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Summary in french/Résumé en francais

Les génomes du vivant sont organisés a plusieurs échelles de taille par différents composants
protéiques — et ce d'une fagcon dynamique et régulée dans le temps. Les deux composants majeurs
structurant I’ADN dans le noyau sont les nucléosomes et les complexes SMC (Structural Maintenance
of Chromosome). Les nucléosomes constituent I'unité de base de la chromatine, qui compactent I’ADN
par son enroulement autour d'un octameére de huits protéines (histones) chez les eucaryotes, et ce de
facon répétée le long du génome. Les complexes SMC quant a eux, regroupent une famille diverse
mais ancestrale de complexes protéiques avec des roles clés dans l'organisation des génomes et la
ségrégation des chromosomes, des bactéries aux eucaryotes multicellulaires. Le modéle actuel sur
I'activité fonctionnelle /n vivo des SMC repose sur un mécanisme d'extrusion de boucle (/oop extrusion
en anglais). In vitro, les complexes SMC sont capable d'élargir de facon progressive une boucle d’ADN
en hydrolysant de I'ATP. Cette activité explique de facon pertinente plusieurs observations in vivo,
bien que certains mécanismes, notamment celui de capture de segments d’ADN en trans ( diffusion

capture en anglais) aient été proposés plus récemment pour expliquer I'activité in vivo des SMC.

Bien que l'architecture des génomes soit vraisemblablement dictée par une combinatoire de la
chromatine et des complexes SMC les études sur les interactions entre ces deux composants
structuraux des génomes restent peu nombreuses. Lors de cette thése, j'ai ainsi travaillé a explorer
les interactions fonctionelles /n vivo entre la chromatine et le complexe SMC condensine dont le role
est de réorganiser ’ADN des noyaux interphasiques en chromosomes mitotiques condensés. En
utilisant principalement des approches génétiques et de génomique fonctionelle, j'ai au cours de cette
thése travaillé sur trois aspects du micro-environnement chromatinien et de son impact sur la fonction
de condensine chez la levure a fission Schizosaccharomyces pombe, en tant que co-premier auteur
sur les trois sujets. Dans un premier temps, dans le cadre d’'une collaboration avec d’autres équipes,
j'ai contribué a décrire le role de condensine aux téloméres. Spécifiquement, la chromatine aux
télomeres chez les eucaryotes est organisée par un complexe nommé shelterin. Nous fournissons des
évidences suggérant que Taz1/TRF1 est important a la fois pour la localisation en cis de condensine
aux téloméres et contribuent a la séparation des télomeéres sceurs en anaphase car un mutant

constitutif de Tazl aggrave les défauts de ségrégation en anaphase aux téloméres. Nous fournissons



également une évidence que Mitl, un remodelleur retirant les nucléosomes aux subtélomeéres, est
partiellement responsable des défauts de ségrégation aux télomeres lorsque condensine est
partiellement défectueuse et que ce remodelleur limite également les niveaux de condensine aux
téloméres. Nous montrons également qu’une perte de fonction partielle de condensine menant a une
mauvaise séparation des téloméres méne également a un niveau de cohésine plus élevé aux
téloméres, et que ces niveaux plus élevés sont en partie responsables de la mauvaise séparation des
télomeres. Ainsi nous proposons que Shelterin chez pombe positionne condensine qui a un role

spécifique pour séparer les téloméres en mitose.

Dans un deuxieme temps, grace a des alléles conditionels générés lors de la thése, j'ai participé a un
projet visant a ré-explorer I'impact de la transcription par 'ARN polymérase II sur la fonction de
condensine. Lors de la mitose chez les vertébrés, la transcription diminue de fagon significative et
condensine est positionnée en 5’ des génes au niveau des promoteurs. Cependant, chez S. pombe lors
de la mitose la transcription reste active et la position des pics de condensine corréle avec la position
de I’ARN polymérase II. En prenant part de deux alléles conditionels pour dépléter a la fois
rapidement I’ARN polymérase II ou augmenter artificiellement son niveau par translecture (en
déplétant Dhp1XRN2) nous montrons par ChIPseq calibrée que la position de condensine suit les pics
d’ARN polymérase II. En revanche, la quantité totale de condensine associée aux chromosomes est
indépendante du niveau d’ARN polymérase II présente sur la chromatine, suggérant que condensine
est distribuée par I'ARN polymérase, évoquant des résultats précedents chez les SMC bactériens. Nous
montrons de plus que dans ces deux conditions, la formation de contact a longues distances par Hi-C
augmente quand la quantité d’ARN polymérase II diminue et la formation de contacts diminue quand
la quantité d’ARN polymérase II est stabilisée. Nous corrélons également ces changements de niveau
d’ARN polymérase II a des conséquences fonctionelles sur la ségrégation des chromosomes. Diminuer
la quantité d’ARN polymérase II facilite la séparation des chromosomes lorsque condensine est en
condition de perte de fonction partielle tandis que dans un contexte de translecture la séparation des
chromosomes est appauvrie. Nous confirmons ainsi que I’ARN polymérase II influence négativement la
translocation du complexe condensine en mitose chez S. pombe et fournissons une évidence indirecte
sur le mécanisme assemblant les chromosomes mitotiques comme étant a priori un mécanisme

processif argumentant pour une extrusion de boucles. Ainsi des complexes processifs comme I’ARN



polymérase qui doivent lire 'ADN chromatinien antagonisent la fonction de condensine pour former

des chromosomes mitotiques.

Enfin, dans un troisitme temps, nous explorons de fagon plus directe les interactions fonctionelles
entre les nucléosomes et le complexe condensine. Nous décrivons une interaction fonctionelle et
physique entre la chaperone d’histone FACT et condensine. Une perte de fonction partielle de FACT
facilite grandement la séparation des chromatides sceurs lorsqu’il y a une perte de fonction partielle
de condensine, suggérant que FACT antagonise l'activité de condensine. En utilisant un alléle
conditionnel pour dépléter FACT en mitose, nous montrons que le réle de FACT est de stabiliser la
chromatine, identiquement a son role décrit en interphase et que dans nos conditions une déplétion
de FACT méne a une forte baisse du niveau d’histones associés a la chromatine. Une déplétion de
FACT affecte la formation des chromosomes mitotiques en métaphase d’'une facon qui a l'air & priori
indépendante de condensine, car (1) ne change pas la distribution de condensine sur la chromatine et
(2) affecte la formation de contacts en métaphase identiquement entre un fond sauvage et un fond
ou condensine a été déplétée. En revanche, la déplétion de FACT juste avant I'entrée en mitose
facilite la séparation des chromatides sceurs dans un fond ou condensine est partiellement non
fonctionelle. De méme, réduire la densité en nucléosomes sur la chromatine d’une autre maniére, en
réduisant le nombre de génes d’histone facilite de fagon significative I'activité de condensine en
anaphase. Nos données suggérent donc que les nucléosomes antagonisent I'activité de condensine

(au minimum dans un fond ou son activité n’est pas optimale).

En conclusion, nous montrons que |'activité de condensine /n vivo est soumise a des contraintes
particulieres qui n’existeraient pas simplement sur de I’ADN nu. Ainsi, 'assemblage des chromosomes
mitotiques doit étre réalisé dans des conditions propices a I'arrivée massive de condensine en début
de mitose et nous proposons que de futurs travaux doivent investiguer I'impact moléculaire des
composants de la chromatine sur I'extrusion de boucle et potentiellement sur des mécanismes de

capture en trans.



Preamble

This work was done over four years of PhD, including a 6 month internship during my masters study
in the lab of Pascal Bernard. The main protagonist of this thesis is the condensin SMC complex, which
is responsible for the large changes observed in vivo to reshape chromatin into rod shaped
chromosomes upon M entry. I discovered condensin during my internship in Pascal’s lab, although my
initial interest in biology as a student had always been the nucleosome and “epigenetics” (which at

the time I confused with chromatin remodelers and histone post-translational modifications).

In reviews recapitulating the work performed on either SMC complexes or nucleosomes, despite the
fields being relatively separated (although more studies are considering crosstalks) the same key
problem tends to be brought up during introductory sections. That is the dimensional analysis of linear
length of genomes relative to nuclear size. One can estimate the linear length of a genome by
multiplying the number of basepairs by 0.34nm. Very quickly this leads to lengthy molecules. Humans
: ~2m (diploid) Aedes aegypti mosquito : ~1m (diploid) Yeasts : ~ 4.5 mm (haploid). Considering the
nuclear size in eukaryotes tends to be 10%-10° times smaller than this length scale, there must be
active mechanisms, for cells to fit this DNA inside the nucleus. Each review then proposes that SMC

complexes or nucleosomes participate in this process.

During the several projects I contributed to during my PhD the aim was always to explore the
interplay between the condensin complex and its chromatinized template, formed by nucleosome-
bound DNA and regulated by several other chromatin associated components such as shelterin at
telomeres (Part 5), actively transcribing RNA pol II (Part 6) or the histone chaperone FACT (Part 7).
Thus the work reported in this manuscript underlines the importance of integrating the functioning of

condensin —and SMC complexes- with the chromatin environment.

In the introduction, I will present in a first part the nucleosome-based organization of eukaryotes, and
in a second part will introduce SMC complexes in general. In a third part I will briefly introduce the
cohesin SMC complex as an example of genome organizer and finally in a fourth part will address the
organization of the mitotic chromosome and the structural and molecular roles of the condensin SMC

complex in this process.



INTRODUCTION

Part 1 - EUKARYOTIC GENOMES ARE PACKAGED AND ORGANIZED INTO REPEATED UNITS

OF NUCLEOSOMES

1.1 DNA is the support of life, but how is it packaged within chromosomes ?

The first recorded identification of deoxyribonucleic acid (DNA) in 1869 as nuclein by Miescher, the
proposition of a polynucleotide model by Levene and finally the description of a double helix (Watson
and Crick, 1953) were landmark discoveries that advanced our understanding of DNA structures and

allowed the identification of DNA as the template for genetic information.

Histones were first identified by Albrecht Kossel in 1884, before chromatin had been described by
Walther Flemming in 1890. There are four core histones, highly conserved among eukaryotes : H3,
H4, H2A and H2B, with a fifth histone type, linker histone H1 which is more diverse or even absent
from certain organisms (Schizosaccharomyces pombe for instance). They are key structural
components of chromosomes : and account for a majority of the weight of chromosomal proteins in
mitotic chromosomes (Hirano and Mitchison, 1994; Ohta et al., 2010) and their absence can
lead to a certain extent to defects in the architecture of chromosomes post-mitotic assembly
(Shintomi et al., 2017). A variety of histone post translational modifications (PTMs) and histone

variants increase the complexity of chromatin across eukaryotes, and are discussed briefly later.

1.2 The canonical nucleosome core particle

Digestion of nuclei by endonucleases does not yield smears in agarose gels but rather multiples of
size-specific bands (Hewish and Burgoyne, 1973). This observation suggests a repetitive pattern
of obstacles to the DNA cleavage activity of the enzyme. The source of these patterns can also be
isolated with micrococcal nuclease (Mnase) which led to the first identification of these structures by
electron microscopy experiments (Oudet et al.,, 1975) and their visualization as ‘beads on a string’
(Olins and Olins, 1978; Oudet et al., 1975). As it turns out, these repetitive structures emerged
from the assembly of DNA around histone proteins. The folding of DNA around histone octamers is an

autonomous process, driven by the acidic surfaces of histone subunits leading to interactions with the



DNA backbone. The structure of DNA bound to histones follows a superhelical architecture that can be
stretched and reformed (Richards and Pardon, 1970). Core histones form dimers, H3 associating
with H4 and H2A associating with H2B (Kornberg and Thomas, 1974). As a fully formed octamer,
two of each H3, H4, H2A and H2B subunits form a globular structure around which 145-147bp of DNA
wraps around into a nucleosome core particle (NCP) (Luger et al,, 1997) (Fg. I1). The rest of the
DNA which does not directly contact the histone octamer is called the linker DNA. The center of
symmetry for this structure is the dyad, a reference point to position contacts between the major
groove of DNA and the positive histone surface. These points are called SHL for Super Helix Location
(dyad = SHL 0) and range from SHL -7 to +7 in @ manner that respects the 10bp periodicity of the
DNA superhelix. In this fully assembled, DNA-wrapped octamer, the H2A-H2B surface is readily
accessible by the solvent and composes an acidic patch which is negatively charged. From each
histone subunit, N-terminal tails protrude outward of the NCP. In general, these N-terminal tails are
particularly important surfaces for post-translational modifications as well as to establish higher order
organization. In the canonical nucleosome H3 N-terminal tails contact the DNA gyres at the entry/exit
sites of DNA.

Fig. I1 Structure of the nucleosome core particle

See text for details. a/ Color-coded molecular structure of the NCP. b/ Electrostatic potential of the
nuclkeosome surface. ¢/ Organisation of the linker DNA in the NCP crystal. Taken from Zhou et al, 2019

H2A-H2B acidic patch




PROKARYOTIC, ARCHAEAL AND SPERM CHROMATIN

An important point is that eukaryotic nucleosomes appear quite different to their prokaryotic and bacterial counterparts.
Prokaryotic species, to be brief, do not code for histones but a diversity of basic DNA binding proteins ( Nucleoid Associated
Proteins, NAP) that participate in chromatin folding at multiple scales (Lioy et al., 2018). Archaeal chromatin on the other
hand, is composed of histones, of NAPs, or both. It is sensitive to MNase and showcases similar promoter structures with -1
and +1 nucleosomes flanking a NDR and some degree of phasing downstream in Haloferax volcani (Ammar et al., 2012).
While MNase digestion in eukaryotes yields bands of sizes multiples of ~150 bp (or more depending on tissue specific linker
lengths), the bands in archaea seem to be multiples of ~30bp with 60bp minima (Ammar et al., 2012; Maruyama et al.,
2020; Pereira et al., 1997) implying a fundamental structural difference in the underlying DNA wrapping around archaeal
histones. Structural data has shown that these histone-like proteins form dimers that mimic tertiary eukaryotic DNA/histone
contacts but hold a symmetry allowing continuous polymerization and formation of a‘superhelix” with adjacent dimers.
Substitution of residues responsible for contacts between polymers of this helix in vivo leads to the loss of higher order
polymers observed after MNase digestion and altered gene expression (Mattiroli et al., 2017). This organization has been
described as ‘*hypernucleosomal’ (Henneman et al., 2018) or ‘archaeasomal’ (Laursen et al., 2021, p. 201) However,
certain species of archaea like crenarchenota do not encode histones and do not display repetitive banding patterns on gels
after MNase digestion (Maruyama et al., 2020). In the case of coexistence of both histones and archaeal NAPs, current
experiments suggest that archaeasome mediated compaction is in competition with the DNA binding of Alba, a dsDNA specific
NAP which rigidifies DNA segments (Maruyama et al., 2020). It is important to acknowledge that the environmental
conditions of extremophiles is restrictive for typical eukaryotic chromatin transactions (high temperatures may lead to excessive

DNA melting for instance), necessitating adapted machineries.

Another physiologically specific context in which DNA is compacted differently to typical nucleosomal chromatin in eukaryotes
occurs in the male germline. At a certain point during spermatogenesis, sperm chromatin becomes compacted with protamines
or a mix of protamines and histones, although exceptions where sperm chromatin is nucleosomal exist such as zebrafish.
Protamines are small basic proteins which lead to drastic compaction of sperm chromatids (Orsi et al., 2023). In certain
species (for instance Xenopus) some histones are retained on sperm chromatin but for the most part protamines must be
removed just after sperm has fertilized eggs arrested in meiosis II (or meiosis I in insects) to ensure proper embryonic

development.

These observations suggest that evolutionarily there is more diversity in the strategies to package chromatin, while the motors

enabling chromosome segregation (see Part 2) during cell division appear more conserved.

1.3 Nucleosome structure and nucleosomal DNA are dynamic

While the canonical structure of a nucleosome crystal (Luger et al., 1997) was essential for the
understanding of chromatin biology, it does not convey the full dynamic structure of a nucleosome. In
eukaryotes, an additional level of organization can be added to the organization of the NCP by the

addition of linker histone H1. Linker histones are non-canonical histones that can bind on the axis of
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symmetry of the nucleosome (on-dyad) or slightly up/down-stream of the axis of symmetry (off-dyad)

(Zzhou et al., 2021, 2015) to convert the nucleosome into a ‘chromatosome’.

The nucleosome structure by itself is dynamic and can ‘breathe’ ; i.e the DNA unwraps and rewraps
rapidly around the octamer under physiological salt conditions (Bilokapic et al., 2018; Li and
Widom, 2004). Certain moieties of histone subunits such as histone tails are crucial for establishing
the energy cost of unwinding/winding DNA (Parsons and Zhang, 2019). Histone tails are dynamic
and can regulate contacts with the wrapped DNA by differential binding/unbinding kinetics (Peng et
al., 2021). They also act as outward protrusions from the nucleosomal core particle that make them
prime targets for histone modifying and chromatin remodeling enzymes as well as important for
higher order folding of chromatin. Trypsin digestion experiments suggests these tails are important for
the three dimensional compaction of a chromatin fiber with or without linker histone H1 (Allan et al.,

1982).

Increasing salt concentrations of buffers containing nucleosomal particles shift reaction equilibrii and
suggest that the disassembly of a nucleosomal particle hinges on the sequential release of each H2A-
H2B dimer, leading to partially disassembled intermediates (Chen et al., 2017). These
intermediates, named hexasomes (Arimura et al., 2012; Kato et al.,, 2017) or
tetrasomes/hemisomes (Furuyama et al.,, 2013) are not simply artefacts of buffer conditions
because they can be generated by the activity of specific factors as will be described in a section
downstream. Similar release patterns of H2A-H2B can be observed with positive supercoiling
(Sheinin et al,, 2013) and if sufficiently strong, positive supercoiling can even induce a chiral
transition from a left handed wrapping of DNA around the octamer to a right handed one (Bancaud
et al., 2006). Importantly, evidence in vivo suggests non canonical nucleosomes are a major fraction
of chromatin in yeast (Cai et al., 2018b; Yang et al., 2023) but it was reported to not be the case

in Hela cells (Cai et al., 2018a).

14 Individual histone subunits can show structural variation

The NCP can be the subject of structural variation by two active mechanisms in cells, the first are

post-translational modifications (PTMs) of histones and the second is the replacement of canonical

12



NCP histone subunits by specific variants. These structural variations can impact the dynamics of
nucleosomes and lead to crosstalks with other chromatin bound activities. Note that a large amount of
histone residues can be modified by PTMs, producing complex networks that are impossible to fully
parse or quickly explain, and a similar observation can be made for the complexity of histone variants.
I will therefore only briefly introduce a couple of examples to illustrate the structural diversity of the
NCP. I have selected classical examples that I present below to introduce the concept of structural
variations of the NCP : histone methylations and H2A.Z and CENP-A histone variants, with other

examples mentioned later in the introduction to illustrate other properties of the chromatin /in vivo.

Post-translational modification of histones : histone methylation

Di- and tri-methylation of Lysine 9 of core histone H3 (H3K9me2/3) are established by histone
methyltransferases Suppressor of Variegation 3.9 in Drosophila and human, Su(var)3-9/SUV39H
(Tschiersch et al., 1994) and Cryptic loci Regulator 4, Cir4 in fission yeast (Ivanova et al.,
1998). This histone modification is recognized by Heterochromatin Protein 1 (HP1)/Swi6 (Bannister
et al.,, 2001) and thus form the core PTMs of constitutive heterochromatin, which can spread as
adjacent nucleosomes are methylated but can also be restricted by local depletion of nucleosomes,
dynamic turnover or antagonized by histone acetylation (Allshire and Madhani, 2018). Evidence /n
vitro and in vivo in drosophila also suggests that HP1 can undergo liquid-liquid phase separation
(Strom et al,, 2017), but not in mouse (Erdel et al., 2020). Tri- methylation of lysine 27 of core
histone H3 (H3K27me3) by the PRC2 methyltransferase (part of the Polycomb complex) on the other

hand establishes facultative heterochromatin (Piunti and Shilatifard, 2021).

Histone variants : H2A.Z and CENP-A

H2A.Z is a variant of the canonical H2A histone. It is conserved in metazoans and is essential during
development in flies and mice (Faast et al., 2001; Ibarra-Morales et al., 2021; van Daal and
Elgin, 1992). Structurally H2A.Z leads to a similar path of the DNA around the nucleosome, however
it does induce subtle differences in terms of interactions between H2A.Z-H2B dimers and between
H2A.Z-H2B and H3-H4 tetramers (Suto et al., 2000). Simulations suggest H2A.Z enhances DNA

unwrapping (Li et al.,, 2022) and increases flexibility of DNA ends in H2A.Z containing nucleosomes
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observed by cryo-EM (Lewis et al., 2021). In vivo ChIP experiments suggest H2A.Z nucleosomes
can be heterotypic (a single H2A.Z-H2B dimer in the NCP) or homotypic (two H2AZ-H2B dimer in the
NCP) (Nekrasov et al., 2012; Weber et al.,, 2010). H2A.Z can be found at heterochromatin
(Rangasamy et al., 2003) and at promoters and tend to favor the pausing of RNAPII there
(Mylonas et al.,, 2021). The SWi2/Snf2 Related 1 Complex (SWR1C) from the INO80 family loads
H2A.Z in nucleosomes in a manner that is less dependent on replication than canonical H2A
(Tachiwana et al.,, 2021). Both the proportion of heterotypic nucleosomes and the quantities of

H2A.Z at subtelomeres and centromeres are higher in M compared to G1/S (Nekrasov et al., 2012).

At the centromere, a variant of canonical histone H3 called CENP-A is preferentially deposited, as
canonical H3 histones appear to be destabilized at centromeres (Shukla et al., 2018). Low levels of
CENP-A allow nucleation of the kinetochore (Fachinetti et al., 2013) and this nucleosome variant
acts as a platform upon which the kinetochore can assemble, with linker DNA being gripped by the
kinetochore complex (Yatskevich et al., 2022). CENP-A however is not required for kinetochore

function once it has been assembled (Hoffmann et al., 2016).

1.5 Nucleosomes are actively repositioned on chromatin in vivo

Many a paper has reproduced the ladder of in vivo chromatin after nuclease digestion, nowadays
mostly with MNase. Aligning sequenced reads produced by MNase digestion on a reference genome,
particularly along the length of genes, yields peaks and valleys assigning average nucleosome
positions. Over a cell population average, a specific locus can be overrepresented in the library (i.e a
position of high nucleosome occupancy). One can also determine whether the signal is biased towards
a specific nucleotide (i.e the nucleosome has a very-well defined position). It could be that a specific
locus, over the population average, is highly bound by a specific nucleosome, but its position varies in
each cell (high occupancy but low positioning). It is also possible for a nucleosome to be well

positioned, but not be frequently observed (low occupancy and high positioning).

These nucleosomal patterns are determined in some form by the GC content of the underlying DNA,
particularly at promoters. AT-rich DNA tends to disfavor the formation of nucleosomes — and would

therefore tend to produce valleys in Mnase-seq data (Basu et al., 2021). However overall the
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pattern of nucleosome occupancy is mostly independent of DNA sequence. When centering Mnase-
protected signals around the promoters, a depletion of signal prior to the TSS marks a Nucleosome
Depleted Region (NDR), characteristic of transcribed genes. From this region, successive peaks and
valleys starting from the TSS can be observed, reminiscent of wave-like functions with a specific
phase. This average phase can be interpreted as the average spacing between nucleosomes and is
defined as a Nucleosome Repeat Length (NRL). The nucleosomes flanking the NDR of the promoter
are labelled as +1, +2... (towards the transcription termination site) and -1, -2... (in the other
direction). Note that this phased pattern can be observed when the signal is centered on other
genomic features, such as CTCF sites (Zhang et al., 2023) or Rebl-bound sites (Oberbeckmann

etal, 2021).

This pattern within genes seems to be conserved among eukaryotes, although the nucleosome repeat
length (NRL, distance between peaks) measured varies between species and cell types. The NRL of
mouse ESC cells is 186 bp, with an increase of 5-7 bp upon differentiation (Teif et al., 2012), 154
bp for S. pombe and 167 bp for S. cerevisae (Lantermann et al.,, 2010). Note that on top of these
shorter NRL, budding and fission yeast do not seem to have linker histone H1, although these
organisms may have replaced this metazoan linker with Hmolp (Panday and Grove, 2016).
Variations within genomes can be observed : for instance, actively transcribed genes tend to be more
susceptible to MNase digestion particularly at the 5" end (Levy and Noll, 1981). Strikingly, it is
possible to obtain very similar phasing patterns after MNase digestion of DNA with budding yeast
chromatin factors by switching the DNA to that of genomes from fission yeast or even E. Coli
(Oberbeckmann et al., 2021). It is even possible to replace all core histones of budding yeast with
human histones in vivo, and observe on average similar nucleosome repeat length (NRL) to wild-type
although nucleosome stability (resistance to MNase) seems to increase (Truong and Boeke, 2017).

These striking observations underline the conserved nature of nucleosome positioning.

Nonetheless, such genome-wide repetitions can reasonably only occur by consistent forces driving
their maintenance. The key driving factor to maintain regular internucleosomal distances along the
genome is an ATP-dependent process (Zhang et al., 2011) that relies on ATP-dependent chromatin

remodelers (Oberbeckmann et al.,, 2021). For more on chromatin remodelers, we refer the reader
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to adress specific reviews (for reference (Clapier et al.,, 2017; Reyes et al., 2021)). Briefly,
chromatin remodelers in eukaryotes can be divided in 4 families : ISWI, INO80, SWI/SNF and CHD.
ISWI and CHD complexes appear to mostly space the nucleosomes while the SWI/SNF family
(containing the Remodeling Structure of Chromatin) evicts nucleosomes and the INO80 family seems
to edit nucleosome by introducing histone variants. While the specificities of these complexes rely on
the presence of different regulatory domains (Patel et al., 2019) as well as the local chromatin
environment and the presence of additional factors, they share the same main mechanism. All of
these complexes associate to SHL —2 of a NCP and translocate DNA along the nucleosome using the
energy of ATP (Reyes et al., 2021). This mechanism is defined as an inchworming mechanism as
the DNA is moved 1bp per hydrolysis cycle and allows the sliding of DNA along the histone octamer

(Clapier etal.,, 2017).

1.6 Nucleosomes are chaperoned for chromatin transactions

In addition to chromatin remodelers, another process which participates in the steady-state
composition of chromatin are histone chaperones which participate in histone transactions involved in
assembly and disassembly of nucleosomes, and they do so without having an ATP-dependent
enzymatic activity themselves. Histone chaperones can introduce histone variants into the chromatin
template, for instance Holliday Junction Recognition Protein (HJURP) is a histone chaperone
introducing CENP-A/H4 tetramers at centromeres (Foltz et al., 2009). Histone chaperones can also
recycle histone subunits into the nucleosome after destabilizing processes or participate in the
assembly of nucleosome on DNA. For instance, the histone chaperone Chromatin Assembly Factor 1
(CAF-1) is specific to a pathway which occurs during replication, when newly synthesized H3-H4
histones are assembled onto replicating DNA (Smith and Stillman, 1989). Anti Silencing Function 1
(Asf1) on the other hand, participates in both replication-coupled and independent pathways by its
ability to bind H3-H4 dimers and assemble nucleosomes (English et al., 2006, 2005). These
pathways are complex and histone chaperones tend to function by competing for contacts between
histones and DNA with poor conservation of histone chaperone folds (Hammond et al., 2017).
Notably, CAF-1 and Asfl appear to be H3-H4 specific chaperones, but this is not the case for the FACT

histone chaperone which is able to establish contacts with both H3-H4 and H2A-H2B dimers (see



below). I will therefore focus only on the assembly and disassembly of histone subunits by histone
chaperones using the example of 1/ chromatin assembly upon fertilization and 2/ introduce the

histone chaperone FACT, relevant to Part 7.

Sperm chromatin is converted to nucleosomal chromatin by histone chaperones

Sperm chromatin enters the egg as a highly compacted structure, with a protamine-based
organization. In many species, core histones H3-H4 are retained at low levels on sperm chromatin and
are positioned at intergenic regions and retain methylation marks at specific genomic loci
(Yamaguchi et al., 2018). For proper embryonic development however, large scale chromatin
remodeling must occur with the removal of protamines and the assembly of nucleosomes which is a
priori guaranteed by the sole concerted activities of histone chaperones, at least in @ minimal system.
The subsequent removal of protamines and assembly into a nucleosome-based chromatin sensitive to
MNase (Ohsumi and Katagiri, 1991) requires the activity of the chaperone nucleoplasmin (Np) in
frogs (Ohsumi and Katagiri, 1991) but not mouse (Burns et al., 2003). In vertebrates, HIRA is
essential for proper chromatin assembly upon fertilization (Lin et al.,, 2014). In a minimal system,
assembly of chromatin onto mouse sperm can be performed by the combined activity of Np and the
histone chaperone Nap-1 (Shintomi et al., 2015) while in Xenopus egg extracts, assembly of
chromatin on mouse sperm requires the presence of the Asfl H3-H4 histone chaperone (Shintomi
and Hirano, 2021). The same histone chaperones are involved in other physiological contexts where
nucleosomes must be assembled, such as replication-coupled and independent nucleosome assembly
by Asfl or replication and transcription dependent nucleosome assembly by Nap-1. Strikingly, after
the conversion of sperm chromatin into embryonic nucleosomal chromatin in a minimal system,
mitotic condensation of this template requires the activity of the FACT histone chaperone (Shintomi

et al, 2015).

The FACT histone chaperone

One of the most studied histone chaperone is FAcilitates Chromatin Transcription/Transaction (FACT).

FACT is an ATP-independent conserved histone chaperone in eukaryotes, composed of the two
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subunits Pob3/SSRP1 (Polymerase One Binding/Structure Specific Recognition Protein 1) and

Spt16/SUPT16H (Suppressor of Ty 16/Suppressor of Ty 16 Homolog) (Fg. 12).

Spt16 structure is subdivided as four domains : an N-terminal domain (NTD), a dimerization domain
(DD), a middle domain (MD) and a C-terminal domain (CTD). Pob3 structure is subdividied in a N-
terminal DD, a MD, an intrinsically disordered domain (IDD), a high mobility group box (HMGB) and a
CTD. In yeast, the IDD and HMGB domains are missing, and the Nhp6 protein appears to be an

analog of the HMG domain from SSRP1.

The two subunits form a heterodimer by DD-mediated interactions and bind a single nucleosome as a
two subunit complex, although in vivo a fission yeast pob34 is viable and Spt16 binds to chromatin
(Murawska et al., 2020). Spt16-NTD by itself binds to H3 and H4 via their tail and their globular
structure but not to H2A-H2B dimers (Stuwe et al., 2008). The MD of Spt16 binds to H3 and H4
and is organized by two Pleckstrin homology groups (PH) which can also be found in other

chaperones like Rtt106 (Kemble et al.,, 2013). The MD of Pob3 while it has low sequence

resemblance to Sptl6, also has two PH domains (Kemble et al., 2013; VanDemark et al., 2006).
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Both CTD of Spt16 and Pob3 by themselves bind H2A-H2B dimers. Moreover, the Spt16-CTD and H2A-
H2B interaction surface aligns quite well to similar interaction structures observed for the ANP32E
H2A.Z-H2B histone chaperone and the SWR1 H2A.Z-H2B chromatin remodeller (Kemble et al.,
2015). Some histone chaperone folds in FACT are therefore conserved in other
chaperones/remodellers. The full structure in the presence of a nucleosome shows FACT binding as a
‘unicycle’, on top of the nucleosome or a hexasome (Liu et al., 2020) demonstrating its ability to

establish contacts with all histone subunits.

The Nhp6 (non histone chromatin protein) HMG-box protein weakly binds to yFACT with unclear
stoichiometry (Formosa et al., 2001; Sivkina et al., 2022). To allow binding of yFACT in vitro to
nucleosomes fusing Nhp6 to Pob3 is not sufficient and at least three HMGB must be fused.
Additionally, human FACT requires Nhp6 in vitro to bind nucleosomes suggesting the excess of Nhp6
required in vitro does not recapitulate the function of the SSRP1 HMG box (McCullough et al.,
2018). FACT appears to favor the binding of destabilized nucleosomes, as HMGB domains favor the
bending of DNA, likely promoting unwrapping of nucleosomes (McCauley et al., 2022, 2019) and
this extra moiety is likely required for yFACT and hFACT association to nucleosomes as otherwise even
hFACT does not change the structure of an intact nucleosome (Valieva et al., 2017). In the
presence of Nhp6, FACT can fully unfold a nucleosome (Sivkina et al.,, 2022) and FACT can
accelerate the loss of H2A-H2B dimers from a nucleosomal fiber under tension (McCauley et al.,
2022). However, FACT also stabilizes the structure of the chromatin for a higher number of
strectching and relaxation cycles relative to a fiber stretched and relaxed without FACT (McCauley et
al., 2022). Favored models of FACT function therefore propose that it stabilizes the intermediate

state between a histone octamer and a disassembled nucleosome.

1.7 The nucleosomal fiber is the template for the activity of chromatin factors and

enzymes

The steric hindrance and coiling constraints imposed by nucleosomes on DNA - both at the scale of a
single NCP but also on higher orders of chromatin fibers - seem intuitively incompatible with certain

enzymatic activities. In the context of DNA replication (Demeret et al.,, 2001) and DNA repair



20

(Price and D'Andrea, 2013) specific chromatin remodeling pathways are involved to ensure the
function of these processes. In this section I will describe this principle by using the example of the

transcriptional process through a nucleosome by RNA polymerase I (RNAPII).

Due to the wrapping of DNA around the canonical nucleosome structure RNA polymerases must locally
compete with putative DNA-histone contacts. When considering transcription at the scale of a gene,
RNA polymerases must access loci which can be wrapped into several (in yeast) to hundreds of NRLs
(in humans). Indeed, chromatin inhibits the activity of either transcription by RNAPII or replication by
DNA pol a (Kireeva et al., 2002; Kurat et al., 2017). Strikingly, the frequency of nucleosome
arrays using an /n vitro chromatin system is increased upon Pol II depletion (Singh et al., 2021) and
active promoters are known to be sites of nucleosome depletion (Boeger et al.,, 2003) suggesting
there are transcription-dependent activities that weaken nucleosome arrays in cells. Therefore,
activities in cells that can remodel and/or destabilize nucleosomes appear essential for genetic
programs to be regulated and maintained across cell divisions. Aditionally, apart from pioneer
transcription factors (Zaret and Mango, 2016), an overwhelming majority of transcription factors
are bound at DNase accessible site, interpreted as nucleosome depleted (Thurman et al., 2012)

suggesting transcription factor binding requires chromatin remodeling at the level of its binding site.

The sequence-flexibility of DNA is higher on the TSS proximal side of the nucleosome dyad positions,
where RNAPII invades nucleosomes during transcription (Basu et al., 2021), providing potentially a
way for RNAPII to invade the nucleosome. Despite this, /in vitro transcription shows that RNAPII +
TFIIS elongation factor stalls at SHL -5 suggesting in this system additional factors are required
(Ehara et al., 2019). Adjunction of elongation factors enables RNAPII to bypass the nucleosomal
barriers (i.e : stalling at precise SHL), such as addition of Spt4/5 and EIf1, which could potentially
provide basic residues allowing for a competition between histone/DNA in the case of EIfl (Ehara et
al., 2019). Evidence suggests that transcription associated methyltransferases promotes the
methylation of lysine 36 of core histone H3 (H3K36me) to recruit histone deacetylases. This will favor
chromatin closure after transcription has occurred, potentially to prevent cryptic transcription in vivo
(Carrozza et al., 2005; Keogh et al., 2005; Li et al., 2009), suggesting that while nucleosomes

are obstacles to elongation, they must also be maintained to ensure the integrity of chromatin.
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The FACT histone chaperone also participates in similar functional roles during transcription. It is
known that transcription by RNAPII leads to the loss of a single H2A-H2B dimer (hexasome formation)
at 300mM KCI (Kireeva et al., 2002). Loss of a H2A-H2B dimer can be stimulated during
transcription in vitro with the histone chaperone FACT (Belotserkovskaya et al., 2003). The same
histone chaperone FACT enhances transcription by RNAPII through the nucleosome and binds the
destabilized NCP following nucleosome opening (Farnung et al.,, 2021). However, in vivo
phenotypes of FACT are consistent with a role of FACT in maintenance of chromatin structure at
actively transcribed genes (Jamai et al., 2009) and FACT maintains chromatin in vitro from

repeated stretching forces induced on nucleosome fibers (McCauley et al., 2022).

Interestingly it has been argued that RNAPIII simply displaces the octamer to transcribe (Studitsky
et al.,, 1997). Simple displacement of the histone octamer is also observed for bacteriophage RNA
polymerase (Kireeva et al.,, 2002). FACT is not found at RNAPIII genes (Saunders et al., 2003)
suggesting it may have been selected to maintain H2A-H2B dimers in the wake of RNAPIL. FACT
however is also required for the replisome to progress through chromatin in vitro (Kurat et al.,

2017) and to promote assembly of replication origins by evicting H1 (Falbo et al., 2020).

Hence, enzymatic activities that require access to contiguous DNA sequences must intrinsically involve

themselves with nucleosome dynamics to ensure proper transcription or replication occurs.

1.8 The nucleosome fiber can organize in higher order structures

Individual nucleosomes can organize into higher order structures /n vivo mediated notably by
nucleosome stacking mediated by H4-tails, which can be key targets for acetylation. Histone ftails,
particularly H4 tails, mediate higher order interactions. Indeed, digestion of tails by trypsin (Allan et
al.,, 1982) or tail-less H4 (Dorigo et al., 2003; Shogren-Knaak et al., 2006) impairs the higher-
order compaction of chromatin. Molecular structures show that the H4 tail and the acidic patch of
H2A-H2B interact to drive higher order compaction (Davey et al.,, 2002; Dorigo et al.,, 2004). A
H4K16 acetylated histone tail (H4K16ac) phenocopied tail-less H4 suggesting H4K16ac is a key driver

of higher order compaction (Shogren-Knaak et al., 2006). The larger acidic patch in H2A.Z can
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also drives higher order compaction via HP1 (Fan et al.,, 2004) consistent with its localization at

heterochromatin (Rangasamy et al., 2003).

In vitro folding of oligonucleosomes can lead to the formation of the so-called 30nm-fiber organized
as a solenoid structure (Finch and Klug, 1976; Song et al., 2014), with n and n+1 nucleosomes
facing each other via their linker and n and n+2 nucleosomes stacking on top of each other (Song et
al., 2014). This 30nm fiber model is however controversial, both because in vivo it had not been
convincingly observed (Eltsov et al.,, 2008; Maeshima et al.,, 2010), and also because at higher
cations concentrations relative to these studies (~1-2mM MgCI2) oligonucleosomes form a condensate
like structure. In situ chelation of cations in nuclei also leads to loss of eu- and hetero-chromatin
(Maeshima et al,, 2016) suggesting proper chromatin organization as condensates depends on the
presence of cations /n vivo. Recent observations however have provided evidence that chromatin
fibers may indeed follow a two start structure with n/n+2 stacking /in vivo (Beel et al., 2021; Li et

al., 2023).

While heterochromatin was reported to follow properties consistent with liquid-liquid phase separation
in drosophila (Strom et al., 2017), the opposite was reported for mouse heterochromatin (Erdel et
al., 2020). /n vitro it is possible for chromatin to behave as a solid or a liquid depending on the
conditions (Gibson et al., 2019; Strickfaden et al.,, 2020) and chromatin was proposed to behave
as a solid /n vivo (Strickfaden et al., 2020). Consistent with their roles in higher order compaction,
both linker histone H1 (Maeshima et al., 2016) and histone acetylation (Gibson et al., 2019;
Schneider et al., 2022; Strickfaden et al., 2020) respectively favor and antagonize the formation
of compacted mesoscale structures of 200-300 nm which can be observed /n vivo (Miron et al.,
2020; Nozaki et al., 2017). Whether these structures are solid or liquid is unclear due to conflicting
reports on the physical nature of chromatin (Gibson et al.,, 2023; Strickfaden et al., 2020).
Evidence suggests at least that there is a sharp size limit of DNA density in mesoscale domains in vivo,
beyond which nanometer-sized tracer beads cannot diffuse at relevant timescales (Gelléri et al.,

2023) suggesting that compacted chromatin if not solid, is highly viscous.

1.9 Genomes are organized into diverse higher order structures
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Fig. I3 The genome is organized at multiple scales by different principles

The nucleosomal core particle is the basic subunit of a nucleosomal 11-nm fiber, which forms mesoscale
contact domains. These chromatin domains can organize into large scale domains which tend to self interact
and are correlated with levels of gene expression. At larger scale, chromosomes are inidivdualized in the
nucleus and form their own territories and tend to limit intermingling. This organization is counterbalanced
by the loop formation activity of SMC complexes (typicaly cohesin, in purple)



With a more general view of genome organization, a complex and multi-scale genome structure inside
the nucleus can be described (FAg. I3). Individual chromosomes are physically separated as
“chromosome territories” although there is some intermingling of the chromatin between these
regions with potential implications in gene expression (Branco and Pombo, 2006). Within
chromosomes, large scale so called “A/B” compartments, which tend to correspond to euchromatin
and heterochromatin, tend to associate with themselves but not to each other. A/B compartments are
generally a measure of the chromatin states and correlate respectively with active/repressed regions
in terms of transcription, early/late replicating regions or LTR poor/LTR rich regions (Solovei et al.,
2016). Moreover, heterochromatin tends to be located towards the periphery of the nucleus, where
inactive genes can be found (Croft et al., 1999). Note that A/B compartment size determined by
chromosome conformation capture (3C) is also highly dependent on the resolution of the experiment,
and the biocomputing analysis (Harris et al., 2023). At a smaller scale, topologically associated
domains (TADs) were described by 3C approaches as domains that tended to interact preferentially
together (Dixon et al.,, 2012; Lieberman-Aiden et al., 2009). These tens to hundreds kb long
TADs are formed by SMC complex-driven genome folding, which will be described in the following
sections (Part 2 - 4). This higher order architecture of genomes has multi-faceted roles in gene
expression, DNA repair or gene expression and potentially many other functions intricated with each
other which are far outside the scope of this manuscript (Davidson et al., 2019; Solovei et al.,

2016).

During mitosis, chromosomes are reshaped in a striking manner into rod-like structures in vertebrates.

While the basic unit of chromatin at the mesoscale, that of contact domains, is retained during mitosis
(Nozaki etal., 2017), the mitotic chromosome is also shaped by loop forming SMC complexes
(Gibcus et al., 2018). The reshaping of interphase chromosomes into mitotic chromosomes makes
them into a platforms competent for the accurate and precise segregation of sister chromatids to the
respective daughter cells. First, it enables linear compaction of each individual chromosomes and
generates a stiffer structure amenable for crosstalks with cytoskeletal components. Second, and
crucially, the process of condensation also must involve some activity to separate each DNA molecule

generated after the process of replication, removing entanglements that would antagonize this
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process (Nasmyth, 2001). This must be done while keeping them in close proximity to ensure
daughter cells receive each the appropriate chromatids to maintain their karyotypes. Additionally, in
the context of meiosis, for sexual reproduction, the rod shaped chromosomes provide the opportunity
for meiotic bivalents to cross-over to introduce variation in the offspring. Finally, the mitotic
chromosome has roles in ensuring the proper architecture of the following interphase (Fg. I4).
Evidence suggest that the position of chromosome territories themselves is retained throughout
mitosis — or at least that chromosomes segregated earlier tend to migrate towards the pole of the
nucleus (Gerlich et al., 2003) and that the organization of centromeres and heterochromatin in
interphase partially relies on a function of condensin II (see following sections) in mitosis

(Hoencamp et al., 2021).
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Fig. I4 The mitotic chromosome must support genome architecture after mitotic exit.

Top : Bookmarking factors (purple) enable the reexpression of genetic programs (orange) even after
transcriptional downregulation. Middle : position of chromosome territories is correlated with posttion of
chromosomes on the metabhase plate. Bottom : Condensin II prevents clusterina of remarkable aenomic loci.
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Part 2 - THE SMC COMPLEXES FOLD CHROMATIN

2.1 The cut mutants and discovery of the SMC complexes

The lab of Mitsuhiro Yanagida performed genetic screens in Schizosaccharomyces pombe of historical
importance for the field of chromosome assembly and segregation during mitosis. Temperature
sensitive mutants from those mutagenetic screens allowed the study of essential genes by conditional
loss of function. Their work identified a striking phenotype during cell division. Mutants of the
topoisomerase 2 (topo II) gene enter into the mitotic process but the segregation of chromosomes is
incomplete and the DNA remains associated as a chromatin bridge, until it is cleaved by the septum
(Uemura and Yanagida, 1984). This phenotype prompted their team to search similar candidates
by a genetic screen, with thermosensitive alleles generating chromatin bridges which they called Cell
Untimely Torn (cut) phenotypes (Hirano et al., 1986) with candidate genes participating in
chromosome segregation. This striking phenotype implied an uncoupling in fission yeast between
chromosome segregation and cytokinesis. Speculatively, these defects in mitosis could therefore occur
not because of a defect in timing of mitosis, but perhaps because of the underlying structure of the
DNA. Importantly, chromatin bridges can be observed in human cells, extend to very long distances
and do not break unless the formation of the cleavage furrow is induced. This can cause genome
variability in contexts such as cancer by inducing DNA damage responses and/or leading to
chromothripsis, either immediately following the bridge or following further cell divisions (Umbreit et
al., 2020). From the initial screen, many key cell-cycle regulators were also identified, such as
Cutl/separase, Cut2/securin, Cut4 and Cut9 as Anaphase Promoting Complex (APC)/C subunits
(Hirano et al., 1986). More importantly, from those screens, the essential genes cut3? and cuti4
were identified, (Saka et al., 1994) whose protein homologs were identified in Xenopus in the same
year as coiled-coil SMC proteins (Hirano and Mitchison, 1994). The characterization of the full

complex called condensin a few years later was performed in Xenopus (Hirano et al., 1997).

In parallel, other labs discovered SMC-like genes. The first bacterial SMC gene, MukB, was discovered
in E. coli (Niki et al., 1991). Later in budding yeast, characterization of subunits of cohesin SMC
(Guacci etal., 1997; Michaelis et al.,, 1997; Strunnikov et al.,, 1993) followed by the

identification of the five subunit complex described in Xenopus and budding yeast (Losada et al.,



1998; Toth et al., 1999). Finally SMC5/6 subunits were identified in another screen (Fousteri and

Lehmann, 2000), completing the discovery of canonical eukaryotic SMC complexes.

2.2 SMC complexes are a conserved feature of all branches of life

The SMC proteins themselves appear conserved in all eukaryotes that have been currently looked at.
In eukaryotes, cohesin participates in genome folding in interphase and cohesion of sister chromatids,
condensin reshapes interphase chromosomes into their mitotic form and SMC5/6 plays as of yet
poorly understood roles in DNA repair. Functional SMC complexes also exist in archaea and bacteria,
where they play a role in chromosome segregation and genome organization, underlining their
ancestral nature. This strongly suggests that an ancestral SMC complex gave rise to the diversity of

SMC complexes observed in other species.

SMC complexes follow highly conserved structural principles : they organize around coiled-coil SMC
proteins which dimerize in all organisms at the hinge (Hirano and Hirano, 2002) (Fg. I5). These
coiled-coil proteins fold on themselves at the hinge and bring together Walker A and Walker B
domains, reminiscent of ABC-ATPase transporter cassettes. This forms globular ATPase heads which
hold two chambers that can accommodate one ATP molecule each. These globular heads can be
brought together to enable ATP hydrolysis. The SMC dimer then associates to a flexible kleisin subunit
which contacts the v-SMC neck (neck gate) via its N-terminal extremity and the k-SMC cap via its C-
terminal extremity (Ag. I5). This SMC-kleisin structure forms a topologically closed entity termed the
S-K ring. While this S-K is called a ring, the coiled-coil SMC proteins are very flexible and can be
observed in a variety of conformations, such as a ring-like ‘O’ shape or an'I' shape where coiled-coils
are juxtaposed closely together (Bauer et al., 2021; Ryu et al.,, 2020). Moreover, the coiled-coils
can bend in a way that brings the dimerized hinge domain closer to the ATPase heads (Bauer et al.,
2021; Ryu et al., 2020). The uniformity of this S-K structure nonetheless, across SMC complexes
and species suggests a conserved core function. On top of this tripartite ring, SMC complexes always
display additional regulatory subunits in all species and forms of the complex (Fg. I5, I6). In

bacteria, these subunits are termed KITEs while in eukaryotes they are called HAWKs (FAg. I6).

In vertebrate cohesin, two major variants can be defined by the presence of SA1/SA2, also known as

STAGL/STAG2 (Table I1) (Kojic et al., 2018) and a specific form of cohesin during meiosis bears a
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variant SMC1, a variant kleisin subunit called REC8, and variant HEAT protein called SA3 (Ishiguro,
2019). In vertebrate condensin, two different forms of the complex exist called condensin I and

condensin II. While condensin I is essential and conserved across all eukaryotes, the same cannot be
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Fig. I5 General structure of SMC complexes (1)

Top: SMC coiled cois fold as antiparalel units at the level of the hinge and form a globular ATPase head
by associating their N- and C-ter domains together. Taken from Hirano., 2002. Middle : SMC dimers
associate with a flexible kleisin subunit to form an S-K ring and can accomodate additional subuntts.
Bottom : Globular AT Pase heads can accomodate two ATP molecules. Taken from Hassler et al., 2018.
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said for condensin II (Hoencamp et al.,, 2021). Condensin complexes vary by their HEAT proteins

and their Kkleisin subunit (Table I1) but both play a role during mitosis.

a Bacterial SMC b Condensin € Cohesin
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dimerization __

domain smcd Smic3

E Smc

~:.
Y

SMC
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coiled coil — Scc2

Heads -
Stpﬂi1i?'r

Fig. I6 General structure of SMC complexes (2)

SMC subuntts fold at the level of the hinge on themselves to form anti-parallel coied-coil structures
along their lengths. Bringing their C- and N-ter extremities together they assemble AT Pase heads. SMC
subunits then either homodimerize in bacteria or heterodimerize in eukaryotic SMC complexes. A Kleisin
subuntt binds to the ATPase heads of each SMC subunt to form a tripartite ring (S-K for SMC-Kleisin).
In bacteria, addtional subunits called Kites associate with the SMC complex while in eukaryotes,
regulatory subunits called HAWKs (Heat-Repeat Associated with Kleisin) associate to the complex.
Taken from Yatskevich et al., 2019.

