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Cohesion is the fundamental activity that tethers eukaryotic sister
chromatids from S phase until mitosis. The Structural Maintenance of
Chromosomes (SMC) complex, known as cohesin, mediates this process by
co-entrapping sister chromatids within its ring-like structure. Sister
chromatids are also extensively entangled through DNA catenation, which

involves physical interlinks created during DNA replication and protected by



cohesin. Unresolved DNA catenation in mitosis leads to anaphase bridges
and segregation errors. Nevertheless, the role of DNA catenation and the
mechanism by which cohesin safeguards it remain uncertain. Additionally,
DNA catenation co-accumulates alongside cohesin at pericentromeres
borders under spindle forces in metaphase, but the underlying mechanism
has never been investigated. Elucidating whether DNA catenation is
implicated in sister chromatid cohesion and what molecular phenomena
drive its function and dynamics is critical for fully understanding
chromosome segregation. Our lab recently found that cohesin is unable to
withstand spindle forces when DNA catenation is artificially removed in
metaphase-arrested cells. By measuring cohesion in cells lacking functional
cohesin, | find that DNA catenation can noticeably hold sister chromatids
without spindle forces but fails to do so when these are present. Moreover,
| demonstrate that the ability of cohesin to stably co-entrap sister
chromatids is essential for retaining DNA catenation at pericentromeres
under spindle forces, but not for protecting DNA catenation from
topoisomerase 2. The latter function is antagonised by condensin-directed
topoisomerase 2 activity across the cell cycle. The fine balance of
topoisomerase 2 activity set by cohesin and condensin is shifted towards
decatenation when the protein is truncated at its C-terminus, revealing a
key regulatory feature residing in this region. Overall, this project reveals the
crucial role of DNA catenation in maintaining sister chromatid cohesion,
providing unprecedented insights into its regulation and turnover via a

coordinated SMC mechanism.
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Introduction

1.1 The cell

The most basic form of life, from which all living organisms originate, is the
cell (Cooper, 2000). Cells appeared on Earth around 3.8 billion years ago,
allowing a long time for their evolution into the living beings of the present
day. Based on their structure and composition, cells can be classified into
two divisions. Eukaryotic cells are highly sophisticated and contain a
nucleus and functionally diverse membrane-bound compartments called
organelles. In contrast, prokaryotic cells lack dedicated intracellular
compartments and are functionally simpler. Despite their differences, they
share DNA as the fundamental molecule that governs all the key aspects of

the cell.

1.2 DNA and cellular heredity

The structure of DNA resembles that of a pair of intertwined laces, with
two individual strands that interact through the complementarity of their
nucleotide sequences (Watson & Crick, 1953). The message encoded in
these sequences supplies the instructions for producing the proteins that
carry out the wide range of activities of the cell. As such, the cell’'s genetic

code must be passed on to subsequent generations to maintain the
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production of functional cells. To add a layer of complexity, most eukaryotic
genomes are divided into independent double stranded DNA-protein bodies
called chromosomes, which vary in number between species (Bendich et
al., 2000). Accurate handling of these molecules thus represents an
elemental aspect of a cell’s life cycle, and errors in this process are often
the basis of developmental disorders and cancer (Jallepalli & Lengauer,

2001).

Cell reproduction happens through the splitting of a mother cell into two
identical clones that carry the same genetic information, which poses the
problem of ensuring the maternal DNA is evenly divided into the two arising
progeny cells (Alberts et al., 2002). Luckily, the double-stranded structure of
DNA provides an excellent solution to this. During a cell’s division cycle,
the strands of its DNA are separated to serve as templates for the
replication of its genome. The newly arising DNA strands become paired
with the template strands, creating two identical copies of each
chromosome called sister chromatids. This mechanism allows them to be
pulled apart and transported to the opposite ends of the dividing cell, so
when it splits into two different ones, each receives a complete copy of the
maternal genome (Anjur-Dietrich et al., 2021). The genome of the daughter
cells is then replicated before the next division round. This coordinated
series of events through which genetic integrity is preserved, cells grow and

reproduce is called the cell division cycle.
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1.3 The mitotic and meiotic cell division cycles

There are two types of cell division cycles in eukaryotic cells. The mitotic
cell cycle produces two identical daughter cells and coordinates one round
of DNA replication with one round of division (Mclntosh, 2016). In contrast,
meiosis is characterised by two subsequent cell division events that
generate genetic variability between the four arising cells and underpins the

mechanism of sexual reproduction (Marston & Amon, 2004).

Certain cell types in higher organisms, such as neuronal cells, are unable
to multiply, an ability lost through the differentiation process (Cooper, 2000).
However, this is not the case for all types of differentiated cells. Cell
differentiation is the mechanism through which non-specialised cells,
including stem cells, alter their transcriptional landscape to acquire new
morphological and functional properties characteristic of a specific tissue.
As a result, cell differentiation is essential to build the organs of complex

organisms such as humans.

The initial descriptions of the cellular processes that segment a cell’s life
into different phases were made by Walther Flemming in the late 19%"
century (Flemming et al., 1882; Uzbekov & Prigent, 2022). Despite the
limitations in imaging technology at the time, he was able to track the
timely movement and conformation changes of intracellular components,
including chromosomes, that led to cell division. The next century saw the
development of innovative techniques that allowed a more precise study of

the cell cycle when the currently accepted G1, S, G2, Mitosis/Meiosis and
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GO phases were proposed. While the G1, S, G2, and GO phases are shared
between the mitotic and meiotic cell cycles, meiotic cells undergo Meiosis |
and Meiosis Il consecutively before returning to G1, both subdivided into
the same stages as Mitosis but presenting noticeable differences (Gottlieb

et al., 2023).

1.3.1 Interphase

The first phase of a new cell division cycle is G1 (Cooper, 2000). During
this phase, cells do not undergo massive morphological changes other than
a substantial increase in size, but rather set the stage for genome
replication. This requires synthesising proteins composing the replisome and
regulatory proteins that collaboratively decide whether to continue into the
S phase or stall indefinitely in GO until environmental conditions become
favourable (Johnson, 1992). For G1 progression to occur, the cell's growth
rate must be optimal and the genome safe and intact. In the case of a
haploid yeast such as S. cerevisiae, two mating types exist: a and a (alpha)
(Sieber et al., 2023). Therefore, G1 can also be halted by the presence of
pheromones released by a cell of opposite mating type. The result of
mating is the fusion of the two compatible cells into a diploid cell carrying
two homologous copies of each chromosome (homologous chromosomes).
Once mating is completed, the cell resumes its progression through the cell

cycle and is able to enter Meiosis | following G2.
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S phase represents the stage where pre-assembled replication proteins
recruit further factors required for replication initiation (Takeda & Dutta,
2005). Ineffective or externally compromised replication triggers signals that
halt progression through S phase and promote DNA stabilisation and repair,

or apoptosis.

Completion of DNA synthesis marks the beginning of the second gap phase
or G2 (Fischer et al.,, 2018). At this point, human cells (naturally diploid)
and diploid yeast cells have 2 replicated sets of each chromosome, each
composed of 2 sister chromatids. G2 is characterised by the production of
mitotic factors and an increased rate of cell growth and membrane
component biosynthesis, particularly lipids, an essential preparation step for
cell division (lcard et al., 2019). During G2, cells carrying damaged DNA are
arrested, ensuring its repair before committing to cell division in Mitosis or

Meiosis (Wang et al., 2009).

1.3.2 Mitosis, Meiosis and Cytokinesis

The Mitosis, Meiosis | and Meiosis Il, are subdivided into five stages,
namely prophase, prometaphase, metaphase, anaphase and telophase
(O’Connor, 2008). The terms | and Il will now be used to refer to stages of
Meiosis | and Meiosis Il, respectively. Stages mentioned without these terms

refer to mitotic stages.

As cells enter prophase and progress through cell division, their chromatin

becomes highly condensed and compact, forming visible chromosomes. The
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assembly of the mitotic/meiotic spindle and its fibres at opposite ends of
the dividing cell also occurs during prophase. Recombination between

homologous chromosomes also happens during prophase |, altering their
composition through the mutual exchange of genetic markers (Sansam &

Pezza, 2015).

Prometaphase encompasses the destruction of the nucleus, resulting in the
formation of small nuclear particles that contain the DNA (O’Connor, 2008;
Nature Education, 2014). The spindle microtubule fibres then travel the
intracellular space from the poles towards the kinetochores, a centromeric
protein assembly that serves as their docking point on the sister
chromatids. By applying pulling forces, the spindle checks whether the
microtubule-kinetochore interactions have the correct orientation: if each
spindle pole attaches the chromatid oriented towards it, also known as
bipolar attachment or biorientation. This control point is called the Spindle
Assembly Checkpoint (SAC). When biorientation happens, the force
generated on opposite spindle poles is neutralised, creating tension at
kinetochores and stabilising the chromosomes and allowing their alignment
at the centre of the metaphase plate in the dividing cell. The checkpoint is
then passed, allowing progression from metaphase. During metaphase |,
homologous chromosomes lie in parallel across the metaphase plate, and
each of them (with its two sister chromatids) becomes attached to one

spindle pole (Marston & Amon, 2004).
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Anaphase/Anaphase | then commences, breaking the cohesion between
sister chromatids or homologous chromosomes and drawing them toward
opposite spindle poles, an event coordinated by the microtubule network
(O’Connor, 2008; Nature Education, 2014; Marston & Amon, 2004). The
chromosome condensation built up until metaphase is then lost, and the
chromatids or homologous chromosomes localise to the poles to be
encased by the newly established nuclei in Telophase or Telophase |,

respectively (O’Connor, 2008; Nature Education, 2014; Gottlieb et al., 2023).

Finally, during Cytokinesis, the contractile ring separates the cytoplasm into
two independent cell membranes. These are repaired at the cleavage point
by the insertion of new membrane (O’Connor, 2008; Nature Education,
2014). As a result, following mitosis, two identical daughter cells are
generated. Conversely, following Meiosis I, the two daughter cells will have
genetic differences dictated by the extent of homologous recombination in
Prophase | (Gottlieb et al., 2023; Sansam & Pezza, 2015). Following Meiosis
I, meiotic cells enter Meiosis Il, the stages of which closely resemble the
mitotic stages described above. The outcome of Meiosis is the creation of
four genetically distinct daughter cells. One alternative to the conventional,
open, mitotic pathway in budding yeast (and also other organisms) is closed
mitosis, in which the mitotic stages do not involve the collapse of the
nuclear envelope (Boettcher & Barral, 2013; Sazer et al., 2014). Instead, the
spindle bodies assemble and operate inside the nucleus, attaching sister
kinetochores and pulling the chromatids to opposite nuclear poles (Mori et

al.,, 2020). The nucleus then divides into two nuclei, preserving the integrity
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of the nuclear envelope without its rupture. The cell finally undergoes
division, ensuring each of the daughter cells receives one nucleus. A

summary of the eukaryotic cell division cycle is shown in Figure 1.

Preparation for cell
division

¢ Creation of two
daughter cells

W%

PO
W™

DNA replication

GO (resting phase)

Increase in size

Figure 1. The eukaryotic cell division cycle is divided into interphase (G1, S
and G2) (green) and mitosis/meiosis (red). Schematic of the cell division cycle
showing the distinct phases that compose it, with their respective lengths

represented by the area of the circle they occupy. Adapted from Rosenberg &

Rosenberg, 2012.

1.4 Sister chromatid cohesion and segregation
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Chromatin in cells experiences a constant shift between distinct higher-
order structural configurations tailored to specific cellular events, such as
DNA repair, transcription and cell division (Delvaux de Fenffe, 2025). The
third, due to its complexity and length, requires a timely cycle of activities
to control the evolution of chromosomal morphology throughout the
different phases. The first major structural change occurs following DNA
replication in S phase, with the establishment of cohesion, a force that
physically sticks the newly replicated sister chromatids together (Guacci et
al.,, 2009; Tanaka et al., 2000). This force is maintained until the sister
chromatids are ready to split at the beginning of anaphase. The
fundamental feature of cohesion is that it allows sister chromatids to
withstand the spindle forces occurring in metaphase, creating the tension
required for the cell to sense that biorientation has taken place (Uhlmann,
2001; Tanaka et al., 2000). Once this tension is sensed, anaphase kicks off
and cohesion is destroyed, allowing sister chromatids to segregate to
opposite poles (Figure 2A). Prematurely losing cohesion would result in a
random spatial assortment of chromatids, impeding the cell from
distinguishing which chromatids are sisters and should be directed to
opposite poles (Nasmyth et al.,, 2000). It is for this reason that defective
cohesion, whether by mutation or other factors, is often the cause of

segregation errors and aneuploidy (Figure 2B).
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Figure 2. The implication of cohesion in sister chromatid segregation. A The
metaphase to anaphase transition. During metaphase, microtubules from the
mitotic spindle apparatus extend to, and attach sister chromatids at the
kinetochores. The spindle microtubules then start pulling sisters apart, aligning
them at the metaphase plate and generating tension. The spindle assembly
checkpoint is then satisfied, and cohesion is destroyed to allow anaphase onset
and the segregation of sister chromatids to opposite spindle poles. B Schematic
of the outcomes of chromosome segregation. Cohesion between sister chromatids
ensures their faithful segregation towards opposite spindle poles and prevents

catastrophic cellular events.
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1.5 SMC complexes

Structural Maintenance of Chromosomes (SMC) complexes are central to
regulating the dynamic structure of chromosomes across cellular life
(Hoencamp & Rowland, 2023). Three main complexes comprise this protein
family in eukaryotes: cohesin, condensin and SMC5-SMC6. All consist of a
heterodimer of SMC proteins, Smc1/Smc3 for cohesin, Smc2/Smc4 for
condensin and Smc5/Smc6 for Smc5/6 complexes. The two monomers of
each heterodimer are engaged directly in a head-to-toe orientation through
their dimerisation domain at the apices of their hairpin-like structured
coiled-coils, resulting from their antiparallel nature (Hoencamp & Rowland,
2023; Gligoris et al., 2014; Haering, 2004). They are additionally linked
indirectly through a kleisin subunit, which forms a junction at the interface
of their ATPase domains. The individual ATPase domain of each SMC protein
is created by the tight juxtaposition of the amino and carboxyl ends. The
ATPase or head domains of the SMC subunits also come in contact in the
presence of ATP, dimerising to form an ATP-binding cassette (ABC) -like
ATPase, which, together with the hinge domain resulting from the
dimerisation of the coiled coils, plays an essential role in the assembly and
function of SMC complexes (Hirano & Hirano, 2006). A remarkably similar
structure to eukaryotic SMC complexes is found in their prokaryotic
counterparts, such as MukBEF, MksBEF and SMC-ScpAB (Birmann & Lowe,
2023). However, the SMC proteins of prokaryotic complexes form a

homodimer (Morozova et al., 2024).

24



Both eukaryotic and prokaryotic SMC complexes exhibit functional diversity.
Cohesin is a main player in the maintenance of sister chromatid cohesion
from S phase until anaphase and also in the three-dimensional structuring
of the genome (Guacci et al.,, 2009; Michaelis et al.,, 1997), condensin
mediates the condensation and progressive resolution of meiotic and mitotic
chromosomes from prophase until metaphase (Hirano & Mitchison, 1994;
Hirano et al., 1997; O’Connor, 2008) and Smc5/6 has roles in driving
faithful DNA replication and repair as well as preventing DNA damage (Peng
& Zhao, 2023). Prokaryotic MukBEF, MksBEF and SMC-ScpAB function
analogously to eukaryotic condensin by promoting the condensation and
segregation of bacterial chromosomes (Zhou, 2022; Makela & Sherratt, 2020;
Morozova et al., 2024). Except for sister chromatid cohesion, all the
aforementioned SMC functions are thought to be mediated by their ability

to extrude loops of DNA.

Interestingly, whereas the accessory proteins for cohesin and condensin
belong to the HEAT repeat protein Associated With Kleisins (HAWK)
superfamily, the Smc5/6 and prokaryotic ones belong to the Kleisin
Interacting Tandem winged-helix Elements (KITE) superfamily (Palecek &

Gruber, 2015; Wells et al., 2017).

1.5.1 Kleisins, KITEs and HAWKs

Kleisin proteins are a core component of SMC complexes that mediate the
physical linkage between the outer regions of an SMC head and an SMC

25



coiled-coil, creating their characteristic trimeric structure with a central
channel (Schleiffer et al., 2003; Burmann & Lowe, 2023). As a result, kleisin
proteins are essential to functionalize SMC complexes into active tethers
and extruders of chromatin segments (Schleiffer et al., 2003; Burmann &
Lowe, 2023). For example, cleavage of Scc1 results in the abolishment of
cohesion and loop extrusion by cohesin (Davidson et al.,, 2019; Uhlmann et
al.,, 1999). The bridging activity of kleisins depends on the integrity of their
amino and carboxyl end regions, which are functionally and structurally
homologous across species and serve as the anchor points between the
SMC ATPase heads (Hoencamp & Rowland, 2023; Burmann et al., 2013;
Zawadzka et al., 2018; Gligoris et al., 2014). Members of this protein
superfamily include Brn1 (yeast)/hCAP-H/H2 (human), Scc1 (yeast)/Rad21
(human), Nse4, ScpA, MukF and MksF, found in condensin, cohesin,
Smch/6, SMC-ScpAB, MukBEF and MksBEF, respectively (Schleiffer et al.,

2003; Wang et al.,, 2018; Fennell-Fezzie et al., 2005).

Kleisin proteins serve as recruitment platforms for KITE and HAWK proteins
through their non-conserved linker core found between the head and coiled-
coil binding interfaces (Schleiffer et al., 2003; Burmann & Lowe, 2023).

While some members of these two families are permanent subunits of SMC
complexes (e.g. MukE), others are only transiently associated (e.g. Pds5) and
provide temporal fine-tuning of their activities (Wells et al.,, 2017; Palecek &

Gruber, 2015).
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KITEs are winged-helix repeat-rich proteins that assemble into functional
dimers before interacting with SMC-bound kleisins (Palecek & Gruber, 2015).
They are found in prokaryotic MukBEF and MksBEF as MukE, SMC-Scp-AB
as ScpB and eukaryotic Smc5/6 as Nse1/Nse3. KITE proteins have been
implicated in regulating the ATP-binding-hydrolysis cycle of these complexes
and enhancing their chromosomal organisation activities (Burmann & Lowe,
2023; Vondrova et al., 2020; Gloyd et al., 2011). Taking MukB as an
example, it has been shown that the rate of condensation is increased
upon interacting with MukE (Wang et al., 2006; Gloyd et al.,, 2011).
Furthermore, MukB is incapable of segregating chromosomes when it does

not form the classical trimeric SMC-kleisin complex with its KITE subunit.

