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Summary

Accurate cell division depends on the precise segregation of chromosomes to
generate two genetically identical daughter cells. High fidelity in this process is
achieved by the formation of a bipolar mitotic spindle, an array of microtubules
that are organised and regulated by the concerted action of motor and non-motor
proteins. One known non-motor protein complex composed of TACC3, ch-TOG,
clathrin and GTSE1, has been implicated in mitotic spindle stability. This
complex is important for the organisation of microtubules that form the
kinetochore fibres, which facilitate the movement of chromosomes during mitosis.
Owing to the importance of this complex in ensuring accurate mitosis, it is an

attractive target to disrupt in a cancer context.

Affimers are novel synthetic binding proteins based on the consensus sequence of a
phytocystatin cysteine protease inhibitor found in plants. Here, we used Affimers
as a research tool to dissect the TACC3—ch-TOG—clathrin—-GTSE1 complex in
human cells, with a goal of developing specific inhibitors to disrupt cell division
in an anti-cancer context. Expression of Affimers in HeLa cells as mCherry-fusion
proteins led to specific disruption of the TACC3—ch-TOG interaction at the
mitotic spindle, displacing ch-TOG while leaving the localisation of the other
complex components intact. Inhibition of TACC3-ch-TOG had no effect on a
number of functions previously ascribed to these proteins, such as MT growth and
plus-end tracking. Inhibition of this interaction led to unexpected fragmentation
of the pericentriolar material (PCM) in metaphase cells following the formation
of a bipolar spindle, coupled with a delayed transition to anaphase. This effect
was not observed with a control Affimer. Thus, this work has uncovered a novel
role of TACC3—ch-TOG in maintaining PCM integrity during mitosis to ensure
timely cell division. More broadly, this thesis demonstrates that Affimers are
useful tools for dissecting the functional properties of multiprotein complexes in

living cells.
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Chapter 1

Introduction

1.1 The cell cycle

To give rise to two genetically identical daughter cells, the mother cell must
go through a highly coordinated process of events known as the cell cycle. In
eukaryotic cells, the cell cycle can be separated into two stages: interphase and
mitosis. Interphase can be further separated into three phases: G1 (gap-1), the
cell undergoes growth and duplication of its organelles; S (synthesis), the cell
duplicates its genome; G2 (gap-2), the cell continues to grow and synthesises
proteins in preparation for the next stage, mitosis. For a typical dividing human
cell in tissue culture, the cell cycle is approximately 24 h, with the majority of
this time spent in interphase, and only an hour required for mitosis, where the

mother cell physically divides into two daughters.

The progression of the cell cycle is controlled by cyclin-dependent kinases (CDKs),
serine threonine kinases that are activated by the binding of their co-factors,
cyclins.  Once activated, cyclin-CDK complexes phosphorylate substrates to
promote DNA synthesis and entry into mitosis. The importance of CDKs in
promoting cell cycle progression was first realised from work carried out in yeast
(Nurse et al. 1976; Hartwell et al. 1970), while the discovery of cyclins that are
synthesised and degraded at various points of the cell cycle, occurred from work

in sea urchins (Evans et al. 1983).

Based on decades of research on cyclin-CDK complexes and their substrates,
we now have a general framework to describe how the cell cycle in mammalian
systems is regulated (Fig. 1.1). In dividing cells, mitogens stimulate
the production of cyclin D proteins, enabling the subsequent formation of

cyclin D-CDK4/6 complexes in G1. These complexes are responsible for the
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phosphorylation of retinoblastoma (Rb) proteins, that function to control the
activity of transcription factors (Sherr and Roberts 1999). This phosphorylation
event promotes DNA transcription, leading to the production of cyclin E and
cyclin E-CDK2 complexes that irreversibly inactivate Rb proteins (Malumbres
and Barbacid 2005). Once this point is reached, the cell no longer needs
encouragement from mitogens to divide, resulting in entry to S phase. Since
the activity of cyclin E-CDK2 initiates DNA replication, it must be inactivated
through degradation of cyclin E during S phase to prevent the re-replication
of DNA (Hwang and Clurman 2005). CDK2 is now able to bind the newly
synthesised cyclin A proteins, enabling the cyclin A-CDK2 complexes to drive
progression through S phase by phosphorylating various substrates required to
complete S phase (Malumbres and Barbacid 2005). Moreover, A-type cyclins
activate CDK1, but their degradation and the synthesis of cyclin B proteins
during G2 leads to the formation of cyclin B-CDK1 complexes that ultimately
permit entry into mitosis. Destruction of cyclin B and the reactivation of
phosphatases leads to the inactivation of CDKI, driving mitotic exit (Holder
et al. 2019).
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Figure 1.1. The cell cycle. A schematic to illustrate the stages of the cell cycle and the
contribution of cyclin-CDK complexes, where activation and inactivation of these complexes
drives progression to each stage. Checkpoints (indicated by red stars) can pause progression
through the cell cycle by promoting signalling events that control the activity of cyclin-CDK
complexes, thus preventing uncontrolled proliferation.

1.1.1 Cell cycle checkpoints

Errors during stages of the cell cycle can result in the activation of checkpoints,
surveillance mechanisms that ensure the accurate and coordinated progression of
the cell cycle. For example, DNA damage activates cell cycle checkpoints in G1,
S phase and at the G2/M transition, to stop cell cycle progression and initiate the
repair of damaged DNA (Visconti et al. 2016; Kastan and Bartek 2004). During
mitosis, the segregation of sister chromatids at the onset of anaphase must only
occur once each pair has formed a bipolar attachment to the mitotic spindle.

Errors associated with this task are detected by proteins of the spindle assembly
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Using Affimers to dissect a multiprotein complex in living cells

checkpoint (SAC), and arrests the cell in metaphase (Cheeseman 2014).

1.2 The stages of mitosis

The first descriptions of the subcellular details of cell division in animal cells
were published by Walther Flemming between 1874-1876 and later summarised
in his book in 1882, in which the term mitosis was used to describe this process
for the first time (Paweletz 2001). Flemming described the rearrangement of
‘nuclear threads’ during progressive and regressive phases of cell division. Here,
the progressive phase was defined by the appearance of threads within the nucleus
that were subsequently arranged in the centre of the cell, while the regressive
phase was defined as the separation of these threads to form two daughter nuclei.
In 1888, Heinrich Wilhelm Waldeyer coined the term chromosomes, to describe
these nuclear threads (Paweletz 2001). Thanks to the pioneering work of many
researchers, and the development of technology to manipulate and visualise this
process in intricate detail, we now define mitosis as the process in which a mother
cell equally segregates its duplicated genome to form two genetically identical
daughter cells (Fig. 1.2).

1.2.1 Prophase

Prophase is the first stage of mitosis and is defined by the visible compaction
of chromatin into condensed chromosomes, each consisting of two identical
sister chromatids. How the cell manages to package several metres of DNA
into micrometre-sized chromosomes appropriate for cell division is still an
active area of investigation. However, research into this area has shown that
condensin proteins are required for this process (Thadani et al. 2012), and that
postranslational modifications of chromatin are also likely to play a role in its
compaction (McIntosh 2016). During this stage, the interphase microtubules
(MTs) are rapidly disassembled (Rusan et al. 2002), whilst new MTs begin to
grow from the centrosomes. The newly formed MTs will later form the mitotic
spindle (McIntosh 2016). Concomitant with this structural reorganisation, the
cell rounds up which provides symmetry to encourage the equal distribution of
the cells contents during the later stages of mitosis. In mammalian cells, the end
of prophase is marked by the rupture of the nuclear envelope and subsequent

release of the chromosomes into the cytoplasm.
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1.2.2 Prometaphase

The goal of prometaphase is to align the now freely accessible chromosomes at
the cell equator, ensuring that the sister chromatids are attached to opposite
poles. To achieve this, the cell builds the mitotic spindle, composed of dynamic
MTs that emanate from the centrosomes present at either pole. Via this process,
MTs grow out into the region occupied by the chromosomes and capture them by
binding the kinetochore, a large multiprotein structure present on each chromatid
(Cheeseman 2014). This is made possible by the rapid transition between growing
and shrinking states that MTs undergo, known as dynamic instability (Mitchison
and Kirschner 1984). In essence, growth and shrinkage provides MTs with
multiple chances to capture chromosomes at the kinetochore, where they are then
stabilised. Mathematical modelling has suggested that this search and capture
method alone is not sufficient to carry out this task (Wollman et al. 2005), thus
the cell uses other mechanisms to assist spindle assembly. For example, MTs
assembled from chromatin or even from the MTs themselves, helps to increase
the density of MTs within the cell (Prosser and Pelletier 2017).

Alignment of chromosomes at the cell equator is achieved in part by bi-orientation,
when sister kinetochores are stably attached to MTs emanating from opposite
poles (Maiato et al. 2017). However, chromosomes located further away from the
cell equator, for example at the poles, require the coordinated activity of motor
proteins that transport the chromosomes along MTs to achieve bi-orientation
(Maiato et al. 2017). Prometaphase is thought to be complete once all

chromosomes are aligned at the cell equator.
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Interphase (G2) ——» Prophase ——)» Prometaphase ——) Metaphase

® e i oiH

Anaphase A Anaphase B ——p Telophase ——p Cytokinesis

) e

Figure 1.2. The stages of mitosis. A schematic to illustrate the cellular changes
associated with each stage of mitosis, as shown by the DNA (red) and microtubules (green).
Note that anaphase is often described as two mechanisms: anaphase A and B, though their
timings and relative contributions vary depending on the species and cell type (see main text
for details).

1.2.3 Metaphase

Metaphase begins once all of the chromosomes have congressed at the cell equator,
otherwise known as the metaphase plate. Sister chromatids are held in place
at the metaphase plate by virtue of their attachment to bundles of parallel
MTs, collectively referred to as a kinetochore-fibre (K-fibre), that typically span
from the kinetochore to the spindle pole. The number of MTs within a K-fibre
increases as it matures through prometaphase and metaphase, with human cell
lines containing 20-40 MTs per K-fibre by anaphase (Nixon et al. 2015). To
progress to anaphase and separate the chromosomes, the SAC must be silenced.
This is thought to be achieved by having sufficient tension between all pairs
of sister kinetochores as a result of the opposing forces generated by their
respective K-fibres (Cheeseman 2014). Silencing of the SAC leads to a cascade of
events where the anaphase promoting complex (APC), an E3 Ubiquitin ligase, is
activated and targets multiple regulatory proteins for degradation (Peters 2006).
Importantly, the degradation of securin and subsequent activation of separase,
leads to the irreversible cleavage of the cohesin complex, which functions to hold
the sister chromatids together (Nasmyth and Haering 2009). As a result, sister

chromatid separation can now occur.
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1.2.4 Anaphase

Following cleavage of the cohesin complex, the sister chromatids are segregated
to opposite poles, in a process called anaphase. This stage is often described as
two mechanisms: the poleward movement of chromosomes as anaphase A and
elongation of the spindle as anaphase B. In each case, the dynamic change in
the length of various types of MTs is coupled to chromosome movement. During
anaphase A, shortening of the K-fibres via the loss of tubulin from the kinetochore
associated MT plus-ends, is partly responsible for the poleward movement of
chromosomes (Asbury 2017). The disassembly of MT minus-ends at the poles
is also thought to contribute to the velocity of poleward chromosome movement

(Rogers et al. 2004).

The forces required for anaphase B spindle elongation to separate the spindle
poles, can be generated by pulling from the outside of the spindle, or pushing
from the inside of the spindle. However, determining which mechanism is the
dominant force is still under investigation, made more complicated by the fact
that this can differ between organisms (Vukusi¢ and Toli¢ 2021). From outside of
the spindle, force can be generated via the direct contact of astral MTs and the
cell cortex. In this context, force can be generated by the action of a minus-end
directed motor protein or the depolymerisation of the plus-ends of astral MTs
anchored at the cortex, both of which would result in pulling the poles towards
the cortex (Vukusi¢ and Toli¢ 2021). Forces inside of the spindle are thought to
arise from the pushing of antiparallel, overlapping interpolar MTs of the central
spindle within the spindle midzone. Here, plus-end directed motors function to
slide apart the interpolar MTs, thereby generating pushing forces onto the poles.
This can occur directly, by the sliding minus-ends pushing the poles, or indirectly,
by sliding minus-ends into K-fibres that are connected to the poles (Vukusi¢ and
Toli¢ 2021).

1.2.5 Telophase

The goal of telophase is to take the cell from a mitotic state back to an interphase
state, in preparation for the abscission into two daughter cells. To do this, pieces
of the reorganised ER network contact the chromatin mass and fuse together,
reforming the nuclear envelope (Schooley et al. 2012). Shortly after this, the
chromatin starts to decondense to resemble a functional interphase nucleus that
is capable of DNA transcription. This is thought to occur via the action of
phosphatases that function to undo the work carried out by the mitotic kinases
at the start of mitosis (Qian et al. 2011). Moreover, removal of the mitotic kinase

Aurora B from chromatin is a requirement for decondensation (Ramadan et al.
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2007).

At the onset of anaphase, bundling of antiparallel MTs within the spindle midzone
leads to the formation of the central spindle (Lee et al. 2012). MT bundling is
achieved in part by the recruitment of PRCI1 to the spindle midzone (Mollinari
et al. 2002), and the action of the centralspindlin complex (Mishima et al. 2002).

1.2.6 Cytokinesis

Though not recognised as a stage in mitosis, cytokinesis is the final stage of
cell division, and is defined by the formation of two new daughter cells, equally
sharing the cellular contents of the mother cell. As per the stages of mitosis, it
must be completed without errors, as failure can lead to aneuploidy, a hallmark
of cancer (Lens and Medema 2019).

The driving force of this process is the actomyosin ring, which contracts at
the cell equator to draw in the plasma membrane and form a cleavage furrow
(Glotzer 2017). Cleavage furrow ingression helps form the intracellular bridge,
by compacting together the MT bundles that are present between the nascent
daughter cells. Upon completion, the midbody is formed. This refers to the
bundled MTs that are present at the intracellular bridge (Lee et al. 2012).

Abscission of the membrane to physically separate the daughter cells, is mediated
by the endosomal sorting complex required for transport 111 (ESCRT-III) protein
complex (Carlton and Martin-Serrano 2007). To complete the abscission, the
ESCRT-III complex recruits spastin, a MT severing enzyme, that leads to the
disassembly of bundled MTs in the midbody (Yang et al. 2008).

1.3 Microtubules

Microtubules are an essential component of all eukaryotic cells, performing crucial
functions during both interphase and mitosis. They provide tracks for the motor
protein driven transport of vesicles and organelles around the cell, and along
with actin and intermediate filaments, form the cytoskeleton that serves to
maintain cell shape and structure. During mitosis, MTs form the mitotic spindle,
responsible for the distribution of the cells genome to two daughter cells with high

precision.
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1.3.1 Structure and assembly

The term microtubule was coined in 1963 following the observation of ‘small
tubules’ present in the cytoplasm of cells by electron microscopy (Slautterback
1963; Ledbetter and Porter 1963). A few years later, the core component
of MTs was identified by colchicine binding experiments in sea urchin eggs
(Borisy and Taylor 1967), and later given the name tubulin (Mohri 1968). As
their naming suggests, MTs are hollow tubes composed of tubulin proteins
assembled in linear strands called protofilaments. In mammalian cells, MTs
contain 13 laterally connected protofilaments, each assembled from a head-to-tail
arrangement of o,3-tubulin heterodimers (Meunier and Vernos 2012). By virtue
of this organisation, MTs are polar, with a minus-end that contains exposed
o-tubulin, and a plus-end with exposed B-tubulin. Importantly, the minus-ends
are characterised by slow MT growth and are typically embedded at the
centrosome where there are nucleated, whereas the plus-end is characterised by

fast M'T growth and explores the volume of the cell.
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Plus-end growth
@ GTP-a,B-tubulin

@ GDP-a,B-tubulin

Shrinkage

Catastrophe

Minus-end

Figure 1.3. Microtubules transition between periods of growth and shrinkage. A
cartoon representation of microtubule dynamic instability. The presence of a GTP-cap at the
plus-end is proposed to stabilise the remaining GDP-tubulin containing filament and enable
growth. Loss of the GTP-cap results in shrinkage (catastrophe).

The intrinsic behaviour of MTs is attributed to their dynamic instability, which
was discovered by Mitchison and Kirschner and explained by their GTP cap
model, where the behaviour of MTs depends on the hydrolysis of guanosine
triphosphate (GTP) to guanosine diphosphate (GDP) (Mitchison and Kirschner
1984). This model proposes that since tubulin bound to GTP is the predominant
form in solution, MTs are assembled using this form of tubulin. Once
GTP-tubulin is assembled into a MT, the GTP is hydrolysed to GDP, forming
GDP-tubulin (Carlier and Pantaloni 1981). This means that after a short period
of growth, the majority of the MT contains GDP-tubulin, with a small GTP-cap
at the plus-end that functions to stabilise the entire structure (Fig. 1.3). The size
of the GTP-cap is dependent on the rate in which GTP-tubulin is added compared
to the rate in which it dissociates, and the hydrolysis rate of GTP-tubulin. If
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the GTP-cap becomes too small, the MT transitions to a period of shortening
(Gudimchuk and McIntosh 2021). Therefore, a key feature of dynamic instability
is that MTs will stochastically switch from a period of growth to shrinkage,
termed a ‘catastrophe’; or from a period of shortening to growth, termed ‘rescue’.
Although the turnover of MTs is an energetically expensive process, it is necessary
to allow cells to adapt to changes in the environment, and those brought about

by the cell cycle, e.g. to search and capture chromosomes during mitosis.

MTs serve as binding sites for a group of functionally diverse proteins known as
microtubule-associated proteins (MAPs). In this regard, MAPs can be grouped
based on their function to nucleate MTs, promote MT growth by polymerisation
or stabilisation, destabilise MTs via depolymerisation, crosslink MTs or provide

transport in the case of molecular motors (Petry 2016).

1.3.2 Microtubule plus-end binding proteins

Since the plus-end of MTs is the predominant site of growth, it is an important
site of MT regulation by MAPs. This function is carried out by a broad group of
functionally diverse proteins, known collectively as microtubule plus-end tracking
proteins (+TIPs), characterised by their comet-like appearance at the ends of
growing MTs (Schuyler and Pellman 2001).

The XMAP215 family

The so-called XMAP215 family refers to a highly conserved group of
microtubule-associated proteins, where at least one member is present in all
eukaryotic organisms (Gard et al. 2004). Xenopus microtubule-associated protein
215 (XMAP215) was first isolated from Xenopus egg extract, where it was found
to dramatically promote MT elongation at the plus-end in wvitro (Gard and
Kirschner 1987). Therefore, the XMAP215 family, which includes the human
homologue colonic and hepatic tumor overexpressed gene protein (ch-TOG),
are a well studied class of +TIP that function as MT polymerases to promote
MT growth (Brouhard et al. 2008). Their MT polymerase activity comes
via conserved N-terminal TOG domains, which have been shown to directly
bind tubulin dimers in vitro (Brouhard et al. 2008; Widlund et al. 2011). Of
note, ch-TOG and its Xenopus homologue XMAP215 are monomeric proteins,
containing five N-terminal TOG domains, while the yeast member Stu2 is dimeric
and contains two TOG domains on each protein (Akhmanova and Steinmetz
2015). Recently, a putative sixth TOG domain (TOG6) has been identified in
the C-terminal region of human ch-TOG by nuclear magnetic resonance (NMR),

alongside a helical domain termed ‘4o’, due to the presence of four a-helices
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(Rostkova et al. 2018). In addition to its TOG domains, in vitro assays using
deletion mutants of XMAP215, identified a basic linker region between TOG4 and
TOGH5 that acts as a MT lattice binding domain (Widlund et al. 2011). Together,
it is thought that TOG proteins bind to the MT plus-end via a lattice binding
domain and catalyse the addition of tubulin by way of the TOG domains. It is
intriguing that TOG proteins selectively bind MT plus-ends, and do so regardless
of the growing or shrinking state (Brouhard et al. 2008). The current explanation
for this comes from structural work using the yeast XMAP215 member Stu2, that
found TOG1 and TOG2 selectively binds a curved conformation of o,p-tubulin,
likely to exist only at the extreme plus-end of MTs (Ayaz et al. 2014).

Studies investigating the role of ch-TOG in complex with its binding partner
TACC3 in cells will be discussed in section 1.5.3.

End-binding proteins

Another group of extensively studied +T1IPs are the highly conserved end-binding
(EB) proteins: EB1, EB2 and EB3 (Akhmanova and Steinmetz 2015). Unlike
TOG proteins that bind the extreme tip of the plus-end, EB proteins bind at a site
approximately 100 nm downstream (Maurer et al. 2014; Gutierrez-Caballero et
al. 2015). Moreover, they autonomously track growing MT plus and minus-ends.
It is thought that EB proteins recognise the nucleotide state of tubulin, as they
preferentially bind to GTP-tubulin, found at the MT tip, over the GDP-tubulin
lattice (Zanic et al. 2009). MT binding is mediated by a calponin homology
domain at the N-terminus (Hayashi and Ikura 2003). The key feature of EB
proteins is their ability to act as an adaptor and recruit other +TIP proteins
to the growing ends. This was realised by the finding that the majority of
+TIPs contain a Ser-x-lle-Pro (SxIP, where x denotes any amino acid) amino
acid motif that is recognised by the EB homology domain of EB proteins
(Honnappa et al. 2009). It is now clear that EB proteins recruit a plethora of
functionally diverse proteins to growing MT ends to regulate a variety of cellular
processes including cell migration, mitotic spindle positioning and kinetochore
MT attachment (Akhmanova and Steinmetz 2015).

It has long been recognised that phosphorylation of residues in close proximity to
SxIP motifs on +T1IPs directly affects their affinity to EB proteins, and therefore
serves as a mechanism to regulate their localisation at MT ends (Honnappa et al.
2009). However, more evidence for the cell-cycle regulation of +TIPs is emerging.
One example of a +TIP regulated in this way is G2 and S-phase expressed
protein 1 (GTSEL), which has previously been shown to be recruited to the MT
plus-end by EB1 to promote cell migration (Scolz et al. 2012). More recently,
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it was discovered that GTSE1 is hyperphosphorylated by CDK1 at the onset
of mitosis, which abolishes its interaction with EB1 (Singh et al. 2020). This
regulation is required to destabilise astral MTs to enable spindle reorientation

during prometaphase (Singh et al. 2020).

1.4 The mitotic spindle

The mitotic spindle is a MT based structure, defined by 3 subclasses of MT (Fig.
1.4), that functions to separate the mitotic chromosomes into two daughter cells.
This essential task is achieved through the concerted action of MAPs, that help
build the spindle and provide the stability and forces needed to separate the

chromosomes.

Kinetochore fibre

Astral
\

Interpolar

Figure 1.4. The metaphase spindle. A schematic diagram to illustrate the three
subclasses of microtubules that form the metaphase spindle: kinetochore fibres (bundles of
kinetochore microtubules), interpolar and astral.

1.4.1 Astral microtubules

Astral MTs emanate from the mitotic centrosomes toward the cell cortex to create
a link that is responsible for spindle orientation. This is thought to occur via the
recruitment of the minus-end directed motor protein complex, dynein, that walks
along the MT to generate force required to reorient the spindle during mitosis
(O’Connell and Wang 2000). It is also thought that the force generated by the
dynein motor complex pulling the astral MTs towards the cell cortex contributes

to spindle elongation during anaphase B (Vukusi¢ and Toli¢ 2021).
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1.4.2 Interpolar microtubules

Interpolar MTs extend from the centrosome to the metaphase spindle body, and
during anaphase they overlap with MTs of the same class from the opposite pole
in an antiparallel fashion (Mastronarde et al. 1993). They are the most abundant
class of spindle MT, providing structure to maintain a bipolar spindle (Meunier
and Vernos 2012). Moreover, they are the most dynamic class of spindle MT,
with an estimated half-life of 1 minute in metaphase and anaphase spindles (Zhai
et al. 1995). As the cell progresses to anaphase, overlapping interpolar MTs at
the cell equator form bundles between the segregating chromosomes, referred to
as the central spindle (Lee et al. 2012). However, some interpolar MTs are much

shorter and do not extend to the metaphase plate (Mastronarde et al. 1993).

1.4.3 Kinetochore fibres

According to the textbook definition, kinetochore-fibres (K-fibres) are bundles of
parallel kinetochore M Ts that extend from the centrosome to the metaphase plate,
where they are attached to kinetochores present on sister chromatids. As such,
K-fibres begin to form during spindle assembly, when MTs emanating from the
centrosome grow out and are captured by kinetochores where they are stabilised.
Additionally, MTs can grow out from the kinetochore where they are captured
by centrosome MTs, and incorporated into the developing spindle by the action
of motor proteins (Maiato et al. 2004). However, recent electron tomography
data shows that only half of the kinetochore MTs within K-fibres of a HelLa
cell in metaphase reach the spindle pole (Kiewisz et al. 2021). Moreover, this
study found that many kinetochore nucleated MT's are short in length, with their
minus-ends positioned away from the poles. In these instances, the kinetochore
MTs of the K-fibre are indirectly linked to the pole by interpolar MTs (Kiewisz et
al. 2021). Nonetheless, the K-fibres function to physically link sister chromatids

to opposite poles to ensure faithful segregation.

Within the metaphase spindle, K-fibres are more stable than interpolar or astral
MTs, as demonstrated by the fact that they do not immediately depolymerise
in cells exposed to low temperature (Rieder 1981). During metaphase, MTs
within the K-fibre display a so-called ‘flux’, where polymerisation occurs at
the kinetochore attached plus-end, and depolymerisation occurs at the spindle
pole focussed minus-end (Mitchison 1989). During anaphase in human cells,
the majority of chromatid poleward movement is thought to occur through
disassembly of the kinetochore attached plus-end, though how the plus-end can
disassemble whilst maintaining an attached chromosome is unclear (Asbury 2017).

K-fibres are therefore not only a physical link between the chromosome and the
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spindle pole, but a force-generating unit that powers chromosome movement
during mitosis. Despite this, it has been shown that K-fibres without a direct link
to the pole can still move chromosomes poleward during anaphase (Sikirzhytski
et al. 2014). This is thought to occur via the dynein-driven poleward transport of
a K-fibre connected to an adjacent K-fibre or interpolar MT (Sikirzhytski et al.
2014).

How are K-fibres maintained as coherent units to ensure accurate chromosome
segregation? A clue was revealed from early 2D electron microscopy studies
that identified inter-MT bridges between the kinetochore MTs in HeLa cells
(Hepler et al. 1970). More recently, work using 3D electron microscopy revealed
that the inter-MT bridges resemble an interconnected ‘mesh’ that links multiple
MTs within the K-fibre (Nixon et al. 2015). Moreover, a multiprotein complex
containing TACC3, clathrin, ch-TOG and GTSE1 has been identified as one
component of the mesh (Booth et al. 2011; Nixon et al. 2015). Disruption of
this complex leads to fewer inter-MT bridges and a delayed mitosis (Booth et al.
2011; Nixon et al. 2015). Therefore, this complex is required to maintain the
structure of the K-fibre and enable chromosome movement to occur efficiently.
The TACC3-ch-TOG-clathrin—-GTSE1 complex will be discussed in section 1.5.6.

1.4.4 Centrosomes

Centrosomes are membraneless organelles that serve as a major site of MT
nucleation in most animal cells, and are often referred to as the dominant
microtubule-organising centre (MTOC). At the core of the centrosome are two
barrel-like structures called the centrioles, a mother and a daughter, arranged at a
right angle to one another. Each centriole consists of a distinctive organisation of
nine triplet MTs arranged in a circular fashion around a cartwheel-like structure
with nine spokes (Nigg and Stearns 2011). Surrounding the centrioles is the
pericentriolar material (PCM), a matrix containing hundreds of proteins that

function to nucleate, organise and stabilise MTs (Conduit et al. 2015).

During mitosis, the two centrosomes are localised at opposite poles of the bipolar
spindle. As the cell divides, each daughter cell receives one centrosome containing
a pair of centrioles. Therefore to repeat this process, the centrosome undergoes
duplication and maturation steps, known as the centrosome cycle (Fig. 1.5).
This cycle of events is tightly coupled with the cell cycle and is regulated by
kinases such as polo-like kinase 4 (PLK4), a critical factor in controlling centriole
number (Nigg and Holland 2018). Centrosome amplification, that is cells with
too many centrosomes, can lead to multipolar spindle formation and chromosome

mis-segregation, thus leading to aneuploidy (Raff and Basto 2017). Though
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centrosome amplification is a common feature of many types of cancer and is
often correlated with an increase in aneuploidy, it is unclear what role centrosome
amplification has in driving tumourigenesis, and how this could differ between
cancers of different origins (Raff and Basto 2017; Godinho and Pellman 2014).

Duplication Elongation

G1 G2

Disengagement Maturation

Figure 1.5. The centrosome cycle. In late mitosis, the link between the centrioles (shown
in green) is severed during a process called disengagement that requires the activity of
polo-like kinase 1 and separase. This process is a primer for centriole duplication in the next
cycle. Therefore in G1, a cell has one centrosome that contains two closely associated
centrioles, the mother and daughter, that are only loosely attached by a fibrous connection.
Alongside DNA replication, the centrioles undergo duplication in S phase, where polo-like
kinase 4 plays a key role. Here, a procentriole (shown in grey) assembles at an angle
perpendicular to each parent centriole, which elongates through G2. The tether between the
mother and daughter centriole is lost. At the end of G2 and continuing throughout early
mitosis, the centrosome matures, leading to a rapid accumulation of pericentriolar material
(shown in blue) around the centrioles. A process that is promoted by Aurora A and polo-like
kinase 1.