5cc3
Yeq

Pds5

SMC complexes are DNA binding machines, and all complexes associate to DNA in the presence of
ATP. Moreover, this DNA binding is retained after high-salt washes (Cuylen et al., 2011; Gutierrez-
Escribano et al.,, 2020; Murayama et al., 2018; Niki and Yano, 2016) suggesting the complex
is topologically binding DNA, with topological entrapment demonstrated for the cohesin complex
(Haering et al., 2008; Srinivasan et al., 2018). This DNA-binding property is essential for the

ability of SMC complexes to perform their main function of genome folding.

Note that the function of SMC complexes are diverse, and many complexes remain poorly understood
(and some may even remain to be discovered). Other types of SMC complexes in eukaryotes, such as
Mrel1-Rad50-Nbs1 (MRN) (Kinoshita et al., 2009) or SMCHD1 (Gurzau et al.,, 2020) are non-

canonical eukaryotic members of the SMC complexes with functions in double strand break repair and



gene silencing. In C. elegans, a third condensin complex was identified, specifically involved in dosage

compensation — hence called condensin DC — which is a different form of condensin I with the SMC4

subunit replaced by a SMC called DPY-27 (Csankovszki et al., 2009).

Table I1. Diversity of cohesin and condensin subunits

Taken from Oldenkamp et al., 2022

H. Sapiens S. Cerevisiae S. Pombe
(Human) (Budding yeast) (Fission yeast)
Cohesin
SMC1 Smei Psm1
v-SMC SMC3 Smc3 Psm3
2 | a-kieisin SCC1 (RAD21) Scc1 (Med1) Rad21
f{;f Heat-A%%? SCC2 (NIPBL) Scc2 Mis4
Heat-APus> PDSS5A or PDSSB Pdss Pds5
STAG1T or STAG2 Sce3 Psc3
Condensin
SMC4 Smc4 Smc4
v-SMC SMC2 Smc2 Smc2
E y-kleisin CAPH Brn1 Cnd2
"’g'? § |Heatia | CAP-D2 Yesd Cnd1
E: § CAP-G Yeg1 Cnd3
T |Bueisn | CAPH2 - -
_é Heat-1lA CAP-D3 - -
3 CAP-G2 - .

The euryarcheota H. volcanii folds its chromosomes in an SMC dependent fashion (Cockram et al.,
2021) and crenarchea Sulfolobus shows enrichment in B-compartments of low transcription
(analogous to B compartments of eukaryotes) of the SMC complex coalescin CIsN (Takemata et al,,
2019; Takemata and Bell, 2021). In prokaryotes, the main SMC complexes organizing genomes
which are currently studied are the £ coli MukBEF (Lioy et al., 2018) promoting long-range
interactions and the B subtilis SMC-ScpA/ScpB complex which juxtaposes chromosome arms (Wang
etal, 2018, 2017). As argued by (Hirano, 2016) chromosome segregation in bacteria is

performed at the same time as replication occurs. Hence while the SMC complex is important for
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segregation it does not appear to play a role in organizing a scaffold-like structure as seen in
vertebrate mitosis (see Part 4). Additionally, some bacteria have evolved SMC-derived complexes
termed Wadjet, recently characterized, (Deep et al., 2022; Liu et al.,, 2022) acting as “immune
complexes” preventing the transformation of bacteria by foreign circular dsDNA (Doron et al.,

2018).
2.3 SMC complexes are DNA motors and crosslinkers

Despite a shared property of binding DNA and of the conserved S-K ring structure, the diversity of
SMC complexes, of their regulatory subunits, and of their function bring into question whether all

these activities are orchestrated by a same molecular mechanism.

The main model favored currently proposes that SMC complexes act as loop extruding factors (LEF),

i.e they processively enlarge loops of DNA by the process of binding and hydrolyzing ATP (Fg. 17).

Interphase Sister Mitotic
genome chromatid chromosome
Loop extrusion folding cohesion assembly
~ ( - Arm JUXtapostn ’% ! / ‘s ‘ /:f" f éj
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Interphase Mitosis

Fig. I7 Basic functions of SMC complexes

Left : SMC complexes in the favored model act as loop extruding factors (LEF). Taken from Oldenkamp et al.,
2022. Middle : In bacteria, SMC complexes juxtapose chromosome arms during cell division. Taken from Wang.,
et al 2017. Right : In eukaryotes, SMC complexes form loops in interphase by the activity of cohesin and in
mitosis by the activity of condensin. Additionally, cohesin ensures sister chromatids are cohered together just
before anaphase onset. Taken from Oldenkamp et al., 2022



This leads to translocation of the SMC complex, or of the DNA template depending on the observer’s
point of view, and importantly this mechanism explains observations in vivo regarding the
juxtaposition of chromosome arms in bacteria (Wang et al.,, 2017, FAg. I7), the loop structures
formed by cohesin in interphase (Rao et al., 2017a) and the loops formed by condensin in mitosis
(Gibcus et al,, 2018, Fg. I7). While this loop extrusion activity has not been shown directly /n vivo,
it was observed /n vitro in real-time for the condensin complex first (Ganji et al., 2018), then for
cohesin (Davidson et al., 2019; Kim et al.,, 2019) and more recently for SMC5/6 (Pradhan et
al., 2023). The loop extrusion process is thought to occur in two main steps : the first is that the
SMC complex associates to DNA in a salt-sensitive manner but then involves an initial reaction which
allows its loading onto DNA. After this loading, ATP hydrolysis by the SMC complex can render its
association salt-resistant (Eeftens et al., 2017) and proceed to processive ATP-driven loop extrusion
(Ganji et al., 2018). On the other hand, different models based on theoretical simulations and fit to
experimental data (Cheng et al., 2015; Gerguri et al., 2021, Fg. I8) propose that SMC
complexes perform their function as DNA crosslinkers in trans, by capturing a second fragment of
DNA. A known example in vivo of this activity, called diffusion capture, is cohesin which has been
shown to entrap two DNA molecules (Murayama et al., 2018; Srinivasan et al., 2018) and
tethers the products of replication together by a distinct mechanism to loop extrusion (Nagasaka et
al., 2023). Additionally, diffusion capture could be performed indirectly by contacts between different
SMC complexes. This could be the case for clusters of cohesin (Ryu et al.,, 2021a), for proposed
interactions between condensin complexes (Kinoshita et al., 2022) or as reported directly by

condensin (Tang et al., 2023), for the functioning of bacterial SMC as multimers (Hirano and

NG
Diffusion

capture Loop extrusion Diffusion capture

Hirano, 2004), or SMC5/6 as a dimer (Pradhan et al., 2023).

Fig. I8 Loop extrusion and diffusion capture

While loop extrusion relies on a processive mechanism and the translocation of the complex,
diffusion capture relies on capture of DNA in trans. Both mechanisms can in theory produce loops to
fold chromosomes. Taken from Higashi et al. 2022
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In the following section I will discuss in more detail the cohesin complex, which has received the most
attention in experimental studies to understand the functioning of SMC complexes as genome

organizers.

Part 3 — THE COHESIN SMC COMPLEX STRUCTURES THE GENOME IN INTERPHASE

3.1 The cohesin complex holds replicated sister chromatids together

Cohesin is loaded on chromosomes concomitantly with the reappearance of TADs following mitotic
exit (Abramo et al., 2019) and also during S-phase (Zheng et al., 2018), but cohesin establishes
cohesion of sister chromatids only if it was present during S phase (Uhlmann and Nasmyth, 1998).
The ability of cohesins to perform cohesion (in other words, to act as a ‘cohesive’ cohesin) can be
explained by the ability of a single complex to entrap two DNA molecules (Murayama et al., 2018;
Srinivasan et al., 2018), in a manner that relies likely on specific residues of the cohesin SMC hinge
(Nagasaka et al., 2023). Cohesive cohesin can be converted from pre-existing chromatin bound
cohesin or loaded de-novo during S-phase (Srinivasan et al., 2020). The cohesive form of cohesin
is characterized by acetylation at specific residues of SMC3 which are driven by the acetyltransferase
Ecol (Ivanov et al., 2002). Favored models propose that cohesive cohesin is stabilized by this
acetylation which prevents the binding of Wapl, a factor promoting the unloading of cohesin,
(Feytout et al., 2011; Sutani et al., 2009) and by the binding of Sororin which competes with
Pds5/Wapl in vertebrates (Hoencamp and Rowland, 2023). This cycle of loading/unloading
determines the steady-state residence time of chromatin-bound cohesin and is key to establish
cohesion, although the molecular details of cohesion remain under investigation. In the context of
cohesin loading during replication, acetylation relies on the replication fork structure interplaying with
the cohesin SCC2/SCC4 “loader” subunits (Delamarre et al., 2020; Gillespie and Hirano, 2004;
Minamino et al., 2023; Psakhye et al.,, 2023) although whether the HEAT SCC2 is a loader is
currently under discussion (Alonso-Gil and Losada, 2023). The pool of stabilized cohesive cohesin
remains on chromosomes until early mitosis (Gerlich et al.,, 2006b), with some pools retained
specifically at centromeres (Kitajima et al.,, 2004) and at inter-sister chromatid bridges (Chu et al.,
2022). As cells leave metaphase stage, the conjoined activity of the APC/C and separase then cleaves

cohesin to promote the separation of sister chromatids (Uhlmann et al., 1999).
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The timely control of cohesive cohesin maintenance and subsequent removal is therefore crucial for

the proper segregation of mitotic chromosomes.
3.2 The cohesin complex folds interphase genomes by forming loops

While the molecular activity had been proposed much earlier (Nasmyth, 2001) seminal in vitro work
demonstrated in 2018 that the condensin complex could processively enlarge loops of DNA /n vitro
(Ganji et al., 2018) — an activity called loop extrusion thereafter. We discuss the relevance of loop

extrusion in the introduction on condensin and during the Discussion.

This activity was shown /n vitro for the cohesin complex (Davidson et al., 2019; Kim et al., 2019)
and is proposed to be a driver of genome folding. In fact, recent evidence argues that cohesion-
specific mutants can be generated in cell lines (Nagasaka et al., 2023) and that loop extrusion does
not require entrapment of DNA since closure of the S-K ring does not prevent loop expansion
(Davidson et al.,, 2019) strongly suggesting distinct molecular mechanisms. In vitro, loop extrusion
by cohesin requires both HEAT protein NIPBL and the additional HEAT protein MAU2 (Davidson et

al., 2019) and enlarges a loop in a symmetrical fashion, by reeling in DNA from both sides.

The loop extrusion hypothesis argues that cohesin progressively grows a loop over time on chromatin
/n vivo. Such structures can be seen in Hi-C maps as Topologically Associated Domains (TADs) or dots
(Rao et al.,, 2017a) and also as stripes (Vian et al., 2018). Removal of cohesin abolishes these

structures in populations of cells as seen by Hi-C (Rao et al., 2017b). The residence time of cohesin is

a key determinant for the size of these loops and in theory these loops can grow until:

- Their characteristic turnover is reached and cohesin is released from DNA. In cells this residence
time is estimated to ~30mn but removal of Wapl, the cohesin unloader, extends this residence time

by approximately twenty fold (Tedeschi et al.,, 2013). The canonical phenotype of Wapl loss is the
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formation of visible chromosomes (vermicell)) in quiescent cells under the microscope, akin to mitotic
chromosomes (Fg. I9), implying a similar molecular mechanism may exist to form mitotic

chromosomes by condensin.

- The cohesin complex encounters an obstacle, which blocks their translocation. The canonical
examples of this type of obstacle is CTCF, an 11-zinc finger protein that binds to a specific sequence
motif in mammals. In vivo CTCF are found at boundaries of TADs in a convergent manner mostly
(Rao et al.,, 2014) and the orientation of CTCF is key to block translocation of cohesin /n vitro
(Davidson et al.,, 2023, Fg. I10). This provides indirect evidence that cohesin anchors loops by
processively extruding them, since /in vivo if cohesin were simply capturing long-distance sites to bring
them together it would be difficult to explain why most loop anchors would be biased towards
convergence of CTCF motifs and not divergent or other motifs. The physical interaction between
cohesin and CTCF competes with a Wapl binding interface suggesting cohesin is stabilized at CTCF
sites (Li et al., 2020) in a manner dependent on the integrity of the ring (Liu and Dekker, 2022).
Convincing evidence for loop extrusion by cohesin can be found in the literature describing the role of
CTCF orientation in V(D)J recombination. Briefly, in the Igh locus convergent CTCF sites enable
recombination of V(D)J segments, and a specific transcription factor can downregulate Wapl to
increase cohesin residence time and lead to recombination of more distal sites, correlated with a
longer loop (Hill et al., 2020; Peters, 2021). Additional evidence /n vivo for loop extrusion are the
property of active transcription to stall translocating SMC complexes. This was demonstrated
convincingly in bacteria (Tran et al.,, 2017; Wang et al.,, 2017) and several reports provide
evidence that similar properties of SMC cohesin can be found in budding yeast (Jeppsson et al.,

2022a; Lengronne et al.,, 2004) and in vertebrates (Banigan et al., 2023; Busslinger et al., 2017).
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Finally, cohesive cohesin is also likely found enriched at CTCF sites as suggested by the bias of ring
integrity at CTCF sites, and that CTCF sites are biased with sites of cohesion as determined by sister -
chromatid-sensitive Hi-C (Liu and Dekker, 2022; Mitter et al.,, 2020). Convergent or divergent
CTCF sites appear to be positions of early replication origins (Emerson et al., 2022), suggesting
perhaps that while loop extrusion and cohesion are independent molecular mechanisms, blockage of

loop extruding cohesin at CTCF sites may also constitute hotspots of cohesion initation.
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Fig. I10 Cohesion and loop extrusion by cohesin regulation

Cohesin residence time on chromatin is determined by its regulatory activities, with PDS5/WAPL promoting
the unloading of cohesin from chromatin. Taken from Alonso-Gil et al., 2022. Top : Products of replication are
maintained by cohesin from S-phase onwards. Acetylation by acetyltransferase and sororin in vertebrates
stabilize the topological entrapment of DNA by cohesin. Bottom : Processive loop extrusion is stimulated by
NIPBL/SCC2 and MAU2 and unloaded by WAPL and PDS5. A specific oriented motif of the CTCF protein blocks
translocation of cohesin and stabilizes it by competing with Wapl binding, explining how convergent CTCF
sites are hotspots of cohesin-anchored loops. Right : TAD/dot structure disappears after cohesin depletion by
degron and reappears after auxin removal in cells. 800kb box. Taken from Rao et al., 2017.
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Part 4 — THE ASSEMBLY OF MITOTIC CHROMOSOMES BY CONDENSIN AND TOPO II

4.1 Mitotic chromosomes have a scaffold and loops of chromatin

While under a light microscope the contents of a housing the DNA can appear diffuse and perhaps
even disorganized, during M-phase the DNA is converted in visible rod-shaped structures. During the
XIXth century Walther Flemming provided key drawings of rod-shaped mitotic chromosomes following
observations of chromosomes stained by DNA dyes. This reshaping of the contents of a seemingly
disorganized interphase nucleus preceded the segregation of two sets of rods to each daughter cell. A
century after Walter Flemming’s initial observation, Laemmli and colleagues provided striking images
of mitotic chromosomes under electron microscopy after full (Paulson and Laemmli, 1977) or
partial (Earnshaw and Laemmli, 1983) histone depletion. This work argued that the mitotic
chromosome is structured by an electron dense core at the center from which chromatin loops
emanate and can be seen individually on the grid. Both sister chromatids could be observed in these
samples, which appeared to be held together by the core as well. These fibers form loops that
protrude outward and remain partially assembled by individual nucleosomes (Earnshaw and
Laemmli, 1983). The scaffold persisted in 2M NaCl suggesting a tethering component, likely proteic
in nature, held together the metaphase chromosome. The key components of the scaffold were then
purified as Scaffold Component 1 & 2 (Lewis and Laemmli, 1982). Scl was identified first as
topoisomerase II (Earnshaw et al., 1985) and Sc2 was then described as a coiled-coil protein
(Hirano and Mitchison, 1994; Saitoh et al., 1994) and later characterized as the SMC2 subunit

of the condensin complex (Hirano et al., 1997).

More recent studies of vertebrate mitotic chromosomes show that metaphase chromosomes are
covered by a peripheral layer. This structure contributes anywhere from one third to almost half of the
volume of metaphase chromosomes (Booth et al., 2016) and is composed of a multitude of proteins
originating from the nucleolus which all depend on the presence of Ki-67 (Stenstréom et al., 2020).
Ki-67 has been proposed to act as an electrostatic surfactant preventing the intermingling of individual
chromosomes in cells (Cuylen et al., 2016; Takagi et al., 2018) but the function of this peripheral

layer remains relatively unexplored, although it appears non-essential.
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These Sc proteins assembled into mitotic chromosome and formed an internal structure and were
essential for the structure of the rod shaped chromosome and their function (Hirano and Mitchison,
1994) which made them as a key candidate for the mitotic chromosome scaffold. Indeed, staining of
condensin on metaphase chromosomes suggest it is enriched along an axis internal to the
chromosome (Chu et al., 2020a; Maeshima and Laemmli, 2003; Ono et al.,, 2003). Topo II
(read section below) is also found enriched in this axis (Chu et al.,, 2020a; Maeshima and
Laemmli, 2003). The staining of condensin also show it is present on this internal axis in a punctate,
discontinuous manner (Maeshima and Laemmli, 2003; Sun et al., 2018; Walther et al., 2018).
Consistent as a key player of this scaffold structure identified by Laemmli and colleagues, condensin
association and activity in vivo is defined by a central axis from which loops emanate (Gibcus et al.,
2018; Houlard et al., 2021) at least in vertebrates. Similarly to vertebrates, conditional depletion in
metaphase suggest that the assembly of mitotic chromosomes is completely dependent on condensin
in fission yeast (Kakui et al., 2017). While the proteinaceous scaffold of mitotic sister chromatids is
described as being composed of condensin, topo II and Kif4A in vertebrates (Paulson et al., 2021)
it could also be argued that the scaffold structure itself results from the activity of SMC complexes and

topo 1II.

4.2 The condensin complex

Condensin works as a key chromosomal organizer of the genome and functions on chromatin as a
pentameric complex (Kimura and Hirano, 2000). Crucially, phosphorylation of condensin by Cdk
1/Cdc2 is required to promote its activity (Kimura et al., 1998). Furthermore, to condense assembly
of chromatin into mitotic chromosomes in a minimal system, the sole phosphorylation of condensin by
Cdk1 is sufficient, while phosphorylation by Aurora B is not (MacCallum et al., 2002; Shintomi et
al., 2015). Note that the picture in vivo and depending on the species might be different.
Hyperactivation of condensin by Polo-kinase (Plkl)-dependent phosphorylation is required in anaphase

(St-Pierre et al., 2009).

In vertebrates two versions of the pentameric condensin complex exist, named condensin I and
condensin II (Ono et al., 2003). In both complexes there are two common subunits SMC2 and

SMC4. Kleisin in condensin I (CAP-H/Cnd2/Brnl) or in condensin II (CAP-H2) is a long flexible protein
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Fig. I11 Condensin structure and defects upon condensin loss of function
(A) Scheme of the pentameric condensin complex with names in vertebrate, budding yeast and fission yeast from
top to bottom. (B) Left : Cytological stages of anaphase in wild-type Right : Chromatin bridge phenotype during

anaphase. Scale bars are 5pm. (C) Representative Hi-C distance law and its slope showing defects in mitotic
chromosome folding associated with the temperature sensitive alleles cuf3-477 and cuti4-208. (D) Phenotypes

associated to the rheology of mitotic chromosomes.

and will bind the SMC2 neck (the coiled coil region just above the ATPase head) via its N-terminal
extremity and the SMC4 cap (at the bottom of the SMC4 head) via its C-terminal extremity. The
coiled-coil structure is flexible. It has been observed in different species in a “rod” or “open”

conformation (Eeftens et al., 2016; Ryu et al., 2020) and the hinge can bend towards the ATPase
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heads thanks to local flexibility at an ‘elbow’ region in the coiled coil arms (Eeftens et al., 2016; Lee
et al.,, 2020; Ryu et al., 2020). The SMC4 hinge contacts the SMC2 coiled-coil and this bend is
particularly pronounced in condensin (2/3 of the length) (Lee et al., 2020) while it is shorter in
cohesin complexes and bacterial SMC complexes. Each of the three subunits then associates with
HAWK subunits (Heat-Repeat Associating With Kleisin) which differ between condensin I and
condensin II. These are CAP-D2/Ycs4/Cndl and CAP-G/Ycgl/Cnd3 for condensin I and CAP-D3, CAP-

G2 in condensin II.

The functional specificities between these two variant complexes have not been fully elucidated. Both
complexes associate to chromatin with large differences in residence time in vivo (~5mn vs ~25mn+)
(Gerlich et al., 2006a) but associate at different stages of mitosis. Condensin II is nuclear during
interphase and binds to DNA as early as S-phase (Ono et al., 2013) and remains bound until the
start of mitosis and is not significantly enriched upon progression through M (Gerlich et al., 2006a;
Samejima et al., 2022). Condensin I however is cytoplasmic, gains access to chromosomes upon
Nuclear Enveloppe BreakDown (NEBD) and is enriched on chromosomes from prometaphase onwards
(Ono et al.,, 2004; Shintomi and Hirano, 2011). Both condensin complexes control different
condensation phenotypes of mitotic chromosomes (Ono et al., 2003), with condensin II establishing
longer-range structures than condensin I (Gibcus et al., 2018) and being more internal within
chromosomes than condensin I (Shintomi et al., 2017; Walther et al., 2018). Condensin I and II
appear to be mostly non-overlapping particularly at centromeres where condensin II appears bound
specifically (Ono et al., 2004) and also along arms although there is some overlap (Ono et al.,
2004; Sun et al., 2018; Walther et al., 2018). Condensin II is present in prophase and leads to
individualized, long chromosomes, which become shorter and fatter upon NEBD (Liang et al., 2015) at
prometaphase when condensin I gains access to the nucleus (Gerlich et al.,, 2006a). Condensin I is
more abundant than condensin II and the 5:1 LI ratio is important for the shape of chromosomes
(Shintomi and Hirano, 2011) and from metaphase to anaphase the ratio of condensin I/II

increases (Walther et al., 2018).

Finally, attributed loop sizes of 80kb to condensin I and 400 kb to condensin II (Gibcus et al.,, 2018)

coincidentally respect the stoichiometric 5:1 ratio of condensin LIl in metaphase (Shintomi and
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Hirano, 2011). The current model of vertebrate chromosomes (Gibcus et al.,, 2018; Walther et
al., 2018) proposes that condensin II binds to form loops of 400kb and condensin I binds in late
prophase to form nested loops of 80kb, with condensin II contributing to axial shortening while

condensin I in lateral compaction (Shintomi and Hirano, 2011).

SMC/Condensin is required for viability in all organisms with a few exceptions, notably E.coli MukBEF
is not strictly essential (Niki et al., 1991), similarly for SMC in B. subtilis (Biirmann et al., 2017),
H. volcanii (Cockram et al., 2021) and condensin II in some species like red algae (Fujiwara et

al., 2013).

Defects in mitotic condensin function leads to several defects in the architecture of metaphase
chromosomes and their ability to segregate during anaphase (Fg. I11). The most obvious is the
stereotypical phenotype of chromatin bridges (Gerlich et al.,, 2006a; Hirano et al., 1986;
Piskadlo et al., 2017). Loss of condensin also leads to centromere stretching by microtubules
(Piskadlo et al., 2017; Schneider et al., 2022) and to lower stiffness of the chromatid in general
when probed by micropipettes (Sun et al., 2018). This mechanical property can also be observed in
budding yeast anaphase where a partial deficiency of condensin prevents the recoiling of sister
chromatids once separated (Renshaw et al,, 2010). Other, less investigated roles in cell physiology
have been described. An early report suggested that the kleisin subunit played a role in DNA
replication and repair (Aono et al.,, 2002). More recent work shows that condensin II promotes the
disjunction of replicated sister chromatids as early as S phase (Ono et al., 2013) and depletion of
condensin in G2 phase has been shown to trigger both increased chromatin mobility and potentially
double strand breaks (Kakui et al., 2020). Unexpected roles of condensin outside of mitosis are yet
to be investigated more deeply. Importantly, condensin II provides more mechanical stiffness to
metaphase chromosomes than condensin I (Sun et al., 2018). Moreover, condensin II appears to
specifically be involved in the prevention of ultrafine bridges (Elbatsh et al., 2019). While eukaryotic
condensin is conserved in all species, this is not the case for condensin II subunits, which are not
conserved in all lineages. Fungi such as fission yeast and budding yeast only have a single kind of
condensin complex, which resembles condensin I, although while condensin in fission yeast gains

access to chromosomes during mitosis, condensin in budding yeast is already nuclear at S phase
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similarly to condensin II (Bhalla et al., 2002). In general, condensin II appears to have been lost
multiple times across evolution (Hirano, 2016; Hoencamp et al.,, 2021) which could potentially be

responsible for reproductive barriers during fertilization (Yakoubi and Akera, 2022).

4.3 Condensin structure and the ATPase cycle

The condensin complex (but this rationale can be extended to other SMC complexes) requires
functional ATP binding and hydrolysis to assemble mitotic chromosomes. The ATPase heads in the
condensin complex resemble the Walker motifs found in other protein complexes, such as ABC

transporter cassettes or other motors like kinesins or dyneins.

The ATPase heads can theoretically accomodate 2 ATP molecules per hydrolysis events, but the
binding events are asymmetric. Indeed, the SMC2 head by itself in a complex cannot bind or
hydrolyse ATP and ATP binding at the SMC2 head requires a comformational change determined by a
previous ATP binding at the SMC4 head (Hassler et al., 2019). Complexifying this, the two ATPase
sites formed by SMC2-SMC4 head engagement appear to have different functions in condensin.
Mutants in the ATPase site AS2, show hypercondensation phenotypes while mutants in the other site
AS1 show hypocondensation (Elbatsh et al., 2019) consistent with AS1 being the site that can
initate ATP binding (Hassler et al., 2019, Fg. I12). Although mechanistic and structural
explanations for this remain unclear, the AS2LV mutant appears to form less Z-loops (Elbatsh et al.,

2019) which have therefore been proposed to limit loop size to explain the condensation phenotypes.

Nonetheless, ATP binding drives a conformational change which can bring the far apart SMC ATPase
heads closer together and lead to the bending of the coiled coils into a more open state (Lee et al.,,
2020) which can accommodate dsDNA inside the ring just above the ATPase heads (Lee et al.,
2022; Shaltiel et al., 2022). This position of dsDNA just above the heads, covered by kleisin, is
functionally relevant as it is conserved in cohesin complexes (Higashi et al., 2020; Shi et al.,
2020) and E.coli and B. subtilis bacterial SMC complexes (Biirmann et al.,, 2021; Vazquez Nunez
et al.,, 2019). Importantly, ATP binding drives a chemical change leading to high resistance to pulling

force within the SMC complex, consistent with SMC heads brought closer together (Pobegalov et al.,



44

Smc4 1% Step

Brn1

(B) Smc2 Smc4 ©)
Brn1Ycs4 Yegl clamped

DNA ‘
%—» ‘Clamped" W
D  arr ==

Safety-belt

Apo non-engaged Apo bridged

Fig. I12 Structure of the condensin complex

See text for details. (A) In an apo state, CAP-D2/Cnd1/Y cs4 KG-loop interacts with Smc4 W-loop. Upon
ATP binding, SMC2 and SMC4 heads bind together, excluding CAP-D2/Cnd1/Y cs4. A second ATP binding
event can occur and leads to the opening of the neck-gate between SMC2 and CAP-H/Cnd2/Brnl. Taken
from Hassler et al., 2019 (B) Cryo-EM of condensin complex without ATP, with the visible rod shape and
bend. In cryo-EM images, it is challenging to visualze a class-average of the kleisin subunit due to its
flexibility. Taken from Lee et al., 2020 (C) Condensin complex in the presence of ATP and DNA. Condensin
binds to the DNA via the safety belt and clamps DNA just above the ATPase heads but this binding
appears to disfavor opening of the neck gate. Taken from Lee et al., 2022

2023). Additionally, ATP binding in vitro is the step required for stepwise compaction by condensin

(Ryu et al., 2021b) suggesting that ATP binding and not hydrolysis is the event generating the
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power stroke necessary for processive loop extrusion observed in vitro (Ganji et al.,, 2018).

The position of HAWK subunits relative to the rest of the complex is flexible, potentially due to their
association with kleisin, and are thus not often well resolved in cryo-EM images. Without DNA, when
condensin is in an apo state, CAP-G/Ycg1/Cnd3 is not well resolved while CAP-D2/Ycs4/Cnd1 is close
to the ATPase heads. Ycs4 contacts SMC4 with its HEAT repeats 18-19 forming a conserved KG-loop
interacting with a SMC4 W-loop (Hassler et al.,, 2019). Upon ATP binding however, Ycs4 is not seen
close to the ATPase heads and instead Ycgl is brought closer (Lee et al., 2020). Consistent with
this, ATP binding prevents the copurification of CAP-D2/Ycs4/Cnd1l with CAP-G/Ycg1l/Cnd3, a minimal
kleisin and SMC2/4 heterodimers (Lee et al., 2020). Importantly, the KG-loop/W-loop interaction
described above has been proposed to mediate interactions between different condensin complexes

(Kinoshita et al., 2022).

Strikingly, ATP binding also leads to the opening of the kleisin gate near the neck of SMC2 as shown
by TEV cleavage experiments (Hassler et al., 2019). However this same phenomenon is not seen
when the complex binds ATP in the presence of DNA (Lee et al., 2022). In the same vein, an ATP-
bound condensin complex in the presence of DNA does not prevent the association of CAP-
D2/Ycs4/Cndl to the SMC head gate (Shaltiel et al.,, 2022). Recent evidence has suggested that
the N-terminal tail of CAP-H prevents the opening of the SMC2 neck-CAP-H gate, and that this is
relieved upon phosphorylation by Cdkl (Tane et al., 2022) which could provide an initial DNA
loading activity onto chromatin. These features underline the possibility of different conformations for
the loading of condensin on DNA versus processive loop expansion once bound. CAP-G/Ycgl/Cnd3
associates with kleisin to form a “safety belt” structure (Ag. I12C) which can entrap DNA via
positively charged surfaces of the HEAT -repeat. This domain is also important to provide a DNA
dependent stimulation of condensin ATPase activity (Kschonsak et al., 2017). Importantly this
safety belt is the domain anchoring the condensin complex to DNA during the loop extrusion reaction
(Shatltiel et al.,, 2022). How the DNA is moved relative to the condensin holocomplex during the
process of loop expansion remains unclear, but it must accommodate DNA at two positions (at the

very least, but could be more). One of these being the CAP-G/CAP-H safety belt as an anchor point,
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the remaining known DNA binding sites are likely candidates to investigate for the other positions for

DNA loop expansion.

Certain models have proposed the hinge domain as an anchor point since it has flexibility (Eeftens et
al., 2016) to potentially grab DNA. However, the flexibility is driven by thermal motion (Pobegalov
et al.,, 2023) and it is far more parsimonious for head-head engagement by ATP binding to generate
the power stroke necessary to extrude the loop. Despite this, the length of the coiled-coil is under
strong selective pressure to respect a certain phasing (Biirmann et al., 2017) potentially hinting at
a physiologically relevant function of the hinge movement. Another DNA contact could be the
observed position of dsDNA just above the ATPase heads (Lee et al., 2022) but what kind of motion

of DNA starting from this position would lead to processive expansion is not known.

4.4 Condensin molecular activities

Many molecular activities, all seemingly different, have been attributed to condensin. It is clear that
the ATP-dependent hydrolysis activity of condensin is required for its function but whether some of
these activities can be uncoupled from each other or can be differentiated on structural basis of the

condensin complex is not clear.

Loop _extrusion hypothesis

The main activity attributed to condensin which has gained a lot of traction remains it’s ability to
translocate on DNA /n vitro (Terakawa et al., 2017) and to initiate and then enlarge loops of DNA
(Ganji et al., 2018) both in an ATP-dependent fashion. The experiment from Ganji et al., led to the
innovation of the loop extrusion assay, allowing the visualization of processive loop enlargement from
a DNA tethered on a flowcell upon SMC addition. At the base of these loops single condensin
complexes are found (Kong et al., 2020), although examples with two complexes were also
described (Kim et al., 2020; Kong et al., 2020). This loop extrusion activity is in major part

asymmetric in the case of condensin I (Ganji et al., 2018; Golfier et al., 2020; Kong et al.,



2020), meaning once condensin is bound and begins to enlarge a loop it does so only from one side

in contrast with human cohesin which enlarges loops symmetrically (Davidson et al.,, 2019; Kim et

al.,, 2019). In the system of Ganji and colleagues condensin hydrolyzes ~2 ATP molecules per second

and on average extrudes a loop at an average speed of ~600b per second. This processivity is highly
dependent on the tension/slack of the DNA molecule as very low forces ~1pN can stall condensin loop
formation (Ganji et al.,, 2018) but these parameters potentially do not reflect the mitotic activity of
condensin as it was recovered from cycling cells. When Xenopus egg extracts (with the majority of
histones removed) are provided instead of minimally purified components (Golfier et al., 2020) the
speed of loop extrusion reaches an average of ~2kb/s, remains in majority asymmetric and displays

even lower stall forces on average ~0.15pN.

While loop extrusion has not been observed in vivo several lines of supporting evidence have

suggested it is a bona fide activity of condensin :

1/ This activity was convincingly shown /n vitro with single molecule assays in real-time and is
conserved in the cohesin complex (Davidson et al., 2019; Kim et al., 2019) and in the SMC5/6
complex (Pradhan et al., 2023). Accumulating evidence suggests that loop extrusion is a
mechanism shaping chromosomes during interphase (see Part 3) and in bacteria (Wang et al.,

2017).

2/ This activity in vitro can be abolished by mutations preventing the binding of ATP (Ganji et al.,
2018) or using safety-belt mutants which lead to events of anchor slippage and loss of translocation

directionality (Ganji et al., 2018; Shaltiel et al., 2022).

3/ It provides a consistent way of compacting linearly the DNA (Banigan and Mirny, 2020) while
resolving sister entanglements in a single mechanism in mitotic chromosomes (Brahmachari and
Marko, 2019) consistent with the interplay between condensin and topo II (Baxter et al., 2011;
Charbin et al., 2014). In vivo structures (Earnshaw and Laemmli, 1983; Paulson and

Laemmli, 1977) are consistent with loops and were confirmed to be condensin-dependent units of
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mitotic chromosomes (Gibcus et al., 2018). Additionally, while NGS approaches cannot provide
time-sensitive information, certain features associated to cohesin fit with a processive activity to form
domains; such as stripes in Hi-C maps (Costantino et al., 2020; Dauban et al., 2020; Gibcus et al.,
2018; Rao et al., 2017b) ; or convergent CTCF barriers which prevents loop extrusion (Davidson et

al., 2023) where cohesin accumulates in vivo (de Wit et al., 2015).

4/ Finally, extending the residence time of an SMC complex also increases the size of these structures,
as seen for both cohesin (Haarhuis et al., 2017; Tedeschi et al., 2013) and condensin II
(Houlard et al., 2021) which promotes the formation of ‘mitotic-like’ chromosomes in interphase.

Nonetheless, /n vivo evidence for loop extrusion by condensin remains more scarce than for cohesin.

A recent preprint (Guérin et al., 2023) however reports that yeast expressing a loop extrusion

mutant form of cohesin grows on plates as well as wild-type, bringing into question the physiological

relevance of cohesin loop extrusion at least in budding yeast.

Diffusion capture

An alternative model to the activity of condensin by loop extrusion is a stochastic pair-wise interaction
model, called diffusion capture (Cheng et al., 2015; Gerguri et al., 2021). In this model,
condensin, after binding to one site on a genome, would then establish a contact with a second locus
on the genome and bring far-apart sites closer together. Theoretical simulations of this model
reproduce more efficiently experimental features of mitotic Hi-C maps and changes in DNA

compaction compared to loop extrusion in fission yeast (Gerguri et al., 2021).

A recent report suggests that the assembly of the axis relies, at least in part, on an activity that is not

loop extrusion and relies on interactions between condensin complexes (Kinoshita et al., 2022).

Said tetrameric ACAP-G condensin complex is incapable of loop extrusion (Kinoshita et al., 2022)
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yet it can participate in mitotic chromosome assembly through a function performed by CAP-D2
(Kinoshita et al., 2022) which is consistent with opposite roles of CAP-G and CAP-D2 subunits in
axis assembly described previously and the ability of CAP-G less complex to bind to chromosomes
(Kinoshita et al., 2015). This activity has been proposed to be established due to interactions
mediated between the CAP-D2 KG-loop and the SMC4 head W-loop, which should also exist for
condensin II (Kinoshita et al., 2022). These results are striking and have further implications : they
give molecular weight to proposed models of mitotic chromosome condensation by diffusion capture
(Gerguri et al., 2021). Condensin multimerization could therefore stabilize, or provide a mechanism
for, these long-range interactions without a loop extrusion mechanism. Indeed, clustering of
condensin would be consistent with observations regarding cohesin complexes (Ryu et al., 2021a),
BsSMC (Kim and Loparo, 2016) and some proposed condensin-condensin interactions (Eeftens et
al,, 2016; Kim et al., 2020) in vitro and could provide a mechanism to organize large domains, or

to stabilize them.

Supercoiling and DNA reannealing

Condensin can promote the positive supercoiling of DNA /n vitro (Kimura et al., 1999; Kimura and
Hirano, 1997; Martinez-Garcia et al., 2022) but this is observed at high concentrations of
condensin, at more than 1 complex per 100bp (Martinez-Garcia et al., 2022). However,
supercoiling could be a consequence of the activity of a single complex as seen /n vitro (Bazett-
Jones et al., 2002; Kim et al., 2022), although whether this supercoiling would be positive is
unclear, and whether it exists in a condensin-dependent manner /n vivo as well.

Condensin has also been shown to reanneal single stranded DNA in a manner that requires only the
SMC heterodimer (Akai et al., 2011; Sakai et al., 2003; Sutani and Yanagida, 1997) which are
presumably binding to ssDNA. This activity is not seen with a cohesin heterodimer and is seen at
relatively high concentrations of condensin ~40nM (Sakai et al., 2003), despite cohesin being
reported to capture ssDNA only during second strand capture assays (Murayama et al.,, 2018).
Crucially this activity becomes temperature sensitive when ts mutants ( cut?4-208 and cut3-477 used

in our studies) of the heterodimer are purified and used for the assay (Sutani and Yanagida,



1997). This activity has been proposed to be important during the segregation of chromosomes in

anaphase (Nakazawa et al., 2019; Sutani et al., 2015) but remains to this day unexplored.

Topological entrapment

Experiments have also suggested the structural integrity of the S-K ring (Cuylen et al., 2013, 2011)
is important for retaining DNA within the complex consistent with what is observed for bacteria
(Wilhelm et al,, 2015). As discussed by (Yatskevich et al., 2019), in papers claiming condensin
establishes topological entrapment (Cuylen et al., 2013, 2011; Tane et al,, 2022), the complex
simply retains DNA under high salt washes. While topological entrapment was demonstrated by
crosslinking experiments for cohesin (Haering et al., 2008; Srinivasan et al., 2018) similar
experimental proof remains lacking for condensin. Recent experimental evidence in loop extrusion
assays suggest the path of DNA to be likely pseudo-topological (Pradhan et al., 2022) bringing into

question topological entrapment of DNA by condensin.

4.5 The architectural changes of mitotic chromosomes

While the mitotic chromosome is well understood to contain a proteinaceous scaffold forming two
axes (one within each sister-chromatids), with loops of DNA emanating from this scaffold, and a
peripheral layer in metaphase, there are multiple complexities underlying the shape of mitotic

chromosomes.

Over the course of mitosis, the chromosome does not simply become more and more compact in a
progressive fashion, but experiences significant morphological changes in cells. I provide a scheme
describing the morphological changes chromosomes experience (mostly in M) with description of the

presence of SMC structural components.

First is the apparent condensation of G2 chromosomes into visible, individual units during prophase.
Chromosomes condense into bent structures during early/mid prophase (Kireeva et al., 2004; Liang et
al., 2015) and overall tend to straighten from late prophase onwards and well into metaphase (Liang
et al., 2015). While sister chromatids cannot be discerned very well in early prophase images (Kireeva

et al., 2004; Liang et al., 2015) they can be distinguished in late prophase (Chu et al., 2020a;
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Kireeva et al.,, 2004). These observations are consistent with the modulation of SMC complexes
during early mitosis. In G2/early prophase, condensin II and cohesin are bound to chromosomes.
Cohesin removal from chromosome arms by Wapl coincides with the appearance of ‘bubbles’ in late
prophase which helps resolve sister chromatids (Chu et al., 2020a) and coincides with a reported
expansion in volume (Chu et al.,, 2020a; Kireeva et al.,, 2004). Moreover, the progressive
macroscopic straightening of chromosomes from G2 to metaphase is consistent with the proposed
function of condensin II as shortening the axis (Shintomi and Hirano, 2011) and to its presence
on chromosomes at the very start of mitosis. During this resolution of sister chromatids in late
prophase, links between sister chromatids (bridges) remain and retain cohesin (Chu et al., 2020a)
but are removed during anaphase (Chu et al.,, 2022), after the conserved cohesin tethers at

centromeres.

After NEBD, chromosomes progress through prometaphase to metaphase. Chromosomes appear
straightened and take on a rod shape (although they show some flexibility, as pictures of
chromosomes aggregating in metaphase plates suggest). They are thicker and shorter, and they tend
to become more so as metaphase progresses (Gibcus et al., 2018). In metaphase chromosomes,
condensin I has gained access to the DNA and drives lateral compaction of the chromosome
(Shintomi and Hirano, 2011) and its proper activity in chromosome morphology likely relies on the

presence of a pre-existing condensin II axis (Shintomi et al., 2017).

The exact shape of the mitotic chromosome is still under investigation. The main model argues that
chromatin loops emanate radially in a helical manner from the internal axis of metaphase chromosome
(Gibcus et al., 2018). In this landmark study, modelling approaches combined with Hi-C data
suggest that the best fit for mitotic chromosomes are loops with correlated orientations and that the
appearance of a second diagonal band in metaphase Hi-C maps, suggesting a periodic structure, can
be most parsimoniously explained by a helical structure. The helical structure of mitotic chromosomes
is an old model (de la Tour and Laemmli, 1988) and is consistent with optical sectioning data.
However this data was obtained from extracted chromosomes in metaphase, and does not necessarily
accurately reflect the picture of mitotic chromosomes in vivo (Kireeva et al., 2004). This helical

organization has in fact been brought into question by another group with the following arguments
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(Chu et al.,, 2020a): a/ the centroid of axis components (here topo II) does not follow a helix but a
planar path (with bends) b/ Z stacking of chromosomes is not consistent with the shape of a helix ¢/

helical coiling of chromatin would generate mechanical constraints on the sister chromatid. Other
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studies after Gibcus and colleagues have provided experimental evidence consistent with a helical
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scaffold in vertebrate cells (Kubalova et al., 2023; Phengchat et al., 2019). 3D-SIM of fixed
chromosomes also suggest a double stranded helix per chromatid (Poonperm et al., 2015).
Perhaps these apparent contradictions underscore a difference in organization between early mitotic

chromosomes and metaphase chromosomes.

4.6 Topoisomerase II is a required complementary activity of condensin

Historically the cut phenotype which described the function of condensin SMC proteins was identified

earlier as a phenotype of topoisomerase II (topo II) deficiency (Uemura and Yanagida, 1984).

Topo II is found in the vicinity of condensin, on the mitotic chromosome (Cuvier and Hirano, 2003;
Maeshima and Laemmli, 2003; Nielsen et al., 2020; Shintomi and Hirano, 2021) although
whether it has a scaffolding role has been the source of conflicting observations (Hirano and
Mitchison, 1993; Nielsen et al.,, 2020). What is clear is that topo II on mitotic chromosomes is
resistant to 600 mM NaCl when chromosomes have undergone replication beforehand but detach from

mitotic chromosomes otherwise (Cuvier and Hirano, 2003).

Despite this context-dependent association, topo II is absolutely required for the condensation of
mitotic chromosomes even when it is not resistant to salt (Cuvier and Hirano, 2003; Shintomi et
al., 2015; Shintomi and Hirano, 2021). Topo II participates in both individualization of mitotic
chromosomes and their thickening, with the step required to generate thickening requires on intra-
chromatid contacts established in a manner dependent on the C-terminal domain of Topo II, which
maintains its association to chromatin (Shintomi and Hirano, 2021). Importantly, topo II has been
shown to interplay with condensin function. Topo II stimulates the positive supercoiling activity of
condensin (Kimura et al., 1999) and promotes the proper positioning of condensin (Morao et al.,
2022), while condensin drives the activity of topo II towards decatenation (Baxter et al., 2011;

Charbin et al., 2014; Piskadlo et al., 2017).

This interplay provides a potential pathway for the importance of resolving entanglements between
sister chromatids prior to anaphase onset, as decatenation via topo II would resolve these

entanglements and prevent the formation of chromatin bridges.



Cohesin has recently been shown to resolve entanglements of sister chromatids in G2 (Batty et al.,
2023), underlining the possibility that topo II activity may also be important for decatenation in a
manner that relies on cohesin activity (at least just after S phase). Nonetheless, as chromosomes
progress through mitosis, sister chromatids split during prophase in a manner that depends on topo II
activity (Chu et al., 2020b) and condensin II (Nagasaka et al., 2016). Then, the final step of
sister chromatid separation relies on topo II activity as adjunction of ICRF193 during anaphase
prevents its completion (Chu et al.,, 2022) although we argue that the final step, being telomere

resolution (Chu et al., 2022) is actually independent of topo II (see Part 5).

4.7 Condensin localization

While microscopy suggests condensin bounds across the axis of chromosomes in vertebrates, ChIP-
seq studies have systematically found among eukaryotes that condensin is enriched at highly
expressed genes in C.elegans (Kranz et al., 2013) fission yeast and human (Sutani et al., 2015),
budding yeast (D’Ambrosio et al., 2008), chicken (Kim et al., 2013) and potentially many others. In
vertebrates this enrichment is found at the 5’ end of genes, specifically at promoters (Kim et al.,
2013; Sutani et al., 2015; Yuen et al., 2017) while in fission yeast whose transcription is not
downregulated this enrichment is significant at the 3’ end of transcribed genes (Sutani et al.,
2015). Additional factors have been shown to position condensin in cis at the rDNA (Nakazawa et
al., 2008) and at the centromere (Nakazawa et al., 2008; Tada et al.,, 2011). Several examples
of transcription factors such as TFIIIC (D’Ambrosio et al., 2008; Yuen et al., 2017) or fission yeast-
specific transcription factors (Kim et al., 2016) appear to position condensin. The hosting lab also
showed that chromatin remodelers acting at the promoter were important for condensin association
genome-wide and for condensation (Toselli-Mollereau et al., 2016).

Despite peaks visible by ChIP-seq, there is ho obvious bias for the establishment of long-range
contacts from these loci in chicken (Gibcus et al., 2018) or a very mild one in fission yeast (Kakui
et al., 2017), bringing into question the biological significance of this peak, which we discuss in Part

6.

4.8 The chromatin of mitotic chromosomes
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As cells enter mitosis, multiple alterations to chromatin can be reported.

Transcription

In vertebrates transcription in mitosis is downregulated (Palozola et al.,, 2017) even on viral DNA
that has infected a cell (Spencer et al., 2000) and this downregulation is likely established at least
in part by Cdkl (Gebara et al., 1997; Leresche et al.,, 1996). Low levels of transcription can be
observed however, and even some subset of genes are reported to be maintained/upregulated in M
(Palozola et al., 2017). Specific transcription at the kinetochore in mitosis can be observed, and
this transcriptional activity appears to have a role in preventing lagging chromosomes in anaphase
(Chan et al., 2012). Specific phosphorylation of threonine 4 of the RNAPII CTD is potentially
mediated by Polo-like kinase 1 for localization of RNAPII at the centromere and for proper progression
through mitosis (Hintermair et al.,, 2016). Interestingly, only a minority of genes appear regulated
in fission yeast mitosis, and no obvious strong decrease of transcription is reported (Rustici et al.,

2004).

While accumulating evidence suggests that RNA polymerase transcription drives the positioning of
cohesin, evidence exists as well for condensin although this is less of a trend in the field
(D’'Ambrosio et al.,, 2008; Johzuka and Horiuchi, 2007; Rivosecchi et al,, 2021; Sutani et

al., 2015).

Change in chromatin remodeler binding

In early mitosis, nucleolar chromatin factors as well as components of the nuclear membrane are
depleted from chromatin, before NEBD (Samejima et al., 2022). As cells progress into mitosis,
metaphase chromosomes observe a reduction of the association of chromatin remodelers in large part
(Funabiki et al., 2017), as early as prometaphase (Samejima et al.,, 2022). Whether these
components are fully removed is not clear. For instance, chromatin bound ISWI is reduced to ~25%
of interphase levels in metaphase chromosomes in replicating xenopus egg extracts (MacCallum et
al., 2002) while some components like the FACT histone chaperone (Jenness et al., 2018) and

specific SWI/SNF subunits (Zhu et al., 2023).
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Phosphorylation of chromatin

Threonine 3 of core histone H3 appears as an important amino acid phosphorylated upon mitotic entry
by Haspin, one of the targets of the Cdkl-cyclin, in a Polo-like kinase 1 dependent manner (Zhou et
al., 2014). This mitotic phosphorylation is important to enable the binding of the Aurora
B/Chromosomal Passenger Complex (CPC) at centromeres (Wang et al., 2010). H3 appears to be a
substrate for mitotic cascades of phosphorylation via H3T3 which supports the assembly of the CPC
and activation of Aurora B to form the spindle (Kelly et al., 2010; Zierhut et al., 2014). Moreover,
dephosphorylation of H3T3ph and removal of the CPC appear required to decondense chromosomes
(Kelly et al.,, 2010). In that context, H3T3ph seems to play a signaling role. Another histone
phosphorylation which occurs in mitosis is phosphorylation of serine 10 of core histone H3 (H3S10ph).
In interphase, this modification is present at promoters of more highly expressed genes and also
regions of early replication timing (Chen et al., 2018) but waves of phosphorylation of Serine 10 of
core histone H3 seem to occur in early mitosis (Van Hooser et al., 1998) by an Aurora B dependent
mechanism, potentially downstream of H3T3ph. In budding yeast it was proposed that H3S10ph
promotes compaction by recruiting a histone deacetylase (Wilkins et al.,, 2014) although this
histone modification seems not required for the proper transmission of mitotic chromosomes to
daughter cells as H3S10A show little phenotype (Hsu et al., 2000), although this same mutation
causes defects in chromosome segregation in mitosis of Tetrahymena micronuclei (Wei et al.,

1999),

HP1 is also a target of phosphorylation during mitosis (Nishibuchi et al., 2019) and is removed
from mitotic chromatin concomitantly by Aurora B-dependent H3S10ph (Fschle et al., 2005; Hirota
et al.,, 2005). Despite this, a subset of HP1a is retained on mitotic chromosomes at centromeres
(Serrano et al., 2009). HP1a provides mechanical stiffness to chromosomes and its depletion leads
to defects in chromosome segregation (Strom et al.,, 2021). This has been argued to be
independent of histone methylation which can also bring stiffness to mitotic chromosomes (Biggs et

al., 2019; Strom et al.,, 2021).

