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Abstract

Cells of animals and plants disassemble their nucleus during mitosis such that mitotic
chromosomes can be segregated by the mitotic spindle. The loss of a nuclear envelope barrier
leads to intermixing of nuclear and cytoplasmic components and exposes chromosomes to a
plethora of cytoplasmic macromolecules. At the end of mitosis, nuclear and cytoplasmic
compartments are reestablished, and macromolecules of up to 40 nm diameter are retargeted
to their designated compartments via transport through the nuclear pores. How components
larger than the size limit of nuclear pores are moved out of the nucleus at the end of mitosis
is unclear. By imaging fluorescent nanoparticles and mature ribosomes, we demonstrate that
the bulk mass of large cytoplasmic components is removed from the reassembling nucleus by
coalescence of chromosomes to a dense cluster prior to nuclear envelope assembly. We
found that chromosome clustering is regulated by a chromosome periphery protein Ki-67,
whose molecular brushes reorganize during mitotic exit. By manipulating electrical charge of
various cytoplasmic probes, we further show that electrostatic interactions are a key regulator
of cytoplasmic exclusion from compact mitotic chromosomes. Besides a role in removing
cytoplasm during nuclear assembly, the exclusion of negatively charged cytoplasmic
components also helps keeping tubulin dimers out of mitotic chromosomes to warrant their
faithful segregation. Taken together, our study provides insights on how chromosomes keep

cytoplasmic components at their proper locations during and after open mitosis.



Zusammenfassung

Tierische und pflanzliche Zellen bauen wahrend der Mitose ihren Kern ab, so dass die
mitotischen Chromosomen durch die mitotische Spindel segregiert werden kénnen. Verlust
der Kernhdllenbarriere fuhrt zu einer Vermischung von Kern- und Zytoplasmabestandteilen
und setzt die Chromosomen einer Fille von zytoplasmatischen Makromolekulen aus. Am
Ende der Mitose werden die Kern- und Zytoplasma-Kompartimente wiederhergestellt, und
Makromolekuile mit einem Durchmesser von bis zu 40 nm werden durch die Kernporen wieder
in ihre vorgesehenen Kompartimente transportiert. Wie die Komponenten, die grofRer als die
GroRengrenze der Kernporen sind, am Ende der Mitose aus dem Zellkern transportiert
werden, ist unklar. Mit Hilfe von fluoreszierenden Nanopartikeln und Ribosomen zeigen wir,
dass die Masse grofer zytoplasmatischer Komponenten aus dem neu zusammensetzenden
Kern entfernt wird, indem die Chromosomen vor dem Zusammenbau der Kernhille zu einem
dichten Cluster zusammenkommen. Die Chromosomenclusterung wird durch das
Chromosomenperipherieprotein Ki-67 reguliert, dessen molekulare Birsten sich am Ende der
Mitose reorganisieren. Durch Manipulation der elektrischen Ladung verschiedener
zytoplasmatischer Sonden zeigen wir ausserdem, dass elektrostatische Wechselwirkungen
ein wichtiger Regulator der zytoplasmatischen Partitionierung relativ zu kompakten
mitotischen Chromosomen wahrend der offenen Mitose sind. Neben dem Ausschluss von
zytoplasmatischen Komponenten wahrend des Kernaufgbus spielt die elektrostatische
AbstoBung von ldslichen Tubulin-Dimeren zum Ausschluss von Mikrotubuli aus
chromosomalen Regionen bei, was fur die korrekte Chromosomensegregation wichtig ist.
Zusammengenommen liefert unsere Studie Erkenntnisse dariber, wie Chromosomen das

Zytoplasma am rechten Ort in der Zelle halten wahrend und nach der offenen Mitose.






1 Introduction

1.1. Quiescent and dividing cells

The cell is the basic structural and functional unit of life. The continuation of life is ensured by
cell division, a complex and well-orchestrated process through which cells multiply. Depending
on the outside stimuli and environmental signaling, cells decide whether to stay in a paused,
so-called quiescent state, or enter the cell cycle which leads to cell division'. Immortal cell
lines allow the studying of molecular aspects of the human cell cycle on a single cell level.
Genetic manipulation of such isolated cells, as well as the advancement of microscopy and
molecular biology techniques continue to provide better understanding of the mammalian cell

division process.

1.2.  Main events of the cell cycle

The eukaryotic cell cycle is comprised of two main stages: interphase, during which a cell
prepares for division, and mitosis, during which a cell divides into two new daughter cells (Fig.
1.1, adapted from 2). Interphase is divided into three phases, two gap phases G1 and G2
which occur before and after S phase, respectively. When a cell receives mitogenic signals
and leaves its quiescent GO state, it enters G1 phase of interphase. Alternatively, a cell may
enter G1 phase after having gone through mitosis, if the conditions continue to favor cell
cycling over quiescence. The G1 phase is the longest phase in which cells grow and
synthesize proteins necessary for further cell cycle progression. In S phase cells replicate their
entire genome. Replication of every deoxyribonucleic acid (DNA) molecule leaves each
chromosome with two identical sister chromatids. In G2 phase cells continue to synthesize
proteins required for subsequent cell cycle phases, but also duplicate their organelles and

repair any DNA breakages that may have occurred during replication.

Cell division consists of 5 main phases: prophase, prometaphase, metaphase, anaphase and
telophase. Prophase is characterized by chromatin compaction and chromosome formation.
Compact chromosome bodies consist of two sister chromatids joined at the centromere region.
In early prophase chromosomes are still tethered to the intact nuclear envelope. In prophase
centrioles separate and start traveling towards opposite cell poles, while microtubules
polymerize to form the mitotic spindle. In late prophase and prometaphase of higher
eukaryotes the nuclear envelope breaks down and chromosomes detach from envelope
sheets which then become part of the endoplasmic reticulum (ER). Growing microtubules
attach to chromosomes via protein complex called kinetochore, localized in the centromeric

chromosomal region, and guide chromosomes towards the cell equator. In metaphase,



chromosomes are aligned in the cell center forming the metaphase plate, with each sister
chromatid oriented towards one of the cell poles and attached to a separate bundle of
microtubules. At anaphase onset, sister chromatids separate, and two copies of the duplicated
genome are moved by the spindle towards opposite cell poles. In telophase chromosomes
start decondensing and are again enclosed by the nuclear envelope, reforming a functional
nucleus. The last stage of mitosis is the division of cytoplasm, cytokinesis, which is completed

by the separation of cell membrane and formation of two independent daughter cells®.

Interphase Prophase Prometaphase Metaphase Anaphase Telophase

Figure 1.1. Phases of the cell cycle. Adapted from 2.

The order of cell cycle events is tightly regulated to ensure proper transfer of the genetic
material through cell generations. The main regulators of the cell cycle are protein complexes
comprised of two subunits, enzymatic cyclin-dependent kinase (CDK) subunit, and a
regulatory cyclin subunit*. The levels of CDKs throughout the cell cycle remain relatively
constant, while the concentration of cyclins changes in different stages, ensuring timely

activation of their enzymatic partner”.

1.3. Cell cycle requlation

1.3.1. Cyclin-CDK cell cycle regulation

According to the traditional cell cycle regulation model, the holoenzymes that regulate the
beginning of the cell cycle are cyclinD-CDK4 and cyclinD-CDK6. When a cell receives
mitogenic or growth factor signals from the environment, it activates a phosphorylation
cascade through Ras-Raf-MAPK pathway, which leads to cyclin D synthesis and subsequent
CDK4 and CDK®6 activation®. In early G1 phase, these kinases phosphorylate retinoblastoma
(Rb) pocket proteins® which causes their dissociation from E2F transcription factor proteins
and subsequent transcription initiation. This ensures synthesis of factors necessary for G1/S
transition and DNA replication, such as E-cyclins’®. In late G1, newly synthesized E-cyclins
form complexes with CDK2 to phosphorylate substrates required for further S phase
preparation, such as proteins necessary for histone expression, centrosome duplication, DNA

repair etc®.



When a cell enters S phase, cyclin E is degraded and replaced with cyclin A bound to CDK2'°,
Cyclin A-CDK2 complexes phosphorylate cell division control protein homolog 6 (CDC6) which
induces its export from the nucleus and prevents re-replication''. Further on, phosphorylation
of repressor proteins enables transcription of histone genes'. Most importantly, cyclin A-

CDK2 phosphorylation of CDC20 protein enables further cell cycle progression’s.

During late S phase the levels of cyclin B start to increase and cyclin B-CDK1 complexes form,
yet they remain inactive until late G2 phase. This holoenzyme is the master regulator of mitotic
progression and regulates key mitotic events until cyclin B degradation in late anaphase'. In
early mitotic stages cyclin B-CDK1 phosphorylates nuclear lamins, lamin B receptor protein
(LBR) and nucleoporins leading to the disassembly of the nuclear envelope and nuclear
pores'®. Further on, CDK1-dependent phosphorylation prevents re-replication, globally inhibits
transcription and translation, and promotes centrosome separation and chromosome
condensation®'”.'®_ During metaphase to anaphase transition, cyclin B-CDK1 phosphorylates
CDC20, a cofactor of anaphase promoting complex (APC or cyclosome) which leads to sister
chromatid separation and cyclin B degradation by the proteasome'. Cyclin B degradation
decreases CDK1 activity in late mitosis and allows the APC complex to contact another
cofactor CDH1 (CDC20 homologue 1). This triggers further APC-induced degradation of all

cyclins and establishes a reset point for the start of a new cell cycle' (Fig. 1.2, adapted from
20).

Metaphase-
G2-M anaphase

Mitosis /
G2 phase Cytokinesis

Cyclin A-
CDK1/CDK2

Interphase

Gl phase S phase G2 phase M phase

Glph
S phase phase

GI1-§

Figure 1.2. The classical model of cell cycle regulation. Different cyclin-CDK complexes are active during
different stages of the cell cycle: cyclin E-CDK2 regulates late G1 phase, cyclin A-CDK1/CDK2 regulates S and G2
phase, while cyclin B-CDK1 regulates mitosis. For full cell cycle progression three main checkpoints must be

satisfied: at G2-M transition, directly before anaphase onset, and prior to S phase entry. Adapted from 20

It is important to emphasize that apart from cyclin binding, CDK activity is additionally
regulated through phosphorylation, interaction with inhibitor proteins, degradation, and

through cellular localization'. Finally, although the classical view proposes sequential



activation of different cyclins guiding cells through the cell cycle, recent studies suggest that

CDKs have partially redundant functions*.

1.3.2. Cell cycle checkpoints

In preparation for each cell division, a cell must double its contents to provide enough
nutrients, proteins, lipid membranes, organelles etc. to each daughter cell. Therefore, cell size
represents one of the key criteria monitored before cell division commitment. Cell growth
occurs in G1 and G2 phase and cell size during these phases influences the length of stay in
the phase- large cells progress towards mitosis faster?'. The molecular mechanism of cell size
sensing is not known. A potential sensor could be the number of synthesized proteins.
Ribosomal content of a cell should directly correlate with its size, therefore the amount of

protein synthesized might be a good size indicator?.

Entry into mitosis requires that chromosomal DNA is intact, which is ensured by DNA damage
repair checkpoints. These checkpoints prevent premature activation of CDKs and resolve

issues which may cause replisome stalling during S-phase?*2425,

If DNA replication and cell growth have been successful, the mitotic kinase CDK1 triggers
mitotic entry. The prerequisites for anaphase progression are biorientation of sister chromatids
and proper microtubule- kinetochore attachment. The checkpoint verifying these requirements
is the Spindle Assembly Checkpoint (SAC)?. Proper kinetochore-microtubule attachment is
sensed by the protein MAD2, component of mitotic checkpoint complex (MCC)?’. Cell
treatment with microtubule-depolymerizing compound nocodazole causes accumulation of
MAD2 on chromosomes and SAC activation, while spindle attachment to kinetochores
reduces MAD2 levels and inactivates SAC?8. The microtubule motor dynein plays an important
role in SAC inactivation at anaphase onset because it strips several SAC proteins from
kinetochores and enables their concentration at the cell poles®. Another way of SAC
inactivation is through the tension generated by the properly attached bi-oriented sister
chromatids. Amphitelic kinetochore attachments stretch out centromeric chromatin, increase
kinetochore distance and produce tension which stabilizes kinetochore-microtubule
interactions®. In case both sister chromatids attach to the microtubules originating from the
same spindle pole (syntelic attachment), lack of tension causes destabilization of such
attachments through the action of SAC component, Aurora B kinase®'. The most critical role
of Aurora B is in correcting merotelic attachments — a situation in which one sister kinetochore
is connected to microtubules from both cell poles. Aurora B kinase controls several complexes
at the kinetochore-microtubule binding site and can reactivate the SAC through destabilization

of faulty attachments®2. Therefore, Aurora B is not necessary to sustain mitotic arrest in



nocodazole treatment which causes spindle depolymerization, but it is crucial in taxol
treatment which stabilizes microtubules and does not disturb kinetochore occupancy®=*.
Finally, inhibition of Aurora B causes a significant reduction of MAD2 levels in nocodazole

treated cells, eventually leading to SAC inactivation regardless of kinetochore occupancy®®.

As mitosis involves drastic cellular reorganization, it is essential that all cell compartments are
properly reconstituted in the emerging daughter cells. In animal cells, which completely
disassemble the cell nucleus during cell division, a key requirement is the proper nuclear

reassembly after mitosis.

1.4. Interphase cell compartmentalization

1.4.1. The cell nucleus

1.4.1.1. Interphase chromatin organization

The nucleus is a membrane-bounded compartment of eukaryotic cells which stores genetic
material during interphase. Up to several-meter-long DNA molecules are packed into a pm-
sized nucleus, bordered by the nuclear envelope. Such tight packaging of DNA is achieved
through several mechanisms?®®. Firstly, DNA is wrapped around histone protein complexes to
form nucleosomes. Post-translational modifications of histones are implicated as one of the
regulators of chromatin organization®”. Further on, chromatin organization depends on the
process of loop extrusion, performed by the Structural Maintenance of Chromosomes (SMC)
proteins®®. In interphase, the loop extruding complex is cohesin. Using ATP hydrolysis,
cohesin complex protrudes DNA fiber through the ring formed from its subunits shaping it into
a loop whose ends are brough into proximity®®. On a large scale, interphase chromatin is
comprised of spatially separated chromosomal territories, each storing the DNA content of
one chromosome that includes both active and inactive chromatin types*’. The transcription
status of chromatin has been correlated with the level of compaction — densely packed
heterochromatin regions are usually repressed, while open chromatin provides accessibility to
the transcription machinery*°. Histone acetylation is a common mark of active open chromatin,

which is removed prior to mitotic entry to allow compact mitotic chromosome formation*'42.

1.4.1.2. The nucleolus

The nucleolus is a prominent and well-characterized nuclear organelle. Mammalian cell
nucleoli are separated into three sub-compartments: the fibrillar center (FC) surrounded by
the dense fibrillar component (DFC), embedded together into the granular component (GC)*®

(Fig. 1.3, adapted from ?). These compartments organize around tandem repeats of ribosomal



DNA (rDNA) genes on acrocentric chromosomes and have the major role in ribosomal
biogenesis*. Ribosomal biogenesis begins with the transcription of rDNA genes by RNA pol
| at the border of FC and DFC. Newly synthesized 47S transcript is then cleaved into 28S,
18S and 5.8S rRNAs (ribosomal ribonucleic acids) and post-transcriptionally modified by small
nucleolar ribonucleoproteins (snoRNPs) which accumulate in the DFC region. Transcripts are
then assembled into pre-ribosomal particles through addition of several ribosomal proteins in
the GC region, and sent off to the nucleoplasm, where further modifications are made (for
instance addition of 5S rRNA) before export through the nuclear pores*® (Fig. 1.3, adapted
from 43). Although nucleoli are not surrounded by a membrane barrier, they represent
separated entities within the nucleus with a distinct roughly spherical shape*®. Recent studies
show that nucleolar biogenesis depends on liquid-liquid phase separation (LLPS). Multiphase
liquid immiscibility might be the base for layered nucleolar appearance*’. Nucleolar proteins
often contain intrinsically disordered as well as glycine-arginine rich regions which could drive
LLPS*. In vitro experiments support this idea since both fibrillarin (present in the DFC) and
nucleophosmin (present in the GC) phase separate in vitro, particularly in the presence of
rRNAs, but do not favor
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which they are transported to cytoplasm. Mature translationally competent ribosomes assemble by joining of the

two subunits in the cytoplasm. Adapted from 3.



1.4.1.3. Nuclear envelope and transport

The cell nucleus is enwrapped by the nuclear envelope (NE), a continuation of the
endoplasmic reticulum (ER) made up of a double lipid bilayer. The bilayer closer to the inner
nuclear space is referred to as inner nuclear membrane (INM), while the bilayer closer to the
cytoplasm represents the outer nuclear membrane (ONM). Perinuclear space localized
between the two membranes is continuous with the lumen of the ER. The INM and ONM fuse
at numerous sites to form nuclear pores- places of exchange between the nucleus and the
cytoplasm?. This exchange is tightly regulated by nucleoporins (NUPs), proteins which form
large nuclear pore complexes (NPCs)%. Both the INM and ONM contain many proteins that
provide additional communication between compartments. Linker of nucleoskeleton and
cytoskeleton (LINC) complexes are comprised of SUN domain proteins and nesprins and are
responsible for force transmission by connecting cytoskeletal elements of the nucleus and the

cytoplasm®. Beneath the INM on the nuclear side in metazoan cells is the nuclear lamina, an

" Microtubule

Intermediate

Plectin
Nesprin 3 —

Emerin

A-type lamins
lamins

Figure 1.4. Nuclear envelope (NE) organization. Two lipid bilayers, inner and outer nuclear membrane (INM and
ONM) enclose the perinuclear space. Nuclear lamina is located under INM and contacts heterochromatic regions
termed lamina-associated domains (LADs). The transport through the NE occurs through nuclear pore complexes
(insert). Adapted from 2.

additional supportive layer comprised of two types of intermediate filaments, A-type and B-
type lamins®®. The balance between the two types of lamins defines the level of nuclear
envelope rigidity, A-type lamins confer nuclear stiffness, while B-type lamins confer elasticity®®.
Specific regions of heterochromatin, lamina associated domains (LADs), bind to nuclear

lamina, and establish communication between the nuclear envelope and the genome (Fig.

10



1.4, adapted from 2). This way nuclear lamina plays a role in chromatin organization and in

genome expression®’.

NPCs are large complexes comprised of 30 different evolutionary conserved proteins,
nucleoporins, and have a mass of 120 MDa in humans®. The structure of the NPC can be
divided into three ring complexes: the inner pore ring, embedded at the fusion place of INM
and ONM; the cytoplasmic ring; and the nuclear ring, localized at the cytoplasmic and nuclear
side of the membrane fusion site and anchored by the inner ring (Fig. 1.4, inset, adapted from
2). Additional peripheral elements extend into the nucleoplasm and cytoplasm, nuclear basket
bound to the nuclear ring, and cytoplasmic filaments, extending from the cytoplasmic ring®.
Most nucleoporins can be characterized either as scaffold NUPs, which have structured
protein domains and serve primarily as building blocks, or FG-NUPs that are enriched with
disordered phenylalanine-glycine repeats and are directly involved in controlling the
permeability of the pore®®. Most FG-NUPs are localized in the pore’s central channel, yet some
also contain structured domains important for interactions with other NUPs and can protrude

towards cytoplasm or nucleoplasm®’.

Active transport through the nuclear pore requires several additional soluble factors: nuclear
transport receptors (NTRs; importins and exportins of the karyopherin family), shuttling energy
providing GTPase RAN, and additional recycling factors, nuclear transport factor 2 (NTF2)
and cellular apoptosis susceptibility (CAS)%. Protein cargo to be imported into the nucleus
carries a nuclear localization signal (NLS) recognized by the importins®2. The cargo-importin-
a-importin-B complex is translocated through the central channel of the NPC via interactions
between the transport receptors and FG repeats of NUPs. Once in the nucleus, RAN-GTP
binds to the transport complex causing the release of the cargo®. RAN-GTP-importin-g and
RAN-GTP-importin-a-CAS are shuttled back into the cytoplasm and disassembled through
GTP hydrolysis. Leftover RAN-GDP is then recycled back into the nucleus with the help of
NTF2%. A similar energy-dependent shuttling mechanism is employed for exporting cargos
into the cytoplasm. Exportin 1 (also known as CRM1) binds to the cargo containing nuclear
export signal (NES) and this complex is exported in a RAN-GTP-dependent manner. Cargo is

released in the cytoplasm upon GTP hydrolysis®®.

Specific details of the transport through the central pore channel and the precise organization
of FG-NUPs are still unclear. It has been reported that NTRs form low-affinity transient
interactions with FG-NUPs during transport®, but how FG-NUPs are organized to form a
selective transport barrier is still under debate. The key unresolved question giving rise to two
opposing models is whether FG-NUPs form interactions between themselves. According to

the ‘virtual gating model’, the affinity of FG repeats of each individual NUP for cargo binding

11



determines the chances for cargo transport, whereby FG-FG interactions are not involved in
defining the permeability barrier®®. An alternative ‘selective phase model’ relies on FG-FG
interactions to form a meshwork which selectively transports cargos up to a certain size®’.
Such selectivity would according to this model be a result of phase separation within the
central transport channel. Biological phase separation requires presence of scaffold proteins
that create and retain the phase, and additional interacting proteins, which are able to enter
the phase due to their affinity for binding sites of scaffold proteins®. It is conceivable that FG-
NUPs in this scenario take the role of scaffold proteins interacting with one another forming a
phase which different NTR-bound cargos can enter®®. Several studies have reported such
phase separation behavior in vitro. Purified FG repeats form FG hydrogels which enable fast
entry of the NTR-cargo complexes but exclude other inert proteins. The hydrogel formation
depends on weak cohesive hydrophobic interactions between FG motifs®®. On the other hand,
NTRs are the most hydrophobic soluble proteins in eukaryotic cells and can form such
interactions with FG repeats and translocate into the phase within milliseconds’. In addition,
seemingly inert substrates can be transformed to mimic transport speeds of the NTRs by
increase of hydrophobic surface residues as well as histidine, cysteine, and arginine content’".
Therefore, it is expected that the properties of the cargo itself will play a role in the translocation

efficacy.

Another cargo feature relevant for transport is size. Small proteins up to ~30 kDa (or ~9 nm in
diameter) can freely diffuse through the nuclear pore’?, while larger substrates require active
transport via NTRs. Electron microscopy of differently sized gold particles coated with an NLS
containing protein bound to importins revealed after microinjection into oocytes maximal
particle size that can pass through the NPC to be 39 nm”. Transport of larger cargos across
the nuclear envelope is reported in a couple of isolated cases. For example, the nucleocapsids
of herpesviruses are assembled in the nucleus and are 120 nm in size, therefore too large for
NPC transport, yet for complete viral assembly their export into the cytoplasm is necessary.
The export is achieved through nuclear egress, which is initiated by local disassembly of the
nuclear lamina through the action of viral kinase pUS3 and cellular kinase PKC. Next viral
capsids are enclosed by a layer of INM and form vesicles that enter perinuclear space’. The
release of the capsids into the cytoplasm requires vesicle fusion with the ONM. The exact
molecular players of this process are still unknown; however, members of the AAA* ATPase
family Torsins have been implicated in the process’. Another example is export of RNP
granules from the nuclei of myocytes in neuro-muscular junctions of D. melanogaster. The
neural stimulation of the muscle cell causes nuclear entry of a specific receptor which then
binds ribonucleoprotein (RNP) granules containing RNAs encoding postsynaptic proteins’®.

The details of the export are unresolved, but involve a specific kinase which initiates lamina
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dissolving, similar to the kinase of herpes viruses’’. Finally, a recent study used correlative
light and electron microscopy to show that HIV capsids of 60 nm diameter can be inserted into
the NPC channel without fundamental changes in the NPC structure’®. Taken together, most
conventional cellular cargos can only pass through the NPC complex if they are below the 39

nm threshold.

1.4.2. Importance of eukaryotic nucleo-cytoplasmic compartmentalization

The evolution of the nuclear envelope and NPC-mediated transport allowed for physical
separation of essential cell processes in eukaryotic cells. This includes messenger RNA
(mRNA) synthesis and processing to be confined to the nucleus, whereas protein synthesis is
confined to the cytoplasm™. This compartmentalization further allowed complex gene
evolution with non-coding sequences, introns, which are transcribed but subsequently cut out
of pre-mRNAs, generating a variety of different mRNA products coming from a single gene,
and expanding the encoding potential of the eukaryotic genome®. The physical separation of
unprocessed mRNAs from the protein synthesis machinery is thus essential in retaining

eukaryotic cell homeostasis, as it provides a filter for RNA preselection before translation®'.

Although ribosomal subunits are synthesized in the nucleus, they are not fully assembled into
mature ribosomes until they reach the cytoplasm (Fig. 1.3, adapted from #%). The nuclear
export of both 40S and 60S ribosomal subunits depends on CRM1 exportin and the Ran-
GTPase system. CRM1 recognizes the NES on adaptor proteins, which bind ribosomal
subunits and guide the entire complex through the NPC via interactions with FG-NUPs®2, In
yeast cells the adaptor protein for pre-60S export is Nmd3. The release of Nmd3 from 60S
subunit happens once the complex arrives in the cytoplasm, with the help of several
cytoplasmic proteins, among others ribosomal protein Rpl108. The release of Nmd3 is
coupled with the binding of Rpl10 to the 60S subunit, which might be one of the mechanisms
to prevent ribosome maturation before nuclear export®. Mature ribosomes therefore lack
adaptor proteins which could guide their transport through the NPC back into the nucleus and

should remain in the cytoplasm for as long as they are translationally competent.

The tightly regulated exchange between the nucleus and the cytoplasm of interphase
eukaryotic cells provides physical separation of cell processes. However, in higher eukaryotes

the nuclear envelope border is lost upon mitotic entry.
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1.5. Cell compartmentalization during mitosis
1.5.1. Mitotic entry

During division, cells of higher eukaryotes undergo extensive reorganization: the cell shape
changes, chromatin compacts to form chromosomes, centrosomes separate and become
seeding points for microtubule aster formation, and the nuclear envelope breaks down
allowing mitotic spindle access to individual chromosomes. In addition, the localization and
the number of most organelles changes to enable chromosome separation and accommodate

the needs of newly forming daughter cells®°.

1.5.1.1. Cell rounding

Cell rounding during mitosis requires disassembly of focal adhesions, complexes which
represent connection points between the actin cytoskeleton and the extracellular matrix®. This
disassembly depends on inactivation of small GTPase Rap1 - cells with a constitutively active
form of this protein maintain a flat morphology during mitosis®’. The inhibition of rounding can
further impair efficient capture of mitotic chromosomes by the spindle since the flattened
surface spreads chromosomes further apart and out of reach for astral microtubules. Rounded
mitotic cells retain contact with the substratum through thin actin fibers forming at the sites of
previous focal adhesions®. The cell shape is supported by formation of a cortical actomyosin
network which also serves as attachment site for centrosomal microtubule asters and aids

establishment of cell polarity by organizing dynein rich polar zones®°.

1.5.1.2. NE disassembly and ER reorganization

During mitotic entry, animal cells disassemble their nuclear envelope and NPCs, which
disrupts the permeability barrier between the nucleus and the cytoplasm. The release of
nucleoporins into the cytoplasm begins with the hyperphosphorylation of NUP98, followed by
other scaffold and FG-NUPs, executed by cyclin B-CDK1, PLK1 and NIMA-related kinases®.
The removal of the NE membranes depends on breaking the interactions between the INM
proteins and the nuclear lamina or chromatin®. CDK1 phosphorylation of extraluminal
domains of INM proteins causes their dispersal into the ER. Lamina disassembly is also
mediated by phosphorylation and includes the release of soluble A-type lamins into the
cytoplasm, and retention of depolymerized B-type lamins as a part of the ER®'. Further on,
several changes in chromatin contribute to the detachment of the NE. Aurora B mediated
phosphorylation of histone H3 at serine 10 causes chromatin detachment from

heterochromatin protein 1 (HP1), which might contribute to the release of HP1- binding INM

14



protein LBR from chromatin®?°, During interphase, the barrier-to-autointegration factor (BAF)
protein connects chromatin to the LEM domain proteins of the INM. Upon mitotic entry, BAF
is phosphorylated by vaccinia-related kinase (VRK) and dissociated from chromatin, breaking
the chromatin-NE link®*. Failure to remove the NE from chromatin during mitotic entry impairs

mitotic progression and leads to aberrant NE formation at the end of division®.