HAWK proteins are composed of HEAT (Huntingtin-EF3-PP2A-TOR1) repeat
elements that provide protein-protein binding interfaces necessary to form
large molecular scaffolds (Neuwald & Hirano, 2000; Andrade et al., 2001;
Wells et al., 2017). In this manner, HAWK proteins such as Ycg1 and Ycs4,
and Scc2, Scc3 and Pdsb5, are able to interact with the kleisin subunit of
the eukaryotic SMC complexes condensin and cohesin, respectively (Wells
et al.,, 2017). Ycg1 targets condensin to pericentromeres to promote
chromosome biorientation and other highly catenated loci to mediate sister
chromatid resolution (Wang et al., 2024). Conversely, Ycs4 plays a key role
in stimulating ATP-hydrolysis-driven loop extrusion by condensin, substrate
detection and specificity and promoting the displacement of non-productive
cohesin from chromatin (Sarkar et al., 2021). Pds5 and Scc2 are only

transiently associated with cohesin’s Scc1, whereas Scc3 is permanently
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associated with Scc1 as part of the ring (Petela et al., 2018; Chao et al,,
2015; Muir et al.,, 2016; Hartman et al.,, 2000; Losada et al., 2000). Scc2
stimulates the ATPase activity of cohesin’s heads and is necessary for
loading and loop extrusion (Petela et al., 2018; Chao et al.,, 2015; Davidson
et al.,, 2019). On the other hand, Pds5 and Scc3 mediate cohesion and
cohesin turnover, but Pds5 additionally limits loop extrusion by cohesin
(Sutani et al., 2009; Ruiten et al., 2022; Yu et al.,, 2022; Losada et al.,

2000; Wells et al., 2017; Brunet Roig et al., 2014).

1.6 Loop extrusion

SMC complexes have been shown to possess loop-extruding activity through
ATP-hydrolysis under variable experimental conditions (Figure 3). However,
their extruding mechanisms differ slightly, as is the case for the topological
association with DNA these complexes adopt during the process (Davidson
et al, 2019; Ganji et al.,, 2018; Pradhan et al., 2023). Additionally, cohesin
and condensin operate as monomers, whereas Smc5/6 extrude DNA as a
homodimer. SMC complexes could expand loops by allowing the non-
topological/pseudo-topological passage of DNA through the tripartite ring or
via a mechanism independent of DNA passage, a matter that is still

discussed to this day (Banigan & Mirny, 2020).

Evidence of cohesin’s involvement in loop generation across mitotic
chromosome arms in budding yeast comes from Hi-C and Pile-up plot
analyses (Dauban et al., 2020). Additionally, several experiments have shown
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that AID-mediated depletion of cohesin in G1 results in the same
architectural pattern across arms as cells arrested prior to cohesin loading,
poor in intrachromosomal interactions and loop structures. Therefore, the
presence of cohesin is essential to stabilise existing loops. Interestingly,
most of these loops, removed by cohesin depletion, map to sites of
convergent transcription where cohesin is known to concentrate (Dauban et
al.,, 2020; Lengronne et al., 2004). These sites are known to accumulate
positively supercoiled DNA, which has been directly linked to facilitating
cohesin-mediated chromosomal compaction (Sun et al.,, 2013; Guo et al,,

2021).

Through loop extrusion, cohesin is able to physically connect distant loci,
providing transcriptional fine-tuning by bringing promoters and enhancers or
silencers into functional proximity (Kagey et al., 2010; Schoenfelder &
Fraser, 2019). Loop extrusion also creates Topologically Associated Domains
(TADs), which represent chromosomal regions enriched in loops that contact
each other more frequently than loops belonging to other TADs (Dixon et
al., 2012; Wutz et al, 2017). Both individual loops and TADs are restricted
in size and space by the transcription factor CTCF, serving as an insulator
that organises local and higher-order chromatin structure. Importantly,
cohesin mediates loop extrusion independently of its ability to entrap DNA

(Davidson et al., 2019; Nagasaka et al., 2023; Srinivasan et al., 2018).

It has also been possible to observe condensin-mediated loop formation by

single-molecule live imaging (Ganji et al., 2018). This mechanism in yeast is
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promoted by positively supercoiled DNA, not only by actively facilitating it
but also by attracting high concentrations of condensin molecules (Kim et
al.,, 2022). These are able to extrude loops upon stably associating with
DNA. If present, local plectonemes serve as preferential docking points for
condensin, further enhancing the extrusion process. Nevertheless, the
outcome of condensin-mediated loop extrusion is increased local

supercoiling, which generates a positive feedback cycle for further extrusion.

The exact mechanism for the extrusion of DNA loops is not fully clear. For
instance, there is evidence that cohesin and condensin can extrude
chromatin loops past obstacles 5-fold larger than the ~35nm diameter of
their lumen when ring opening is abolished through the crosslinking of their
three interfaces (Pradhan et al., 2022; Davidson et al., 2019; Anderson et
al., 2002; Haering et al., 2002). This challenges the previously postulated
pseudo-topological mechanism through which cohesin pulls DNA
bidirectionally through its lumen to expand loops (Pradhan et al., 2022;
Davidson et al., 2019). It also indicated that the loops may be extruded
without passing through the lumen via DNA-protein contacts on the outer
surface of the ring. Moreover, experiments in bacteria have recently led to
the proposal of an interesting model which recapitulates principles of a
topological mechanism (Diebold-Durand et al., 2017; Marko et al., 2019).
This model explains that a DNA segment is first pulled through a transient
cavity delimited by the juxtaposed, ATP-free ATPase heads and the
connecting kleisin extending underneath them. The subsequent binding of

ATP would promote the separation of the coiled coils, thereby releasing the
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hinge and creating a larger Smc-Smc-head lumen (Diebold-Durand et al.,
2017; Marko et al., 2019). The bending of the DNA segment region
immediately adjacent to this lumen into the complex would lead to the
extrusion of this segment into a loop. This loop would be stabilised within
the complex through internal contacts with the ring, both near the exposed
hinge and around the initial kleisin-head cavity, while simultaneously
allowing its expansion unidirectionally. ATP hydrolysis would then be
followed by the unlocking of the contiguous Smc-Smc-kleisin lumen by the
disruption of the ATPase head engagement (Diebold-Durand et al., 2017;
Marko et al., 2019). Accordingly, the loop would spring outwards, and the
DNA would be pushed back into the kleisin-head cavity to produce a net
forward translocation of the SMC complex. Importantly, the broader
conformational states and compartmentalisation explained by this model are

compatible with the known eukaryotic and prokaryotic SMC complexes.

Different SMC complexes may extrude DNA loops through distinct
mechanisms or alternate between them. Nevertheless, the concert of loop
extrusion by the different SMC complexes is an essential aspect of the

dynamic nature that defines the eukaryotic and prokaryotic genomes.
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Figure 3. Loop extrusion by SMC complexes. Schematic representation of the
loop extrusion process, mediated via non-topological/pseudo-topological association
to DNA. ATP binding and hydrolysis power the expansion of extruded loops as
DNA is reeled inside the SMC ring through translocation. Image of SMC complex

taken from Gligoris et al., 2016.

1.7 The cohesin ring

Cohesin’s kleisin subunit Scc1 engages Smc3’s and Smc1’s ATPase domains
through its N- and C-terminal domains, respectively, circularising the
structure into its characteristic ring shape (Figure 4). Initial evidence that
pointed to cohesin as a primary mediator of cohesion included fluorescence
microscopy experiments showing that mutations in the ring resulted in

prematurely split chromatid regions (Straight et al., 1996). Additionally,
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researchers noticed that the onset and withdrawal of the forces tethering
sister chromatids coincided with cohesin binding and turnover on DNA,
respectively (Michaelis et al.,, 1997). The requirement of Scc1 cleavage by
separase for segregation was also an initial hint that this would release
trapped sister chromatids (Uhlmann et al., 1999). Later on, as cohesin’s
morphology was described and more was being unearthed about its
influence on chromosome dynamics, the ring model was put forward, and
to this day, it remains widely accepted (Haering et al., 2002). This model
explains that cohesin entraps sister chromatids following DNA replication to
provide cohesion (Haering et al., 2002; Haering et al., 2008). Supporting it
are also experiments showing catenated sister minichromosomes in yeast
cells that depend on the crosslinking of all three of cohesin’s interfaces
prior to the denaturation of the complex (Haering et al.,, 2008; Gligoris et

al., 2014).
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2016.

1.7.1 Cohesin removal in mitosis
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Cohesin is cleaved at its Scc1 subunit at the onset of anaphase to allow
sister chromatid segregation. Central to this event is the anaphase-
promoting complex (APC), a multisubunit ubiquitin ligase complex activated
by Cdc20 or Hct1 association (Fang et al., 1998). Once biorientation is
confirmed, APC triggers the degradation of cyclin B, necessary for the
metaphase-to-anaphase transition, and securin proteins such as
Saccharomyces cerevisiae (S. cerevisiae) Pds1 (Irniger et al., 1995; Cohen
Fix et al., 1996; Yamamoto et al., 1996). Securin proteins inhibit separase,
the cysteine protease responsible for Scc1 cleavage (Uhlmann et al., 2000).
Therefore, degradation of securin releases the active site of separase,
abolishing its inhibition and allowing it to cleave the cohesin ring. Thus,
APC activation is essential for removing cohesin in vertebrates and budding
yeast, serving as the key determinant of cohesion destruction. Additionally,
vertebrate cells possess the prophase pathway, responsible for dissociating
the bulk of cohesin from chromosome arms in a separase-independent
manner and allowing its recycling onto chromosomes from telophase

onwards (Waizenegger et al., 2000).

1.7.2 Regulators of cohesin

There is a series of factors that modulate the multiple functions of cohesin
and its dynamics on chromosomes. Firstly, S. cerevisiae Eco1, orthologous
to vertebrate Escol and Esco2, is a multimeric Genb-related N-

acetyltransferase with 2 globular domains, one providing specificity for Eco1

35



targets, and another housing its catalytic activity at the C-terminus (Onn et
al., 2009; Zhang et al., 2008; Chao et al., 2017). Its role in sister chromatid
cohesion establishment was initially seen in budding yeast carrying the
eco’-1 thermosensitive allele that attenuates its acetyltransferase activity,
showing increased rates of cohesion loss prior to anaphase (Toth et al,,
1999). Eco1 acetylates Smc3 at K112 and K113 within the head domain of
cohesin during S phase to lock it around sister DNAs (Lengronne et al.,
2006; Zhang et al., 2008). The deacetylation of these residues happens in
anaphase, concomitantly with the destruction of cohesion and is mediated
by the Hos1 deacetylase in budding yeast (Li et al., 2017; Xiong et al.,

2010).

Another known regulator of cohesin is Wapl (Wpl1/Rad61 in yeast),
universally recognised as the cohesin release factor for its ability to
disengage cohesin from DNA (Kueng et al., 2006). This function is likely
mediated by opening the Smc3-Scc1 (Smc3-Rad21 in humans) interface, a
process thought to release cohesin-entrapped chromatids (Beckouét et al.,
2016). Importantly, this release mechanism is prevented by Ecol1-dependent
acetylation of Smc3 at K112 and K113. In humans, Wapl is a key player in
the prophase pathway, whereas S. cerevisiae Wpl1 has been suggested to
steadily disrupt existing cohesion from its onset, possibly also counteracting
cohesion establishment during replication (Lopez-Serra et al.,, 2013; Sutani
et al., 2009). Interestingly, Wpl1 deletion causes increased chromosomal
compaction, indicating a role in restricting condensation (Lopez-Serra et al.,

2013; Dauban et al., 2020). Therefore, a second function of Wpl1-mediated
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displacement of unacetylated cohesin may be to counterbalance excessive
chromosome condensation, disengaging actively loop-extruding, non-
topologically associated cohesin molecules. This is consistent with the fact
that mammalian and yeast cells show increased loop size in the absence
of Wapl/Wpl1 (Wutz et al., 2017; Dauban et al., 2020). Because the lethality
of ecolA in yeast cells can be rescued by wpl71A, it has been suggested
that the main purpose of Smc3 acetylation in budding yeast is to inhibit
Wpl1 to allow cohesion onset (Rowland et al., 2009; Sutani et al., 2009).
However, deacetylation of Smc3 by Hos1 in budding yeast is necessary to
complete the turnover of cohesin from DNA following separase cleavage (Li
et al., 2017). This process is Wpll-independent and proceeds via the
disintegration of the cohesin head domain, thereby fully opening the ring.
This supports a cohesion-promoting mechanism involving Eco1-dependent
modulation of Smc3 unrelated to Wpl1 (Guacci et al.,, 2014). Shortly after
Smc3 acetylation, Cdk1 promotes Ecol1 degradation without affecting
cohesion integrity (Lyons & Morgan, 2012). Thus, Eco1l serves no purpose

beyond S phase following the acetylation of Smc3 (Téth et al., 1999).

Sccl1 serves as a recruitment platform for the HEAT repeat protein
Associated With Kleisins (HAWK) protein Pds5 in budding yeast, homologous
to vertebrate Pds5A and Pds5B (Hartman et al.,, 2000; Muir et al.,, 2016).
The multifunctionality of Pds5 is evidenced by its involvement in both
promoting and destroying cohesion (Sutani et al., 2009). The latter in
budding yeast is mediated by its ability to recruit Wpl1, thereby promoting

the removal of unacetylated cohesin from DNA. Interestingly, depletion of
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Pds5 in G1, G2 and mitosis causes a massive decrease in K112 and K113
acetylation levels, suggesting a direct role in the cohesion establishment
reaction (Chan et al., 2013). Pds5, therefore, functions in concert with Eco1
to generate cohesion in S phase, possibly by serving as a bridge to interact
with Smc3 or triggering a structural change in its head domain. Because
this phenotype is notably reversed in the absence of Hos1, it likely also
supports the maintenance of acetylation marks by limiting the activity of
this protein. Pds5 is also involved in building the 3D architecture of
chromosomes by regulating loop formation (Ruiten et al.,, 2022; Yu et al,,
2022). Interestingly, Pds5 depletion causes greater defects in loop length
and localisation than Wpl1 depletion in yeast (Wutz et al., 2017; Dauban et
al., 2020). The distinct phenotype implies that, in addition to collaborating
with Wpl1, Pds5 acts through an additional unrelated mechanism. This
could involve its role as a positive regulator of cohesion, providing limits for
loop extension in the form of topologically embraced cohesin molecules

that encase loops into separate domains.

Scc1 constitutively exists in a complex with S. Cerevisiae Scc3, another
HAWK protein orthologous to human SA1/2 that binds Scc1 through its C-
terminal domain (Losada et al., 2000; Wells et al., 2017). Scc3 is essential
for loading and maintaining cohesin associated with DNA, but also
cooperates with Pds5 and Wpl1 to promote its removal in interphase
(Brunet Roig et al., 2014). Scc3 is also required for cohesin turnover at
anaphase following separase-mediated cleavage, as it enhances the

deacetylation of Smc3 necessary to disengage the ATPase heads (Brunet
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Roig et al., 2014). Additionally, studies in vertebrate cells have described
SA2 phosphorylation as a crucial step of the prophase pathway (Hauf et al,,

2005).

One last HAWK protein, Scc2 (NIPBL in humans), binds the cohesin
complex through its kleisin subunit and is essential for cohesin loading onto
DNA and its active movement along it (Petela et al., 2018; Chao et al.,
2015). In addition, through in vitro reconstitution, it has been possible to
elucidate the requirement of Scc2 for cohesin to extrude DNA loops and
allow their retention on chromatin (Davidson et al.,, 2019). All these roles
are mediated by its capacity to promote ATP hydrolysis by cohesin’s head
domains through its hook-shaped C-terminal domain (Petela et al., 2018).
Loading of cohesin by Scc2 requires that the latter interacts with Scc4
(MAU2 in humans) to form the Scc2-Scc4 kollerin complex (Lopez-Serra et
al.,2014). Scc4 contains several tetratricopeptide repeats that bind the RSC
complex to access chromatin (Lopez-Serra et al.,, 2014; Mufoz et al., 2019).
Therefore, RSC also plays a key role, serving as a landing platform for
Scc2/Sccd4 and remodelling local chromatin structure into a suitable site for
cohesin loading through its nucleosome displacement activity. Consistent
with this argument is the fact that inactivating mutations in RSC and
Scc2/Scc4 produce comparable cohesin loading and cohesion defects. Once
Scc2/Scc4 is recruited, cohesin is deposited at these sites of low structural
complexity. The majority of cohesin loading onto DNA happens at CEN sites
within centromeres and along chromosome arms (Tanaka et al., 1999;

Fernius et al., 2013). The former is regulated through the post-translational
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modification of the kinetochore complex Ctf19 (Hinshaw et al., 2017). When
the Dbf4-dependent kinase (DDK) targets this complex for phosphorylation,
this event allows the recruitment of Scc2/4, forming a scaffold that

ultimately loads cohesin across centromeric CEN sequences.

1.7.3 Cohesin association with DNA

Mutations in Smc1 and Smc3 ATPase domains that abolish ATP hydrolysis
leave cohesin only able to associate weakly with CEN sites upon ATP
binding-induced head association, an event necessary for cohesin to bind
DNA (Hu et al.,, 2010; Hu et al.,, 2016). These results resemble the effect
produced by mutating the kollerin loading complex, supporting the idea that
both the binding of ATP at the Smc Nucleotide-Binding Domains (NBDs) and
its subsequent hydrolysis are essential to form stable cohesin-chromatin
interactions (Arumugam et al.,, 2003). Smc1’s NBD must, in fact, be
occupied by ATP to form the classic tripartite ring structure, as it allows
Scc1 association with the Smc subunits and the subsequent head
engagement. The hydrolysis reaction that follows at both Smc heads could
allow loading in a non-topological manner or by triggering the entrapment of
an individual DNA molecule (Srinivasan et al., 2018). The former mechanism
is supported by experiments showing how cohesin with a mutationally
compromised hinge is prevented from locking around single or sister DNAs
while largely preserving its dynamics on chromosomes. The latter may

proceed through a transient opening of the Smc3-Smc1 hinge interface,
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providing an entry gate for DNA that can then be topologically captured
(Collier & Nasmyth, 2022; Gruber et al., 2006). If true, this model could
explain why stable entrapping interactions with chromatin are only possible

upon ATP hydrolysis.

1.7.4 The DNA entry and exit gates of cohesin

The Scc1-Smc3 interface represents the proposed exit gate for cohesin to
release entrapped DNA molecules in the absence of Scc1’s cleavage (Chan
et al.,, 2012; Gligoris et al., 2014; Beckouét et al., 2016). This idea comes
from the fact that expressing Smc3 and Scc1 as a single polypeptide
rescues the viability of ecol-depleted cells while maintaining cohesin-
concatenated minichromosomes even upon the overexpression of wpl1
(Chan et al., 2012). In contrast, the hinge interface has been suggested to
allow DNA passage for entrapment, as its chemical locking severely disrupts
cohesin’s ability to associate with chromosomes or tether sister DNAs
(Gruber et al., 2006). Importantly, this feature is not seen in Scc1-Smc1/3

ATPase fusions.

