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Abstract

Microtubules are an essential component of the cytoskeleton and help facilitate a wide
variety of functions including cellular division, transport of cargo, cell migration and
maintaining cell shape. They are formed from a-tubulin and B-tubulin subunits which
dimerise and then polymerise to form microtubules lattices. A plethora of microtubule
binding proteins can associate with these structures and are required to regulate
microtubule organisation and to allow for their diverse array of functions. Identifying
the complete microtubule proteome is therefore crucial for understanding the full
extent of microtubule function. This work describes a method for identifying novel
microtubule binding proteins directly from cells and their subsequent characterisation.
Furthermore, additional characterisation of the poorly researched deubiquitylase
enzyme, USP31, which has also been shown to associate with microtubules, was

undertaken.

Several proteomic studies have been previously performed in a variety of model
species to identify microtubule-associated proteins, however the majority of these
studies preceded major advances in the sensitivity of mass spectrometry instruments
and the adoption of isotopic labelling procedures (e.g. SILAC) that provide more
quantitative data. To identify novel microtubule binding proteins, | have developed an
unbiased biochemical assay which utilises differential extraction to allow for removal
of cytosolic proteins whilst retaining microtubule networks for collection. | have
conducted triplex mass spectrometric analysis which quantitates the sensitivity of
microtubule protein extraction from U20S cells following manipulation of the network
by microtubule-depolymerising (nocodazole) or microtubule-stabilising (Taxol) drugs.
This method can be easily transferred to other cell types. This approach is
benchmarked by co-segregation of tubulin and previously established microtubule-
binding proteins. | have identified several candidate proteins which have not been
previously described as microtubule binding proteins using this method. Not only has
this allowed for identification of the microtubule proteome, but it has also provided an
inventory for the most Taxol-sensitive and nocodazole-sensitive proteins within the

cell.



By using this novel method for microtubule binding protein extraction, | have
successfully identified a selection of novel candidates including the ubiquitin E3
ligase, TRIM3 (Tripartite motif-containing protein) and galectin-related protein,
LGALSL. Both have been confirmed in this work to localise with the microtubule
network. | have focused on TRIM3 and shown that it can also be seen to associate
with the mitotic spindle throughout the entirety of mitosis. Microtubule localisation has
been mapped to the C-terminal NHL repeats, a domain which is required but is not
sufficient alone for microtubule localisation. Additionally, | have identified a functional
role for TRIM3 in the regulation of the acetylated tubulin network. TRIM3 depletion
prevents the accumulation of acetylation under conditions of Taxol stabilisation by

regulating the expression levels of the a-tubulin acetyl-transferase enzyme, o TAT1.

A second line of enquiry described in this thesis involves the further characterisation
of a previously established microtubule binding protein. USP31 is a deubiquitylase
(DUB) that associates with microtubules and has been previously found to regulate
mitotic progression. | have undertaken further investigations into its role within mitosis.
| have shown that USP31 expression levels differ throughout the cell cycle, with a 2-
to 3-fold increase being seen during mitosis compared to asynchronous cells,
particularly in prometaphase and metaphase. Upon entry into mitosis, USP31 is
phosphorylated in a CDK1-dependent manner and dephosphorylated upon mitotic
exit, with a rapid relocalisation onto the central spindle observed during anaphase.
Catalytic-inactive mutants of USP31 display cytokinesis defects, leading me to
investigate the involvement of USP31 with the chromosomal passenger complex
(CPC): a main regulator of the cell cycle and cytokinesis. | have shown that in
prometaphase arrested cells, components of the CPC, including INCENP and aurora
B, display decreased expression levels. Under anaphase-like conditions, USP31
depleted cells present with mislocalisation of the CPC components at the spindle
midzone in a CDK1-dependent manner. Furthermore, USP31 depletion causes a
specific delay in the transition of ectopically expressed INCENP from the inner

centromeres to the spindle midzone.
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Chapter 1 - Introduction

The cytoskeleton is a large, complex network which provides the cell with its
mechanical support and framework. 3 major classes of intracellular filamentous
protein structures make up the cytoskeleton, namely actin filaments, intermediate
filaments and microtubules, all of which are formed by the polymerisation of specific
protein subunits. Actin filaments and microtubules are both polarised and are formed
from globular protein subunits named actin and tubulin respectively, whereas
intermediate filaments are unpolarised networks formed from multiple classes of
protein dimers (Wickstead and Gull, 2011).

1.1 Microtubules

All our cells contain mesh-like networks that are formed from tube-shaped protein
structures called microtubules. They are hollow structures and measure
approximately 25 nm in diameter (Brinkley, 1997). These microtubules contribute to
a wide variety of cellular functions such as maintaining cell shape, allowing cell
movement, facilitating cell division and they provide the main structural unit for flagella
and cilia. Additionally, they are frequently compared to railway tracks as specific
proteins termed motor proteins (detailed in section 1.1.8) can travel along them to
transport their cargo to specific areas of the cell. The microtubule network has the
ability to perform all of these different functions because of their plethora of associated
proteins and their dynamic nature: they are able to rapidly grow, collapse and reform

to suit the cells needs and requirements (Nogales, 2000).

1.1.1 Tubulin and microtubule discovery

Microtubules were first described in the early 1950’s when mitotic spindles were
extracted from sea urchin eggs by Mazia and Dan. Spindle structures were analysed
by electron microscopy (EM), and a protein accounting for the majority of the mass of
the mitotic spindle was isolated by isoelectric precipitation (Mazia and Dan, 1952). A
second early study which highlighted the presence of microtubules was during the EM
analysis of ciliary apparatus of epithelial cells (Fawcett and Porter, 1954). In this study,
Don Fawcett and Keith Porter described all cilia as being structurally similar,
consisting of longitudinal columns formed from 9 doublet pairs and 2 singlet filaments.
A decade later, further structural insights were obtained including the work by
Ledbetter and Porter which described microtubules of plant cells existing as 13

protofilaments in vivo (Ledbetter and Porter, 1964). The microtubule subunit was
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finally discovered in 1968 by Weisenberg and Borisy, following tubulin purification
using a drug called colchicine, known to disrupt the mitotic spindle (Taylor, 1965;
Borisy and Taylor, 1967). They were able to saturate tubulin with radioactive
colchicine and use gel filtration to determine the amount of bound colchicine.
Purification was then achieved using gradient elution from Sephadex columns. Their
results showed that the purified protein obtained had similar properties such as
molecular weight, amino acid composition and sedimentation constant, to the
microtubule subunits seen in brain cells, cilia, and sperm tails. This protein was
originally named the ‘colchicine-binding protein’ (Weisenberg et al., 1968; Borisy and
Taylor, 1967). Around the same time, a further important discovery by Stevens,
Renaud and Gibbons confirmed that the structural units of cilia and flagellum
associate with guanine nucleotides (Stevens et al., 1967). The term “tubulin” was
eventually adopted following the independent isolation of the microtubule building
blocks in 1968 (Mohri, 1968; Yanagisawa et al., 1968).

It was from this point that research into tubulin and microtubules significantly picked
up. In 1972, microtubules were formed in vitro from porcine brain homogenates,
highlighting microtubules’ ability to spontaneously assemble in the presence of GTP
and a calcium chelator only (Weisenberg, 1972; Borisy and Olmsted, 1972). These in
vitro microtubule preparations remain largely in use today to facilitate microtubule
investigations. A further milestone in the discovery of microtubules was the
determination of the tubulin 3D structure in the presence of Taxol in 1998 by Eva
Nogales and Kenneth Downing. Electron crystallography was used to determine a
structure with a resolution of 3.7A, allowing both a- and B-tubulin to be described
similarly as being compact with a nucleotide-binding region at the amino terminus, a
Taxol-binding intermediate domain and a motor protein binding surface at the carboxy
terminus (Nogales et al., 1998, 1999).

1.1.2 Tubulin proteins

Tubulin is a superfamily of globular proteins. a- and B-tubulin proteins each have a
molecular weight of ~50kDa and are highly conserved. They contain 451 and 445
amino acids respectively and display 41% sequence homology (Ponstingl et al., 1981;
Krauhs et al.,, 1981). Despite differences at the primary sequence, their overall
structures are almost identical (Figure 1.1). They are compact protein structures which
consist of 3 functional core domains. The N-terminal region spans from residues 1-

205 and contains the nucleotide-binding binding domain, facilitated by a Rossmann
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fold. This is composed of 6 parallel B-sheets and 5 a-helices arranged in an alternate
fashion and is present in multiple nucleotide-binding proteins. The globular
intermediate domain spans from residues 206-381 and consists of a mixed B-sheet
surrounded by 5 a-helices. The final region at the C-terminus consists of 2 overlapping
a-helices which sit on the surface of the globular domain. This region associates with
other tubulin proteins in the microtubule structure, as well as facilitating binding of
microtubule-associated proteins. Despite there being 3 sequential domains,

structurally there are no definitive boundaries to each component (Nogales, 1998).

A Front view Rear view
a-tubulin B-tubulin a-tubulin B-tubulin
B
1 205 381 451
| |
Nucleotide-binding Globular C-terminal

Figure 1.1 - Tubulin structure

A: Flat ribbon cartoon structure of the a- and B-tubulin subunits, with their front (left)
and rear (right) views shown. Structural data was obtained from PDB database.
PBD ID: 1TUB. B: Schematic representation of tubulin functional domains. Residue
numbers refer to those of the TUBA1A gene.

In eukaryotes, there are 6 major subclasses of tubulin proteins: 5 of them are found
in humans including a, B, y, ® and ¢, and the final subclass, (, is exclusive to
kinetoplastids (Findeisen et al., 2014). a- and B-tubulin are the main tubulin proteins
as they are ubiquitously expressed and associate together to form the basic structural
unit of microtubules. y-tubulin is also ubiquitously expressed however it is located at
the microtubule organising centre (MTOC) and functions by nucleating formed
microtubules. d- and e-tubulin are conserved across all eukaryotes which contain

centrioles/ciliated cells (Wickstead and Gull, 2011) and are located at the
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centrosomes, thought to facilitate centriole structure and function (Chang and
Stearns, 2000). 23 tubulin genes and a least 48 pseudogenes are found within the
human genome and are spread across all 24 chromosomes. There are therefore
multiple genes encoding for each different tubulin subclass, with9 a, 10 3, 2 y, and 1
each of & and ¢, expressing different tubulin isotypes, with the majority of sequence

differences occurring at the C-terminus (Findeisen et al., 2014).

. a-tubulin
m B-tubulin
yB2A y-tubulin
' E 0 - 5-tubulin
-8B M B e-tubulin

AP A VIS 555

{B4/
HE1
;#L‘; U UJ U L= B3

2 6 9 10 12 13 16 17 18 19 20 22

Figure 1.2 - Chromosome mapping of human tubulin genes

The human tubulin genes are distributed across 12 different chromosomes. Some
genes occur in clusters, thought to have occurred through gene duplication. Coding
genes only are displayed here and not pseudogenes which span across all other
chromosomes not displayed.

1.1.3 Microtubule polymerisation

a- and B-tubulin spontaneously dimerise before polymerising into microtubule lattices
(Akhmanova and Maiato, 2017). Lattices usually contain 13 protofilaments (although
10-15 protofilaments have been observed across a number of organisms) which are
laterally associated to form hollow cylindrical structures (Wickstead and Gull, 2011;
Chalfie and Thomson, 1982). Microtubules are polarised structures and consist of a
plus end and a minus end. The plus-end is the major microtubule elongation site
whereas the minus-end is usually stabilised at their origin (Mitchison, 1993), however
it can also slowly contribute to the addition of heterodimers in vitro (Martin and
Akhmanova, 2018). Tubulin proteins are capable of binding GTP. a-tubulin has a non-
exchangeable site (N-site) trapped between the interface of both subunits, where GTP
cannot be hydrolysed to GDP. B-tubulin has an exchangeable site (E-site) capable of
facilitating GTP hydrolysis, facing the plus end (Desai and Mitchison, 1997). When a
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new tubulin dimer loaded with GTP approaches the B-tubulin at growing end, the
contacts occurring within and between the heterodimers straighten, allowing for lateral
contacts to occur between adjacent protofilaments. Further addition allows for further
straightening and the eventual closure of the microtubule cylinder (Wang and
Nogales, 2005). Simultaneously, as the new GTP-tubulin molecule is added,
hydrolysis of the GTP to GDP within the preceding heterodimer is enhanced. The new
tubulin dimer still contains GTP-B-tubulin, and this therefore caps the polymer as it

grows, retaining the straightened conformation and hence the lateral contacts.