The pericentriolar material

The PCM is a complex assortment of proteins that surrounds the centrioles.
Owing to its main function, MT nucleation, it is rapidly recruited by the centrioles
in late G2 and early mitosis in order to build the mitotic spindle. This process of

expansion is known as centrosome maturation, and is driven by the kinase activity
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of polo-like kinase 1 (PLK1) and Aurora A, and the action of their substrates. For
example, PLK1 phosphorylates pericentrin, a coiled-coil containing protein that
constitutes a core component of the PCM, and acts as a scaffold to recruit other
proteins. Upon phosphorylation, pericentrin contributes to the recruitment and
anchorage of y-tubulin ring complex (y-TuRC) to the PCM, where it nucleates
MTs (Lee and Rhee 2011; Zimmerman et al. 2004). Although assembled in
the cytoplasm from multiple copies of y-tubulin and y-tubulin complex proteins,
v-TuRCs are activated at the PCM via the action of CDK5RAP2 in a PLK1 and
Aurora A dependent manner (Conduit et al. 2015; Choi et al. 2010; Farache et
al. 2018). Once activated, MTs are assembled using the 13-fold symmetry of the
v-TuRC as a template, which then functions as a cap at the minus-end (Prosser
and Pelletier 2017). Though y-tubulin is a member of the tubulin superfamily

and is required for the nucleation of MT's in cells, it does not assemble into MTs.

Unsurprisingly, disruption of these pathways, for example through inhibiting
PLK1 function, leads to a drastic reduction in centrosome MT nucleation due
to reduced y-tubulin complexes at the PCM (Lane and Nigg 1996). Moreover,
Egb-mediated centrosome separation is also impaired, as loss of PLK1 function
frequently results in the formation of monopolar spindles (McInnes et al. 2006).

Loss of Aurora A function results in similar phenotypes (Barr and Gergely 2007).

Upon entry to mitosis, it is clear that cells rapidly increase the amount of PCM
around the centrioles in order to promote MT nucleation. However, it is less clear
how this material, containing hundreds of proteins, is actually organised to carry
out this function. Unlike centrioles that display an intricate structure, the mitotic
PCM is an electron-dense material lacking any discernable structure asides
from the ring-like structures of y-TuRCs (Moritz et al. 1995). More recently,
super-resolution imaging has shown that pericentrin, along with CEP152, form
a small layer of PCM around the centrioles in interphase cells that represents
a somewhat ordered structure (Fry et al. 2017). They do this by binding to
the centrioles by virtue of their C-terminal domains, and extend outwards in
a radial manner, creating elongated filaments. Proteins such as CDK5RAP2
essentially fill in the gaps defined by the filaments, creating a ‘branched matrix’
that serves as a surface to recruit other proteins, including y-TuRCs. At the
onset of mitosis, phosphorylation events drive the recruitment of significant
amounts of these proteins, forming an outer layer of PCM that is less ordered.
However, it contains so-called ‘scaffolds’ that recruit components necessary for
the concomitant increase in MT nucleation. An interesting observation is that
many PCM organising proteins, such as pericentrin, contain multiple coiled-coil

domains, a structural motif consisting of a number of o-helices coiled together
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that mediate protein-protein interactions (Salisbury 2003). Hence it is thought
that these domains might help to assemble the complex protein-rich environment
of the PCM (Salisbury 2003; Woodruff et al. 2014). How the PCM selectively
concentrates proteins to carry out MT nucleation, without sequestering those not

important for this function, is not known.

One somewhat controversial idea is that the mitotic PCM is a liquid-like state
that can form through liquid-liquid phase-separation, as has been described for
other membraneless compartments within the cell (Woodruff et al. 2017; Banani
et al. 2017; Raff 2019). In this sense, the centrosome serves as a liquid droplet
that demixes its components from the cytoplasm, like the separation of oil and
water. This idea was born from in wvitro reconstitution experiments using the
C. elegans SPD-5 protein that is required for mitotic PCM assembly in this
system (Woodruff et al. 2017). Here, the authors showed that in vitro, purified
SPD-5 can self-assemble into condensates when the crowding agent polyethylene
glycol is added. Moreover, these condensates are similar in size and shape to the
mitotic PCM observed in vivo, and are amorphous by cryoelectron microscopy.
Although the condensates initially exhibit liquid properties, that is they coalesce
and internally rearrange, after around 10 min they lose this ability, which the
authors describe as the structure solidifying into a gel-like state. Interestingly,
addition of PLK1, but not a kinase dead version, promoted the formation of
SPD-5 condensates in conditions with low levels of crowding agent, consistent
with the role of phosphorylation in PCM expansion. The key finding from
this study was that while the condensates could nucleate MT asters following
the recruitment of PCM effector proteins ZYG-9 and TPXL-1 (the C. elegans
homologues of ch-TOG and TPX-2, respectively), the condensates were unable
to efficiently sequester EB1. This data suggests that the SPD-5 condensate can
filter out non-centrosomal proteins, thus functions as a scaffold (Woodruff et al.
2017). Investigating the biophysical properties of mitotic PCM in vivo is now
necessary to determine if the PCM truly does behave in a liquid like manner, and

whether this concept applies to human cells (Woodruff 2018).

Much attention has been paid to understanding PCM maturation at the onset
of mitosis, with considerably less paid to understanding how it disassembles at
the end of mitosis. Since the assembly of the PCM requires phosphorylation
events, it is intuitive to think that this work needs to be undone via the action
of phosphatases in order to break it apart. Indeed, work carried out in C.
elegans embryos suggests that the action of protein phosphatase 2, combined
with MT-dependent pulling forces, is required for PCM disassembly (Enos et al.
2018).
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1.5 The TACC3—ch-TOG——clathrin—-GTSE1

complex

A complex consisting of TACC3, clathrin and ch-TOG was previously identified
as an inter-MT bridge, where it physically crosslinks kinetochore MTs to
provide K-fibre stability (Booth et al. 2011; Nixon et al. 2015). More recently,
work provided evidence to support the idea that GTSE1l is also a member
of this complex (Rondelet et al. 2020; Ryan et al. 2021; Hubner et al.
2010). The following sections will briefly describe each protein individually,
the proposed roles of TACC3-ch-TOG, and our current understanding of the
TACC3—ch-TOG—clathrin—-GTSE1 complex.

1.5.1 TACC3

Transforming acidic coiled-coil containing protein 3 (TACC3) is one of three
TACC proteins present in mammalian cells that all share a highly conserved
C-terminal coiled-coil region known as the TACC domain (Peset and Vernos
2008). The TACC family of proteins were initially identified during a search of
genomic regions that are amplified in breast cancer (Still et al. 1999a). Stemming
from this, it was discovered that the gene encoding TACC3 is upregulated in
various human cancer cell lines (Still et al. 1999b). TACC3 contains a conserved
serine 558 (S558) residue that is phosphorylated by Aurora A to permit mitotic
spindle localisation (Kinoshita et al. 2005; LeRoy et al. 2007). Here, TACC3
is part of a multiprotein complex that stabilises the K-fibres. The interactions

within the complex and its role in human cells will be discussed in section 1.5.6.

The role of TACC3 in cells was first studied in the early embryo of Drosophila,
where its homologue D-TACC was shown to interact with centrosomes and spindle
MTs via its TACC domain (Gergely et al. 2000b). In the same study, inhibition
of D-TACC through antibody injection revealed a shortening of the spindle MTs
and chromosome segregation defects, indicating a role in MT stability. Later
it was identified that D-TACC interacts with and targets Msps, the Drosophila
homologue of ch-TOG, to the centrosome to stabilise MTs (Lee et al. 2001).
Similarly, TACC3 and ch-TOG have been identified as binding partners at the
growing MT plus-end in human cells (Gutierrez-Caballero et al. 2015). The role
of TACC3-ch-TOG in these contexts will be covered in section 1.5.3.

Although the majority of work concerning TACC3 points to a role in regulating
MT stability, a role in MT nucleation has been reported (Singh et al. 2014). Here,
the authors found that TACC3 depletion inhibited MT nucleation in interphase
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cells, as demonstrated by a MT regrowth assay. Consistent with that, they showed
that depletion of TACC3 affected assembly of the y-TuRC (Singh et al. 2014).

1.5.2 ch-TOG

As described in section 1.3.2, ch-TOG is the human homologue of XMAP215,
with a molecular mass of approximately 218 kDa (Charrasse et al. 1995). Based
on results from in vitro experiments, it is thought to function as a polymerase by
loading tubulin dimers onto the growing MT plus-end. However, there have been
conflicting reports regarding the effect of ch-TOG depletion on MT dynamics at
the plus-end in cells, as determined by tracking EB proteins (Stiff et al. 2020;
Herman et al. 2020; van der Vaart et al. 2011). This is likely due to differences in
experimental setup, including different expression levels of EB proteins that may
affect growth parameters, and perhaps unintended off-target effects of siRNA.
Thus, firm evidence to support the idea that ch-TOG is a MT polymerase in

human cells is needed.

In interphase cells, ch-TOG is localised at the centrosome and MT plus-ends,
while during mitosis it is observed at the centrosomes, kinetochores, MT
plus-ends and on the spindle MTs as part of inter-MT bridge complexes
(Gutierrez-Caballero et al. 2015). With the exception of the kinetochore, the
role of ch-TOG at these intracellular locations has been studied in the context of
an interaction with its binding partner TACC3. This work will be summarised

in the following section.

It has previously been identified that ch-TOG localises to the kinetochore in
human cells (Gutierrez-Caballero et al. 2015). Recently, it has been determined
that this occurs via an interaction with the Hecl subunit of the Nde¢80 kinetochore
complex, in a manner that is independent from its localisation at M'T plus-ends
(Herman et al. 2020). Here, the authors identified a conserved pair of basic
amino acid residues present in a linker region between TOG4 and TOG5 in
ch-TOG that is required for error correction, where it destabilises low-tension
attachments independently of Aurora B. To show this, the authors generated
a doxycycline-inducible HeLa cell line with siRNA-resistant alleles of ch-TOG,
where the pair of conserved residues are mutated to alanine (K1142, 1143A),
which they refer to as the basic pair mutant. Using this mutant, the authors
found that MT dynamics and bipolar spindle formation were restored following
depletion of endogenous ch-TOG. However, they observed an increase in mitotic
index due to erroneous kinetochore-MT attachments, and chromosome alignment
defects where chromosomes were frequently clustered at the poles. Moreover,

fewer Mad1-positive kinetochores in cells expressing the mutant were observed,
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indicating stabilised erroneous attachments. Using the Egh inhibitor STLC to
arrest cells in a monopolar state and enrich syntelic attachments, they found
that washout of the inhibitor in the presence of wild-type (WT) ch-TOG resulted
in bipolar spindle formation with aligned chromosomes, whereas the mutant
failed to properly align its chromosomes. Furthermore, they found an additive
chromosome alignment defect in cells expressing the mutant and an inhibitor of
Aurora B, compared to cells treated with the inhibitor only. Thus, the authors
conclude that ch-TOG operates independently of Aurora B to correct erroneous
kinetochore-MT attachments by destabilising them (Herman et al. 2020).

1.5.3 TACC3-—ch-TOG

Early work investigating the function of TACC3 was carried out in the early
embryo of Drosophila, where its D-TACC homologue is a centrosome and
spindle MT associated protein (Gergely et al. 2000b). Here, D-TACC is
required for the proper centrosome localisation of its binding partner Msps,
the ch-TOG homologue (Lee et al. 2001). In this study, the authors showed
that immunoprecipitation of either protein using embryo extract revealed a
direct interaction. Interestingly, overexpression of the C-terminal TACC domain
resulted in the formation of large MT asters, but not in Msps mutant cells. Since
the level of Msps was unaltered in the WT cells, the authors speculated that
D-TACC may activate the MT stabilising activity of Msps. Similarly, work in
Drosophila oocytes that lack centrosomes, identified that D-TACC is required to
anchor Msps at the acentrosomal poles (Cullen and Ohkura 2001). Another study
in Drosophila showed that Aurora A phosphorylation of D-TACC is required to
target it to the minus-end of spindle MTs that have been released from the
centrosomes, as a phosphorylation mutant failed to show this localisation pattern
(Barros et al. 2005). Moreover, the authors found that the mutant could still
localise to the centrosomes, albeit slightly reduced. This led to the idea that
Aurora A phosphorylates the centrosome pool of D-TACC to enable it to interact
with and stabilise MT-minus ends in complex with Msps (Barros et al. 2005).
Additionally, the authors proposed that unphosphorylated D-TACC is present
on the MT plus-ends with Msps, as had been suggested previously (Barros et al.
2005; Lee et al. 2001). In both instances, D-TACC could function to promote
MT stability via its interaction with Msps which opposes the MT destabilising

activity of mitotic centromere-associated kinesin (MCAK).

The Xenopus egg extract system has also been used to study the MT function of
the TACC3—ch-TOG complex, using purified Maskin and XMAP215 protein, the
Xenopus homologues of TACC3 and ch-TOG, respectively. By MT sedimentation
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assay, it was found that increasing the amount of purified Maskin added to
XMAP215 and MCAK increased the amount of pelleted tubulin, suggesting
Maskin increases the activity of XMAP215 to counteract the MT destabilising
behaviour of MCAK (Kinoshita et al. 2005). Furthermore, the authors looked
specifically at mitotic centrosomes by adding centrosomes to interphase Xenopus
egg extracts along with cyclin B to drive the cells into mitosis. Using this system,
it was found that immunodepletion of Maskin resulted in fewer centrosome
MTs, and growth could be stimulated to normal levels upon addition of MCAK
inhibitory antibodies. Suggesting that Maskin functions to increase the activity
of XMAP215 at the centrosome to counteract MCAK. To investigate the role
of Aurora A phosphorylation on the localisation of Maskin, the authors used
Maskin depleted extract and compared the effect of adding back WT Maskin
or a non-phosphorylatable version. This revealed that the Maskin mutant was
barely detectable at the centrosome, and although an interaction with XMAP215
was preserved, it too was not efficiently targeted to the centrosome. Thus, the
authors proposed a model where Aurora A targets Maskin and in turn, XMAP215
to the mitotic centrosomes, where Maskin can enhance activity of XMAP215 to
counteract MCAK and stabilise centrosome MTs (Kinoshita et al. 2005). In line
with this idea, a separate study carried out using Xenopus extract identified that
Maskin enhanced the in vitro MT binding activity of XMAP215 (Peset et al.
2005).

In summary, work carried out in Drosophila and Xenopus systems suggests that
one function of the TACC3—ch-TOG complex is to stabilise centrosome MTs,
and this is likely to occur through activation of ch-TOG by TACC3. This could
occur at the minus-end of spindle MTs or at the plus-end of nascent MTs, or a

combination of both.

In comparison, TACC3 in human cells is enriched on the mitotic spindle and at
a diffuse area around the centrosome, whereas ch-TOG is clearly enriched at the
centrosome in addition to its distribution along spindle MTs. Phosphorylation
at S558 by Aurora A is necessary to target TACC3 to the mitotic spindle
(LeRoy et al. 2007). Moreover, TACC3 is required for the spindle localisation
rather than the centrosome localisation of ch-TOG, as depletion of TACC3 or
expression of a mutant deficient in binding ch-TOG, both result in a reduction
of spindle ch-TOG, while the centrosome pool is unaffected (Gergely et al.
2003; Gutierrez-Caballero et al. 2015). The observation that ch-TOG requires
TACC3 for its spindle localisation is somewhat surprising given that ch-TOG
is thought to bind tubulin directly via its TOG domains, and also contains a
MT lattice-binding motif (Widlund et al. 2011). The ch-TOG binding region
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on TACC3 has been mapped to a predicted 3-aa stutter in the C-terminal
coiled-coil region of the TACC domain, where deletion of amino acids 678-681 or
682-688 in the full-length TACC3 protein disrupts the interaction with ch-TOG
biochemically and in cells (Hood et al. 2013; Gutierrez-Caballero et al. 2015).
Moreover, the TACC3 binding site on ch-TOG has been mapped to a pair of
leucine residues within the C-terminus (L1939 and L1942), and mutation of
either residue to alanine blocks the interaction with TACC3 biochemically. In
HeLa cells, a full-length construct of ch-TOG with both of the leucine residues
mutated to alanine is unable to localise at the spindle MTs, but is localised at

the centrosome (Gutierrez-Caballero et al. 2015).

Studies investigating TACC3—ch-TOG function in human cells have mostly relied
on the use of siRNA to deplete either protein. A hallmark of ch-TOG depletion
is the formation of disorganised multipolar spindles that arise largely due to
compromised MT assembly at the centrosome (Gergely et al. 2003; Cassimeris and
Morabito 2004; Barr and Bakal 2015), but partly due to the compensation of other
spindle assembly pathways in the absence of ch-TOG, such as chromatin-mediated
MT nucleation (Barr and Bakal 2015). Coupled with that, cells display severe
chromosome alignment defects and a delayed mitosis (Gergely et al. 2003). In
comparison, TACC3 depletion results in a much smaller increase in the number
of cells containing multipolar spindles, suggesting that unlike ch-TOG, TACC3
does not have an essential role in bipolar spindle formation (Gergely et al. 2003).
Furthermore, loss of TACC3 results in mild chromosome congression defects and
a delayed mitosis (Gergely et al. 2003; Lin et al. 2010).

Interestingly, TACC3—ch-TOG has been identified as a potential target to inhibit
the clustering of supernumerary centrosomes present in some cancer cell lines
(Fielding et al. 2011). In this study, the authors found that siRNA-mediated
depletion of TACC3 or ch-TOG in a breast cancer (BT549) and prostate cancer
cell line (PC3) led to an increase in the proportion of cells containing de-clustered
centrosomes, which can lead to multipolar divisions, mitotic arrest and cell death,
thus inhibiting proliferation (Fielding et al. 2011).

Interaction at the microtubule plus-end

Our understanding of ch-TOG as a MT polymerase acting at the MT plus-end
has been developed from various in wvitro studies, with the general view that
it catalyses the addition of tubulin via its conserved TOG domains (Spittle et
al. 2000; Brouhard et al. 2008; Widlund et al. 2011). However, the idea that
TACC3—ch-TOG might be able to bind the MT plus-end in cells, originated
from work in Drosophila embryos that observed GFP-tagged D-TACC and Msps
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display comet-like behaviour in the vicinity of the centrosomes (Lee et al. 2001).
More recently, work carried out in Xenopus neuronal growth cones identified that
TACC3 tracks the growing MT plus-ends and may function to regulate dynamics
(Nwagbara et al. 2014). Here, the authors observed a modest 11% reduction in
MT plus-end growth speed in TACC3-depleted cells compared to the control, as
determined by tracking EB1. Similarly, overexpression of TACC3 was found to
increase growth speed by the same magnitude, suggestive of a role in regulating
MT polymerisation. Moreover, the authors found that TACC3 localises to the
distal tip of the MT end, ahead of the EB proteins and colocalises with ch-TOG,
consistent with the idea that these proteins track the plus-ends in a complex
(Nwagbara et al. 2014).

TACC3-ch-TOG has also been observed to track the plus-ends of MTs
in HeLa cells during interphase and mitosis, independently of EB proteins
(Gutierrez-Caballero et al. 2015). An interaction between TACC3 and ch-TOG
in this context was demonstrated in live cells using the knocksideways (KS)
method, where removal of GFP-FKBP-TACC3 to the mitochondria resulted in
co-rerouting of ch-TOG but not EB1. Importantly, this study highlighted that
TACCS3 tracks the plus-ends by virtue of its interaction with ch-TOG, as TACC3
mutants deficient in binding ch-TOG did not display a comet-like localisation
in live cells, while a ch-TOG mutant deficient in binding TACC3 maintained
+TIP activity. The finding that a non-phosphorylatable TACC3 mutant can
track MT plus-ends suggests that the +TIP activity of TACC3—ch-TOG is not
dependent on Aurora A phosphorylation. Similarly, a TACC3 mutant deficient
in binding clathrin was observed to track the plus-ends like the WT protein,
suggesting that this function of TACC3 is distinct from its role at the K-fibres
with clathrin. Despite TACC3 displaying clear +TIP activity, manipulation of
its expression, either by siRNA-mediated depletion or overexpression, failed to
show any detectable change on MT dynamics, as determined by tracking growing
MT tips in interphase RPE-1 cells stably expressing EB3 (Gutierrez-Caballero
et al. 2015).

A role for TACC3 in regulating MT plus-end growth has recently been identified
in SK-N-SH cells, a human neuroblastoma cell line (Furey et al. 2020). In this
study, the authors showed that TACC3 depletion led to an increase in stable MT
networks in interphase cells, as determined by the detyrosinated state of tubulin,
a post-translational modification of tubulin that is typically associated with long
lived stable MTs. In contrast, depletion of EB1 had no effect. The authors also
observed a reduction in EB1 comet number in fixed TACC3-depleted cells and by
live-cell imaging they observed a reduction in the velocity of CLIP170, a protein
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that tracks the MT plus-ends. Surprisingly, the authors found an increased
nuclear signal for ch-TOG in TACC3-depleted interphase cells compared to the
control, leading them to suggest that TACC3 controls the localisation of ch-TOG.
The authors showed that entry of the herpes simplex virus type 1 (HSV-1) into
TACC3-depleted cells was slower, and once in the cell, it was trafficked to the
nucleus with significant delay. Thus, the authors propose that TACC3 is an
important regulator of the interphase MT network in SK-N-SH cells that could
control the trafficking of cargo (Furey et al. 2020).

1.5.4 Clathrin

Our structural understanding of clathrin is thanks to a plethora of studies that
have sought to investigate the role of this protein in the internalisation of cargo
at the plasma membrane, a process referred to as clathrin-mediated endocytosis.
This process was first described by Roth and Porter who observed yolk protein
uptake in mosquito oocytes by electron microscopy, and noticed invagination
of the plasma membrane and vesicles that appeared to be coated (Roth and
Porter 1964). A few years later, the coated vesicles were isolated using pig brain,
where it was discovered that the coat consisted of a lattice-like network (Kanaseki
and Kadota 1969). The subsequent purification of the vesicles revealed its main

protein constituent, clathrin (Pearse 1976).

Clathrin consists of a heavy chain (190 kDa) and a light chain (25 kDa), that
self assembles into a triskelion structure composed of three heavy chains that are
each associated with a single light chain (Kirchhausen and Harrison 1981). The
three clathrin heavy chains are non-covalently joined at their C-terminus to form
the ‘legs’ of the triskelia, while the light chains bind the proximal region of each
leg (Hirst and Robinson 1998). The endocytic function of clathrin is defined by
the N-terminal domain (NTD) of clathrin heavy chain (CHC) that folds into a
seven-bladed 3-propeller, containing four interaction sites that are important for
binding to different adaptor proteins (Fotin et al. 2004; Willox and Royle 2012).
The NTD of CHC is located at the distal end of the leg, and is sometimes referred
to as the ‘foot’.

The clathrin triskelion is the basic assembly unit of the lattice-like structure
that forms the vesicle coat. At the plasma membrane, this process is initiated
by the adaptor protein, AP-2, that recognises the cargo and recruits clathrin,
leading to a clathrin-coated pit. Recruitment of more clathrin to the pit leads
to invagination, and the subsequent recruitment of dynamin leads to its scission
from the plasma membrane, forming an internalised coated vesicle. Once inside

the cell, the clathrin coat disassembles due to the recruitment of the uncoating
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machinery (Robinson 2015).

Clathrin during mitosis

Separate from its role in membrane trafficking, clathrin also functions during
mitosis, a time where endocytosis is significantly reduced, particularly during
the early stages (Fielding and Royle 2013). Spindle staining observed with
antibodies raised against clathrin via immunofluorescence (Okamoto et al. 2000),
and its detection by mass spectrometry of purified spindles (Mack and Compton
2001), all hinted at a mitotic role, but a mechanism to describe its function
was lacking. It was subsequently shown by antibody staining and expression of
GFP-tagged clathrin fragments, that clathrin localises to the K-fibres (Royle et al.
2005). Furthermore, depletion of CHC by RNAi revealed defects in chromosome
congression and a prolonged mitosis due to destabilisation of the K-fibres.
Importantly, this phenotype was determined to be specific to loss of clathrin
from the mitotic spindle, rather than an effect of inhibiting clathrin-mediated
endocytosis (Royle et al. 2005). In a separate study, rescue experiments using
mutants of CHC identified that the two functions of clathrin could be separated,
as a mutant capable of rescuing mitotic defects was incapable of restoring
clathrin-mediated endocytosis, and vice versa (Royle and Lagnado 2006; Hood
and Royle 2009).

These studies also highlighted that the NTD on CHC is important for spindle
localisation. Since clathrin exists as a triskelion in cells, with the NTDs positioned
away from each other, this led to the hypothesis that clathrin may function to
stabilise K-fibres by physically crosslinking the adjacent MTs within the fibre
(Royle et al. 2005; Royle and Lagnado 2006). In the same way that clathrin
requires adaptor proteins for its endocytic function, it also requires other proteins
to function at the mitotic spindle. This was made clear by the observation that
clathrin does not contain a well recognised MT-binding domain, nor does it bind
MTs in wvitro (Booth et al. 2011).

1.5.5 GTSE1

G2 and S phase expressed protein-1 (GTSE1) is a microtubule-associated protein
found only in vertebrates (Rondelet et al. 2020). It is an intrinsically disordered
protein, with a C-terminal region that represents a clathrin interaction domain
(CID) containing five clathrin box-like motifs. An interaction between clathrin
and GTSE1 has recently been characterised in human cells, where clathrin recruits
GTSE1 to the mitotic spindle (Rondelet et al. 2020; Ryan et al. 2021). The details

of this interaction will be described in section 1.5.6. Interestingly, clathrin and
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GTSE1 have also been shown to interact during interphase, such that tethering
the C-terminus of GTSE1 to the cell membrane can initiate clathrin-mediated
endocytosis (Wood et al. 2017).

Investigation of GTSE1 was driven by the initial discovery that in mice, the gene
encoding GTSE1 (originally named B99) is regulated by p53, and can be induced
by DNA damage independently of p53 (Utrera et al. 1998). As its name suggests,
the expression of human GTSEI was found to occur specifically during the S/G2
phase of the cell cycle (Monte et al. 2000), with peak expression during mitosis
(Scolz et al. 2012). It was initially observed that when overexpressed in cells,
GTSE1 can bind the MT lattice during interphase (Monte et al. 2000). Indeed,
we recently identified that the region 161-638 contains the site(s) responsible for
this activity (Ryan et al. 2021).

A key function of GTSEL is carried out at the MT plus-end via an interaction with
EB1 through its SxIP motifs, where it has been shown to promote cell migration
(Scolz et al. 2012). Using live-cell imaging, the authors showed that GTSE1
+TIP activity is lost following EB1 depletion, though its association with the
MT lattice is retained (Scolz et al. 2012). More recently, it has been shown that
GTSEL1 is heavily phosphorylated during early mitosis by CDK1, which breaks
the interaction with EB1 and +TIP activity is lost (Singh et al. 2020). The
authors showed that CDK1 regulation of GTSEL is necessary to destabilise long
astral MTs and allow the mitotic spindle to reorient during early mitosis. In cells
where CDK1 was inhibited, or a GTSE1 phosphorylation mutant was expressed,
GTSE1 +TIP activity was observed during mitosis, leading to an increase in
astral MT length and stability. Consequently, defects in spindle orientation were
observed (Singh et al. 2020).

During mitosis, GTSE1 is localised to the mitotic spindle via clathrin, where it is
proposed to have a role in regulating MT stability by inhibiting MCAK activity to
promote chromosome alignment (Bendre et al. 2016). In this study, the authors
showed that the N-terminal half of GTSE1 directly interacts with MCAK in vitro.
Moreover, they found that GTSE1 can inhibit the M'T depolymerase activity of
MCAK in wvitro, as observed by a reduction in MT depolymerisation rate when
GTSEI and MCAK were incubated with MTs, compared to MCAK alone (Bendre
et al. 2016).

1.5.6 TACC3-—ch-TOG——clathrin—-GTSE1

Several early studies helped establish the composition of the
TACC3-ch-TOG——clathrin—-GTSE1 complex, and defined its role in stabilising the
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K-fibres of the mitotic spindle to ensure accurate cell division. This section will
outline the key findings from this work, and summarise the subsequent studies
that have mapped the interactions, and contributed ideas towards a proposed

MT-binding mechanism.

Lin and colleagues identified that the chromosome alignment defect, and delayed
progression through mitosis observed in cells treated with RNAi targetting
TACC3 or CHC, is observed to the same extent when both proteins are targeted
simultaneously, illustrating that they function in the same pathway (Lin et al.
2010). The authors showed that ch-TOG was also part of this spindle complex,
as knockdown of CHC or TACC3 by RNAIi resulted in the loss of ch-TOG
from the mitotic spindle, but not the centrosomes. Around the same time,
Booth and colleagues detected by mass spectrometry, a complex containing
clathrin, TACC3 and ch-TOG by immunoprecipitating clathrin from isolated
mitotic spindle extract (Booth et al. 2011). Moreover, all three proteins were
observed to colocalise at the metaphase spindle in fixed HeLa cells expressing
fluorescently-tagged clathrin and ch-TOG proteins, with an antibody to visualise
endogenous TACC3. To investigate the order of recruitment to the spindle MTs,
the authors manipulated the expression levels of the individual complex proteins
by RNAi or overexpression, and visualised the localisation of the remaining
members by confocal microscopy. The results of these experiments suggested
that TACC3 is the core member that recruits the other components (Booth et al.
2011). This finding was in direct contrast to previous reports that suggested the
primary factor is clathrin (Lin et al. 2010; Fu et al. 2010; Hubner et al. 2010).
Importantly, Booth and colleagues showed that recruitment of this complex
to the mitotic spindle is regulated by phosphorylation at S558 on TACC3 by
Aurora A, in line with previous suggestions that Aurora A is required for the
localisation of TACC3 to spindle MTs (LeRoy et al. 2007; Kinoshita et al. 2005).
Similarly, Fu and colleagues showed by an in vitro binding assay, that Aurora A
phosphorylation of Maskin, the Xenopus homologue of TACC3, is required for
the interaction with clathrin (Fu et al. 2010).

A key finding came from EM experiments that showed a reduction in the number
of short inter-MT bridges in K-fibres of clathrin-depleted cells, and that this
subset of bridges was composed of clathrin (Booth et al. 2011). Loss of TACC3
also resulted in the loss of short inter-MT bridges, which are described as those
ranging between 14-17 nm in length. Medium and long bridges, ranging between
20-50 nm in length, were present in the K-fibres of cells depleted of TACC3 or
clathrin, suggesting that these are comprised of other proteins (Booth et al. 2011).