In interphase cells, ER interactions with microtubules ensure ER spreading throughout the
cell, while the NE contacts microtubules through LINC complexes®. In early prophase, NE
invaginations which will aid NE fenestration are initiated by microtubule-dependent forces with
the help of the minus-end-directed motor dynein®. After NEBD, ER interactions with
microtubules are inhibited to ensure clearance of the ER from the mitotic spindle area. This is
achieved through phosphorylation of two ER proteins, and via active removal by REEP3/4
protein. Depletion of REEP3/4 leads to ER membrane collapse onto the metaphase plate and
causes chromosome segregation defects and aberrant nuclear morphology®’. Whether mitotic
ER is organized in the shape of sheets or elongated tubules remains an open question. Some
studies in Drosophila even propose the formation of an ER membrane around the mitotic

spindle which prevents the entry of other organelles into the spindle area®.

1.5.1.3. Mitotic chromosome compaction

Maximal chromatin compaction is achieved in mitosis, when a cell forms mitotic chromosomes,
compact rod-shaped bodies which pass on the genetic information to each daughter cell. Their
specific shape is achieved through action of the mitotic subset of Smc proteins, condensin |
and 11°°. However, condensins are not the only factor contributing to chromosome
organziation. The acutely induced knock down of the common Smc2 subunit of both
condensins, leads to the loss of chromosome shape, yet the relatively compact insoluble state
of mitotic chromatin remains'®. Therefore, the ability to compact is an inherent property of the
mitotic chromatin polymer that is independent of the action of condensins. Based on in vitro
findings, histone deacetylation and electrostatic interactions have been proposed as key

regulators of this compaction.

The N-terminal tails of core histones are localized at the nucleosome surface, allowing them
to be the substrate for posttranslational modifications such as acetylation. Histones are
acetylated by histone acetyltransferases (HATs), enzymes which transfer the acetyl group
from acetyl-coenzyme A (CoA) to the amino group of the lysine side chains located on histone
tails. The p300 HAT deposits acetyl marks on all four core histone tails, as well as other
substrates, such as other epigenetic enzymes and transcription factors™'. Acetylated

chromatin is mainly present in interphase, but when a cell starts compacting chromosomes
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during mitotic entry most acetyl marks are removed from histones through the action of histone
deacetylases (HDACs)*'*2. Both HATs and HDACs are inactive during mitosis and displaced
from mitotic chromosomes'®. In early stages of telophase, in parallel to chromosomes
decondensing, HATs again accumulate on chromatin where they deposit histone acetylation

marks.

One of the most important HAT/HDAC substrates implicated in chromatin compaction is the
tail of histone H4'%31%4 In vitro experiments with synthetic nucleosome arrays propose that
this tail is involved in two types of chromatin compaction interactions. The first type are intra-
array interactions occurring between the basic patch of the H4 tail and the acidic patch on the
surface of the H2A-H2B dimer of the neighboring nucleosome'®. Acetylation of H4K16
neutralizes the positive charge of the lysin side chain and putatively disrupts these
interactions. The second type are inter-array interactions mainly mediated by electrostatic
attraction between the H4 positively charged basic patch and DNA of other arrays'®. These
electrostatic H4 tail-DNA interactions may also be affected by acetylation, not only of specific
H4K16, but also of other residues. For example, p300 recruitment to phase separated
chromatin droplets in the presence of CoA leads to droplets dissolving'’. The contribution of
specific histone tails to mitotic chromosome compaction in vivo is still unknown. When altering
the chromatin acetylation state in vivo most studies rely on the use of Trichostatin A (TSA), a
potent global HDAC inhibitor, shown to cause chromosome decompaction and impair cell

cycle progression©®,

Tight packaging of DNA also depends on neutralization of its negative charge and weakening
of repulsive forces between DNA molecules. This is partially achieved through DNA wrapping
around positively charged histone octamers. Electrostatic interactions between the H4 histone
tail and DNA molecules of other nucleosome arrays cause in vitro aggregate formation'%,
which may mimic chromatin compaction occurring during mitosis. However, the cellular
context in which mitotic chromosome compaction occurs is rather complex. A release of ATP-
bound Mg?* during mitotic entry was reported as one of the factors contributing to mitotic
chromosome formation'®. Another recent publication showed that long-lived RNA molecules
(such as repetitive LINE elements) interact with histones to neutralize their positive charge
and maintain decompacted chromatin state''®. A common pattern emerging from these reports
is that the more positive charge is present on chromatin the more compaction can be achieved.
The relevance of each of the mechanisms for chromosome formation during mitotic entry is

still unclear.
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1.5.1.4. The chromosome periphery

The chromosome periphery is a thick layer of proteins and RNAs derived mostly from nucleoli,
which forms on the chromosome surface during mitotic entry. It occupies roughly a third of the
mitotic chromosome volume, and it represents the difference in volume between prophase
and metaphase chromosomes''""'2 (Fig. 1.5, adapted from,''2'"® ). Components of the
chromosome periphery include pre-rRNA, many ribosomal proteins, nucleolin,
nucleophosmin, peripherin, Ki-67, as well as several chromosome periphery proteins identified
through shotgun analysis of the mitotic chromosome proteome (cPERPs B, C, D and F)'"4,
Although the details of chromosome periphery formation are still unclear, it has been shown
that Ki-67 is the key molecular organizer, as all other components fail to localize to

chromosome surface upon Ki-67 depletion®.
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Ki-67 is a common proliferation marker used in cancer prognosis''S, and is conserved only in
vertebrates, although it has been reported in mitotic cells of Schistosoma mansoni''®. Ki-67
consists of a forkhead-associated (FHA) N-terminal domain, protein phosphatase 1 (PP1)-
binding domain, large unstructured region consisting of 16 tandem repeats of 122 residues,
and C-terminal leucine-arginine (LR)-rich DNA binding domain'"’. It binds to the surface of
mitotic chromosomes and forms molecular brush-like structures which perpendicularly extend
towards the cytoplasm and carry high positive charge (Fig. 1.5, adapted from '2113). The
dense layer of ~210 Ki-67 molecules per um? plays a key role in mitotic chromosome
individualization'®. Depletion of Ki-67 increases chromosome adhesion, decreases
chromosome mobility, and leads to changes in the morphology of metaphase plate, although
the intrinsic architecture of metaphase chromosomes remains the same'"3°2, Cells lacking Ki-
67 can progress through mitosis, with a delay in anaphase onset. Ki-67’s role in chromosome
separation is not confined in neither of the specific domains. Series of truncation mutants
showed that any part of Ki-67 can restore chromosome individuality as long as it contains the

C-terminal DNA-binding domain. The chromosome separation can be re-established in the
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absence of Ki-67 through overexpression of core histones, conceivably by mimicking the
electrostatic interactions of highly positively charged Ki-67. Therefore, Ki-67 represents an
electrostatic and steric barrier which enables chromosome dispersion, similar to surfactant

molecules dispersing phase-separated liquid droplets in solvents'3.

Apart from its role in chromosomal dispersion, Ki-67 is necessary for layered organization of
chromosome periphery. Ki-67 depletion leads to failure of proper localization of other
chromosome periphery proteins, and their accumulation as foci in the cytoplasm, which
commonly attach to one tip of the metaphase plate. Such foci often distribute unevenly
between the daughter cells after mitosis, potentially causing defects in nucleolar reformation.
Although the lack of Ki-67 does not affect the ultrastructure of reforming nucleoli, it causes a
decrease in the number of nucleolar organizer regions (NOR) in newly forming cells®2. This
could be explained by the increased adhesion of chromosomes lacking periphery, which might
cause fusion of NORs during reactivation. In addition, Ki-67 depleted cells are smaller, have
decreased levels of rRNAs and transcription®. It is appealing to hypothesize that the
displacement of nucleolar proteins from the periphery prevents their timely inclusion in
reforming nuclei before nuclear envelope sealing, and leads to lack of material for nucleolar
reorganization, and subsequent insufficient ribosomal synthesis. The precise role of the
chromosome periphery in re-establishing nucleo-cytoplasmic compartmentalization remains

an interesting unexplored question.

1.5.2. Mitotic exit

Once the spindle assembly checkpoint is satisfied, sister chromatids are moved by the mitotic
spindle towards the opposite poles, where in telophase new daughter cell nuclei begin to form.
Nuclear reformation includes the reversal of all processes occurring during mitotic entry:

chromatin decondensation, nuclear envelope reformation and nuclear pore assembly.

1.5.2.1. Chromatin decompaction

Chromosomes become most compact in late anaphase, through condensin-independent axial
shortening regulated by Aurora B kinase''. Subsequent chromosome decompaction has
been suggested to involve active processes that depend on cellular energy in form of ATP and
GTP'°. For instance, removal of ubiquitinylated Aurora B from chromatin depends on ATP
hydrolysis by AAA*- ATPase VCP (valosin containing protein) in a complex with two other
cofactors'®. Further on, contact of nuclear membranes with chromosomes was implicated in

aiding decondensation: a version of LBR protein lacking the chromatin binding domain caused
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defects in nuclear envelope formation and chromatin decondensation™'. Finally, histone
modifications such as acetylation play a role in chromatin decondensation. Histone acetylase
hALP which deposits acetyl marks on histones H2B and H4, is recruited by a member of the
LINC complex, SUN1, to chromosomes in parallel to NE reformation'??. Knockdown of SUN1
was shown to cause a delay in decondensation leading to apoptosis. Taken together, although
several factors have been shown to contribute to chromosome decondensation at the end of

mitosis, the exact mechanism and relative contribution of each factor still awaits clarification.

1.5.2.2. Nuclear envelope reformation

Proper enclosing of all chromosomes and formation of a single nucleus at the end of mitosis
is essential for retaining genome integrity. Chromosomes are kept in proximity partially through
the action of motor proteins while they move towards the cell poles. Timely inactivation of
mitotic CDK1 is essential in temporal restriction of NE reformation to telophase'?3. In addition,
BAF crosslinks distant parts of DNA in telophase to form a network surrounding the ensemble
of anaphase chromosomes, thereby guiding nuclear membranes to form a single nuclear
compartment in each daughter cell'® (Fig. 1.6, adapted from '?*). In case individual
chromosomes position far away from the chromosome ensemble, for example because of
incorrect attachment and segregation, they can be enclosed by membranes to form separate
micronuclei?. Micronuclei are prone to DNA damage, and may lead to genome instability in

the following divisions'?°.

start flattenlng and expandlng to form the INM and ONM'26, Another model proposes that the

Figure 1.6. BAF crosslinking guides nuclear envelope

reformation.

Adapted from 124,

The shape of ER membranes approaching the

nuclear envelope is still under debate. One model

proposes that ER tubules extend from the ER

network, contact chromosomes and only then

ER approaches chromosomes in the form of flattened sheets which will then expand to seal
the NE'?’. The two models are not mutually exclusive, considering that differences in ER
structures were observed among different cell types. ER binding to chromatin during nuclear
assembly is thought to be mediated by the integral proteins of the INM via contact to various
chromatin components. LBR interacts with HP1'2¢, LEM-domain containing proteins contact
the previously established BAF network'?°, while several nucleoporins can directly contact the
DNA'™0,
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Membrane recruitment to chromosomes is regulated through several mechanisms. Most INM
proteins are phosphorylated by CDK1 during nuclear envelope break down (NEBD), and it is
conceivable that this phosphorylation is reverted during NE reassembly, involving the
phosphatase PP2A-B55alpha™’'. For example, the recruitment of LBR protein to anaphase
chromosomes depends on its dephosphorylation. LBR interacts with HP1, whose recruitment
to chromatin requires dephosphorylation of histone H3 at S10'*2. Further on, BAF
dephosphorylation via PP2A phosphatase and parallel VRK1 inhibition are both necessary for
BAF  chromatin  binding™. In  additon to temporal regulation through
phosphorylation/dephosphorylation cycles, the formation of NE must be physically restricted
to chromatin. Mitotic chromosomes are demarcated by a GTPase RAN, which serves for cargo
unloading from importins during interphase. It is possible that this RAN-importin interaction
plays a role in recruitment of INM proteins to chromosomes during mitotic exit'?®. LBR is stably
bound to importin 3 during mitosis, and is released from this inhibitory complex upon contact
with RAN-GTP'34 (Fig. 1.7, adapted from '23).

|. Dephosphorylation
of nuclear envelope
membrane proteins

by PP1/PP2A I1l. RAN-mediated

release of transport
receptors

Il. BAF dephosphorylation
and recruitment

to chromatin IV. Demethylation

of histones

Figure 1.7. Regulation of nuclear envelope recruitment to chromatin. NE recruitment to chromatin depends on
dephosphorylation of several INM and chromatin proteins, including BAF. The recruitment may be aided by RAN-

mediated release of transport receptors and decrease in histone methylation. Adapted from 23,

Several proteins have been proposed to play a role in the final sealing of the NE patches,
including SNARE receptors, membrane GTPases atlastins, and ESCRT-IIl (endosomal
sorting complex required for transport)'?. It has been shown that ESCRT-III recruits the
ATPase involved in microtubule disassembly, which might contribute to subsequent NE
sealing™®. After NE sealing and import re-establishment, nuclear lamins undergo
dephosphorylation and are enabled to reform the nuclear lamina, as the final step of NE

reformation%6.
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1.5.2.3. NPC reformation

During mitosis most of the NPC proteins are solubilized in the cytoplasm, very few core
proteins reside within the ER'?3. Two models debate whether the NPC is inserted after NE
sealing (insertion pathway)'?’, or whether it is incorporated into the gaps between sheets of
ER while the nuclear envelope is reforming (enclosure pathway)'’. The first nucleoporin
incorporated into the NE binds directly to chromatin and recruits scaffolding Nup107-160
complex'8. This is followed by recruitment of proteins that establish early contacts between
the NPC and the nuclear membranes'®. Following these initial assembly steps, other NPC
proteins are added, building firstly the inner pore and three membrane domain rings, and lastly
the nuclear basket and cytoplasmic filaments. The two NPC assembly pathways are not
mutually exclusive, it is proposed that the mechanism of assembly of NPCs during mitotic exit
is different from the one during interphase’?®. The NPCs assembled during late mitosis are
proposed to be incorporated through the enclosure pathway. A recent study used time
resolved electron microscopy of HeLa cells to propose that NPC reformation occurs via dilation
of core NPC components, which reside in the fenestrae of the ER'™0. The signals through
which the NPCs would recognize their designated assembly sites may include curvature
sensing ability of certain NUPs or signals from mitotic chromosomes, such as RanGTP levels,
or presence of initial chromatin binding complexes™*. In contrast, during interphase, the NPC
incorporation is thought to occur through de novo fusion of INM and ONM at specific sites.
Integration of NPC components in the insertion pathway would rely on the nuclear transport

through pores previously established via enclosure during mitotic exit'2.
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2 Open questions and aims of the thesis

The composition and organization of chromatin changes in mitosis to form compact
chromosome bodies that can be efficiently moved by the mitotic spindle: cohesin is replaced
with loop-forming condensins®, Ki-67 organizes chromosome periphery and provides
chromosome individualization''®, microtubules attach through newly organized kinetochore
complexes, additional factors bind to ensure timely mitotic progression and NE reformation’??,
In addition to changing their interactome, chromosomes are exposed to a plethora of other
cytoplasmic proteins, complexes, and organelles which they were previously shielded from by
the nuclear envelope. Some of these organelles, such as mitochondria, lysosomes, and ER
are kept away from mitotic chromosomes by the cytoskeleton, either by being tethered to
cortical actin'3'44, actively removed by associated proteins®’, or potentially by a recently
proposed spindle envelope®. However, many other organelles and macromolecular
assemblies, such as ribosomes, are evenly distributed throughout the cytoplasm and come in
contact with chromosomes'#°. How the diverse cytoplasmic components interact with mitotic
chromosomes during open mitosis, i.e., whether they can enter chromatin or whether they are

excluded from chromosomes, is not well understood.

At the end of open mitosis, the nuclear envelope is reformed directly on the surface of
decondensing mitotic chromosomes™*. Concomitantly, the nuclear pore complexes
reassemble, and nuclear membrane transport is re-established. This allows reinforcing proper
nucleo-cytoplasmic compartmentalization — nuclear proteins, which were not part of the
chromosome periphery during mitosis, are actively re-imported through the nuclear pores,
while any stray NES-containing cytoplasmic components are shuffled outside of the nucleus.
However, the channels of nuclear pores can only accommodate transport of components up
to 39 nm in size’. Series of classic experiments with inert dextran injections showed that large
40 kDa dextrans remain nuclear after being injected into the cell nucleus, but only until the
next mitosis. After the nuclear envelope breaks down during mitotic entry, such dextrans are
released into the cytoplasm where they homogenously distribute, yet they do not re-enter
nuclei of the newly forming daughter cells™®. This indicates that although these large
molecules are unable to pass through the channels of nuclear pores, an additional mitosis-
related mechanism prevents them from localizing within the newly formed nuclei. Which cell
components play a role in the observed dextran exclusion from nuclei, what is the molecular
mechanism behind the exclusion, and during which mitotic stages does it takes place is still

unknown.

In this thesis | aim to define key regulators of cytoplasmic partitioning relative to mitotic

chromatin during open mitosis (addressed in section 3.2, ") and understand how large
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cytoplasmic components are excluded from the reforming nucleus at the end of mitosis

(addressed in section 3.1, 148).
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3 Results

3.1. Chromosome clustering by Ki-67 excludes cytoplasm during nuclear

assembly
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Gene expressionin eukaryotes requires the effective separation of nuclear
transcription and RNA processing from cytosolic translation’. This separation is
achieved by the nuclear envelope, which controls the exchange of macromolecules
through nuclear pores?® During mitosis, however, the nuclear envelope in animal and
plant cells disassembles, allowing cytoplasmic and nuclear components to intermix>,
When the nuclear envelope is reformed, cytoplasmic components are removed from

the nucleus by receptor-mediated transport through nuclear pores?. These pores
have asize limit of 39 nanometres*”7, which raises the question of how larger
cytoplasmic molecules are cleared from the nucleus. Here we show in HeLa cells that
large cytoplasmic components are displaced before nuclear envelope assembly by
the movement of chromosomes to a dense cluster. This clustering occurs when
chromosomes approach the poles of anaphase spindles, and is mediated by a
microtubule-independent mechanism that involves the surfactant-like protein Ki-67.
Ki-67 forms repulsive molecular brushes during the early stages of mitosis, but
during mitotic exit the brushes collapse and Ki-67 promotes chromosome clustering.
We show that the exclusion of mature ribosomes from the nucleus after mitosis
depends on Ki-67-regulated chromosome clustering. Thus, our study reveals that
chromosome mechanics help to re-establish the compartmentalization of eukaryotic
cells after open mitosis.

Toinvestigate how large cytoplasmic components are excluded from
the nucleus after mitosis, we used genetically encoded multimeric
nanoparticles (GEMs) of 41-nm diameter®. We stably expressed the
GEM subunit encapsulin tagged with eGFP (encapsulin-eGFP) in HeLa
cellstogether with a chromatin reference marker, histone H2B fused to
mCherry (H2B-mCherry), and observed high concentrations of GEMs
in the cytoplasm but not in the nucleus of interphase cells (Fig. 1a).
GEMs did not impair cell viability, proliferation or mitosis (Extended
DataFig.1a-c) and are thus suitable for studying nucleo-cytoplasmic
partitioning during mitosis in live cells.

Cytoplasmis excluded during nuclear assembly

To determine the localization of GEMs during nuclear breakdown
and reassembly, we imaged cells progressing through mitosis. GEMs
remained excluded from the nucleus during late prophase, but rapidly
mixed with chromosomes after nuclear envelope breakdown (Fig. 1b,
c). During anaphase, GEMs initially localized abundantly between
chromosomes but were then progressively excluded as each set of
sister chromatids segregated towards the spindle poles (Fig. 1d, e,
Supplementary Video 1). Thus, GEMs and chromosomes mix during
early mitosis but unmix during mitotic exit.

To examine how large endogenous cytoplasmic components are
excluded from the reassembling nucleus, we visualized mature ribo-
somes in live HeLa cells using the ribosomal protein L10 tagged with
eGFP (L10-eGFP)'°, which was efficiently incorporated into mature
ribosomes and did not perturb cell proliferation or mitosis (Extended
DataFig.1a-e). L10-eGFP localized abundantly between neighbour-
ing chromosomes during early anaphase but was then excluded from
the future nuclear space during late anaphase, withkinetics similar to
those of GEMs (Fig. 1f, g, Supplementary Video 2). Thus, most mature
ribosomes are excluded from chromosome regions shortly after the
onset of anaphase.

To investigate how the exclusion of GEMs and mature ribosomes
from anaphase chromosomes relatesto the timing of nuclear envelope
assembly, we determined when during mitotic exit transport through
nuclear pores is initiated. Live-cell imaging of a nuclear import sub-
strate—the importin B-binding (IBB) domain of importin o' fused to
eGFP (IBB-eGFP)—revealed that this substrate accumulated in chromo-
someregions around six minutes after the onset of anaphase (Fig. 1h, i),
whereas the exclusion of L10-eGFP was already almost complete five
minutes after anaphase onset. Thus, GEMs and mature ribosomes are
excluded from the reassembling nucleus before the formation of a
transport-competent nuclear envelope.
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Fig.1| Cytoplasmic macromolecules are displaced from the nucleus before
theassembly of atransport-competent nuclear envelope.a, b, Live HeLa
cell expressing GEMs and H2B-mCherry ininterphase (a) and time-lapse of
early mitosis (b). White dashed lines represent chromosomal regions
quantifiedin ¢, yellow lines outline individual chromosomes. ¢, GEM density
(particles per chromosomal area/particles per cytoplasmicarea) in
chromosomalregionsasinb, two minutes before (prophase) and six minutes
after (prometaphase) nuclear envelope breakdown. Bars indicate mean;
significance was tested by atwo-sided ratio paired t-test (****P=3.6 x107%).
n=19cells.d, HeLacell expressing GEMs and H2B-mCherry progressing
through anaphase. e, Quantification of chromosomal area normalized to
average of pre-anaphase time points and GEM density within this area, relative

The timing of the exclusion of L10-eGFP from the reassembling
nucleus before the onset of transport through nuclear pores sug-
gested that this exclusion should be independent of exportin-1, the
transport receptor that mediates the export of pre-ribosomal subunits
during biogenesis™. Consistent with this hypothesis, we found that the
exclusion of LI0-eGFP was unaffected by treatment with leptomycin B
(Extended Data Fig. 2a, b), an exportin-1inhibitor” (Extended Data
Fig.2c, d). Thus, the exclusion of ribosomes and other large cytoplas-
mic particles during nuclear assembly appears to be independent of
nuclear-pore-mediated transport.

Chromosomes cluster during mitotic exit

The displacement of GEMs and mature ribosomes coincided with the
movement of chromosomes to adense cluster (Fig.1d-g, Supplemen-
tary Videos1,2). We therefore hypothesized that nucleo-cytoplasmic
compartmentalization might be controlled by the arrangement of
chromosomes. Anaphase chromosomes are moved into proximity
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tosurrounding cytoplasm,inanaphasecellsasind.n=22cells.f,HeLacell
expressing the mature ribosome marker L10-eGFP and H2B-mCherry
progressing through anaphase. g, Quantification of LLO-eGFP mean
fluorescence intensity within the chromosomal region, normalized to
surrounding cytoplasm, inanaphasecellsasinf.n=30cells. h,HeLacell
expressing the nuclearimportsubstrate IBB-eGFP and H2B-mCherry
progressing through anaphase. i, Quantification of IBB-eGFP mean
fluorescence intensity within the chromosomal region, normalized to
pre-anaphaseasinh.n=12cells. 0 minrefersto anaphase onsetind-i, time
lapse=1min.Lines and shaded areas (e, g, i) represent mean +s.d. Single
z-slices areshown. Scalebars, 10 um.

by spindle-mediated poleward pulling, but the very dense appear-
ance of chromosome clusters in late anaphase suggested that addi-
tional spindle-independent mechanisms might be involved. To test
for spindle-independent mechanisms of chromosome clustering, we
established an assay for nuclear assembly in the absence of a spindle.
Weincubated mitotic cellsinnocodazole to depolymerize microtubules
and then acutely inhibited the mitotic kinase CDK1 using flavopiridol
to promote mitotic exit in the absence of a spindle™ (Extended Data
Fig.3a-d).Imaging of IBB-eGFP showed that IBBaccumulatedin chro-
mosome regions around eight minutes after the addition of flavopiri-
dol (Extended Data Fig. 3e, f), indicating that cells assemble a sealed
and transport-competent nuclear envelope during mitotic exitin the
absence of aspindle.

We next studied chromosome arrangements during spindle-less
mitotic exit. Chromosomes were scattered in the cytoplasm at first,
but after the induction of mitotic exit by flavopiridol they formed a
single cluster (Fig. 2a). During clustering, the overall area of the chro-
mosome ensemble and the areabetween neighbouring chromosomes
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H2B GEM

Fig.2|Displacement of cytoplasm by spindle-independent chromosome
clustering. a, Chromosome organization during spindle-less mitotic exit.
Three-dimensional (3D) video of aHeLa cell expressing H2B-mCherry imaged
inthe presence of nocodazole; flavopiridol was added (¢= 0 min) toinduce
mitotic exit. Yellow lines indicate convex hulls around chromosomes.

b, Quantification of convex hull area of 16 cellsasina, and interchromosomal
areanormalized to pre-flavopiridol time points. ¢, HeLa cell expressing GEMs

decreased, reaching a minimum area at around eight minutes—just
before the onset of IBB-eGFPimport (Extended Data Fig. 3e, f). Analter-
native procedure to induce mitotic exit using spindle assembly check-
pointinactivationalso caused chromosome clusteringin spindle-less
cells (Extended Data Fig. 3g-i). Thus, chromosomes cluster through
amicrotubule-independent mechanism before nucleo-cytoplasmic
compartmentalization is established by the nuclear envelope.

Toinvestigate the relationship between chromosome clustering and
cytoplasmic exclusion, we imaged GEMs during spindle-less mitotic
exit. We found that GEMs were progressively excluded while chro-
mosomes formed a cluster (Fig. 2¢c, d), before the onset of IBB-eGFP
import (Extended DataFig. 3e, ). Thus, the spindle is not required for
chromosome clustering or nuclear exclusion of GEMs.

Chromosome clustering might be caused by increased attraction
between neighbouring chromosomes or by forces generated by the
surrounding cytoskeleton or membranes. Depolymerization of F-actin
had no detectable effect on chromosome clustering and nuclear mem-
branes contacted chromosomes only after they had clustered almost
to completion (Extended Data Fig. 4a-d). Hence, chromosome clus-
tering does not depend on actin filaments or spatial confinement by
nuclear envelope membranes. To test whether clustering results from
adhesionbetween neighbouring chromosomes, we tracked the mobil-
ity of individual chromosomes by stably expressing the kinetochore
protein CENP-A fused to eGFP, and imaged mitotic cellsin the presence
of nocodazole. Tracking of CENP-A spots showed that chromosomes
moved extensively relative to one another at first, but after the induc-
tion of mitotic exit by flavopiridol the clustered chromosomes were
almostentirelyimmobilized (Extended DataFig.4e-h, Supplementary
Video 3). This restricted chromosome motility is consistent with a
modelin whichincreased adhesion between chromosomes mediates
clustering.

Totest whether chromosomes also cluster inthe presence of aspin-
dle, we synchronized cells to metaphase using the proteasome inhibitor
MGI132 and then added flavopiridol to induce mitotic exit. Before the
addition of flavopiridol, many chromosome arms extended from the
metaphase plate, but shortly after adding flavopiridol, they formed a
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and H2B-mCherry, during spindle-less mitotic exitasina. Dashed lines
indicate chromosomal area; single z-slices are shown. d, GEM particle count
withinchromosomal areaasin c (green) and chromosome convex hull area
(magenta), normalized to pre-flavopiridol time points.n=35cells. Lines and
shaded areas (b, d) represent mean +s.d.; dashed vertical lines indicate
flavopiridol addition. Scale bars, 10 um.

single compact cluster (Extended Data Fig. 5a, b). Clustered chromo-
somesremained aligned in the metaphase plate even when the spindle
was subsequently disassembled by addition of nocodazole—in contrast
to chromosomes of metaphase cells that were not pretreated with
flavopiridol (Extended Data Fig. 5¢, d). Thus, chromosomes become
adhesive during mitotic exit, which results in the formation of adense
cluster.