Compaction _and chromatin_structure




Inhibiting deacetylation in mitosis does reduce the compaction of chromosomes (Cimini et al.,
2003; Schneider et al., 2022) and a deacetylase mutant Ast24 in budding yeast seems to reduce
compaction (Kruitwagen et al., 2015). Defects in anaphase seem relatively mild, with low number
of lagging chromosomes induced by TSA treatment (Cimini et al., 2003; Schneider et al., 2022).
Hence decompaction by favoring increased acetylation does not seem to impair significantly
chromosomes segregation. Vertebrate mitotic chromatin is capable of greater compaction than
interphase (Zhiteneva et al., 2017), but the exact importance of compaction during mitosis is not
clear. No obvious difference at the average nucleosome scale are observed between interphase and
metaphase chromatin — except for a stable binding of linker histone H1.8 at the dyad in Xenopus
(Arimura et al., 2021), contact domains from interphase are still observed in mitosis (Nozaki et
al.,, 2017) and remarkably the accessibility of chromatin from interphase to mitosis remains largely
unchanged in vertebrates (Djeghloul et al.,, 2020; Hsiung et al.,, 2015), although one can note
enhancers lose accessibility in M (Hsiung et al.,, 2015) and do not form contacts with promoters
(Hsiung et al., 2016), although promoters remain accessible (Hsiung et al., 2015). Hence
compaction is driven in mitosis by an activity acting at a mesoscale level, consistent with

internucleosomal interactions disfavored by acetylation.

4.9 Key problems in the condensin field and biological question of the PhD thesis

Since the characterization of condensin by Tatsuya Hirano (Hirano et al., 1997), key information

was obtained on the complex, namely :

Its role during mitosis in eukaryotes, particularly in condensing and segregating sister
chromatids.

- Its organization within the scaffold and how it is found at the base of loops.

- Its loop extruding activity shown in vitro.

- Recent evidence for condensin-condensin interactions.

- The molecular structure of the condensin holocomplex, with key features identified dependent

on the presence of ATP and DNA.

In the field currently, several key questions remain, notably :

S57



- A deeper understanding of the link between the cell cycle and the condensin complex, beyond
simply our canonical knowledge on phosphorylation ; and their function.

- The full description of the architectural changes of condensin in the presence of DNA during
an ATP hydrolysis cycle, i.e how is the DNA manipulated to form a loop ?

- Further characterization of key condensin partners and their mechanistic interplays,
specifically topoisomerase II and to a lesser extent the vertebrate specific Kif4A and how they
impact condensin function.

- Disentangling and elucidating specific activities of the condensin complex, namely a/ what is
the relative contribution of loop extrusion and diffusion capture b/ can condensin topologically
entrap DNA in the S-Kring akin to cohesin ¢/ can so-far poorly explained molecular activities
of condensin such as supercoiling or the reannealing activity be pertinent /n vivo ?

- Addressing comprehensively the role of condensin outside of M, as suggested by reports on
condensin loss of function phenotypes in G2 (Kakui et al.,, 2020) in S phase (Aono et al.,

2002) and in post-mitotic neurons (Hassan et al., 2020).

The last problem (at least, in this list which I formulate from my own knowledge of the field), which
has formed the basis of my 4-year PhD and the key question of the hosting lab relates to the
integrated functioning of condensin within the nucleus. Specifically, how can condensins (and SMC
complexes) perform their function in a crowded environment, with a chromatin substrate assembled
into nucleosomal fibers which can be remodeled by various activities and other processive enzymes ?
Does condensin simply ignore this parameter and assembles chromosomes with no impact from the
nucleosomal fiber (FAg. I14) ? Are processive activities such as RNA polymerases an obstacle for
eukaryotic condensin ? Is condensin loaded at specific loci modulated by chromatin structure on
chromosomes ? And can we glean information regarding the molecular mechanism by which

condensin assembles mitotic chromosomes from these questions ?

Single cell Hi-C show that TADs form independently of the presence of cohesin (Bintu et al., 2018),
suggesting that some other chromatin associated function forms these domains, but cohesin drives a

bias in the position of TAD formation which can explain why TADs disappear in population averages
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Roadblock ?
Disassembly ?

Fig. I14 Interplay between chromatin and loop extrusion
Taken from Higashi et al. 2022

(Bintu et al., 2018; Rao et al., 2017b). Consistent with this observation, 200-300nm contact
domain topology is reported to be independent of cohesin SMC (Miron et al., 2020) however in
another report cohesin depletion had comparable effects to TSA treatment on decondensation of
these domains (Nozaki et al., 2017). Chromatin movement (i.e the diffusive motion of
nucleosomes) is restrained by condensin in interphase and mitosis of fission yeast (Kakui et al.,
2020, 2017) and cohesin also restricts chromatin motion in interpase (Bailey et al., 2023). The
general effect of cohesin on chromatin remains unclear, although we do know that cohesin negatively
impacts the steady-state level of heterochromatin. Enhancing cohesin stability by Wapl depletion
disfavors the formation of heterochromatin-rich B compartments and clearly impairs large-scale
H3K9me3 domain levels (Haarhuis et al., 2022) consistent with reports suggesting cohesin
degradation enhances compartmentalization (Liu and Dekker, 2022; Rao et al., 2017b). Similarly,
condensin II loss during mitosis leads to increased centromere and heterochromatin domains
clustering seen by microscopy in the following G1 (Hoencamp et al.,, 2021), or clustering in
drosophila (Bauer et al., 2012) suggesting cohesin and condensin II may play a role in

heterochromatin physiology.

Conversely, is the packaging of DNA into nucleosomes a process which facilitates SMC activity ? Or is

it antagonistic and are there activities that facilitate SMC function in vivo ?

One convincing example of the impact of chromatin on SMC function is the impact of transcription on
the translocation of SMC complexes. Highly transcribed genes negatively impact translocation of
bacterial SMC in B. subtilis (Brandao et al., 2019; Wang et al., 2017). Strikingly, similar results
can be observed for cohesin in yeast (Jeppsson et al.,, 2022b) and in mammals when CTCF and
Wapl are removed (Banigan et al., 2023; Busslinger et al., 2017). These data demonstrate that

processive, chromatin bound activities can antagonize genome folding by SMC complexes. Whether
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this is also the case for condensin when transcription is known to be downregulated in vertebrate

mitosis (Palozola et al., 2017) is not entirely clear.

Regarding the nucleosomal template itself, an early report suggested that histones acted as receptors
of condensin (Tada et al., 2011) although this appeared contradictory with the existing literature.
Evidence suggests that binding of DNA to nucleosomes is disfavored (Kong et al., 2020; Piazza et
al., 2014) and sterically the anchor site for loop extrusion cannot accommodate a nucleosome
(Kschonsak et al,, 2017). However, evidence suggested that the proper activity of nucleosomes
and condensin II was required for the function of condensin I (Shintomi et al., 2017). Evidence
from the hosting lab and others have also implicated chromatin remodelers setting up NDR at
promoters as important for condensin (Toselli-Mollereau et al.,, 2016) and cohesin (Huang et al.,
2004; Muiioz et al.,, 2019) association to chromosomes. Notably, recovery of loop formation after
cohesin depletion also appears faster at regions with active histone marks, notably H4K16ac, and

slower at repressive marks (Rao et al., 2017b).

Each Results section addresses a scientific paper regarding the impact of the chromatin environment
(telomeres, transcription, FACT) on condensin function with a very brief introduction acting as a

reminder to the biological question.
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RESULTS

Contributions for each study

While I present three different studies in this PhD thesis my contribution has not covered the entirety
of the experiments and analyses. I would like to thank all contributors and underscore that while I
have contributed to these three studies I am co-first author on all of them. In other words, this was
only possible thanks to collaborations within my hosting lab and with others, and with the major
contributions of t.he other first and secondary authors. Below is a quick summary of the contribution

for the data

° I have done both data collection and analysis.

* T have only collected the data.

# I have only analyzed the data.

~ I have not contributed significantly to this figure.

Part 7 — TELOMITO PROJECT

The cytological experiments with telomere foci were done by the Tournier lab, and some NGS data

sets were generated by Esther Toselli.

Fig.1A-B~C#D#EFig.SIAB~C#D #E#

Fig. 2 ~ Fig. S2 ~

Fig. 3 A-D° E* Fig. S3 A-D° E*

Fig. 4° Fig. S4°

Fig. 5~ Fig. S5°

Q

Fig. 6 A~ B° Fig. S6~

Part 6 - DHP1-RPB1 PROJECT

For this project all genomic and cytological data on Rpb1l was collected by me and on Dhpl by Jeremy

Lebreton and we analyzed the data together.



For other experiments/analysis specifically done by Jeremy :

Fig. 2 ~ Fig. S2 ~ Fig. 4 A-C~ S4 ~ Fig. 5 ~

Part 7 — FACT PROJECT

The raw data I have not generated myself was generated by Esther Toselli.

Fig. 1 A~ B-C°

Fig. 2°S2°

Fig. 3A ° B# C° S3 ~ B-C°

Fig. 4°

Flg. 5 A-B# C-D° Fig. S5 A-C~ D-F°

Fig. 6° S6°

Fig. 7° S7°

Fig. 8°

Flg. 9#

DISCUSSION

Fig D1-3 © Fig D4#

PART 5 — TELOMITO PROJECT. Colin et al., 2023

This project was done in collaboration with people from the CBI Toulouse which I warmly thank. The
Tournier lab in particular performed all the microscopy experiments which are key for the functional
aspect of the project. I also would like to thank Laure Cuby who helped me with this telomere project
at the start when I mentored her for her undergraduate internship. Concerning Part 5, the people at
the CBI Toulouse in the Cuvier lab who provided data analysis on the Hi-C, the Tournier lab for the

key microscopy data and the Coulon lab in Marseille for expertise on telomere blots.
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5.1 Telomere disjunction in anaphase

Sister chromatids that are segregated in mitosis are held together at the centromere by cohesin
(Tanaka et al., 2000) and at chromosome arms along thin bridges (Chu et al., 2022, 2020a). As
cells are being segregated, the centromeres separate first, then the chromosome arms and finally at
the end the edges of sister chromatids, the telomeres, are separated last (Chu et al., 2022). This

final linkage between telomeres in wild-type cells is resolved during anaphase B.

Whether the segregation of telomeres is 1/ an active process requiring a specialized mechanism 2/ an
active process, but requiring the same known factors promoting segregation of chromosome arms
such as topo II and condensin or 3/ a passive mechanism resolving entanglements by being the

physical end of the chromosome and benefitting from chromosome arm separation is not clear.

The linkages between sister telomeres appear to remain for a few minutes during anaphase, hinting at
slow disassembly (Chu et al., 2022). These linkages between telomeres are also observed in
anaphases of telocentric pig cells, suggesting proximity to centromeres does not facilitate separation
which is inconsistent with hypothesis 3/ (Chu et al., 2022). Additionally, accumulating evidence
suggests that in mammals the poly-ADP-ribosyl transferase Tankyrase 1 TNKS1 is required for sister
telomere separation (Canudas et al.,, 2007; Dynek and Smith, 2004), implicating the cohesin
variant subunit STAG1 (Canudas et al., 2007), while in fission yeast condensin function appears
important to disjoin sister telomeres in anaphase (Reyes et al., 2015). It is not clear whether in this
system, the function of condensin acts /n cis or promotes a separation of sister arms amenable to

telomere segregation.

Telomeres are the physical extremity of chromosome in cells. As such, they are subject to specific
constraints leading to evolutionary adaptations which are outside of the scope of this thesis. In brief,
the two classically described constraints are that 1/ telomeres must not be recognized as a site of DNA
damage such as a break in a DNA duplex 2/ telomere structure must also be maintained during
replication, which can lead to a shortening of their sequence if not maintained by specific
mechanisms. These two constraints have likely led during evolution to the emergence of specialized

chromatin composition at telomeres, relying on the conserved shelterin complex.
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Scheme of the telomere-associated Shelterin complex in eukaryotes. Taken from De
Lange et al., 2018
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In the following paper we provide evidence that telomere segregation relies on a Topo II independent
mechanism and that shelterin complex components position condensin at telomeres and are important

for its function in telomere disjunction, arguing for a mechanism /n ¢is involving condensin.

5.2 Condensin positioning at telomeres by Tazl promotes telomere disjunction in

anaphase Colin etal,, 2023. https://doi.org/10.7554/eLife.89812.1
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Condensin positioning at telomeres by shelterin proteins drives sister-
telomere disjunction in anaphase
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ABSTRACT

The localization of condensin along chromosomes is crucial for their accurate segregation in
anaphase. Condensin is enriched at telomeres but how and for what purpose had remained elusive.
Here we show that fission yeast condensin accumulates at telomere repeats through the balancing
acts of Taz1, a core component of the shelterin complex that ensures telomeric functions, and Mit1,
a nucleosome-remodeler associated with shelterin. We further show that condensin takes part in
sister-telomere separation in anaphase, and that this event can be uncoupled from the prior
separation of chromosome arms, implying a telomere-specific separation mechanism. Consistent
with a cis-acting process, increasing or decreasing condensin occupancy specifically at telomeres
modifies accordingly the efficiency of their separation in anaphase. Genetic evidence suggests that
condensin promotes sister-telomere separation by counteracting cohesin. Thus, our results reveal
a shelterin-based mechanism that enriches condensin at telomeres to drive in cis their separation

during mitosis.
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INTRODUCTION

In eukaryotes, mitotic entry is marked by the profound reorganization of chromatin into
mitotic chromosomes driven by the condensin complex (Hirano, 2016). It is acknowledged that
this process, namely mitotic chromosome assembly or condensation, is an absolute pre-requisite
for the accurate transmission of the genome to daughter cells, but our understanding of the
mechanisms by which condensin associates with chromatin, shapes mitotic chromosomes and
contributes to their accurate segregation in anaphase remains incomplete.

Condensin is a ring-shaped ATPase complex that belongs to the Structural Maintenance of
Chromosomes (SMC) family of genome organizers, which also includes the cohesin complex
involved in chromatin folding during interphase and in sister-chromatid cohesion (Hirano, 2016;
Davidson & Peters, 2021). Condensin is composed of a core ATPase heterodimer, made of the
SMC2 and SMC4 proteins, associated with a kleisin and two HEAT-repeat subunits. Most
multicellular eukaryotes possess two condensin variants, named condensin | and Il, made of a
same SMC2/4 core but associated with distinct sets of non-SMC subunits (Ono et al, 2003; Hirano,
2012). Budding and fission yeasts, in contrast, possess a single condensin complex, similar to
condensin |. Thereafter, condensin complexes will be collectively referred to as condensin, unless
otherwise stated. There is robust evidence that condensin shapes mitotic chromosomes by
massively binding to DNA upon mitotic entry and by folding chromatin into arrays of loops
(Gibcus et al, 2018; Kakui et al, 2017). Thereby, condensin conceivably reduces the length of
chromosomes, confers to chromosome arms the stiffness to withstand the spindle traction forces
(Sun et al, 2018), and promotes the removal of catenations between chromosomes and sister-
chromatids by orientating the activity of Topoisomerase Il (Topo-Il) towards decatenation (Baxter
et al, 2011; Charbin et al, 2014). Hence, when condensin is impaired, sister-centromeres often
reach the opposite poles of the mitotic spindle in anaphase but chromosome arms fail to separate,
forming stereotypical chromatin bridges. In vitro studies have shown that condensin anchors itself
on naked DNA through sequence-independent electrostatic interactions and uses the energy of
ATP hydrolysis to extrude adjacent DNA segments into a loop of increasing size (Kschonsak et
al, 2017; Ganji et al, 2018; Kong et al, 2020). Although such a loop extrusion reaction
convincingly explains the structural properties of mitotic chromosomes (Nasmyth, 2017; Davidson
& Peters, 2021), we still ignore whether and how it could take place in the context of a

chromatinized genome, crowded with potential hindrances.
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There is robust evidence that chromatin micro-environments impinge upon the localization
of condensin. ChlP-seq studies performed on species ranging from yeasts to mammals have
revealed a conserved condensin pattern along the genome, constituted of a broad and basal
distribution punctuated by peaks of high occupancy at centromeres, rDNA repeats and in the
vicinity of highly expressed genes (D’ Ambrosio et al, 2008; Kim et al, 2013; Kranz et al, 2013;
Dowen et al, 2013; Sutani et al, 2015). Various factors such as the chromokinesin Kif4 (Samejima
et al, 2012), the zinc-finger protein AKAP95 (Steen et al, 2000), transcription-factors and
chromatin remodelers (for review see (Robellet et al, 2017) have been involved in the binding of
condensin to chromatin in yeasts or vertebrate cells. Additional cis-acting factors that increase
condensin’s local concentration at centromeres and/or at tDNA repeats have been identified in
budding or fission yeast (Tada et al, 2011; Johzuka & Horiuchi, 2009; Verzijlbergen et al, 2014).
Such enrichments are likely to play a positive role since there is clear evidence that condensin
contributes to the stiffness of centromeric chromatin and to the bilateral attachment of centromeres
in early mitosis (Ono et al, 2004; Gerlich et al, 2006; Nakazawa et al, 2008; Ribeiro et al, 2009;
Verzijlbergen et al, 2014; Piskadlo et al, 2017). Likewise, the segregation of the rDNA is acutely
sensitive to condensin activity (Freeman et al, 2000; Nakazawa et al, 2008; Samoshkin et al, 2012).
Highly expressed genes, in contrast, are thought to constitute a permeable barrier where active
condensin complexes stall upon encounters with DNA-bound factors such as RNA polymerases
(Branddo et al, 2019; Rivosecchi et al, 2021). Consistent with a local hindrance, in fission yeast,
attenuating transcription that persists during mitosis improves chromosome segregation when
condensin is impaired (Sutani et al, 2015). Further evidence in budding yeast indicates that dense
arrays of protein tightly bound to DNA can constitute a barrier for DNA-translocating condensin
(Guérin et al, 2019). Thus, depending on the context, condensin enrichment can reflect either
positive or negative interplays.

Microscopy studies have clearly shown that condensin | is enriched at telomeres during
mitosis and meiosis in mammalian cells (Walther et al, 2018; Viera et al, 2007), and ChlIP-seq has
further revealed that condensin | accumulates at telomere repeats in chicken DT40 cells, but the
mechanisms underlying such enrichment as well as its functional significance have remained
unknown. We and others previously showed that the separation of sister-telomeres in anaphase
involves condensin regulators such as Cdc14 phosphatase in budding yeast (Clemente-Blanco et

al, 2011), and Aurora-B kinase in fission yeast (Reyes et al, 2015; Berthezene et al, 2020), but
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100 whether and how condensin could play a role has remained unclear.

In the present study, we sought to determine how and why condensin is enriched at
telomeres by using the fission yeast Schizosaccharomyces pombe as a model system. Telomeres
contain G-rich repetitive sequences that are protected by a conserved protein complex called
Shelterin (de Lange, 2018; Lim & Cech, 2021), which is composed, in fission yeast, of Tazl (a

105 myb-domain DNA-binding protein homologous to human TRF1 and TRF2), Rapl, Pozl (a
possible analog of TIN2), Tpzl (an ortholog of TPP1), Potl, and Ccql. Whilst Tazl binds to
double-stranded G-rich telomeric repeats, Potl binds to 3’ single-stranded overhang. Rapl, Poz1,
and Tpz1 act as a molecular bridge connecting Taz1 and Potl through protein—protein interactions.
Ccql contributes to the recruitment of the nucleosome remodeler Mitl and of telomerase (for

110 review on fission yeast shelterin see Moser & Nakamura, 2009; Dehé & Cooper, 2010). We found
that Tazl plays the role of a cis-acting enrichment factor for condensin at telomeres, whilst Mitl
antagonized condensin’s accumulation. Thus, telomeres are a remarkable chromosomal
environment where condensin is enriched by a shelterin-dependent cis-acting mechanism. Our
results further indicate that the level of condensin at telomeres, set up by Tazl and Mitl, is

115 instrumental for their proper disjunction during anaphase, hence associating a key biological
function to this local enrichment. Based on these data, we propose that condensin is enriched at

telomeres via interplays with shelterin proteins to drive sister telomere separation in anaphase.

RESULTS

120 Fission yeast condensin is enriched at telomeric repeats during metaphase and anaphase
Fission yeast condensin, like vertebrate condensin I, is largely cytoplasmic during interphase and
binds genomic DNA during mitosis (Sutani et al, 1999). At this stage, it shows high level of
occupancy at centromeres, at rDNA repeats and in the vicinity of highly transcribed genes (Sutani
et al, 2015; Nakazawa et al, 2015). However, unlike vertebrate condensin | (Kim et al, 2013;

125 Walther et al, 2018), whether fission yeast condensin is present at telomeres had not been reported.
To assess this, we performed chromatin immunoprecipitation of the kleisin subunit Cnd2 tagged
with GFP (Cnd2-GFP) and analyzed the co-immunoprecipitated DNA by quantitative real time
PCR (ChIP-gPCR). Figure 1A provides a reference map for the right telomere of chromosome 2
(TEL2R). cnd2-GFP cdc2-as shokat mutant cells were blocked at the G2/M transition and released

130 into a synchronous mitosis. Cnd2-GFP was hardly detectable at TEL2R and along chromosome
4
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arms during the G2 arrest (Fig. 1B, t = 0 min). However, during early mitosis, Cnd2-GFP was
clearly bound to telomeric repeats (the telO site), and to a lesser extent at more distal sites within
subtelomeric elements (Fig. 1B, t = 7 min post-release). Cnd2-GFP occupancy at tel0 was in the
range of the highly expressed genes cdc22 and exgl used as control for enrichment (Sutani et al,
135 2015). Cnd2-GFP level further increased in anaphase (15 min post-release from the G2 block),
consistent with the maximum folding of fission yeast chromosomes achieved in anaphase (Petrova
et al, 2013) and reminiscent of the second wave of condensin binding observed during anaphase
in human cells (Walther et al, 2018). These data show that the kleisin subunit of condensin is
enriched at TEL2R during mitosis in fission yeast cells.
140 In order to thoroughly describe condensin’s localization at telomeres, we generated calibrated
ChlP-sequencing (ChlP-seq) maps of Cnd2-GFP from metaphase-arrested cells (Fig. 1 C-D).
Since the current version of the fission yeast genome lacks telomere-proximal DNA and telomeric
repeats, we generated a version comprising a full-length TEL2R sequence according to the
described sub-telomeric and telomeric sequences (Sugawara, 1988), (Fig. S1A). Then, we
145 measured the binding of Cnd2-GFP by calculating, at each base, the ratio of calibrated read-counts
between the IP and Total (Input) fractions (Fig. S1B and Materials and Methods). As shown for
centromere outer-repeats and rDNA repeats (Fig. S1C), this method allows for a better
guantification of occupancy at repeated DNA sequences by correcting for biases in coverage in
the Total fraction. We found Cnd2-GFP clearly enriched at telomere repeats of TEL2R in
150 metaphase arrested cells (Fig. 1C). Cnd2-GFP binding declined rapidly over the proximal STE1
element and remained at a basal level throughout more distal elements such as STE2, STE3 and
the heterochromatic thl2 gene (Fig. 1C and Fig. S1D). To ascertain that such enrichment at
telomeric repeats reflected the binding of the condensin holocomplex, we used the thermosensitive
cut14-208 and cut3-477 mutations in the Cut145MC2 and Cut3SM¢4 ATPase subunits of condensin
155 (Saka et al, 1994). Consistent with previous ChIP-qPCR data (Nakazawa et al, 2015), we found
that the cut14-208 mutation reduced the binding of Cnd2-GFP at centromeres (Fig. 1C), along
chromosome arms (Fig. 1D), and at TEL2R (Fig. 1D and S1C). We observed similar genome-wide
reduction in cut3-477 cells, though of a smaller amplitude at TEL2R (Fig. S1E). Note that a
reduction of the steady state level of Cnd2 is unlikely to explain such reductions in binding (Fig.
160 1E). Taken together, our data indicate that condensin accumulates at telomeric repeats during

metaphase and anaphase in fission yeast.
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Condensin is required for sister-telomere disjunction in anaphase
To investigate the function of condensin at telomeres, we inactivated condensin using the
165 thermosensitive mutations cut14-208 or cut3-477, in cells whose telomeres were fluorescently
labelled with Taz1-GFP. Fission yeast has three chromosomes that adopt a Rabl configuration
during interphase, with telomeres clustered into 1 to 3 foci at the nuclear periphery (Chikashige et
al, 2009; Funabiki et al, 1993). We previously showed that telomeres dissociate in two steps during
mitosis (Reyes et al, 2015). In wild-type cells, the number of Taz1-GFP foci increases from 1 to
170 up to 6 as cells transit from prophase to metaphase, i.e. when the distance between the spindle pole
bodies (SPBs) increased from 0 to 4 um (Fig. 2A, middle panel). This reflects the declustering of
telomeres. During anaphase, when the distance between SPBs increases above 4 pm, the
appearance of more than 6 Taz1-GFP foci indicates sister-telomere separation, and 12 foci full
sister-telomere disjunction (Fig. 2A, right panel). Strikingly, cut14-208 cells shifted to 36°C
175 almost never showed more than six telomeric dots in anaphase, despite their centromeres being
segregated at the opposite poles of the mitotic spindle (Fig. 2A and 2B). Such severe telomere
dissociation defect correlates with condensin loss of function as it was not observed at the
permissive temperature (25°C) (Fig. S2A). Sister-telomere disjunction was also clearly impaired
in cut3-477 mutant cells, though at milder level (Fig. 2B). To confirm the role of condensin in
180 sister-telomere disjunction, we simultaneously visualized the behavior of LacO repeats inserted in
the vicinity of telomere 1L (Tell-GFP) together with TetO repeats inserted within centromere 3L
(imr3-tdTomato) and Garl-CFP (nucleolus) during mitotic progression (Figure S2B). After
anaphase onset, as judged by the separation of sister-centromeres 3L, control cells always
displayed two sister telomeric 1L foci (n=43) while 82% of cut14-208 mutant cells (n=51) grown
185 at non-permissive temperature remained with a single telomeric foci confirming a striking defect
in the disjunction of TellL.
Next, we wondered whether a change in telomere length could cause telomere disjunction defects
as described previously (Miller & Cooper, 2003). We measured telomere length in various
condensin mutant cells including cutl4-208 and cut3-477 mutants. We only observed little
190 variation of telomere length (Fig. 2C), unlikely to be responsible for the failure to disjoin sister-
telomeres when condensin is impaired. An alternative and more likely possibility was that

persistent entanglements left between chromosome arms upon condensin loss of function
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prevented the transmission of traction forces from centromeres to telomeres in anaphase. To test
this hypothesis, we assessed telomere disjunction in cold-sensitive top2-250 mutant cells, whose
195 Topo 1l decatenation activity becomes undetectable at 20°C (Uemura et al, 1987). As expected,
top2-250 cells cultured at the restrictive temperature exhibited frequent chromatin bridges during
anaphase (Fig. 2D, compare top2-250 at 19°C with cut3-477 at 36°C), and lagging centromeres
(Fig. S2B). Yet, and remarkably, telomere disjunction remained effective during anaphase at 19°C,
even within chromatin bridges (Fig. 2D-E). The decatenation activity of Topo Il and the full
200 separation of chromosome arms are therefore largely dispensable for telomere disjunction. Thus,
these results indicate (1) that the function of condensin in sister-telomere separation is mostly
independent of Topo Il decatenation activity, and (2) that the separation of chromosome arms is
not a prerequisite for the disjunction of sister-telomeres. Condensin might therefore play a specific
role at telomeres for their proper separation during anaphase.
205
Condensin takes part in the declustering of telomeres during early mitosis
To assess whether condensin might shape telomere organization prior to anaphase, we generated
Hi-C maps of cells arrested in metaphase (Fig. 3A). As previously reported (Kakui et al, 2017),
we observed frequent centromere-to-centromere and telomere-to-telomere contacts between the
210 three chromosomes in wild-type cells (Fig. 3B). In the cut14-208 condensin mutant at restrictive
temperature, contact frequencies within chromosome arms were reduced in the range of 100 kb to
1 Mb (Fig. 3C-D), as expected from an impaired mitotic-chromosome folding activity. In contrast,
contacts frequencies between telomeres were increased, both within chromosomes (intra) and in-
between chromosomes (inter) (Fig. 3D). Contacts frequencies between centromeres exhibited no
215 significant change. Aggregating Hi-C signals at chromosome ends further revealed that intra-
chromosomal contacts dominate over inter-chnromosomal contacts in wild-type cells and were
increased in the mutant (Fig. 3E, see material and methods). Similar results obtained from a second
biological and technical replicate are shown in Figure S3. Taken together these data suggest that
fission yeast chromosomes enter mitosis in a Rabl configuration, with telomeres clustered together
220 and that condensin drives their declustering into pairs of sister-telomeres as cells progress towards

metaphase (Fig. 3 and S3) and their full-separation in anaphase (Fig. 2).
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Condensin enrichment at telomeres result from positive and negative interplays with
telomeric proteins
225 To further investigate how condensin takes part in telomere disjunction in anaphase, we sought for
a cis-acting factor controlling condensin localisation specifically at telomeres. We first considered
the shelterin complex and assessed Cnd2-GFP binding by calibrated ChIP-gPCR in tazIA or rapIA
cells arrested in metaphase (Fig. 4A and Material and Methods). In cells lacking Taz1, Cnd2-GFP
occupancy was reduced almost twofold at telomeres (telO site) and sub-telomeres (tel2.4 site),
230 while remaining unchanged at the kinetochore and within chromosome arms. In contrast, the
rapIA mutant showed no change compared to wild-type. A different normalization method
produced similar results (Fig. S4A). Since telomere size is increased to similar extents in tazlA
and raplA mutants (Cooper et al, 1997; Miller et al, 2005), it is unlikely that condensin is titrated
out from the telO site by supernumerary telomeric repeats in tazIA cells. Tazl directly binds to
235 telomeric repeats but also to non-repeated DNA motifs within chromosome arms (Zofall et al,
2016; Toteva et al, 2017). However, the binding of Cnd2-GFP was basal and independent of Tazl
at such non-telomeric Tazl-islands (Fig.4B-C and Fig. S4B-C), suggesting that Taz1 is unlikely
to directly recruit condensin onto chromosomes. In line with this, we observed no physical
interaction between condensin and Tazl, either by co-IP or by yeast two-hybrid assay (our
240 unpublished data). Thus, the density of Tazl binding sites and/or the telomeric context might be
instrumental for locally enriching condensin. We therefore conclude that the core shelterin protein
Tazl plays the role of a cis-acting enrichment factor for condensin at telomeres.
The ATP-dependent chromatin remodeler Mitl was another telomeric factor of interest. Indeed,
Mitl maintains nucleosome occupancy through its association with the shelterin and mit1A cells
245 show a reduced histone H3 occupancy at sub-telomeres (van Emden et al, 2019). Since we
previously reported that nucleosome eviction underlies condensin’s binding to chromosomes
(Toselli-Mollereau et al, 2016), we assessed condensin binding at telomeres in cells lacking Mit1.
As expected, we observed an increased condensin occupancy at telomeres and sub-telomeres by
calibrated-ChlP-seq (Fig. 4D) and ChIP-gPCR (Fig. S4-D). ChIP-seq further showed that such
250 increase was largely, if not strictly, restricted to chromosome ends (Fig. 4D-E and Fig. S4E). These
data strongly suggest that Mitl counteracts condensin localization at telomeres. Thus, taken
together, our results suggest that the steady state level of association of condensin with telomeres

results from the balancing acts of shelterin proteins and associated factors, amongst which Tazl
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and Mitl.
255
Condensin acts in cis to promote telomere disjunction in anaphase
Since the cut14-208 and cut3-477 mutations reduce condensin binding all along chromosomes, it
was difficult to ascertain the origin of the telomere disjunction defect in these mutants. However,
the finding that condensin localization at telomeres partly relies on Tazl and Mitl provided a
260 means to assess whether condensin could drive telomere disjunction in cis. If it were the case, then
removing Tazl in a sensitized cut3-477 background, to further dampen condensin at telomeres,
should strongly increase the frequency of sister-telomere non-disjunctions compared to single
mutants. Conversely, removing Mitl in cut3-477 cells should rescue sister-telomere disjunctions.
We observed very few non-disjunction events during anaphases in fazIA single mutant cells at
265 32°C (Fig. 5A). We speculate that the residual amount of condensin that persists at telomeres when
Taz1 is lacking might be sufficient to ensure their efficient disjunction. However, combining cut3-
477 and tazIA caused a synergistic increase of the frequency of sister-telomere non-disjunction
(Fig. 5A) that correlated with a synthetic negative growth defect at 32°C and 34°C (Fig. 5B).
Conversely, eliminating Mitl rescued sister-telomere disjunction in cut3-477 mutant cells (Fig.
270 5C). Taken together, these data indicate that the level of condensin bound to telomeres is a limiting
parameter for their efficient separation in anaphase, suggesting therefore that condensin controls

sister-telomeres disjunction in cis.

Condensin counteracts cohesin at telomeres

275 We previously showed that eliminating the heterochromatin protein Swi6"™* alleviates the
telomere separation defect caused by the inhibition of Arkl (Reyes et al, 2015). Since Arkl
controls condensin association with chromosomes (Petersen & Hagan, 2003; Tada et al, 2011),
and Swi6 enriches cohesin at heterochromatin domains, including telomeres (Bernard et al, 2001),
we asked whether interplays between condensin and cohesin might underlie telomere separation

280 during anaphase. To test this, we assessed the impact of the cohesin mutation rad21-K1, known to
weaken sister-chromatid cohesion (Bernard et al, 2001), on telomere disjunction. First, we
observed that sister-telomere separation occurs at a smaller mitotic spindle size in the rad21-K1
mutant as compared to wild-type, indicating an accelerated kinetics during mitosis (Fig. 6A).

Second, weakening cohesin partly rescued telomere disjunction when condensin was impaired, as
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285 suggested by the increased number of telomeric dots displayed by cut3-477 rad21-K1 double
mutant cells in anaphase (Fig. 6A). A similar rescue was observed when Rad21 was inactivated in
early G2 cells purified using a lactose gradient (Fig. S6), indicating that cohesin inactivation post
cohesion establishment complemented the telomere disjunction defects of a condensin mutant.
These observations indicate that cohesin hinders the separation of sister-telomeres, suggesting

290 therefore that condensin might counteract cohesin at telomeres. To test this hypothesis, we
assessed cohesin binding to chromosomes in the cut3-477 condensin mutant. Cells were arrested
at the G2/M transition, shifted to the restrictive temperature to inactivate condensin while
maintaining the arrest, and released into a synchronous mitosis (Fig. 6B). Cohesin binding was
assessed by calibrated ChIP-gPCR against the Psm3SMC3 subunit of cohesin tagged with GFP

295 (Psm3-GFP). We observed no strong change in cohesin occupancy between G2 and anaphase in
wild-type cells, consistent with the idea that solely 5-10% of the cohesin pool is cleaved by
separase at the metaphase to anaphase transition in fission yeast (Tomonaga et al, 2000). In cut3-
477 mutant cells, however, we observed a strong increase in Psm3-GFP levels at telomeres (tel0
site) and sub-telomeres (tel1.2 site), but no change at further distal sites, nor within chromosome

300 arms or at centromeres (Fig. 6B and S5). This specific increase in occupancy at telomeres and sub-
telomeres in the condensin mutant was readily visible both during G2 and anaphase. Altogether,
our data indicate that cohesin restrain telomere disjunction in anaphase and that condensin prevents

the accumulation of cohesin at telomeres.

305 DISCUSSION

With this work, we show that condensin is enriched at fission yeast telomeres during mitosis and
that such enrichment results from the balancing acts of telomeric proteins. We also show that the
separation of sister-telomeres is not the mere consequence of the separation of chromosome arms
and that condensin acts in cis at telomeres to drive their disjunction during anaphase. We provide
310 evidence that condensin might achieve this task by counteracting cohesin.
Previous work has shown that the kleisin subunit of condensin Il (CAPH2) binds human TRF1, a
counterpart of Tazl, in RPE-1 cells (Wallace et al, 2019), but since no physical or functional link
has been described between TRF1 and other subunits of the condensin 1l holocomplex, it was
unclear whether CAPH2 might act at telomeres independently of condensin Il. Hence, the

315 biological significance of the presence of condensin complexes at telomeres remained enigmatic.
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Here we show that the Kleisin subunit of fission yeast condensin is bound to the telomere repeats
of TEL2R in metaphase and anaphase and that such binding relies on the Cut14SMc2 and Cut3SMc4
ATPases (Saka et al, 1994), arguing therefore that the condensin holocomplex is bound to TEL2R.
Since southern blotting and FISH experiments have shown that chromosome | and Il contains
320 similar sub-telomeric elements (Funabiki et al, 1993; Oizumi et al, 2021), our observations made
using TEL2R DNA are likely to be relevant to most fission yeast telomeres.
We further show that condensin occupancy at telomeres is controlled by the telomeric proteins
Tazl and Mitl. Tazl being a core component of the shelterin complex, we cannot formally rule
out that the reduced binding of condensin stems from a collapse of the overall telomeric structure
325 in cells lacking Tazl. However, two observations argue against such scenario. First, the fact that
deleting Rapl, another key component of shelterin, does not impair condensin localisation and,
second, our finding that condensin binding to telomeres is also controlled, negatively, by the
nucleosome remodeler Mitl, which associates with telomeres via the Ccql subunit of shelterin
(Sugiyama et al, 2007; van Emden et al, 2019). Such negative regulation by Mitl not only
330 strengthens our previous work suggesting that nucleosome arrays are an obstacle for condensin
binding to DNA in vivo (Toselli-Mollereau et al, 2016), but also strongly suggests that condensin
localisation at telomeres relies on a dedicated pathway that involves interplays with telomeric
components. However, and in sharp contrast with the human TRF1 and CAP-H2 (Wallace et al,
2019), we detected no protein-to-protein interactions between Tazl and Cnd2/condensin. Together
335 with our observation that Tazl does not enrich condensin at discrete Taz1-DNA binding sites
located outside telomeres, this suggests that Tazl is not a cis-acting recruiter for condensin at
telomeres. Rather, by analogy with the accumulation of condensin at highly expressed genes
(Branddo et al, 2019; Rivosecchi et al, 2021), we speculate that arrays of Tazl proteins tightly
bound to telomere repeats might create a permeable barrier onto which condensin molecules
340 accumulate. However, unlike highly expressed genes that most likely hinder condensin-mediated
chromosome segregation in anaphase (Sutani et al, 2015), the Taz1 barrier would play a positive
role in chromosome segregation by promoting sister-telomere disjunction in anaphase.
Using Hi-C and live cell imaging, we provide evidence that condensin takes part in telomere
declustering during the early steps of mitosis and in sister-telomere disjunction in anaphase. It is
345 tempting to speculate that condensin promotes the dissociation of telomeric clusters, inherited from

the Rabl organisation of chromosomes in interphase, by folding chromatin into mitotic
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chromosomes. As condensation proceeds, axial shortening and stiffening of chromosome arms
would drive the movement of the pairs of telomeres located at the opposite ends of a chromosome
away from each other. The separation of sister-telomeres during anaphase, in contrast, cannot be
350 the passive consequence of the separation of sister chromatids. Indeed, the striking observation
that sister-telomere disjunction can be uncoupled from the separation of chromosome arms, as seen
in the decatenation-defective topo-250 mutant, implies the existence of a mechanism independent
of chromosome arms, driving sister-telomere disjunction. In fission yeast, condensin must play a
key role within such telomere-disjunction pathway (TDP) since modulating its occupancy at
355 telomeres whilst leaving chromosome arms largely unchanged, using taz1A or mitlA mutations,
is sufficient to change accordingly the efficiency of sister-telomeres disjunction. The fact that
condensin occupancy at telomeres is a limiting parameter for their disjunction argues for a role
played in cis. This finding is reminiscent of telomere separation in human cells that specifically
relies on the activity of the poly(ADP-ribose) polymerase tankyrase 1 (Dynek & Smith, 2004), and
360 suggest therefore that the existence of a dedicated pathway for sister-telomere disjunction is a
conserved feature of eukaryotic cells. We therefore conclude that condensin enriched at telomeres
via the balancing acts of Taz1 and Mitl drives the separation of sister-telomeres in anaphase. The
corollary is that failures to disjoin sister-telomeres most likely contribute to the stereotypical
chromatin bridge phenotype exhibited by condensin-defective cells. Our results do not rule out the
365 possibility that Topo Il contributes to telomeres disentanglements, but nevertheless imply that
Topo Il catalytic activity is dispensable for telomere segregation provided that condensin is active.
The close proximity of DNA ends could explain such a dispensability. It has been reported in
budding yeast that the segregation of LacO repeats inserted in the vicinity of TelV is impaired by
the top2-4 mutation (Bhalla et al, 2002). At first sight, this appears at odds with our observations
370 made using the telomere protein Tazl tagged with GFP. However, since LacO arrays tightly bound
by Lacl proteins constitute a barrier for the recoiling activity of budding yeast condensin in
anaphase (Guérin et al, 2019), the insertion of such a construct might have created an experimental
condition in which condensin activity was specifically impaired at TELV, hence revealing the
contribution of Topo II. In addition, the telomere structure in budding and fission yeast is
375 significantly different. Budding yeast protects its telomeres via two independent factors, Rap1 and
the Cdc13-Stn1-Tenl complex, whereas in fission yeast Taz1 and Potl are bridged by a complex

protein interaction network (Rapl-Poz1-Tpz1l). This is a remarkable conserved structural feature
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between the shelterin of S. pombe and the human shelterin. Notably, it was recently shown that the
telomeric components of S. pombe can dimerize leading to a higher complex organization of the
380 shelterin (Sun et al, 2022). It is thus likely that dimerization of Tazl, Pozl, and the Tpz1-Ccql
subcomplex may also contribute to the clustering of sister and non-sister chromatid telomeres. The
architectural differences in telomere organization between budding and fission yeast may require
different mechanisms to properly segregate telomeres during mitosis.
Understanding how condensin takes part in the disjunction of sister-telomeres will require
385 identifying the ties that link them. Cohesin has been involved in telomere cohesion in budding
yeast (Antoniacci & Skibbens, 2006; Renshaw et al, 2010), but in human cells the situation remains
unclear. Although Scc3%A! is a likely target of the tankyrase 1 pathway for telomere disjunction
(Canudas & Smith, 2009), telomeric cohesion appears independent of other cohesin subunits
(Bisht et al, 2013). Our finding that rad21-K1, a loss-of-function mutation in the kleisin subunit
390 of fission yeast cohesin, accelerates sister-telomere disjunction in an otherwise wild-type genetic
background would be consistent with a role for cohesin in ensuring cohesion between sister-
telomeres in fission yeast. Alternatively, rad21-K1 might indirectly increase the impact of
condensin at chromosome ends, for instance by altering the structure of sub-telomeric
heterochromatin (Dheur et al, 2011). However, such an indirect effect seems less likely because
395 the Kkinetics of sister-telomere disjunction is not accelerated in cells lacking the core
heterochromatin protein Swi6 (Reyes et al, 2015). Therefore, we favour the conclusion that
condensin drive sister-telomere disjunction by counteracting cohesin at chromosome ends.
Whether it could be cohesive- or loop-extruding- cohesin remains to be determined, but we note
that an antagonism between condensin and cohesin for the folding of interphase chromatin as well
400 as for telomere segregation in anaphase has been reported in Drosophila and budding yeast,
respectively (Rowley et al, 2019; Renshaw et al. 2010). Thus, unravelling the mechanism by
which condensin drives telomere disjunction in anaphase will require further investigations not
only on the interplays between condensin and cohesin at telomeres, but also on the role played or
not by condensin loop-extrusion activity and on the dynamics of shelterin. Because of its ability
405 to organize telomeres into various structures (Lim & Cech, 2021), the shelterin complex may link
sister-telomeres together and loop extrusion by condensin may provide the power stroke to
disentangle such structures. Thus, as speculated in Figure 7, the accumulation of condensin against

Taz1™R ! barriers, together with a possible up-regulation by Aurora-B kinase in anaphase (Reyes
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et al, 2015), might allow condensin-mediated DNA translocation to pass a threshold beyond which
410 the ties between sister-telomeres would be eliminated, be it cohesin- and/or shelterin-mediated.
Whatever the mechanism, given the conservation of shelterin, and the abundance of condensin
complexes at telomeres during mitosis and meiosis in mammals (Viera et al, 2007; Walther et al,
2018), we speculate that condensin specifically drives the separation of telomeres in other living
organisms.
415
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FIGURE LEGENDS

Figure 1. Fission yeast condensin is enriched at telomeres during metaphase and anaphase.
(A) The telomere and sub-telomere of the right arm of chromosome 2 (Tel2R) as an example of
650 chromosome end sequence in fission yeast. Sub-telomeric elements (STE), the heterochromatic
gene t/h2, the domain bound by Tazl (orange) (Kanoh et al, 2005) and primers for ChIP-qPCR
(blue arrows) are shown. (B) Cnd2-GFP ChIP-qPCR from cells synchronized at G2/M (time post
release 0 min) and upon their release in mitosis (time post release 7 min and 15 min). Left panel:
cell cycle stages determined by scoring the accumulation of Cnd2-GFP in the nucleus (metaphase)
655 and by DAPI staining (anaphase). Right panel: ChIP-qPCR results, cdc22, exgl and gly05 loci,
being high or low condensin binding sites which are used as controls. Shown are the averages and
standard deviations (sd) from 3 independent biological and technical replicates. (C-D) Cnd2-GFP
calibrated ChIP-seq in metaphase arrests at 36°C. (C) left panel: mitotic indexes of the two
independent biological and technical replicates used. Right panel: genome browser views of
660 replicate #1. The second is shown in Figure EVIC-D. (D) Metagene profiles of all condensin

binding sites along chromosome arms from replicates #1 and #2; TSS (Transcription Start Site),
19
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TES (Transcription End Site). (E) Western blot showing Cnd2-GFP steady state level in indicated

cells arrested in metaphase for 3h at 36°C. Tubulin (Tub.) serves as loading control.

665 Figure 2. Condensin takes part in telomere disjunction during anaphase in a decatenation-
independent manner. (A) left panel: WT or cutl14-208 condensin mutant cells shifted to the
restrictive temperature of 36°C for three hours were fixed with formaldehyde and directly imaged.
Telomeres were visualized via Taz1-GFP (green), kinetochores/centromeres via Mis6-RFP (red),
and spindle pole bodies (SPBs) via Cdc11-CFP (blue). Right panel: number of telomeric foci

670 according to the distance between SPBs at 36°C (n>90 cells for each strain). The data shown are
from a single representative experiment out of three repeats. (B) Same procedure as in (A) applied
to the cut3-477 condensin mutant. (C) Genomic DNA from the indicated strains cultured at 32°C
was digested with Apal and Southern blotted using a telomeric probe (green), as represented by
the grey bar. The relative gain or loss of telomeric DNA compare to WT is indicated. (D) Cells

675 expressing Tazl-GFP and Cdcl1-CFP, cultured at 25°C, were shifted to 19°C (restrictive
temperature of top2-250) or 36°C (restrictive temperature of cut3-477), further incubated for 3
hours and fixed with formaldehyde. DNA was stained with DAPI, chromosome and telomere
separation in anaphase (distance between the SPBs > 5 um) were assessed. Shown are averages
and SD obtained from three independent experiments (n=100 cells for each condition). (E) Left

680 panel: Live imaging of telomere separation according to the length of the mitotic spindle (distance
between the SPBs) in top2-250 cells undergoing mitosis at 25°C or after a shift to the restrictive
temperature of 19°C using fast microfluidic temperature control. Right panel: number of telomeric
foci according to the distance between SPBs at 25°C or 19°C in the fop2-250 mutant. Shown is a

representative experiment out of three replicates with n>70 cells, each.

685
Figure 3. Condensin deficiency increases contact frequencies between telomeres in
metaphase. (A) Mitotic indexes of cell cultures used for Hi-C. (B) Hi-C contact probability matrix
at 25 kb resolution of wild-type metaphase arrests at 33°C. Contacts between telomeres (arrows)
and centromeres (circles) are indicated. (C) Median contact probabilities as a function of distance
690 along chromosomes for wild-type and cutl14-208 metaphases at 33°C. (D) Differential Hi-C

contact map between wild-type and cutl4-208. (E) Measurements of aggregated contact

frequencies at high resolution (5 kb) over the ends of chromosomes in metaphase arrests at 33°C.
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Boxes indicate the median, 1st and 3rd quartiles, whiskers the minimum and maximum, and
notches represent the 95% confidence interval for each median. Data points are shown as grey
695 circles. The significance in contact frequencies was confirmed statistically by Mann-Whitney-

Wilcoxon test between cut14-208 and wild-type conditions.

Figure 4. Condensin enrichment at telomeres results from positive and negative interplays
with telomeric factors. (A) Cnd2-GFP calibrated ChIP-qPCR from cells arrested in metaphase at
700 30°C. Shown are averages and standard deviations (SD) of mitotic indexes and ChIP-qPCRs for 3
biological and technical replicates. cnt! is the kinetochore domain of cenl, exgl, gasl and cndl
are high or low occupancy binding sites on chromosome arms. (B-C) Cnd2-GFP occupancy
assessed at non-telomeric Taz1 islands (isl) in the same samples as in Figure 1C & S1-D and Figure
4A, respectively. (D-E) Cnd2-GFP calibrated ChIP-seq in metaphase arrests. (D) left panel: mitotic
705 indexes of the two independent biological and technical replicates used. Right panel: genome
browser views of replicate #1. The second replicate is shown in Figure S4. (E) Metagene profiles
of all condensin binding sites along chromosome arms from replicates #1 and #2; TSS

(Transcription Start Site), TES (Transcription End Site).