More recently, electron tomography has revealed that although adjacent MTs
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within K-fibres are connected by bridges in 2D, in 3D, the bridges are
interconnected, forming a ‘mesh’ (Nixon et al. 2015). In this sense, the complex
is a component of the mesh and is required to maintain the stability of the
K-fibre. By overexpressing TACC3, the authors found that the mesh influences
the position of MTs within the K-fibre, such that MTs connected in a chain were
tightly packed together, whereas in control cells, MTs connected by the mesh
were no more tightly packed than single M'Ts. To understand if the complex could
bundle MTs within a K-fibre, the authors looked at taxol stabilised MTs formed
in vitro. In the presence of the MT bundling protein PRC1, MT bundles were
observed as expected. Interestingly, incubation of MTs with a mix of TACC3,
clathrin, ch-TOG and GTSE1 proteins phosphorylated by Aurora A, resulted in
the formation of bundled MTs in wvitro. Together, this data suggests that the
complex functions to bundle and stabilise MTs within a K-fibre (Nixon et al.

2015).

A significant milestone in our understanding of the complex was reached when
Hood and colleagues mapped the interactions within it, and identified the
mechanism by which it binds to MTs (Hood et al. 2013). To do this, the authors
visualised truncated fragments of TACC3 in cells depleted of the endogenous
protein, and identified that two regions, a clathrin interaction domain (CID)
and the C-terminal TACC domain, are both required for spindle localisation.
Truncations containing only one domain were not sufficiently recruited to the
spindle when expressed in cells, and in both cases the spindle localisation of
clathrin was also disrupted. The CID (aa 522-577) was identified to bind CHC
by Lin and colleagues (Lin et al. 2010). In the study by Hood and colleagues,
it was shown that mutation of a dileucine motif (LL[566,567]AA) within this
region significantly disrupted TACC3 spindle localisation in cells (Hood et al.
2013). Importantly, this effect was specific to the dileucine motif, as S558 was
still phosphorylated in the mutant protein. Via an in vitro binding assay using
purified clathrin triskelia and purified TACC3 CID domain phosphorylated by
Aurora A, the authors showed that the CID was sufficient to bind clathrin, and
mutation of S558 or the dileucine motif broke this interaction (Hood et al. 2013).

Since previous studies had highlighted the NTD and ankle region of CHC as
essential for spindle localisation (Royle and Lagnado 2006; Hood and Royle
2009), the authors set about to investigate the importance of these regions.
By expressing CHC mutants in cells depleted of endogenous CHC, the authors
identified that the clathrin box motif (CBM) within the NTD is required for
spindle localisation, as fragments with mutations in this site failed to localise to

the spindle. Using the same assay, they found that disruption of the ankle domain
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also impaired spindle localisation. In both cases, TACC3 spindle localisation
was disrupted, thus confirming the interdependent nature of these proteins at
the mitotic spindle. An in vitro binding assay using CHC and TACC3 proteins
revealed that deletion of the ankle domain on CHC abolished binding, while
removal of the NTD containing the CBM-binding site had no effect, suggesting the
ankle region mediates an interaction with TACC3. This finding led the authors
to propose that the CHC ankle and TACC3 CID bind, which in turn allows the
CHC NTD domain and TACC domain to form the MT binding surface. This idea
was supported by the observation that a fusion protein consisting of the NTD
and TACC domain, termed clACC, was enriched on the mitotic spindle in cells
(Hood et al. 2013).

Within the CID of TACCS3, there is the Aurora A phosphorylation site (S558), and
a dileucine (L566,567) motif that interacts with the CHC ankle region. However,
it has recently been established that within this region of TACC3 there is also
an Aurora A binding site, in which a phenylalanine residue (F525) is critical
(Burgess et al. 2018; Burgess et al. 2015). Moreover, the binding of TACC3 via
this region enhances the kinase activity of phosphorylated Aurora A, and results
in autophosphorylation of the catalytic domain of Aurora A in vitro (Burgess et
al. 2015). Importantly, TACC3 and TPX2, a known activator of Aurora A, have
distinct binding sites on Aurora A (Burgess et al. 2015). Thus, TACC3 could act
as a local allosteric activator of Aurora A, for example along the K-fibres, whereas
TPX2 is required for its global activity (Burgess et al. 2015). Collectively, the
region of TACC3 (aa 519-570) that contains the dileucine motif, the Aurora
A phosphorylation site, and the Aurora A docking site, is referred to as the
Aurora A and CHC interaction domain (ACID). A structural study has recently
shed light on how Aurora A phosphorylation regulates the TACC3-clathrin
interaction (Burgess et al. 2018). In brief, Aurora A phosphorylation at S558
leads to stabilisation of an o-helix within TACC3, where this structural change
is recognised by the ankle of CHC, leading to binding and the subsequent
localisation of the complex to MTs (Burgess et al. 2018).

A quantitative proteomics study carried out by Hubner and colleagues, identified
GTSE1 as an interaction partner of TACC3 and clathrin in mitotically arrested
cells (Hubner et al. 2010). However, the involvement of GTSEL in this context
remained largely unsolved. Recently, a comprehensive study published by
Rondelet and colleagues identified the mechanistic details about its recruitment
to the mitotic spindle via clathrin (Rondelet et al. 2020). Here, the authors
discovered that GTSE1 binds directly to sites 1 and 3 in the CHC NTD, both

of which are established binding sites for adaptor proteins. This interaction
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is mediated by five clathrin box-like motifs (LI[DQ][LF]), referred to as LIDL
motifs, present in the C-terminal region of GTSELl. Importantly, the authors
showed that in cells, a mutant of GTSE1 where the LIDL motifs are mutated to
alanine residues, failed to localise to the mitotic spindle. However, the spindle
localisation of clathrin and TACC3 was unaffected, suggesting that GTSE1 is
recruited to the complex via its interaction with clathrin. Moreover, the GTSE1
LIDL mutant failed to rescue the chromosome alignment defect observed in
cells depleted of endogenous GTSEL, and that a large proportion of misaligned
chromosomes were in close proximity to the spindle pole. The authors showed
that astral MTs are destabilised in cells expressing the GTSE1 mutant, and
this was restored by depletion of MCAK, suggesting that GTSEL is recruited
by CHC to stabilise MTs by inhibiting MCAK activity (Rondelet et al. 2020).
This is plausible given that GTSE1 has been shown to interact with MCAK in
cells (Bendre et al. 2016). However, the authors also showed that the K-fibres
in GTSE1-depleted cells are less resistant to cold-treatment than control cells
(Rondelet et al. 2020). Thus, an alternative interpretation of this data is that
GTSEL is recruited to the complex on the K-fibres to provide K-fibre stability

and enable timely chromosome congression.

We recently used CRISPR/Cas9-mediated gene editing to insert an FKBP-GFP
tag at the endogenous loci of TACC3, clathrin, ch-TOG and GTSE1 in HeLa
cells, generating four knock-in cell lines (Ryan et al. 2021). In brief, genome
engineering using the CRISPR/Cas9 system relies on the targeting of a Cas9
nuclease to a specific region of genomic DNA by a guide RNA, enabling the Cas9
nuclease to introduce a double-strand break in the DNA and promote gene editing
(Ran et al. 2013). In our study, homozygous cell lines were generated for TACC3,
clathrin and GTSE1, where all alleles were edited (Ryan et al. 2021). Despite
three independent attempts, no homozygous clones for ch-TOG were recovered,
therefore a heterozygous cell line was used where an unedited allele remained.
The generation of the CRISPR cell lines enabled us to utilise the knocksideways
system and inducibly reroute each protein individually from the mitotic spindle to
the mitochondria, and visualise the effect on the remaining complex components
by microscopy. Using this method, we were able to establish that TACC3 and
clathrin are the core components of the complex, such that removal of either
protein from the mitotic spindle resulted in the mislocalisation of all complex
members. In comparison, removal of GTSE1 or ch-TOG from the spindle did not
significantly perturb TACC3 or clathrin. Moreover, we established that mutation
of at least three LIDL motifs present at the C-terminal end of GTSE1, or removal
of this region entirely, significantly reduced the spindle enrichment of GTSE1
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but not clathrin. This is consistent with the idea that clathrin recruits GTSE1
to the spindle (Rondelet et al. 2020). Although an interaction with clathrin is
required for the spindle recruitment of GTSE1, we determined that expression
of this region alone is not sufficient, and that a region between aa 161-638 is
also necessary. Finally, we showed that contrary to a previous report (Gulluni
et al. 2017), PIK3C2A is not required to stabilise the complex, as knocking
out this protein by CRISPR/Cas9-mediated gene editing had no effect on the
other complex members. Furthermore, the antibody used in the initial study
still stained the spindle in our knockout cell line, even after siRNA treatment,

suggesting that the antibody is non-specific (Ryan et al. 2021).

Therefore based on these results, and the findings from previous studies, we
propose that the complex interactions are as shown in Fig. 1.6. In this model,
TACC3 and clathrin are the core components that interact in an Aurora A
dependent manner, to form a MT binding surface. The spindle recruitment
of ch-TOG and GTSEL is via a direct interaction with TACC3 and clathrin,
respectively. Due to the importance of this complex in mitotic spindle stability, it
provides a potential target in an anti-cancer context. To achieve this, a complete
understanding of the interactions that govern the complex, and an idea of the
role that each protein contributes, is required. Traditional protein inactivation
methods such as RNAI are ill-suited to this task, as the proteins described here
have multiple roles, making it hard to assign a phenotype. For this reason,
novel approaches that can block specific protein-protein interactions in living

cells without perturbing the expression levels of target proteins are needed.
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Figure 1.6. Cartoon to describe the interactions between
TACC3—ch-TOG——clathrin—-GTSE1 complex components and a proposed
mechanism for microtubule binding. (A) Diagram to illustrate the interactions (dashed
lines) between complex members, showing their primary structure. For ch-TOG, the TOG
domains are numbered (1-6). For TACC3, the ACID (Aurora A and clathrin interaction
domain) and TACC domains are shown. For clathrin, the heavy chain (CHC) and light chain
(CLQC) are shown, with the TD (trimerisation domain) at the C-terminus of CHC. For
GTSE1, the CID (clathrin interaction domain) containing five LIDL (LI[DQ][LF]) is shown.
(B) Proposed model for microtubule (shown in yellow) binding, where TACC3 and clathrin
bind to form the microtubule binding surface and GTSE1 and ch-TOG bind clathrin and
TACCS3, respectively. (C) The fragments of TACC3 and clathrin used to screen for Affimers
to block the TACC3—ch-TOG and TACC3—clathrin interactions, respectively. Figure adapted
from (Ryan et al. 2021).

GTSE1

1.6 Protein inactivation methods

A major goal of cell biology is to understand the function(s) of individual proteins
within a biological system. This is complicated by the fact that most proteins
have more than one function, and often operate as part of a multiprotein complex.
Understanding protein function is required to gain insight into cellular processes,
and can shed light on how proteins could be targeted in a disease state. Over
the last two decades, there has been a rapid increase in the number of available
methods to study protein function in living cells. These methods can be grouped
based on the mechanism in which they inactive protein function. For example,
genetic methods seek to silence protein expression by targeting the genes that

encode them, or the transcripts that are subsequently translated into protein.
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There are also inducible protein inactivation methods, where upon addition
of a stimulant, protein silencing can be achieved, typically by using the cell’s
proteolytic machinery. Inactivation of a protein via small molecule inhibitors,
antibody-based reagents or non-immunoglobulin scaffolds are also popular ways
to target protein function. Since the aim of the work presented in this thesis was
to dissect a multiprotein complex during mitosis, the following sections will focus

on describing current methods of protein inactivation in this context.

1.6.1 Genetic approaches

A popular method to assess protein function is to silence the expression of the
gene encoding it using RNAi, resulting in a reduction or ‘knockdown’ of protein
expression. Since its discovery in 1998 (Fire et al. 1998), it has been the method
of choice for understanding the function of proteins associated with mitosis.
Although this has proved successful in identifying important functions of mitotic
spindle associated proteins, it also has several limitations. Firstly, the process
is slow. To enable a strong reduction in protein expression, cells treated with
RNAI are typically analysed 48-72h post transfection, to allow time for existing
protein to be degraded. During this time, other pathways may be upregulated to
compensate for the loss of a protein, meaning a true phenotype may be masked
by secondary effects. In the case of mitotic spindle proteins, studying phenotypes
at specific stages of mitosis, for example metaphase, can be complicated by errors

in earlier stages, e.g. spindle assembly.

Alternatively, CRISPR/Cas9-mediated gene editing can be used to generate
‘knockout’ cell lines to study protein function. In this context, a gene encoding a
protein can be deleted or a frameshift introduced, meaning that only a small
fragment of the protein is expressed rather than the full length version. In
theory, this has an advantage over RNAi-mediated protein depletion, as clonal
cells are generated that no longer express the functional protein of interest.
However, there have been reports of incomplete loss of a target protein following
CRISPR/Cas9-mediated gene deletion (Meraldi 2019). Moreover, it is possible
that even in the complete absence of a protein, a cell can upregulate pathways to

compensate.

1.6.2 Inducible protein inactivation

Another class of method to study protein function is inducible protein
inactivation. In this case, the method relies on a signal provided by the researcher

that will activate a certain process resulting in protein inactivation. Typically,
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the response is quick, making it a useful tool to study protein function at specific

points of the cell cycle.

Knocksideways

Knocksideways (KS) is a rapid and inducible method to inactivate proteins
using a rapamycin-induced heterodimerisation system, originally developed by
Margaret Robinson (Robinson et al. 2010). The method relies on the dimerisation
of mammalian target of rapamycin (mnTOR) and FKBP12, in the presence of
rapamycin. To make use of this system in cells, the FK506-binding protein
(FKBP) domain from FKBP12 can be fused to a protein of interest, and the
FKBP and rapamycin-binding (FRB) domain from mTOR can be fused to a
protein targeted to an organelle such as the mitochondria. Upon addition of
rapamycin, a protein of interest can be relocated away from its site of function,

and therefore inactivated.

The KS method has previously been used to remove the
TACC3-ch-TOG—clathrin-GTSE1 complex from the mitotic spindle in human
cells, showing that proteins in a complex with the target protein can also become
mislocalised using this method (Cheeseman et al. 2013). Moreover, owing to
the removal of proteins from the spindle in a timescale of minutes, this method
was used to remove the complex at specific stages of mitosis, revealing that this
complex is required at the metaphase spindle to maintain K-fibre tension and
ensure timely progression to anaphase (Cheeseman et al. 2013). Importantly,
the spindle localisation of HURP and Egb was intact following the removal of
TACC3, suggesting that this method can be used to specifically study mitotic
complexes. Surprisingly, removal of TACC3 at nuclear envelope breakdown
resulted in a prolonged prometaphase that was more severe than that observed
in TACC3-depleted cells. This study highlights the possibility that phenotypes
observed with RNAi may be underestimated for a range of mitotic proteins. A
downside of this study was the need to deplete endogenous TACC3 by RNAi and
overexpress GFP-FKBP-TACC3 alongside MitoTrap, an FRB domain targeted
to the mitochondria (Cheeseman et al. 2013).

More recently, we used CRISPR /Cas9-mediated gene editing to tag each member
of the complex with FKBP and GFP at their endogenous locus in HelLa cells. This
allowed us to study the interactions within the complex at the endogenous level,
negating the need for overexpression and RNAi. Induced relocalisation of each
complex member in mitotic cells enabled us to assess the effect on the localisation
of the remaining proteins. Whilst removal of TACC3 or clathrin during metaphase

resulted in removal of the entire complex, relocalisation of ch-TOG or GTSE1 had
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no effect, suggesting that TACC3 and clathrin are core components (Ryan et al.
2021).

Therefore, KS is a powerful tool to study protein interactions within a
multiprotein complex, and given the speed of removal, it can be used to assess
interactions at different stages of mitosis. One disadvantage of this method
is that it is irreversible. This is due to the strength of interaction between
FKBP-rapamycin-FRB and the slow dissociation of rapamycin from FKBP
(Robinson et al. 2010). A further limitation is that the kinetics of rerouting are
dependent on the dynamics with which proteins cycle on and off their target, i.e.
the mitotic spindle, therefore this method will not be applicable to all proteins.
Moreover, KS is not an appropriate method to dissect the function of individual
components within a multiprotein complex, as the removal of the target protein
can lead to the mislocalisation of other members (Ryan et al. 2021). Similarly,
proteins frequently have multiple functions and subcellular localisations that KS

is not able to discriminate between.

The auxin-inducible degron system

The auxin-inducible degron (AID) system makes it possible to rapidly deplete
a protein of interest to study protein function in living cells (Nishimura et al.
2009). This method exploits the auxin-dependent degradation pathway found
in plants. It can be transferred to human cell lines by exogenously expressing
an auxin receptor F-box protein (TIR1) and an AID-tagged protein of interest.
The TAA17 protein found in Arabidopsis is used as the AID-tag, and the plant
hormone auxin is used to induce the pathway. Upon addition of auxin, the
AID-tagged protein is targeted for ubiquitination and is rapidly degraded by the

proteasome.

Initially, use of this method in human cells was limited by the need for RNAi
to repress the expression of the endogenous gene, and exogenous expression of
an RNAi-resistant version of the target gene along with TIR1. However, the
advent of CRISPR/Cas9-mediated gene editing has enabled the introduction
of an AID-tag at the endogenous locus of a gene of interest. The timescale
required to reach complete degradation varies between protein, however, it has
been observed within 80 min for a variety of proteins, including PLK4 (Holland
et al. 2012). The AID system has the advantage that it is reversible following
auxin washout (Holland et al. 2012). Despite it being faster than RNAi-mediated
protein inactivation, the time to achieve complete degradation is still not suitable
for the study of proteins during transient periods of the cell cycle, such as

metaphase.
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1.6.3 Small molecule based inhibitors

An ideal way to inhibit protein function is through the use of small molecule
inhibitors, that due to their size, can penetrate the cell membrane, negating
the need for lengthy transfection. They function by targetting a ligand binding
site present on proteins such as receptors and enzymes. However, since only a
small proportion of the human proteome is deemed ‘druggable’ (Hopkins and
Groom 2002), the use of small molecule inhibitors is inherently limited (Toure
and Crews 2016). To circumvent this, novel ways of utilising the advantages of
small molecules for the purpose of recognition are currently being investigated to

induce protein degradation.

Aurora A inhibitors

MLNS8237, also known as alisertib, is a well known small molecule inhibitor
of Aurora A - a serine/threonine kinase that regulates key mitotic events
including centrosome maturation and spindle assembly (Barr and Gergely 2007).
Overexpression of Aurora A is associated with an array of human cancers, hence
small molecule inhibitors including MLN8237, are currently in clinical trials
(Novais et al. 2021).

However, small molecule inhibitors of Aurora A have also been used to
study the cell biological function of TACC3, an established target of Aurora
A phosphorylation (Kinoshita et al. 2005).  For example, inhibition of
Aurora A by MLN8054 revealed that phosphorylation at S558 on TACC3 is
required for its mitotic spindle localisation (LeRoy et al. 2007). Moreover,
inhibition of Aurora A by MLN8237, was shown to result in the loss of the
TACC3—ch-TOG—clathrin—-GTSE1 complex from the mitotic spindle in human
cells (Booth et al. 2011; Cheeseman et al. 2011). MLN8237 treatment also results
in a reduction of inter-MT bridges from K-fibres, indicating that inter-MT bridge
formation via this complex is dependent on Aurora A kinase activity (Cheeseman
et al. 2011).

While the use of small molecule inhibitors such as MLN8237 can be useful in
elucidating protein function, there are limitations. First, kinases such as Aurora
A have multiple substrates, meaning that any observed phenotype could be
exaggerated as a result of global inhibition. In the case of MLN8237, it has been
shown to also inhibit Aurora B, highlighting potential off-target effects (Asteriti
et al. 2014).
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TACC3 inhibitor

Small molecule inhibitors of mitotic proteins important for the assembly and
or stability of the spindle, present attractive agents for cancer chemotherapy. A
study carried out in TACC3 conditional knockout mice showed that loss of TACC3
in the thymic lymphoma led to tumour regression and apoptosis, with no effect
observed in normal tissue (Yao et al. 2012). Moreover, the study highlighted that
multipolar cells formed in thymic lymphoma cells following TACC3 depletion
(Yao et al. 2012). Therefore, a chemical compound inhibitor of TACC3 termed
spindlactone, was later developed, with a goal of perturbing spindle assembly in
cancer cells (Yao et al. 2014). Using SKOV-3 cells, an ovarian cancer cell line
where TACC3 expression is aberrant, the authors found that spindlactone induced
the formation of multipolar spindles in a dose-dependent manner. Moreover, at
high doses, spindlactone induced mitotic arrest in cancer cells, thus the authors
concluded that TACC3 is indispensable for spindle assembly in this context.
However, a pull-down experiment identified that along with TACC3, spindlactone
also bound to ch-TOG and Aurora A (Yao et al. 2014), proteins that have a
critical role in spindle assembly (Barr and Gergely 2007; Gergely et al. 2003).
Therefore, more work is needed to determine if specific inhibition of TACC3

using spindlactone is responsible for the observed phenotype.

Neural progenitor cells (NPCs) are self-renewing cells found in the central nervous
system that undergo neuronal differentiation in response to injury. Hence,
small molecules that are able to induce differentiation of NPCs are attractive
therapeutic agents to treat neurodegenerative disease.  Conversely, small
molecules that can negatively affect the proliferation of malignant progenitor-like
cells are of interest in an anti-cancer setting. To this end, a recent phenotypic
screen identified a small molecule called KHS101, that increased neuronal
differentiation of rat NPCs (Wurdak et al. 2010). This was found to occur via a
reduction in cell proliferation, leading to terminal differentiation. Interestingly, a
crosslinking experiment revealed an interaction between KHS101 and TACC3
that was confirmed by mass spectrometry, implicating TACC3 in the NPC
differentiation phenotype. In support of this, a similar neuronal differentiation
phenotype was observed in cells depleted of TACC3 by RNAi. Treatment with
KHS101 or depletion of TACC3 by RNAI, increased the nuclear localisation of
the transcription factor ARNT2, a TACC3 interacting protein that is exclusively
expressed in the nervous system. Thus, the authors concluded that induced
differentiation of NPCs via KHS101 is attributed to TACC3/ARNT2 signalling
(Wurdak et al. 2010). More recently, a study found that KHS101 does not block
the TACC3-ARNT interaction, but rather leads to proteasomal degradation of
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TACC3 (Guo et al. 2013).

Proteolysis-targeting chimeras

A novel way to achieve protein inactivation is through the wuse of
proteolysis-targeting chimeras (PROTACSs), that target specific proteins for
degradation via the ubiquitin-proteasome system. In brief, PROTAC technology
is based on a chimeric molecule that binds a protein of interest and an E3
ubiquitin ligase. The PROTAC essentially hijacks the E3 ligase and places the
protein of interest within proximity to facilitate polyubiquitination, resulting in
protein degradation via the proteasome. The idea was first tested using peptide
ligands as a proof of concept, requiring transfection to enter the cell (Sakamoto
et al. 2001). So-called small molecule PROTACSs are now available owing to the
development of small molecule ligands for a range of E3 ligases, which means
transfection is no longer required. Moreover, the development of small molecules
as ligands provides control over the concentration of the PROTAC, allowing for
precise control of protein degradation. For these reasons, efforts are underway to
develop PROTAC S for therapeutic targets, with several currently in clinical trials
(Burslem and Crews 2020; Mullard 2021).

In addition to their promising use in the clinic, PROTACs also have the potential
to serve as useful tools in cell biology to study protein function. A recent
example is the development of a PROTAC tool to degrade Aurora A, using
the established small molecule inhibitor of this kinase, MLN8237, to generate
the binding ligand (Wang et al. 2021). Here, the authors showed that the most
efficient PROTAC tested, referred to as PROTAC-D, was effective at specifically
degrading endogenous or overexpressed Aurora A in human cells, and resulted
in loss of approximately 60% of endogenous Aurora A after 3h. PROTAC-D
was found to be less potent in inhibiting Aurora A than the original MLN8237
inhibitor, and that Aurora A at the centrosome remained functional in the
presence of PROTAC-D. Moreover, while the mitotic spindle pool of Aurora A
was degraded in the presence of PROTAC-D, the centrosome pool remained,
suggesting that some pools may not be accessible to degradation (Wang et al.
2021). Therefore, it remains to be seen if PROTAC technology can be developed

to efficiently degrade proteins found in multiprotein complexes.

The time required to develop PROTACSs against a target protein, in addition to
the need for synthetic chemistry expertise, somewhat limits the use of PROTACs
as a research tool to study protein function. However, the development of
tag-based methods to harness the potential of PROTAC technology may help

make this tool more accessible to academic labs. One example is HaloPROTACs
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(Buckley et al. 2015). In short, HaloPROTACS can inducibly degrade a protein
of interest fused with a HaloTag - a modified bacterial dehalogenase that can
covalently bind to synthetic ligands (Los et al. 2008). This works because
HaloPROTACs contain a ligand capable of binding an E3 ligase that is also
linked to a chloroalkane to bind a HaloTag, thus the protein of interest fused to
a HaloTag is placed into proximity with the E3 ligase, leading to degradation
(Buckley et al. 2015). HaloPROTACs combined with CRISPR/Cas9-mediated
gene editing has recently been used to degrade endosomal proteins tagged with
HaloTag at the endogenous locus (Tovell et al. 2019). It will be exciting to see if
this technology can be applied to the study of mitotic proteins.

1.6.4 Antibody-based scaffolds

Antibodies or immunoglobulins, are the proteins produced by the immune system
to recognise a target antigen with high specificity and bind it with high affinity,
with the purpose of neutralising foreign material such as pathogenic bacteria
and viruses. There are 5 classes of immunoglobulins in humans, IgG, IgM, IgA,
IgE and IgD. However, IgG is the most abundant class and due to its high
specificity towards antigens, it is the class of choice for use in research (Vincke
and Muyldermans 2012).

Structurally, antibodies are a tetrameric protein composed of two pairs of identical
heavy and light chains linked by disulphide bonds, forming a Y shape, with an
approximate molecular weight of 150 kDa (Fig. 1.7 A). Each chain contains a
variable domain at the N-terminal end followed by three constant domains in
the case of the heavy chain, and a single constant domain in the light chain.
Antibodies can bind two antigens simultaneously, through the action of two Fab
regions, each consisting of variable and constant domains from the heavy and light
chains. The two fab regions are linked by a hinge region between constant domains
1 and 2 on the heavy chain. The antigen-binding site is formed by the variable
domain on the heavy and light chain, which each contain three antigen-binding
loops, known as the complementarity determining regions (CDRs). Constant
domains 2 and 3 on the heavy chain form the Fc region, which is the ‘effector’
region, responsible for the recruitment of immune cells (Vincke and Muyldermans
2012). As such, the smallest fragment of a conventional antibody that can retain
antigen binding specificity is the combination of the variable domain on the heavy
and light chain, connected by a synthetic linker, known as the single-chain variable
fragment (scFv) (Vincke and Muyldermans 2012).

Antibodies are referred to as polyclonal or monoclonal, depending on their

origin. Polyclonal antibodies are a heterogeneous mix of antibodies that can
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bind different epitopes of a single antigen, and are purified from the serum of
immunised animals. In contrast, monoclonal antibodies are derived from a single
cell line and can bind a single epitope per antigen, meaning they have a higher
specificity compared with polyclonal antibodies (Ruigrok et al. 2011). Large scale
production of monoclonal antibodies via hybridoma technology has significantly
transformed biomedical research (Kohler and Milstein 1975). Due to their high
specificity and affinity, monoclonal antibodies are increasingly important in the
treatment of disease, including cancer (Lu et al. 2020). However, they are also
extensively used in basic research as affinity reagents to detect, purify, remove
or inactivate target proteins. The following sections will describe ways in which
antibodies and their derivatives are used as affinity reagents in academic research

to study protein function.
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Figure 1.7. Structure of a conventional human immunoglobulin G (IgG) and a
heavy chain only Ig found in Camelids. (A) Cartoon of a human IgG consisting of two
pairs of identical heavy (blue) and light (red) chains, connected by disulphide bonds (black
lines). Each heavy chain consists of three constant domains (CH1, CH2 and CH3; dark blue)
and a variable domain (VH; light blue). Each light chain consists of a single constant domain
(CL; dark red) and a single variable domain (VL; light red). The antigen-binding site is
formed by the VL and VH domains, which each contain three complementary determining
regions (CDRs). This is the smallest fragment that can retain antigen binding specificity,
known as the single-chain variable fragment (scFv). (B) Cartoon of a heavy chain only Ig
produced by Camelids. The antigen-binding site consists of a single variable domain
containing three CDRs, collectively known as a nanobody.
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Microinjection

Microinjection of antibodies into live cells to inactivate proteins is a direct way
of studying protein function, and is particularly useful for the study of mitotic
proteins (Day et al. 2018). The first example of this method is from the late
1970’s where antibodies against myosin were injected into starfish eggs, resulting
in inhibition of actin-activated ATPase activity of myosin and cytokinesis failure
(Mabuchi and Okuno 1977). Microinjection of antibodies to inactivate PLK1
during different stages of the cell cycle, revealed an important function in
centrosome maturation and bipolar spindle formation (Lane and Nigg 1996).
Despite its advantages, microinjection does require specialist tools and expertise,
meaning it is not easily accessible for all labs. Moreover, it is low throughput
and is best suited to cell types that remain relatively flat during mitosis, further
limiting its use (Day et al. 2018).

Nanobodies

In addition to conventional antibodies composed of two heavy and two light
chains, mammals such as llamas and camels from the Camelidae family, also
produce heavy chain only antibodies (Hamers-Casterman et al. 1993). Moreover,
they lack the constant domain 1, meaning the antigen-binding site consists of
a single variable domain containing three antigen-binding loops (Fig. 1.7 B).
Importantly, recombinant expression of the single variable domain results in a
soluble functional antibody with a molecular weight of 15 kDa, known as a
nanobody (Vincke and Muyldermans 2012). Recombinant expression can be
achieved in bacteria and yeast, and expression in eukaryotic cells is not typically
affected by the reducing environment of the cytoplasm, which is not favourable for
the formation of disulphide bridges. Furthermore, they can be expressed with a
fluorescent tag, making them useful affinity reagents to track protein localisation

and protein function (Beghein and Gettemans 2017).

