3
ura3 ade2 leu2
his3Δ200 leu2Δ0 lys2Δ0 trp1Δ63 ura3Δ0 met15Δ0
can1::MFA1pr-HIS3
hht1-hhf1::NatMX4
hht2hhf2::[HHTS-HHFS]-URA3 smc2-8
ipl1-312 gcn5::hphNT1
trp1::TetO:TRP1
lys4::LacO:LEU2
his3::LacRGFP:HIS3 TetR-mRFP
bar1∆? ura3-x ade1? leu2-x
trp1::TetO:TRP1(?)
lys4::LacO:LEU2
his3::LacRGFP:HIS3 TetR-mRFP
smc2-8 gcn5::hphNT1
bar1∆? ura3-x ade1 leu2-x
hst2::KanMX his3∆1 leu2∆0 ura3∆0 met15∆0
trp1::TetO:TRP1
lys4::LacO:LEU2
his3::LacRGFP:HIS3 TetR-mRFP hst2::KanMX
his3Δ200 leu2Δ0 lys2Δ0 trp1Δ63 ura3Δ0 met15Δ0
can1::MFA1pr-HIS3
hht1-hhf1::NatMX4
hht2hhf2::[HHT-S10D-HHFS]-URA3 smc2-8
trp1::TetO:TRP1
lys4::LacO:LEU2
his3::LacRGFP:HIS3 TetR-mRFP Hhf1-Hht1::NatMX hht2hhf2::[HHT-HHFK16R]-URA3 hst2::hphNT1 ura3 ade1
leu2
trp1::TetO:TRP1
lys4::LacO:LEU2
his3::LacRGFP:HIS3
TetR-mCHERRY
HHT2S10D:URA3
sgo1::NAT ura3 ade2 leu2
trp1::TetO:TRP1
lys4::LacO:LEU2
his3::LacRGFP:HIS3 TetR-mCHERRY
ura3 ade2 leu2
trp1::TetO:TRP1
lys4::LacO:LEU2
his3::LacRGFP:HIS3 TetR-mCHERRY
ura3 ade2 leu2-x
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13407

a

13409

pMET25:SGO1TetR-mCherry

a

13417

pMET25:IPL1TetR-mCherry

a

13472

?