Ki-67 regulates chromosome clustering

One candidate to regulate chromosome clustering is the protein
barrier-to-autointegration factor (BAF), as it mechanically stabilizes
anaphase chromosomes by cross-bridging the DNA of anaphase chro-
mosome ensembles®. However, depletion of BAF by RNA interference
had no detectable effect on chromosome clustering or GEM exclusion,
and eGFP-tagged BAF accumulated on chromosomes after chromo-
some clustering was complete (Extended Data Fig. 6a-f). Chromosome
clustering must therefore be regulated by factors other than BAF.

During prometaphase, chromosomes are kept apart by a repulsive
surface formed by the protein Ki-67%, which might be removed or inac-
tivated during mitotic exit. To test whether chromosome clustering is
duetothedissociation of Ki-67 from chromosomes, weimaged endog-
enously tagged eGFP-Ki-67.Ki-67 remained bound to chromosomes
during clustering, both inspindle-less mitotic exit and regular anaphase
(Extended Data Fig. 6g-j). Thus, chromosome clustering is not caused
by Ki-67 dissociation.

Ki-67 forms molecular brushes at the surface of mitotic chromo-
somes during prometaphase, with the C terminus bound to the chromo-
some surface and the N terminus extended into the cytoplasm?®, This
type of molecular brush structure is characteristic of surface-active
agents (surfactants) that disperse particlesinsolution by steric repul-
sion’®. To test whether Ki-67 is inactivated during mitotic exit by areor-
ganization of its brush-like molecular arrangement, we determined the
relative positions of the N and C termini of Ki-67 tagged with mCherry
and eGFP, respectively® (Fig. 3a-d).In prometaphase, the Ki-67 N termi-
nus localized 66 + 27 nm (mean + s.d.) towards the cytoplasm relative
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Fig.3|Ki-67 regulates chromosome clustering. a-d, Molecular organization
of Ki-67 on the surface of mitotic chromosomes before and after flavopiridol
addition. a, Ki-67 was tagged withmCherry on the N terminus and eGFP on the
Cterminus and expressed in HeLa cells. Sister chromatid pairs oriented
perpendicular to the imaging plane wereimaged in live mitotic cells. Lines
indicate measurementregions for b. b, Relative positions of mCherry and eGFP
alongan axis perpendicular to the chromosome surface. Fluorescence
densities (dots) were measured alongline profiles asinaand asum of two
Gaussian functions (lines) was separately fitted to each of the eGFP and
mCherry channels to determine peak positions (dashed lines). ¢, The radial
displacement of eGFP relative to mCherry peaks was determined on the basis
ofline profile measurementsasina, bfor mCherry-Ki-67-eGFP (R-Ki-67-G;
n=34chromosomes before flavopiridol, n=46 chromosomes after
flavopiridol) and a constructinwhich the fluorophores were linked in reverse

to its C terminus, whereas after inducing chromosome clustering by
flavopiridol, the distance between the two fluorophores decreased to
32 +32 nm. A construct with inverted fluorophore positions yielded
results consistent with this finding (Fig. 3¢, d). Thus, the extended
molecular brushes that are formed by Ki-67 during early mitosis col-
lapse when chromosomes cluster during mitotic exit.

The collapse of the Ki-67 molecular brushes suggests an inactiva-
tion of the surfactant function of Ki-67, which might be sufficient to
promote chromosome clustering. However, we also considered the
possibility that Ki-67 actively contributes to chromosome clustering.
Toinvestigate this idea, we aimed to compare chromosome adhesion
in wild-type cells and Ki-67-knockout cells. As Ki-67-knockout cells
do notindividualize chromosomes during early mitosis® (Fig. 3e), it
isimpossible to analyse their chromosome clustering during mitotic
exit. Therefore, to evaluate the role of Ki-67 in clustering, we established
conditions in which prometaphase chromosomes can form separate
bodies in the absence of Ki-67. We previously showed that high-level
overexpression of core histones restores chromosome separation
in prometaphase cells that lack Ki-67, possibly through the addition
of positive electrical charge®. Therefore, we imaged Ki-67-knockout
cells® that overexpress H2B-mNeonGreen to sufficiently high levels
for chromosome separation to occur. Upon mitotic exit, these cells
completely failed to cluster chromosomes. By contrast, wild-type cells
overexpressing similarly high levels of H2B-mNeonGreen still clustered
chromosomes efficiently during mitotic exit (Fig. 3f, g), indicating that
overexpression of H2B is not sufficient to prevent clustering. In addi-
tion, expression of transgenic eGFP-Ki-67 restored chromosome clus-
tering inKi-67-knockout cells that overexpress high levels of histones
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(Extended Data Fig. 7a-c). Thus, Ki-67 appears to promote chromosome
clustering during mitotic exit—in contrast to its chromosome-repelling
activity in prometaphase cells.

As the overexpression of H2B to high levels might have unknown
side effects on chromosome organization, we established an alterna-
tive method to individualize chromosomes in Ki-67-knockout cells.
Hypothesizing that electrical charge might be relevant®, we tested the
effect of global chromosome hyperacetylation resulting from the inhi-
bition of histone deacetylases by trichostatin AV, and indeed observed
individualized chromosomes in Ki-67-knockout cells (Extended Data
Fig.7d-f). Treatment with flavopiridolinduced chromosome clustering
intrichostatin-A-treated wild-type cells, but notin Ki-67-knockout cells.
Furthermore, expression of transgenic eGFP-Ki-67 restored chromo-
some clustering inKi-67-knockout cells (Extended Data Fig. 7f, g). These
observations provide further evidence that Ki-67 actively contributes
to chromosome clustering during mitotic exit.

Ki-67 might promote chromosome clustering by recruiting protein
phosphatase 1 (PP1) during anaphase'®. However, mutating the Ki-67
RVSF motif—whichis required for PP1binding'®—to RASA did not prevent
chromosome clustering during mitotic exit (Extended Data Fig. 8a-d).
Furthermore, mutant Ki-67(RASA) protein tagged by red and green
fluorophores at opposite termini formed intact molecular brushes in
prometaphase cells that collapsed during mitotic exit (Extended Data
Fig.8e). Moreover, Ki-67-knockout cells exhibited efficient dephospho-
rylation of serine 10 on histone 3 during mitotic exit (Extended Data
Fig. 8f, g) and chromosome decondensation at normalrates (Extended
Data Fig.10d). Thus, Ki-67 promotes chromosome clustering through
intrinsic properties rather than through recruitment of PP1.



Our model predicts thatincreasing surface adhesion should be suffi-
cienttoinduce chromosome clustering. To test this hypothesis, we engi-
neered asystemto acutely increase adhesion between chromosomes.
Wetherefore coexpressed H2B fused to either the FKBP protein or the
FKBP rapamycin-binding domain (FRB) of mammalian target of rapa-
mycin (mTOR), such that contacts between these chromosome-bound
proteins can be chemically stabilized by the addition of rapamycin®.
The expression of H2B-FRB and H2B-FKBP had no detectable effect
on chromosome organization in prometaphase, but the addition of
rapamycin caused clustering within a few minutes (Extended Data
Fig. 9a-c, Supplementary Video 4). In control cells that express only
H2B-FKBP, chromosome organization did not change after addition
of rapamycin (Extended DataFig. 9b, ¢, Supplementary Video 4), vali-
dating the specificity of the phenotype. Thus, increasing chromosome
adhesion is sufficient to induce chromosome clustering, even in the
absence of any other mitotic-exit-specific activities.

Chromosome clustering removes cytoplasm

Clustering-deficientKi-67-knockout cells that overexpress high levels of
histones enable us to investigate how chromosome clustering contrib-
utes tonucleo-cytoplasmic segregation. Tofirst verify that cells that are
deficientin chromosome clustering assemble atransport-competent
nuclear envelope, weimaged theimport substrate IBB-eGFP. We found
that IBB-eGFP was efficiently imported after the induction of mitotic
exit, with only a very slight delay compared to clustering-competent
control cells (Extended Data Fig. 10a, b; compare with Extended
Data Fig. 3e, f). Chromosome clustering is not therefore required
for nucleo-cytoplasmic targeting through nuclear-pore-mediated
transport.

To determine whether chromosome clustering is required for the
exclusion of large cytoplasmic components during nuclear assembly,
we firstimaged GEMs. GEMs were not excluded frominterchromosomal
regions during mitotic exitin clustering-deficient Ki-67-knockout cells,
in contrast to control cells that overexpress H2B-mCherry to similar
levels (Fig. 4a-c, Extended Data Fig. 10c, d, Supplementary Video 5).
Thus, suppression of chromosome clustering leads to contamination
of the nucleus with large cytoplasmic components.

An analysis of L10-eGFP localization during mitotic exit in
clustering-deficient cells revealed that ribosomes behave in a similar
manner to GEMs. Clustering-proficient wild-type cells that overexpress
H2B-mCherry efficiently excluded L10-eGFP from chromosome clus-
tersduring mitoticexit (Fig. 4d, f, Extended Data Fig.10g, h), even when
exportin-1wasinhibited by leptomycin B (Extended DataFig.10e, f). By
contrast, L10-eGFP was not excluded from the reassembling nucleus
in clustering-deficient Ki-67-knockout cells (Fig. 4e, f; Extended Data
Fig.10g, h). Thus, chromosome clusteringis required for the exclusion
of mature ribosomes from the nucleus.

Conclusions

Our study reveals that chromosome interactions during mitotic exit
contribute to nucleo-cytoplasmic compartmentalizationin vertebrate
cells. Our datasupportamodelin which chromosomes are first moved
into proximity by the anaphase spindle and then tightly clustered by
Ki-67-regulated surface adhesion, such that bulk cytoplasmis displaced
before the nuclear envelope seals the nuclear compartment (Fig. 4g).
Chromosome clustering prevents the contamination of the nucleus
with soluble particles that are too large for export through nuclear
pores, thus enabling the efficient separation of cytoplasmic and nuclear
processes.

Our findings raise the question of how large components that need
to beretargeted to the nucleus after mitosis avoid exclusion. Nuclear
inclusion might be achieved by tight association with chromosomes.
In line with this, many nucleolar proteins and pre-ribosomal RNAs
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remain associated with chromosomes throughout mitosis*® inadense
peripheral layer that occupies almost half of the chromosome volume?.
Nucleo-cytoplasmic compartmentalization might therefore involve an
interplay between the retention of chromosome-associated factors
and the exclusion of bulk cytoplasm.
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Methods

Celllines and cell culture

All of the cell lines used in this study have been regularly verified as
negative for mycoplasm contamination. Their sources and authen-
tication are summarized in Supplementary Table 1. All HeLa cell lines
were derived from a HeLa ‘Kyoto’ cell line that has been previously
described®. Cells were cultured in Dulbecco’s modified medium
(DMEM; Sigma-Aldrich, D5648) containing 10% (v/v) fetalbovine serum
(FBS; Gibco,10270), 1% (v/v) penicillin-streptomycin (Sigma-Aldrich),
1% (v/v) GlutaMAX (Gibco; 35050038) and selected antibiotics accord-
ingto the expression constructs:blasticidin (6 pg ml™, Thermo Fisher
Scientific), puromycin (0.5 pg ml™, Calbiochem), hygromycin B (0.3 mg
ml™, Roche) and G418 (1mg ml™, Invitrogen). Chromatin visualization
was achieved through stable (Figs. 1, 2, Extended Data Figs. 2-5, 6a-f,
7a,b) or transient (Figs. 3e-g, 4, Extended Data Fig. 10) expression of
histone H2B labelled with mCherry, mRFP or mNeonGreen or alterna-
tively by labelling with 100 nM SiR-Hoechst? (Extended Data Figs. 6g-j,
7f, g, 8c, d) or with Hoechst 33342 (1 pg ml™, Invitrogen) (Extended
DataFig. 8f, g). All cytoplasmic markers were visualized through stable
expression of eGFP-fused constructs, except for GFP-NES (Extended
DataFig. 2¢c, d), which was transiently transfected into cells. Live-cell
imaging was performed in DMEM containing 10% (v/v) FBS, 1% (v/v)
penicillin-streptomycin and 1% (v/v) GlutaMAX (Gibco, 35050038)
but omitting riboflavin and phenol red to reduce autofluorescence®.
Cells were grown in plastic-bottom 96-well plates (puClear; Greiner
Bio-One), on LabTek chambered coverglass (Thermo Fisher Scientific),
orin 8-well glass bottom p-slides (Ibidi).

Generation of stable cell lines

For generation of cell lines that stably express fluorescently labelled
marker proteins, we used random plasmid integration (for transfection
conditions see below) or alentiviral vector system pseudotyped with
amouse ecotropic envelope that is rodent-restricted (RIEP receptor
system). Construction of RIEP receptor parental cell lines and subse-
quent generation of stable cell lines that express fluorescent marker
proteins was performed as described previously”. Genome editing was
performed using a CRISPR-Cas9 nickase strategy. Single-guide RNAs
(sgRNAs) were clonedinto pSPCas9n(BB)-2A-GFP (pX461, Zhanglabora-
tory**). For mutation of the PP1-binding motif RVSF toRASA inKi-67, a
repair template with 750-bp homology flanks on each site was designed
(seeschemein Extended Data Fig. 8a). The repair template contained
anadditional silent mutation at the protospacer adjacent motif (PAM)
site of one of the two sgRNAs and was cloned in plasmid pCR2.1 (Life
Technologies). The plasmid mix of guide RNA plasmids and the repair
template was transfected into HelLa cells using X-tremeGENE 9 DNA
transfection reagent (Roche). Two days after transfection cells were
sorted for the presence of Cas9 (GFP-positive) and another six days later
for the absence of Cas9 (GFP-negative) using fluorescence-activated
cell sorting (FACS) into 96-well plates. Genotyping was performed as
in a previous study®.

Plasmid and small interfering RNA transfections

Forboth transient and stable expression of fluorescently labelled mark-
ers, the genes were cloned into IRES vectors with antibiotic resistance
genes that allow the protein of interest and the resistance gene to be
expressed from the same transcript (see Supplementary Table 2). For
transient expression, plasmids were transfected using X-tremeGENE 9
DNA transfection reagent (Roche) following the manufacturer’sinstruc-
tions or PEI transfection reagent (1 mg ml™ stock, Polysciences, 4 ug
of transfection reagent per 1 g of plasmid) with a 48-h incubation
beforeimaging. DNA amounts were optimized for each assay and var-
ied between 0.25 pg and 2 pg per 3 pl transfection reagent and 100 pl
Opti-MEM. For stable expression, plasmids were transfected using
PEl transfection, and incubated for 48 h before antibiotic selection.

31

Smallinterfering RNAs (siRNAs) were delivered with lipofectamine
RNAiMax (Invitrogen) according to the manufacturer’s instructions.
BAF (also known as BANFI) was targeted using 18 nM s16808 (AGAU-
UGCUAUUGUCGUACULtt, Thermo Fisher Silencer Select, including a
3’ overhanging tt dinucleotide for increased efficiency) and analysed
after 72 h; XWNeg9 (UACGACCGGUCUAUCGUAGtt, Thermo Fisher
Silencer Select, custom, including a 3’ overhanging tt dinucleotide
for increased efficiency) was used as a non-targeting siRNA control.
MAD?2 (also known as MAD2L1) was targeted by 10 nM siRNA with the
target sequence AAGAGTCGGGACCACAGTTTA (custom siRNA, Qia-
gen) for28 h.

Inhibitors and stains

To arrest cells in prometaphase, cells were incubated for 2-4 hin 200
ng ml™ nocodazole (Sigma-Aldrich). Acute spindle depolymerization
was induced with 3 pg mI™ nocodazole. To arrest cells in metaphase,
cellswereincubated for 30 minin 10 uM MG132 (Sigma-Aldrich). Mitotic
exit was induced by the addition of flavopiridol (Tocris Bioscience)
to afinal concentration of 20 pM, or reversine (Sigma-Aldrich) to a
final concentration of 1 uM. Exportin-1(CRM1) was inhibited by a 2-h
incubation in leptomycin B (Sigma-Aldrich); final concentration 1 pg
ml™. Actin was depolymerized by a 2-h incubation in 1 uM latruncu-
lin B (Sigma-Aldrich). For viability measurements TO-PRO-3 iodide
(Molecular Probes) was used at a final concentration of 1 M. Rapa-
mycin (Calbiochem 553210) was used at a final concentration of 500
nM. Trichostatin A (TSA) (Sigma-Aldrich, T8552) was added 2 h before
imaging at a final concentration of 0.5 pM.

Western blotting

Ribosome samples were separated on NuPage 4-12% gradient Bis-
Tris gels (Invitrogen), and transferred to a nitrocellulose membrane
(Bio-Rad) by wet blotting. Fluorescently labelled RPL10 was probed by
amonoclonal mouse anti-RPL10 antibody (Thermo Fisher Scientific,
MAS526901,1:2,000). H2B was probed by a polyclonal anti-H2B antibody
(Abcam, ab1790). Horseradish peroxidase-conjugated anti-mouse or
anti-rabbit secondary antibodies (Bio-Rad, 1:5,000) were visualized
using ECL Plus Western Blotting Substrate (Thermo Fisher Scientific)
onaBio-Rad ChemiDocImager. BAF-depleted samples wereimmuno-
blotted as previously described®.

Ribosome fractionation

Atotal of 50 million cells stably expressing eGFP-tagged ribosomal
protein L10 were lysed for 5 min on ice (lysis buffer: 15 mM HEPES, 6
mM MgCl,,300 mM NaCl, 0.5% NP40 with one tablet of mini cOmplete
protease inhibitor (Roche) and 40 U pl™ RNaseOUT (Thermo Fisher
Scientific)). A 200-pul sample of the lysate was separated on a10-50%
sucrose gradient via ultracentrifugation at35,000gfor2.5hat4 °C (SW
40Tirotor) and thenfractionated into 40 fractions using a customized
fraction collector. Ribosome fractions were precipitated using 100%
(w/v) trichloroacetic acid at 4 °C overnight. The precipitate was washed
twiceincold acetone and dissolved in2x SDS loading buffer. Fractions
that specifically correspond to peaks of absorbance were blotted (as
indicated with dashed lines in Extended Data Fig. 1d).

Live-cell microscopy

Cell proliferation, mitotic duration and apoptotic index was scored in
images recorded with anImageXpressMicro XL screening microscope
(Molecular Devices) using a x10, 0.5 NA S Fluor dry objective (Nikon),
operated by in-house developed Metamorph macros. Time-lapseimag-
ing was performed on a customized confocal Zeiss LSM780 microscope,
using x40 or x63, 1.4 NA Oil DIC Plan-Apochromat objective (Zeiss),
operated by ZEN 2011 software. Time-lapse videos with GEM particle
counts (Figs.1a-e, 2c,d, 4a-c, Extended Data Fig. 6a-c, Supplementary
Videos 1, 5) were in addition recorded on an Airyscan confocal Zeiss
LSM880 microscope, using a x63, 1.4 NA Oil DIC Plan-Apochromat
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objective (Zeiss) combined with the Airyscan detector, operated by
ZEN 2011. Datasets from both microscopes were combined in Figs. 2d,
4c¢, Extended DataFig. 6b, c. For all confocal microscopes, anincubator
chamber (EMBL) provided a humidified atmosphere and a constant
37 °C temperature with 5% CO,.

Immunofluorescence
Dephosphorylationkinetics in Extended Data Fig. 3a-d were quantified
by imaging live single-cell unperturbed and spindle-less mitosis, and
retrieving positions after fixation and staining. Dephosphorylation
kinetics in Extended Data Fig. 8f-g were quantified by imaging fields
of cells fixed after the indicated time relative to flavopiridol addition.
To enrich for prometaphase arrested cells, a 2-h nocodazole incuba-
tion was performed in flasks and then mitotic cells were collected by
shake-off and reseeded into imaging dishes in nocodazole. To reduce
variability caused by background noise, cells from both genetic back-
grounds were mixed and seeded together. Wild-type cells were dis-
tinguished from Ki-67-knockout cells by an eGFP-labelled membrane
myristylation-palmitoylation marker (more than 97% of cells expressed
the marker in the wild-type cell population). The levels of acetylated
H3 in Extended Data Fig. 7d, e were quantified from cells fixed after
2hofnocodazole or nocodazole/TSA incubationinimaging dishes.
In all immunofluorescence experiments cells were fixed with 4%
formaldehyde (Thermo Fisher Scientific) in PTEM buffer (50 mM PIPES
(Sigma-Aldrich) pH 6.8,10 mM EGTA (Sigma-Aldrich), 1 mM MgCl2,
0.2% Triton X-100 (Sigma-Aldrich)) for 5min. The fixation reaction was
quenched with10 mM Tris in phosphate-buffered saline (PBS), washed
againwith PBS and blocked in 2% BSA (Sigma-Aldrich) in PBS for 1h. H3
phosphorylated at serine 10 (H3(pS10)) was probed using amonoclonal
mouse antibody (Millipore, 05-806,1:5,000) and visualized using agoat
anti-mouse Alexa Fluor 488 secondary antibody (Molecular Probes,
A11001,1:1,000) (Extended Data Fig. 3a-d) or agoat anti-mouse Alexa
Fluor 568 secondary antibody (Molecular Probes, A11004. 1:1,000)
(Extended Data Fig. 8f, g). Acetylated H3 was probed using a rabbit
polyclonal antibody (Millipore, 06-599, 1:200) and visualized using a
goat anti-rabbit Alexa Fluor 594 secondary antibody (Molecular Probes,
A-11037,1:500) (Extended Data Fig. 7d, e).

Image analysis

Cell viability, proliferation and mitotic duration. To quantify cell
viability, the number of live cells (negative for TO-PRO-3 iodide) was
manually counted. Cell proliferation was measured as the fold change in
the number of live cells within 24 h. Mitotic duration from prophase to
anaphase onset was determined on the basis of manual identification of
corresponding chromatin morphologies during the course ofavideo.

Chromosomal area measurements by active contours.InFig.1d, e,
the chromosomal area was measured ina central z-section (9 z-sections
recorded with 1-um spacing; section selected on the basis of a visual
inspection). The chromatin channel was denoised using a Gaussian
blur filter (6=2) and thresholded using the Huang method in ImageJ .
Next, the ensemble chromatin mass was converted to a region of in-
terest (ROI) by using the ‘Analyze Particles’ function in Fiji. An ellipse
was fitted to each ROl using the build in ‘Fit Ellipse’ function in Image)
and enlarged by 2 pm. The ellipses surrounding chromatin masses
were then used as seeding points for applying the ‘Level sets’ plug-in
inImageJ using the active contours method. Acquired ROIs were then
additionally shrunk by 0.8 pm using the ‘Enlarge’ function in Image].
At anaphase onset, one of the two ensembles of chromosomes was
randomly selected for measurements. All data points were normalized
totheaverage area of all values before anaphase onset.

Quantifications of cytoplasmic probes. InFig.1b, c, ROls were drawn
manually around the nucleus (-2 min before nuclear envelope break-
down (NEBD); prophase) and the entire set of chromosomes (6 min after
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NEBD; prometaphase) in manually determined central z-sections (5
z-sections recorded with 1.5-pm spacing). The number of GEM particles
within ROIs was determined using the ‘Find Maxima’ functioninImage].
The GEM density (number of particles per area) within the ROl was
normalized to the GEM density within an arbitrary cytoplasmicregion.

InFig.1d, e, chromosomal ROlIs were determined by active contour
areameasurements (see above). For normalization, cytoplasmic ROls
were generated by subtracting the chromosomal ROI from a 3-pum
enlarged chromosomal ROI (using the ‘Enlarge’ in Image]J) to yield a
rim ROl around the chromosome ensemble. The number of GEM par-
ticles was measured as described above.

In Fig. 1f-i and Extended Data Fig. 2a-d, the central z-section was
determined using a custom Image]J script that tracks 3D segmented
chromatin mass for each time point and extracts the slice with the
largest chromatin areain xy. Chromosomal ROIs were determined by
active contour areameasurements (see above) and IBB,L10 or NES mean
fluorescence intensity was measured within these ROIs. Background
signalinacircular ROl outside the cell was subtracted and values were
normalized to mean fluorescence intensity in cytoplasmic regions
measured in a rim ROl around the chromosome ensemble (Fig. 1f, g,
Extended DataFig.2a, b; see above) or to pre-anaphase frames (Fig. 1h,
i, Extended Data Fig. 2¢c, d).

InFigs. 2,4 and Extended DataFigs. 6a-c,10a, b, the central z-slice was
determined using a custom Image]J script described above (9 z-sections
recorded with 1.5-pm spacing). Chromosomal ROIs were determined
by active contour areameasurements (see above), except thatinstead
of an ellipse, a circle was fitted to the thresholded chromatin, using
the ‘Fit Circle’ function in ImageJ. The total background fluorescence
subtracted was determined as aproduct of mean fluorescence intensity
outside of the cell and the active contour area within the cell. Measured
fluorescence intensities and particle counts were normalized to the
average fluorescence intensity and particle counts before flavopiridol
addition.

At anaphase onset, one of the two chromosome ensembles was
randomly selected for quantification. When using ‘Level sets’ or ‘Find
maxima’ functions in Fiji, the parameters were adjusted by visual deter-
minationinone celland applied to all cells within the experiment. Nor-
malizations were calculated using Microsoft Excel and graphs were
generated in GraphPad Prism.

Chromosome convex hull area measurements. Chromosomal area
was segmented in maximum intensity z-projections of H2B-mCherry
or SiR-Hoechstimages (5-9 z-sections with 0.5-1.5 pm spacing), except
inExtended DataFig. 5, in which the segmentation was obtained in sin-
gle central z-slice determined using a custom Image]J script described
above. If substantial bleaching was observed, a bleach correction
by frame-wise exponential fitting using the Image J plug-in ‘Bleach
correction’ (http://fiji.sc/Bleach_Correction) was performed before
segmentation. The (bleach-corrected) maximum intensity projec-
tion was denoised using a Gaussian blur filter (6=2), then thresholded
using ImageJ’s default automated method (a variation of the IsoData
algorithm) or the Otsu threshold and converted to a binary image. To
calculate the area occupied by chromosomes, aconvex hull algorithm
(Convex hull plus plug-in for Fiji; https://blog.bham.ac.uk/intellimic/
g-landini-software/) was applied to the resulting binary image. All data
points were normalized to the average chromosome convex hull area
before flavopiridol addition for each cell.

Interchromosomal space analysis. The interchromosomal space
analysis was performed on a single z-section. The z-section with the
highest H2B fluorescence intensity corresponded to the centre section
and was automatically extracted by a custom Image]J script. Chromo-
somes were then segmented and convex hull analysis was performed
asdescribed above. Next, the area of the segmented chromosomes was
calculated using the build in ‘Analyze Particles’ function in Fiji. All areas
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of segmented chromosomes per time point were summed up using a
custom R script and subtracted from the convex hull (see above) area
toyieldtheinterchromosomal space. All data points were normalized
totheaverage interchromosomal space of all values before flavopiridol
addition for each cell using R.

Histone fluorescence intensity measurements. Histone fluorescence
was quantified 3 min before flavopiridol addition. For this, the convex
hull area around chromosomes was determined in average intensity
projections of H2B-mCherry images (9 z-sections with 1.5-pm spac-
ing) as described above. The resulting ROl was applied to the average
projectionimage of H2B-mCherry and the total fluorescence intensity
was measured within this ROl. Measurements from all experimental
conditions were normalized to the mean of all cell measurements in
the wild-type background using Microsoft Excel.

H3(pS10) and acetylated H3 fluorescence intensity measurements.
The mean fluorescence intensity of H3(pS10) was measured within a
mask obtained by thresholding the chromatin channel using the Huang
method inImage)®. Background signal was subtracted by measuringa
circular ROl outside of cell. Acetylated H3 mean fluorescence intensity
was measured in maximum projections using a primary segmentation
mask in the chromatin channel defined by local adaptive threshold
using CellCognition Explorer?. The primary mask was dilated by 5
pixels and used for intensity measurementin the acetylated H3 (Alexa
Fluor 594) channel.