Nanobodies can be expressed in cells to bind a target protein and block a specific
function. Not only is this useful in gaining biological insight, it can also aid in
drug development (Beghein and Gettemans 2017). This has been shown for the
tumour suppressor phb3, where nanobodies that interfere with the transcriptional
functional of p53 were developed (Bethuyne et al. 2014). Importantly, the authors
found that the nanobody did not perturb p53 DNA-binding, suggesting that
nanobodies can be developed to intricately target protein function (Bethuyne et
al. 2014).

Nanobodies have also been engineered for use as tools for protein degradation,
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as a means to study protein function. An example of this is deGradFP, where
a nanobody targeting GFP fused to the F-box domain of Slmb can be used to
degrade a GFP-tagged protein of interest by utilising the ubiquitin-proteasome
pathway of degradation in eukaryotic systems (Caussinus et al. 2011). The
advantage of this system is that it is immediately accessible to researchers who
already have cell lines expressing GFP-tagged proteins of interest. Furthermore,
the GFP-targeting nanobody could be swapped with a nanobody to any protein
of interest (Beghein and Gettemans 2017).

An inducible and reversible method is provided by the AID-nanobody, which
makes use of the AID system described in section 1.6.2 to degrade GFP-tagged
proteins of interest (Daniel et al. 2018). Here, expression of TIR1 and the
AID-nanobody, which is an anti-GFP nanobody fused to the AID degron, can be
used to degrade a GFP-tagged protein upon the addition of auxin (Daniel et al.
2018). Though a useful tool, nanobodies to target GFP-tagged proteins can also
have unwanted effects that could hinder their use. This was shown through the
unintended inhibition of dynamin-2 using a nanobody to study its removal via
KS (Kiiey et al. 2019).

Trim-Away

Trim-Away is a novel method for studying protein function that uses antibodies
to specifically target proteins for degradation (Clift et al. 2017). In brief,
antibody-bound proteins are recognised by the E3 ubiquitin ligase TRIM21 and
are subsequently targeted for degradation by the proteasome. Therefore, the
method requires delivery of a specific antibody into a cell, either by microinjection
or electroporation, and delivery of TRIM21, either by overexpression or
electroporation of the purified protein. As already mentioned, microinjection is
technically challenging and is low throughput. To circumvent this, electroporation
was used to introduce anti-pericentrin antibodies into the cell, with depletion
observed after 3h (Clift et al. 2017). While it is possible to use Trim-Away
to deplete a protein of interest in bulk cell populations, the timescale to achieve
depletion is not suited to observing transient events such as mitosis. Furthermore,
it may not be a useful tool to dissect multiprotein complexes,; since it was found
that degradation of mTOR also resulted in degradation of binding partners
Raptor and Rictor (Clift et al. 2017).

Limitations

The high specificity and affinity in which intact monoclonal antibodies can bind

a target antigen is highly advantageous, particularly in the context of protein
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inhibition. However, they are large complex proteins that require disulphide
bonds and glycosylation for stability, making their production in bacterial systems
or the cytoplasm of eukaryotic cells difficult to achieve (Muyldermans 2021).
Moreover, their production relies on the use of immunised animals, meaning the
process is time consuming and expensive. Microinjection or electroporation are
ways in which it is possible to deliver antibodies into live cells, however, this
is technically challenging. Expression of small recombinant antibody fragments
such as scFv (25 kDa), is seen as a possible strategy to use antibodies in live
cells. However, there are still issues with aggregation and inefficient folding when

expressed in human cells (Guglielmi and Martineau 2009).

Nanobodies offer an attractive solution for use as protein inhibitors in live cells,
as they are soluble and demonstrate high stability when expressed in human
cells (Rothbauer et al. 2006). However, they are limited by the requirement
of immunised camelids for production. To circumvent this, the use of naive
or synthetic libraries to identify high affinity nanobodies to a target antigen is
becoming more common (Muyldermans 2021). In the case of a naive library, it is
constructed using sequences obtained from the serum of camelids that have not
been immunized against a specific antigen, and therefore contains a high diversity
of variable domain regions (Woods 2019). Synthetic libraries can be generated
by randomising the CDR sequences within a stable nanobody scaffold. Further
work is still needed to improve this selection process as there are issues with
reduced stability and affinity of nanobodies selected from these libraries compared
with immune libraries (Woods 2019). In all cases, the libraries are typically
screened using phage display (described in section 1.6.5) to select nanobodies

with specificity towards a desired antigen.

1.6.5 Non-immunoglobulin scaffolds

To overcome the limitations of antibodies and their derivatives to study protein
function in live cells, an array of alternative scaffolds have been developed that are
not based on the structure of Igs, collectively referred to as non-Ig scaffolds. To
date, there are at least 50 types of non-Ig scaffolds (Skrlec et al. 2015), based on
the sequence or consensus sequence of proteins with various functions and origins.
Although functionally diverse, they are typically small, monomeric proteins that
are stable and easy to express in bacteria. In general, the introduction of
randomised amino acids is required to form the binding site. This variation leads
to the formation of a large library of affinity reagents that can be screened against
a protein of interest. Affinity constants in the low nanomolar range is common

for most non-Ig scaffolds (Skrlec et al. 2015), making them ideal candidates to
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complement antibodies as therapeutic reagents but also as research tools to study

protein function.

Affimers

Affimers, previously known as Adhirons, are a synthetic protein scaffold based
on the consensus sequence (approximately 100 aa) of a phytocystatin cysteine
protease inhibitor found in plants (Tiede et al. 2014). Owing to its small size
(approximately 12 kDa), high solubility and stability, it is desirable for use as
an affinity reagent. To display peptides for protein recognition, 18 randomised
amino acids, excluding cysteine, are inserted across two loop regions (9 aa per
loop) in place of the inhibitory sequence present in the consensus phytocystatin
(Tiede et al. 2014). Structurally, the Affimer scaffold consists of a single a-helix
and four anti-parallel B-strands connected by the variable loop regions (Fig. 1.8

A).

The following sections will describe how Affimer binding reagents are identified

for a protein of interest, and examples of their use as tools to study cell biology.
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Figure 1.8. Biopanning of the Affimer-phage library. (A) Structure of the Affimer
scaffold, as determined by X-ray crystallography. The scaffold is composed of a single a-helix
and four antiparallel 3-strands (both shown in light blue), joined by two loop regions (dark
blue) that are responsible for molecular recognition. Adapted from (Tang et al. 2017). (B)
Schematic to illustrate the biopanning process used to select high affinity Affimer reagents
from the Affimer-phage library. A population of the Affimer-phage library is incubated with a
purified protein of interest immobilised on a solid surface. Unbound phage is washed off while
bound phage is eluted and amplified for further rounds of selection.

Screening by phage display

The Affimer library consists of 1.3 x 10'° clones, each containing randomised
amino acids that make up the two loop regions (Tiede et al. 2014). One of
the major advantages of Affimers over antibodies is that the library can be
screened in wvitro by phage display. Although developed almost 40 years ago
with the intention of aiding antibody discovery (Smith 1985), phage display
has since been modified for the purpose of screening Affimer proteins (Tang et
al. 2017). In essence, this technique relies on the biology of a bacteriophage
that displays a viral coat protein encoded by a gene present inside the phage.
Therefore, a gene encoding a protein of interest, i.e. an Affimer, can be cloned
into a plasmid alongside a capsid protein, meaning its expression will lead to an
Affimer-displaying phage. Screening of the Affimer-phage library is performed
by incubating a purified target protein immobilised on a solid surface with a
population of Affimer-displaying phage (Fig. 1.8 B). This process is called
biopanning, and involves several rounds of binding, wash and elution steps to
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identify Affimers that can bind the target protein with high specificity and affinity.
The entire screening process can be completed within two weeks, meaning it
is significantly more efficient than identifying immunoglobulins from immunised
animals (Tang et al. 2017). Furthermore, the coding sequence for positive Affimer
clones can be cloned into an expression vector to produce recombinant protein
using E. coli (Tiede et al. 2017). Due to the lack of disulphide bonds in the
Affimer scaffold and no requirement for post-translational modifications, they
can be expressed intracellularly in mammalian cells, making them ideal tools to

study protein function.

A tool to study protein localisation

Affimers were developed by the BioScreening Technology Group set up by the
University of Leeds and Leeds NHS Teaching Hospital Trust, with the goal of
developing alternative affinity reagents against targets of clinical interest (Tiede
et al. 2017). However, they have also been applied in basic research as microscopy

tools to study protein localisation and as inhibitors to study protein function
(Tiede et al. 2017).

For example, Affimers screened against tubulin were used to label microtubules
in HeLa cells, exhibiting microtubule labelling to levels observed with an
antibody (Tiede et al. 2017). Moreover, super-resolution imaging of microtubules
labelled using the Affimer displayed increased localisation accuracy compared to
antibodies, suggesting that Affimers could be advantageous in this context (Tiede
et al. 2017). Similarly, Affimers screened against F-actin were recently shown to
label the actin cytoskeleton in fixed and live cells (Lopata et al. 2018). For
live cell imaging, Affimers labelled with GFP at the N-terminus were transfected
into HelLa cells, where it was found that the pattern of actin localisation varied
slightly between the Affimers tested. Differences in the rate of exchange from
actin as observed by fluorescence recovery after photobleaching (FRAP), was
also noted. Furthermore, filopodia labelling was not distinct in cells expressing
Affimers, suggesting that the Affimers may recognise specific F-actin structures
(Lopata et al. 2018). Application of the Affimers in fixed cells, using purified
versions biotinylated at an engineered C-terminal cysteine and visualised by
fluorescent streptavidin, revealed one Affimer that labelled actin in methanol
and paraformaldehyde-fixed cells. This provides an advantage over phalloidin, a
toxin used to label actin filaments in cells, as phalloidin is not compatible with
methanol fixation (Lopata et al. 2018).

More recently, Affimers have been used as a tool to monitor the orientation

of F-actin in live starfish embryos using fluorescence polarisation microscopy
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(Sugizaki et al. 2021). Here, the authors developed a tool they call probe
for orientation and localisation assessment, recognising specific intracellular
structures of interest (POLArIS), where an Affimer and GFP are rigidly
connected, enabling an Affimer to label a protein of interest with GFP in a
rotationally constrained way. The high affinity of the Affimer for a protein of
interest ensures the dipole of the GFP is sterically fixed to the target. Through
this technique, the authors observed actin filaments radially extending towards
the cell cortex in association with astral MTs (Sugizaki et al. 2021). Therefore,
Affimers are suitable tools to visualise endogenous proteins in live mammalian
cells, and owing to their small size, will likely have benefits over larger affinity

reagents such as antibodies.

A tool to study protein function

Affimers can be screened against a purified fragment of a protein of interest,
meaning that high affinity binding reagents can be generated to study the function
of individual domains within a protein. In turn, Affimers can be used as a tool
to study protein-protein interactions, with the advantage that they can be used
without perturbing protein expression. By targeting individual domains, there is

potential to inhibit specific functions, thus dissecting biological processes.

The specificity of Affimer reagents has previously been demonstrated by
identifying binders to a defined region of a phosphoinositide 3-kinase, a
heterodimeric complex composed of a regulatory p85 subunit and a catalytic
pl10 subunit (Tiede et al. 2017). Here, Affimers were screened against the
N-terminal domain of p85 and were found to bind specifically, discriminating
against the C-terminal domain in wvitro. The Affimers were also found to bind
endogenous p85 protein when expressed in mammalian cells, as determined
by co-immunoprecipitation assays. Moreover, binding of the Affimers to the
N-terminal domain of p85 led to an increase in phosphorylation activity, as
would be expected if the interaction between this domain and p110 was blocked.
Importantly, the Affimers did not inhibit the other domains of p85 that are
required for p85—pl110 complex formation (Tiede et al. 2017). Thus, Affimers
can recognise specific protein domains and are an ideal tool to dissect protein

function in cells.
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1.7 Project motivation

The aim of this project was to take advantage of the recently developed Affimer
library (Tiede et al. 2014; Tiede et al. 2017), to identify and screen affinity
reagents to inhibit cell division, with the goal of achieving this in a cancer context.
As has been described, TACC3—ch-TOG—clathrin—-GTSE1 is a multiprotein
complex that contributes to mitotic spindle stability in human cells to ensure
timely mitosis. Moreover, TACC3 and clathrin have been identified as the core
components of this complex (Ryan et al. 2021), which interact to form a MT
binding surface (Hood et al. 2013). Thus, one aim of this thesis was to develop
Affimer reagents to specifically target and inhibit this interaction in cells, as a
means to break apart the complex without perturbing the expression levels of

either protein.

In addition, we generated Affimers to disrupt the highly conserved interaction
between TACC3 and ch-TOG, which outside of the complex, has been studied in
the context of the centrosome and the MT plus-end. Based on studies performed
in Drosophila, Xenopus and human cells, the cooperation of these proteins is
important in promoting MT stability and regulating M'T dynamics. Much of this
work has utilised methods that manipulate the expression level of the proteins
in question, potentially masking their true function. Thus, we used Affimers as
a means to specifically inhibit the TACC3-ch-TOG interaction to decipher its

contribution to MT dynamics and stability in human cells.
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Materials and methods

2.1 Molecular Biology

2.1.1 Reagents

Cloning reagents, including restriction enzymes, quick ligase kit and DNA gel
extraction were purchased from New England Biolabs. Oligonucleotides were
purchased from Sigma-Aldrich. Plasmid DNA miniprep and midiprep kits
were purchased from Thermo Fisher Scientific and Sigma-Aldrich, respectively.
Lysogeny broth (LB) media and plates were gratefully sourced from the Warwick

Life Sciences media preparation service.

2.1.2 Cloning

The constructs made for this thesis were generated either by polymerase chain
reaction (PCR) amplification of a gene of interest followed by digestion alongside
the insert vector using the appropriate restriction enzymes, or by directly cutting
the insert from an existing plasmid. In both cases, the digested vector and
insert were ligated together with quick ligase and transformed into competent
DHba E. coli cells. Subsequent colonies were picked, amplified and their plasmid
DNA extracted using a miniprep kit. Clones were sent to Source BioScience for
Sanger sequencing to confirm correct identity of the insert. Correct constructs
were transformed into DH5a cells and grown overnight in a 50 mL volume of LB
media containing the appropriate antibiotic for subsequent DNA extraction using
a midiprep kit for long term storage. Table 2.1 provides a list of constructs cloned
for this study and table 2.2 lists the sequences of the respective oligos. Constructs

used in this project but cloned by other lab members are listed in table 2.1.
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Table 2.1. Constructs used in this study.
Construct Vector Method Oligos Source
FKBP-GFP-N1 pEGFP-N1 PCR, cut and ligate | - Royle lab
FKBP-GFP-C1 pEGFP-C1 PCR, cut and ligate | - Royle lab
pmCherry-N1 pEGFP-N1 PCR, cut and ligate | - Royle lab
pmCherry-C1 pEGFP-C1 PCR, cut and ligate | - Royle lab
pEGFP-C1 - - - Royle lab
pIRES-EGFP-Puro - - - Royle lab
pMito-mCherry-FRB-K70N pMito PCR (SDM) - Royle lab
mNeonGreen-EB3 - - - Royle lab
GFP-TACC3 pEGFP-C1 PCR, cut and ligate | - Royle lab
pBrain-GFP-shch-TOG pBrain - - Royle lab
pBrain-ch-TOG-KDP .
(L1939,1942A)-GFP-shch-TOG | P20 i i Royle lab
pBrain-ch-TOG-KDP pBrain ) ) Royle lab
-GFP-shch-TOG
mEmerald-y-tubulin mEmerald-C1 - - Addgene
#54105
E4-His pET1la - - Bayliss lab
ET7-His pET1la - - Bayliss lab
E8-His pET1la - - Bayliss lab
C3-His pET11a - - Bayliss lab
C4-His pET1la - - Bayliss lab
C5-His pET11a - - Bayliss lab
C6-His pET1l1a - - Bayliss lab
C7-His pET1l1a - - Bayliss lab
C8-His pET1l1a - - Bayliss lab
D1-His pET1la - - Bayliss lab
D2-His pET1la - - Bayliss lab
D3-His pET1la - - Bayliss lab
D4-His pET11a - - Bayliss lab
D5-His pET11a - - Bayliss lab
D6-His pET1l1a - - Bayliss lab
D7-His pET11a - - Bayliss lab
D8-His pET11a - - Bayliss lab
E4-mCherry mCherry-N1 PCR, cut and ligate | JS034, JS035 | Thesis
E7-mCherry mCherry-N1 PCR, cut and ligate | JS034, JS035 | Thesis
E8-mCherry mCherry-N1 PCR, cut and ligate | JS034, JS035 | Thesis
mCherry-E4 mCherry-C1 Cut and ligate - Thesis
mCherry-E7 mCherry-C1 Cut and ligate - Thesis
mCherry-E8 mCherry-C1 Cut and ligate - Thesis
mCherry-C3 mCherry-C1 Cut and ligate - Thesis
mCherry-C4 mCherry-C1 Cut and ligate - Thesis
mCherry-C5 mCherry-C1 Cut and ligate - Thesis
mCherry-C6 mCherry-C1 Cut and ligate - Thesis
mCherry-C7 mCherry-C1 Cut and ligate - Thesis
mCherry-C8 mCherry-C1 Cut and ligate - Thesis
mCherry-D1 mCherry-C1 Cut and ligate - Thesis
mCherry-D2 mCherry-C1 Cut and ligate - Thesis
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Construct Vector Method Oligos Source
mCherry-D3 mCherry-C1 Cut and ligate - Thesis
mCherry-D4 mCherry-C1 Cut and ligate - Thesis
mCherry-D5 mCherry-C1 Cut and ligate - Thesis
mCherry-D6 mCherry-C1 Cut and ligate - Thesis
mCherry-D7 mCherry-C1 Cut and ligate - Thesis
mCherry-D8 mCherry-C1 Cut and ligate - Thesis
FKBP-GFP-E4 FKBP-GFP-C1 PCR, cut and ligate | JS036, JS037 | Thesis
FKBP-GFP-ET7 FKBP-GFP-C1 PCR, cut and ligate | JS036, JS037 | Thesis
FKBP-GFP-E8 FKBP-GFP-C1 PCR, cut and ligate | JS036, JS037 | Thesis
FKBP-GFP-C3 FKBP-GFP-C1 PCR, cut and ligate | JS036, JS037 | Thesis
GFP-E4 GFP-C1 Cut and ligate - Thesis
GFP-E7 GFP-C1 Cut and ligate - Thesis
GFP-E8 GFP-C1 Cut and ligate - Thesis
E4-IRES-GFP pIRES-GFP-Puro | PCR, cut and ligate | JS043, JS044 | Thesis
E7-IRES-GFP pIRES-GFP-Puro | PCR, cut and ligate | JS043, JS044 | Thesis
E8-IRES-GFP pIRES-GFP-Puro | PCR, cut and ligate | JS043, JS044 | Thesis

Table 2.2. Oligonucleotides used to generate the plasmids listed in table 2.1.

Oligo name | Sequence (5’ - 3’)

JS034 TAAGCAAGCGCTGCCACCATGGCTAGCAACTCCCTGGAAATC
JS035 TGCTTAGTCGACGCAGCGTCACCAACCGGTTTG

JS036 TAAGCAGTCGACGCTAGCAACTCCCTGGAAATCG

JS037 TGCTTAGGATCCTTATGCAGCGTCACCAACCGGTTT

JS043 TGCTTAGAGCTCTTATGCAGCGTCACCAACC

JS044 TAAGCATCTAGAGCCACCATGGCTAGCAACTCCCTGGAAATC

2.2 Biochemistry

2.2.1 Reagents

Consumables for Western blotting, including Bradford reagent, 4x Laemmli
sample buffer, mini-PROTEAN TGX precast protein gels, nitrocellulose
membranes and Trans-Blot Turbo Transfer System were sourced from Bio-Rad
Laboratories. Protease and phosphatase inhibitor cocktail tablets were purchased
from Roche. Enhanced chemiluminescence detection reagent and Hyperfilms were
purchased from GE Healthcare. Kits for the immunoprecipitation of RFP and
GFP-tagged proteins were purchased from Chromotek. Phosphate buffered saline
(PBS), tris buffered saline (TBS), tris buffered saline with tween 20 (TBS-T) and
Tris/Glycine buffers were gratefully sourced from the Warwick Life Sciences media

preparation service.
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2.2.2 Western blotting

To check knockdown efficiency following small interfering RNA (siRNA)
treatment, cell lysates were obtained by scraping the cells and incubating the
resulting lysate on ice for 30 min in RIPA buffer (10 mM HEPES pH 7.4, 150 mM
NaCl, 0.1% Triton X-100) containing a cOmplete EDTA-free protease inhibitor
cocktail tablet. The lysate was centrifuged at 14,000 rpm for 15 min at 4 °C in an
Eppendorf centrifuge 5417R. The protein concentration in the supernatant was
quantified by performing a Bradford assay to ensure an equal amount of protein
was used for subsequent analysis. Typically, 30 pg of protein lysate was prepared
with 4x Laemmli sample buffer and 10% p-mercaptoethanol to reach a working

concentration of 1x, and boiled at 95°C for 5 min.

Samples were electrophoretically separated using a 4-15% mini-PROTEAN TGX
precast protein gel at 110 V in 1x Tris/Glycine buffer, before being transferred
to a nitrocellulose membrane using a Trans-Blot Turbo Transfer System. The
resulting membrane was blocked for 1h at room temperature in 5% milk in
TBS-T before overnight incubation at 4°C with primary antibodies diluted in
5% milk in TBS-T. The specific dilutions of primary antibodies used for Western
blotting in this thesis are listed in table 2.3. Following overnight incubation
with primary antibodies, the membrane was washed with TBS-T for 5min and
repeated twice. The membrane was incubated with HRP-conjugated secondary
antibodies diluted 1:10,000 in 5% milk in TBS-T for 1 h at room temperature. The
membrane was again washed 3 times in TBS-T before incubation with enhanced
chemiluminescence detection reagent for 1 min. Membranes were positioned in a
cassette and Hyperfilms were exposed to the membranes for varying lengths of
time in a dark room. Hyperfilms were developed using a Xograph Compact X4
machine. Films were scanned and saved as an 8 bit image (greyscale) at 300dpi,
Tiff.

Table 2.3. Primary antibodies used for Western blotting.

Antibody target Working concentration | Supplier Cat No.

o-Tubulin (DM1A) 1:5,000 Abcam ab7291

TACC3 1:1,000 Abcam ab134154

clathrin heavy chain TD.1 | 1:1,000 (2% milk) Hybridoma CRL-2232

ch-TOG 1:1,000 QED Bioscience | 34032

mCherry 1:1,000 Abcam ab167453
Quantification

To quantify the intensities of protein bands in Western blots following the pull
down of GFP-TACC3, a region of interest (ROI) was manually placed on each
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band to be analysed and the mean intensity was measured using Fiji. To correct
for background noise, a ROI was placed above each band and the mean intensity
was measured. The same size ROI was used for all measurements in a single
experiment, the smallest band to be measured was used to set the size of the
ROI. Measurements were exported and read into R using a script where the
mean pixel intensities were inverted and corrected for background noise. For
each experiment, corrected values were normalised to the respective value from

the mCherry control condition and plotted.

2.2.3 Immunoprecipitation (IP)

Commercial GFP and RFP-trap kits (Chromotek) were used to isolate GFP and
mCherry-tagged proteins from cell lysates, respectively. To isolate GFP-TACC3,
HeLa cells expressing GFP-TACC3 were first lysed on ice for 30 min using lysis
buffer (10 mM Tris/HCI1 pH 7.5, 150 mM NaCl, 0.5mM EDTA, 0.5% Nonidet™
P40 Substitute, 0.09% sodium azide, protease and phosphatase inhibitor tablets).
To pull down TACC3, 1.5mg of lysate was incubated with magnetic beads
and the manufacturer’s protocol followed. To elute the target protein and any
binding partners, beads were resuspended in 80 pl 2x Laemmli buffer and 10%
B-mercaptoethanol and boiled for 5min at 95°C. Co-immunoprecipitation of the
target protein(s) was assessed by Western blotting as described in section 2.2.2,
where 401l of the eluted sample was analysed and 50 png of cell lysate was loaded

as input.

Preparation of mitotic HeLa cell extract

To isolate transiently expressed mCherry-tagged Affimers from mitotic HeLa cell
extract, cells were synchronised using thymidine and nocodazole as follows. A
final concentration of 2mM thymidine was added to cells 12h post-transfection
and incubated for 16 h. Media was changed and cells incubated for 8 h. A 330 nM
concentration of nocodazole was added to cells for 16 h. To release mitotic cells,
dishes were tapped firmly and the media used to wash down the dish several
times before transferring to a falcon tube. In combination with further tapping,
warm PBS was used to wash down residual cells and transferred to the same
falcon tube. Cells were pelleted by centrifugation and resuspended in warm PBS,
this was repeated twice. On the third wash, pelleted cells were resuspended
in warm Dulbecco’s Modified Eagle’s Medium (DMEM) and transferred to a
fresh plate containing warm DMEM. Cells were incubated for 40 min at 37°C
and 5% COs before pelleting. Pelleted cells were lysed using RIPA buffer as
described in section 2.2.2. To pull down mCherry-Affimers, 1 mg of lysate was
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incubated with magnetic beads and the manufacturer’s protocol followed. To
elute the target protein and any binding partners, beads were resuspended in 80 nl
2x Laemmli buffer and 10% B-mercaptoethanol and boiled for 5min at 95°C.
Co-immunoprecipitation of the target protein(s) was assessed by subsequent
Western blotting as described in section 2.2.2, where 40 pl of the eluted sample

was analysed and 30 pg of cell lysate was loaded as input.

2.3 Cell Biology

2.3.1 Reagents

Cell culture plasticware was sourced from Sarstedt Ltd, Scientific Laboratory
Supplies Ltd or World Precision Instruments Ltd. All culture medium and
chemicals were purchased from Fisher Scientific or Sigma-Aldrich. Aurora
A inhibitor MLN8237 was obtained from Stratech Scientific Limited. For
DNA transfections, GeneJuice and FuGENE HD were sourced from Novagen
and Promega, respectively. For siRNA transfections, Lipofectamine 2000 was

purchased from Invitrogen.

2.3.2 Cell maintenance

HeLa and U20S cells were maintained in DMEM supplemented with 10%
fetal bovine serum (FBS) and 1% antibiotics (100 U/mL penicillin, 100 pg/mL
streptomycin) at 37 °C and 5% CO,. RPE-1 EB3-tdTomato cells were maintained
in DMEM/F-12 ham media supplemented with 10% FBS, 1% antibiotics
(penicillin/streptomycin), 2.3 g/L sodium bicarbonate, 2mM l-glutamine and
400 pg/mL Geneticin for selection of EB3-tdTomato. The GFP-FKBP-TACC3
and CLTA-FKBP-GFP homozygous clustered regularly interspaced short
palindromic repeats (CRISPR) HeLa cell lines used in this thesis were generated
in the lab (Ryan et al. 2021). Cells were maintained for a maximum of 25 passages

following initial thawing.

2.3.3 DNA transfection

Cells were seeded on cover slips or in fluorodishes to reach a confluency of 70%
prior to transfection. For HeLa cells, GeneJuice was used to transfect DNA
plasmids as per the manufacturer’s instructions. For RPE-1 cells, FuGENE HD
was used to transfect DNA plasmids as per the manufacturer’s instructions. In
both instances, a 3:1 ratio of transfection reagent to DNA was used. Medium

was changed 8 h following transfection or the next morning. Typically, cells were

Chapter 2 55



Using Affimers to dissect a multiprotein complex in living cells

processed 48 h post-transfection.

2.3.4 siRNA transfection

Cells were seeded on cover slips or in fluorodishes to reach a confluency of 70%
prior to transfection. Lipofectamine 2000 was used to transfect siRNA as per the
manufacturer’s instructions. For experiments that required expression of plasmid
DNA following knockdown, a transfection using GeneJuice was performed 24 h
post siRNA transfection. For knockdown of ch-TOG, cells were transfected with
60nM siRNA and processed 48 h post transfection. For knockdown of TACCS,
cells were transfected with 100nM siRNA and processed 48 h post transfection.
The target DNA sequence used to generate the siRNA oligonucleotides used in
this thesis are listed in table 2.4. All siRNA oligonucleotides were synthesised
with deoxythymidine dinucleotide (dTdT) 3’ overhangs.
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Table 2.4. Target DNA sequence used to generate siRNA oligonucleotides.

Target protein Target DNA sequence (5’ - 3%)

ch-TOG (3'UTR) | CACCCTGCAGCTTTAGTTTACTAAA
TACC3 GTTACCGGAAGATCGTCTG
GL2 (control) | CGTACGCGGAATACTTCGA

2.3.5 Immunofluorescence

Cells were fixed on glass cover slips 48 h post-transfection with PTEMF (20 mM
PIPES, pH 6.8, 10mM EGTA, 1mM MgCl,, 0.2% Triton X-100, and 4%
paraformaldehyde) for 10min at room temperature, with paraformaldehyde
(PFA) solution (3% PFA, 4% sucrose in PBS) for 15min at room temperature,
or with ice-cold methanol for 10min.  Cells fixed in PTEMF or PFA
were permeabilised in 0.5% Triton X-100 in PBS for 10min. Following
permeabilisation, cover slips were washed with PBS three times. For methanol
fixation, cover slips were washed with PBS immediately following the removal
of methanol. Following fixation and permeabilisation, cover slips were blocked
at room temperature in 3% bovine serum albumin (BSA) in PBS for 1h and
incubated with primary antibodies diluted in blocking buffer for 1h. Cover
slips were washed with PBS three times, 5min per wash, before incubation
with Alexa-Fluor conjugated secondary antibodies in blocking buffer for 1h at
room temperature. In experiments where CRISPR GFP-FKBP/FKBP-GFP
knock-in cell lines were used, anti-Rabbit GFP-boost (Invitrogen) or GFP-boost
(Chromotek) antibodies were used to enhance the signal of GFP-tagged proteins.
Cover slips were washed with PBS as before, dipped in dH,O and left to dry
completely before mounting. Dry cover slips were mounted on slides using
mowiol containing DAPT (Sigma). Refer to table 2.5 for specific dilutions of the
antibodies used in this thesis. Of note, an experiment to compare the specificity
of commercial antibodies for the detection of ch-TOG in mitotic HeLa cells was

performed and the results are displayed in Appendix 1 (Shelford and Royle 2020).