1.7.5 Cohesin behaviour under spindle forces

Due to its capacity to move through loop extrusion and be pushed along
DNA, cohesin tends to reposition and concentrate in regions spatially

distant from loading sites (Lengronne et al., 2008). This is particularly
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evident in centromere-loaded cohesin during sister centromere separation in
metaphase. In this regard, ChiP-Seq and single particle-tracking experiments
have shown that cohesin is enriched along a 50 kb domain of chromatin
that spans the centromere and regions across both chromosome arms
(Weber et al., 2004; Blat & Kleckner, 1999; Tanaka et al., 1999). This
distribution pattern relies on the kinetochore subcomplex Ctf19 of S.
cerevisiae (Fernius et al.,, 2013; Hinshaw et al., 2017). Microtubule pulling
forces in metaphase displace cohesin from CEN loading sites outwards of
the centromere (Figure 5) (Weber et al., 2004; Tanaka et al., 2000). This
remodels the enrichment pattern, creating a 15-20kb cohesin-depleted
region along centromere flanking chromatin, delimited on both ends by high
concentrations of cohesin (He et al.,, 2000; Weber et al.,, 2004. This region
that retains a high density of cohesin until metaphase is called the
pericentromere (Paldi et al., 2020). The most prominent, centromere-
proximal hotspot of cohesin accumulation on each arm, created under
spindle microtubule forces, defines a pericentromere border, displaying an
array of 3 genes with a conserved configuration. Two are oriented towards
the centromere and one towards the arms, creating a characteristic
convergent transcription site where spindle tension-induced cohesin sliding
halts (Figure 5) (Paldi et al.,, 2020; Lengronne et al., 2004). Consistent with
this, interfering with centromeric loading by disrupting Ctf19 function and
altering the arrangement of genes at borders results in the loss of cohesin
at these sites (Paldi et al., 2020). The latter also causes the emergence of

alternative, more distal borders, increasing the size of pericentromeres and
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the region of chromatin separated by the spindle microtubules. Therefore,
pericentromeres largely determine the region that splits under microtubule
forces in metaphase, with differences across chromosomes conferred by

cohesin accumulating at other naturally occurring border-like gene groups.
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DNA spindle forces resists spindle forces cleaves cohesin
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Figure 5. Interplay between cohesion and spindle forces in the creation of
tension. A From S phase to metaphase, sister chromatids are held by cohesin
mainly at and around centromeres. B Metaphase onset triggers spindle
microtubule attachments to sister kinetochores. Here, sister chromatids begin to
be pulled apart, starting at the centromeric DNA. This causes cohesin to slide
down the chromosome arms. C Cohesin stops sliding at pericentromere borders,
where it counteracts spindle forces to prevent further separation of sister
chromatids. This opposing action of cohesion and the spindle forces creates
tension and triggers the activation of separase. D Separase cleaves cohesin,

allowing sister chromatids to segregate to opposite spindle poles.
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1.8 Cohesion as the foundation of faithful chromosome segregation

The segregation of sister chromatids during anaphase results from the
combined effect of cohesion loss and the contraction of the mitotic
spindle. However, without bipolar attachment of chromosomes, there would
be no way to ensure the equal distribution of chromosomal DNA between
cells. Cohesin accumulating at borders offers a solution to this, as it limits
the physical dissociation of sisters, ultimately allowing them to remain
tethered despite being partially separated across pericentromeres in
metaphase (Paldi et al., 2020; Tanaka et al., 2000). The cohesion generated
here withstands and counterbalances the microtubule pulling forces. It is
only after the tension generated by this opposing action of cohesion to the
spindle is sensed that biorientation is confirmed. This leads to the
alignment of chromosomes at the metaphase plate and the eventual
separase-mediated cleavage of cohesin, with the encompassing destruction
of cohesion (Figure 5) (Nasmyth et al., 2000). Cohesion thus provides the
fundamental proofreading mechanism that ensures biorientation, preventing
premature splitting of sister chromatids and co-localisation to the same
spindle pole. Nevertheless, how cohesin is able to withstand such forces
and whether the underlying or surrounding topology of DNA plays a role is

unknown.

1.9 DNA topology
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DNA's lengthy and flexible nature allows it to adopt distinct functional
topologies and three-dimensional configurations, often as a byproduct of
essential cellular processes and the physical constraints of the nuclear
environment (Deweese et al.,, 2008). Topological DNA structures can only be
reversed by disrupting DNA’s continuity and not by mechanical stretching
(Droge & Cozzarelli, 1992). For instance, this can happen through the
enzymatic cleavage of the DNA strands. Catenation, knots, torsion and
plectonemes are DNA features of particular significance due to their
capacity to alter the spatial and functional properties of intracellular
chromatin (Baxter & Aragon, 2010; Rodriguez-Campos, 1996; Portugal &

Rodriguez Campos, 1996; Ma et al.,, 2017).

1.9.1 Topoisomerase enzymes

There are two primary types of topoisomerases in budding yeast: type | and
type Il (Wang, 1980; Liu et al.,, 1980; Liu et al.,, 1979). Topoisomerase |
(also topoisomerase 1), classified as type IB, catalyses the cleavage of a
single DNA strand (nicking), allowing the end of the broken strand
unattached by the enzyme to swivel around the intact strand to relieve the
accumulated torsional stress (Capranico et al.,, 2017; Wang, 1985). Following
relaxation, the broken strand is religated. Conversely, topoisomerase Il (also
topoisomerase 2), a type llA, cleaves both DNA strands, allowing the
passage of another duplex before religating the ends, making it capable of

relieving torsional stress by acting at DNA crossovers (Wang, 1985). Thus,
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type | and type Il topoisomerases facilitate a mechanism to relax
supercoiled DNA of either directionality. This function is of particular
importance, since transactions along DNA, such as loop extrusion by
condensins or helix unwinding by the replication and transcribing
machineries, unavoidably create torsional stress through the supercoiling of
DNA (Kim et al.,, 2022; Schvartzman et al., 2019; Gilbert & Allan, 2014). In
the case of the latter two, DNA is overwound (positively supercoiled) ahead
of the fork while it is simultaneously underwound (negatively supercoiled)
behind it. This is translated into increasingly harder to unwind DNA
segments ahead of the fork and the formation of supercoiled DNA loops
called plectonemes to compensate for the extra tightness. These
plectonemes provide DNA crossovers that attract type Il topoisomerases for
relaxation (Timsit et al., 1998). In the absence of the relaxation activity of
topoisomerases, positively supercoiled DNA can inhibit DNA replication and
transcription termination (Nudler, 2013). Conversely, negatively supercoiled
DNA, which also creates compensatory plectonemes, facilitates the
unwinding of the helix and is therefore helpful in such situations, but must
still be carefully regulated to avoid the disruption of other cellular
processes (Bates & Magnan, 2015; Dabney et al., 2013; Naughton et al.,

2013).

Yeast topoisomerase |l is homodimeric with a jaw shape and contains
several domains shared between the two monomers (Martinez-Garcia et al.,
2013; Corbett & Berger, 2003). The GHKL (Gyrase-Hsp90-Histidine Kinase-

MutL) and Transducer domains form the ATP hydrolysis centre and sit at
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the N-gate of the enzyme (Schmidt et al., 2012; Lotz & Lamour, 2020). The
DNA-gate is composed of the TOPRIM (topoisomerase-primase), WHD
(winged-helix domain) and Tower coiled-coil domains. A subsequent coiled
coil domain also forms the C-gate (Figure 6B). Finally, there is an
intrinsically disordered C-terminal domain (CTD) shared between the two
monomers (Dougherty et al.,, 2021). The CTD experiences high post-
translational modification, which helps regulate its substrate selection,
localisation, catalytic activity and interactions with other protein factors.
According to the clamp model, an intact gate segment first enters the
clamp through the N-gate, anchoring to the cleavage-rejoining centre at the
DNA-gate (Roca & Wang, 1992). A second DNA transport segment can then
follow the same path and be trapped by the bridging of the ATP hydrolysis
centres once they bind an ATP molecule. Subsequently, the catalytic centre
of the enzyme produces a double-strand break on the gate segment,
allowing passage for the intact transport segment upon hydrolysis of one
ATP molecule (Worland & Wang, 1989). Finally, the C-gate serves as the exit
point, first for the transport segment, and following religation, for the gate
segment, releasing the newly generated topoisomer (Roca & Wang, 1994;
Roca et al.,, 1996). The enzyme then hydrolyses the last bound ATP
molecule to return to its original state (Baird et al.,, 1999; Baird et al.,
2001). Therefore, the activity of topoisomerases is essential to maintain a
physiological balance of catenated, knotted and supercoiled species in

intracellular chromatin (Liu et al., 1980).
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1.9.2 DNA knots

DNA knots are naturally occurring cis-topological entanglements found
throughout chromatin in vivo (Valdés et al., 2017). Evidence for this in
eukaryotes comes from studies on chromatinized plasmids rather than
chromosomal DNA. In terms of the latter, contact map studies have not
been able to identify DNA knots, a finding often attributed to the low
resolution of the technique (Schmitt et al.,, 2016; Denker & Laat, 2016;
Valdés et al.,, 2017). It is nevertheless possible that they may form within
smaller DNA segments, a question that remains unanswered. In bacteria,
knotting can be induced in vivo in plasmids by inactivating DNA gyrases
and topoisomerases, but knots also arise spontaneously during DNA
replication behind the fork (Shishido et al., 1987; Sogo et al., 1999).
Biochemical reconstitution on plasmid DNA has shown that unremoved
knots pose a physical obstacle to DNA-acting enzymes, hindering
transcription and nucleosome formation (Rodriguez-Campos, 1996; Portugal
& Rodriguez Campos, 1996). However, evidence of their function is lacking.
Just as with DNA catenation, the activity of type IIA topoisomerases is
directly involved in generating and removing knots, but how it is regulated
in space and time also remains unclear (Figure 6A) (Liu et al., 1980).
Interestingly, the local topological state of DNA adjacent to topoisomerase |l
substrates influences its knotting and unknotting rates. /n vitro, compacted
DNA, whether achieved by supercoiling, condensation or other factors,
promotes knotting, whereas simpler topological states and naked DNA

favour the opposite (Valdés et al.,, 2019). An interesting aspect of knotting
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dynamics is the correlation between knotting probability and DNA length
(Valdés et al., 2017). Whereas in vitro the extent of knotting grows
indefinitely at a constant rate with bigger plasmids, in vivo, this only occurs
to a maximum of 4 kb. Past this size threshold, plasmids experience
knotting probability gains increasingly more subtly the longer they are. The
fact that there is a threshold indicates a potential regulatory mechanism or
a series of them that exist in cells to prevent the formation of excessive
genomic obstacles with catastrophic consequences (Valdés et al., 2017;
Rybenkov et al., 1997; Fernandez et al., 2014; Sen et al.,, 2016; Piskadlo et
al., 2017). In this regard, condensin has recently been found to promote the
resolution of knots by topoisomerase 2 in plasmids (Dyson et al., 2020).
However, the interplay between this activity and cohesin and other SMC

complexes is not known.

1.9.3 DNA catenation

DNA catenation refers to the physical intertwining between two different
DNA molecules and is an unavoidable consequence of DNA replication
(Hudson & Vinograd, 1967). DNA catenation was first observed in Hela
cells as interlocked circular DNAs (catenanes) employing caesium chloride-
ethidium bromide density gradients of mitochondrial DNA extracts (Hudson
& Vinograd, 1967). Later experiments described topoisomerase Il as the
enzyme responsible for their turnover and generation (Baldi et al., 1980;

Kreuzer & Cozzarelli, 1980). Additionally, DNA catenation also arises from
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the rotation of the advancing replication fork (precatenanes) (Bermejo et al,,
2012; Olof & Alexander, 1980). The budding yeast Fork Protection Complex
(FPC) negatively regulates this event to prevent excessive intertwining of
replicated DNA and genotoxic stress (Schalbetter et al., 2015). However,
structurally complex regions that suppress topoisomerase Il activity require
the extra unwinding energy provided by fork rotation, albeit at the expense
of transferring the topological stress onto the newly replicated DNA in the
form of precatenanes. These can then be resolved by topoisomerase Il
(Figure 6A). A number of these catenations survive until mitosis, and are
only resolved following Scc1 cleavage in anaphase, the reason for which
has remained elusive (Baxter & Aragén, 2010). Furthermore, inactivation of
topoisomerase 2 after S phase results in unresolved anaphase bridges and
errors in segregation, indicating their resolution is necessary to complete

mitosis.
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1.9.3.1 DNA catenation is a key feature of chromosome structure

DNA catenation links sister chromatids along the length of their arms but
has been observed through fluorescence microscopy at a significantly higher
density at and around centromeric DNA (Bauer et al.,, 2012). Supporting
this, our lab recently revealed that around 30% of DNA in this region
remains catenated in yeast cells arrested at the G-to-M interphase (G/M)
(unpublished data). This catenation depends on the presence of cohesin, as

depletion of Scc1 results in a dramatic decrease in the fraction of
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catenated DNA. Cohesin, therefore, is required to maintain sister chromatid
intertwining by preventing topoisomerase 2 cleavage, supported by the fact
that co-inactivation of both enzymes rescues the phenotype to nearly WT

levels of intertwining.

Several lines of evidence suggest that DNA catenation is not a mere
byproduct of DNA replication, but instead is a key feature of interphase and
mitotic chromosome structure. In this respect, DNA catenation is necessary
for the maintenance of the three-dimensional shape of chromosomes and
their condensation status (Bauer et al., 2012). More recent work in
mammalian cells has elucidated the highly coordinated mechanism for their
turnover in anaphase (Chu et al., 2022). As sisters separate under spindle
forces, their intertwining progressively elongates, promoting their resolution
by topoisomerase 2. This is thought to contribute to the timely segregation
of chromatids and to ensure their regulated movement during the late
stages of mitosis. Notably, sister chromatid decatenation by topoisomerase
2 in mitosis has been shown to depend on condensin, although the
molecular details of this mechanism and how it interplays with cohesin are

not well understood (Charbin et al.,, 2013).

1.9.3.2 Implication of DNA catenation in sister chromatid segregation

Due to the need to resolve it before segregation and the fact that cohesin
ensures its maintenance on chromosomes, it has been hypothesised that
DNA catenation could provide an alternative mechanism of cohesion (Murray
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& Szostak, 1985). However, previous studies have shown that the artificial
cleavage of Sccl1 in metaphase allows sister DNAs to disjoin, arguing that
cohesin provides the sole force against the mitotic spindle (Oliveira et al.,
2010). To complicate matters further, plasmid dimers held together by
cohesin remain in a dimeric form after being subjected to spindle tension
despite dramatically losing DNA catenation (Farcas et al., 2011). In contrast,
our lab has recently made a revolutionary discovery that changes the
paradigm of what is known about cohesion. Our lab showed that pericentric
sister loci in metaphase-arrested cells lose cohesion at a rate of ~50%
when treated with ectopically overexpressed topoisomerase 2 from the
Paramecium Bursaria chlorella virus (PBCV-1) (unpublished data) (Figure 7C).
This enzyme exhibits exceptionally high decatenation activity in vivo and is
capable of rescuing segregation defects caused by unresolved chromosomal
DNA catenation (D’Ambrosio et al., 2008; Lavrukhin et al., 2000). This
finding was later extended to show that catenated minichromosomes in
G2/M-arrested cells are fully decatenated shortly after the enzyme is
overexpressed (unpublished data). Importantly, PBCV-1 did not interfere with
cohesin’s capacity to co-entrap sister minichromosomes, as determined
through differential sedimentation of minichromosome species extracted
from metaphase-arrested cells followed by treatment with PBCV-1
topoisomerase 2 and agarose gel electrophoresis (unpublished data). This
showed that PBCV-1 topoisomerase 2 resolves dimer fractions resulting from

catenation but not from cohesin-mediated interlinking (unpublished data).
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These results indicate that the loss of cohesion arises due to the

decatenation of the sister chromatids.

Moreover, previous experiments from our lab have revealed that DNA
catenation follows the same pattern as cohesin, accumulating at
pericentromere borders under spindle tension (unpublished data) (Figure 7A).
Interestingly, this feature is compromised when Pds5 is degraded in
metaphase-arrested cells, which results in a dramatic loss of catenated
DNA at pericentromere borders (Figure 7B). Inactivation of Pds5 has been
shown to abolish sister DNA co-entrapment by cohesin, thereby resulting in
a complete cohesion loss, which could be the reason for such a severe
phenotype (Srinivasan et al., 2018). In contrast, the degradation of Pds5 in
G2/M-arrested cells does not cause a meaningful decrease in the fraction
of catenated DNA at centromeres (unpublished data). Collectively, these
findings suggest that while Pds5 is essential to retain catenation at
pericentromere borders under spindle forces, it is not necessary to protect

them from topoisomerase 2.

If DNA catenation were mediating cohesion, its co-localisation with cohesin
under tension would explain why spindle microtubules can separate sister
centromeres but fail to do so past pericentromere borders. The combined
action of cohesin and DNA catenation might therefore underpin the

molecular glue that tethers sister chromatids and prevents their premature

separation. Cohesin could therefore mediate cohesion through sister DNA
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intertwining, or in addition to it, a question that has thus far remained

unresolved.
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Figure 7. DNA catenation is redirected to pericentromere borders under
tension. A Schematic showing the location of chromosomal DNA catenation (left)
without spindle forces and (right) under spindle forces. B Bar chart comparing the

percentage of sister loci near the pericentromere border split without tension
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(G2/M) and under tension (Metaphase) in cells depleted of Pds5 following cell

cycle arrest (Data not published). C Bar chart comparing the percentage of split

sister loci near the pericentromere border in cells expressing (middle and right)
and not expressing (left) PBCV-1 topoisomerase 2 under tension and without

tension. Graphs B and C were made by Dr Aditi Kaushik.

1.10 Aims of the project

1 aim

Cohesin is known to provide cohesion to sister chromatids to withstand
spindle forces until bipolar attachment is ensured. However, the mechanism
mediating this function is not completely understood. DNA catenation could
potentially be involved in resisting spindle forces to maintain cohesion, but
this has never been addressed in real chromosomes and studies using

plasmids have failed to provide a reliable conclusion.

The finding that triggering the artificial decatenation of sister chromatids
results in their separation makes a strong case for catenation as a direct
mediator of cohesion. Hence, | planned to follow up on this finding by
assaying the ability of DNA catenation to hold sister chromatids in the
absence of functional cohesin. Firstly, this would confirm or refute the idea
that DNA catenation can provide cohesion. Secondly, it would reveal
whether this role is dependent on cohesin. For this matter, | created a
strain carrying the thermosensitive alleles scc7-73 and top2-4, which allow

the inactivation of cohesin and topoisomerase 2 at the restrictive
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temperature by interfering with protein folding, respectively. These cells
accumulate DNA catenation despite lacking functional cohesin, offering a
chance to observe whether and to what extent these structures can hold
sister chromatids together. By tracking tagged sister loci using fluorescence
microscopy, it is possible to assess whether cohesion has been lost at

different points of the cell cycle.

2" aim

As previously described, cohesin safeguards DNA catenation from
topoisomerase 2, but how this is regulated at the molecular level is
unknown. Additionally, cohesin performs loop extrusion and provides
cohesion by interacting with DNA through different topological mechanisms.
It is challenging to study loop extrusion by cohesin, as no mutations have
been found that only abolish this activity without compromising its
dynamics on DNA. | therefore focused on understanding whether cohesin-

mediated cohesion is involved in protecting DNA catenation.