Quantification of LAP2f3 and BAF in a rim around the ensemble
of chromosomes. Quantification of LAP2[3 was performed in Fiji on
asingle central z-section that was manually chosen for each cell (6
z-sections with 2-pm spacing recorded). First, to segment the ensem-
ble of chromosomes a Gaussian blur filter (o =2) was applied to the
H2B-mRFP fluorescence, the image was thresholded using ImageJ’s
default method (a variation of the IsoData algorithm) or the Otsu
threshold, converted to a binary image and the ‘Fill Holes’ operation
performed. If substantial bleaching was observed, ableach correction
by frame-wise exponential fitting using the Image J plug-in ‘Bleach
correction’ (http://fiji.sc/Bleach_Correction) was performed. Next,
the ensemble chromatin mass was converted to a ROl by using the
‘Analyze Particles’ functionin Fiji. To generate a ROl that constitutes a
rim around the ensemble chromatin mass, a 10-pixel shrunk ROI was
subtracted froma10-pixel enlarged ROI (1 pixel =83 nm). The resulting
rimROlwas transferred to the eGFP channel and the LAP23-GFP signal
inside this ROl was measured. For measuring eGFP-BAF enrichment,
the ROl around the ensemble chromatin mass was generated as above
except with 15-pixel shrunk and 5-pixel enlarged ROIs. Background
signal was subtracted by measuring a rectangle ROl outside the cell.
UsingR, the signals were normalized to the mean value measured before
flavopiridol addition for each cell.

Quantification of Ki-67 levels on chromosomes. Quantification of
eGFP-Ki-67 fluorescencein flavopiridol-induced mitotic exit (Extended
DataFig. 6i,j) was performed in Fiji onamaximum projection of 6 slices
with 1.5-um spacing. Chromosome convex hull area was calculated as
described above, added to the ROl manager and the ROl was trans-
ferred to the eGFP signal to measure eGFP-Ki-67 inside the convex hull.
UsingR, the signals were normalized to the mean value measured before
flavopiridol addition for each cell.

For quantification of Ki-67 during the metaphase-to-anaphase tran-
sition (Extended Data Fig. 6g, h), cells expressing Ki-67-eGFP were
automaticallyimaged and subsequently analysed using CellCognition
Explorer® asfollows. A supervised machine learning program was used
to systematically search low-resolution images online for metaphase
cells, return the position to an Autofocuscreen macro (Autofocuscreen,
https://www-ellenberg.embl.de/resources/microscopyautomation,
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provided by the Ellenberglaboratory (EMBL)) and trigger the acquisi-
tion of a high-resolution time-lapse recording with a 1-min timelapse
and 5 z-slices (2-um spacing). For the intensity measurements in
the maximum projection of the eGFP channel, a primary segmenta-
tion mask in the chromatin channel was defined by applying a local
adaptive threshold using CellCognition Explorer. This primary mask
was dilated by 6 pixels and used for intensity measurements in the
eGFP channel. For tracking the chromosome ensembles over time, a
nearest-neighbour tracking approach that also recognized split and
merge events of cell trajectories was used. Trajectories that did not
containasplitevent or that contained a split event caused by segmen-
tation errors or linking errors caused by the tracking algorithm were
excluded fromthe analysis. Using R, the signals were normalized to the
mean value measured before anaphase onset for each cell.

Kinetochore tracking. Three-dimensional confocal time-lapse im-
ages with 9 z-sections with a spacing of 500 nm were recorded every
10 s and Fiji (ImageJ 1.47m) was used for the following bleaching and
movement corrections. After a maximum intensity projection of all
z-sections, ableach correction by exponential fitting using the ‘Bleach
Correction’ plug-in (http://fiji.sc/Bleach_Correction) was performed.
Kinetochore videos were registered using the ‘StackReg’ Fiji plug-in® to
correct for translation and rotation of the entire set of chromosomes
(rigid body transformation). Kinetochore spot detection and tracking
was performed using Imaris software (Bitplane) with the following
parameters: Brownian motion, maximal distance 0.8 pm, maximal
gap size 2, track length >5 frames. Data from Imaris were imported
into MATLAB using a custom MATLAB script. Tracks were split into
tracks before flavopiridol (-240-0s) and after flavopiridol (400-640
s).Mean square displacement (MSD) analyses and computation of the
diffusion coefficient were performed using MSDANALYZER script®®
with ‘centroid drift correction’, which derives the drift by comput-
ing the centre of mass of all particles at each time point. The MSD was
calculated separately for the tracks before and after flavopiridol ad-
dition for each individual kinetochore trajectory at any given delay.
After this, the weighted average across all MSD curves from one cell
was computed. The diffusion coefficient (D) was estimated from the
weighted mean MSD curve by fitting a linear function using the first
quarter of the curve and calculating D from the following equation:
MSD =2dD¢, in which d = dimensionality and ¢ = time.

Measuring the molecular extension of Ki-67 after flavopiridol-
induced mitotic exit. We treated live cells expressing mCherry-Ki-67-
eGFP with the microtubule-stabilizing drug taxol to keep chromosomes
apart after the induction of mitotic exit, thereby facilitating analysis
of Ki-67 conformation at individual chromosome surfaces. To meas-
ure average distances between N-and C-terminal labels with different
fluorescence spectra, we fitted Gaussian functions to line profiles. We
previously demonstrated that we can measure the distance between
two 500-nm TetraSpeck fluorescent beads (Invitrogen, T14792) with
anaccuracy of 2.9 +2.2nm (mean +s.d.)3, as the translational shift be-
tween colour channels can be largely corrected by separately measuring
peak-to-peak distances between two beads in the x/y plane.

To measure the average distance between the N and the C termini of
Ki-67, taxol-arrested cells expressing mCherry-Ki-67-eGFP or eGFP-
Ki-67-mCherry with or without the RASA mutation were recorded (x63
objective, 100-nm pixel size and linescan mode) before and 3-10 min
after flavopiridol addition. Only chromosomes that had their arms
oriented perpendicular to theimaging plane were analysed. From those
chromosomes, we measured line profiles of the red and green channel
thatsectioned asingle sister chromatid. After background subtraction
and normalization to total fluorescence intensity, we fitted the sum
of two Gaussian functions and measured the distance between the
Gaussian centre positions separately for green and red fluorescence
channels using R. The derived distance represents the sum of both
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chromatic shifts perpendicular to the chromosome surface, and the
molecular extension of Ki-67 along this axis can thus be derived by divid-
ing this value by two.ImagingKi-67 constructs with inverted positions
for mCherry and eGFP yielded the expected inverted peak-to-peak
distance, thus validating that the detected shift between fluorophore
positions cannot be attributed to chromatic aberrations of the imag-
ing system.

Airyscan data processing

Rawimagesrecorded using the Airyscan detector were processed using
ZEN 2011 software.

Statistical analyses and datareporting

No statistical methods were used to predetermine sample size. Data
were tested for normality and equal variances with Shapiro-Wilk and
D’Agostino-Pearson and Levene’s tests (a = 0.05), respectively. The
appropriate statistical test was chosen as follows: unpaired normally
distributed data were tested with a two-tailed ¢-test (in the case of simi-
lar variances) or with a two-tailed ¢-test with Welch’s correction (in the
case of different variances). Unpaired not-normally distributed data
were tested with a two-tailed Mann-Whitney test (in the case of similar
variances) or with a two-tailed Kolmogorov-Smirnov test (in the case
of different variances). Paired normally distributed data were tested
with two-tailed ¢-test and paired not-normally distributed data were
tested with a Wilcoxon matched-pairs signed rank test. All tests were
performed with Prism 7, except for Levene’s test, which was performed
inR. To minimize potential human bias, most experiments were auto-
matically analysed by Fiji or MATLAB scripts. When manual annotation
was required, blinding precautions were made. InFig. 3b-d line profiles
were drawn without knowledge of which construct was transfected.

Sample numbers

Fig.1b, c:representative example and quantification of 19 cells. Fig. 1d,
e:representative example and quantification of 22 cells. Fig. 1f, g: repre-
sentative example and quantification of 30 cells. Fig. 1h, i: representa-
tive example and quantification of 12 cells. Fig. 2a, b: representative
example and quantification of 16 cells. Fig. 2c, d: representative exam-
ple and quantification of 35 cells. Fig. 3 a-c: chromosome numbers:
R-Ki-67-G pre-flavo (n =34), R-Ki-67-G post-flavo (n = 46), G-Ki-67-R
pre-flavo (n=40), G-Ki-67-R post-flavo (n=39). Fig. 3f, g: cellnumbers:
wild-type (n=24),Ki-67-KO (n=22).Fig.4a-c, Extended DataFig.10c, d:
cellnumbers: wild-type (n=46), Ki-67-KO (n=29).Fig. 4d-f, Extended
DataFig.10e-h: cellnumbers: wild-type (n=23), leptomycin-B-treated
(n=22),Ki-67-KO (n=8). Extended Data Fig.1a-c: cell viability: wild-type
(n =754 cells), GEMs (n =930 cells), L10-eGFP (n = 603 cells); cell
proliferation: wild-type (n=2,001 cells), GEMs (n =2,283 cells), L10-
eGFP (n=2,178 cells); mitotic duration (n =320 cells per cell line).
Extended Data Fig. 2a, b: representative example and quantification
of 16 cells. Extended Data Fig. 2c, d: cell numbers: wild-type (n =18),
leptomycin-B-treated (n=15). Extended Data Fig. 3a-d: representative
examples and quantification: metaphase (n=9 cells), 3-6 min after ana-
phase onset (n=14 cells), more than 8 min after anaphase onset (n=8
cells), prometaphase (n =11 cells), 10 min after flavopiridol addition
(n=12cells), 20 min after flavopiridol addition (n =13 cells). Extended
Data Fig. 3e, f: representative example and quantification of 20 cells.
Extended DataFig.3g, h:representative example and quantification of 11
cells. Extended Data Fig. 3i: representative example of 14 cells. Extended
DataFig. 4a, b: cell numbers: wild-type (n=13), latrunculin-B-treated
(n=22).Extended Data Fig. 4c, d: representative example and quanti-
fication of 21 cells. Extended Data Fig. 4e-h: representative example
and quantification of 13 cells. Extended Data Fig. 5a, b: representative
examples and quantification. Cell numbers: DMSO control (n =24),
flavopiridol-treated (n = 25). Extended Data Fig. 5¢, d: representative
examples and quantification. Sample numbers: nocodazole-treated
(n =27 cells), nocodazole-and-flavopiridol-treated (n = 23 cells).
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Extended Data Fig. 6a—c: representative example and quantification
of 23 control and 23 siBAF-treated cells. Extended DataFig. 6e, f: sample
number:n=21cells. Extended DataFig. 6g, h: representative example
and quantification of 41 cells. Extended Data Fig. 6i, j: representative
example and quantification of 27 cells. Extended Data Fig. 7a, b: repre-
sentative examples and quantification. Cell numbers:Ki-67-KO (n=29),
Ki-67-KO + eGFP-Ki-67 (n=28). Extended Data Fig. 7c: representative
example of two experiments. Extended DataFig. 7d, e: representative
examples and quantification. Cell numbers:Ki-67-KO (n=115), Ki-67-KO
+TSA (n=111). Extended Data Fig. 7f, g: representative examples and
quantification. Cell numbers: Ki-67-KO (n=21), Ki-67 wild-type (n=31),
Ki-67-KO +eGFP-Ki-67 (n=32). Extended DataFig. 8c, d: cellnumbers:
wild-type (n=22), RASA (n=23). Extended Data Fig. 8e: cell numbers:
R-Ki-67(RASA)-G pre-flavo (n=32), R-Ki-67(RASA)-G post-flavo (n=28),
G-Ki-67(RASA)-R pre-flavo (n=37), G-Ki-67(RASA)-R post-flavo (n=34).
Extended DataFig. 8f, g: representative examples and quantification of
two experiments. Cell numbers: wild-type pre-flavo (n=38), wild-type
5min post-flavo (n=61), wild-type 10 min post-flavo (n=72), wild-type
20 min post-flavo (n =73), Ki-67-KO pre-flavo (n =23), Ki-67-KO 5 min
post-flavo (n=61), Ki-67-KO 10 min post-flavo (n = 65), Ki-67-KO 20 min
post-flavo (n=55). Extended Data Fig. 9b, c: cellnumbers H2B-FKBP +
H2B-FRB (n=23),H2B-FKBP (n=12). Extended Data Fig.10a, b: repre-
sentative example and quantification of 15 cells.

Processing of figures and videos

In all figures the contrast was linearly adjusted for visual representa-
tion.Inallvideos as well as figures showing GEM particles the channel
displaying the cytoplasmic marker was additionally processed with
the ‘subtract background’ function in Image]J, using a 50-pixel rolling
ball radius.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

Raw microscopy data are available from the corresponding authors
uponrequest, given the large file sizes that are involved. Source data
are provided with this paper.

Code availability

Allof the steps of theimage analyses that were performed in this study
are described in detail to allow reproduction of the results. We will
provide the code upon request.
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Extended DataFig.1|Characterization of GEM-and L10-expressingstable time from prometaphase to anaphase onset. Cellnumbers: n=320 (wild-type),
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cell death marker TO-PRO-3. Cell numbers: n=754 (wild-type), n=930 (GEMs), Dashed linesindicate fractionsloaded on the gel blotted in e. e, Immunoblot
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time-lapse microscopy videos. Cellnumber at 24 h: n=2,001 (wild-type), based on predicted molecular weights. For gel source data, see Supplementary
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Extended DataFig. 3| Chromosomes cluster and the nucleus reassembles
inspindle-less cells after the induction of mitotic exit by different
experimental procedures. a-d, Validation of mitotic exitin spindle-less cells
by comparing H3(S10) dephosphorylationkinetics during unperturbed
anaphase and spindle-less mitotic exit. a, Exampleimages of wild-type HeLa
cellsduring unperturbed anaphase fixed after time-lapse imaging, in
metaphase, 6 min (maximally clustered) and 10 min after anaphase onset.
Upper panel: chromatinlabelled with H2B-mCherry, lower panel: H3(pS10)
immunofluorescence. Single z-slice shown. b, Quantification of H3(pS10) mean
fluorescenceintensity and chromatin areain unperturbed mitosis, asshown
ina.Cellnumbers: n=9 (metaphase), n=14 (3-6 min after anaphase onset),n=8
(>8 min after anaphase onset). Normalization to average value of metaphase
time point. ¢, Example images of wild-type HeLa cells during spindle-less
mitosis fixed after time-lapse imaging, in prometaphase (no flavopiridol),

10 min (maximally clustered) and 20 min after flavopiridol addition. Imaging as
ina.d, Quantification of H3(pS10) mean fluorescence intensity and chromatin
areainspindle-less mitosis, as shownin (c), demonstrates that histone 3-serine
10 was efficiently dephosphorylated in flavopiridol-induced mitotic exit and
chromosomes cluster to adegree comparable to that of normal late anaphase.
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Cellnumbers: n=11(nocodazole arrested pro-metaphase), n=12 (10 min after
flavopiridol addition), n=13 (20 min after flavopiridol addition). Normalization
to average value of prometaphase time point. e, Time-lapse microscopy of
HelLa cell expressing IBB-eGFP and H2B-mCherry incubated in nocodazole;
flavopiridol was added (¢=0 min) to induce mitotic exit. f, Quantification of
IBB-eGFP mean fluorescence intensity within the chromosomal region,
normalized to pre-flavopiridol time points, during spindle-less mitotic exit as
ine.n=20cells.g, Time-lapse microscopy of aHeLa cell expressing H2B-
mCherry, progressing through reversine-induced mitotic exitin the absence of
spindle. Yellowline indicates convex hullaround chromosomes, single z-slice
shown. Timeisrelative to onset of clustering. h, Quantification of chromosome
convex hullareaof11cellsasing. Individual cell curves were aligned based on
half-maximum value of convex hull area. Normalization to average of first 4
time points.i, Live HeLa cell undergoing mitosis upon RNAi-mediated
depletionofthe spindle checkpoint protein MAD2 in the absence of aspindle.
Thecellline stably expresses H2B-mCherry and membrane marker AcGFP-
LAP2B.Timerelative tonuclear envelope breakdown (NEBD), single z-slice
shown. Representative example of 14 cells shown. Bars indicate meaninb, d;
linesand shaded areasindicate mean+s.d.inf, h.Scalebars,10 pm.
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Extended DataFig.4|Chromosome clusteringisindependent of F-actin,
precedes enwrapmentby the nuclear envelope and suppresses
chromosome mobility. a, b, Effect of actin depolymerization on chromosome
clustering. a, Live HeLa cells stably expressing actin-eGFP and H2B-mCherry
wereimagedin the absence (control) or presence of latrunculin B. Nocodazole
was presentinboth conditions. b, Quantification of chromosome convex hull
areaduringaflavopiridolinduced mitotic exitin the presence of nocodazole,
intheabsence (control) and presence of latrunculin B as shownina, normalized
to average area pre-flavopiridol addition. Cellnumbers: n=13 (control), n=22
(latrunculin B). ¢, Timing of chromosome clustering relative to nuclear
envelopment. Live mitotic HeLa cell expressing H2B-mCherry and theinner
nuclear envelope protein AcGFP-LAP2[3 were imaged in presence of
nocodazole; flavopiridol was added at ¢ =0 min to induce mitotic exit.

d, Quantification of chromosomal area by convex hull (yellowlinein H2B
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channelinc)and quantification of AcGFP-LAP2f accumulation at the surface
ofthe chromatinregion, withinarimof 1.6 um width (yellow ROlin LAP2f3
channelin(c)). n=21cells.e-h,Kinetochore tracking in cells progressing
through spindle-less mitotic exit. e, Live mitotic HeLa cell stably expressing
H2B-mCherry and CENP-A-eGFPimagedin the presence of nocodazole before
and after flavopiridol addition, time-lapse =10s; z-projection. f, Kinetochore
trajectories (totallength: 240 s) starting 240 sbefore and at 400 after
flavopiridol addition. g, Representative MSD analyses of kinetochore tracks
(CENP-A-eGFP) of nocodazole-treated mitotic HeLa cells before and after
flavopiridol addition. h, Diffusion coefficients derived from meansquare
displacement (MSD) analyses of trajectories asinf. Significance was tested by a
two-tailed ratio paired t-test (****P=2.9 x10 ™). n=13 cells. Bars and lines
indicate mean, shaded areas indicate +s.d., dashed vertical lines refer to
flavopiridol addition. Scale bars,10 pm.



MG132

+DMSO

Extended DataFig. 5| Chromosomes clusterinthe presence of a mitotic
spindle after flavopiridol-mediated induction of mitotic exit. Live-cell
microscopy of wild-type HeLa cells stably expressing H2B-mCherry
synchronized to metaphase by MG132 treatment. a, Upper panel: negative
control treated with dimethyl sulfoxide (DMSO) solvent, lower panel: mitotic
exitinduced through acute flavopiridol addition at =0 min. Chromosome
arms extend out of the metaphase plate before flavopiridol addition, but
densely cluster on the metaphase plate 8 min after flavopiridol addition.

b, Quantification of chromosome convex hull area of 24 controland 25
flavopiridol treated cells, asin a. ¢, Top, acute mitotic spindle
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depolymerization by addition of nocodazole at t=2 minleads tochromosome
movement out of the metaphase plate; bottom, mitotic exit wasinduced by
flavopiridol (O min), briefly before nocodazole-mediated spindle disassembly
(2min), preventing movement of chromosomes out of the metaphase plate.
d, Chromosome convex hull areameasurements of 27 nocodazole and 23
flavopiridol and nocodazole treated cells, as shownin c. Values normalized to
average of all frames before first drug treatment. Showing single z-slices, lines
andshadedareasindicate mean+s.d., dashed verticalllinesindicate drug
addition, scale bars, 10 pm.
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Extended DataFig. 6 |See next page for caption.
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Extended DataFig. 6| Chromosome clusteringis not mediated by
association with BAF or removal of Ki-67. a-c, Effect of BAF depletionon
chromosome clustering. a, Live mitotic HeLa cells stably expressing H2B-
mCherry and GEMs wereimaged 72 h after siRNA transfection, in the presence
of nocodazole; flavopiridol was added at ¢ = 0 min to induce mitotic exit. White
dashed linesindicate chromosomal areas, single z-slice shown.

b, Quantification of chromosome convex hull area, normalized to pre-
flavopiridol addition. ¢, GEM particle count within chromosomal area
normalized to pre-flavopiridol addition. n=23 cells (siBAF), n=23 cells
(siControl).d, Immunoblot analysis of BAF and actin 72 h after siRNA
transfection, showing one of two biological replicates. For gel source data, see
SupplementaryFig.1. e, Localization of BAF-eGFP in live mitotic HeLa cell
imagedinthepresence of nocodazole; flavopiridol wasaddedatt=0sto
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induce mitotic exit. f, Quantification of chromosome convex hull area and
BAF-eGFP accumulation at the surface of the chromatinregionasine,
normalized to pre-flavopiridol. n=21cells. g, Localization of Ki-67, eGFP
tagged onendogenouslociinlive HeLa cell progressing from metaphase to
anaphase (anaphase onset =0 min), DNA was stained with SiR-Hoechst,
z-projection. h, Quantification of chromosome convex hull area and eGFP-Ki-
67 mean fluorescenceintensity on chromosomes, normalized to pre-anaphase,
for41cellsasing.i, Localization of Ki-67 during spindle-less mitotic exit. Time-
lapse microscopy of mitotic HeLacellasing, in the presence of nocodazole;
flavopiridol was added (¢=0 min) to induce mitotic exit. Z-projection.

Jj, Quantification of chromosome convex hull area and eGFP-Ki-67 mean
fluorescence intensity onchromosomes of27 cellsasini. Lines and shaded
areasindicate mean+s.d.,scalebars,10 pm.
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Extended DataFig.7|Ki-67isrequired for chromosome clusteringin
Ki-67-knockout cells after histone overexpression or histone
hyperacetylation. a, Time-lapse microscopy of clustering-deficient HeLa
Ki-67-KO cell stably expressing H2B-mCherry to high levels during a
flavopiridol-induced mitotic exitin the presence of nocodazole. Transient
expression of eGFP-Ki-67 to levels at least matching Ki-67 endogenous levels
(lower panel). Single z-slice shown. b, Chromosome convex hull area
quantification, normalized to pre-flavopiridol time points, of 29 Ki-67-KO and
28Ki-67-KO + eGFP-Ki-67cells asina. c, Immunoblot analysis of H2B from cell
lysates, isolated from wild-type cells (1) or cells transiently expressing H2B-
mNeonGreen (2,3). Sample 3 was lysed after 48 h, whereas sample 2 was
additionally FACS sorted for the 10% brightest cells which we estimated to
represent the population of cells that suppress the Ki-67-knockout
individualization failure phenotype. For gel source data, see Supplementary
Fig.1.n=2biological repeats.d, e,Immunofluorescence of acetylated H3 of
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Ki-67-KO cells arrested innocodazole with or without trichostatin A.

d, Representative examples. Single z-slices shown. e, Quantification of
acetylated H3 mean fluorescence intensity in Ki-67-KO cells arrested in
nocodazole withand without trichostatin A. Bars represent mean, significance
was tested with a two-tailed Kolmogorov-Smirnov test. (****P=2.22 x107%).
n=115cells (Ki-67-K0), n=111cells (Ki-67-KO + TSA). f, Time-lapse microscopy
of HeLawild-type or clustering-deficient Ki-67-KO cells with or without
transient re-expression of Ki-67 during a flavopiridol-induced mitotic exit in
the presence of nocodazole. Cells were treated with trichostatin A2 hbefore
imaging to rescue theKi-67-knockout individualization failure phenotypein
Ki-67-KO cells. Representative examples stained with SiR-Hoechst, single
z-slices shown. g, Chromosome convex hull area, normalized to pre-flavopiridol
time points, quantification of 21Ki-67-KO, 31 wild-type and 32 Ki-67-KO + eGFP-
Ki-67 cellsasinf. Lines and shaded areasindicate mean £ s.d. (b, g), scale bars,
10 pm.
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Extended DataFig. 8|Ki-67 does not mediate chromosome clustering
throughPPlrecruitment or through H3(S10) dephosphorylation.

a, Schematic of genotypingstrategy to endogenously mutate Ki-67’s PP1-
binding motif RVSF to RASA. A newly generated Sacllrestriction site generated
by CRISPR-Cas9 nickase as depicted was used to detect correctly mutated
alleles. b, Sacllrestriction fragments were detected by gel electrophoresis
following the assay depicted in a, showing successful recombination of all
threeKi-67 alleles presentin HeLa cells for clone 43 and 96. Showing one
example of two biological replicates. ¢, d, Spindle-less mitotic exitin wild-type
cellsandinhomozygousKi-67(RASA)-mutant cells. Live cells were imaged in
the presence of nocodazole; flavopiridol was added (¢=0 min) toinduce
mitotic exit. Quantification of chromosome convex hull area, normalized to
pre-flavopiridol time points (c) and representative examples stained with SiR-
Hoechst (d). Z-projection. Lines and shaded areas indicate mean +s.d.n=22
cells (wild-type), n=23 cells (RASA). e, Molecular organization of the Ki-67
RASA mutanton the surface of mitotic chromosomes before and after
flavopiridol addition to taxol treated cells. Ki-67(RASA) was tagged by mCherry
and eGFPoneither protein end, respectively, and expressedin HeLa cells
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bearing the endogenous RASA mutationinall three copies of Ki-67. Bars
represent mean, significance was tested by a two-tailed unpaired ¢-test
(***P=8.3x1078,**P=0.00049). Chromosome numbers: n=32 (R-Ki-67-G,
pre), n=28 (R-Ki-67-G, post), n=37 (G-Ki-67-R, pre), n =34 (G-Ki-67-R, post).

f, g, Immunofluorescence of H3(pS10) during spindle-less mitotic exit in wild-
type and Ki-67-KO cells. f, Representative examples of wild-type and Ki-67-KO
cellsbefore,10 and 20 min after flavopiridol addition. Single z-slice is shown.
g, Quantification of H3(pS10) mean fluorescence intensity before (wild-type
n=38cells, Ki-67-KO n=23 cells) and 5 min (wild-type n = 61 cells, Ki-67-KO n = 61
cells), 10 min (wild-type n=72cells, Ki-67-KO n= 65 cells) and 20 min (wild-type
n=73cells, Ki-67-KO n=55 cells) after mitotic exitinduction with flavopiridolin
wild-type and Ki-67-KO cells. Values normalized to average of wild-type 5 min
time point. Showing combined data of two independent biological replicates.
Barsrepresent mean, significance was tested with atwo-tailed Mann-Whitney
test (P=0.72for pre-flavopiridol time point, P=0.96 for 5 min time point,
P=0.71for10 min time pointand P=0.26 for 20 min time point). Scalebars,

10 pm.
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Extended DataFig.10 | Clustering-deficient cellsassemblea n=29 cells (Ki-67-KO). e, Clustering-proficient HeLa cellimaged asin Fig. 4d,
transport-competent nuclear envelope. a, Time-lapse microscopy of buttreated with leptomycin B. f, Quantification of total L10 fluorescencein
clustering-deficient HeLaKi-67-KO cells transiently expressing H2B-mCherry nuclear regions asshownin e, normalized to average of pre-flavopiridol
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fluorescence intensity within the chromosomal area (green) and Normalizationsasinc,d, cellnumbers: n=23 wild-type, n=8Ki-67-KO,n=22
quantification of chromosome convex hull area (magenta) in clustering- leptomycin B. Individual Ki-67-KO curves shown in Supplementary Fig. 2.
deficientcellsasina, normalized to pre-flavopiridol. n=15cells.c,d, H2B- Significance was tested with two-sided unpaired t-test (P=0.28 in GEM cell
mCherry expression levels and chromosomal area measurements for cells lines wild-type versusKi-67-KO, P=0.12in L10 cell lines wild-type versus
showninFig.4a-c.c, Quantification of H2B-mCherry total fluorescence for LMB-treated and P=0.13in L10 cell lines wild-type versus Ki-67-KO). Lines and
cellsanalysedinFig.4c (alldata points normalized to mean of wild-type shaded areasindicate mean +s.d., dashed vertical lines indicate flavopiridol
dataset).d, Chromosome convex hull area quantification (normalized to addition. Scale bars, 10 pm. Single z-slices are shown.

pre-flavopiridol area) for cells quantified in Fig. 4c. n=46 cells (wild-type),
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample-size calculations were performed. Sample sizes were chosen as large as possible while taking into account the experimental effort
required to generate the respective data. Adequate statistics has been applied throughout the manuscript in order to make sure that the
observed effects are significant given the reported sample size.

Data exclusions  These two criteria were pre-established before any analyses:
- Cells that die or move out of the field of view during movie acquisition.
- Cells that obviously missegregate chromosomes during movie acquisition.

These two criteria were established after analyses:
- Fig. 2g-i: Cells in which segmentation of kinetochores failed due to weak kinetochore signal
- Fig. 4: Cells were excluded based on histone expression levels to select for a range that would allow clustering in WT and appropriate rescue
in Ki-67 KO cells.

Replication Reported experiments were repeated at least 2 times with comparable result. Unless otherwise noted, in all analyses the biological replicates
have been combined.

Randomization  Not relevant as grouping was not applied.

