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Lay summary

All living organisms consist of one or multiple cells. As organisms grow,
their cells need to divide, and they do this by generating daughter cells
with identical genetic material. Therefore, it is crucial that the genetic
material, or DNA, is equally and faithfully distributed from the mother to the
daughter cells. To ensure this, cells of higher organisms condense their
duplicated DNA into structures called chromosomes, and each copy of the
DNA is delivered to the different nascent cells. In addition, cells display a
series of control mechanisms that halt cell division (also called mitosis) in
the event of a faulty distribution of the genome. A defective division may
cause aneuploidy, a hallmark of cancer and other developmental
diseases.

One of the main regulators of cell division is a protein complex called
Chromosomal Passenger Complex (CPC). CPC coordinates essential
processes in the cell, such as chromosome condensation, accurate
distribution of DNA or timely termination of cell division. In order to exert its
functions successfully, CPC needs to be recruited to different localisations
within the cell. CPC regulates the equal distribution of DNA by localising to
the centromere, the most narrow region of chromosomes, to which the
microtubule fibers attach to drive chromosome segregation. Hence, it is
very important to understand how CPC travels to the centromere.

The recruitment of CPC to the centromeric region of chromosomes is
driven by a complex mechanism that involves multiple pathways and
protein complexes. One of this proteins is Heterochromatin Protein 1
(HP1), a key component of heterochromatin that has been recently shown
to be implicated in cell division control by modulating CPC’s localisation
and activity. My PhD project has aimed to dissect how CPC and HP1
interact and how their interaction affects chromatin binding, and therefore
has contributed to deepen our understanding of cell division control.
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Abstract

The ultimate goal of mitosis is the accurate transmission of the genome
into daughter cells. The Chromosomal Passenger Complex (CPC,
comprised by Borealin, Survivin, INCENP and Aurora B) is essential for
the faithful segregation of chromosomes. Among others, its main biological
tasks include chromosome condensation, correction of kinetochoremicrotubule

malattachments,

activation

of

the

spindle

assembly

checkpoint and cleavage furrow formation during cytokinesis. In early
prophase, CPC localises to the inner centromere through its indirect
binding to Sgo1 via Borealin, H3T3ph via Survivin and also via
Heterochromatin Protein 1 (HP1). While the interactions of CPC with H3
and Sgo1 have been relatively better characterised, the molecular
mechanism that regulates CPC binding to HP1 remains unexplained. This
study aims to provide the molecular basis for the interaction between CPC
and HP1 and to dissect how HP1 assists CPC in the fulfilment of its
cellular functions.

To identify the intermolecular interactions between CPC and HP1, the
recombinant proteins were expressed and purified from E. coli and CPCHP1α complex could be reconstituted in vitro. SEC studies showed that
the binding of the INCENP PxVxL/I motif to the HP1α chromoshadow
domain

is

essential

for

CPC-HP1α

interaction.

However,

cross-

linking/mass spectrometry analysis revealed a more elaborate network of
intermolecular interactions between CPC and HP1α, with numerous crosslinks between Borealin/INCENP and HP1α. Measurement of the binding
affinity using truncated versions of the proteins showed that the new
contacts identified in this study are required for robust complex formation.
Interestingly,

HP1α

increases

CPC's

intrinsic

binding

affinity

for

reconstituted nucleosomes, suggesting that the association of CPC-HP1α
might have an effect on chromatin architecture. Finally, the contribution of
these multivalent intermolecular interactions in promoting liquid-liquid
VI

phase separation was assessed. Altogether, the results presented support
the idea that HP1α is a crucial CPC binding partner, and that this
interaction may have considerable implications in CPC ability to associate
with chromatin and drive phase separation.
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1 Introduction
1.1 Overview of the cell cycle

The cell cycle is the biological process by which cells duplicate their
genomic information and subsequently segregate it to the nascent
daughter cells. This event is crucial for the development and proliferation
of organisms. Due to its importance, the molecular mechanisms that
orchestrate the cell cycle are very rigorously regulated and conserved
among diverse species. In eukaryotes, the cell cycle comprises two
different stages: interphase and mitosis (also called M phase) (Figure 1.1).
During interphase, which encompasses most of the cycle, the cell needs to
ensure the development of its organelles and the duplication of its DNA.
Interphase can be further divided into three substages: G1, S and G2
(Norbury & Nurse, 1992). In the G1 phase (or Gap-phase 1), cells increase
their size and synthesize the organelles required for DNA replication. In
the subsequent S phase (synthesis phase) cells make a copy of their
genomes, and during G2 (Gap-phase 2) the replication of the cellular
organelles takes place. The gap-phases of interphase are essential for the
correct development of the landmarks of the cell cycle: the duplication of
DNA and mitosis. Cells that do not actively proliferate, but have the
potential for division if the adequate physiological conditions are given,
stay in a stage known as G0 (Schafer, 1998).

The ultimate goal of the cell cycle is the faithful transmission of the
genome from the parental cell to the two daughter cells. Failure in the
duplication or segregation of the DNA may lead to the development of
aneuploid cells. These cells are characterised by an aberrant number of
chromosomes; in humans, any cell with an imbalance in the usual number
of 46 chromosomes is considered aneuploid. Most malignant tumours are
defined by the presence of aneuploid cells, which have undergone wholechromosome gains or losses (Passerini et al., 2016). In order to avoid

1

SAC

G2/M

G0
Abs.

G2

G1

S/G2

G1/S

S
Figure 1.1: The cell cycle stages. The cycle directionality is illustrated by the black arrows, and
the cell cycle checkpoints, by the red squares that delimit the distinct phases. SAC: Spindle
Assembly Checkpoint; Abs.: Abscission Checkpoint.
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aneuploidy, the cell operates a set of molecular control mechanisms called
checkpoints that facilitate the detection of abnormal chromosome
distributions and halt the cycle until the alterations are amended (Kops et
al., 2005).

There are five main internal checkpoints throughout the cell cycle, all of
which regulate the transition between two different phases. The first are
the DNA damage checkpoint between G1 and S, the DNA replication
checkpoint at S/G2, and the transition checkpoint at G2/M (Fig. 1.1).
These three checkpoints respond to defects in DNA integrity and cell
growth, which need to be corrected before entering mitosis. The fourth
checkpoint, called the spindle assembly checkpoint (SAC), is activated
during mitosis and blocks mitotic progression if chromosomes are not
correctly attached to the spindle microtubules, which generate the
mechanical force that trigger sister chromatid segregation (Stark & Taylor,
2006; Barnum & O´Connell, 2014). Finally, cells set off the fifth checkpoint,
the abscission checkpoint, if any remains of chromatin are detected inside
the intracellular bridge, thus preventing against tetraploidisation, formation
of micronuclei or chromosome breakage (Steigemann et al., 2009; Nähse
et al., 2017).

Cell fate and cycle progression are mainly determined by the capacity of
the cell to process the signals that it receives. These signals often lead to
the activation or suppression of regulatory networks. The main switch that
modulates the activity of these networks is the dynamic phosphorylation
and dephosphorylation of substrates. Cyclin-dependent kinases (CDKs)
are pivotal regulators of cell cycle control. CDKs are a family of highly
conserved serine/threonine kinases which depend on their binding to
cyclins to exert their enzymatic activity (Malumbres, 2014). The first
member of the CDK family, Cdk1, was identified in genetic screens in
Saccharomyces cerevisiae and Schizosaccharomyces pombe and was
shown to be essential for cell cycle progression (Russell & Nurse, 1986).
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The first homologs were found in human cells soon after (Lee & Nurse,
1987). Since then, many other CDKs have been identified and extensively
characterised. Numerous CDK/cyclin complexes coexist during the cell
cycle, whose levels differentially fluctuate in a spatiotemporal manner to
control different stages of DNA replication or mitosis (Fig. 1.2). This is
achieved by the discrete activation or inactivation of CDKs through the
synthesis or degradation of the correspondent cyclin partner (Pines,
1999).

In early G1, the increasing levels of cyclin D activate Cdk4 and Cdk6,
which in turn lead to the activation of E2F transcription factors (Weinberg,
1995; Satyanarayana & Kaldis, 2009). This signalling pathway triggers the
activation of A and E-type cyclins. At the G1/S transition, cyclin E
association with Cdk2 promote further activation of E2F proteins; the
transcription of these factors is essential for cell cycle progression into S
phase (Satyanarayana & Kaldis, 2009). As S phase advances, cyclin E is
gradually degraded and Cdk2 complexes with cyclin A (Hwang & Clurman,
2005). Nuclear Cdk2/cyclin A complex is important for the phosphorylation
of DNA replication substrates and progression into G2. In late G2 phase,
cyclin A translocates to the cytoplasm, where it associates with Cdk1. This
binding modulates the entry into mitosis (Furuno et al., 1999; De Boer et
al., 2008). At the G2/M transition, as cyclin A levels dramatically decrease,
Cdk1 associates with cyclin B. In mammals, the inactive Cdk1/cyclin B
complex is activated via dephosphorylation by the Cdc25 phosphatase
family (Gavet & Pines, 2010). This is typically considered as the trigger of
mitotic onset.

The Cdk-driven regulation of the cell cycle is antagonised by the activity of
protein phosphatases. Human phosphatases can be classified into two
groups, depending on the residue that they dephosphorylate: protein
tyrosine phosphatases (PTPs) or serine/threonine phosphatases (PSTPs).
They diverge in the mechanism by which they dephosphorylate their
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substrates (Barford et al., 1998). In the context of cell cycle regulation,
PSTPs are the key players that counteract kinase activity (Barr et al.,
2011). The most abundant phosphatases in human cells are Protein
Phosphatase 1 (PP1) and Protein Phosphatase 2A (PP2A). PP1 and
PP2A are essential for the formation of the bipolar spindle, stabilisation of
kinetochore-microtubule attachments, and sister chromatid cohesion
(Moura & Conde, 2019). During cell division, when chromosome
biorientation is achieved, PP1 counteracts Aurora B kinase activity,
thereby silencing the SAC (Emanuele et al., 2008). Similarly, PP2A
enrichment at unattached chromosomes at the beginning of mitosis
ensures the formation of proper kinetochore-microtubule attachments by
decreasing the phosphorylation levels of kinetochore substrates (Foley et
al., 2011).

Mitotic entry is characterised by a sharp increase of phosphorylation
marks. This peak in protein phosphorylation events is not just due to a rise
in kinase activity, but also to a decrease in phosphatase activity (Nasa &
Kettenbach, 2018). Consequently, exit from mitosis requires the reversal
of this situation back to high phosphatase levels, which is accomplished in
late mitosis and interphase (Fig. 1.2). This tight regulation of the cell cycle
reveals that, rather than the phosphorylation or dephosphorylation events
per se, the crucial feature of this system is its dynamic nature.
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Figure 1.2: Kinase and phosphatase levels in the cell cycle. Kinase activation largely
depends on the expression of its corresponding cyclin. The fluctuation in the levels of kinases
and phosphatases determines the temporality of the cell cycle.
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1.2 Mitosis

Mitosis is the process by which the duplicated cellular materials generated
during interphase are equally distributed into two daughter cells. After
mitosis, the nascent cells will be able to complete the cycle again, being
capable of growing and dividing independently. This process was originally
observed by researchers as early as 19th century, and was termed
'mitosis' by the German biologist Walther Flemming (Flemming, 1882).

Mitosis is typically subdivided into five different stages: prophase,
prometaphase, metaphase, anaphase and telophase (Fig. 1.3). During
these phases, the genetic material is condensed, segregated into different
cells and decondensed again (McIntosh, 2016). After telophase, the
cytoplasmic contents are also partitioned in a process called cytokinesis.
In comparison to the rest of the cycle, cell division only encompasses a
very short timespan (about one hour) (Cooper, 2000). The following
sections will focus on the mechanistic details of an eukaryotic cell division.

1.2.1 Prophase

The defining feature of prophase is the condensation of interphasic
chromatin into chromosomes. Compaction of the genetic material leads to
an increase in the thickness and decrease in chromosomal length, which
allows the mobility of large amounts of DNA inside the diameter of a cell
(McIntosh, 2016). However, the mechanistic details of chromatin
condensation are still not fully understood. The cohesin protein complex, a
multimeric ring-shaped structure, associates with chromatin during
telophase and remains bound throughout interphase; in prophase, cohesin
is removed from chromosome arms but persists in small quantities at the
centromeric primary constriction. This pool of cohesin at centromeres
holds together the sister chromatids of each chromosome until anaphase
onset (Nasmyth et al., 2000; Tanaka et al., 2000). Simultaneously, a
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Figure 1.3: Stages of mitosis, depicting the main morphological changes in cell architecture.
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different family of proteins called condensins facilitate the compaction of
chromatin into the X-shaped chromosome structures. Condensin II, which
localises to the nucleus throughout the cell cycle, is involved in the first
steps of chromosome compaction (Hirota et al., 2004; Hirano, 2012). This
complex balance between sister chromatid cohesion and chromosome
compaction

during

prophase

enables

the

future

segregation

of

chromosomes in the later stages of mitosis.

In the cytoplasm, centrosomes migrate towards opposite poles of the cell
and initiate the assembly of microtubules, which are ejected radially
towards the centre of the cell. The emanating microtubules will eventually
form the mitotic spindle (Brinkley, 1985; McIntosh, 2016).

1.2.2 Prometaphase

At the prophase/prometaphase transition, the nuclear envelope breaks
down following the translocation of the maturation-promoting factor (MPF,
thought to be formed by the Cdk1/cyclin B complex) to the cell nucleus.
Phosphorylation of the nuclear lamina is essential for nuclear envelope
breakdown (NEBD). The MPF phosphorylates lamins, which has been
shown to have a depolymerising effect on them in vitro (Peter et al., 1990).
Furthermore, non-phosphorylatable mutants of lamins A and C abrogate
the disassembly of the nuclear lamina during mitosis (Heald & McKeon,
1990). NEBD enables the association of the spindle microtubules with the
centromeric region of chromosomes.

During prometaphase, microtubules undergo dynamic instability, a process
characterised by a constant switch between growth and shrinkage cycles
(Desai & Mitchison, 1997). Dynamic microtubules may be captured by the
kinetochore, a complex, specialised structure assembled upon centromeric
chromatin (Cheeseman & Desai, 2008). The kinetochore-microtubule
attachment is then stabilised and microtubules lose their dynamic capacity
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of growth and shrinkage. However, the random nature of these
attachments often leads to erroneous connections between kinetochores
and microtubules. Attachments leading to unequal distribution of genetic
material need to be corrected before transition into the next mitotic stage.
Microtubules from one pole that attach to both sister chromatids establish
so-called syntelic attachments. Connections between one sister chromatid
and microtubules from both poles are known as merotelic attachments.
Monotelic attachments are established between a sister chromatid and
microtubules from just one pole. Only amphitelic attachments, which
connect each sister chromatid to opposing spindle poles, will enable the
faithful transmission of the genome (Tanaka, 2005; Monda & Cheeseman,
2018) (Fig. 1.4).

Failure to create amphitelic attachments will result in a delay in the
transition to metaphase due to activation of the SAC (Hardwick & Murray,
1995; Tanaka, 2005). How mis or unattached kinetochores send the SAC
activation signal is still not completely understood; however, it is thought
that the lack of tension generated by the pulling forces from opposite cell
poles is involved in triggering the recruitment of SAC components to
kinetochores (Skoufias et al., 2001; Liu & Zhang, 2016). Some of the SAC
proteins identified so far include Mad1, Mad2, Mad3, Bub1, Bub3 and
Mps1, among others (Hoyt et al., 1991; Li & Murray, 1991; Weiss & Winey,
1996). Bub1 kinase localises first to outer kinetochores and has been
shown to be necessary for the recruitment of the SAC machinery (SharpBaker et al., 2001; Johnson et al., 2004; Perera et al., 2007). The
biochemical cascade initiated at unattached kinetochores leads to the
formation of the mitotic checkpoint complex (MCC), which comprises
Mad2, BubR1, Bub3 and Cdc20 (Sudakin et al., 2001). The MCC causes
the inhibition of the anaphase promoting complex (APC/C), an E3 ubiquitin
ligase responsible for the proteolytic degradation of mitotic cyclins (Hoyt,
2001; Pines, 2011).
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Figure 1.4: Schematic representation of the different kinetochore-microtubule attachments.
Malattachments can be classified into: syntelic attachments (microtubules from the same spindle
pole bind to both sister chromatids), merotelic attachments (microtubules from both spindle poles
bind to a single kinetochore), or monotelic attachments (microtubules from one spindle pole bind
to a single kinetochore). Only amphitelic attachments (where microtubules from opposite poles
bind to both sister chromatids) are warrant faithful chromosome segregation.
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1.2.3 Metaphase

Transition to metaphase occurs after every chromosome is well attached
to opposing spindle microtubules. During early metaphase, most
chromosomes are still oscillating along the spindle axis and do not
completely locate at the spindle equator (McIntosh, 2016). Robust
attachment of the chromosomes to the spindle microtubules generates the
tension necessary to achieve biorientation at the equatorial plate (Tanaka,
2005). SAC silencing leads to a local increase of phosphatase activity at
kinetochores, which counteracts the action of mitotic kinases such as
Bub1, Aurora B, and Mps1 (Lesage et al., 2011; Lara-González et al.,
2012). Although the precise mechanisms by which the MCC is
disassembled are not fully understood, it has been suggested that it
occurs mainly through ubiquitylation of the Cdc20 subunit and the joint
action of the AAA-ATPase TRIP13 and p31comet (Liu & Zhang, 2016).
Ubiquitylation leads to the release of Cdc20 from BubR1, which may
cause the dissociation of the MCC from the APC/C (Sitry-Shevah et al.,
2018). Additionally, the Cdc20-Mad2 subcomplex is disassembled by
TRIP13 in an ATP-dependent manner (Eytan et al., 2014). Activation of
the APC/C upon SAC silencing leads to the proteasome-mediated
degradation of securin, a promoter of sister chromatid cohesion (Hagting
et al., 2002). Degraded securin can no longer bind separase, a protease
that cleaves and opens the cohesin ring between the two sister chromatids
(Nasmyth

et

al.,

2000).

Loss

of

centromeric

cohesion

enables

chromosome segregation and anaphase onset.

1.2.4 Anaphase

After cohesin proteolysis by separase, sister chromatids start to migrate to
opposite spindle poles. The driving force of the poleward movement of
chromosomes is the depolymerisation of microtubules, which are still
coupled to kinetochores. Depolymerisation occurs through loss of tubulin
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subunits from the plus-ends of kinetochore-attached microtubules
(Mitchison et al., 1986; Cimini et al., 2004). As chromosomes approach
the poles, the spindle poles are also pushed towards opposite directions
by the action of interacting interpolar microtubules at the midzone of the
dividing cell (Maiato & Lince-Faria, 2010; Scholey et al., 2016). These
forces cause an elongation in the spindle midzone, which is stabilised by
tightly-packed antiparallel microtubule bundles (Glotzer, 2004).

1.2.5 Telophase

Upon arrival to the spindle poles, chromosomes decondense and the
nuclear envelope reassembles around the genetic material, forming two
daughter cell nuclei (Schooley et al., 2012). Cdk1 levels drop, leading to
the dephosphorylation of lamins, condensins and other Cdk1 and Aurora B
substrates by PP1 and PP2A (Afonso et al., 2019). The accumulation of
antiparallel microtubules at the spindle midzone leads to the formation of
the cleavage furrow, a groove surrounded by a contractile ring of actin and
myosin (D'Avino et al., 2005). At this point mitosis finishes and is followed
by the division of the cytoplasm, a process called cytokinesis.

1.2.6 Cytokinesis

The ingression of the cleavage furrow at the midzone leads to the
compaction of spindle microtubules and eventually to the formation of the
midbody, a narrow intercellular bridge (Capalbo et al., 2016). The midbody
acts as a scaffold for the coupling of the abscission machinery (Mierzwa &
Gerlich, 2014). Further constriction of the midbody causes

the

disassembly of microtubule bundles and eventually leads to the rupture of
the intercellular bridge, yielding two separate and identical daughter cells
(Guizetti et al., 2011).

13

1.3 Chromatin, centromeres and kinetochores: Structure and
function

1.3.1 Euchromatin and heterochromatin

The complex between DNA and its associated proteins packaged inside
the cell is called chromatin. The biological significance of chromatin is
precisely its extremely dense structure, which allows the wrapping of
roughly two metres of DNA in a micrometre-sized human cell. The
fundamental unit of chromatin is the nucleosome, which consists of a
histone octamer with two copies of each core histone (H2A, H2B, H3 and
H4) and 147 bp of DNA wrapped twice around the histone core. The Nterminal, unstructured tails of the core histones protrude from the
nucleosome core and establish contacts with neighbouring molecules
(Luger et al., 1997). In fact, these tails are subject to numerous posttranslational modifications (phosphorylation, acetylation and methylation,
among many others), which markedly impact the cellular program by
modifying chromatin architecture (Kouzarides, 2007). The archetypical
example is the epigenetically-defined compartmentalisation of chromatin
into an 'open-state' chromatin or euchromatin, and a 'closed-state' or
heterochromatin.

Euchromatin contains gene-rich, transcriptionally active chromosome
domains that remain uncondensed during interphase. Euchromatin is
generally defined by hyperacetylation of histone H4 and histone H3
methylation at Lys4 (H3K4me) (Grewal & Jia, 2007). Conversely, tightlypacked, inaccessible, transcriptionally repressed regions are known as
heterochromatin. The two main signatures of heterochromatic domains are
the presence of di- or trimethylated H3 tails at Lys9 (H3K9me2/me3) and
chromodomain proteins that encompass the Heterochromatin Protein 1
(HP1) family (James & Elgin, 1986; Wang & Higgins, 2013). In addition,
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heterochromatin mediates the recruitment of histone deacetylases that
contribute to its own maintenance and spreading (Zhang et al., 2002).

Heterochromatin is commonly situated at the pericentromeric and
telomeric regions of the chromosome. Historically considered a gene-poor
nuclear domain with small biological relevance, heterochromatin has
recently been attributed crucial roles in genome integrity, mitotic fidelity,
DNA repair and transcriptional silencing (reviewed in Janssen et al.,
2018). Heterochromatin is also located at developmentally regulated loci,
where it can adopt open or condensed conformations in a temporal and
spatially-regulated

manner

(Grewal

&

Jia,

2007).

This

type

of

heterochromatin is called facultative heterochromatin, characterised by the
presence of the H3K27me3 mark and the polycomb repressive complex 2
(PRC2). Unlike constitutive heterochromatin, located at centromeres and
telomeres and defined by the H3K9me3 mark, the distribution of facultative
heterochromatin differs in each cell type and is particularly important
during early development (Wiles & Selker, 2017).

Heterochromatin structure and function largely depends on HP1, the
chromatin reader of the H3K9me3 modification. Due to its importance in
the development of this thesis, the biological functions of HP1 will be
dissected in detail in section 1.6.

1.3.2 The centromere

Accurate chromosome segregation relies on the precise attachment of
spindle microtubules to kinetochores. During mitosis, kinetochores are
assembled onto chromosomes at a very specific region called the
centromere. Centromeres are chromatin structures that form the primary
constriction of chromosomes, where sister chromatids establish a tight
junction before they are separated at anaphase onset. The vast majority of
eukaryotic organisms have monocentric chromosomes, which contain a
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single centromere at a discrete region of the chromosome (McKinley &
Cheeseman, 2016). The length of the centromeric DNA varies among
species; some organisms, such as the budding yeast Saccharomyces
cerevisiae, have point centromeres, with just a short DNA sequence that is
essential and sufficient for chromosome segregation and kinetochore
binding (Clarke & Carbon, 1980; Clarke, 1998). However, most model
organisms have regional centromeres, larger chromosomal regions which
are defined by the presence of highly repetitive DNA sequences
interspersed with retrotransposable elements (Fukagawa & Earnshaw,
2014).

Repetitive human centromeric sequences are known as α-satellites
(Manuelidis, 1978). α-satellite DNA is composed of A/T-rich tandem
sequences with several megabases in length and have been shown to
account for up to 3% of the genome (Waye & Willard, 1985; Vissel &
Choo, 1987; Miga et al., 2017). A pivotal discovery came in 1985 when it
was proven that formation of a functional centromere-kinetochore unit
could be abolished without manipulating the underlying repetitive
centromeric sequence (Earnshaw & Migeon, 1985). Formation of
functional neocentromeres at loci lacking α-satellite repeats also suggests
that centromere specification is driven by epigenetic mechanisms and is
not sequence-dependent (Earnshaw et al., 1989; Voullaire et al., 1993).

An additional feature of repetitive centromeric DNA sequences is the
presence of a histone H3 variant called CENP-A (Fig. 1.5). CENP-A was
originally discovered in a study with scleroderma spectrum disease
patients as a centromere specific antigen (Earnshaw & Rothfield, 1985).
Soon after, CENP-A was identified as a component of chromatin with a
very high resemblance to canonical histones in most eukaryotes (Palmer &
Margolis, 1985; Vafa & Sullivan, 1997). CENP-A is now a well-established
centromere specifier, and loss of CENP-A at centromeres leads to
mislocalisation of all kinetochore components (Liu et al., 2006; Fachinetti
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Figure 1.5: Centromere and kinetochore architecture and its associated scaffold. At
centromeres, canonical H3 nucleosomes are interspersed with CENP-A nucleosomes.
Attached to CENP-A nucleosomes, CENP-C and other CCAN subunits form the inner
kinetochore, which connects with the spindle microtubules through the KMN network, main
component of the outer kinetochore. The inner kinetochore structure figure has been
adapted from Yan et al. (2019).
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et al., 2013; McKinley & Cheeseman, 2016). Artificial targeting of CENP-A
to extra-centromeric loci enables the formation of the chromosome
segregation machinery (Heun et al., 2006; Mendiburo et al., 2011).

The propagation of CENP-A itself involves an epigenetic mechanism.
During S phase, the existing CENP-A is conservatively distributed
between the template and the newly replicated DNA strands (Jansen et
al., 2007). In humans, the levels of CENP-A are not replenished until the
subsequent G1; thus, the concentration of CENP-A during mitosis is at half
maximal occupancy (Black et al., 2007; McKinley & Cheeseman, 2016).
The CENP-A restocking at centromeres relies on the coordination of
several proteins, such as the CENP-A-specific chaperone HJURP, and the
three-subunit complex Mis18 consisting of Mis18α, Mis18β and Mis18BP1
(Fujita et al., 2007; Foltz et al., 2009; Dunleavy et al. 2009). The specific
interaction of the Mis18 complex with elements of the CCAN such as
CENP-C and the Cdk1-dependent Mis18 complex assembly safeguards
the accurate temporal and spatial CENP-A deposition at centromeres
(Dambacher et al., 2012; McKinley & Cheeseman, 2014; Spiller et al.,
2017; Pan et al., 2017).

Chromosome condensation during mitosis occurs through the tight
packing of DNA around histone octamers, consisting of two H2A/H2B
heterodimers and one H3/H4 heterotetramer. The DNA-histone octamer
complex is considered to be the basic unit of chromatin and is called
nucleosome (Luger et al., 1997). Histone post-translational modifications,
such as phosphorylation, methylation or acetylation, are essential
regulatory marks that modulate many cellular processes, including gene
expression, chromatin structure or DNA repair among many others (Wang
& Higgins, 2013). Collectively, these findings highlight the epigenetic
nature of centromere specification, as well as the important role of
epigenetic regulation in chromatin structure.
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1.3.3 The kinetochore

Kinetochores

are

complex

multi-subunit

protein

assemblies

that

orchestrate the segregation of sister chromatids by connecting the mitotic
centromeres to the spindle microtubules (Fig. 1.5). The first electron
microscopy images of the kinetochore showed a multi-layered structure
juxtaposed to the centromere, with no apparent connection between each
other (Luykx, 1965). Ever since, more than 100 proteins have been
identified and characterised as part of the kinetochore assembly
(Fukagawa & Earnshaw, 2014). Progress in the comprehension of this
structure has led to the notion that kinetochores are not only scaffolding
bridges between chromosomes and microtubules, but also essential
regulators of mitotic events such as the SAC or chromosome biorientation
and congression (Uchida et al., 2009; Foley & Kapoor, 2013; Musacchio,
2015).

Kinetochore proteins can be classified into three groups depending on
their localisation. The protein network in close proximity to centromeric
chromatin is the inner kinetochore, whereas those proteins involved in
direct binding to spindle microtubules are considered the outer
kinetochore. The third group comprises regulatory proteins with a more
dynamic localisation (Cheeseman, 2014).

The inner kinetochore, also known as constitutive centromere-associated
network (CCAN), is constituted by sixteen proteins that localise
constitutively to centromeric chromatin (Cheeseman & Desai, 2008). A
recent study provided the structural basis for CCAN assembly onto CENPA nucleosomes of S. cerevisiae by means of cryo-electron microscopy
(Yan et al., 2019). The CCAN organises as four subcomplexes (CENP-C,
CENP-L/N, CENP-O/P/Q/U and yeast Nkp1/Nkp2 and CENP-H/I/K/T/W)
that adopt a Y-shaped form; the opening of this Y-like structure contacts
both the DNA via CENP-L and N and the histones of CENP-A
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nucleosomes via CENP-C and N. The binding specificity of the CCAN to
CENP-A but not to canonical H3 is determined by the recognition of
unwrapped DNA by CENP-L/N (Yan et al., 2019). CENP-A has a shorter
N-terminal α-helix (αN-helix) than H3, and it lacks the loop preceding the
helix. The crystal structure of the nucleosome core particle (NCP) reveals
that the αN-helix in H3 stabilises a 147 bp stretch of DNA around the
histone octamer, keeping it well wrapped and compact (Luger et al., 1997).
Loss of the N-terminal loop and a fragment of the αN-helix in CENP-A
leads to a destabilisation of the DNA ends around the nucleosome, leaving
them unwrapped and without a defined conformation, as CENP-A
nucleosomes shield just 121 bp of nucleosomal DNA (Tachiwana et al.,
2011). Recognition of these free DNA termini by the CENP-L/N
subcomplex are crucial for CCAN assembly onto CENP-A nucleosomes
(Yan et al., 2019).

The main platform of the CCAN connecting centromeric CENP-A with the
outer kinetochore is CENP-C (Carroll et al., 2010). CENP-C contacts the
outer kinetochore through its interaction with the Mis12 complex
(Gascoigne et al., 2011; Screpanti et al., 2011). Mis12 is part of the socalled KMN network, a protein scaffold in the outer kinetochore, named
after its components Knl1, Mis12 complex and Ndc80 complex. Unlike the
proteins of the CCAN, the KMN network does not constitutively localise to
kinetochores; Mis12 and Knl1 are targeted to the centromere during S
phase, whereas Ndc80 is undetectable until late G2 (Cheeseman et al.,
2008; Gascoigne & Cheeseman, 2013). Knl1 and the Ndc80 complex hold
the microtubule-binding ability of the KMN network, while Mis12 acts as a
linker with the CCAN (Cheeseman et al., 2006). An additional member of
the outer kinetochore, the Ska complex, has been shown to be essential
for the stability of kinetochore-microtubule attachments, together with the
Ndc80 complex (Gaitanos et al., 2009; Jeyaprakash et al., 2012, Abad et
al., 2014; Abad et al., 2016).
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1.3.4 Kinetochore-microtubule attachments

The intricate architecture of the kinetochore provides a solid hub for the
attachment of the spindle microtubules to the centromeric region. The
main kinetochore proteins responsible for microtubule binding are Knl1,
the Ndc80 complex and the Ska complex (Cheeseman et al., 2006,
DeLuca et al., 2006; Alushin et al., 2010, Espeut et al., 2012; Jeyaprakash
et al., 2012). Ndc80 is a rod-like shaped complex, comprising four
subunits (Hec1, Nuf2, Spc24 and Spc25) (Ciferri et al., 2005). The
microtubule binding sites in Ndc80 are located in the N-terminus of the
Hec1 and Nuf2 subunits and consist of globular, positively-charged
calponin-homology (CH) domains. The unstructured, positively charged
first 80 residues in Hec1 have also been attributed microtubule-binding
activity (DeLuca et al., 2006; Wei et al., 2007; Ciferri et al., 2008). On the
other hand, the C-termini of Hec1 and Nuf2 form a coiled coil that
connects with the Spc24 and Spc25 subunits, which connect the Ndc80
complex with the CCAN through their interaction with CENP-T (Ciferri et
al., 2008; Gascoigne et al., 2011; Nishino et al., 2013). Thus, Ndc80
adheres to the inner kinetochore directly through binding to CENP-T and
indirectly via Mis12 (Cheeseman et al., 2006; Petrovic et al., 2016).