710 Figure 5. Condensin level at telomeres is a limiting parameter for their disjunction during
anaphase. (A) Cells were grown at 25°C or shifted to 32°C for 3 hours, fixed with formaldehyde
and stained with DAPI to reveal DNA. Left panel: example of anaphase cells showing chromatin
bridges and non-disjoined telomeres in late anaphase in the cut3-477 tazIA double mutant. Right
panel: telomere non-disjunction events were scored in anaphase cells. Shown are averages and

715 standard deviation from 3 independent biological and technical replicates with n=100 cells, each.
(B) Cells of indicated genotypes were serially diluted 1/5 and spotted onto YES plates at indicated
temperatures for 7 (18°C), 3 (25°C) and 2 (32 and 34°C) days. (C) Left panel: cut3-477 or cut3-
477 mitIA mutant cells shifted to the restrictive temperature of 36°C for three hours were fixed
with formaldehyde and directly imaged. Telomeres were visualized via Taz1-GFP (green) and

720 spindle pole bodies (SPBs) via Cdc11-CFP (blue). Right panel: number of telomeric foci according
to the distance between SPBs at 36°C (n>90 cells for each strain). The data shown are from a

single representative experiment out of three repeats.
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Figure 6. Condensin counteracts cohesin at telomeres. (A) Top panel: WT, rad21-K1 or rad21-
725 K1 cut3-477 cells were shifted to the restrictive temperature of 36°C for three hours, fixed with
formaldehyde and directly imaged. Telomeres were visualized via Taz1-GFP (green) and spindle
pole bodies (SPBs) via Cdc11-CFP (blue). Lower panels: number of telomeric foci according to
the distance between SPBs at 36°C (n>90 cells for each strain). The data shown are from a single
representative experiment out of three repeats. (B) Psm3-GFP calibrated ChlIP-gPCR from cells
730 synchronized in G2/M and shifted at 36°C to inactivate condensin during the G2 block (time 0
min) and upon their release in anaphase (time 30 min). Left panel: cell cycle stages determined by
DAPI staining. Right panel: ChIP-qPCR results. cendhl, kgd1 and Ivs1 are cohesin binding sites,
while exgl, gasl and rRNA37 are condensin binding sites. Percentage of IP with Psm3-GFP have
been normalized using S. cerevisiae (S.c.) CEN4 locus. Shown are the averages and standard

735 deviations from 3 independent biological and technical replicates.

Figure 7. Model for condensin-driven sister-telomere disjunction. Loop extruding condensin
accumulates against a barrier formed by arrays of Tazl proteins bound to telomeric repeats,
allowing condensin-mediated DNA translocation to pass a threshold beyond which the ties

740 between sister-telomeres such as cohesin would be eliminated. See Discussion for details.

SUPPLEMENTARY DATA

Figure S1. Fission yeast condensin is enriched at telomeres during metaphase and anaphase.
(A) Telomeric plasmid pNSU70 (Sugawara, 1988) aligned against the S. pombe genome
745 (ASM294v2) using Blast shows a best hit with cosmid SPBCT2R1 that corresponds to the right
end of chromosome 2 (nucleotides 4500619 to 4539800 in the ASM294v2 genome). SPBCT2R1
was aligned with pNSU70 using Clustal Omega (Madeira et al, 2019) and the nucleotides 4137 to
7223 of pNSU70 were added to the sequence of chromosome 2 at position 4539800 to create a
TEL2R-extended version of the genome, which is available under the accession number
750 GSE196149. (B) Principle of the base per base normalisation method applied to ChIPs to assess
the occupancy of Cnd2-GFP from S. pombe (S.p.) at repeated DNA elements using chromatin from
S. cerevisiae (S.c.) cells expressing SMC3-GFP for internal calibration. (C) Results of the base

per base normalization method applied to calibrated ChlP-seq data to correct for biases in coverage
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in the IP and Total (T) fractions. Calibrated read counts obtained in the IP and Total (T) fractions,

755 and their base per base ratios (IP/T) obtained at centromere 2 (cen 2), composed of a central core
(cc) flanked by repetitive heterochromatic outer repeats (otr) and at rDNA repeats are shown. The
single-copy gene exgl serves as a non-repetitive control. (D) Calibrated read-counts and base per
base IP/T ratios obtained at TEL2R for two biological and technical replicates. Data from replicate
#1 are also shown in Figure 1C. (E) Results from calibrated ChIP-seq against Cnd2-GFP in

760 metaphase arrests WT and cut3-477 condensin mutant. Shown are the base per base ratios and
metagene profiles obtained from two biological and technical replicates. Mitotic indexes of cell
cultures were: WT (77% + 6%), cut3-477 (70% = 5%).

765 Figure S2. Condensin takes part in telomere disjunction during anaphase in a decatenation-
independent manner. (A) left panel: Condensin mutant cells cut14-208 grown at the permissive
temperature (25°C) or shifted to the restrictive temperature of 36°C for three hours were fixed with
formaldehyde and stained with calcofluor to reveal the septum. Telomeres were visualized via
Tazl-GFP (green), kinetochores/centromeres via the colocalization of Mis6-RFP (red) and Ndc80-

770 GFP (green), and spindle pole bodies (SPBs) via Cdcl11-CFP (blue). Right panel: number of
telomeric foci according to the distance between SPBs at 25°C and 36°C in the cut14-208 mutant
(n>90 cells for each strain). The data shown are from a single representative experiment out of
three repeats. (B) Left panel: WT or cut14-208 condensin mutant cells shifted to the restrictive
temperature of 36°C for three hours were fixed with formaldehyde and directly imaged. Sister

775 telomeres 1L (Tell-GFP, green), sister centromeres 3L (imr3-tdTomato, red) and the nucleolus
(Gar1-CFP) were visualized. Right panel: number of telomeric foci according to the distance
between sister-centromeres 3L at 36°C (n>43 cells for each strain). The data shown are from a
single representative experiment out of three repeats. (C) Kymograph representation of
kinetochore dynamics in live top2-250 mutant cells at permissive temperature (25°C) or restrictive

780 temperature (18°C). Kinetochores are visualized via Ndc80-GFP (green) and SPBs via Cdc11-
CFP (red). Right panel. Quantification of the percentage of top2-250 anaphase cells showing
lagging centromeres. Error bars indicate SD obtained from three independent experiments (n=100

for each condition).
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785 Figure S3. Condensin deficiency increases contact frequencies between telomeres in
metaphase. Data from the biological and technical replicate of those shown in Fig. 3. (A) Mitotic
indexes of cell cultures used for Hi-C. (B) Hi-C contact probability matrix at 25 kb resolution of
wild-type cells arrested in metaphase at 33°C. Contacts between telomeres (arrows) and
centromeres (circles) are indicated (C) Median contact probabilities as a function of distance along

790 the chromosomes for wild-type and cut14-208 cells arrested in metaphase at 33°C. (D) Hi-C
difference map at 25 kb resolution comparing cut14-208 and wild-type cells. (E) Aggregation of
contact frequencies at chromosome ends in wild-type and cut14-208 mutant cells in metaphase at
33°C. Boxes indicate the median, 1st and 3rd quartiles, whiskers extend to minimum and
maximum values and notches represent the 95% confidence interval for each median. Data points

795 are shown as grey circles.

Figure S4. Tazl specifically enriches condensin at telomeres. (A) Cnd2-GFP calibrated ChIP-
gPCR shown in Figure 1C were normalized with respect to their corresponding IP/T ratios of
budding yeast SMC3-GFP at CEN4. cnt/ is the kinetochore domain of cen/ while exgl, gasl and
800 cndl loci are high or low occupancy binding sites on chromosome arms. Shown are the average
and standard deviations from n=3 biological and technical replicates. (B) Cnd2-GFP occupancy at
non-telomeric Tazl islands in wild-type or cut/4-208 mutant cells arrested in metaphase, as
determined by calibrated ChIP-seq (n =2 biological and technical replicates). (C) Summary of the
ChIP-seq results obtained at several representative Tazl islands (Zofall ef al, 2016). (D) Cnd2-
805 GFP calibrated ChIP-qPCR from indicated metaphase arrests. Left panel: mitotic indexes of cell
cultures used for ChIP. Right panel: results of calibrated ChIP-qPCR. Shown are averages and sd
from 6 independent biological and technical replicates. (E) Left panel: genome browser views of
Cnd2-GFP calibrated ChIP-seq in indicated metaphase arrests, with two independent biological
and technical replicates (#). Replicate #1 is shown in Figure 4. Right panel: metagene profile of
810 all condensin binding sites along chromosome arms from replicate #2. TSS (Transcription Start

Site), TES (Transcription End Site).

Figure S5. Condensin counteracts cohesin at telomeres

Psm3-GFP calibrated ChIP-qgPCR from cells synchronized at G2/M (time 0 min; top panel) and
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815 upon their release in anaphase (time 30 min; bottom panel). cendhl, kgd1 and Ivs1 loci are cohesin
binding sites, while exgl, gasl and rRNA37 loci are condensin binding sites. Percentage of IP with
Psm3-GFP has been normalized using S. cerevisiae (S.c.) CARIV locus. Shown are the averages

and standard deviations (sd) from 3 independent biological and technical replicates.

820 Figure S6. Condensin counteracts cohesin at telomeres
cut3-477 and cut3-477 rad21-K1 mutants were grown at permissive temperature and small, early
G2 cells were purified using a lactose gradient. After synchronization, the entire cell population
was in G2 (0% of cells in mitosis or cytokinesis). Purified early G2 cells were shifted to the
restrictive temperature of 36°C and telomeric foci were scored according to the distance between
825 SPBs (n>80 cells for each strain). The data shown are from a single representative experiment out

of three repeats.

DATA AND MATERIALS AVAILABILITY

Raw and processed data from calibrated-ChlP-seq, Hi-C and the TEL2R-extended ASM294v2
830 version of the fission yeast genome, are available at the NCBI Gene Expression Omnibus (GEO)

repository under the accession number GSE196149.

MATERIALS AND METHODS

Media, molecular genetics and cell culture

835 Media, growth, maintenance of strains and genetic methods were as described (Moreno et al,
1991). Standard genetics and PCR-based gene targeting method (Bahler et al, 1998) were used to
construct S. pombe strains. All fluorescently tagged proteins used in this study are expressed from
single-copy genes under the control of their natural promoters at their native chromosomal
locations. Strains used in this study are listed in Table S1. For metaphase arrests used in ChlP and

840 Hi-C experiments, cells expressing the APC/C co-activator Slpl under the thiamine-repressible
promoter nmt41 (Petrova et al, 2013) were cultured in synthetic PMG medium at 30°C, arrested
in metaphase for 2h at 30°C by the adjunction of thiamine (20 uM final) and shifted at indicated
restrictive temperatures for 1 hour. For Hi-C, the cultures were arrested for 3h at 33°C. Mitotic

indexes were determined by scoring the percentage of cells exhibiting Cnd2-GFP fluorescence in
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845 their nucleoplasm (Sutani et al, 1999). G2/M block and release experiments were performed using
an optimized cdc2-as allele (Aoi et al, 2014). Cells were arrested in late G2 by 3h incubation in
the presence of 3-Br-PP1 at 2 uM final concentration (#A602985, Toronto Research Chemicals).
Cells were released into synchronous mitosis by filtration and 3 washes with prewarmed liquid
growing medium. For the viability spot assay, cell suspensions of equal densities were serially

850 diluted five-fold and spotted on solid YES medium, the first drop containing 107 cells. For
microscopy, cells were grown in yeast extract and centrifuged 30 sec at 3000 g before mounting
onto an imaging chamber. Total protein extractions for western blotting were performed by

precipitation with TCA as previously described (Grallert & Hagan, 2017).

855 Lactose gradient for G2 cells purification
Cell synchrony was achieved by lactose gradient size selection. Log phase cells (50ml of 5.10°
cells) were concentrated in 2ml and loaded onto a 50ml 7-35% linear lactose gradient at 4°C. After
10min centrifugation at 1600rpm at 4°C, 3ml of the upper of two visible layers was collected and
washed twice in cold YES media before being resuspended in fresh medium. At this stage, cells

860 were released at 36°C and fixed every 20min until the first mitotic peak.

Cell imaging and fast microfluidic temperature control experiments
Live cell analysis was performed in an imaging chamber (CoverWell PCI-2.5, Grace Bio-Labs,
Bend, OR) filled with 1 ml of 1% agarose in minimal medium and sealed with a 22 x 22-mm glass
865 coverslip. Time-lapse images of Z stacks (maximum five stacks of 0.5 um steps, to avoid
photobleaching) were taken at 30 or 60 sec intervals. Images were acquired with a CCD Retiga R6
camera (QImaging) fitted to a DM6B upright microscope with a x100 1.44NA objective, using
MetaMorph as a software. Intensity adjustments were made using the MetaMorph, Image J, and
Adobe Photoshop packages (Adobe Systems France, Paris, France). Fast microfluidic temperature
870 control experiments were performed with a CherryTemp from Cherry Biotech. To determine the
percentage of chromatin bridges with unseparated telomeres, cells were fixed in 3.7%
formaldehyde for 7 min at room temperature, washed twice in PBS, and observed in the presence
of DAPI/calcofluor.

875 Image processing and analysis
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The position of the SPBs, kinetochores/centromeres and telomeres were determined by
visualization of the Cdcl1l-CFP, Ndc80-GFP/Mis6-RFP and Tazl-GFP/Ccql-GFP signals.
Maximum intensity projections were prepared for each time point, with the images from each
channel being combined into a single RGB image. These images were cropped around the cell of
880 interest, and optional contrast enhancement was performed in MetaMorph, Image J or Photoshop
where necessary. The cropped images were exported as 8-bit RGB-stacked TIFF files, with each
frame corresponding to one image of the time-lapse series. For both channels, custom peak
detection was performed. The successive positions of the SPBs were determined. The number of
telomeres during spindle elongation was determined by visual inspection.
885
Telomere length analysis by Southern blotting
Genomic DNA was prepared and digested with Apal. The digested DNA was resolved in a 1.2%
agarose gel and blotted onto a Hybond-XL membrane. After transfer, DNA was crosslinked to the
membrane with UV and hybridized with a radiolabelled telomeric probe. The telomeric DNA

890 probe was extracted by digestion of pIRT2-Telo plasmid by Sacl/Pstl.

ChIP and calibrated-ChIP
Fission yeast cells, expressing either Cnd2-GFP or NLS-GFP, and arrested in metaphase by the
depletion of Slpl, were fixed with 1% formaldehyde for 5 min at culture temperature and 20 min
895 at 19°C in a water bath, quenched with glycine 0.125 M final, washed twice with PBS, frozen in
liquid nitrogen and stored at -80°C until use. For calibration, Saccharomyces cerevisiae cells
expressing Smc3-GFP were grown in Yeast Peptone Dextrose liquid medium at 30°C in log phase
and fixed with 2.5% formaldehyde for 25 min. 2.108 fission yeast cells were used per ChIP
experiment. To perform calibrated ChIP the same amount of fission yeast cells was mixed with
900 4.107 budding yeast cells. Cells were resuspended in lysis buffer (50 mM Hepes KOH pH 7.5,
NaCl 140 mM, EDTA 1 mM, Triton X-100 1%, sodium deoxycholate 0.1%, PMSF 2mM)
supplemented with a protease inhibitor cocktail (cat. 11836170001, Roche), and lysed with
Precellys ®. Chromatin was sheared to ~ 300 bp fragments with Covaris ® S220 (18 min at duty
factor 5%, 200 cycles per burst, and 140W peak power), clarified twice by centrifugation at 9600
905 g at 4°C and adjusted to 1 mL final with lysis buffer. For ChIP, two 60 pl aliquots of chromatin
each served as Total (input) fractions, while two aliquots of 300 pl of chromatin (IPs) were
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incubated each with 35 pl of Dynabeads™ protein A (cat. 10002D, Invitrogen) and 8 pg of anti-
GFP antibody (cat. A111-22, Invitrogen). For calibrated-ChlP-seq one 60 ul aliquot of chromatin
served as Total (T) fraction and IP was performed on 600 ul of chromatin using 75 ul of
910 Dynabeads™ proteinA and 16 pg of anti-GFP antibody. T and IP samples were incubated
overnight in a cold room, IPs being put on slow rotation. IPs were washed on a wheel at room
temperature for 5 min with buffer WI (Tris-HCI pH8 20 mM, NaCl 150 mM, EDTA 2 mM, Triton
X-100 1%, SDS 0.1%), WII (Tris-HCI pH8 20 mM, NaCl 500 mM, EDTA 2 mM, Triton X-100
1%, SDS 0.1%) and WIII (Tris-HCI pH8 10 mM, sodium deoxycholate 0.5%, EDTA 1 mM, Igepal
915 1%, LiCl 250 mM) and twice with TE pH8 without incubation. Immunoprecipitated materials on
beads and T samples were brought to 100 pl in TE pH8, supplemented with RNAse A at 1pg/ul
and incubated 30 min at 37°C. 20 ug of proteinase K was added and tubes were incubated 5h at
65°C. For calibrated-ChlPseq, IPs on beads were eluted in Tris 50 mM, EDTA 10 mM, SDS 1%
15 min at 65°C. Supernatants were transferred to a new tube supplemented with RNAse A at
920 1pg/ul and incubate 1h at 37°C. 200 ug of proteinase K was added followed by an incubation of
5h at 65°C. DNA was recovered using QIAquick PCR Purification Kit, following manufacturer’s
instructions. For calibrated ChIP-gPCR, real time quantitative (q) PCRs were performed on a
Rotor-Gene PCR cycler (Qiagen) using Quantifast (Qiagen) SYBR Green. The ratios (IP/T)
calculated for fission yeast DNA sequences where normalized to their associated IP/T ratio
925 calculated for budding yeast CARIV or CEN4 DNA sequences bound by SMC3-GFP. For
calibrated ChlIP-seq, Total and IPed DNA samples were washed with TE pH8 and concentrated
using Amicon® 30K centrifugal filters, and libraries were prepared using NEBNext® Ultra™ ||
DNA Library Prep Kit for Illumina® kits according to the manufacturer’s instructions. DNA
libraries were size-selected using Ampure XP Agencourt beads (A63881) and sequenced paired-
930 end 150 bp with Novaseq S6000 (Novogene®).

Hi-C sample preparation

Fission yeast cells, expressing Cnd2-GFP and arrested in metaphase by the depletion of Slp1 were

fixed with 3% formaldehyde for 5 min at 33°C followed by 20 min at 19°C, washed twice with
935 PBS, frozen in liquid nitrogen and stored at -80°C. 2.108 cells were lysed in ChlIP lysis buffer with

Precellys ®. Lysates were centrifuged 5000 g at 4°C for 5 min and pellets were resuspended once

in 1 ml lysis buffer and twice in NEB® 3.1 buffer. SDS was added to reach 0.1% final and samples
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were incubated for 10 min at 65°C. SDS was quenched on ice with 1% Triton X-100 and DNA
digested overnight at 37°C with 200 Units of Dpnll restriction enzyme. Samples were incubated
940 at 65°C for 20 min to inactivate Dpnll. Restricted-DNA fragments were filled-in with 15 nmol
each of biotin-14-dATP (cat. 19524016, Thermofisher), dTTP, dCTP and dGTP, and 50 units of
DNA Klenow | (cat. M0210M, NEB) for 45 min at 37°C. Samples were diluted in 8 ml of T4
DNA ligase buffer 1X and incubated 8 hours at 16°C with 8000 Units of T4 DNA ligase (NEB).
Crosslinks were reversed overnight at 60°C in the presence of proteinase K (0.125 mg / ml final)
945 and SDS 1% final. 1 mg of proteinase K was added again and tubes were further incubated for 2
hours at 60°C. DNA was recovered by phenol-chloroform-isoamyl-alcohol extraction,
resuspended in 100 pl TLE (Tris/HCI 10 mM, 0.1 mM EDTA, pH8) and treated with RNAse A
(0.1 mg / ml) for 30 min at 37°C. Biotin was removed from unligated ends with 3 nmol dATP,
dGTP and 36 Units of T4 DNA polymerase (NEB) for 4 hours at 20°C. Samples were incubated
950 at 75°C for 20 min, washed using Amicon® 30k centrifugal filters and sonicated in 130 pul H20
using Covaris® S220 (4 min 20°C, duty factor 10%, 175W peak power, 200 burst per cycle). DNA
was end-repaired with 37.5 nmol dNTP, 16.2 Units of T4 DNA polymerase, 54 Units of T4
polynucleotide kinase, 5.5 Units of DNA Pol | Klenow fragment for 30 min at 20°C and then
incubated for 20 min at 75°C. Ligated junctions were pulled-down with Dynabeads® MyOne™
955 Streptavidin C1 beads for 15 min at RT and DNA ends were A-tailed with 15 Units of Klenow
exo- (cat. M0212L, NEB). Barcoded PerkinElmer adapters (cat. NOVA-514102) were ligated on
fragments for 2 hours at 22°C. Libraries were amplified with NextFlex PCR mix (cat. NOVA-
5140-08) for 5 cycles, and cleaned up with Ampure XP Agencourt beads (A63881). Hi-C libraries
were paired-end sequenced 150bp on Novaseq6000.
960
Calibrated ChIP-seq data analysis

Scripts and pipelines are available in the git repository https://gitbio.ens-

lyon.fr/LBMC/Bernard/chipseq (tag v0.1.0). Analyses have been performed based on the method

described by Hu et al. (Hu et al, 2015), using a modified version of the nf-core/chipseq (version
965 2.0.0) pipeline (https://doi.org/10.1038/s41587-020-0439-x) executed with nextflow (version
23.02.1). We used the S. pombe genome (ASM294v2, or its TEL2-R extended version available
at Omnibus GEO GSE196149) and the S. cerevisiae genome (sacCER3 release R64-1-1).) for
internal calibration. Technical details regarding our calibrated-ChlIP-seq pipeline are available in
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the Appendix Supplementary Methods section. Of note, we noticed a sharp decrease in the number

970 of reads passed the coordinate 4,542,700 at the right end of chromosome II, i.e. within the
telomeric repeats of TEL2R, in Total extracts. Thus, to avoid any biased enrichment in our IP/Total
ratios, all calibrated ChlP-seq results concerning TEL2R have been taken within the limit of the
position 4,542,700 within telomeric repeats of TEL2R.

975 Hi-C data analysis
Computational analyses of Hi-C data were performed with R (version 3.4.3). Reads were aligned
on the genome of S. pombe version ASM294v2 using bwa (version 0.7.17-r1188) with default
settings. Hi-C contacts matrices of Dpnll digested genomic fragments were normalized and
processed using Juicer (version 1.6: https://github.com/aidenlab/juicer). Hi-C reads were binned
980 to a resolution of 5 kb using a square root vanilla count normalization. 2D plots were performed
for normalized (observed/expected) Hi-C read counts using Juicebox. Differential 2D plots were
visualized in Log2 (of normalized Hi-C reads in mutants / normalized Hi-C reads in wild-type
control). Aggregation of Hi-C data was performed essentially as previously described (Liang et al,
2014; Rao et al, 2014) with the following modified parameters for adaptation to 3D contacts at
985 telomeres: Hi-C reads were counted over bins of 5 kb over a 150 kb distal region covering both
telomeres of each chromosome. Long-range interactions were assessed for all combinations of
telomeres over a sliding matrix (21x21 bins). To optimize detection of long-range interactions
between telomeres, a quantilization was performed by ranking the 21x21 bins of every sub-matrix
contributing to the aggregation, allowing to assess interactions from averaged values. Statistical
990 analyses were performed both for the corresponding quantilized matrices, and verified with non-
quantilized matrices, using a Mann-Whitney-Wilcoxon test using R (Stats4) and validated for each

of the replicates made for every mutant and wild-type conditions.

995
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Table S1. Strain list used in this study

Strain

LY4682
LY4731
LY6281
LY4483
LY6305
LY 6304
LY5480
LY5298
LY5948
LY5898

ST1711

ST2624

ST1738

ST2622

ST1665

FY?24566

ST2640

PR109

SC388
31

Genotype

h- leul-32 ura4D18 cdc2asM17

h- leul-32 ura4D cdc2asM17 cnd2-GFP-LEU2

Mata ade2-1 his3-11 his3-15 ura3 leu2-3 trpl-1 canl-100
SMC3-GFP-KanR

h- leul-32 ura4D-18 ura4-Pnmt41-slpl+ cnd2-GFP-LEU2

h- leul-32 ura4D cutl4-208 ura4-Pnmt41-slpl+ cnd2-GFP-
LEU2

h+ leul-32 ura4D cut3-477 ura4-Pnmt41-slpl+ cnd2-GFP-
LEU2

leul- ura4- ade6- urad4-Pnmt4l-slpl+ aurl::padh21-NLS-
GFP-9PK::aurlR

h? leul-32 ura4D18 ade6-21?
tazIA::ura4+ cnd2-GFP-LEU2

h- leul-32 uradD urad4-Pnmt4l-sipl+ raplA::KanR cnd2-
GFP-LEU2

h+ leul-32 ura4D urad4-Pnmt4l-sipl+ mitIA::KanR cnd2-
GFP-LEU2

h+ cdc11-CFP::KanR taz1-GFP::KanR mis6-2mRFP::hph

KanR-Pnmtl-sipl+

h?cut3-477 cdcll-CFP::KanR tazl-GFP::KanR  mis6-

2mRFP::hph

h? cutl4-208 cdcll-CFP::KanR tazl-GFP::KanR mis6-
2mRFP::hph

h?cut3-477 cdc11-CFP::KanR tazl-GFP::KanR

h? top2-250 cdc11-CFP:: KanR tazl-GFP:: KanR

h+ imr3L-tetO-urad+ Z:adh31-tetR-tdTomato<<natr
his7+<<Pdis1-GFP-lacl leul ade6 tell1L-lacO-kanr C:adh21-
garl-CFP<<hygr (Tada et al. 2011)

h? cutl4-208 imr3L-tetO-urad+ Z:adh31-tetR-
tdTomato<<natr his7+<<Pdis1-GFP-lacl leul ade6 telll-
lacO-kanr C:adh21-garl-CFP<<hygr

h- leul-32 ura4D-18

h- leul-32 ura4D-18 ade6-M210 tazl ::urad+

Figures

Fig. 1B

Fig. 1B

Fig. 1C-D, S1,4 & S4
Fig. 1C-E, S1,3 & S3,
4&S4

Fig. 1C-E, S1D, 3 &
S3, S4B

Fig. 1E, S1E

Fig. 4A, 4C, S4A &
S4D

Fig. 4A, 4C, S4A

Fig. 4A, 4C, S4A

Fig. 4D-E, S4D-E

Fig. 2A-B

Fig. 2B

Fig2A & Fig.S2A

Fig.2D, 5C, 6A
Fig.2D-E

Fig.S2B

Fig.S2B

Fig. 5B, S2C

Fig. 5B
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LY999 h- leul-32 ura4D ade6-M210 cut3-477 :NatR
SC1432 h ? leul-32 ura4D-18 tazl::urad+ cut3-477 :NatR

ST1928 h? tazl::ura+ cut3-477 ccql-GFP::KanR cdcl1-CFP:: KanR
ura4D-18

ST1664 h? top2-250 ndc80-GFP:: KanR c¢dcl11-CFP:: KanR mis6-
RFP-hyg

ST1172 h? ccql-GFP:: KanR cdcl11-CFP:: KanR

ST1183 h- tazl::KanR ccql-GFP::KanR cdc11-CFP:: KanR
ST1657 h- cut3-477 ccql-GFP:: KanR cdcl1-CFP :: KanR
ST2636 h? mitl::hph cdcl11-CFP:: KanR tazl-GFP:: KanR
LY 646 h- leul-32 ura4D-18 cut14-90

LY140 h- leul-32 ura4D cut14-208

LY1252 h- leu1-32 ura4D ade6-M210 cut14-180

LY3185 h- ura4D ade6-M210 cut3-M26

LY3186 h- ura4D ade6-M210 cut3-123-GFP:his7+

LY4681 h+ leul-32 ura4D18 cdc2asM17

LY 7260 h+ leul-32 ura4D? ade6-210 cdc2asM17 psm3-GFP-NatR

LY7262 h+ leul-32 ura4D? ade6-210 cdc2asM17 psm3-GFP-NatR
cut3-477

STCS138 h?rad21-K1 cdcl1l-CFP:: KanR tazl-GFP:: KanR

ST2638 h? rad21-K1 cut3-477 cdcl1-CFP:: KanR tazl-GFP:: KanR

32

Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

5B, S2C

S5A

.S2C

. 9A

. 5A

. 5A

5C
2C
2C
2C
2C
2C
6B, S5
6B, S5

6B, S5

Fig.6A, S6A

Fig.6A, SBA
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1010
Table S2. Primers used for gPCR
Site Forward primer Reverse primer
cntl ACCGTTGCAACTTACATCAGC GGTCGCCAAATAGCAATGAG
exgl CACATAGACGGACCACTTTGAG ATATGTCACCTGTGGCTGAGTG
gasl AATAGCATGTCGAGGTTGTATGG TGTCATCGCGAAACCTTACC
cndl AGCAATTAGCCGAACGTCTG CACCACATGATCCCATTGAC
cdc22 CGGGCTAAATTGAGGTATGG CGCAGTTGCACTTTTCAAAC
gly05 GACGTTGTGCTAAAAGGTGTTG GGAAATCGAGCAGAGGTCAG
rRNA37 TAGGATCGCTGAGAATCCATC TGGATTAAAACACATTGCTTGC
arg04 CATTAATCCGCCGTGGATAG TTCACCTAATAGTTGCCAAACG
cendhl CGCTTTGTTGTCGTGGACTA AACACGGCGATAAGAAATGG
kgd1 GCTTCAGATCATTTGGTCCAG GGAATTCATGGCATTGGAAC
Ivsl GGCATTTGTCGGTAACACTC GTTTGCAGCGACTGTGTTTC
tel30 GAAATTGTGCCACGTTGGAG GACAGGGTCCTTGCTAAGTTTC
tel19 CGGGATAACACACATGCAAC GCTTTGATGGCAACTGGTTC
tell3 CCAATCCCCAGGTTTCTTTC TTTCGACCTATCAGCGGTTG
tel9.2 ACACGCTCTGACAACATTCG CGCAATCTCGATTACCGAAC
tel6.1 AAACAACTGCAAGCGGTAGG CGCATTTACCATTCCTCCAC
tel2.4 AGCAGGGGACTATATTGGAGTG CCCCTTCAATTACCAAAGTCCAC
tel0 GTGTGGAATTGAGTATGGTGAA CGGCTGACGGGTGGGGCCCAATA
isl7 ACACTTGTTTCAGCCGATTTC AAGCATTGCTCCATTAAAACAAC
isl13 ATGAAGGTACGGAAGCAACG TAGCCCTTTCATTAATAGCTTCG
isl15 AGAAAAGGCAATGCGAGAGC CGCAAATCATCTGACATTGG
SscCARIV | TCAGGGAAGGTACGGAAATG GCATGACTATTCGCGTTTGAG
scCEN4 AAATGCCGAGGCTTTCATAG GTGACGATAAAACCGGAAGG
Table S3. Antibodies used in this study

Antibody target experiment
A-11122 (Invitrogen) Anti-GFP ChlP
Tat-1 (a gift from Keith Gull) Anti-a-Tubulin Western blot
Cnd2 (euromedex, GTX64102) Anti-Cnd2 fission yeast | Western blot
anti-rabbit NA9340V Amersham Anti-rabbit secondary Western blot
anti-mouseNA931 -1ml Amersham Anti-mouse secondary | Western blot
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Appendix Supplementary Methods

Scripts and pipelines are available in the git repository https://gitbio.ens-

1020 lyon.fr/LBMC/Bernard/chipseq (tag v0.1.0). Pipelines were executed with nextflow (version

23.02.1). In the subsequent section, genome refers to the S. pombe genome (ASM294v2, or its
TEL2-R extended version available at Omnibus GEO GSE196149), while calibration genome
refers to the genome of S. cerevisiae (sacCER3 release R64-1-1) used for internal calibration. To
perform the analyses, we use a modified version of the nf-core/chipseq (version 2.0.0) pipeline
1025 (https://doi.org/10.1038/s41587-020-0439-x). We modified this pipeline as follows: We added an

optional --fasta calibration parameter to pass the calibration genome. We modified the

subworkflow prepare genome.nf to run GUNZIP FASTA on both the --fasta and --
fasta calibration files and merge the two fasta file with the MIX FASTA process, while
addingacali prefix to the names of the chromosome of the calibration genome. The workflow
1030 chipseg.nf was modified to run a new process, BAM CALIB (replacing
BEDTOOLS GENOMECOV), on the IP bam file and their corresponding Total (INPUT) bam file to
generate calibrated IP and INPUT bigwig files. The workflow chipseq.nf was modified to then run
BIGWIG2BAM to generate synthetic bam files from the output of BAM CALIB. These synthetic
bam files are single-end and replace the output of the mapping step in the next parts of the pipeline.
1035 The BIGWIG2BAM outputs are indexed witha SAMTOOLS INDEX process. The BAM CALIB

tool (https://qgitbio.ens-lyon.fr/LBMC/Bernard/bamcalib v0.1.5) takes into inputs a sorted bam file

for the IP data and a sorted bam file for the TOTAL data (mapped on the concatenation of the two
genomes), and output a calibrated bigwig for the reference genome. For the normalization, we
modified a previously described method (Hu et al, 2015) in order to account for biases in coverages

1040 in the TOTAL fractions. We introduce the following notation: IP.(t) is the coverage at position
t in the IP sample on the reference genome, IP.(t) is the coverage at position t in the IP sample
on the calibration genome, WCE,(t) is the coverage at position t in the TOTAL (whole cell
extract) sample on the reference genome, and WCE_(t) the coverage at position t inthe TOTAL
sample on the calibration genome. In a reference genome of size T, (ignoring the chromosome

1045 segmentation), and in a calibration genome of size T,., Hu et al. compute the Occupancy Ratio
(OR) as follows (Hu et al, 2015):
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10° Y37, WOE, (t')
Yy TP () i WOE, (1)
Instead, we used the following formula with / (default to 10%) an arbitrary scaling factor.
; T o .
B Yl WCOE. (f )
T!.- Zﬁ:] [P (t) I} Zi:l WCE, (t")

OR =

normI P (t) = I P, (t)

This formula can be described as follows:
The technical variations on the IP efficiencies are corrected by scaling I’z {t) by the calibration

genome coverage.
1

T, "
; o TP (t)
To account for variations in cells proportion, we correct by a scaled WCE coverage:
-7 P :
£V WCE (1)
T. T ’
'l':'l' Zr’:l WCE, (t)

To be able to analyze the coverage information at repetitive regions of the genome, we propose to

normalize the signal nucleotide by nucleotide and introduce the OR ratio:

normi P ()

atiol P (1) =
ratiol P (2) normWCE (t)

with:

\ |

IS wee. )"

We then find « such that (not to distort the norm ! P signal on average):

normi F (1)
normWCFE (t)

| . P, (r)

Sy 1P () o WO (t)

normWCE (t) = WCE, (t

E(normlIP (t)) = F (

which gives
normWCOE (1) = WCE, (1)

With this method, we retain the internal calibration developed by Hu et al. (Hu et al, 2015) and
we account for variations in read density at each base in WCE samples.
In the BAM_CALIB tools, the coverage does not correspond to the number of read covering a

given position like in classical tools outputting bigwig. Instead we compute the number of

fragments for paired-end data. To compute the coverage density *Xu (1) with X € [P, WCE] apq
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v € |e. 2] we count the number of reads (t) overlapping with position t. For properly paired reads
(with a mate read on the same chromosome and with a starting position ending after the end of the
read) we also count a density of 1 between the end of the first reads and the start of his mate read
g(t), Xy (t) = r(t) + 9(t). Some fragment can be artificially long (with reads mapping to repeated
regions at the start and end of a chromosome), therefore, we compute a robust mean # of the gap

size, between two reads of a pair, by removing the 0.1 upper and lower quantile of the fragment
length distribution. Fragments with a size higher than @ (0.95.11.1.0) are set to end at the
¢~ 1(0.95. 41, 1.0) value, with @() the Normal CDF function. For fragments shorter than the read
length, we don't count the overlapping reads region as a coverage of 2 fragments but as the
coverage of 1  fragment. The BIGWIG2BAM Tools  (https://gitbio.ens-
lyon.fr/LBMC/Bernard/bamcalib v0.1.1), generate a synthetic bam file from a bigwig file and a

reference genome. The purpose of this tool is to create a bam file having the same coverage profile
as the one described in the input bigwig file. Therefore, we can run any chip-seq tools working

with bam file instead of bigwig file on our normalized data.
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5.3 Supplementary results to Part 5

(a) Chromosome segregation assay
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(B) Western bloting showing the depletion of Cutl4-3=AID in the experimental conditions of (A) in all three biological
replicates,

(C) ChIP-gPCR against nls-GFP or psm3-GFP in the indicated conditions at the indicated genomic lod., Values are
%IP/T mormalized to a cerevisas site added as spike-in.

'IEII



I tried to ask whether the increase in cohesin association is dependent on a function of condensin just
prior to mitosis, by depleting Cutl4 at the G2/M transition using an auxin sensitive cuti4-3xsAID allele
with cohesin tagged psm3-GFP. Cells were blocked using the cdcZasM17 allele sensititive to 3-BrbPP1,
Cutl4 was depleted in G2 and cells were collected and fixed 20mn after the release from the G2
arrest or just prior to release at Omn (Fig. D1A). I performed ChIP-gPCR on the indicated conditions
using an anti-GFP antibody (A111-22) and assessed the levels of cohesin binding at sub-telomeres

and arm sites (Fig. 1DC).

We observe increases at some sites in cuti4-3xsAID NaOH or 5alAA conditions relative to wild-type.
The telomere proximal tel0 site shows specific increase in anaphase, while other subtelomeric sites
such as tell.2, tel2.4, tel9.2 show increases both in G2 and in anaphase (Fig. D1C). Moreover, the
3xsAID tag itself appears to produce an increase in cohesin association, thus the question of whether
condensin plays a role in mitosis at telomeres or has an impact through a prior step of the cell-cycle

remains open.

PART 6 — DHP1-RPB1 Project Lebreton & Colin 2024

While I was working on FACT and Jeremy on RNA binding proteins, we both developed tools that we
used to address the impact of transcription on condensin in mitosis and led to this collaborative study.
Of note, Jeremy performed all the Spt-PALM work and analysis (Fig. 2) and the work on Dhpl and we

analysed the data together.

6.1 Active transcription by RNA polymerase on condensin activity

As mentioned in the introduction, the process of transcription can deeply impact the chromatin
template and by extension the chromosome. Many properties of actively transcribed units can be cited
as examples : as mentioned in the introduction, elongation factors allow RNA polymerases to bypass
the nucleosomal obstacles that impede transcription (Kujirai et al., 2018). Transcriptionally
associated chromatin remodelers can retain nucleosomes in the wake of polymerase and reposition
them (Farnung et al., 2021; Flipovski et al., 2022). Highly expressed genes can become bulky,
polymerase dense regions (Miller and Beatty, 1969) and transcription is also a source of positive

and negative supercoiling (upstream and downstream of the direction of transcription, respectively).
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The establishment of the promoter region for polymerase recruitment involves specific chromatin
remodeling activities that position nucleosomes just upstream/downstream of the PIC (Wang et al.,
2023) and create a NDR region (Lee et al., 2004). Finally, enhancer regions in metazoans can

establish contacts with promoter regions and can themselves be transcribed (Kim et al., 2010).

Multiple studies combining in vivo experiments with modelling suggest that cohesin and bacterial
SMCs may be stalled by translocating RNA polymerases (Banigan et al., 2023; Brandao et al.,
2019; Busslinger etal., 2017a; Heinz et al., 2018; Jeppsson et al.,, 2022b; Tran et al,,
2017; Wang et al,, 2017). In budding yeast, cohesin was found associated at tandem repeats of
rDNA (Laloraya et al., 2000) and eventually, in a chromosome-wide approach at sites of convergent
transcription (Lengronne et al., 2004). Furthermore, release from G1 arrest suggests that this
association is dynamic and that the cohesin complexes translocate towards these convergent
transcription sites (Lengronne et al.,, 2004). More recent evidence in budding yeast suggests that
convergent sites of transcription also accumulate cohesin (Jeppsson et al., 2022). Notably, in
human cells when cohesin residence time is increased and CTCF barriers are removed (Banigan et
al., 2023; Busslinger et al., 2017b) it is found relocated at convergent transcriptional units.
Together these evidence suggest that transcription is a conserved positioning device of cohesin SMC.
Consistent with this model, shutting down transcription or RNAPII depletion produces loss of cohesin
accumulation in the loci where RNAPII was otherwise active (Busslinger et al., 2017; Jeppsson et
al., 2022; Zhang et al., 2023). Meanwhile, translocation of cohesin in vitro can be stalled and even
pushed by RNA polymerases (Davidson et al., 2016) although in this assay cohesin is topologically
associated to DNA and is not extruding a loop. When performing loop extrusion, cohesin can bypass a

single DNA-bound RNA polymerase II (Pradhan et al,, 2022a).

Nonetheless, transcription appears to limit the ability of cohesin to structure larger loops. Inhibition of
transcription promotes the formation of long-range contacts (Jeppsson et al., 2022b) and formation of
new loops after RNA pol II depletion has been reported in human cells (S. Zhang et al., 2023)

correlated with loss of cohesin binding at loci where loop anchors are lost.

In comparison, evidence for condensin is less abundant. Condensin is enriched at actively transcribed

genes (Nakazawa et al.,, 2015; Sutani et al.,, 2015) but it has been argued that while reducing
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transcription rescues phenotypes caused by condensin mutations, it also leads to dissociation of
condensin from chromatin (Sutani et al., 2015). On the other hand, evidence in fission yeast from
the hosting lab suggests condensin position is determined by active RNA polymerase, either pol II or

pol III at specific loci tested (Rivosecchi et al., 2021).

These conflicting evidence underlie a problem at the center of condensin function in vivo, and appears
essential to better understand “mechanistic parallels and conflicts between transcription-driven and
condensin-mediated conformational changes of chromatin” (Hirano, 2016). In particular, what is the
impact of the the processive, chromatin-associated movement of RNA polymerases (Kujirai et al.,

2018) on the processive ATP-driven translocation of condensin (Ganji et al., 2018) ?

We set out to revisit the role of transcription in condensin function, by degron-tagging two proteins :

- Rpbl, the largest subunit of RNA polymerase II. With Rpb2 it forms the core of the RNAPII
catalytic enzyme and holds the active site (Cramer et al.,, 2000), with additional key
functional domains important for the transcription process (Schier and Taatjes, 2020).
Depletion of Rpb1 therefore is certain to lead to the abolishment of RNAPII transcription.

- Dhp1/XRN2, the torpedo exoribonuclease which is involved in proper transcription termination
by co-transcriptional cleavage (West et al., 2004). In fission yeast depletion of Dhpl leads
to reading-through polymerases beyond the normal 3’ TES site (Larochelle et al., 2018;
Nakazawa et al., 2019), which also leads to condensin accumulation at two genes tested

(Nakazawa et al., 2019).

I attempted, with a pilot experiment described in Fig. D2, to assess whether RNAPII could be re-
expressed in mitosis after depletion — to demonstrate a direct effect of RNAPII on condensin
localisation and chromosome conformation. Unfortunately, this was not experimentally feasible as
RNAPII levels recovered in the extract did not associate to chromatin. This could be explained by
several non-mutually exclusive hypotheses, such as 1/ a slow assembly of transcribing RNAPII
complexes relative to the recovery of Rpbl levels, 2/ a mechanism preventing reassociation to
chromatin specifically during mitosis, 3/ remaining RNAPII chromatin-bound subunits preventing

the reassociation of Rpb1, 4/ loss of chromatin features required for PIC assembly.
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Fig. D2 Rpb1 association is not recovered in mitosis

(A) Left : principle of the Rpb1 recovery experiment in metaphase. rpb1-3xsAID is arrested in metaphase
by exposition to Thiamine for 2h. Cells are then split in two and each sample is exposed to NaOH (N) or
5aIAA (I) for 30mn. The (I) sample is then split in two and washed/released into Thiamine containing
medium with either 5alAA, depletion (D) or with NaOH, add-back (R) for 30mn. Cells are then fixed and
processed for ChIP-gPCR. Right : Western blot showing levels of Rpb1-3xsAID in the extract with the
corresponding mitotic indexes.

(B) ChIP-gPCR against Rpb1l (8WG16) or Cnd2-GFP (A111-22), with the value expressed as the ratio of
quantification in the IP relative to the input. Two protein coding genes expressed in M (exgl and ecm33)
were probed along their length by the indicated primers. Despite recovery in the add-back condition of
Rpb1-3xsAID as seen in the R sample in (A), chromatin-bound Rpb1 is not recovered.
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In this paper we provide evidence that in fission yeast metaphase, active RNA pol II positions
condensin genome wide and hinders its ability to establish long range contacts. With a reverse
approach we show that efficient transcription termination limits the negative impact of RNA pol II on
condensin function in metaphase. We show that transcription in mitosis impacts the physiology of
sister chromatid segregation in anaphase without determining steady state levels of condensin

association in metaphase.

6.2 RNA Pol II antagonises mitotic chromatin folding and chromosome segregation by

condensin. bioRxiv. https://doi.org/10.1101/2023.08.08.552486
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Abstract

Condensin shapes mitotic chromosomes by folding chromatin into loops but whether it does
so by DNA-loop extrusion remains speculative. While loop-extruding cohesin is stalled by
transcription, no conclusive evidence has been provided regarding the impact of transcription
on condensin despite its conserved enrichment at highly expressed genes. Using degrons of
Rpb1 or the torpedo nuclease Dhp1*fN2, we depleted or displaced RNAP2 on chromatin in
fission yeast metaphase cells. We show that RNAP2 does not load condensin on DNA but
instead retains condensin and hinders its ability to fold mitotic chromatin and to support
chromosome segregation, consistent with the stalling of a loop-extruder. Transcription
termination by Dhp1 limits such a hindrance. Our results shed a new light on the integrated
functioning of condensin and we argue that a tight control of transcription underlies mitotic

chromosome assembly by loop-extruding condensin.

Keywords: condensin, SMC complexes, loop-extrusion, mitotic chromosome assembly,

transcription, transcription-termination.
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Introduction

During mitosis, chromatin is reshaped into rod-shaped chromosomes in preparation for the
accurate segregation of sister chromatids in anaphase. The assembly and maintenance of
mitotic chromosomes is driven by the nonhistone protein complex condensin!, whose
deficiency manifests in anaphase by the stereotypical formation of chromatin bridges®™.
Condensin has two variants, named condensin | and Il, with the latter being lost several times
during evolution®. Budding and fission yeasts only have a single complex similar to condensin
| in term of primary amino acid sequence. Current data indicate that yeasts and vertebrates
condensins shape mitotic chromosomes by folding chromatin into loops®~8, but the underlying
mechanisms remain incompletely understood.

Condensins belong to the conserved family of SMC (Structural Maintenance of Chromosomes)
genome organizers, which in eukaryotes includes cohesin and SMC5/61. SMC protein
complexes are composed at their core of two SMC-ATPases and a kleisin subunit that together
form a ring, which associates with additional regulatory subunitsl. A prevalent model
proposes that SMCs drive intrachromosomal 3D contacts by processively extruding loops of
DNA?®. Condensins, cohesin and SMC5/6 have been observed extruding naked DNA into loops
in an ATP-dependent manner in vitro!®4, Hi-C studies have further shown that, in addition to
mediating sister-chromatid cohesion, cohesin organises chromatin into loops and
intrachromosomal topologically associated domains (TADs) during interphase!>®, while
condensin-mediated loops enlarge during mitosis>®8. Although loop-extrusion per se has not
been directly observed in vivo, a large body of studies support the idea that loop-extruding
cohesin is halted by DNA-bound proteins such as pairs of convergent CTCF or active RNA
polymerases in the context of chromatin®®1°, However, similar experimental evidence
remains scarce for eukaryotic condensins?%?1, An alternative non-mutually exclusive model,
namely diffusion capture??, proposes that condensin shapes mitotic chromosomes by
stabilizing random 3D contacts between its binding sites, either by capturing two DNA
molecules inside its ring or through condensin-to-condensin contacts. Biophysical simulation
recapitulates features of budding and fission yeast mitotic chromosomes?*?3, and
experimental evidence indicates that condensin-condensin interactions underlie chromosome
formation by a loop-extrusion independent mechanism in Xenopus egg extracts?*. Thus, the

mechanism(s) by which condensins fold chromatin into loops during mitosis remain(s) unclear.


https://doi.org/10.1101/2023.08.08.552486

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.08.552486; this version posted August 11, 2023. The copyright holder for this preprint 1 22
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

To gain in functional understanding of condensin, we sought to compare its interplays with
RNA polymerases with those of cohesin, taking advantage of the fact that transcription
remains active during mitosis in fission yeast?>. Chromatin immunoprecipitation coupled with
high throughput sequencing (ChIP-seq) studies performed from yeasts to human have
revealed a same broad basal association of condensins along the genome punctuated by peaks
of high occupancy at centromeres, telomeres and rDNA repeats, as well as in the vicinity of
highly expressed genes of any class along chromosome arms?>28, While cis-acting factors
localising condensin at rDNA repeats?®3, centromeres313230 or telomeres3?® have been
identified, the mechanisms underlying the enrichment of condensin at highly expressed genes
and its functional consequences remain poorly understood. In fission yeast, condensin
accumulates at the 3’ends of genes highly-transcribed during mitosis?>. Mouse and human
condensin Il are also enriched at active genes in cycling cells**. Even chicken and human
condensin |, which bind transcriptionally silent chromatin in mitosis, accumulate in the vicinity
of promoters that were active in the previous G2 phase?>?’. We reported that nucleosome
eviction from gene promoters facilitates the loading of fission yeast condensin onto DNA in
vivo®. It also has been shown in xenopus egg extracts, which lack transcription, that the
general transcription factor TFIIH promotes the loading of condensin | and Il by competing
with nucleosomes3®. The TATA binding protein Tbp1™P®, as well as sequence-specific DNA
binding transcription factors, such as TFIIIC or Ace2, have been involved in the localisation of
condensins at their target genes in yeasts and/or mammalian cells, but whether they act as a
condensin loaders or positioning devices remains unclear?®373834 The functional significance
of condensin enrichment at highly expressed genes is further questioned by the finding that,
in both chicken and fission yeast cells synchronized in mitosis, those sites exhibit only
marginally increased frequencies of chromatin loops as compared to non-enriched loci®®. It
has been proposed that fission condensin and human condensin | bind to unwound DNA
segments generated by transcription and reduce such structures to promote chromosome
segregation during mitosis>>3°. On the other hand, there is evidence that induction of
transcription by either RNAP1 or RNAP2 of the 35S coding region of rDNA repeats antagonises
condensin binding*®*! and we recently suggested that backtracked RNA polymerases
constitute a barrier for condensin?l. Thus, no clear picture emerges as to the functional

significance of condensin enrichment in the vicinity of highly expressed genes.
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Here, we used degrons alleles to rapidly deplete or displace RNAP2 on mitotic chromatin in
fission yeast cells and assessed the consequences on condensin’s localization, chromatin
folding in metaphase and accurate chromosome segregation in anaphase. In contrast to a
previous study?®, we found that RNAP2 transcription does not recruit fission yeast condensin,
but instead retains it in cis. We further show that RNAP2 hinders both condensin-mediated
chromatin folding in metaphase and condensin-dependent accurate chromosome segregation
in anaphase. We argue that our results are best explained by the stalling of translocating
condensin against a transcriptional barrier and provide indirect evidence for condensin

shaping mitotic chromosomes by DNA-loop extrusion.