Blinding To minimize potential human bias, most experiments were automatically analyzed by Fiji/Matlab scripts. When manual annotation was
required, blinding precautions were made. In Fig. 3c-e line profiles were drawn without knowledge of which construct was transfected.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies [ ] chip-seq
Eukaryotic cell lines [] Flow cytometry
|:| Palaeontology |:| MRI-based neuroimaging

[ ] Animals and other organisms
|:| Human research participants

[] Clinical data
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Antibodies

Antibodies used Primary antibodies:
- anti-RPL10, Thermo Fisher Scientific, cat. number MA526901, clone OTI6B11, lot UD2757922A, dilution 1:2000
- BAF (A-11), Santa Cruz Biotechnology sc-166324, dilution 1:250
- anti-H3-pS10, Millipore, cat. number 05-806, lot 3236356, dilution 1:5000
- anti-acetylated H3, Millipore, cat. number 06-599, lot 3260200, dilution 1:200
- anti-H2B, Abcam, cat. number ab1790, dilution 1:1000

Secondary antibodies:

- Horseradish peroxidase goat anti-mouse, Biorad, cat. number 1706516, dilution 1:5000

- Horseradish peroxidase goat anti-rabbit, Biorad, cat. number 1706515, dilution 1:5000

- goat anti-mouse Alexa Fluor 488, Molecular Probes, cat. number A11001, lot 1787787, dilution 1:1000
- goat anti-mouse Alexa Fluor 568, Molecular Probes, cat. number A11004, lot 1862187, dilution 1:1000
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Validation

Eukaryotic cell lines

- anti-rabbit Alexa Fluor 594, Molecular Probes, cat. number A-11037, lot 3179197, dilution 1:500

We verified the molecular weight of the target protein by immunoblotting with extracts from Hela cells. In addition for anti-
RPL10, extracts from Hela cells expressing a GFP-tagged transgene showed an additional band at the expected molecular
weight. In addition for BAF, knocking down the protein caused loss of the band.

Policy information about cell lines

Cell line source(s)
Authentication

Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

All cells lines were derived from a Hela Kyoto cell line obtained from S. Narumiya (Kyoto University, Japan).
Wild-type Hela Kyoto cells were validated by a Multiplex human Cell line Authentication test (MCA), 21.04.16
Routine mycoplasma tested showed all cell lines were free of mycoplasma contamination.

Hela cells are not in the list of commonly misidentified cell lines.
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A chromatin phase transition protects mitotic
chromosomes against microtubule perforation

Maximilian W. G. Schneider'¥, Bryan A. Gibson?*, Shotaro Otsuka3®*, Maximilian F.D. Spicer!, Mina Petrovic!,
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Dividing eukaryotic cells package extremely long chromosomal DNA molecules into discrete bodies to
enable microtubule-mediated transport of one genome copy to each of the newly forming daughter cells’-3.
Assembly of mitotic chromosomes involves DNA looping by condensin48 and chromatin compaction by
global histone deacetylation®-13. While condensin confers mechanical resistance towards spindle pulling
forces'4-16, it is not known how histone deacetylation affects material properties and segregation mechanics
of mitotic chromosomes. Here, we show how global histone deacetylation at the onset of mitosis induces a
chromatin-intrinsic phase transition that endows chromosomes with specific characteristics necessary for
their precise movement during cellular division. Deacetylation-mediated compaction of chromatin forms a
structure dense in negative charge and allows mitotic chromosomes to resist perforation by microtubules as
they are pushed to the metaphase plate. Hyperacetylated mitotic chromosomes lack a defined surface
boundary, are frequently perforated by microtubules, and are prone to missegregation. Our study highlights
the different contributions of DNA loop formation and chromatin-intrinsic phase separation to genome
segregation in dividing cells.

The material properties of individual cell components play a  with a C-terminal auxin-inducible degron (mAID) and
key role in the dynamic organization and reorganization of  HaloTag for visualization and added the auxin analog 5-
cellular structure. In mitotic vertebrate cells, chromosomes ~ PhIAA24 2.5 h prior to mitotic entry to induce efficient
must acquire material properties that enable microtubules to  degradation (Extended Data Fig. la-c). We visualized the
move them, first to the spindle center during prometaphase  spindle with silicon-rhodamine (SiR)-tubulin? and stained
and then to the spindle poles during anaphase!!7. Pulling DNA with Hoechst to determine the position of chromosomes.
forces are generated by microtubules that attach to small  In condensin-depleted cells, we observed an unstructured mass
chromosomal regions termed kinetochores!$, whereas pushing  of compact chromatin forming a plate between the spindle
forces, known as polar ejection forces, are produced by  poles (Fig. la, b), indicating that polar ejection forces
microtubules contacting chromosome arms!®-23. Condensin  efficiently push bulk chromatin towards the spindle center.
confers mitotic chromosomes with the mechanical stability — Immunofluorescence staining of the kinetochore marker
required to withstand pulling forces!4-1¢, but it remains unclear ~ CENP-A and the spindle pole component pericentrin further
how chromosomes resist pushing forces. These material  showed that many kinetochores were detached from the bulk
properties must also provide chromosome arms with resistance  mass of chromatin and displaced towards the spindle poles,
to penetration by polymerizing microtubule tips, since  whereas in control cells all kinetochores were closely linked
entanglements occurring due to growth of microtubules into  with chromosomes at the metaphase plate (Extended Data Fig.

the mass of chromatin would lead to impaired segregation. 1d). The movement of loosely connected kinetochores towards
the spindle poles confirms that condensin is required for

Acetylation-regulated chromatin compaction chromosomes to resist pulling forces. Thus, condensin

prevents microtubule perforation. depletion allows the mechanisms responsible for the resistance

To investigate the relationship between the material properties  to pushing and pulling forces to be uncoupled.

of chromosomes and the forces exerted upon them by the The observation that bulk chromatin remains responsive to

mitotic spindle, we first sought to uncouple the mechanisms  polar ejection forces following depletion of condensin
responsible for providing resistance to pushing and pulling  suggests that under these conditions resistance to pushing
forces. Given its well described role in resisting pulling  forces might arise from nucleosome-mediated interactions in
forces!4-16, we first investigated the effect of condensin  the chromatin fiber. Nucleosomal interactions are thought to
depletion on the morphology and movement of mitotic  increase when histones are deacetylated during mitotic entry
chromosomes in live HelLa cells. To deplete condensin, we  (Extended Data Fig. 2a, b), contributing to global chromatin
modified all endogenous alleles of its essential SMC4 subunit  compaction?-11.26, To investigate how acetylation affects the
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Figure 1. Acetylation-regulated chromatin compaction prevents microtubule perforation in mitosis. a, Contribution of
condensin and histone deacetylases to mitotic chromosome compaction and congression to the spindle center. HeLa cells with
homozygously mAID-tagged SMC4 were treated with 5-PhlAA to deplete condensin (ACondensin) or with TSA to suppress mitotic
histone deacetylation as indicated. Live cell images with microtubules stained by SiR-tubulin; DNA stained by Hoechst. Projection of
5 Z-sections. b, Quantification of chromosome congression by the fraction of chromatin localizing to the central spindle region. n=51
cells for control, n=65 for ACondensin, n=34 for ACondensin+TSA, n=61 for TSA. Bars indicate mean; significance was tested by an
unpaired, two-tailed t-test (ACondensin, P=0.06) or a two-tailed Mann-Whitney test (ACondensin+TSA, P<10-5); TSA, P<10-15). c,
Quantification of chromatin density in cells treated as in a. n=31 cells for control, n=89 for ACondensin, n=99 for ACondensin+TSA,
n=74 for TSA. Bars indicate mean; significance was tested by an unpaired, two-tailed f-test (ACondensin, P=0.816) or a
Kolmogorov-Smirnov test (ACondensin+TSA, P<10-15; TSA, P<10-'%). d, Electron tomography of wildtype prometaphase HelLa cells
in the absence or presence of TSA. e, f, Quantification of microtubule density in chromatin and cytoplasmic regions as shown in d.
n=4 tomograms from 3 cells for each condition. Bars indicate mean; significances were tested by a two-tailed Mann-Whitney test (e,
P=0.029; P=0.343). Scale bars, a, 5 um, d, 250 nm section, 2 ym, tomogram slices, 200 nm.

movement of bulk chromatin, we treated condensin-depleted  acetyltransferase p30028 resulted in consistent chromatin
cells with the pan histone deacetylase inhibitor trichostatin A decompaction and congression phenotypes (Extended Data
(TSA)?” to induce broad hyperacetylation of histone lysine  Fig. 3). Thus, histone deacetylation appears to be important for
residues (Extended Data Fig. 2c, d). The hyperacetylated spindle-mediated pushing of bulk chromatin towards the
chromatin of condensin-depleted mitotic cells did not compact  spindle center.

or concentrate at the spindle center but instead dispersed The chromatin decompaction induced by TSA in
throughout the cytoplasm, such that spindle pole regions were  condensin-depleted cells appeared much more pronounced
no longer clear of chromatin (Fig. 1a, b; Extended Data Fig.  than previously observed in wildtype cells%10. We
1d; 2e, f). A complementary approach to induce histone  hypothesized that this might be due to condensin-mediated
hyperacetylation by overexpressing the histone linkages that counteract the dispersion of chromatin fibers. To
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investigate this, we analyzed how TSA affects chromatin
density in the presence or absence of condensin. In condensin-
depleted mitotic cells, TSA reduced chromatin density to 29%
compared to cells that were not treated with TSA, whereas in
the presence of condensin it reduced chromatin density only to
53% (Fig. la, c). Condensin depletion alone did not reduce
mitotic chromatin density (Fig. 1a, c), consistent with previous
observations!42930, Thus, histone deacetylation is necessary
and sufficient for complete compaction of mitotic chromatin
even in the absence of condensin. In contrast, condensin is
neither necessary nor sufficient for complete chromatin
compaction during mitosis, yet it can concentrate chromatin to
some extent even when histones are hyperacetylated. These
observations support a model describing mitotic chromosomes
as a hydrogel31-34, in which a flexible chromatin fiber is linked
by condensin to form a network, wherein the degree of
compaction is controlled by acetylation-regulated interactions
between nucleosomes, resulting in changes in fiber solubility.

The hydrogel model explains how condensin linkages
confer resistance to pulling forces!4-16, Histone deacetylation
appears to be dispensable for resistance against pulling
forces3S, yet a potential role in facilitating microtubule-based
pushing has not been investigated. We hypothesized that
resistance to pushing forces depends first on the ability to
prevent microtubules penetrating chromosomes, which might
require compaction of a swollen interphase chromatin
hydrogel via histone deacetylation during mitotic entry. To test
how acetylation affects access of microtubules to
chromosomes, we performed electron tomography of mitotic
HeLa cells. Chromosomes of unperturbed cells appeared as
homogeneously compacted bodies with a sharp surface
boundary, and 3D segmentation showed that they were almost
never penetrated by microtubules (Fig. 1d, e). In contrast,
chromosomes of TSA-treated cells appeared less compact,
particularly towards the periphery, and microtubules grew
extensively through the chromatin (Fig. 1d-f). Thus, active
histone deacetylases are required to keep microtubules out of
chromosome bodies, providing a basis for resistance towards
pushing forces.

Microtubule perforation into mitotic chromosomes is
expected to cause entanglements between chromatin fiber
loops and spindle microtubules that impair chromosome
segregation. To investigate how TSA-induced hyperacetylation
affects chromosome movements in mitosis, we recorded time-
lapse movies of HeLa cells expressing H2B-mCherry. TSA
severely delayed chromosome congression and initiation of
anaphase and caused a high incidence of lagging
chromosomes (Extended Data Fig. le-g). Active histone
deacetylases are thus essential for faithful chromosome
segregation.

Acetylation controls chromatin solubility in
cytoplasm

To elucidate the mechanism underlying microtubule exclusion
from mitotic chromosomes, we investigated how histone
acetylation affects the material properties of chromatin. Both
intact mitotic chromosomes®!! and intrinsic chromatin
condensates formed from small fragments of chromatin!3
exhibit structural sensitivity to histone hyperacetylation. We
reasoned, in accordance with principles from polymer
chemistry3¢, that the hydrogel material of mitotic
chromosomes that resists microtubule perforation might arise
as a consequence of intrinsic chromatin phase separation at the
very long length scale of human chromosomes.
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To investigate the phase separation behavior of mitotic
chromatin at smaller length scales, we fragmented
chromosomes in live mitotic HeLa cells by microinjecting the
restriction enzyme Alul. Shortly after microinjection of Alul,
chromosomes lost their elongated shape, forming round
condensates that fused to one another, indicating a liquid state
(Fig. 2a). Remarkably, the digestion of chromatin did not
decrease chromatin density (Fig. 2b), demonstrating that
integrity of the chromatin fiber is not required for full
compaction of mitotic chromatin. At macroscopic scales,
phase-separating systems become less dynamic when
composed of long molecules due to steric effects and length-
dependent changes in valency. Consistent with this intrinsic
behavior, without Alul digestion H2B-mCherry fluorescence
recovers very little after photobleaching, whereas mitotic
chromatin condensates that form following Alul digestion
recover rapidly from photobleaching (Fig. 2¢, d). Thus, mitotic
chromatin is insoluble in cytoplasm, and when the long-range
constraints of the fiber are eliminated, the short-range
dynamics manifest in liquid-like behavior.

Intrinsic chromatin condensates dissolve following
hyperacetylation!3. To test whether acetylation also suppresses
phase separation of mitotic chromosomes, we treated cells
with TSA prior to mitotic entry and then microinjected Alul.
This resulted in homogeneously dispersed chromatin
fragments with almost no local condensates (Fig. 2e, f). In
contrast, degradation of SMC4 had no effect on chromatin
droplet formation after Alul-mediated fragmentation,
indicating that condensins are not required to form an
insoluble chromatin phase (Extended Data Fig. 4a, b). Thus,
deacetylation is a major factor in establishing an immiscible
chromatin phase in mitotic cells.

The observed differences in chromatin solubility might be
due to variable efficiency of Alul-mediated DNA digestion in
interphase or mitotic cells. To address this possibility, we used
time-lapse microscopy to investigate whether chromatin
fragments generated in interphase nuclei undergo a solubility
phase transition upon progression to mitosis. To monitor cell
cycle stages, we used a fluorescence resonance energy transfer
(FRET) biosensor for a key mitotic kinase, Aurora B37. As
chromosome fragmentation blocks mitotic entry owing to
DNA damage signaling, we applied chemical inhibitors to
induce an interphase-to-mitosis transition: we first
synchronized cells to G2 using the Cdkl inhibitor RO330638
and then induced a mitosis-like state by removing RO3306 for
Cdkl1 activation and simultaneously inhibiting counteracting
PP2A and PP1 phosphatases using Okadaic acid. Mitotic entry
was demonstrated by the Aurora B FRET biosensor signal
(Fig. 2g, h). Injection of Alul into G2 cell nuclei resulted in
homogeneously distributed chromatin, consistent with a
soluble state (Fig. 2h, i). Upon induction of mitosis, chromatin
fragments formed spherical condensates that were as dense as
intact chromosomes (Fig. 2h-j), whereas control cells in which
RO3306 was not replaced by Okadaic acid maintained
homogeneously dissolved chromatin fragments (Extended
Data Fig. 4c d). These observations support a model in which
a global reduction in chromatin solubility drives volume
compaction at the interphase-to-mitosis transition.

To determine whether the loss of chromatin solubility upon
mitotic entry depends on deacetylation, we inhibited histone
deacetylases using TSA before injecting Alul into G2-
synchronized cells. As in control cells, chromatin fragments
homogeneously distributed throughout the nucleus in G2, but
mitotic induction did not lead to the formation of condensed
foci (Fig. 2k, 1). Thus, active histone deacetylases are essential
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Figure 2. Acetylation regulates chromatin solubility in mitotic cytoplasm. a, Chromosome fragmentation in live mitotic HeLa
cell by Alul injection during time-lapse microscopy. Chromatin was visualized with H2B-mCherry. Alul was injected at t=0 min.
Projection of 3 Z-sections. b, Quantification of chromatin density before and after injection of Alul as in a. n=11 cells, 3 ROls each.
Significance tested by a paired, two-tailed t-test (P=0.013). ¢, Chromatin mobility in undigested metaphase chromosomes and after
Alul injection, measured by fluorescence recovery after photobleaching in live metaphase cells expressing H2B-mCherry. Circles
indicate photobleaching region at t=0 s. d, Quantification of fluorescence before and after photobleaching in n=8 (undigested) or
n=10 (Alul-digested) cells as in c. e, Alul injection (t=0 min) during time-lapse microscopy as in a, but for a TSA-treated mitotic cell.
f, Quantification of chromatin density as in b, normalized to the mean of untreated pre-injection cells shown in b. n=11 cells, 3 ROIs
each. g, Chemical induction of G2-to-mitosis transition. HeLa cell expressing Aurora B-FRET biosensor was synchronized to G2 by
RO3306 and then induced to enter mitosis by removing RO3306 and adding okadaic acid (OA). Mitotic entry was detected by
chromosome compaction and FRET signal. Projection of 9 Z-sections. h, Quantification of chromatin density in G2 and mitosis as in
g for n=13 cells. Bars indicate mean; significance was tested by a paired, two-tailed t-test (P=5.535x10-12). i, Chromatin was
fragmented in G2 cells by injection of Alul and mitosis was subsequently induced as in g. Projection of 9 Z-sections. j, Quantification
of chromatin density in G2 and mitosis as in i for n=8 cells. Bars indicate mean; significance was tested by a paired, two-tailed t-test
(P=1.766x10-7). k, Chromatin was fragmented in TSA-treated G2 cells by injection of Alul and mitosis was subsequently induced as
in g. Projection of 9 Z-sections. I. Quantification of chromatin density in G2 and mitosis as in k for n=10 cells. Bars indicate mean;
significance was tested by a paired, two-tailed f-test (P=0.093). m, Microinjection of synthetic nucleosome arrays that were either
untreated or pre-incubated with p300 acetyltransferase into live mitotic cells, for n=28 cells. Unmodified and acetylated nucleosome
arrays were labelled by distinct fluorescent dyes. DNA was counterstained with DAPI. Bars indicate mean; significance was tested
by a two-tailed Mann-Whitney test (P=1.645x10-9). Scale bars, a,e,g,l.,k,m, 5 ym, insert 1 ym; ¢, 3 um.
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to form an immiscible chromatin phase upon mitotic entry.
Acetylation of chromatin might regulate solubility in
cytoplasm directly or via other chromatin-associated
components. To assess the effect of histone acetylation on
chromatin solubility more specifically, we used synthetic
nucleosome arrays!3 as probes. We generated fluorescently
labelled arrays of 12 unmodified naive nucleosomes as well as
similar arrays that were labelled with a distinct fluorophore
and acetylated in vitro with recombinant p300
acetyltransferase. In vitro, the unmodified nucleosome arrays
form liquid condensates under physiological salt
concentrations, in contrast to the acetylated nucleosome arrays
(Extended Data Fig. 4e, f)!3. Following co-injection of these
nucleosome arrays into live mitotic cells, unmodified arrays
almost completely partitioned into the mitotic chromatin
phase, whereas acetylated nucleosome arrays predominantly
dissolved in the cytoplasm (Fig. 2m, n). Thus, histone
acetylation is a direct regulator of chromatin solubility in
cytoplasm. Overall, these results indicate that mitotic
chromatin is a hydrogel in which condensin connects DNA
loops and acetylation regulates chromatin solubility to mediate
global compaction and formation of a sharp surface boundary.

Chromatin condensates exclude negatively charged
macromolecules

One explanation for how the immiscible mitotic chromatin
phase acts as a barrier to microtubule penetration could be that
it excludes cytoplasmic tubulin dimers and thereby limits
microtubule growth at the cytoplasm-chromosome boundary.
To investigate how soluble tubulin partitions relative to mitotic
chromatin, we therefore microinjected fluorescently labelled
tubulin into live mitotic cells and applied nocodazole to
suppress microtubule polymerization (Fig. 3a). Soluble tubulin
was much less concentrated inside mitotic chromosomes
compared to the surrounding cytoplasm (Fig. 3a, b). In
contrast, soluble tubulin was not excluded from
hyperacetylated chromosomes in TSA-treated cells (Fig. 3a,
b). Thus, the immiscible chromatin compartment formed by
deacetylated mitotic chromatin excludes soluble tubulin.

To determine whether exclusion of tubulin is due to a
limiting pore size in chromosomes, we expressed DsRed, a
fluorescent protein that forms tetramers slightly larger than
tubulin dimers3%49, In stark contrast to tubulin, DsRed
distributed evenly across chromatin and cytoplasm (Fig. 3c,
d). Thus, macromolecules in the size range of tubulin are not
generally excluded from mitotic chromatin.

The selective exclusion of tubulin but not DsRed from
mitotic chromatin suggests that specific molecular features
control access. Tubulin is highly negatively charged at
physiological pH (7.2), in contrast to near-neutrally charged
DsRed, raising the possibility that macromolecular access is
governed by electrostatic interactions. A high concentration of
an overall negative electrical charge of chromatin*! in an
immiscible condensate might therefore repel negatively
charged cytoplasmic proteins. To investigate how electrical
charge affects macromolecular access to mitotic chromatin, we
fused charged polypeptides to the N-terminus of DsRed.
DsRed fused to a negatively charged polypeptide (overall
predicted charge on tetramer: -7¢) was excluded from mitotic
chromatin, whereas DsRed fused to a positively charged
polypeptide (overall charge on tetramer: +9¢) concentrated
inside chromatin (Fig. 3¢, d). Consistent with this observation,
we found negatively charged mEGFP or dextrans were also
excluded from mitotic chromosomes, whereas a positively
charged surface mutant scGFP (super-charged GFP, +7¢)*2 or
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positively charged dextrans concentrated in mitotic
chromosomes (Extended Data. Fig. 5a-d). Thus, electrical
charge is a key determinant of macromolecular access to
mitotic chromatin.

The exclusion of negatively charged macromolecules from
mitotic chromosomes might be mediated by insoluble
nucleosome fibers alone or it might involve other
chromosome-associated factors. To investigate how tubulin
interacts with pure chromatin condensates, we reconstituted
droplets of recombinant nucleosome arrays in vitro!3 and then
added rhodamine-labelled tubulin in the presence of
nocodazole. Soluble tubulin was indeed efficiently excluded
from nucleosome array condensates (Fig. 3e, f). Consistent
with this observation, negatively charged mEGFP or dextrans
were also excluded from nucleosome array condensates,
whereas a positively charged scGFP mutant or positively
charged dextrans concentrated in nucleosome array
condensates (Extended Data Fig. Se-h). The exclusion of
negatively charged macromolecules, including tubulin, is thus
an intrinsic property of condensed nucleosome fibers.

The efficient exclusion of free tubulin suggests that weak
affinity interactions in liquid chromatin condensates might be
sufficient to limit microtubule polymerization. To investigate
how microtubules interact with reconstituted chromatin
droplets in vitro, we added purified tubulin and then induced
microtubule polymerization by increasing the temperature.
Microtubules formed a dense microtubule network, yet they
almost never grew into chromatin condensates (Fig. 3e, f).
Thus, chromatin-intrinsic material properties impose a highly
impermeable barrier to microtubule polymerization
independently of condensin or other chromosome-associated
factors.

Microtubules push liquid chromatin condensates
Microtubule polymerization exerts substantial pushing forces
upon contact with stiff surfaces®3. If the surface tension of the
immiscible chromatin phase were strong enough to resist
microtubule polymerization, then droplets of digested
chromosomes should be pushed away by growing astral
microtubules. To test this hypothesis, we injected Alul into
mitotic cells treated with nocodazole and then washed out
nocodazole to induce microtubule polymerization. We further
applied S-trityl-L-cysteine (STLC)#* to maintain a monopolar
astral spindle geometry. Time-lapse imaging showed that
initially all chromatin resided in a single droplet at the cell
center, but soon after nocodazole washout the chromatin split
into several droplets that moved away from growing
microtubule asters (Extended Data Fig. 6a, b). Thus, liquid
chromatin condensates can be pushed by polymerizing astral
microtubules.

Astral microtubules might directly push on chromatin
droplets by polymerizing against the chromatin phase
boundary or they might couple to chromatin via
chromokinesins!9-2145-47.2322.48 To investigate how the spindle
moves chromatin droplets, we used RNAi to co-deplete two
chromokinesins that are major contributors to the polar
ejection force, Kid and Kif4a4547.23.2248 (Extended Data Fig.
6¢c-¢). Following Alul-injection and nocodazole washout in the
presence of STLC, chromosome droplets moved to the
chromosome periphery as efficiently as in control cells
(Extended Data Fig. 6c, d). Thus, spindle asters can move
liquid chromatin independently of chromokinesins Kid and
Kif4a, potentially by polymerizing microtubules pushing
against the chromatin phase boundary.
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Figure 3. Chromatin condensates limit access of tubulin and other negatively charged macromolecules. a, Localization of
tubulin relative to mitotic chromosomes. Rhodamine-labelled tubulin was injected into live mitotic cells that were either untreated,
treated with nocodazole alone (Control) or in combination with TSA. b, Quantification of tubulin concentration for data shown in a.
n=27 cells. Bars indicate mean; significance was tested by a two-tailed Welch t-test (P<1x10-15). ¢, Live cell images of HelLa cell
expressing DsRed or DsRed fused at its N-terminus to electrically charged polypeptides. DNA stained with Hoechst. Numbers in
brackets indicate predicted elementary charge of tetramers formed by DsRed fusion constructs. d, Quantification of DsRed
concentration for data shown in ¢. n=26 cells (DsRed), n=26 (DsRed-7e), n=26 (DsRed+9e). Bars indicate mean; significances were
tested by a two-tailed Welch ttest (DsRed(-7e), P<1x10-'5; DsRed(+9e) P<1x10-%). e, Localization of tubulin relative to
reconstituted nucleosome array droplets. Nucleosome array droplets were formed by incubation in phase separation buffer and
fluorescently labelled tubulin was then added in the presence of nocodazole, or in the absence of nocodazole with subsequent
temperature increase to 20 degrees to induce microtubule polymerization. f, Quantification of tubulin concentration or microtubule
density in nucleosome array condensates relative to buffer for data shown in e. n=94 droplets, n=13 field of polymerized
microtubules. Bars indicate mean. Scale bars, 5 ym, insert 1 um.

Microtubule pushing on chromosome arms is counteracted  centromeres are transported towards the spindle pole. In cells
by microtubule pulling at centromeres. To investigate how  after chromatin digestion, where the continuous connection
liquified chromatin responds to pulling forces at kinetochores,  between centromere and the remaining chromosome is lost,
we injected Alul into cells expressing EGFP-tagged  bulk chromatin and centromeric chromatin physically separate
centromere-specific histone 3 variant CENP-A together with  according to the locally dominating forces.

H2B-mCherry, in the presence of nocodazole. We then

removed nocodazole to induce monopolar spindle assembly in ~ Conclusions

the presence of STLC. The bulk mass of chromatin, visualized = Here, we show that a sharp global reduction in chromatin
with H2B-mCherry, rapidly moved towards the cell periphery,  solubility converts chromosomes into phase-separated bodies
while several much smaller chromatin condensates enriched in ~ during mitosis (Fig. 4c). The immiscible mitotic chromatin
EGFP-CENP-A remained close to the spindle monopole (Fig.  forms a surface dense in negative charge that prevents
4a, b). Thus, bulk chromatin is pushed by microtubules, while = microtubule perforation and provides resistance to pushing
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Figure 4. Microtubules push liquified chromatin away from the spindle pole. a, Time-lapse microscopy of liquified chromatin
during monopolar spindle assembly. Alul was injected into live mitotic HeLa cells expressing H2B-mCherry and mEGFP-CENP-A,
stained with SiR-tubulin, in the presence of nocodazole and STLC. Nocodazole was then removed at t=0 min during time-lapse
imaging to induce monopolar spindle assembly. Projection of 5 Z-sections. b, Quantification of bulk chromatin (H2B-mCherry) and
centromeric chromatin (MEGFP-CENP-A) localizing at the cell periphery relative to the region around the spindle monopole at t=36
min. n=15 cells. Bars indicate mean; significance was tested by a two-tailed Welch t-test (P<1x10-15). ¢, Model of chromatin
compaction and condensin-mediated DNA looping in mitotic chromosome and spindle assembly. Scale bars, 5 ym.

forces while allowing chromatin fiber sliding internally, as
required for continuous dynamic loop formation by
condensiné!449. In parallel, condensin-mediated linkages
establish a hydrogel that withstands pulling forces!4-16. Jointly,
these molecular activities shape discrete chromosome bodies
with a defined surface despite continuous internal remodeling
of the chromatin fiber.