In addition, Knl1 contributes synergistically with Ndc80 to promote the
microtubule binding activity of the KMN network in vitro through its Nterminus (Cheeseman et al., 2006). Surprisingly, Knl1’s microtubule
binding ability does not contribute per se to the attachment of microtubules
in vivo, but rather plays a role in SAC silencing by sensing correct
kinetochore-microtubule attachments (Espeut et al., 2012). According to
recent

structural

data,

upon

SAC

inactivation,

Knl1

dissociates

microtubules and binds PP1 instead due to a much higher affinity for the
latter (Bajaj et al., 2018). The Knl1-associated PP1, which is now installed
at the inner kinetochore, can now dephosphorylate its substrates (Bajaj et
al., 2018).
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The Ska complex is a three-subunit complex that was originally identified
as a single protein (Ska1) in a proteomic study of the human mitotic
spindle (Sauer et al., 2005). Later on, the subunits Ska2 and Ska3 were
characterised as part of the complex (Hanisch et al., 2006; Daum et al.,
2009, Gaitanos et al., 2009; Welburn et al., 2009). The Ska complex
localises to the outer kinetochore in an Ndc80-dependent manner, and is
essential for kinetochore-microtubule attachments stability. The Ska1 Cterminus, known as microtubule-binding domain (MTBD), is able to bind
the tubulin monomers of microtubules in different orientations, which
allows the Ska complex to track both growing or shrinking microtubules
(Abad et al., 2014). This contrasts with the microtubule-binding
mechanism of Ndc80, which interacts with the dimeric interface between
tubulin subunits and is therefore subject to the straight conformation of the
protofilament (Alushin et al., 2010). More recently, it has been reported
that the Ska complex strengthens kinetochore-microtubule attachments by
acting as a connecting bridge between the Ndc80 complex and the
microtubule lattice and also regulates microtubule plus-end dynamics by
stabilising the coupling of Ndc80 to shrinking microtubule tips (Helgeson et
al., 2018).

As stated previously in the 1.2.2 section, the cell needs to create
amphitelic attachments in order to drive a successful chromosome
segregation. Consequently, mistakes in the attachments are monitored
and corrected by surveillance mechanisms that involve the activity of
mitotic kinases, such as Aurora B, CDK, Plk1, Mps1 or Bub1 (Cheeseman,
2014). Some of these kinases, like CDK, regulate mitotic transition events
by enabling the assembly of kinetochore components at centromeres.
Others, for instance Aurora B, participate in destabilising improper
attachments to microtubules by phosphorylating important kinetochore
substrates like Ndc80 or the Ska complex (Biggins et al., 1999;
Cheeseman et al., 2006; DeLuca et al., 2006; Schmidt et al., 2012).
Phosphorylation of the microtubule-binding region of the Hec1 subunit in

22

Ndc80 by Aurora B weakens Hec1 binding to the microtubule lattice
(DeLuca et al., 2006). Aurora B kinase also impairs Ska complex targeting
to kinetochores by abolishing its interaction with the KMN network through
phosphorylation of Ska1 and Ska3 (Chan et al., 2012).

Apart from Ndc80 and Ska, Aurora B phosphorylates multiple other targets
in the KMN network, such as Knl1 and the Mis12 complex subunit Dsn1;
and it has been reported that differential phosphorylation of substrates
generates a gradient that results in dynamic kinetochore-microtubule
binding activity (Welburn et al., 2010). Hence, Aurora B kinase is
considered as a master regulator of kinetochore function. In the following
chapter, I will focus more specifically on Aurora B and its binding partners
(INCENP, Borealin and Survivin), all of which form an integral complex
known as the Chromosomal Passenger Complex (CPC).
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1.4 The Chromosomal Passenger Complex

The Chromosomal Passenger Complex (CPC) is considered one of the
most important regulators of cell division and is currently a subject of
extensive and cutting-edge research in the cell biological field. CPC is a
major

orchestrator

of

mitotic

processes

such

as

chromosome

condensation, activation of the SAC, correction of incorrect kinetochoremicrotubule attachments and cleavage of the midbody during cytokinesis.
The versatile and multifunctional nature of CPC relies on its highly
dynamic localisation throughout the cell cycle. It is first detected during late
S phase around pericentromeres; in late G2, its expression is upregulated
until it reaches maximum levels during mitosis. Mitotic entry causes a
relocation of CPC from chromosome arms and centromeres to inner
centromeres. During prophase and prometaphase, CPC accumulates at
inner centromeres, where it performs critical activities towards the
correction of unstable kinetochore-microtubule attachments. During
anaphase, CPC leaves inner centromeres and moves to the spindle
midzone. From there, it eventually translocates to the midbody region
during cytokinesis (Fig. 1.6) (Carmena et al., 2012).

CPC is a four-subunit protein complex that consists of a localisation
module and a kinase module. The localisation module comprises the
subunits Survivin, Borealin and the N-terminal helix of the inner
centromere protein (INCENP) (Fig. 1.7A). These three subunits associate
in a triple-helical bundle and are required for centromere targeting of CPC
(Klein et al., 2006; Jeyaprakash et al., 2007). Conversely, the kinase
module is composed of the Aurora B kinase, which is dynamically targeted
to subcellular locations by the localisation module, and the C-terminus of
INCENP, also known as the INCENP IN-box, which is required for full
activation of Aurora B (Fig. 1.7A) (Bishop & Schumacher, 2002; Honda et
al., 2003). In the next few sections, I will discuss in more detail the
biochemical and structural features of each subunit and their individual
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CPC at cleavage furrow

Figure 1.6: CPC dynamic localisation in the mitotic stages. CPC localises broadly to
chromosome arms and centromeres in early mitosis. Upon transition to prometaphase, it
localises specifically to centromeres, where it stays until the end of metaphase. Later, it
translocates from chromosomes to the spindle midzone and the cell cortex. Finally, it
moves to the cleavage furrow and midbody during telophase and cytokinesis. CPC is
represented in red, chromosomes in blue and microtubule bundles in green. Figure
adapted from Ruchaud et al. (2007).
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contribution to CPC function. The molecular determinants that define CPC
localisation in mitosis are still not fully understood and therefore will be
separately addressed in section 1.5.

1.4.1 Aurora B kinase

Aurora B is a serine/threonine kinase that belongs to the highly conserved
family of aurora kinases and that was originally identified in Drosophila
melanogaster in a study which showed that aurora-depleted cells fail to
form a bipolar spindle (Glover et al., 1995). In mammals, there are two
additional aurora kinases, A and C, which resemble Aurora B but have
different functions. Aurora A is more active during mitotic entry; it localises
to the spindle poles and participates in centrosome maturation and
separation, whereas Aurora C is a regulator of meiosis and is mainly
expressed in testis (Carmena et al., 2009).

Aurora B contains a kinase domain of about 290 amino acids preceded by
an N-terminal disordered, less conserved region. Like in many other
protein kinases, the catalytic region is a bilobal domain, with an N-terminal
lobe whose main structural elements are a set of conserved β-sheets and
an α-helix. The C-terminal lobe is primarily an α-helical structure (Johnson
et al., 1996; Sessa et al., 2005; Welburn & Jeyaprakash, 2018). While the
N-terminal lobe serves for the binding of kinase regulators and also
nucleotide binding, the C-terminal lobe is the docking site of Aurora B
substrates and is implicated in the phosphate groups transfer (Sessa et
al., 2005). The active site of Aurora B, which transfers the γ-phosphate
group from the ATP molecule to the potential substrate, is embedded in
the interface between the two lobes (Fig. 1.7B) (Sessa et al., 2005). The
protein backbone of this interface (also called hinge) region binds the
adenine in the ATP through hydrogen bonds, whereas some of its aliphatic
residues contact the purine. The α and β-phosphates in the ATP are
further stabilised through a salt bridge between a lysine on the β3-sheet
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Figure 1.7: (A) Domain architecture of the different CPC subunits (human proteins). (B)
Available crystal structures of CPC subunits. The CPC consists of a kinase module (Aurora
B/INCENP IN-box, left hand structure, Sessa et al. (2005), PDB code: 2BFY) connected
through INCENP to the localisation module (Borealin/Survivin/INCENP N-terminus, middle
structure, Jeyaprakash et al. (2007), PDB code: 2QFA), which forms a triple helical bundle,
required for CPC targeting to centromeres in mitosis. Borealin C-terminus contains a
dimerisation domain (right hand structure, Bourhis et al. (2009), PDB code: 2KDD).
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and a glutamate in the α-helix within the N-terminal lobe. Furthermore, this
salt bridge is an important structural feature of the active Aurora B kinase
(Bayliss et al., 2012; Welburn & Jeyaprakash, 2018).

Activation of Aurora B requires the binding of the C-terminal IN-box of
INCENP, in a process that resembles the CDK-cyclin activation pathway.
Binding of INCENP to Aurora B leads to the phosphorylation of the TSS
motif in the IN-box, which enables the low intensity enzymatic activation of
Aurora B. Next, partially activated Aurora B autophosphorylates at T232, in
the C-terminal lobe of the kinase domain, yielding a fully active Aurora B
(Honda et al., 2003; Sessa et al., 2005). This stepwise activation is more
prone to happen in trans, which explains the fact that CPC seems to
activate through spatial enrichment (Kelly et al., 2007).

Besides autophosphorylation, other studies suggest that additional factors
can

stimulate

Aurora

B

activation.

It

has

been

proposed

that

autophosphorylation of the Aurora B/INCENP IN-box complex is catalysed
by microtubules and telophase disk-60 kDa (TD-60), a protein involved in
guanine exchange of the Ran-like GTPase called RalA (Rosasco-Nitcher
et al., 2008; Papini et al., 2015). Cellular depletion of TD-60 leads to
increased microtubule density at kinetochores and perturbed mitotic
spindles due to a decrease in Aurora B activity (Papini et al., 2015). Other
kinases are also involved in Aurora B activation, such as Chk1 (checkpoint
kinase 1) which phosphorylates Aurora B at S311, or Plk1 (polo-like kinase
1), which promotes full Aurora B activation through phosphorylation of
Survivin (Chu et al., 2011; Petsalaki et al., 2011).

Phosphorylation
prometaphase is

of

kinetochore

substrates

by

Aurora

B

during

essential for destabilising incorrect kinetochore-

microtubule attachments. Substitution of Aurora B phosphorylation sites in
kinetochore proteins

with phosphomimetic amino acids

leads

to

permanent instability of the kinetochore-microtubule interaction (Carmena
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et al., 2012). Phosphatase activity, especially PP1 and PP2A, counteracts
Aurora B by dephosphorylating kinetochore substrates, thus permitting
stabilisation of kinetochore-microtubule attachments. In early mitosis, PP1
is recruited to the outer kinetochore; however, its inner centromere
enrichment is suppressed (Vagnarelli et al., 2006). Differential spatial
localisation of kinases and phosphatases leads to the formation of a
phosphorylation gradient, in which Aurora B activity is higher at inner
centromeres and decreases towards the outer kinetochore. It is thought
that the phosphorylation status of kinetochore proteins is regulated by a
tension-dependent mechanism, in which well-attached microtubules
mediate the stretching of centromeres and shifts substrates away from
centromeric Aurora B (Tanaka et al., 2002; Maresca & Salmon, 2010;
Lampson & Cheeseman, 2011), thereby allowing dephosphorylation of
substrates and abrogation of the SAC.

1.4.2 Inner Centromere Protein (INCENP)

INCENP was the first passenger to be discovered as a scaffold protein of
mitotic chromosomes (Cooke et al., 1987). INCENP is a large protein with
two distinct regions: the N-terminus, whose first 58 residues are necessary
for centromeric targeting of CPC by forming a triple-helical bundle with
Survivin and Borealin (Figs. 1.7A and 1.7B) (Klein et al., 2006;
Jeyaprakash et al., 2007), and the C-terminus, required for binding and
activating Aurora B. Therefore, INCENP is crucial for the assembly and
scaffolding of the localisation module and the kinase module of the CPC
(Earnshaw & Bernat, 1991). C-terminally of its centromere targeting
region, INCENP contains a PxVxL/I (Pro-X-Val-X-Leu/Ile, amino acids
167-171) motif, a sequence known for binding Heterochromatin Protein 1
(HP1). It has been described that INCENP and HP1 establish physical
interactions that do not seem to be involved in mitotic centromere targeting
of INCENP, but a HP1-binding site INCENP mutant has been reported to
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mislocalise during interphase (Ainsztein et al., 1998; Kang et al., 2011).
The nature of this interaction will be assessed in detail in section 1.5.

In its central region, INCENP contains a large single α-helix (SAH) of
roughly 200 amino acids that can directly bind microtubules. This SAHmediated microtubule binding ability targets CPC to the metaphase spindle
and is critical for spindle assembly (Tseng et al., 2010; Samejima et al.,
2015). The SAH, which is roughly 32 nm long, can stretch up to 80 nm
under certain physiological conditions. This flexibility of the SAH serves as
a centromeric anchor for Aurora B (bound to INCENP through the IN-box)
whilst at the same time it allows dynamic phosphorylation of outer
kinetochore substrates (Samejima et al., 2015). Furthermore, microtubule
binding by INCENP has been proposed to drive CPC translocation from
chromatin to the spindle during anaphase onset (Van der Horst et al.,
2015).

Very recently, a study has shown that the RRKKRR motif in INCENP
(encompassing residues 65-70) is necessary for the centromeric
localisation of CPC during metaphase (Serena et al., 2020). Specifically,
the basic RRKKRR patch interacts with DNA, and deletion of these
residues abolish the INCENP-DNA interaction in vitro and lead to CPC
mislocalisation to both metaphase centromeres and anaphase central
spindle (Serena et al., 2020). Failure of the INCENP RRKKRR deletion
mutant to translocate to the anaphase spindle is due to the loss of the
interaction with the mitotic kinesin MKLP2, which also depends on
INCENP for its localisation to spindles (Gruneberg et al., 2004; Hümmer &
Mayer, 2009; Adriaans et al., 2020; Serena et al., 2020). Indeed, it was
shown that MKLP2 competes with DNA for binding with the RRKKRR motif
in INCENP, suggesting that MKLP2 releases CPC from chromatin during
the metaphase-anaphase transition by disrupting the INCENP-DNA
interaction (Adriaans et al., 2020; Serena et al., 2020).

30

Numerous post-translational modifications in INCENP have a deep impact
in mitotic progression. As indicated in the previous section (1.4.1), full
Aurora B activity is only achieved after the initial phosphorylation of the
TSS motif in the INCENP IN-box (Honda et al., 2003). In mice, Plk1
localisation to kinetochores depends on the specific phosphorylation of
INCENP T388 by Cdk1 (Goto et al., 2006), whereas in humans, INCENP
and Aurora B are necessary for the activation of Plk1 at centromeres
through the phosphorylation of its T-loop at T210 (Carmena et al., 2012b).
An additional Cdk1 phosphorylation site at INCENP’s N-terminus (T59)
has been shown to prevent CPC translocation to the central spindle (Goto
et al., 2006, Hümmer & Mayer, 2009). INCENP T59 phosphorylation by
Cdk1 markedly impairs the ATPase activity of MKLP2, thus avoiding the
transfer of INCENP-MKLP2 to spindle microtubules upon anaphase onset
(Serena et al., 2020). Removal of the T59 phosphate group by the PP2AB55 phosphatase enables the relocation of CPC to the anaphase spindle
(Hein et al., 2017).

1.4.3 Survivin

Originally identified as a member of the 'Inhibitor of Apoptosis Protein'
(IAP) family, Survivin was the third chromosomal passenger being
described (Ambrosini et al., 1997; Uren et al., 2000). It was first identified
as a mitotic regulator in a study in budding yeast, where it showed to bind
the budding yeast Aurora B homologue Ipl1 and to be essential for proper
chromosome segregation (Kim et al., 1999). On its N-terminus, Survivin
has a Baculovirus IAP Repeat (BIR) domain, which coordinates a Zn2+ ion
(Fig. 1.7A and 1.7B). Specific mutations within the BIR domain disrupt
CPC inner centromere localisation but do not prevent translocation to the
spindle during anaphase in vertebrates, but this mechanism is not
conserved in D. melanogaster (Lens et al., 2006; Szafer-Glusman et al.,
2011). Moreover, Survivin directly binds phosphorylated histone H3 on
threonine 3 (H3T3ph), a mitotic hallmark that concentrates CPC at inner
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centromeres during early prophase (Kelly et al., 2010; Wang et al., 2010;
Yamagishi et al., 2010). This binding is mediated through the recognition
of an Ala-Arg-phosphoThr-Lys sequence on H3 by the BIR domain
(Jeyaprakash et al., 2011, Niedzialkowska et al., 2012).

On the C-terminus, Survivin consists of an α-helix that associates with the
N-terminal helices of INCENP and Borealin (Jeyaprakash et al., 2007).
This C-terminal helix, together with the N-terminal residues of the BIR
domain, is capable of dimerising, forming a 'butterfly-shaped' homodimer,
which is disrupted upon INCENP and Borealin binding (Jeyaprakash et al.,
2007). There are differently spliced transcripts of the survivin gene, which
are linked to cancer progression, being many of them overexpressed in
tumour cells (Wheatley & McNeash, 2005). Nevertheless, none of these
splicing variants colocalise with the rest of the CPC components (Noton et
al., 2006), due to crucial structural divergences that impair the formation of
the Borealin-Survivin-INCENP triple helical bundle (Jeyaprakash et al.,
2007).

Survivin’s function is also heavily influenced by post-translational
modifications, such as phosphorylation (by Aurora B, Plk1, Cdk1, or Ck2)
(O’Connor et al., 2000; Wheatley et al., 2007; Barrett et al., 2011;
Carmena et al., 2012) or ubiquitylation (Vong et al., 2005). For instance,
Cdk1-mediated phosphorylation of T34 has been shown to prevent
spontaneous apoptosis; consequently, expression of a T34 nonphosphorylatable mutant of Survivin leads to apoptosis in a variety of
melanoma cell lines (Grossman et al., 2001). Finally, mitotic ubiquitylation
of K63 in Survivin by the ubiquitin binding protein Ufd1 mediates the
association of Survivin with centromeres. On the contrary, deubiquitylation
of K63 by the deubiquitylating enzyme hFAM triggers the dissociation of
Survivin from the centromeric region, which is crucial for proper
chromosome alignment and segregation (Vong et al., 2005).
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1.4.4 Borealin

Borealin, the last CPC subunit to be characterised, was identified by two
independent research groups in a proteomic screen for novel proteins that
associate with mitotic chromosomes (Gassmann et al., 2004; Sampath et
al., 2004). As pointed out previously, its evolutionarily conserved α-helical
N-terminus forms a triple bundle with Survivin and INCENP (Fig. 1.7A and
1.7B) (Jeyaprakash et al., 2007). Borealin C-terminus is also wellconserved among species and mediates dimerisation of the protein
(Bourhis et al., 2009). Phosphorylation of Borealin by Mps1 on T230 in the
dimerisation

domain

regulates

Aurora

B

activity,

and

a

non-

phosphorylatable mutant of this residue leads to chromosome segregation
defects (Jelluma et al., 2008; Bourhis et al., 2009). Mutation of the Mps1
phosphorylation site to either a non-phosphorylatable (T230A) or a
phosphomimetic (T230D) residue disrupts dimer formation. Nevertheless,
T230D does not cause severe segregation defects, and a dimer-stabilising
mutation (T230V) does drastically reduce Aurora B activity (Bourhis et al.,
2009). A Borealin dimerisation domain deletion mutant causes centromeric
mislocalisation of CPC subunits without affecting complex formation, and
chemically induced dimerisation of this mutant largely restores inner
centromere recruitment (Bekier et al., 2015). However, the role of
Borealin-mediated CPC dimerisation and how it might affect Aurora B
activity is currently the focus of intense investigation.

Between the N-terminal helix and the dimerisation domain, there is a
central region in Borealin (sometimes termed as the Borealin 'loop') that
encompasses roughly 100 amino acids and is predicted to be flexible and
unstructured (Fig. 1.7A). This region interacts with the ESCRT-III
(endosomal complexes required for transport III) subunit CHMP4C
(charged multivesicular body protein 4C) and mediates its phosphorylation
by Aurora B. This mechanism has been proposed to delay premature
cytokinesis (Capalbo et al., 2016). Additionally, the loop can also bind
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DNA (Klein et al., 2006; Abad et al., 2019) and is prone to drive phase
separation through the formation of liquid gel-like droplets that have been
suggested to play a role in compartmentalisation of biochemical reactions
and heterochromatin domains at the inner centromere region (Trivedi et
al., 2019).

Several studies have highlighted the importance of Borealin in centromeric
targeting of CPC. Phosphorylation of Borealin by Cdk1 is required for CPC
binding to shugoshins 1 and 2 (Sgo1/Sgo2), which mediate CPC
centromeric recruitment by recognising phosphorylated threonine 120 of
histone H2A (H2AT120ph) (Tsukahara et al., 2010). Another study
suggests that HP1 targets CPC to centromeres through recognition of a
PxVxL/I motif in Borealin, even though Borealin does not contain a
classical PxVxL/I motif, but rather a conserved LTVPV sequence (Liu et
al., 2014). Recently, it has been reported that Borealin can directly bind
nucleosomes in a post-translational modifications independent manner.
This interaction is mediated by the first 9 residues and the C-terminal half
of Borealin and has been shown to be critical for CPC centromeric
recruitment in early prophase (Abad et al., 2019).
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1.5 Molecular determinants of CPC inner centromere localisation

Following their identification, the classification of the different CPC
components as 'chromosomal passengers' is due to the highly dynamic,
characteristic localisation of the subunits, that follow the exact same transit
as the first passenger identified, INCENP (Cooke et al., 1987). Ever since,
research efforts have focused on unveiling the molecular mechanisms that
direct CPC to its sites of action. In late G2 and early prophase, CPC
localises

broadly

to

chromosome

arms

and

centromeres;

in

prometaphase, it accumulates at the inner centromeres and remains there
until anaphase onset, when it translocates to the spindle midzone; in
telophase, it moves to the cleavage furrow (Fig. 1.6) (Ruchaud et al.,
2007). In this section, I will review the known mechanistic details that
target Aurora B to centromeric chromatin, due to its crucial role in
monitoring the SAC and ensuring effective chromosome segregation.

1.5.1 Haspin-mediated histone H3 Thr3 phosphorylation

It is now widely accepted that histone H3 Thr3 phosphorylation is essential
for correct CPC localisation during prometaphase (Fig. 1.8). Haspin is the
responsible kinase for H3T3ph (Dai et al., 2005). Haspin was originally
identified as a testis-specific gene in mice (Tanaka et al., 1994) and was
later classified as an 'atypical' kinase due to its unstructured N-terminal
domain that contains an autoinhibitory motif called HBIS (Haspin basic
inhibitory segment). Multiple kinases, such as Aurora B, Cdk1 or Plk1,
phosphorylate the N-terminus of Haspin during mitosis, leading to the
activation of the kinase through the release of the HBIS (Ghenoiu et al.,
2013; Zhou et al., 2014).

Three independent studies demonstrated that H3T3ph by Haspin recruits
the CPC to inner centromeres during prometaphase. This histone
modification is directly recognised by the BIR domain of Survivin (Kelly et
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Figure 1.8: CPC targeting to centromeres relies on different pathways. Top figures depict
the HP1-mediated recruitment through INCENP PxVxL/I motif during interphase, and the
Borealin-mediated nucleosome binding during early mitosis. The bottom figure shows the
CPC recruitment pathways during prometaphase, that depend on the recognition of two
histone modification marks: H3T3ph (bound by Survivin) and H2AT120ph (indirectly bound
to Borealin through Sgo1). Borealin is depicted in purple, Survivin in green, INCENP in
orange, Sgo1 in yellow, HP1 in light blue and histone octamers are represented as grey
spheres wrapped around DNA (black thread). Phosphorylation and methylation marks are
shown as red and green circles, respectively.
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al., 2010; Wang et al., 2010; Yamagishi et al., 2010). Depletion or
inhibition of Haspin, as well as specific mutations in the BIR domain of
Survivin cause the diffusion of CPC from inner centromeres to
chromosome arms (Kelly et al., 2010; Wang et al., 2010; Yamagishi et al.,
2010). Structural studies confirmed the requirement of the phosphorylation
in H3T3 for Survivin recognition of the histone (Jeyaprakash et al., 2011,
Du et al., 2012; Niedzialkowska et al., 2012).

Control of Haspin localisation to centromeric chromatin has remained
elusive due to its extremely low expression levels, which has prevented
imaging its endogenous localisation by immunofluorescence. However,
overexpressed GFP-Haspin colocalises with H3T3ph and CPC at inner
centromeres (Dai et al., 2005; Yamagishi et al., 2010), and a recent study
suggests that endogenous Haspin also follows the same pattern
(Hindriksen et al., 2017). Regulation of Haspin localisation depends on
several substrates. Haspin binds Pds5A/B, two cohesin-associated
proteins that are removed from chromosome arms during prophase by
Wapl and Plk1 (Hauf et al., 2005; Haarhuis et al., 2014). At centromeres,
sister chromatid cohesion is protected by Sgo1/PP2A, thus preventing
Haspin-Pds5A/B release from centromeres until transition to anaphase
(Haarhuis et al., 2014). It is thought that this mechanism leads to Haspin
enrichment at inner centromeres. Furthermore, CPC controls its inner
centromere targeting through Aurora B by phosphorylating Haspin; this
phosphorylation increases Haspin kinase activity, generating more
H3T3ph that serves as a CPC receptor (Wang et al., 2011). This positive
feedback loop has been termed as 'cohesion subnetwork' or 'CPC-HaspinH3T3ph' pathway (Wang et al., 2011; Trivedi & Stukenberg, 2016).

1.5.2 Bub1-mediated histone H2A Thr120 phosphorylation

In addition to H3T3ph recognition by Survivin, centromere localisation of
CPC is also dependent on the phosphorylation of histone H2A Thr120
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(H2AT120ph) by Bub1 kinase (Fig. 1.8) (Yamagishi et al., 2010). Bub1 is a
conserved kinase involved in the activation of SAC components such as
Mad1, Mad2 and BubR1 (Klebig et al., 2009), but it also directly regulates
chromosome segregation by localising Sgo1 and Sgo2 to inner
centromeres by phosphorylating H2AT120 (Kawashima et al., 2010). This
post-translational modification installs CPC at the kinetochore-proximal
centromere. Bub1-mediated recruitment of CPC is mediated by direct
binding of Sgo1 to Borealin in a Cdk1-dependent manner (Tsukahara et
al., 2010). Thus, it seems that H2AT120ph serves two different purposes:
firstly, Sgo1 recruitment to inner centromeres during early mitosis
safeguards

cohesin

removal,

preventing

premature

chromosome

segregation. On the other hand, recognition of Sgo1 by Borealin targets
CPC to the kinetochore-proximal area, which subsequently relocates to
inner centromeres through the Sgo1-cohesin interaction (Liu et al., 2013).
Bub1-mediated CPC targeting is powered by a second feedback loop
involving Aurora B, which phosphorylates Mps1, which is in turn needed
for Bub1 centromeric recruitment (Shepperd et al., 2012; London et al.,
2012). This pathway has been designated as the 'kinetochore subnetwork'
or 'CPC-Bub1-H2AT120ph' pathway (Trivedi & Stukenberg, 2016).

Both H3T3ph and H2AT120 are indispensable for inner centromere
targeting of CPC. Depletion of either Haspin or Bub1 relocates Aurora B
from inner centromeres back to chromosome arms (Boyarchuk et al.,
2007; Yamagishi et al., 2010), which suggests that both histone marks are
necessary for mitotic CPC centromeric enrichment. However, the latest
research indicates that Aurora B can be individually recruited by one of the
two phospho-marks independently of the other, and each of them targets
the CPC to distinct sites at the centromere, either to inner centromeres
(H3T3ph) or to the kinetochore-proximal centromere (H2AT120ph) (Broad
et al., 2020; Hadders et al., 2020). Strikingly, H3T3ph/H2AT120phmediated centromeric enrichment of Aurora B does not appear to be
directly involved in regulating its phosphorylation activity at outer
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kinetochores as evidenced by unchanged phosphorylation levels of Aurora
B substrates upon dual inhibition of Haspin and Bub1 kinases. Still,
abolition of Haspin and Bub1 activity detrimentally affects Aurora Bmediated error correction activity due to its loss at centromeres.
Importantly, a third pool of Aurora B at kinetochores that is independent of
Haspin or Bub1 activity was identified, and has been proposed to
phosphorylate outer kinetochore substrates to activate the SAC (Broad et
al., 2020; Hadders et al., 2020).

Increasing evidence suggests that mitotic processes that were thought to
be regulated in a distinct, separate manner are actually controlled by the
same key proteins. Crosstalk between Haspin, Bub1, Mps1, Sgo1, CPC,
Pds5B and cohesin in events such as correction of KT-MT malattachments, sister chromatid cohesion or activation of the SAC hinder the
interpretation of the role played by the different CPC inner centromeretargeting pathways (Trivedi & Stukenberg, 2016; Hindriksen et al., 2017).
Therefore, understanding the molecular mechanisms behind this complex
process will aid in dissecting the biological relevance of such an intricate
regulatory network.

1.5.3 Borealin-mediated CPC centromere targeting

Identification of H3T3ph and H2AT120ph represented a considerable
breakthrough in the comprehension of CPC function. Nevertheless, new
discoveries have started to challenge the central position of histone
modifications as major CPC recruiters. Abad et al. (2019) recently reported
that Borealin directly binds nucleosomes, and that this interaction is
required for localisation of CPC to chromatin during early mitosis (Fig. 1.8).
This corroborates the fact that Survivin is not sufficient to attain
centromeric accumulation of CPC, and Haspin depletion does not abolish
CPC detachment from chromosomes, even though it diffuses from the
inner centromere (Jeyaprakash et al., 2007). A Borealin mutant lacking the
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first 9 amino acids and the C-terminal half does not target CPC to
chromosomes in the first stages of mitosis; accordingly, this mutant does
not

bind

reconstituted

nucleosomes

in

vitro.

Surprisingly,

CPC-

nucleosome binding happens independently of H3T3ph, and Survivin
alone cannot interact with H3T3ph nucleosomes in vitro. Instead,
measurement of the dissociation constant reveals that recombinant CPC
binds H3T3ph with three times higher affinity compared to unmodified
nucleosomes. This suggests that the H3T3ph mark, and possibly also
H2AT120ph, are important mediators of CPC inner centromere enrichment
through an increase in CPC affinity for these types of modified chromatin,
but reveals that the major contributor for chromosome association is CPC
itself (Abad et al., 2019).

Additionally, it has been recently reported that the Borealin-mediated inner
centromere targeting of CPC could be attributed to its capacity of driving
phase separation in vitro and in vivo (Trivedi et al., 2019). Biomolecular
condensates

are

emerging

as

essential

membraneless

cellular

compartments that aid in the compartmentalisation of chromatin domains
(Erdel & Rippe, 2018). Removal of Borealin regions that drive phase
separation leads to mislocalisation of CPC from the inner centromere and
the spindle midzone, implying that the liquid-demixing properties of CPC
may be relevant for its mitotic functions (Trivedi et al., 2019). However,
whether CPC's defective mitotic function is directly related to its inability to
demix or rather to its incapability to bind nucleosomes, given that the same
region of Borealin is involved in both events, remains an open question.