Results

Transcribing RNAP2 causes the accumulation of condensin at the 3’end of class Il genes

Fission yeast condensin binds chromatin throughout mitosis and accumulates at mitotically
transcribed genes, forming peaks of high occupancy notably at the 3’end of class Il genes
whose expression is maximal in the M-G1 phases®. To revisit the role played by RNAP2 in
condensin’s localisation, we created an auxin-inducible degron of Rpbl (Rpbl-sAID), the
largest subunit of RNAP2. Fission yeast cells expressing both the kleisin subunit of condensin
tagged with GFP (Cnd2-GFP) and Rpb1-sAID were arrested in metaphase, exposed to either
auxin (OFF condition) or NaOH (solvent, ON condition) while maintaining the arrest, and
chromosomal associations of both Cnd2-GFP and Rpb1-sAID were measured by calibrated-
ChlIP (cal-ChlIP). This type of experimental approach was used for all metaphase arrests. Auxin
induced a rapid (30 minutes) and acute depletion of Rpb1 while Cnd2-GFP level and mitotic
indexes remained unchanged (Fig. S1A-B). Quantitative (q)PCR analysis of representative
mitotically-expressed protein-coding genes confirmed their near-complete loss of Rpb1 upon
auxin adjunction (Fig. S1C, upper panel, n = 3 biological replicates). Consistent with a previous
report showing that a chemical inhibition of RNA polymerases reduces condensin
occupancy®, Rpb1 depletion from those genes caused a strong reduction of Cnd2-GFP, while
it remained unchanged at control, non-RNAP2, condensin binding sites (Fig. S1C, lower panel).
These results confirm that RNAP2 impinges upon condensin localisation. However, Cnd2-GFP
occupancy remained constantly above background after depletion of Rpbl (Fig. S1C),

suggesting that a fraction of condensin persisted on chromatin.
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To assess the genome wide relevance of these results, cal-ChIP samples were pooled and
processed for high throughput sequencing (cal-ChIP-seq). Ranking ChlIP-seq signals at protein
coding genes by mean normalized Rpb1 signal revealed that Cnd2-GFP association mirrored
Rpbl (Rpb1-ON, Fig. 1A). Auxin-mediated depletion of Rpbl caused a strong reduction of
Cnd2-GFP at the 3’end of most if not all protein-coding and non-coding genes transcribed by
RNAP2 (Rpb1-OFF, Fig. 1A-B and Fig. S1D) while a subset of gene promoters retained Cnd2-
GFP occupancy (Fig.1B and S1C lower panel). It has been reported that treatment with the
RNA polymerase inhibitor 1,10- phenanthroline causes condensin to dissociate from
chromatin?. In contrast, when we scored the full normalized amounts of Cnd2-GFP reads
mapped to the genome, we observed no major difference between the Rpb1-ON and Rpb1-
OFF conditions (Fig. 1C), suggesting that Cnd2-GFP did not dissociate from chromatin and
might instead translocate away from Rpb1l-depleted genes. Cal-ChIP-seq also validated that
auxin adjunction reduced the binding of Cnd2-GFP neither at tDNAs (Fig. 1D), nor at rDNA
repeats or the kinetochore assembly site of centromere 1 (Fig. S1E,F) where condensin
localisation relies respectively on the transcription factor TFIIIC254234 and monopolin®. The
enrichment of fission yeast condensin at the 3’end of active class Il genes is therefore
dependent on Rpb1 in cis. Consistently, ~70% of the condensin peaks identified in RPB1-OFF
were associated with tDNAs, rDNA genes or long terminal repeats retrotransposons (Fig. S1G)
for which specific factors position condensin?631:3443, The remaining 30% contained no feature
previously associated with condensin.

If condensin is positioned by RNAP2 in mitosis, displacing RNAP2 on chromatin should shift
condensin positions. To test this, we constructed an auxin inducible degron of Dhp1*fN2 (Dhp1-
sAID), the torpedo ribonuclease involved in the termination of RNAP2 transcription?*. Dhp1
loss of function in fission yeast causes active RNAP2 (S2P) to invade DNA sequences
downstream of transcription end sites (TES)**. We depleted Dph1-sAID from metaphase
arrests (Fig. S1A-B) and performed cal-ChIP-seq against Cnd2-GFP. Density heatmaps of read
counts revealed an increase of Cnd2-GFP around the TES of a subset of protein-coding genes
(Fig. 1E and S1H), but the most prominent phenotype was a shift of Cnd2-GFP peaks
downstream the 3’end of genes (Fig. 1F). The shift was particularly obvious at sn(o0)-RNA genes
(Fig. 1G) and specific to class Il genes (Fig. S1E-F). These results strengthen and extend a
previous observation by ChIP-gPCR at two mitotically-transcribed protein-coding genes®.

Larochelle et al. described a similar shift of Rpb1 cal-ChIP-seq signals in Dhp1-depleted fission
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yeast cells**. Reanalysing their data showed that the displacements of Cnd2-GFP upon Dph1-
depletion mirrored those of Rpbl, both in orientation and in amplitude (Fig. 1F and 1G),
arguing that condensin localisation responded to features associated with transcribing RNAP2.
Since readthrough transcription can invade downstream genes, we analysed condensin
localisation in Dhp1-ON vs OFF cells as a function of gene orientation (Fig. 1H). The shift of
Cnd2-GFP signals upon Dhp1 depletion proved independent of gene orientation. However,
convergent genes exhibited the highest condensin occupancy in Dhpl-ON and a specific
increase of Cnd2-GFP occupancy in their body in Dhp1-OFF (Fig. 1H). This is consistent with
our previous work suggesting that condensin is pushed by polymerases?! as converging
reading-through RNAP2 may trap condensin. Thus, transcribing RNAP2 plays a role in cis in the

accumulation of condensin at the 3’end of active class Il genes.

RNAP2 transcription does not recruit condensin onto DNA

Our finding that the steady state level of Cnd2-GFP on chromatin remained largely unchanged
upon depletion of Rpbl (Fig. 1C) appeared inconsistent with a preferential binding of
condensin to unwound DNA generated by transcription?>3°, To further investigate this, we
took an orthogonal approach and performed photoactivated localisation microscopy and
single particle tracking (SPT-PALM) of condensin in living fission yeast cells. A recent study has
shown that SPT-PALM provides accurate measurements of the chromatin association of the
related SMC5/6 complex in asynchronous fission yeast cells*. Using Cnd2 tagged with
mEO0S3.2 (Cnd2-mEOS3.2)*, we first characterized condensin behaviour in an otherwise wild-
type (WT) background. Cells were arrested in metaphase, subsets of Cnd2-mEQS3.2 were
photoconverted, imaged at a framerate of 33.6 ms, individual tracks were reconstituted and
analysed with sptPALM viewer?®. To identify metaphase cells, we used Cdcl1-GFP to
fluorescently-label spindle pole bodies (SPBs, the counterpart of centrosomes) and selected
cells showing two SPBs separated by 2-3 um (Fig. 2A). In WT, we observed two main
populations of nuclear condensin characterized by their slow or fast molecular movements
(Fig. 2B-C). The Cnd2-mEQS3.2 fast fraction showed a diffusion coefficient of around 0.5
um2.s71, reminiscent of the 0.7 pm?2.s™* of nucleosoluble Mcm4 in S. pombe*’. By depleting the
Cut14°M sybunit of condensin to detach Cnd2 from metaphase chromatin (Fig. 2D and S2A),
we attributed the slow and fast Cnd2-mEOS3.2 signals to the chromatin-bound and

nucleosoluble fractions of condensin, respectively (Fig. 2E). Next, we depleted Rpb1l from
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metaphase-arrested cells (Fig. S2A) and recorded Cnd2-mEQOS3.2 movements. The fraction of
slow, chromatin-bound, molecules of Cnd2-mEQS3.2 remained unchanged (Fig. 2F and S2B).
In contrast, degrading Dhp1l in metaphase (Fig. S2A) slightly increased the steady state level
of slow Cnd2-mEQOS3 molecules (Fig. 2F and S2C) (see Discussion). Data analyses performed
with another software (Spot-ON #2) provided identical results (Fig. S2D-E). These data confirm
that RNAP2 transcription plays no role in the steady-state binding level of condensin to DNA

in vivo.

Active RNAP2 hinders the folding of chromatin into mitotic chromosomes

In fission yeast, cohesin folds chromatin into TADs of 30-50 kb during interphase*®*°, while
condensin shapes larger intrachromosomal domains in mitosis (median size ~ 300-500 kb) by
mediating cis contacts over longer distances ranging from ~ 70 kb to ~ 1 Mb838°0, To
determine the consequences of transcribing RNAP2 on condensin activity, we assessed the
impact of Rpbl and Dhp1l on chromatin folding in mitosis, using chromosome conformation
capture (Hi-C). We found that depleting Rpbl from metaphase-arrests increased the
frequencies of intrachromosomal contacts between 20 kb and 2 Mb (Fig. 3A, left panel),
suggesting enhanced cohesin and/or condensin activity. The average size of chromatin loops
can be inferred by studying the slope of the distance law, the maximum value closely matching
the average length of loops®!. Using this metric, we further found that the average size of
loops in metaphase was increased upon depletion of Rpb1 (Fig. 3A, right panel). In contrast,
depleting Dhp1 decreased the frequencies of intrachromosomal contacts between 100 kb and
1 Mb and reduced the average size of chromatin loops (Fig. 3B). Thus, Rpb1 limits chromatin
folding in metaphase while Dhpl promotes the formation of longer loops in the range of
condensin activity. In line with this, comparing Hi-C maps between the ON and OFF conditions
revealed that removing Rpb1 erased large TADs (Fig. 3C and S3A) to the benefit of long-range
interactions across their borders where both Rpb1 and Cnd2-GFP were strongly reduced (Fig.
3D and S3A). Small TADs appeared reduced as well (Fig. 3C). In contrast, degrading Dhp1l
decreased the frequencies of intrachromosomal contacts between large TADs (Fig. 3E and
S3B) while increasing Cnd2-GFP and Rpb1 levels at the cognate borders (Fig. 3F). Similar results
obtained from a second set of biological replicates are shown in Figure S3C-F. Thus, Rpb1
hinders the folding of chromatin in metaphase while Dhp1, in contrast, promotes condensin-

mediated long-range 3D contacts. Since depleting fission yeast condensin is sufficient to erase
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large TADs characteristic of metaphase chromosomes?, the concurrence between a gain of
contacts across a TAD boundary and a local reduction of Cnd2-GFP occupancy (Rpb1-OFF), and
vice-versa (Dhpl-OFF), might therefore reflect condensin’s accumulation at a RNAP2-

dependent barrier to loop formation.

Active RNAP2 creates barriers for chromatin loop formation by condensin

We assessed whether condensin local enrichment correlated with boundaries. Using the
insulation score and MACS2, we scanned the genome for any boundary and high-occupancy
condensin peak, respectively. We identified 280 boundaries and 290 condensin peaks in RPB1-
ON metaphases, 56 of which overlapped (Fig. 4A, red dots). This limited overlap is consistent
with previous studies®38 and can conceivably be explained, at least in part, by the presence
within the data sets of cohesin boundaries, since small TADs formed by the latter persist in
mitosis in fission yeast®®. The insulating strength of a border correlated positively with
condensin enrichment, notably when associated with a condensin peak (Fig. 4A). Aggregating
Hi-C signals around two adjacent high-occupancy condensin sites confirmed that they define
intrachromosomal domains (Fig. 4B). Depleting Rpbl increased the frequencies of
intrachromosomal 3D contacts across those boundaries while the insulation of condensin
domains was strengthened in Dhp1-OFF (Fig. 4B), suggesting that condensin boundaries
depend on their associated levels of active RNAP2. We next assessed how the changes in
insulation compared with condensin occupancy. Of the 280 boundaries identified in Rpb1-ON,
45% were weakened upon depletion of Rpbl, 49% remained stable and 6% appeared
strengthened (Fig. 4C). Weakened boundaries showed a high condensin peak in Rpb1-ON
which was virtually erased in Rpb1-OFF (Fig. 4D), while stable and strengthened boundaries
respectively exhibited unchanged and slightly increased condensin occupancy relative to the
surrounding basal signal (Fig. 4D). Conversely, boundaries gaining in insulation (19%) in Dhp1-
OFF gained in condensin occupancy, but stable (52%) or weakened (29%) borders exhibited
no clear change (Fig. 4C-D). Thus, active RNAP2 creates insulating barriers at highly expressed

genes where the accumulation of condensin matches the insulation strength.

Transcription termination limits the strength of RNAP2 barriers to condensin
To understand how Dhp1 controls border strength, we sorted protein coding genes according

to the change in condensin binding upon Dhp1 depletion using K-means clustering (Fig. 5A left
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panel) and analysed those genes for specific features. Among five clusters, cluster 1 revealed
the strongest increase in condensin level within gene bodies (Fig. 5A, left panel). Strikingly, in
Dhp1-ON, these cluster 1 genes exhibited high levels of condensin at their 3’ end but, unlike
the other clusters, also at their 5° ends (Fig. 5A, right panel). Cluster 1 genes were more
frequently in convergent orientation (Fig. 5B) relative to the other clusters. They were also
smaller and closer to their neighbouring genes (Fig. S4A-B) and displayed higher levels of
active RNAP2 upstream of their 5’end (Fig. S4C). Such biases suggested that cluster 1 genes
could be prone to invasion by transcriptional readthroughs.

Cluster 1 genes were the most insulating in Dhp1-ON and showed the strongest gain in
insulation in Dhp1-OFF (Fig. 5C), suggesting that the depletion of Dhp1 mostly strengthened
pre-existing boundaries. In contrast, the other clusters showed lower insulation in both
conditions. Notably, cluster 5, which displayed similar levels of condensin as cluster 1 in Dhpl-
ON but only at the 3’ end (Fig. 5A), gained neither in condensin occupancy within gene bodies
(Fig. 5A) nor in insulation upon depletion of Dhp1 (Fig. 5C). Considering the existing biases in
cluster 1 genes which are reversed in cluster 5 (Fig. 5B and S4), we assessed whether
transcriptional readthroughs could explain their different sensitivities to Dhpl. To this end,
we selected the nearest facing neighbour of each gene of cluster 1 and assessed the condensin
and RNAP2 ChlIP-seq profiles of every gene pairs (Fig. 5D). This clearly showed that depleting
Dhpl caused transcriptional readthroughs across their common intergenic region and
increased RNAP2 occupancy in the body of the less transcribed downstream gene (Fig. 5D,
lower panels), a likely consequence of the invasion of the latter by reading-through
polymerases. The condensin peak initially proximal to the TES of the upstream gene became
higher and larger upon depletion of Dhpl and was displaced in the direction of the strongest
transcription, encroaching on the body of the downstream gene (Fig. 5D, upper panels). The
same analysis applied to cluster 5 revealed readthroughs of lower amplitude and no visible
invasion of condensin into the downstream gene (Fig. 5E). Thus, these data suggest that Dhp1l
dampens the strength of condensin borders by ensuring an efficient termination and removal

of RNAP2 from chromatin.

RNAP2 hinders condensin-dependent mitotic chromosome segregation in anaphase
The formation of chromatin bridges in anaphase caused by condensin deficiency conceivably

stems from the fact that condensin orientates the activity of Topoisomerase Il towards the
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decatenation of chromosomes and sister-chromatids®>>3 and confers to chromosome arms
the elasticity to withstand the spindle traction forces>*. If condensin achieved these tasks by
folding chromatin, depleting Rpb1 or Dhpl was expected to respectively lower or increase the
frequency of chromatin bridges caused by a mutation in condensin. We and others previously
observed a rescue of accurate chromosome segregation in condensin mutant cells when a
component of the transcriptional co-activator Mediator was impaired® or upon
pharmacological inhibition of transcription®. We therefore measured the effect of depleting
Rpbl or Dhpl on the frequency of chromatin bridges caused by the thermosensitive cut3-477
mutation in the Cut3°M“ subunit of condensin?, which reduces condensin binding at the
restrictive temperature of 36°C33. Consistent with previous reports?>>, ~80% of cut3-477 cells
in anaphase displayed a chromatin bridge at 36°C (Fig. 6A-B). The frequency sharply dropped
to ~ 40% when Rpb1l was depleted in cut3-477 mutant cells (Fig. 6B). Depleting Dhp1, in
contrast, almost doubled the frequency of chromatin bridges caused by the cut3-477
condensin mutation at the semi-permissive temperature of 32°C (Fig. 6C), as expected. To
validate these observations, we next assessed the impact of the DNA-binding transcription
factor Fkh2, which together with Ace2 drives the transcription of most of the mitotically
expressed protein-coding genes where condensin accumulates in mitosis3®°. Consistent with
the rescue effect by Rpb1 depletion, deleting fkh2 restored the growth of cut3-477 mutant
cells at 36°C (Fig. 6D). Thus, these data extend the idea that Rpb1l and Dhp1l respectively
antagonises and facilitates the functioning of condensin from metaphase to anaphase by
affecting its ability to fold chromatin and by extension to support accurate chromosome

segregation.

Discussion

Here we investigated the enrichment of fission yeast condensin at genes highly transcribed by
RNAP2, and the functional consequences of such an accumulation on chromatin folding in
metaphase and accurate chromosome segregation in anaphase. By rapidly and acutely
depleting Rpb1l and Dhpl, we modulated the occupancy and the location of transcribing
RNAP2 in metaphase and collected compelling experimental evidence showing that RNAP2
does not control the steady state level of condensin binding but instead creates transcriptional
barriers that accumulate condensin and hinder condensin-mediated chromatin folding and

chromosome segregation. Our results are in perfect agreement with the stalling of
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translocating bacterial SMCs against transcriptional barriers®”>8, and fully consistent with the
way transcription interferes with cohesin localisation and loop-formation activity in various
systems’19°960 Thys, given the large body of studies supporting loop extrusion by cohesin

in vivo®, and by all eukaryotic SMCs in vitro®14

, we argue that transcription is a barrier for
chromatin folding by condensin in vivo as indirect evidence that condensin folds mitotic
chromosomes by loop extrusion (Fig. 6E).

Our finding that the steady state level of chromosomal condensin is not modified by the acute
depletion of Rpbl sheds a new light on the possible molecular determinants of condensin
loading sites within chromatin. First, it demonstrates that Rpb1, the core component of
RNAP2, is not required for condensin loading. Second, it challenges the idea that unwound or
positively supercoiled DNA structures generated by transcription could recruit condensin 3961
as they are unlikely to survive the depletion of Rpb1%2. On the other hand, DNA-bound
transcription factors and nucleosome-depleted promoters can persist in mitosis despite
transcriptional repression®®* raising the possibility that they may underly the Rpbil-
independent localisation of condensin in the vicinity of some gene promoters. Further study
is needed to assess whether or not it could be the case.

Regarding the mechanism by which RNAP2 impinges upon condensin, the most parsimonious
hypothesis should explain how RNAP2 positions condensin along the genome while
antagonising its chromatin folding activity. The moving barrier model'®>2 fulfils these criteria.
Indeed, the stalling of loop extruding condensin molecules upon head-on collision with a
transcriptional barrier formed in a Rpbl-dependent manner (Fig. 6E) provides a
straightforward explanation to the redistribution of condensin, the gain of long-range
intrachromosomal contacts in metaphase and the weakening of condensin boundaries in
Rpbl-depleted metaphases. The removal of a transcriptional hindrance to condensin-
mediated chromatin folding is also consistent with the rescue of accurate chromosome
segregation observed in condensin mutant cells upon depletion of Rpb1. Such a mechanistic
model also convincingly explains our experimental observations in Dhp1l-depleted cells (Fig. 6
6E, as expected from the control exerted by Dhp1 over Rpb1*. The loss of Dhp1 leads to (1)
an enlargement of the domains occupied by active RNAP2, (2) a rise in condensin occupancy
in cis that positively correlates with boundary strength, particularly at a subset of convergent
genes separated by short intergenic regions, (3) reduced frequencies of intrachromosomal

contacts and (4) an increased hindrance on condensin-mediated chromosome segregation. A
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similar mechanism likely explained the accumulation of condensin at a subset of tRNA genes
that we previously observed when the RNAP3 transcription termination factor Senl was
deleted?’. On the other hand, the possibility that Dhp1 and/or Rpb1 could impact condensin-
mediated diffusion capture appears less likely. Since high-occupancy condensin binding sites
are postulated to mediate diffusion capture???3, it is difficult to imagine how the mere
redistribution of condensin upon depletion of Rpb1 could benefit the accurate segregation of
chromosomes in anaphase in a condensin mutant background, and reciprocally depleting
Dhpl be detrimental to the folding of chromatin by diffusion capture while it increases
condensin occupancy at those sites.

It is therefore tempting to speculate that the broad and basal condensin-ChlIP-seq signal
observed in a wide range of species correspond to translocating condensin complexes caught
in the process of loop-extrusion. The slight increase in condensin occupancy in Dhpl-depleted
metaphases might stem from an increased residence time of such active condensin complexes
trapped in between converging reading-though polymerases, among other possible
mechanisms. Along this line, it is unclear why Dhp1-depletion had no apparent impact on the
frequencies of contacts in the range size of cohesin in our Hi-C data. This might be due to the
fact that our experiments were performed in metaphase and/or to varying sensitivities to
Dhpl loss since condensin and cohesin respond differently to single obstacles in loop-
extrusion assays®°.

Although loop-extruding condensin has been observed traversing DNA-bound isolated
obstacles of sizes ranging from tens to 200 nm in in-vitro assays®, it has also been reported
that engineered arrays of tightly bound proteins impair in cis the activity of condensin in
budding yeast?°. Thus, features associated with tracks of RNAP2, be it proteins, nascent RNA,
chromatin modifications, specific DNA structures and/or changes in the local chromatin fiber
rigidity are as many possible candidates to stall condensin. Whatever the molecular
determinants, the fact that read-through transcripts are produced in wild-type fission yeast
cells®®®7 and that condensin accumulation and insulation are found more often at closely
spaced convergent genes points towards efficient transcription termination as a key player in
the folding of transcribed chromatin by condensin complexes. In that context, the
downregulation of transcription taking place upon mitotic entry in metazoans might provide

an increase in fitness for the folding of large genomes by loop extruding condensin.
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Figure legends

Figure 1. Active RNAP2 localises condensin in cis

(A) Heatmaps of normalized Rpb1l (8WG16) and Cnd2-GFP (A111-22) cal-ChlIPseq signal at
protein coding genes ranked by the mean Rpb1 signal, in NaOH (Rpb1-ON) or auxin-treated
(Rpb1-OFF) rpb1-sAID metaphase arrested degron strains. The values represent the IP/T ratio
of S. pombe calibrated by the S. cerevisiae SMC3-GFP IP (see Materials and Methods).

(B) Mean metagene profile of the normalized Cnd2-GFP ChlIPseq signal from (A).

(C) Occupancy ratio (OR) of cal-ChIPseq from (A) in the indicated conditions. The OR is the
ratio between the total amount of mapped reads in the IP and the Total of S. pombe
normalized by the ratio between the amount of reads in the Total and the IP of S. cerevisiae.

(D) Normalized Cnd2-GFP (top) and Rpb1 (bottom) cal-ChIPseq at chromosome Il (810000-
822500) in Rpb1-ON and Rpb1-OFF.

(E) Heatmap of normalized Cnd2-GFP cal-ChIPseq signal at protein coding genes ranked by
mean strength, in NaOH (Dhp1-ON) or auxin-treated (Dhpl-OFF) dhpl-sAID metaphase
arrested degron strains. The values represent the IP/T ratio of S. pombe calibrated by the S.
cerevisiae SMC3-GFP IP.

(F-G) Metagene profile of the mean normalized cal-ChIPseq signal from (E) and the mean
normalized RNAP2(S2P) cal-ChlIPseq signal in WT or Pnmt41-dhp1-off from ref.44.

(H) Metagene profile of the data in (F) grouped according to gene orientation.

Figure 2. RNAP2 plays no major role in the steady-state level of condensin on chromatin.
(A) Representative images of SPT-PALM acquisition on metaphase arrested fission yeast cells
expressing Cnd2-mEQS3.2. Left, stack of Cnd2-mEOS3.2 during a 20 000-time series (27.7 Hz)
using a TIRF illumination. Middle, position of the SPBs (spindle poles) labelled by Cdc11-GFP.
Right, brightfield acquisition.

(B) Median (+/- SE) mean-square displacement of the two populations of Cnd2-mEOS3.2
identified during metaphase as slow (blue) or fast (red) in WT cells (2670 tracks).

(C) Distribution of the apparent diffusion coefficient (um2.s?) of 2670 tracks from metaphase
arrested WT cells identified from one representative SPT-PALM acquisition. The vertical line
represents the optimal logio(Dinst) separating the two populations of molecules according to a

skewed-Gaussian mixture model (FMSMSN). The fitted gaussians are represented in blue and
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orange for slow and fast populations respectively. The fraction of molecules belonging to each
population is indicated on the left of the panel.

(D) ChIP a-Cnd2-GFP after 2 hours of NaOH (ON) or IAA (OFF) treatment on either cut14-sAID
cnd2-GFP or NLS-GFP cells arrested in metaphase. qPCRs were performed on two biologically
independent experiments on centromere | (cnt1) or the condensin-enriched exgl gene. For
statistical analysis t.test was used to compare the OFF and ON conditions: * p.value < 0.05.
(E) Same as in (C) but for metaphase arrested Cut14 ON and OFF cells. The same model fitting
was applied to both conditions but a single population of molecules was identified in the
Cut14-OFF condition. Representative results of at least 2 independent experiments.

(F) The fraction of slow Cnd2-mEO0S3.2 molecules identified as described in (B-C) was
calculated for WT, rpb1-sAID and dhp1-sAID metaphase arrested cells. Each point corresponds
to a biologically independent experiment and at least two consecutive acquisitions (1000-

4000 tracks). t.test was used to compare the OFF and ON conditions: * p.value < 0.05.

Figure 3. Active RNAP2 hinders chromatin folding by condensin in metaphase

(A-B) Hi-C contact probability curve P(s) as a function of distance and its corresponding slope
in Rpb1-ON and Rpb1-OFF conditions (A) or in Dhp1-ON and Dhp1-OFF conditions (B).
Arrows indicate the estimated size of the maximum in the slope.

(C) Hi-C contact maps of Rpb1-ON and Rpb1-OFF at 10kb resolution on the left arm of
chromosome I. Black arrows point to domain borders that disappear in Rpb1-OFF.

(D) log2 differential map of Rpb1-OFF/Rpb1-ON at 10kb resolution on the left arm of
chromosome | (Top) and tracks of the cal-ChIPseq of Cnd2-GFP and RNAP2 presented in Fig.
1 on the same region. Black arrows are the same as in (C).

(E-F) Same as in (C) and (D) but for Dhp1-OFF/ Dhp1-ON. Black arrow indicates a border that

is strengthened in the Dhp1-OFF condition.

Figure 4. Active RNAP2 creates barriers for chromatin loop formation by condensin

(A) Distribution of the insulation score determined from Hi-C maps as a function of condensin
enrichment at peaks identified by MACS2. Condensin peaks were considered overlapping with
a border when they were located within the 3kb bin defining the border and are shown in red.

The Pearson correlation coefficient r and its associated p.value are plotted in black for all
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peaks, in red for condensin peaks associated with borders. The linear regression for each
population is drawn.

(B) Off-diagonal pileup of Hi-C signal at n=110 condensin sites identified in the Rpb1-ON
condition separated by a distance range of 100-300kb in Rpb1-ON or Rpb1-OFF and Dhp1-ON
or Dhp1-OFF. Signals are shown as a function of the observed/expected log2 ratio.

(C) Domain boundaries were identified with the insulation score and compared between the
OFF and ON samples. A border was considered stable if the log2 ratio OFF/ON was between -
0.58 and 0.58, and strengthened or weakened otherwise.

(D) Metagene profiles of the mean normalized Cnd2-GFP cal-ChlPseq signal at the border

classes shown in (C) in the indicated conditions.

Figure 5. Transcription termination limits the strength of RNAP2 barriers to condensin

(A) Left panel: metagene profile of the mean log2 ratio of Dhp1-OFF/Dhp1-ON normalized
Cnd2-GFP cal-ChIPseq signals, grouped after k-means clustering (k=5) at protein coding genes.
Right panel: metagene profile of the mean normalized Cnd2-GFP cal-ChlIPseq signal in Dhp1-
ON using the same clusters.

(B) Frequency of intergenic regions flanked by protein-coding genes in convergent or
divergent orientations in clusters | to V defined in (A).

(C) Mean normalized Cnd2-GFP cal-ChlPseq signal at clusters | to V in the indicated conditions
and their corresponding mean Hi-C insulation score (bottom). The region shown is 100kb
centered on the border.

(D) Metagene profile of mean normalized Cnd2-GFP and RNAP2 (S2P)** cal-ChIPseq-signals in
Dhp1-ON or OFF samples of cluster | genes. A 6kb window centered on the intergenic region
flanked by converging or tandem genes is shown. For convergent gene pairs, the most
expressed gene is always on the left.

(E) Same as in (D) for cluster V.

Figure 6. RNAP2 hinders condensin-dependent mitotic chromosome segregation in
anaphase

(A) Representative images of normal and defective anaphases in fission yeast cells.

(B-C) Indicated cells were fixed and processed for immunofluorescence against a-tubulin.

Anaphase cells showing a mitotic spindle > 5 um in length were selected and chromosome


https://doi.org/10.1101/2023.08.08.552486

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.08.552486; this version posted August 11, 2023. The copyright holder for this preprint 1 35
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

segregation assessed. Shown are frequencies calculated from 2 or 3 replicates with n = 100
anaphases per experiment.

(D) Serial dilution spot assays (5-fold) of the indicated S. pombe strains. Images are taken after
60 hours of growth at the indicated temperatures.

(E) Model of condensin activity at highly transcribed genes. In wild-type, loop-extruding
condensin accumulates at chromosomal sites densely bound by RNAP2, such as the 3’ end of
genes near the TES. Condensin can eventually bypass this domain-defining barrier with an
indeterminate probability. When Dhp1*fN2 js depleted from metaphase cells, RNAP2
transcribes through the TES, pushing condensin complexes further downstream. At gene
dense regions, Dhp1**N? depletion causes reading through RNAP2 to invade downstream
genes, creating larger and less permeable barriers that further stall condensin and lowers its

ability to extrude beyond this region.

Supplementary Figure 1: Active RNAP2 localises condensin in cis, related to Figure 1

(A) Representative western blots of total protein extracted from rpb1-sAID or dhpl-sAID
metaphase arrests before and after 30 min and 1h of 5-adamantyl-IAA treatment,
respectively. Tubulin is shown as a loading control.

(B) Mitotic indexes, calculated as the percentage of mononucleate cells exhibiting high Cnd2-
GFP fluorescent signals in their nucleus within the total cell population, used for cal-ChIP-seq
in Figure 1.

(C) ChIP-gPCR signal of Rpb1-ChIP (top) and Cnd2-GFP-ChIP (bottom) at two mitotically
expressed protein coding genes (exgl, ecm33), central domain of centromere | (cntl), at
ribosomal DNA from the right arm of chromosome Ill (rDNA) and a low condensin binding site
(fet4). Mean values from three biological replicates are shown, with standard deviation.

(D) Metagene profile of the mean normalized Rpb1 and Cnd2-GFP cal-ChlIPseq signal at snRNA
and snoRNA genes in Rpb1-ON and Rpb1-OFF.

(E-F) Normalized Cnd2-GFP ChlPseq signal at the at the rDNA locus on the right arm of
chromosome lll (E) or at the central domain of centromere 1 (F) in Rpb1-ON and Rpb1-OFF
and Dhp1-ON and Dhp1-OFF conditions.

(G) Distribution of features associated with condensin peaks detected by MACS2 in Rpb1-OFF.
(H) Heatmap of normalized Cnd2-GFP cal-ChIPseq signals at protein coding genes ranked by

mean strength, in Dhp1-ON and Dhp1-OFF of the second biological replicate.
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Supplementary Figure S2: RNAP2 does not influence the steady-state level of condensin on
chromatin, related to Figure 2.

(A) Western blots showing the depletion of Rpb1-sAID (30 min), Dhp1-sAID (1h) and Cut14-
sAID (4h) from cells used for the SPT-PALM experiments.

(B) Distribution of the apparent diffusion coefficient (um?2.s*) for the three independents rpb1-
SAID experiments shown in Figure 2F. The vertical line represents the optimal logio(Dinst)
separating the two populations of molecules according to a skewed-Gaussian mixture model
(FMSMSN). The fitted gaussians are represented in blue and orange for slow and fast
populations respectively. The fraction of molecules belonging to each population is indicated.
(C) Same as in (B) but for dhp1-sAID experiments.

(D) Jump distance distribution calculated by spot-ON“*® for the Cutl4-sAID ON and OFF
conditions. This represents the spatial distance separating two dots from the same tracks
separated by At ms (1 dt=33.6ms).

(E) The fraction of slow Cnd2-mEO0S3.2 molecules identified by spot-ON with a three-state
model (Materials and Methods) quantified for WT, cut14-sAID, rpb1-sAID and dhpl-sAID
metaphase arrested cells (same tracks as for Fig. 2F). t.test was used to compare the OFF and

ON conditions: * indicates a p.value < 0.05.

Supplementary Figure S3: Active RNAP2 hinders chromatin folding by condensin in
metaphase, relative to Figure 3

(A-B) Genome-wide log2 differential maps at 20kb resolution of (A) Rpb1-OFF/Rpb1-ON and
(B) Dhp1-OFF/Dhp1-ON.

(C-D) Hi-C contact probability curve P(s) as a function of distance and corresponding slope
and genome-wide log2 differential map at 20kb resolution (D) in Rpb1-ON and Rpb1-OFF
samples of the second biological replicate.

(E-F) Hi-C contact probability curve P(s) as a function of distance and its corresponding slope
and genome-wide log2 differential map at 20kb resolution (F) in Dhp1-ON and Dhp1-OFF

samples of the second biological replicate.
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Supplementary Figure S4: Transcription termination limits the strength of RNAP2 barriers to
condensin, related to Figure 5

Violin plots of (A) gene lengths, (B) intergenic region lengths and (C) mean RNAP2 (S2P) cal-
ChlPseq signals in WT in clusters defined in Figure 5A.

Materials and Methods

Media, growth, maintenance of strains and genetic methods were as described®®. Standard
genetics and PCR-based gene targeting method were used to construct S. pombe strains and
sanger sequencing was performed to confirm the insertions. Dhpl and Rpb1 were tagged at
their C-terminus with 3x sAID repeats and the degron alleles transferred into osTIR1-F74A%°
expressing genetic backgrounds by crossing. The cnd2-GFP and degron alleles are expressed
under the control of their natural promoter at their native chromosomal location. Strains used
in this study are listed in Table S1. For metaphase arrests, cells expressing the APC/C co-
activator Slpl under the control of thiamine-repressible promoter nmt41 were cultured in
synthetic PMG medium at 32°C and arrested in metaphase for 3 hours at 32°C by exposure to
20 uM thiamine. Mitotic indexes were determined by scoring the percentage of cells
exhibiting Cnd2-GFP fluorescence in their nucleoplasm?3. Liquid cultures of cells expressing
either Dhp1-sAID or Rpb1-sAID treated with thiamine to induce their metaphase arrest were
exposed to 100 nM 5-adamantyl-IAA (or NaOH as control) for 1h or 30 minutes (min),

respectively, before the end of the 3h metaphase arrest.

Chromosome segregation assay

Cells were grown to exponential phase in PMG liquid medium at 32°C (for dhp1-sAID) or grown
in YES+A liquid medium at 30°C and shifted for 2.5 h at 36°C (for rpb1-sAID). Before collecting
cells, liquid cultures were exposed to 100 nM 5-adamantyl-IAA or NaOH as control (1h before
collecting for dhp1-sAID or 30 min for rpb1-sAID). 2.107 cells were fixed in cold methanol and
stored at -20°C. Cells were processed for immunofluorescence by washing three times with
PEM (100 mM PIPES, 1mM EGTA, 1mM MgS04, pH 6.9) with the last wash performed on a
wheel at room temperature for 30 mn to rehydrate cells. Cells were digested with 0.4mg of
zymoliase 100T (nacalai tesque) in PEMS (PEM + 1.2M Sorbitol) for 30 min at 37°C in a
waterbath. Cells were washed twice with cold PEMS, and incubated for ~1-2 min in PEMS +

2% Triton at room-temperature. Cells were pelleted, washed with PEM and resuspended in
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PEMBAL (PEM, 1% BSA, 100mM Lysine-HCl, 0,1% sodium azide) on a wheel at room
temperature for 30 min. Cells were resuspended in 100 pul PEMBAL with 1/50 TAT1 antibody
and incubated on a wheel overnight at 4°C in the dark. Cells were washed three times with
PEMBAL, incubated in 100 pul PEMBAL with 1/400 anti-mouse AlexaFluor488 fluorescent
antibody for 2h on a wheel at RT. Cells were washed a final time in PEMBAL and resuspended
in PEM+0,5 pug/ml DAPI. 4 ul were placed on a slide, covered by a coverslip and observed with
Zeiss Axioscope A.1, objective Apopchromat 63x 1.4NA. Chromatin bridges were scored

manually.

Calibrated-ChIP and sequencing

Calibrated ChIP was performed as described previously33. Briefly, fission yeast cells expressing
either Cnd2-GFP or NLS-PK9-GFP and arrested in metaphase by the depletion of Slpl were
fixed with 1% formaldehyde for 25 min, quenched with glycine 0.125 M final, washed twice
with PBS, frozen in liquid nitrogen and stored at -80°C until use. Saccharomyces cerevisiae cells
expressing Smc3-GFP, used for internal calibration, were grown in Yeast Peptone Dextrose
liguid medium at 30°C in log phase and fixed with 2.5% formaldehyde for 25 min. To perform
calibrated ChIPseq against Cnd2-GFP or RNAP2, fixed fission yeast and budding yeast cells
were mixed at a ratio of 5:1 prior to lysis with Precellys® (Bertin). Anti-GFP and anti-RNAP2
ChIPs were performed using the A111-22 and 8WG16 antibodies, respectively. Libraries were
prepared using NEBNext® Ultra™ Il DNA Library Prep Kit for Illumina® according to the
manufacturer’s instructions. DNA libraries were size-selected using Ampure XP Agencourt
beads (A63881) and sequenced paired-end 150 bp with Novaseq S6000 (Novogene®). To make
ChiIP-seq libraries for Rpb1-sAID depletion, IP and Total fractions from three independent

biological experiments were pooled.

Hi-C

Fission yeast cells, expressing Cnd2-GFP and arrested in metaphase by the depletion of Slp1
were fixed with 3% formaldehyde for 5 min at 32°C followed by 20 min at 19°C, washed twice
with PBS, frozen in liquid nitrogen and stored at -80°C. 2.102 cells were lysed in ChIP lysis buffer
with Precellys® (Bertin). Lysates were centrifuged 5000 g at 4°C for 5 min and pellets were
resuspended once in 1 mL lysis buffer and twice in NEB® 3.1 buffer. SDS was added to reach

0.1% final and samples were incubated for 10 min at 65°C. SDS was quenched on ice with 1%
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Triton X-100 and DNA digested overnight at 37°C with 200 Units of Dpnll restriction enzyme.
Samples were incubated at 65°C for 20 min to inactivated Dpnll. Restricted-DNA fragments
were filled-in with 15 nmol each of biotin-14-dATP (cat. 19524016, Thermofisher), dTTP, dCTP
and dGTP, and 50 units of DNA Klenow | (cat. M0210M, NEB) for 45 min at 37°C. Samples were
diluted in 8 ml of T4 DNA ligase buffer 1X and incubated 8 hours at 16°C with 8000 Units of T4
DNA ligase (NEB). Crosslinks were reversed overnight at 60°C in the presence of proteinase K
(0.125 mg / ml final) and SDS 1% final. 1 mg of proteinase K was added again and tubes were
further incubated for 2 hours at 60°C. DNA was recovered by phenol-chloroform-isoamyl-
alcohol extraction, resuspended in 100 ul TLE (Tris/HClI 10 mM, 0.1 mM EDTA, pH8) and
treated with RNAse A (0.1 mg / ml) for 30 min at 37°C. Biotin was removed from unligated
ends with 3 nmol dATP, dGTP and 36 Units of T4 DNA polymerase (NEB) for 4 hours at 20°C.
Samples were incubated at 75°C for 20 min, washed using Amicon® 30k centrifugal filters and
sonicated in 130 pl H20 using Covaris® $220 (4 min 20°C, duty factor 10%, 175W peak power,
200 burst per cycle). DNA was end-repaired with 37.5 nmol dNTP, 16.2 Units of T4 DNA
polymerase, 54 Units of T4 polynucleotide kinase, 5.5 Units of DNA Pol | Klenow fragment for
30 min at 20°C and then incubated for 20 min at 75°C. Ligated junctions were pulled-down
with Dynabeads® MyOne™ Streptavidin C1 beads for 15 min at RT and DNA ends were A-tailed
with 15 Units of Klenow exo- (cat. M0212L, NEB). Barcoded PerkinElmer adapters (cat. NOVA-
514102) were ligated on fragments for 2 hours at 22°C. Libraries were amplified with NextFlex
PCR mix (cat. NOVA-5140-08) for 5 cycles, and cleaned up with Ampure XP Agencourt beads

(A63881). Hi-C libraries were paired-end sequenced 150bp on Novaseq6000 (Novogene®).

SPT-PALM

Cells were cultured at 30°C in filter-sterilized PMG for 48h and shifted to 25°C, in exponential
phase, for 5 hours. 3.5 h before the beginning of the acquisition, thiamine 20 uM was added
to the culture to repress transcription of nmt41-slp1 gene and arrest cells in metaphase. 10
min before the acquisition, 2 mL of culture was taken, centrifuged 15 sec at 10 000 g at room
temperature and resuspended to reach 5.108cells/mL. Cells were transferred to an agarose
pad as described below. Coverslips (Marienfeld 0107052 22x22mm No. 1.5H) were washed 10
min in acetone, two times 5 min in ethanol, 10 min in KOH 1M, five times in Milli Q water and
finally dried with a flame. Coverslips showing a defect or a carbon deposit after the drying step

were discarded. On a clean glass slide (RS BPB018, frosted end), two pieces of double-sided
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tape were placed to fix the CoverWell imaging chamber (Grace Bio-labs 635021, 25x25mm). 1
mL of PMG 2% Agarose (invitrogen 16500) supplemented with 20 uM thiamine was poured in
the CoverWells. 5 pL of fresh cell suspension (5.108 cells/mL) were deposited on the pad and
covered with a KOH-treated coverslip, sealed with nail varnish and immediately used for
acquisition. We depleted Rpb1-sAID for 30 min, Dhp1-sAID for 1h and Cut14-sAID for 4h prior
to acquisition. SPT-PALM microscopy was performed with a Zeiss Elyra 7 system, equipped
with a TIRF setup and controlled by Zen Black software. An oil immersion 100x objective a
Plan-Apochromat 1.46NA, and an EMCCD (iXon EMCCD 897 Ultra, pixel size=16uM) was used
for the acquisition. Cnd2-mEOS3.2 acquisition was done in a field with 5-20 living yeast cells,
using a TIRF angle around 66° which should correspond to a penetration of 100-150 nm. A 405
nm laser was used for photoconversion of mEOS3.2 with constant activation and low intensity
(0.015%, 0.4-1.3 pW as measured by Optical Power Meter 100D, slide S170C with an
epifluorescence illumination). Excitation of converted mEQS3.2 by the 561 nm laser was done
with an exposure time of 20 ms and 20% power (5.6 mW in epifluorescence). Time Series of
20 000 cycles without interval and with Definite Focus 2 (Zeiss, continuous) were performed.
During the acquisition the 405 nm laser power was slightly adjusted to always see enough
particles. With these settings, the framerate was 33.6 ms. Once the time series was finished,

GFP (Cdc11-GFP, SPB/centrosome) and brightfield acquisitions were done in a z-stack.

SPT-PALM data analysis

Cells showing two separated Cdc11-GFP dots were included in the Region Of Interest (ROI).
Trackmate’® was used on Fiji’! for segmentation with the LoG detector set at diameter =1 um
and quality threshold at 100. Track reconstruction was done by the Simple LAP tracker with a
Linking max distance and a gap closing distance of 0.8 um and a gap-closing max frame of 3.
Path between 5 and 50 spots were exported and analysed with both spot-ON* and sptPALM
viewer®®. The spot-ON parameters were as described in > and for sptPALM viewer, on matlab
we ran the script, imported the csv and set the maximal distance to 0.8 um and minimal frame

number to 5. Trajectory were further analysed in R as described?®.

Hi-C data analysis
Alignments were performed using hicstuff version 3.1.2 with options (-d —D —m iterative —e

Dpnll) after merging.fq.gz files of the same sample from different sequencing runs. Matrices
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were visualized and compared with hicstuff view after subsampling to the same number of
contacts. For log2 differential maps, all three chromosomes were represented at 20kb binning.
To visualize individual matrices, chrl :100000-3700000 was viewed at 10kb binning. Insulation
scores (IS) at protein coding genes were determined using cooltools’? with a binning of 3kb
and a window of 9kb and plotted with R. Border were identified in cooltools in all the
conditions with the IS as described above. For each degron, the borders in the ON and OFF
conditions were merged and the IS of their bin compared. A border was considered weakened

if log2(IS-OFF/IS-ON) > 0.58, strengthened if log2(IS-OFF/IS-ON) < -0.58 and stable otherwise.

ChiP-seq data analysis
Alighments were performed as described previously3. Briefly, reads were mapped using an

nf-core (https://doi.org/10.1038/s41587-020-0439-x) modified pipeline with TEL2R extended

ASM294v2 genome (Omnibus GEO GSE196149) for Schizosaccharomyces pombe mapping
reads, and sacCER3 release R64-1-1 for calibrating, Saccharomyces cerevisae mapping reads.
Deeptools2 was used to plot metagene profiles and heatmaps’3, as well as to perform k-means
clustering of bigwig data using scale-regions. Peak calling was performed on BAM files using
the MACS2 software’. For the definition of gene-pairs in Fig. 5D, we considered as neighbours
any gene oriented towards a gene of cluster | with a TES closer to 1kb from the TSS or TES of

cluster I.

Data availability
Cal-ChlP—seq and Hi-C data were deposited in the Gene Expression Omnibus under accession

no. GSE236395.
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6.3 Supplementary results to Part 6

To investigate potential RNAPII-independent, biologically relevant sites of condensin enrichment we
asked whether peaks remaining in Rpb1-OFF conditions may constitute loci of interest. First, I
manually verified that the enrichment of condensin at telomeres we visualized (Part 5 — Fig. 1B-C) was
independent of RNAPII (Fig. D3A), suggesting that positioning of condensin by Shelterin is
independent of Rpb1l at telomeres. The enrichment at Tel2R is comparable to the nearest Rpb1-
dependent peak (Fig. D3A) and also ranks 21/5126 relative to all protein coding genes, although this
underestimates the potentially high binding level of condensin due to limitations in our ability to
confidently estimate enrichment after position 4,542,700 (see Part 5 — Material & Methods). Then, I
performed k-means clustering of condensin signal centered on the TSS of protein-coding genes in
Rpb1-OFF which sorted the data in four clusters : two large clusters which showed decrease upon
Rpb1 depletion and two clusters which showed retained condensin binding. In the top cluster,
composed of very few hits (examples of tracks shown in Fig. D3B), the majority of TSS positions of
cluster 1 (Fig. D3C) were flanking centromeres. These peaks were also the first major signal increase
when moving away from the centromere (Fig. D3B). Some, but not all of them, can be assigned to
known annotations of condensin enrichment. The left side of centromere II appears to have 2 peaks.
The peak on the right side of chr II is close to a CU-region (low complexity), the peak at the left side
of chr I is close to a tRNA and the peak at the left side of chr III appears to be close to a LTR,
although none of these peaks seem to clearly overlap with these annotations. To determine the
chromatin associated landscape of these peaks we analyzed data (from Part 7 — Fig. 5) to estimate
levels of histone binding at these centromeric peaks and found that consistent with their nature of a
TSS they show reduced H3 levels (Fig. D3D). Strikingly, the positions of these condensin peaks appear
to be insulating in the vicinity of the centromere as seen by the 2D maps (Fig. D3E) suggesting they

are not simply artefacts of the ChIP-seq procedure.
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Fig. D3 Condensin peaks flank all fission yeast centromeres in metaphase

Extended right arm of chromosome II (Tel2R) in conditions of Rpbl depletion. Red arrow indicates the
telomeric peak and black arow points to the nam3 locus.

(B) Example of centromere flanking peaks (black arrows) at chromosomeI.

(C) Cnd2-GFP calChIPseq signal clustered with k-means = 4 at protein coding genes TSS according to the
signal in Rpb1-OFF. Cluster 1 (black arrow) contains 6/7 peaks flanking the centromeres.

(D) Centromere flankina peaks found in cluster 1, with histone calChIPseaq signal centered around TSS.
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PART 7 — Evidence that nucleosomes hinder condensin in vivo. Colin & Toselli et al.,, 2024

This project was my main PhD project which I started to work on back during my masters internship.

For this project in particular I would like to thank Esther who performed many of the experiments.

7.1 Nucleosomes and their impact on condensin activity

The most abundant DNA-bound proteins in eukaryotes are the histones, which form nucleosomes
fiber, the building blocks of chromatin. Few studies in the literature have addressed whether SMC
functioning is impacted by nucleosomal arrays and in vitro studies have not yet fully addressed the

functioning of SMC complexes relative to properly chromatinized DNA.

An early report suggested that nucleosomes acted as receptors of condensin (Tada et al.,, 2011).
However, the binding of DNA within condensin’s safety-belt (Kschonsak et al.,, 2017) which is the
anchor chamber for the loop formation process (Shaltiel et al.,, 2022) is sterically incompatible with
the presence of a nucleosome. Consistent with this observation of the structure, human condensin
does not bind nucleosomal DNA (Kong et al., 2020), histones are not required to assemble mitotic-
like structures (Shintomi et al., 2017) and condensin binding is anticorrelated with MNase
protected signal (Piazza et al., 2014). The hosting lab also provided experimental evidence
suggesting that activities evicting nucleosomes (RSC and Gen5 histone acetyl transferase) facilitated
condensin association to chromatin and condensin function (Toselli-Mollereau et al., 2016).
Whether chromatin can antagonize or facilitate the rest of the ATP cycle (i.e loop expansion) and
whether other chromatin-bound factors participate in condensin activity in vivo remains unclear. As
described in the general introduction, the chromatinized template is a dynamic physical entity which
can organize the genome into higher-order structures and whether nucleosome arrays can impinge on

condensin function is not clear.