Our lab recently revealed that cells depleted of Pds5 retain nearly WT
levels of DNA catenation at centromeres in G2/M. Pds5 depletion abolishes
cohesion, as it is essential for its maintenance. This result indicates that
non-cohesive cohesin is still able to prevent DNA catenation resolution. |
therefore sought to validate this finding by studying whether this effect is
seen in the G1 phase, when cells naturally lack cohesion, as sister DNAs
have not yet been generated. More specifically, this effect was studied in

the late G1 phase, as Sccl1 is not detected on chromatin until then
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(Uhlmann & Nasmyth, 1998). Since DNA catenation does not exist in G1,
DNA knots were employed as a model to study DNA catenation in this
phase. For this purpose, | designed an episomal CEN plasmid incorporating
the centromere sequence of budding yeast chromosome 2 and 9.3kbp into
the right arm (CEN2 plasmid), which was used for all the DNA knotting
assays. The capacity of cohesin to prevent knot resolution was studied in a
newly created strain carrying this plasmid and the thermosensitive allele

scc1-73.

3 aim

The condensin SMC complex is necessary to complete chromosome
segregation, which has been linked to its capacity to promote
topoisomerase-2-mediated resolution of DNA knots and catenation. However,
how this activity is regulated is not well understood. Moreover, how cohesin
and condensin modulate topoisomerase 2 activity to orchestrate the
topological changes in the DNA has never been studied before. Thus, |
expanded the findings from the G1 knot assays by studying the interplay
between cohesin and condensin in regulating DNA catenation. For this
purpose, | employed the strain mentioned above, in addition to one carrying
the thermosensitive allele smc2-8, which also incorporated the 9.3kbp CEN2
plasmid. This assay assesses the impact of inactivating condensin and
cohesin on the catenation state of the CEN2 plasmid in vivo, providing

quantitative insights into the mechanism underlying this phenomenon.

4" aim
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DNA catenation, like cohesin, relocalizes to pericentromere borders under
spindle forces in metaphase. Nevertheless, how it is able to stop at these
sites and whether cohesin, through any of its functions, is involved is
unknown. If catenation were mediating cohesion, it is plausible that the
capacity of cohesin to provide cohesion by co-entrapment of sister
chromatids could serve to stop the sliding of DNA catenation. This could
allow them to accumulate at the same site and collaboratively resist
spindle forces. This idea is consistent with the fact that abolishing cohesin
entrapment by degrading Pds5 when sister chromatids are under tension
results in the loss of DNA catenation from pericentromere borders. However,
it is also possible that the phenotype is driven by the lack of Pds5 per se.
As a result, | decided to expand this finding by experimenting with a newly
created ecolAwpli1A strain, in which cohesin, unlike the previous one, can
co-entrap sister DNAs. | first evaluated the presence of DNA catenation at
the pericentromere of chromosome 4 under spindle forces in this strain by
gel electrophoresis and Southern blotting. Cohesion in this genetic
background has been measured at centromeric (TRP7) and distal arm (LYS4)
loci, revealing a significant cohesion defect in both G2/M and metaphase-
arrested cells (Guacci & Koshland, 2012). | therefore planned to follow up
by measuring cohesion under spindle forces closer to the pericentromere
border, at the SOK7-TRP1 intergenic region, from now on referred to as
PeriCEN. Next, | compared the result with the amount of local DNA
catenation maintained. Bearing in mind the results from the Pds5-depletion

assay, this setup allowed me to determine whether the phenotypes seen
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are caused by the absence/presence of cohesin-mediated cohesion or the

proteins involved.

5% aim

PBCV-1 topoisomerase 2 is fully functional and highly active in all the
properties of eukaryotic type 2 topoisomerases. Interestingly, it is the
smallest type 2 topoisomerase known to date, extending only 1,061 amino
acids in length (Lavrukhin et al., 2000). This is partly due to the lack of a
C-terminal extension, which is present in all yeast and human
topoisomerase 2. If this feature contributes to its capacity to resolve sister
chromatids in yeast cells, this could be replicated in eukaryotic
topoisomerase 2 lacking a functional C-terminal domain. This domain spans
a region starting around residue 1177 and ending at the final residue 1428

of the S. cerevisiae enzyme (Schmidt et al.,, 2012).

| therefore set out to investigate whether expressing two truncated versions
of S. cerevisiae topoisomerase 2 at residues 1166 and 1220 had a
meaningful effect on sister chromatid cohesion. The former truncation has
been shown to retain decatenation activity in vitro to wild-type levels, while
failing to complement TOP2 deletions and top2-4 mutations in yeast, likely
due to the disruption of its nuclear localisation (Caron et al., 1994).
Conversely, the latter decatenates DNA both in vivo and in vitro and allows
minimal cell survival in top2-4 and TOP2A yeast strains. For this experiment,
| cloned each of the truncated proteins into a plasmid vector under the

control of the GAL71 promoter, allowing their overexpression upon the
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addition of galactose to the culture. As in our previous PBCV-1
topoisomerase assay, | measured sister chromatid cohesion under spindle
forces at the PeriCEN. If the truncated proteins have lost the regulation of
their decatenation activity, high rates of cohesion loss should be observed.
This would point to the C-terminal domain of topoisomerase 2 as a key
intermediary of the cohesin-dependent protection of chromosomal DNA

catenation.

2. Results

It has long been speculated that DNA catenation could provide sister
chromatid cohesion in addition to cohesin. However, the idea that cohesin
drives cohesion has partly shifted the focus away from DNA catenation and
its role in the process. Current evidence indicates that persistent DNA
catenation contributes to the formation of anaphase bridges and erroneous
sister chromatid segregation, yet its role in tethering sister chromatids
remains unaddressed (Uemura et al.,, 1987). To this end, | employed a set
of methodologies that allow the quantification of catenated DNA and sister
chromatid cohesion of yeast chromosomes in vivo as the cornerstone of all
the experiments performed here. The quantification of DNA catenation can

be performed by agarose gel electrophoresis followed by Southern blotting
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of DNA extracted from fixed cells. The DNA employed for analysis here was
either in a circular DNA loop-out form (loop-out), in which regions of
chromosomes are excised and circularised, or in plasmid form.
Chromosomal DNA loop-outs can be performed by using the Cre-lox
recombination system (Sternberg & Hamilton, 1981; Hoess et al., 1982;
Abremski & Hoess, 1984). This consists of employing two 34-bp-long LoxP
DNA sequences flanking the region of interest, which serve as target sites
for the Cre recombinase. This protein cleaves and circularises the DNA,
forming a circular DNA loop-out (Figure 8A). Therefore, by overexpressing
Cre under the GAL7 promoter, it is possible to obtain large amounts of
looped-out DNA, which can be in dimeric form if the original chromosomal
DNA was catenated, or in monomeric form if it was uncatenated. Loop-outs
in this study were performed on chromosome 4 at pericentromere borders
(~3.5kbp loop-out) and on chromosome 3 at the CEN locus (5kbp loop-out)

(Figure 8B).
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centromeric loop-outs (bottom) performed in this study.

Both one-dimensional and two-dimensional gel electrophoresis can be
employed to analyse DNA topoisomers, which provide different insights.
While the former allows a direct comparison of catenated vs uncatenated
DNA by means of differentially migrating bands, the latter shows the
knotted fraction of the samples. One-dimensional gel electrophoresis allows
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the measurement of band intensity as a readout of the DNA fraction of a
specific weight. Since catenated circular DNA molecules migrate twice as
slowly as uncatenated monomers, this method allows the unambiguous

separation of the different DNA forms.

The method of choice to measure cohesion in vivo was the fluorescence
microscopy tracking of GFP-tagged chromosomal loci, extensively used in
the field for the same purpose. By visualising the intracellular position of
and distance between sister DNA loci, one can infer whether cohesion has
been lost at this site. If a single GFP dot is observed within a cell, sister
loci remain tethered, whereas if two dots are seen, sister loci have split,
and cohesion has been lost. The percentage of cells under determined
conditions (tension/no tension) that present 1 GFP dot gives a readout of
the degree of cohesion preserved in the genetic background studied. Note
that the region of choice to study DNA catenation in all the assays

described here was the pericentromere border.

2.1 DNA catenation is insufficient to hold sister chromatids under

spindle tension

Following our conclusion that cohesin cannot fully resist spindle forces
without DNA catenation, | aimed to test the capacity of catenated
chromatids to resist these forces in cells lacking functional cohesin. As
shown in previous studies, thermal inactivation of topoisomerase 2 using
the top2-4 allele leads to the accumulation of DNA catenation on
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chromosomes (Charbin et al., 2013). For this experiment, | also used the
scc1-73 temperature-sensitive allele of cohesin that prevents the formation
of a complete cohesin ring by disrupting the Scc1-Smc1 interface at the
restrictive temperature. Combining top2-4 with scc71-73 allows the co-
inactivation of topoisomerase 2 and cohesin, which, according to previous
data, should lead to the maintenance of preformed catenation. Thus, any
cohesion these cells may have would be entirely mediated by DNA

catenation.

Our lab recently showed that budding yeast carrying the scc7-73 allele
displays split centromeric sister loci at a rate of 44% under a G2/M arrest
at the restrictive temperature, whereas the incidence in double scc7-73
top2-4 mutants decreases to 17% (unpublished data). The capacity of DNA
catenation to hold sister loci without cohesin prompted us to investigate
this effect when sister chromatids are subject to spindle forces in
metaphase. Since spindle forces redirect DNA catenation to pericentromere
borders, | decided to study the splitting of sister loci located in this region.
Two budding yeast strains carrying either scc7-73 alone or combined with
top2-4 were employed. Fluorescence microscopy was used to measure
cohesion as previously described; thus, these strains also carried a GFP-
tagged PeriCEN sister loci and a TdTomato red tag on Spc42, a protein
composing the spindle body. While the GFP tag allows the scoring of local
cohesion, the red tag can help facilitate the discrimination between arrested
cells and separate, clumped cells. The cells were synchronised in early G1

with a-factor and released into nocodazole-containing media for 90 minutes
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at the permissive temperature (25°C). Nocodazole is a spindle poison that
prevents the polymerisation of spindle microtubules, thereby abolishing
spindle forces and triggering the SAC. Once the G2/M arrest was confirmed
by light microscopy, the cultures were shifted to the restrictive temperature
(37°C) for 90 minutes. The cells were then fixed, and the dot-counting
assay was performed as described in the methods. | find that 65% of
G2/M-arrested scc1-73 top2-4 double mutant cells retain tethered
chromatids at 37°C, whereas only 21% of scc7-73 single mutants do so, as
evidenced by a single GFP dot (Figure 9A). The experiment was then
repeated in a metaphase arrest with strains expressing a methionine-
repressive version of the APC cofactor Cdc20 under the MET3 promoter to
assess the impact of spindle forces. Following synchronisation in G1, cells
were released for 90 minutes at 25°C into methionine-containing YEP media
+ 2% glucose (YEPD), to which an additional 8mM methionine was added.
After 60 minutes, an additional 4mM methionine was added. Upon
confirmation of the metaphase arrest after 90 minutes, the cultures were
shifted to 37°C for another 90 minutes. The cells were then fixed for
fluorescent microscopy, and cohesion was measured. Nearly all cells,
regardless of their genetic background, displayed split sister PeriCEN at
37°C (Figure 9B). Several conclusions can be made from these data. Firstly,
it confirms that DNA catenation in chromosomes requires cohesin for
protection against topoisomerase 2-mediated resolution in vivo. Secondly,
since cohesin can still moderately hold sister chromatids under spindle

forces without catenation but catenation cannot do so without cohesin, it
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indicates that cohesion under spindle forces is first dependent on cohesin.

Finally, it shows that DNA catenation alone exerts enough cohesive force to

hold sisters together without spindle tension to some extent but fails to do

so when tension is applied in metaphase. The last two points could be

explained by the likely role of cohesin to prevent the sliding of catenation

past pericentromere borders. Despite its self-evident nature, this implies

that catenation cannot be the sole mechanism of cohesion in cells, which

aligns with the overwhelming evidence of cohesin-mediated cohesion

reported in the literature. Collectively, these results, together with our

previous finding of cohesin’s reliance on DNA catenation, provide, for the

first time, definitive evidence of a cooperative cohesion mechanism

mediated by both cohesin and DNA catenation.
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of split sister loci between scc7-73 and scc1-73 top2-4 cells, A in the absence of
spindle tension (Welch’s t-test performed (p-value=0.0010)) (3 biological repeats,

n=253 cells per repeat for scc1-73, n=268 cells per repeat for scc7-73 top2-4),

and B under spindle tension (Welch’s t-test performed (p-value=ns)) (2 biological
repeats, n=210 cells per repeat for scc1-73, n=205 cells per repeat for scc1-73

top2-4). C Depiction of arrested cells displaying tethered (top) and split (bottom)

GFP-tagged sister loci. Red dots represent TdTomato-tagged Spc42.

2.2 DNA knots in G1 are maintained by cohesin

Knowing the importance of DNA catenation in cohesion, | next aimed to
study how they are generated and turned over. Previous experiments
demonstrated that DNA catenation relies on cohesin to exist in
chromatinized plasmids, a phenomenon we have previously extended to
show that it also applies to chromosomal DNA catenation (Farcas et al.,
2011). Nevertheless, how cohesin mediates this protection remains
unknown. Broadly, there are four main cohesin populations in cells: soluble,
dynamically DNA-binding, loop-extruding, and topologically entrapping
complexes. It is plausible that cohesin could simply bind to DNA in a way
that blocks the access of topoisomerase 2 to DNA catenation, whether by
topological entrapment or non-topological binding, therefore inhibiting their
resolution. However, loop extruding complexes could also impose physical
constraints on topoisomerase 2 by means of rearranging the local topology
of DNA. Farcas et al. revealed in 2011 that catenated fractions of a 26kb

minichromosome are lost when yeast cells carrying the temperature-
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sensitive eco7-1 allele undergo replication at the restrictive temperature,
concluding that cohesion is required for DNA catenation to exist (Farcas et
al.,, 2011). However, our lab recently found that AID-mediated degradation of
Pds5 does not significantly reduce the fraction of catenated DNA at
centromeres in G2/M-arrested cells (unpublished data). Since Pds5 is
essential to establish and maintain cohesion, this indicates that DNA
catenation is maintained independently of Pds5 and, therefore, sister

chromatid cohesion.

| decided to investigate this matter further by testing whether the same
applied in G1 budding yeast cells, which naturally lack cohesion, as this
phase precedes DNA replication and therefore sister chromatids have not
yet been generated. The lack of sister chromatids also signifies that DNA
catenation is absent in G1, in line with previous plasmid assays showing all
DNA in G1 phase in monomeric form. Hence, | decided to employ DNA
knots as a model to study DNA catenation in G1. In contrast to DNA
catenation, knots are intramolecular entanglements, but both share a
common turnover mechanism mediated by topoisomerase 2 and the
geometry of their DNA crosses. Dyson et al. showed in 2021 how
inactivating condensin results in increased knotted plasmid fractions,
concluding that this protein is necessary for topoisomerase 2 to resolve
DNA knots (Dyson et al., 2021). However, the role of cohesin and how SMC
complexes are coordinated to mediate their turnover, maintenance and

generation are not well understood.
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For this experiment, | employed 2-dimensional agarose gel electrophoresis,
which offers a way to analyse knots according to their shape and
topological complexity, and differentiate them from other DNA fragments of
similar size (Figure 10A). The process requires the nicking of the sample,
whereby supercoiled DNA is relaxed to prevent its interference with the
migration speed of the molecules, but the topologies are maintained (Valdés
et al.,, 2017; Valdés et al., 2019). The first electrophoresis run is performed
at a low voltage (25V), which allows the relaxed molecules to travel
according to their volume, proportional to the number of strand crossings,
with the more entangled molecules travelling fastest and the unknotted
molecules travelling the slowest. The second dimension reveals the knotted
molecules, as the linear DNA fragments in the sample with similar
migration profiles in the first dimension now separate due to their increased
gel mobility caused by the higher voltage (125V) employed in this dimension

(Valdés et al., 2017; Valdés et al., 2019).

DNA knotting was studied in the CEN2 plasmid previously described. Two
experimental strains were employed: one carrying the scc71-73 allele and
another a wild-type scc? (WT) strain, allowing the analysis of the role of
cohesin in regulating the balance of DNA knots throughout the G1 phase.
These strains also expressed a non-degradable version of Sic1l under the
control of the GAL7 promoter, which prevents entry into S phase. Cells
were grown overnight in -TRP (tryptophan) media + 2% raffinose and
synchronised in early G1 by the addition of a-factor for 150 minutes. At

minute 60 of the arrest, the cells were shifted to YEP media + 2% GAL
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(YEPgal) to induce the expression of non-degradable Sic1 for the remaining
90 minutes of a-factor-arrest induction. This allows the arrest of cells at the
G1/S interphase. Once the a-factor arrest was confirmed, the synchronised
cells were released by adding pronase (0.1mg/ml) at the permissive
temperature for 90 minutes to allow Sic1-mediated G1/S arrest. The cells
were then shifted to 37°C for 90 minutes. Analysis through gel
electrophoresis and Southern blotting revealed a significant decrease in the
knotted plasmid fraction upon inactivation of cohesin compared to WT
(Figure 10B). This result validates the Pds5-depletion assay, corroborating
cohesin’s ability to maintain intra- and inter-chromosomal intertwines in a
manner that does not require cohesion. This experiment, however, does not
address the topological nature of the cohesin-DNA binding mechanism

involved in mediating this function.
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Figure 10. Cohesin protects DNA knots. A Example of 2-dimensional gel

electrophoresis showing the different observable DNA species. B Bar chart and
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Southern blot comparing the knotting probability of the CEN2 plasmid between
the WT and scc7-73 strains in 2 biological replicates (Welch’s t-test performed (p-
value scc1-73 vs WT=0.0059)). The knotting probability was calculated with Image)

by quantifying the signal intensity of the knotted minichromosome bands and
normalising it to the total signal intensity of the nicked circular minichromosome

DNA fraction.