1.5.4 HP1-mediated chromosomal association of CPC

The putative involvement of Heterochromatin Protein 1 (HP1) in CPC
function was first described after the discovery that INCENP bound HP1α
and HP1γ in a yeast two-hybrid assay (Ainsztein et al., 1998). Strikingly,
the centromere targeting region of INCENP failed to bind HP1α in yeast
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two-hybrid and in vitro assays, suggesting that HP1α is not directly
involved in INCENP centromere targeting despite its well characterised
association with centromeric heterochromatin. Moreover, a deletion
construct of INCENP lacking the identified HP1-binding region (INCENP
Δ69-404) behaved normally in vivo (Ainsztein et al., 1998). Remarkably,
the localisation of a mutant INCENP incapable of transferring from inner
centromeres to the anaphase spindle (INCENP 45-839) can be rescued by
fusing it to the N-terminal chromo domain of HP1α. This chimera bypasses
the requirement of INCENP recruitment to inner centromeres by directly
transferring from chromosome arms to the spindle (Ainsztein et al., 1998).
Thus, the first evidences of HP1-INCENP interaction indicate that HP1 is
necessary for INCENP targeting to the mitotic spindle.

Binding of HP1α to INCENP involves the interaction of HP1 C-terminal
chromoshadow domain and INCENP PxVxL/I motif (Nozawa et al., 2010;
Kang et al., 2011). A recent study reports that the HP1-INCENP interaction
is necessary for targeting CPC to heterochromatin before the onset of
mitosis and the H3T3ph/H2AT120ph-dependent centromeric enrichment
(Fig. 1.8) (Ruppert et al., 2018). CPC localisation and function during G2
has not been as thoroughly characterised as in mitosis, yet Aurora B
activity during G2, detected by the phosphorylation of histone H3 Ser10
(H3S10ph), correlates with the efficiency of the subsequent chromosome
segregation.

Cells that undergo late H3S10 phosphorylation suffer a

higher frequency of missegregation errors (Hayashi-Takanaka et al.,
2009). Therefore, CPC localisation to chromatin in G2, and consequently,
timing of Aurora B activation during late interphase, is of paramount
importance for proper cell division.

H3S10ph by Aurora B is a hallmark of mitotic entry that arises at
pericentromeres and spreads throughout the nucleus at the G2/M
transition (Hsu et al., 2000; Crosio et al., 2002; Hayashi-Takanaka et al.,
2009). During interphase, HP1 proteins associate with H3 Lys9-methylated
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chromatin

(H3K9me2/3),

which

is

the

epigenetic

signature

of

heterochromatin (for a review on the different chromatin states and
structures, see section 1.3.1). H3S10ph causes the dissociation of HP1
from H3 Lys9-methylated heterochromatin (H3K9me2/3); this event is
known as 'phospho/methyl switch' (Fischle et al., 2005; Hirota et al.,
2005). The cause of HP1 release from chromatin is not well understood,
although the 'phospho-methyl switch' seems to be a common mitotic
mechanism for displacement of chromatin factors, such as removal of
Polycomb proteins PRC1 and PRC2 from H3K27me3 upon H3S28ph by
Aurora B or displacement of the transcription factor TFIID from
H3K4me2/3 after H3T3ph by Haspin (Varier et al., 2010; Lau & Cheung,
2011; Fonseca et al., 2012). Notably, H3S10ph-dependent displacement
of HP1 does not cause the removal of the methyl groups from H3K9, as
evidenced by the dual recognition of H3K9me3/H3S10ph in mitotic
chromatin (Fischle et al., 2005), but rather appears to disturb the HP1
binding on the histone tail.

Ruppert et al. (2018) first analysed the consequences of artificially
tethering HP1α (by fusing HP1α to a CENP-B DNA binding domain) to
centromeres in order to avoid the H3S10ph-mediated displacement. This
caused an accumulation of cells in metaphase, which eventually led to
mitotic delay and chromosome segregation errors. These phenotypes
were due to the aberrant retention of Aurora B at centromeres during
anaphase and telophase, which could be reverted by releasing HP1α from
centromeres by mutating the CENP-B DNA-binding domain. Surprisingly,
untethered HP1α follows the Aurora B localisation pattern, as suggested
by its recruitment to the midbody during mitotic exit. Additionally, artificial
centromeric targeting of HP1α not only retains Aurora B at centromeres,
but also constitutively activates the kinase, as manifested by the presence
of H3S10ph throughout the entire cell cycle. Consequently, double
depletion of HP1α and HP1γ abolishes H3S10ph in G2 and causes a
diffused nuclear distribution of Aurora B.
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Since H3S10ph occurs upstream of H3T3ph and H2AT120ph (Ruppert et
al., 2018), it is thought that the HP1-mediated heterochromatin association
of CPC in late G2 may be an intermediate step required for its inner
centromere enrichment in prometaphase. Initially, HP1 targets CPC to
pericentromeres, leading to the phosphorylation of H3S10 by Aurora B.
Hypothetically, release of HP1 from chromatin would allow CPC to
transition from a HP1-dependent recruitment to the H3T3ph/H2AT120ph
mode. Nevertheless, the reason of this switch in CPC localisation control
is not known yet. Furthermore, the question of how the HP1 and Borealinmediated mechanisms of CPC localisation control are coordinated also
remains unanswered, since both events occur before the inner centromere
enrichment of the complex and seem to be necessary for correct mitotic
progression.

One additional aspect that remains largely unexplained is the role of the
HP1-INCENP interaction in mitosis. In contrast to the HP1-dependent
recruitment of CPC to chromosomes in G2, HP1α localisation to mitotic
centromeres relies on INCENP, revealing a switch in the centromeretargeting mechanism of the complex (Kang et al., 2011). Interestingly, Abe
et al. (2016) recently reported that HP1 binding to INCENP in mitotic cells
is indispensable for full Aurora B enzymatic activity, and that the typical
reduction of Aurora B activity observed in several different cancer cell lines
can be attributed to a reduction in the levels of CPC-bound HP1.
Moreover, the HP1-INCENP interaction is important for maintaining sister
chromatid cohesion on the metaphase plate. Cells depleted of
endogenous INCENP and transiently expressing mutant INCENP lacking
its PxVxL/I motif (ΔPxVxL/I) cannot maintain chromosome biorientation at
the metaphase plate, and have a higher frequency of lagging
chromosomes during anaphase (Yi et al., 2019). In these cells, depletion
of Wapl, a protein responsible for the cleavage of cohesin at anaphase
onset, rescues the effects caused by the lack of the HP1-INCENP
interaction, suggesting that binding of HP1 to CPC is important for
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chromosome cohesion. This is likely to happen through HP1-mediated
recruitment of Haspin to the mitotic centromere. Indeed, artificial tethering
of Haspin to centromeres rescues the defects in chromosome alignment
and cohesion observed in cells depleted of HP1α and HP1γ (Yi et al.,
2018).
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1.6 Heterochromatin Protein 1 (HP1)

HP1 proteins are a conserved protein family of roughly 200 amino acids
that were originally identified as non-histone chromosomal protein in the
heterochromatic regions of the D. melanogaster chromosome (James &
Elgin, 1986). The first HP1 protein described was subsequently called
HP1a. HP1 was characterised as a key factor for heterochromatin
formation due to its ability to suppress position-effect variegation (PEV), an
event in which translocation of a euchromatic gene to the vicinity of
constitutive heterochromatin leads to mosaic expression of the gene due
to its partial inactivation. Indeed, mutation of HP1 causes suppression of
PEV in D. melanogaster, meaning that gene silencing is reduced and
consequently

that

HP1

is

involved

in

heterochromatin

formation

(Eissenberg et al., 1990; Clark & Elgin, 1992).

In humans, three paralogs have been identified: HP1α, HP1β and HP1γ,
all of which share a high sequence identity, but strikingly, remarkable
differences in their localisation pattern and function (Fig. 1.9B). HP1
proteins have two highly conserved domains amongst species (Fig. 1.9A).
The N-terminal region or chromodomain (CD) specifically binds to
H3K9me2/3 modified chromatin, whereas the C-terminal region or
chromoshadow domain (CSD) forms a dimerisation interface that mediates
the recruitment of certain binding partners. In humans, the CD shows over
70% sequence identity between paralogs, whereas the CSD reaches
almost 90% of sequence similarity. Between CD and CSD there is a
flexible, unstructured and less conserved region called the hinge. The
boundaries of HP1 also contain diversified short regions called the N- and
C-terminal extensions (NTE/CTE), at the N-terminus of the CD and the Cterminus

of

the

CSD,

respectively.

Although

not

as

thoroughly

characterised as CD and CSD, the NTE, CTE and hinge regions seem to
be crucial for the broad functional plasticity of HP1 due to the larger
sequence differences between paralogs (Canzio et al., 2014).
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Figure 1.9: (A) Domain architecture of HP1α. (B) Multiple sequence alignment of human HP1 (α,
β, γ) paralogs. Colour code indicates amino acid conservation, and colour intensity represents
degree of conservation (dark red indicating 100% sequence similarity). Secondary structure
prediction is shown below the paralogs’ sequences; red lines represent alpha helices, and green
arrows represent beta sheets. (C) Crystal structure of HP1α chromodomain (cyan) in complex
with the histone H3 N-terminal tail (magenta), trimethylated in K9 (red). Blow-up highlights the
HP1-H3 binding site (PDB: 3FDT). (D) Crystal structure of HP1β chromoshadow domain (dark
blue) in complex with shugoshin 1 PxVxL/I motif (lime). Blow-up highlights the PxVxL/I-binding
site between the chromoshadow dimerisation interface (PDB: 3Q6S).
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The CD specifically binds H3K9me2/3 in a wide range of species with high
specificity but low affinity (Bannister et al., 2001; Jacobs et al., 2001;
Lachner et al., 2001). The N-terminus of the CD wraps around the histone
H3 tail, thus creating a hydrophobic binding pocket (comprising three
aromatic residues in the CD: Tyr21, Trp42 and Phe45) that recognises the
methylated K9 (Nielsen et al., 2002; Fig. 1.9C). In the absence of the
methyl groups, the rigid aromatic cluster in the CD is not tight enough to
firmly grip the histone H3 peptide, causing the destabilisation of the
peptide-binding configuration (Nielsen et al., 2002). In addition, the
conserved H3 sequence preceding K9me3 contacts other conserved
residues in the CD, such as Val23, Leu40, Leu58 and Cys60 (Nielsen et
al., 2002).

It has been proposed that HP1 can drive heterochromatin spreading by
recruiting Suv39h1, the methyltransferase responsible for the H3K9me3
mark, thereby initiating a loop in which HP1 ensures its own chromatin
binding by facilitating the establishment of the H3K9me3 signature
(Grewal & Moazed, 2003). HP1 paralogs display distinct binding affinities
for the H3K9me3 tail; these differences appear to be defined by the
sequence variability in the less conserved NTE (Machado et al., 2010;
Hiragami-Hamada et al., 2011). The NTE in human HP1β is very rich in
glutamate residues and therefore heavily negatively charged; the
electrostatic interactions between the acidic NTE and the basic histone tail
establish a tight interaction. Conversely, human HP1α binds weaker to
H3K9me3 due to the substitution of glutamates for serines in the NTE.
However, phosphorylation of the serine residues in mouse HP1α has
proven to cause a fivefold increase in affinity for H3K9me peptides,
suggesting that the regulation in the extent of the negative charge in the
NTE tunes the strength of the association between the CD and chromatin
(Hiragami-Hamada et al., 2011; Canzio et al., 2014).

47

The CSD is a chromodomain-like motif which is always present in proteins
that also contain an N-terminal CD, although not all proteins with a CD
have a CSD (Aasland & Stewart, 1995). In addition to the CD-H3K9me3
binding, HP1α and HP1γ also interact with the αN1 helix of histone H3
through their CSD (Smothers & Henikoff, 2001; Meehan et al., 2003). The
CSD mediates the homodimerisation of HP1 proteins and recruits binding
partners with a PxVxL/I motif (Fig. 1.9D) (Smothers & Henikoff, 2000).
Recognition of the PxVxL/I consensus sequence depends on a conserved
hydrophobic patch in the dimerisation interface of the CSD. In spite of the
high sequence conservation between the HP1 paralogs and among
species, small differences in the CSD, as well as slight variations in the
PxVxL/I motif and the neighbouring residues, seem to determine the
binding specificity of the individual isoforms for their respective binding
partners (Brasher et al., 2000; Thiru et al., 2004). This fact explains why
switching the CSDs of the Drosophila HP1a and HP1c re-targets the
proteins to euchromatin and heterochromatin, respectively, contrary to the
normal isoform distribution (Smothers & Henikoff, 2001). Thus, the
functional versatility of HP1 proteins seems to rely on the selectivity of
CSD paralogs to recognise different PxVxL/I-containing partners (Canzio
et al., 2014). For instance, Tyr168 and Leu172 in the human HP1α CSD
are directly involved in binding position 0 in the PxVxL/I motif (the central
valine), whereas Phe167, Arg171 and Trp174 recognise positions -2 and
+2 (P and L). While these contacts are sufficient to establish an interaction
between a CSD and a PxVxL/I motif-containing protein, recognition of the
PxVxL/I flanking residues at positions -6/7 and +5/6 by Thr126, Leu135
and Leu146 in the HP1α CSD are crucial to favour binding of a specific
PxVxL/I-containing protein over another (Thiru et al., 2004).

The less conserved hinge region connects the CD and CSD of HP1
proteins. Beyond its relevance as a structural linker, the hinge is also a
region of functional importance. Hinge-specific (not CD-specific) binding of
DNA is the prime mechanism for Xenopus laevis and human HP1α
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binding to chromatin in vitro, as evidenced by its tighter affinity for native
oligonucleosomes (Meehan et al., 2003). Furthermore, the RNA-binding
ability of the hinge region, together with the H3K9me3-CD recognition, is
essential for accurate pericentromeric targeting of HP1α (Muchardt et al.,
2002). A study by Keller et al. (2012) reports that binding of RNA and
H3K9me3 by the HP1 CD are mutually exclusive. RNA binding by the
yeast HP1 involves the coordinated action of NTE, CD and hinge, and
entails the dissociation of HP1 from methylated chromatin, which escorts
its associated RNA molecules to the RNA decay machinery (Keller et al.,
2012). The lower sequence homology between the hinge of different HP1
paralogs could therefore have dramatic effects in the functional diversity of
HP1 proteins. Accordingly, human HP1α and HP1γ hinges display different
affinities for RNA in vitro, which could potentially explain why these
paralogs localise to distinct subnuclear compartments (Muchardt et al.,
2002). Finally, isoform-specific post-translational modifications in the hinge
region also modulate HP1 proteins behaviour in vivo. For instance,
SUMOylation of mouse HP1α at Lys84 targets the protein to the
pericentromere, which does not occur for the β and γ paralogs (Maison et
al., 2011). Likewise, mitotic phosphorylation of human HP1α at the hinge
region by NDR1 kinase is necessary for mitotic progression and correct
chromosome alignment (Chakraborty et al., 2014).

Several studies have pointed out that human HP1 paralogs fulfil both
unique and redundant functions. The three isoforms localise to
centromeric heterochromatin, but HP1β, and especially HP1γ, can also be
found at euchromatic loci (Maison & Almouzni,

2004). Several

observations suggest that HP1γ may function as an auxiliary isoform. Loss
of either HP1α or HP1β does not mutually affect their relative levels, but it
leads to an enrichment of HP1γ at pericentromeric heterochromatin
(Bosch-Presegué

et

al.,

2017).

Moreover,

HP1γ

localisation

to

heterochromatic foci depends on HP1α and HP1β; double depletion of the
latter isoforms excludes HP1γ from heterochromatic foci (Dialynas et al.,
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2007). A more detailed analysis of the specific function of each HP1 was
carried out by dissecting the resulting phenotypes of single knockout
mouse embryonic fibroblasts (MEFs) for each paralog (Bosch-Presegué et
al., 2017). Interestingly, HP1α depletion led to an increase in syntelic and
merotelic attachments, whereas HP1β KO MEFs displayed multipolar
mitotic spindles (Bosch-Presegué et al., 2017). HP1γ KO cells show
significantly less mitotic defects than α or β KO, and the detected
abnormalities were a combination of those observed for the α and β KO
(Bosch-Presegué et al., 2017), reinforcing the notion that HP1γ performs
redundant roles.

In terms of temporal and spatial localisation, HP1 paralogs also exhibit
differences throughout the cell cycle. In HeLa cells, the three HP1 proteins
localise to centromeric heterochromatin and to promyelocytic leukemia
(PML) nuclear bodies (protein structures interspersed across chromatin)
during interphase, with a preference of α and γ for the latter (Hayakawa et
al., 2003). Upon transition into mitosis, HP1α stays attached to
centromeres, whereas HP1β and γ are discretely distributed on the
chromosome arms, although somewhat contradictory observations have
been made depending on the cell line used (Minc et al., 1999; Saffery et
al., 1999; Minc et al., 2001; Hayakawa et al., 2003). Strikingly, the HP1
proteins localisation to interphasic nuclei depends entirely on the CD, but
the centromeric localisation of HP1α during metaphase relies on the CSD
and parts of the hinge (Hayakawa et al., 2003). Even more surprisingly,
HP1β and HP1γ mutants containing only the hinge and the CSD can
associate with mitotic centromeres, but full-length β and γ cannot
(Hayakawa et al., 2003). Overall, these results clearly show that small
amino acid changes, specific post-translational modifications and choice of
binding partners are responsible for this highly diverse pattern of cellular
localisation and function of HP1 paralogs.
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Nevertheless, recent structural analysis of the three HP1 isoforms bound
to H3K9me3-dinucleosomes does not show clear differences in the
binding mechanism of the different isoforms (Machida et al., 2018). The
cryo-EM structure of the HP1-dinucleosome complex reveals that the
neighbouring H3K9me3 nucleosomes are connected by the CDs of the
HP1 dimer, and the hinge may directly contact the nucleosomal DNA,
even though it is not visible in the structure. This conformation leaves the
CSDs exposed between the nucleosomes and makes them easily
accessible for recognition of its binding partner. Thus, the formation of a
HP1 bridge over two nucleosomes gives a structural insight into the
mechanisms of chromatin compaction by HP1 (Machida et al., 2018).

One of the key biophysical features of HP1 is its ability to drive phase
separation. Over the last few years, a growing body of evidence suggests
that phase separation directs the compartmentalisation of membraneless
structures within the cell, which may be essential for the formation of
heterochromatin domains (Erdel & Rippe, 2018). Confinement of these
heterochromatin regions in phase separated liquid droplets is mediated by
HP1α, which is able to undergo liquid demixing in vitro and in vivo in
Drosophila embryos (Larson et al., 2017; Strom et al., 2017). The current
model establishes that the ability of HP1α to form higher order oligomers
onto chromatin leads to a local increase in the HP1 concentration,
inducing the formation of a separated phase that can incorporate HP1
binding partners but excludes non-interacting proteins. Accordingly, Aurora
B, H3K9me3 nucleosomes and DNA localise within the HP1α separated
phase (Larson et al., 2017). Structural studies using yeast HP1 indicate
that the contacts within the histone octamer are altered upon HP1 binding,
exposing histone residues that are typically buried and consequently
reshaping the nucleosome core (Sanulli et al., 2019). This rearrangement
in the nucleosome structure promotes the establishment of weak
multivalent

associations

between

nucleosomes;

this

multivalency

strengthens the formation of denser condensates that further compact the
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structure of heterochromatin (Alberti et al., 2019; Sanulli et al., 2019).
Furthermore, H3K9me3-multivalent recognition by three CD-containing
proteins (HP1, Suv39h1 and Trim28) cooperatively trigger robust formation
of liquid droplets that largely resemble heterochromatin puncta (Wang et
al., 2019), suggesting that histone post-translational modifications also
contribute

towards

chromatin

compartmentalisation

by

means

of

modulating phase separation.

Nonetheless, very recent work from Erdel et al. (2020) reports that HP1mediated

phase

separation

is

unlikely

to

drive

heterochromatin

compartmentalisation, as evidenced by its inability to form stable droplets
in the nucleoplasm or when bound to chromatin in living cells. Also,
chromocenters (densely compacted heterochromatin regions) do not show
a higher viscosity or particle internal mixing than euchromatic areas, and
concentration of HP1 within chromocenters is not higher than in other
nuclear domains, which invalidates the hypothesis that heterochromatin
spreading occurs through a HP1 concentration-driven phase separation
mechanism. Rather, the authors propose a compaction model driven by a
switch between a collapsed and a relaxed chromatin state. The alternation
between these two structures would presumably depend upon the
recruitment of certain activators or post-translational histone modifications,
as well as in the capacity of pericentric domains to self-associate (Erdel et
al., 2020). However, how HP1 and its ability to phase separate can affect
chromatin architecture and nuclear compartmentalisation is still an
ongoing debate and will surely be a field of intense research in the coming
years.
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1.7 Aim of PhD project

As evinced by the review of scientific publications in the introductory
section, it seems now clear that the regulatory mechanisms that target
CPC to centromeric heterochromatin during early prophase are complex,
diverse and usually intertwined processes. How the Haspin, Bub1,
Borealin and HP1-dependent pathways individually affect CPC localisation
and function remains to be understood. Probably, the least well
characterised mechanism is the HP1-driven modulation of CPC function.
In recent years, the foundations towards the elucidation of the biological
meaning of this interaction have been laid by two studies: Abe et al. (2016)
demonstrated that HP1 is crucial for CPC activity during mitosis, and that
impairment of this interaction causes a marked increase of chromosome
segregation errors. Likewise, Ruppert et al. (2018) dissect the HP1-CPC
interaction during late interphase, and show that this binding is extremely
robust, due to the inability of CPC to translocate to the central spindle
when HP1 is artificially tethered to centromeres. Furthermore, the HP1mediated recruitment of CPC happens well before the Haspin and Bub1dependent pathways, suggesting that CPC already starts clustering at
pericentromeres in G2.

The goal of this project is to provide a detailed molecular and structural
view on how CPC and HP1 interact. Understanding the molecular
mechanisms that regulate CPC-HP1 binding is crucial to dissect how the
proteins cooperate to achieve an error-free chromosome segregation.
Towards this objective, I have characterised this interaction using
biochemical and biophysical approaches. Furthermore, I also focused on
how the complex interacts with in vitro reconstituted nucleosomes, with the
aim of understanding how CPC and HP1 cooperate to associate with
chromatin, and whether this association is capable of modulating the
general chromatin architecture by means of phase separation.
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2 Materials and methods

2.1 Molecular biology

2.1.1 Standard reagents used in molecular biology

Reagent
LB (Lysogeny Broth) medium

SOC (Super Optimal broth with
Catabolite repression) medium

TBE (Tris-Borate-EDTA) (1X)
LB agar

Composition
10 g/l Difco Bacto tryptone
5 g/l Difco Bacto yeast extract
5 g/l NaCl, pH 7.2
20 g/l Difco Bacto tryptone
5 g/l Difco Bacto yeast extract
10 mM NaCl
2.5 mM KCl
10 mM MgCl2
10 mM MgSO4
20 mM glucose
89 mM Tris
89 mM Boric Acid
2 mM EDTA
LB medium
2% Difco Bacto agar

Table 2.1: Standard media and reagents used in molecular biology.

2.1.2 LIC cloning, PCR amplification and vector digestion

Ligation Independent Cloning (LIC) is a cloning technique that allows the
insertion of the gene of interest into the expression vector without the need
of a DNA ligase (Fig. 2.1). The LIC bacterial expression vectors used in
this thesis are the pEC-3C-His (a gift from Elena Conti), the pEC-CDF-His
(Elena Conti), and several BioBrick vectors (a gift from Scott Gradia).
Genes or DNA fragments of interest were PCR-amplified using oligos with
LIC-specific overhangs (Table 2.2A). Vectors were linearised using a
single restriction enzyme (ZraI for the pEC-3C-His, SacII for the pEC-CDFHis, SspI for BioBricks) (Table 2.2B). Insert and vector were then analysed
by agarose gel electrophoresis and the bands of interest gel-extracted and
purified. After extraction, complementary overhangs were generated in
insert and vector using the 3' - 5' exonuclease activity of the T4 DNA poly54

A

B
Phusion HF buffer (5X) (NEB) - 10 µl

2.1 buffer (10X) (NEB) - 5 µl

DNA template - 80 µg

Vector DNA template - 1 µg

10 mM dNTPs - 1 µl

ddH2O - make up to 50 µl

10 mM oligos - 1 µl each

sspI (NEB) - 0.5 µl

ddH2O - make up to 50 µl

2 hours - 37ºC
20 min - 65ºC

Phusion polymerase (NEB) - 0.5 µl
1 cycle: 3 min - 98ºC
30 cycles: 30 s - 98ºC, 30 s - 55ºC, 1 min - 72ºC
1 cycle: 10 min - 72ºC

C

D
2.1 buffer (10X) (NEB) - 2 µl

Pfu Ultra buffer (10X) (NEB) - 5 µl

Gel-extracted vector - 150 ng
Gel-extracted insert - 150 ng

DNA template (25 ng/µl) - 4 µl

100 mM dGTP (vector) - 0.5 µl
100 mM dCTP (insert) - 0.5 µl

25 mM oligos - 0.5 µl each

100 mM dNTPs - 1 µl

100 mM DTT - 1 µl

ddH2O - make up to 50 µl

T4 DNA polymerase (NEB) - 0.3 µl
ddH2O - make up to 20 µl

Pfu Ultra II polymerase (NEB) - 0.5 µl
1 cycle: 30 s - 95ºC
18 cycles: 30 s - 95ºC, 1 min - 55ºC, 8 min - 68ºC
After reaction - add 1 µl Dpn1 - 2 hours

30 min - 22°C
20 min - 75°C

E
Phusion HF buffer (5X) (NEB) - 10 µl
DNA template - 100 pg
10 mM dNTPs - 1 µl
25 mM oligos (5’ phosph.) - 1 µl each
ddH2O - make up to 50 µl
Phusion polymerase (NEB) - 0.5 µl
1 cycle: 30 s - 98ºC
25 cycles: 10 s - 98ºC, 30 s - 55ºC, 3 min - 72ºC
10 min - 72ºC
Table 2.2: Protocols for (A) PCR amplification of gene fragments, (B) digestion of BioBrick
vectors, (C) T4 DNA polymerase-based processing of insert and vectors used for LIC cloning, (D)
QuikChange site-directed mutagenesis and (E) ‘Round-the-Horn’ PCR-based mutagenesis.
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merase (Table 2.2C). Finally, the samples were annealed by mixing with
excess insert and incubating at RT for 10 minutes before transforming the
reaction in chemically competent XL1Blue cells through heat shock.

2.1.3 DNA electrophoresis and gel extraction

For DNA electrophoresis, agarose gels at concentrations ranging 0.5%-2%
were prepared by dissolving UltraPure agarose (Invitrogen) in 1X TBE
buffer before adding SYBR Safe™ DNA gel stain (Invitrogen) in a 1:10000
dilution. Agarose gels were run for 60-90 minutes at 100V and 5 μl of DNA
marker (1 kb O'Gene Ruler, Thermo Fisher Scientific) were loaded on the
gel as a reference for molecular weight. After electrophoresis, the gels
were imaged using a G:BOX gel doc system (SynGene) and then
visualised and excised with the help of a Visi-Blue UV transilluminator
(UVP Laboratory Products) and a scalpel. Gel-extracted bands were
dissolved at 37	
   oC for 10 minutes and DNA purified using a ZymoClean™
Gel DNA Recovery kit (Zymo Research) following the manufacturer's
protocol. Finally, DNA was eluted with <10 μl of the provided elution buffer.

2.1.4 Isolation of plasmid DNA

For isolation of plasmid DNA, 5 ml (LB) bacterial cultures inoculated with
one single colony were grown overnight at 37 oC and 250 rpm. After cell
harvest, plasmid DNA was purified using a Zyppy™ Plasmid Miniprep kit
(Zymo Research) following the manufacturer's instructions. In brief,
bacterial pellets were resuspended in 600 μl of ddH2O and lysed by
adding 100 μl of the provided lysis buffer. Lysis was stopped after less
than 5 minutes after addition of 350 μl of neutralisation buffer, gently
mixed and the lysate was cleared through centrifugation. Plasmid DNA
was then bound onto the provided silica matrix, rinsed with buffer
containing ethanol and eluted by adding 30 μl of the provided elution
buffer. DNA concentration was measured using the default nucleic acids
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programme

on

a

NanoDrop™

One/OneC

Microvolume

UV-Vis

spectrophotometer (Thermo Fisher Scientific).

2.1.5 Sequencing reaction

Purified, isolated plasmids were sequenced to assess the result of the
cloning procedure. Sequencing reactions were prepared by adding 350500 ng of plasmid DNA and 6.4 pM of the corresponding sequencing oligo
in a total volume of 6 μl. A BigDye® sequencing reaction was performed
by the GenePool Sequencing Facility of The University of Edinburgh. The
generated data were analysed using the A-plasmid-Editor (ApE) software
(http://jorgensen.biology.utah.edu/wayned/ape/).

2.1.6 Site-directed mutagenesis

Point mutants were generated following the QuikChange II Site-Directed
Mutagenesis protocol by Agilent Technologies. Oligo sequences were
designed

using

the

QuikChange

Primer

Design

tool

webpage

(www.agilent.com/genomics/qcpd), which automatically calculates the
optimal melting temperature of oligo sequences. The point mutations were
inserted using the modified primers in the presence of Pfu Ultra II Fusion
HS DNA polymerase (Agilent Technologies) (Table 2.2D). After the
mutagenesis digestion, addition of 1 μl of DpnI restriction enzyme digested
the parental DNA while keeping the mutated DNA intact. In the last step, 5
μl of the reaction were transformed into chemically competent XL1 Blue
cells through heat shock.

2.1.7 'Round-the-Horn' site-directed mutagenesis

The 'Round-the-Horn' PCR-based mutagenesis was used to generate
deletion mutants. Deletion of a given region was achieved by generating
primers that amplify the entire plasmid sequence, except the region to be
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deleted (Table 2.2E). This requires the 5' end-phosphorylation of the
primers, in order to promote circularisation of the generated vector. After
running the reaction on an agarose gel and gel-extracting the band of
interest, addition of T4 DNA ligase was used to circularise the amplified
product for 5 minutes at RT. The ligation product was eventually
transformed in XL1 Blue cells through heat shock.

2.2 Protein expression and purification

2.2.1 Standard media, reagents and chemicals used for protein
purification
Media and reagents
SB (Super Broth) medium
2XTY medium
LB agar
Coomassie staining solution
Coomassie destaining solution

SDS loading dye

SDS-PAGE gels (different amounts
depending on gel percentage)

SDS-PAGE running buffer

Composition
12 g/l formedium tryptone
24 g/l formedium yeast extract in 900 mL ddH2O
100 ml 1M KPO4
16 g/l tryptone
10 g/l yeast extract, 5 g/L NaCl, pH 7.4
LB medium
2% Difco Bacto agar
5% Acetic Acid
10% Ethanol
0.05% Coomassie Blue R250
5% Acetic Acid
10% Ethanol
50 mM Tris
5% β-Mercaptoethanol
0.1% Bromophenol Blue
10% Glycerol
2% SDS
1.5 M Tris pH 8.8 (resolving gel)
0.5 M Tris pH 6.8 (stacking gel)
10% SDS
ddH2O
30% Acrylamide
10% APS
TEMED
25 mM Tris
192 mM Glycine
0.1% SDS

Table 2.3: Standard media and reagents used for protein purification.
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Chemical

Manufacturer

Antifoam 204
ATP
β-Mercaptoethanol
DTT

Sigma-Aldrich
Thermo Scientific
Sigma-Aldrich
Melford

DNase

Sigma-Aldrich

HEPES

Fisher Scientific

Imidazole
MgCl2

Sigma-Aldrich
Arcos Organics

PMSF

Sigma-Aldrich

KCl
NaCl

Fisher Scientific
Fisher Scientific

Tris

Invitrogen

TCEP

Fluorochem

Table 2.4: Standard chemicals used for protein purification

2.2.2 Recombinant expression of human proteins in the E. coli
system

Vectors encoding human Borealin, Survivin and HP1α were readily
available in the laboratory. INCENP1-190 was cloned in a bacterial vector
using f.l. INCENP as a template. The rest of the CPC and HP1α
truncations were cloned during the course of this study, except the
Borealin mutants (10-end, Δloop, 1-76 and 1-221) which were cloned by
Alba Abad. For expression and purification of CPC, Borealin, Survivin and
INCENP were co-expressed in electrocompetent BL21 pLysS cells. For
HP1α expression, electrocompetent BL21 Gold cells were used. A starter
culture was prepared by streaking several transformed colonies and
inoculating them in 50 ml LB medium; this culture was incubated overnight
at 37 oC and 250 rpm. One litre of SB medium and one litre of 2XTY were
inoculated with 5 ml of starter culture for CPC and HP1α growth,
respectively. Cultures were grown at 37 oC and 200 rpm until OD600=0.8-1
for CPC and 0.6-0.8 for HP1α. As the desired OD600 was reached,
temperature was decreased to 18 oC for approximately one hour before
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inducing protein expression with 0.35 mM IPTG. Cultures were incubated
overnight for 16-18 hours.