1.1.4 Dynamic instability

Microtubules are dynamic and can grow and shrink constantly for the continuous
remodelling of the cytoskeleton, referred to as dynamic instability (Figure 1.3). This
property allows them to alter their shape, length and localisation for rapid regulation
of cellular function (Mitchison and Kirschner, 1984). As microtubule polymerisation
slows, catastrophe can occur, which is the sudden depolymerisation of microtubules.
The mechanistic ideas are related to the GTP cap present at the growing end, an idea
that was first proposed in 1981 by Carlier and Pantaloni. They showed that one
molecule of GTP was hydrolysed per tubulin heterodimer, and the process of tubulin
addition and GTP hydrolysis occurs in 2 subsequent steps (Carlier and Pantaloni,
1981). When the pool of free tubulin diminishes, polymerisation rate decreases and
eventually pauses. Hydrolysis of all the previously bound GTP-tubulin within the lattice
occurs quickly to give GDP-bound tubulin. This reveals an unstable GDP-tubulin
dimer at the plus end (Mitchison and Kirschner, 1984) which causes a bend between
the adjacent monomers that is not compatible with the lateral contacts occurring
between protofilaments. The destabilised lattice therefore converts from a growing
state to a paused state, and eventually to a depolymerising state called catastrophe
(Gardner et al., 2013; Wang and Nogales, 2005). Upon initiation, protofilaments peel
away from the microtubule lattice and depolymerise independently (Nogales, 2000).
The occurrence of catastrophe is greater within longer microtubules and those closer
to the periphery of the cell as these are more dynamic to allow for rapid remodelling
to assist with cell movement and shape (Gardner et al., 2013). This mechanism is

shown in Figure 1.3.
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Figure 1.3 - Microtubule dynamic instability

Microtubules form from polymerisation of GTP-bound heterodimers of a- and [3-
tubulin. GTP hydrolysis occurs in previously added heterodimers as new ones are
added and a GTP cap at the end is present to stabilise microtubules. As
polymerisation slows, GTP hydrolysis catches up and the GTP cap is lost, the
microtubules destabilise and peel away from the lattice, causing depolymerisation.
Shrinking microtubules can either be rescued for regrowth, or their subunits can be
harvested, GDP exchanged for GTP, and polymerisation of a new microtubule can
begin.
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When catastrophe does occur, this rapid shrinkage can be rescued, allowing the
existing microtubule to begin growing again. These events are thought to be relatively
rare however (Gardner et al., 2013). It was originally thought that an increase in free
tubulin concentration may cause microtubule regrowth following catastrophe,
however this was shown early on to not be sufficient (Walker et al., 1988). The
presence of microtubule binding proteins which act to stabilise and destabilise has
been suggested to play a role within these dynamic instability events. For example,
cytoplasmic linker associated proteins (CLASPs) can stably bind to the microtubule
lattice and recruit soluble tubulin to facilitate the rescue and regrowth events (Al-
Bassam et al., 2010). Another possible reason for these rescue events is the presence
of GTP-tubulin within the lattice itself, retained due to incomplete hydrolysis. These
are termed ‘GTP remnants’ and can become exposed as depolymerisation occurs.
This would in turn recreate the GTP cap at the plus end during depolymerisation and
stabilise the microtubule, allowing for rescue and regrowth to occur. Dimitrov et al.
developed a GTP-tubulin specific antibody which was used to show its presence
throughout the microtubule lattice and not just at the plus ends (Dimitrov et al., 2008).
This suggestion has been independently verified by another group who were
investigating the function of the E3 ligase, Von Hippel-Lindau tumour suppressor
protein, as a microtubule associated protein (MAP). They showed that this protein
acts as a strong promotor for microtubule stability by inhibiting GTP hydrolysis activity
at the plus end and along the lattice, creating a GTP cap and GTP remnants
respectively, both in vitro and in vivo. This thereby reduces catastrophe and increases
rescue events (Thoma et al., 2010). Further verification of this theory and the
presence of GTP remnants has also been seen along the axon of neuronal cells
(Nakata et al., 2011).

A study performed in 2015 by Schaedel et al. provided an alternative mechanism for
the incorporation of GTP remnants. They showed that microtubules can display
structural defects, leading to weakened areas and eventual damage. They
demonstrated that if microtubules were subjected to rounds of bending cycles to
induce damage in vivo, they were able to repair themselves and regain their stiffness.
Pulse lasers were used to induce microtubule defects and fluorescent-labelled tubulin
was specifically incorporated into the damaged region in the middle of the lattice
(Schaedel et al., 2015). A follow up study confirmed that rescue events occurred more
frequently at these sites of self-repair. Furthermore, these sites contained GTP-bound

tubulin and were capable of recruiting MAPs with an increased affinity for GTP tubulin
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such as end-binding protein 3 (EB3) and CLASP (described in section 1.1.9.2,

possibly contributing to the increase in rescue events (Aumeier et al., 2016).

1.1.5 Microtubule drugs

Microtubules are targets for numerous drugs which alter their dynamics. Microtubule-

stabilising drugs associate with free tubulin dimers to increase polymerisation, and

with the microtubule lattice to prevent depolymerisation. Conversely, microtubule-

destabilising drugs induce depolymerisation and prevent further polymerisation.

These drugs are frequently used as anti-cancer drugs. Microtubule destabilising Vinca

alkaloids are prescribed to cancer patients to inhibit proper formation of the mitotic

spindle and prevent cellular division (Donoso et al., 1977). Paclitaxel, more commonly

known as Taxol, stabilises microtubules, arresting cells in G2/M phase and inducing

cell death (Horwitz, 1994). Alongside their therapeutic uses, microtubule drugs are

frequently used within scientific research both in vivo and in vitro. Commonly used

microtubule binding drugs are detailed in Table 1.1.

Table 1.1 - Microtubule binding drugs

Name Binding site Action Uses

Colchicine Colchicine Depolymerisation | Gout, arthritis

Colcemid Colchicine Depolymerisation | Metastatic breast cancer

Nocodazole | Colchicine Depolymerisation | Microtubule research — cell cycle
synchronisation

Paclitaxel Taxane Polymerisation Ovarian, breast and non-small cell

and stability lung cancers

Docetaxel Taxane Polymerisation Breast, prostate gastric
adenocarcinoma and non-small
cell lung cancers

Vinblastine Vinca Depolymerisation | Testicular cancer, Hodgkin’s
disease

Vincristine Vinca Depolymerisation | Paediatric malignancies
(leukaemia, lymphoma)

Eribulin Microtubule plus | Depolymerisation | Breast cancer, liposarcoma

ends
Estramustine | Alternative site Depolymerisation | Prostate cancer

Colchicine is the microtubule-depolymerising drug which lead to the discovery of

tubulin as the microtubule subunit (Weisenberg et al., 1968). The colchicine binding

site was identified by developing an assay which allowed tubulin to copurify with
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radiolabelled colchicine (Borisy and Taylor, 1967). This therefore highlights the
importance of microtubule-binding drugs within research. Colchicine causes
depolymerisation by binding to the colchicine-binding site on B-tubulin within free
dimers and lattices. Upon binding it induces a conformational change that switches
the polymer from a straight conformation into a curved one. This reduces the lateral
contacts between the subunits and protofilaments, causing rapid depolymerisation
and mimicking the GDP-tubulin state (Ravelli et al., 2004). Although nocodazole has
become the primary drug for microtubule depolymerisation today, colchicine is still

used as a treatment for gout and other inflammatory conditions (Dalbeth et al., 2014).

Nocodazole is a microtubule-depolymerising drug which acts similarly to colchicine. It
was identified as a microtubule binding drug following an antimitotic drug screen (De
Brabander et al., 1975), and was shown to inhibit polymerisation of tubulin isolated
from rat brains in a readily reversible manner with a stoichiometry of one to one
(Hoebeke et al., 1976). Nocodazole binds to the B-tubulin subunit and competitively
inhibits colchicine binding. Following use of this drug, the addition of GTP and
microtubule-associated proteins involved in polymerisation are insufficient to
stimulate the microtubule reformation (Lee et al., 1980). Specificity to different tubulin
isotypes has also been observed, with the greatest binding affinity occurring with a1V
and the lowest with aplll (Xu et al., 2002). Treatment with nocodazole in vivo leads to
rapid depolymerisation within 20 minutes, however exposure times after 2-5 hours
can lead to altered cell morphology (Lee et al., 1980). Nocodazole is therefore useful
for studying microtubule dynamics and is also frequently used within cell biology to

synchronise cells to prometaphase (Blajeski et al., 2002).

Taxol was first isolated from Taxus brevifolia plants (Wani et al., 1971) before being
confirmed to enhance microtubule stabilisation and nucleation later that decade
(Schiff and Horwitz, 1980). It is the major microtubule-stabilising drug used within
research. Taxol binds specifically and reversibly to the 3-tubulin subunit of both free
and polymerised tubulin (Rao et al., 1992). Application in vitro induces microtubule
rearrangement, causing them to bundle and stabilise, with cold temperatures being
insufficient to cause depolymerisation (Schiff and Horwitz, 1980). Induction of
polymerisation can occur in the absence of both microtubule binding proteins and
GTP (Kumar, 1981; Schiff and Horwitz, 1981). Taxol binding induces a conformational
change causing tubulin filaments to adopt a straightened conformation, mimicking the
action imposed from the addition of GTP-tubulin, preventing curling within the lattice

ends and increasing the lateral contacts. This therefore increases stability and
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reduces catastrophe events (Arnal and Wade, 1995). Taxol has aided a number of
major tubulin and microtubule discoveries including the determination of the structure
of both tubulin subunits (Nogales, 1998).

1.1.6 Nucleation and the centrosome

Polymerisation of microtubules in vitro can occur spontaneously in the presence of
GTP and a calcium chelator only when the concentration of tubulin dimers is above
the critical concentration of 5 uM (Walker et al., 1988). In vivo however, for initiation

of polymerisation to occur, a nucleation factor is required (Borisy and Olmsted, 1972).

Most microtubules originate from microtubule organising centres (MTOC) following
their nucleation. They are anchored here by their minus ends, with their plus ends
protruding out into the cytoplasm as they polymerise. The dominant MTOC is the
centrosome, which is a complex, globular structure that is made up of 2 centrioles,
the mother and the daughter, and organises microtubules by controlling their
nucleation and anchoring. Each centriole is formed from 9 sets of microtubule triplets
arranged with radial symmetry into a cylinder. Surrounding these centrioles is the
pericentriolar material which contains high levels of proteins required for nucleation,
growth and anchoring of microtubules (Martin and Akhmanova, 2018). The
centrosome also plays a crucial role during cell division, with it being duplicated to
form a daughter centrosome during S phase of every cycle. Nucleation can then occur

at each individual centrosome to form the mitotic spindle (Fu et al., 2015).

The formation of new microtubules from free tubulin dimers is a regulated, multi-step
process that is kinetically unfavourable. Templates from either y-tubulin oligomers or
the severed ends of pre-existing microtubules are therefore required (Wieczorek et
al., 2015). y-tubulin was first discovered in 1989 by Oakley and Oakley when looking
at mutations within a previously identified microtubule interacting protein, mipA. By
cloning and sequencing they discovered that mipA and B-tubulin shared 33.3%
sequence similarity, indicating they are part of the same superfamily. This discovery
was the key finding to understanding how microtubules nucleate (Oakley and Oakley,
1989). y-tubulin associates with multiple proteins called y-tubulin complex proteins
(GCPs), which come together in a ring-shaped structure called the y-tubulin ring
complexes (yTuRC). This acts like a scaffold to facilitate microtubule nucleation
(Zheng et al., 1995). In yeast, this structure is termed the y-tubulin small complex

(yTuSC) and has been shown by EM to consist of two y-tubulin subunits, and one
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each of GCP2 and GCP3 (Kollman et al., 2010). The human structure is formed from
GCP2-6 proteins which associate directly to 14 y-tubulins. GCP’s all contain a Grip1
motif for lateral association to each other, and a Grip2 motif to bind to y-tubulin. The
completed structure resembles a single helical turn (Kollman et al., 2010), and mimics
the microtubule plus-end, thereby acting as a ring-like template. Multiple recent
studies have described the cryo-EM structures for yTURC (Wurtz et al., 2022) allowing
the arrangement of GCP proteins to finally be determined (Liu et al., 2020; Consolati
et al., 2020; Zimmermann et al., 2020). The structure mainly contains GCP2 and
GCP3 molecules, with 2 GCP4 and one each of GCP5 and 6 (Consolati et al., 2020;
Wiirtz et al., 2022). These structural studies also all revealed the presence of a single
actin molecule within the structure, thought to regulate its geometry (Wdirtz et al.,
2022) and also stabilise the closed conformation (Consolati et al., 2020). Additionally,
MZT2 molecules were also shown to crosslink GCP interfaces, stabilising the

interactions (Consolati et al., 2020). This structure is illustrated in Figure 1.4.