The canonical activity of condensin and topo II cannot assemble chromatinized DNA into mitotic
chromatids (Shintomi et al.,, 2015) while they can do so on naked DNA (Shintomi et al., 2017).
This indirectly suggested that condensin in a minimal system requires additional activities to condense
chromosomes. In a minimal system where tailless H2A embryonic histones are used the activity of the

FACT histone chaperone is required for condensation (Shintomi et al.,, 2015) although how FACT



mechanistically controls this process, and whether its does so through Topo II or condensin was not
clear. In parallel, the hosting lab had performed functional and proteomic screens in fission yeast to
identify chromatin-associated activities that might facilitate or antagonize condensin activity. One of
the identified partners was FACT (Orphanides et al.,, 1998) consistent with the minimal system
(Shintomi et al.,, 2015). Additionally, FACT was not characterized in mitosis of fission yeast. We
therefore set out to understand the function of FACT in mitosis and how it impacted condensin

functioning in vivo.

7.2 Evidence that nucleosomes hinder condensin in vivo. Colin & Toselli et al., 2024.

B
(A) (B)
Proteomics : Cut3-TAP purification and MS analysis
Gene unique  coverage
Complex names Score peptides  [%]
cut3 13,0 147 81,3 snf224 cut3-477 NS
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IAB Grenoble

Fig. 1 Chromatin remodelers facilitate condensin function

(A) Candidate physical partners of condensin after Cut3-TAP mass spectrometry.

(B) Spot assay showing genetic interactions between chromatin remodellers SWI/SNF, RSC and condensin.

(C) Immunoprecipitation of cell lysates expressing Cut3-GFP or Snf21-FLAG. Membranes were probed with a mix
with a mix of anti-FLAG and anti-GFP antibodies and co-revealed with a Starbright secondary antibody.

Should condensin require chromatin remodeling activities to assist its function in vivo, then mutants of

said activities would display genetic interactions with (partial) condensin loss of function. Furthermore,
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one might also expect a physical interaction between subunits of the condensin SMC and subunits of

such a putative chromatin remodeler.

To answer this question, the hosting lab and collaborators performed genetic and proteomic screens
to identify chromatin-based enzymes that might participate in condensin function and/or physically
interact with condensin. Using a genetic screen (Robellet et al.,, 2014) the hosting lab identified
candidate mutations displaying genetic interactions with a thermosensitive mutation in the SMC4
subunit of condensin, cut3-477 which reduces condensin association to chromatin (Part 5). Both
synthetic sickness and suppressor phenotypes in double mutants. In parallel, mass spectrometry was
performed on Cut3-TAP pulldowns mildly digested with benzonase. Multiple candidates were identified
with examples shown in (Fig.1A). A notable candidate identified was the RSC complex. Arp9, a subunit
common to both SWI/SNF and RSC in fission yeast and required for the binding of RSC to chromatin,
showed strong synthetic lethality with cut3-477, while other components of SWI/SNF such as snf22
and arp5 showed milder synthetic sickness (Fig. 1B). Within the RSC complex, the catalytic subunit of
RSC, Snf21, was identified (Fig. 1A) which was described as colethal with cut3-477 (Robellet et al.,
2014) and determines binding association of condensin to chromatin (Toselli-Mollereau et al.,
2016) via reducing histone levels at promoters. To determine whether condensin and RSC interacted,
we asked whether Snf21-FLAG could be recovered in lysates of metaphase arrested cells after
immunoprecipitating Cut3-GFP. We found a very weak physical interaction between condensin and the
ATPase of RSC Snf21 (Fig. 1C) suggesting a potentially relevant physical interplay. Hence, the
collective genetic and physical evidence on the RSC complex appears to validate the proteomic screen
as a way to identify functional partners of condensin. Both screens underlined a potentially relevant
interplay between chromatin remodeling activities and condensin function. Consistent with this, we
identified both the histone chaperone FACT, as well as the Chd1 remodeller (Fig. 1A) which also
physically interacts with FACT (Farnung et al,, 2021; Simic et al., 2003) in the context of

transcription.
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Fig. 2 FACT is a functional antagonist of condensin

(A) Immunoprecipitation of GFP in cell lysates expressing CUT3-GFP and/or POB3-FLAG. Membranes were probed
with a mix of anti-FLAG and anti-GFP antibody, and co-revealed with fluorescent starbright antibodies with separate
wavelengths.

(B) Spot assay showing the genetic interaction between FACT mutants and cut3-477.

(C) Chromosome segregation assay in cycling cells of the indicated genotype after 2h30mn at 36°C. Values are
averages and bars are standard deviation from two biological replicates. X2 test was used to determine the statistical
significance.

(D) Spot assay showing the genetic interaction between htb1-K119R and cut3-477.

(E) Chromosome segregation assay in cycling cells of the indicated genotype shifted for 2h30mn at 32°C. Values are
averages and bars are standard deviation from two biological replicates. X2 test was used to determine the statistical
significance.

(F) Chromosome segregation assay in cycling cells of the indicated genotype shifted for 2h30mn at 36°C (left) or
33°C (right). Values are averages and bars are standard deviation from two biological replicates. X2 test was used to
determine the statistical significance.
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Fig. S2 FACT is a functional antagonist of condensin

(A) Spot assay showing the genetic interaction between topo II mutants and pob3A.

(B) Left : Chromosome segregation assay in cycling cells exposed for 2h with Thiamine and IAA at 30°C, then

shofted 2h 30mn at 36°C. Values are averages and bars standard deviations from two biological replicates.

Right : western blot showing Pob3-AID depletion after 2h at 30°C with Thiamine and IAA.
The histone chaperone FACT, had already been described as a functional partner of condensin in a
cell free chromatinized system (Shintomi et al., 2015). In yeast, the FACT histone chaperone is
composed of two subunits, Spt16 (SUPT16H in humans) and Pob3 (SSRP1 in humans) which we found
both present in the proteomics screen (Fig. 1A). To validate our proteomics data we
immunoprecipitated a GFP tagged Cut3 subunit from mitotically arrested fission yeast cells and asked
whether a FLAG-tagged Pob3 subunit co-immunoprecipitated with our bait (Fig. 2A). The Pob3-Flag
subunit weakly co-immunoprecipitated with Cut3-GFP and this was highly dependent on the presence
of nucleic acids, as benzonase treatment before the IP abolished most of the signal. This data suggest

that FACT and condensin are in close proximity on chromatin during mitosis but are not directly

physically interacting in a stable manner.

Remarkably a pob34 background is viable in pombe but this is not the case in budding yeast (SGD
Database). One likely explanation is that Spt16 can still bind to chromatin in the absence of Pob3

(Murawska et al., 2021) and must provide an essential function to chromatin physiology.



To investigate the functional interplay between FACT and condensin we crossed multiple FACT mutant
strains in a cut3-477 genetic backgrounds including the pob34 mutation. We found systematically that
the partial FACT loss of function rescued growth and viability defects induced by the cut3-477
mutation (Fig 2B). To determine whether the rescue of growth defects could be caused during
chromosome segregation, we analyzed the frequency of chromatin bridge phenotypes in anaphase
cells after a shift at high temperatures to trigger a thermosensitive response from the cut3-477 allele.
We observed that pob34 and spt16.19 mutations led to significant reductions in the frequency of
chromatin bridges in a cut3-477 backgrounds but no obvious defects in an otherwise wild-type
background (Fig. 2C). This suggested cut3-477 induced chromatin bridges were highly dependent on
even partial function of FACT (Fig. 2C). These results suggest that FACT negatively regulates
condensin function in fission yeast. We assessed the specificity of this interaction by asking whether
partial defects in topoisomerase II function showed similar phenotypes. Using a fop2-191 mutation
which is deficient in condensation (Petrova et al., 2013) we found that pob34 lowered the semi-
permissive temperature of the ts fop2-191 background but had no obvious effect on two other
mutations tested (Fig. S2A). This data suggest that the rescue of cut3-477 associated defects is
unlikely to be caused by a facilitation of topoisomerase function. Two caveats however preclude us
from making any final interpretations regarding the functional interplay between FACT and Topo II.
The first is that we did not assess chromosome segregation in anaphase in those backgrounds (which
will be assessed in future experiments). The second is that the synthetic lethality observed in top2-
191 pob34 may reflect a crosstalk in S phase between the roles of both Topo II and FACT during

replication, and not during mitotic chromosome assembly.

To try and strengthen our functional data we asked whether the negative relationship between FACT
and condensin could be demonstrated in a reverse manner by increasing FACT binding to chromatin.
A h2bk119r mutation increases FACT binding in vivo in cycling cells (Murawska et al., 2020). We
crossed FLAG-tagged A2bk119r mutations into a cut3-477 background and performed a spot assay to
determine whether cut3-477 growth and viability defects would be sensitized by H2BK119R histones
(Fig 2D, see 32/33°C). Indeed, H2BK119R lowered the semi-permissive temperature of cut3-477,
suggesting that increasing the association of FACT to chromatin leads to sensitization to partial

condensin deficiency. However, when we assessed the frequency of chromatin bridges after shifting
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asynchronously growing cells at 30°C to 32°C for 2h30 we found no increase in the occurrence of
chromatin bridges in the double mutants relative to cut3-477 (Fig 2E). Thus it is unclear whether
increasing FACT association to chromatin sensitizes chromosomes to partial condensin loss of

function.

Next, we asked whether the functional interplay between FACT and condensin was allele-specific and
performed a chromatin bridge assay after shifting cut3-477 and cuti4-208 mutant cells for 2h30 at
either 36°C and 33°C (Fig. 2F ). At 33°C we found that loss of Pob3 could rescue both temperature
sensitive-allelles demonstrating that the functional conclusion from the previous data can be extended
to cuti4-208. However at 36°C the frequency of chromatin bridges in cuti4-208 became close to
100% and loss of Pob3 did not rescue this phenotype. This data suggest that loss of Pob3 can only
rescue condensin defects in the presence of a sufficient threshold of remaining condensin activity in

anaphase.

Finally, we asked whether a conditional depletion of Pob3 over multiple generations could phenocopy
a constitutive pob34 mutant. We constructed a degron-tagged Pob3 subunit and began the depletion
for 2hrs, then shifted the culture for 2h30 at 36°C (Fig. S2). We found that in regards to the reduction
of cut3-477 induced chromatin bridges, conditional depletion of Pob3 over 2-3 generation times fully
reproduced the rescue of a pob34 mutant. This data suggests that the functional interplay between
FACT and condensin is unlikely to be caused by long-term cumulative effects caused by the

constitutive lack of Pob3.
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Fig. 3 The constitutive presence of Pob3 prevents condensin association to chromatin

(A) Left : Log2 differential Hi-C contact heatmap of metaphase arrested fission yeast cells cuti4 pob34 / cuti4-208
after arrest at 36°C. Right : Corresponding Hi-C distance laws and slopes with color coded genotypes.

(B) Left : Average values of calibrated Cnd2-GFP ChIP-seq signal at protein coding genes in cut14-208 andcut14-208
pob3A4 mutant backgrounds after a metaphase arrest at 36°C. Right : IGV profile of calibrated Cnd2-GFP ChIP-seq
signal at selected loci in cut14-208 andcuti4-208 pob3A.

(C) Hi-C distance law and its slope of metaphase arrested fission yeast cells color coded as the indicated genotype.
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Fig. S3 The constitutive presence of Pob3 prevents the association of condensin to chromatin
(A) Metaphase arrested cells of the indicated genotype were processed for ChIP against RNA pol II S2P. The ratio of
quantification obtained in the IP relative to the input (%IP/T) is shown at the indicated loci. Values are averages and

bars standard deviation of four biological independent replicates. Cnt1.1 is centromere 1, 18S an rDNA site, and the
other sites highly expressed genes.

(B) Hi-C distance law and its slope of metaphase arrested fission yeast cells color coded as the indicated genotype.

(C) Hi-C data from Fig. 3C is shown at chr II at a resolution of 5kb in the indicated conditions, with the ratio at the

bottom. Red arrows show gain in contacts in the double mutant.
To investigate how FACT impinges upon condensin dependent chromosome segregation we asked
whether levels of RNA polymerase were unchanged in FACT mutants. We immunoprecipitated
chromatin with an antibody specific to the Ser2 phosphorylated form of RNA Polymerase 1I in
metaphase arrested wild-type and FACT mutant cells. We observed no apparent difference in levels of
RNA pol II at the tested loci by ChIP-gPCR (Fig S3A), suggesting the suppressive effect of FACT
mutations on condensin defects cannot be explained by a large scale-reduction of transcription in

mitosis.
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If the phenotype of rescue of chromosome segregation defects were physiologically relevant and
directly tied to condensin function we expect to observe a phenotype on chromosome condensation.
We performed Hi-C experiments at 36°C in in metaphase arrested wild-type, cuti4-208, cut3-477,
cut3-477 pob34, cuti4-208 pob3A strains (Fig. S3B). We found that the pob34 mutation led to an
increase in average contact probability over 20kb-1MB in both condensin mutant backgrounds, and a
decrease of contact frequency at shorter range (Fig. 3A, S3B), comforting this hypothesis. This
increase appeared condensin specific as we could observe larger scale contacts reappearing when we
zoomed in on the 2D Hi-C maps (Fig. S3C red arrows). These results together, suggest that the
constitutive loss of Pob3 leads to an improved folding of mitotic chromosomes in backgrounds with
partial impairment of condensin activity. We therefore sought to determine the effect of constitutive
partial loss of FACT function on the genome-wide binding of condensin. We performed calibrated
ChiIP-seq against the GFP tagged kleisin subunit of the condensin SMC complex (cnd2-GFP) in cuti4-
208 (ts) and cut14-208 pob3A strains arrested in metaphase. After normalization steps, we visualized
the distribution of the signal at fission yeast protein coding genes. We have shown previously that this
signal is reduced in a cuti4-208 background relative to wild-type (see Part 5, data from the same
experiment). In cuti4-208 pob3A compared to cuti4-208 we observed a reproducible (3 replicates)
increase of condensin association to chromatin, both at the 3’ end and at the 5’ end of protein-coding
genes (Fig. 3B, left). This increase was also visible at relevant condensin positioning sites such as the
extended telomere sequence on the right side of chromosome II (Part 5) and the centromere of
chromosome 1 (Fig 3B, right). Together these data suggested that constitutive lack of Pob3 led to an
increase in condensin binding in cuti4-208 backgrounds and a rescue of metaphase chromosome
condensation. Strikingly, this phenotype was visible in cut14-208 backgrounds despite this mutation
behaving like a null of function allele in anaphase (Fig. 2F) suggesting that cutl4-208 in metaphase
was hypomorphic. To determine if this is the case we performed Hi-C experiments in 3h long
metaphase arrests in both wild-type and cuti4-208 at 36°C and separately in wild-type and cuti4-
3xsAID at 32°C in the presence of 5alAA for 2hours. While technically in different experimental
conditions, the phenotype of the degron was clearly more penetrant than the ts-phenotype of cuti4-
208 on mitotic chromosome condensation. Hence, constitutive partial loss of FACT function can

facilitate hypomorphic condensation in metaphase but not severe defects in anaphase caused by
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cuti4-208. This is consistent with reports suggesting partial condensin depletion can lead to

individualized chromatids but cause defects in anaphase (Hirota et al., 2004; Vagnarelli et al.,

2006).
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Fig. 4 Cohesin does not antagonize condensin function
(A) Spot assay showing the genetic interaction between wp/14, pds54, pob3A and cut3-477.
(B) Chromosome segregation assay in cycling cells of the indicated genotype shifted for 2h30mn at 36°C. Values are

averages and bars are standard deviation from two biological replicates. X2 test was used to determine the

statistical significance.
(C) Hi-C distance law and its slope for metaphase arrested fission yeast cells color coded as the indicated genotype.

Right : Slope of budding yeast Hi-C distance law taken from Dauban et al. (2020), to illustrate the effect of wp/i4in

budding yeast.
(D) Zoom of 2D Hi-C contact map on chromosome I, with red arrow indicating new contacts in the wp/14 mutant.

Resolution is 5kb

FACT has been proposed as a positive activity facilitating cohesin-mediated chromatin folding in

budding yeast (Garcia-Luis et al., 2019). Thus, despite the physical interaction between FACT and

condensin, our functional data may be illustrating a consequence of an existing interplay between



cohesin and condensin rather than a direct function of FACT on condensin activity. This is particularly
relevant in fission yeast as only 5-10% of cohesin is cleaved by separase upon anaphase onset
(Schmidt et al., 2009; Tomonaga et al., 2000) and removal of cohesin in metaphase is inefficient

(Schmidt et al., 2009).

We first asked whether enhancing cohesin loop extrusion could be sufficient to rescue condensin
deficiency in mitosis. To do so we assessed the frequency of chromatin bridges in backgrounds where
the activity of cohesin is enhanced, by using null mutants of the Wapl (wp/14) and Pds5 (pds54). Wpl
controls cohesin residence time in fission yeast (Bernard et al., 2008) while pds5 restricts loop
formation by cohesin in budding yeast (Dauban et al., 2020). We found that the wp/14 background
provided a slight rescue of the growth and viability defects of condensin ts mutants (Fig. 4A) and this
correlated with a slight rescue of condensin associated defects in anaphase, although not at the level
of pob3A (Fig. 4B). We found no obvious genetic interaction between pds54 and cut3-477. To
investigate further the potential rescue of condensin activity by cohesin, we produced Hi-C maps of
wild-type and wp/14 metaphase-arrested populations and found that the contact probability in the
distance range where cohesin has been proposed to act is increased (Mizuguchi et al., 2014;
Tanizawa et al.,, 2017). The peak of the slope also appeared more well defined in these arrests,
and suggested shorter mean contact distances, but was clearly different from what is observed in
cerevisae cells (Fig. 4C, right). We validated the wp/i4 phenotype by observing new contacts in 2D
maps reminiscent of those observed in human cells (Haarhuis et al., 2017) in these metaphase
arrests (Fig. 4D). These data suggest that while increasing the steady state loop size of cohesin by
wpl1A may weakly facilitate condensin activity it cannot recapitulate the full breadth of the rescue
phenotype of pob34 on condensin ts mutants, particularly in anaphase where cells appear more
sensitive to partial condensin loss of function. Hence, the effect of pob34 on condensin is unlikely to
rely solely on enhancing cohesin activity. Future experiments will address the effect of cohesin loss of

function on condensin associated defects.
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Fig. 5 FACT maintains nucleosome structure in metaphase

(A) Representative Mnase gel after digestion of fixed, metaphase arrested wild-type, pob3-3xsAID and spt16-3xsAID
liquid cultures incubated with 5aIAA. Digestions treated with 0, 50 or 200 units of Mnase were loaded and the bands
indicated by the black arrow at 50 and 200U were extracted for library preparation.

(B) Mean coverage of the Mnase-seq signal centered around the TSS of protein coding genes. One biological replicate is
shown. Top : wild-type vs pob3-3xsAID. Bottom : wild-type vs spt16-3xsAID .

(C) Heatmap of RNAPIIS2P mean calibrated ChIP-seq signal in wild-type. Protein coding genes were ranked
decreasingly (top to bottom) starting from the genes showing the greatest loss of signal when comparing spt16-3xsAID
vs wild-type in Mnase digestions at 200U. A random ranking was included as control.

(D) Heatmap of the log2 fold-change (SPT16/WT) of normalized calibrated ChIP-seq against H3 or H2B. Data for the
three biological replicates are shown. Protein coding genes were ordered by hypersensitive FACT sites (200U
SPT16/WT) or by random ranking.
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Fig. S5 FACT maintains nucleosome structure in metaphase
(A) In a timecourse experiment, the signal reaches a plateau before Mnase digests the DNA bound to a nucleosome and
decreases. Using two different quantities of enzymes for a given duration, one can estimate the stability of a given
nucleosome by the relative comparison between the two quantities.

(B) Mnase gels of both biological replicates used for library preparations are shown.

(C-E) Western blots of all biological replicates for the indicated experiments are shown.

(F) Protein coding genes were clustered (k=3) according to the loss in calChIPseq signal in H2B and H3 ChIPs (left).
These clusters were used to sort RNAPIIS2P signal in wild-type and Spt16 depleted conditions in the 2 biological
replicates (right).
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While our data suggest FACT may impinge upon condensin, we do not know whether the effect is
direct, i.e takes place in M — or indirect, via alterations of chromatin structure or of transcription
during interphase. Moreover, itis not evident whether FACT has a function in M in vivo. To answer
these questions we constructed degron tagged strains of the Pob3 and Sptl6 subunit of FACT using
an improved method (Zhang et al., 2021) termed pob3-3xsAID and spt16-3xsAID which was also
used to generate the cuti4-3xsAID allele. We grew cells to exponential phase and incubated our two
degrons with sodium hydroxyde (solvent, NaOH) or 5-adamantyl-IAA 1h after the adjunction of
Thiamine for 2h (3h total arrest, Fig. 5A). Thus, we depleted either FACT subunit in metaphase
arresting cells and could ask what was the contribution of each subunit of the FACT complex to
metaphase nucleosome organization. We performed Mnase-seq experiments in these conditions (Fig.
5A-B, S5 A-B) using two different quantities of MNase to determine the extent of nucleosome fragility
(Chereji et al.,, 2019) upon depletion of FACT subunits (Fig. S5C). Strikingly, depletion of Pob3 vs
Sptl6 performed markedly different gel migration patterns with loss of Sptl6 visibly altering
chromatin and increasing sensitivity to the Mnase enzyme (Fig. 5A, S5B). We generated sequencing
libraries from the mononucleosomal DNA and aligned the reads at the TSS. We observed that
depletion of Pob3 led to decrease of the Mnase protected signal at the -1/4+1 nucleosomes and
increased signal yield at the gene body. We interpret this as an enhancement of the Mnase
accessibility (Fig. S5A) and as a more fragile chromatin. We also noted a slight shift in nucleosome
positioning, consistent with previous work reporting a phasing defect in a pob34 mutant background
(Murawska et al., 2020). On the other hand, when we aligned reads obtained upon Sptl6
depletion we observed drastic loss of Mnase-protected signal at the genes, consistent with the pattern
on gel (Fig. 5B). -1/+1 nucleosomes could still be resolved although the peaks were broader, but the
positioning defect seen in pob34 could not be properly observed at the gene body. These results are
highly consistent with loss of histones following depletion of Sptl6 from metaphase chromosomes. To
validate this hypothesis we performed calibrated ChIP-seq against H2B and H3 histone subunits in
wild-type, pob3-3xsAID and spt16-3xsAID metaphase arrested backgrounds (Fig. 5C) in the presence
of 5alAA (Fig. S5D). When we ranked protein coding genes from the largest to smallest loss of Mnase

signal when comparing Sptl6 depletion to wild-type, the most fragile protein coding genes also
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showed the strongest loss of histones (Fig. 5C, Fig. S5F), and all genes seemed to universally

experience a decrease in histone association upon Spt16 depletion.

As FACT is involved in transcription elongation (Orphanides et al., 1998) and we described the
importance of RNAPII on condensin distribution and activity (Part 6), we performed calChIPseq in
metaphase arrested cells using an antibody against the elongating form of RNAPII in metaphase cells.
We ranked the calibrated ChIP-seq signal at protein coding genes from the largest to smallest loss of
Mnase signal when comparing Sptl6 depletion to wild-type. These FACT-hypersensitive Mnase sites
proved to be the most actively transcribed in wild-type in mitosis (Fig. 5D), consistent with known
links between active transcription and destabilized nucleosomes in interphase cells and suggesting the
role of FACT in mitosis is conserved in fission yeast. We confirmed the most actively transcribed genes

were also those that showed the highest histone loss (Fig. S5F, right) by k-means clustering.



178

(A) Distance law (B)

N

102 — \

10° —

— wild-type +NaOH n1
wild-type +NaOH n2

— wild-type +5alAA n1

10-4 ——— wild-type +5alAA n2
—— pob3-3xsAID +NaOH n1

T o3 reAlD 5aiAA 0t e Thon

K Y A —— Spt16-3xsAID +5alAA
— fob.?—.?stlDl +5alAA n2| ‘\;.h: } i P I !

10kb 100kb 1Mb 10kb 100kb 1Mb

Distance law Slope

P(s)

104 ——  wild-type +NaOH
wild-type +5alAA

10kb 100kb 1Mb
Position Position Position
(D) .
CND2-GFP ChIP
(C) Metagene RNAPII S2P calibrated ChIPseq spt16-  wild-
3xsAID  type
g 200 L NN
g :
g 150
o
§ 100
H 70
E X0 3
H spt16-3x-sAID 60 2
zZ §
]—L'::ﬁr 50 g
2kb Okb 4kb 6kb . ]
=]
40 g
<
o
30 &
[]
0 =
10

Fig. 6 FACT determines mitotic chromatin folding in metaphase

(A) Hi-C distance law of metaphase arrested fission yeast cells color coded as the indicated genotype, showing the
effect of depleting Pob3 in metaphase in two biological replicates.

(B) Hi-C distance law and its slope of metaphase arrested fission yeast cells color coded as the indicated genotype,
showing the effect of depleting Spt16 in metaphase. One biological replicate is shown.

(C) Metagene average of the RNAPIIS2P calibrated ChIPseq data at protein coding genes. Two biological replicates
shown, in the indicated conditions.

(D) Heatmap of CND2-GFP mean calibrated ChIP-seq signal in wild-type an spt16-3xsAID. Protein coding genes were
ranked decreasingly (top to bottom)
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Fig. S6 FACT stabilizes chromatin structure in metaphase

(A) Western blots for the Hi-C experiment showing depletion of Pob3-3xsAID and Spt16-3xsAID.

(B) Log2 differential map of spt16-sAID+5aIAA/wt+5aIAA

(A) Western blots for the calChIPseq experiment showing depletion of Spt16-3xsAID.

(D) Heatmaps at protein coding genes for all biological replicates of the calibrated ChIP-seq experiments in Fig. 6C-D
are shown, ranked according to levels of RNAPIIS2P association.

(E) Log2 ratio of the indicated comparisons for Cnd2-GFP calChIPseq normalized mean signal at protein coding genes.
The three biological replicates are shown.



Having described the genome-wide function of FACT on chromatin organization, we asked what were
the impacts of FACT depletion on the 3D organization of mitotic chromosomes by Hi-C experiments.
Strikingly, depletion of Pob3 had no visibe effect on the structure of chromatin (Fig. 6A), implying the
effects we previously described (Fig. 3) are not a direct consequence of Pob3 function in mitosis or
are caused by insufficient depletion. However, Pob3 depletion was consistently as penetrant, if not
slightly more efficient than Spt16 depletion (Fig. S5C-D, S6A) arguing against this hypothesis.
Strikingly, depleting Spt16 produced a visible loss of contact probability <20kb and an increase of
contact probability in the 20-200kb range (Fig. 6B). This suggested that the effects we observed in
cut14-208 backgrounds (Fig. 3) originate from a role of Pob3 in interphase. When looking at the
slopes of contact probability curves it appeared as if the size of average loops of Spt16 depleted cells
in mitosis is reduced (Fig. 6B). We also noted that depletion of FACT led to marked loss of insulation
at the centromere (Fig. S6B) consistent with evidence suggesting that partial loss of FACT function
leads to a loss in hererochromatin integrity caused by reduced occupancy of Swi6/HP1 (Lejeune et
al., 2007). As lack of Pob3 does not prevent Sptl6 function and binding on chromatin (Murawska

et al.,, 2020), we focused on spt16-3xsAID to address the role of FACT in mitosis.

The changes in contact probability observed upon Sptl6 depletion appeared as an intermediate
phenotype where the contact ranges affected were both in the range of cohesin and condensin. Since
we had described RNA pol II as a positioning device of condensin (Part 6) we compared the mean
calibrated ChIP-seq signal between wild-type and Sptl6 depleted cells and found that depletion of
FACT in metaphase led to a reliable, mild reduction (~25% on average) of transcribing RNA pol II
(Fig. 6C, Fig. S5F). As FACT hypersensitive sites correlated with highly transcribed genes (Fig. 5D,
S5F) we validated that these sites were also associated with high condensin levels as seen by
calChIPseq (Fig. S6D). Since our Hi-C maps showed long-range contact changes upon Sptl6
depletion, we asked whether Sptl6 was important for condensin association to chromatin in
metaphase. We performed calibrated ChIP-seq against Cnd2-GFP in wild-type and Spt16 depleted
backgrounds. Over three biological replicates, Cnd2-GFP signals were slightly reduced, if not
unchanged at protein coding genes (Fig 6D, S6E). This suggests FACT does not significantly determine

the distribution of condensin at protein coding genes.
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Fig. 7 FACT activity in metaphase appears independent of condensin
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(A) cdc2asM17 cells were exposed to 3-Brbpp1 for 1h, then exposed to NaOH or 5aIAA for 2h to deplete Spt16-3xsAID
from G2 arrested cells. Cells were released into NaOH or 5alAA containing media and the frequency of chromatin bridges
was determined as a function of the distance between two Spindle Pole Bodies (cdc11-cdcll distance).

(B) Chromosome segregation assay of cycling cells shifted for 2h 30mn at 36°C. cut3-477 spt16-3xsAID was exposed to
5aIAA or NaOH for 2h, 30min into the shift. cut3-477 and cut3-477 rpb1-3xsAID were exposed to NaOH and 5alAA for
30min, 2h into the shift. Values are averages and bars are standard deviations of two biological replicates.

(C) Hi-C distance law and its slope of metaphase arrested fission yeast cells color coded as the indicated genotype,

showing the depletion of Spt16 in both wild-type and condensin depleted backgrounds.. One representative biological
replicate is shown.
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Fig. S7 FACT activity in metaphase appears independent of condensin

(A) Western blot showing the depletion of Spt16-3xsAID and of cut14-3xsAID in the indicated Hi-C experiment.

(B) Log2 differential map of the indicated ratios

(C) Log2 ratio of the indicated comparisons for Cnd2-GFP calChIPseq normalized mean signal at protein coding genes.

The three biological replicates are shown.
Since Spt16 appeared to play a role in chromatin structure in metaphase, but not Pob3, we asked
whether depletion of Sptl6 in just prior to anaphase onset was sufficient to rescue condensin defects.
We employed a cdc2asM17 shokat allele (Aoi et al.,, 2014) to block cells in G2/M by addition of 4-
Amino-1-tert-butyl-3-(3-bromobenzyl)pyrazolo[3,4-d] pyrimidine (3-BrbPP1) in liquid cultures. Cells
were exposed to the cell cycle block for 1h at 30°C before splitting the culture and adding 5alAA or
NaOH and shifting at 33°C to begin depletion of Sptl6 in cuti4-208 sensitized backgrounds. After 2
hours of depletion, we washed cells on a nitrocellulose membrane in media without 3-BrbPP1 (but
with NaOH or 5alAA) and released them into anaphase at 33°C. We noticed depletion of Spt16
induced a slower release into anaphase. In practice we collected aliquots to score defects 15mn
(NaOH) or 25 mn (5aIAA) after release and quantified the frequency of defects as a function of the
length of the anaphase spindle (estimated by the distance between two cdc11-GFP foci). As expected

(Hocquet et al., 2018), a high frequency of defects is observed at short spindles that diminishes as

cells enter late anaphase. Strikingly, Spt16 depletion showed a marked reduction in the frequency of



unresolved chromatid masses (Fig. 7A). This suggests that the rescue phenotype can be attributed to

a function of Sptl6 between the time just before entry into M phase and anaphase.

We have shown that condensin localization in fission yeast is biased towards actively transcribed
regions (Part 6). Actively transcribed regions also happen to show the largest loss of histones when
Spt16 is depleted (Fig. S5F) and a mild reduction in RNAPIIS2P. In that context, it becomes
complicated to uncouple transcription and chromatin fragility to understand the rescue phenotype of
Sptl6 on condensin activity. For instance, part of the suppressive effect on the loss of function of

FACT could be explained by a reduction in RNA pol II barriers.

We thus sought to determine whether depletion of Rpbl could phenocopy FACT depletion. We
confirmed that depleting Sptl6 on a short timescale was sufficient to reproduce the suppressive effect
observed with partial, constitutive loss of function mutants. 2 hours of depletion were sufficient to
strongly rescue condensin defects (Fig. 7B) validating that loss of Spt16, like a null mutant of Pob3,
facilitates condensin activity in anaphase and consistent with the G2 release experiment (Fig. 7A).
Furthermore, the reduction in cut3-477 associated chromatin bridges was significantly stronger in
Sptl6 depletion compared to Rpbl depletion, despite stronger reduction in chromatin bound RNA pol

II in Rpbl depletion (our results in Part 6 vs Fig. 6D).

To better understand whether the changes seen in Hi-C were condensin dependent we created a
double spt16-3xsAID cutl4-3xsAID degron strain (Fig. S7A). If the changes observed in metaphase
are independent of condensin, then the phenotype of Sptl6 depletion should still be visible in a
background where Cutl4 is depleted. We performed Hi-C experiments in such backgrounds and found
indeed that Sptl6 depletion induced a reduction in short range contacts <20kb and an increase at
longer ranges whether condensin was present or not. This suggests that mitotic chromosome folding
by condensin is largely independent of a function of FACT in metaphase, although we cannot formally
rule out a genetic rescue in Cutl4-3xsAID depletion with trace amounts of condensin (although not

readily visible by Western, Fig. S7A).
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Fig. 8 Nucleosome density antagonizes condensin function.
(A) Pairs of H3/H4 core histone genes in fission yeast. The color of the mutant corresponds to the color code of the

remaining histone pair.
(B) Left : IGV profile of calibrated H2B ChIP-seq signal at a selected locus. Right : H2B ChIP qPCR signal expressed as

the ratio of DNA signal recovered in the IP over the DNA signal recovered in the input, at the indicated genomic loci.

Genotypes used follow the color code in (A)
(C) Spot assay showing the genetic interaction between cut3-477 and histone copy number mutants in (A).

(D) Chromosome segregation assay in cycling cells of the indicated genotype shifted for 2h30mn at 36°C. Values are
averages and bars are standard deviation from two biological replicates. X2 test was used to determine the statistical

significance.
To assess whether nucleosomes may pose a functional hindrance to condensin we constructed fission
yeast strains with altered copy number of core histone genes. Fission yeast encodes three copies of
H3 and H4 which are expressed as divergent transcriptional units (Fig. 8A). We produced three
combination of mutants leaving only a single of these H3/H4 pairs left in the genome. By ChIP gPCR
on asynchronously growing cells we assessed the % of DNA co-immunoprecipitated with the H2B
subunit relative to input in wild-type versus these combinations of mutants (Fig. 8B, right). We found
similar reductions in H2B binding, suggesting that loss of 2/3 of H3/H4 gene copy number is sufficient

to induce a loss of nucleosomes. To validate these results, we performed calibrated H2B-ChIPseq on



asynchronously growing wild-type and one of these mutants. We confirmed by visualizing igv profiles
that the histone mutant reduces reproducibly the levels of DNA-bound H2B (Fig. 8B, left). Since we
observed reduced levels of H2B in these H3/H4 copy number mutants we can comfortably assume

these mutants show a true reduction in nucleosome occupancy.

Due to technical limitations in crossing these H3/H4 copy number mutants in nmt-sipl backgrounds
we were unable to evaluate levels of histone-bound DNA in metaphase, preventing us from

performing relevant genomic experiments with these mutants.

Nonetheless, in a genomic context where levels of nucleosomes are reduced genome-wide, serially
diluting cut3-477 versus cut3-477 in histone copy number mutants showed an alleviation of condensin
induced growth and viability defects across all mutants (Fig. 8C) This suggests that in a cut3-477
background part of the defect may be caused by histone gene-copy number and potentially
nucleosome occupancy. To confirm this observation we analyzed chromatin bridges in asynchronously
growing cells in two of these histone copy number mutants, shifted at 36°C for 2h and 30mn. As
predicted by the spot assay, loss of H3/H4 gene copy number leads to a partial rescue of the
frequency of chromatin bridges (Fig. 8D). Together these results suggest that the density of
nucleosomes genome-wide becomes a hindrance to proper chromosome segregation when condensin

is partially impaired.
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Fig. 9 Condensin does not promote chromatin remodeling

(A) Mnase-seq mean coverage centered around the TSS for each indicated genotype. Chromatin was

digested either with 200 ( ) or 50 (turquoise) units of Mnase. Two biological replicates (rep1, rep2) are

shown. On the right, interpretation of the data.

(B) Calibrated H2B and H3 ChIP-seq data at protein coding genes. Two biological replicates shown. Left :

log2 fold change of calibrated ChIP-seq (both H2B and H3) signal expressing the difference in cuti4-208

over wild-type. Right : log2 fold change of the calibrated ChIP-seq signal ratio H2B/H3 in the indicated

genotypes.
As we identified in screens chromatin remodeling activities, and found that backgrounds reducing
nucleosome occupancy genome-wide (Fig. 5B-C, Fig. 8B) rescued partial condensin loss of function
(Fig. 7A-B, Fig. 8C-D) we asked whether condensin itself drives chromatin remodeling. We performed
Mnase digestions of mitotically arrested cells in wild-type, cut3-477 and cuti4-208 backgrounds for

different levels of condensin loss of function (Fig. 2F).

We built sequencing libraries out of the mononucleosomal digestion products and aligned the reads to
the genome. After plotting the reads centered around the TSS of genes in both digestion conditions
(Fig. 9A, left) we found that the position of peaks remained similar between wild-type and condensin

mutants. This suggests that condensin does not drive the position of nucleosomes on metaphase
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chromosomes. We did observe slight differences in amplitudes of signal between 200 and 50 units
(Fig. 9A compare wild-type and cut14-208 and interpretation Fig. 9A right). The difference in coverage
at 50 U vs 200 U is reduced in a cut14-208 compared to wild-type at the -1 and +1 nucleosomes. This
suggests that condensin deficiency leads to a partial loss of fragility at these nucleosomes. This
phenotype is not observed in the less penetrant cut3-477. While we do observe higher levels of Mnase
signal for the same digestion at gene bodies in mutant backgrounds compared to wild-type (Fig. 9A
position 500 bp and further downstream of the TSS), this is difficult to interpret. Indeed, it is hard to
tell whether this is due to a bona fide role of condensin in stabilizing chromatin. More Mnase protected
signal released from gene-body nucleosomes in cut3-477 or cut14-208 might be simply explained by a
better accessibility of the Mnase enzyme because condensin is lost from chromatin. In other words,
the condensin complex itself might hinder the digestion of DNA by Mnase. It would therefore be
difficult to distinguish a biological scenario where condensin stabilizes chromatin from this technical

artefact.

To circumvent this issue we performed calibrated ChIPseq against core histones H2B and H3 in
metaphase arrests of wild-type and cuti4-208 mutants. After normalization we expressed the ratio of
Histone-ChIP signal between condensin mutants and wild-type, as well as the ratio of ChIP signal
between H2B over H3 in both conditions (Fig. 9B). We found that both : the levels of histone at
protein coding genes and the H2B/H3 ratio remained identical between wild-type and cuti4-208
strains. This data suggest that condensin does not globally drive a change in occupancy of histones,

nor does it determine the stoechiometry of nucleosomes on chromatin.

To summarize, we find that condensin functionally interacts with the FACT histone chaperone, and
that this interaction causes defects when condensin is partially impaired. We show that FACT in
mitosis controls the density of nucleosomes and their positioning along the chromatin, and that FACT
does not appear to impinge upon condensin function in metaphase but does so at least in anaphase.
Finally we provide functional evidence that nucleosome density antagonizes condensin function

despite condensin itself not being able to remodel nucleosomes.

7.3 Supplementary results to Part 7
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Fig. D4 Mitotic chromatin at tRNA genes.

(A) Figure adapted from (Wang et al. 2020) showing the yeast SAGA complex. Circled in red is the
histone acetyl transferase domain containing the Gen5 subunit.

(B) Mnase data from (Toseli et al., 2016) showing log2 ratios of the indicated comparisons ( gcn54,/wid-
type and gcn54 mst24/wiid-type) for all biological replicates separately at tRNA genes.

(C) Metagene averages of Mnase signal at tRNA genes for all biological replicates.



I asked whether The Gen5 (Fig. D4A) and Mst2 acetyl-transferases, which are reported to control
histone eviction at tDNA in interphase through RNAPII (Yague-Sanz et al., 2023) would influence
in mitosis the chromatin at the level of tDNA. To do this I reanalyzed published data from (Toselli et
al., 2016) in which I could estimate the change in MNase-protected DNA at tDNA (Fig. D4B-C).
Across the three biological replicates, there appeared to be on average no significant difference in the
accessibility of DNA by the MNase enzyme caused by the constitutive loss of Gcn5 when cells were
arrested in M. Moreover this was not potentialized in the double mutant gcn54 mst2A (Fig. D4B right
panel) suggesting this pathway is potentially not implied in the control of histone density specifically at

the tDNA during mitosis.

DISCUSSION

The mechanisms behind the /n vivo function of condensin in the context of chromatinized DNA remain
to be elucidated. Condensin is proposed to assemble mitotic chromosomes by loop extrusion or by
diffusion capture mechanisms. To what extent each model can recapitulate the activity of SMC
complexes and how condensin can function in a crowded chromatin environment is not clear. Below I

discuss several aspects of mitotic chromosome biology related to the results gathered during this PhD.

8.1 The architecture of fission yeast mitotic chromosomes

From our Hi-C data and previous datasets (Kakui et al.,, 2017) several key features underline stark
morphological contrasts between mitotic chromosome of fission yeast from vertebrates. We do not
observe a second diagonal band as opposed to what is seen in vertebrates which can easily be
explained by a single condensin variant in fungi, which is condensin II dependent in chicken (Gibcus
et al.,, 2018). Moreover, cohesin domain at short ranges persist in mitosis (our data, (Tanizawa et
al., 2017)) and are partially sensitive to the presence of Wpll (Part 7 — Fig. 4). We provide evidence
that these domains depend on the presence of RNAPII (Part 6 — Fig. 3), suggesting that active
transcription in mitosis shapes these domains. Removal of RNAPII makes fission yeast chromosomes
more similar to vertebrate metaphase chromosomes, in which no obvious triangular domains are
visible by Hi-C (Choppakatla et al.,, 2021; Gibcus et al.,, 2018; Naumova et al,, 2013),

consistent with transcriptional downregulation in M of vertebrates (Palozola et al., 2017).
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Thus, fission yeast metaphase chromosomes, akin to vertebrates with condensin I and II, form
cohesin loops nested by larger condensin-dependent loops. Whether cohesin and condensin engage in
functional crosstalks has not been precisely assessed (Tanizawa et al.,, 2017), and whether there
would be interplay between these two SMC complexes to form mitotic domains is unclear. Evidence
suggests that cohesive cohesin can antagonize the formation of cohesin loops in budding yeast
(Bastié et al., 2023) potentially suggesting that cohesive cohesin may also antagonize condensin
loops as well. Strikingly, data actually suggest that throughout mitosis very little cohesin is removed
from chromatin in fission yeast (Schmidt et al., 2009) and only the centromere but not control arm
sites lose cohesin binding upon anaphase onset after a nda3-kKM311 arrest (Schmidt et al., 2009;
Tomonaga et al.,, 2000). However, our data suggest that in fission yeast mitosis the effect of Wpl1
is limited and appears independent of condensin (Part 7 — Fig. 4), suggesting that cohesin and
condensin act mostly independently from each other and consistent with condensin being the main
mitotic folding activity (Kakui et al., 2017). To appreciate the role of cohesin in forming mitotic
domains in fission yeast, we would need to establish whether Wpl1 loss has stronger effects in
interphase than in metaphase. Nonetheless, such interplays would be relevant to the early prophase
stage of mitosis in vertebrates when cohesin is still present on chromosome arms and condensin 1I is
bound. Mild defects in condensin II binding have been reported after loss of Wapl (Gandhi et al.,
2006; Shintomi and Hirano, 2011) and increased binding of condensin to meiotic chromosomes
has been reported after knockdown of Rad21 (Choi et al., 2022) but whether these betray : a true
antagonism in loop formation, like what can be observed in loop extrusion assays between two
condensin complexes competing for slack (Kim et al., 2020) ; competition for accessible DNA ; or

simply the consequences of a change in mitotic chromosome architecture remains to be determined.

It is hard to gauge from high-resolution microscopy the outline of fission yeast mitotic chromosomes
and whether they form straight rods (Kakui et al., 2022). Hypercondensed rod-like fission yeast
chromosomes from cryosensitive nda3-kM311 cells (a B-tubulin mutant) can be individually visualized
after a very long arrest, typically 8-12 hours at 19°C (Hiraoka et al., 1984). However in classical
metaphase arrests (3 hours at 30°C) using the thiamine-repressible s/p1 allele, individual mitotic

chromosomes are not defined. In fact the morphological differences of chromosomes in a s/pI arrest
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versus interphase are not evident under a microscope. It is not evident whether an axis comparable to
vertebrates is present in fission yeast metaphase. This raises the question of the control of
condensation in fission yeast. The long duration of the nda3 arrest may naturally lead to
hypercondensation and individualization of sister chromatids. Alternatively, nda3-kKM311 cells may
bypass a key upregulation of condensin whose binding increases from metaphase to anaphase (Part 5
— Fig. 1B). A physiologically relevant candidate is the presence of the mitotic spindle which has been
shown to enable supercoiling in specific backgrounds (Baxter et al., 2011) and control condensin
redistribution outside of centromeres in budding yeast (Leonard et al., 2015). What is clear is that
a rod shaped chromosome in metaphase seems incompatible with condensin-mediated gene
clustering through very long range (over a Mb) contacts as reported by ChIA-PET and FISH (Kyoung-
Dong Kim et al., 2016a) although itis hard to say whether this data was acquired in metaphase
cells. Further studies mitotic chromosome employing microscopy may benefit from technical

advancements such as expansion approaches (Hinterndorfer et al., 2022).

8.2 Telomeres do not segregate like arms

For both sister chromatid arms to be segregated, cohesin is removed from arms by separase-driven
cleavage (Uhlmann et al.,, 1999) or by the prophase dissolution pathway in vertebrates
(Waizenegger et al., 2000). Sister chromatids must also be condensed and decatenated by the
combined activity of condensin and topoisomerase II so as to disentangle the two sister DNA
molecules from S phase. At centromeres cohesin is protected from separase by Shugoshin until
anaphase (Kitajima et al.,, 2005, 2004) where it allows bipolar microtubule attachment and

dynamic reassociation of sister centromeres until cleavage (Tanaka et al., 2000).

Strikingly, in a condensin mutant a large majority of centromeres can segregate towards the opposite
poles of the mitotic spindle but arms and telomeres fail to properly dissociate at anaphase (Part 5 —
Fig. 3A-B). More striking even, sister segregation of telomeres and arms can be uncoupled by using a
topo II cryosensitive catalytically inactive mutant (Uemura et al.,, 1987) : despite chromatin
bridges, telomeres dissociate (Part 5 — Fig.2E), suggesting that the segregation of sister telomeres

does not depend on decatenation by topoisomerase II, but it does depend on condensin. While

191



192

condensin inactivation will impair sister arm segregation and may, as a consequence, lead to sister
telomere non disjunction — our findings that 1/ there is potentially a separation of function between
topo II and condensin at telomeres 2/ and that we can adjust the levels of condensin in cis at
telomeres and impact either positively or negatively the disjunction of sister telomeres — suggests that

condensin plays a direct role at telomeres.

We could imagine that fop2-250, on top of chromatin bridges has, a delay in resolving entanglements
which are resolved after some time. Hence the fact that the sister telomeres in top2-250 could
segregate properly over increasing distances between SPBs at 19°C (Part 5 - Fig. 2E) may suggest

that the steps to increase SPB-SPB distance simply take longer.

However I believe this is not the case because 1/ fop2-250 shows severe chromatin bridges in
anaphase (~80%), on the same order of magnitude as cut3-477. One could expect a similar rationale
for condensin mutants, but they fail to segregate sister telomeres in the duration of the experiment
(and cut3-477 induced chromatin bridges can be rescued by other mutations, suggesting some
activity remains). 2/ In a similar experimental setup (Part 5 - FIG. S2C) over the course of the entire
duration of anaphase there are high frequencies of lagging centromeres in top2-250, suggesting
chromosome segregation defects despite telomeres segregating seemingly normally 3/ If it were
simply a delay, we could expect a change in the behavior of sister telomere separation at shorter
distances (say when we begin to see the transition from 6 to 12) which would be later resolved, but

this is not what is observed (Part 5 — Fig. 2E).

Additional evidence could consist in scoring the events with separated telomeres within chromatin
bridges in fixed cycling cells shifted at 19°C (example Part 5 — Fig. 2D bottom right) unfortunately we
do not have that data. If these events are a majority within chromatin bridges then it must imply that
topo II is not essential to separate sister telomeres. Unfortunately it is not clear whether the cut
phenotype of this fop2-250 mutant is fully penetrant since (Uemura et al., 1987) do not provide
quantifications. If the cut phenotype is fully penetrant, then it would imply sister telomeres could

separate despite these severe chromosome segregation defects at mitotic exit.
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Two explanations for this specific role of condensin at telomeres as opposed to topo II can be
conjured : the first is that there are no catenations at telomeres, the second is that catenations at
telomeres are eliminated even in the absence of topo II because the topology is only constrained from
one side, towards the rest of the genome. In that scenario, sister-entanglements could be dissolved
without requiring topo II. Determining whether this is the case could be tested experimentally with
whole chromosome fusions. Fusing chromosomes at telomere ends leads to a maintenance of the Rabl
like organization, suggesting subtelomeric/telomeric chromatin function is maintained at least prior to
mitosis (Kakui et al., 2022). In that context determining 1/ the binding pattern of condensin at this
synthetic region, 2/ whether Tazl and Mitl perform similar functions as in canonical telomeres and 3/
whether topo II defects trigger non-segregation in this locus would be informative as to whether the
endedness of chromosomes is important for condensin function and whether it enables sister

telomeres to resolve independently of topo IL

Evidence in the literature does suggest pathways are specifically involved in the separation of sister
telomeres and points to particular chromatin environments. In human cells, tankyrase-1 (TNKS1)
depletion leads to a mitotic arrest and sister telomere non-disjunction (Dynek and Smith, 2004).
Tankyrase is a Poly-ADP ribosyltransferase (PARP) which has a conserved binding site that can serve
as a platform for multiple protein binding events. When telomeres are non-disjoined in tankyrase
depleted cells, knocking out TIN2/Poz1 (subunit of shelterin binding both TRF1 & TRF2 ~ Tazl) leads
to TRF1 degradation and also rescues non disjunction of telomeres (Canudas et al.,, 2007). This
suggests that shelterin itself contributes to maintain the cohesion of sister telomeres but whether
cohesin itself plays a role is unclear. Despite cohesin being cleaved in TNKS1 KO cells (Dynek and
Smith, 2004) the presence of SA1 (Stromatin Antigen/STAG) is also required to cause non-
disjunction of telomeres in this context (Bisht et al., 2013; Canudas et al., 2007). Importantly,
SA1 specifically physically interacts with shelterin (both TRF1/Tazl and TIN2/Poz1) and
overexpressing SA1 specifically is sufficient to drive telomere non-disjunction, but inactivating Rad21

has no impact on the cohesion of sister telomeres (Bisht et al.,, 2013).