2.2.3 Protein purification
All steps described in this section were performed at a temperature of 4 oC
to minimise proteolytic degradation of the samples. Bacterial pellets were
harvested by centrifugation at 4000 rpm for 10 minutes after addition of 50
μl/l of antifoam to eliminate the foam generated due to shaking. Pellets
were stored at –80 oC or immediately processed by resuspending in lysis
buffer containing 20 mM Tris at pH 8, 500 mM NaCl for CPC (150 mM
NaCl for HP1α), 35 mM imidazole, 2 mM β-Me and 1 mM PMSF. Cells
were lysed by sonication using a Vibra Cell Ultrasonic Processor VCX
500-750 instrument (Sonics). Typically, three rounds of sonication at 60%
amplitude were applied, each one spanning 2 minutes of net sonication
time, while keeping the lysate inside a beaker containing ice to avoid
overheating. Next, the sonicated lysate was clarified by centrifugation at
22000 rpm for 50 minutes. Once the soluble fraction was separated from
the cell debris, the samples were subjected to affinity chromatography.

For CPC, the soluble fraction was loaded onto a HisTrap HP 5 ml column
(GE Healthcare) pre-equilibrated with ddH2O and lysis buffer. In the case
of HP1α, 10 ml of loose HisPur™ Ni-NTA beads (Thermo Fisher Scientific)
were used due to the much larger amount of solubilised protein. After
protein loading, the resin was sequentially washed with lysis buffer to
remove unbound proteins, then with high salt buffer (containing 20 mM
Tris at pH 8, 1 M NaCl, 35 mM imidazole, 50 mM KCl, 10 mM MgCl2, 2
mM ATP and 2 mM β-Me) to remove bound chaperones, and a final wash
with lysis buffer. Proteins were eluted by washing the resin with buffer
containing 20 mM Tris at pH 8, 500 mM NaCl for CPC (150 mM NaCl for
HP1α), 400 mM imidazole and 2 mM β-Me. When proteins were subjected
to tag cleavage, 1 ml TEV and 1 ml 3C (only 3C for HP1α) were added to
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elutions and finally dialysed overnight in 25 mM HEPES, 250 mM NaCl for
CPC (150 mM NaCl for HP1α) and 2 mM DTT for CPC (1 mM DTT for
HP1α). Dialysis was performed using a Spectra/Por™ 1 RC dialysis
membrane tubing (6-8 kDa cutoff).

After dialysis, samples were centrifuged for 10 minutes to remove potential
precipitates, and in the case of CPC constructs, applied to IEC. IEC was
performed using an ÄKTA™ Start purification system (GE Healthcare) and
the sample was loaded onto a pre-equilibrated HiTrap SP-HP cation
exchange column (GE Healthcare). Fractionation of the protein was
achieved by generating a gradient with increasing concentrations of
sodium chloride; this gradient was produced by mixing the dialysis buffer
and a high salt buffer containing 1M NaCl in a proportion from 25% to 65%
of the latter.
fractions,

Following tag removal and separation of degraded CPC

the

intact,

stoichiometric

fractions

were

pooled

and

concentrated. HP1α was concentrated immediately after dialysis. Proteins
were concentrated using Amicon® Ultra-15 Centrifugal Filter Units (Merck
Millipore) with a regenerated cellulose membrane. The concentrator
membrane cutoff was 30 kDa for CPC and 10 kDa for HP1α. Concentrated
fractions

of

interest

were

ultimately

polished

in

size-exclusion

chromatography by injecting into the Superdex 200 Increase 10/300,
Superdex 200 HiLoad 16/600, Superdex 75 Increase 10/300 or Superdex
75 HiLoad 16/600 columns connected to an ÄKTA™ Pure 25 M1
purification system and pre-equilibrated with buffer containing 25 mM
HEPES pH 8, 250 mM NaCl for CPC and for CPC-HP1α complex (150
mM NaCl for HP1α) and 2 mM DTT for CPC (1 mM DTT for HP1α). After
each chromatographic step, the samples were analysed by SDS-PAGE.

Before snap-freezing the proteins in liquid nitrogen or immediately using
them in downstream applications, protein concentration was measured on
a

NanoDrop™

One/OneC

Microvolume

UV-Vis

spectrophotometer

(Thermo Fisher Scientific). The measurement for UV absorbance at 280
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nm was finally corrected by the theoretical extinction coefficient of the
corresponding protein, which was obtained from the ProtParam tool of the
Expasy Swiss Bioinformatics Resource Portal (https://web.expasy.org/
protparam/).

2.2.4 SDS-PAGE

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
gels were cast using the Mini-PROTEAN® Tetra Handcast systems (BioRad) and glass plates with 1 mm integrated spacers. Resolving gels at the
desired percentage (typically ranging 15-20%) were poured in between the
glass plates and the surface was flattened with water. After the gel had
polymerised, the water was removed, the stacking gel was added on top of
the resolving and 10 or 15 well combs placed between glass plates.

Protein samples with SDS loading dye and 5 μl of unstained protein
molecular weight marker (Thermo Fisher Scientific) were boiled for 5
minutes at 95°C. SDS-PAGE was run with Tris-glycine-SDS buffer, initially
at 100 V for 10 minutes until the proteins reached the stacking-resolving
gel interface. Later, voltage was increased to 220 V until the dye front
reached the bottom of the gels. Gels were stained with the Pierce™ Power
Stainer (Thermo Fisher Scientific) by sandwiching them between 4 pieces
of Whatman paper, the two in the bottom soaked in destaining buffer and
the two on top in Coomassie staining solution. After the staining
procedure, gels were destained with water to remove the excess of
Coomassie staining.

Pre-cast 4-12% Bis-Tris gels (Invitrogen) were run in MES or MOPS buffer
for 1 hour at 200 V and stained with InstantBlue™ Coomassie Stain
(Expedeon).
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2.2.5 Native PAGE

Native PAGE was performed for EMSA assays and analysis of
nucleosome reconstitution. 6% polyacrylamide native gels were cast using
the Mini-PROTEAN® Tetra Handcast systems (Bio-Rad). Before loading
the samples, native gels were pre-run at 4°C for 1 hour at 100 V in 0.5X
TBE buffer. Samples containing Native PAGE loading dye were run at 4°C
for 1 hour at 100 V. When visualising reconstituted nucleosomes, gels
were incubated with SYBR Safe™ DNA gel stain (Invitrogen) in a 1:10000
dilution for 10 minutes and imaged using the G:BOX gel doc system
(SynGene).

2.3 Biochemical and biophysical methods

2.3.1 Size-Exclusion Chromatography (SEC)

Size-exclusion chromatography was typically performed as the final step in
the purification process and to test protein complex formation in vitro. For
SEC, an ÄKTA Pure 25 M1 (GE Healthcare) connected to different
columns. For protein amounts under 10 mg, either the Superdex 75
Increase 10/300 GL or the Superdex 200 Increase 10/300 GL columns
were used. For protein amounts between 10 and 30 mg, either the
Superdex 75 HiLoad 16/600 GL or the Superdex 200 HiLoad 16/600 GL
columns were used. Columns were pre-equilibrated with buffer before
sample injection. Sample injection volume never exceeded 2% of the bed
volume of the column. During the chromatography runs, the wavelength at
280 nm was monitored. Samples were fractionated in 500 μl (for Superdex
75/200 Increase) or 2 ml (for Superdex 75/200 HiLoad) aliquots inside a
deep well plate located in a fraction collector.
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2.3.2 SEC-MALS

Size-exclusion chromatography coupled to multi-angle light scattering
(SEC-MALS) was performed to determine the absolute molecular weight of
proteins. Samples at around 1-2 mg/ml and an approximate volume of 100
μl were injected on a Superdex 200 Increase 10/300 column connected to
an ÄKTA-Micro™ (GE Healthcare). The HPLC was connected to a
Viscotek MALS-20 system with a refractive index detector Viscotek RI
Detector VE3580 (Malvern Instruments). The buffer used contained 50
mM HEPES (pH 8), 500 mM NaCl and 1 mM TCEP. Experiments were
performed at RT with a flow rate of 0.5 ml/min. Light scattering,
absorbance at 280 nm and refractive index were analysed using the
homo-polymer model (OmniSEC software, v5.02, Malvern Instruments).
The mean standard error in the mass accuracy of protein complexes
between 6 and 600 kDa is ± 1.9%.

2.3.3 Protein crystallisation

Protein crystallisation trials at various concentrations (ranging 5-120
mg/ml) were set up using a Crystal Gryphon robot (ART Robbins). 96-well
sitting drop MRC plates (Molecular Dimensions) were used for the
automated crystallisation screening. Typically, 25 μl of protein were used
to set up one crystallisation plate. 80 μl of screen solution were dispensed
into the reservoir of the MRC plates. Crystallisation drops consisted of 0.2
μl of protein and 0.2 μl of commercial crystallisation screen. Once the
automated dispensing finished, plates were manually sealed and stored at
18°C. The saturation state of the drops was assessed daily during the first
week, and every 3-4 days in the following weeks. The commercial
crystallisation screens used were JCSG+, Morpheus, ProPlex, Structure
1+2 (Molecular Dimensions), PEG/Ion, Index and SaltRx (Hampton
Research). Examination of crystallisation drops was performed using a
Nikon Stereomicroscope (Nikon).
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2.3.4 Isothermal Titration Calorimetry (ITC)

Isothermal Titration Calorimetry (ITC) experiments were performed to
determine the binding affinity (Kd), protein stoichiometry (N) and enthalpy
of binding (ΔH) of protein complexes. A primary ligand at a concentration
of 10 μM and a secondary ligand at 200 μM were added to the sample cell
and the injection syringe of a MicroCal Auto-iTC200 system (Malvern
Instruments), respectively. 400 μl of CPC complexes were kept in the
sample cell, whereas HP1α proteins were kept in the syringe at a volume
of 120 μl. A total of 16 injections were performed per ITC experiment at a
temperature of 20°C. As a control, ITC buffer (consisting of 50 mM HEPES
(pH 8), 250 mM NaCl and 1 mM TCEP) was added to the sample cell or
the syringe and titrated against HP1α or CPC, respectively, in two
independent ITC experiments. All the proteins used in ITC were dialysed
overnight against the buffer mentioned above. Prior to data analysis, the
heats of reaction were corrected for the associated heats of dilution.
Binding parameters were analysed as a two binding site model using the
MicroCal PEAQ-ITC Analysis software (Malvern Instruments).

2.3.5 Cross-linking/Mass Spectrometry (CL/MS)

Cross-linking experiments with purified protein complexes were performed
using the EDC, NHS and BS3 cross-linking agents (Thermo Fisher
Scientific). Proteins were titrated with increasing amounts of cross-linker
for 90 minutes at RT in the dark. EDC/NHS cross-linking reactions were
quenched by adding Tris to a final concentration of 100 mM, while BS3
reactions were quenched with 20 mM ABC. After addition of 25% v/v
loading buffer and 5% v/v 1 M DTT, samples were loaded onto a 4-12%
Bis-Tris pre-cast gel (Invitrogen) and run for 1 hour at 200 V in MOPS
buffer (Invitrogen). Gels were stained using InstantBlue™ Coomassie
Stain (Expedeon).
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The bands of interest were excised using a clean scalpel for the
subsequent identification of cross-linked peptides in MS. Protein bands
were carefully cut into small pieces and destained by repeatedly washing
them with 50 mM ABC and ACN at 37°C. Later, gel pieces were reduced
with 10 mM DTT in 50 mM ABC for 30 minutes at 37°C, and then alkylated
with 55 mM IAA for 20 minutes in the dark at RT. Finally, the peptides
were digested by adding 3 μg of trypsin (in 0.1% TFA) to a solution
containing 10 mM ABC and 10% v/v ACN. Digestion was performed
overnight at 37°C. The digested peptides were loaded onto C18-Stage-tips
(Rappsilber et al., 2007). Liquid chromatography/tandem MS was
performed using an Orbitrap Fusion Lumos mass spectrometer (Thermo
Fisher Scientific). Peptides were analysed using a high/high acquisition
strategy. Peptides were separated using an EASY-Spray column (Thermo
Fisher Scientific) with a mobile phase A consisting of water and 0.1% v/v
formic acid and a mobile phase B consisting of 80% v/v ACN and 0.1% v/v
formic acid. Peptides were loaded at a flow rate of 0.3 μl/min and eluted at
0.2 μl/min using a linear gradient ranging from 2% to 40% of mobile phase
B over 139 minutes, followed by a linear increase from 40% to 95% of
mobile phase B in 11 minutes. Peptides were directly introduced into the
mass spectrometer, and data were acquired in the data-dependent mode
with a 3-s acquisition cycle. Precursor spectra were recorded with a
resolution of 120.000. Ions with a precursor charge state between 3+ and
8+ were isolated and fragment using high-energy collision dissociation
(HCD) with a collision energy of 30. Fragmentation spectra were recorded
in the Orbitrap with a resolution of 15.000. Raw files were processed into
peak lists using ProteoWizard (version 3.0.19288, Kessner et al., 2008)
and the cross-linked peptides were matched to spectra using the Xi
software (version 1.7.754.RC1, Mendes, Fischer et al., 2019). Search
parameters were: MS accuracy: 3 ppm; MS2 accuracy: 10ppm; enzyme:
trypsin; cross-linker: EDC/NHS or BS3; maximum missed cleavages: 4;
missing mono-isotopic peaks, 2; fixed modification: carbamidomethylation
on cysteine; variable modifications: oxidation on methionine; fragments, b
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and y ions with loss of H2O, NH3 and CH3SOH. False discovery rate (FDR)
was set at 5% residue level FDR (Fischer & Rappsilber, 2017).

2.3.6 Small Angle X-ray Scattering (SAXS)

Batch mode SAXS was performed by preparing 4 serial dilutions of each
protein (CPC – 7.3, 3.4, 1.4, 0.6 mg/ml and CPC-HP1α – 5.1, 2.3, 1.1, 0.4
mg/ml), each dilution with a volume of 35 μl. The samples were stored and
transported at –80°C to the Diamond Light Source B21 BioSAXS
beamline. Once there, samples were defrosted, centrifuged at 15.000 rpm,
transferred to fresh tubes to remove potential aggregates, and kept at 4°C.
First, the liquid handling robot loaded a sample of the buffer (25 mM
HEPES pH 8, 250 mM NaCl, 4 mM DTT), and then samples were
sequentially loaded from the highest to the lowest concentration. Once
samples were loaded to the beam position, they were flowed past the
beam at 1 μl/s while collecting X-ray diffraction data to limit radiation
damage. 27 X-ray diffraction frames of each concentration were collected.
The datasets obtained were analysed by Cristina Gallego-Páramo using
the ScÅtter and Primus softwares. SAXS data analysis provided
information about the radius of gyration (Rg) through Guinier analysis,
about particle flexibility and folding state through the normalised Kratky,
Porod-Debye, Krakty-Debye and SIBYLS analyses, about the volume of
particles through the Porod-Debye analysis. The maximum dimension
(Dmax) of the particles was obtained from the P(r) distribution. The P(r)
distributions were used to create ab initio structural models using the
DAMMIN/DAMMIF programmes. DAMAVER was then used to build an
averaged model from the DAMMIN/DAMMIF input models. Finally, the
obtained coordinates of the bead models were transformed into simulated
structural envelopes using UCSF Chimera (Resource for Biocomputing,
Visualisation and Informatics, RBVI).
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2.3.7 In vitro pull-down assay
The Ni2+-NTA pull down assay was performed by immobilising purified Histagged HP1α on the nickel beads and incubating with CPC (wt and 3A) in
buffer containing increasing sodium chloride concentrations. Proteins were
mixed with 2 times molar excess of His-HP1α. Then, the mixture was
added to pre-equilibrated Ni2+-NTA beads (100 μl slurry per reaction). The
reaction volume was then brought up to 200 μl with buffer containing 25
mM HEPES pH 8, 65 mM imidazole, 0.5% NP-40, 2 mM β-Me and the
corresponding amount of NaCl (ranging from 50 to 250 mM). 10 μl of the
reaction (5%) were kept as input fraction for the subsequent SDS-PAGE
analysis. The remaining 190 μl were incubated for 30 minutes at 4ºC in a
rotating mixer. Beads were then washed five times with 1 ml buffer each
time and protein was eluted by adding 80 μl of 1X SDS-PAGE loading dye
and boiling at 95ºC for 5 minutes. Along with the inputs, 25% of the elution
(20 μl) were loaded on a 4-12% Bis-Tris pre-cast gel run in MES buffer for
1 hour at 200 V. Gels were finally stained using InstantBlue™ Coomassie
Stain.

2.4 Nucleosome purification methods

2.4.1 Histone purification and octamer assembly

Human Histone H2A and Xenopus laevis Histone H3 were transformed
and grown in the BL21 pLysS bacterial strain. Human Histone H2B and X.
laevis Histone H4 were transformed and grown in BL21 Gold cells. All
histones were encoded in the pET3a vector and were already available in
the laboratory. Bacterial cultures were individually grown in LB medium at
37°C until reaching an OD600 of 0.5-0.7. After reaching this OD600,
expression was induced with 0.2 mM IPTG and cultures were kept at 37°C
for 3 more hours. Finally, cells were harvested by centrifugation at 4000
rpm for 10 minutes at RT.
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Bacterial pellets were resuspended in 50 ml of ice-cold wash buffer (50
mM Tris pH 7.5, 100 mM NaCl, 1 mM EDTA, 1 mM benzamidine, 5 mM βMe and 1% Triton X-100) and snap-frozen in liquid nitrogen. At this point,
pellets were either stored at –80°C or thawed in warm water for immediate
purification. The freeze-thaw cycle was then repeated. Lysates were kept
on ice and sonicated 3 times at 60% amplitude, 1 second on/off, with a
total time of 2.5 minutes for each sonication round. Lysates were then
centrifuged for 1 hour at 22000 rpm and 4°C. After centrifugation, histones
were purified from inclusion bodies using a Dounce glass/glass
homogeniser. Supernatant was discarded and pellets were resuspended
with wash buffer using the homogeniser. After resuspension, the sample
was centrifuged again at 22000 rpms for 10 minutes. The resuspensioncentrifugation process was repeated four times; the first two using a wash
buffer with 1% Triton X-100 and the following two washes without Triton X100. Subsequently, the purified inclusion bodies were solubilised by
incubating each pellet with 500 μl DMSO for 15 minutes and then adding 5
ml of unfolding buffer (20 mM Tris pH 7.5, 7 M guanidine hydrochloride, 10
mM DTT). Pellets were resuspended again with the homogeniser,
sonicated for 15 seconds at 40% amplitude and stirred at RT for 1 hour.
Finally, the sample was centrifuged for 20 minutes at 22000 rpm.

The obtained supernatant was dialysed against 3 rounds of urea buffer (10
mM Tris pH 8, 100 mM NaCl, 1 mM EDTA, 7 M urea, 5 mM β-Me). After
dialysis, samples were centrifuged for 30 minutes at 45000 g to remove
potential precipitates. Then, histones were briefly sonicated to break up
residual DNA, filtered through glass/PVDF filters and subjected to Tandem
IEC. Tandem IEC was performed by mounting a 5 ml HiTrap Q column on
top of a HiTrap SP column. Samples were run through the columns; DNA
remained bound to the HiTrap Q, while histones sticked to the HiTrap SP.
Histones were eluted from the HiTrap SP using a linear gradient of
increasing NaCl concentration. Tandem IEC fractions were analysed by
SDS-PAGE and those containing purified histones were pooled and
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dialysed against distilled water containing 5 mM β-Me. Prior to
lyophilisation and storage at –80°C, histone concentration was determined
using the Bradford assay.

For octamer assembly, histones were resuspended in unfolding buffer to a
final concentration of roughly 8 mg/ml. After resuspension, histones were
centrifuged at 15000 rpm for 5 minutes and concentration was measured
by Bradford. Histones were mixed in a 1:1.1 (H3/H4:H2A/H2B) ratio and
analysed by 20% SDS-PAGE to ensure that histones have been mixed in
equal proportions. Then, histones were dialysed against three rounds of
refolding buffer (10 mM Tris pH 8, 2 M NaCl, 1 mM EDTA, 5 mM β-Me)
and centrifuged twice to remove any potential precipitates. Samples were
filtered using UltraFree-MC GV 0.22 μm cups (Merck Millipore). Finally,
octamers were gel filtered in the pre-equilibrated (with refolding buffer)
Superdex 200 HiLoad 16/600 column, eluted fractions were analysed by
20% SDS-PAGE, and those containing the histone octamer were pooled,
snap-frozen and stored at –80°C after measuring the concentration using
Bradford.

2.4.2 Nucleosomal Widom 601 DNA purification

The nucleosomal Widom 601 DNA sequence was amplified using either a
pBS-601 vector (for mononucleosomal DNA) or a pBS-2x-601 vector
(containing two copies of the Widom sequence for amplification of
dinucleosomal DNA) as templates. For the PCR amplification, both
unlabelled or 5’IR700-labelled primers were used. Typically, three largescale PCR reactions (of 10 ml each) were set up (Table 2.5). Before DNA
purification, the amplification of the Widom sequence was tested through
agarose gel analysis. Purification was performed using the 6 ml Resource
Q strong anion exchange column (GE Healthcare). For IEC, two buffers
(buffer A: 10 mM Tris pH 8, 1 mM EDTA, and buffer B: 10 mM Tris

pH 8,

2 M NaCl, 1 mM EDTA) were used to generate a sodium chloride gradient
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A
Polymerase buffer (10X) (Homemade) - 10 ml
DNA template (pBS-601) (30 ng/µl) - 30 µl
10 mM dNTPs - 500 µl
100 mM oligos (unlab./5’IR700) - 80 µl each
ddH2O - make up to 10 ml
Homemade polymerase - 3 µl
1 cycle: 5 min - 98ºC
30 cycles: 30 s - 98ºC, 30 s - 56.5ºC, 30 s - 72ºC
7 min - 72ºC

B
Polymerase buffer (10X) (Homemade) - 10 ml
DNA template (pBS-2x601) (30 ng/µl) - 30 µl
10 mM dNTPs - 500 µl
100 mM oligos (unlab./5’IR700) - 80 µl each
ddH2O - make up to 10 ml
Homemade polymerase - 3 µl
1 cycle: 5 min - 98ºC
30 cycles: 30 s - 98ºC, 30 s - 66ºC, 30 s - 72ºC
7 min - 72ºC

Table 2.5: Protocols and PCR programmes for (A) PCR amplification of the
Table 2.2: Protocols
PCRDNA
programmes
for and
(A) PCR
amplification
of the mononucleosome
mononucleosome
601 and
Widom
sequence
(B) PCR
amplification
of the
601
Widom
DNA
sequence
and
(B)
PCR
amplification
of
the
dinucleosome
601 Widom DNA.
dinucleosome 601 Widom DNA.
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between 0-60% of buffer B for DNA elution. Fractions of interest were
analysed by running an agarose gel, and those containing pure Widom
DNA fractions were pooled and precipitated by adding sodium acetate at a
final concentration of 300 mM and 3 volumes of 95% ethanol. The sample
was then stored overnight at –20°C. Finally, DNA was pelleted by
centrifugation at 15000 rpm for 30 minutes, briefly rinsed with 70%
ethanol, centrifuged again for 15 minutes, air-dried and resuspended in
water to a rough final concentration of 1 mg/ml.

2.4.3 Nucleosome reconstitution

After octamers were assembled and Widom DNA amplified and purified,
nucleosomes were reconstituted using the salt gradient dialysis method
(Luger et al., 1999). Briefly, octamers and DNA were mixed at a
concentration of 2 M NaCl at a specific ratio to avoid either octamer
precipitation or excess of naked DNA. Titration experiments using different
octamer:DNA ratios were performed. The most successful octamer:DNA
ratios were 1.8 for mononucleosomes and 4 for dinucleosomes. The
purified octamer-DNA mixture was then transferred to Slide-A-Lyzer MINI
dialysis cups with a capacity of 100 μl, 500 μl or 2 ml. The cups were then
dialysed against 200 ml of refolding buffer (10 mM Tris pH 8, 2 M NaCl, 1
mM EDTA, 5 mM β-Me) and the ionic strength of the buffer was gradually
decreased by slowly pumping 2 l of TE buffer (10 mM Tris pH 8, 50 mM
NaCl, 1 mM EDTA) with a peristaltic pump. After this overnight process,
nucleosomes were dialysed for two additional hours in TE buffer.
Nucleosomes were then transferred to fresh tubes, centrifuged for 5
minutes at 15000 rpm to remove precipitates and their reconstitution level
was analysed by running a 6% polyacrylamide native PAGE in 0.5X TBE
buffer for 1 hour at 100 V and 4°C.
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2.5 Electrophoretic Mobility Shift Assay (EMSA)

EMSAs were performed using purified CPC or CPC-HP1α complexes and
reconstituted 5´IR700-labelled mononucleosomes. A fixed amount of 20
nM IR700-labelled NCPs were incubated with increasing concentrations of
CPC or CPC-HP1α typically ranging from 20 to 640 nM. The samples
were incubated at 4°C for 1 hour in light sensitive microtubes containing
reaction buffer (10 mM Tris pH 7.5, 100 mM NaCl, 1 mM MgCl2, 1 mM
DTT, 1% glycerol, 0.1 mg/ml BSA). After the incubation, the reactions
were run in 6% polyacrylamide native gels in 0.5X TBE buffer for 90
minutes at 100 V and 4°C. The fluorescent signal from the NCPs was
detected using the Odyssey CLx Infrared Imaging system (LI-COR
Biosciences). The relative binding affinity of CPC and CPC-HP1α
complexes was measured by quantifying the intensity of fluorescent
unbound NCPs in each condition (being the condition with no CPC or
CPC-HP1α the reference for 100% unbound NCPs). Quantifications were
done using the ImageJ software (National Institutes of Health). For each
experiment, generally 4 independent replicates were performed. The data
were plotted using Prism 6.0 (GraphPad Software) and p-values obtained
by doing an unpaired Student´s t-test statistical analysis.

2.6 Phase separation assays

2.6.1 Turbidity assay

Purified CPC, HP1α and CPC-HP1α complexes in buffer containing 25
mM HEPES pH 8, 250 mM NaCl and 2 mM DTT were concentrated to 25
μM. A dilution series at different concentrations (25/20/15/10/5/2.5/1.25
μM) was prepared at a volume of 18 μl. Reactions were transferred to
PCR tube strips and 2 μl of 50% PEG 4000 (final concentration 5%) was
added. Absorbance at 340 nm was immediately measured using a
SpectraMax® M5 Multi-Mode plate reader (Molecular Devices). Two
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biological replicates consisting of two technical replicates each were
performed. Absorbance values were plotted using Prism 6.0 (GraphPad
Softwares).

2.6.2 DIC/Fluorescence microscopy

DIC and fluorescence microscopy were performed to assess protein
droplet formation. Fluorescently-tagged versions of CPC and HP1α were
purified after fusing an non-cleavable N-terminal GFP to INCENP1-190 and
a C-terminal mCherry to HP1α. The purification approach followed was the
same as for the untagged CPC and HP1α. Proteins were concentrated to
20 μM. For the imaging of GFP-CPC droplets, the sample was diluted to
10 μM using sample buffer (25 mM HEPES pH 8, 250 mM NaCl, 2 mM
DTT). For the imaging of GFP-CPC and HP1α-mCherry droplets, an equal
volume of each protein was mixed, reaching a final concentration of 10 μM
for both. After mixing the proteins, PEG 4000 at a final concentration of 5%
was added. 10 μl reactions were pipetted onto a glass slides and covered
with 18 mm x 18 mm squared coverslips. Imaging was performed using a
Zeiss Axio Imager microscope with a 63x magnification objective (oil
immersion). 3 to 5 representative images were taken using the DIC, GFP
and Texas Red channels. Images were processed using ImageJ (National
Institutes of Health). For the calculation of the droplet size, the diameter of
the 30 biggest droplets in equal areas of each experiment was measured.
In those experiments where nucleosomes were added, these were
concentrated to 2 μM and then added to the CPC-HP1α to a final
concentration of 200 nM. All experiments were performed at room
temperature. Data were plotted with Prism 6.0 (GraphPad Softwares) and
p-values obtained by doing an unpaired Student’s t-test statistical analysis.
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2.7 Negative Stain Electron Microscopy (NS-EM)

For NS-EM, cross-linked samples were prepared at concentrations of 10
or 20 μg/ml. 4 μl of protein complex were adsorbed for 2 minutes onto the
carbon side of glow-discharged copper grids, 300 mesh, with a continuous
carbon layer (TAAB). The glow-discharge was performed using the
PELCO easiGlow™ system (Ted Pella). After adsorption of the sample,
the excess was blotted with filter paper and the grids were rinsed with two
15-μl drops of buffer (25 mM HEPES pH 8, 250 mM NaCl, 2 mM DTT).
Finally, copper grids were incubated with a 15-μl drop of 2% uranyl
acetate for 2 minutes. Between each wash, the excess was blotted with
filter paper. For a detailed protocol, see Scarff et al. (2018).

Grids were then loaded into a Tecnai F20, a 200 kV field emission gun
(FEG) electron microscope (Thermo Fisher Scientific). Micrographs were
taken at a magnification of 100.000x, with a pixel size of 1.48 Å, using an
8k x 8k CMOS F816 camera (TVIPS) at a defocus range of –0.8 to –2 μm.
The recorded micrographs were analysed using the Relion 3.1 software
(Scheres, 2012; Zivanov et al., 2018). Defocus was corrected by using the
Contrast Transfer Function (CTF), which was estimated using Gctf (Zhang,
2016). The initial particle picking was performed using the Laplacian-ofGaussian (LoG). These particles were classified into different 2D classes,
which were used as templates for an automated particle picking of the
entire dataset.
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3 Molecular basis for CPC-HP1α complex formation

3.1 Introduction

The CPC is one of the most important mitotic regulators. Successful
correction of erroneous kinetochore-microtubule attachments, activation of
the SAC and chromosome condensation largely depend on the ability of
CPC to concentrate at the inner centromeric region. It is now well
established that the accumulation of CPC at centromeres during
prometaphase

involves

two

histone

modifications:

H3T3ph

and

H2AT120ph (Yamagishi et al., 2010). These marks independently recruit
the CPC to two distinct spots within the centromere region: to the inner
centromere (H3T3ph) and to the kinetochore-proximal centromere
(H2AT120ph) (Broad et al., 2020; Hadders et al., 2020). Prior to the
histone modification-dependent centromeric enrichment of CPC, it has
been reported that CPC associates with chromatin through direct
interaction via Borealin (Abad et al., 2019). Before mitotic entry, CPC
localisation depends on its binding to HP1, and this interaction depends on
the recognition of INCENP PxVxL/I motif by the HP1α CSD (Ruppert et al.,
2018; Yi et al., 2019). Conversely, disruption of the INCENP-HP1
interaction during mitosis delocalises HP1 from centromeres (Kang et al.,
2011). The reason of this mechanistic switch is unknown, although it has
been hypothesised that HP1 could serve as a platform for the initial
accumulation of CPC at pericentromeric heterochromatin before the
H3T3ph and H2AT120ph-dependent enrichment (Ruppert et al., 2018). It
is unclear how the HP1-mediated chromosome association and the
Borealin pathway may cooperate to target and activate the CPC at
chromatin.