2.3 Cohesin-mediated protection of DNA entanglements is antagonised

by condensin-dependent topoisomerase 2 activity

Cohesin protects DNA catenation and knots, whereas condensin is instead
required for their resolution. Nevertheless, there is much unknown about
how these factors are coordinated in this context to determine when sister
chromatids will be disentangled both inter- and intra-molecularly. To study
the functional interplay between these proteins, | analysed the topology of
the 9.3kbp CEN2 plasmid in G2/M-arrested cells. | employed the WT and
scc1-73 mutant yeast strains described above, in addition to a smc2-8
mutant strain that allows the inactivation of condensin at 37°C. Cells were
grown overnight in -TRP medium and then transferred to YEPD medium for
the experiment the next day. The cell cultures were first synchronised with
a-factor in early G1 and then released in the presence of 100mM
nocodazole for 90 minutes at the permissive temperature. Once arrested in
G2/M, the cells were shifted to an incubator at 37°C for 90 minutes before
fixing them and extracting their DNA. 2D gel electrophoresis was then

carried out for the three samples, and Southern blotting was performed to
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visualise the distribution of plasmid topoisomers. Unfortunately, the area of
the gel where the catenated plasmid fraction of the WT strain would have
been observed was not included in the blot due to a mistake in the
placement of the membrane for the transfer. Therefore, only the scc7-73
and smc2-8 strains were compared, which were expected to produce a
decrease and an increase in the catenated DNA compared to the WT
strain, respectively. In line with this, the inactivation of scc7-73 cohesin
showed a greatly decreased catenated plasmid fraction (8%) compared to
the smc2-8 strain (50.8%) (Figure 11A). To refine the results, | repeated the
2D gel and Southern blot. However, another misplacement of the membrane
resulted in the uncatenated fraction of the smc2-8 strain sample being left
out of the blot; therefore, the catenated fraction could not be quantified.
Nevertheless, this blot confirmed my previous hypothesis, showing a higher
level of catenated DNA in the WT (26.8%) strain compared to the scc1-73
strain (Figure 11B). An additional spot can be observed in both blots
underneath the expected spot for the catenated minichromosome fraction,
which corresponds to supercoiled species of this population. This spot
resulted from the incomplete nicking of the DNA samples, and its signal
was not included in the quantification. Collectively, these findings show that
inactivation of condensin is enough to prevent the resolution and promote
the accumulation of DNA catenation. Interestingly, the phenotypes of the
strains in G1 are replicated in G2/M, showing the highest fractions of
catenated and knotted plasmid in the smc2-8 mutant, the lowest in the

scc1-73 single mutant. From these results, it can be concluded that a
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conserved mechanism, driven by the constitutively opposing activities of

cohesin and condensin, underpins the cell cycle-wide regulation of DNA

knots and catenation.
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Figure 11. Cohesin and condensin have opposite roles in the regulation of
DNA catenation. A Bar chart and Southern blot comparing the percentage of
catenated CEN2 minichromosome between the scc7-73 and smc2-8 strains in 2
biological replicates (Welch’s t-test performed (p-value= 0.0182)). B Bar chart and
Southern blot comparing the percentage of catenated CEN2 minichromosome
between the scc7-73 and WT strains in 2 biological replicates (Welch’s t-test
performed (p-value= 0.0012)). The catenated minichromosome fraction of the

smc2-8 strain is shown for illustrative purposes but was not quantified.
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2.4 Eco1 is not required for centromeric DNA catenation maintenance in

G2/M

Since Pds5 is not required to protect DNA catenation, | extended this
finding by studying the role of Ecol1 in catenation maintenance. Eco1 is the
acetyltransferase that acetylates the ATPase head of Smc3 to lock the
cohesin ring around sister DNAs (Zhang et al., 2008). Pds5 and Eco1 are
known to interact to regulate loop extrusion by cohesin (Dauban et al,,
2020). Additionally, Pds5 facilitates and maintains Eco1-mediated acetylation
of Smc3, thereby collaboratively influencing multiple cohesin functions
(Chan et al., 2013). After several failed attempts to create a functional
Eco1-AID strain, | instead decided to delete the eco? gene, which encodes
Eco1. Since this deletion is lethal in budding yeast due to a complete loss
of cohesion, | additionally deleted wpl7, which encodes the cohesin release
factor Wpl1, whose absence partially rescues the viability of these cells.
Deletion of wpl1 alone causes a moderate cohesion defect, which is not
yet understood, but is less pronounced than in ecolAwpl1A. Comparing the
amount of catenated DNA between ecolAwpl1A and wpl1A cells could
indicate whether Eco1 plays a role in promoting the maintenance of
catenation on DNA. For this purpose, ecolAwpl1A cells were first
synchronised in early G1 by the addition of a-factor and subsequently
released into YEP + 2% raffinose (YEPR) media containing nocodazole to

100uM to arrest them in the G2/M interphase. Galactose was then added

75



to make 2% of the total culture volume to induce the looping out of a
4kbp region of centromeric DNA of chromosome 3. One-dimensional gel
electrophoresis followed by Southern blotting revealed little change in
catenated DNA between ecolAwpl1A and the wpl1A control strains, as
evidenced by the similar band intensity shown in Figure 12. Although there
is significantly less centromeric catenation in these strains than in WT (25-
30%), that effect is almost completely driven by the deletion of wpl?, as
simultaneously deleting eco? causes only a minimal extra loss. Eco1 has
been reported to acetylate cohesin at several sites across the different
subunits in addition to K112 and K113 for cohesion establishment,
disruption of which results in variable levels of cohesion loss (Chao et al.,
2017; Guacci et al., 2015). According to the finding reported here, not only
does cohesin prescind of cohesion for protecting DNA catenation, but also
largely of the acetylation events performed by Eco1, including those that
precede cohesion establishment. These data also imply that any other
function Eco1 performs, whether through its acetyltransferase activity or not,

is not necessary in this context.
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Figure 12. Deletion of eco? has a minimal effect on the fraction of
catenated centromeric DNA in G2/M. (Left) Bar chart comparing the percentage
of catenated centromeric DNA between ecolAwpl1A and wpl1A cells in 3
biological replicates (Welch’s t-test performed (p-value=0.0012)). (Right) Image of
1D agarose gel showing the difference in catenated centromeric loop-outs in
ecolAwpl1A and wpll1A cells. Note that the experiment was done in a wpll

deletion background to directly compare the effect of deleting ecoT.

2.5 eco1Awpl1A cells lose pericentric DNA catenation under spindle

tension

The finding that depleting Pds5 results in the loss of pericentromeric DNA

catenation from borders under spindle tension suggests that cohesin

capable of co-entrapping sister chromatids, which is absent in these cells,

is necessary to prevent this phenotype. This hypothesis prompted me to

find a way to investigate this effect further. It is challenging to separate the

cohesion-promoting function of Pds5 from the rest of its cohesin-specific
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activities, as Pds5 mutations that abolish cohesion do so by disrupting its
interaction with Scc1 (Muir et al.,, 2016; Lee et al., 2016). Therefore, |
extended this result by assaying the effect of spindle forces on DNA
catenation at the pericentromere borders in the absence of Ecol1 using the
ecolAwpliA genetic background. As opposed to Pds5-depleted cells,
cohesin in ecolAwpl1A cells is still able to co-entrap sister
minichromosomes in vivo, although whether this applies to real chromatids
is not clear (Srinivasan et al., 2018). Additionally, Eco1 is coordinated with
Pds5 at many levels to promote and maintain cohesion and to regulate
loop extrusion, making it an ideal next candidate to study (Panizza et al.,
2000; Dauban et al., 2020). Importantly, both Pds5-depleted and
ecolAwpliA cells preserve loop extruding cohesin (Petela et al., 2018;
Dauban et al.,, 2020) and catenation within pericentromeres (unpublished
data and Figure 12). However, Pds5-depleted cells are known to lack most
cohesion at the pericentromere border, as shown using our lab setup
(Figure 7B), whereas ecolAwpl1A cells have been found to lack cohesion at
several loci, including LYS4, TRP1 and URA3 (Guacci et al.,, 2015; Rowland
et al., 2009). One caveat is that the distribution of the cohesion defect of
ecolAwpliA cells across the chromosome is neither conserved nor
understood. If ecolAwpl1A cells preserve DNA catenation at borders under
spindle forces, it could be because they retain the pool of cohesive cohesin
at the border that is preventing their loss. If, in contrast, eco74wpl714 cells
lose DNA catenation from the borders under spindle forces, it could be

because cohesin in these cells may not be able to cohesively co-entrap
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sister chromatids to prevent the sliding of catenation past the border.
Because, as previously shown (Figure 9), cohesion under spindle forces is
first dependent on cohesin, the first situation should be reflected by
cohesion being maintained at the border, whereas the second situation

should be reflected by cohesion being lost at the border.

For this matter, ecoTAwpl1A cells expressing Cdc20 under the MET3
promoter were first synchronised in early G1 phase with a-factor for 2.5
hours and released by splitting the culture into two flasks. One flask
contained YEPR media with an additional 8mM methionine to arrest cells
under spindle forces by depleting Cdc20, and the other YEPR media with
100puM nocodazole to arrest them in the absence of spindles. The cells
were left to grow for 90 minutes to arrest them in metaphase and G2/M,
respectively. This allowed a direct comparison between the effect of present
and absent spindle forces on catenated DNA. Galactose was then added to
make up 2% of the culture volume to induce the looping-out of the
pericentromere border region of chromosome 3 for 90 minutes, and the
cells were harvested. Analysis through gel electrophoresis and Southern
Blotting revealed that spindle forces in metaphase result in a major loss of
catenated DNA at pericentromere borders in ecolAwpl1A cells (Figure 13).
In WT cells, DNA catenation contained within the pericentromere
unavoidably slides to the borders under spindle tension (unpublished data),
where it is stopped by cohesin (Figure 9). The net result is a redistribution
of catenation that decreases at centromeres (from ~30% to ~5%) while it

concomitantly increases at borders (from ~12% to 20%) (unpublished data).
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This also means that under normal circumstances, DNA catenation at the
border should be higher under spindle tension than in its absence. In
contrast, ecolAwpl1A cells show the opposite pattern, whereby DNA
catenation at the border decreases when the kinetochores are subject to
spindle tension (Figure 13). Cohesin is required to prevent the loss of
catenation from the border (Figure 9), but which functional pool (cohesive
or loop-extruding) is required for this event is unknown. These cells
preserve loop extruding cohesin (Dauban et al., 2020), therefore raising the
possibility that they may lack cohesive cohesin at the border, which could
be the cause of this loss. As explained before, cohesion first depends on
cohesin (Figure 9); therefore, the absence of cohesive cohesin co-entrapping
sister chromatids in these cells could be reflected by the absence of

cohesion at the border.
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Figure 13. DNA catenation is lost from pericentromeric borders under spindle
tension in eco14Awpl1A cells. (Left) Bar chart comparing the percentage of
catenated centromeric looped-out DNA in ecolAwpl1A cells in the absence and
presence of spindle tension in 3 biological replicates (p-value=0.0075). (Right)
Image of 1D agarose gel showing the difference in catenated DNA loop-outs at

the pericentromere border in ecolAwpl1A cells.

2.6 ecolAwpli1A cells present a significant cohesion defect at the

PeriCEN

Cohesion in ecolAwpl1A cells has been measured at centromeric proximal
and distal loci, including LYS4, TRP1 and URAS3, revealing cohesion defects
of up to 70% (Guacci et al.,, 2015; Rowland et al., 2009). It is nevertheless
possible that these cells retain some degree of cohesion at other loci,
which allows their survival. Since DNA catenation is lost from the

pericentromere borders under spindle forces, | set out to investigate the
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degree of cohesion preserved in this region. By knowing both parameters, it
is possible to understand how cohesion and DNA catenation are coupled
locally. To this end, | used fluorescence microscopy to track GFP-tagged
sister PeriCEN (border locus) in ecolAwpl1A cells under a G2/M arrest. As
previously mentioned, this locus lies at the SOK7-TRP1 intergenic region on
chromosome 4. SOK7 is one of the genes composing the right border of
chromosome 4, and therefore, this setup allows the measurement of
cohesion as close to the border as technically feasible with out setup.
Since cohesion at TRP1 was concluded to be only locally compromised (as
measured by the distance between split GFP dots) (Guacci et al.,, 2015), it
raises the possibility that other nearby regions may have a different degree
of cohesion. The control strain employed for this experiment was wpl14,
which has been shown to exhibit a cohesion defect of 25-30% at the TRP1
locus (Guacci et al., 2015). The historically observed differences in cohesion
between ecol4wpliA and wpl71A result from the fact that Eco1 provides
cohesion in a Wpll-independent manner, and therefore the deletion of wpl7
restores viability to eco74 cells without restoring cohesion (Guacci et al.,
2015). As evidenced by the dot counting assay, PeriCEN sister loci in
ecolAwpliA cells split at a rate of 70.2% (Figure 14), in line with the
results obtained in previous studies (Guacci et al.,, 2015). In wpl1A cells, an
unexpectedly low rate of cohesion loss of 10.25% was observed (Figure 14).
For comparison, WT cells typically display a cohesion loss of ~5% when

measured at the PeriCEN locus using this setup (unpublished data).
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Figure 14. Cohesion is severely compromised in ecolAwpl14 cells. A Bar chart
comparing the percentage of split sister PeriCEN in ecol4wpl1A and wpl1A cells

arrested in metaphase in the absence of spindle forces (n=300 for each group). B
Schematic summary of the results from the cohesion assay in the ecol4wpl1A

and wpl1A strains.

As previously shown (Figure 13), ecolAwpl1A cells present a significant level
of DNA catenation at pericentromere borders without spindle tension, yet
under this condition, only 30% of cohesion is preserved (Figure 14). This is
striking, since such a level of DNA catenation should be able to hold sister
loci together to a much greater extent even without cohesin’s assistance
(Figure 9). Therefore, the cohesion provided by catenation appears to be
compromised in ecolAwpl1A cells, a phenomenon without explanation so
far. Our lab has shown that cohesin can maintain nearly WT levels of
cohesion in the absence of spindle forces, even when DNA catenation is
artificially removed (Figure 7C right lane & unpublished data). Therefore,
even if catenation-mediated cohesion was indeed compromised, cohesin-
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mediated cohesion should still prevent the splitting of sister loci. This effect
is not seen in the present experiment, indicating that these cells lack the
cohesin pool capable of cohesively co-entrap sister chromatids. From these
results, it can be concluded that the loss of DNA catenation from
pericentromere borders under spindle forces is due to the loss of cohesive

cohesin.

2.7 The C-terminal domain of S. cerevisiae topoisomerase 2 is required

to prevent the premature resolution of sister chromatids

As previously explained, the overexpression of PBCV-1 topoisomerase 2
triggers a 50% loss of cohesion under spindle forces, arising exclusively
from the decatenation of sister chromatids (Figure 7C & unpublished data).
This unique capacity of this enzyme to produce such an effect, together
with the fact that this is the only known topoisomerase 2 that naturally
lacks a CTD, raises the following point. Although it is known that this
protein possesses an intrinsically high decatenation rate, it is also possible
that the lack of a C-terminal domain allows it to bypass the cohesin-
mediated protection of DNA catenation to produce the aforementioned
cohesion defect. Whether this lack of a CTD is part of the reason why
cohesion is lost in cells overexpressing PBCV-1 topoisomerase 2 is a matter
for further study. Nevertheless, it prompted me to investigate what would
happen if the C-terminal domain of S. cerevisiae topoisomerase 2 were

removed. To this end, | designed two truncated versions of yeast
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topoisomerase 2 through PCR mutagenesis at residues 1166 (top2-1166) and
1220 (top2-1220) (Caron & Wang, 1994) and cloned them into a plasmid
vector under the control of the GAL7 promoter (Figure 15C and D). These
proteins lack 262 and 208 residues at the C-terminus, respectively,
mimicking the structure of PBCV-1 topoisomerase 2 to different extents. As
a result of the truncations, top2-1166 completely lacks the C-terminal
domain, whereas top2-1220 preserves only the first ~43 residues. Hence,
this choice of enzymes allowed me to study the effect of a complete
removal of the topoisomerase 2 CTD on the cohesion of sister chromatids,
serving as a proxy for decatenation, and compare it with the effect of its
partial truncation. The reason why | did not directly probe the effect of the
truncations on decatenation was that the system our lab employs to assay
decatenation in vivo is by overexpressing Cre to produce loop-outs (Figure
8A). Since this also requires galactose, Cre and the topoisomerase 2
truncations would have been expressed simultaneously, preventing the
differentiation between decatenation happening on looped-out circles or on

the chromosomal DNA.

Top2-1220 is the smallest truncation known to preserve decatenation and
relaxation both in vivo and in vitro, whereas top2-1166 is the smallest
truncation known to preserve DNA decatenation and relaxation activity in
vitro (Caron & Wang, 1994). This is in part likely because top2-1166 lacks
the nuclear localisation signal (NLS) of WT topoisomerase 2, which is
thought to reside between residues 1227 and 1243 of the wild-type enzyme.

Therefore, to ensure nuclear transport, | fused the NLS from the simian
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vacuolating virus 40 (SV40) to the protein sequence. The assembled
plasmids were transformed into a yeast strain expressing Cdc20 under the
MET3 promoter, which prevents its transcription in the presence of
methionine, thereby arresting cells in metaphase. A GFP tag was also
expressed at the PeriCEN in this strain, allowing the tracking of cohesion at
PeriCEN sister loci through fluorescence microscopy. As a positive control, |
employed the yeast strain carrying the plasmid expressing the PBCV-1
topoisomerase 2, whereas for negative controls, | employed a yeast strain
with the empty plasmid vector and another one carrying the plasmid
expressing wild-type yeast topoisomerase 2. All these strains carried the
genetic markers necessary for the metaphase arrest and the fluorescent
tags. The cells were grown overnight in -MET (methionine) + raffinose media
and shifted to YEPR the next morning to induce a-factor arrest for 2.5
hours. The cells were then released for 90 minutes, and 8mM methionine
was added to the culture, followed by the addition of 4mM methionine
every hour for the rest of the experiment. Once the metaphase arrest was
confirmed, galactose was added to 2% of the culture to induce the
overexpression of the proteins for 90 minutes. The cells were then
harvested and fixed for fluorescence microscopy. Cell samples were also
taken under the metaphase arrest before and after the overexpression of
the proteins for Western blotting (Figure 15B). The cohesion measurements
at the PeriCEN showed that overexpression of PBCV-1 and wild-type
topoisomerase 2 causes a 46.2% and 23% cohesion loss, respectively

(Figure 15A). The strain carrying the empty plasmid vector displayed a
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fraction of cohesion loss of 15%. Interestingly, overexpression of top2-1166
caused a 37.6% loss of cohesion, whereas a fraction of 24.3% was seen
following top2-1220 overexpression. The results of this assay suggest that
the CTD of yeast topoisomerase 2 governs the timely regulation of sister

chromatid decatenation in vivo.
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Figure 15. The C-terminus of S. cerevisiae topoisomerase 2 regulates the
decatenation activity of the enzyme. A Bar chart comparing the percentage of
split sister PeriCEN in the five experimental strains (Welch’s t-test performed (p-
value top2-166 vs WT top2=0.0142, p-value top2-1220 vs WT top2=ns)) (n=300 for
each group). B Western blot showing bands for PBCV-1 top2 (120kDa), top2-1166
(140kDa) and top2-1220 (146kDa) following the addition of galactose. The proteins
were blotted with the anti-FLAG M2 (F1804) primary antibody and the ECL anti-

mouse IgG HRP (NA9310V) secondary antibody. C Plasmid employed for the

assay, expressing either PBCV-1 top2, top2-1166, top2-1220, WT top2 or no
protein, under the GAL7 promoter. D Schematic view of the composition of the

WT top2, top2-1220 and top2-1166 proteins employed in the experiment. Ori,
Origin of replication. AmpR, Ampicillin-Resistance gene. SV40, Simian Vacuolating
Virus 40. NLS, Nuclear Localisation Signal. FLAG, FLAG tag. GHKL, Gyrase-Hsp90-

Histidine Kinase-MutL domain. TOPRIM, Topoisomerase/Primase domain. WHD,

Winged-Helix Domain. CTD, C-Terminal Domain.