Table 2.5. Antibodies used for immunofluorescence.

Antibody name Working . Supplier Cat No.
concentration
Mouse anti-a-tubulin 1:1,000 Sigma T6074
Rabbit anti-a-tubulin 1:2,000 Invitrogen PA5-19489
Rabbit anti-detyrosinated Tubulin | 1:50 Abcam ab48389
Mouse anti-acetylated Tubulin 1:100 Sigma T6793
Rabbit anti-ch-TOG 1:5,000 QED Bioscience 34032
Rabbit anti-ch-TOG 1:800 Thermo PA5-59150
Mouse anti-EB1 1:500 BD Transduction Laboratories | 610534
Rabbit anti-Pericentrin 1:5,000 Abcam ab4448
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Antibody name Working . Supplier Cat No.
concentration

Mouse anti-Centrin-1 1:500 Sigma 04-1624

Mouse anti-TACC3 1:1,000 Abcam ab56595
Rabbit anti-GFP, Alexa-Fluor 488 | 1:200 Invitrogen A-21311
GFP-boost 1:200 Chromotek gbad88

Alexa-Fluor 568 goat anti-mouse 1:500 Invitrogen A-11031
Alexa-Fluor 568 goat anti-rabbit 1:500 Invitrogen A-11036
Alexa-Fluor 488 goat anti-mouse 1:500 Invitrogen A-11029
Alexa-Fluor 488 goat anti-rabbit 1:500 Invitrogen A-11034
Alexa-Fluor 647 goat anti-rabbit 1:500 Invitrogen A-27040
Alexa-Fluor 647 goat anti-mouse 1:500 Invitrogen A-21235

2.3.6 Measuring transferrin uptake

Cells were rinsed twice in warm DMEM (containing no additions), serum
starved (incubated in DMEM with no additions) for 30 min and incubated with
DMEM containing 100 pg/mlL Alexa Fluor 647-conjugated transferrin (Thermo)
for 10 min, all at 37°C and 5% COs. For the positive control, cells were treated
with 0.45 M sucrose for the final 10 min of the serum starvation step. Cells were

washed twice with warm PBS before fixing with PFA as described in section 2.3.5.

Quantification

Using an automated procedure in Fiji, single cells were manually outlined and
a threshold applied to isolate vesicular structures in the transferrin channel.
Puncta were counted using the Analyze particles procedure using a mask of
0.03 pm-0.8 pm and circularity of 0.3-1.0. Measurements were exported and read
into R to generate plots displaying the number of puncta detected in each cell.

All analysis was performed blind to the conditions of the experiment.

2.3.7 Knocksideways

KS is a rapid and inducible method used to inactivate proteins using a
rapamycin-induced heterodimerisation system, originally developed by Margaret
Robinson (Robinson et al. 2010). It has been used extensively in the lab to study
the functions of proteins during various stages of mitosis, and can be used as
a tool to study protein-protein interactions (Cheeseman et al. 2013). In brief,
addition of rapamycin causes an FKBP domain fused to a target protein, to
heterodimerise with an FRB domain fused to a protein with a localisation away
from the target, such as the mitochondria. In experiments described in this thesis,
a MitoTrap construct, consisting of the import signal of the yeast mitochondrial

outer membrane protein Tom70p fused to an FRB domain was used. The target
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proteins for KS were cloned into a vector containing FKBP fused to a fluorescent
tag.

To perform KS in fixed cells, rapamycin (Alfa Aesar) was added to cells to a final
concentration of 200nM 30 min prior to fixation. Images of mitotic cells were
acquired using a 60x oil objective on a Nikon CSU-W1 spinning disk inverted

microscope.

Quantification of fixzed cells

Analysis of knocksideways in fixed cells was performed by measuring the spindle
localisation of the target protein and the protein of interest, as described in section

2.3.10, using a 1.4 pm? ROI for analysis.

2.3.8 Tracking and measuring the dynamics of

microtubule plus-ends

Cells were seeded in 35mm fluorodishes and transfected 24h later with
appropriate plasmids. Cells were imaged 48h post-transfection. HelLa cells
expressing NeonGreen-EB3 were imaged for 2min at 2s intervals in a single z
position using a widefield Nikon Eclipse-Ti microscope. RPE-1 stably expressing
EB3-tdTomato were imaged for 1 min at 1s intervals in a single z position using a
widefield Nikon Eclipse-Ti microscope. Immediately prior to imaging, cell media
was changed to Leibovitz L-15 COs-independent medium supplemented with 10%
FBS. Cells were kept at 37°C in a temperature controlled chamber (Okolab)

during acquisition.

Quantification

Movies were analysed using u-track 2.2.0 (https://github.com/DanuserLab/
u-track) in MATLAB R2018b (Applegate et al. 2011). The following parameters
were used for all movies: Anisotropic Gaussian Detection method; maximum gap
length, 4 frames; minimum track length, 3 frames; Brownian Search Radius, 2-10
pixels; maximum forward angle, 30°; maximum backward angle, 10°; maximum
shrinkage factor relative to growth speed, 1.5; fluctuation radius, 1 pixel; time
interval, 1s or 2s. Data from the analysis were exported and read into R where
a script generated plots displaying growth speed (average velocity of each MT
growth event), growth length (distance of MT growth in a track before a pause
or catastrophe event) and growth lifetime (number of seconds of MT growth in a

track before a pause or catastrophe event).
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2.3.9 Measuring the microtubule plus-end intensity of
TACC3

CRISPR GFP-FKBP-TACC3 HeLa cells were seeded in 35 mm fluorodishes and
transfected 24 h later with plasmids to express free mCherry or mCherry-tagged
Affimers. 48 h post-transfection, cells were imaged live for 1 min at 1s intervals
in a single z position using a Nikon CSU-W1 spinning disk microscope and 100 x
oil objective. Immediately prior to imaging, cell media was changed to Leibovitz
L-15 COs-independent medium supplemented with 10% FBS. Cells were kept
at 37°C in a temperature controlled chamber (Okolab) during acquisition. To
help improve the detection of TACC3 comets, cells in anaphase or telophase were
imaged, as TACC3 +TIP activity is easier to distinguish during these stages of
the cell cycle. To reduce the effects of phototoxicity, mCherry was acquired for

the first frame only.

Quantification

Movies were analysed using ComDet v.0.5.5 (https://github.com/ekatrukha/
ComDet) in Fiji to detect TACC3 comets. The following parameters were used to
detect TACC3 comets in all movies: particle size, 4 pixels; intensity threshold (in
SD), 4. Data from the analysis were read into R to generate plots displaying the
median number of TACC3 comets detected per cell and the median fluorescence
intensity of the TACC3 comets detected per cell. All analysis was performed

blind to the conditions of the experiment.

2.3.10 Measuring spindle recruitment

Cells were seeded onto glass cover slips in a 6-well plate and transfected 24 h
later with appropriate plasmids. 48 h post-transfection, cells were processed for
immunofluorescence as described in section 2.3.5. In experiments where ch-TOG
was stained using the QED Bioscience antibody, cells were fixed in methanol. As
a positive control to abolish spindle localisation, MLN8237 was added to cells at a
final concentration of 0.3 1M 40 min prior to fixation. Images of mitotic cells were
acquired using a 100x oil objective on a Nikon CSU-W1 spinning disk inverted

microscope.

Quantification

Spindle recruitment analysis was performed as described in (Ryan et al. 2021).
Using Fiji, a 11x11 ROI (1.455 pm?) was manually placed to measure the average

fluorescence intensities of three regions of the spindle (away from the poles), the
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cytoplasm and one region outside of the cell as background. Measurements were
exported and read into R using a script where, following background subtraction,
the average spindle value was divided by the average cytoplasm value to generate
a spindle enrichment ratio and plotted. All analysis was performed blind to the

conditions of the experiment.

2.3.11 Quantification of mitotic spindle positioning

Cells were seeded onto glass cover slips in a 6-well plate and transfected 24 h
later with plasmids to express free mCherry or mCherry-tagged Affimers. 48h
post-transfection, cells were fixed using PTEMF and stained with antibodies to
detect a-tubulin and pericentrin, as described in section 2.3.5. Image stacks
(17x0.3um) of mitotic cells were acquired using 100x or 60x oil objectives on a

Nikon CSU-W1 spinning disk inverted microscope.

Quantification

Max intensity z projections of image stacks were analysed using a semi-automated
procedure in Fiji. Analysis was performed blind to the conditions of the
experiment. The centrosomes, cell outline and metaphase plate were manually
outlined and the zy coordinates of each were measured and read into R for
analysis. Spindle length is defined by the distance between the centrosomes.
To allow for an accurate measurement of spindle length, only cells containing 2
distinct centrosomes were included in the analysis. Spindle position with respect

to the outline of the cell was quantified by calculating the following parameters:

e d2-d1 is the absolute difference of d1 and d2, where d1 = distance from
centrosome 1 to the cell outline and d2 = distance from centrosome 2 to

the cell outline.

e D2-D1 is the absolute difference of D1 and D2, where D1 and D2 are the
two distances from the metaphase plate to the cell outline. The position on
the metaphase plate was calculated by finding the point of intersection of

the centrosome line and the metaphase plate line.

2.3.12 Centrosome analysis

Cells were seeded onto glass cover slips in a 6-well plate and transfected
24h later with appropriate plasmids to express Affimers or ch-TOG mutants.
48 h post-transfection, cells were fixed and stained with appropriate antibodies
as described in section 2.3.5. In experiments where pericentrin or y-tubulin

antibodies were used, cells were fixed with PTEMF. In experiments where
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centrin-1 staining was required, cells were fixed with methanol. Of note, the
ch-TOG antibody used in these experiments was supplied by Thermo (Cat
No. PA5-59150) as the antibody supplied by QED Bioscience (34032) used
in the spindle recruitment assays was found to weakly stain the centrosome
pool of ch-TOG and is only compatible with methanol fixation. Image stacks
(17x0.3 um) of mitotic cells were acquired using 100x or 60x oil objectives on a

Nikon CSU-W1 spinning disk inverted microscope.

Quantification of pericentrin and y-tubulin

For the quantification of pericentrin and y-tubulin foci, image stacks were
analysed using 3D Objects Counter(https://imagej.nih.gov/ij/plugins/track/
objects.html) in Fiji. Single cells were manually outlined to create a ROI that
was used in the centrosome channel for object detection. Identical settings were
used for all images in an experiment. Subsequent measurements were read into
R to generate plots displaying the number of foci detected and the volume and

fluorescence intensities of the foci.

In experiments where y-tubulin was stained, the subtract background feature in
Fiji was used in the y-tubulin channel prior to launching 3D Objects Counter,
using the middle z position in the stack as the starting point for background
subtraction. To measure the fluorescence intensity of ch-TOG at y-tubulin foci,

the mask of each y-tubulin foci was redirected to the ch-TOG channel.

Quantification of centrin-1

Due to the small size of the centrin-1 foci and the tendency for them to overlap,
3D Objects Counter was not suitable to quantify the number of centrin-1 foci
present within pericentrin sites of mitotic cells. Instead, the foci of both proteins
were manually counted using max intensity z projection images. The data was
read into R to generate plots displaying the number of centrin-1 foci in each
pericentrin site of individual cells. Analysis was performed blind to the conditions

of the experiment.

2.3.13 Mitotic progression and centrosome analysis

HeLa cells were seeded in 35mm fluorodishes with 4 compartments (Greiner)
and transfected 24 h later with appropriate plasmids. 48 h post-transfection, cells
were incubated in Leibovitz (Gibco) L-15 COs-independent media supplemented
with 10% FBS containing 0.5 1M SiR-DNA (Spirochrome) for 30 min to visualise

the DNA before imaging. Imaging was performed in a temperature controlled
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chamber (Okolab) set to 37 °C. Image stacks (5x3 pm) were acquired using a 40x
oil objective and widefield settings on a Nikon CSU-W1 spinning disk inverted
microscope. To observe mitotic events, the DNA and centrosomes were imaged
for 12h-16h at 3 min intervals. To reduce the effects of phototoxicity, mCherry

was imaged every 7" frame (21 min intervals).

Quantification

Image stacks of transfected SiR-DNA labelled cells were analysed and the frame
numbers for prometaphase, metaphase and anaphase were recorded in an Excel
workbook. Alongside this, the frame numbers where > 2 vy-tubulin foci were
observed were recorded and used to categorise the phenotype in relation to
the stages of mitosis. For the timings of mitosis, prometaphase was recorded
at the first sign of nuclear envelope rupture; metaphase when the majority of
chromosomes were aligned at the metaphase plate; anaphase at the first sign of
poleward movement of the sister chromatids. Only cells that displayed in-focus
y-tubulin foci and completed mitosis during acquisition were used in the analysis.
For centrosome analysis, G2 was defined as the period 5 frames (15 min) prior to
prometaphase. To visualise the centrosome results, data were read into R, where
a Sankey diagram was produced using the networkD3 package (https://cran.
r-project.org/web /packages/networkD3/index.html) to illustrate the flow of cells
with two or > 2 y-tubulin foci during the observed stages. To visualise mitotic
progression, data were read into IgorPro, where a custom-written procedure was

used to visualise the data.

2.3.14 Measuring microtubule regrowth

To investigate MT regrowth dynamics in HeLa cells expressing free mCherry or
mCherry-tagged Affimers, an ice recovery assay was used (Grimaldi et al. 2013).
Briefly, cells seeded onto glass cover slips in a 6-well plate were incubated on ice
for 1h and recovered at room temperature for 0, 5, 10 or 15min before fixing
immediately with PTEMEF. The timings of the experiment were staggered such
that all samples were fixed simultaneously. As a negative control, cells stored
in an incubator set to 37°C and 5% CO, were fixed alongside. Image stacks
(11x0.2nm) of interphase cells were acquired using a 100x oil objective on a

Nikon CSU-W1 spinning disk inverted microscope.

Quantification

Max intensity 2z projection images were analysed using a semi-automated

procedure in Fiji, whereby single cells were manually outlined using the mCherry

Chapter 2 63


https://cran.r-project.org/web/packages/networkD3/index.html
https://cran.r-project.org/web/packages/networkD3/index.html

Using Affimers to dissect a multiprotein complex in living cells

channel and the auto threshold method applied to isolate the MT network in
the tubulin channel. An identical threshold method was applied to all images
within a time point. The percentage area of the M'T network within each cell was
measured and read into R to generate plots. All analysis was performed blind to

the conditions of the experiment.

2.4 Microscopy

2.4.1 Widefield microscopy

Widefield images were acquired with a Nikon Eclipse-Ti microscope and
a Photometrics CoolSNAP MYO cooled CCD camera using a 100x oil
objective (1.40 NA, pixel size = 0.0453 pm). Images were captured with NIS
Element acquisition software using standard filter sets for DAPI, GFP and
mCherry.  For live cell imaging, cells were seeded in 35mm glass bottom
fluorodishes. Immediately prior to imaging, media was changed to Leibovitz
L-15 COs-independent medium supplemented with 10% FBS and cells were kept
at 37°C in a temperature controlled chamber (Okolab).

2.4.2 Confocal microscopy

Confocal imaging of fixed and live cells was performed using a Nikon CSU-W1
spinning disk inverted microscope equipped with a 2x Photometrics 95B Prime
sCMOS camera using either a 100x oil (1.49 NA, pixel size = 0.110 pm) or 60x
oil objective (1.40 NA, pixel size = 0.182pm). In all experiments, imaging was
performed sequentially. Excitation was via 405 nm, 488 nm, 561 nm and 638 nm
lasers, with 405/488/561/640nm dichroic mirrors and Blue, 446/60; Green,
525/50; Red, 600/52; FRed, 708/75 emission filters. The system also contains
an Okolab microscope incubator, Nikon motorised zy stage and a Nikon 200 pm

z-piezo. Images were acquired with Nikon NIS-Elements software.

For mitotic progression experiments, the system described above was used with
widefield settings. A 40x oil (1.30 NA, pixel size = 0.28 pm) objective was
used. Excitation was via a CoolLED (pE-300) light source, with Chroma
ZET561/10x (mCherry), Chroma ZET488/10x (GFP) and Chroma ZT647rdc
(FRed) excitation filters. Chroma ET575]p (mCherry), Chroma ET5001lp (GFP)
and Chroma ET665]lp and Chroma ZT647rdc (FRed) dichroic mirrors were used
with Chroma ET600/50m (mCherry), Chroma ET525/50m (GFP) and Chroma
ET705/72m (FRed) emission filters.
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2.5 Data analysis

2.5.1 Figure preparation and code

All figures were made in Fiji (Schindelin et al. 2012) (https://imagej.net/
software/fiji/), IgorPro (WaveMetrics; https://www.wavemetrics.com/products/
igorpro) or R (https://www.r-project.org/) and assembled in Adobe Illustrator.
Custom-written procedures to analyse, process and plot data for the fixed
centrosome experiments, transferrin uptake assay and live MT tracking

experiments are available at:

e https://github.com/james-shelford /Image_Analysis_Projects.
Code for the spindle position experiment is available at:

e https://github.com/james-shelford /SpindleAnalytics.

The code for analysis of mitotic progression was written by Stephen Royle and is

available at:

e https://github.com/quantixed/MitoticTiming.

2.5.2 Statistical analysis

To compare the means of two groups, an independent two-sample t-test was
used. To compare among three or more groups, a one-way analysis of variance
(ANOVA) was used with Tukey’s post hoc test. A Kruskal-Wallis test with
Dunn’s post hoc test was used for data that did not follow a normal distribution.
To assess normality, a Shapiro-Wilk test was used. Fisher’s exact test was used to
test for an association between Affimer expression and PCM fragmentation. The
Bonferroni correction method was used to adjust p values to account for multiple

comparisons.
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Chapter 3

Generation and screening of
Affimers

3.1 Background

The mitotic spindle, consisting of a dynamic array of MTs that are
organised and stabilised by a variety of motor and non-motor proteins, is
responsible for the alignment and segregation of the genetic material during
mitosis. A complex containing TACC3, clathrin, ch-TOG and GTSE1
(TACC3-ch-TOG—clathrin-GTSE1), has been identified as important in the
stabilisation of K-fibres, and in turn maintaining overall spindle stability (Booth
et al. 2011; Hood et al. 2013; Nixon et al. 2015; Cheeseman et al. 2013; Ryan et
al. 2021). Recent work has highlighted TACC3 and clathrin as core components
of this complex, acting as a scaffold to recruit ch-TOG and GTSE1, respectively
(Ryan et al. 2021; Rondelet et al. 2020). Studies involving siRNA-mediated
depletion of TACC3 and clathrin, or expression of mutant proteins deficient in
binding one another, have demonstrated that these proteins are interdependent
for their spindle localisation (Hood et al. 2013; Hubner et al. 2010; Booth et
al. 2011; Lin et al. 2010). This interaction has been mapped to the CID of
TACC3, where a dileucine motif (L566, 567), and a S558 residue that undergoes
phosphorylation by Aurora A, are required to mediate an interaction with the
ankle region of CHC. This allows the N-terminal domain of clathrin and the
C-terminal TACC domain of TACC3 to form a MT binding surface required
for spindle localisation (Hood et al. 2013; Burgess et al. 2018). Extensive work
has been carried out to identify the components of this complex and map the
interactions within it, however, the roles of specific interactions remain unclear.
Additionally, since TACC3 and clathrin form the MT binding surface required
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for the formation of the inter-MT bridge complex, they provide an interesting

target to disrupt spindle stability in an anti-cancer context.

The work in this chapter aims to tackle these questions by screening candidate
Affimer proteins to identify high affinity binding reagents that can be used
to dissect protein-protein interactions in living cells. Secondly, this work will
determine if the Affimer reagents can be used to label and track target proteins
in fixed and live cells. In collaboration with Richard Bayliss’ group, 14 Affimers
raised against the ankle region of CHC (aa 358-574) to disrupt an interaction
with the CID of TACC3, were isolated and screened in HeLa cells. In addition, 3
Affimers raised against the C-terminal TACC domain of TACC3 (aa 629-838
A699-765), thought to be responsible for the interaction with ch-TOG, were
isolated and screened in witro before screening in HeLa cells. The first half of
this chapter describes experiments carried out in human cells to screen Affimers
designed to bind clathrin, whilst the second half describes in vitro experiments

and experiments in HeLa cells to screen Affimers designed to bind TACC3.

3.2 Preparation of Affimers for expression in

human cell lines

To prepare plasmids that express fluorescently-tagged Affimers in human cells, the
sequence of each His-tagged Affimer was amplified, removing a C-terminal His-tag
and two alanine residues, and ligated into pmCherry-N1 and pmCherry-C1
vectors. To determine if the orientation of the fluorescent tag is important,
GFP-TACC3 and Affimers tagged with mCherry at either the N or C-terminus
were transfected into HeLa cells and viewed live by widefield microscopy.
Interestingly, all of the N-terminally tagged Affimers colocalised with TACC3 in
mitotic cells, whilst C-terminally tagged Affimers were localised throughout the
cell and did not display the same level of colocalisation (Fig. 3.1). This suggests
that the orientation of the fluorescent tag does indeed affect the localisation of
the Affimer in human cells. Thus, Affimers tagged at the N-terminus were used
in subsequent experiments and are referred to as mCherry-Affimer throughout
the thesis. Of note, some aggregation of the N-terminally tagged Affimers but

not the C-terminally tagged versions was observed.
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Figure 3.1. The orientation of the fluorescent tag affects the localisation of
TACC3 Affimers in HeLa cells. Widefield micrographs of live HeLa cells in metaphase
expressing GFP-TACC3 (green) and TACC3 Affimers (red) labelled with mCherry at either
the C or N-terminus as indicated. Scale bar = 10 pm.
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3.3 Screening clathrin Affimers

Using the ankle region of CHC (aa 358-574), a screen against an Affimer library
via phage display identified 14 candidate Affimer proteins suitable for further
screening. Based on results in Fig. 3.1, the Affimer sequences were subcloned into
the pmCherry-C1 vector and screened in HelLa cells. To identify binders to CHC
and determine if this binding can block an interaction with TACC3, a pull-down
assay using lysate from HelLa cells expressing each of the mCherry-Affimers was

performed.

As an interaction between TACC3 and clathrin is required for the formation of
inter-MT bridges during mitosis, HeLa cells were synchronised to collect lysate
from predominantly mitotic cells (see 2.2.3 for details). A commercial RFP-trap
system was used to isolate mCherry-Affimers and any binding partners. The
immunoprecipitates were assessed by Western blot, using antibodies to detect
mCherry (Affimer), CHC and TACC3 (Fig. 3.2). The blot revealed a strong band
at the predicted molecular weight of CHC (180kDa) in the immunoprecipitate
of 6 Affimers: C4, C8, D2, D5, D6 and DS8. In contrast, no band for CHC was
detected in the immunoprecipitate of 8 Affimers: C3, C5, C6, C7, D1, D3, D4 and
D7. Furthermore, with the exception of D3, no band for CHC was observed in
the unbound fraction of these samples, suggesting that CHC may have been lost

during the subsequent wash steps of the experiment. Interestingly, no band at
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the molecular weight of TACC3 (140 kDa) was observed in the immunoprecipitate
from cells expressing CHC binding Affimers, suggesting that the Affimer may
be interfering with the TACC3—clathrin interaction in these cells. However, it
should be noted that a negative control was not included in the experiment for
comparison. Nevertheless, this result demonstrates that Affimers: C4, C8, D2,
D5, D6 and DS all bind to CHC in HeLa cells. Since CHC was only observed in
the unbound sample of Affimer D3, this Affimer could serve as a negative control,

where no binding to CHC is observed in HelLa cells.
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Previous studies have demonstrated that the spindle localisation of TACC3 and
clathrin is interdependent (Hood et al. 2013; Hubner et al. 2010; Booth et al.
2011; Lin et al. 2010). Therefore, we rationalised that perturbing this interaction
via the expression of an Affimer should result in the mislocalisation of both
proteins during mitosis. To test this, four mCherry-Affimers (D2, D5, C4 and
C8) found to bind CHC in HeLa cells, along with Affimer D3 that was determined
unable to bind CHC (Fig. 3.2), were expressed in CRISPR CLTA-FKBP-GFP
HeLa cells and prepared for immunofluorescence (IF) using an antibody to label
endogenous TACC3. As a positive control, cells were treated with the Aurora
A inhibitor MLN8237 (0.311M) 40 minutes prior to fixation, to inhibit TACC3
and clathrin spindle localisation as described previously (Booth et al. 2011; Hood
et al. 2013). The spindle localisation of clathrin and TACC3 in cells fixed at
metaphase was observed by confocal microscopy. As expected, cells treated
with MLN8237 displayed clear mislocalisation of TACC3 and clathrin, whereas
untreated control cells displayed spindles decorated with clathrin and TACC3
(Fig. 3.3 A). Disappointingly, in cells expressing mCherry-tagged Affimers, no

effect on TACC3 or clathrin spindle localisation was observed.
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Figure 3.3. Clathrin Affimers do not affect the spindle localisation of clathrin or
TACC3 in HeLa cells. Representative confocal micrographs of untransfected
CLTA-FKBP-GFP HeLa cells (A), or cells expressing mCherry-tagged Affimers (B) at
metaphase to observe the spindle localisation of clathrin and TACC3. Aurora A kinase was
inhibited with MLN8237 (0.3 1M, 40 min) in untransfected cells (as indicated in panel A) as a
positive control. Cells were stained for TACC3 (red) and DNA (blue). A GFP-boost antibody
was used to enhance the signal of CLTA-FKBP-GFP (green). Scale bar = 10 pm.

Independent of its role in mitosis, clathrin is required for the trafficking of
endocytic vesicles during interphase (Pearse 1976). Although the Affimers were
raised against the ankle domain of CHC (aa 358-574) with the aim of blocking
an interaction with the CID of TACCS3, this region also interacts with the (32
subunit of AP-2 to mediate the formation of clathrin-coated endocytic vesicles
(Hood et al. 2013; Edeling et al. 2006). Therefore, it is possible that the Affimer
may affect the endocytic function of clathrin. To test this, a transferrin-uptake
experiment, a gold standard for measuring clathrin-mediated endocytosis, was

performed. Four mCherry-Affimers found to bind CHC via the pull-down assay
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(D2, D5, C4 and C8), and an Affimer unable to bind CHC (D3), were expressed
in HeLa cells. To visualise transferrin, cells were serum starved and incubated
in media containing Alexa Fluor 647-conjugated transferrin before being fixed
in PFA (see 2.3.6 for details). As a positive control, cells were treated with
0.45M sucrose prior to fixing to inhibit transferrin uptake. Untransfected cells
were included as a further control. Transferrin uptake in control interphase cells
and those expressing the indicated mCherry-Affimers was visualised by confocal
microscopy. As expected, transferrin uptake was severely inhibited in sucrose
treated cells compared to untreated cells (Fig. 3.4 A). Conversely, transferrin
uptake was unaffected in cells expressing mCherry-Affimers (Fig. 3.4 B). To
confirm this, an automated method in Fiji (see 2.3.6 for details) was used to
count the number of transferrin puncta per cell and the results were plotted (Fig.
3.4 C). An ANOVA test to compare the mean puncta between each group was
performed. Using the untransfected and untreated cells as the reference group,
the results from Tukey’s post hoc analysis revealed a significant reduction in
transferrin uptake in sucrose treated cells (p < 0.001) and no significant effect in

Affimer expressing cells (p > 0.05).
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Figure 3.4. Clathrin Affimers do not interfere with clathrin-mediated
endocytosis. (A) Representative confocal micrographs of untransfected HeLa cells and (B)
cells transfected with mCherry-Affimers (colour not shown on merge) treated with
transferrin-Alexa Fluor 647 (TF647, green in merge). Untransfected cells treated with 0.45 M
sucrose (as indicated) served as a positive control. All images were acquired using the same
settings and are displayed using the same minimum and maximum values per channel. Scale
bar = 10 pm. (C) Dot plot to show quantification of transferrin uptake. Dots represent
individual cells from a single experiment, n = 18-24 cells per condition. The large dot
represents the mean and the error bars show the mean + one standard deviation. Analysis of
variance (ANOVA) was used to compare the means between each group. The significance
from Tukey’s post hoc test are shown above each plot, using the untransfected /untreated
group for comparison. ***, p < 0.001; NS (not significant), p > 0.05.

Despite D2, D5, C4 and C8 Affimers displaying an interaction with CHC in
HeLa cells via the pull-down assay (Fig. 3.2), this interaction is not sufficient
to interfere with the TACC3-clathrin interaction, as demonstrated by the
intact spindle localisation of both proteins (Fig. 3.3). Moreover, binding of
the Affimers to the ankle domain of CHC does not affect clathrin-mediated
endocytosis, as demonstrated by the lack of effect on the uptake of transferrin
(Fig. 3.4). Therefore, no further experiments were performed with Affimers

targeting clathrin.

3.4 Generating and screening recombinant
TACC3 Affimers

Biopanning of the Affimer library was performed by Christian Tiede using
the C-terminal TACC domain of TACC3 (aa 629-838 A699-765) to identify

antigen-specific clones.  The subsequent clones were confirmed by phage
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enzyme-linked immunosorbent assay (ELISA) and subject to DNA sequencing,
where they were grouped into 6 unique sequence families. A representative of each
family was recombinantly expressed and purified for in vitro screening. Of the 6
Affimers, 2 displayed significant precipitation during the purification procedure
and were not taken forward. Therefore, Affimers E4, E7, E8 and E5 were selected

for further characterisation.

In contrast to Affimers targeting clathrin, those designed to bind TACC3 were
screened using recombinant protein prior to screening experiments in human cells.
In wvitro co-precipitation assays using purified recombinant proteins, confirmed
binding of Affimers E4, E7, E8 and E5 to the TACC domain (Fig. 3.5). Upon
addition of ch-TOG, formation of a triple complex could only be observed for
Affimer E5, indicating that Affimers E4, E7 and E8 bind at a site on the TACC
domain that is required for ch-TOG association (Fig. 3.5).
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Figure 3.5. In vitro co-precipitation assay between TACC3 Affimers, TACC3 and
ch-TOG. C-terminal His-tagged Affimers were immobilised on Nickel Sepharose resin and
incubated with TACC3 aa 629-838 (TACC3 TD) or TACC3 aa 629-838 A699-765 (TACC3
TDA). Binding of ch-TOG in the presence of the Affimer was assessed by the addition of
ch-TOG (aa 1517-1957) to TACC3 TDA reactions. Data and figure provided by Selena
Burgess.