Cell-based assays have shown that INCENP PxVxL/I-CSD binding is
essential for CPC-HP1 complex formation in vivo (Kang et al., 2011; Yi et
al., 2019). However, a different study reports that Borealin recruitment to
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mitotic centromeres requires its direct interaction with HP1α (Liu et al.,
2014). These controversies and contradictory observations evidence that
the molecular determinants that modulate the CPC-HP1 interaction are still
not well understood. The following chapter aims to dissect how CPC
interacts with HP1 and to define the essential regions that are required to
establish a robust complex. Toward this goal, the human CPC and HP1α
proteins were recombinantly expressed and purified using the E. coli
expression system, and mixed to reconstitute a CPC-HP1α complex in
vitro.

3.2 Reconstitution of the CPC-HP1α complex in vitro

3.2.1 Expression and purification of CPC

The different CPC subunits were purified using a previously optimised
protocol by Drs. Jeyaprakash Arulanandam and Alba Abad, consisting of a
three-step purification approach that combines immobilised metal affinity
chromatography (IMAC), ion-exchange chromatography (IEC) and sizeexclusion chromatography (SEC) (Fig. 3.1). This protocol was slightly
modified according to the requirements of the specific truncation of CPC to
be purified (e.g. changes in buffer composition, IEC and SEC parametres,
etc). Bacterial vectors containing his-tagged Borealin (f.l.) and his-GFPtagged Survivin (f.l.) were already available in the laboratory. INCENP1-190
was cloned into a bacterial vector containing a his-tag. The three vectors
were co-expressed in E. coli, allowing the early formation and stabilisation
of the CPC complex within the bacterial cells. For simplification, purified
CPC containing f.l. Borealin, f.l. Survivin and INCENP1-190 will be referred
to as 'CPC' unless explicitely stated otherwise.

Cells were grown in Superbroth medium at 37°C until reaching an OD600
between 0.8-1. Then, protein expression was induced by adding 0.35 mM
IPTG and cultures were shaken overnight at 18°C. For a single purification
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Figure 3.1: Simplified scheme of the CPC purification process. The vector containing the three
different subunits were co-transformed in the E. coli BL21 pLySs strain through electoporation.
Several transformed clones were used to set up large-scale cultures which were incubated at
37°C until reaching an OD600= 0.8-1. Temperature was then reduced to 18°C, expression
induced with IPTG and cultures incubated overnight. Bacterial pellets were harvested and
resuspended in lysis buffer. The lysate was then sonicated and clarified before loading onto a
His-trap affinity column. After capturing the his-tagged proteins and a thorough removal of
chaperones and bacterial contaminants, the CPC was eluted and tags were cleaved in solution
while dialysing into fresh buffer. Tags and degraded CPC were separated from intact CPC
through IEC before a final purification step by SEC.
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process, three litres of bacterial culture were typically used. Cells were
harvested and resuspended in lysis buffer containing 20 mM Tris (pH 8),
500 mM NaCl, 35 mM imidazole, 2 mM β-mercaptoethanol and 1 mM
PMSF. Cells were lysed by sonication and the resulting lysate was further
clarified through ultracentrifugation. As a first purification step, the clarified
lysate was slowly loaded onto a HisTrap HP 5 ml column prepacked with a
Ni sepharose matrix. Contaminants and chaperones were removed by
thoroughly washing the column with lysis and chaperone buffers. Next, the
bound proteins were eluted and collected upon addition of lysis buffer
containing a higher imidazole concentration (400 mM). Finally, the IMAC
elutions were dialysed overnight into buffer containing 25 mM HEPES (pH
8), 250 mM NaCl and 2 mM DTT after addition of 1 mg of TEV and 3C
proteases for tag cleavage. Protein quality was later assessed by SDSPAGE analysis (Fig. 3.2A).

In the next purification step, the dialysed and cleaved sample was loaded
onto a HiTrap SP-HP cation exchange column for removal of the cleaved
tags. The loaded proteins were then eluted by gradually increasing the
sodium chloride concentration. Some of the peak fractions were then
chosen and analysed by SDS-PAGE; the fractions containing an intact,
non-degraded CPC complex were pooled (Fig. 3.2B; second peak on the
IEC chromatogram, elution volumes 166-198 ml). Before the last
purification step, the sample was concentrated to a volume ranging
between 1.5-2.5 ml, with a concentration between 10-12 mg/ml, thus being
the average purified protein yield around 20-25 mg before SEC. For SEC
purification, 500 μl of the CPC complex were injected into a Superdex 200
Increase 10/300 GL column pre-equilibrated with SEC buffer containing 25
mM HEPES (pH 8), 250 mM NaCl and 2 mM DTT. The remaining sample
was aliquoted in 500 μl fractions, snap-frozen in liquid nitrogen and stored
in a -80°C ultrafreezer for future SEC purification. After SEC, the SDSPAGE analysis of the peak fractions showed a homogeneous,
stoichiometric CPC complex eluting approximately at 10 ml (Fig. 3.2C).
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Figure 3.2: SDS-PAGE analysis of the CPC purification process. (A) 15% SDS-PAGE for CPC
affinity purification showing the insoluble fraction after sonication (P), the soluble fraction (SN),
the unbound fraction to the His-Trap column (FT), the eluted fraction (E) and the eluted fraction
after tag cleavage (Cle). (B): Top: IEC chromatogram showing the sodium chloride gradient
elution profile (pink) of CPC on a HiTrap SP-HP cation exchange column. Bottom: Corresponding
15% SDS-PAGE with different fractions of the IEC gradient elution. (I): Input material; (FT):
Unbound fraction (cleaved GFP tag); first peak: representative elution fractions (114-138 ml)
containing a degraded, non-stoichiometric complex; second peak: representative elution fractions
(166-198 ml) containing the intact, stoichiometric CPC fractions. The fractions in the second peak
were pooled and concentrated. (C) Top: SEC chromatogram with the elution profile of CPC on a
Superdex 200 Increase 10/300 GL column. An absorbance peak at 10 ml indicates the elution
volume of pure and homogeneous CPC. Bottom: Corresponding 15% SDS-PAGE with the fractions containing the purified CPC.
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Generally, the first two fractions of the peak were pooled, and the latter
fractions were normally avoided, as the Borealin subunit present in the tail
of the peak tends to be slightly degraded. The yield of pure CPC was
roughly 2 mg for each 500 μl injection (being the total CPC obtained 6-8
mg for the entire purification process).

3.2.2 Expression and purification of HP1α

Full-length human HP1α was recombinantly expressed in E. coli as a histagged protein. The purification protocol combined an initial IMAC and a
final SEC step. The harvested cells from a two-litre culture were lysed
using a buffer containing 20 mM Tris (pH 8), 150 mM NaCl, 35 mM
imidazole, 2 mM β-mercaptoethanol and 1 mM PMSF. After sonication
and clarification, the IMAC was performed using Ni2+-NTA loose agarose
beads. The his-tag was cleaved using 1 mg of 3C protease while dialysing
overnight in a buffer containing 25 mM HEPES (pH 8), 150 mM NaCl and
1 mM DTT. The IMAC was sufficient to remove all contaminants and
chaperones from the sample and HP1α could be purified in large amounts;
most of the protein could not be even captured by the nickel matrix due to
saturation (Fig. 3.3A). After an SDS-PAGE analysis to assess the
cleavage efficiency, the sample was concentrated to a concentration of
roughly 10-12 mg/ml (final volume was commonly 5 ml) and 500 μl were
injected into the Superdex 200 Increase 10/300 GL column to remove
small aggregates from the sample, while the remaining sample was
aliquoted in 500 μl fractions and snap-frozen. SEC was performed using
the dialysis buffer; after the chromatography, the three fractions from the
main peak (elution peak ~13.1 ml) were pooled, being the average yield
after SEC around 2 mg (Fig. 3.3B). The total pure HP1α obtained from a
two-litre culture ranged between 20-25 mg.
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Figure 3.3: SDS-PAGE analysis of the HP1α purification process. (A) 15% SDS-PAGE for
HP1α affinity purification showing the insoluble fraction (P), the soluble fraction (SN), the
unbound fraction (FT), the HP1α fraction captured by the nickel beads (B), the eluted fraction
(E), the HP1α fraction which remained stuck on the beads (A) and the eluted fraction after the
his-tag cleavage (Cle). (B) SEC chromatogram showing the elution profile of HP1α on a
Superdex 200 Increase 10/300 GL column and corresponding 15% SDS-PAGE containing
the total input material (I) and the peak fractions of HP1α at roughly 13.1 ml.
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3.2.3 CPC and HP1α form a complex in vitro

After obtaining pure and homogeneous samples for CPC and HP1α, in
vitro complex formation between these two proteins was assessed by
SEC. SEC is a very powerful technique for studying protein interactions in
vitro, due to its capacity to separate proteins according to their molecular
shape and size. Small proteins will be trapped inside the micron-sized
beads of the column matrix, whereas larger proteins will not be retained
inside the pores of the matrix because of their bigger size and shape.
Therefore, larger protein complexes will elute earlier from the SEC column.
Variations in protein concentration, injection volume or flowrate can cause
a considerable change in the elution volumes of the proteins. Thus, the
following experiments were conducted using the same buffer (25 mM
HEPES pH 8, 250 mM NaCl, 2 mM DTT) and identical injection volumes
and protein concentrations.

Purified CPC peaked at an elution volume of ~10.9 ml in the Superdex 200
Increase column (Fig. 3.4A). In the same column, HP1α eluted at ~13.7 ml
(Fig. 3.4A). SDS-PAGE analysis confirmed the presence of the respective
proteins in the peak fractions of the SEC chromatogram (Fig. 3.4B).
Complex formation was tested by mixing CPC and HP1α at the same
protein concentration and protein amount as done in the SEC for the
individual proteins; HP1α was added in 2 molar excess to ensure CPC
saturation in the event of complex formation. The proteins were mixed and
immediately spun for 10 minutes at 15000 rpm, then transferred to a fresh
tube and injected on the SEC column. The chromatogram shows a larger
peak at an elution volume of ~10.2 ml, suggesting that CPC and HP1α
form a complex in vitro, and a smaller peak at ~13.6 ml, containing the
HP1α excess (Fig. 3.4A). Indeed, the SDS-PAGE shows a clear shift of
the complex towards an earlier elution volume, and the presence of HP1α
co-eluting with Borealin, Survivin and INCENP (Fig. 3.4B). In consistency
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Figure 3.4: In vitro complex formation between CPC and HP1α. (A) Overlay of SEC
chromatograms for three individual runs: CPC (SEC profile in red), HP1α (blue) and a
mixture of CPC and HP1α with 2-fold molar excess of the latter (black). Absorbance at
280 nm was normalised against the highest absorbance value of the three SEC experiments (in this case, the highest absorbance value of the HP1α profile) and plotted
against the elution volume. (B) 15% SDS-PAGE analysis of SEC fractions comprising
the elution volume between 9.5 and 14.5 ml (each lane on the protein gel represents
a 0.5 ml shift in the elution volume). SDS-PAGE analysis for CPC is framed in red, HP1
α in blue and CPC-HP1α in black. SEC was performed using a Superdex 200 Increase
column.
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with the reported in vivo interaction, this result shows that CPC and HP1α
also interact in vitro.

3.3 HP1α CSD is essential and sufficient for CPC binding in vitro

The crucial question following the reconstitution of the CPC-HP1α complex
in vitro was how the different protein subunits or domains contribute
towards the binding. HP1 binds most of its binding partners through its
CSD, which is highly conserved in the three human paralogs as well as
among distinct species (Smothers & Henikoff, 2000; Thiru et al., 2004).
HP1α CSD (108-185) was purified as a his-tagged protein following the
same affinity purification approach as for the purification of f.l. HP1α and
then gel filtered in SEC using a Superdex 75 Increase 10/300 GL column
(Fig. 3.5A). Purified CSD was mixed in 2-fold molar excess with CPC to
test complex formation. Although the shift in the elution volume of the
CPC-HP1α CSD complex is not significant (probably due to the small size
of the CSD or to the similar hydrodynamic radius of the CPC and CPCHP1α CSD complexes), the subsequent SDS-PAGE analysis showed that
a fraction of the CSD shifts to form a complex with recombinant CPC (Fig.
3.5B). This result suggests that HP1α CSD is sufficient to form a complex
with CPC in vitro.

In order to understand whether the contribution of the CSD is essential for
complex formation, the other highly conserved domain of HP1α, the CD
(18-75) was purified following the general protocol established above for
the HP1α CSD (Fig. 3.5A). The HP1α CD specifically binds K9me3 in
histone H3 (Bannister et al., 2001; Lachner et al., 2001). As expected, the
CD does not form a complex with CPC (Fig. 3.5C), which indicates that the
CSD is essential and sufficient for CPC binding in vitro.
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Figure 3.5: In vitro complex formation between CPC and HP1α CSD and CD. (A) Top: SEC
chromatograms for His-HP1α CSD (left) and His-HP1α CD (right). Bottom: Corresponding 15%
SDS-PAGE protein gels. Both SEC experiments were performed using a Superdex 75 Increase
column. (B) Overlay of SEC chromatograms for CPC (red), His-HP1α CSD (blue) and the
mixture of CPC and His-HP1α CSD with a 2-fold molar excess of His-HP1α CSD (black). (C)
Overlay of SEC chromatograms for CPC (red), His-HP1α CD (blue) and the mixture of CPC and
His-HP1α CD with a 2-fold molar excess of His-HP1α CD (black). Absorbance at 280 nm was
normalised against the highest absorbance value of the SEC experiments and plotted against
the elution volume. Corresponding 15% SDS-PAGE protein gels are framed below in the
equivalent colours.
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3.4 INCENP PxVxL/I and HP1α CSD interaction are required for in
vitro complex formation

The requirement for HP1α CSD strongly supports the idea that CPC
provides a PxVxL/I motif in INCENP that binds the dimerisation interface of
the CSD, as previously shown in in vivo experiments (Kang et al., 2011;
Abe et al., 2016; Yi et al., 2019). Additionally, Borealin has also been
suggested to be required for HP1α centromeric localisation through a
LTVPV motif (Borealin 229-233) (Liu et al., 2014). However, INCENP
PxVxL/I motif is more conserved and contains an actual PxVxL/I sequence
(PVVEI, 167-171). Therefore, a version of CPC containing a triple-alanine
mutant PxVxL/I of INCENP (PVVEI to AVAEA), as of now referred to as
'CPC 3A', was recombinantly purified following the standard CPC
purification (Fig. 3.6A). Mutation of Pro167, Val169 and Ile171 was
sufficient to disrupt the CPC-HP1α complex (Fig. 3.6B). Structural studies
on different HP1 isoforms bound to PxVxL/I-containing proteins reveals
that CSD dimerisation is essential for PxVxL/I recognition (Thiru et al.,
2004; Liu et al., 2017). Among the very conserved residues in the CSD,
two of them, Ile165 and Trp174, are pivotal for HP1 functionality. I165 is
essential for protein dimerisation, whereas W174 is located at the centre of
the PxVxL/I binding region (Brasher et al., 2000). Two versions of HP1α
harbouring mutations in these residues of the CSD (I165E and W174A)
were expressed and purified as detailed above. As expected, the HP1α
I165E mutant lost its dimerisation capacity, as evidenced by the SEC
elution volume (10.33 ml), while the W174A protein behaves as the wild
type HP1α (elution volume 9.10 ml) (Fig. 3.7A). HP1α CSD mutants also
abolished complex formation with wild type CPC (Fig. 3.7B and Fig. 3.7C).
These results confirm that the binding of INCENP PxVxL/I to a functional
HP1α CSD is required for the formation of a robust CPC-HP1α complex.
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Figure 3.6: In vitro complex formation between CPC 3A and HP1α. (A) Top: SEC chromatogram
for CPC 3A on a Superdex 200 Increase column. Bottom: Corresponding 15% SDS-PAGE protein
gel. (B) Overlay of SEC chromatograms for CPC 3A (red), HP1α (blue) and the mixture of CPC 3A
and HP1α with 2-fold molar excess of HP1α (black), with the corresponding gels in equivalent
colours shown below. Absorbance at 280 nm was normalised against the highest absorbance value
of the three SEC experiments (in this case, the highest value of the HP1α profile) and plotted
against the elution volume.
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Figure 3.7: In vitro complex formation between CPC and HP1α I165E and HP1α W174A. (A)
Top: SEC chromatograms for HP1α I165E (dimerisation mutant; left) and HP1α W174
(PxVxL/I-binding mutant; right) on the Superdex 75 Increase column. Bottom: Corresponding
15% SDS-PAGE protein gels. (B) Overlay of SEC chromatograms for CPC (red), HP1α
I165E (blue) and the mixture of CPC and HP1α I165E with 2-fold molar excess of HP1α
I165E (black). (C) Overlay of SEC chromatograms for CPC (red), HP1α W174A (blue) and
the mixture of CPC and HP1α W174A with 2-fold molar excess of HP1α W174A (black).
Absorbance at 280 nm was normalised against the highest absorbance value of the three
SEC experiments and plotted against the elution volume. Corresponding 15% SDSPAGE protein gels are framed below in the equivalent colours.

91

Fig. 3.7
A

HP1α I165E (dimer breaking mutant)

HP1α W174A (PxVxL/I binding mutant)

I

35

I

35

HP1α I165E

25

HP1α W174A

25

18.4

PxVxL/I

18.4

B

C

I

I

35
25

35
25

18.4

18.4

35
25
18.4

35
25

Borealin
INCENP1-190
Survivin

18.4

35
25
18.4

35
25

Borealin

INCENP1-190
Survivin

18.4
CPC

CPC

HP1α I165E

HP1α W174A

CPC + HP1α I165E

CPC + HP1α W174A

92

3.5 The PxVxL/I motif-CSD interaction is the primary but not the only
binding region between CPC and HP1α

The biochemical analysis of the CPC-HP1α complex reveals that the
PxVxL/I-CSD binding region is essential for its interaction. However, as
pointed out previously, it has been reported that other CPC subunits also
contribute towards HP1α binding. In fact, a very slight shift towards the left
in the HP1α excess can be observed on the protein gel when CPC 3A and
HP1α are mixed together in SEC (Fig. 3.6B). This observation suggests
that other protein subunits could also contribute to HP1α binding. It is clear
that the interaction between CPC and HP1α is abolished upon PxVxL/I or
CSD mutation in the conditions tested for the SEC experiments (Figs. 3.6B
and 3.7B and C). Still, very weak interactions between CPC and HP1α
could be masked at the relatively high concentration of sodium chloride
used for SEC (250 mM). This ionic strength of the SEC buffer was
determined after detecting a non-specific interaction of CPC with the
Superdex 200 Increase column matrix at sodium chloride concentrations
of 200 mM or below. In order to overcome this problem, a pull-down
experiment using Ni2+-NTA beads and his-HP1α as a bait was performed
at increasing ionic strengths in the presence of purified CPC 3A.
Interestingly, CPC 3A is able to bind his-HP1α at very low ionic strength
conditions (50 mM NaCl and, to a lesser extent, also at 100 mM NaCl)
(Fig. 3.8). Above 100 mM NaCl, the interaction between CPC 3A and hisHP1α is abolished, being the pulled-down Borealin an artifact due to its
non-specific interaction with the nickel matrix (Fig. 3.8). On the contrary,
CPC containing wildtype INCENP interacts with His-HP1α at 250 mM
NaCl as strongly as at 50 mM. In conclusion, this pull-down supports the
notion that PxVxL/I-CSD is the primary contact between CPC and HP1α in
vitro, but other protein subunits also contribute towards robust complex
formation.
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Figure 3.8: Purified CPC, CPC 3A and His-HP1α were probed for in vitro interaction at
increasing ionic strengths using nickel affinity beads. In the left panel, 5% of the total input
material was loaded on a 4-12% Bis-Tris pre-cast gel. In the right panel, 25% of the eluted
protein from the beads was also loaded on a 4-12% Bis-Tris pre-cast gel. The first lane
corresponds to the negative control (CPC 3A on its own), which showed a weak unspecific
binding to the nickel matrix. The next two lanes are the positive controls (CPC + His-HP1α
at 50 and 250 mM NaCl) and both show robust complex formation. In the following five
lanes, His-HP1α is used as a bait for CPC 3A at different sodium chloride concentrations.
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3.6 The CPC-HP1α complex is a heterodecamer formed by 2 CPC
and 4 HP1α copies

The oligomeric state of CPC has been shown to have an impact on its
cellular function. Borealin contains a C-terminal dimerisation domain that is
necessary for the stable accumulation at centromeres and for the
kinetochore localisation of CPC (Bekier et al., 2015). Mutation of Thr230 at
the dimeric interface of Borealin disrupts the dimer in vitro and causes a
reduction of Aurora B in vivo (Bourhis et al., 2009). In order to confirm
whether CPC (containing INCENP1-190) behaves as a dimer in vitro, the
absolute molecular mass of the protein was measured using SEC-MALS
(SEC coupled to multi-angle light scattering), with the assistance of Dr.
Martin Wear. As expected, CPC formed dimers in vitro with a molecular
weight of 139.3 kDa, suggesting that the dimeric complex has two copies
of each subunit (Fig. 3.9A).

HP1 proteins dimerise through their well-conserved CSD. SEC-MALS
analysis confirmed that HP1α forms stable dimers in vitro, with an
estimated molecular weight of 45 kDa (Fig. 3.9B). Next, the CPC-HP1α
complex was reconstituted for measurement of the total molecular weight.
The previous observation that PxVxL/I-CSD interaction is essential for
complex formation projects a hypothetical scenario in which one PxVxL/I
motif would bind the CSD dimeric interface, i.e., two copies of HP1α.
Indeed, the overall molecular weight measured for the CPC-HP1α
complex is 200.9 kDa, an estimation that is close to the theoretical
molecular weight of a complex consisting of 2 CPC:4 HP1α (227.4 kDa)
(Fig. 3.9C). The deviation observed, which is small but significant if
compared to the individual SEC-MALS measurements for CPC and HP1α,
can be attributed to the fact that SEC-MALS analysis was performed at
room temperature instead than at 5-7°C, and CPC stability appears to be
affected by temperature, especially due to degradation of the Borealin
subunit. Consequently, the measured molecular weight in the front part of
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Figure 3.9: SEC-MALS analysis of the CPC-HP1α complex. SEC-MALS molecular
weight measurement for CPC (A), HP1α (B) and CPC-HP1α complex (C). SEC-MALS
chromatograms plot the measured absorbance at 280 nm against the elution volume and
the measured molecular weight. To the right of the chromatograms: 15% SDS-PAGE
analysis of the peak fractions and schematic cartoons representing the oligomeric state
of the different proteins. Below the cartoons: table with the theoretical molecular weight of
each protein, taking into account all feasible oligomeric states. Below the chromatograms:
table with the experimental molecular weight and the corresponding quarternary structure.
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the peak is larger than in its tail (see Fig. 3.9C). These data indicate that
both CPC and HP1α are dimers in vitro, and that each CPC copy binds a
HP1α dimer, which results in a large, heterodecameric multi-subunit
protein assembly.

3.7 Conclusions

The CPC is one of the most important mitotic regulators, and its activity is
controlled by several layers of regulatory events. Among these, the
regulation of its localisation throughout mitosis is crucial to achieve errorfree chromosome segregation. HP1 has emerged as an important
regulator of CPC activity and localisation, but how and to what extent it
contributes to CPC function is still not well understood. Thus, the aim of
this chapter is to provide a molecular framework of the CPC-HP1
interaction in vitro.

Initially, the individual purification protocols for CPC and HP1α were
established and the interaction was successfully recapitulated in vitro.
Subsequently, the interaction region in HP1α was narrowed down to the
CSD, which is essential and sufficient for CPC binding in vitro. Previous
work in cell-based assays suggested that the CPC-HP1α interaction is
mediated through INCENP PxVxL/I motif and the HP1α CSD, although an
alternative binding mechanism involving Borealin has also been proposed
(Kang et al., 2011; Liu et al., 2014; Yi et al., 2019). This study
demonstrates that the primary contact, essential for complex formation in
vitro, occurs through the INCENP PxVxL/I-HP1α CSD interaction.
Consistently, mutation of either the PxVxL/I motif to a 3A mutant or
disruption of key residues in the CSD abolished the binding of the complex
in SEC. However, the observed interaction between CPC 3A and HP1α at
low ionic strength conditions opens up the possibility that other regions in
both proteins might make favourable contributions towards complex
formation in vivo.
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Finally, the dependence of PxVxL/I-CSD binding on complex formation is
supported by the finding that 4 copies of HP1α bind 2 copies of CPC,
which implies that 2 copies of HP1α bind to a single PxVxL/I. The
assembly of HP1α onto the CPC dimer results in an intricate, multi-subunit
complex with three distinct structural features that determine its large size:
the triple helical bundle connecting Borealin, Survivin and INCENP, the
Borealin dimerisation domain, and the INCENP PxVxL/I motif bound to the
HP1α CSD.
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4 Molecular dissection of CPC-HP1α complex assembly

4.1 Introduction

The binding of CPC to HP1α requires the interaction between INCENP
PxVxL/I motif and HP1α CSD in vitro. However, as pointed out in the
previous chapters, other studies have shown that HP1α may also bind to
other CPC components. A direct interaction between Borealin C-terminus
and HP1α CSD has been reported to be essential for CPC inner
centromere localisation (Liu et al., 2014). In a proteomics screen, Nozawa
et al. (2010) identified Borealin, INCENP and Aurora B as HP1α binding
proteins, which can no longer bind to it upon disruption of the CSD
dimerisation interface. Therefore, HP1α could potentially interact with
other CPC subunits apart from INCENP, and these contacts could act as a
secondary 'anchor' that might have a significant biological relevance.

SEC experiments demonstrated that INCENP PxVxL/I- HP1α CSD binding
is essential for complex formation, but did not reveal whether other
subunits of CPC make further contacts with HP1α. Interestingly, CPC 3A
(a mutant harbouring a triple alanine mutation within INCENP's PxVxL/I)
interacted with HP1α at low ionic strength conditions (Fig. 3.8). This
chapter dissects the contribution of different protein subunits and domains
towards complex formation and aims to elucidate the structural basis for
the CPC-HP1α complex assembly. Extensive crystallisation trials
performed with f.l. CPC-HP1α and a smaller MBP-tagged INCENP
PxVxL/I-HP1α CSD complex were not successful. In the absence of a
crystal structure, I took a multifaceted approach that combined Isothermal
Titration Calorimetry (ITC), Cross-Linking/Mass Spectrometry (CL/MS) and
Small Angle X-Ray Scattering (SAXS).
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4.2 Crystallisation trials for MBP-INCENP PxVxL/I and HP1α CSD

The first approach attempted for the structural analysis of the CPC-HP1α
complex assembly was X-ray crystallography, the most powerful technique
for the determination of atomic-level resolution structures of biological
macromolecules. Crystals can potentially be formed for pure and
homogeneous macromolecules near their supersaturation concentrations
(McPherson & Gavira, 2013). High resolution structures obtained from Xray crystallography provide valuable information about the nature of
protein

interactions.

Several

crystallisation

trials

for

purified

and

homogeneous CPC-HP1α were performed, albeit without success,
probably due to the flexible and unstructured nature of the floppy loops
and linkers in different proteins, especially in Borealin and INCENP.
Therefore, a subcomplex comprising the INCENP PxVxL/I motif
(INCENP160-190) and the HP1α CSD (HP1α108-185) was purified for the
purpose of obtaining structural information on the essential binding region
between CPC and HP1α (Fig. 4.1A). Later, a slightly smaller subcomplex
(INCENP161-176 and HP1α113-178) was purified for crystallisation inspired by
the extremely similar crystal structure of shugoshin 1 bound to HP1β
obtained by Kang et al. (2011) (Fig. 4.1B and 4.1C).

Both INCENP160-190 and INCENP161-176 were expressed as His-MBP
tagged proteins and affinity purified in batch mode using Ni2+-NTA beads
(Fig. 4.2A and 4.2B). In order to form a complex with the HP1α CSD,
molar excess of the latter protein was added to the His-MBP-INCENP
peptides and the excess was separated in SEC to form a homogeneous
and stoichiometric complex (Fig. 4.2C and 4.2D). From this step onwards,
two different approaches for sample preparation were followed. In the first
one, the His-MBP tagged sample was used to set up crystallisation trays.
The second approach involved the cleavage of the tag and its separation
from the PxVxL/I-CSD complex through an additional IEC purification step
(Fig. 4.2E and 4.2F). The INCENP PxVxL/I could never be seen in the
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Figure 4.1: (A) Amino acid sequence and secondary structure prediction for INCENP160-190 and
HP1α CSD108-185. Green arrows represent β-sheets and red rectangles represent α-helices.
The secondary structure prediction was generated using the JPred Secondary Structure
Prediction server and the figure was created using the JalView software (Waterhouse et al.,
2009). (B) Crystal structure of HP1β bound to Sgo1 PxVxL/I peptide (from Kang et al., 2011,
PDB: 3Q6S). (C) Consensus sequence alignment of INCENP and Sgo1 PxVxL/I motifs, and
HP1α and β CSD. The pairwise aligment was generated using the Clustal Omega web service
within JalView software, and the figure was created using JalView.

102

SDS-PAGE analysis due to its extremely short length and the absence of
basic amino acids, which hinders protein detection by Coomassie Brilliant
Blue staining. However, the presence of INCENP PxVxL/I in complex with
the HP1α CSD was assumed due to the strong binding observed between
CPC and HP1α in previous experiments (see chapter 3). IEC fractions
containing the HP1α CSD were pooled and concentrated for crystallisation
purposes.

Several crystallisation trials were set up for both constructs at different
protein concentrations and using various commercial crystallisation
screens. The MBP-tagged version of the complex required less
processing. Typically, the fractions from the main protein peak containing
the His-MBP-INCENP peptide and the HP1α CSD were pooled and
concentrated to a very broad range of concentrations from 20 mg/ml to
almost 120 mg/ml (Fig. 4.2C and 4.2D). The cleaved version of the
PxVxL/I-CSD complex involved an extra chromatographic step (Fig. 4.2F)
for the removal of the MBP tag. Thus, the net protein amount obtained was
always lower than for the tagged complex. Crystallisation trials for INCENP
PxVxL/I-HP1α CSD were set up using different screens at concentrations
ranging 5 to 25 mg/ml. The complex displayed a very high stability and
solubility even at the highest protein concentrations reached (25 mg/ml)
and in very low ionic strength conditions (in buffers containing 30 mM or
no sodium chloride at all).