13474

pMET25:IPL1TetR-mCherry

a

13476

pMET25:SGO1TetR-mCherry

a

13485

a

13497

pMET25:IPL1TetR-mCherry

a

13510

pMET25:SGO1TetR-mCherry

a

13587

pMET25:IPL1TetR-mCherry

a

13626

pYB2159

a

13628

a

13631

a

13635
13649
13651

pMET25:SGO1TetR-mCherry
pMET25:IPL1TetR-mCherry

13732

a
a
a
a

13764

rec-URA3-CENrec-tetO-LEU2

a

13766

rec-URA3-CENrec-tetO-LEU2

a

13847
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a

trp1::TetO:TRP1(?)
lys4::LacO:LEU2
his3::LacRGFP:HIS3 TetR-mRFP
bar1∆? ura3-x ade1 leu2-x
trp1::TetO:TRP1
lys4::LacO:hphNT1
his3::LacRGFP:HIS3 TetR-mCHERRY sgo1::NatMX
ura3 ade2 leu2
trp1::TetO:TRP1
lys4::LacO:hphNT1
his3::LacRGFP:HIS3 TetR-mCHERRY sgo1::NatMX
ura3 ade2 leu2
trp1::TetO:TRP1(?)
lys4::LacO:LEU2
his3::LacRGFP:HIS3 TetR-mRFP
alk1::HIS3 alk2::KanMX
bar1∆? ura3-x ade1 leu2-x
trp1::TetO:TRP1
lys4::LacO:hphNT1
his3::LacRGFP:HIS3 TetR-mCHERRY
loxCEN4lox:KanMX GDP-creEDB78:LEU2 ura3::CFPTUB1:URA3 ade2 leu2
trp1::TetO:TRP1
lys4::LacO:hphNT1
his3::LacRGFP:HIS3 TetR-mCHERRY
loxCEN4lox:KanMX GDP-creEDB78:LEU2 ura3::CFPTUB1:URA3 ade2 leu2
trp1::TetO:TRP1(?)
lys4::LacO:LEU2
his3::LacRGFP:HIS3 TetR-mRFP rts1::NatMX
bar1∆? ura3-x ade1 leu2-x
ipl1-312
trp1::TetO:TRP1
lys4::LacO:LEU2
his3::LacR-GFP:HIS3 TetR-mCHERRY ura3 ade2
leu2
ipl1-312
trp1::TetO:TRP1
lys4::LacO:LEU2
his3::LacR-GFP:HIS3 TetR-mCHERRY ura3 ade2
leu2
trp1:TetO:TRP1 gpd-CreEBD78:LEU2
cen4::CEN1lox:KanMX ura3-52 his3∆200 leu2 lys2801 ade2-101 trp1∆63
trp1::TetO:TRP1(?) lys4::LacO:hphNT1 his3::LacRGFP:HIS3 TetR-mRFP
loxCEN4lox:KanMX GDP-creEDB78:LEU2
ura3::CFP-TUB1:URA3
bar1∆? ade1 leu2-x
loxCEN4lox:KanMX
GDP-creEDB78:LEU2
sgo1::NatMX his3∆1 leu2∆0 ura3∆0 met15∆0
trp1::TetO:TRP1
lys4::LacO:hphNT1
his3::LacRGFP:HIS3 TetR-mCHERRY
loxCEN4lox:KanMX GDP-creEDB78:LEU2
hht2-hhf2::[HHT-S10D-HHFS]-URA3
hst2::NatMX
ura3 ade2 leu2
trp1::LacO:TRP1
lys4::LacO:LEU2
his3::LacRGFP:HIS3 ade2::NAT ura3 ade2 leu2 trp1
trp1::LacO:TRP1
lys4::LacO:LEU2
his3::LacRGFP:HIS3 ade2::NAT ura3 ade2 leu2 trp1
trp1::TetO:TRP1
lys4::LacO:LEU2
his3::LacRGFP:HIS3 TetR-mCHERRY dam1-1 mad2::NAT ura3
ade2 leu2
Spc42-CFP:kanMX4 Gal4-EBD:TRP1 TetR:LEU2
pGAL-Rec:HIS3 rts1::HYG
ura3∆0 met15? lys2?
Spc42-CFP:kanMX4 Gal4-EBD:TRP1 TetR:LEU2
pGAL-Rec:HIS3 rts1::HYG
hht1::hht1-S10A:KanMXloxP
hht2::hht2-S10A:bleloxP
ura3∆0 met15? lys2?
trp1::TetO:TRP1(?)
lys4::LacO:LEU2
his3::LacRGFP:HIS3 TetR-mRFP
rts1::NatMX sgo1::KanMX
bar1∆? ura3-x ade1 leu2-x

13926

a

13942

pMET25:SGO1TetR-mCherry

a

13943

pMET25:IPL1TetR-mCherry

a

13955

pMET25:SGO1TetR-mCherry

a

13960

14413
14417

a

pMET25:IPL1LacI-GFP

a
a

trp1::TetO:TRP1(?)
lys4::LacO:LEU2
his3::LacRGFP:HIS3 TetR-mRFP
SGO1-Y47A/Q50A/S52A
bar1∆? ura3-x ade1 leu2-x
trp1::TetO:TRP1
lys4::LacO:LEU2
his3::LacRGFP:HIS3
TetR-mCHERRY
hst2::KanMX
ade2::NatMX ura3 ade2 leu2
trp1::TetO:TRP1
lys4::LacO:LEU2
his3::LacRGFP:HIS3
TetR-mCHERRY
hst2::KanMX
ade2::NatMX ura3 ade2 leu2
trp1::TetO:TRP1
lys4::LacO:LEU2
his3::LacRGFP:HIS3 TetR-mCHERRY
hht1::hht1-S10A:KanMXloxP hht2::hht2-S10A:bleloxP
bar1∆? ura3-x ade1 leu2-x
his3::HIS3 pGAL-Rec Nup82-3GFP:KAN
TetR-mCherry:Kan Gal4-EBD:Trp Spc42-GFP:HIS
hht2-hhf2::[HHT-S10D-HHFS]-hphNT1
ura3-52 ade2-101
trp1::TetO:TRP1
lys4::LacO:hphNT1
his3::LacRGFP:HIS3 TetR-mCHERRY loxCEN4lox:KanMX GDPcreEDB78:LEU2 ura3::CFP-TUB1:URA3 ade2 leu2
trp1::TetO:TRP1
lys4::LacO:hphNT1
his3::LacRGFP:HIS3 TetR-mCHERRY leu2::Cre-EBD:LEU2
Shs1-loxPmCherry:Cln2(3’UTR)-NatNT2-loxP-GFP
ade2 leu2
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