To investigate the binding specificity of the Affimers to TACC3, ELISA
experiments were performed using immobilised TACC3 (aa 629-838 A699-765)
and purified Affimer protein. For Affimers E4, E7 and ES8, clear binding over
the background control reactions where no antigen had been immobilised was
observed (Fig. 3.6). In contrast, Affimer E5 displayed high background binding
to the plate indicating significant non-specific binding (Fig. 3.6). Taken together,
data from the in vitro co-precipitation assay and ELISA experiment indicate that
Affimers E4, E7 and E8 bind to TACC3 with specificity to block an interaction

with ch-TOG and were taken forward for analysis in human cells.
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Figure 3.6. Enzyme-linked immunosorbent assay to assess binding between
TACC3 Affimers and TACC3. Biotinylated TACC3 (aa 629-838 A699-765) was
immobilised on Streptavidin coated plates and incubated with an Affimer dilution series
(orange circles). Background binding of Affimers to the plate was measured by incubating the
proteins in wells coated with PBS (grey squares). Data points are the mean of two
experiments. Error bars represent standard error. Data and figure provided by Selena Burgess.

3.5 Screening TACC3 Affimers in HeLa cells

Since recombinantly expressed Affimers bind to the TACC domain of TACC3 and
block association with ch-TOG (Fig. 3.5), we sought to investigate whether this is
true when fluorescently-tagged Affimers are transiently expressed in human cells.
To do this, HeLa cells were transfected with plasmids to express GFP-TACC3
and mCherry-Affimers/free mCherry. Cells expressing free mCherry served as a
negative control. Cell lysate was prepared and a commercial GFP-trap system
was used to isolate GFP-TACC3 and its binding partners (see 2.2.3 for details).
The immunoprecipitates were analysed by Western blot, using antibodies to probe
for TACC3, mCherry (Affimer) and ch-TOG. Three independent experiments
were performed and the mean intensities of the mCherry and ch-TOG bands in
each of the Affimer lanes were measured and normalised to the mCherry control
value (see 2.2.2 for details). The Western blot shows a striking band at the
predicted molecular weight of mCherry-E8 in the immunoprecipitate (Fig. 3.7
A), and corresponds to an almost complete loss of ch-TOG from this complex
relative to the control (Fig. 3.7 B). In comparison, a weak interaction between
TACCS3 and the Affimers E4 and E7 was observed. In the case of E4, the intensity
of ch-TOG is slightly increased with respect to the control and for E7, there is
a minor reduction in ch-TOG intensity (Fig. 3.7 B). Together, this data suggest

Chapter 3 76



Using Affimers to dissect a multiprotein complex in living cells

that in HeLa cells, Affimer E8 binds to TACC3 and inhibits an interaction with
ch-TOG, whilst a smaller effect is observed with E7 and no effect is detected with
E4, relative to the mCherry control.
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Figure 3.7. Pull down of GFP-TACC3 in HeLa cells to screen TACC3 Affimers.
(A) Pull-down assay using asynchronous HeLa cell extract overexpressing GFP-TACC3 and
the indicated mCherry-Affimers. HeLa cells expressing GFP-TACC3 and free mCherry was
included as a negative control. The GFP-trap system was used to isolate GFP-TACC3 using
1.5mg of HeLa cell lysate. The resulting immunoprecipitate (IP) was analysed by Western
blot, using antibodies to probe for TACC3, mCherry and ch-TOG. Input represents 50 pg of
HeLa cell lysate. A representative blot from three independent experiments is shown. (B)
Quantification of the mCherry and ch-TOG bands from three independent pull-down assays.
Each dot represents the mean intensity of the indicated protein band normalised to the
mCherry condition, coloured by experiment. The crossbar represents the mean from three
experiments.

3.6 Localisation of TACC3 Affimers in HelLa

cells

We sought to visualise the localisation of mCherry-Affimers in cells to determine
whether they can be used as imaging tools, as has been reported for Affimers
targeting actin (Lopata et al. 2018). To do this, parental HeLa cells or CRISPR
GFP-FKBP-TACC3 HeLa cells expressing mCherry-Affimers were processed for

Chapter 3 7



Using Affimers to dissect a multiprotein complex in living cells

IF. To investigate whether the method of fixation may affect the localisation
of the Affimers, cells fixed with PTEMEF or ice-cold methanol were compared.
To assess colocalisation of the Affimer with TACC3, endogenous TACC3 was
visualised by antibody staining in parental HeLa cells, whilst endogenous TACC3
was visualised by virtue of the GFP-FKBP tag in the CRISPR knock-in cell line.
Visualisation of fixed cells at metaphase by confocal microscopy revealed that in
all cases, the Affimers were localised throughout the cell and were not enriched on
the spindle like TACC3 (Fig. 3.8). Moreover, the imaging revealed no significant
difference in the localisation of the Affimers in PTEMF and methanol fixed cells
(Fig. 3.8). This experiment demonstrates that using the conditions tested here,
Affimers targeting TACC3 are not suitable for use as imaging tools to study the
intracellular localisation of TACC3.

PTEMF fix Methanol fix

GFP-FKBP-
TACC3

Affimer TACC3 Merge Affimer Merge

Figure 3.8. Localisation of mCherry-TACC3 Affimers in fixed HeLa cells.
Representative confocal micrographs of metaphase parental HeLa cells (left) and CRISPR
GFP-FKBP-TACC3 HeLa cells (right) expressing the indicated mCherry-Affimers (red). Cells
were fixed with PTEMF or ice-cold methanol, as indicated. Where parental HeLa cells were
used, an antibody to stain endogenous TACC3 (green) was used. To enhance the fluorescence
of TACC3 in the CRISPR cells (green), a GFP-boost antibody was used. DNA (blue) is
shown in the merge. Scale bar = 10 pm.

Next, we wanted to determine if the Affimers could be used to inducibly relocalise
endogenous TACC3 by the KS method. This method was originally developed by
Margaret Robinson to rapidly inactivate proteins (Robinson et al. 2010), but has
been used in the lab to study protein-protein interactions at the mitotic spindle
(Ryan et al. 2021; Cheeseman et al. 2013). Here, FKBP-GFP-tagged Affimers
were expressed in HeLa cells and rerouted to the mitochondria upon the addition

of rapamycin (200nM, 30 min) prior to fixation (see 2.3.7 for details). Cells
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were stained for tubulin to visualise the mitotic spindle, and TACC3 to visualise
any change in localisation following Affimer rerouting by KS. Confocal images of
mitotic cells from untreated and rapamycin treated samples were acquired and
analysed to quantify the spindle localisation of the Affimer and TACC3. In cells
treated with rapamycin, Affimers were successfully rerouted to the mitochondria
(Fig. 3.9 A). The localisation of TACC3 and tubulin appeared unaffected in
rerouted cells compared with the untreated cells, with both proteins decorating
the mitotic spindle as expected (Fig. 3.9 A). To quantify this observation, the
spindle localisation of Affimer and TACC3 was measured, using tubulin as a
reference for the spindle (see 2.3.7 for details). As expected, the analysis revealed
a reduction in spindle localisation of the Affimer (z-axis) in cells treated with
rapamycin (turquoise dots) compared with the untreated control cells (red dots).
In comparison, no shift in TACC3 spindle localisation (y-axis) was observed
(Fig. 3.9 B). In conclusion, rerouting TACC3 Affimers by KS does not affect
the localisation of TACC3, thus they cannot be used as a method for inducible

relocalisation.
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Figure 3.9. Induced rerouting of TACC3 Affimers by knocksideways. (A)
Representative confocal micrographs of HeLa cells at metaphase expressing the indicated
FKBP-GFP-Affimers (green) that were either untreated or treated with rapamycin (200 nM,
30 min) prior to fixation. Cells were stained for tubulin (not shown in merge) and TACC3
(red). DNA (blue) is shown in the merge. Scale bar = 10 pm. (B) Quantification of Affimer
(z-axis) and TACC3 (y-axis) spindle localisation in untreated cells (red) and rapamycin
treated cells (turquoise). Spindle localisation was calculated as the ratio of spindle to
cytoplasmic fluorescence shown on a logs scale. A value of 1 indicates twice the amount of
fluorescence at the spindle compared to the cytoplasm. A value of —1 indicates half the
amount of fluorescence at the spindle versus the cytoplasm. Dots represent single cells from
one experiment, n = 11-22 cells per condition.

3.7 Chapter summary

The primary goal of the work described in this chapter was to generate and screen
novel Affimer binding proteins, to dissect the TACC3—ch-TOG—clathrin-GTSE1
complex in human cells and potentially develop anti-cancer therapeutic strategies.
Since TACC3 and clathrin are thought to be the core components of this complex
(Ryan et al. 2021), with their interaction required to form the MT binding
surface (Hood et al. 2013), we generated Affimers to target clathrin and block
the interaction with TACC3. Despite identifying several Affimers that bind CHC
in cells, we observed no effect on the mitotic spindle localisation of clathrin or
TACC3, as would be expected if this interaction was abolished. Furthermore, no
phenotype was observed in a transferrin-uptake experiment that aimed to assay

clathrin-mediated endocytosis.
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It is possible that the Affimers identified to bind CHC, may not bind at the exact
site required for the TACC3 interaction, or at an affinity strong enough to abolish
an interaction with TACC3. Developing a TACC3—clathrin inhibitor to disrupt
mitotic spindle stability offers a therapeutic approach to target proliferating cells
in an anti-cancer context. However, specifically targeting the mitotic function
of clathrin without altering its endocytic role may be challenging, especially
considering that TACC3 and auxilin are thought to bind in close proximity
(Burgess et al. 2018). For this reason, targeting the CID of TACC3 may provide

a better alternative in developing a mitosis-specific inhibitor.

To dissect the TACC3—ch-TOG interaction, Affimers were raised against the
C-terminal TACC domain of TACC3 (aa 629-838 A699-765), which has previously
been mapped to interact with ch-TOG (Hood et al. 2013). In wvitro screening of
purified Affimers with recombinant fragments of TACC3 and ch-TOG, revealed
three candidates for screening experiments in human cells. Of these, Affimers E7
and E8 were identified to bind TACC3 and reduce the interaction with ch-TOG

via a pull-down experiment using HeLa cell lysate.

When viewed by IF, the TACC3 Affimers displayed some spindle localisation
but high background signal was also detected in the cytoplasm. The high
background signal is likely attributed to overexpression of the Affimer in a cell
containing endogenous levels of TACC3. This is supported by the observation
that Affimers tagged with mCherry at the N-terminus colocalised with TACC3
at the mitotic spindle in HeLa cells when GFP-TACC3 was overexpressed.
The reason why Affimer E4 appeared to colocalise with GFP-TACC3 at the
mitotic spindle in these cells, despite only a weak band for mCherry-E4 present
in the immunoprecipitate of TACC3, is unclear. One possibility is that even
weakly associated protein can be loaded onto the spindle when TACC3 is
overexpressed. For example, an increased spindle localisation of the complex
members clathrin, GTSE1 and ch-TOG has been observed in HeLa cells
overexpressing mCherry-TACC3 (Ryan et al. 2021). Of note, Affimers tagged
at the C-terminus failed to colocalise with GFP-TACC3, suggesting that the
orientation of the fluorescent tag is important. Methods to optimise the labelling
of endogenous TACC3 or clathrin using Affimers could be carried out in the
future. For example, purified Affimers could be used to label fixed cells, as
has been described previously with Affimers to label actin (Lopata et al. 2018).
Furthermore, a control Affimer that cannot bind to the target protein in cells but

maintains the scaffold structure should be sought for future experiments.

Similarly, KS of the FKBP-GFP-Affimers failed to remove TACC3 from the

mitotic spindle. In this experiment, the Affimer was successfully rerouted to
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the mitochondria, however, TACC3 remained localised at the spindle. Moreover,
Affimer on the mitochondria was not sufficient to detectably mislocalise TACCS3.
One explanation for the lack of removal is that TACC3 is bound too tightly to the
spindle. However, we have seen that relocalisation of endogenous clathrin causes
the removal of TACC3 from the spindle (Ryan et al. 2021). Furthermore, FRAP
experiments have showed that TACC3 exchange with the cytoplasm is quick
(Nixon et al. 2015), suggesting that high affinity to the spindle is an unlikely
reason for a lack of rerouting seen with the Affimer. A more likely reason is that
the affinity of the Affimer towards TACC3 is too weak to cause rerouting. To
overcome this, future work should aim to identify higher affinity binding reagents
through consecutive biopanning rounds. Moreover, determining the kinetics of
binding between Affimers and TACC3 using surface plasmon resonance (SPR)
may help in isolating high affinity Affimers (Shamsuddin et al. 2021), ideally
with affinities in the nM range as has been reported previously (Tiede et al.
2017). Taken together, the Affimers described here are not suitable to study the
intracellular localisation of endogenous TACC3, or to inducibly relocalise it to
different locations within the cell. In the next chapter, the TACC3 Affimers will
be used as a tool to inhibit the TACC3-ch-TOG interaction and investigate its

biological function in human cells.
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Investigating the function of
TACC3—ch-TOG in human cells

4.1 Background

Understanding the function of TACC3-ch-TOG has been a topic of research for
over 20 years, driven in part by their association with human cancers (Gergely
et al. 2003; Still et al. 1999b; Charrasse et al. 1995). During mitosis, TACC3
and ch-TOG are part of a multiprotein complex with clathrin and GTSE1
(TACC3-ch-TOG-clathrin-GTSEL), that functions to crosslink MTs within the
K-fibres of the mitotic spindle to ensure stability during cell division (Booth et
al. 2011; Hood et al. 2013). Independent of the complex, TACC3 and ch-TOG
have been proposed to interact at the growing ends of MTs in human cells
during interphase and mitosis (Gutierrez-Caballero et al. 2015). Despite this, the
precise role of TACC3—ch-TOG in this context is unclear and there are conflicting
reports regarding their role in regulating M'T plus-end dynamics in human cells
(Gutierrez-Caballero et al. 2015; Furey et al. 2020; Nwagbara et al. 2014). Early
work carried out in Drosophila investigating D-TACC and Msps, homologues of
TACC3 and ch-TOG, identified D-TACC to be important in localising Msps to
mitotic centrosomes to stabilise centrosomal MTs (Lee et al. 2001; Cullen and
Ohkura 2001). In HeLa cells, TACC3 is localised in a diffuse region around
the centrosome and its depletion does not affect the centrosomal localisation of
ch-TOG (Booth et al. 2011; Gergely et al. 2003; Lin et al. 2010), suggesting
that this function of TACC3—ch-TOG is different in human cells. Despite this, a
model to describe the role of TACC3—ch-TOG at the centrosome in human cells

is lacking.

To date, studies investigating the roles of these proteins have relied on
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RNAi-mediated depletion and/or overexpression of mutant proteins, both of
which have limitations. For example, ch-TOG has an established role in bipolar
spindle formation and its depletion by siRNA results in cells containing highly
disorganised multipolar spindles (Gergely et al. 2003), making it difficult to
distinguish the role of ch-TOG in spindle assembly versus its function during
later stages of mitosis. Moreover, overexpression of TACC3 can result in the
formation of aggregates (Gergely et al. 2000a). Technologies that modulate
expression levels of proteins of interest are useful tools, however, they do not
provide conclusive information regarding the relationship between proteins and
an observed phenotype. For this, tools that can block specific protein-protein
interactions in living cells without perturbing the expression levels of target
proteins are needed. In the previous chapter, Affimers designed to bind TACC3
and inhibit its interaction with ch-TOG, were screened in HeLa cells. This work
identified two Affimers, E7 and E8, that could be used to investigate the role of
TACC3-ch-TOG at different subcellular locations in HeLa cells.

4.2 Dissecting TACC3—ch-TOG microtubule

plus-end activity

A role for TACC3—ch-TOG in regulating MT plus-end dynamics was previously
identified in embryonic cell types of the Xenopus system, where manipulation of
TACC3 levels was found to affect MT dynamics and axon outgrowth (Erdogan
et al. 2017; Nwagbara et al. 2014). Similar experiments performed in human
cells uncovered that TACC3 +TIP behaviour depends on an interaction with
ch-TOG, though no major role in regulating MT plus-end dynamics was identified
(Gutierrez-Caballero et al. 2015). Since these studies relied on the use of methods
to modulate levels of TACC3 expression, we sought to use the TACC3 Affimers
identified in the previous chapter, to selectively disrupt TACC3—ch-TOG in
human cells and decipher the dependency on one another in regulating MT

plus-end dynamics.

4.2.1 Effect of TACC3 Affimers on the microtubule

plus-end dynamics during interphase
To measure MT plus-end dynamics, HeLa cells co-expressing NeonGreen-EB3, a
marker for growing MT ends, and mCherry-tagged Affimers, were imaged live. As

a negative control, cells expressing an Affimer targeting clathrin (Fig. 3.2) were

included to ensure that any effect on MT dynamics was specific to disruption
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of the TACC3—ch-TOG interaction, and not a consequence of expressing an
alien protein in the cell. Interphase cells were imaged in a single z plane for
2min at 2s intervals using a widefield microscope. Parameters of M'T dynamics
were quantified using automated particle tracking analysis (see 2.3.8 for details).
Quantification revealed no change in the mean speed, lifetime or length of growing
MT tracks outlined by NeonGreen-EB3 comets in cells expressing any of the
Affimers when compared with untransfected cells (Fig. 4.1).

Chapter 4 85



Using Affimers to dissect a multiprotein complex in living cells

A B
NeonGreen-EB3
i 6
ke —_
Q =
g E
: Eela ¥
£ 3 ’
[
- 8
7
£ 27
s
o
0]
NS NS NS NS
0 -
T T T T T
untransfected C3 E4 E7 E8
ii 2.0
g 1.5 1
<
o))
5 1.0
ey g
— S ‘ ® + 8 ’ L) \‘ +
[0) o
= 6 0.5 1
=
< NS NS NS NS
= 0.0 A
(0] T T T T T
('_C) untransfected C3 E4 E7 E8
E =mm
1]
m ), od D o !
g RS R Sl
o 10 4 b
3 x
o}
2
o
£
2 51
<
s
o
0]
NS NS NS NS
0 -
T T T T T
untransfected C3 E4 E7 E8

Figure 4.1. TACC3 Affimers do not detectably influence microtubule plus-end
dynamics in HeLa cells. (A) Representative stills from movies of NeonGreen-EB3 comets
in untransfected HeLa cells and cells expressing the indicated mCherry-tagged Affimers. An
Affimer targeting clathrin (C3) was included as a negative control. Scale bar = 10um. (B)
Dot plots to show the mean speed (i), length (ii) and lifetime (iii) of growing microtubule
tracks, determined by the automated tracking of NeonGreen-EB3 comets in interphase HelLa
cells. Each dot represents the mean value for a single cell, n = 13-15 cells per condition over 2
separate experiments. The large dot represents the mean and the error bars show the mean +
one standard deviation. A Kruskal-Wallis test was used to compare the means between each
group. The significance from Dunn’s post hoc test is shown above each group, using the
untransfected group for comparison. NS (not significant), p > 0.05.

To ensure that a change to the dynamics of MT plus-ends could be detected

using this assay, we sought to include a positive control. As ch-TOG is a MT
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polymerase that catalyses the addition of tubulin to the growing plus-end of MT's
(Brouhard et al. 2008), we hypothesised that depletion of ch-TOG should result
in a measurable change to MT growth dynamics. To test this, HeLa cells were
treated with siRNA to deplete ch-TOG and imaged alongside control GL2 treated
cells. Disappointingly, only a minor decease in growth parameters was observed in
cells depleted of ch-TOG compared to control-treated cells (Fig. 4.2 B). However,
it should be noted that the level of ch-TOG knockdown was incomplete (Fig. 4.2

C), and attempts to increase knockdown efficiency resulted in cell death.
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Figure 4.2. Measuring the effect of ch-TOG depletion on microtubule plus-end
dynamics in HeLa cells. (A) Representative stills from videos of NeonGreen-EB3 comets in
HeLa cells treated with control siRNA (Ctrl) or siRNA targeting ch-TOG. Scale bar = 10 pm.
(B) Dot plots to show the mean speed (i), length (ii) and lifetime (iii) of growing microtubule
tracks, determined by the automated tracking of NeonGreen-EB3 comets in interphase HelLa
cells. Each dot represents the mean value for a single cell, n = 9 cells per condition imaged in
a single experiment. The large dot represents the mean and the error bars show the mean +
one standard deviation. An independent two-samples t-test was used to compare the means.
The significance is shown on each plot, using the Ctrl group as the reference. NS (not
significant), p >0.05. (C) Western blot to show the depletion of ch-TOG following siRNA
treatment of Hela cells used for imaging. Tubulin was used as a loading control.
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Although best efforts were made to image cells expressing similar levels of EB3, it
is possible that high expression levels of EB proteins may alter MT polymerisation
rates (Herman et al. 2020). A further possibility is that the mCherry tag may
impede the ability of the Affimer to bind TACC3 when expressed in cells. This
is plausible since the molecular weight of mCherry is approximately 27kDa,
compared to approximately 12 kDa for the Affimer. To test this, the sequence for
each Affimer was cloned into a bicistronic vector containing an internal ribosome
entry site (IRES) to enable expression of the Affimer, and free GFP as a marker
for expression. To circumvent a potential difference in EB3 expression, RPE1
cells stably expressing EB3-tdTomato were transfected with plasmids to express
GFP-Affimers or the untagged versions. In an attempt to capture the dynamics
of MT plus-ends in more detail, cells were imaged for 1 min at 1s intervals. In
accordance with experiments performed in HelLa cells, no significant change in
any of the MT growth parameters was observed in cells expressing E4 or E7
Affimers compared with untransfected cells (Fig. 4.3). A statistically significant
decrease in growth speed was observed in cells expressing GFP-E8 compared to
untransfected cells, however, this decrease was not significant when compared to
the untagged version. This suggests that GFP-E8 may be a better inhibitor of
TACC3-ch-TOG than untagged E8, however, this experiment should be repeated

to further test the significance of this result.
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Figure 4.3. TACC3 Affimers do not detectably influence microtubule plus-end
dynamics in RPE1 cells. Quantification of microtubule plus-end growth parameters from
the automated tracking of EB3 comets in untransfected RPE1 EB3-tdTomato cells (black
dots) and cells expressing untagged Affimers (red dots) and GFP-Affimers (turquoise dots), as
indicated. Untagged Affimers were expressed using a bicistronic vector to express the Affimer,
and free GFP as a marker for expression. Dot plots show the average speed (i), length (ii) and
lifetime (iii) of growing microtubule tracks. Each dot represents the mean value for a single
cell, n = 6-9 cells per condition imaged in a single experiment. The large dot represents the
mean and the error bars show the mean + one standard deviation. A Kruskal-Wallis test was
used to compare the means between each group. The significance from Dunn’s post hoc test is
shown above each group, using the untransfected group (shown in black) or the respective
untagged Affimer (shown in red) for comparison. ** p < 0.01; NS (not significant), p > 0.05.

4.2.2 Does TACC3

networks?

regulate interphase microtubule

A recent study investigating the role of +TIPs during virus infection unexpectedly
identified that TACC3 influences MT plus-end dynamics in interphase SK-N-SH
cells, a human neuroblastoma cell line predominantly used to model neuronal
infection (Furey et al. 2020). Using siRNA to deplete TACC3, the authors

Chapter 4 90



Using Affimers to dissect a multiprotein complex in living cells

showed that loss of TACC3 leads to a decrease in EB1 comet number and an
increase in disorganised networks of stable MTs, as demonstrated by staining
detyrosinated MTs. Interestingly, they show that in TACC3-depleted cells,
ch-TOG accumulates in the nucleus, suggesting that TACC3 regulates the
cytoplasmic localisation of ch-TOG. The authors conclude that an important
function of TACC3 is to regulate MT dynamics by modulating the balance of
dynamic and stable MTs during interphase.

In light of this study, we wondered if this model was applicable to other human
cell lines and if inhibition of TACC3-ch-TOG via expression of the Affimers,
would result in a similar phenotype. We first sought to confirm whether the
reported phenotypes are observed in HeLa or U20S cell lines. Following TACC3
depletion using siRNA, cells were fixed with ice-cold methanol and counterstained
with antibodies to visualise detyrosinated or acetylated MT networks, EB1 comet
number or ch-TOG localisation (Fig.4.4 A, B, C & D). Despite good depletion of
TACC3 (Fig. 4.4 E), imaging of interphase cells by confocal microscopy revealed
no detectable change in the organisation of the MT network, EB1 comet number
or ch-TOG localisation in TACC3-depleted cells compared to control-treated cells.
However, the possibility that other siRNA-insensitive isoforms of TACC3 are

expressed was not tested.

In line with data from the live EB3 tracking experiments (Fig 4.1 and 4.3),
the data from this experiment suggest that in HeLa or U20S cells, TACC3
does not have a major role in regulating MT plus-end dynamics, or MT lattice
stability. A separate study carried out using the Xenopus system also found
no significant change in detyrosinated MTs in TACC3-depleted growth cones
(Erdogan et al. 2017), highlighting potential cell-type specific differences in this
function of TACCS3.
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Figure 4.4. TACC3 does not regulate the stability of the microtubule lattice in
HeLa or U20S cells. HeLa and U20S cells treated with either control siRNA (siCtrl) or
siRNA targeting TACC3 (siTACC3) were fixed in ice-cold methanol and stained for
detyrosinated tubulin (Detyr, green) and a-tubulin (red) (A), acetylated tubulin (Ac, green)
and a-tubulin (red) (B), EB1 (green) and detyrosinated tubulin (red) (C), or ch-TOG (green)
(D). In all cases DNA was stained using DAPI. Representative confocal micrographs of
interphase cells from one experiment are shown. Scale bar = 10 pm. (E) Western blot to show
the depletion of TACC3 in the indicated cell line following treatment with control or TACC3
siRNA. Tubulin was used as a loading control.
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4.2.3 Measuring TACC3 microtubule plus-end

localisation during mitosis

Although the experiments described above found no evidence for a functional
role of TACC3—ch-TOG in regulating the dynamics of growing MTs, we
sought to determine the dependency of these two proteins for their plus-end
localisation. Previous work has suggested that TACC3—ch-TOG tracks the
growing ends of MTs via an interaction between ch-TOG and the distal end
of the growing MT, independently of EB proteins (Gutierrez-Caballero et al.
2015). Since an interaction with ch-TOG is required for TACC3 +TIP activity,
we hypothesised that inhibition of TACC3—ch-TOG through expression of the
Affimer should result in a reduction of TACC3 at the MT plus-end. To test
this, CRISPR GFP-FKBP-TACC3 HeLa cells transfected with free mCherry or
mCherry-Affimers, were imaged for 1 min at 1s intervals by confocal microscopy
to observe TACC3 comets tracking the growth of MT plus-ends. To accurately
measure the localisation of TACC3 at the MT plus-end, cells in anaphase or
telophase were imaged, as TACC3 comets are easier to distinguish during these
stages of the cell cycle. The resulting movies were analysed using ComDet
in Fiji, where each time point was used to quantify the number of comets
and the fluorescence intensity of each comet (see 2.3.9 for details). For both
parameters, the median value was calculated for each cell and plotted (Fig. 4.5
B). Surprisingly, the number and fluorescence intensity of TACC3 comets at the
MT plus-end was comparable between Affimer expressing cells and mCherry
control cells. In all cases, TACC3 tracked the growth at MT plus-ends in a
comet-like manner, as can be seen by a colour projection of consecutive time
frames (Fig. 4.5 A). Therefore, this experiment demonstrates that TACC3 MT
plus-end localisation is not detectably altered when the TACC3 Affimers are

expressed in cells.
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Figure 4.5. TACC3 Affimers do not detectably influence TACC3 microtubule
plus-end localisation. (A) Representative single frame stills (left) and colour projections
(right) from live cell imaging of CRISPR GFP-FKBP-TACC3 HeLa cells expressing free
mCherry or mCherry-Affimers (not shown), as indicated. Late anaphase cells were imaged for
1min at 1s intervals and the resulting frames were projected using different colours as
indicated by the time colour scale bar. Identical brightness and contrast settings were applied
to all images shown in the figure. Scale bar = 10 pm. (B) Dot plots show the median number
of TACC3 comets (top) and the median fluorescence intensity (bottom). Each dot represents
a single cell, n = 30-34 cells per condition over 3 independent experiments. The large dot
represents the mean and the error bars show the mean + one standard deviation. Analysis of
variance (ANOVA) was used to compare the means between each group. The significance
from Tukey’s post hoc test are shown above each group, using the mCherry control group for
comparison. NS (not significant), p > 0.05.

4.2.4 Investigating ch-TOG  microtubule plus-end

localisation during interphase
To rule out the possibility that TACC3 Affimers may be interfering with
ch-TOG MT plus-end localisation, a live cell imaging experiment was carried

out to observe ch-TOG comets. To visualise ch-TOG, a plasmid to co-express

RNAi-resistant ch-TOG-GFP and a short hairpin RNA to silence the expression
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of endogenous ch-TOG, was expressed in HelLa cells along with free mCherry
or mCherry-Affimers. Interphase cells were imaged for 1 min at 1s intervals by
confocal microscopy. In all cases, ch-TOG tracked the growth at M'T plus-ends in
a comet-like manner (Fig. 4.6), suggesting that ch-TOG plus-end localisation is
not detectably altered in cells where the TACC3-ch-TOG interaction is disrupted.
This is in agreement with a model where ch-TOG can track MT plus-ends
independently of its interaction with TACC3 (Gutierrez-Caballero et al. 2015).

mCherry E4 E7 E8

Figure 4.6. TACC3 Affimers do not detectably influence ch-TOG microtubule
plus-end localisation. Representative single frame stills (top) and colour projections
(bottom) from live cell imaging of ch-TOG depleted HeLa cells in interphase expressing
knockdown proof ch-TOG-GFP and free mCherry or mCherry-Affimers (not shown), as
indicated. Interphase cells were imaged for 1 min at 1s intervals and the resulting frames were
projected using different colours as indicated by the time colour scale bar. Identical brightness
and contrast settings were applied to all images shown in the figure. Scale bar = 10 pm.

ch-TOG-GFP

In summary, the experiments described in this section aimed to explore the role of
TACC3-ch-TOG in regulating MT plus-end growth dynamics, by using Affimers
to specifically perturb this interaction. Data from the automated tracking of
EB3 comets in HeLLa and RPE-1 cells, showed no detectable effect on M'T growth
parameters (Fig. 4.1 & 4.3), suggesting that the role of TACC3—ch-TOG is
minimal in these cell lines using the methods described here. Furthermore,
the MT plus-end localisation of TACC3 and ch-TOG was unaffected in cells
expressing Affimers. It is possible that the Affimer is unable to outcompete
ch-TOG for TACC3 binding at the MT plus-end. Taken together, the experiments
indicate that the Affimers developed in this study, are not an appropriate tool to
dissect the TACC3—ch-TOG interaction at the MT plus-end.
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4.3 Disrupting the TACC3—ch-TOG interaction
during mitosis

Independent of their MT plus-end localisation, TACC3 and ch-TOG
localise to the mitotic spindle in an Aurora A dependent manner, where
they are part of a multiprotein complex with clathrin and GTSE1
(TACC3-ch-TOG-clathrin-GTSE1) (Booth et al. 2011; Ryan et al. 2021).
Experiments involving the manipulation of TACC3 protein levels by
siRNA-mediated depletion or overexpression of mutant constructs deficient in
binding ch-TOG, have demonstrated that ch-TOG is recruited to the spindle
MTs via an interaction with TACC3 (Gergely et al. 2003; Lin et al. 2010; Booth
et al. 2011; Hood et al. 2013).