Crystallisation trials were set up using an ART Robbins Crystal Gryphon
crystallisation robot. A 0.2 μl drop of protein complex was dispensed to a
0.2 μl drop of commercially available crystallisation screen and
equilibrated again in 500 μl of mother liquor in the reservoir using a sitting
drop plate. Plates were sealed, stored at 18°C, and examined regularly
using a magnifying lens. Independently of the protein concentration,
almost all drops were clear and no precipitation could be observed in most
of the conditions tested, and frequently only less than 5% of the drops
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Figure 4.2: 15% SDS-PAGE analysis for the affinity purification of His-MBP INCENP161-176 (A) and
His-MBP INCENP160-190 (B). P: pellet; SN: supernatant; FT: flow-through; B: beads before elution; E:
elution; A: beads after elution. (C) SEC chromatogram for His-MBP INCENP161-176/HP1α CSD113-178
(Superdex 75 HiLoad 16/600) and corresponding 15% SDS-PAGE analysis of SEC fractions. (D)
SEC chromatogram for His-MBP INCENP160-190/HP1α CSD108-185 (Superdex 200 HiLoad 16/600) and
corresponding 15% SDS-PAGE analysis of SEC fractions. (E) 15% SDS-PAGE analysis for
His-MBP tag cleavage. (F) IEC for removal of the His-MBP tag. Fractions containing HP1α
CSD108-185 were pooled and used to set up crystallisation trials. These fractions also contain the
INCENP160-190 peptide, although it could not be detected by Coomassie staining. I: Input; FT:
flow-through.
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contained brown or dark precipitated materials (Fig. 4.3). When protein
concentration was increased, a higher percentage of drops showed phase
separation, a situation where a protein-rich environment demixes from a
protein-poor phase (Fig. 4.3). Phase separation is an indicator of a
metastable environment within the drop, a condition that often favours the
growth of protein crystals (Luft et al., 2011). However, none of these phase
separated drops evolved into protein crystals, and only after many months
some crystals and microcrystals were observed for the His-MBP tagged
complex. These crystals were analysed by X-ray crystallography but only
the structure of the MBP tag could be obtained (data not shown); it is
highly possible that residual traces of protease cleaved the MBP over time,
thus facilitating its crystallisation independently of the PxVxL/I-CSD
complex. Due to the inability to attain structural information at an atomic
level, alternative methods, such as ITC, CL/MS and SAXS were exploited
to gain insight into the molecular architecture of the CPC-HP1α complex.

4.3 PxVxL/I-CSD is not sufficient for high-affinity CPC-HP1α binding

In order to dissect the biophysical and biochemical nature of the CPCHP1α interaction and the contribution of the distinct protein domains
towards the formation of the complex, several thermodynamic parameters
were measured by ITC. ITC is a quantitative physical technique that is
frequently used to characterise protein-protein interactions and determine
the association constant (Ka), the complex stoichiometry (N) and the
enthalpy of binding (ΔH). Upon binding of two proteins, the thermodynamic
potentials ΔH (enthalpy of binding), ΔS (entropy of binding) and ΔG
(Gibbs free energy) change, and this variation can be accurately
measured by highly sensitive calorimetry (Velázquez-Campoy et al.,
2004). ITC has become a widely used technique for the dissection of
molecular interactions because of its capacity to directly measure
thermodynamic parameters without the need of sample labeling or
immobilisation. Moreover, the development of more sensitive calorimeters
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Figure 4.3: Representative images of crystallisation drops for both the His-MBP tagged
and the untagged INCENP PxVxL/I-HP1α CSD protein complex. Both conditions
displayed a brownish precipitate in less than 5% of the drops (left), about one third
showed phase separation (right) and the majority of the drops were clear. The image on
the left corresponds to the untagged INCENP160-190/HP1α108-185 complex at roughly 16.7
mg/ml. The image on the right corresponds to the His-MBP-INCENP161-176/HP1α
CSD113-178 at roughly 50.3 mg/ml.
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has enabled a substantial decrease in the amount of sample needed for
the thermodynamic analysis of biomolecules (Jayanthi et al., 2015).

An ITC experiment consists in the titration of a given biomolecule to its
binding partner at constant temperature. The primary ligand, which is
contained in a heat sensitive sample cell, is titrated by small injections of
the secondary ligand, placed within a syringe. Next to the sample cell, an
identical chamber typically filled with water serves as reference cell. Both
sample and reference cells are maintained at the exact same temperature,
and any variation between the cells will be compensated by the system's
heaters and re-establish an equal temperature (Fig. 4.4A). When the
secondary ligand is injected in the sample cell, the heat exchange
generated by the rearrangement of molecular interactions is measured as
an electrical power in relation to the reference cell. Depending on the
endothermic or exothermic nature of the reaction inside the sample cell,
the calorimeter will register the heat absorption or release, respectively,
and plot it as a function of heat exchange against time elapsed on a
binding isothermogram (Fig. 4.4A). (Jayanthi et al., 2015). After a given
number of titrations, the isothermogram can be fitted to a binding model
that gives a readout of ΔH, the association constant (Ka) and the
stoichiometry (N) (Fig. 4.4B). From these values, other parameters, like
ΔG and ΔS can be calculated following this formula:

ΔGa = –RTlnKa = ΔHa – TΔSa

where R is the ideal gas constant, T is the absolute temperature in Kelvin
and lnKa is the natural logarithm of the association constant (VelázquezCampoy et al., 2004). Determining the contribution of the enthalpic and
entropic components towards the overall change in Gibbs free energy
provides very useful information about the binding mechanism of the
analysed biomolecules.
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In ITC, sample preparation is dictated by a set of parameters that
influence the outcome of the experiment. The protein concentration in both
sample cell and syringe must be carefully chosen and accurately
determined. Before proceeding with the ITC experiment, an initial guess of
the binding affinity is necessary in order to determine the protein
concentration to be added in cell and syringe. Tight protein-protein
interactions will require less protein in order to generate a binding curve,
while a weaker binding affinity between proteins will need a larger amount
of material. The chosen concentrations need to fit into an optimal spectrum
of values that will define the dissociation constant Kd with high accuracy.
This range of values is called the c-value (c), which is defined as the
product of the macromolecule's concentration in the cell, the association
constant and the stoichiometry of the reaction:

c = N · Ka · [MacromoleculeCell]
For a reliable calculation of Kd and N, the c value should typically fall
between 1 and 1000 (Wiseman et al., 1989), since c defines the curvature
of an ITC thermogram which provides the information about N, Ka and
ΔH/ΔS. A thermogram with a c-value lower than 1 presents a shallow
binding curve, whereas a c higher than 1000 will generate a very steep
shape. In both instances, the data will not be relevant since many different
values for N, Ka and ΔH will fit in the model (Fig. 4.4C). Ideally, the binding
curve will have a sigmoid shape, which indicates that c falls into the
optimal range of values.

All the ITC experiments presented here were performed using a buffer
containing 25 mM HEPES pH 8, 250 mM NaCl and 1 mM TCEP. Proteins
in both cell and syringe were dialysed overnight in the exact same buffer to
avoid an undesired high signal-to-noise ratio, as minimal changes in the
buffer composition could mask the heat released in the reaction. Protein
concentration was meticulously measured using a NanoDrop One
(Thermo Scientific) robot by averaging three independent reads. The
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Figure 4.4: (A) Schematic diagram of the main components of an ITC instrument. The sample
cell and the adjacent reference cell are contained inside an adiabatic chamber, which maintains
a constant temperature between both cells. Above the sample cell, a syringe contains the titrant,
which is injected at defined intervals. The raw ITC signal is generated by the measurement of
temperature in the sample cell as a function of time (adapted from Freyer & Lewis, 2008). (B)
Schematic diagram of the integrated data of an ITC experiment, where the kcal/mol of injectant
are plotted against the molar ratio. (C) ITC titration curves with different c values. Reliable c
values typically fall between 1 and 1000, and the optimal, sigmoidal shape of the curve is given
by c values between 10 and 500 (adapted from Turnburn & Daranas, 2003).
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concentration in the cell was established in 10 μM and while the initial
syringe concentration was set at 100 μM, it was later increased to 200 μM
to boost heat release. All experiments were carried out at a controlled
temperature of 20°C.

The first few ITC experiments were aimed to investigate whether the CPCHP1α binding was exclusively mediated by PxVxL/I-CSD interaction or, as
the results from the in vitro pull-down suggested (Fig. 3.8), additional
regions contributed towards the enhanced binding. To test this, f.l. CPC
and HP1α were purified as shown previously (Figs. 3.2 and 3.3). In
addition, the minimal truncations of the proteins required for the CPCHP1α assembly (His-MBP-INCENP160-190 and HP1α CSD108-185) were
individually purified as described above for the crystallisation trials. First,
10 μM of CPC contained in the sample cell were injected with 200 μM of
HP1α in a titration consisting of 16 injections. Integration of the heat
release peaks were fit to a 1:2 binding model, that takes into account that
the sample in the cell has two binding sites for the sample in the syringe.
The fit model shows a sigmoid curve that indicates a good c-value (Fig.
4.5A). The Kd obtained for CPC and HP1α binding was estimated to be 77
nM, which demonstrates that the binding between the two proteins is
robust (Fig. 4.5A). This experiment was replicated on different days, and
even using purified protein from different batches, and the Kd was
consistently calculated to be between 50 and 80 nM, indicating that the
binding affinity is in the low nanomolar range and that the data have a
good reproducibility. The stoichiometry of binding is N=1.39, which means
that CPC has roughly 1.4 binding sites with HP1α (Fig. 4.5A). This value
differs from the predicted stoichiometry of N=2, which is the stoichiometry
expected for the CPC-HP1α complex (1:2 ratio, see SEC-MALS, Fig. 3.9).
The deviation in the calculated N value in ITC can be attributed to a slight
inaccuracy in the measurement of the protein concentration, probably due
to an overestimation in CPC's concentration. Finally, the overall heat
generated in the cell is given by the enthalpy of binding, which is ΔH= –
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3.14 kcal/mol. A negative value in ΔH suggests that the reaction is
thermodynamically favourable and that enthalpy contributes towards CPC
and HP1α binding. The enthalpic contribution to binding is indicative of an
increase in electrostatic interactions, such as the formation of new
hydrogen bonds or an increment in Van der Waals interactions
('Characterizing Binding Interactions by ITC', TA instruments). Using the
equation for the calculation of ΔG, the entropic contribution ΔS could also
be estimated in 0.0218 kcal/K; a positive value in ΔS means that the
entropic component also favours the binding. This variation in ΔS is due to
conformational

rearrangements

in

the

proteins

that

cause

the

displacement of water molecules from the hydrophobic surfaces as
hydrophobic groups interact ('Characterizing Binding Interactions by ITC',
TA instruments). Furthermore, binding of CPC 3A-HP1α was tested and
ITC confirmed that PxVxL/I-CSD interaction is essential for complex
formation under the conditions tested, which acknowledges the SEC data
presented in chapter 3 (Fig. 4.5B).

The next experiment was performed by mixing 10 μM of His-MBPINCENP160-190 kept in the sample cell with 200 μM of HP1α CSD108-185. For
this experiment, the Kd was estimated to be 257 nM, a binding affinity
about 3.3 times weaker than for the full length proteins (Fig. 4.5C). The
stoichiometry of binding increased to N=1.58 (Fig. 4.5C). Substituting CPC
for His-MBP-INCENP160-190, for which the concentration can be more
accurately determined, led to an increase in N from 1.39 to 1.58, which is
closer to the predicted stoichiometry of N=2. Finally, the binding enthalpy
was calculated to be ΔH= –4.75 kcal/mol, a moderate increase in
generated heat. ΔS was calculated to be 0.0139 kcal/K, being the entropic
component of the PxVxL/I-CSD binding slightly less favourable than for
CPC-HP1α. These data imply that the PxVxL/I-CSD binding involves more
electrostatic contacts and less conformational rearrangements than the
interaction between the full length proteins. As a control, the binding
between the His-MBP tag and the CSD was tested and no interaction
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Figure 4.5: ITC experiments for the CPC-HP1α and PxVxL/I-CSD complexes. ITC isotherms for
(A) CPC/HP1α interaction (full length versions), (B) CPC 3A/HP1α interaction (no binding), (C)
His-MBP INCENP160-190/HP1α CSD108-185, (D) His-MBP/HP1α CSD108-185 (no binding). (A-D)
Top: Raw ITC data, injection of 120 μl of 200 μM of secondary ligand (syringe) into 400 μl of
10 μM of primary ligand (cell); Bottom: Integrated heat data fit to a 1:2 binding model.
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A

CPC / HP1α
HP1α f.l.

NTE

CD

Hinge

CSD

B

CTE

CPC 3A / HP1α

No binding
Kd = 77 ± 21 nM
N = 1.39 ± 0.014
ΔH = -3.14 ± 0.066 kcal/mol

C His-MBP-INCENP160-190 / HP1α CSD108-185
HP1α CSD

D

CSD

His-MBP tag / HP1α CSD108-185

No binding

Kd = 257 ± 43 nM
N = 1.58 ± 0.017
ΔH = -4.75 ± 0.096 kcal/mol
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could be detected, proving that the ITC data for His-MBP-INCENP
PxVxL/I-CSD can be solely attributed to the PxVxL/I-CSD interplay (Fig.
4.5D). Collectively, these observations highlight that CPC and HP1α
interact with a very high affinity, and that PxVxL/I-CSD binding is not the
only contact between the proteins and other regions are contributing
towards CPC-HP1α binding.

4.4 Borealin/INCENP make multiple contacts with HP1α in vitro

In order to gather more information about which other regions of CPC and
HP1α may be involved in the interaction, Cross-linking/Mass Spectrometry
(CL/MS) experiments were conducted to understand how the complex
assembles. CL/MS is a method that can provide a molecular map of the
protein of interest by creating covalent bonds between amino acid
residues in close proximity, that can be both intramolecular (cross-links
between residues in the same protein) or intermolecular (cross-links
between residues in distinct proteins). In brief, the CPC-HP1α complex
was

cross-linked

dimethylaminopropyl)

using

two

different

carbodiimine

compounds:

hydrochloride

1-ethyl-3-(3(EDC)

and

bis(sulfosuccinimidyl)suberate (BS3). EDC is a zero-length cross-linker
that reacts with carboxyl groups to form an intermediate, reactive chemical
species that rapidly binds amino groups, thereby conjugating carboxyl and
amino groups in close proximity. The efficiency of the conjugation greatly
improves in the presence of N-hydroxysuccinimide (NHS) which stabilises
the intermediate species and avoids the regeneration of the carboxyl
groups. EDC cross-links lysines (and serines, threonines and tyrosines to
a lesser extent) with glutamates and aspartates. On the other hand, BS3
has a spacer arm of 11.4 Å, which is introduced between the conjugated
residues. BS3 is a homobifunctional molecule with two equal NHS reactive
groups at each end; these groups react with amines to form stable
covalent bonds. BS3 exclusively generates lysine-lysine cross-links. After a
90 minute incubation of CPC-HP1α in the presence of the cross-linkers,
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the EDC and BS3 reactions were quenched by adding excess Tris and
ammonium bicarbonate (ABC), respectively. Finally, the cross-linked
product was resolved by SDS-PAGE (4-12% Bis-Tris) and stained using
Instant Blue staining. The bands of interest were extracted and digested
with trypsin for subsequent liquid chromatography and tandem mass
spectrometry (LC-MS/MS) analysis for detection of cross-linked peptides
(Fig. 4.6) (see Chapter 2 for further details). The LC-MS/MS procedure
was carried out by Dr. Juan Zou from the Rappsilber laboratory.

CL/MS analysis for the CPC-HP1α revealed that HP1α makes multiple
contacts with numerous regions of Borealin and INCENP beyond the
PxVxL/I motif (Fig. 4.7). In fact, cross-linked HP1α peptides from every
domain contact different CPC subunits, not only from the CSD, but also
from the NTE, CD and hinge (Fig. 4.7). These cross-links involve
numerous domains in Borealin, such as the N-terminus, the centromeretargeting region, the central loop and the dimerisation domain. There are
different cross-linked clusters in Borealin that are worth noting. The first
cluster consists of a group of conserved lysines (K5/K12/K20/K27) and
some serines (S8/S15) in the N-terminus that contact residues in the
HP1α NTE (E15, D16, E17), CD (E18, E19, K24, K32, D58) and CSD
(E108, E122, K125, D131, K143, D144, D146, E147, K154, E170, E185).
It is important to highlight that this N-terminal cluster that extensively binds
HP1α forms a triple helical bundle with Survivin and INCENP, as it has
been demonstrated by the available structural data and supported by the
cross-links between CPC subunits (Fig. 4.7). A second group of crosslinks in Borealin encompasses amino acids in the loop region (K135,
K158, K183, K198) that primarily contacts the CSD (D112, K125, K143,
D144, D146, K159, E170), but also the CD (K24, K32, K37) and hinge
(K91). Finally, a third cluster with less frequently seen cross-links connects
Borealin (dimerisation domain; E209, E226, E257, K263, K280) with the
CD (K32), hinge (S92) and CSD (S110, D112, E122, D144, D146, E147,
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Figure 4.6: SDS-PAGE analysis of cross-linked CPC-HP1α complex using EDC/NHS (top)
and BS3 (bottom). Typically, between 6-8 μg of protein complex were titrated for 90 minutes
in the presence of increasing levels of cross-linker. After quenching the reactions, they were
analysed by SDS-PAGE and the bands of interest were excised and processed for MS
analysis. The blue boxes correspond to the monomeric cross-linked version of the complex
(theoretical molecular weight: 113.7 kDa) and the orange boxes correspond to the dimeric
form (theoretical molecular weight: 227.4 kDa). Due to the faint intensity of the bands, both
the monomeric and dimeric forms were pooled and treated as one sample for MS analysis.
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E170). The complete list of cross-linked peptides can be found in the
appendix.
In addition, some cross-links between INCENP and HP1α that are
relatively far away from the PxVxL/I motif could be identified. Most of these
cross-links are clustered within the CSD (D112, K125, E146, D147, K159,
E170, E185) and some conserved residues in the CD (K32) and hinge
(K84, K89, K91, S92), and are located throughout INCENP (K63, K68,
D80, S91, S93, K104, E116, T161, E190). Strikingly, no cross-link could
be detected around the PxVxL/I motif. A possible explanation could be the
lack of proteolytic trypsin sites between the region 154-176 of INCENP,
which may result in peptides too large to be detected by MS.

Only a few, less frequently observed contacts could be identified between
Survivin and HP1α, linking the CD (K32), hinge (S92) and CSD (E147,
E170) mostly with Survivin's C-terminal helix (E95, K112, K130, D142).
These data are consistent with the decrease in binding affinity for the
PxVxL/I-CSD complex in comparison to the full length versions that was
observed in the ITC experiments (Fig. 4.5A and 4.5C). Thus, CL/MS
shows that CPC and HP1α establish extensive contacts, mainly through
Borealin and INCENP, and that these go beyond the essential PxVxL/ICSD binding.

4.5 HP1α hinge region and Borealin dimerisation domain are
required for high affinity complex formation

The complex network of cross-links observed between CPC and HP1α
obtained in the CL/MS analysis suggested that several regions in addition
to INCENP PxVxL/I-HP1α CSD are involved in modulating the CPC-HP1α
interaction.

However,

identifying

the

unique

residues

crucial

for

establishing a high affinity binding deemed difficult due to the large
number of intermolecular contacts observed between CPC and HP1α.
Therefore, based on the CL/MS cross-linking pattern, several deletion
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Figure 4.7: Cross-linking/Mass Spectrometry analysis of the CPC-HP1α complex using
EDC/NHS (top) and BS3 (bottom). Circle view of the intermolecular cross-links between the
CPC subunits and HP1α are represented in purple (Borealin-HP1α), in green (Survivin-HP1α)
and in yellow (INCENP-HP1α). The intramolecular cross-links in HP1α are represented in
gray. The false discovery rate (FDR) was set at 5%. For simplicity, the cross-links between the
CPC subunits (Borealin-Survivin, Borealin-INCENP, Survivin-INCENP) and the intramolecular
contacts within CPC subunits have been removed.
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mutants of CPC and HP1α domains were designed with the aim of
determining the contribution of different regions towards the binding. The
affinity of these mutants was subsequently assessed using ITC.

Given that most of the cross-links are between Borealin and HP1α,
different deletion mutants of both proteins were cloned, expressed and
purified (Fig. 4.8). On the HP1α side, these mutants consisted of: a mutant
lacking both the N- and C-termini (ΔNTE/ΔCTE; HP1α

18-185),

a mutant

lacking the CD (HP1α76-185; this truncation neither contains NTE/CTE), and
a HP1αΔhinge deletion mutant (lacking amino acids 76-107, with a flexible
glycine-serine (G-S-S-G) linker between CD and CSD). All the different
truncations contained an intact CSD (due to its essentiality).

On the Borealin side, varying lengths of the protein were co-expressed
and purified along with Survivin and INCENP1-190. These Borealin
truncations include a dimerisation domain deletion mutant (Borealin1-221), a
central loop deletion mutant (BorealinΔLoop

(Δ110-206)),

a truncation lacking

the first 9 positively charged amino acids (Borealin10-end) and a mutant
consisting only of the centromere targeting region (Borealin1-76) (Fig. 4.8).

As previously described, all ITC experiments were performed at 20°C by
mixing 10 μM of different CPC versions and 200 μM of HP1α deletion
mutants. When testing the binding of CPC mutants, full length, wildtype
HP1α was kept in the syringe. Conversely, wildtype CPC was added to the
sample cell when testing HP1α mutants. The first experiment consisted in
mixing CPC with HP1α CSD. The measured Kd was roughly 302 nM, a
very similar affinity as estimated for PxVxL/I-CSD (Fig. 4.9A). Next, the
binding affinity for CPC-HP1α76-185 was measured to calculate the
contribution of both the hinge and CSD. Strikingly, addition of the hinge
region increased the Kd to 117 nM, an affinity only slightly smaller than
the measured value for the full length complex (Fig. 4.9B). Elongation of
HP1α to include the CD did not have any effect on the binding affinity
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Figure 4.8: SDS-PAGE analysis for the different CPC and HP1α versions purified for ITC. On
the left panel, borealinΔloop and borealin1-221 bands run at the same molecular weight as
INCENP 1-190 and cannot be resolved. On the right, the band below HP1α18-185 is a slightly
degraded fragment. Below the gels, schematic representation of the different deletion/point
mutants.
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towards CPC (CPC-HP1α18-185; Kd = 128 nM, Fig. 4.9C). The slight
decrease in affinity observed between CPC-HP1α f.l. and CPC-HP1α18-185
can be attributed to a moderate contribution from the NTE and CTE (Figs.
4.5A and 4.9C). Mixing CPC with the deletion mutant of the hinge
(HP1αΔhinge) caused a 3.5 fold reduction in affinity (Kd = 276 nM) compared
to the wildtype and confirmed that the hinge considerably supports high
affinity complex formation (Fig. 4.9D).

Once that the relevant contribution of the hinge was assessed, several
point mutants that could potentially be relevant for CPC binding were
generated. These include a unique, conserved KRK Aurora B-consensus
motif in the hinge (K89, R90, K91 to A) and a crucial amino acid in the
hinge, S92, which has been identified as a mitotic Aurora B
phosphorylation site, with a major role in regulating chromosomal
instability. A recent study have determined that a S92-phosphorylated pool
of HP1α detaches from chromosomes in prophase and relocalises to the
centromeric region (Williams et al., 2019). Therefore, two mutants of S92
were

generated:

an

non-phosphorylatable

mutant

(S92A)

and

a

phosphomimetic variant (S92D) to test whether modifying this residue
could have an effect on binding.

ITC experiments showed only a moderate decrease in binding affinity for
the HP1α hinge mutants. This decrease is very mild for the nonphosphorylatable S92 (HP1αS92A; Kd = 92 nM, Fig. 4.9E) and for the
Aurora B consensus site mutant (HP1αKRK-A; Kd = 112 nM, Fig. 4.9G). For
the phosphomimetic mutant, the binding affinity is two-fold lower
(HP1αS92D; Kd = 161 nM, Fig. 4.9F). These data suggest that these four
residues have only a modest effect on CPC binding, less than what was
observed for the HP1αΔhinge mutant.

After testing the binding affinity of CPC for different HP1α mutants, the
contribution of different Borealin regions for HP1α binding was measured.
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Figure 4.9: ITC experiments for wildtype CPC-HP1α mutants. ITC isotherms for (A) CPC/HP1α
CSD108-185, (B) CPC/HP1α76-185, (C) CPC/HP1α18-185, (D) CPC/HP1αΔHinge (Δ76-107), next page: (E)
CPC/HP1αS92A, (F) CPC/HP1αS92D, (G) CPC/HP1αKRK-A. (A-G) Top: Raw ITC data, injection of 120
μl of 200 μM of secondary ligand (syringe) into 400 μl of 10 μM of primary ligand (cell); Bottom:
Integrated heats fit to a 1:2 binding model.
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Fig. 4.9
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Fig. 4.9
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Figure 4.10: ITC experiments for mutant CPC complexes-wildtype HP1α. ITC isotherms for (A)
CPCBor 1-221/HP1α, (B) CPCBor 10-end/HP1α, (C) CPCBor Δloop/HP1α, (D) CPCBor 1-76/HP1α. (A-D) Top:
Raw ITC data, injection of 120 μl of 200 μM of secondary ligand (syringe) into 400 μl of 10 μM of
primary ligand (cell); Bottom: Integrated heats fit to a 1:2 binding model.
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Fig. 4.10
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ITC data suggest that the Borealin dimerisation domain and, to a lesser
extent, also the N-terminal amino acids, are the main regions that support
high affinity HP1α binding (Borealin1-221; Kd = 177 nM, Fig. 4.10A and
Borealin10-end; Kd = 103 nM, Fig. 4.10B). Interestingly, removal of the
Borealin loop did not have any effect on binding and even reverted the
decrease in affinity caused by the dimerisation domain removal
(BorealinΔloop; Kd = 47 nM , Fig. 4.10C and Borealin 1-76; Kd = 63 nM, Fig.
4.10D). Altogether, ITC experiments show that the main contributors
towards a tight CPC-HP1α binding are the hinge region and the Borealin
dimerisation domain. A table with the complete list of ITC experiments can
be found in the appendix of this thesis.

4.6 CPC and CPC-HP1α are highly flexible and elongated particles

In the absence of high resolution structural data, the use of techniques
such as CL/MS and ITC can be really valuable for the characterisation of
protein-protein interactions. In order to obtain complementary information
about the structure of the CPC-HP1α complex, an additional technique
called SAXS was employed. SAXS is a biophysical method that provides
low resolution data about the structure of a protein, such as its overall
shape, its flexibility and size, without the need of a protein crystal, since
the molecules can be analysed in solution. Two standard methods of data
collection are used: SEC-SAXS and batch mode SAXS. In SEC-SAXS, a
SEC column is coupled to the SAXS beamline, which is especially helpful
to remove aggregates and distinguish between potential oligomers. In
batch mode SAXS, the sample is directly analysed by the SAXS beamline,
therefore the amount of sample required is less than for SEC-SAXS,
although undesired species cannot be removed from the sample of
interest. The CPC-HP1α complex was analysed using batch mode SAXS,
since the purity of the sample is very high and SEC-SAXS is typically
performed at room temperature, which can greatly harm CPC's stability.
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Four two-fold serial dilutions of both CPC and CPC-HP1α complexes were
prepared for batch mode SAXS, with the most concentrated sample being
at roughly 7 mg/ml. The data obtained were used to generate 3D models
representing the overall shape of CPC in the absence and presence of
HP1α. In batch mode, data are generated by collecting several scattering
curves or 'frames' that consist in the X-ray diffraction of the particle of
interest from different parts of the sample cell to avoid radiation damage.
These frames are usually collected at different concentrations of sample,
which will generate a profile of scattering. For the generation of a
homogeneous scattering profile, each frame is compared to the first frame
obtained and ones that differ from the first one are discarded, while the
rest are averaged and buffer subtracted (Fig. 4.11A). Once the scattering
profile is obtained, the structural analysis was performed in collaboration
with Cristina Gallego-Páramo using the ScÅtter and Primus softwares
(Konarev et al., 2003; Förster et al., 2010).

The scattering profiles for CPC and CPC-HP1α displayed a good quality
data up to a scattering vector of around 0.15 Å

-1

(Fig. 4.11B). Guinier

analysis provides an estimation of the radius of gyration (Rg), which is the
average radial distance of a particle from its centre of mass. Rg was
estimated using the ScÅtter and Primus softwares; both approaches
rendered similar results for CPC (Rg=72.2 Å with ScÅtter and 72.3 Å with
Primus) and CPC-HP1α (Rg= 79.7 Å with ScÅtter and 85 Å with Primus)
(Fig. 4.11C; Table 4.2). These large Rg values indicate that the molecules
have an elongated shape. Next, the flexibility of the particles was
assessed. The flexibility analysis shows no plateau for any of the different
plots generated (Fig. 4.11E). A plateau in the Porod-Debye plot indicates
that the analysed molecule is globular, whereas a plateau in the KratkyDebye plot suggests that the molecule is a flexible unstructured random
coil, and a plateau in the SIBYLS plot means that the particle of interest
contains a mixture of ordered and disordered regions. The positive slopes
in the Porod-Debye plot highlights the assymetry of the samples, an
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indicator of a high flexibility. The slopes in the SIBYLS plot do not reach a
plateau, although the slopes are slightly less steep than for the PorodDebye analysis, supporting the idea that most of the structures in the CPC
and CPC-HP1α complexes are flexible, with minor structured elements.
This fact is further backed by the normalised Kratky analysis, which shows
an ill-defined peak that resembles a hyperbolic plateau, a sign of an
extended, flexible conformation (Fig. 4.11F). Following the flexibility
analysis, the volume of the particles was calculated (Fig. 4.11G). For an
appropriate calculation of the volume, some residuals need to be
discarded until their distribution is even along the axes. The estimated
molecular weight can be determined through the volume (in Å3). Thus, a
volume of 328890 Å3 for CPC corresponds to 193.5 kDa, and a volume of
533683 Å3 for CPC-HP1α corresponds to 313.9 kDa. These values for
molecular weight are largely overestimated, as they substantially differ
from the theoretical values, and also from SEC-MALS measurements (Fig.
3.9). This variation can be explained due to the fact that, as all the
parameters analysed suggest, the particles are highly flexible and mostly
disordered, only with few structured domains. This high flexibility means
that the complex can adopt numerous conformations, which difficults the
generation of a single model with a reliable volume. Subsequently, the P(r)
distribution, which defines the maximum distance between any point in the
sample, also known as maximum dimension (Dmax), was calculated. The
estimated Dmax for CPC was roughly 250 Å, while the Dmax for CPC-HP1α
was calculated to be 300 Å (Fig. 4.11H). Additionally, the smaller, skewed
peaks indicate that the molecules are elongated (Fig. 4.11H). Using the
P(r) distribution data, an ab initio model for the structural envelopes of the
particles was generated (Fig. 4.11I). The models show a very elongated
shape with an extra density in the CPC-HP1α envelope that gives the
complex a bulkier form around the centre of the molecule. The CPC-HP1α
is also moderately longer than CPC on its own. Due to the lack of a
complete atomic-level structure, it was very difficult to fit CPC's triple
helical bundle, Borealin's dimerisation domain, or HP1α CD and CSD
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Figure 4.11: SAXS analysis of the CPC and CPC-HP1α complexes. (A) Intensity plots for the four
batch mode concentrations. The logarithm of the scattered intensity l(q) is plotted against the
momentum transfer (q). (B) Intensity plots of the averaged four concentrations. (C) Guinier and
(D) cross-sectional Rg analyses of the SAXS scattering curves at small scattering vectors, which
allow the calculation of the radius of gyration (Rg). Next page: (E) Flexibility analysis: a plateau in
the Porod-Debye plot means that a protein is globular, whereas plateaus in the Kratky-Debye and
SIBYLS plots are indicators completely unstructured proteins and a combination of structured
and flexible elements, respectively. (F) Normalised Kratky identifies the folding state of proteins.
(G) Manual fitting of residuals in the Porod-Debye plot determines the volume of a particle, which
can be used for calculation of the MW. Next page: (H) P(r) distribution is used for calculation of
the Dmax. (I) Refined model for the structural envelopes for CPC (pink) and CPC-HP1α (green)
generated using the DAMMIF/DAMMIN software. (J) Rg, Dmax and MW values calculated using
ScÅtter and Primus.
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Fig. 4.11
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Fig. 4.11
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inside the SAXS envelopes. In conclusion, SAXS data provided low
resolution information about the shape of CPC and CPC-HP1α. The
analysis highlights that the particles are multidomain complexes linked by
flexible linkers, with an elongated shape. However, high resolution
information will be needed to decipher the accurate mode of binding
between CPC and HP1α.

4.7 Conclusions

The aim of this chapter was to dissect the molecular mechanism by which
CPC and HP1α assemble and to determine whether the proteins made
additional

contacts

beyond

PxVxL/I-CSD.