Our results show that mitotic cells contain three principal
domains with distinct microtubule polymerization propensity:
the centrosome matrix, which concentrates soluble tubulin to
promote nucleation at the poles®0; the cytoplasm, which is
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highly permissive for microtubule growth and amplification;
and a chromatin compartment that resists microtubule growth
by exclusion of soluble tubulin and formation of a mechanical
barrier towards polymerization. Our study thus provides a
unified view of how chromatin looping by condensin and
compaction through a volume phase transition contribute to
the material properties and mechanical functions of mitotic
chromosomes.
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Methods

Cell lines and cell culture

All cell lines used in this study have been regularly tested
negative for mycoplasm contamination. All cell lines in this
study were derived from a HeLa “Kyoto” cell line previously
described in 51. Cells were cultured in Dulbecco’s modified
eagle medium (DMEM) (IMP/IMBA/GMI Molecular Biology
Service/Media Kitchen) containing 10% (v/v) fetal bovine
serum (FBS; Gibco, 10270-106, 2078432), 1% (v/v)
penicillin-streptomycin (Sigma-Aldrich), 1% (v/v) GlutaMAX
(Gibco; 35050038) and selected antibiotics according to the
respective expression constructs: blasticidin S (6 pg mL-!,
Thermo Fisher Scientific), puromycin (0.5 pg mL-!,
Calbiochem), hygromycin B (0.25 mg mL-!) and G418 (1
mg mL-1, Invitrogen). HeLa cells were cultured at 37°C in a
5% COz-containing atmosphere. Chromatin was visualized by
stable expression of histone 2B labelled with mCherry (H2B-
mCherry; Figs. 2a-f, 4, Extended Data Figs. 4a, b, 6a-d) or
with Aurora B-FRET sensor (CFP/YFP) (Fig. 2g-1, Extended
Data Fig. 4) or alternatively by labelling with Hoechst 33342
(1.62 uM, Invitrogen) (Figs. la-c, 2m, 3a-d, Extended Data
Figs. 1a, 3¢, 5a,c). Tubulin was visualized by stable expression
of an N-terminally tagged eGFP-o-Tubulin fusion (Extended
Data Figs. a, c¢) or by labeling with SiR-Tubulin (100 nM)
(Figs. la, 4a, Extended Data Fig. 3c)?5. Centromeres were
visualized by stable expression of an N-terminally tagged
eGFP-CENP-A fusion (Fig. 4a). Live-cell imaging was
performed in DMEM containing 10% (v/v) FBS (Gibco,
10270-106, 2078432), 1% (v/v) penicillin-streptomycin
(Sigma-Aldrich), and 1% (v/v) GlutaMAX (Gibco; 35050038)
but omitting phenol red and riboflavin to reduce
autofluorescence (imaging medium, short “IM”)5!. Cells were
grown in 10 cm or 15 cm CELLSTAR® (Greiner) dishes, in
75 cm? or 175 cm? Nunc™ EasYFlask™ cell culture flasks
(Thermo Fisher Scientific) or in 96-well, 48-well, 12-well or
6-well Nunclon™ Delta Surface multi well plates (Thermo
Fisher Scientific). For live-cell imaging, cells were cultivated
on Nunc™ LabTek™ II chambered cover glass (Thermo
Fisher Scientific), on p-Slide 8 well covered coverslips (ibidi),
in u-Dish 35 mm, high, imaging dishes with polymer or glass
bottom (ibidi).

Generation of stable fluorescent reporter and
genetically engineered cell lines

Cell lines stably expressing fluorescently labelled marker
proteins were generated by random plasmid integration (for
transfection conditions, see below) or by a lentiviral vector
system pseudotyped with a mouse ecotropic envelope that is
rodent-restricted (RIEP receptor system). Construction of
RIEP receptor parental cell lines and subsequent generation of
stable cell lines that express fluorescent marker proteins was
performed as described previouslys2.

HeLa genome editing was performed using CRISPR-Cas9
mediated integration approach, using the chimeric Cas9-
human Geminin fusion (Cas9-hGem) modification for
enhanced editing efficiency3. Single-guide RNA (sgRNA)
was cloned into pX330-U6-Chimeric BB-CBh-hSpCas9-
hGem-P2A-mCherry*aBpil (kind gift from Stefan Ameres).
For tagging of endogenous Smc4 genes with an auxin-
inducible degron tag, a repair template for targeting the C-
terminus of the protein was designed, with homology flanks of
800 and 901 bp length for the 5’ and 3’ flanks, respectively.
The repair template containing the coding sequence for a C-
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terminal mAID-HaloTag, including mutations of the
protospacer adjacent motif (PAM), was synthesized as a
gBlock® (IDT) and cloned into plasmid pCR2.1 for
amplification. sgRNA/Cas9 and homology repair template
plasmids were co-transfected using the Neon™ transfection
system (Thermo Fisher Scientific). Transfection was
performed according to the manufacturer’s guidelines (for
HeLa cells: Pulse voltage, 1.005 V, pulse width, 35 ms, pulse
number, 2), using the 100 pl tip cuvette, with 10 pg homology
repair template and 10 pg gRNA/Cas9-hGEM for 1x10°¢ cells.
9 days after electroporation, cell pools were stained with
Oregon Green® HaloTag (Promega, G2801) ligand and single
clones isolated using fluorescence-activated cell sorting
(FACS) and sorted into 96-well plates. Genotyping was
performed as in a previous study>s2.

Integration of the OsTIR1(F74G) ligase into the adeno-
associated virus integration site (AAVSI1, designated “safe
harbor”) locus for establishment of AID2 auxin-inducible
degradation of Smc4 was achieved using a sgRNA and
homology repair template strategy described in 54. Single-
guide RNA was cloned into pX330-U6-Chimeric BB-CBh-
hSpCas9-hGem-P2A-mCherry*aBpil. For integration of the
OsTIR1(F74G), a homology template containing an
OsTIR1(F74G)-SnapTAG-MycA1-NLS and homology flanks
of 804 and 837 bp length for the 5’ and 3’ flanks, respectively,
was generated. Co-transfection of sgRNA/Cas9 and homology
repair template plasmids was performed as described above. 8
days after electroporation, transfected cells were selected with
6pg/ml Blasticidin. Single clones were isolated from the stable
pool by single cell dilution into 96-well plates. To identify
clones which depleted SMC4-mAID-Halo, clones were treated
for 90min with 1uM 5-Ph-IAA24, stained with Oregon
Green® HaloTag (Promega, G2801) ligand and then analyzed
by flow cytometry using an iQue Screener Plus.

Transfection of plasmids and small interfering RNA
For expression of fluorescently labelled markers, the
respective genes were cloned into bicistronic vectors
containing an IRES or a 2A “self-cleaving” peptide sequence
with antibiotic resistance genes that allow the protein of
interest and the resistance gene to be expressed from the same
transcript. For transient transfection or transfection for
subsequent selection and colony picking, plasmids were
transfected using X-tremeGENE 9 DNA transfection reagent
(Roche, 6365787001) following the manufacturer’s protocol
(1 pg plasmid, 4.5 pl X-tremeGENE 9 in 100 pl serum-free
OptiMEM) or PEI transfection reagent (1 mg ml! stock,
Polyscience 24765-2, 4 pg of transfection reagent per 1 pg of
plasmid). For stable expression, plasmids were transfected
using PEI, 10 pg plasmid for one ~70 confluent 15 c¢cm dish
and incubated for 48 h before antibiotic selection.

Small interfering RNAs (siRNAs) were delivered with
lipofectamine RNAiMax (Invitrogen) according to the
manufacturer’s instructions. hKid (Kif22) was targeted using
16 nM custom silencer select siRNA (sense strand
CAAGCUCACUCGCCUAUUGtt, Thermo Fisher Scientific,
including a 3’ overhang tt dinucleotide for increased
efficiency). Kif4A was targeted using 16 nM custom silencer
select siRNA (sense strand
GCAAGAUCCUGAAAGAGAUtt, Thermo Fisher Scientific,
including a 3’ overhang tt dinucleotide for increased
efficiency). Custom silencer select siXWNeg (sense strand
UACGACCGGUCUAUCGUAGtt, Thermo Fisher Scientific,
including a 3’ overhanging tt dinucleotide for increased
efficiency) was used as a non-targeting siRNA control. Cells
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were imaged 30 h after siRNA transfection. Co-transfection of
hKid and Kif4a siRNAs was performed using 16 nM final
concentration each. Both hKid and Kif4a siRNAs were
described in 2.

Inhibitors and small molecules

To degrade Smc4-mAID-Halotag, cells were incubated in
1 uM 5-Phenylindole-3-acetic acid (5-PhIAA) (Bio Academia,
30-003) for 2.5-3h. To induce histone hyperacetylation, cells
were incubated with 5 puM Trichostatin A (TSA) (Sigma-
Aldrich, T8552). To arrest cells in prometaphase with
monopolar spindle configuration, cells were incubated in
5 uM S-Trityl-L-cysteine (STLC) (Enzo Life Sciences,
ALX-105-011-M500) for 2-3h. To arrest cells in
prometaphase, cells were incubated for 2-3h in nocodazole
(200 ng ml-! for live-cell imaging only)or 100 ng ml-! for
microinjection and/or subsequent washout; Sigma-Aldrich,
M1404). Nocodazole washout was by washing cells 5 times
with prewarmed imaging medium on the microscope. To arrest
cells in metaphase for microinjection, cells were incubated
with 12 uM proTAME (R&D systems, 1-440-01M) for 2 h. To
synchronize cells to the G2-M boundary, cells were first
synchronized with a double thymidine block followed by a
single RO3306 block. One day after seeding, cells were
transferred into medium containing 2 mM thymidine (Sigma-
Aldrich, T1895). 16 h later, cells were washed three times with
prewarmed medium and released for 8 h. The thymidine block
was repeated once. 6 h after the second thymidine release cells
were transferred into medium containing 8 uM RO3306
(Sigma-Aldrich, SML0569) for 4 h. Following G2 arrest,
RO3306 was removed and cells were washed three times with
imaging medium containing 1.5 pM okadaic acid (LC
laboratories, O-5857).

Immunofluorescence

For all immunofluorescence experiments, cells were grown on
sterilized 18 mm round Menzel cover glasses in 24-well multi-
well plates, except immunofluorescence against acetylated
histones, which was performed on Nunc™ LabTek™ II
chambered cover glass. For co-staining spindle poles and
centromeres, cells were fixed and extracted at the same time
with 1XPHEM (60 mM K-PIPES (Sigma-Aldrich), pH 6.9,
25 mM K-HEPES (Sigma-Aldrich), pH 7.4, 10 mM EGTA
(Merck, 324626), 4 mM MgSO47H>O (Sigma-Aldrich))
containing 0.5% Tween-20 (Sigma-Aldrich) and 4% methanol-
free formaldehyde (Thermo Fisher Scientific) for 10 min. The
fixation reaction was quenched with 10 mM Tris-HCI (Sigma-
Aldrich), pH 7.4, in phosphate-buffered saline (PBS), washed
again with PBS and blocked in 10% normal goat serum
(Abcam), 0.1%Tween-20 (Sigma-Aldrich) for 1 h.

For staining of acetylated histone tails or CyclinB1, cells
were fixed in PBS containing 4% methanol-free formaldehyde
(Thermo Fisher Scientific, 28906) for 10 min. The fixation
was quenched with 10 mM Tris-HCI (Sigma-Aldrich) pH 7.4
in PBS for 5 min, and cells permeabilized with PBS
containing 0.5% Triton-X100 for 15 min, washed again with
PBS and blocked using 2% bovine serum albumin (BSA)
(Sigma-Aldrich, A7030) in PBS, containing 0.2% Tween-20
(Sigma-Aldrich), for 1 h. Antibody dilution buffer was
composed of PBS with 2% BSA (Sigma-Aldrich, A7030),
containing 0.1% Tween-20 (Sigma-Aldrich). After primary
and secondary antibody incubations, samples were washed
with PBS containing 0.1% Tween-20 (Sigma-Aldrich), three
times for 10 min each time. CENP-A was detected with a
monoclonal mouse antibody (Enzo Life Sciences, ADI-KAM-
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CCO006-E, 10161910, 1:1000) and visualized using a goat anti-
mouse Alexa Fluor 488 secondary antibody (Molecular
Probes, A11001, 1:1000) (Extended Data Fig. 1d). Pericentrin
was detected with a recombinant rabbit antibody (Abcam,
ab220784, GR3284309-1, 1:2000) and visualized using a goat
anti-rabbit Alexa Fluor 633 secondary antibody (Molecular
Probes, A21071, 1:1000) (Extended Data Fig. 1d). Acetylated
histone2B was detected using a polyclonal rabbit antibody
(Millipore, 07-373, 3092508, 1:500) and visualized using a
donkey anti-rabbit Alexa Fluor 488 secondary antibody
(Molecular Probes, A21206, 1:1000) (Extended Data Figs. 2a,
¢, 3a). Acetylated histone 3 was detected using a polyclonal
rabbit antibody (Merck, 06-599, 3260200, 1:500) and
visualized using a donkey anti-rabbit Alexa Fluor 488
secondary antibody (Molecular Probes, A21206, 1:1000)
(Extended Data Fig. 2a, c). Acetylated Histone 4K16 was
detected using a recombinant rabbit antibody (Abcam,
ab177191, GR284778-8, 1:400) and visualized using a donkey
anti-rabbit Alexa Fluor 488 secondary antibody (Molecular
Probes, A21206, 1:1000) (Extended Data Figs. 2a, c). Cyclin
B1 was detected with a monoclonal rabbit antibody (Cell
Signaling, 122318, 7, 1:800) and visualized using a donkey
anti-rabbit Alexa Fluor 488 secondary antibody (Molecular
Probes, A21206, 1:1000) (Extended Data Fig. 2e).
Immunofluorescence samples prepared in Nunc™ LabTek™
II chambered cover glass wells were stored in PBS containing
1.62 uM Hoechst 33342 (Invitrogen). Immunofluorescence
samples prepared on 18 mm round Menzel cover glasses were
embedded in Vectashield with or without DAPI (Vectorlabs,
H-1000 or H-1200).

Preparation of 384-well microscopy plates and
coverslips for in vitro assays

384-well LCLEAR® microscopy plates (Greiner Bio-One,
781906) were washed with 5% HellmanexIIl (Lactan,
105513203) in >18 MQ MonoQ H20 at 65°C in a table top
Incu-Line oven (VWR) for 4 h and then rinsed 10 times with >
18 MQ MonoQ H2O. Silica was etched with 1 M KOH
(Sigma-Aldrich) for 1 h at room temperature rinsed again 10
times with > 18 MQ MonoQ H>O. Etched multiwell plate was
treated with 5k-mPEG-silane (Creative PEGworks, PLS-2011)
suspended in 95% ethanol (VWR) for 18h at room
temperature. Plate was washed once with 95% EtOH, then 10
times with > 18 MQ MonoQ H>O and dried in a clean
chemical hood overnight. Until individual wells were used, the
plate was sealed with adhesive PCR plate foil (Thermo Fisher
Scientific) and kept in a dry and dark space. Before an
experiment, foil above individual wells was cut and 50 pul of
100 mg ml-! BSA (Sigma-Aldrich, A7030).

For microtubule/nucleosome array droplet
experiments (Fig. 3e), thin layer cover glass sandwiches were
constructed from passivated 24x60 mm Menzel coverglass
(VWR). To clean coverslips, they were vertically stacked into
a Coplin jar (Canfortlab, LG084). Coplin jars were then
sonicated in acetone (Sigma-Aldrich) for 15 min, in 100%
EtOH (VWR) for 15 min and then washed 10 times with > 18
MQ MonoQ H20. All sonication steps were performed using
an ultrasonic cleaning bath (Branson, 2800 Series Ultrasonic
Cleaner, M2800). In a separate Erlenmeyer flask, 31.5 ml 30%
aqueous hydrogen peroxide solution (Sigma-Aldrich, 31642)
was added to 58.5 ml concentrated sulfuric acid (Sigma-
Aldrich, 258105) (“piranha” acid). The flask was gently
swirled until bubbling and heat occurred, then the whole
contents of the flask was added to the coverslips in the Coplin
jars, ensuring that all coverslip surfaces were covered. The jar
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was transferred into a 95°C water bath and heated for 1 h.
Afterwards, piranha solution was discarded, and cover glasses
washed once with >18 MQ MonoQ H>O and etched with
0.1 M KOH for 5 min. Cover glasses were transferred to a
fresh, dry Coplin jar and dried to completion in a 65°C bench
top oven, and afterwards let to cool to room temperature. In a
separate Erlenmeyer flask, 4 ml dichlorodimethylsilane
(DCDMS) (Sigma-Aldrich, 440272, anhydrous) was injected
into 80 ml heptane (Sigma, 246654, anhydrous). The contents
of the flask were immediately transferred to the jar containing
the cover glasses, and jar was incubated for 1 h at room
temperature. Afterwards, silane was decanted, and cover
glasses are sonicated in chloroform (Sigma-Aldrich) for 5 min,
washed in chloroform once, sonicated in chloroform again for
5 min, and sonicated twice in >18 MQ MonoQ H:O. Finally,
cover glasses were washed once more in chloroform, air dried,
and stored in a sealed container in a dry and dark, dust-free
space (up to 6 months).

To passivate cover glasses, on the day of an experiment a
cover glass was transferred to a drop of 5% Pluronic F-127
(Thermo Fisher Scientific, P6866) dissolved in BRB80 buffer
(80 mM K-PIPES, pH 6.9 (Sigma-Aldrich, P6757), 1| mM
MgCl (Sigma-Aldrich), 1 mM EGTA (Merck, 324626)) for
>2 h at room temperature. Directly prior to assembly of the
imaging chamber, cover glass was rinsed once with >18 MQ
MonoQ H20 and once with BRB80 (80 mM K-PIPES, pH 6.9
(Sigma-Aldrich, P6757), 1 mM MgCl, (Sigma-Aldrich), 1
mM EGTA (Merck, 324626)).

Expression and purification of GFP proteins
pET-based constructs for the expression and purification of
mEGFP(-7e) and scGFP(+7¢) were a generous gift from Dr.
David LiuS5. An overnight culture of Rosetta 2 (pLysS) E. coli
(Novagen) transformed with pET -7GFP, or pET +7GFP
plasmids encoding GFP with a theoretical peptide charge of
-7e or +7e, respectively, were grown on an agar plate by re-
plating a single transformant on LB supplemented with 100
ng/ul of ampicillin at 37°C. The bacterial lawn was suspended
in LB supplemented with the 100 ng/ul of ampicillin and
grown at 37°C to a density (ODsoo nm) of 0.4, cooled over 1 h
to 18°C, and recombinant protein expression was induced by
addition of IPTG to 0.5 mM for 18 h at 18°C. The cells were
collected by centrifugation, resuspended in NiNTA Lysis
Buffer (50 mM HEPES<NaOH, pH 7, 150 mM NaCl, 10% [w/
v] glycerol, 15 mM Imidazole, 5 mM B-mercaptoethanol, 1
mM Benzamidine, 100 uM Leupeptin, 100 pM Antipain, 1
UM Pepstatin), the cellular suspension was flash frozen in
liquid N2, and stored at -80°C.

Bacterial cultures with expressed GFP proteins in NiNTA
Lysis Buffer were thawed in a water bath and lysed by
multiple passages through an Avestin Emulsiflex-C5 high
pressure homogenizer at ~10,000 PSI. An equal volume of
NiNTA Dilution Buffer (50 mM HEPES*NaOH, pH 7, 1.85 M
NaCl, 10% [w/v] glycerol, 15 mM Imidazole, 5 mM B-
mercaptoethanol, 1 mM Benzamidine, 100 uM Leupeptin, 100
UM Antipain, 1 uM Pepstatin) was added to the lysate to
increase NaCl concentration to 1 M. Soluble bacterial lysate
was isolated by centrifugation of cellular debris in a Beckman
Avanti J-26 XPI centrifuge in a JA25.5 rotor at 20,000 RPM.
Soluble lysate was incubated with NiNTA resin (Qiagen)
equilibrated in NINTA Wash Buffer A (50 mM HEPES<NaOH,
pH 7, 1 M NaCl, 10% [w/v] glycerol, 15 mM Imidazole, 5
mM B-mercaptoethanol, 1 mM Benzamidine, 100 uM
Leupeptin, 100 puM Antipain, 1 pM Pepstatin) for 2 h in batch
with end-over-end mixing. NiNTA resin was poured into a
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BioRad EconoColumn and resin was washed 20 column
volumes of NiNTA Wash Buffer A and 20 column volumes of
NiNTA Wash Buffer B (50 mM HEPES-NaOH, pH 7, 150
mM NaCl, 10% [w/v] glycerol, 15 mM Imidazole, 5 mM B-
mercaptoethanol, I mM Benzamidine, 100 uM Leupeptin, 100
uM Antipain, 1 pM Pepstatin) before elution in NiNTA
Elution Buffer (50 mM HEPES<NaOH, pH 7, 150 mM NacCl,
10% [w/v] glycerol, 350 mM Imidazole, 5 mM 8-
mercaptoethanol, 1 mM Benzamidine, 100 uM Leupeptin, 100
uM Antipain, 1 uM Pepstatin).

GFP proteins were diluted with 9 volumes of Buffer SA (20
mM HEPES+NaOH, pH 7, 10% [w/v] glycerol, ] mM DTT)
and applied to Source 15S (meGFP) or Sourcel5Q (scGFP)
resin (GE Healthcare) equilibrated in 98.5% Buffer SA and 1.5
% Buffer SB (20 mM HEPES<NaOH, pH 7, 1 M NaCl, 10%
[w/v] glycerol, ] mM DTT) and eluted with a linear gradient
to 100% Buffer SB. Fractions containing GFP proteins were
concentrated in a centrifugal concentrator with a 3,000 dalton
MWCO and purified further by size exclusion
chromatography using a Superdex 200 10/300 GL gel
filtration column equilibrated with Gel Filtration Buffer (20
mM Tris*HCI, pH 8, 150 mM NaCl, 10% [w/v] glycerol, 1
mM DTT). Peak fractions of purified mEGFP(-7¢) and
scGFP(+7e) protein were concentrated in a centrifugal
concentrator, as above, and quantified by measuring protein
absorbance at 280 nm using their calculated molar extinction
coefficient (https://web.expasy.org/protparam/) of 23,380/
Mecm for meGFP and 18,910/Mecm for scGFP. Purified
proteins were flash frozen in liquid N2 and stored at -80°C in
single use aliquots.

Nucleosome array in vitro experiments

Generation, fluorophore labelling, assembly and quality
control of nucleosome arrays has been described in 13. In this
study, 12X601 nucleosome arrays carrying no label, an Alexa
Fluor 488, or Alexa Fluor 594 label were used. The covalently
fluorescently labelled nucleosome arrays used for
microinjection were labeled at an 8% fluorophore density (8 in
100 histone2B proteins labeled with a fluorophore) and
dialyzed against TE (10 mM Tris-HCI (Sigma-Aldrich), pH
7.4 (Sigma-Aldrich), | mM EDTA (Sigma-Aldrich), pH 8.0,
ImM DTT (Roche, 10708984001)) to remove glycerol.

To induce phase separation of nucleosome arrays
(Extended Data Figs. 4e, Se,g), arrays were first equilibrated
in chromatin dilution buffer (25 mM Triss*OAc, pH 7.5
(Sigma-Aldrich), 5 mM DTT (Roche, 10708984001), 0.1 mM
EDTA (Sigma-Aldrich), 0.1 mg ml-! BSA (Sigma-Aldrich,
A7030), 5% (w/v) glycerol (Applichem, A0970)) in the
presence of 2.03 puM Hoechst 33342 (Invitrogen, H1399)
when using unlabeled arrays for 10 min at room temperature.
Phase separation was induced by addition of 1 volume phase
separation buffer (25 mM Tris*OAc, pH 7.5 (Sigma-Aldrich),
5 mM DTT (Roche, 10708984001), 0.1 mM EDTA (Sigma-
Aldrich), 0.1 mg ml-1 BSA (Sigma-Aldrich, A7030), 5% (w/v)
glycerol (Applichem, A0970), 300 mM KOAc (Sigma-
Aldrich), 1 mM Mg[OAc]2, 2 pg ml! glucose oxidase
(Sigma-Aldrich, G2133), 350 ng ml! catalase (Sigma-Aldrich,
C1345) and 4 mM glucose (AMRESCO, 0188)). For in vitro
assays containing tubulin, EGTA was substituted for EDTA in
the dilution and phase separation buffers. After addition of
phase separation buffer, the final concentration of nucleosome
arrays per reaction was 500 nM, and reactions were incubated
at room temperature for 10 min before transferring the
suspension to imaging chambers.
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To visualize soluble tubulin partitioning relative to
chromatin droplets in vitro, 20 pl of chromatin droplet
suspension were transferred to a passivated well of a 384-well
microscopy plate. Chromatin droplets were to sedimented for
15 min. Afterwards, 5 pl of soluble TRITC-labelled tubulin
(Cytoskeleton, TL590M) in phase separation buffer containing
500 ng ml! nocodazole was added for a final tubulin
concentration of 5 pM. Soluble tubulin equilibrated for 10 min
before images were recorded.

To visualize GFP surface charge variant partitioning
relative to chromatin droplets in vitro, 20 pl of chromatin
droplet suspension were transferred to a passivated well of a
384-well microscopy plate. Chromatin droplets were allowed
to sediment for 15 min, after which 5 pl of GFP solution in
phase separation was added to a final concentration of 5 pM.
GFP proteins equilibrated for 10 min before images were
recorded.

To visualize chemically modified dextran partitioning into
chromatin droplets in vitro, 20 ul of chromatin droplet
suspension were transferred to a passivated well of a 384-well
microscopy plate. Chromatin droplets were allowed to
sediment for 15 min, after which 5 pl dextran solution in
phase separation buffer was added to a final concentration of
500 pg mll. The dextran used was a fluorescein (FITC)
labelled 4.4 kDa dextran fraction (negative overall charge
conferred to dextran by fluorophore charge) (Sigma-Alrich,
FD4) or a FITC labelled 4.4 kDa dextran fraction modified
with diethylaminoethyl (DEAE) groups conferring overall
positive charge (TdB, DD4).

All images of macromolecule partitioning relative to
chromatin droplets in vitro (Fig. 3e, Extended data Fig. Se, g)
were recorded on the incubated stage of a customized Zeiss
LSM980 microscope using a x40 1.4 NA Oil DIC Plan-
Apochromat objectives (Zeiss).

Nucleosome array acetylation in vitro

To generate acetylated nucleosome arrays for microinjection,
recombinant p300 histone acetyl transferase domain was
generated (VBCF Protein technologies Facility) using plasmid
pETduet+p300uar according to a purification strategy
described in 13. To induce histone acetylation of nucleosome
arrays, arrays with 8% Alexa Fluor 488 or Alexa Fluor 594
label density at a concentration of 3.85 pM were incubated
with 6.12 uM p300-HAT (enzyme stock 61.2 puM in gel
filtration buffer (20 mM TriseHCI, pH 8.0, 150 mM NacCl,
10% (w/v) glycerol, ImM DTT)) in the presence of 750 uM
Acetyl-CoA (Sigma-Aldrich, A2056) in gel filtration buffer at
room temperature for 2 h with occasional agitation.
Afterwards, the acetylation was stopped by addition of A-485
(Tocris, 6387) to a final concentration of 9 uM and the
reaction mixture stored in the dark. To 10 pl of quenched
acetylation reaction, 10 pl dilution buffer containing 5 uM
A-485 (Tocris, 6387) were added and reaction allowed to
equilibrate at room temperature for 10 min. Afterwards,
1 volume of phase separation buffer containing 5 pM A-485
(Tocris, 6387) was added and the mixture incubated for
10 min at room temperature before transferring the suspension
to a passivated 384-well microscopy plate well.