Once the yTuRC cone-like cap structure has been formed, ap-tubulin dimers are then
recruited and nucleated to form the minus end of the microtubule. Nucleation is
dependent on the conformation of a hinge within GCP3 which either leaves a gap
within the yTuRC or provides a template with the exact spacing of microtubule
filaments, allowing the formation of 13 protofilaments (Petry and Vale, 2015; Koliman
et al., 2010). Once elongation has been initiated, the minus end of the newly formed
microtubule is anchored to the centrosome to stabilise microtubule structures (Oakley
et al., 2015). Anchoring is facilitated by the major microtubule-anchoring structures,
the subdistal appendages, which contains multiple proteins including ninein to bridge

the nucleation and anchoring processes together (Delgehyr et al., 2005).
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Figure 1.4 - Microtubule nucleation

Schematic diagram showing the yTuRC structure and the nucleation of tubulin
dimers to initiate microtubule formation. GCP2-6 proteins each associate to one of
14 y-tubulin molecules and then laterally associate to form a single helical structure.
A single actin molecule is found within the structure, and MZT2 proteins crosslink
the GCP proteins at the perimeter. a-tubulin dimers can then associate to initiate
microtubule formation from the minus end.

In addition to the core complex, other essential proteins are required for the
localisation and activation of the yTURC before nucleation can occur. For example,
depletion of GCP-WD has been seen to abolish correct localisation of y-tubulin prior
to nucleation (Luders et al., 2006). Pericentrin and AKAP450 proteins contribute to
complex localisation via their PACT (pericintrin-AKAP450 centrosomal targeting)
domains (Gillingham and Munro, 2000). Furthermore, activation factor CDK5RAP2
facilitates centrosomal attachment of yTURC and increases the nucleating capacity
by ~7-fold (Choi et al., 2010). Data from my host laboratory has also highlighted the
involvement of USP21 in nucleation and regrowth of microtubules at the centrosome.
Microtubule regrowth occurs after 2.5 minutes following cold depolymerisation,
however when USP21 is depleted this is impaired (Urbé et al., 2012). The nucleation
step of microtubules is therefore dependent on the regulation of a complex network

of proteins.

Non-centrosomal MTOCs also exist which can facilitate microtubule nucleation at
alternative cellular regions (Petry and Vale, 2015). The Golgi apparatus can nucleate

microtubules in a y-tubulin dependent manner, with several proteins observed in
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centrosomal-nucleation also being recruited here, including CDK5RAP2 and
AKAP450 (Wang et al., 2010). These microtubules are generally important for cell
polarity and migration, and are optimal for trafficking of cargo to and from the Golgi
(Martin and Akhmanova, 2018). Microtubules formed at the centrosome can be
severed and transported via motor-driven transport to other areas of the cell (Petry
and Vale, 2015). Ninein can translocate with these microtubules and facilitate the
capping and anchorage of their minus ends at apical sites of the plasma membrane
of epithelial cells (Mogensen et al., 2000). This reorganisation is thought to influence
apical-basal polarisation, cell differentiation and cell shape in epithelial cells
(Goldspink et al., 2017). Further microtubule nucleation sites have also been
described during spindle formation. Quantitative analysis confirms that microtubule
density is greater within the chromosome ring compared to at the spindle poles,
suggesting microtubules must originate from an additional site, thought to be the
kinetochores. Multiple short, non-centrosomal microtubules are observed in contact
with the kinetochores shortly after spindle formation (Sikirzhytski et al., 2018). The
mechanisms involved are not completely understood however this process is
hypothesised to be promoted by the accumulation of RanGTP and RanGTP-
dependent nucleation and stabilisation factors (Torosantucci et al., 2008; Petry and
Vale, 2015).

1.1.7 Microtubule branching

Microtubule nucleation can occur from pre-existing microtubules, allowing for the
formation of a branched network. Microtubule branching was first visualised in plant
cells by Murta et al. and nucleation was facilitated by recruitment of y-tubulin to these
branch points. These new microtubules can protrude from the side of an existing one
at a 42° angle (Murata et al., 2005).

Microtubule branching has also been observed within the mitotic spindle during
cellular division, with y-tubulin being localised to the spindle body. This may partly
explain how microtubules can be rapidly formed within the spindle during mitosis and
meiosis (Goshima et al., 2008). Augmin is an 8-subunit complex which plays a key
role within lateral nucleation of microtubules within the spindles of Xenopus egg
extracts. Augmin is required, in conjunction with y-tubulin and TPX2, to initiate branch
nucleation and elongation, and its depletion disrupts their formation. By following the

plus tip end-binding protein 1 (EB1), the newly created daughter microtubules were
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confirmed to display the same polarity as their mother microtubules (Petry et al.,
2013).

Microtubule-dependent nucleation is also crucial within neuronal cells. Neurons are
highly polarised cells which make direct contacts with many other cells in order to
pass on their signals. The occurrence of microtubule branching here aids axonal
outgrowth, determines the shape of the axon and promotes neuronal development.
This mechanism is independent of y-tubulin and requires the recruitment of the
microtubule-remodelling factor, SSNA1. SSNA1 can self-assemble into fibrils and
bind at branch points, causing the growing microtubule to split in two. Separate
branches can then form rather than nucleating the side of a pre-existing lattice.
Mutations within SSNA1 cause disruptions to branching initiation and hinder axon

development (Basnet et al., 2018).

1.1.8 Microtubule motor proteins

A maijor function for microtubules is for the transport of cargo to specific cellular
locations. Such cargo includes organelles, other membranous vesicles, signalling
proteins and adaptor proteins, all of which are too large to diffuse through the cell
themselves (Endow et al., 2010). This function is facilitated by two families of motor
proteins, kinesin and cytoplasmic dynein, which ‘walk’ along the microtubule lattices,
pulling their bound cargo with them (Schroer, 2000). This guided transport relies on
microtubule polarity to direct them to the correct locations, with conventional kinesin
motors travelling towards the plus end at the cell periphery (anterograde), and the
cytoplasmic dynein travelling towards the minus end nearer the perinuclear region
(retrograde). Furthermore, these motor families display different affinities towards
different cargos, adding another level of regulation to ensure correct positioning of
cellular components (Lane and Allan, 1998). This regulated transport of organelles
was observed before the identity of these motor proteins was determined. However,
as all cargo was seen to travel along microtubules at the same velocity regardless of
size, it was hypothesised that the same type of motor was responsible for interacting
with and transporting a variety of organelles and vesicles (Ronald D Vale et al.,
1985a).

31



1.1.8.1 Kinesin

Conventional kinesin (kinesin-1) was the first to be discovered in 1985 by two
independent laboratories. Scott Brady isolated a microtubule associated ATPase from
chicken brain (Brady, 1985) which fitted the predicted characteristics of the ATP-
dependent motor protein required for axonal transport (Brady et al., 1985; Lasek and
Brady, 1985). The discovery of kinesin in 1985 by Ronald Vale was performed using
giant squid axon where it was shown that beads could be transported along axonal
microtubules only with the addition of a soluble protein fraction. They confirmed that
the beads were interacting with a motor protein from this protein mix, which was in
turn identified as kinesin after purification using a microtubule-affinity purification
technique (Vale et al., 1985b; c). It was this group which named the protein ‘kinesin’
(Vale et al., 1985a). The sequence for kinesin-1 was first determined in Drosophila,
and this allowed for the protein structure to be identified, revealing an ATP-binding
domain and microtubule-binding activity. Structural determination revealed that this
motor protein had a similar organisation to the actin-dependent motor protein, myosin,
despite sharing no sequence similarity (Yang et al., 1989). Following the
determination of the sequence and structure of kinesin-1, ~50 other kinesin-related
proteins (KRPs) were identified in the early 1990’s. There are now 15 known groups

of kinesin proteins within this family, detailed within Table 1.2 (Endow et al., 2010).

Kinesin-1 is a hetero-tetramer consisting of 2 identical heavy chains and a pair of
identical globular light chains (Figure 1.5A). The heavy chains each contain an a-
helical central stalk region required for dimerisation, connected to an N-terminal motor
domain head via a neck linker. Heavy chains facilitate microtubule binding and
coordinate the walking motion, whereas the light chains allow for cargo binding (Lane
and Allan, 1998; Shao and Gao, 2006). X-ray crystallography of the kinesin heavy
chain revealed that the catalytic motor domain is composed of an 8-stranded B-sheet
and 3 a-helices, with the nucleotide binding cleft positioned to one side and the
microtubule binding site to the other (Kull et al., 1996). Kinesin family members differ
based on the heavy chains involved and the non-motor accessory proteins which join
them (Endow et al.,, 2010). For example, kinesin-2 forms a heterotrimer from 2
different heavy chain motor domains and a single light chain that associates with the
cargo (Scholey, 1996). Kinesin-13 members possess an unconventional structure,
with the motor domain is present within the middle of the polypeptide. These family
members differ from other kinesins as they do not display directionality but instead

induce depolymerisation (Moores and Milligan, 2006).

32



Light chain

J

Heavy chain S
C

)

Dynactin-binding region
Stem _ .
Dynein intermediate
and light chains

Stalk ) .
Linker region

ar

Head Cm_ .

o ry
\ J,%/ \’%}U AAA repeats
Neck linker B
Stalk
Head ) @ © Microtubule-binding domain

Figure 1.5 — Motor protein structure and transport along microtubules

A. Kinesin proteins are formed from 2 light chains for cargo binding, and 2 heavy
chains which each have a stalk for dimerisation, and a head for microtubule binding,
joined together via a neck linker. B. Kinesin is able to walk along microtubules in
an ATP-dependent manner using the head domains. The back ADP-containing
head is weakly bound. ATP binding to the front head induces a conformational
change and the back head swings in front. ADP is then released from the front
whilst ATP hydrolysis of the one at the back then occurs. The leading head is then
ready to accept ATP to take another step. C. Cytoplasmic dynein is a large multi-
subunit protein containing a pair of heavy, intermediate, intermediate light and light
chains. The intermediate and light chains make up the stalk for binding dynactin
and cargo. Each heavy chain contains 6 AAA repeats which make up the motor
head, connected by a linker to the microtubule-binding region in the stalk.

Kinesins transport their cargo in an ATP-dependent manner (Figure 1.5B). ATP
derived energy is converted into mechanical work, and the two motor heads, one from
each heavy chain, function in a highly coordinated ‘hand-over-hand’ mechanism to

walk down the microtubule without completely dissociating (Kaseda et al., 2003). As
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the motor protein walks along, the leading head is associated tightly to microtubules
in a nucleotide-free state, whereas the rear head is weakly associated in an ADP-
bound state. ATP can then bind to the front motor head, inducing a large
conformational change in the neck linker region of the heavy chain, causing it to lean
forward and ‘dock’ into the front motor head. Simultaneously, the weakly bound rear
head is immobilised, and swings forward to become the new front motor, binding to
the next site along the lattice. This movement and reattachment cause the release of
the ADP from the new leading head, and the ATP hydrolysis of the now rear head.
The front motor head is now in a nucleotide-free state ready to bind another ATP
molecule to initiate another step along the microtubules. With each step, one motor
head remains tightly bound to the microtubule lattice whilst the other takes a 17 nm
step forward (Rice et al., 1999; Endow et al., 2010; Shao and Gao, 2006). This
mechanism is therefore dependent on the binding and hydrolysis of ATP to produce
the force required for driving the movement, but also to specify the direction of travel
(Rice et al., 1999; Endow et al., 2010).

1.1.8.2 Dynein

Dynein is the second family of motor proteins and displays minus end directed
transport (retrograde) (H66k and Vallee, 2006). In comparison to the large kinesin
family, there are only 2 members of the cytoplasmic dynein family, cytoplasmic dynein
and axonemal dynein. Axonemal dynein was first reported by lan Gibbons as an ATP-
dependent motor which facilitates cilia bending (Gibbons, 1963; Gibbons and Rowe,
1965). This enzyme was thought to have a similar structure to the axoneme arms
which link the microtubule doublets within the cilia structure (Gibbons, 1981). It
localises exclusively to the cilia and flagellar base and allows cilia microtubules to
slide against each other for cilia beating (H66k and Vallee, 2006). Cytoplasmic dynein,
is responsible for intracellular transport, mitosis, polarisation and cell movement, and
was identified later in 1987 (Paschal et al., 1987). It can enable the microtubule-
dependent transport of the Golgi, lysosomes and late endosomes, alongside other
microtubules, mMRNA and viruses (Reck-Peterson et al., 2018). Additionally, it also
associates with chromosome kinetochores and the cell cortex during cell division
(Barisic and Maiato, 2016).