To

that

end,

X-ray

crystallography was used in order to achieve a high resolution structure.
However, all attempts to crystallise the proteins, either full-length or
smaller truncations, were unsuccessful. The reason may be that the full
length complex contains large, unstructured linkers between the wellfolded domains that hinder the formation of tightly packed crystals suitable
for X-ray diffraction. In the case of the PxVxL/I-CSD complex, the failure in
obtaining crystals is more puzzling, given the fact that the CSD is a wellstructured domain. Based on different structural data, the CSD most likely
traps the PxVxL/I β-sheet between the dimerisation interface (Fig. 4.1B),
generating a compact and stable complex. Almost no protein precipitation
could be observed for the PxVxL/I-CSD complex even at concentrations
as high as 116 mg/ml, indicating that the complex is incredibly stable and
soluble at extreme conditions. It is interesting to note that there are many
more crystal structures available of the HP1β CSD than the HP1α CSD.
Only one structure of the latter has been reported (PDB: 3I3C). In the
absence of high resolution structural data, other approaches were used in
order to determine the contribution of different domains towards complex
assembly.
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ITC, CL/MS and SAXS data provided important evidence about the
intermolecular contacts and shape of the complex. The calorimetric
analysis confirmed that PxVxL/I-CSD is not enough to attain robust binding
between CPC and HP1α. Subsequent CL/MS investigation revealed that
Borealin, INCENP, and Survivin to a lesser extent, establish extensive
contacts with HP1α. These contacts are far away from the main binding
region. Research from several groups has already highlighted the
importance of INCENP's PxVxL/I in HP1α binding (Nozawa et al., 2010;
Kang et al., 2011; Yi et al., 2019). Notably, the contribution of Borealin
towards HP1α binding has been also reported (Liu et al., 2014). This study
suggested that HP1α is required for CPC targeting to the centromere, and
that this targeting requires the CSD and a non-conserved PxVxL/I in
Borealin's dimerisation domain. However, it has been recently reported
that the Borealin's C-terminal half is crucial for mediating direct Borealinnucleosome interaction. Removal of the dimerisation domain prevented
Borealin-nucleosome

binding

in

vitro

and

excluded

CPC

from

chromosomes (Abad et al., 2019). These data suggest that the role of
Borealin-HP1α interaction does not have a direct implication in targeting
CPC to the centromere. Interestingly, CL/MS still pinpoint that Borealin
and HP1α interact very closely, showing cross-links all over their lengths
(Fig. 4.7).

Removal of the Borealin dimerisation domain has a moderate but
noticeable effect on the binding affinity, which decreased by about 2.3 fold
when compared to full length Borealin (Fig. 4.10A). Borealin dimerisation
has been shown to be crucial for CPC's inner centromere recruitment
(Bekier et al., 2015; Abad et al., 2019) and Aurora B activity (Bourhis et
al., 2009). Strikingly, when this deletion is combined with the removal of
the Borealin loop, the decrease in Kd is counterbalanced and the binding
affinity is restored to wildtype levels (Figs. 4.10C and 4.10D). It is possible
that deleting the Borealin loop, known to be an unstructured region,
stabilises the binding of HP1α by decreasing the flexibility of the complex.
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In addition, removal of Borealin's positively charged N-terminus causes a
minor decrease in binding affinity, confirming that this heavily cross-linked
area is important for HP1α binding, and suggesting that HP1α is in close
contact with CPC's triple helical bundle.

On the HP1α side, CL/MS reveals that all regions (NTE and CTE, CD,
CSD and hinge) are cross-linked with different CPC subunits. In order to
assess which ones contribute more towards binding, a series of
truncations were purified and tested in calorimetric assays. Removal of the
hinge region caused a major decrease in binding affinity, unraveling an
unexpected contribution due to its less-conserved sequence (Fig. 4.9D).
Previously, it has been reported that the HP1α hinge is necessary for a
high affinity interaction with several other binding partners (Ye et al.,
1997). The amino acid composition of the hinge region differs most
between HP1 paralogs. This is considered to be the main source of the
function versatility observed between the paralogs, and may explain the
mechanism by which HP1s discriminate among different PxVxL/Icontaining proteins. The hinge region of HP1α and HP1γ, but not HP1β,
contain a well-conserved positively charged motif ('KRK') followed by a
serine, a typical consensus site for Aurora B. Indeed, this serine (S92) has
been shown to be a mitotic phosphorylation site for Aurora B (Williams et
al., 2019). In addition, these residues are the main cross-links between the
hinge and CPC identified in the CL/MS analysis (Fig. 4.8). Mutation of the
KRK motif to a triple alanine caused a minor reduction of the Kd (Fig.
4.9G). For S92, the decrease in binding affinity was more pronounced in
the case of the phosphomimetic, and almost negligible for the nonphosphorylatable (Figs. 4.9E and 4.9F). These data suggest that other
residues in the hinge could be involved in the binding to CPC, although the
effect of a quadruple mutant (KRK/S) could have had a greater effect on
the Kd.
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Finally, SAXS analysis provided a low resolution structural envelope of the
protein complex that revealed its elongated and flexible architecture. This
flexibility explains the difficulties in obtaining crystals, and also the multiple
contacts between the different subunits observed in CL/MS. In agreement
with the available literature, the biochemical and biophysical analysis
performed in this study supports the notion that PxVxL/I-CSD is required
for the CPC-HP1α interaction, but also highlights the requirement of the
hinge in HP1α for a robust complex assembly, and the contribution of
Borealin, especially its dimerisation domain and its N-terminus. In
summary, this chapter has been successful in determining the molecular
determinants that contribute towards the CPC-HP1α complex assembly. In
order to assess whether this biochemical characterisation has a biological
function, an in vivo evaluation in cells would be necessary to reinforce the
in vitro data.
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5

Implications

of

CPC-HP1α

complex

formation

in

chromatin association and phase separation
5.1 Introduction

Targeting of CPC to mitotic centromeres is dictated by the presence of two
post-translational modifications: H3T3ph and H2AT120ph. Recent studies
suggest that each of these marks recruit CPC to distinct locations: H3T3ph
directs CPC to inner centromeres, while H2AT120ph targets it to the
kinetochore-proximal area (Broad et al., 2020; Hadders et al., 2020).
However, CPC can be already detected at chromatin before it
concentrates at centromeres during prometaphase; this association with
chromatin is mediated through Borealin and is a prerequisite for the
subsequent centromeric enrichment (Abad et al., 2019). In addition, it has
been shown that HP1α is required to target CPC to centromeric
heterochromatin during late interphase. Double depletion of HP1α and
HP1γ delays the Aurora B-mediated phosphorylation of H3S10, a
phenotype often observed in cells that suffer high frequencies of
chromosome missegregation (Ruppert et al., 2018). This pre-mitotic
recruitment of CPC through Borealin and HP1α could serve as a primary
platform for its chromatin association, before relocating to centromeric
heterochromatin through the well-characterised H3T3ph and H2AT120ph
pathways. Nevertheless, it is unknown how the Borealin and the HP1mediated mechanisms cooperate to promote the successful association of
CPC with chromatin before mitosis.

This chapter aims to assess the contribution of CPC and HP1α towards
chromatin binding. To address this, nucleosome core particles (NCPs)
were reconstituted from purified histone octamers and Widom 601
nucleosomal DNA. The interaction between CPC-HP1α and NCPs could
be successfully recapitulated in vitro. In addition, the relative binding
affinity of CPC-HP1α was measured using electrophoretic mobility shift
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assays (EMSAs), which showed that the presence of HP1α strengthens
the intrinsic binding ability of CPC to NCPs. Recently, it has been reported
that CPC can phase separate in vitro, and that this property may support
CPC's mitotic functions (Trivedi et al., 2019). Hence, the ability of the
complex to generate liquid droplets was evaluated using phase separation
assays, which revealed that the addition of HP1α and NCPs boosts the
capability of CPC to form liquid droplets in vitro. Finally, 2-D class
averages of the CPC-HP1α-NCP complex were obtained from Negative
Stain Electron Microscopy (NS-EM), laying the foundation for the future
determination of the structure of the complex through NS-EM and CryoEM.

5.2 Reconstitution of the CPC-HP1α-NCP complex in vitro

5.2.1 Purification of core histones

The process for the purification of core histones (H2A, H2B, H3 and H4)
involved their individual expression and purification and their subsequent
assembly into histone octamers. Human H2A and H2B and Xenopus
laevis H3 and H4 were purified as previously described in Luger et al.
(1999). In brief, histones were purified from inclusion bodies, solubilised
using homogenisers for protein extraction, and dialysed against buffer
containing 7 M urea. Next, the sample was subjected to Tandem-IEC by
sequential anion and then cation exchange; this combination allows the
removal of the histone-associated DNA contamination (which binds the
HiTrap Q anion column) and the elution of the pure histones from the
HiTrap SP cation column. Once the IEC fractions were analysed by SDSPAGE (Figs. 5.1A-5.1D), the samples of interest were pooled and dialysed
against

water

containing

5

mM

β-Me

before

determining

their

concentration using the Bradford protein assay and lyophilising and storing
them at –80°C. The detailed purification protocol for the core histones can
be found in chapter 2 (section 2.4.1).
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Figure 5.1: 20% SDS-PAGE analysis for core histones extraction from exclusion bodies and
Tandem IEC purification for (A) Histone H2A, (B) Histone H2B, (C) Histone H3 and (D) Histone
H4. SN: supernatant; P: pellet; FT: flowthrough, I: input. (E) SEC chromatogram showing the
elution profile for the histone octamer assembly on the Superdex 200 HiLoad 16/600 column, and
the corresponding 20% SDS-PAGE analysis of SEC fractions. The first peak corresponds to the
histone octamer, while the second peak contains an excess of H2A/H2B dimer.
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Histone octamers were assembled by resuspending the individual core
histones in unfolding buffer containing 7 M guanidine hydrochloride and
mixing them in a 1:1.1 ratio of H3/H4:H2A/H2B. Once mixed, histones
were dialysed against refolding buffer and eventually subjected to SEC to
remove potential aggregates and excess of H2A/H2B dimer (Fig. 5.1E).
The stoichiometric, homogeneous histone octamer eluted approximately at
an elution volume of 64.4 ml in the Superdex 200 HiLoad column.
Fractions containing the octamers were pooled, snap-frozen and stored at
–80°C or immediately mixed with nucleosomal DNA for nucleosome
reconstitution.

5.2.2 Purification of nucleosomal Widom 601 DNA

The 601 nucleosome positioning sequence, first described by Lowary &
Widom in 1998, is one of the most widely used nucleosomal DNAs for in
vitro nucleosomal reconstitution. This sequence consists of 147 bp that
retain high affinity for histone octamers. Vectors encoding Widom 601
DNA (for mononucleosome assembly) and Widom 2x601 (404 bp; for
dinucleosome assembly) were readily available in the laboratory. The
sequence was amplified by PCR using either unlabelled or IR700-labelled
primers; the IR700-labelled Widom DNA was used to detect NCPs in
EMSAs. After the amplification of the Widom DNA, the sample was
purified through IEC using the Resource Q, a strong anion exchange
column (Fig. 5.2A). The fractions of interest were analysed by agarose gel
electrophoresis (Fig. 5.2B), and those containing the Widom DNA were
pooled and concentrated by ethanol precipitation. Finally, the DNA pellet
was resuspended in water and stored at –20°C.

5.2.3 Reconstitution of NCPs

Following the refolding of histone octamers and the purification of the
Widom DNA, the NCP was reconstituted by using the salt gradient dialysis
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Figure 5.2: (A) IEC chromatograms for the purification of PCR-amplified mononucleosomal
Widom 601 DNA (left) and dinucleosomal Widom 2x601 DNA (right). IEC was performed
using a Resource Q strong anion exchange column. The fractionation of the sample was
achieved by applying a sodium chloride gradient using a low salt buffer containing no NaCl
and a high salt buffer containing 2 M NaCl. (B) 1.2% agarose gel electrophoretic analysis
of the corresponding IEC showing fractions containing purified mononucleosomal Widom
601 DNA (left) and dinucleosomal Widom 2x601 DNA (right).
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method as previously described (Luger et al., 1999). This technique
involves the incubation of octamers with the Widom DNA at a given ratio
that needs to be previously calculated by titrating the DNA withdifferent
amounts of octamers. The reconstitution of the nucleosomes is achieved
by dialysing the mixture of octamers and DNA against a high salt buffer (2
M NaCl) and progressively decreasing the sodium chloride concentration,
until a final concentration of 50 mM NaCl is reached. This slow but
continuous ionic strength decrease allows the DNA to wrap around the
histone octamers until a compact nucleosomal conformation is adopted;
nucleosome reconstitution is typically completed at 0.6 M NaCl (Hansen &
van Holde, 1991). In order to identify an optimal octamer:DNA ratio, small
amounts of DNA (20 pmol) were titrated with an increasing amount of
octamers, reconstituted in an overnight dialysis step, and analysed
through Native PAGE to determine the degree of reconstitution (Fig. 5.3).
In the ideal condition, little or no naked Widom DNA should be observed,
and a high molecular weight band corresponding to the reconstituted
NCPs should be detected. The best conditions were identified to be a ratio
of 1.8 (DNA:Octamer) for the mononucleosomes, and a ratio of 4 for the
dinucleosomes. Subsequently, the reconstitution was repeated using the
ideal DNA:Octamer ratio with a larger amount of starting materials for a
large-scale nucleosome reconstitution.

5.2.4 CPC-HP1α bind unmodified nucleosomes in vitro

The interaction between CPC and reconstituted mononucleosomes has
been recently recapitulated (Abad et al., 2019). This study demonstrated
that CPC binds the NCP mainly through Borealin, and that SurvivinH3T3ph interaction is not essential for complex assembly, although it
enhances the binding affinity. Since HP1α is a very well characterised
component of condensed chromatin, known to bind H3K9me3, the next
question to be addressed was how CPC and HP1α contribute towards
NCP binding. For that, the CPC-HP1α-NCP complex was reconstituted via
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Figure 5.3: 6% acrylamide Native PAGE analyses of titration experiments performed to
determine the optimal DNA:Octamer ratio for mononucleosome (left) and dinucleosome
reconstitution (right). At low DNA:Octamer ratios, larger amounts of unbound Widom DNA
were observed and the degree of nucleosomal reconstitution was low. At the optimal
DNA:Octamer ratio, reconstituted nucleosomes appeared as a high molecular weight band
and little or no unbound DNA was observed.
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SEC, in the context of both unmodified mononucleosomes and
dinucleosomes. Commonly, the NCPs were not completely saturated even
after addition of 2-fold excess CPC-HP1α complex, hence a large excess
(between 5/6-fold) of CPC-HP1α was added and the potential free NCPs
could be removed by SEC. A problem that was often encountered during
the CPC-HP1α-NCP complex formation was the strong phase separation
of the proteins after addition of the CPC-HP1α excess. This liquid droplet
formation was concentration-dependent (the higher the concentration, the
stronger the phase separation). As liquid droplets formed, the protein
solution turned whitish and turbid, and this effect was subsequently
followed by a sudden loss of sample after centrifugation and an
insignificant protein recovery after SEC, although aggregates or
precipitation could never be observed. Phase separation was largely
avoided by adding 10 mM ATP to the proteins and incubating on ice for 10
minutes before mixing them (Patel et al., 2017).

SEC and the corresponding SDS-PAGE analysis showed that the CPCHP1α complex interacts with both mononucleosomes and dinucleosomes
in vitro (Fig. 5.4A and 5.4B). The CPC-HP1α-mononucleosome complex
eluted at 9.62 ml in the Superdex 200 Increase column, while the excess
of NCPs eluted at 11.23 ml (Fig. 5.4A). The 8 subunits of the complex can
be observed in the SDS-PAGE analysis of the fractions corresponding to
the first peak. Similarly, the CPC-HP1α-dinucleosome complex eluted at
9.14 ml in the Superdex 200 Increase and all subunits are present in the
peak (Fig. 5.4B). Thus, these data clearly indicate that CPC-HP1α
interacts with unmodified mononucleosomes and dinucleosomes in vitro,
and this binding does not require any post-translational modifications,
such as H3T3ph or H3K9me3.
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Figure 5.4: SEC chromatograms with the elution profiles of (A) the CPC-HP1α-mononucleosomes
complex, and (B) the CPC-HP1α-dinucleosomes complex run on the Superdex 200 Increase
10/300 column. Below each chromatogram, corresponding 15% SDS-PAGE analysis containing
the total input material (I) and the peak fractions of the complex.
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5.3 HP1α increases CPC's binding affinity for nucleosomes

After confirming that CPC-HP1α interact with NCPs in vitro, the next
question to be addressed was if HP1α contributes towards NCPs binding
by enhancing CPC's intrinsic binding ability. To answer this question,
EMSAs were performed to measure the relative binding affinity of the
CPC-NCPs complex in the presence and absence of HP1α. EMSA is a
common method used to study protein-nucleic acid interactions in vitro.
The mixture of protein-DNA/RNA is subjected to Native PAGE, and in the
event of complex formation, the corresponding bands will migrate slower
that the free nucleic acids. For these experiments, the mononucleosomes
were reconstituted using IR700-labelled 601 Widom DNA, that was
generated using IR700-labelled primers during DNA amplification. The
IR700 labelling allowed the detection of the fluorescent signal emitted by
the Widom DNA, and thus changes in the electrophoretic migration of the
DNA could be tracked. Although it was not included in these experiments,
a lane containing only the Widom DNA sequence (without octamers)
should have been included as a negative control. A slightly different
version of CPC (containing a shorter INCENP fragment, INCENP1-58)
already showed to bind NCPs in vitro, mainly through Borealin's 9 Nterminal amino acids and C-terminal half (Abad et al., 2019). Consistently,
CPC (containing INCENP1-190) also interacts with NCPs in EMSAs (Fig.
5.5A and 5.5D). For the EMSA experiments, a fixed concentration of 20
nM NCPs was used. At a concentration of 320 nM CPC, almost no
unbound NCPs could be detected in the EMSA. Notably, two species with
distinct electrophoretic migration patterns were appreciated in the Native
PAGE analysis, indicating that CPC and NCPs interact through two
different modes of binding. The presence of an additional band, which was
not detected in the EMSAs performed with CPC (INCENP1-58)-NCP
complex (Abad et al., 2019) suggests that the longer version of INCENP
also contributes towards NCPs binding, revealing that CPC interacts with
nucleosomes in a multivalent manner. This observation was further
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Figure 5.5: EMSA analysis of CPC, HP1α, and CPC-HP1α complexes binding to reconstituted mononucleosomes. (A): 6% Native PAGE analysis of EMSA performed with
increasing concentrations of CPC and a constant concentration of 20 nM unmodified
NCPs. (B) 6% Native PAGE analysis of EMSA performed with increasing concentrations
of CPCBor Δloop and 20 nM unmodified NCPs. (C) 6% Native PAGE analysis of EMSA
performed with increasing concentrations of HP1α and 20 nM of unmodified and
H3K9me3-NCPs. (D) 6% Native PAGE analysis of EMSA performed with increasing
concentrations of CPC-HP1α and 20 nM unmodified NCPs. (E) Quantification of CPC and
CPC-HP1α binding to unmodified NCPs. For each concentration, the mean of percentage
of binding is represented ± standard deviation; CPC-NCPs: n=4; CPC-HP1α-NCPs:
n=4. (F) 6% Native PAGE analysis of EMSA performed with increasing concentrations of
CPC and a constant concentration of 20 nM H3K9me3-NCPs. (G) 6% Native PAGE analysis of EMSA performed with increasing concentrations of CPC-HP1α and 20 nM
H3K9me3-NCPs. (H) Quantification of CPC and CPC-HP1α binding to H3K9me3-NCPs.
For each concentration, the mean of percentage of binding is represented ± standard
deviation; CPC-NCPs: n=2; CPC-HP1α-NCPs: n=6. Next page: (I) General summary for
the quantification of EMSAs. The CPC and CPC-HP1α concentration chosen for this
binding representation was 80 nM, which was roughly the half maximal saturation
observed in the CPC-NCPs EMSAs. Represented are the means of percentage of binding
at 80 nM.
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supported by the fact that CPC was still able to bind NCPs when the
Borealin loop was removed, which interfered with NCPs binding when
CPC contained shorter INCENP1-58 (Fig. 5.5B).

Next, the binding of HP1α to both unmodified and H3K9me3-NCPs was
tested. The H3K9me3-NCPs were synthesised by Philipp Voigt after
chemically linking H3K9me3-containing H3 N-terminal peptides with the
rest of the H3 histone following the native chemical ligation method
(Dawson et al., 1994). Then, the octamer refolding and the nucleosome
assembly was performed as described in sections 2.4.1 and 2.4.3.
Previously, it has been reported that HP1α interacts with H3K9memononucleosomes in vitro with a binding affinity of roughly 1 μM (Azzaz et
al., 2014). However, the binding affinity dramatically increases (half-shift
concentration ~ 16 nM) when HP1α is mixed with H3K9-methylated 12mer nucleosomal arrays (Azzaz et al., 2014). Interestingly, HP1α is still
capable of binding unmethylated nucleosomes, although with much less
affinity (Azzaz et al., 2014). Consistent with the available literature, EMSA
assays showed that HP1α binds H3K9me3-mononucleosomes with higher
affinity than unmodified (Fig. 5.5C). At 4 μM HP1α, a more pronounced
shift was observed for the HP1α-H3K9me3-NCPs complex (Fig. 5.5C).
Nevertheless, HP1α affinity for mononucleosomes is much weaker than
CPC's binding affinity, independently of the methylation state of the NCPs.
The relative binding affinity was estimated by measuring the percentage of
free Widom DNA in each of the titrated samples and comparing it to the
condition where no HP1α was added to the nucleosomes and therefore
are totally unbound. Thus, this percentage is an indirect measurement of
the amount of nucleosomes that show a reduced mobility in the EMSA
(i.e., an indirect measurement of the nucleosomes that have bound to
HP1α).

Remarkably, when the CPC-HP1α complex was incubated with NCPs for
EMSA analysis, an increase in the binding affinity was observed,
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indicating that the presence of HP1α as part of the CPC strengthens its
interaction with NCPs (Fig. 5.5D and 5.5E). This enhancement in affinity
was detected for both unmodified and H3K9me3-mononucleosomes (Figs.
5.5E, 5.5F, 5.5G and 5.5H). No significant difference was observed when
incubating CPC only with either unmodified or H3K9me3-NCPs; however,
CPC-HP1α bound stronger to NCPs when these were trimethylated (Fig.
5.5I). Overall, these data suggest that HP1α increases CPC's binding
affinity

for

mononucleosomes

independently

of

H3K9me3

post-

translational modification, although a more pronounced binding was
observed when NCPs are trimethylated.

5.4 Multivalent interactions between CPC-HP1α-NCPs drive LLPS

The analysis of the different interactions between CPC-HP1α-NCPs
through EMSAs reveal that there are multiple binding sites between the
proteins. Within CPC, there are at least two different binding sites for
NCPs through Borealin and INCENP. The presence of HP1α in the
complex further enhances the binding affinity between CPC-NCPs.
Furthermore, post-translational histone modifications most probably
contribute to the modulation of the CPC-HP1α-NCPs binding, as
suggested by the increased affinity when NCPs contain the H3K9me3
mark. These observations indicate that the CPC-HP1-NCPs complex
establishes multivalent contacts between many subunits. Without taking
into consideration the robust interaction between INCENP PxVxL/I-HP1α
CSD, the additional contacts seem to modulate the binding affinity of the
complex in a very fine manner, with subtle changes in affinity (e.g. the
presence of the HP1α hinge, the joint contribution of Borealin/INCENP
towards NCPs binding, or the presence of post-translational modifications
such as H3K9me3). Current studies have shown that weak multivalent
interactions between proteins can promote the formation of liquid-liquid
phase separation (LLPS). It has been suggested that phase separated
liquid droplets may act as membraneless organelles within the cell that
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contribute towards the compartmentalisation of biochemical reactions and
heterochromatic regions (Erdel & Rippe, 2018). Recently, it has been
shown that CPC can drive LLPS through the central region of Borealin,
and this physical property has been suggested to be important for the
compartmentalisation of the biochemical reactions at the inner centromere
(Trivedi et al., 2019). The liquid droplets generated by CPC are enriched in
inner centromere components, such as Sgo1, histone H3 peptides or
HP1α, whereas other proteins not present at the inner centromere cannot
penetrate within the droplets. In the case of HP1α, only phosphorylated
HP1α contributes to the enhancement of CPC's phase separation activity
(Trivedi et al., 2019). However, how HP1α supports CPC-driven phase
separation is not understood.

To confirm that CPC and HP1α can drive phase separation in vitro, the
purified proteins were used to perform different phase separation assays.
The first assay consisted in measuring the turbidity of the solution
containing CPC-HP1α upon addition of a molecular crowding agent.
Solutions that undergo phase separation will become turbid in the
presence of a crowding agent, such as dextran or polyethylene glycol
(PEG) (Wang et al., 2018). The concentration at which a solution becomes
turbid can be assessed by measuring the OD at 340 nm of a dilution
series of the protein of interest; this technique allows the identification of
the onset of scattering, i.e. the concentration at which the solution starts to
scatter light, coincident with the onset of turbidity formation (Alberti et al.,
2019). Dilution series for CPC, HP1α and CPC-HP1α ranging from 1.25 to
25 μM were prepared, 5% PEG 4000 was added to the proteins, and the
absorbance at 340 nm was measured using a Multi-Mode plate reader.
Interestingly, solutions containing both CPC and CPC-HP1α rapidly
became turbid upon addition of 5% PEG 4000, whereas HP1α did not
display LLPS even at the highest concentration (25 μM) (Fig. 5.6A). The
turbidity measurements showed a more intense phase separation by the
CPC-HP1α complex, suggesting that HP1α increases CPC's ability to form
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Figure 5.6: (A): Turbidity assay performed for CPC, HP1α, and CPC-HP1α. The OD of a dilution
series was measured at 340 nm after addition of 5% PEG 4000. (B) SEC chromatogram with the
elution profile of purified GFP-CPC run on the Superdex 200 Increase 10/300 column, and
corresponding 15% SDS-PAGE analysis of the input and peak fractions. (C) SEC chromatogram
with the elution profile of purified HP1α-mCherry run on the Superdex 200 Increase 10/300, and
corresponding 15% SDS-PAGE analysis of the input and peak fractions. (D) Representative
images of liquid phase separation of GFP-CPC at a concentration of 10 μM, showing spherical
droplets in the presence of 5% PEG 4000. DIC and fluorescence microscopy show that the GFP
signal concentrates within the demixed liquid droplets. (E) Quantification of the mean droplet
diameter for GFP-CPC was calculated by measuring the size of the largest 30 droplets. (F) GFP
only (20 μM) did not undergo phase separation after addition of 5% PEG 4000. (G) DIC imaging
of HP1α-mCherry (20 μM) revealed the presence of very small droplets, although no mCherry
signal could be detected. Scale bars, 10 μm.
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mCherry

liquid droplets. However, the OD340 measurement can be affected by the
shape and size of the droplets, as well as other particles such as
precipitates (Alberti et al., 2019). Therefore, the turbidity assay needs to
be supported with the microscopic detection of LLPS.

For visualisation of LLPS, DIC and fluorescence microscopy are typically
combined. For this purpose, CPC and HP1α were expressed and purified
with fluorescent tags. GFP-tagged CPC was cloned by fusing an Nterminal GFP to INCENP1-190. For the expression and purification of GFPCPC, the general protocol for CPC purification was followed. To avoid the
cleavage of the GFP-tagged INCENP without compromising the cleavage
of Borealin and Survivin, the TEV site between GFP and INCENP was
mutated to a flexible Gly-Ser linker. HP1α was tagged by fusing an mCherry tag to its C-terminus, and subsequently purified following the same
procedure as used for the his-tagged HP1α. Both proteins were purified in
comparable amounts as the untagged CPC and HP1α (Fig. 5.6B and
5.6C).

After purifying the fluorescently-tagged proteins, the ability of CPC, HP1α
and CPC-HP1α to undergo phase separation was tested by combining
DIC and fluorescence microscopy. DIC microscopy revealed the formation
of micrometer-sized liquid droplets at a concentration of 10 μM after
addition of 5% PEG 4000, with an average diameter of 3.6 μm (Fig. 5.6D
and 5.8C). Fluorescence microscopy revealed that GFP-CPC was
confined inside the liquid droplets, as evidenced by the sharp GFP signal
within the droplets, but not outside them (Fig. 5.6D). No liquid droplets or
focalised GFP signal could be detected for GFP only (Fig. 5.6E). As
previously observed in the turbidity assays, HP1α did not become turbid
after addition of PEG, even at the highest concentration tested (20 μM).
DIC microscopy revealed the formation of very small droplets, however no
mCherry signal was detected inside or outside the coacervates, indicating
that HP1α on its own does not phase separate (Fig. 5.6F). These data
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demonstrate that CPC phase separates in vitro, an observation which is
supported by the available literature.

Next, the ability of the CPC-HP1α complex to drive phase separation was
assessed. GFP-CPC and HP1α-mCherry were mixed at a concentration of
10 μM each and LLPS was induced by adding 5% PEG 4000.
Remarkably, adding HP1α to CPC boosted phase separation, as indicated
by the large increase in the size and the amount of liquid droplets
observed in DIC (Fig. 5.7A). Both the GFP and the mCherry signal were
enclosed and colocalised within the droplets, which had an average
diameter of roughly 8 μm (Fig. 5.7A). Notably, the size and quantity of
liquid droplets dramatically decreased when HP1α-mCherry was incubated
with CPC 3A, containing the PxVxL/I-mutant form of INCENP (Fig. 5.7B).
Interestingly, HP1α was still able to localise to the interior of the liquid
droplets, although the mCherry signal appeared to be slightly more diffuse
(Fig. 5.7B). Thus, HP1α binding to CPC via INCENP PxVxL/I-HP1α CSD
enhances phase separation in vitro (Fig. 5.8C).

It has been previously suggested that the unstructured, disordered regions
of HP1α, such as the NTE and the hinge, are responsible for its demixing
properties (Larson et al., 2017; Strom et al., 2017). Since the hinge region
is also involved in strengthening CPC-HP1α binding in vitro, the
contribution of the hinge in promoting CPC's phase separation ability was
tested. The phase separation ability of GFP-CPC in complex with three
different mutants (HP1α CSD108-End, HP1α76-End and HP1αΔHinge) showed a
significant decrease in the amount and the size of the liquid droplets when
compared to the GFP-CPC/HP1α f.l. complex (Figs. 5.7C, 5.7D and 5.7E).
The decrease was more significant in the case of the mutants lacking the
hinge, since both HP1α CSD108-End and HP1αΔHinge form bigger droplets
than HP1α76-End, although the latter mutant also showed an attenuated
capacity to phase separate when compared to the f.l. HP1α. These
observations indicate that HP1α deletion mutants, which showed to have a
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Figure 5.7: Representative DIC/fluorescence microscopy images of liquid phase separation
for (A) 10 μM GFP-CPC/HP1α-mCherry, (B) 10 μM GFP-CPC 3A/HP1α-mCherry, (C)
GFP-CPC/HP1α CSD108-End-mCherry, (D) 10 μM GFP-CPC/HP1αΔHinge-mCherry and (E) 10 μM
GFP-CPC/HP1α76-End-mCherry. All experiments were performed in the presence of 5% PEG
4000. Scale bars, 10 μm.
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Figure 5.8: Representative DIC/fluorescence microscopy images of liquid phase separation
for (A) 10 μM GFP-CPC/HP1α-mCherry/unmodified NCPs, (B) 10 μM GFP-CPC/HP1α
-mCherry/H3K9me3-NCPs. All experiments were performed in the presence of 5% PEG 4000.
Quantification of the mean droplet diameter was calculated by measuring the size of the largest
droplets (n=9 for GFP-CPC/HP1α-mCherry/unmodified NCPs; n=8 for GFP-CPC/HP1α
-mCherry/H3K9me3-NCPs) present in an equal area for all experiments. Scale bars, 10 μm.
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detrimental effect on CPC-HP1α binding affinity, also affect the capability
of the CPC-HP1α complex to drive LLPS (Fig. 5.8D).