4.3.1 Effect of TACC3 Affimers on the mitotic spindle
localisation of TACC3 and ch-TOG

We hypothesised that Affimers designed to inhibit the TACC3-ch-TOG
interaction should result in a reduction of ch-TOG spindle recruitment. To
test this, CRISPR GFP-FKBP-TACC3 HeLa cells expressing free mCherry or
mCherry-Affimers, were fixed in ice-cold methanol and stained with an antibody
to visualise endogenous ch-TOG. As a positive control, cells were treated with
the Aurora A kinase inhibitor MLN&8237, to abolish TACC3 and ch-TOG spindle
localisation, as described previously (Booth et al. 2011; Hood et al. 2013).
Metaphase cells were imaged by confocal microscopy and analysed to quantify the
spindle localisation of TACC3 and ch-TOG (see 2.3.10 for details). As expected,
TACC3 and ch-TOG spindle localisation was abolished in MLN8237-treated cells
compared to untreated cells (Fig. 4.7 A & C). Surprisingly, TACC3 spindle
localisation was significantly reduced in cells expressing E4, E7 and E8 Affimers
with respect to untransfected cells (Fig. 4.7 B & C). However, the level of spindle
localisation in these cells was significantly higher than MLN8237-treated cells,
suggesting that although there is a slight reduction, TACC3 remained enriched
on the spindle. Similarly, the spindle localisation of ch-TOG was significantly
reduced in cells expressing E4, E7 and E8 Affimers with respect to untransfected
cells. In the case of E4, ch-TOG spindle localisation was significantly higher than
that of MLN8237-treated cells, and remained visibly enriched on the spindle
(Fig. 4.7 B). In comparison, ch-TOG spindle localisation was abolished in cells
expressing E7 and E8 Affimers, similar to the effect of MLN8237 treatment.
Importantly, ch-TOG spindle localisation was not affected in cells expressing

free mCherry, suggesting that mislocalisation of ch-TOG is attributed to the
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Affimer. Overall, this result is consistent with a model where ch-TOG requires
an intact interaction with TACC3 for its mitotic spindle localisation (Hood et al.
2013). Moreover, it suggests that Affimers E7 and E8 can be used to dissect the
TACC3-ch-TOG interaction during mitosis in living cells.
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Figure 4.7. The mitotic spindle localisation of ch-TOG is severely reduced in the
presence of E7 and E8 Affimers. (A) Representative confocal micrographs of untreated
or MLN8237-treated (0.3 pM, 40 min) CRISPR GFP-FKBP-TACC3 HeLa cells in metaphase.
Cells were fixed in ice-cold methanol and stained for ch-TOG (red) and DNA (blue). A
GFP-boost antibody was used to enhance the signal of GFP-FKBP-TACC3 (green). (B)
Cells expressing free mCherry or mCherry-Affimers, as labelled. Scale bar = 10 ym. (C)
Quantification of spindle recruitment of TACC3 (green) and ch-TOG (red). Each dot
represents a single cell, n = 40-45 cells per condition over 3 independent experiments. The
dashed horizontal line (y = 1) represents no enrichment on the spindle. The large dot and
error bars show the mean + one standard deviation, respectively. Analysis of variance
(ANOVA) was used to compare the means between each group. The significance level from
Tukey’s post hoc test is shown above each group, using the untransfected and untreated cells
(black) and untransfected MLN8237-treated cells (purple) for comparison. *** p < 0.001; NS,
p > 0.05.

To ensure that the E7 and E8 Affimers are specifically blocking the
TACC3-ch-TOG interaction, we sought an experiment to visualise the mitotic
spindle localisation of another member of this complex, clathrin. Since the

mitotic spindle localisation of TACC3 and clathrin is interdependent (Hood et
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al. 2013), any inhibition of the TACC3—clathrin interaction via the Affimer will
be observed by mislocalisation of clathrin or TACC3 during mitosis. To test
this, CRISPR CLTA-FKBP-GFP HeLa cells expressing mCherry-Affimers were
fixed in PTEMF and stained with an antibody to visualise endogenous TACCS3.
To provide a reference for spindle mislocalisation, cells were treated with the
Aurora A inhibitor MLN8237. As expected, inhibition of Aurora A by MLN8237
resulted in the mislocalisation of TACC3 and clathrin, with no spindle enrichment
of either protein observed in metaphase cells (Fig. 4.8 A). In contrast, cells
expressing mCherry-Affimers displayed distinct spindle staining of TACC3 and
clathrin, comparable to untreated control cells (Fig. 4.8 B). Therefore, inhibition
of TACC3-ch-TOG by E7 and E8 Affimers is specific and does not interfere with

the other interactions within the complex.
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Figure 4.8. TACC3 Affimers do not affect the mitotic spindle localisation of
clathrin or TACC3 in HeLa cells. (A) Representative confocal micrographs of untreated
or MLN8237-treated (0.3 pM, 40 min) CRISPR CLTA-FKBP-GFP HeLa cells in metaphase.
Cells were fixed in PTEMF and stained for TACC3 (red) and DNA (blue). A GFP-boost
antibody was used to enhance the signal of CLTA-FKBP-GFP (green). (B) Cells expressing
the indicated mCherry-Affimers (not shown in merge). Scale bar = 10 pm.

4.3.2 Effect of TACC3 Affimers on mitotic spindle
positioning

During the quantification of TACC3 and ch-TOG mitotic spindle localisation in
Fig. 4.7, it was noted that in some cells, particularly those expressing E7 and
E8 Affimers, the position of the mitotic spindle appeared offset. This is plausible
since TACC3 has been suggested to play a role in regulating the formation of
astral MTs, which aid in positioning the mitotic spindle during mitosis (Singh
et al. 2014; Rajeev et al. 2019). To investigate if the TACC3—ch-TOG interaction
is important in mitotic spindle positioning, Hel.a cells expressing free mCherry

or mCherry-Affimers were fixed and stained to visualise a-tubulin and pericentrin
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as markers for the mitotic spindle and centrosomes, respectively. Image stacks
of mitotic cells were acquired using a confocal microscope and the max intensity
z projections were used for analysis. To quantitatively assess mitotic spindle
positioning, I developed a semi-automated pipeline in Fiji and R to measure the
length of the mitotic spindle, defined as the length between the two centrosomes,
and the spindle position, defined as the absolute difference in the cortex to
centrosome distance (d1 and d2) and the cortex to metaphase plate distance (D1
and D2; see 2.3.11 and Fig. 4.9 D for details). Visualisation of the data revealed
that the average spindle length was comparable between all conditions (Fig. 4.9
A). Although spindle shift was slightly increased in cells expressing Affimers
relative to the mCherry control, this effect was not statistically significant (Fig.
4.9 B & C). Therefore, disruption of the TACC3—ch-TOG interaction using the
Affimers developed here, does not significantly affect the length or position of
the mitotic spindle in HeLa cells. Despite this, the image analysis pipeline
was released and will be a useful tool for future studies, enabling researchers

to quantitatively assess mitotic spindle parameters.
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Figure 4.9. TACC3 Affimers do not affect mitotic spindle positioning in HeLa
cells. Quantification of mitotic spindle parameters in HeLa cells expressing free mCherry or
mCherry-Affimers. Cells were fixed in PTEMF and stained to visualise a-tubulin, pericentrin
and DNA as markers for the mitotic spindle, centrosomes and metaphase plate, respectively.
Dot plots show the spindle length (A) and measurements of spindle positioning (B & C).
The schematic (D) describes the measurements plotted. The metaphase plate is depicted by
the alignment of chromosomes (red), the mitotic spindle is shown in black and the
centrosomes are in blue. Each dot represents a single cell, n = 37-49 cells per condition pooled
from 3 independent experiments. The large dot represents the mean and the error bars show
the mean + one standard deviation. A Kruskal-Wallis test was used to compare the means
between each group. Dunn’s post hoc test with Bonferroni adjustment was used to calculate p
values. The significance level is shown above each group, using the mCherry group for
comparison. NS (not significant), p > 0.05.

4.3.3 Dissecting the role of TACC3-ch-TOG at the

mitotic centrosome

To allow for an accurate measure of spindle length, only cells containing 2 distinct
centrosomes were included in the analysis of the previous experiment (Fig. 4.9).
During the analysis, it was noted that a large number of cells contained more
than 2 distinct pericentrin foci, and that these additional foci were associated
with small MT asters (Fig. 4.10 A). To investigate this, the dataset was analysed
using 3D Objects Counter in Fiji (see 2.3.12 for details) to detect and count

pericentrin foci within the image stacks. Interestingly, a higher proportion of
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cells containing more than 2 pericentrin foci was observed in cells expressing the
E7 (30.4%) or E8 (33.3%) Affimer, compared to E4 (8.2%) or mCherry (2.2%)
(Fig. 4.10 B). Moreover, the additional pericentrin foci appeared smaller in size
compared to the 2 foci that formed the bipolar spindle. Quantification of the
total volume of pericentrin foci present in each cell revealed no significant change
in E7 or E8 cells compared to the mCherry control (Fig. 4.10 B), suggesting that
it is not likely that the additional foci represent amplified centrosomes, or arise
due to cytokinesis failure. Fisher’s exact test was used to test for an association
between the type of Affimer expressed and the PCM foci category, i.e. 2 or > 2.
A 2 x 2 contingency table comparing the observed frequencies of the PCM foci
categories in the mCherry control group and each of the Affimer groups was used
for analysis. The Bonferroni corrected p values from this analysis confirmed that
the groups are independent in the case of E4 (p = 1), but are associated in E7
(p = 0.001) and E8 (p = 0.0002). Based on this finding, we hypothesised that
the TACC3—ch-TOG interaction could be involved in maintaining the structure
of the PCM during mitosis.
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Figure 4.10. Expression of E7 and E8 Affimers leads to additional pericentrin foci
in mitotic HeLa cells. (A) Representative max intensity z projection images of HeLa cells
in metaphase expressing free mCherry or mCherry-Affimers, as indicated. Cells were fixed in
PTEMF and stained for pericentrin (green), a-tubulin (red) and DNA (blue). Scale bar =

10 pm. (B) Quantification of pericentrin in the images shown in A using 8D Objects Counter
in Fiji. Dot plots show the number (left) and the total volume (right) of detected pericentrin
foci. Each dot represents a single cell, n = 46-54 cells per condition over 3 independent
experiments. The large dot and error bars show the mean + one standard deviation,
respectively. Cells containing exactly 2 pericentrin foci are shown in red and those with > 2
are shown in turquoise. Fisher’s exact test was used to test for association between the type
of Affimer expressed and the PCM foci category. Bonferroni adjustment was used to calculate
p values. A Kruskal-Wallis test was used to compare the means between each group for the
total pericentrin volume data. Dunn’s post hoc test with Bonferroni adjustment was used to
calculate p values. The significance level is shown above each group, using the mCherry group
for comparison. NS (not significant), p > 0.05; **, p < 0.01; *** p < 0.001.

To test whether the additional sites of pericentrin are fragments of PCM, and
not centriole-containing centrosomes as a result of centrosome amplification or

cytokinesis failure, an experiment to visualise the PCM and the centrioles together
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was necessary. We hypothesised that if the additional pericentrin foci represent
true centrosomes as a result of centrosome amplification, centrioles should be
present in the additional sites (Fig. 4.11 A). To test this, HeLa cells expressing
free mCherry or mCherry-Affimers were fixed and stained to visualise pericentrin
and centrin-1, as markers for the PCM and centrioles, respectively. As before,
image stacks of mitotic cells were acquired using a confocal microscope and
the resulting max intensity z projections were analysed. Due to difficulties
in detecting individual centrin-1 foci using automated image analysis methods,
the number of centrin-1 foci associated with each pericentrin foci was manually
counted and recorded (see 2.3.12 for details). Data from this analysis revealed
that in the majority of cells containing > 2 pericentrin foci, centrin-1 is absent
from the additional sites (Fig. 4.11 B), confirming that the additional sites are
likely fragments of the PCM.
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Figure 4.11. Additional pericentrin foci are not a result of centrosome
amplification or cytokinesis failure. (A) Representative max intensity z projection
images of HeLa cells in metaphase expressing free mCherry or mCherry-Affimers, as
indicated. Cells were fixed in ice-cold methanol and stained for pericentrin (red), centrin-1
(green) and DNA (blue). Insets show a 2.5x zoom of pericentrin at the spindle poles, orange
insets show sites of fragmentation. Scale bar = 10 pum. (B) Quantification of the pericentrin
foci and the corresponding number of centrin-1 foci. Each tick on the z-axis represents a
single cell. The number of pericentrin foci present in each cell is indicated on the y-axis. Each
dot represents a single pericentrin foci, with the colour of the dot indicating the number of
centrin-1 foci present, as described in the legend. Data is shown for n = 57-68 cells per
condition over 3 independent experiments.
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We next sought to confirm that the PCM fragmentation phenotype described
above, is due to the specific disruption of the TACC3-ch-TOG interaction and
not via an off-target effect. To test this, a plasmid to co-express a GFP-tagged
construct and a short hairpin RNA to silence expression of endogenous ch-TOG,
was used to express a mutant of ch-TOG deficient in binding TACC3, full-length
ch-TOG or free GFP in HeLa cells. The ch-TOG mutant, hereafter referred
to as LLAA, is a full-length construct of ch-TOG containing mutations to a
pair of conserved leucine residues (LL1939, 1942AA) within the C-terminal
region that are required for binding the C-terminal TACC domain of TACC3, as
demonstrated in a previous study (Gutierrez-Caballero et al. 2015). Transfected
cells were prepared for IF and analysed as before (Fig. 4.10). As expected, in
ch-TOG depleted cells expressing free GFP, approximately 50% of mitotic cells
contained multipolar spindles (Fig. 4.12 A & B). This is consistent with previous
reports of ch-TOG depletion, highlighting its role in spindle pole organisation
(Gergely et al. 2003; Cassimeris and Morabito 2004). Expression of full-length
ch-TOG rescued the multipolar phenotype, with only 14.2% of cells containing
> 2 pericentrin foci (Fig. 4.12 A & B). In contrast, expression of the LLAA
mutant led to a pericentrin fragmentation phenotype in 36% of cells (Fig. 4.12 A
& B), similar to the result observed with Affimers E7 and E8 (Fig. 4.10). Taken
together, this result suggests that the phenotype observed with the E7 and ES8
Affimers in Fig. 4.10, is specific to the TACC3—ch-TOG interaction.
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Figure 4.12. Expression of a ch-TOG mutant deficient in binding TACC3 leads to
fragmentation of pericentrin in mitotic HeLa cells. (A) Representative max intensity z
projection images of HeLa cells co-expressing sh ch-TOG, to knockdown endogenous ch-TOG,
and knockdown proof GFP, ch-TOG-GFP (WT) or ch-TOG (L1939,1942A)-GFP (LLAA;
colour not shown in the merge). Cells were fixed in PTEMF and stained for pericentrin
(green), a-tubulin (red) and DNA (blue). Scale bar = 10um. (B) Quantification of
pericentrin in the images shown in A using 8D Objects Counter in Fiji. The dot plot shows
the number of pericentrin foci detected. Each dot represents a single cell, n = 89-155 cells per
condition over 3 independent experiments. The large dot and error bars show the mean 4+ one
standard deviation, respectively. Cells containing exactly 2 pericentrin foci are shown in red
and those with > 2 are shown in turquoise.

The experiments described so far have used pericentrin as a marker for the PCM.
We wondered if the fragments observed in the previous experiments also contain
other components of the PCM, and whether ch-TOG, which is enriched at the

mitotic centrosome under normal conditions, is localised at the additional sites.

To answer these questions, HeLa cells expressing free mCherry or
mCherry-Affimers were processed for IF. To visualise endogenous ch-TOG, a
new antibody was purchased (Thermo, Cat No. PA5-59150), as an experiment
comparing a range of commercial antibodies revealed clear staining of the
centrosome pool of ch-TOG using this antibody (see appendix 1, p146). As a
marker of a core component of the PCM, an antibody to detect y-tubulin was
used. We hypothesised that this would also shed light on the MT nucleation
status of PCM fragments, as y-tubulin is recruited to the PCM to carry out
this function (Khodjakov and Rieder 1999). Image stacks of mitotic cells were
acquired using a confocal microscope and the resulting images were analysed using
3D Objects Counter in Fiji to detect and count y-tubulin foci. To quantify the
fluorescence intensity of ch-TOG at the centrosome, the mask of each y-tubulin

foci was passed to the ch-TOG channel for measurement (see 2.3.12 for details).
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As before, fragmentation of the PCM was observed in cells expressing E7 and
E8 Affimers, indicated by the presence of > 2 y-tubulin foci in 25.4% and 24.2%
of cells, respectively. In comparison, fragmentation was observed in 12.9% and
12.7% of mCherry and E4 expressing cells, respectively (Fig. 4.13 A & B). Despite
a higher proportion of E7 and ES8 cells displaying > 2 y-tubulin foci relative to
mCherry control, Fisher’s exact test revealed no significant association between
the type of Affimer expressed and the PCM foci category (E4, p = 1.00; E7, p =
0.181; E8, p = 0.208). Interestingly, ch-TOG was observed at sites of fragmented
PCM (see E7 and E8 cells in Fig. 4.13 A), suggesting that inhibition of the
TACC3—ch-TOG interaction does not affect recruitment of ch-TOG to the mitotic
centrosome. Moreover, the sum fluorescence intensity of ch-TOG present at the
sites of y-tubulin was not significantly different in cells expressing the Affimers
relative to the mCherry control (Fig. 4.13 A & B). This is consistent with studies
that found no change in the level of ch-TOG at the mitotic centrosome following
TACC3 knockdown (Gergely et al. 2003; Lin et al. 2010; Booth et al. 2011).
Of note, a striking reduction in the mitotic spindle localisation of ch-TOG was
observed in E7 and ES8 cells (Fig. 4.13 A), confirming the result in Fig. 4.7 that
inhibition of the TACC3-ch-TOG interaction blocks ch-TOG spindle recruitment.
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Figure 4.13. Expression of E7 and E8 Affimers leads to fragmentation of
y-tubulin in mitotic HeLa cells. (A) Representative max intensity z projection images of
HeLa cells in metaphase expressing free mCherry or mCherry-Affimers, as indicated. Cells
were fixed in PTEMF and stained for y-tubulin (green), ch-TOG (red) and DNA (blue). Scale
bar = 10 pm. (B) Quantification of the images shown in A using 3D Objects Counter in Fiji.
Dot plots show the number of detected y-tubulin foci (left) and the total fluorescence
intensity of ch-TOG at the detected sites normalised to the mCherry condition (right). Each
dot represents a single cell, n = 54-66 cells per condition over 3 independent experiments. The
large dot and error bars show the mean + one standard deviation, respectively. Cells
containing two pericentrin foci are shown in red and those with > 2 are shown in turquoise.
Fisher’s exact test was used to test for association between the type of Affimer expressed and
the PCM foci category. Bonferroni adjustment was used to calculate p values. The
significance level is shown above each group, using the mCherry group for comparison. NS
(not significant), p > 0.05.

My experiments so far have revealed that disruption of the TACC3—ch-TOG
interaction through expression of the E7 or E8 Affimer, leads to fragmentation
of the PCM in 25-30% mitotic HeLa cells, as observed using pericentrin or
v-tubulin antibodies. Importantly, centrioles are absent from these additional
sites, suggesting they are not amplified centrosomes. Furthermore, whilst spindle
staining of ch-TOG is reduced, the levels of ch-TOG at the centrosome are
unaffected and ch-TOG staining is observed in the PCM fragments. All of these
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experiments have focussed on mitotic centrosomes in fixed samples, and therefore
do not reveal information regarding the dynamics of the PCM fragmentation.
For example, we wondered if this fragmentation occurs prior to the cell entering

mitosis, during spindle assembly, or once the spindle has formed.

To answer this point, a live-imaging approach to visualise the PCM and DNA was
needed. For this, HeLa cells were co-transfected with a plasmid to express free
mCherry or mCherry-Affimers, and a plasmid to express mEmerald-y-tubulin, as
a marker for the PCM. Live-imaging of transfected cells was performed overnight,
using SiR-DNA to label the DNA and enable tracking of the PCM during
defined stages of the cell cycle (see 2.3.13 for details). To quantify progression
through mitosis, the frame numbers for prometaphase, metaphase and anaphase
of transfected cells was recorded using image stacks from the overnight movies.
To assess PCM fragmentation, frame numbers where > 2 vy-tubulin foci were
observed were recorded. G2 was defined as the period 5 frames (15 min) prior
to prometaphase, and was used as a window to observe the PCM before entry
into mitosis. Together, this information was used to track the PCM during
3 stages, G2-prometaphase, prometaphase-metaphase and metaphase-anaphase.
To visualise the frequency of fragmentation at each stage, the data for each

construct was plotted using a Sankey diagram (Fig. 4.14).
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Consistent with the fixed experiments, the proportion of cells with > 2 y-tubulin
foci during metaphase, defined as the number of cells with > 2 foci before
the onset of anaphase, was higher in E7 (20.7%) and E8 (19.4%) expressing
cells, compared to mCherry (6.7%) and E4 (11.1%). Interestingly, in E7 and
E8 cells, the metaphase-anaphase transition was when the majority of cells
displayed > 2 vy-tubulin foci for the first time, with 13.4% and 15.3% of
cells displaying this phenotype, respectively. In these cells, the y-tubulin foci
underwent fragmentation to form smaller foci that remained in close proximity
to the bipolar spindle before dividing into two daughter cells (Fig. 4.15 B).
Moreover, a prolonged metaphase-anaphase transition was observed in cells with
this phenotype. In comparison, control cells maintained two distinct y-tubulin
foci throughout the observed stages and divided without a delay (Fig. 4.15 A).
Across all conditions, a very small number of cells contained > 2 y-tubulin foci
in G2 prior to prometaphase, and continued to display the additional foci in the
subsequent stages of mitosis, before dividing with a multipolar spindle. This
population of cells likely represents the basal level of centrosome amplification in

HeLa cells (Wong et al. 2015), irrespective of mCherry/Affimer expression.
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Figure 4.15. Stills from live cell imaging experiments to track the number of
y-tubulin foci. Max intensity z projection images of HeLa cells expressing
mEmerald-y-tubulin (green) and the indicated free mCherry or mCherry-Affimers constructs
(not shown) during different stages of mitosis as indicated by the labelling of the DNA (red)
using SiR-DNA. (A) Representative control HeLa cell expressing free mCherry containing two
y-tubulin foci throughout the observed stages. (B) Representative HeLa cells expressing
mCherry-E7 or mCherry-E8 Affimers undergoing fragmentation of y-tubulin during
metaphase-anaphase. The timings (minutes) at each stage are shown in white. Scale bar =
10 pm.
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To determine the impact of TACC3—ch-TOG inhibition on the progression of
mitosis, the mitotic timings of all cells displayed in Fig. 4.14, irrespective of
their centrosome status, were plotted (Fig. 4.16 A). This data revealed no
significant change in the timings of prometaphase to metaphase or prometaphase
to anaphase in cells expressing the Affimers relative to the mCherry control
(Fig. 4.16 A). To determine the impact of PCM fragmentation as a result
of TACC3—ch-TOG inhibition on cell division, the mitotic timings of E7 and
E8 expressing cells containing 2 or > 2 y-tubulin foci during metaphase were
plotted (Fig. 4.16 B). To specifically look at the effect of PCM fragmentation
during metaphase, cells containing > 2 foci prior to metaphase were excluded
from the analysis. The plots revealed no change in the time taken to align
the majority of chromosomes (prometaphase-metaphase), however, a significantly
prolonged metaphase in cells with > 2 foci was observed (Fig. 4.16 B). E7 and E8
expressing cells that underwent PCM fragmentation during metaphase displayed
a median metaphase-anaphase timing of 60 min and 102 min, respectively. In
comparison, a median metaphase-anaphase timing of 30 min was observed in
E7 and E8 expressing cells containing two foci throughout metaphase. Taken
together, this data shows that inhibition of TACC3-ch-TOG in HeLa cells
through the expression of Affimer E7 or E8, leads to fragmentation of the PCM in
metaphase and a prolonged metaphase-anaphase, following the timely formation
of a bipolar spindle. Although this experiment shows a correlation between PCM
fragmentation and prolonged metaphase-anaphase, it does not show causality
between the two defects, since it is possible that there is another unknown defect

that is the common cause.
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4.4 Effect of TACC3 Affimers on MT regrowth

It has previously been reported that TACC3 regulates centrosomal MT nucleation
by stabilising the y-TuRC at the centrosome (Singh et al. 2014), however, the
mechanism behind this function is unclear. We wondered if this described
function of TACC3 requires an interaction with ch-TOG and could therefore
be inhibited using the Affimers. To test this, an ice recovery assay was used to
depolymerise the MT network and study MT regrowth following different periods
of recovery at room temperature (see 2.3.14 for details). HeLa cells expressing free
mCherry or mCherry-Affimers were processed for IF immediately after recovery,
using antibodies against o-tubulin and y-tubulin as markers for the MTs and
centrosomes, respectively. Image stacks of interphase cells were acquired by a
confocal microscope and the resulting max intensity z projection images were
analysed to measure the area of the cell occupied by the MT network, as a
read out for MT regrowth. As expected, in all conditions, the MT network
was completely disassembled following a 1h ice incubation (Fig. 4.17). In cells
expressing free mCherry, the average area of the cell occupied by MTs increased
with recovery time. Interestingly, MT regrowth in Affimer expressing cells was
identical to that of the mCherry control at all time points tested. This suggests
that the previously described function of TACC3 in regulating MT nucleation
is independent of ch-TOG, and therefore defective MT nucleation is not likely
to be responsible for the PCM fragmentation phenotype observed in previous

experiments.
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Figure 4.17. Microtubule regrowth is unaffected in interphase HeLa cells
expressing TACC3 Affimers. (A) Representative max intensity z projection images of
interphase HeLa cells expressing free mCherry fixed after different lengths of recovery at room
temperature following 1h ice treatment, as indicated. Untreated cells (Ctrl) with an intact
microtubule (MT) network were included as a control. Cells were fixed in PTEMF and
stained for y-tubulin (green), a-tubulin (red) and DNA (blue). Scale bar = 10um. (B)
Quantification of the images shown in A. The auto threshold method in Fiji was used to
isolate the MT network. Plots show the average area of the cell occupied by the isolated MT
network at the indicated recovery points in cells expressing free mCherry (red) or the
indicated Affimer (turquoise). Each dot represents the mean area using cell measurements
from 3 independent experiments. Data is shown for 1031 cells.
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4.5 Chapter summary

The aim of this chapter was to investigate cell biological consequences of
interfering with the TACC3-ch-TOG interaction. The first section describes work
carried out to investigate the role of TACC3—ch-TOG in regulating M'T dynamics
at the plus-end of MTs in HeLa and RPE-1 cell lines. The data from the MT
plus-end tracking experiments revealed no detectable change in M'T growth speed
in cells expressing the Affimers, suggesting that the TACC3—ch-TOG interaction
may not have a significant function in regulating dynamics at the MT plus-end.
This is in line with the finding that TACC3 depletion does not affect MT dynamics
in RPE-1 cells (Gutierrez-Caballero et al. 2015). Other studies have identified a
role for TACC3—ch-TOG in regulating MT dynamics to promote axon outgrowth
using Xenopus embryonic cell types (Erdogan et al. 2017; Nwagbara et al. 2014).
It is possible that the function of TACC3 at the MT plus-end is more critical
during development, hence why differences are observed between embryonic and

somatic cell types.

The second section of this chapter focussed on dissecting the role of
TACC3—ch-TOG during mitosis, where I found that Affimers which disrupted
this interaction displaced ch-TOG from K-fibres, in agreement with previous
published reports that TACC3 is required to recruit ch-TOG to the mitotic
spindle (Gergely et al. 2003; Lin et al. 2010; Booth et al. 2011; Hood et al.
2013). Moreover, this experiment validates the result from the pull-down assay
in Chapter 3, where a reduction in ch-TOG was seen in the immunoprecipitate
of cells expressing Affimers E7 and E8, but not E4. Importantly, I showed that
this inhibition was specific, leaving the TACC3—clathrin interaction intact, as
observed by an enrichment of clathrin on the spindle. Although the localisation
of GTSE1 was not examined in cells expressing TACC3 Affimers, it is assumed
that it remains enriched on the spindle given that the localisation of clathrin
is not altered and that clathrin recruits GTSEL to the spindle (Rondelet et al.
2020; Ryan et al. 2021). Nonetheless, a future experiment could be carried out to
observe GTSEL in mitotic cells expressing TACC3 Affimers to formally address
this.