Dynein is a very large multi-protein subunit formed from a pair of heavy chains and
multiple accessory proteins termed intermediate, light intermediate and light chains

(Vallee et al., 2004), with the heavy chains containing ~4600 amino acids (Asai and
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Koonce, 2001). Although dynein shares some resemblance to kinesin and myosin, it
does contain structural differences which highlight it as a unique motor (Asai and
Koonce, 2001). The N-terminal domain forms the stem required for dimerisation and
the binding of accessory proteins (Habura et al., 1999). This contains ~1300 residues,
with the remaining residues all contributing to the motor domain, which are connected
together via a linker. The motor head domain is formed from ring of 6 repeated AAA
(ATPases Associated diverse cellular Activities) modules containing multiple
nucleotide binding sites (Asai and Koonce, 2001) and a microtubule-binding region,
termed the stalk, between the 4th and 5th AAA repeats (Goodenough and Heuser,
1984). This is illustrated in Figure 1.5C.

Unlike kinesin and myosin, dynein cannot produce force and travel along microtubules
in a similar manner. It exists in two conformational states based on the presence and
absence of ATP and ADP. Movement begins with both stalks bound tightly to the
microtubule, and the motor domains in an ADP-bound state. ATP binding within the
front head induces a conformational change within the AAA ring structure and the
stalk, causing it to dissociate and lean forwards (Bhabha et al., 2016). ATP binding
occurs at the AAA1 repeat within the motor and coordinates the microtubule affinity
change, with the tail swinging forward (Imamula et al., 2007). This dissociation
induces a conformational change within the linker region to AAA2/3 and the ring
rotates, causing this released stalk to rebind to the microtubule closer to the minus
end. This rebinding event stimulates ATP hydrolysis in the front motor, allowing it to
bind with greater affinity (Carter et al., 2011). Following rebinding, the linker shifts
towards the AAA4/5 repeats and induces tension between the front and the rear motor
head domains. This tension then causes the rear motor to undergo the same
mechanistic sequence to allow it to step forward and relieve the tension between the
2 heavy chains. Unlike with kinesin, it remains unclear how dynein displays a stepping

bias towards the minus end however (Bhabha et al., 2016).

In order for dynein to become activated and transport cargo, an additional protein
complex termed dynactin (developed from dynein activator) is required (Gill et al.,
1991; Schroer and Sheetz, 1991). Dynein remains largely inactive in the absence of
these additional factors, with its transport along microtubules in vitro lacking
processivity (McKenney et al., 2014). Dynactin is a multimeric protein complex which
includes proteins such as dynamitin, p150¢\¢d for associating with dynein and
microtubules, and actin-related proteins (ARPs) for regulating transport activity and

cargo binding (Lane and Allan, 1998). For stable assembly and activation of the
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dynein-dynactin complex however, a coiled-coil adaptor protein is required. The most
studied adaptor protein is BicD2 which allows the two complexes to interact, and also
associates dynein with membranous organelles (McKenney et al., 2014). Additional
adaptor proteins such as Hook3, RILP and FIP3 have also been identified which allow
stable association and allosteric activation (Schroeder and Vale, 2016). Dynein
activation is achieved when both factors are present, causing the dynein heads to
shift to the correct orientation for motility (Olenick and Holzbaur, 2019). Furthermore,
LIS1 protein promotes the formation of dynein-dynactin-adaptor complexes (Splinter
et al., 2012). Despite a great indication that these factors are required for successful
activation and motor transport (Lane and Allan, 1998), recent research has revealed
an alternative mechanism for dynein activation. It has been reported that dynein heavy
chain dimers can cross-bridge with neighbouring microtubules, leading to

autoactivation due to their separation, allowing dynein to function without the

requirement for dynactin (Chakraborty et al., 2020).

Table 1.2 - Motor protein family members, functions and structural features

Adapted from Miki et al (2005).

Name Members Functions Structural features
Kinesin-1 KIF5A/B/C, KHC Organelle transport, Neck B-sheet,
nuclear movement conserved coiled-coil
stalk
Kinesin-2 KIF3A, KIF3B/C, Organelle transport, intra- | Clusters of charged
KIF17, Krp85/95 flagellar transport, residues after the neck
spermatogenesis B-sheet
Kinesin-3 KIF1, KIF13, Organelle transport B-sheet and helix in
KIF14, KIF16, neck region, forkhead-
KIF28, associated domain,
NcKIF1C/Klp7 monomeric/homodimer
Kinesin-4 KIF4, KIF7, KIF21, | Organelle transport, Conserved neck B-
KIF27, NcKIF21A chromosomal movement | sheet and coiled-coll
Kinesin-5 KIF11, Eg5, BImC | Bipolar spindle formation Family-specific neck,
catalytic core, BimC box
domain, sparse coiled-
coils, homotetramers
Kinesin-6 Rab6Kinesin, Cytokinesis, microtubule Loosely conserved neck
KIF20, KIF23, transport region, long insert in
MKLP1 catalytic core
Kinesin-7 CENP-E, KIF10, Microtubule-kinetochore Long, family-specific
KIP2, CMET, capture, nuclear migration | neck, abundant coiled-
CANA coils
Kinesin-8 KIF18, KIF19, Mitochondrial transport, Helical family-specific
Kip3, KIp67A chromosome segregation, | neck
nuclear migration

36



Kinesin-9 KIF6, KIF9, KRP3, | Functions within cilia and | Conserved sequence of
CrKLP1 flagellar, uncharacterised | neck region
Kinesin-10 KIF22, KID, Nod Chromosome binding, cell | Helix-hairpin-helix DNA
division binding motif
Kinesin-11 Smy1, VABS, Signal transduction Divergent catalytic core
KIF26A, KIF26B
Kinesin-12 KIF12, AtPAKRP1, | Organelle transport, Homologous sequence
KIF15, Xkip2, neuronal development, at C-terminal, coiled-
HKLP2 cell division coils
Kinesin-13 MCAK, KIF2, Vesicle transport, Catalytic core in middle
KIF24, PrKin1, microtubule of protein, conserved
XKCM1 depolymerising activity, positively charged
cellular division, neuronal | helical neck
development,
Kinesin-14A | CHO2, KIFC1, Yeast nuclear fusion, Family-specific neck
Kar3, KatA, Ncd mitosis helix
Kinesin-14B | KIFC2/3, KatD, Organelle transport, Family-specific helical
KCBP, KIF25 endocytosis neck region, calponin
homology domain
Orphans CeKLP10, Uncharacterised n/a
CeKP18, Ddk9
Axonemal DHC9, DHC11, Microtubule sliding
dynein DHCS5, DHCS,
DHC7, DHC3
Cytoplasmic | Dynein 1, Dynein 2 | Retrograde transport,
dynein microtubule-kinetochore
capture, spindle
orientation, axonemal
maintenance

1.1.9 Microtubule associated proteins

In addition to the microtubule motor proteins, there is also a plethora of other proteins
which bind to microtubules. These are known as microtubule-associated proteins
(MAPs) and have been categorised into 4 groups based on their functions: 1) proteins
that nucleate microtubules and initiate their elongation (section 1.1.6); 2) end-binding
proteins; 3) structural MAPs; and 4) microtubule-severing proteins. Originally, for a
protein to be defined as a MAP, the protein in question must not bind to any other
subcellular fractions and must colocalise with tubulin following multiple rounds of

polymerisation/depolymerisation cycles in vitro (Bodakuntla et al., 2019).

1.1.9.1 Structural MAPs

Structural MAPs were given their name due to their overall function of binding to
microtubules and assisting with their polymerisation, stability and bundling, thereby

controlling microtubule structure and organisation (Bodakuntla et al., 2019). This
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function was identified early on following the initial discoveries of MAP1 and MAP2
proteins from brain extracts (Sloboda et al., 1975), and the identification of tau where
it was apparent that microtubule polymerisation of brain tubulin could not commence
in its absence (Weingarten et al., 1975). The implications of these MAPs within
microtubule bundling was observed by EM in the 1970’s and was shown to be
regulated differently based on MAP size: MAP2 is large and allows bundling to be
more spaced out whereas tau is smaller and induces a more compact structure
(Herzog and Weber, 1978). Tau has also been structurally shown to act as a
microtubule ‘staple’ by spanning across 3 tubulin dimers upon association and holding
the lattice together (Kellogg et al., 2018). Additionally, it is highly brain specific and
has been associated with neurodegenerative disorders such as Alzheimer’s disease
(Igbal et al., 2016). MAP4 and MAP7 were purified directly from Hela cells shortly after
and were also observed to stimulate microtubule polymerisation (Bulinski and Borisy,
1979). MAP4 has not been implicated in bundling and may actually repel this action
due to its long projection domain, forcing parallel microtubules apart (Figure 1.6B)
(lida et al., 2002). MAP1A and 1B, which possess very similar properties (Garner et
al., 1990), and the family of echinoderm microtubule associated protein (EMAP)-like
proteins (EMLs) were identified shortly after, with the latter family also displaying
microtubule bundling effects (Vallee and Bloom, 1983). During initial MAP
discoveries, it was also noticed that some microtubules were insensitive to the cycles
of polymerisation and depolymerisation and remained in a polymerised state,
highlighting their increase in stability. Stable tubule only peptide (STOP), later
renamed as MAPG6, was identified as the culprit for this enhanced stability under cold
conditions (Delphin et al., 2012).

Additional roles have also been documented for structural MAPs. Firstly, they facilitate
the interactions between microtubules and the other two components of the
cytoskeleton: actin and intermediate filaments. The engineered protein TipAct is able
to associate with EB proteins at the growing plus end and crosslink with actin
simultaneously, causing microtubule growth to align with the existing actin filament
(Figure 1.6B). Microtubules can then assist with actin structures by inducing their
transport, stretching and bundling (Loépez et al., 2014). Second, most MAPs are
involved in cargo transport regulation by controlling motor protein activity.
Overexpression of tau proteins reduces the velocity of intracellular trafficking in a
kinesin-dependent manner, and has been suggested as a possible cause for tau-
dependent neurodegeneration (Ebneth et al., 1998). Furthermore, Xenopus MAP4

proteins have been reported to increase the processivity of kinesin-2 motors whilst
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simultaneously inhibiting dynein transport when overexpressed (Semenova et al.,
2014). Therefore, decorating microtubules with structural MAPs can cause both
physical prevention of vesicular transport by reducing the contacts of motor proteins
with the microtubule lattice, but in other cases enhance this function. A final role for
these structural MAPs is the protection they provide from microtubule-severing
proteins. Overexpression of MAP2 reduces the efficiency of katanin-dependent
severing of neuronal microtubules within mammalian fibroblasts, and the depletion of
tau allows katanin to sever axonal microtubules into short pieces (Figure 1.6D) (Qiang
et al., 2006).

1.1.9.2 Plus-end tracking proteins (+TIPs)

Plus-end tracking proteins (+TIPs) are a structurally and functionally diverse group of
MAPs which specifically associate with the dynamic growing ends of microtubules
(Figure 1.6B) (Akhmanova and Steinmetz, 2010). These proteins generally target
polymerising microtubules as opposed to those which are shrinking, however tracking
of shrinking microtubules has been observed in yeast cells by the Dam1 complex
(Lampert et al., 2010). +TIPs can associate with microtubules either autonomously or
with the aid of an adaptor protein (commonly another +TIP) and they are divided into
different categories based on their binding motifs or their functions (Akhmanova and
Steinmetz, 2010).