Interestingly, in human cells a physical interaction between TNKS-1 and condensin II appears to be

important for proper rDNA segregation (Daniloski et al., 2019). rDNA segregation in budding yeast
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relies on condensin (Sullivan et al.,, 2004) but also on topo II, as itis also the case in human
(D'Ambrosio et al., 2008a; Daniloski et al., 2019) strengthening the idea that the separation of

sister telomeres is uniquely independent of topo II.

Whether a functional equivalent for this kind of pathway exists is unclear since TNKS1 is not
conserved in yeast (Citarelli et al.,, 2010). In fact, no PARPs are conserved in unicellular fungi to my
knowledge. Cohesin subunit SA1/SA2 variants are not present either. Whether cohesin and shelterin
physically interact in fission yeast (by testing physical interactions via both Tazl and Pozl ; and
whether fazi4 affects cohesin levels at telomeres) are interesting avenues of explorations. Since data
in mammalian cells suggest that cohesin itself is not important for sister telomere disjunction (Bisht
et al.,, 2013; Canudas et al.,, 2007) but SA1 is, a physical interaction in yeast between cohesin and
shelterin might not be the mechanism responsible for sister-telomere cohesion. On the other hand,
evidence in budding yeast does suggest that cleavage by TEV of Sccl/Rad21 is sufficient to segregate
telomeres, or at least a locus 30kb upstream (Sullivan et al., 2004) suggesting cohesin might take
part in sister-telomere cohesion in fungi and failure to dissolve this link might explain non-disjunction.
Shelterin is poorly conserved between budding yeast and fission yeast which brings into question
whether cohesin would physically interact with shelterin at all in eukaryotes. On the other hand,
depletion of cohesin does rescue telomere segregation defects in condensin deficient backgrounds in

budding yeast (Renshaw et al., 2010) consistent with our data (Part 5 — Fig. 6A).

8.3 Condensin driving telomere segregation

At this stage the exact mechanism to explain sister telomere segregation by condensin is unknown.
Resolving sister telomere entanglements appears as a long process relative to the duration of
anaphase in wild-type (Chu et al., 2022). It is difficult to imagine how diffusion capture by
condensin may facilitate the segregation of sister telomeres, as it might even impinge on resolution by
maintaining cohered sister telomeres. On the other hand, average loop sizes on chromosome arms is
80 kb in size in chicken (Gibcus et al.,, 2018), Hela cells (Naumova et al., 2013; Wang et al.,
2022) in our own data in fission yeast (example Part 6 — Fig. 3), and can range from anywhere to
100kb to 1Mb in Xenopus (Choppakatla et al.,, 2021). If now we compare these average loop sizes

with average telomere length from different species, which can range from 5 to ~100kb



195

(Whittemore et al., 2019) and as low as 300-400bp in both budding and fission yeast, the
telomere is unlikely to be folded as a loop (at least of average size) in M phase. What we know is that
in both scenarios, entanglements following deficiency of condensin are partially rescued by impairing

the function of cohesin or worsened by impairing the function of TRF1/Tazl.

Condensin undergoing ATP hydrolysis, may promote the power stroke necessary to resolve the
entanglements between sister telomeres. An alternative model is that condensin deficiency leads to a
defect at telomeres outside of M, such as DNA damage (Kakui et al.,, 2020) which leads to
entanglement. Shortening of telomeres during pre-replicative senescence is correlated with increased
telomere cohesion (Azarm et al., 2020; Yalon et al.,, 2004) although penetrant telomere
shortening cannot be the cause of the entanglement in condensin mutants (Part 5 — Fig. 2C).
Furthermore, inhibiting Aurora B kinase in mitosis, which controls condensin in fission yeast, is
sufficient to impair telomere disjunction. These defects are rescued by the phosphomimetic Cnd2-3E
mutant (Reyes et al., 2015) consistent with a mitotic function of condensin at telomeres.
Investigating the possibility of such a mitotic-specific function will require a conditional allele to
inactivate condensin just before mitotic entry or anaphase onset to properly assess a direct

contribution to the disjunction of telomeres.

The data presented in Fig. D1 is not fully explanatory, however they strengthen the idea that
condensin deficiency increase cohesin association with subtelomeres in G2 and the following anaphase
(Part 5 - Fig. 6B) and — speculatively - at the telomeres in anaphase. Perhaps direct inhibition by a
designed peptide may provide a way to kill condensin activity at specific times of the cell cycle (Elias
et al.,, 2023). We have shown that impairing cohesin function by a rad21-K1 allele can rescue the
telomere separation defects of cut3-4/7 cells (Part 5 — Fig. 6A). This is consistent with an increase in
cohesin association at telomeres being causal to the non-disjunction defects. Whether loop extruding
or cohesive cohesin (Nagasaka et al., 2023) at telomeres is responsible for this defect remains
unaddressed and could be interesting to address with a ChIP approach using antibodies recognizing
the acetylated form of cohesin. One could establish a ratio of cohesin Ac/total cohesin at telomeres,
subtelomeres and control arm sites in wild-type and condensin deficient backgrounds. Alternatively,

one may inactivate Mis4/SCC2/NIPBL just after S-phase to eliminate loop-forming cohesin and retain
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only cohesive cohesin (Feytout et al.,, 2011). Such an approach suggests cohesive cohesin is

enriched close to telomeres (Feytout et al., 2011).

A final point is that our ChIP experiments in anaphase in condensin deficient backgrounds generate
increases of cohesin binding at subtelomeres, yet, the reason why these cohesin complexes would not
be cleaved by separase is puzzling. Condensin defects may lead to issues in the timing of cohesin
cleavage, or at least that this specific pool of cohesin appearing after condensin inactivation is
subjected to misregulated cleavage. Alternatively, these sites show abnormal recovery of cohesin after

anaphase onset.

8.4 Roadblocks in loop extrusion assays are poor models for in vivo chromatin

Loop extrusion assays (Ganji et al., 2018) have provided strong in vitro demonstration of the ability
of SMC complexes to processively enlarge loops in an ATP-dependent manner. They have also
provided key investigations on the nature of an obstacle to SMC translocation. The relevance of this
problem is two-fold, and at the center of our understanding of SMC function. First, it will allow us to
understand how SMC complexes perform their function in crowded nuclei, and what other activities in
cells might take part in this process — of course, with potential biomedical implications, or implications
on the interplay between SMC activity and chromatin during evolution. Second, it can give us key
insight into how the SMC complex, which is structurally challenging to apprehend, performs

conformational changes that enable its molecular activities.

Loop extrusion assays determine response to roadblock size by using DNA-bound factors at low
density on a 50kb ADNA molecule. There are two main limitations to this approach. The first is the low
density of the obstacles assessed /n vitro. Taking telomeres as an examples, the repetitive DNA
sequence, shelterin binding, presence of a T-loop, and cohesion between sisters in anaphase provide
a clearly distinct environment from a linear, tethered dsDNA molecule for condensin to perform loop
extrusion. In vivo evidence suggest that highly dense obstacles clearly cause local impairments in
condensin activity. Lacl (~2nm size) bound to its LacO site x200 is sufficient to induce condensin

mediated breakages in dicentric chromosomes (Guérin et al., 2019). Interestingly, internal
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telomeres of physiological length in budding yeast dicentric chromosomes also cause similar

phenotypes (Guérin et al., 2019).

The second is that /n vivo obstacles to condensin loop extrusion can be dynamic and translocating
themselves, and under current conditions loop extrusion assays do not allow simultaneous loop
extrusion and, say, transcription by RNAPII (Davidson et al., 2019, 2016). Indeed, translocating
RNAPII could be an obstacle to condensin — after all processive complexes can push topologically
entrapped cohesin in translocation assays (Stigler et al., 2016). While it seems individual condensin
complexes can bypass one another (Kim et al., 2020), other motor activities like polymerases use a
processive bp per bp mechanism for motion. These might disturb condensin loop formation in a way
that other condensin complexes using a non-topological mechanism (Pradhan et al., 2022b,

2022a) with large step sizes (Ryu et al., 2021b) do not.

In vitro condensin loop formation is known to stall at low tension forces on naked DNA (Ganji et al.,
2018). In similar conditions loading condensin on DNA with more slack is sufficient to see loop
formation (Kong et al., 2020). Finally, stalling/blocking at obstacles is more frequent when the end
to end length is long (more tension) (Davidson et al., 2023) which lends credence to this

hypothesis.

To summarize, whether a higher order structure impairing the function of condensin, a specific
mechanical property of the fiber such as stiffness, or the accessibility to DNA, perhaps linker DNA, are
the key parameters for condensin to function in vivo remain unclear — and key questions to attempt to

answer in the future.

8.5 Testing the semi-permeable barrier model genome wide applied to condensin and

transcription

Condensin is found enriched in the vicinity of highly transcribed genes (Kim et al., 2013; Kranz et
al., 2013; Sutani et al., 2015). Particularly in yeast, condensin is enriched at the 3’ end of genes.

Despite this co-localization of RNAPII and condensin, reducing transcription facilitates condensin
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function in condensin mutant backgrounds as shown previously (Sutani et al., 2015) and in our

work (Part 6 — Fig. 6B).

We show that the loss of RNAPII leads to a loss of condensin at highly RNAPII-bound genes (Part 6 -
Fig. 1A-B) and conversely that Dhpl depletion leads to an increase of condensin binding at the 3’ end
of genes (Part 6 - Fig. 1E-H). Finally both of these conditional depletions suggest that in metaphase
RNAPII antagonizes the formation of long range contacts. Taken together our data suggest that the
peaks of condensin at transcribed genes in fission yeast are not loci of high condensin activity -
consistent with previously published results suggesting they are not loci of greater chromatin folding

(Kakui etal.,, 2017) - but an accumulation with a negative role in condensin function.

Our data is perfectly consistent with a scenario where SMC high binding peaks represent a local
stalling of condensin translocation along DNA, as shown for bacterial SMC (Brandao et al., 2019;
Tran et al,, 2017). Consequently, SMC-dependent juxtaposition of chromosomes is sensitive to the

presence of transcriptional units and their orientation (Tran et al., 2017; Wang et al., 2017).

A model where head-on collisions with RNA polymerase stall the translocation of SMC complexes holds
strong explanatory power to explain existing data in human, bacteria and yeast, and our work
expands this observation to condensin using genome-wide approaches. Of note, fission yeast here
appears as a powerful experimental system where the impact of mitotic, transcribing RNA polymerase
on condensin can be investigated. Human cells, with downregulation of RNA polymerase in mitosis
(Palozola et al., 2017) and a different pattern of condensin binding (Sutani et al.,, 2015) (5’ vs
gene body and 3’ end binding) does not properly highlight this evolutionary conserved attribute of
condensin especially since evidence shows that RNAPII is cleared from vertebrate mitotic chromatin in

early prophase by a wave of transcriptional elongation (K. Liang et al., 2015).

While we show evidence suggesting that RNAPII is a barrier to condensin we have not described

whether RNA pol I and III have similar impacts on SMC/condensin function genome-wide.

Levels of condensin binding seem to be anti-correlated with RNA pol I transcription in budding yeast
(at least in a background where the condensin positioning factor fobz is missing) at the rDNA (Ide et

al., 2010; Wang et al., 2006). RNA pol I transcription is downregulated in anaphase by Cdc14 and
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this is required for the proper segregation of the rDNA (Clemente-Blanco et al., 2009; Iacovella
et al., 2015). Cdc14 phosphatase triggers a condensin activity in anaphase that appears independent
of the condensation/compaction of the rDNA locus (and is linked to decatenation by topo II) to

segregate sister rDNA repeats (Sullivan et al., 2004).

Evidence in the literature appears contradictory regarding the interplay between RNAPIII and
condensin. In budding yeast, condensin appears enriched at RNAPIII transcribed genes but its
association is reported (not shown) to be independent of transcription by RNAPIII (D’Ambrosio et
al., 2008b). A minimal B-box inserted elsewhere on the genome is sufficient to induce TFIIIC, an
RNAPIII initiation factor, and condensin binding (D’Ambrosio et al., 2008b). Removal of a TFIIIC
binding sequence induces an increase of neighboring condensin peaks (D’Ambrosio et al.,, 2008b)
consistent with a barrier stalling the translocation of the complex. On the other hand, physical
interactions were reported between condensin and TFIIIC (Haeusler et al., 2008; Yuen et al.,
2017) and deficiency in TFIIC leads to a reduction of condensin association to chromosomes
(D'Ambrosio et al., 2008b) more consistent with the role of a loader. TFIIIC is also shown to
colocalize with condensin II at non transcribed binding sites in mouse (Yuen et al., 2017)
suggesting it can position condensin independently of RNAPIII but whether it does so by being an
obstacle or a loader is not known. In our hands, enrichment of condensin at tDNA is difficult to detect
by ChIP-gPCR in fission yeast mitosis (Rivosecchi, 2019), despite peaks visible in ChIPseq (Part 6 —
Fig. 1D). However, accumulation of RNAPIII with defective termination in a senid background leads
to an accumulation of condensin which can be abolished by forcing termination with a super-
terminator sequence (Rivosecchi et al., 2021). As the hosting lab had previousy proposed,
condensin may be loaded at the promoter (Robellet et al., 2017). This points to a conundrum
where loading at promoters occurs for condensin but its translocation is hindered by active RNA
polymerases (at least for RNAPII and RNAPIII when the size of the RNAPIII domain is enlarged), and

in a wild-type scenario RNAPIII genes are poor barriers because they are small.

All three polymerases are the product of evolutionary divergence, particularly concerning the paralogs
of their largest subunits (in fission yeast, in order of I to III : Nucl, Rpbl, Rpcl) and in terms of the

factors required for transcription initation (Girbig et al., 2022). I have been unsuccessful in
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attempting to tag Rpb5 with a 3xsAID cassette, a common subunit of the three polymerases, or both
of the large subunits of Nucl and Rpcl, suggesting obtaining degrons to investigate the full breadth
of RNA polymerases remains challenging. Producing the degron tagged strain of Rpb1l worked possibly
because its CTD which carries the AID tag consists of heptad repeats that facilitate the recruitment of
other RNAPII specific factors (Girbig et al., 2022) and is not found in the other polymerases. A
hypomorphic loss of function of this structural unit might not have impacted RNA pol II activity
sufficiently to prevent tagging. Answering this question could be attempted with drugs targeting these
RNA polymerases such as phenantroline which should inhibit all three but with potential indirect
effects (Zencir et al., 2022) and with effects on condensin binding we do not observe compared to
Rpb1 depletion, for instance at centromeres (Part 6 — Fig. S1F vs (Sutani et al., 2015)). In our
hands, fission yeast is resistant to the inhibitor ML-60218 which inhibits RNAPIII (D’Ambrosio et al.,

2008a).

Regardless, our data suggest that while transcription occurs in fission yeast mitosis and antagonizes
condensin’s function, itis present at levels which support assembly of mitotic chromosomes and sister
chromatid segregation in anaphase. It would be interesting to explore whether species with
transcription in mitosis undergo selective pressure to avoid clusters of highly transcribed genes, akin
to those that can be generated upon Dhpl depletion. In mammals, defects in transcription termination
can lead to chromosome segregation defects (Jiang et al., 2004), suggesting human cells may be

under similar constraints despite transcriptional downregulation.

A powerful additional experimental verification that could substantiate our data would be to address
the impacts of Rpbl and Dhpl depletion on the kinetics of condensation using two fluorescently
tagged loci (on the same chromosome arm) after release from a G2/M arrest. If RNAPII are barriersto
functional, translocating condensin then we expect an acceleration and a slowing down of the distance
between two loci in Rpb1l OFF and Dhpl OFF respectively. If there is no difference then the
phenotypes observed in Hi-C are somehow implicated in the maintenance of the mitotic chromosome
structure and not its establishment. The caveat with these experimental systems are that fluorescently

tagged loci with LacO /TetO repeats can constitute barriers for condensin (Guérin et al., 2019)
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themselves. Such questions might be better answered with FISH approaches (K.-D. Kim et al.,

2016).

Another strong experimental assessment of our results would be to determine a way to either
reactivate transcription in metaphase-arrested vertebrate cells, and ask the consequences on
chromosome condensation and condensin I/II position. While some genes are activated during M in
mammalian cells, a large humber are downregulated (Palozola et al., 2017). This would allow us to
test directly the hypothesis we evoke at the end of the paper — that downregulation of transcription
benefits the fitness of vertebrates with larger genomes by facilitating condensin function. Employing a
minimal system in Xenopus (Shintomi et al.,, 2015) or an egg extract capable of transcription
(Barrows and Long, 2019) would also provide excellent assessment of this model. Alternatively,
inducing transcription of a reporter gene in fission yeast using an expression system (Garg, 2020)
just prior to M entry or during M phase and assessing the consequences on condensin binding and

chromosome folding would provide parallel evidence.

Finally, a third experimental system to investigate condensin activity in the context of transcription
could be meiosis. In prophase of meiosis I, chromosomes form synaptolemal complexes (SC) to attach
homologous chromosomes and enable recombination. Chromosomes condense up to pachytene stage
and then the SCs are disassembled, accompanied by a decondensation. Chromosomes are then
recondensed at the end of prophase concurrently with the disassembly of the synaptolemal complex
(Zickler and Kleckner, 1999). Coincidentally these prophase I steps occur with a significant burst
in the elongating form of RNAPII at the pachytene/diplotene stage (Alexander et al., 2023).
Whether this corresponds precisely to the timing of decondensation observed in images (Zickler and
Kleckner, 1999) is unclear. Nonetheless, it is tempting to speculate that the decondensation is
partially caused by this increase in transcription and, whether a similar scenario exists in somatic
mitosis (K. Liang et al.,, 2015; Z. Liang et al., 2015) are interesting questions. Additionally,
assuming nucleosomes are an obstacle to condensin (discussed further below), it is tempting to
speculate that this brief transcriptional wave may prime chromatin for further binding of condensin

during the late stages of prophase L



8.6 In vivo RNAPII barriers suggest condensin loop extrudes in fission yeast

As mentioned in the Introduction several lines of evidence are consistent with a loop extrusion
hypothesis, such as the resolution of entanglements, the effect observed when SMC residence time is
increased, processive features such as stripes or the in vitro observation of loop extrusion which
constitutes strong evidence. Additionally, I would argue the existing evidence of obstacles to
translocation, both in vitro and in vivo, with consequences on Hi-C maps, constitute strong evidence

for this model.

If condensin were to follow a diffusion capture model it would need both to capture long range sites
in trans but also to translocate and respond to obstacles. An additional difficulty would be to
determine by biophysical considerations what parameters should establish the frequency and distance
of contact between two sites. In the most recent version of this model (Gerguri et al., 2021) this is
inferred based on estimations of densities of condensin and distances between peaks. Some modelling
approaches with fit from bacterial data have argued that loop extruding factors subjected to
multivalent interactions cannot explain complex Hi-C patterns (Brandao et al., 2021). Loop
extrusion and diffusion capture should be reinvestigated thoroughly by a proper combination of

modelling and experiments.

We argue that loop extrusion is the most parsimonious mechanism explaining the response of
condensin to RNAPII barriers in fission yeast metaphase, which we uncover by depleting Rpbl to
remove them and Dhpl to reinforce them (Part 6 — Fig. 1,3). Our observations are consistent with
stalling of the translocating SMC complex at RNA pol II enriched sites and the increased (resp.
decreased) long range contacts when Rpbl (resp. Dhpl) is depleted. Since change in Hi-C contacts
are expressed as a frequency of the total interactions it is not possible to strictly determine whether a
gain in long range contact is caused by a true loss of short range contacts or, the other way around,
whether a true gain in long range contacts causes a loss of short range contacts. However our
functional data, effects at condensin peaks, and the fact that the fraction of chromatin bound
condensin remains the same in Rpb1-OFF are consistent with semi-permissive barriers to
translocation. This is also consistent with Hi-C data suggesting that condensin high binding sites do

not determine loci of significantly higher contact frequencies (Kakui et al.,, 2017). On the other
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hand, models of diffusion capture (Gerguri et al., 2021) cannot explain why abolishing peaks of
high condensin occupancy rescues chromosome segregation defects in anaphase while generating
larger peaks worsens the cut3-477 induced phenotype. While the complementary approach using fkh2
null mutants, with negative interaction between cut3 and fkh2, is consistent with a reduction in
transcription of actively upregulated genes in M and a subsequent rescue phenotype, the scope of this
result remains limited. We have not checked the penetrance on chromatin bridges, nor do we know
the behaviour of these mutants regarding the binding of condensin to chromatin in cis or even altered

expression of upstream regulators of condensin.

One main weakness of diffusion capture is that in theory if condensin were to grab DNA in trans it
could also establish contacts between sister chromatids and therefore impair individualization of
metaphase chromosomes. In that case, one would need to imagine that these trans-contacts would
be disfavored in some fashion in mitosis either by a dedicated mechanism or by diffusion capture
being minor relative to a coexisting loop extrusion activity. Perhaps in the vein of what is implied in
certain model drawings (Shintomi and Hirano, 2021 - see Fg. 6), diffusion capture is a late event
enabling crosslinking between linearly distant regions after loop extrusion has occurred. On that same
point, itis difficult to imagine how condensin, if it were a simple loop extruder as visualized in
schemes, that is stalled by very low tension (Ganji et al., 2018; Golfier et al., 2020), could
contribute to the stiffness of mitotic chromosomes (Renshaw et al.,, 2010; Sun et al., 2018)

without providing some form of crosslinking, whatever the mechanism involved.

Our data do not rule out the existence of diffusion capture for several reasons, listed approximatively
with increasing strength. First, a loop extrusion-only mitotic scenario, if spacing of condensin are
similar, would lead to the same effective loop size independently of the chromosome arm. However,
this is not the case between species or within the same species as longer arms tend to be wider by
microscopy (Kakui et al., 2022). Second, in a loop extrusion only mechanism, very long range
condensin stripes seen by ChIA-PET (Kyoung-Dong Kim et al., 2016b) or large domains existing in
our data, would imply a single complex is responsible for the processive extrusion of a large loop on a
mitotic chromosome arm at the scale of a Mb or beyond which is conceptually hard to understand

especially in the context of chromatin and for a fission yeast chromosome which is at most 5Mb long.
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Third, convincing evidence in Xenopus egg extracts points towards a separation of function, likely
involving condensin-condensin interactions, that would participate in the assembly of the axis in
competition with loop extrusion (Kinoshita et al., 2022, 2015). Such a physical interaction could
provide a mechanism to bridge distal sites similar to a diffusion capture mechanism (Gerguri et al.,
2021) or to aid in formation of a Z-loop (Kim et al., 2020). Fourth, provided we assume the CAP-G
subunit drives loop-extrusion (Kinoshita et al.,, 2022) as the anchor chamber (Shaltiel et al.,
2022) - which is not necessarily the case in all species or depends on salt conditions — it is hard to
imagine how CAP-G less condensin I and condensin II can associate to chromatin, form axes and
individualize metaphase chromosomes (Kinoshita et al., 2015; Yoshida et al., 2022) or how CAP-
G2 is dispensable for condensin II function in certain species (Hoencamp et al., 2021) if loop
extrusion is the only mechanism. Whether the assembly of an axis can be relevant for all mitotic

scenarios is unclear but these last two arguments hold for vertebrates.

Our data also cannot rule out diffusion capture by condensin in specific contexts. For instance,
condensin presumably in interphase is important for the clustering of tRNA genes in budding yeast

(Haeusler et al., 2008).

One prediction of the multimerization of condensin complexes is that condensin association to
chromatin should be synergistic with itself if clusters are formed by condensin-condensin interactions,
akin to what is observed for cohesin (Ryu et al.,, 2021a). Hence, association of condensin to
chromatin should follow some kind of exponent with increasing input of condensin I concentrations

(vs a random control protein forming no clusters) and this behavior should be abolished or reduced in
a KG-loop mutant or W-loop/KG-loop double mutant (Kinoshita et al., 2022). Furthermore, one
may determine if this synergistic association to chromatin is enhanced when the balance of functions
is favored towards the activity of CAP-D2 at the expense of CAP-G as proposed for the formation of an
axis (Kinoshita et al., 2015). Unfortunately this was not attempted by the Hirano lab when they
altered the ratios of condensin I/II (Shintomi and Hirano, 2011) but should be testable in Xenopus

egg extracts.
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8.7 Roadblocks and asymmetry of condensin loop extrusion

On the basis of /n vitro loop extrusion assays it has been argued that single obstacles, irrespective of
their size, do not prevent translocation of the complex on DNA, suggesting a non-topological

mechanism for loop formation (Pradhan et al.,, 2022b, 2022a).

However the data also show that for budding yeast condensin purified from cycling cells, the
frequency of blockage when encountering a nanoparticle increases as a function of the size of the
molecule but plateaus at ~50% blocking events. This may be specific to condensin as human cohesin
shows similar frequencies of 40-50% blocking independently of the roadblock size (Pradhan et al.,
2022a) which has been argued to be possibly blocking due to the random orientation of the cas9
construct (H. Zhang et al., 2023). If that hypothesis is correct, the frequency of incorporation of
large, 200nm gold particles with dcas9 constructs should be close to 100% for cohesin if oriented
properly. This brings into question why condensin loop formation is partially responsive to single
roadblock size. Some yet-unknown feature of the yeast condensin structure might be intrinsically
sensitive to roadblocks during loop formation, contrary to cohesin, or some yet undescribed mitotic

PTM of condensin is required to phenocopy the properties of cohesin loop extrusion.

If an SMC complex with the ability to form loops in both directions were to stall/block at an obstacle, it
would still be able to extrude in the other direction. Cohesin is bidirectional in vitro when extruding a
loop (Davidson et al., 2019) but condensin is biased towards asymmetrical loop expansion (Ganji
et al., 2018; Golfier et al.,, 2020). A pool of fully symmetric loop extruders, or a mixture of stable
symmetric and asymmetric loop extruders must be used to reproduce experimental data (Banigan
and Mirny, 2020). These theoretical considerations applied to a context where roadblocks are
absent. Adding roadblocks to such a model should make a chromosome with only asymmetric loop
extrusion even more inefficient in linear compaction for the same loading and residence times. In the
context of a chromatinized substrate, the requirement for a symmetrical loop extrusion might be
heightened. The shape of fission yeast mitotic domains from our high condensin sites (Part 6 — Fig.
4B) is consistent with modelling approaches forming TADs symmetrically (Banigan and Mirny,

2020). There is no evidence from roadblock assay that loop-forming condensins see an increased
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frequency in reversal upon encounter with an obstacle (Kong et al., 2020; Pradhan et al., 20223a)

but there is evidence for this model in the case of cohesin and CTCF (Davidson et al., 2023).

A multimer of condensin complexes could provide a partial explanation for the symmetrical loop
formation observed for condensin I (Kong et al., 2020), but it cannot explain the 50% of
symmetrical events observed for single complexes of condensin I & II. Either the extrusion assay used
(U shape vs linear, salt concentrations...), or the intrinsic functioning of the complex could explain the
difference in bias of loop extrusion direction between yeast and human. In physiologically relevant
cell-free egg extracts (with large depletion of histones), loop formation by condensin is mainly
asymmetrical (Golfier et al., 2020) suggesting that either a relevant mitotic PTM of condensin in

yeast enables symmetrical compaction, or a chromatin bound-activity provides this symmetry.

One mechanism which could provide symmetrical loop formation is the encounter of two condensin
complexes and the formation of Z-loops with a condensin dimer at the base (Kim et al.,, 2020). This
was tested recently in simulations proposing that asymmetric loop extrusion could reproduce linear
compaction if Z-loops and nested loops could form (Dey et al., 2023). Alternatively, condensin-
condensin interactions may more simply provide this property to extruding condensin (Kinoshita et

al., 2022).

It would be interesting to use a bidirectional condensin mutant (Shaltiel et al., 2022) and
determine whether the response to roadblock size of condensin (Pradhan et al., 2022a) remains in
loop extrusion assays. Furthermore, whether this mutant could produce stronger mitotic domains and
longer-range contacts if extended to an in vivo system, and whether the gain in condensation/long-
range contact formation is less dependent on the presence of chromatin bound roadblocks (say, Rpbl
depletion or histone density) would be interesting problems to tackle. Technically this is challenging
because the ACAP-G condensin complex leading to symmetrical loop extrusion with Chaetomnium
thermophilum subunits (Shaltiel et al., 2022) prevents loop extrusion with vertebrate subunits
(Kinoshita et al.,, 2022) and renders condensin highly salt sensitive in yeast (Martinez-Garcia et
al., 2022). One may attempt to use Chaetomnium thermophilum with conditional depletion of

Ycg1/CAP-G and look at the distribution of condensin and chromatin folding by 3C in the presence of
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transcriptional inhibition (or not). Alternatively, one may attempt to immunodeplete condensin from
Xenopus egg extracts and add-back reconstituted AYcgl or wild-type Chaetomnium thermophilum

complexes.

8.8 Transcription independent positioning of condensin

Before engaging in a salt-resistant association to DNA, condensin associates electrostatically to DNA
and must engage some loading reaction before proceeding to enlarge loops in an ATP-driven manner
(Eeftens et al,, 2017). The details of such an initial loading reaction are unclear, and whether the

initial loading reaction involves the safety-belt is not known.

The density of genes in fission yeast makes transcription likely a major positioning device for
condensin peaks in ChIP-seq data. Thus, the experimental depletion of Rpbl provides the opportunity
of characterizing novel regions driving condensin peaks, either as stalling barriers or, akin to the
scenario at telomeres, as peaks of enrichment with positive function. Furthermore, if transcription
were to be a major barrier of condensin, it is tempting to speculate that an environment without
transcription would be amenable to reveal preferential loading sites of condensin, which are otherwise
masked by active RNAPIL. Additionally, one might expect, if condensin were loop extruding on
chromatin, to capture by ChIP-seq DNA fragments at both the anchored safety-belt and the mobile
loop extruding chamber I (Shaltiel et al., 2022) and that the safety-belt bound DNA fragment
should be in theory overrepresented in ChIP-seq data. However this remains technically challenging to
determine. Condensin I is estimated to have a residence time of up to 5mn on chromatin in human
cells (Gerlich et al.,, 2006a) and is potentially shorter in yeast (Robellet et al.,, 2015; Thadani et
al., 2018). In our experimental system, removal of a protein by degron such as Rpbl or Sptl6 occurs
over multiples of this type of half-life, which implies condensin would unload and reload several times
and potentially reach a new distribution by the combination of its new processivity and external
positioning and displacing activities. In this context identifying both safety belt-enriched sites and
initial loading sites remains extremely challenging. Moreover, condensin in vivo could be subject to
events of anchor slippage (Shaltiel et al., 2022) even in Rpbl-depleted conditions which would

make identification of loading-sites even more challenging.
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Releasing cells synchronized in late G2 into M at cold temperatures in control (and potentially Rpb1-
depleted conditions) may allow identification of early loading sites of SMC complexes as was
previously done (Lengronne et al., 2004) but our preliminary attempts at this stage have not
yielded anything other than a linear increase over a short time course in cells released from a G2/M
block at candidate genes (not shown). To properly capture initial loading events in vivo one would
need a release from a G2/M block with a fixation method for ChIP fast enough relative to the initial
loading and ATPase cycle of the condensin complex, to capture binding events (Poorey et al.,

2013), which for now remains technically difficult.

Despite these caveats, from our ChIP-seq data (Part 6 — Fig. 1A) we can identify peaks which resist
RNAPII depletion in metaphase and might constitute functionally relevant loci of condensin
enrichment. While these peaks may be a trompe-/'oeil the fact that they are close to the centromeres,
repeated in all three chromosomes and evoke a symmetric structure suggests there may be a
potentially biologically relevant explanation for these loci of enrichment. Condensin is enriched on a
region spanning 40kb away from the centromere in budding yeast (D’Ambrosio et al., 2008b) but
in S. pombe, the heterochromatin region flanking the central domain for kinetochore assembly
appears poor in condensin. By design the clustering approach identified these sites from the signal at
TSS, and these peaks appear positioned at a NDR region (Fig. D3D). While remaining signal in clusters
1 and 2 could be explained by traces of RNAPII following depletion, these peaks cannot reflect
incomplete depletion because they are not overlapping with Rpbl ChIP peaks (see example in Fig.
D3C). They therefore reflect high binding of condensin at a NDR of protein coding TSS genes flanking
the centromere. Whether they represent sites of stalling by a chromatin bound factor such as a
transcription factor is unclear but unlikely, since transcription factors would be present at low density
at a promoter, and should not prevent loop extrusion (Pradhan et al., 2022a). Whether they are
unknown sites of condensin accumulation (negative) or sites representing positive functional binding
of condensin is unclear and will be explored by future work, and whether similar promoters can be
identified in cluster 2 as well. Remarkably, similar peaks were observed by the Marston lab when
describing the association of cohesin flanking centromeres, although in their case the binding was at

convergent genes (Paldi et al., 2020). In their work, they propose that cohesin association at this
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convergent region plays a role in kinetochore biorientation. Whether condensin would provide a

similar function here remains to be investigated.

8.9 Nucleosomes and the density of factors on DNA during the enzymatic cycle of

condensin in vivo

Our data on the impact of RNAPII on condensin-mediated loops, suggest that despite a single, non-
transcribing RNAPII is readily incorporated into a loop by condensin in vitro (Pradhan et al.,, 2022a)
a densely bound region of RNAPII can stall condensin and prevent its ability to translocate. With
similar data showing hindrance of condensin by dense Lacl or Rapl bound regions (Guérin et al.,
2019) it becomes tempting to argue that the density of DNA-bound factors is a key parameter

determining whether DNA-bound factors are obstacles to condensin loop formation.

Half of the weight of a chromosome is estimated to be composed of nucleosomes, which are among
the most densely DNA-bound protein complexes. As such, nucleosomes have been an immediate
candidate for experiments using in-vitro loop extrusion assays. Low-density isolated nucleosomes have
been shown to enhance the processivity of loop forming condensin II by 1.5 fold in vitro (Kong et
al., 2020). Models for cohesin diffusion have also suggested that nucleosomes can facilitate loop
formation. However this is true only when the average linker length reaches the average size of a
nucleosomal array or smaller (Maji et al., 2020) and would not apply in these condensin loop

formation assays with ~4 nucleosomes on 50kb of DNA (Kong et al., 2020).

Multiple studies have shown that single nucleosomes are unable to prevent both SMC translocation
and incorporation into loops (Davidson et al., 2016; Kim et al.,, 2019; Kong et al., 2020;
Pradhan et al.,, 2022a; Stigler et al., 2016). Note that the data also show these isolated
nucleosomes reliably across studies induce weak stalling of the SMC complex on the order of 10%.
This stalling has been proposed to slow ATP-independent cohesin diffusion on, nucleosome-packed
chromatin in vivo, and experimental evidence demonstrates that DNA with 10-50 nucleosomes is not a
good substrate for this cohesin diffusion, although whether this is due to a higher order structure is
not clear (Stigler et al., 2016). Low frequency stalling events at obstacles happen on timescales

which are much larger than individual condensin steps (seconds vs 20ms or less) (Ryu et al.,



2021b). Whether the obstacle somehow temporarily impairs the binding of ATPase heads or whether
the complex still performs hydrolysis but is unable to incorporate the roadblock into the loop is not

clear.

8.10 Shelterin components hint at the negative impact of nucleosomes on condensin

function

Evidence in budding yeast demonstrates that in a dicentric chromosome, internal telomeric or
repeated Rapl binding sites are hotspots of breakage, a process likely driven by condensin dependent
DNA cutting by the cytokinetic ring. Spacing Rapl repeats by ~35bp is sufficient to prevent breakage
at these Rap1-bound insertions (Guérin et al., 2019) likely because translocation of condensin,
and/or proper decatenation at this regions is prevented by the lack of available linker DNA.
Coincidentally 35bp linkers are sufficient to enable condensin binding (Kong et al., 2020) on
nucleosomal DNA. Whether this length is the minimal required length is not clear. In our work we do
not observe visible changes in condensin association to telomeres in a rap14 background with the
caveat that shelterin structure of mammals and fission yeast is not well conserved in budding yeast
(Armstrong and Tomita, 2017). Alternatively, we have suggested that arrays of Taz1 bound to
repeated motifs at telomeres constitute a barrier where condensin accumulate. However, since Tazl is

limiting for sister-telomere disjunction when condensin is mutated, Tazl acts as a positive barrier.

The absence of Mitl leads to a local increase of condensin at subtelomeric & telomeric loci on the
right arm of chromosome II (Part 5 — Fig. 4E, S4E). However, loss of Mitl leads to mild increases in
transcription at telomeres (Creamer et al.,, 2014) which could explain increased condensin binding
seen by ChIP at telomeres consistent with our data (Part 5 — Fig. 1), although whether this would be
telomere specific is unclear. Since telomere non-disjunction is rescued in miti4d cut3-477 we
interpreted the increase in association in miti4 as reflecting a positive binding of condensin leading to
enhanced function, and resolution of sister chromatids, but we did not measure levels of condensin
association at telomeres in the double mutant mitid cut3-477. Note however, that telomeric
condensin appears at least insensitive to Rpbl depletion (Fig. D3A) suggesting RNAPII does not

position condensin in cis at telomeres.
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In theory, the chromatin remodeling activity of Mitl at subtelomeres could counter the nucleosome-
destabilizing activity of AT-rich tracts, and this was confirmed experimentally at least at the mating-
type locus but not at TEL2R (Creamer et al., 2014). The fact that condensin preferentially binds at
AT-rich regions in vitro (Terakawa et al.,, 2017) also supports the idea that condensin association at
telomeres might reflect an enrichment with a positive function supporting sister telomere disjunction,
rather than a stalling as we propose for RNAPII (Part 6). Additionally, we show that conditional
depletion of Sptl16 leads to a large, global histone loss but does not increase condensin association
(Part 7 — Fig. 5-6) despite strongly rescuing chromatin bridges (Part 7 - Fig. 7A-B). This might suggest
that the telomeric context is particular in regards to condensin association and/or activity. In that
context, employing histone copy number mutants (Part 7 — Fig. 8A-B) may allow us to answer
whether the binding of condensin is correlated negatively with histone density at telomeres.
Additionally, one could delete subtelomeric sequences (Tashiro et al., 2017) and ask whether cut3-
477 induced non-disjunction of sister-telomeres can still be rescued by loss of Mitl, to determine
whether the phenotypes can be explained by a cis mechanism from the neighboring subtelomere

region or by the direct presence of Mitl at telomeres.

EM analysis of reconstituted telomeric chromatin suggests telomeric repeats are heterogeneously
packed by nucleosomes but also form highly compacted columnar structures with short NRL (Soman
et al., 2022) which might antagonize binding of the condensin complex through steric hindrance
(Kschonsak et al., 2017). This columnar structure interestingly shows alignment of DNA
minor/major grooves perpendicularly to the direction of nucleosome wrapping and full accessibility of
the DNA helix, potentially making it susceptible to remodeling and/or a hub for capping by TRF1
(functional equivalent of Tazl) (Soman et al., 2022). Strikingly, a recent publication shows that
TRF1/Tazl changes the angle of DNA at entry/exit sites via Myb domains (Hu et al., 2023) and thus

may enable the access of condensin to linker DNA within this columnar structure.

8.11 Nucleosomes and transcription-associated chromatin remodeling interplay with

condensin

Our current and previous work, as well as evidence in the literature suggest interplays between

condensin and chromatin associated activities play a part in mitotic chromosome assembly. We show



that shelterin components (Part 5) can both facilitate condensin function (Tazl) or impair it (Mitl) for
sister telomere disjunction in anaphase. Additionally, we (the hosting lab) have shown that histone
acetyl transferase Gen5 and the RSC complex evicting histones at promoters (Toselli-Mollereau et
al., 2016) play a part in condensin binding and condensation of mitotic chromosomes. We identify a
weak physical interaction with RSC (Part 7 — Fig. 1) supporting our previous data and drawing a
parallel with evidence of interplays between RSC and cohesin (Mufioz et al., 2022, 2019)
suggesting conserved interplays between SMC activity and chromatin remodeling. In Xenopus egg
extracts, the PIC subunit TFIIH is essential for mitotic chromosome condensation (Haase et al.,
2022) while we have described genetic interactions between Mediator and condensin (Robellet et
al., 2014). In a minimal system the FACT histone chaperone is required for the folding of
chromosomes on chromatinized DNA into a mitotic chromosome by condensin I and topo II
(Shintomi et al.,, 2015). We identify FACT as a physical and functional partner of condensin in
fission yeast (Part 7 — Fig. 2). These accumulating evidence suggest that condensin and RNAPII may
share similar chromatin remodeling activities to operate in the context of chromatin — despite the

process of transcription itself stalling condensin (Part 6).

A recent report (Yague-Sanz et al., 2023) argues that RNAPII elongation promotes chromatin
remodeling at tDNA to evict nucleosomes. Consequently, a defect in elongation in RNAPII leads to a
reduction in RNAPIII association. If this is the case we should expect a loss of Rpb1-associated
chromatin remodeling activities at the tDNA loci and the non-eviction of histones when we deplete
Rpb1 in mitotic cells. Additionally, the Gcn5 and Mst2 acetyl-transferase activities, which setup histone
levels at high-condensin binding sites in mitosis (Toselli-Mollereau et al., 2016) also control
histone levels at tDNA loci in cycling cells (Yague-Sanz et al., 2023). However, re-exploration of
our previously published MNase-seq data set (Fig. D4B-C) suggests that constitutive loss of Gen5 &
Mst2 does not induce significant Mnase-resistant signals at tDNA loci in mitotic cells, although a
calibrated histone ChIP-seq or MNase digestion with two units would have been more appropriate to
re-explore this question. Additionally, we never see a decrease in condensin binding at the tDNA upon
Rpb1 depletion but rather a weak increase of condensin association (Part 6 — Fig. 1B). This data
suggests that in mitosis active RNAPII transcription does not significantly contribute to condensin

binding at tDNA.
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We have not checked the integrity of chromatin by MNase in mitotic cells with Rpb1l depletion. We can
expect a stabilization of nucleosomes from the literature but this would need to be validated.
Importantly, the phenotype of RNAPIII reduction when RNAPII elongation is impaired is visible in log
but not stationary phase (Yague-Sanz et al., 2023). Whether mitotic and interphase chromatin

follow a similar paradigm to stationary and log phase chromatin is unclear.

8.12 Condensin does not affect nucleosomal arrays in vivo

If nucleosomes and chromatin in general are barriers to condensin, then it stands to reason that
chromatin remodeling activities in cells would alleviate this barrier, as suggested by our genetic
evidence (Part 7 — Fig. 8). Importantly, we show that partial loss of condensin function does not
impart visible defects to nucleosome phasing or to the stability of nucleosomes as seen by Mnase and
cal-ChIPseq (Part 7 — Fig. 9), with one caveat being we did not use a degron system and are
susceptible to remaining activity of chromatin-bound condensin in metaphase. However, our data
argue that condensin does not appreciably destabilize the primary structure of nucleosomes,

suggesting condensin itself is not a chromatin remodeler.

It was previously speculated that an interplay may exist between condensin and nucleosomes to fold
the genome (Hirano, 2014) based on the ability of condensin to introduce positive supercoils into
DNA (Bazett-Jones et al., 2002; Kimura and Hirano, 1997). Whether the (+)-supercoiling by
condensin would contribute to compaction of genomes is unclear (Hirano, 2014) and whether
condensin in general contributes to compaction (3D volume) of chromosomes is also unclear
(Gerguri et al.,, 2021; Piskadlo et al.,, 2017; Samejima et al., 2018; Schneider et al., 2022;

Swygert et al,, 2019).

This may be particularly relevant at the 3’ end of genes in transcribed chromatin. For instance, RNA
polymerases could generate positive supercoiling driving the recruitment of additional condensin
complexes (Kim et al., 2022). But this positive role of RNA polymerase would be obfuscated by the
barrier effect of RNA pol II on condensin barriers (Part 6). Moreover, the removal of RNA pol II should
reduce the steady state level of (+)-supercoiling, yet condensin is not found particularly diminished

globally (Part 6 — Fig. 2F), suggesting that (+)-supercoiling by transcription may not be sufficient to
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recruit condensin. If this (+)-supercoiling recruiting chromatin were functionally relevant it is also
difficult to square with the observation that abolishing transcription rescues cut3-477 induced

chromatin bridges.

Perhaps the ability of condensin to introduce positive supercoiling plays a role in compaction rather
than the assembly of mitotic chromosomes and individualization of chromatids, or that (+)-
supercoiling is a consequence of a chromatin folding activity of condensin. We may be blind to more
subtle torsion related changes of metaphase chromatin with our MNase and histone calChIPseq
experiments and could attempt to investigate the supercoiling state of mitotic chromatin in the
presence of functional condensin or in its absence using psoralen crosslinking (Achar et al., 2020)

or GapR-based ChIP-seq (Guo et al., 2021).

In quiescent budding yeast cells where chromatin compaction is condensin dependent (Swygert et
al.,, 2019) Micro-C data suggest short range n+1 nucleosome interactions are reduced in favor of
n+2 and higher interactions suggesting potentially an increased stacking (Swygert et al., 2021).
Whether condensin could introduce supercoiling sufficient to disturb higher-order stacking of
nucleosomes or introduce supercoiling that would be buffered by the fiber and drive higher order
stacking (Kaczmarczyk et al., 2020) is unclear. It is likely that the forces induced by single or
multiple condensin complexes on the chromatin fiber must be on the low scale. Indeed, loop extrusion
is easily stalled (Ganji et al., 2018; Kong et al.,, 2020), condensin complexes can compete with
each other for DNA slack during loop formation (Kim et al., 2020) and condensin does not generate
a positive supercoiling on DNA outside of it's bound domain (Martinez-Garcia et al., 2022).
Stabilization of positive supercoils occurs at high concentration of condensins (Martinez-Garcia et
al., 2022) suggesting that the activity first identified in (Kimura and Hirano, 1997) may well occur
at high condensin binding site. Supercoiling of DNA by single condensin complexes was however
described in early in vitro single molecule (Bazett-Jones et al., 2002) suggesting the significance of
condensin on the topology of DNA is unclear and may result as a side effect of loop formation on
topologically constrained DNA molecules. Experimental evidence using Xenopus egg extracts suggests

that interphase and metaphase nucleosomes show a majority of (-)-crosslinked DNA (Arimura et al.,



2021) bringing into question the validity of positive supercoiling in metaphase chromosomes, or that

this supercoiling is resolved by compensatory negative supercoiling.

Despite our finding that condensin does not induce changes to the chromatin fiber, condensin is
functionally associated with several chromatin remodeling activities shre with RNAPIL previously
mentioned. This implies these chromatin remodelers exert their function independently of condensin.
Thus itis tempting to speculate that condensin benefits from transcription associated chromatin
remodeling to access DNA in an opportunistic fashion. However if this were the case, it would imply
condensin must rely on the presence of actively remodeled genes. It is certainly unrealistic to imagine
that condensin would function only at highly transcribed, actively remodeled genes which are a
minority in fission yeast mitosis. Transposed to vertebrates with larger genomes and lower gene
density, it is also difficult to imagine that condensin would function solely in an opportunistic manner,
benefitting from the few highly expressed genes (Palozola et al., 2017). As FACT (Jenness et al.,
2018) and SWI/SNF/RSC (Zhu et al., 2023) are retained on mitotic chromosomes, they appear as
interesting molecular candidates for remodeling activities independent of transcription to benefit

condensin.

8.13 The cryptic role of FACT during mitotic chromosome assembly in vivo

The histone chaperone FACT is a good candidate to scan the chromosome in a genome-wide fashion
for condensin function. In yeast it is present in comparable amounts to the number of nucleosomes
(Jeronimo and Robert, 2022) and is abundant on mitotic chromosomes in vertebrates despite
transcription being downregulated (Djeghloul et al., 2020; Jenness et al., 2018). We show that
depletion of fission yeast FACT in metaphase leads to nucleosome loss which correlates with the levels
of active transcription, but importantly is seen at virtually all protein-coding genes of fission yeast

(Part 7 - Fig. 5).

More puzzling is the difference in functional role between FACT and condensin in our hands in fission
yeast, where FACT loss in mitosis suppresses condensin partial loss of function induced defects in
anaphase (Part 7A-B) versus in a minimal cell free system where FACT is required for condensin to

assemble mitotic chromatids from chromatinized DNA (Shintomi et al., 2015). Moreover, FACT is
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not essential in all cell types (Jeronimo and Robert, 2022) suggesting the observations made both
by us and the Hirano lab underlie specific contexts where FACT has significant impacts on condensin
function. Indeed, FACT activity itself is not directed towards maintenance of chromatin structure — itis
context dependent. While FACT destabilizes nucleosomes in optical trap pulling assays, it enables the
reassembly of said nucleosomes when the fiber is subjected to multiple cycles of stretching and

relaxation (McCauley et al., 2022).

In the minimal system that revealed the positive role of FACT in mitotic chromosome assembly,
Shintomi and colleagues used Napl, Npm1l and histones to remove protamines and assemble
chromatin along with condensin and topo II to form mitotic chromatids. In that context, FACT is
necessary and sufficient for mitotic chromatid assembly only if histone H2A is replaced by embryonic
variants H2AX-F, and furthermore this variant is Nter deleted to remove the histone tail. This variant is
capable of assembling into nucleosomes that yield wild-type like Mnase profile. Crucially when FACT is
added to chromosomes chromatinized by classical vegetative histones, the mitotic chromosome
assembly fails (Shintomi et al., 2015) which is perfectly consistent with the inability of FACT to bind
intact nucleosomes (Valieva et al.,, 2017) and with our finding that condensin does not appear to
destabilize nucleosomes (Part 7 — Fig. 9). Thus, this suggests that the minimal system fails to capture
an additional activity which destabilizes nucleosomes (which is neither condensin or topo II) and
enables condensin to convert chromatinized DNA into mitotic chromosomes. Consequently, a
nucleosome destabilizing activity present in fission yeast but not in the minimal system, be it
transcription (Singh et al., 2021), or another undetermined activity, may explain the apparently
negative impact of FACT on condensin, because it maintains nucleosomes /n vivo in fission yeast

mitosis.

However, while we propose that chromatin bridges in anaphase caused by partial condensin loss of
function can be rescued both by FACT depletion in mitosis, leading to reduced nucleosome density
(Part 7 — Fig. 7A-B), and by direct reduction of nucleosome density by histone gene copy number
reduction (Part 7 — Fig. 9), we cannot attribute this rescue to increased condensin accessibility to DNA
in metaphase by calChIP-seq (Part 7 - Fig. 6D, S6E). Moreover, FACT influence on folding metaphase

chromosomes seen by Hi-C appears independent on the presence of condensin (Part 7 — Fig. 7C).