3. Discussion

3.1 DNA catenation is necessary for sister chromatid cohesion

The findings from the fluorescence microscopy cohesion assay in scc1-73
top2-4 cells add the missing piece to the puzzle, finally revealing that DNA

catenation does provide cohesion, but requires cohesin to do so under
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spindle forces. Therefore, strongly suggesting that cohesin does not act
alone to hold sister chromatids in metaphase, a theory that past
experimental setups have been unable to challenge. For instance, Farcas et
al. showed in 2011 that spindle forces dramatically reduced the catenated
fraction of 26kbp sister minichromosomes while cohesin still maintained
them cohesed (Farcas et al., 2011). While it is true that spindle forces
likely promote sister DNA decatenation by topoisomerase 2, a significant
amount of catenation necessarily remains on real chromosomes to tether
sister chromatids (Figure 9 & unpublished data), evidencing the limitations
of studying circular DNA molecules. Moreover, Sen et al. suggested in 2016
that cohesin is the sole entity mediating cohesion based on
minichromosome catenation assays (Sen et al., 2016). In this paper, it is
argued that catenation would never have sufficient time to provide
cohesion, as it is dynamically formed and resolved throughout G2 and
mitosis, and immediately eliminated following cohesin’s removal from
chromatin. This assumption, however, misses the fact that DNA catenation
provides cohesion simultaneously to cohesin, even at the time sister
chromatids are subjected to spindle forces, evidencing their interdependence

(Figure 9 & Figure 7C).

There is at least one reasonable explanation for why scc71-73 top2-4 cells
completely lose cohesion under spindle forces at the restrictive temperature
(837°C). My data suggest that cohesin is responsible for stopping the sliding
of pericentromeric DNA catenation at borders when the spindle

microtubules pull from the sister chromatids. Therefore, while DNA
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catenation provides cohesion in the absence of these forces, cohesin in
these cells is not functional, causing DNA catenation to slide down the
chromosome arms and past pericentromere borders when spindle forces are
applied. As a result, they are no longer able to accumulate and provide
cohesion at the border. In WT cells, this could also be partly due to
cohesin’s protection of catenation, allowing the accumulation of the latter
where they are safe from topoisomerase 2, that is, at the same loci as
cohesin (the border). What aspect of the pericentromere borders allows
cohesin to accumulate here and subsequently halt the sliding of DNA
catenation at this same site is not fully understood. Recent data suggest
that it is a combination of the transcription machinery progressing towards
the centromeres (in the opposite direction to cohesin, which slides from
centromeres towards chromosome arms under spindle forces) and high
concentrations of DNA supercoils generated by convergent transcription
(Paldi et al., 2020). The result is a high-energy barrier difficult for cohesin
to bypass. Upon the eventual accumulation of catenation at the border, this
barrier to cohesin could be further strengthened, creating a feedback loop
that allows even more cohesin molecules to be recruited (Sun et al., 2013;
Guo et al., 2021). This idea raises a new question regarding a possible
interplay between DNA topology and cohesin that underpins the mechanistic

details of cohesion.

Something that my results and those of the lab have been able to address
is the past hypothesis that cohesin mediates cohesion both independently

of DNA catenation and through it by guaranteeing its protection (Farcas et
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al.,, 2011). The former is possible because presumably decatenated
chromatids are still held together at a fraction of ~50% by cohesin, as
shown in the PBCV-1 topoisomerase 2 decatenation assay, although some
residual DNA catenation may also be driving this phenotype. The latter is
challenged by the fact that even in scc71-73 top2-4 cells, where catenation
is not threatened, nearly all cohesion is lost. However, my results indicate
that the intrinsic ability of DNA catenation to withstand spindle forces
requires cohesin, and therefore, indirectly, also its protection from
topoisomerase 2 under physiological conditions. DNA catenation-mediated
cohesion might therefore rely on cohesin both for protection from

topoisomerase 2 and to provide a meaningful force against the spindle.

3.2 An SMC-directed mechanism governs the timely formation and

resolution of sister chromatid intertwining

The catenation of sister chromatids must be regulated across the cell cycle
to allow cohesion onset and chromosome segregation. The findings
presented here point to cohesin and condensin as the central regulators of
this process. Cohesin protects DNA knots and catenation in situations in
which cohesion is absent, suggesting this function is independent of sister
chromatid co-entrapment. This could merely be mediated by the presence
of cohesin, whereby topoisomerase 2 could be denied access to the DNA.
Alternatively, and as previously explained, cohesin could bias topoisomerase

2 towards DNA catenation by maintaining segments of DNA in proximity, a
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feature that has already been proven (Sen et al.,, 2016). Nevertheless, the
results presented in section 2.2 show that the inactivation of cohesin in G1,
when sister chromatid co-entrapment is absent, results in a marked loss of
DNA knots (Figure 10). This perfectly aligns with the previous assay
performed in our lab in which cells devoid of cohesive cohesin by depletion
of Pds5 still preserved nearly WT levels of catenation (unpublished data).
Due to the similarity between knots and catenation, it can be concluded
that it is a non-cohesive cohesin pool that, likely through loop-extrusion,
mediates the protection of both types of entanglements (Figure 16).
Importantly, this mechanism is compatible with the mechanism postulated
by Sen et al., meaning that cohesin could promote catenation
simultaneously by bringing sisters in proximity and by extruding DNA loops.
Additionally, and expanding from published results of condensin-promoted
DNA unknotting, here | provide direct evidence of its role in decatenation in
vivo. Hence, it is now evident that DNA knotting and catenation are linked
through a common regulatory pathway governed by the antagonistic
constraints that cohesin and condensin impose on topoisomerase 2 (Figure
16). Importantly, the decrease of DNA catenation and knots observed upon
inactivation of cohesin, and their increase observed upon inactivation of
condensin, carry significant implications (Figure 10 & Figure 11). Cohesin
and condensin appear to constantly counteract each other throughout the
cell cycle to determine the outcome of DNA entanglements. Whereas from
S phase until mitotic entry, the balance is towards the preservation of DNA

catenation, this quickly shifts once cells enter mitosis to allow the faithful
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segregation of sister chromatids. Therefore, this mechanism must have a
time-dependent trigger through which cohesin-mediated protection of DNA
entanglements is overridden by condensin in metaphase. This switch,
however, should not be dependent on the eviction of cohesin from
chromatin by separase or Wpl1l. The former is not feasible because
separase only removes cohesin upon biorientation, and the set of
experiments described herein is performed in the absence of spindle forces
(Hauf et al., 2001; Hagting et al., 2002). The latter is unlikely because Wpl1i
does not exhibit higher releasing activity during metaphase, and yeast cells
lack a prophase pathway (Lopez-Serra et al., 2013; Kueng et al., 2006;
Holzmann et al., 2019). While these results present cohesin, condensin and
topoisomerase 2 as the core drivers of this regulation, the factors that
control its fine-tuning remain unidentified. Nevertheless, the findings
described here open a new frontier of investigation, in which the cell-cycle-
wide modulation of DNA inter- and intra-molecular entanglements sits at

the heart of SMC complexes.
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Figure 16. The regulation of DNA topology by cohesin and condensin.
Schematic representation of the roles of cohesin and condensin in regulating DNA
knots and catenation. Cohesin protects DNA knots and catenation through non-
topological associations with DNA. Conversely, condensin promotes their resolution

through topoisomerase 2.

3.3 Cohesin-mediated cohesion underlies the retention of DNA

catenation at pericentromere borders

Taking the pericentromere border region as an example, there seems to be
a perfect correlation between cohesion and the amount of DNA catenation
retained locally. This is not surprising, according to the finding that DNA

catenation is an essential part of the cohesion mechanism. However, the
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experimental setup | employed allowed me to go one step further and
study how cohesin and DNA catenation are functionally coordinated to
resist spindle tension. Cohesion at the pericentromere border in ecolAwpliA
and Pds5-depleted cells is heavily compromised. This cohesion loss,
however, is not reflected in the amount of catenation lost at borders in the
absence of spindle forces (Dauban et al., 2020). The situation for
ecolAwpliA cells is interesting, since compared to WT cells, their
catenation at the centromere is very minimal, whereas at the border it is
even higher. This suggests that part of the cohesion loss of ecol4wpliA
cells could be driven by the altered configuration of catenation along the
pericentromere, rendering them unable to tether sister chromatids even in
the absence of spindle forces. However, this does not negate the fact that
cohesin is not providing cohesion in these cells, since it should be able to
maintain cohesion to WT levels even without the help provided by
catenation. Hence, ecol4AwpliA cells, just like Pds5-depleted cells, are
missing the pool of cohesin capable of cohesively co-entrap sister
chromatids. While cohesin in ecol4wpl1A cells retains the capacity to co-
entrap sister minichromosomes (Srinivasan et al., 2018), this capacity is
either completely lost in real chromosomes or rendered inefficient in

tethering sister chromatids in proximity.

Cohesin is required to protect DNA catenation from topoisomerase 2, a
function | have shown to be performed by non-cohesive, presumably loop-
extruding, cohesin. Importantly, Pds5-depleted and ecolAwpl1A cells

preserve this non-cohesive cohesin pool, allowing the protection of DNA
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catenation at the border. Cohesin is additionally required to prevent the
escape of DNA catenation from pericentromere borders under spindle forces
in metaphase. However, this event is not observed in Pds5-depleted and
ecolAwpli1A cells, indicating that cohesive cohesin, missing in both strains,
is fundamental for its accumulation at borders and the subsequent
withstanding of spindle forces. Indirectly, the results of these experiments
also indicate that Eco1 and Pds5 are crucial to the tension-resisting
mechanism of cohesin and catenation. Interestingly, human Esco1 and
Pds5A have recently been linked to the regulation of cohesin-mediated loop
extrusion (van Ruiten et al.,, 2022). By acetylating Smc3, Escol promotes
the binding of Pds5A to the cohesin complex, which has been proposed to
inactivate ATPase activity at the SMC heads, thereby limiting further loop
extension. Therefore, in both Pds5-depleted and eco74wplA cells, this
mechanism is likely severely affected, leading to significantly larger and
displaced loops. It is thus tempting to propose that loop extrusion, apart
from mediating the protection of DNA catenation, could have yet another
essential role in cohesion, securing pericentromeric DNA catenation under
spindle tension. This could also partially explain the similarity of the
phenotypes resulting from the absence of Pds5 and Ecol1. However, it also
implies that both populations of cohesin, loop extruding and cohesive,
interplay at pericentromere borders to create the resistance to spindle
forces. This idea would be difficult to conceive with our current
understanding of cohesin’s mechanisms of action, through which it provides

cohesion through co-entrapment and structures the genome through loop
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extrusion. Nevertheless, the results described here pave the way for further
investigation into the functional organisation of pericentromere borders by
cohesin, which allows the regulation of sister chromatid segregation in

metaphase.

3.4 A novel role of the CTD of eukaryotic topoisomerase 2

The CTD of topoisomerase 2 has remained relatively unexplored, mainly
because its disordered nature precludes its structural characterisation.
Nonetheless, the discovery that overexpressing top2-1166 causes a
significant loss of cohesion unequivocally links this region to the regulation
of sister chromatid segregation. It is important to note that, unlike PBCV-1
topoisomerase 2, the truncated protein does not possess an intrinsically
high decatenation activity (Caron & Wang, 1994). This indicates that the
observed phenotype results from an abolished regulatory mechanism that
normally suppresses the activity of wild-type topoisomerase 2. One caveat
in these assays is that they do not measure sister chromatid decatenation
directly, but rather indirectly by measuring cohesion. It would be
complicated to measure decatenation with our setup, since the system we
employ to do so is by looping out chromosomal DNA, which also requires
the overexpression of the Cre recombinase. Nevertheless, the results
obtained have provided a framework that has thus far proven reliable to

study the link between catenation and cohesion.
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Importantly, the lack of a phenotype in cells overexpressing top2-1220
pinpoints the key region involved in this pathway between residues 1166
and 1220. This is further supported by the fact that the shortest known
truncation that supports minimal viability in TOP2 mutant yeast cells is
top2-1220 (Caron & Wang, 1994). Hence, it would be valuable to screen for
mutations in this region that produce a similar phenotype to top2-1166
cells, to narrow down the mechanism to specific key residues. Based on
the data presented here, it is reasonable to hypothesise that the cohesin-
mediated protection of DNA catenation depends, at least to some extent,
on the key region. As shown by Chip-seq and Hi-C, human topoisomerase
lIB colocalises with cohesin and CTCF around TADs and is also thought to
physically interact with cohesin (Uuskula-Reimand et al.,, 2016). However,
whether the C-terminus of topoisomerase 2 is involved in any way is
unknown. Consequently, identifying a human equivalent of top2-1166 and
performing additional protein-protein interaction assays would be crucial to
determine whether any of these features are affected by mutations in the
key region and the biological consequences of such mutations. It would
also shed light on any additional factors playing a role in the overall
mechanism. Finally, it would be interesting to study decatenation by top2-
1166 in strains carrying condensin-inactivating mutations, potentially
elucidating whether top2-1166 still requires condensin’s bias toward
decatenation or if it can instead decatenate chromosomes independently.
This experiment could determine whether the CTD of topoisomerase 2 hosts

the key to the regulation of its directionality by both cohesin and
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condensin. Together, these findings uncover a fundamental aspect of the
cohesin-topoisomerase 2 interplay that governs the DNA catenation
equilibrium, laying the groundwork for future studies to understand the

molecular details of this mechanism.

4. Conclusion

Sister chromatid cohesion is ensured by the concomitant occurrence of
several molecular events. Firstly, catenation must be maintained to fulfil the
threshold of cohesion necessary for faithful chromosome segregation. As
demonstrated in this work, this process is carefully managed across the cell
cycle by cohesin and condensin through non-topological interactions with
the underlying DNA. These SMC complexes differentially dictate the
decatenation activity of topoisomerase 2, an aspect partially governed by its
CTD. Secondly, DNA catenation must co-localise with cohesin at
pericentromere borders to resist tension. Unlike the protection of DNA
catenation, cohesin promotes this through its cohesive function. Overall, the
work presented here, together with previous results from our lab, reveals
novel insights into the cohesion mechanism, elucidating an intricate
regulatory network that does not solely rely on sister chromatid co-

entrapment by cohesin.
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5. Materials and Methods

5.1 Yeast and bacterial cell culture
S. cerevisiae culture

YEPD (Yeast extract, Peptone and Dextrose) media was employed for
S.cerevisiae culture except for experiments requiring specific growth
conditions. Temperature-sensitive strains were grown at 25°C, whereas non-
temperature-sensitive strains were preferably grown at 30°C, albeit this was
dependent on the growth speed of the strain. Liquid cultures were shaken
at 200 rpm. A spectrophotometer with a spectral correction factor of 0.5
was used to measure the optical density of the cultures at 600 nm
wavelength (ODgy). Two methods were employed to arrest cells in G1: Sic1-
mediated G1/S arrest by galactose-inducible expression of Sic1(Gal1-Sic1), or
the addition of a-factor at a concentration of 1Tmg/L to liquid cultures every
30 minutes for 2 hours (early G1). Release of early G1-arrested cells was
performed by adding pronase at a concentration of 0.1mg/ml. No releases
from G1/S were performed in this project. G2 arrests were carried out by
adding nocodazole at a concentration of at the time of G1 release.

Metaphase arrests were performed by adding 8 mM methionine to sensitive
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strains at the time of G1 release, followed by the addition of 4 mM
methionine every 60 minutes. In both cases, cells were checked for arrest

2-3 hours after G1 release.

E. coli culture

DNA constructs made through Gibson assembly were transformed into the
E. coli strain XL1-Blue for amplification before their introduction into S.
cerevisiae. E. coli cells were incubated in liquid media containing 2xTY
(tryptone-yeast extract) with ampicillin at a concentration of 100 pg/ml at
37°C while shaking at 250 rpm. Ampicillin as the choice of antibiotic stems
from the presence of an ampicillin resistance gene within all DNA

constructs employed.

5.2 Yeast and bacterial transformation

Yeast transformation

Yeast cells were inoculated in adequate media at the ODegy necessary to
harvest them the following day at an ODgy of 0.6. Overnight yeast cultures
were pelleted by centrifugation at 3500 rpm for 2 minutes in 50 mL Falcon
tubes and washed twice with 25mL of 0.1M lithium acetate. The pellets
were then resuspended in 300uL of 0.1M lithium acetate, and 50uL aliquots
were made in new 1.5mL microfuge tubes from the mixture. The aliquots
were incubated at 30°C for 30 minutes while salmon sperm DNA was

sonicated, incubated at 95°C for 5 minutes and kept on ice for cooling
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down. 350uL of transformation solution composed of 240ul of 50% (w/v)
PEG, 35pl of 1M lithium acetate, 25ul of 1% (w/v) denatured salmon sperm
DNA and 50ul of DNA for transformation were added to each aliquot. For
transformation with plasmid DNA, 500ng were used, whereas for
transformation with linear products, 1.5ug were used. The aliquots were
incubated again at 30°C for 30 minutes. The cells were then heat-shocked
for 45 minutes in a water bath at 42°C and centrifuged at 6000g for 3
minutes. The supernatant was discarded, and the cell pellet was
resuspended in 300ul of YEPD. The cells were then incubated at 30°C for
90 minutes, plated onto appropriate selective agar media and left to grow
for 48-72 hours. For DNA products containing antibiotic resistance markers,
the cells were plated onto YEPD agar and left to grow overnight. The
following day, these were replica plated onto agar plates containing the
selective antibiotic and left to grow for another day. For linear DNA
products, their correct integration in the host genome was confirmed by

Sanger sequencing and agarose gel electrophoresis.

For transformation with linear DNA products, these were first amplified from
the carrier vector (plasmid or genomic DNA) by PCR. This was done using
primers designed to anneal to the vector sequence 250-500 bp upstream
and downstream of the sequence containing the marker of interest. The
PCR product was then purified, and the DNA was used for transformation,
allowing its integration within the genomic DNA of the transformed strain by
homologous recombination. If the construct was a circular plasmid vector

for ectopic expression, the DNA was used directly for transformation.
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E. coli transformation

A stock of -70 °C frozen competent XL1-Blue E. coli cells was warmed up
at room temperature, and 100puL was transferred to a 1.5mL microfuge tube.
10-75ng of DNA were then added, and the mixture was left in an ice
bucket for 20 minutes. The cells were then heat-shocked in a water bath at
42 °C for 1 minute and placed back on ice for 5 minutes. 600uL of 2xTY
media was then added, and the cells were incubated in a heat block at
37°C for 45 minutes while shaking at 300 rpm. Cells were then plated in
100uL volumes onto 2xTY + Ampicillin agar plates for selection of colonies
containing the Amp resistance marker carried in the vector DNA and grown

for 24 hours at 37°C.