End-binding (EB) proteins are a family of +TIPs which are highly conserved, found
within yeast through to humans. They can interact independently with microtubule
tips, with EB1 being frequently referred to as the master plus-end tracking protein due
to its ability to associate with most other +TIPs (Dixit et al., 2009; Fong et al., 2017).
EB proteins have a highly conserved N-terminal domain containing a calponin
homology fold crucial for microtubule binding. Furthermore, they contain a coiled-coll
domain for dimerisation, an EB homology (EBH) domain and a C-terminal tail
containing an EEY/F sequence motif, which resembles that of tyrosinated a-tubulin,
to allow interactions with other +TIPs (Buey et al., 2011). EB binding has been shown
to require GTP hydrolysis, with binding being abolished when a slow hydrolysing GTP
analogue was substituted, explaining their specificity to plus tips. They have also been
reported to rapidly turnover at the plus tip by binding and dissociating repeatedly for
multiple seconds at a time, allowing the GTP ends to be tracked as they polymerise
(Dixit et al., 2009). Work carried out in Thomas Surrey’s lab showed that the

abundance of EB1 proteins at microtubule plus tips are indicative of microtubule
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dynamics, with larger caps representing greater microtubule stability (Duellberg et al.,

2016).
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Examples of different microtubule associated proteins (MAPS). A. Kinesin and
dynein motor proteins transporting cargo along microtubule lattices. B. Structural

MAPs facilitating actin cross bridges and preventing microtubule bundling. C. Plus-

end tracking proteins (+TIPs) localising to the growing microtubule end. D. Katanin
and spastin severing proteins and how they can be inhibited by structural MAPs.

The second class of +TIPs includes the cytoplasmic-linker protein 170 (CLIP-170)-

which was the first +TIP to be identified (Perez et al., 1999). Other members include

CLIP-115,

the dynactin subunit p1509¢? and the deubiquitylase enzyme CYLD. They

all contain a CAP-gly (cytoskeleton-associated protein glycine-rich) domain to

facilitate microtubule binding (Peris et al., 2006; Gao et al., 2008). This domain

consists of glycine residues and a hydrophobic cavity that allows association with the

EEY/F motif present within both a-tubulin tails and EB proteins (Weisbrich et al.,
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2007). This basic domain neutralises the acidic C-terminal tail of tubulin subunits,
reducing electrostatic repulsion between adjacent microtubules to facilitate
microtubule bundling (Wang et al., 2014). CAP-gly proteins are unable to associate
directly with the microtubule plus tips alone and rely on the presence of EB proteins
to form a composite binding site. They thereby ‘hitch-hike’ upon other autonomously
binding proteins (Bieling et al., 2008; Akhmanova and Steinmetz, 2010). Furthermore,
this class of +TIPs display a preference to tyrosinated microtubules, with
detyrosination disrupting their interaction (Peris et al., 2006). Despite this same EEY/F
motif being present within EB1, this is not subjected to detyrosination as a regulatory

mechanism (Bosson et al., 2012).

The largest class of +TIPs are those containing an SxIP motif (Ser-x-lle-Pro, where x
represents any amino acid) (Honnappa et al., 2009). Included in this group is the
tumour suppressor adenomatous polyposis coli (APC) and the kinesin-13 protein
MCAK (Akhmanova and Steinmetz, 2010). These sequence motifs can bind directly
to the EBH domain within EB proteins to indirectly interact with microtubules
(Honnappa et al., 2009). Finally, +TIPs can also bind to microtubule plus ends via
TOG (tumour overexpressed gene) or TOG-like domains, originally discovered within
ch-TOG proteins. These are found within the family of rescue promoters CLASP
(CLIP-associating protein), and the microtubule polymerase XMAP125/Dis1.
XMAP125 contains 5 TOG repeats whereas CLASP only contains 1 TOG domain and
2 TOG-like domains (Slep, 2009) and therefore requires the addition of an SxIP motif

for complete binding to microtubule tips (Akhmanova and Steinmetz, 2010).

Many +TIP proteins have a role in regulating microtubule dynamics due to their
localisation at the lattice growing end. They consist of proteins which promote growth
such as XMAP215 (Fox et al., 2014) and those which lead to depolymerisation and
catastrophe such as MCAK and Kip3 (Peris et al., 2009; Gardner et al., 2013).
Additionally, CLIP-170 and CLASP proteins promote rescue events, thereby reducing
catastrophes and increasing microtubule stability (Dixit et al., 2009; Al-Bassam et al.,
2010). +TIPs can also induce interactions between microtubule growing ends and
other cellular structures. CLIP-170 and CLASP proteins localise to kinetochore
microtubules to allow binding and stabilisation to the kinetochores of sister chromatids
(Tanenbaum et al., 2006). Furthermore, +TIPS, CLIP-170 in particular, can recruit
dynein to the plus ends (Nirschl et al., 2016) and assist with its cargo loading for
transportation (Akhmanova and Steinmetz, 2010). EB1 also acts to associate
microtubule plus tips with the ER Ca?* sensor STIM1 (Friedman et al., 2010). EB1 can
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restrict STIM1 from associating with ER-plasma membrane junctions, regulating the
dynamic contacts between them and microtubules. This delay in STIM1 translocation
contributes to regulation of Ca?* by reducing excess influx (Chang et al., 2018). A final
role for these proteins is their possible involvement in microtubule nucleation and
anchoring as high levels of EB proteins have been observed within the centrosome
(Louie et al., 2004).

1.1.10 The tubulin code
1.1.10.1 Microtubule isotypes

Despite microtubule’s highly conserved and uniform structure, they are capable of
performing a large range of physiological functions. As mentioned in section 1.1.2,
there are 9 a-tubulin and 10 B-tubulin isotypes which can all be incorporated into
microtubule lattices. Their presence was not fully confirmed until the determination of
the a- and B-tubulin amino acid sequences in 1981 which highlighted the occurrence
of heterogenous sequences (Ponstingl et al., 1981; Krauhs et al., 1981). Differential
incorporation of these isotypes may contribute to their wide variety of functions. It was
originally hypothesised that different tubulin isotypes must make up different
microtubule structures such as those found within flagellar/cilia and in mitotic spindles
(Greer and Shepherd, 1982), however research in Drosophila found the same [3-
tubulin isotype to be present across both differential structures (Kemphues et al.,
1982). It was also shown that all isotypes contributed to microtubule formation in
cultured mammalian cells (Lopata and Cleveland, 1987). There is however evidence
to suggest that specific isotypes affect microtubule assembly properties: microtubules
formed using only TUBB3 display faster polymerisation and depolymerisation in
comparison to those formed with a homogenous mixture of TUBB2, TUBB3 and
TUBBA4. This therefore suggests that TUBB3 may be favourably incorporated into
microtubule structures which require rapid remodelling (Tischfield and Engle, 2010).
It is this incorporation bias that makes the use of cycles of polymerisation and
depolymerisation in microtubule research questionable, possibly leading to incorrect

conclusions (Souphron et al., 2019).

TUBBS3 is a neuron-specific isotype (Latremoliere et al., 2018), thought to be involved
in neuronal development as TUBB3 mutations lead to brain malformations in patients
(Park et al., 2021). It has been shown to be differentially expressed during neuronal
development, with high levels during outgrowth and reduced levels in mature neurons

(Hausrat et al., 2021). Reduced TUBB3 expression levels have recently been shown

42



to decrease tubulin polyglutamylation modifications whilst also increasing the motility
of the kinesin KIF5C. This study concluded that TUBB3 expression levels are
sensitive to changes in neuronal activity (Radwitz et al., 2022). A further study recently
reported that TUBB3 is not required for neuronal function but it is required to ensure
proper axonal growth following injury (Latremoliere et al., 2018). Research is therefore

still required to elucidate the functional roles of TUBB3 within neuron development.

1.1.10.2 Microtubule post-translational modifications

Tubulin proteins are highly decorated with post translational modifications (PTMs)
(Figure 1.7). The histone code is a well-recognised model which describes how
chromatin functions are regulated by the presence of multiple PTMs. For
microtubules, this has therefore been termed the ‘tubulin code’ due to the observed
parallels between chromatin and microtubules (Verhey and Gaertig, 2007). Identified
modifications include: phosphorylation, acetylation, glutamylation, glycylation,
ubiquitylation, sumoylation, methylation and palmitoylation (Yu et al., 2015; Liu et al.,
2015), alongside the tubulin specific modification: detyrosination (section 1.1.10.3)
(Nieuwenhuis and Brummelkamp, 2018). Most modifications exist on the C-terminus
of both tubulin subunits on microtubule lattices, which are involved in interacting with
microtubule-associated proteins (MAPs). Despite unique modifications being
discovered many years ago, their complexity is only just being unravelled. It is
hypothesised that PTMs regulate interactions with(MAPs. This in turn leads to
changes in dynamics, contacts with other cellular components and the generation of
polarity (Gadadhar et al.,, 2017a). Much work has been performed to unravel the
specialised function of the tubulin code within neuronal cells (Moutin et al., 2020)
however their roles within epithelial cells remains largely unresolved other than a
specific role in mitosis. These modifications and their enzymes are illustrated in Figure
1.10.
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Figure 1.7 - Microtubule post-translational modifications

Modifications accumulate on microtubule structures and are highly concentrated on
their C-terminal tails. Modifications consist of but are not limited to phosphorylation,
polyglycylation, polyglutamylation, acetylation, ubiquitylation, and detyrosination.
Adapted from Gadadhar et al., (2017).

1.1.10.3 Detyrosination

Detyrosination was the first tubulin PTM to be discovered almost 50 years ago when
tyrosine addition to a-tubulin was observed following a general amino acid
incorporation screen (Barra et al., 1974; Arce et al., 1975, 1978). Detyrosination is the
reversible removal of the C-terminal tyrosine of a-tubulin. Once heterodimers are
incorporated into the microtubule lattice, this terminal tyrosine is cleaved by
carboxypeptidase enzymes, VASH1 and VASH2 (Vasohibins), in conjunction with the
small vasohibin binding protein (SVBP) (Nieuwenhuis et al., 2017; Aillaud et al.,
2017). It has recently been revealed that these two enzymes modify different tubulin
subpopulations, with VASH1-SVBP driving global modifications and VASH2-SVBP
driving local modifications, orchestrated by their different binding configurations. Short
and frequent binding was seen for VASH1-SVBP across the network whereas longer
less frequent binding was observed locally for VASH2-SVBP (Ramirez-Rios et al.,
2023). MATCAP (microtubule associated tyrosine carboxypeptidase), was recently
identified as a 3rd detyrosinating enzyme via a haploid genetic screen (Landskron et
al., 2022). Tyrosine removal by these enzymes reveals a C-terminal glutamate
residue which can either be cleaved again to produce irreversible A2 or tyrosine can

be re-ligated by tubulin tyrosine ligase (TTL) (Wloga et al., 2017a). TTL functions
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primarily on depolymerised tubulin dimers (Raybin and Flavin, 1977). Together, these
2 reactions form the detyrosination cycle (Nieuwenhuis et al., 2017; Aillaud et al.,
2017). Most tubulin subunits are encoded with a C-terminal tyrosine with the
exceptions of TUBAS8 which has a phenylalanine and TUBA4A which completely omits
this final residue. These isotypes however have the ability to be cleaved or have a
tyrosine added to the C-terminal respectively, and can therefore both take part in the

detyrosination cycle (Nieuwenhuis and Brummelkamp, 2018).

As mentioned previously, detyrosination is the only microtubule PTM specific to a-
tubulin, highlighting its importance within the microtubule lattice. It was the research
on detyrosinated microtubules by Gunderson and Bulinski that first provided the idea
that PTMs are enriched on specific microtubule subsets rather than being scattered
across the network in a random fashion (Gundersen and Bulinski, 1986; Gundersen
et al., 1984). Detyrosination occurs on many different microtubule structures such as
the cytoskeleton during interphase, on the mitotic spindle, at the centrosome and on
primary cilium (Poole et al., 1997; Gundersen et al., 1984). Detyrosination is enriched
on stable microtubules, with it being generally accepted that this is a consequence of
their stability, rather than a causative effect, as it accumulates as the microtubules

grow (Khawaja et al., 1988).

Functional relevance for detyrosination has been identified during mitosis (Barisic and
Maiato, 2016; Ferreira et al., 2020). Within the mitotic spindle, astral microtubules are
tyrosinated, whereas kinetochore microtubules are detyrosinated. This spatial
organisation ensures that chromosomes are transported to the correct location during
cell division. Dynein motor proteins capture the chromosomes and transport them to
the spindle pole along tyrosinated astral microtubules. The kinesin-7 motor protein,
CENP-E then takes over and transports the chromosomes to the cell equator via
detyrosinated kinetochore microtubules. Both motor proteins therefore hold
differential preferences and affinities to tyrosinated and detyrosinated microtubules to
guide them and the chromosomes to the correct location. Perturbation of
detyrosination levels resulted in disrupted chromosome congression (Barisic and
Maiato, 2016). A second reported mechanism for detyrosination is during mitotic error
correction. The kinesin-13 microtubule depolymerase MCAK displays a preference
towards tyrosinated microtubules (Peris et al., 2009) and is inhibited on detyrosinated
microtubules (Ferreira et al., 2020). Detyrosination accumulates on correct, stable
microtubule-kinetochore attachments. These microtubules therefore do not require

microtubule depolymerisation, allowing MCAK to move on to incorrect microtubule-
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kinetochore attachments that require its error correcting activity (section 1.2.1)
(Ferreira et al., 2020).