Microtubule in vitro polymerization

To generate stabilized microtubule seeds for nucleation of
microtubule networks in vitro, 22 pl of 5 mg ml-! tubulin
protein (Cytoskeleton, T240) was mixed with 2 pl of

5 mg ml-! TRITC-labeled tubulin protein (Cytoskeleton,
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TLS90M) and 1 ul of 5 mg ml-! Biotin-XX-labeled tubulin
(Pursolutions, 033305). All tubulin storage solutions were
prepared in BRB80 (80 mM K-PIPES, pH 6.9 (Sigma-Aldrich,
P6757), 1 mM MgCl, (Sigma-Aldrich), 1 mM EGTA (Merck,
324626)). The tubulin mixture was centrifuged at 4°C for
15 min in a tabletop centrifuge (Eppendorf, 5424R) at 21k x g.
To 22.5 pl of the resulting supernatant, 2.5 ul 10 mM
guanylyl-(alpha, beta)-methylene-diphosphonate (GMPCPP)
(Jena Biosciences, NU-405) were added to a final
concentration of 1 mM and the resulting solution incubated at
37°C in a water bath in the dark for 30 min. The resulting
seeds were sheared using a 22-gauge needle Hamilton syringe
(Sigma-Aldrich, 20788). The resulting suspension was stored
in the dark. Seeds were prepared freshly per day and used for
subsequent experiments.

Soluble tubulin polymerization mix containing 50 pM
tubulin protein (Cytoskeleton, T240), 1 uM TRITC-labeled
tubulin protein (Cytoskeleton, TL590M) and 1 mM GTP
(Sigma-Aldrich, G8877) in BRB80 (80 mM K-PIPES, pH 6.9
(Sigma-Aldrich, P6757), 1| mM MgCl, (Sigma-Aldrich), 1
mM EGTA (Merck, 324626)) was centrifuged at 4°C for
15 min in a tabletop centrifuge (Eppendorf, 5424R) at 21k x g.
The resulting supernatant was used to assemble a microtubule
polymerization mix containing 20 pM total soluble tubulin
(19.61 puM unlabeled tubulin dimers, 0.39 pM labelled
tubulin), 50 mM DTT (Roche, 10708984001), 120 pM
glucose (AMRESCO, 0188), 1 mM GTP (Sigma-Aldrich,
G8877), 20 pug ml-! glucose oxidase (Sigma-Aldrich, G2133),
175 ng ml-! (Sigma-Aldrich, C1345) in BRB80 (80 mM K-
PIPES, pH 6.9 (Sigma-Aldrich, P6757), | mM MgCl, (Sigma-
Aldrich), 1 mM EGTA (Merck, 324626)). Composition of
soluble tubulin and tubulin polymerization mix was adapted
from a procedure for visualization of microtubule plus-end
tracking (+TIP) proteins6.

To visualize chromatin droplets along with polymerized
microtubules, imaging chambers were constructed as
described in 57. Prior to Pluronic F-127 passivation, each
silanized 24x60 mm cover glass was cut into a 24x25 mm (top
piece) and 24x35 mm (bottom piece) using a diamond tipped
steel scribe (Miller, DS-60-C). The bottom coverslip was
mounted into the support slide and fixed in place with
preheated VALAP (1 part Vaseline (Sigma-Aldrich, 16415), 1
part lanolin (Sigma-Aldrich, L7387), 1 part Paraffin wax
(Sigma-Aldrich, 327204); all parts by weight). In the central
region of the bottom cover glass, a 2 Well Silicon Culture-
Insert (ibidi, 80209) was attached and 40 pl of nucleosome
array droplet suspension added to one of the wells. The
suspension was sedimented for 15 min in a humidified
chamber at room temperature. Afterwards, 32 pl of buffer
were removed from the well, the Culture-Insert removed from
the coverslip and 20 pl soluble tubulin mix added to the
remaining chromatin droplet suspension. The top coverslip
was added on top with the passivated side facing the reaction
mixture, and the droplet was allowed to spread fully (~10 s).
Afterwards, the sample was sealed with VALAP to prevent
evaporation and thermal streams within the liquid film. This
procedure yielded a liquid film of ~30 pum thickness. The
assembled imaging cell was transferred to the incubated stage
of a customized Zeiss LSM980 microscope combined with the
Airyscan2 detector, using a x63 1.4 NA Oil DIC Plan-
Apochromat objective (Zeiss). The sample was incubated at
37°C for >30 min before images were recorded.

CLEM and electron tomography
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HeLa cells stably expressing H2B-mCherry were cultured on
carbon-coated Sapphire discs (0.05 mm thick, 3 mm diameter;
Wohlwend GmbH). To enrich prometaphase cells, cells were
synchronized to G2-M using a double thymidine (Sigma-
Aldrich) block for 16 h with 2 mM thymidine each and a
subsequent RO3306 (Sigma-Aldrich) block for 6 h with 8§ uM
RO3306. During the RO-3306 block, cells were treated with 5
uM TSA for 3 h prior to RO3306 washout. RO3306 was
washed out by rinsing the cells 3 times with prewarmed
imaging medium. Cells were observed on a customized Zeiss
LSM780 microscope, using a x20 0.5 NA EC PInN DICII Air
objective (Zeiss). 25 min after the RO3306 washout, most
cells reached prometaphase (based on DIC and chromatin
morphology), and cells were subsequently processed for
electron microscopy. Immediately before freezing, cells were
immersed in cryoprotectant solution (imaging medium
containing 20% Ficoll PM400; Sigma Aldrich), and instantly
frozen using a high-pressure freezing machine (HPF Compact
01; Wohlwend GmbH).

Frozen cells were freeze-substituted into Lowicryl HM20
resin (Polysciences Inc., 15924-1) using freeze-substitution
device (Leica EM AFS2, Leica Microsystems) as follows:
Cells were incubated with 0.1% uranyl acetate (UA) (Serva
Electrophoresis GmbH, 77870) in acetone at —90 °C for 24 h.
The temperature was increased to —45 °C at a rate of 5 °C/h
and then incubate for 5 h at —45 °C. Cells were washed three
times in acetone at —45°C and then incubated in increasing
concentrations of resin Lowicryl, HM20 in acetone (10, 25,
50, and 75% for 2 h each) while the temperature is further
increased to —25°C at a rate of 2.5°C/h. Cells were then
incubated in 100% resin Lowicryl, HM20 at —25°C for a total
of 16 h, changing the pure resin solution after 12 h, 14 h, and
16 h. The resin was polymerized under UV light at —25 °C for
48 h. The temperature was increased to 20°C (5°C/h) and UV
polymerization was continued for another 48 h.

After resin polymerization, sections of 250 nm thickness
were cut with an ultramicrotome (Ultracut UCT; Leica) and
collected on copper—palladium slot grids (Science Services)
coated with 1% Formvar (Plano GmbH). The sections were
post-stained with 2% UA in 70% methanol at room
temperature for 7 min and lead citrate at room temperature for
5 min. The sections were observed by Tecnai F20 transmission
EM (200 kV; FEI). H2B fluorescence was used to choose cells
and subcellular ROIs for tomography. For tomography, a
series of tilt images were acquired over a —60° to +60° tilt
range with an angular increment of 1° using Serial EM
software’8 at a final x-y pixel size of 1.14 nm. Tomograms
were reconstructed using R-weighted back projection method
implemented in the IMOD software package>°.

Western blotting

Samples were separated by Novex NuPAGE SDS-PAGE
system (Thermo Fisher Scientific) using 4% - 12% BisTris in
MES running buffer according to manufacturer’s guidelines,
and transferred to a 0.45 pm nitrocellulose membrane (Bio-
Rad) by tank-blot wet transfer (Bio-Rad) at room temperature
for 1 h. Blocking, primary antibody incubations (4°C, 16 h)
and secondary antibody incubations (room temperature, 1.5 h)
were performed in 5% (w/v) milk (Maresi, “fixmilch” Instant
milk powder) in PBS, containing 0.05% Tween-20 (Sigma-
Aldrich). Smc4 was probed using a rabbit polyclonal antibody
(Abcam, ab229213, GR3228108-5, 1:1000). GAPDH was
probed with a rabbit polyclonal antibody (Abcam, ab9485,
GR3212164-2, 1:2500). hKid was probed with a monoclonal
rabbit antibody (Abcam, ab75783, GR129278-4). Kif4a was
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probed with a recombinant rabbit antibody (Abcam,
ab124903, GR96215-7, 1:1000). Horseradish peroxidase
(HRP)-conjugated anti-mouse or anti-rabbit secondary
antibodies (Bio-Rad, 1:10000) were visualized using ECL Plus
Western Blotting Substrate (Thermo Fisher Scientific) on a
Bio-Rad ChemiDoc Imager.

Microscopy

Images of G2-to-mitosis inductions, DsRed transfections,
HaloTag stainings of wildtype and Smc4-mAID-HaloTag
cells, histone acetylation, p300 overexpression, and
fluorescence recovery after photobleaching (FRAP)
experiments were recorded on a customized Zeiss LSM780
microscope, using x40 or x63 1.4 NA Oil DIC Plan-
Apochromat objectives (Zeiss), operated by ZEN Black 2011
software. Images of chromatin density, live-microtubule
stains, Alul-digestion time-lapse videos, nucleosome array
microinjections, tubulin microinjections, CENP-A/Pericentrin
immunofluorescence experiments and Cyclin B1 staining were
recorded on a customized Zeiss LSM980 microscope
combined with the Airyscan2 detector, using x40 or x63 1.4
NA Oil DIC Plan-Apochromat objectives (Zeiss), operated by
ZEN3.3 Blue 2020 software. For all confocal microscopes, an
incubator chamber (EMBL) provided a humidified atmosphere
and a constant 37 °C temperature with 5% CO?2.

For FRAP experiments, selected image regions were
bleached using a laser intensity 200-fold higher than the laser
intensity used for image acquisition, and each bleached pixel
was illuminated 20 times with the pixel dwell time used for
acquisition (1.79 ps). Images were acquired every 25 ms for
the course of the experiment.

Images of nucleosome array droplets and in vitro
polymerized microtubules were recorded on a customized
Zeiss LSM980 microscope combined with the Airyscan2
detector, using x40 or x63 1.4 NA Oil DIC Plan-Apochromat
objectives (Zeiss), operated by ZEN3.3 Blue 2020 software.
For mounting 384-well microscopy plates, a Pecon®
Universal Mounting Frame KM adapter was used. For
mounting microtubule imaging slides, a custom aluminum
mounting block for 24 mm X 24-60 mm coverslips was used
(IMP/IMBA workshop and BioOptics).

Microinjection experiments
Live-cell microinjection experiments were performed using a
FemtoJet® 4i microinjector in conjunction with an
InjectMan® 4 micromanipulation device (Eppendorf). All
microinjections were performed using pre-pulled Femtotips®
injection capillaries (Eppendorf). The microinjection device
was directly mounted on a customized confocal Zeiss LSM780
(Figs. 2c, g,i,l, Extended Data Fig. 4c) or a customized Zeiss
LSM980 microscope (Figs. 2a, e, m, 3a, 4a, Extended Data
Figs. 4a, S5a, c, 6a, c) with live-cell incubation (37°C, 5%
CO»). For all microinjections, cells were cultured in p-Dish 35
mm high wall imaging dishes with polymer or glass bottom
(ibidi) to reach near-confluency on the day of the injection.
For injection of Alul (Fast Digest, Thermo Fisher
Scientific, FD0014), 1 volume of Alul-stock was added to 2
volumes of 5 mg ml-! fluorescein (FITC) labelled 500 kDa
dextran fraction (Sigma-Aldrich, FD500S) dissolved in
injection buffer (50 mM K-HEPES, pH 7.4 (Sigma-Aldrich,
H3375), 5% glycerol (Applichem, A0970), 1 mM Mg(OAc).
(Sigma-Aldrich, M5661)). Microinjection of mitotic cells
(Figs. 2a, c, e, 4a, Extended Data Figs. 4a, 6a, c) was
performed using injection settings of 130-150 hPa injection
pressure, 0.15 to 0.25 s injection time and 30 hPa
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compensation pressure. Microinjection of G2 interphase cells
(Figs. g, I, k, Extended Data Fig. 4c) was performed using
injection settings of 120 hPa injection pressure, 0.4 to 0.5 s
injection time and 20 hPa compensation pressure.

For injection of nucleosome arrays (Fig. 2m), 1 volume of
injection buffer (50 mM K-HEPES, pH 7.4, 25% glycerol
buffer) was added to 1 volume unmodified and 1 volume
acetylated nucleosome array solution (1.3 pM final
concentration for each nucleosome in the injection buffer).
Microinjection of mitotic cells was performed using injection
settings of 180-190 hPa injection pressure, 0.35 s injection
time, 85 hPa compensation pressure).

For injection of tubulin protein, TRITC-labelled tubulin
(Cytoskeleton, TL590M) was dissolved in 5%-GPEM (80 mM
K-PIPES, pH 6.9 (Sigma-Aldrich, P6757), 1 mM MgCl»
(Sigma-Aldrich, 63065), 1 mM EGTA (Merck, 324626))
supplemented with 1 mM GTP (Sigma-Aldrich, G8877) to a
concentration of 0.5 mg/ml. Protein was clarified by
centrifugation at 4°C for 15 min in a tabletop centrifuge at
21,000 x g. Supernatant was microinjected into mitotic cells
using injection settings of 175 hPa injection pressure, 0.25 s,
85 hPa compensation pressure. For microinjection of cells
arrested in prometaphase with nocodazole, the G-PEM was
additionally supplemented with 100 ng ml-! nocodazole
(Sigma-Aldrich, M1404).

For microinjection of GFP surface charge variants
(Extended Data Fig. 5a), recombinant mEGFP(-7e) or
scGFP(+7e) were dissolved in injection buffer (50 mM K-
HEPES, pH 7.4 (Sigma-Aldrich, H3375), 25% glycerol
(Applichem, A0970)) to a concentration of 15 pM.
Microinjection of mitotic cells was performed using injection
settings of 125 hPa injection pressure, 0.2 s injection time,
40 hPa compensation pressure.

For microinjection of charge modified dextran fractions
(Extended Data Fig. 5¢), a fluorescein (FITC) labelled 4.4 kDa
dextran fraction (negative overall charge conferred to dextran
by fluorophore charge) (Sigma-Alrich, FD4) or a FITC
labelled 4.4 kDa dextran fraction modified with
diethylaminoethyl (DEAE) groups conferring overall positive
charge (TdB, DD4) were dissolved in injection buffer (50 mM
K-HEPES, pH 7.4 (Sigma-Aldrich, H3375), 25% glycerol
(Applichem, A0970)) to a concentration of 5 mg mll.
Microinjection of mitotic cells was performed using injection
settings of 125 hPa injection pressure, 0.1-15 s injection time,
20 hPa compensation pressure.

Image analysis

DNA congression analysis

To quantify DNA congression to the spindle equator in live
cells, the DNA distribution along a line profile (Fig. 1b, 7.06
um width, 22.5 pm length, Extended Data Fig. 3 c, d,
12.04 pm width, 22.5 pm length) parallel to the pole-to-pole
axis was measured. Along each line profile (22.5 um length in
total), the accumulated DNA density in the central 5 pm
interval around the 50% distance between the poles
(determined by pericentrin stain (Fig. la,b) or highest SiR-
tubulin staining intensity (Extended Data Fig. 3c,d)) was
divided by the total DNA density along the entire profile, after
subtraction of the extracellular background fluorescence, with
every line profile consisting of an average intensity projection
of Z-slices around the pole-to-pole axis (Fig. la,b, 2.4 um
range, Extended Data Fig. 3 c, d, 0.75 um range).

Chromatin/DNA compaction analysis
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To quantify DNA density, in a central z-section of a mitotic
cell (determined by visual inspection based on highest SiR-
tubulin staining intensity at the poles (Fig. la, ¢, Extended
Data Fig. 3c, e)) the DNA channel was denoised using a
Gaussian blur filter (0=2) and thresholded using the Otsu dark
method in Fiji. The resulting binary mask was converted into a
selection and the DNA density within this region of interest
(ROI) measured. All data points were normalized to the mean
of unperturbed control cells.

In STLC-treated cells used for Alul microinjection
experiment (Fig. 2a, e, Extended Data Fig. 4c) , the DNA
density was measured in line profiles. In a single Z-slice, a
line profile (3 pixels wide, 2 pm long) through a chromosome
parallel to the imaging plane (before Alul-injection) or a
chromatin droplet (20 min after Alul-injection) was measured.
The mean histone 2B fluorescence intensity in a 200 nm
interval around the peak value was measured. Values were
normalized to the mean of the non-injected control (Fig. 2b, f)
or the non-injected condensin degraded control (Extended
Data Fig. 4d).

In cells subjected to G2-mitosis induction experiments
(Fig. 2g, i, k, Extended Data Fig. 4c), the YFP channel was
denoised using a Gaussian blur filter (0=2) and thresholded
using the Otsu dark method in Fiji. The resulting mask was
converted into a ROI and the histone 2B-YFP mean
fluorescence recorded within this ROI. Per experiment, the
values were normalized to the mean of the G2 measurements.

Electron tomography analysis

Analysis of electron tomograms were performed in IMOD/
3dmod, Version 4.11. Annotation of all structures was
performed in the ‘Slicer Window’ view, using running Z
average intensity projections to increase contrast (microtubule
annotation: projection of 10-20 Z-slices, chromatin annotation:
35-50 Z-slices). To account for loss in image sharpness
towards the top and bottom of the recorded tomograms, for all
tomograms, only the center section of the recorded volume
was analyzed (tomograms with 120 to 150 slices, no
annotation in the top and bottom 20 slices). For microtubule
annotation, a zoom factor of 0.8 to 1.0 was used. For
chromatin annotation, a zoom factor of 0.35-0.45 was used.
Assignment of microtubules was based on ultrastructural
morphology, and assignment of chromatin boundaries was
performed based on local grain size, considering the transition
of a large-grained, coarsely interspersed particle containing
area (cytosol with ribosomes; typical CV>0.4) to a fine-
grained, finely interspersed particle containing area (chromatin
with nucleosomes; typical CV<0.3 for control, CV<0.4 for
TSA) as the chromosome surface. The electron density as a
determining factor of a chromatin surface was only used as a
secondary direction since TSA treatment perturbs the
chromatin density/morphology and thus decreases annotation
accuracy. In average, an annotation landmark was set every
5-10 nm for both microtubules and the chromatin surface.
After manual annotation of microtubules and a chromatin
surface, a model of a meshed chromatin surface was
generated, by averaging 5 consecutive annotated slices to
increase surface smoothness. Microtubule segment length was
measured within cytoplasm and chromatin-internal regions
and normalized to the total volume of the respective domain.
Mitotic duration measurements in absence or
presence of TSA
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Fields of asynchronous cells stably expressing histone 2B-
mRFP were imaged for up to 4 h. Timing of nuclear envelope
breakdown (NEBD) and anaphase onset was determined by
visual inspection of chromatin morphology.

FRAP analysis of chromatin mobility

To measure FRAP, raw data measurement, background
subtraction, data correction and normalization was performed
according to ©0. The measurement of FRAP ROI and
background fluorescence signal was performed directly in
ZEN software. Total chromatin fluorescence per time-lapse
movie was measured using the ‘Time Series Analyzer
v3’ (Author: Balaji J balaji2007@ucla.edu, Dept. of
Neurobiology, UCLA).

FRET-analysis of AurB-FRET biosensor

To determine the mitotic state of control and Alul-injected
cells at the G2 to M transition (Fig. 2g,I.k, Extended data Fig.
4c), CFP, FRET and YFP signals of the histone 2B fused
Aurora B-FRET biosensor3” were recorded at the same time.
To quantify FRET efficiency, a custom Fiji script was used. In
average intensity projections of 9 z-slices (1 pm each), a
nuclear mask was generated using the YFP fluorescence, after
denoising using a Gaussian blur filter (0=5), by thresholding
using the Otsu dark method. For each time point, the
background for FRET and CFP channel was measure in an
extracellular ROI (square of ~1 by 1 ym). After background
subtraction, FRET and CFP signals within the nuclear ROI
were denoised using a Gaussian blur filter (0=5) and a FRET/
CFP ratio calculated. The resulting ratiometric image was
depicted using the “Fire” lookup-table in Fiji, in an interval of
0 to 1.4 for FRET/CFP.

Macromolecule partitioning relative to chromatin

In images of microinjected nucleosome arrays into metaphase
cells (Fig. 2m), the DNA channel was denoised using a
Gaussian blur filter (0=2) and thresholded using the Otsu dark

method in Fiji. The chromatin mask was converted into a ROI
by using the ‘Analyze Particles’ function in Fiji. For the two
injected nucleosome arrays of different colors, the mean
fluorescence intensity was measured in the DNA ROI and
divided by the fluorescence intensity in the cytosol measured
in a circular ROI of ~5 pm diameter, with at least 1 um
distance to the chromosomes.

TRITC-tubulin partition coefficient (Fig. 3a, b) was
measured >10 min after microinjection in nocodazole arrested
cells. At the surface of a chromosome at the edge of the
chromosome cluster, mean fluorescence intensity of TRITC
was measured along a line profile (5 pixels width, 1.3 pm
length) orthogonal to the chromosome surface. Values 1 um
apart within and outside of chromatin were divided, resulting
in the measured equilibrium partition coefficient.

Distribution of different expressed DsRed fusions (Fig. 3c,
d) was measured using a custom Fiji script. A chromatin mask
was generated using thresholding (Default method, Fiji), after
Gaussian blur filtering (0=2) the chromatin channel. The mask
was then shrunk by 0.2 pm and mean fluorescence measured
within the mask. Cytoplasmic fluorescence was measured
within a 0.5 um wide ring, generated by extending the mask
by 1.5 pum. Background mean fluorescence was measured
within a small circular region outside of the cell and subtracted
from chromatin and cytoplasmic values. Partitioning
coefficients were obtained by dividing chromatin by
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cytoplasmic fluorescence values. Measurements were
performed on the central Z-slice.

Distribution of microinjected differently charged GFPs
(Extended Data Fig. 5a, b) and differently modified FITC-
labelled dextran fractions (Extended Data Fig. c,d) was
measured analogously, along line profiles orthogonal to the
metaphase plate at the orthogonal surface of the chromatin
mass (5 pixels width, 2.5 pm length). Values 1 pum apart
within and outside of chromatin were divided, resulting in the
measured equilibrium partition coefficient.

The distribution of soluble TRITC-tubulin dimers (Fig. 3e,
f), differently charged GFPs (Extended Data Fig. Se.f) and
differently modified FITC-labelled dextran fractions
(Extended Data Fig. g,h) within nucleosome array droplets in
vitro was measured by determining the mean fluorescence
intensity in the droplet in a central section of the droplet, in a
small circular region covering ~25% of the droplet area in the
respective section. In a large, rectangular buffer ROI without
droplets, the mean fluorescence in the buffer was measured
and the partition coefficient calculated for each field of
droplets.

Chromatin droplet distribution analysis in cells
Chromatin distribution in pole-peripheral regions was
measured at 36 min after nocodazole washout. The spindle
pole position was determined as the z-slice with highest
tubulin signal (SiR-tubulin (Fig. 4a) or eGFP-a-tubulin
(Extended Data Fig. 4a, c)) and the total histone 2B (Fig. 4a,
Extended Data Fig. 6a, c¢) and eGFP-CENPA fluorescence
intensity in circular regions of interest (ROIs) (=5 pm) in
maximum intensity projections of 5 z-slices (1 um offset
between slices) around the central section was subtracted from
the total cellular fluorescence in maximum intensity
projections (cell outline determined by DIC-channel). Each
dataset was normalized to the mean of the total fluorescence
intensities of all cells.

Microtubule density distribution in vitro

After deconvolution in ZEN, Airyscan images of fields of
microtubules were denoised using a Gaussian blur filter (0=2).
The background was then removed using the ‘subtract
background’ function in Fiji, using a rolling ball radius of
740 pixels. The image was converted into 8-bit, and
thresholded using the ‘Auto Local Threshold’ (v1.10.1) plugin
in Fiji, with the Phansalkar method and a radius of 100. The
resulting binary image was skeletonized using the
‘Skeletonize’ function in Fiji. The resulting skeleton length
was measured. The chromatin channel was denoised using a
Gaussian blur filter (0=2) and thresholded using the Otsu
method in Fiji. The resulting binary image was transformed
into a ROI using the ‘Analyze particles’ function (size range:
5-infinity). Microtubule skeleton lengths were measured
within chromatin ROIs and surrounding buffer and the ratio of
total segment length in chromatin/buffer calculated per image.

Validation of auxin-inducible degradation of Smc4-
mAID-HaloTAG in live cells

In images of fields of live cells stained with OregonGreen488
HaloTAG ligand, the total fluorescence intensity in average
intensity projection was recorded in Fiji. To normalize the
values to the cell count, ratios of HaloTAG fluorescence over
SiR-DNA intensity were calculated, and the values normalized
to the mean of the Hela WT cells.
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Acetylated histone fluorescence intensity
measurements

After indirect immunofluorescence of the respective histone-
acetyl marks, a mask of the DNA channel was generated by
thresholding using the Otsu method in Fiji. Next, the obtained
binary image was converted to ROIs using the ‘Analyze
particles’ function (size range: S5-infinity). Mitotic and
interphase cells were differentiated manually based chromatin
morphology. Within the obtained ROI per cell, the mean
fluorescence intensity of the acetyl-mark was recorded, the
extracellular background measured in a rectangular ROI
subtracted and a ratio of histone mark over DNA mean
intensity generated to account for changes in DNA compaction
between the different conditions. For comparison of untreated
interphase and mitotic cells, obtained ratios were normalized
to the mean of untreated interphase cells (Extended Data Fig.
2a, b). For comparison of untreated and TSA-treated mitotic
cells, ratios were normalized to the mean of untreated mitotic
cells (Extended Data Fig. 2c, d). For comparison of p300-
expressing mitotic cells, ratios were normalized to the mean of
the mock-plasmid transfected mitotic cells (Extended Data
Fig. 3a, b).

Measurement of Cyclin B1 stain

In interphase mitotic cells, determined by absence or presence
of cell rounding, in the central section of the recorded Z-stack
(7 Z-slices, 1 um each, central section manually determined),
the cell outline in DIC images was used to determine a ROI
per cell. The total fluorescence intensity of the CyclinB1
fluorescence within this ROI was recorded in Fiji. The values
were normalized to the mean of the CyclinBl stain in
interphase cells.

Determination of coefficient of variation of chromatin
droplets in vitro

In entire fields of chromatin droplets or nucleosome array
solution (Extended Data Fig. 4e) (both recorded ~3 ym above
the cover glass using laser powers adjusted to the unmodified
condition), the mean fluorescence intensity and standard
deviation was measured, and the coefficient of variation
(CV=a u-1) was calculated.

Airyscan processing and deconvolution

Raw images recorded using the Airyscan2 detector using AS-
SR or multiplex airyscan modes were processed using ZEN3.3
Blue 2020 software.

Fiji version details

The Fiji-integrated distribution/version used for analyses in
this study was ImageJ 1.53c, using Java 1.8.0_66 (64-bit),
with in part custom ImageJ plugins as indicated.

Statistical analyses and data reporting

No statistical methods were used to predetermine sample size.
Data were tested for normality and equal variances with
Shapiro—Wilk/D’ Agostino—Pearson and F-test/Levene’s tests
(a = 0.05), respectively. The appropriate statistical test was
chosen as follows: Data were tested for normality. Unpaired,
normally distributed data were tested with a two-tailed #-test
(in the case of similar variances) or with a two-tailed #-test
with Welch’s correction (in the case of different variances).
Unpaired, not-normally distributed data were tested with a
two-tailed Mann—Whitney test (in the case of similar
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variances) or with a two-tailed Kolmogorov—Smirnov test (in
the case of different variances). Paired, normally distributed
data were tested with two-tailed #-test and paired, not-normally
distributed data were tested with a Wilcoxon matched-pairs
signed rank test. When manual annotation was required,
blinding precautions were made.