As already stated previously, phase separation is often associated with the
establishment of multivalent interactions. A recent report suggested that
the H3K9me3 histone mark serves as a platform for the assembly of
multimeric complexes that bind through weak, multivalent interactions.
This multivalent engagement triggers a phase separation mechanism that
leads to chromatin compartmentalisation (Wang et al., 2019). Therefore, I
investigated whether adding an additional binding partner, the NCP, could
have an even larger effect on the phase separation mechanism driven by
CPC-HP1α. After mixing GFP-CPC and HP1α-mCherry, unmodified and
H3K9me3 NCPs at a final concentration of 200 nM were added to the
sample and imaged for detection of liquid droplets. Even at this low
concentration, a significant increase in the size of the coacervates was
observed (Fig. 5.8A). Interestingly, the amount of drops dramatically
decreased, and some fusion events between larger coacervates could be
observed. The increase in droplet size was larger in the H3K9me3 NCPs
(Fig. 5.8B), and may be due to the increased multivalent engagement
caused by the HP1α CD-H3K9me3 interaction. In summary, the
multivalent

interactions

established

between

the CPC-HP1α-NCPs

complex promote and enhance LLPS in vitro (Fig. 5.8E).

5.5 Structural analysis of the CPC-HP1α-NCP complex by Negative
Stain Electron Microscopy (NS-EM)

The ultimate aim of this project was to understand the structural basis for
the CPC-HP1α complex formation and their role in the modulation of
chromatin architecture. To achieve this, obtaining a high resolution
structure of the CPC-HP1α-NCPs complex is of paramount importance.
However, obtaining an X-ray crystal structure for CPC-HP1α deemed
unsuccessful, and the production of large amounts of CPC-HP1α-NCPs
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complex would involve great technical difficulties. Therefore, an alternative
approach involving the use of Negative Stain Electron Microscopy (NSEM) and Cryo-EM was taken. Negative staining is a common method for
the observation and the low resolution structure determination of
macromolecules, with a maximum resolution of around 18-20 Å (Scarff et
al., 2018). NS-EM is typically used for a first assessment of the quality of a
given sample, and provides useful information about the purity,
homogeneity and concentration of the analysed particles. Identification of
adequate conditions for sample preparation using NS-EM are usually a
good starting point for the subsequent Cryo-EM analysis (Scarff et al.,
2018). In collaboration with Carla Chiodi, I prepared NS-EM grids with four
samples consisting of CPC and CPC-HP1α in complex with both
unmodified mononucleosomes and dinucleosomes, and obtained 2D class
averages from the analysed particles. Optimisation of NS-EM and further
Cryo-EM analysis were beyond the scope of this thesis due to time
limitation. However, this initial evaluation aims to establish the basis for
the future structure determination of the complex.

Reconstituted NCPs were mixed with purified CPC-HP1α complex using
5-fold molar excess of the latter, following the procedure described in
section 5.2.4, when CPC-HP1α-NCPs was subjected to SEC analysis. For
NS-EM sample preparation, the SEC step was avoided, due to the
considerable dilution of the protein and the protein loss in the subsequent
concentration process. The final protein concentration was estimated to be
0.3 mg/ml, which is generally an appropriate concentration for Cryo-EM
grid preparation. Following the formation of the CPC-HP1α-NCPs
complex, the sample was cross-linked using EDC and NHS, which
contributed to the stabilisation of the complex and yielded better results
than non cross-linked samples. After a 90 minute incubation, the crosslinking reaction was quenched with Tris and a small fraction of the reaction
was diluted to 10 and 20 μg/ml, suitable concentrations for NS-EM
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analysis, while keeping the rest at 0.3 mg/ml for the potential preparation
of Cryo-EM grids.

The four NS-EM samples were loaded onto glow-discharged carbon grids
and incubated with 2% uranyl acetate. After the grid preparation, these
were either stored at room temperature or immediately loaded into a
Tecnai F20 electron microscope and imaged using a 100.000x
magnification. The number of micrographs and particles extracted from the
samples are summarised in Table 5.1. The detailed protocol for NS-EM
grid preparation and electron microscopy can be found in chapter 2
(section 2.7). The loading of the grids, the imaging and the particle
analysis were entirely performed by Dr. Carla Chiodi.

The representative micrographs obtained from NS-EM showed a good
particle distribution and an adequate protein concentration at 20 μg/ml,
especially for those samples complexed with mononucleosomes. The
circular shapes, which correspond to the NCP, were very easy to spot,
whereas particles corresponding to CPC and CPC-HP1α were harder to
detect visually (Figs. 5.9A and 5.9B). For samples complexed with
dinucleosomes, the particles were slightly more aggregated and
heterogeneous (Figs. 5.9C and 5.9D). The different particles were grouped
using a 2D classification, and the best 2D classes were used as templates
for an automated particle picking by the Relion 3.1 software (Scheres,
2012; Zivanov et al., 2018). The 2D classification was also helpful for bad
particle removal and for a first assessment of the quality of the data. The
2D class averages showed mainly the NCP, which is the biggest
component of the CPC-HP1α-NCPs complex (Figs. 5.9A to 5.9D, below
the micrographs). A preliminary Cryo-EM analysis was also attempted,
although no valuable dataset was obtained, due to particle degradation
and to the sub-optimal conditions employed for the sample preparation. To
sum up, NS-EM in combination with Cryo-EM is a very powerful technique
for the high resolution structure determination of protein complexes. This
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Complex

Micrographs

Particles extracted

Particles after 2D

CPC-monoNCP

48

38246
4680

2170

CPC-diNCP

61
73

8975

CPC/HP1α/diNCP

72

4921

1852

CPC/HP1α/monoNCP

Table 5.1: NS-EM datasets collected and processed.
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2089
650

section provided an initial appraisal of the NS-EM sample and grid
preparation and analysis, which will serve as a basis for future efforts
aiming to resolve the CPC-HP1α-NCPs structure.

5.6 Conclusions

After providing the molecular mechanisms by which CPC and HP1α
interact in the previous chapters, this chapter aimed to explain how CPCHP1α interact with nucleosomes in vitro, and whether their interaction is
important to support the chromatin binding activity of CPC. Moreover, it
also assessed how the CPC-HP1α-NCPs complex drives LLPS, a cellular
process that has been suggested to promote the compartmentalisation of
chromatin domains. To tackle these questions, purified histones were
assembled into octamers and reconstituted into nucleosomes following the
amplification of Widom 601 nucleosomal DNA. EMSAs were performed in
order to identify the main interaction regions between the CPC-HP1α
complex and NCPs. Finally, a combination of turbidity assays and
DIC/fluorescence microscopy was used for the phase separation assays.

A recent study reported that Borealin is required for the binding of CPC to
nucleosomes, and this interaction is necessary for the chromatin
association of CPC (Abad et al., 2019). Interestingly, EMSAs performed in
this study with a longer version of INCENP (INCENP1-190) showed to bind
nucleosomes with increased affinity compared to a CPC version
containing only the localisation module (INCENP1-58) (Fig. 5.5A). In this
EMSA, two distinct bands shifting were observed, which may suggest that
the CPC can form at least two different subcomplexes with NCPs. Most
recently, it has been shown that INCENP contains an RRKKRR motif
(INCENP65-70) that binds DNA and is required for CPC centromeric
targeting in metaphase (Serena et al., 2020). Thus, it is likely that the
double shift observed in the EMSAs corresponds to two CPC subspecies
that mediate their binding to nucleosomes through distinct mechanisms:
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Figure 5.9: Representative negative staining micrographs corresponding to (A) CPC/
mononucleosomes, (B) CPC/HP1α/mononucleosomes, (C) CPC/dinucleosomes and (D)
CPC/HP1α/dinucleosomes. The particles from a set of micrographs were grouped using
2D classification. The best 2D classes were then used as templates for an automated
particle picking of the entire dataset. 2D class averages of each complex are represented
below each micrograph.
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one involving Borealin and the other mediated by INCENP. Hypothetically,
it could also be possible that CPC is binding the NCPs with two different
subunit stoichiometries, e.g. one CPC complex is binding a single NCP, or
one NCP harbours two CPC copies, each one of them bound to opposite
histone tetramers within the octamer. Future structural studies will be
needed to find out whether multiple arrangements are possible.

Strikingly, the CPC-HP1α complex bound NCPs with increased affinity
compared to CPC only (Figs. 5.5A to 5.5I). This is surprising due to the
fact the HP1α bound NCPs only with micromolar affinity (Fig. 5.5C). It is
possible that, when HP1α is complexed with CPC, the structure of the
complex is reshaped in such a way that the multivalent contacts between
CPC-HP1α-NCPs become more robust. Another explanation could be that
the additional HP1α CD-H3K9me3 contact is responsible for the increased
efficiency of CPC-HP1α towards NCPs binding. Preliminary experiments
suggest that, upon removal of the HP1α CD, the binding affinity decreases
to 'CPC only' levels (data not shown). Therefore, it is possible that
H3K9me3 binding by HP1α is favoured by the CPC, but simultaneously
serves as an additional platform to anchor CPC-HP1α at chromatin. This
mechanism resembles the effect of the Survivin-H3T3ph interaction, which
provides a supplementary attachment between CPC and chromatin, but is
not sufficient per se to initiate CPC-NCPs binding. Nevertheless, the
increased affinity conferred by HP1α is independent of H3K9me3 (Fig.
5.5I). It is known that the HP1α hinge binds DNA. In X. laevis, the main
interaction region in vitro between HP1α and chromatin is mediated by the
hinge, rather than by the CD (Meehan et al., 2003). Thus, it is likely that
the increased binding affinity observed for CPC-HP1α and the unmodified
mononucleosomes is provided by the hinge, whereas for the case of
H3K9me3-NCPs, both CD and hinge contribute towards enhanced affinity
(by interacting with H3K9me3 and DNA, respectively).
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Overall, the contacts between CPC-HP1α and nucleosomes are extremely
abundant: Borealin can directly bind histones through its N-terminus and
its C-terminal half; additionally, the Borealin loop also recognises DNA.
Survivin binds the H3T3ph post-translational modification. INCENP
RRKKRR motif also interacts with DNA, and HP1α is able to attach to both
H3K9me3 and DNA. The CPC-HP1α-NCPs complex assembles through
the establishment of multiple weak interactions that have shown to be
important for the onset of LLPS. The phase separation properties of CPC
and HP1α have been already described (Larson et al., 2017; Strom et al.,
2017; Trivedi et al., 2019). The mechanism through which cells
compartmentalise the biochemical reactions at the centromere is still not
well understood. Recently, Wang et al. (2019) suggested that the
H3K9me3

mark

is

the

histone

signature

upon

which

different

chromodomain readers assemble. This study shows that CPC, HP1α and
nucleosomes cooperatively induce phase separation, which may be
caused by the increase in the number of weak, multivalent contacts. The
biological role of these observations, and how the different posttranslational modifications, or the broad interaction network of CPC-HP1α
may affect LLPS events, remains unclear yet. Subsequent experiments
will need to address how other important histone modifications, such as
H3T3ph or H3S10ph, affect the LLPS properties of CPC-HP1α-NCPs. In
addition, it would be interesting to test how the presence of Sgo1, Haspin
or Aurora B may contribute or counteract liquid demixing by phase
separation. In order to fully understand the molecular mechanisms
underlying these processes, the obtention of a high resolution structure of
CPC-HP1α in complex with reconstituted nucleosomal arrays containing
different post-translational modifications will be of paramount importance.
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6 Discussion and future perspectives

The goal of this dissertation was to shed light on some of the fundamental
aspects concerning CPC function. These questions were classified into
two main groups: the first one aimed to understand how CPC and HP1
interact, and the second strived to determine how this interaction may
affect chromatin architecture or have an impact on phase separation.
Altogether, this thesis has been successful in providing a thorough
characterisation of the CPC-HP1α interaction. Furthermore, it has proven
that CPC and HP1α cooperate to bind nucleosomes in vitro and to drive
phase separation, and has even contributed with preliminary experiments
and pave way for the high resolution structure determination of the CPCHP1α complex bound to nucleosomes.

In chapter 3, the interaction between CPC and HP1α was described for
the first time in vitro. The main contact between the proteins is made via
the INCENP PxVxL/I motif (amino acids 167-171) and the HP1α CSD,
being I165 and W174 of HP1α critical for the binding. Although PxVxL/ICSD binding makes the major contribution to CPC-HP1α binding, the
interactions appear to extend beyond this region, as CPC 3A (PxVxL/I
mutant) could bind HP1α under low ionic strength conditions. Additionally,
SEC-MALS revealed that the CPC-HP1α is a large multimeric assembly,
which contains two copies of each CPC subunit and two HP1α dimers.
These findings confirm the previous observations made in vivo and
support the notion that CPC and HP1α are important binding partners
(Kang et al., 2011; Abe et al., 2016; Ruppert et al., 2018; Yi et al., 2019).

Chapter 4 aimed to dissect the molecular basis for the CPC-HP1α
interaction. After unsuccessful attempts to obtain a high resolution atomic
structure from protein crystals, a combination of biophysical and
biochemical techniques was used to characterise the protein complex. The
results presented in this chapter reveal that the proteins establish further
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contacts

beyond

INCENP

PxVxL/I-HP1α

CSD.

These

additional

interactions occur mainly through Borealin’s N-terminus and dimerisation
domain and the HP1α hinge region. Altogether, these contacts contribute
towards the formation of a tight and robust CPC-HP1α complex, which
binds with low-nanomolar affinity. The observation that Borealin is also
important for HP1α binding is supported by a previous study that highlights
the requirement of the Borealin-HP1α interaction for the correct
localisation of the CPC to the inner centromere in mitosis (Liu et al., 2014).
This study emphasises that Borealin contains a PxVxL/I motif in its Cterminus (LTVPV, amino acids 229-233) that binds HP1α CSD. Mutation
of this PxVxL/I in Borealin impairs its correct centromeric localisation
during mitosis and induces a diffused phenotype of both Borealin and
Aurora B (Liu et al., 2014). However, recent evidence suggests that the Cterminal half of Borealin is implicated in the direct interaction with
nucleosomes (Abad et al., 2019). Hence, it is difficult to conclude whether
the mitotic mislocalisation of Borealin’s PxVxL/I mutant is due to the
disruption of the Borealin-HP1α interaction or to the disruption of the CPCnucleosome binding. Furthermore, different studies have reported that
INCENP PxVxL/I mutation delocalises HP1α from the mitotic centromere.
Conversely, the same mutation leads to the delocalisation of CPC during
late interphase (Kang et al., 2011, Yi et al., 2019). These data support the
fact that the INCENP PxVxL/I motif-HP1α CSD is the main binding
interface of the complex. Nevertheless, the secondary contacts between
Borealin and HP1α that only have a moderate impact on their binding
affinity could have a more profound biological effect in cells. Moreover,
contradictory results have been published concerning the effect of the
CPC-HP1 interaction upon Aurora B activity. HP1α binding to CPC has
shown to increase Aurora B activity in RPE1 cells but not in HeLa (Abe et
al., 2016; Yi et al., 2019), and CPC-HP1α binding has even been linked
with the maintenance of centromeric cohesion (Yi et al., 2018; Yi et al.,
2019). Thus, it will be necessary to perform in vivo assays to test the
individual contributions of Borealin and INCENP towards HP1α binding
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and the biological significance of the interaction. Using the CL/MS and the
ITC data, point mutants of both Borealin and INCENP could be designed
to check if HP1α follows its normal localisation inside the cell. In the case
of an altered localisation pattern, it would also be interesting to check for
defects in Aurora B localisation or activity, which could be attributed to a
faulty CPC-HP1α interaction by rescuing afterwards with the wildtype
proteins or by artificially fusing CPC and HP1α to force their colocalisation.
Since CPC localisation to chromatin largely depends on HP1α during G2
(and viceversa upon mitotic entry), it would be crucial to test these mutants
at different time points throughout the cell cycle.

As it was pointed out in section 1.6, HP1 paralogs share a very high
sequence identity, but a striking function versatility and different
localisation pattern. Due to time constraints, this investigation could not
repeat some of the experiments with HP1β and HP1γ in order to assess
the contribution of each paralog to CPC binding. It is tempting to speculate
that the predominant role of the HP1α in mitosis may be related to its
binding to CPC. In vivo, only HP1α and, to a lesser extent, HP1γ follow
CPC’s localisation pattern (see section 1.6). Interestingly, I performed an
ITC experiment using purified HP1γ CSD (110-178) which showed a
binding affinity for CPC of 1.7 μM, an affinity about 5.5 fold weaker than
the Kd for the CPC-HP1α CSD complex (data not shown). The weaker
affinity of CPC for the γ paralog suggests that it may indeed be performing
redundant roles in the cell, by compensating for low levels of either HP1α
or HP1β, as it has been previously indicated (Bosch-Presegué et al.,
2017). Furthermore, Ruppert et al. (2018) showed that the double
depletion of HP1α and HP1γ in HeLa cells completely abolishes the
H3S10ph mark in G2 and leads to nuclear diffusion of Aurora B, while
single depletion of HP1α only disrupts H3S10ph in 67% of the cells
analysed. Consequently, it is appealing to venture that HP1γ secondary
role in cell division could be explained by its weaker affinity for CPC. A
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more thorough characterisation of the CPC-HP1β/γ complexes will be
needed to assess the role of HP1 paralogs in chromosome segregation.

In chapter 5, I assessed the contribution of HP1α as part of the CPC
towards NCPs binding. EMSA assays revealed that CPC binds NCPs with
more affinity when it is bound to HP1α. At least four different binding sites
between CPC-HP1α and nucleosomes could be identified: the direct
Borealin-nucleosome (both histones and DNA) interaction, the INCENPDNA interaction, the HP1α hinge-DNA interaction and the HP1α CDH3K9me3 nucleosome interaction. However, given that EMSA is a
qualitative assay, it would be interesting to perform a quantitative
measurement of the binding affinity between different CPC-HP1α versions
and distinct types

of nucleosomes

(such as

mononucleosomes,

dinucleosomes or nucleosomal arrays) using surface plasmon resonance
(SPR). In addition, using nucleosomes containing different posttranslational modifications (H2AT120ph, H3T3ph, H3K9me3 or H3S10ph,
among others) in SPR would be essential to understand if or how
epigenetic marks modulate the binding of chromatin to the CPC-HP1α
complex. These modifications could be introduced by chemically linking
different N-terminal H3 peptides to the H3 core. In a hypothetical scenario
in which a post-translational modification would significantly alter the
binding affinity of the CPC-HP1α complex for chromatin, it would be
necessary to explore the mechanistic and structural basis of the
interaction by performing cryo-EM with the different samples.

This complex binding mechanism between the different proteins, which
involves the formation of multivalent interactions between different protein
subunits, promotes liquid droplet formation in vitro. As already suggested
by a different study, CPC on its own can drive phase separation (Trivedi et
al., 2019). Addition of HP1α and reconstituted NCPs boosts the ability of
CPC to phase separate in vitro. This phenomenon opens up the possibility
that different components of the mitotic protein machinery may enhance or
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decrease the demixing capacity of CPC and HP1α. Further investigation is
needed to confirm whether the modulation of LLPS by the distinct CPC
partners contributes to the compartmentalisation of chromatin at the inner
centromere.

To sum up the conclusions of this thesis, I propose a hypothetical model
that aims to combine the mechanism of CPC-HP1α complex recruitment to
the inner centromere with its phase separation properties (Fig. 6.1). During
late G2, HP1α at H3K9-trimethylated chromatin recruits CPC via INCENP
PxVxL/I-HP1α CSD. This interaction could serve as a primary mechanism
to concentrate CPC at heterochromatin. As CPC binds HP1α in G2, the
binding is further strengthened through the Borealin-HP1α contacts and
the Borealin-nucleosome binding (Abad et al., 2019). Recruitment of CPC
to the HP1α sites promotes the phosphorylation of the S10 in the H3 tail,
which releases HP1α from the H3K9me3 mark (Fischle et al., 2005; Hirota
et al., 2005). However, HP1α still localises to mitotic centromeres through
its robust interaction with INCENP PxVxL/I (Kang et al., 2011). Mitotic
onset leads to the phosphorylation of H3T3ph and H2AT120ph, which
enhance CPC’s affinity for nucleosomes and introduces additional
multivalent

contacts

that

contribute

towards

a

phase

separation

mechanism. It has been recently proposed that the inner centromere
exists as a ‘phase separated membraneless organelle’ (Trivedi et al.,
2019). It is possible that the accumulation of histone post-translational
modifications at inner centromeres and their associated interaction
network is responsible for the formation and maintenance of the
membraneless organelle. However, how the phase separated inner
centromere disassembles upon anaphase onset remains completely
unknown. A plausible explanation could simply be that the transfer of CPC
from chromatin to the spindle midzone in anaphase triggers the rupture of
the multivalent interactions between CPC-HP1α-NCPs and their binding
partners. In order to address these important questions, it will be
necessary to characterise the binding mechanism of CPC to its most
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Figure 6.1: Hypothetical model for CPC-HP1α complex formation at heterochromatin during late G2
and mitotic onset. In late G2, HP1α localising at H3K9me3 chromatin recruits CPC via INCENP
PxVxL/I-HP1α CSD. As cells transition from G2 into M phase, recruited CPC phosphorylates H3S10
through Aurora B, which displaces HP1α from chromatin. CPC associates with chromatin through
the direct Borealin-NCP interaction, INCENP-DNA interaction, and Survivin-H3T3ph. HP1α still
localises to the mitotic centromere through the PxVxL/I-CSD interaction, where it may boost CPC’s
ability to phase separate (separated phase is represented as a reddish droplet). The addition or
removal of binding partners or post-translational modifications may promote or impair LLPS. Thus,
LLPS at centromeres could serve as a mechanism to compartmentalise biochemical reactions and
therefore be crucial for the spatiotemporal regulation of mitosis.
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important mitotic partners, such as Sgo1, Haspin or Bub1, among others.
The obtention of a high resolution 3D structure of the inner centromere
components would be crucial to understand how the mitotic segregation
machinery assembles. Ultimately, it would be indispensable to assess the
contribution of each interaction to the formation of the phase separated
inner centromere.
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Appendix
A1 List of plasmids
A1.1 Bacterial expression vectors
pETMC-K-TEV-His
pRSET-A-3C-His-GFP
pEC-S-CDF-His
pEC-K-3C-His
14C: pET-A-TEV-His-MBP
pET3a
A1.2 Bacterial expression constructs used in this study
pETMC-K-TEV-His-Borealin f.l.
pETMC-K-TEV-His-Borealin 10-End
pETMC-K-TEV-His-Borealin Δloop
pETMC-K-TEV-His-Borealin 1-76
pETMC-K-TEV-His-Borealin 1-221
pRSET-A-3C-His-GFP-Survivin f.l.
pEC-S-CDF-His-INCENP 1-190
pEC-S-CDF-His-INCENP 1-190 3A mutant
pEC-S-CDF-His-GFP-INCENP 1-190 (non-cleavable TEV site)
pEC-S-CDF-His-GFP-INCENP 1-190 3A mutant (non-cleavable TEV site)
pEC-K-3C-His-HP1α f.l.
pEC-K-3C-His-HP1α CSD (108-185)
pEC-K-3C-His-HP1α 18-185
pEC-K-3C-His-HP1α 76-185
pEC-K-3C-His-HP1α ΔHinge
pEC-K-3C-His-HP1α S92A
pEC-K-3C-His-HP1α S92D
pEC-K-3C-His-HP1α KRK-A
pEC-K-3C-His-HP1α-mCherry
pEC-K-3C-His-HP1α 108-End-mCherry
pEC-K-3C-His-HP1α 76-End-mCherry
pEC-K-3C-His-HP1α ΔHinge-mCherry
14C-His-MBP-INCENP 160-190
14C-His-MBP-INCENP 161-176
pET3a-A-Histone H2A (human)
pET3a-A-Histone H2B (human)
pET3a-A-Histone H3 (Xenopus laevis)
pET3a-A-Histone H4 (Xenopus laevis)
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A2 Primers used in this study
5’ IR700-labelled nucleosomal Widom 601 DNA
Fwd 5’ IR700/ACAGGATGTATATATGTGACACG 3’
Rev 5’ CTGGAGAATCCCGGTGCC 3’
Unlabelled nucleosomal Widom 601 DNA
Fwd 5’ ACAGGATGTATATATGTGACACG 3’
Rev 5’ CTGGAGAATCCCGGTGCC 3’
Unlabelled nucleosomal Widom 2x601 DNA
Fwd 5’ GATCGTACCCGGGGATCGA 3’
Rev 5’ TGGGAGGCTCGAGCTTGC 3’
INCENP1-190 into pEC-S-CDF-His LIC vector
Fwd 5’ CCAGGGAGCAGCCTCGATGGGGACGACGGCCCCA 3’
Rev 5’ GCAAAGCACCGGCCTCGTTACTCGGTGGACATGAG 3’
INCENP P167A site-directed mutagenesis
Fwd 5’ ATCTCCACCACAGCCACCAGCTGGCAG 3’
Rev 5’ GTGCCAGCTGGTGGCTGTGGTGGAGAT 3’
INCENP V169A site-directed mutagenesis
Fwd 5’ TGCCGATCTCCGCCACAGCCACCAGCTGGC 3’
Rev 5’ GCCAGCTGGTGGCTGTGGCGGAGATCGGCA 3’
INCENP I171A site-directed mutagenesis
Fwd 5’ GTGCCAGCTGGTGGCTGTGGCGGAGGCCGGCATCAGTGAG 3’
Rev 5’ CTCACTGATGCCGGCCTCCGCCACAGCCACCAGCTGGCAC 3’
HP1α CSD(108-185) into pEC-K-3C-His LIC vector
Fwd 5’ CCAGGGGCCCGACTCGATGGAACAGAGCAACGAT 3’
Rev 5’ CAGACCGCCACCGACTGCTTATTCTTTATTTTCGGC 3’
HP1α CSD(113-178) into pEC-K-3C-His LIC vector
Fwd 5’ CCAGGGGCCCGACTCGATGATTGCCCGTGGTTTTG 3’
Rev 5’ CAGACCGCCACCGACTGCTTACGGATATGCATGCCAG 3’
HP1α CD(18-75) into pEC-K-3C-His LIC vector
Fwd 5’ CCAGGGGCCCGACTCGATGGAGGAATATGTTGTTG 3’
Rev 5’ CAGACCGCCACCGACTGCTTACTCTTTCATTTTTTTGTAC 3’
HP1α I165E site-directed mutagenesis
Fwd 5’ CAATGTTAAATGTCCGCAGATTGTGGAGGCCTTTTATGAAGAA
CGTCTGAC 3’
Rev 5’ GTCAGACGTTCTTCATAAAAGGCCTCCACAATCTGCGGACAT
TTAACATTG 3’
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HP1α W174A site-directed mutagenesis
Fwd 5’ ATCTTCCGGATATGCATGCGCGGTCAGACGTTCTTCATAA 3’
Rev 5’ TTATGAAGAACGTCTGACCGCGCATGCATATCCGGAAGAT 3’
INCENP160-190 into 14C-His-MBP BioBrick vector
Fwd 5’ TACTTCCAATCCAATGCAATGCACACCCAGTGCCAG 3’
Rev 5’ TTATCCACTTCCAATGTTATTACTCGGTGGACATGAGCTGGG 3’
INCENP161-176 into 14C-His-MBP BioBrick vector
Fwd 5’ TACTTCCAATCCAATGCAATGACCCAGTGCCAGCTG 3’
Rev 5’ TTATCCACTTCCAATGTTATTAGCGCTCACTGATGCC 3’
HP1α(76-185) into pEC-K-3C-His LIC vector
Fwd 5’ CCAGGGGCCCGACTCGATGGGCGAAAACAACAAACC 3’
Rev 5’ CAGACCGCCACCGACTGCTTATTCTTTATTTTCGGC 3’
HP1α S92A site-directed mutagenesis
Fwd 5’CTGCGCTATTGCTAAAGTTGGCTTTGCGTTTATTGGATTCGCT3'
Rev 5’AGCGAATCCAATAAACGCAAAGCCAACTTTAGCAATAGCGCAG
3'
HP1α S92D site-directed mutagenesis
Fwd 5' CATCTGCGCTATTGCTAAAGTTGTCTTTGCGTTTATTGGATTCG
CTTTT 3'
Rev 5' AAAAGCGAATCCAATAAACGCAAAGACAACTTTAGCAATAGCG
CAGATG 3'
HP1αΔHinge into pEC-K-3C-His LIC vector
Fwd 5'Phos GGCAGCAGCGGCGAACAGAGCAACG 3'
Rev 5'Phos GCCGCTGCTGCCCTCTTTCATTTTTTTGTA 3'
HP1α K89A into pEC-K-3C-His LIC vector
Fwd 5’ CTAAAGTTGCTTTTGCGTGCATTGGATTCGCTTTTTTCACGCG
GTTTG 3’
Rev 5’ CAAACCGCGTGAAAAAAGCGAATCCAATGCACGCAAAAGCAA
CTTTAG 3’
HP1α R90A/K91A into pEC-K-3C-His LIC vector
Fwd 5’ CTGCGCTATTGCTAAAGTTGCTTGCGGCTGCATTGGATTCGC
TTTTTTCAC 3’
Rev 5’ GTGAAAAAAGCGAATCCAATGCAGCCGCAAGCAACTTTAGCA
ATAGCGCAG 3’
HP1α f.l. into 6B-His-mCherry mammalian vector
Fwd 5’ TACTTCCAATCCAATGCCACCATGGGCAAAAAAACC 3’
Rev 5’ TTATCCACTTCCAATGTTATTAGCTTTTGGCGGTTTC 3’
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HP1α-mCherry into pEC-K-3C-His LIC vector
Fwd 5’ CCAGGGGCCCGACTCGATGGGCAAAAAAACCAAACG 3’
Rev 5’ CAGACCGCCACCGACTGCTTACTTGTACAGCTCGTCC 3’
pEC-K-3C-His-HP1α-mCherry TEV sequence site-directed mutagenesis
(ENLYFQ – GSSGGS)
1) EN - GS
Fwd 5’ TTGGATTGGAAGTACAGGCTTCCCTCGATCCCCTTGTACA 3’
Rev 5’ TGTACAAGGGGATCGAGGGAAGCCTGTACTTCCAATCCAA 3’
2) LY – SG
Fwd 5’ CCCATTGCATTGGATTGGAAGCCCGAGCTTCCCTCGATCCCC
TTGTA 3’
Rev 5’ TACAAGGGGATCGAGGGAAGCTCGGGCTTCCAATCCAATGCA
ATGGG 3’
3) FQ – GS
Fwd 5’ CGTCCCCATTGCATTGGATGAGCCGCCCGAGCTTCCCTCGAT
C 3’
Rev 5’ GATCGAGGGAAGCTCGGGCGGCTCATCCAATGCAATGGG
GACG 3’
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125

K
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K

HP1

24

K
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130

K
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ITC experiment
CPC / HP1α
CPC 3A / HP1α
His-MBP-INCENP 160-190 / HP1α CSD 108-185
His-MBP tag / HP1α CSD 108-185
CPC / HP1α CSD 108-185
CPC / HP1α 76-185
CPC / HP1α 18-185
CPC / HP1α ΔHinge (Δ76-107)
CPC / HP1α S92A
CPC / HP1α S92D
CPC / HP1α KRK-A
CPC Bor 1-221 / HP1α
CPC Bor 10-End/ HP1α
CPC Bor Δloop/ HP1α
CPC Bor 1-76/ HP1α

Kd (nM)
77 ± 21
No binding
257 ± 43
No binding
302 ± 101
117 ± 30
128 ± 38
276 ± 80
92 ± 23
161 ± 39
112 ± 29
177 ± 45
103 ± 23
47 ± 7
63 ± 9

Appendix A4: Summary of ITC measurements, showing the Kd and its error (based
on the fit). Each ITC experiments was repeated three times, using proteins purified
on different dates as biological replicates. The three biological replicates showed
very similar, reproducible results.
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