Although we cannot exclude insufficient depletion by degron approaches which prevents us from
formally concluding, this raises the possibility that FACT may impinge on loop formation by impacting

the chromatin fiber itself or its biophysical properties.

How does FACT loss of function rescue partially deficient condensin activity in anaphase ? The
possibility that it may be due to enhanced cohesin activity appears unlikely given the moderate effect
of Wpll loss of function (Part 7 — Fig. 4), suggesting that enhancing cohesin driven loop extrusion
hardly rescues condensin defects in anaphase. As cohesin function has been reported to rely partially
on the activity of FACT (Garcia-Luis et al., 2019) we cannot exclude that loss of FACT function may
facilitate condensin activity via a loss in cohesin binding to chromosomes. We are currently
investigating more precisely the contribution of cohesin loss of function towards condensin activity in
metaphase and anaphase. Additionally, one of the known consequences on chromatin structure upon
FACT loss of function is incorporation of H2A.Z outside of its restricted TSS association (Jeronimo et
al., 2015). The H2A.Z histone variant promotes the unwinding of DNA around it (Lewis et al.,
2021; Li et al., 2022). Strikingly, in fission yeast, null mutants for H2A.ZPht! show chromatin bridges
and reduction in condensin association in anaphase (Kim et al.,, 2009; Tada et al., 2011). Whether
the rescue phenotype of FACT depletion depends on the presence of H2A.Z (using a phtid
background) would be interesting to address. Finally, while we have also observed that FACT loss of
function is synthetically lethal with partial topo II loss of function (Part 7 - Fig. S2A) suggesting FACT
is needed for topo II activity, we are also investigating whether this could be the case in anaphase.
While FACT is essential, it is not clear from our observations what causes cell death when Spt16 is
depleted, because we observed no gross defects observed in mitosis. The synthetic sickness observed
on plates between Spt16 and topo II might be a reflection of a function of both these proteins in S
phase rather than in mitosis, where topo II is known to be required for decatenation (Baxter and

Diffley, 2008).

One possible explanation of our data so far is that FACT and the density of nucleosomes is not
important for condensation of mitotic chromosomes in fission yeast, it might be particularly important
for a step in decatenation rather than loop formation, similarly to what has been proposed for the

rDNA locus (D'Ambrosio et al.,, 2008a; Sullivan et al., 2004). Since both condensin and topo II
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are present in the minimal Xenopus system it is not clear for which activity FACT is important for

(Shintomi et al., 2015).

8.14 Testing the properties of the chromatin fiber on condensin function

As mentioned previously, multiple chromatin-associated activities are linked with condensin either
physically or functionally : Gcn5 HAT and RSC in fission yeast (Toselli-Mollereau et al,, 2016),
TFIIIC in yeast (D'Ambrosio et al.,, 2008b; Haeusler et al., 2008) and in mouse with condensin
II at both transcribed and non transcribed loci (Yuen et al., 2017) consistent with TFIIIC being
retained in mitotic chromosomes in vertebrates (Fairley etal., 2003), TFIIH in Xenopus egg
extracts, which sets up NDR at promoters as part of the PIC, is essential for condensation (Haase et
al., 2022) while FACT is required to form mitotic chromatids from a chromatinized minimal template
(Shintomi et al., 2015) and to spread cohesin outside of the centromeres in yeast (Garcia-Luis et
al., 2019). TBP is retained on mitotic chromosomes (Chen et al.,, 2002; Fairley et al.,, 2003) and
has been implicated in fission yeast in condensin association (Iwasaki et al., 2015). Fission yeast
specific transcription factors have also been linked to condensin function (Kyoung-Dong Kim et al.,
2016b). While many of these factors are involved in some promoter related functions, no clear
mechanistic model has elucidated the role of these activities in condensin function, bar the possibility
that they provide NDR for condensin binding (Robellet et al.,, 2017), which is consistent with an
increase in condensin association in quiescent budding yeast cells at divergent promoters with low

levels of H3 (Swygert et al., 2019).

Many transcription factors are now thought to be retained on chromatin in mitosis (Palozola et al.,
2019), which might provide a context for condensin to bind at promoters without requiring a specific
physical interaction. However while this model provides an explanation for condensin binding at
promoters particularly in vertebrates, it does not provide an explanation on the mechanism by which
condensin will fold the rest of the chromatinized template. Moreover, mitotic chromosome structure is
still composed of contact domains (Nozaki et al., 2017), accessibility to DNA genome-wide is similar
to interphase (Djeghloul et al., 2020) and individual nucleosomes have similar organization
(Arimura et al., 2021). Whether these factors would have a specific role in mitotic chromatin

outside of promoter regions is unclear. They may remodel chromatin at a basal level genome-wide in
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a similar manner to interphase, and this is sufficient for condensin function. We provide evidence that
the density of nucleosomes and the FACT histone chaperone may antagonize condensin activity (Part
7) although we never show this in a direct manner by increased condensin association, making this

hypothesis difficult to answer currently.

The persistence length of DNA is estimated to be ~45 nm for a random sequence (Bednar et al.,
1995) which is very similar to the length of the coiled-coil heterodimer in SMC proteins. Strong
experimental and phylogenetic evidence suggests that the SMC coiled-coil length is under selective
pressure and must respect a certain distribution of length to support viability and translocation on
DNA (Birmann et al., 2017). It is attractive to speculate that the loop forming activity of SMC
protein relies on the ability of SMC complexes to perform steps (20-40nm) on a range of distances
compatible with the SMC coiled-coil length and the persistence length of DNA (Ryu et al.,, 2021b). It
is not clear yet whether successive steps can accommodate only a single obstacle, regardless of size
as suggested by (Pradhan et al., 2022a) or multiple. This problem is especially relevant in the case

of the chromatin fiber, composed of multiple nucleosomes separated by short stretches of linker DNA.

Theoretically, another key piece of data that can be derived from the interplay between condensin and
nucleosome fibers is the mechanism by which condensin folds mitotic chromosomes — that of loop
extrusion or crosslinking by diffusion capture. One can attempt to make intuitive predictions regarding
the different sensitivities to the density of nucleosomes each mechanism should have. A processive
mechanism such as a translocating loop extruder must successively contend with obstacles. With
current estimates of step size (Ryu et al., 2021b), ATP-driven translocation would encounter
anywhere from 1 to 3 NRL per step. If nucleosomes were significant obstacles, the speed or
processivity of metaphase chromosome assembly at constant condensin concentrations should be
increased when the template is less densely bound. On the other hand, diffusion capture based
mechanisms and/or condensin-condensin based interactions should mostly ignore this dependence to
density of nucleosomes, as forming a loop would require only a single “step”, - provided we are

studying a condensin complex which is already bound to chromatin.



Our data in the case of FACT is puzzling as we do not observe significant changes in condensin
binding, despite stark loss of nucleosomes. However, loss of RNAPII association and binding of other
chromatin factors may confound our interpretation. Evidence in budding yeast shows that H4 basic tail
mutants mimicking acetylation enhance the formation of condensin dependent domains during
quiescence (Swygert et al.,, 2021). Consistent with this data, reformation of cohesin loops after
depletion by degron is faster at regions bearing H4K16 acetylation marks (Rao et al.,, 2017a). On
the other hand, inhibiting deacetylation in mitosis leads to only weak chromatin bridge defects
(Cimini et al., 2003). Thus higher order association between nucleosomes may impair the ability of
condensin to form loops. A reverse experiment to TSA treatment in vertebrates (Cimini et al., 2003;
Schneider et al., 2022) may provide key insight onto the ability of condensin to assemble mitotic
chromosomes in vertebrates and whether higher order structures of chromatin impair on a loop

extrusion process.

Other data have suggested that histones may facilitate condensin function. A proposed model of loop
extrusion on chromatin fiber, suggest that nucleosomes prevent the slippage of extruded loops and
stabilize their compacting activity (Sun et al., 2023). Linker H1 depletion reduced metaphase
chromosome compaction more strongly than Asfl which promotes nucleosome assembly by H3-H4
deposition (Sun et al., 2023) implying that chromatosomes may help the compacting activity of
condensin. Interestingly, while this is not consistent with increased binding of condensin and topo II
(Choppakatla et al., 2021), the striking defects observed in anaphase in H1 depleted egg extracts
that have undergone replication (Maresca et al.,, 2005) may underlie a partial loss of function of
condensin or topo II, or an imbalance in their respective activities. The role of linker histone relative to
condensin must be further investigated as it is a prime candidate to regulate DNA accessibility on an
already chromatinized template. Nonetheless, it is challenging to imagine how condensin can access
DNA on chromatin in fission yeast when the linker length is on average less than 10bp with no linker

H1.

A simple model of 1D translocation of a loop extruder on chromatin suggests the formation of a loop
is accelerated by linker lengths shorter than the nucleosome size (Maji et al.,, 2020). Testing the

effects of linker length variation on condensin loop formation is certainly a key question. One such
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candidate could prove to be CHD1/Hrpl (with the additional Hrp3 version in fission yeast) that has a
phasing activity (Hennig et al., 2012; Oberbeckmann et al.,, 2021), shows a suppressive effect
in ts- condensin mutant in our hands (not shown) and when overexpressed causes cut phenotypes
(Yoo et al., 2000). Loss of Chdl is reported to increase the median distance between nucleosomes
by 10bp in 5. pombe (Hennig et al., 2012), but full Chdl loss of function appears to lead to strong
phasing defects of nucleosomes beyond the +1, similar to Sptl6 depletion (Part 7). This is consistent
with FACT and Chd1l working in a same pathway (Jeronimo et al., 2021). The nature of these
phasing defects imply that in the population average of mitotic cells, nucleosomes are present but are
not found at statistically defined positions. Thus, determining the exact contribution of linker length
variation to condensin activitiy (and contribution of chromatin to condensin in general) is challenging
and may require an ex-cellulo system with more controllable parameters and tractable chromatin
fibers — but that can still assemble physiologically relevant nucleosome arrays compared to current
loop extrusion assays. Finally, linker H1 may function through the bending of DNA. Testing whether
the bending of DNA by HMG proteins (Mallik et al., 2018; McCauley et al., 2022, 2019) can
impact the activity of condensin in such assays could also provide important information regarding the

impact of the mechanical property of the condensin substrate to its function.

MATERIAL & METHODS

I / Genetics, spot assays, cytological assays

a/ Strain construction

Strains of interest were obtained by crossing freshly thawed parental strains on sporulating agar
plates. Mature crosses were resuspended in millig H20 and digested with cytohelicase overnight at
32°C. Spores were spread on either selective or non selective plates depending on the markers of
interest. On rich media (YES+A) 500 to 1000 spores were spread, or 2000 to 4000 spores when
selecting a marker. Segregation frequencies were checked against mendelian ratios. When performing

crosses to obtain wra4-pnmt41-sip1 strains spores were spread on PMG+Ura plates at densities
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ranging from 20K to 40K spores. Mendelian ratios were not checked due to the low viability and bias
caused by wra4-pnmt41-sip1 alleles. Colonies growing on PMG-Ura were replicated on selective plates
and on YES+A to select only strains dying on this media. In our experience many URA+ strains
descending from these crosses are also insensitive to thiamine. We hypothesize the wra4-pnmit41-sip1

allele may have meiotic phenotypes leading to this incongruency.

After selecting isolated colonies, strains were restreaked as patches and subjected to a second round
of replication. In case of conflictsof markers, strains were also PCR checked or checked under the
fluorescent microscope if applicable. The mating type of the colonies was then checked by crossing
with A+ or h-strains on SPA and staining with Iode. Isolated colonies were restreaked, left to grow
for 2-3 days and the colonies growing on plates were resuspendended in YES+A (or PMG if thiamine

sensitive alleles) + 40% Glycerol and stored at -80°C.

b/ Degron construction

To tag genes of interest with 3x-sAID alleles (Zhang et al., 2022), pDB4581 plasmids were subjected
to PCR with Bahler-For (cggatccccgggttaattaa)/Bahler-Rev (gaattcgagctcgtttaaac) primers.
Overlapping PCR was performed on this ~2kb product with 200-250 nt PCR products with 20nt
homology to the 3xsAID-KanMX6 cassette and 180-230nt homology to the 3’ end of the protein
coding gene of interest. Exponentially growing wild-type LY113 or wura4::padhi-osTirl-F74A-NatMX6
LY7141 strains were transformed by Lithium Acetate/DMSO procedure (CSH protocol
doi:10.1101/pdb.prot090969), plated on YES+A and replicated ~24h later on YES+A+G418. If the
tagged gene was essential, positive colonies were replicated on YES+A+phloxine and
YES+A+phloxine+ 5-adamantyl-indole-3-acetic acidAA (5alAA). Positive transformants were also PCR
screened to check the integration of the 3xsAID-KanMX6 cassette. Selected clones were grown to
exponential phase at 32°C in YES+A and exposed for 2h to 5alAA 100nM in liquid culture to validate

the strain expressed an auxin-sensitive protein by western blotting.

c/ Strain list for PART VII

LY6281 Mata ade2-1 his3-11 his3-15 ura3 leu2-3 trpl-1

canl-100 SMC3-GFP-KanR




LY5480 h? leul-32 ura4D-18 ade6-21? ura4-Pnmt41-sip1l+
aurl::pad421-NLS-GFP-9PK::aurlR

LY4483 h- leul-32 ura4D-18 ura4-Pnmt41-slpl+ cnd2-GFP-LEU2

LY6304 h+ leul-32 ura4D cut3-477 ura4-Pnmt41-slpl+
cnd2-GFP-LEU2

LY6305 h- leul-32 ura4D cut14-208 ura4-Pnmt41-sipl+
cnd2-GFP-LEU2

LY113 h- leu1-32 ura4D18 ade6-210

LY4012 h- leu1l-32 ura4D18 ade6-210 pob3D::KanR

LY1069 h- leul-32 ura4D18 cut3-477

LY4013 h+ leul-32 ura4D18 cut3-477 pob3D::KanR

LY659 h+ leul-32 ura4D18 ade6-210 cut14-208

LY6481 h- leu1-32 ura4- ade6-210 cut14-208 pob3D::KanR

LY1000 h+ leul-32 ura4D? ade6-210 cut3-477-NatR

LY1289 h- ade6-216 htb1-K119R-Flag-KanR (ts36°C)

LY1290 h- ade6-216 htbl-Flag-KanR

LY1313 h- ade6-216 cut3-477-NatR htb1-K119R-Flag-KanR

LY1315 h+ ade6-210? cut3-477-NatR htb1-Flag-KanR

LY6337 h- leul-32 ura4D18 cut3-477 KanR-nmt81-pob3-HA2-IAA17 urad+

ade6+ skp1-Os(At)TIR1-NatR

LY5168 h+ leul-32 ura4- ade6-210 cut3-477-NatR spt16.19-KanR

LY5166 h- leul-32 ura4- ade6-210 sptl16.19-KanR

LY3959 h- leu1l-32 top2-191

LY5402 h? leul-32 ura4D18 ade6-210 top2-191ts pob3D::KanR

LY5430 h- leu1-32 ura4D18 ade6-210 ptr11-3ts

LY5431 h- leul-32 ura4D18 ade6-210 ptr11-3ts pob3D::KanR

LY5425 h- leul-32 ura4D18 ade6-210 arg3D4 top2-342ts

LY5427 h- leu1-32 ura4D18 ade6-210 arg3? top2-342ts
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LY4485 h+ leul-32 ura4D ade6-21? leul-Pnmt41-slpl+ cut3-GFP-urad4+

LY7092 h? ade6? leul-Pnmt41-slp1+ pob3-flag-NatR

LY7093 h? ade6? leul-Pnmt41-slpl+ pob3-flag-NatR cut3-GFP-ura4+

LY6307 h-? leul-32 ura4D cut3-477 ura4-Pnmt41-slpl+ pob3D::KanR cnd2-
GFP-LEU2

LY6861 h+ leul-32 ura4D18 cut14-208 ura4-Pnmt41-slpl+ pob3D::KanR
cnd2-GFP-LEU2

LY6889 h- leul-32 ura4D18 cut3-477 wpllD::KanR

LY6891 h- leul-32 ura4D18 cut3-477 pds5D::urad+

LY662 h+ leul-32 ura4D18 wpll::KanR

LY663 h+ leul-32 ura4D18 ade6-210 pds5::urad+

LY7248 h+ leul-32 ura4D18 ade6-216 ura4-Pnmt41-sipl+ cnd2-GFP-LEU2
ura4+::NatR_padh1-OsTIR1-F74A

LY7226 h+ leul-32 ura4-Pnmt41-slpl+ cnd2-GFP-LEU2 pob3-sAID3-KanR
ura4+::NatR_padh1-OsTIR1-F74A

LY7230 h+? leul-32 ura4-Pnmt41-slpl+ cnd2-GFP-LEU2 spt16-sAID3-KanR
ura4+::NatR_padh1-OsTIR1-F74A

LY7232 h-? leul-32 cut3-477 ura4-Pnmt41-slpl+ cnd2-GFP-LEU2 spt16-sAID3-
KanR ura4+::NatR_padh1-OsTIR1-F74A

LY4484 h+ leul-32 ura4D ura4-Pnmt41-slpl+ cnd2-GFP-LEU2

LY7065 h- leul-32 ura4D18 ura4-Pnmi41-slpl+ wpllD::KanR cnd2-GFP-LEU2

LY7067 h- leu1l-32 ura4D18 cut14-208 ura4-Pnmt41-slpl+ wpllD::KanR cnd2-
GFP-LEU2

LY7176 h+ leul-32 cut3-477 ura4+::NatR_padh1-OsTIR1-F74A

LY7205 h- leul-32 cut3-477 spt16-sAID3-KanR ura4+::NatR_padhl-OsTIR1-
F74A

LY7452 h- leul- ade? Lys? cut3-477 rpbl-sAID3-KanR ura4+::NatR_padhl-

OsTIR1-F74A
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LY7357 h- leul-32 ura4-Pnmt41-slpl+ cnd2-GFP-LEU2 cut14-sAID3-HygroR

ura4+::NatR_padh1-OsTIR1-F74A

LY7368 h+ leul-32 ade? lys? ura4-Pnmi41-slpl+ cnd2-GFP-LEU2 spt16-sAID3-

KanR cutl4-sAID3-HygroR ura4+::NatR_padh1-OsTIR1-F74A

LY7494 h+ leul-32 ura4D cut14-208 cdc2asM17 cdcl1-GFP-NatR spt16-sAID3-

KanR ura4+::NatR_padh1-OsTIR1-F74A

LY7285 h+ leul-32 ura4D ade6- cdc2asM17 cdcl1-GFP-NatR

LY6206 h- leul-32 ura4-D18 H3.2/H4.2D::HygroR H3.3/H4.3D::NatR

LY6272 h- leu1-32 ura4D18 H3.1/H4.1D::KanR H3.3/H4.3D::NatR

LY6204 h- leul-32 ura4-D18 cut3-477 H3.2/H4.2D::HygroR H3.3/H4.3D::NatR

LY6273 h- leu1-32 ura4D18 cut3-477 H3.1/H4.1D::KanR H3.3/H4.3D::NatR

LY6159 h- leul-32 ura4-D18 H3.2/H4.2D::HygroR H3.3/H4.3D::NatR

LY5639 h+ leul-32 ura4D ade6-216 his3D1 arg3D4 H3.1/H4.1D::his3+

H3.3/H4.3D::arg3+

LY6153 h- leul-32 ura4-D18 H3.1/H4.1D::KanR H3.2/H4.2D::HygroR

d/ Spot assays

Freshly thawed strains were resuspended in mq H20, counted on a Toma cell and diluted to a density
of 106, Five serial dilutions of up to 8 strains were performed in 96 well plates by a factor 5. Drops
were deposited on phloxine-stained plates with a flame-sterilized 48 pin replicator (VP407AH), and
plates were then transferred at the indicated temperatures (generally ranging from 30°C to 36°C) for

3 to 5 days.

e/ Cytological assays

Cells were grown in the indicated media at 30°C to a final concentration of ~ 106 and fixed in 10
volumes of cold MetOH (tubes were incubated at -80°C before fixation). Cells were processed for IF
by spinning down, washed once with 20ml PEM. Cells were then washed 3x in 1ml PEM after

transferring in 1.5mL Eppendorf tubes with double spin centrifugations (15s x2, 13000rpm, RT
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benchtop centrifuge Eppendorf Minispin). For the final wash, cells were left in PEM on a wheel at RT

for 30mn.

2.107 cells were used for IF, cells were pelleted, supernatant was removed and cells were vortexed
gently to be resuspended in the residual volume, then were incubated in 1ml PEMS 0,4mg/mL
zymoliase 100T (07665-55 Nacalai tesque) in a 37°C waterbath. Cell lysis was confirmed with 1% SDS
final and quenched in an icebath. Cells were pelleted in a cold centrifuge (Sorvall Legend Micro 21R)
13000rpm 4°C 15s x2 and washed twice with cold PEMS. Cells were gently resuspended with low-

speed vortexes.

Cells were pelleted at RT benchtop centrifuge and resupended in 1ml PEMS 2% Triton and incubated
between 30s to 90s (no more than 3mn). Cells were pelleted and washed 1x with 1ml PEM, washed
1x with 300ul PEMBAL with a 30mn incubation on wheel at RT (with aluminium foil cover). Cells were
then pelleted, resuspended in 100ul PEMBAL 1/50 TAT-1 antibody (serum) and left to incubate on a

wheel at 4°C o/N in the dark.

Cells were washed the next day 3x with 100ul PEMBAL and incubated with PEMBAL 1/400 Alexa-488
anti-mouse for 2h on a wheel at RT (with aluminium foil cover). Cells were washed 1x with 100ul
PEMBAL and resuspended in 30ul PEM+DAPI 0,5 ug/mL final. Defective anaphase phenotypes were
scored by manual counting, selecting anaphase cells when microtubules displayed a characteristic

linear shape (at least 100 anaphase for each condition) without nucleation marking telophase onset.

For block and release experiments in G2 arrests, cells were grown exponentially in YES+A and
exposed to 4-Amino-1-tert-butyl-3-(3-bromobenzyl)pyrazolo[ 3,4-d]pyrimidine (3-BrbPP1, Toronto
Research Chemicals) at 2uM for a total of 3 hours at the indicated temperature. For filtering, 2.108
cells were placed on a 45uM filter membrane prewashed with culture media without 3-BrbPP1 (and/or
without IAA if required). Cells were then washed 3x with ~20ml of culture media without 3-BrbPP1
(and/or without IAA if required) using a vacuum pump. The media was at the appropriate
temperature for the release. Filters containing adsorbed cells were then folded with tweezers and
introduced in erlenmeyers containing culture media at the appropriate temperature in rotating water

baths.
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f/ Mitotic indexes (for Part 7)

To assess the mitotc index, the fraction of cells with a green nucleus (GFP tagged condensin subunit)
over the total population was estimated to represent the percentage of metaphase-arrrested cells. An
aliquot of culture ~400ul was recovered, supernatant was removed and fixed in ~100ul cold EtOH
70%. 10ul of the resuspension was spread on a glass slide, air-dried for a couple of minutes. 5ul of
PEM/DAPI was added to the dried cells, coverslip was added and cells were inspected under an

epifluorescent microsocope. %gfp was estimated by counting 100 to 200 cells.

Fig. 1

co-1P

cut3-GFP 87% snf21-FLAG | cut3-GFP snf21-FLAG 84%
Fg. 2

co-1P

CUt3-GFP 81% pob3-FLAG | cut3-GFP pob3-FLAG 68%
Fg. 3

Hi-C, 2 biological replicates

wild-type 79% +/-8% cut3-477 78% +/-10% cuti4-208 81% +/-6% cut3-477 pob3A 61% +/-4%
cut14-208 pob3A 70% +/-1%

Cnd2-GFP calChIPseq, 3 biological replicates

cuti4-208 63% +/-3% cut14-208 pob3A 66+/-6%

Fg. 4

Wpl1 Hi-C, 2 biological replicates

wild-type 75% +/-6% wpliA 80% +/-5% cut14-208 77% +/-4% cuti4-208 wpl1iA 81% +/4%

Fg. 5

Mnase-seq, 2 biological replicates

wild-type 94% +/-1% pob3-3xsAID 86% +/-5% spt16-3xsAID 83% +/-1% 5alAA

H2B/H3 calChIPseq, 3 biological replicates

wild-type 92% +/-1% pob3-3xsAID 90%+/-1% spt16-3xsAID 84%+/-6% 5alAA
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Fg. 6

Hi-C, 2 biological replicates

wild-type 93% +/-0% pob3-3xsAID 90%-+/-3% spt16-3xsAID 88%-+/-3% NaOH
wild-type 93% +/-1% pob3-3xsAID 92%+/-0% spt16-3xsAID 89%+/-2% 5alAA

RNAPIIS2P calChIPseq, 2 biological replicates

wild-type 94% +/-1% spt16-3xsAID 85% +/- 5% 5alAA

Cnd2-GFP calChIPseq, 3 biological replicates

wild-type 92% +/-1% spt16-3xsAID 84%+/-6% NaOH
wild-type 94% +/-1% spt16-3xsAID 84%+/-2% 5alAA
Fg. 7

Hi-C, 2 biological replicates

wild-type 88% +/-1% spt16-3xsAID 88% +/-1% cuti4-3xsAID 84%+/-1% spt16-3xsAID cuti4-
3xSAID 82%-+/-4% 5alAA

Fg. 8

N/A

Fg. 9

Mnase-seq

wild-type 78% +/-1% cut3-477 76% +/-1% cuti4-208 76%+/-6%

H2B/H3 calChIPseq

wild-type 76% +/-1% cuti4-208 73% +/-7%

I/ Molecular biology

a/ Western blotting

2.107-5.107 cells were pelleted, washed 2x with cold milliq water and snap frozen before storage at -
80°C. Proteins were TCA extracted by resuspending cells in TCA 20% and beating in a Precellys 24
(Bertin technologies) with 4 cycles of 12s each at 6800 rpm with acid-glass washed beads. Pellets
were left on ice for 1mn between each cycle. Tubes were pierced at the bottom with a hot needle and

added on to 5ml polypropylene tubes and centrifuged briefly by reaching 2500rpm to collect the
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lysate. Lysate was resuspended, transferred to an Eppendorf tube and centrifuged at 4°C 14.8krpm
for 5mn (Sorvall Legend Micro 21R). The supernatant was discarded and the pellet was resuspended

in Laemmli buffer 2X with B-mercapto (equilibrated with Tris pH 9.5), and samples were boiled 5mn at
98°C. Samples were centrifuged at 4°C 14.8krpm for 5mn and supernatants were collected and used

immediately, or stored at -20°C or -80°C and boiled another 3mn at 98° before use.

7.5% acrylamide gels were loaded with 1/20 volume of recovered samples and migrated at 180V for
1h in 1X Running Buffer. The gel was then transferred using a semi-dry system in 1x Transfer Buffer
with 6 whatmann papers total (3/side) and 1x nitrocellulose membrane. The transfer used an
amperage of (dimensions in cm x 0.8 mA) which tended to be 31mA. Proteins were transferred on the
membrane for 1h30 and membrane was removed, washed in ddH20 and stained with x% Ponceau
acetic acid to validate protein transfer. Ponceau was washed 2-3x with ddH20 and membranes were
blocked in PBS-Tween 0.1% milk 5% for 30mn — 1h at RT shaking horizontally at ~30rpm.
Membranes were incubated with primary antibodies for 1h at RT in PBS-T 5% milk or overnight in a
cold room shaking horizontally at ~30rpm. For antibodies, anti-FLAG 1/2000 (F1804) and anti-GFP
1/2000 (JL8) were used. Membranes were washed 2x with PBS-T with no incubation, 1x with PBS-T
with 5mn incubation and another time with PBS-T for 10mn. Membranes were incubated with
secondary antibody for 30mn in PBS-T 5% milk, and then 2x washes with no incubation, 1x for 5mn
and 1x for 10mn were done with PBS-T. Membranes were then generally incubated on saran wrap
with 1/1 mix SuperSignal West Femto (Thermo Scientific 34096) for 5mn RT and revealed using

electrochemiluminescence machine (Bio-Rad ChemiDoc).

b/ coImmunoprecipitation

2.108 cells were pelleted, washed in cold H20q then snap frozen in liquid nitrogen and stored at -
80°C. Pellets were weighed on a precision scale and resuspended to reach equal densities. Cells were
lysed with glass beads in ChIP lysis buffer 4x12s 6800rpm and left to rest 1mn on ice between each
cycle. Tubes were pierced with a hot needle, lysate was recovered with a quick centrifugation and
lysates were resuspended to 300ul and 30ul was recovered to check for DNA digestion pre-benzonase.
Lysates were treated by adding 15ul of MgCI2 50mM, 500U Benzonase and 0.2mg of RNAse A and

leaving 30mn on ice after a low speed vortex. 30ul of the lysate was recovered for post-benzonase



DNA digestion check and lysates were then centrifuged at 1000g at 4°C for 5mn. Supernatant was

recovered, recentrifuged for 3mn using double spin technique.

30ul of the supernatant was kept as input (on ice) while the rest was incubated on wheel at 4°C for 1-

2h with an antibody+bead mix (typically A111-22 with pA dynabeads)

IPs were then recovered, magnetized and washed 3x with 200ul of cold Lysis buffer. All traces of
buffer were removed and then beads were incubated with 25ul of Laemmli Buffer
1x+Bmercaptoethanol and boiled for 5mn at 98°C. Tubes were centrifuged, magnetized and 20ul of
supernatant was recovered to load on gel. Inputs received 10ul of Laemmli Buffer 4X with
Bmercaptoethanol, boiled 5mn at 98°C and loaded on gels (typically 5ul of Input and 10 to 20ul of
IPs). To reveal the signal after the final washes (see previous western blotting steps) membranes
incubated with a secondary fluorescent antibody (Alexa fluor) were kept in PBS-T and revealed on a

plastic sheet using the appropriate wavelength in the ECL machine (Bio-Rad ChemiDoc)

I/ Genomics

a/ ChIP-seq

Cells were fixed in 1% Formaldehyde final for 5mn at growth temperature (experiment-dependent)
and 20mn at 19°C. Formaldehyde was quenched with 125mM Glycine final for 5mn at 19° before
transferring the culture to cold 50ml Falcon tubes. Cells pellets were washed 2x with cold PBS 2mn
3000rpm 4° and 2.108 cells (for cnd2-GFP ChIP) or 1.108 cells (for histone ChIP) were aliquoted in
Sarstedt tubes, centrifuged for 1mn 4°C 14,8krpm and supernant was removed. Traces of supernatant

were eliminated by double spin. Pellets were snap frozen in liquid nitrogen and stored at -80°.

Cell pellets were resuspended in a mix of lysis buffer + SMC3-GFP s. cerevisae cells (LY6281). S.
Cerevisae cells were fixed extemporaneously at either 1% (for RNAPIIS2P ChIP or histones) or 2.5%
(psm3-GFP ChIP) in 108 pellets. 1/5 ratio of cerevisae to pombe cells was applied (i.e 2.107 cerevisae
cells were added to 108 pombe cells). Fixed cells were lysed with Precellys 4x12s 6800rpm and left on
ice with 1mn breaks. Lysates were recovered by piercing the bottom of the tube with a hot needle and
centrifugating briefly in 5ml polypropylene tubes. Lysate was resuspended to 1ml and cells were

sonicated with Covaris S220 with 140W, 200burst per cycle, Duty factor 5% ~7°C temperature for
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either 18 or 15mn depending on the experiment. The lysates were then transferred to cold Costar
tubes, clarified once by a 10mn 10krpm 4° centrifugation, the supernatant was transferred to a new
Costar tube and clarified once more for 5mn 10krpm 4°. Supernatant was brought to 1mL final with

lysis buffer and split into input/total sample and IP sample.

Protein A dynabeads (cat. 10002D, Invitrogen) and antibody at specific concentration. For cnd2-GFP
we used 16ug A111-22 for 600ul chromatin of 2.108 pombe + 4.107 cerevisae. For histone ChIPs : 8ul
(H2b) 39237 for 300ul of chromatin and 12ug (H3) ab1791 for 300ul of chromatin of 108 pombe +
2.107 cerevisae. For RNAPIIS2P, 8ug ab5095 (RNAPIIS2P) with 100ul M-280 sheep anti rabbit beads
(Invitrogen 11203D) were incubated with 600ul chromatin of 2.108 pombe + 4.107 cerevisae.
Bead/antibody mixes were incubated on a wheel at RT for ~1h before being split into IP samples. IPs
were incubated on a wheel in a cold room (~5°C) and inputs in the cold room on a tube rack. The
remaining chromatin was incubated with elution buffer (Tris, EDTA, protK) at 65°C overnight to

control shearing.

The next morning (typically 14-17hrs) IPs were washed 3x with consecutive washing buffers I, II and
IIT with 5mn incubation on a wheel at RT. IPs were then washed twice with TE pH8 with no

incubation time, supernatant was completely removed and beads were incubated in elution buffer
(SDS, Tris, EDTA) and inputs were brought to the same concentration of SDS/Tris/EDTA. Tubes were
incubated at 65°C for 15mn at 1100 rpm on a eppimixer, supernatants were transferred to new Costar

tubes and inputs were also transferred to new tubes.

Eluted complexes were then incubated 1h at 37° 1100rpm with 10ul of RNAseA, then received 20ul of
protK for 5h at 1100rpm. DNA was recovered using Qiagen Quiackick PCR recovery kit (Ref 28106). In
earlier versions of the ChIPseq protocol, DNA was recovered using Chelex resin. While we managed to
perform gPCRs, quantify the DNA and produce libraries the sequencing tended to be extremely

inefficient.

Antibodies

A111-22 (anti-GFP) ; RNAPIIS2P (ab 5095) ; H2B (ab 39237) ; H3 (ab 1791) ; IgGRabbit (16006
Sigma)

b/ Hi-C



232

To perform Hi-C, cells were fixed with 3% formaldehyde for 5mn at growth temperature (experiment
dependent) and 20mn at 19°C. Formaldehyde was quenched with 125mM Glycine for 5mn at 19°C
and cells were transferred to cold Falcon 50ml tubes. Fixation at 1% or 0.5% were tested but

produced noisy Hi-C libraries. Cell pellets were collected at 2.108 as for calChIPseq.

To process cells for Hi-C, pellets were first thawed on ice and resuspended in 200ul of Lysis Buffer.
Cells were lysed by Precellys bead beating 4 x 12s at 6800 rpm with breaks of 1mn on ice. Lysates
were collected in 5ml polypropylene tubes and transferred to Eppendorf DNA LoBind safelock tubes.
Pellets were centrifuged 5mn 5000g 4°C and washed once in ~1ml of Lysis buffer and twice in ~1ml
of NEB 3.1 1X buffer (NEB 3.1 or NEB r3.1 were used interchangeably with no obvious difference).
Pellets were then resuspended in NEB r3.1 1X and the volume was adjusted to reach 360 ul (start by
adding ~320ul then adjust if needed). 18ul were recovered as an input and 38ul of SDS 1% were
added to the Hi-C tubes to reach .1% final. Tubes were gently homogenized with pipette and
incubated 10mn at 65°C. Hi-C tubes were transferred to ice and SDS was quenched by adding 43ul of
TX-100 10% and homogenized gently with pipette. 9.5 ul of NEB r3.1 10X (B6003S) was added to the
Hi-C tubes, along with 4ul of 50U/ul DpnIl enzyme (R0543M). Tubes were homogenized gently and

overnight digestion was performed on an eppimixer 37°C at 400rpm for 30s every 4mn.

After digestion the next morning, 20ul were recovered as a DpnIl control and replaced with 20ul of
NEB r3.1 1X. Dpnll was inactivated for 20mn at 65°C. Restriction sites were filled-in with biotinylated
dATP and dNTP. 15 nmol of each dNTP and of biotin-14-dATP were added to the reaction with 50U of
Klenow DNA Polymerase I (M0210M) and enough NEB r3.1 10X to bring the reaction to 1X (6ul). Fill-
in was performed for 45mn at 900 rpm for 10s every 4mn, and tubes were inverted every 15mn.
Biotin-14-dATP was provided by either Invitrogen (19524016) or JENA Biosciences (NU-835-BIO14-L).
Both were tested and yielded similar outputs, although we underline that JENA is commercially much

more competitive with better pricing and purity.

Hi-C reactions were then ligated. Earlier versions of our protocol used diluted conditions :in 8ml of T4
DNA Ligase 1x buffer, 20ul of T4 DNA Ligase (M0202L) at 16°C for 8hrs in a cold room, inverting

tubes every 2hrs. We then switched to a different protocol, where ligation was performed in 1ml, with
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5ul of T4 DNA ligase at 25°C for 4hrs (tubes inverted every hour). The switch from diluted to ‘in-situ’

Hi-C showed little difference on the output.

In both cases, Hi-C reactions were then decrosslinked with .125 mg/mL proteinase K and SDS ~1%
final for 2hrs at 65°C. The same amount of proteinase K was added again and tubes were left
overnight at 65°C. In diluted conditions, Hi-C ligation and decrosslink were performed in Falcon tubes

50 mL.

The next morning, samples were cooled to RT. For diluted conditions, 8ml of phenyl-chloroform-
isoamyl alcohol were added and Falcon tubes were shaken by hand for 3-4 min after covering caps
with parafilm. Tubes were centrifuged in X3R centrifuge at 1500g for 5mn, 8ml of the aqueous phase
was recovered and another round of PCI with 8ml was performed. After this second round, 7ml of the
aqueous phase was recovered, added to 10 ml 2-propanol 2.6ml H20g 400ul NaCL5M and 5ul
glycogen. The tube was homogenized and left at -20°C to precipitate for 2hrs. Falcon tubes were
centrifuged 30mn 4°C 13000rpm X3R rotor. Supernatant was removed, another 15mn centrifuged was
performed to remove traces of 2-propanol and pellet was carefully resuspended in 1.5 mL H20q. The
resuspended pellet was transferred to a 15mL Falcon tube and a final round of PCI was performed.
Aqueous phase was split in 2x 700 ul in DNA LoBind Eppendorf tubes and received 700ul 2-propanol
and 70 ul NaOAC pH 5.2. Tubes were homogenized and left at -20°C for 2hrs or overnight. Tubes
were then centrifuged at 4°C for 30 mn 14.8k rpm, supernatant was removed, pellets were washed
with 1mL EtOH 70%, recentrifuged 10mn at 4°C and EtOH was completely removed, and pellets left
to air dry at 37°C. Pellets were resuspended in 500ul TLE and pooled in an Amicon column 30K.
Columns were washed three times with TLE using RT benchtop centrifuged and the remaining volume
in Amicon columns was eluted by inverting on a collecting tube and transferred to an Eppendorf DNA

LoBind safelock tube.

For non-diluted conditions, Phase Lock Heavy 2 ml tubes (QuantaBio 2302830) were spun down for
30s at max speed on a benchtop centrifuge. Hi-C reactions were split 2x500ul in PLG tubes and
received an equal volume of PCI. Tubes where shaken by hand for 2mn, centrifuged 14krpm 10mn
under the hood and 450ul of aqueous phase were recovered, pooled in 2mL DNA LoBind Safelock

ependorf tubes containing 1ml 2-propanol, 60ul H20q and 40 ul NaCl 5M. Tubes were homogenized
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and left at -20°C for 2hrs or overnight. Tubes were centrifuged 14.8krpm 30mn at 4°C, washed with
1ml EtOH 70%, centrifuged another 10mn at 4°C and EtOH was completely removed and pellets were
left to air dry at 37°C. Pellets were carefully resuspended in 500ul TLE, transferred to an Amicon 30K
column and washed three times with TLE with benchtop centrifuged. The remaining volume in the

column was eluted ina collecting tube and transferred to an Eppendorf DNA LoBind safelock tube.

Hi-C reactions were adjusted to 100ul of volume and treated with 1ul of RNAse A 10mg/ml (EN0531)

for 30mn 37°C.

Biotin was removed from unligated ends with 1X NEB 2.1 final 3nmol dATP & dGTP, 36U T4 DNA
polymerase (NEB M0203L) for 4hrs at 20°C on a PCR block and inactivated for 20mn at 75°C. DNA
was cleaned 2x with mg H20 on an Amicon column 30K (UFC 503096) and libraries were sonicated in
a covaris micro tube either 4mn 20°C Df 10% 175W 200bpc or 80s 20°C Df 10% 200 bpc 175W. Later
on the protocol was changed to generate larger fragment size (relative to sequencing conditions of

150bp PE) :

End repair was performed in 1X T4 DNA ligation buffer with 37.5 nmol dNTPs 16.2U T4 DNA
polymerase 54U T4 polynucleotide kinase 5.5 U (M0201L) DNA polymerase Klenow I (M0210L) in a

PCR block for 30mn at 20°C and inactivated for 20mn at 75°C.

Reactions were adjusted with Binding Buffer 1X final and incubated with 10ul of Streptavidin MyOne
C1 Beads (Invitrogen 65001). Beads + Hi-C reactions were incubated for 15mn at RT on a rotating
wheel. Beads were magnetized for 1mn, washed 1x with 1X Binding Buffer and transferred to new
Costar Low binding tubes. Beads were magnetized and washed twice with TLE and transferred to new
Costar tubes. Beads were resuspended in 41ul final and transferred to new Costar tubes. Ends were
A-tailed with 10nmol dATP, 1X NEB 2.1X final and 15U Klenow 3’->5" exo- (M0212L) in a PCR block
for 30mn at 37°C and inactivated at 65°C for 20mn. Hi-C were transferred to Costar tubes and
washed in 1X ligation buffer (Invitrogen 46300018), magnetized, resuspended in 40 ul of 1X ligation
buffer. Adapters were ligated in 1X T4 ligation buffer with 3ul of 25uM adapters (Nextflex NOVA-

5141012) and 3U of T4 DNA ligase (Invitrogen 15224017).



Ligation was performed in a costar tube at 22°C 300rpm. A low-speed vortex was performed after 1h
to resuspend the beads and reaction was left 2hrs total. Beads were magnetized, and washed twice
with Tween Wash Buffer on a rotating wheel for 5mn at RT. Magnetized, resuspended in 1X 200 ul
Binding Buffer and transferred to a new Costar tube. Beads were washed twice with 200 ul TLE,
transferred to a new Costar and resuspended in 10ul TLE. To each Hi-C reaction, 110 H20Q, 6.7ul
primers and 40ul 2X mastermix (Nextflex NOVA-5140-08) were added. Reactions were homogenized

and split in 4x PCR tubes and subjected to amplification for 5 cycles.

PCR reactions were pooled and adjusted to 200ul TLE final. 220 ul Ampure XP beads (Beckman
Coulter A63881) was added to the reactions. Beads were vortexed and incubated for 10mn at RT,
magnetized for 5mn. Supernatant was removed, washed 2x with fresh 1ml EtOH70% and air dried
10mn at RT. Beads were resuspended in 200ul of TLE at 65°C, vortexed and another 220 ul AMpure
XP were added, incubated 10mn at RT, 5mn on magnet. Beads were washed 2x with 1ml EtOH 70%
air dried ~10mn RT and eluted with ~45ul TLE 65°C. Supernatant was recovered and stored in

Eppendorf DNA LoBind Safelock tubes (Eppendorf 022431021).

c/ MNase

Cells were fixed with 0.5% formaldehyde final 5mn at growth temperature and 20mn at 19°C, then
guenched for 5mn with Glycine 125mM. Cells were recovered in cold Falcon tubes 50 mL, washed

twice with cold H20q. Cell pellets of 10° were aliquoted and snap frozen in liquid nitrogen.

Cells were thawed on ice and incubated in 30°C warm Pre-incubation buffer supplemented with
Bmercaptoethanol and left for 10mn in a shaking water bath 30°C 200rpm. Cells were pelleted at RT
2mn 3000rpm X3R centrifuge and supernatant was removed. Cells were resuspended in 30°C warm
SORB/TRIS buffer, received 3.5ul of Bmercaptoethanol and resuspended in Sorb/Tris buffer with 5mg
Zymoliase 100T (Nacalai Tesque) per sample. Cells were cheked for lysis at t=18mn and digestion
was quenched on ice for 2/3mn. Tubes were centrifuged 2500 rpm 2mn at 4°C. Supernatant was
removed and cells were washed with cold SORB/TRIS buffer without Bmercaptoethanol by low-speed
vortexing. Cells were centrifuged at 2500 rpm for 2mn at 4°C. Supernatant was removed and cells

were resuspended in cold 1.75 ml of NP-Buffer with betamercaptoethanol and split in 3 x 500 ul
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fractions in prepared MNase tubes, containing NP-buffer with 0, 50 or 200U of MNase. Tubes were

incubated 5mn at 37°C and quenched by adding 125ul of STOP buffer and moving to ice for 5mn.

16ul of RNAse A .8mg/ml was added, mixed gently by pipetting and incubated 30mn at 37°C, 60ul of

proteinase K 10mg/ml were added and incubated overnight at 65°C.

The next day, 330ul of NH4-acetate were added, tubes were vortexed and received 1ml of PCI,
vortexed for 20s and centrifuged 14krpm 10mn RT. 750ul of aqueous phase was recovered, 2ul of
glycogen was added. Tubes were reversed 10 times, incubated 30mn at -80°C and centrifuged 30mn
4°C 14,8krpm. Supernatant was removed, pellet was washed twice with 1ml ETOH 70%, centrifuged
and traces of ethanol were removed before air-drying 5mn at 37°C. DNA was resuspended in 30ul TE
buffer with 1ul RNAse A 10mg/ml and incubated 30mn at 37°C with shaking to dissolve DNA and

remove all RNA.

MNase digestions were run on a large gels 2h 120V and mononucleosome bands and 0 digest bands
were cut out with a sterile razor blade. DNA was extracted from the gel using Biorad Freeze and
squeeze. A gel slice was placed in a column, columns were placed 5mn at -20°C and centrifuged 3mn
at RT 13000rpm. The liquid was resupended to 500ul Tris 1M pH8 and DNA was passed through an
Amicon column 10K, and washed once with 500 ul Tris 1M pH8. Remaining volume was inverted onto

a collecting tube and transferred to a new DNA Lobind tube.

d/ Library prep

ChIPseq libraries and MNase-seq libraries were prepared using NEB Ultra DNA Prep II Library Kit
(E7645S) with associated barcodes (E6609S). Typically for histones 8 cycles were used, for cnd2-GFP

ChIP 11-12 cycles were used.

Hi-C libraries were prepared in house with separate reagents, barcodes used were Nextflex DNA

Barcodes and amplification was performed with Nextflex PCR Master Mix (see Hi-C section)

e/Sequencing
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For all genomic libraries Novogene performed the sequencing. Sequencing was performed on
Novaseq6000 using 150 PE. For Hi-C 12G of data, for ChIPseq, 6G for IPs and 3G for Inputs, for

Mnase 6G of data were ordered. 20ul library samples were sent at a concentration >0.5ng/ul.
f/ Data analysis

For calibrated ChIP-seq and MNase-seq reads were processed through a nf-core derived pipeline (Part
6) to normalize the calChIPseq data, while MNase-seq does not need normalization. To produce views
of genomic loci, we used Integrative Genomics Viewer (igv). To produce metagene plots and
heatmaps from calChIPseq data we used deepTools (Ramirez et al., 2016). For Hi-C data analysis
we used hicstuff (Matthey-Doret et al., 2020) to produce matrices and contact probabilities. To

visualize specific genomic segments we used cooltools (Open2C et al., 2022) or hicstuff.
IV/ Buffer solutions & reagent references

a/ Growth Media

b/ Buffers used

TES

10mM Tris-HCl 1mM EDTA

TLE 8

10mM Tris-HCI, 0,1mM EDTA

Lysis buffer (cal-ChIPseq, coIP)

50 mM Hepes-KOH pH 7,5 ; 140 mM NaCl, 1 mM EDTA, 1% (v/v) Triton X-100, 0,1 % (w/v)
sodium deoxycholate. 1mM PMSF and 1 tablet proteinase free cat.11836170001, Roche per
20 ml of buffer, both added just prior to the lysis.

Wash buffer I, II, III (cal-ChIPseq)
WI (Tris-HCI pH8 20 mM, NaCl 150 mM, EDTA 2 mM, Triton X-100 1%, SDS 0.1%)
WII (Tris-HCI pH8 20 mM, NaCl 500 mM, EDTA 2 mM, Triton X-100 1%, SDS 0.1%)

WIII (Tris-HCI pH8 10 mM, sodium deoxycholate 0.5%, EDTA 1 mM, Igepal 1%, LiCl 250
mM)
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Tween Wash Buffer (Hi-C)

5 mM Tris-HCI (pH=8.0), 0.5mM EDTA, 1M NaCl, 0.05% Tween
Binding Buffer (Hi-C)

For 2X BB buffer : 10 mM Tris-HCI (pH=8.0), 1mM EDTA, 2M NaCl

Elution buffer (cal CHIP-seq shearing)

For 2X elution buffer shearing : Tris HCl pH 8 40 mM, EDTA 20 mM, SDS 2%
Elution buffer (calChIPseq IP/Input)

For IP : 50mM Tris, 10mM EDTA, 1% SDS
For Input : 50mM Tris, 10mM EDTA, 10% SDS

Sorb/Tris buffer (MNase)

1M sorbitol, 50 mM Tris/HCI pH7.4. Sterilize 110°C/30 min. Store at RT.

Pre-Incubation buffer (MNase)

20 mM citric acid, 20 mM Na;HPO4,40 mM EDTA pH 8. Steriize 110°C/30 min. Store at RT.
Add extemporaneously B-mercaptoethanol 30 mM final concentration (stock solution 14 M,
SIGMA M3148).

NP-buffer (MNase)

1M sorbitol, 50 mM NaCl, 10 mM Tris/HCI pH7.4, 5 mM MgCl,, 1 mM CaCk, 0.75% (v/v)
IGEPAL. Store at -20°C. Add freshly before use 1 mM B-mercaptoethanol [and 0.5 mM
spermidine (Sigma S0266)].

STOP buffer (MNase)

5% SDS, 100 mM EDTA pH8.
Part 9 — FINAL REMARKS & CONCLUSIONS
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9.2 Key message of the PhD thesis and relevance to the field



Taken together the results of the three Parts underscore the importance of the study of condensin in
an in vivo context. In all of the scientific projects we have consistently shown that in vivo, condensin
is positioned or functionally influenced by chromatin associated features and that these features have
direct functional consequences on chromosome segregation, that is the shelterin component at
telomeres (Part 5), the negative impact of active RNA pol II (Part 6) and of the density of

nucleosomes on the chromatin fiber (Part 7).

Of main interest, the precise mechanisms by which nucleosomes and condensin interplay are certain
to be investigated further in the following years judging by the most recent papers of other labs (Sun

et al, 2023; Yamamoto et al.,, 2023).
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