5.3 Sample preparation techniques

E. coli plasmid DNA extraction (miniprep)

Individual colonies from transformed cells were picked using a pipette and
inoculated in 25ml flasks containing 10ml of 2xTY + Ampicillin at 100ug/mL.
Cells were grown at 37 °C for 12-16 hours while shaking at 180 rpm and
harvested by centrifugation at 3,500 rpm for 3 minutes. The cell pellet was
resuspended in 250uL of buffer P1 (10mM EDTA, 50mM Tris-Cl, 100pg/mL
RNase A) and transferred to a 1.5ml microfuge tube. 250ul of buffer P2
(lysis buffer) (200nM NaCl, 1% SDS) were then added, and the tube was
inverted 6 times. 350uL of buffer N3 (neutralisation buffer) (3M KOAc) was

then added, and the tube was inverted 6 times. The tube was centrifuged
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for 10 minutes at 13,000 rpm, and 800uL of the supernatant was
transferred into a QlAprep 2.0 Spin Column inserted into a collection tube
with a pipette. The tube was centrifuged for 45 seconds at 13,300 rpm, and
the flow-through was discarded. 750uL of buffer PE was then added to
wash the column, and the tube was centrifuged for 45 seconds at 13,300
rom. The flow-through was discarded, and the empty tube was centrifuged
at 13,300 rpm for 1 minute to remove residual liquid. The collection tube
was discarded, and the column was inserted into a clean 1.5mL microfuge
tube, after which 40-50uL of elution buffer (10mM Tris-HCl) was added to
the centre of the column. After 3 minutes of incubation at room
temperature, the tube was centrifuged for 1 minute at 13,300 rpm to

collect the purified DNA and the column was discarded.

S. cerevisiae whole cell extract collection and protein isolation

Fresh patches of S. cerevisiae strains were used to make 100 ml liquid
cultures with YEPD media at the desired ODg¢y (variable depending on the
strain used), which were incubated overnight at 25°C while shaking at 200
rom. The ODgy Of the cultures was measured. If the cultures had an
OD600 of ~0.6, the cells were harvested; otherwise, the cultures were
diluted to an ODgyp of 0.3 or left to grow directly until they reached the
desired ODgyp. The harvested cells were centrifuged at 3500 rpm for 2
minutes, and most of the supernatant was discarded. The pellet was
resuspended in the remaining supernatant and transferred to a 1.5 ml tube.

Following a 30-second centrifugation at 13,300g, the supernatant was
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discarded and 700 ul of HEPES lysis buffer (5 mM HEPES, 100 mM KCl,
0.05% w/v NP-40, 2.5 mM MgCl2, 1 mM BME, TmM PMSF, 0.25% Triton X-
100, 1 tablet of protease inhibitor (Roche). Glass beads were added to the
tube until full, and the tubes loaded onto the FastPrep-24 bead beater. The
cells were lysed at 4°C in three 1-minute rounds at 6.5 m/s with 5-minute
intervals in between, during which the samples were left on ice. A flame-
heated needle was used to punch a hole at the bottom of the tubes,
which were then placed inside 4 ml FACS tubes and centrifuged at 3500
rpm for 2 minutes. The collected lysate was transferred to a 1.5 mL tube
and centrifuged at 13,300g, after which the supernatant was collected in a

new 1.5 mL tube.

The protein concentration of the sample was evaluated with a Bradford
assay. Spectrophotometry cuvettes containing 2, 4, 6, 8, 10 and 12puL of
Tmg/mL BSA plus 1mL of 1:4 diluted 5X Bradford Reagent (Bio-Rad) were
measured for their ODsgs to plot a standard curve. The ODsgs of 1ul of
sample+1mL of Bradford Reagent was then measured using 2puL EbX lysis
buffer+1 1mL of Bradford Reagent as blank. This was then compared to the

standard curve to estimate the protein concentration.

Yeast genomic DNA extraction

Yeast cell pellets from overnight liquid or agar plate cultures were
transferred to a 1.5 ml tube containing 200uL of SCE buffer (1M sorbitol,
0.1 M sodium citrate, 50 mM EDTA, 0.1 M B-mercaptoethanol, 1 mg/mL

zymolyase ) and incubated for 1 hour at 37°C in a heat block while shaking
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at 300 rpm. 200pL of lysis buffer (0.1 M Tris pH 8.8 25 mM EDTA 1% w/v
SDS) was then added and the tube was incubated at 65°C for 20 minutes.
Following the incubation, 200uL of 5 M potassium acetate was added to
the mixture, and the tube was placed in an ice bucket for 30 minutes. The
sample was centrifuged at 13,300 rpm and 4°C for 10 minutes. The
supernatant from the tube was then transferred into a 2 mL microcentrifuge
tube containing 200uL of 3 M sodium acetate, and 1 mL of 70%
isopropanol was added to pellet the DNA. Following a 1-minute
centrifugation at 2,300g, the supernatant was discarded, and 700uL of 70%
ethanol at 4°C was added. The sample was centrifuged at 13,300 rpm and
4°C for 5 minutes, and the ethanol was discarded. To remove residual
ethanol from the tube, these were tapped on a tissue paper and left to dry
at 37°C for 30 minutes to 1 hour, after which 100uL of elution buffer and
0.15mg/mL of RNase A were added and the tubes placed back at 37°C for
another 1 hour. The DNA samples were collected, and the concentration

was measured using a NanoDrop spectrophotometer device.

Yeast cell fixing

Yeast cells were fixed following the experimental protocol for the extraction
of their genetic material or for fluorescence microscopy analysis. For the
former, yeast cell cultures were collected in 20mL volumes in a 50mL
Falcon tube and mixed with 20mL of 100% ethanol and 800pL of 0.5M
EDTA before freezing them at -20 °C until DNA extraction. For fluorescence

microscopy analysis, 3mL of formaldehyde was added to 20mL volumes of
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yeast culture and incubated at room temperature for 2 hours in a roller
mixer device (Stuart). 3mL of 2M glycine was then added, and the tubes
were centrifuged at 3500 rpm for 2 minutes. The supernatant was
discarded, and 20mL of 1X PBS was added before mixing and centrifuging
as described above. This washing step was repeated, and once the
supernatant was discarded, 10 mL of 1X Phosphate-sorbitol (1:1 ratio) was

added. The tubes were stored at 4°C.

Cell plating onto solid agar

Cells in suspension were plated onto agar in volumes of 100pL per plate.
~9 glass beads were then added onto the agar, and the plate was closed
to allow for shaking. The beads were discarded once the liquid on the agar

was visibly distributed across its surface.

5.4 Molecular biology techniques

PCR reaction for DNA amplification

Primers for PCR were designed to stretch 23-40 bp, have a GC content of
40-50%, and a melting temperature of 56-65°C, with a difference no greater
than 5°C between each other. For PCR products intended for Gibson
assembly, melting temperatures of up to 75°C were used. PCR reactions
had a total volume of 25uL or 50uL, and contained 50-200ng of template
DNA, 0.5uM of forward primer, 0.5uM of reverse primer, 1X dilution of 2X

Phanta Flash Master Mix Dye Plus (Vazyme), which contained 800uM of
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dNTPs in equal proportions and Phanta Flash Super-Fidelity DNA
Polymerase. The PCR programme consisted of the following steps:
denaturation at 98°C for 2 minutes, followed by 98°C for 20 seconds;
primer annealing for 20 seconds at 56-65°C according to melting
temperatures; extension at 72°C for 30 seconds per kb. These steps were
repeated in order 30 times, after which a final extension step at 72°C for 2

minutes and a pause at 16°C were performed.

Plasmid building with Gibson assembly

Primers for PCR products intended for fusion through Gibson assembly were
designed to stretch 50-65bp and contain a 3’ 20-45bp sequence
homologous to the template DNA (homology sequence) and a 5’ 20-30bp
sequence overlapping with the adjacent sequence to be joined (overlap
sequence). PCR reactions were carried out as described above, considering
only the melting temperature of the homology sequence, which was 60-
67°C. Once the insert fragments were amplified through PCR and purified,
50-100ng of each were mixed in equal volumes in 100uL tubes and 2X CE
Mix (Vazyme) was added to 1X the volume. The tube was then placed in
the PCR Thermal Cycler and incubated at 50°C for 20-30 minutes. The
correct assembly of the construct was confirmed through Whole Plasmid

Sequencing (GENEWIZ).

DNA sample nicking prior to agarose gel electrophoresis

Nicking reactions were carried out in volumes of 20-30 pL. The nicking
enzymes employed (all supplied by New England Biolabs (NEB)) were
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chosen according to the DNA sample to be digested. Reactions were
prepared to contain 2-6 pg of DNA and 15-45 enzyme units (~7.5 units/pg
of DNA), equivalent to 1.5-4.5 pL of 10 units/yL enzyme stock. The samples
were gently mixed and transferred to a heating block at the optimal
temperature for digestion with the selected enzyme (as recommended by
NEB) for 5 hours without shaking. The samples were then collected, and 1X
DNA loading dye (0.08% SDS) was added to the samples before reducing
their volume to ~10pL using a speed vacuum concentrator. For enzymes
requiring heat-inactivation (as recommended by NEB), the loading dye was
added, and the tubes were transferred to a heat block at 80°C for 20
minutes before reducing their volume. The samples were then gently mixed

and loaded into an agarose gel.

1D (1-dimensional) Agarose gel electrophoresis for DNA samples

Agarose gels were made by mixing 0.8-1.0% (w/v) solid agarose powder with
1X TAE (Tris-acetate-EDTA) buffer and microwaving the mixture for ~2
minutes until boiling. The mixture was stirred until it cooled down. 1.5ug/mL
ethidium bromide was added right before pouring it onto a gel tray into
which 0.8-1.5 mm well combs were attached. Once solid, the tray was
placed inside an electrophoresis tank, subsequently filled with TAE 1X
buffer, after which the well combs were carefully removed. 1X DNA loading
dye was added to the samples, and these were spun down prior to loading
into the gel. The DNA loading dye contained SDS at a concentration of

0.08% for DNA ligation products. For PCR products, no extra loading dye
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was added as this was contained within the PCR master mix. Depending on
the purpose, sample volumes between 5 and 30puL were loaded alongside
5uL of 1kb DNA ladder with markers between 10kb and 0.5kb.
Electrophoresis was performed at 120-150V for 30-60 minutes except for 22-
hour gels, which were run at 45V. For confirmatory gels, a Bio-Rad GelDoc
XR UV filter imager was employed to expose the DNA bands. If the DNA
was to be retrieved, a micro-UV imaging screen was used to reveal the

bands for excision with a scalpel.

Extraction of DNA from agarose gel bands

Excised agarose gel bands were incubated at 55°C with ~700uL of Agarose
Dissolving Buffer. Once visibly dissolved, the samples were transferred to a
Zymo-Spin™ Column in a collection tube and spun down for 35 seconds at
13,300 rpm. The flow-through was discarded, and the column was washed
with 700uL of DNA wash buffer twice for 30 seconds, followed by a wash
with 400puL of the same buffer for 1 minute at 13,300 rpm. The empty
column was then centrifuged as previously described to remove residual
wash buffer. Afterwards, it was transferred to a 1.5mL microcentrifuge tube,
and 17uL of elution buffer was applied to the centre of the column. After 5
minutes, the column was centrifuged at 13,300 rpm for 45 seconds, and

the DNA concentration and purity were measured with a nanodrop device.

2D (2-dimensional) Agarose gel electrophoresis for DNA samples

Agarose gels were made by mixing 0.4% (w/v) solid agarose powder with 1X
TBE (Tris-borate-EDTA) buffer and microwaving the mixture for ~2 minutes
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until boiling. The mixture was stirred until it cooled down. Ethidium bromide
was added at a concentration of 1.5ug/mL right before pouring it onto a
glass tray into which 0.8-1.5 mm well combs were attached. For 2D gel
electrophoresis, an additional 2% gel without ethidium bromide was made
to serve as a bed for the main gel. This prevented the main gel from
sticking to the tank tray, allowing its safe handling. Once solid, the tray was
placed inside an electrophoresis tank, subsequently filled with TBE 1X
buffer, after which the well combs were carefully removed. 1X DNA loading
dye was added to the samples, and these were spun down before loading
into the gel. 2D gels were run for 42 hours at 25V, after which the gel tray
was taken out, turned by 90°C and placed back inside the tank for an

additional 3-hour run at 125V.

Southern Blotting

2D gels and 22-hour 1D gels were analysed through Southern Blotting
following their respective running programmes. The gel was first taken out
of the tank and carefully slid into a plastic tray. For the first wash, the tray
was filled with 500 mL of depurination solution containing 0.2 M HCl and
gently shaken for 10 minutes. The tray was then emptied, and the gel was
further washed twice with 500mL of ddH20 for 2 minutes. The tray was
emptied, and the last two washes were performed with denaturation
solution (0.5 M NaOH, 1.5 M NaCl), the first for 20 minutes and the
second for 15 minutes. Following the washes, a new plastic tray was

employed to assemble the transfer of the DNA samples onto an Amersham
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Hybond™ N+ nitrocellulose membrane (provided by Cytiva). This tray was
filled with 3 litres of denaturation solution, and a rectangular glass platform
was placed covering the tray. Onto this platform, a sheet of whatmann filter
paper wetted with denaturation solution, was placed in a way that its sides
were in contact with the denaturation solution contained in the tray. The gel
was placed on top of the filter paper, and the nitrocellulose membrane was
placed over the gel, removing any bubbles in between the two. Three more
whatmann paper sheets, previously soaked in denaturation solution, were
placed on top of the membrane. Finally, a pile of tissue paper and a metal
weight were placed on top of the assembly. The transfer was performed
overnight. The following day, the membrane was taken from the assembly
and rinsed in 5X SSC pH 7.0 (0.75 M NaCl, 0.075 M sodium citrate) to
neutralise its pH before baking it at 65°C in between two whatmann paper
sheets in an incubator for 2.5 hours. Single-stranded salmon sperm DNA
was denatured at 95°C for 5 minutes, cooled down on ice for 5 minutes,
and 150uL was added to 25mL of pre-hybridisation solution (20% dextran,
2% SLS, 11.2X SSC) pre-warmed at 65°C. The 25mL of pre-hybridisation
solution was poured into a hybridisation tube, and the membrane was fitted
inside, making sure no air bubbles remained between the membrane and
the wall of the tube. The signal detection probe was prepared by mixing
2uL of linear template DNA 10ng/uL, 10uL of 9mer (primer mixture) solution
from Agilent, 22uL of ddH,O and boiling the mixture at 95°C for 5 minutes
to denature the DNA. The mixture was then left on ice to allow random

primer annealing, and 10uL of dATP mix, 1uL of Klenow fragment
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polymerase and 5uL of P-32 dATP were added, and the mixture was
incubated at 37°C for 10 minutes. This allows the extension of the
annealed primers with radiolabelled nucleotides. The mixture was then
filtered by applying it to a Q15 column (Amersham) and pouring 300mL of
TE 1X buffer to wash off unattached nucleotides. 500mL of TE 1X buffer
was then added to elute and collect the radiolabelled DNA probe. This was
denatured once more for 4 minutes at 95°C, left on ice for cooling down
and added to the tube containing the pre-hybridisation solution with the
membrane. The tube was incubated overnight in a roller inside a 65°C
oven, and the following day, the hybridisation buffer was discarded. The
tube was then washed three times in the 65°C roller for 20 minutes using
200mL of wash buffer (1% SDS, 2X SSC) each time. The membrane was
then dried and placed on a glass platform. The following steps were all
performed in a dark room. 4mL of detection reagent 1 and 4 mL of
detection reagent 2 from the ECL DIRECT Nucleic Acid Labelling and
Detection kit (Cytiva) were mixed in a Falcon tube and added by pipetting
onto the membrane. After waiting for 2 minutes, excess liquid was gently
removed before placing the membrane inside a transparent plastic film, and
this was placed inside an imaging cassette (FUJIFILM). Two high-
performance chemiluminescence films (Cytiva) and an autoradiography
intensifying screen were placed on top of the film, and the cassette was
closed and incubated overnight at -80°C. The following day, the films were

developed using the Konica Minolta SRX-101A film processor.
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Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

followed by western blotting

2X NuPAGE loading dye and whole cell extracts were added in equal
amounts in a tube and heated at 95°C for 5 minutes. A 4-12% Bis-Tris SDS
gel was inserted in the gel tank and submerged in 500ml of 1:20 diluted
20X MOPS SDS Running buffer (Gel and buffer provided by NuPAGE). The
gel was then loaded with the samples and a molecular weight ladder and
run at 150V until the bands from the loading dye escaped from the gel.
The gel was then embedded in Trans-Blot Turbo Mini 0.2 ym Nitrocellulose
Transfer Pack (Bio-Rad) layers. A Trans-blot Turbo transfer system (Bio-Rad)
was employed to transfer the proteins and ladder from the gel to the
nitrocellulose membrane provided in the pack. The membrane was then
washed in PBS-T (1:1 PBS+TWEEN) and stained with Ponceau S Staining
Solution (Thermo Fisher Scientific). Another wash with PBS-T was carried
out before blocking the membrane with 5% skimmed milk powder w/v for
30 minutes. The membrane was then cut in half, ensuring both halves
contained all protein samples. Both halves were incubated for 1 hour in
primary antibody (mixed in PBS-T+5% milk), one being the control. The
membranes were washed in PBS-T 3 times for 5 minutes each. The
membranes were then transferred to the tube containing the secondary
antibody (mixed in PBS-T+5% milk) and incubated for 45 minutes. The
membranes were washed as before, 3 times for 5 minutes in PBS-T and

dried before adding the chemiluminescent HRP substrate (Amersham
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Solution A and B in a 1:1 ratio). After 10 seconds, the membrane was

exposed with the LI-COR Odyssey Fc imaging device.

5.5 Image analysis and fluorescence microscopy

Southern blotting signal intensity analysis

The quantification of signal intensity of Southern blots from 1D and 2D

agarose gels was carried out using Imagel) image processing software.

Fluorescence microscopy sample and slide preparation

A 100pL aliquot of fixed cells was made in a new 1.5mL microfuge tube.
The tube was centrifuged at 13,300 rpm for 1 minute, and 50uL of the
supernatant was discarded. The pellet was resuspended in the remaining
supernatant, and the tube was placed in an ice bucket and kept as a
stock to prepare the slides. 3uL of cell suspension was pipetted onto a
microscope slide, and a borosilicate glass cover slip was placed on top. A
brushstroke of halogen-free, low fluorescence immersion oil for fluorescence
microscopy (Immersol™ 518F) provided by ZEISS was added on top of the
cover slip to lubricate the contact with the oil immersion objective lens of
the ZEISS Axio Observer. Z1 microscope. The slide was loaded onto the 63X
objective lens, and the cells were imaged using the ZEN Pro programme
within the ZEN 3.3 application. The cells were exposed to light from
wavelengths appropriate to visualise GFP and TdTomato, with exposure times

of 1000-3500 ms. Images were taken with the ZEISS Axiocam MRm camera
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and saved as RGB 3-slice stacks. The fluorescent dots were counted

throughout the procedure as images were taken.

5.6 S. cerevisiae genetics

Yeast strain crossing

Yeast strains were selected based on their genotype and mating type (a or
a) to create new strains with the genetic features of interest. One strain
was first streaked on a YEPD plate, making a patch onto which another
strain of the opposite mating type was streaked. The cells were gently
mixed to induce mating and left to grow. After 1 day, the cells were
harvested and streaked onto plates containing media selective for one of
the strains and left to grow for 1 day. The process was repeated employing
media selective for the other strain crossed, minimising the survival of
haploid cells. The cells were then patched onto a meiosis-inducing
sporulation plate and left to grow for 1-2 days. Incubation temperatures
would have been 25°C for temperature-sensitive strains or 30°C for non-

temperature-sensitive strains.