Sample numbers

Fig. la, b: representative examples and quantification of
chromatin fraction at spindle center: Control (n=51 cells),
ACondensin (n=65 cells), ACondensin+TSA (n=34 cells),
TSA (n=61). Fig. 1c: quantification of DNA density: Control
(n=31 cells), ACondensin (n=89 cells), ACondensin+TSA
(n=99 cells), TSA (n=74). Fig. 1d,e: representative examples
and quantification of microtubule densities: Control (n=4
tomograms from 3 different cells), TSA (n=4 tomograms from
3 different cells). Fig. 1f: quantification of microtubule
segment length in cytoplasm: Control (n=4 tomograms from 3
different cells), TSA (n=4 tomograms from 3 different cells).
Fig. 2a, b: representative example and quantification of 11
cells, 3 ROIs per cell. Fig. 2¢, d: representative examples and
quantification of 8 cells (Undigested) and 10 cells (Alul-
digested). Fig. 2e, f: Representative example and
quantification of 11 cells, 3 ROIs per cell. Fig. 2g, h:
Representative example and quantification of 13 cells. Fig. 2i,
j: Representative example and quantification of 8 cells. Fig.
2k, 1: Representative example and quantification of 10 cells.
Fig. 2m, n: Representative example and quantification of 28
cells. Fig. 3a: Representative example of an untreated
metaphase cell (n=27). Fig. 3a, b: Representative examples
and quantification of nocodazole treated cells: Control (n=46),
TSA (n=31). Fig. 3c, d: Representative examples and
quantification of: DsRed (n=26), DsRed(-7¢) (n=26),
DsRed(+9e) (n=26). Fig. 3e, f: Representative examples and
quantification of: Nocodazole (n=94 from 45 fields of
droplets), polymerized microtubules (n=13 fields of droplets).
Fig. 4 a, b: Representative example and quantification of 15
cells. Extended Data Fig. 1a, b: Representative examples and
quantification of HeLa WT (n=25), HeLa Smc4-mAID-Halo
(n=25), HeLa Smc4-mAID-Halo + 5-PhIAA (n=25). Extended
Data Fig. 1d: Representative examples of in total recorded
cells: Control (n=20), ACondensin (n=20), ACondensin+TSA
(n=45), TSA (n=40). Extended Data Fig. le: Quantification of
mitotic duration in control (n=44) and TSA-treated (n=36)
cells. Extended Data Fig. 1f, g: Representative examples and
quantification of control (n=64) and TSA-treated (n=110).
Extended Data Fig. 2a, b: Representative examples and
quantification of interphase (H2B-Ac (n=20), H3-Ac (n=20),
H4K16-Ac (n=20)) and mitotic (H2B-Ac (n=20), H3-Ac
(n=20), H4K16-Ac (n=20)) cells. Extended Data Fig. 2c, d:
Representative examples and quantification of control (see
Extended Data Fig. 2b) and TSA treated (H2B-Ac (n=20), H3-
Ac (n=20), H4K16-Ac (n=20)). Extended data Fig. 2e, f:
Representative examples and quantification of interphase
(n=60), untreated mitotic (n=89), ACondensin (n=59),
ACondensin+TSA (n=83), TSA (n=67). Extended Data Fig.
3a, b: representative examples and quantification of mock (n=
20), p300uar (n=26), p300(D1399Y) (n=20) transfected cells.
Extended Data Fig. 3c, d, e: representative examples and
quantification of chromatin fraction at spindle center (d) and
chromatin density (e) of mock (n=20), ACondensin+p300uar
(n=20), ACondensin+300(D1399Y) (n=24) transfected cells.
Extended Data Fig. 4a, b: Representative example and
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quantification of 7 cells, 3 ROIs per cell. Extended Data Fig.
4c, d: Representative example and quantification of 11 cells.
Extended Data Fig. 4e, f: Representation examples and
quantification of fields of unmodified (AF488: n=26, AF594:
n=25) and acetylated (AF488: n=25, AF594: n=30)
nucleosome arrays. Extended Data Fig. 5a, b: Representative
examples and quantification of microinjected mEGFP (n=17)
and scGFP(n=20). Extended Data Fig. 5c, d: Representative
examples and quantification of microinjected FITC-dextran (-)
(n=21) and FITC-DEAE-dextran (+) (n=10). Extended Data
Fig. Se, f: Representative examples and quantification of
nucleosome array droplets with mEGFP (n=69) and scGFP
(n=73). Extended Data Fig. 5g, h: Representative examples
and quantification of nucleosome array droplets with FITC-
dextran (-) (n=69) and FITC-DEAE-dextran (+) (n=57).
Extended Data Fig. 6 a, b: Representative example and
quantification of 13 cells. Extended Data Fig. ¢, d:
Representative example and quantification of 16 cells. All
experiments in this study were performed in at least 2
biological replicates.

Data availability

Raw microscopy data are available from the corresponding
authors upon request, given the large file sizes that are
involved.

Code availability

All of the steps of the image analyses that were performed in
this study are described in detail to allow reproduction of the
results. The corresponding authors will provide the code upon
request.
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Extended Data Figure 1. Characterization of HeLa Smc4-mAID-HaloTAG cells and effect of TSA on chromosome
segregation. a-c, Smc4 expression analysis. a, HeLa cells with homozygous Smc4-mAID-Halo alleles and stably expressing
OsTIR(F74G) were analyzed with or without treatment of 5-Phenylindole-3-eacetic acid (5-PhlAA) for 3 hours and stained with
OregonGreen-488 HaloTAG stain; HelLa wildtype (WT) cells serve as control to measure fluorescence background. DNA was
stained with Hoechst 33342. b, Quantification of HaloTAG fluorescence in live mitotic cells. n=25 for WT, n=25 for Smc4-mAID-Halo
without 5-PhlAA, n=25 for Smc4-mAID-Halo with 5-PhlAA. Bars indicate mean; significance was tested by a two-tailed Welch t-test
(Smc4-mAlID-Halo with 5-PhlAA, P<10-15). ¢, Immunoblot analysis of Smc4-mAID-Halo cells with or without 3h 5-PhlAA treatment.
d, Immunofluorescence analysis of centromeres and spindle poles in mitotic Smc4-mAID-Halo cells after 3 h degradation of Smc4
(ACondensin), 3 h treatment with TSA as indicated. Projection of 7 Z-sections. e. Mitotic progression analysis by time-lapse
microscopy of HelLa cells expressing H2B-mRFP, in untreated control and TSA-treated cells. n=44 for control from 5 biological
replicates, n=36 for TSA from 4 biological replicates. f. Chromosome missegregation analysis by live Airyscan imaging of HelLa cells
expressing H2B-mCherry and mEGFP-CENP-A and stained with SiR-tubulin. Representative images of untreated controls or 3 h
TSA-treated anaphase cells. Single Airyscan Z-slices. g. Quantification of chromosome missegregation as illustrated in f. Dots
indicate biological replicates, bars indicate mean. n=64 cells for control, n=110 for TSA. Significance was tested by an unpaired,
two-tailed t-test (anaphase bridges, P=0.052, lagging chromosomes. P=1.209x10-3). Scale bars, 5 ym.
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Extended Data Figure 2. Analysis of histone acetylation and cell cycle states. a,b, Inmunofluorescence analysis of histone
acetylation in interphase and mitosis. a, HelLa cells were fixed and stained with antibodies against different acetylated histones for
immunofluorescence as indicated. b, Quantification of histone acetylation by immunofluorescence as in a, by the ratio of antibody
fluorescence to DNA reference staining by Hoechst 33342. For each acetylated histone, all data points were normalized to the mean
of interphase cells. n=20 for H2B-Ac, Interphase, n=20 for H3-Ac, Interphase, n=20 for H4K16-Ac, Interphase, n=20 for H2B-Ac,
Mitosis, n=20 for H3-Ac, Mitosis, n=20 for H4K6-Ac, Mitosis. Bars indicate mean; significance was tested by a two-tailed Welch t-
test (H2B-Ac, Mitosis, P=2.572x10-8), or a two-tailed Mann-Whitney test (H3-Ac, Mitosis, P=4.72x104), or a Kolmogorov-Smirnov
test (H4K16Ac, Mitosis, P=4.122x). c¢,d, Histone acetylation in mitotic cells 3 h after TSA treatment. ¢, HelLa cells were treated with
TSA for 3 h, fixed, and histone acetylation analyzed by immunofluorescence as in a. d, Quantification of histone acetylation as in b,
comparing mitotic cells 3 h after TSA treatment with untreated control cells. For each acetylated histone antibody, all data points
were normalized to the mean of control metaphase cells. n=20 for H2B-Ac, control, n=20 for H3-Ac, control, n=20 for H4K16-Ac,
control, n=20 for H2B-Ac, TSA, n=20 for H3-Ac, TSA, n=20 for H4K16-Ac, TSA. Bars indicate mean; significance was tested by a
two-tailed Welch ttest (H2B-Ac, TSA, P<10-5; H3-Ac, TSA, P=4.767x107) or a two-tailed Mann-Whitney test (H4K16-Ac, TSA,
P=1.451x10-11). e, f, Analysis of cell cycle state by immunofluorescence staining against Cyclin B1. HeLa cells with homozygously
mAID-tagged SMC4 were treated with 5-PhlAA to deplete condensin (ACondensin) or with TSA to suppress mitotic histone
deacetylation as indicated. DNA was stained with Hoechst 33342. Classification of interphase and mitotic cell is based on overall
cell shape and spindle morphology. f, Quantification of Cyclin B1 fluorescence in cells as in e. Data normalized to the mean of
untreated interphase cells. n=60 (interphase), n=89 (mitotic), n=59 (ACondensin), n=83 (ACondensin+TSA), n=67 (TSA) cells. Bars
indicate mean; significance was tested by a two-tailed Mann-Whitney test (CTRL, P<10-15); ACondensin, P<10-15

ACondensin+TSA, P<10-5; TSA, P<10-15). Scale bars, a,c, 10 um, e, 5 pm.
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Extended Data Figure 3. Histone acetylation and chromosome organization in cells overexpressing eGFP-p300. a, b,
Immunofluorescence analysis of histone acetylation in mitotic cells overexpressing p300 histone acetyltransferase or catalytically
dead p300(D1399Y). a, Cells were transfected with a plasmid coding for eGFP-p300 or eGFP-p300 (D1399Y) and fixed after 48 h.
Histone 2B acetylation was analyzed by immunofluorescence. DNA was stained with Hoechst 3342. b, Quantification of histone
acetylation in metaphase cells as in a. Data points were normalized to the mean of mock-transfected mitotic cells. n=20 for mock-
transfected, n=26 for p300, n=20 for p300 (D1399Y). Bars indicate mean; significance was tested by a two-tailed Mann-Whitney test
(p300, P=3.57x10-13) or a two-tailed Welch t-test (p300(D1399Y), P=0.138). c-e, Analysis of chromatin density and congression to
spindle center in cells after SMC4-AID-Halo degradation (ACondensin) and overexpression of p300 or catalytically dead
p300(D1399Y). ¢, Cells transfected with a plasmid coding for eGFP-p300 or eGFP-p300 (D1399Y) for 48 hours were stained with
Hoechst 33342 and SiR-Tubulin and mitotic cells with bipolar spindles imaged live. Projection of 5 z-sections. d, Quantification of
chromosome congression by the fraction of chromatin localizing to the central spindle region. n=20 for mock-transfected, n=24 for
ACondensin+p300, n=20 for ACondensin+p300(D1399Y). Bars indicate mean; significance was tested by a Kolmogorov-Smirnov
test (ACondensin+p300, P=4.122x10°) or a two-tailed Mann-Whitney test (ACondensin+p300(D1399Y), P=1.72x103). e,
Quantification of chromatin density in cells treated as in ¢. n=20 for mock-transfected, n=24 for ACondensin+p300, n=20 for
ACondensin+p300(D1399Y). Bars indicate mean; significance was tested by a two-tailed Mann-Whitney test (ACondensin+p300,
P=7.86x10-13) or a two-tailed Welch t-test (ACondensin+p300(D1399Y), P=0.051). Scale bars, 5 um.
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Extended Data Figure 4. Phase separation behavior of chromatin fragments. a, b, Condensin is not required for liquid phase
separation of chromatin fragments in mitotic cells. a. Smc4-AlD Hela cells expressing H2B-mCherry were treated 3 h with 5-PhlAA
to deplete condensin and a mitotic cell was then injected with Alul (t=0 min) and imaged by time-lapse microscopy. b, Quantification
of chromatin density before and after injection of Alul, normalized to the mean of untreated pre-injection cells. n=7 cells, 3 ROls
each. Bars indicate mean. ¢, d, Chromatin fragments do not undergo liquid phase separation in G2 cells. ¢, HelLa cell expressing
Aurora B-FRET biosensor was synchronized to G2 by RO3306 and microinjected in the nucleus with Alul. G2 state was retained in
presence of RO3306 as indicated by FRET signal. t=0 minutes refers to the first timepoint of the recorded time-lapse. d,
Quantification of chromatin density in cells as in ¢, normalized to the mean of t=0 min. n=11 cells. Bars indicate mean; significance
tested by a paired, two-tailed t-test (P=0.091). e, f, In vitro liquid-liquid phase separation behavior of unmodified or acetylated
nucleosome arrays. e, 12X601 Nucleosome arrays labelled with fluorophores as indicated were treated with recombinant p300
histone acetyltransferase or no enzyme in vitro and then subjected to identical phase separation buffers for 30 minutes. f,
Quantification of nucleosome array self-association by coefficient of variation (CV= o/u) in images as in e. n=26 for AlexaFlour488
array (AF488), n=25 for acetylated AlexaFluor488 array (AF488-p300), n=25 for AlexaFluor594 array (AF594), n=30 for acetylated
AlexaFluor594 array (AF594-p300). Bars indicate mean; significance tested by a Kolmogorov-Smirnov test (AF488-p300,
P=1.701x10-11; AF594-p300, P=2.862x10-2). Scale bars, 5 ym, a, insert 1 pm.
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Extended Data Figure 5. Partitioning of proteins and dextrans relative to chromatin depends on electrical charge. a, b,
Partitioning of GFP surface charge variants relative to chromatin in metaphase cells. a, Live metaphase cells after injection of
recombinant mMEGFP(-7e) or scGFP(+7e). DNA stained with Hoechst 33342. b, Quantification of GFP fluorescence in chromatin
relative to cytoplasm. n=17 for mEGFP(-7e), n=20 for scGFP(+7e). Bars indicate mean,; significance tested by a two-tailed Welch t-
test (P=5.6x10-14). ¢, d, Partitioning of charge-modified fluorescent dextrans relative to chromatin in metaphase cells. c, Live
metaphase cells after injection of negatively or positively charged 4.4 kDa dextrans. DNA stained with Hoechst 33342. d,
Quantification of dextran fluorescence in chromatin relative to cytoplasm. n=21 for 4.4 kDa dextran (-), n=10 for 4.4 kDa dextran(+).
Bars indicate mean; significance tested by a two-tailed Welch t-test (P=4.553x10-9). e, f, Partitioning of GFP surface charge variants
relative to liquid droplets of nucleosome arrays in vitro. e, Liquid chromatin droplets were formed in vitro by exposing 12X601
nucleosome arrays to phase separation buffer. GFP charge variants were added for 10 minutes and then imaged. DNA was stained
with Hoechst 33342. f, Quantification of GFP fluorescence in chromatin relative to buffer. n=69 for mEGFP(-7e), n=73 for
scGFP(+7e). Bars indicate mean; significance tested by a two-tailed Welch t-test (P<10-5). g, h, Partitioning of charge modified
dextrans relative to liquid droplets of nucleosome arrays in vitro. g, Liquid chromatin droplets were formed were formed as in e.
Charge modified 4.4 kDa dextrans were added for 10 minutes and then imaged. DNA was stained with Hoechst 33342. h,
Quantification of dextran fluorescence in chromatin relative to buffer. n=69 for 4.4 kDa dextran(-), n=57 for 4.4 kDa dextran(+). Bars
indicate mean; significance tested by a two-tailed Mann-Whitney test (P<10-15). Scale bars, 5 ym, inserts 1 ym.
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Extended Data Figure 6. Microtubules push liquified chromatin away from the spindle pole independently of hKid and
Kif4A. a, Time-lapse microscopy of liquified chromatin during chemically-induced assembly of monopolar spindles. Live mitotic
Hela cells expressing H2B-mCherry and eGFP-a-tubulin were treated with nocodazole and STLC and then injected with Alul.
Nocodazole was removed at t=0 min during time-lapse imaging. Projection of 4 z-sections. b, Quantification of chromatin
localization at the cell periphery relative to the region around the spindle monopole at = 36 min. n=13 cells. ¢, Time-lapse
microscopy of liquified chromatin during spindle assembly as in a for cells depleted of Kid and Kif4a by RNAi. d, Quantification as in
b for hKid/Kif4a-RNAi cells. n=16 cells. Bar indicates mean; significance tested by a two-tailed Mann-Whitney test (P=0.215) e,
Validation of RNAI efficiency by Western Blotting. Samples were collected 30 h after transfection of siRNAs targeting hKid and Kif4a
and probed by antibodies as indicated. Scale bars, 5 uym.
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4 Discussion

4 1. Mechanisms for cytoplasmic separation from chromosomes in open mitosis

Re-establishing cellular compartmentalization after open mitosis is essential for proper gene
expression in newly forming daughter cells. Here | describe a novel mechanism, termed
chromosome clustering, which mediates unmixing of bulk cytoplasm from chromosomes
before the nuclear envelope seals around the chromosome cluster. | show that chromosome
clustering happens in the absence of mitotic spindle and causes exclusion of large artificial
substrates (GEM particles, p.27, Fig. 2c, d, *®) as well as endogenous macromolecular
assemblies (mature ribosomes, p.29, Fig. 4d-f, ™8). Hence, chromosomes have an inherent

ability to protect the reforming nucleus from cytoplasmic invasion.

In the presence of microtubules, chromosome coalescence to a cluster might further be
assisted by the spindle forces during poleward segregation. While the spindle is dispensable
in cytoplasmic exclusion (p.27, Fig. 2c, d, '8), the relative contributions of spindle pulling
forces and Ki-67-regulated chromosome clustering in unperturbed mitosis remain unclear. The
methods we developed to inhibit chromosome clustering during spindle-less mitosis led to
cytoplasmic retention in the nuclei of daughter cells, but also prevented progression to
anaphase, thereby limiting the analysis of spindle forces during anaphase. Further dissection
of Ki-67’s function in a regular anaphase situation might be achieved by acute Ki-67 depletion.
The growing toolbox of inducible protein degradation systems'®-152 should make it feasible to

design such an experiment in the close future.

Chromosome clustering excludes large cytoplasmic components from inter-chromosomal
spaces and thereby causes unmixing of cytoplasm and chromatin. However, some
cytoplasmic organelles do not enter the space occupied by mitotic spindle during open mitosis.
In Drosophila melanogaster S2 cells, which undergo semi-open mitosis, a membranous
envelope excludes organelles to the periphery, and concentrates spindle and SAC-essential
components to chromosome-proximal regions, while laser microsurgery disrupted this
compartmentalization®®. Human cells completely disassemble the NE during mitotic entry, NE
membranes are recycled into the ER, which forms a network that surrounds the mitotic
spindle?. This membranous network is not impermeable for the diffusion of small protein
substrates, but it is proposed to keep large membranous organelles, such as mitochondria,
away from the mitotic spindle®. Other studies report that mitochondria retain their peripheral
localization through interactions with subcortical actin filaments'4. Interestingly, although it is
conceivable that the mitotic spindle itself may impose a steric barrier for organelle diffusion
into central cellular regions, spindle drug depolymerization did not lead to chromosome

intermixing with mitochondria, ER membranes nor lysosomes®.
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Taken together, apart from chromosome clustering, faithful compartment re-establishment in
the newly forming daughter cells involves additional mechanisms, including the mitotic spindle,

ER membranes, and other cytoskeletal elements.

4.2. Potential molecular basis for Ki-67-mediated clustering

In early mitosis Ki-67 adopts an extended conformation, with highly positively charged
molecular brushes perpendicularly extending from the surface of chromosomes towards the
cytoplasm. This contributes to chromosome individualization and enables independent
chromosome motility. Chromosomes lacking Ki-67 show increased adhesion and cluster
together already in prometaphase''®. Therefore, we speculate that regulated increase in
chromosomal surface adhesion during mitotic exit stabilizes contacts between chromosomes
and causes clustering. My collaboration partner, S. Cuylen-Haering shows that upon mitotic
exit induction, Ki-67 changes its conformation and extended brushes collapse on the surface
of mitotic chromosomes (p.28, Fig. 3a-d, '8). Such conformational change is necessary for
chromosome clustering, yet the details of how it contributes to surface adhesion remain to be

investigated.

Chromosome individualization can be re-established in the absence of Ki-67 through
overexpression of core histones''®, conceivably through mimicking the positive charge that
may provide electrostatic repulsion between chromosomes. Whether the conformational
change of Ki-67 also includes neutralization of electrical charge is an interesting open
question. S. Cuylen-Haering confirmed that Ki-67 interaction with PP1 is dispensable for both
chromosome clustering and conformational change (p.45-46, Extended Data Fig. 8d, e),

however other unknown interactors may still contribute to Ki-67-mediated clustering.

4.3. Consequences of ribosomal retention in the nucleus

It has been proposed that ribosomes might contribute to mRNA translation inside the nucleus
of vertebrate cells'>3'%, but these findings have remained controversial. Several arguments
speak against nuclear protein synthesis. Firstly, many initiation, elongation and termination
factors would need to be present in the nucleus to enable translation. Live cell fluorescent
imaging showed that less than 1% of these factors localize in the cell nucleus'®. In addition,
several nuclear export receptors were shown to specifically transport these factors outside of
the nucleus'’. Further on, the strongest arguments for nuclear translation were obtained from
isolated nuclei'®®, raising the question of purity of the isolate. Optimization of the nuclear

isolation protocol decreased the levels of nuclear amino acid incorporation to almost

79



undetectable, indicating that the initially reported incorporation likely came from cytoplasmic
contaminations'®. Another important issue is the integrity of the NE, which might have been
compromised by detergent treatment during isolation and could explain the accumulation of
translation factors within the nuclei. Finally, an attempt was made to detect nuclear translation
in cells, using nascent chain puromycylation combined with elongation inhibitors to immobilize
the nascent chain on ribosomes'*. The localization of translated chains was then detected
using anti-puromycin antibodies, which required detergent treatment to ensure antibody
accessibility. The authors verify that chemical treatment causes retention of nascent chains
on ribosomes, yet the mobility of the whole ribosome-nascent peptide complex in the
cytoplasm depends on the order of fixation and permeabilization events. Since both fixation
and permeabilization were done simultaneously, the evidence for nuclear translation remains
under question due to possible cytoplasmic leakage into the nucleus. Taken together, the
presence of mature translationally competent ribosomes in the cell nucleus remains an
exception rather than a physiological state. In the absence of chromosome clustering, all
mature ribosomes localized between mitotic chromosomes are enclosed by the nuclear
envelope at the end of mitosis (p.29, Fig. 4e, f, ). This exposes unprocessed pre-mRNAs
inside the nucleus to an active protein translation machinery, potentially along with necessary
cofactors. This mislocalization of ribosomes might lead to synthesis of dysfunctional proteins
owing to translation of pre-mRNAs, which would threaten cellular homeostasis. Whether and
how ribosome mislocalization after mitotic exit with perturbed chromosome clustering leads to
protein synthesis defects might be addressed by mass-spectrometric analysis of proteomes

of unperturbed versus clustering-deficient cells.

After ribosomal assembly in the cytoplasm, the adaptor proteins carrying NES are released
from the complex, disabling further binding to nuclear export receptors®. It is therefore unclear
whether mature ribosomes that localize in the cell nucleus, as for example after an open
mitosis in clustering deficient cells, could be exported via nuclear pores. Although our
preliminary observations indicate that fluorescent signal from mature ribosomes may persist
in the nucleus for several hours after mitotic exit, follow up experiments are necessary to
determine whether this affects nuclear processes. In addition, although mature ribosomes are
too large to be transported through the NPCs in their native conformation, there is increasing
evidence that the pore size might transiently increase for transport of large substrates. A
recent study highlights that HIV capsids of 60 nm diameter can be inserted into the central
channel of the nuclear pore without major structural changes to the NPC’®. Therefore, the
possibility of mature ribosome export cannot be completely ruled out based on size constraint

considerations. Follow-up experiments investigating nuclear translation and other potential
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deficiencies of clustering-incompetent cells will be necessary to clarify the physiological role

of nucleo-cytoplasmic compartmentalization by this mechanism in proliferating cells.

4 4. Molecular partitioning relative to compact mitotic chromosomes during open
mitosis

Chromosomes cluster before nuclear envelope sealing to exclude large cytoplasmic
molecules from inter-chromosomal spaces. This cytoplasmic displacement mechanism first
relies on exclusion of cytoplasmic molecules from mitotic chromatin (p.26, Fig. 1b, '*8). We
show that molecules of much smaller size than GEM particles can still be excluded from mitotic
chromosomes, such as fluorescent GFP molecules (p.75, Extended Data Fig. 5a, b, ).
Altering electrical charge of similarly sized proteins has led to opposite distributions relative to
mitotic chromosomes (p.58, Fig. 3c, d, ). Therefore, electrical charge is a key regulator of
molecular access to chromosomes. An interesting follow-up to these findings would combine
the effects of both molecule size and electrical charge to gain a systematic insight into
cytoplasmic distribution relative to chromosomes. Further on, M.\W.G. Schneider shows that
fluorescent protein distribution depends on the acetylation state of mitotic chromatin (p.58,
Fig. 3a, b, 7). This might be explained by a change in mitotic chromatin pore size due to
hyperacetylation-induced decompaction. Larger pores of decompacted chromatin might
facilitate access of cytoplasmic molecules. However, the compaction state and pore size of
chromatin might not be the only feature affected by hyperacetylation. Addition of acetyl groups
to histone tails neutralizes the positive charge of their lysine residues and changes the overall
electrical charge of chromatin, which we show is relevant for protein partitioning. Systematic
altering of the chromatin compaction state in combination with exploring a wider range of sizes
and charges of cytoplasmic molecules will reveal more about underlying principles of

compartmentalization during open mitosis.

The observed macromolecular exclusion mechanism during nuclear assembly raises the
question how components that need to be incorporated in the nucleus after open mitosis avoid
exclusion via clustering. Nuclear retention after an open mitosis might be achieved by binding
to the chromosome surface. Consistent with this idea, many pre-ribosomal RNAs and
nucleolar proteins are localized to a chromosome periphery compartment that remains bound
to chromosomes throughout mitotic exit, so that they are enwrapped by the reforming nuclear
envelope regardless of chromosome clustering. Depletion of Ki-67 causes displacement of
these components from the chromosome surface to the cytoplasm, and their uneven
distribution between newly forming daughter cells®2. Cells lacking Ki-67 have fewer nucleoli

and decreased levels of RNA-synthesis, possibly because essential components for nucleolar

81



reformation are not incorporated into the nucleus on time. Alternatively, electrical charge, or
yet undescribed molecular features might further govern immediate inclusion into nuclei along

with chromosomes.

From a partitioning point of view, the chromosome periphery represents a unique entity whose
components do not enter chromosomal bodies yet are not completely excluded to the
cytoplasm. Hence, chromosome periphery components might reveal additional features
responsible for molecular distribution relative to chromosomes (3D conformation, charge
localization, hydrophobicity etc.). Uncovering the principles of molecular distribution between
chromatin, periphery and cytoplasm during open mitosis will provide a better understanding of

how cellular compartmentalization is re-established at mitotic exit.
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5 Conclusion

The results presented in this work reveal a new mechanism for re-establishing nucleo-
cytoplasmic compartmentalization after open mitosis that involves clustering of chromosomes
regulated by the chromosome periphery protein Ki-67. In addition, we show that exclusion of
soluble proteins from compact mitotic chromosomes depends on the electrical charge of the
protein, whereby negative charge contributes to chromosome-cytoplasmic unmixing. Taken
together, this study provides key insights into how cellular compartmentalization is regulated
and maintained throughout cell division to ensure homeostasis of newly emerging daughter

cells.
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6 Abbreviations

APC anaphase promoting complex

BAF barrier-to-autointegration factor
CAS cellular apoptosis susceptibility
CDC cell division control protein

CDH1 CDC20 homologue 1

CDK cyclin-dependent kinase

DFC dense fibrillar component

DNA deoxyribonucleic acid

eGFP enhanced green fluorescent protein
ER endoplasmic reticulum

ESCRT endosomal sorting complex required for transport
FC fibrillar center

GC granular component

GFP green fluorescent protein

HAT histone acetyltransferase

HDAC histone deacetylases

HP1 heterochromatin protein 1

INM inner nuclear membrane

LBR lamin B receptor protein

LINC linker of nucleoskeleton and cytoskeleton
LLPS liquid-liquid phase separation

MCC mitotic checkpoint complex

mRNA messenger RNA

NE nuclear envelope

NEBD nuclear envelope break down

NES nuclear export signal

NLS nuclear localization signal

NOR nucleolar organizer regions

NPC nuclear pore complex

NTF2 nuclear transport factor 2

NTR nuclear transport receptor
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NUP
ONM
Rb
RNA
RNP
rRNA
SAC
SMC
snoRNP
TSA
VRK

nucleoporin

outer nuclear membrane

retinoblastoma

ribonucleic acid

ribonucleoprotein

ribosomal RNA

spindle assembly checkpoint

structural maintenance of chromosomes
small nucleolar ribonucleoproteins
trichostatin A

vaccinia-related kinase
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