Detyrosinated ]
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Figure 1.8 - Detyrosination controls chromosome transport during mitosis

Astral microtubules are tyrosinated (green) and dynein transports chromosomes
along them towards the spindle pole. CENP-E then transports them along
detyrosinated kinetochore microtubules (grey) to the cell equator before
chromosome segregation (Barisic et al., 2015).

An additional function for detyrosinated microtubules is for the spatial concentration
of lysosome and autophagosome interactions (Mohan et al., 2019). Lysosomes are
transported along detyrosinated microtubules to autophagosomes during autophagy.
A 3-fold increase in their presence has been observed on this particular microtubule
subset, with their motility also being impaired in its absence. Furthermore, live cell
imaging indicates that lysosome-autophagosome fusion occurs along these
microtubules. This subset of microtubules therefore spatially confines lysosomes and
their autophagy machinery to facilitate interactions. Lysosome transport was shown
to be kinesin-1 dependent, with knockdown of this motor protein reducing autophagy
occurrences (Mohan et al.,, 2019). Preference for kinesin-1 for detyrosinated
microtubules has also been reported by multiple studies (Dunn et al., 2008; Liao and
Gundersen, 1998; Lin et al., 2002; Verhey and Hammond, 2009).
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1.1.10.4 Tyrosination

Alongside its role in providing directionality for CENP-E-dependent chromosome
transport (Barisic et al., 2015), tyrosinated microtubules also display enhanced
recruitment of +TIP proteins to the growing ends of microtubules. This spatial
regulation from tyrosinated microtubules was first described in budding yeast when
investigating the CLIP170 yeast ortholog, Bik1p, which was shown to have reduced
interaction with plus tips in the presence of detyrosination (Badin-Largon et al., 2004;
Bieling et al., 2008). This specific recruitment was confirmed for other +TIPs including
CLIP-115 and p150©"ed which like CLIP-170 contain a CAP-Gly domain (Peris et al.,
2006). To further support this conclusion, other +TIPs such as EB1, EB3 and CLASP
which lack the CAP-Gly domain were insensitive to tubulin tyrosination status (Peris
et al., 2006; Erck et al., 2005). Tyrosination and detyrosination therefore allow for

spatiotemporal regulation of microtubules, which impacts their functions.

1.1.10.5 A2-tubulin

Upon producing detyrosinated tubulin, further cleavage of the penultimate glutamate
residue of a-tubulin can result in the formation of A2-tubulin. This is an irreversible
reaction catalysed by the deglutamylating enzyme cytoplasmic carboxypeptidase 1
enzyme (CCP1), detailed below in section 1.1.10.7. (Rogowski et al., 2010). This
modification was discovered in 1991 when it was found that brain tubulin protein could
not be re-ligated with tyrosine (Paturle-Lafanechére et al., 1991). Its irreversibility has
been attributed to structural constraints within the TTL enzyme which re-ligates
tyrosine. For re-ligation of detyrosinated tubulin, hydrogen bonds form between the
penultimate glutamine of a-tubulin and residues within the active site of TTL, required
for complete enzymatic activity. As this glutamine is absent, the C-terminal tail cannot
reach the active site properly, preventing tyrosine addition (Prota et al., 2013). A2-
tubulin accumulates on known stable microtubule structures such as cilia, flagellar
and those within neurons, making it a marker of very long-lived microtubules.
Furthermore, it has been suggested that these sequential modifications may act as a
grading system for microtubule maturation, with tyrosinated being immature,
detyrosinated being mature, and A2-tubulin showing full maturation (Paturle-
Lafanechére et al., 1994). No specific functional role has reported for this irreversible
modification (Peris et al., 2022).
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1.1.10.6 Acetylation

Acetylation is the process by which an acetyl group is reversibly added to the e-amino
group of a conserved lysine residue (Howes et al., 2014; Jenkins et al., 2017). ltis a
well-recognised PTM and is frequently involved in protein cellular activities and
functional regulation (Liu et al., 2015). Acetylation of lysine 40 of the a-tubulin subunit
(K40) was the second microtubule PTM to be discovered (L’Hernault and
Rosenbaum, 1985, 1983; LeDizet and Piperno, 1987). This modification is unique as
it is located within the microtubule luminal interface as opposed to the outer lattice
surface (Fernandez-Barrera and Alonso, 2018). This modification is added by a-
tubulin N-acetyltransferase 1 (aTAT1) (Akella et al., 2010; Shida et al., 2010) and
removed by the deacetylases histone deacetylase class Il enzyme (HDAC6) and
sirtuin-2 (SIRT2) (Hubbert et al., 2002; North et al., 2003). aTAT1 is thought to gain
access to the microtubule lumen via the microtubule ends and diffuses down the
lumen, scanning the subunits for acetylation sites (Kull and Sloboda, 2014). A second
model suggests that aTAT1 accesses the lumen via bends and breaks within the
microtubule lattice (Coombes et al.,, 2016). It is likely that access occurs via a

combination of these methods (Janke and Montagnac, 2017).

K40 acetylation accumulates on stable microtubules, and it was originally under
debate as to whether it causes stabilisation or whether it is purely a marker of stability
(Jenkins et al., 2017; Perdiz et al., 2011; Wloga et al., 2017a). The idea that it was
just a consequence of microtubule stability was originally the front runner based on
the fact that drug-induced stabilisation causes acetylation accumulation, whereas
increasing acetylation levels did not appear to alter the stability (Palazzo et al., 2003).
Furthermore, initial investigations concluded there were no differences in the
protofilament structure (Howes et al., 2014). However, it is now accepted that K40
acetylation protects microtubules from mechanical ageing by weakening the inter-
protofilament interactions, allowing for enhanced flexibility and resilience against
mechanical stress (Xu et al., 2017; Portran et al., 2017). More recent structural
analysis revealed that K40 acetylation induces a conformational change in the
unstructured M-loop it resides in. This in turn reduces protofilament interactions,
increases microtubule flexibility and causes mechanical resistance (Eshun-Wilson et
al., 2019). Acetylation is found in greater numbers at curved regions where breakages
in the lattice can occur (Xu et al., 2017) suggesting that aTAT1 can enter at these
points, locally acetylate a-tubulin subunits and allow lattice repair, illustrated in Figure
1.9 (Schaedel et al., 2015; Janke and Montagnac, 2017).
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Figure 1.9 — Microtubule acetylation prevents mechanical breakage

When microtubules are bent, they are exposed to mechanical stress which can
create cracks in the lattice. A. The ATAT1 enzyme can enter the microtubule lumen
by these breaks and locally acetylate the a-tubulin subunits. This increases the
microtubule flexibility and prevents further breakage and allow for self-repair by the
addition of new tubulin dimers. B. In the absence of ATAT1, acetylation does not
occur, and microtubules are still exposed to mechanical stress. Cracks get larger
and eventually the microtubule snaps, leading to complete depolymerisation.
Adapted from Janke and Montagnac (2017).

Multiple suggestions that microtubule K40 acetylation affects the binding of MAPs,
motor proteins and other microtubule-binding proteins have also been put forward.
Kinesin-1 binding and transport was proposed to be increased by acetylation (Reed
et al., 2006). Clear colocalisation of acetylated microtubules and kinesin-1 was
observed in rat primary hippocampal neurons which guides the motor out of the
dendrites and into the axons (Tas et al., 2017). Other investigations however have
concluded that acetylation alone does not increase motor processivity but it may do
so in combination with other factors such as by inducing microtubule bundling
(Balabanian et al., 2017; Kaul et al., 2014; Walter et al., 2012). Other functions have
been suggested for K40 acetylation such as: the interaction and inhibition of
membrane ATPases (Arce et al., 2008); interaction with HSP90 in macrophages for
enhanced recruitment of Akt/PKB and p53 signalling (Giustiniani et al., 2009); and in

touch sensation in mice (Morley et al., 2016) and C. elegans (Shida et al., 2010).
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Figure 1.10 - Tubulin modifications and responsible enzymes

Schematic diagram of specific examples of the many modifications that occur on
both tubulin subunits and microtubule polymers and their responsible enzymes
where known.
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Additional acetylation sites have been reported on both tubulin subunits however their
importance and functional relevance are yet to explored due to most sites not being
conserved (Liu et al., 2015; Howes et al., 2014). One site on the B-tubulin subunit that
has been investigated further is the acetylation of position K252. This acetyl addition
performed by San acetyltransferase occurs within the globular domain between the
a/B-tubulin dimer interface, on soluble tubulin heterodimers. This PTM neutralises the
positive charge of the lysine residue and also interacts with the a-tubulin GTP
phosphate group, inducing a conformational change which impedes dimer

association, regulating the polymerisation kinetics (Chu et al., 2011).

1.1.10.7 Glutamylation and glycylation

Tubulin glutamylation and glycylation is the addition of glutamyl or glycyl groups,
respectively, to the y-carboxyl group of glutamate residues present within the C-
terminal tails of both a- and B-tubulin via an isopeptide bond (Gadadhar et al., 2017a).
Both tubulin monomers have multiple glutamate residues within these tails, thereby
allowing various docking sites for these modifications. These modifications were first
discovered in the early 90’s and were originally thought to be a tubulin-specific
modification, however they have now been identified on other proteins as well
(Gadadhar et al., 2017a; Eddé et al., 1990; Redeker et al., 1994). Subsequent addition
of multiple glutamyl/glycyl groups produces polyglutamylated or polyglycylated
chains, with different chain lengths thought to induce different protein-protein
interactions. The enzymes that catalyse these reactions are similar to tubulin tyrosine
ligase (TTL), due to them possessing a TTL domain, and are therefore named TTL-
like (TTLL) proteins (Janke et al., 2005). Unlike for detyrosination, there are multiple
TTLL proteins expressed which can add glutamyl or glycyl groups onto tubulin tails.
Each display a preference for either a- or B- tubulin (Janke et al., 2005), with some
initiating the first group addition whilst others elongate the chain. In mammalian cells,
TTLL1, and 4 initiate glutamylation whereas TTLL6 and 9 display elongation activities
(Wloga et al., 2008, 2017a). TTLL7 can initiate and elongate glutamylation chains on
B-tubulin tails (Mukai et al., 2009). For glycylation, TTLL3 and 8 initiate chain
formation, whereas TTLL10 can elongate them in most mammalian cells (Rogowski
et al., 2009; Ikegami and Setou, 2009; WIloga et al., 2009). In humans however, the
expressed TTLL10 contains an inhibitory mutation, meaning side chains are limited
to monoglycylation (Rogowski et al., 2009). The addition of these side chains is
reversible, and their removal can be catalysed by cytoplasmic carboxypeptidases

(CCP) called tubulin deglutamylases/deglycylases. Enzymes catalysing
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deglutamylation have been discovered: CCP1, 4 and 6 function to shorten the
polyglutamyl chains, whereas CCP5 removes the final group from the branch point.

The deglycylation enzymes are yet to be identified (Magiera et al., 2018).

Glutamylation is a relatively uncommon tubulin PTM, only appearing on specific
microtubule subsets such as axonemes, centrioles and within neuronal cells
(Bobinnec et al., 1998; Rogowski et al., 2010; Wloga et al., 2008). Its presence has
been correlated with regulating microtubule stability and network density by
influencing microtubule severing proteins spastin (Lacroix et al., 2010) and katanin
(Szczesna et al., 2022; Genova et al., 2023). Glutamate chain lengths provide a
graded regulation of this severing promotion (Figure 1.11): as chain length increases,
spastin severing activity also increases up until 6 glutamate residues where an
inhibitory effect on spastin is observed (Valenstein and Roll-Mecak, 2016).
Polyglutamylation is observed within the mitotic spindle (Bobinnec et al., 1998) and
may regulate spindle length by altering severing activity (Janke and Bulinski, 2011).
A second function has been proposed in cilia and flagellar motility and structure. A
loss off TTLL6 function causes reduced cilia movement (Linck et al., 2014) whilst
overexpression has been correlated with cilia shortening (Wloga et al., 2017b). Fine
tuning of glutamylation is therefore required for normal axoneme function. Finally,
polyglutamylation has been correlated with increased velocity and processivity of
kinesin-2 in vitro, with increased chain lengths causing further enhanced transport
(Sirajuddin et al., 2014).
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Figure 1.11 - Glutamylation affects spastin severing activity

Glutamylation leads to increased levels of spastin-dependent microtubule severing.
As chain length increases, spastin activity increases. When chain length exceeds
6 glutamate resides then spastin is inhibited giving a graded regulatory mechanism.
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Glycylation has only been observed on outer doublet microtubules of axoneme
structures (Wloga et al., 2009). Glycylation levels regulate the overall length of the
primary cilia, and any deviations in these modifications causes length alterations
(Gadadhar et al., 2017b). Loss of TTLL3 reduces cilia formation within Zebrafish and
affects axoneme length and structure in Tetrahymena. Interestingly, glycylation is
predominantly found on the outer doublets however it is the central microtubules
which displayed assembly defects, suggesting cilia formation is dependent on
contributions from the outside doublets in a glycylation-dependent manner (Wloga et
al., 2009). Increased glutamylation and decreased glycylation therefore both lead to
cilia shortening, suggesting there is some competition but also cooperation between
these modifications (Wloga et al., 2017b; Rogowski et al., 2010; Kimura et al., 2010).