Tetrad dissection

A suspension consisting of 2M sorbitol, Tmg/mL zymolyase and H,O was
prepared to digest the ascus wall that sticks together the spores of a tetrad
from the sporulation plate. A sterile toothpick was employed to harvest

cells from the plate and mix them gently in the solution. The mixture was
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then incubated at 30°C for 1 hour. 7uL of the mixture was then pipetted
onto the side of a YEPD plate, which was gently tilted to distribute the
cells along a straight line and left to dry for 5 minutes. The MSM 300
Singer Instruments micro-manipulator was used to separate the spores of
the tetrads for individual growth on the same plate, employing the device’s
needle to collect and drop the spores on the agar. The spores were plated
using a 9x9 digital grid as a framework, allowing their analysis. The plate

was then incubated for 2-4 days at an adequate temperature.

Replica plating

Plates containing agar selective for the genetic markers of the parent strains
were left at room temperature overnight before replica plating. The colonies
from dissected spores were transferred onto a sterile velvet by gently
pressing the agar-containing side of the plate onto it. The subsequent
transfer of the spores from the velvet to the selection plates was carried
out in the same way. To confirm the mating type of the spores,
standardised strains of mating types a and a were plated onto nutrient-
depleted minimal agar plates and stamped onto the velvet following the
same procedure. The replicated plates were incubated at an adequate
temperature for 1-2 days before scoring the strains for survival on the
different media. The standardised strains possess all necessary resistance
markers for survival on minimal agar; therefore, only strains able to mate

with them could proliferate, revealing their mating type.
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Table1. S. cerevisiae strains employed. All the strains below derive from

W303 (699).

Strain Genotype Description and purpose | Creator

number

699 MATa, ade2-1, trp1-1, WT Mat a Kim
can1-100, leu2- Nasmyth
3,112,his3-11,15, ura3,
GAL, psi+

700 MATalpha,ade2-1,trp1- WT Mat a Kim
1,can1-100,leu2- Nasmyth
3,112,his3-11,15,
ura3,GAL,psi+

30484 MATa, ade2-1, leu2-3, Control strain for the Aditi
ura3, trp1-1,his3-11,15, truncated topoisomerase 2 | Kaushik

can1-100, GAL,psi+ MET-
CDC20::URA3 Spc42-
tdTomato::NAT
leu2::PURAS::tetR-
GFP::LEU2 tetOx224-
URA3 (tetOs~11.5kb to

right of CEN4, OUTSIDE

cohesion assay carrying
an empty pRS423 plasmid
vector. CDC20 is
expressed under the
methionine-repressive
MET3 promoter, allowing
the arrest in metaphase

in the presence of
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the boundary)

pRS423::His

methionine. The spindle
pole body protein Spc42
is tagged with the
TdTomato red tag to allow
its tracking through
fluorescence microscopy.
224 copies of the
tetracycline operator are
arrayed in tandem
(tetOx224) and integrated
into the PeriCEN of
chromosome 4. This
allows the binding of the
tet repressor-GFP fusion
protein (tetR-GFP)
expressed in this strain to
visualise the PeriCEN
through fluorescence

microscopy.
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30489

MATa, ade2-1, leu2-3,
ura3, trp1-1,his3-11,15,
can1-100, GAL,psi+ MET-
CDC20::URA3 Spc42-
tdTomato::NAT
leu2::PURAS::tetR-
GFP::LEU2 tetOx224-
URA3 (tetOs~11.5kb to
right of CEN4, OUTSIDE
the boundary) pRS423-

Gal-Top2::His

Control strain for the
truncated topoisomerase 2
cohesion assay carrying
the pRS423 plasmid
vector expressing wild-type
yeast topoisomerase 2
under the GAL17 promoter.
CDC20 is expressed under
the methionine-repressive
MET3 promoter, allowing
the arrest in metaphase
in the presence of
methionine. The spindle
pole body protein Spc42
is tagged with the
TdTomato red tag to allow
its tracking through
fluorescence microscopy.
224 copies of the
tetracycline operator are
arrayed in tandem
(tetOx224) and integrated

into the PeriCEN of

Aditi

Kaushik
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chromosome 4. This
allows the binding of the
tet repressor-GFP fusion
protein (tetR-GFP)
expressed in this strain to
visualise the PeriCEN
through fluorescence

microscopy.

30548

MATa, ade2-1, leu2-3,
ura3, trp1-1,his3-11,15,
can1-100, GAL,psi+ MET-
CDC20::URA3 Spc42-
tdTomato::NAT
leu2::PURAS::tetR-
GFP::LEU2 tetOx224-
URA3 (tetOs~11.5kb to
right of CEN4, OUTSIDE
the boundary)

pRS423::His

Control strain for the
truncated topoisomerase 2
cohesion assay carrying
the pRS423 plasmid
vector expressing PBCV1
topoisomerase 2 under
the GAL1 promoter.
CDC20 is expressed under
the methionine-repressive
MET3 promoter, allowing
the arrest in metaphase
in the presence of

methionine. The spindle

Aditi

Kaushik
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pole body protein Spc42
is tagged with the
TdTomato red tag to allow
its tracking through
fluorescence microscopy.
224 copies of the
tetracycline operator are
arrayed in tandem
(tetOx224) and integrated
into the PeriCEN of
chromosome 4. This
allows the binding of the
tet repressor-GFP fusion
protein (tetR-GFP)
expressed in this strain to
visualise the PeriCEN
through fluorescence

microscopy.
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31001

MATa, ade2-1, leu2-3,
ura3, trp1-1,his3-11,15,
can1-100, GAL,psi+
scc1-73::HIS MX MET-
CDC20::URA3 Spc42-
tdTomato::NAT
leu2::PURAS::tetR-
GFP::LEU2 tetOx224-
URAS3 (tetOs~11.5kb to
right of CEN4, OUTSIDE

the boundary

Strain expressing the
scc1-73 thermosensitive
allele, which allows the
inactivation of cohesin at
37°C. CDC20 is expressed
under the methionine-
repressive MET3 promoter,
allowing the arrest in
metaphase in the
presence of methionine.
The spindle pole body
protein Spc42 is tagged
with the TdTomato red tag
to allow its tracking
through fluorescence
microscopy. 224 copies of
the tetracycline operator
are arrayed in tandem
(tetOx224) and integrated
into the PeriCEN of
chromosome 4. This
allows the binding of the

tet repressor-GFP fusion

Aditi

Kaushik
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protein (tetR-GFP)

expressed in this strain to

visualise the PeriCEN
through fluorescence

microscopy.

31044

MATa, ade2-1, leu2-3,
ura3, trp1-1,his3-11,15,
can1-100, GAL,psi+
scc1-73::HIS MX Top2-
4::Trp MET-CDC20::URA3
Spc42-tdTomato::NAT
leu2::PURAS::tetR-
GFP::LEU2 tetOx224-
URA3 (tetOs~11.5kb to
right of CEN4, OUTSIDE

the boundary)

Strain expressing the
scc1-73 and top2-4
thermosensitive alleles,
which allow the
inactivation of cohesin

and topoisomerase 2 at

37°C. CDC20 is expressed

under the methionine-
repressive MET3 promoter,
allowing the arrest in
metaphase in the
presence of methionine.
The spindle pole body

protein Spc42 is tagged

Alejandro
Mateos

Martin
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with the TdTomato red tag
to allow its tracking
through fluorescence
microscopy. 224 copies of
the tetracycline operator
are arrayed in tandem
(tetOx224) and integrated
into the PeriCEN of
chromosome 4. This
allows the binding of the
tet repressor-GFP fusion
protein (tetR-GFP)
expressed in this strain to
visualise the PeriCEN
through fluorescence

microscopy.
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31454

MATa
Scc1(S525N)::His3MX6
(scc1-73) leu2::Gal1p-
Sic1(9m)/His3p-
Gal1/His3p-Gal2/Gallp-
Gal4:: Leu2 (single
copy) Cen2 PeriCen2
TRP1 ARS1 9.3 KB

Plasmid

Strain expressing the
scc1-73 thermosensitive
allele which allow the
inactivation of cohesin at
37°C. A non-degradable
version of Sic1 is
expressed under the GAL1
promoter, allowing its
expression in the
presence of galactose to
arrest cells at the G1/S
interphase. This strain
carries the plasmid
spanning the centromere
and 9.3kbp into the right
arm of chromosome 2 of
S. cerevisiae, employed
for plasmid knotting and

catenation assays.

Alejandro
Mateos

Martin
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31456 MATalpha leu2::Gallp- WT scc1 strain. A non- Alejandro
Sic1(9m)/His3p- degradable version of Sic1 | Mateos
Gal1/His3p-Gal2/Gallp- |is expressed under the Martin
Gal4:: Leu2 (single GAL1 promoter, allowing
copy) Cen2 PeriCen2 its expression in the
TRP1 ARS1 9.3 KB presence of galactose to
Plasmid arrest cells at the G1/S

interphase. This strain
carries the plasmid
spanning the centromere
and 9.3kbp into the right
arm of chromosome 2 of
S. cerevisiae, employed
for plasmid knotting and
catenation assays.

31457 MAT A leu2::Gallp- WT scc1 strain. A non- Alejandro
Sic1(9m)/His3p- degradable version of Sic1 | Mateos
Gal1/His3p-Gal2/Gallp- |is expressed under the Martin

Gal4d:: Leu2 (single
copy) Cen2 PeriCen2
TRP1 ARS1 9.3 KB

Plasmid

GAL1 promoter, allowing
its expression in the

presence of galactose to
arrest cells at the G1/S

interphase. This strain
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carries the plasmid
spanning the centromere
and 9.3kbp into the right
arm of chromosome 2 of
S. cerevisiae, employed
for plasmid knotting and

catenation assays.

31465

MAT A leu2::Gallp-
Sic1(9m)/His3p-
Gal1/His3p-Gal2/Gallp-
Gal4:

Leu2 (single copy)
Cen2 PeriCen2 TRP1

ARS1 9.3 KB Plasmid

WT strain. A non-
degradable version of Sic1
is expressed under the
GAL1 promoter, allowing
its expression in the
presence of galactose to
arrest cells at the G1/S
interphase. This strain
carries the plasmid
spanning the centromere
and 9.3kbp into the right
arm of chromosome 2 of
S. cerevisiae, employed
for plasmid knotting and

catenation assays.

Alejandro
Mateos

Martin
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31467

MAT A
Scc1(S525N)::His3MX6
(scc1-73) leu2::Gal1p-
Sic1(9m)/His3p-
Gal1/His3p-Gal2/Gallp-
Gal4:: Leu2 (single
copy) Cen2 PeriCen2
TRP1 ARS1 9.3 KB

Plasmid

Strain expressing the
scc1-73 thermosensitive
allele which allow the
inactivation of cohesin at
37°C. A non-degradable
version of Sic1 is
expressed under the GAL1
promoter, allowing its
expression in the
presence of galactose to
arrest cells at the G1/S
interphase. This strain
carries the plasmid
spanning the centromere
and 9.3kbp into the right
arm of chromosome 2 of
S. cerevisiae, employed
for plasmid knotting and

catenation assays.

Alejandro
Mateos

Martin
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31496

MAT A smc2-8
leu2::Gallp-
Sic1(9m)/His3p-
Gal1/His3p-Gal2/Gallp-
Gal4:: Leu2 (single
copy) Cen2 PeriCen2
TRP1 ARS1 9.3 KB

Plasmid

Strain expressing the
smc2-8 thermosensitive
allele, which allows the
inactivation of condensin
at 37°C. A non-degradable
version of Sic1 is
expressed under the GAL1
promoter, allowing its
expression in the
presence of galactose to
arrest cells at the G1/S
interphase. This strain
carries the plasmid
spanning the centromere
and 9.3kbp into the right
arm of chromosome 2 of
S. cerevisiae, employed
for plasmid knotting and

catenation assays.

Alejandro
Mateos

Martin
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31501 MATa eco1::NatMX4 ecolAwpliA strain Alejandro
rad61::hphMX4 LoxP employed for the Mateos
CEN Ill LoxP ::HIS3MX centromeric DNA Martin
ura3::Gal CRE::URAS3 catenation loop-out assay.
CEN lliflanked by LoxP LoxP sites are inserted at
LoxP Upstream of the edges of the CEN
YCLOO1W-A and locus of chromosome 3.
downstream of The Cre recombinase is
YCROO1W :HIS3MX expressed under the GAL1
promoter, allowing its
expression upon the
addition of galactose and
the subsequent
circularisation of the DNA
flanked by LoxP sites
31504 MATalpha rad61::hphMX4 | wpl1A strain employed for | Alejandro
LoxP CEN Il the centromeric DNA Mateos
LoxP ::HIS3MX ura3::Gal | catenation loop-out assay. | Martin

CRE::URA3 CEN
llifltanked by LoxP LoxP
Upstream of YCLOOTW-A
and downstream of

YCROOTW :HIS3MX

LoxP sites are inserted at
the edges of the CEN
locus of chromosome 3.
The Cre recombinase is

expressed under the GALT7
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promoter, allowing its
expression upon the
addition of galactose and
the subsequent
circularisation of the DNA

flanked by LoxP sites

31870

MATa 30 eco1::NatMX4
rad61::hphMX4 MET3-
CDC20::LEU2 loxP
pericenlll loxP::Trp

ura3::Gal CRE::URA3

ecolAwpli1A strain
employed for the
pericentromere border
DNA catenation loop-out
assay. CDC20 is
expressed under the
methionine-repressive
MET3 promoter, allowing
the arrest in metaphase
in the presence of
methionine. LoxP sites are
inserted at the edges of
the pericentromere border
of chromosome 3. The
Cre recombinase is

expressed under the GALT7

Aditi

Kaushik
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promoter, allowing its
expression upon the
addition of galactose and
the subsequent
circularisation of the DNA

flanked by LoxP sites

32079

MATa, ade2-1, leu2-3,
ura3, trp1-1,his3-11,15,
can1-100, GAL,psi+ MET-
CDC20::URA3 Spc42-
tdTomato::NAT
leu2::PURAS::tetR-
GFP::LEU2 tetOx224-
URA3 (tetOs~11.5kb to
right of CEN4, OUTSIDE
the boundary) Gal-Top2

truncation 1166aa::His

Strain carrying the
plasmid expressing the
topoisomerase 2 C-
terminus truncation at
amino acid 1166. CDC20
is expressed under the
methionine-repressive
MET3 promoter, allowing
the arrest in metaphase
in the presence of
methionine. The spindle
pole body protein Spc42
is tagged with the
TdTomato red tag to allow
its tracking through

fluorescence microscopy.

Alejandro
Mateos

Martin
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224 copies of the
tetracycline operator are
arrayed in tandem
(tetOx224) and integrated
into the PeriCEN of
chromosome 4. This
allows the binding of the
tet repressor-GFP fusion
protein (tetR-GFP)
expressed in this strain to
visualise the PeriCEN
through fluorescence

microscopy.

32080

MATa, ade2-1, leu2-3,
ura3, trp1-1,his3-11,15,
can1-100, GAL,psi+ MET-
CDC20::URA3 Spc42-
tdTomato::NAT
leu2::PURAS::tetR-
GFP::LEU2 tetOx224-
URAS3 (tetOs~11.5kb to

right of CEN4, OUTSIDE

Strain carrying the
plasmid expressing the
topoisomerase 2 C-
terminus truncation at
amino acid 1220. CDC20
is expressed under the
methionine-repressive
MET3 promoter, allowing
the arrest in metaphase

in the presence of

Alejandro
Mateos

Martin
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the boundary) Gal-Top2

truncation 1220aa::His

methionine. The spindle
pole body protein Spc42
is tagged with the
TdTomato red tag to allow
its tracking through
fluorescence microscopy.
224 copies of the
tetracycline operator are
arrayed in tandem
(tetOx224) and integrated
into the PeriCEN of
chromosome 4. This
allows the binding of the
tet repressor-GFP fusion
protein (tetR-GFP)
expressed in this strain to
visualise the PeriCEN
through fluorescence

microscopy.
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32100

MATa, ade2-1, leu2-3,
ura3, trp1-1,his3-11,15,
can1-100,

GAL,psi+
eco1::NatMX4
rad61::hphMX4
Spc42-tdTomato::NAT
leu2::PURAS::tetR-
GFP::LEU2
tetOx224-URAS3
(tetOs~11.5kb to right of
CEN4, OUTSIDE

the boundary)

ecolAwpliA strain
employed for the
cohesion assay. CDC20 is
expressed under the
methionine-repressive
MET3 promoter, allowing
the arrest in metaphase
in the presence of
methionine. The spindle
pole body protein Spc42
is tagged with the
TdTomato red tag to allow
its tracking through
fluorescence microscopy.
224 copies of the
tetracycline operator are
arrayed in tandem
(tetOx224) and integrated
into the PeriCEN of
chromosome 4. This
allows the binding of the
tet repressor-GFP fusion

protein (tetR-GFP)

Alejandro
Mateos

Martin
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expressed in this strain to
visualise the PeriCEN
through fluorescence

microscopy.

32101

MATa, ade2-1, leu2-3,
ura3, trp1-1,his3-11,15,
can1-100,

GAL,psi+
rad61::hphMX4
Spc42-tdTomato::NAT
leu2::PURAS::tetR-
GFP::LEU2
tetOx224-URA3
(tetOs~11.5kb to right of
CEN4, OUTSIDE

the boundary)

wpl1A strain employed for
the cohesion assay. The
spindle pole body protein
Spc42 is tagged with the
TdTomato red tag to allow
its tracking through
fluorescence microscopy.
224 copies of the
tetracycline operator are
arrayed in tandem
(tetOx224) and integrated
into the PeriCEN of
chromosome 4. This
allows the binding of the

tet repressor-GFP fusion

Alejandro
Mateos

Martin
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protein (tetR-GFP)
expressed in this strain to
visualise the PeriCEN
through fluorescence

microscopy.

Table 2. Plasmids employed

Name Origin Description and purpose Creator
Plasmid employed for the DNA
catenation and knotting assays in
G1 and G2/M spanning 9.3kbp of | Alejandro
Cen2 PeriCen2 TRP1
7686 pericentromeric chromatin of Mateos
ARS1 10.9 KB Plasmid
chromosome 2 of S. cerevisiae. Martin
Shortened from 10.9 KB to 9.3 KB
through enzymatic digestion.
Plasmid expressing a version of S.
Alejandro
pRS423 vector. Gal-Top2 cerevisiae topoisomerase 2
7689 Mateos
truncation 1166aa::His truncated at residue 1166 under
Martin
the GAL1 promoter
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Plasmid expressing a version of S.

Alejandro
pRS423 vector. Gal-Top2 cerevisiae topoisomerase 2
7690 Mateos
truncation 1220aa::His truncated at residue 1220 under
Martin
the GAL1 promoter
Table 3. Antibodies employed
Name Origin Purpose Provider
Anti-PGK1
Mouse Western blot Abcam
(ab113687)
Anti-FLAG
Sigma
M2 Mouse Western blot
Aldrich
(F1804)
ECL Anti-
mouse
Sheep Western blot Cytiva
IgG HRP
(NA9310V)
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