Experiments investigating the role of TACC3-ch-TOG in mitotic spindle
positioning unexpectedly revealed a PCM fragmentation phenotype that was
more frequently observed in E7 and E8 expressing cells compared to E4 or free
mCherry cells. Based on the observation that the total volume of pericentrin
was unchanged in cells expressing E7 and E8 Affimers compared to the mCherry

control, and that centrin-1 was absent from the additional foci, we conclude that
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the additional sites likely arise via fragmentation of the PCM, rather than a
consequence of centriole overduplication, centriole disengagement or cytokinesis
failure. Therefore, this work has uncovered a novel role for TACC3—ch-TOG in

maintaining the integrity of mitotic centrosomes.
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Chapter 5

Discussion

5.1 Using Affimers to dissect the
TACC3—ch-TOG——clathrin—-GTSE1 complex

The work presented in this thesis demonstrates that Affimers are a useful research
tool to dissect the functions of members of the TACC3—ch-TOG—clathrin—-GTSE1
complex in human cells. In the case of the TACC3 Affimers, their expression in
HeLa cells led to specific disruption of the TACC3—ch-TOG interaction at the
spindle, displacing ch-TOG while leaving the localisation of the other complex
components intact. Specific inhibition of TACC3—ch-TOG led to unexpected
fragmentation of the PCM in metaphase cells following the formation of a bipolar
spindle, coupled with a delayed transition to anaphase. Thus, this work provides
novel insight into the function of TACC3—ch-TOG in human cells, highlighting
an important role in maintaining PCM integrity during mitosis. More broadly,
this work demonstrates the potential of Affimers for dissecting other multiprotein
complexes, with the possibility to discretely inhibit functions of multifunctional

proteins.

5.1.1 The function of TACC3—ch-TOG at the microtubule

plus-end

Given that my experiments revealed no detectable change in MT plus-end growth
speed in cells expressing the Affimers, and that previous work found TACC3
depletion does not affect MT dynamics in RPE-1 cells (Gutierrez-Caballero et
al. 2015), it is likely that the TACC3—ch-TOG interaction may not have a
significant function in regulating dynamics at the MT plus-end. However, a

study involving depletion of TACC3 in normal human dermal fibroblasts and
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SK-N-SH cells, a human neuroblastoma cell line, reported a dose-dependent
effect of TACC3 depletion on EB3 comet number in fixed cells (Furey et al.
2020). Similarly, they performed a live cell experiment tracking the movement
of CLIP170, a +TIP, and saw reduced comet numbers and growth speeds in
cells depleted of TACC3 compared with control cells. In this thesis, TACC3
depletion experiments carried out in HeLa and U20S cells failed to show similar
results. Moreover, no change in the organisation or stability of the MT network
was observed in my experiments, illustrating potential cell-specific functions of
TACC3. Nonetheless, a role for TACC3—ch-TOG in regulating MT dynamics
during mitosis cannot be ruled out, since the experiments performed here were
done so using interphase cells. It is possible that the role of TACC3—ch-TOG
is less critical during interphase and becomes more important during mitosis,
especially considering that phosphorylation of SLAIN2 during mitosis inhibits
its interaction with ch-TOG (van der Vaart et al. 2011). Future experiments
investigating the role of TACC3-ch-TOG in regulating plus-end dynamics during
mitosis could shed light on this possibility.

To investigate the dependency of TACC3 and ch-TOG for their MT plus-end
localisation, live cell experiments to visualise the localisation of each protein
independently were performed. Surprisingly, both proteins tracked plus-ends
in a comet-like manner in cells expressing Affimers. One interpretation of this
data is that TACC3 plus-end localisation is not dependent on its interaction
with ch-TOG as described previously (Gutierrez-Caballero et al. 2015). Another
possibility is that the protein turnover of TACC3 and ch-TOG is slow at the MT
plus-ends, meaning that the Affimer is unable to efficiently inhibit this interaction
at the point of protein synthesis. This could explain why only a minor reduction in
TACC3 fluorescence at the MT plus-end was observed in cells expressing Affimer
E8 relative to the control. Since the function of TACC3—ch-TOG at the MT
plus-end appears to be more critical in Xenopus embryonic cell types (Erdogan
et al. 2017; Nwagbara et al. 2014), Affimers could be expressed in these cell lines
to determine the dependency of TACC3 and ch-TOG in this context.

5.1.2 TACC3—ch-TOG is required to maintain centrosome
integrity during mitosis

Fixed experiments using pericentrin as a marker for the PCM unexpectedly
revealed a fragmentation phenotype that was more frequently observed in E7 and
E8 expressing cells compared to E4 or free mCherry cells. A similar result was
observed in cells stained with an antibody to detect y-tubulin, a major component

of the PCM. Interestingly, live imaging of y-tubulin showed that fragmentation
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of the PCM occurred almost exclusively during metaphase. Taken together, our
data suggests a role for TACC3—ch-TOG in maintaining the integrity of the
PCM during metaphase, where disruption of this interaction makes cells more
susceptible to fragmentation. Given that PCM fragmentation was observed with
two independent Affimers, E7 and ES8, and the same phenotype was observed in
cells expressing a mutant of ch-TOG deficient in binding TACCS3, it is unlikely
that the phenotype observed with the Affimers is a result of an off-target effect.

Live imaging of DNA and y-tubulin revealed a delay in metaphase-anaphase in
cells that undergo fragmentation of their PCM during metaphase, while the time
taken to align the DNA at the metaphase plate was unaffected. What is the reason
for the delayed metaphase in these cells? One possibility is that a reduction in
ch-TOG at the spindle, or a minor reduction in TACC3 at the spindle, could lead
to a decrease in K-fibre tension or an unattached kinetochore, that is recognised
by the SAC. This has previously been demonstrated in KS experiments, where
TACC3 was inducibly relocalised to the mitochondria during metaphase, which
in turn led to decreased K-fibre tension and a delayed transition to anaphase
(Cheeseman et al. 2013). Future experiments should therefore assess the activity
of the SAC in metaphase cells expressing TACC3 Affimers, and assay the stability
and MT occupancy of K-fibres. In particular, electron tomography could be used
to investigate the ultrastructural organisation of K-fibres in Affimer expressing
cells where ch-TOG is specifically excluded from the ‘mesh’ (Nixon et al. 2015).

It is puzzling why a reduction in spindle ch-TOG was observed in almost all E7
and E8 cells, while PCM fragmentation and a metaphase delay was observed
in only a population of cells. This would suggest that in the absence of spindle
ch-TOG, other proteins are able to compensate for its loss. Alternatively, it could
mean that the affinity of the Affimers used here is suboptimal. In other words,
they do not fully disrupt the TACC3—ch-TOG interaction in living cells and a
more severe phenotype could be observed with higher affinity reagents. However,
only a small increase in the number of cells containing fragmented PCM was
observed in cells expressing a mutant of ch-TOG deficient in binding TACC3
(36%) compared to cells expressing E7 (30.4%) or E8 (33.3%) Affimers. It is
therefore more likely that in HeLa cells, disruption of TACC3-ch-TOG makes

cells more susceptible to this phenotype.

An interesting possibility is that in cells where TACC3—ch-TOG is compromised,
TACC1 and TACC2, the other members of the TACC family that all share the
conserved C-terminal coiled-coil TACC domain, could compensate for the lack
of TACC3 function. This is plausible given that the transcripts encoding both
proteins are expressed in HeLa cells (TACCI: https://www.proteinatlas.org/
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ENSG00000147526-TACC1/cell+line; TACC2: https://www.proteinatlas.org/
ENSG00000138162-TACC2/cell+line). Moreover, early work found that TACC1
and TACC2 show a similar localisation to TACC3 in mitotic HeLa cells, though
TACC3 is more strongly expressed on the spindle MTs (Gergely et al. 2000a).
To determine if a more severe phenotype is observed in cells lacking TACC1 and
TACC2, future experiments could use siRNA to deplete endogenous TACC1 and
TACC2 and express Affimers targetting TACC3.

Does the PCM fragmentation phenotype lead to a mitotic delay, or is it a
consequence of one? Future work is needed to formally address this point,
however, it is unlikely that a mitotic delay is the cause of PCM fragmentation,
as metaphase delay induced by the proteasome inhibitor MG132, does not cause
PCM fragmentation in HeLa cells (Sapkota et al. 2020). It is therefore more likely
that disruption of TACC3—ch-TOG via the Affimer, leads to compromised PCM
integrity that is susceptible to fragmentation during mitotic delay. Mechanistic
details to explain the PCM fragmentation observed in this study, and indeed the
literature, are currently lacking (Maiato and Logarinho 2014). However, it is
reasonable to suggest that an imbalance of MT-generated forces is a contributing
factor. To formally test this, future experiments should investigate the effect
of inactivating centrosome-directed forces, for example via inhibition of Egh, as
has been performed in similar studies (Asteriti et al. 2014). Moreover, previous
work has described a PCM fragmentation phenotype in Augmin defective cells,
that was explained by a concomitant loss of kinetochore MTs and a suspected
imbalance of forces within the spindle (Lawo et al. 2009). Given that the TACC3
Affimers were found to exclude ch-TOG from the spindle MTs in my experiments,
it is possible that there is a decrease in K-fibre stability in these cells that could

also lead to an imbalance of forces causing PCM fragmentation.

Based on the data generated in this thesis and what is currently known, we
propose that TACC3 is required to ‘activate’ ch-TOG activity to stabilise
centrosome MTs. In absence of the TACC3-—ch-TOG interaction, ch-TOG is
still localised to the mitotic centrosome, but is not ‘activated” by TACC3. In
turn, cells are more susceptible to PCM fragmentation during metaphase. This
is in line with a previous finding that in vitro, the presence of Maskin (TACC3)
enhanced the pelleting of XMAP215 (ch-TOG) with MTs (Peset et al. 2005).
Of note, a similar PCM fragmentation phenotype to the one observed in my
experiments was previously reported by De Luca and colleagues (De Luca et al.
2008). Here they showed that PCM fragmentation occurs in Aurora A-depleted
mitotic cells and correlates with an increase in ch-TOG and a decrease in MCAK
at the spindle poles. Given that previous work has identified that TACC3 binds
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Aurora A and enhances its kinase activity (Burgess et al. 2015), it is plausible
that the Affimers could be blocking or weakening this event. Therefore, the PCM
fragmentation phenotype observed in my experiments could also be explained by a
reduction in Aurora A activity. Although my experiments found no change in the
localisation of ch-TOG at the spindle poles of cells expressing TACC3 Affimers,
a future experiment to investigate the localisation of its functional antagonist,

MCAK, should be performed.

Alternatively, TACC3—ch-TOG could form a structural lattice at the centrosome
that functions to maintain the integrity of spindle poles, as was suggested
following early work in HeLa cells (Gergely et al. 2003). In this sense, it is likely
that TACC3—ch-TOG are part of a larger complex that functions to support
spindle pole integrity, where TACC3-ch-TOG act as a scaffold to recruit other
PCM proteins. To investigate this, protein-protein interactions of TACC3 and/or
ch-TOG could be determined in cells expressing Affimers and compared to control
cells, for example by BioID and subsequent analysis by mass spectrometry (Roux
et al. 2018). In this regard, it is tempting to speculate that TACC3—ch-TOG could
contribute to the suggested liquid-like nature of the mitotic PCM (Woodruff et al.
2017; Woodruff 2021). This is plausible, since TACC3 has been described to be
a core component of the recently identified liquid-like meiotic spindle domain in
mammalian oocytes, that forms by phase separation (So et al. 2019). Moreover,
TACC3 has been shown to self-assemble into liquid-like droplets in the presence
of polyethylene glycol in vitro (So et al. 2019).

5.1.3 Affimers targeting TACC3—clathrin

Given that a handful of the clathrin Affimers screened in this thesis were found
to bind clathrin in cells, it was disappointing that no phenotype was observed
during mitosis or interphase. Nonetheless, the TACC3—clathrin interaction site,
or the subsequent MT binding surface, remains an attractive site to target in
a cancer context. However, developing mitosis-specific inhibitors of clathrin is
not without its challenges, especially given that auxilin is predicted to bind at
the same site on the ankle as TACC3 (Burgess et al. 2018). For this reason,
developing inhibitors against TACC3 to block an interaction with clathrin may
be more appropriate. Alternatively, inhibitors could be developed to disrupt the
interaction between TACC3—clathrin and the MTs. For this, an ultrastructural
understanding of the MT interface formed by TACC3—clathrin is required.
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5.2 The use of Affimers as a tool to study cell
biology

The work in this thesis, and previous published works, has demonstrated the
use of Affimers to study protein function. However, a current limitation is the
lack of temporal control over their use. To circumvent this, a tether-and-release
system could be employed, such as the rapamycin activated protease through
induced dimerisation and release of tethered cargo (RAPID-release) method,
that has previously been developed to study the nuclear import dynamics of
newly synthesised histones (Apta-Smith et al. 2018). With this system, Affimers
could be tethered to the mitochondria and upon the addition of rapamycin,
the auto-inhibited TVMV protease would be recruited to the mitochondria
and activated, thus releasing the Affimers to inhibit the desired protein-protein
interaction. If release of the tethered Affimers could be achieved in the timescale
of minutes as previously described for histones (Apta-Smith et al. 2018), it would

enable temporal inhibition of protein complexes during defined stages of mitosis.

As observed with the clathrin Affimers in this thesis, they may bind the protein
of interest but may not sufficiently inhibit the intended interaction. Though not
determined in this thesis, a likely reason for the lack of effect is a low binding
affinity. Therefore, a key challenge is the identification of high-affinity Affimer
reagents that will abolish the interaction of strong protein-protein interactions.
Similarly, although Affimers have previously been reported as tools to visualise
endogenous proteins (Tiede et al. 2017; Lopata et al. 2018), the Affimers
developed in this thesis were not suitable for this purpose, suggesting that this

could be dependent on the target protein.

The work with TACC3 Affimers presented in this thesis has demonstrated
that Affimers can be used as tools to dissect a multiprotein complex in
living cells, achieving specific inhibition of TACC3-ch-TOG while leaving the
other interactions within the TACC3-ch-TOG-clathrin-GTSE1 complex intact.
Moreover, given the short time required to screen and identify Affimer reagents
to a protein of interest, they provide an attractive alternative to antibody-based
scaffolds to gain biological insight into protein-protein interactions in cells. To
further increase the functionality of Affimers as research tools, future work could
investigate the option to fuse them with E3 ligase ligands for use as specific
protein degraders, in the same way as PROTACs (Burslem and Crews 2020).
Finally, given that Affimers are genetically encoded, small proteins (12kDa) with
high stability, they may serve as a useful tool in therapeutic applications of the

future.
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Figure 5.1. Comparing antibodies for the detection of ch-TOG in mitotic HeLa
cells by indirect immunofluorescence. Confocal micrographs of fixed HeLa cells in
metaphase stained with antibodies to detect ch-TOG (see table 5.1 for details), o-tubulin and
DNA. Cells were fixed in PTEMF or ice-cold methanol (MeOH), as indicated. Cells were
treated with MLN8237 (0.3 pM, 40 min) before fixing to test for antibody specificity. Scale bar
= 10 pm.
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Table 5.1. Comparing antibodies for the detection of ch-TOG in mitotic HeLa cells by
indirect immunofluorescence.

Antibody name Working . Supplier Cat No.
concentration
Rabbit anti-ch-TOG | 1:5000 QED Bioscience | 34032
Mouse anti-ch-TOG | 1:50 Santa Cruz sc-374394
Rabbit anti-ch-TOG | 1:50 Proteintech 26457-1-AP
Rabbit anti-ch-TOG | 1:800 Thermo PA5-59150
Rabbit anti-ch-TOG | 1:50 Biorbyt orb418091
Rabbit anti-ch-TOG | 1:1000 Cell signalling 67774S
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Defining endogenous TACC3—-chTOG—clathrin-GTSE1
interactions at the mitotic spindle using induced relocalization

Ellis L. Ryan’*, James Shelford’*, Teresa Massam-Wu', Richard Bayliss? and Stephen J. Royle"*

ABSTRACT

A multiprotein complex containing TACC3, clathrin and other proteins
has been implicated in mitotic spindle stability. To disrupt this
complex in an anti-cancer context, we need to understand its
composition and how it interacts with microtubules. Induced
relocalization of proteins in cells is a powerful way to analyze
protein—protein interactions and, additionally, monitor where and
when these interactions occur. We used CRISPR/Cas9 gene editing
to add tandem FKBP-GFP tags to each complex member. The
relocalization of endogenous tagged protein from the mitotic spindle
to mitochondria and assessment of the effect on other proteins
allowed us to establish that TACC3 and clathrin are core complex
members and that chTOG (also known as CKAP5) and GTSE1 are
ancillary to the complex, binding respectively to TACC3 and clathrin,
but not each other. We also show that PIK3C2A, a clathrin-binding
protein that was proposed to stabilize the TACC3—chTOG—clathrin—
GTSE1 complex during mitosis, is not a member of the complex. This
work establishes that targeting the TACC3—clathrin interface or their
microtubule-binding sites are the two strategies most likely to disrupt
spindle stability mediated by this multiprotein complex.

KEY WORDS: GTSE1, TACC3, Clathrin, Knocksideways, Mitosis,
Mitotic spindle

INTRODUCTION

During mitosis, chromosomes are segregated with high precision to
generate two genetically identical daughter cells. This segregation is
driven by the mitotic spindle, a bipolar microtubule array with
associated motor and non-motor proteins (Manning and Compton,
2008). One non-motor protein complex that binds spindle
microtubules contains TACC3, chTOG (also known as CKAPS)
and clathrin (Fu et al., 2010; Hubner et al., 2010; Lin et al., 2010;
Booth et al., 2011). This complex is important for stabilizing the
bundles of microtubules that attach to kinetochores (kinetochore-
fibers, k-fibers) by physically crosslinking them (Booth et al., 2011;
Hepler et al., 1970; Nixon et al., 2015, 2017). Uncovering the
molecular details of how proteins of this complex bind to one
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another and to microtubules is important to understand how mitotic
spindles are stabilized and how we can target spindle stability in an
anti-cancer context.

Mitotic phosphorylation of TACC3 on serine 558 by Aurora kinase
A (referred to here as Aurora A) controls the interaction between
clathrin and TACC3 (Booth et al., 2011; Cheeseman et al., 2011,
2013; Hood et al., 2013; Burgess et al., 2018). This interaction brings
together the N-terminal domain of clathrin heavy chain and the
TACC domain of TACC3 to make the microtubule-binding surface
(Hood et al., 2013). Despite having a microtubule-lattice binding
domain, chTOG is not needed for the complex to bind microtubules
and interacts with the TACC3-clathrin complex via its TOG6
domain, binding to a stutter in the TACC domain of TACC3 (Booth
et al., 2011; Hood et al., 2013; Gutiérrez-Caballero et al., 2015).

Despite this detail, the exact composition of the complex on
kinetochore microtubules is uncertain. Besides TACC3, clathrin and
chTOG, two further proteins, GTSE1 and phosphatidylinositol
4-phosphate 3-kinase C2 domain-containing subunit o (PI3K-C2a,
also known as PIK3C2A) have been proposed to be members. Both
were originally identified as binding partners for mitotic TACC3—
clathrin (Hubner et al., 2010). Biochemical evidence convincingly
shows that GTSE1 binds the N-terminal domain of clathrin heavy
chain and that this interaction localizes GTSEl to spindle
microtubules (Rondelet et al., 2020). Like chTOG, GTSEI has
the capacity to bind microtubules, but it appears to use TACC3—
clathrin to bind the spindle (Monte et al., 2000; Scolz et al., 2012;
Bendre et al., 2016). By contrast, PIK3C2A is a component of
clathrin-coated vesicles where it acts as a lipid kinase (Gaidarov
etal., 2001). It was recently proposed to act as a scaffolding protein
in the TACC3—chTOG—clathrin complex by binding to both TACC3
and clathrin (Gulluni et al., 2017). PIK3C2A and GTSE1 bind to the
same sites on the N-terminal domain of clathrin heavy chain
(Gaidarov et al., 2001; Rondelet et al., 2020), and although clathrin
has the capacity to bind multiple proteins (Smith et al., 2017; Willox
and Royle, 2012), this raises the question of whether the binding of
PIK3C2A and GTSE1 to TACC3—clathrin at the spindle is mutually
exclusive.

Dissecting this multiprotein complex is further complicated by
each putative member being able to form subcomplexes that have
different subcellular localizations (Gutiérrez-Caballero et al., 2015).
TACC3—chTOG (without clathrin) localizes to the plus ends of
microtubules (Nwagbara et al., 2014; Gutiérrez-Caballero et al.,
2015). Similarly, GTSE1 binds plus ends and can also stabilize astral
microtubules of the mitotic spindle by inhibiting the microtubule
depolymerase MCAK (also known as KIF2C; Scolz et al., 2012;
Bendre et al., 2016; Tipton et al., 2017). PIK3C2A and clathrin are
found in clathrin-coated vesicles away from the mitotic spindle
(Gaidarov et al., 2001). Biochemical approaches do not have the
capacity to discriminate these subcomplexes from the multiprotein
complex on k-fibers. Therefore, subcellular investigation of protein
interactions are required to answer this question.

(]
O
c
-
1%
v
E
Y
Y—
o
©
c
—
>
o
-_



RESEARCH ARTICLE

Journal of Cell Science (2021) 134, jcs255794. doi:10.1242/jcs.255794

Knocksideways is a method to acutely and inducibly relocalize a
protein to mitochondria in order to inactivate that protein (Robinson
et al., 2010). In the original method, the target protein is depleted by
RNAJ, and an FKBP-tagged version is expressed alongside MitoTrap
(an FRB domain targeted to mitochondria); relocalization is achieved
by the addition of rapamycin. This method has many advantages over
slow inactivation methods such as RNAi-mediated knockdown or
gene disruption (knockout) approaches (Royle, 2013). We have
previously used knocksideways in mitotic cells to investigate protein—
protein interactions, because any proteins that are in a complex with
the target protein also become mislocalized to the mitochondria
(Cheeseman et al., 2013; Hood et al., 2013). This approach has the
added advantage that the subcellular location of proteins can also be
tracked during the experiment, and that it can be done at specific
times, allowing us to pinpoint where and when interactions occur.

In this study, we applied a knocksideways approach to investigate
how proteins of the TACC3—hTOG—clathrin-GTSE1 complex bind
to one another and to microtubules of the mitotic spindle. Instead of
overexpression and RNAi, we sought to tag each target protein with
FKBP and GFP at their endogenous locus using CRISPR/Cas9-
mediated gene editing. This strategy allowed us to study these
subcellular interactions at the endogenous level for the first time. The
cell lines we have created are a multi-purpose ‘toolkit’ for studying
microtubule-crosslinking proteins by live-cell imaging, biochemistry
or electron microscopy (Clarke and Royle, 2018).

RESULTS

Generation and validation of clathrin, TACC3, chTOG

and GTSE1 knock-in HelLa cell lines

Our first goal was to tag four proteins with FKBP and GFP at their
endogenous loci using CRISPR/Cas9 gene editing. Clathrin
(targeting clathrin light chain A, LCa, also known as CLTA),
TACC3, chTOG (CKAPS) and the clathrin-interacting protein
GTSE1 were edited in HeLa cells so that they had a GFP-FKBP
tag at their N-terminus or an FKBP-GFP tag at their C-terminus
(Fig. 1A). The dual FKBP and GFP tag allows direct visualization of
the protein as well as its spatial manipulation using knocksideways
(Cheeseman et al., 2013; Robinson et al., 2010). Following editing,
GFP-positive cells were isolated by FACS and were validated using a
combination of PCR, sequencing, western blotting and fluorescence
microscopy (Fig. 1B,C; Figs S1, S2). These validation steps yielded a
cell line for each protein that could be used for all future analyses.
Homozygous knock-in was achieved for CLTA-FKBP-GFP, GFP—
FKBP-TACC3 and GTSE1-FKBP-GFP. Despite multiple attempts
to generate a homozygous knock-in for chTOG-FKBP-GFP, we
only recovered heterozygous lines (more than twenty heterozygous
clones in three separate attempts). Although there is a report of
homozygous knock-in of chTOG-FKBP-GFP in HCT116 cells
(Cherry et al., 2019), we assume that homozygous knock-in of
chTOG-FKBP-GFP in HeLa cells is lethal.

The localization of tagged proteins in all cell lines was normal. In
mitotic cells, clathrin was located on the spindle, in the cytoplasm
and at coated pits; TACC3 was located exclusively on the spindle;
chTOG was located on the spindle but was more pronounced on
the centrosomes and kinetochores; and GTSEl was localized
throughout the spindle and the cytoplasm (Fig. 1C; Fig. S2A,C),
consistent with previous observations (Gergely et al., 2000, 2003;
Royle et al., 2005; Foraker et al., 2012; Bendre et al., 2016; Herman
et al., 2020). Overexpression of TACC3 can result in the formation
of aggregates (Gergely et al., 2000; Hood et al., 2013), which
have recently been described as liquid-like phase-separated
structures (So et al., 2019). We note that at endogenous levels in

HeLa cells, GFP-FKBP-TACC3 did not form these structures
(Fig. 1C; Fig. S2A). GTSE1-FKBP-GFP could be seen tracking
microtubule plus ends in interphase, as previously reported (Scolz
et al., 2012), but also during all stages of mitosis (Fig. S2D).

As a further validation step, we assessed mitotic timings in each
knock-in cell line and found progression to be comparable to that of
their respective parental HeLa cells. These observations indicate that
the addition of an FKBP and GFP tag did not affect the mitotic function
of clathrin, TACC3, chTOG or GTSE1, and that clonal selection did not
adversely affect mitosis in the four cell lines (Fig. S3). In summary,
the generation and validation of these four knock-in cell lines represents
a toolkit that can be used to study clathrin, TACC3, chTOG and GTSE1
at endogenous levels (see Table S1).

Knocksideways of endogenous proteins in knock-in cell lines
We next performed knocksideways experiments to assess the
functionality of the FKBP tag that was introduced (Fig. 2A). Each
cell line, expressing mCherry—MitoTrap, was imaged live during the
application of 200 nM rapamycin. At metaphase, CLTA-FKBP-GFP,
GFP-FKBP-TACC3, chTOG-FKBP-GFP and GTSE1-FKBP-GFP
were all removed from the spindle and relocalized to the mitochondria
by rapamycin addition (Fig. 2B). The timecourse of relocalization was
variable but was complete by 10 min (Movies 1-4). The efficiency of
relocalization in all four cell lines was 100% (clathrin, 28/28; TACC3,
26/26; chTOG, 22/22; GTSEI, 20/20).

To test whether relocating the tagged protein from the spindle to the
mitochondria was sufficient to induce a mitotic phenotype, we
analyzed progression through mitosis. Each knock-in cell line,
transiently expressing mCherry—MitoTrap(T2098L), a rapalog-
sensitive MitoTrap, was imaged overnight by light microscopy
following application of 1uM rapalog AP21967 or control.
Relocalization of endogenous clathrin (CLTA-FKBP-GFP) caused
a prolonged mitosis (median nuclear envelope breakdown-to-
anaphase timing of 73.5min versus 57.75min in control
conditions), with only 55% of cells exiting metaphase during the
movie compared with 100% of control (Fig. 2C). Similarly, TACC3
relocalization prolonged the time to reach anaphase by 2.2-fold
compared to the time taken by the control, with delays in reaching
metaphase and reaching anaphase, and 72% of cells exiting
metaphase. Relocalization of chTOG (chTOG-FKBP-GFP) also
caused a delay of 1.5-fold, with 80% of cells entering anaphase. This
phenotype was more mild than that following clathrin or TACC3
relocalization, although we note that some chTOG is likely to remain
on the spindle due to the heterozygosity of this cell line. Finally,
relocalization of GTSE1-FKBP-GFP had a smaller effect on mitotic
progression, with 96% of cells exiting metaphase and a 1.2-fold delay
in the timing from nuclear envelope breakdown to anaphase (Fig. 2C).
These experiments show that relocalization of each protein is possible
in live cells using knocksideways and that functional mitotic
consequences of this mislocalization can be observed.

Defining mitotic clathrin, TACC3, chTOG and GTSE1
interactions using knocksideways of endogenously tagged
proteins

Acute manipulation of protein localization using knocksideways can
be used to uncover interactions in living cells (Hood et al., 2013). To
examine mitotic interactions between clathrin, TACC3, chTOG and
GTSEL1, we set out to relocalize each endogenous protein in mitotic
knock-in cells and ask whether this manipulation affects the
localization of the other proteins, detected by indirect
immunofluorescence (Fig. 3). Relocalization of endogenous
clathrin (CLTA-FKBP-GFP) caused the removal of TACCS3,
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Fig. 1. Generation of knock-in HeLa cell lines using gene editing. (A) Strategy to tag clathrin (CLTA), TACC3, chTOG (CKAP5) and GTSE1 with FKBP and
GFP at their endogenous loci. Cas9n D10A nickase was used to target the indicated site, and a repair template with FKBP—GFP or GFP—FKBP tag flanked by left
and right homology arms (LHA and RHA, respectively) was used as indicated. GFP-positive cells were individually sorted by FACS and validated using a
combination of western blotting, imaging and DNA sequencing (not shown). (B) Western blotting showed negative clones and positive clones that were either
homozygous (single band, shifted by ~30 kDa) or heterozygous (two bands, one at expected size and the other shifted by ~30 kDa) knock-in cell lines.

The tagged and untagged proteins are denoted by filled green and open gray arrowheads, respectively. Clones used in this work are highlighted in bold.
Molecular mass markers are shown in kDa for each blot. Control lanes show parental HeLa (HelLa) or parental HeLa overexpressing the indicated protein. HeLa
cells may have more than two alleles of the targeted gene. We use the term homozygous to indicate editing of all alleles and heterozygous to indicate that at

least one allele was edited and that an unedited allele remained. PCR and DNA sequencing confirmed that: CLTA-FKBP—GFP (clone 5) is homozygous,
GFP-FKBP-TACCS3 (clone D5) is homozygous, chTOG-FKBP-GFP (clone H5) is heterozygous and GTSE1-FKBP—GFP (clone A5) is homozygous.
(C) Micrographs showing GFP fluorescence of each tagged cell line indicating the correct localization of each tagged protein. Scale bar: 10 ym.

GTSE1 and chTOG from the spindle (Fig. 3A). On the other hand,
relocalization of endogenous GFP-FKBP-TACC3 resulted in
removal of chTO