1.1.10.8 Other tubulin modifications

Other common modifications have been identified on tubulin subunits such as
phosphorylation, ubiquitylation, palmitoylation and SUMOylation however their
functional roles remain largely unknown (Janke and Bulinski, 2011). The most well
characterised instance of tubulin phosphorylation occurs at the conserved site of
Ser172 on the B-tubulin subunit by cyclin-dependent kinase 1 (CDK1) (Fourest-
Lieuvin et al., 2006). Phosphorylation is added onto free tubulin subunits as opposed
to tubulin dimers within the microtubule lattice (Wloga et al., 2010). This residue is
located near the GTP-binding pocket (Ramkumar et al., 2018) and may cause
disruptions with GTP-binding and the interactions with other tubulin dimers, thereby
preventing its incorporation into microtubule structures. These modified tubulin
subunits are found within the soluble fraction during mitosis, indicating that CDK1 may
regulate microtubule dynamics during cell division (Fourest-Lieuvin et al., 2006).
Other phosphorylation sites have been reported such as S444 and Ser446 within the
B-tubulin C-terminal tail, however their functional relevance remains unexplored (Liu
et al., 2015; Ramkumar et al., 2018).

Ubiquitylation has also been observed on both a- and 8- tubulin subunits (Liu et al.,
2015). Ubiquitylation of a-tubulin has been connected to cilia disassembly, with
ubiquitylation levels increasing as disassembly occurs. Lysine 304 becomes
decorated with K63 polyubiquitin chains, which is thought to alter the lattice structure
and initiate axoneme disassembly (Wang et al., 2019b). As multiple sites for each of
these modifications have been observed, it seems likely that their functional

significance is greater than what is currently reported (Liu et al., 2015). Additionally,
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y-tubulin is ubiquitylated by the E3 ubiquitin ligase BRCA1 and is required for
centrosome regulation. Knockdown of BRCA1 leads to a hyperactivity at the
centrosome, leading to centrosome amplification, increased nucleation events and
larger aster formations. y-tubulin ubiquitylation therefore prevents microtubule
nucleation (Sankaran et al., 2006; Starita et al., 2004).

1.1.10.9 Neurons and the tubulin code

Microtubule function is critical within neuronal architecture and development as they
make up the structural component of the axon and facilitate cargo transport. In
neurons anterograde transport is required for transporting lipids and proteins to the
distal axons whereas retrograde transport facilitates the removal of organelles and
aged proteins from the distal regions for their recycling and degradation. Defects on
cargo transport have been associated with neurodegenerative and

neurodevelopmental diseases (Maday et al., 2014).

The tubulin code plays a role in regulating neuronal development and function. During
the early stages of development, microtubules are mixed-polarity and mainly
tyrosinated, with detyrosination found in the inner neurites. The axon is then highly
enriched in both detyrosinated and A2 microtubules. In mature neurons dendrites are
composed of tyrosinated microtubules at their distal locations whereas detyrosinated
and A2 microtubules are found at their inner regions. This balance between
tyrosinated and detyrosinated microtubules is crucial for vesicular trafficking down the
axon (Nirschl et al., 2016). Alterations into the tyrosination-detyrosination cycle have
also been associated with differential defects (Moutin et al., 2020). Most research has
been performed using neurons derived from knockout (KO) mouse models. Mice
which are null for the TTL enzyme are seen to die shortly after birth. Hippocampal
neurons derived from these mice display significantly high levels of detyrosinated
microtubules which have a disordered microtubule network and undergo premature
differentiation (Erck et al., 2005). Another study showed that in comparison, SVBP
KO mice hippocampal neurons display high levels of tyrosinated tubulin and low
detyrosinated tubulin, with modification levels increasing as the neurons mature. This
suggests another enzyme may be responsible for detyrosination but not until the later
stages of development. These KO mouse derived neurons displayed much shorter or
even absent axons and increased branching (Pagnamenta et al., 2019). Another
study reported that in mouse hippocampal neurons, depletion of SVBP reduced axon

development, and those which overexpressed SVBP had large and even multiple
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axons, further supporting the role for detyrosination in neuronal development (Wang
et al., 2019a).

1.2 Mitosis

1.2.1 Microtubules and the mitotic spindle

Microtubules play a crucial role within one of the most important mechanisms to occur
within a cell’s lifecycle: mitosis. They are the structures, along with 1000’s of other
proteins, that form the mitotic spindle required for aligning and segregating
chromosomes to ensure successful division. Although a lot of the mechanisms
regarding this process have been identified, there are still gaps within the literature.
The main reasons for this are due to the large number of microtubules involved in the
mitotic spindle, the density of the network, and its dynamic nature: microtubules are
able to assemble and disassemble completely within an hour (Petry, 2016).
Microtubules involved in spindle formation are illustrated in Figure 1.12, and their half-

lives are detailed in Table 1.3.

Table 1.3 - Half-lives of different microtubules during different cell states

Type of Half-life (min)
microtubule
Interphase Prometaphase Metaphase Anaphase
Cytoskeletal 10 / / /
Astral 10 0.3 0.9 0.9
Interpolar / 0.3 0.9 0.9
Kinetochore / 3 7.1 37.5
Axonal 130 / / /

The overall structure of the mitotic spindle has been well defined. It consists of 2
centrosomes at opposite ends of the structures, known as the spindle poles, which
are formed from the duplication of the centrosome during S-phase. These
centrosomes are the origin for the majority of microtubule structures present within
the mitotic spindle (Fu et al., 2015). During prophase, the microtubule network present
during interphase is rapidly replaced with more dynamic microtubules. Astral
microtubules are initially nucleated, which are then transported to opposite sides of
the nucleus to separate the centrosomes. This action is facilitated by dynein motor
proteins, using the nuclear envelope to guide them. The astral microtubules can then
attach the spindle poles to the cell cortex via the dynein-dynactin complex, allowing

for further centrosome separation and spindle organisation (Markus and Lee, 2011).
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This attachment also functions to orientate the spindle axis to ensure successful
chromosome separation and cell division (Rosenblatt, 2005). The kinesin-5 family
member Eg5/Kif11 also functions within this process of spindle formation by inducing
microtubule sliding between anti-parallel interpolar microtubules, pushing them apart

to induce spindle pole separation (Kapitein et al., 2005).
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Figure 1.12 - Structure of the mitotic spindle

The mitotic spindle is generally nucleated from the duplicated centrosomes
positioned either side at the spindle poles. Spindle orientation is controlled by the
astral microtubules. Kinetochore microtubules extend from the centrosomes to
‘search-and-capture’ the sister chromatids and associate with kinetochores bound
to the centromere. Interpolar microtubules occurring from the centrosomes and via
microtubule-dependent nucleation maintain the bipolarity of the structure. Motor
proteins are present along microtubules to maintain the structure and guide
chromosomes to the correct location. Microtubule depolymerising proteins act to
facilitate chromosome segregation.

Once the spindle poles are in place, kinetochore microtubules can be nucleated to
form the bulk of the mitotic spindle. These originate from the centrosomes and grow
from their plus ends into the centre of the spindle to search for and capture the
chromosomes (Kirschner and Mitchison, 1986; Heald and Khodjakov, 2015). They

bind to the chromosomes via a complex of proteins which associate at their
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centromeres, termed kinetochores. Microtubules associate with kinetochores via their
plus ends or laterally, with around 20 microtubules thought to associate with each in
humans (Biggins and Walczak, 2003). This group of bundled kinetochore
microtubules are termed K-fibres and are the most stable form of microtubules within
the spindle structure with a half-life of 4-8 minutes (Zhai et al., 1995; Meunier and
Vernos, 2012). Ran-GTP is present in high levels on these kinetochore structures
which induces the association of microtubule-stabilising factors to these kinetochore
microtubules, biasing their growth towards them and facilitating the search-and-
capture model (Meunier and Vernos, 2012; Caudron et al., 2005). In addition to the
kinetochore microtubules, interpolar microtubules are also present. These
microtubules extend from each centrosome towards the opposite pole and interact
with each other in the centre in an anti-parallel manner. Their main function is to
maintain the spindle bipolarity. These microtubules are the most dynamic within the
spindle with a half-life of 30 seconds to 1 minute (Zhai et al., 1995; Meunier and
Vernos, 2012).

Once end-on attachments to kinetochores are formed, microtubule binding proteins
stabilise these interactions to prevent catastrophe and ensure prolonged attachment
to the sister chromatids. If merotelic attachment occurs (where a single kinetochore
is bound to K fibres from both spindle poles) MCAK proteins can initiate slight
microtubule depolymerisation to allow them to unbind and rebind to the correct
kinetochore, preventing mitotic errors (Ferreira et al., 2020). Microtubule binding
proteins then function to transport the chromosomes to the metaphase plate ready for
segregation (Monda and Cheeseman, 2018). To further increase the density of
microtubules within the mitotic spindle, microtubule-dependent nucleation (described
in section 1.1.7) also occurs here, and is thought to explain the rapid formation of the
spindle structure, whilst maintaining the overall bipolarity (Petry et al., 2013; Goshima
et al., 2008). Once the chromosomes are aligned at the metaphase plate and correctly
attached, sister chromatids are segregated to opposite poles of the cell. Dynein-
dynactin motor proteins bind to the kinetochore after microtubule attachment and are
able to facilitate the transport of chromosomes down these kinetochore microtubules
towards their minus ends at either pole (Sharp et al., 2000). The pull on the sister
chromatids causes tension on the centromere and eventually separates the sister
chromatids. This action is further facilitated by simultaneous microtubule shortening.
Kinesin-13 family proteins, such as KLP59C and KLP10A in Drosophila, initiate
microtubule depolymerisation from the plus and minus ends respectively in a

‘poleward flux’ model to assist with chromatid sister separation (Rogers et al., 2004;
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Mitchison, 1989; Peris et al., 2009). In addition, spindle elongation occurs to pull the

chromosomes apart (Brust-Mascher and Scholey, 2011).

Microtubule dynamics play an important role within both the formation and the function
of the mitotic spindle. Microtubules have to be rapidly depleted and formed to allow
for complete reorganisation from the normal interphase microtubule network to create
the highly structured spindle during mitosis. Dynamic instability is required in mitosis
to regulate the number of microtubules present, their different lengths throughout the
structure, the positioning of the spindle poles and the chromosomes, and their overall
segregation to either side of the cell. Due to the vast number of overlapping
microtubules present within the spindle structure, determining their individual
dynamics is difficult (Petry, 2016). The importance of dynamics here is highlighted by
the implications seen when microtubule drugs are applied. Microtubule
depolymerisation drugs such as vinblastine and nocodazole (section 1.1.5) induce
mitotic arrest when supplied in low doses by inhibiting the spindle dynamics (Jordan
et al., 1992). It is thought that reduced dynamics can prevent microtubules from
associating with kinetochores, hence preventing completion of the spindle assembly

checkpoint, and halting mitosis (Wendell et al., 1993).

1.2.2 Mitotic regulation and the spindle assembly checkpoint

Mitosis can be separated into 6 different stages which include: prophase where the
nuclear envelope begins to break down and the chromosomes start to condense;
prometaphase where the microtubules reorganise themselves to attach to the
kinetochores of chromosomes; metaphase where the mitotic spindle is fully formed
and the connections between the microtubules and the chromosome kinetochores are
correct and stable; anaphase where the microtubules separate the sister chromatids
by pulling them to opposite spindle poles of the cell; telophase where the
chromosomes begin to decondense and the nuclear envelope starts to reform; and
finally cytokinesis which is the complete division of the cytoplasm, resulting in 2
separate daughter cells. All these different stages are tightly regulated and are distinct
from each other based on the proteins that are expressed and activated during each
stage (Schmit and Ahmad, 2007).
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Figure 1.13 — The SAC is regulated by kinetochore attachments

The spindle assembly checkpoint acts as a safeguard between metaphase and
anaphase. When kinetochores are not attached to microtubules the SAC is turned
on and the mitotic checkpoint complex containing Bub2, BubRI, Mad2 and CDC20
is formed. The APC/C E3 ligase is inactive and CDK1 activity remains high and
separase is inhibited by securin binding. When all kinetochores are attached the
SAC is turned off and the mitotic checkpoint complex is abolished. This allows
CDC20 to associate with and activate the APC/C, leading the degradation of both
cyclin B and securin which inactivates CDK1 and activates separase respectively.
Anaphase onset can now commence.

The spindle assembly checkpoint (SAC) is a highly regulated safety device which
maintains genomic stability during cell division (Figure 1.13). This checkpoint occurs
between metaphase and anaphase onset and monitors the attachments of
microtubules to kinetochores, ensuring chromosome segregation only occurs when
all kinetochores are correctly attached (Lara-Gonzalez et al., 2021). The anaphase-
promoting complex/cyclosome (APC/C) is an E3 ligase enzyme which controls the
transition from metaphase into anaphase onset (Watson et al., 2019). When the SAC
is switched on and kinetochores are not all attached, the mitotic checkpoint complex
(MCC) is formed. This is a tetrameric complex consisting of the kinetochore proteins
Mad2, BubRI and Bub3, and the APC/C activator Cdc20 (Liu and Zhang, 2016). This
sequestration of Cdc20 leads to APC/C inhibition and prevents anaphase onset
(Watson et al., 2019). When kinetochores are all fully attached and the SAC has been

satisfied however, Cdc20 is released from the MCC due to disassembly of the
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complex and inhibition of de novo MCC formation (Liu and Zhang, 2016). Active
APC/C-Cdc20 can then facilitate the ubiquitination and degradation of two key
substrates, cyclin B and securin. Cyclin B degradation causes inactivation of the main
mitotic kinase, CDK1, allowing inactivation of early mitotic proteins (Peters, 2006).
The degradation of securin allows for the cleavage and activation of separase, which
can in turn go on to cleave cohesin which holds the sister chromatids together,
allowing them to segregate and be pulled to opposite poles (Waizenegger et al.,
2002). Satisfaction of the SAC and subsequent activation of the APC/C therefore
leads to anaphase onset via a tightly regulated mechanism (Lara-Gonzalez et al.,
2021).

1.2.3 Mitotic kinases

Phosphorylation is a key regulator of mitotic entry and progression, controlling both
activation and/or localisation of a large number of proteins. There are various kinases
known to function within mitosis including the cyclin-dependent kinases, Polo kinases
and aurora kinases. They are all tightly regulated via spatiotemporal mechanisms to
allow for precise chromosome segregation (Nigg, 2001). Cyclin-dependent kinases
(CDK) are a family of kinases which phosphorylate serine/threonine residues on their
substrates and are each activated at specific timings throughout the cell cycle via their
interactions with different cyclins and are inactivated by CDK inhibitors. CDK1 is
known as the major mitotic kinase and promotes entry into mitosis. It is first activated
in G2 phase by cyclin A association, and its activity is maintained by cyclin B in the
initial stages of mitosis until it is inactivated at anaphase onset due to cyclin B
degradation. CDK1 phosphorylation events lead to nuclear envelop breakdown,
chromosome condensation, kinetochore function and the formation of the mitotic
spindle (Ding et al., 2020). Polo-like kinases (PLK) are another family of
serine/threonine kinase which also regulate different aspects of the cell cycle. PLK1
is the family member which acts during mitosis. It is required to stabilise kinetochore-
microtubule attachments by phosphorylating kinetochore proteins involved in the
spindle assembly checkpoint (SAC) such as Mad3 and BubR1 (Elowe et al., 2007). It
is also required in mitotic exit and cytokinesis where it phosphorylates motor proteins
MKLP2 and RacGAP1 which are crucial for the correct position of the chromosomal
passenger complex for cytokinesis initiation (Neef et al., 2003; Adriaans et al., 2019),
and for cleavage furrow formation, respectively (Zitouni et al., 2014). Aurora kinases
make up a 3rd family of serine/threonine kinases which are also involved in mitotic

entry and progression. This family consists of 3 members: aurora kinase A, B and C.
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Aurora A and B both play a role within mitosis, whereas aurora C is restricted to
meiosis within germ cells. Aurora B comes together with INCENP, Borealin and
Survivin to make the chromosomal passenger complex, which is a core mitotic
regulator further described within the next section (Willems et al., 2018). Kinase
activity is therefore tightly regulated throughout the whole of the cell cycle to ensure

events occur at the correct time (Nigg, 2001).

1.2.4 The chromosomal passenger complex

The chromosomal passenger complex (CPC) is a key regulator of mitosis. It is a
heterotetrametric complex which consists of 4 proteins. The inner centromere protein
(INCENP) is the scaffold protein that holds the complex together, aurora B provides
the catalytic activity and survivin and borealin/DasraB are the targeting proteins
(Carmena et al., 2012). INCENP was the first CPC protein to be identified and was
shown to reside at the inner centromeres in early mitosis before transitioning to the
spindle midzone and midbody in late mitosis (Cooke et al., 1987). Its association with
the aurora B kinase was then later identified in Xenopus eggs (Adams et al., 2000)
and C. elegans (Kaitna et al., 2000) and was shown to be evolutionary conserved and
hence biologically relevant (Adams et al., 2000). Shortly after, the presence of both
survivin (Carvalho et al., 2003) and borealin (Gassmann et al., 2004) within this
complex were also identified. These 2 subunits come together to form a 3-helix bundle
via the N-terminal region of INCENP which is required for regulating the activity and

localisation of the aurora B kinase component (Jeyaprakash et al., 2007).

This complex is required at multiple locations at specific times throughout cellular
mitosis to ensure precise regulation of chromosome segregation and cytokinesis,
illustrated in Figure 1.14 (Carmena et al., 2012). It localises to the centromeres during
the early stages of mitosis, promoted by the K63 ubiquitination of survivin by the E3
ligase Ufd1 (Vong et al., 2005). Once the SAC has been satisfied, the CPC is
translocated to the central spindle midzone during anaphase onset. This relocalisation
is facilitated by the deubiquitylation of survivin by USP9X (Vong et al., 2005), and the
ubiquitylation of aurora B by the cullin 3 (CUL3) E3 ubiquitin ligase complexes CUL3-
KLHL9-KLHL13 and CUL3-KLHL21, initiating its release from the centromeres
(Sumara et al., 2007; Maerki et al., 2009). The CPC is then transported to the central
spindle via the motor protein, MKLP2 (Gruneberg et al., 2004), and eventually to the
cleavage furrow during late mitosis (Adams et al., 2000; Jeyaprakash et al., 2007).

This localisation regulation adds an extra layer of complexity to controlling the CPC
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activity, ensuring that events occur within a spatiotemporal manner (Carmena et al.,
2012; Aleem et al., 2015).
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Figure 1.14 — The CPC is regulated in a spatiotemporal manner during mitosis

The CPC is formed from INCENP (blue), aurora B (red), borealin (green) and
survivn (yellow). The localisation of the CPC is regulated throughout mitosis to
ensure that it can carry out the correct function at the correct time. During
prometaphase it localises to the centromeres of the chromosomes being
transported to the cell equator. At metaphase it is found at the centromeres. During
anaphase onset it transitions from the centromeres to the spindle midzone. Then
finally during telophase it is present at the midzone within the cleavage furrow.

Aurora B is one of the most highly studied serine/threonine kinases and is a master
regulator of mitotic progression (Carmena et al., 2009). Its activation occurs in a
complex, multistep process, first initiated by its association with INCENP (Honda et
al., 2003). This in turn initiates the phosphorylation of both INCENP and the T-loop
within aurora B, leading to its full activation (Bishop and Schuniacher, 2002). Upon
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activation of aurora B, the functions of the CPC can be performed. In early mitosis,
one of the major roles of aurora B is the regulation of kinetochore-microtubule
attachments by phosphorylating multiple kinetochore proteins prior to formation of
correct attachments (Welburn et al., 2010). These include components of the KNL1,
Mis12 and NDC80 complexes which are key microtubule-binding proteins of the
kinetochore (Petrovic et al., 2016). Aurora B activity also promotes disruption of
incorrect microtubule-kinetochore attachments until correct and stable ones have
been formed (Tanaka et al., 2002). It does this by inhibiting the microtubule
depolymerisation activity and localisation of the kinesin-13 member, mitotic
centromere-associated kinesin (MCAK), when correct kinetochore-microtubule
attachments are achieved (Andrews et al., 2004). Additionally, aurora B recruits the
components of the MCC to the kinetochores when the SAC is activated (Ditchfield et
al., 2003).

Upon anaphase onset, CPC function is then required at the central spindle midzone.
Here it facilitates the localisation of the centralspindlin complex, formed from MKLP1
and the Rho GTPase activating protein MgcRacGAP (Zhu et al., 2005). Following
aurora B phosphorylation, the centralspindlin then initiates microtubule bundling to
stabilise the central spindle and furrow regression occurs (Douglas et al., 2010). As
the cell progresses into telophase and cytokinesis, the CPC is first involved in
contractile ring formation (Carmena et al., 2012). This occurs through the indirect
regulation of the small GTPase protein Rho A which activates myosin Il and induces
actin polymerisation to form a compact mature ring required for cytokinesis (Lewellyn
et al., 2011; Miller, 2011). The final role for the CPC is in regulating abscission. Aurora
B activity is required to monitor the clearance of chromosomes into each daughter
cell, ensuring that cytokinesis only occurs after they have all migrated to their
respective poles (Norden et al.,, 2006). The function of the CPC is ultimately
terminated when aurora B is targeted for proteasomal degradation by the APC/C and

its activator, Cdh1, upon completion of cytokinesis (Stewart and Fang, 2005).

1.3 The ubiquitin proteasome system

1.3.1 Ubiquitin

Ubiquitin is an ~ 8 kDa protein consisting of 76 amino acids which can be attached to
lysine residues of substrate. Ubiquitin can be added as either a single moiety to create
mono-ubiquitylation or chains can be extended to create poly-ubiquitylation

(Komander and Rape, 2012). Ubiquitin adopts what has been termed a ubiquitin fold
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motif which consists of 5 B-sheets, a 31 helix and a short 3.5-turn a-helix (Dikic et al.,
2009). Ubiquitin is conjugated to proteins via its C-terminal glycine residue to create
an isopeptide bond. Additional ubiquitin subunits can then be added at positions K6,
K11, K27, K29, K48, K63 and M1 in the previous ubiquitin (Akutsu et al., 2016). Mono-
and poly-ubiquitin can then be recognised by other proteins via their ubiquitin-binding
domains (UBDs).

1.3.2 Ubiquitin conjugation

Ubiquitin is conjugated to its target proteins via a series of catalytic reactions. The first
stage is performed by E1 ubiquitin activating enzymes via a two-step reaction. There
are only two found in mammalian cells; UBA1 and UBAG (Jin et al., 2007). The role of
these enzymes is to activate the ubiquitin moieties by first catalysing the formation of
an acyl-adenylate intermediate at the C-terminal of ubiquitin using ATP Mg2+. The
catalytic cysteine of the E1 enzyme is then used to create a thioester-bond between
it and the ubiquitin (Schulman and Wade Harper, 2009).

E2 conjugating enzymes can then accept the activated ubiquitin at their catalytic
cysteine residues via a transthiolation reaction. Humans have ~ 40 E2 enzymes which
are involved in this ubiquitin transfer (Stewart et al., 2016). E2 enzymes are then
recruited by an E3 ubiquitin ligase enzyme which interacts with the target protein,
allowing for the direct or indirect transfer of the ubiquitin moiety from the E2 onto the
substrate (Yang et al., 2021). There is estimated to be between 600 and 700 E3 ligase
enzymes in mammalian cells which makes up around 5% of the genome (Jaishankar
et al., 2018). Each E2 enzyme can associate with multiple E3 ligase enzymes. Some
E2 enzymes when they are paired with certain E3 ligases can be seen to dictate the
chain specificity of the linkage and hence decide the fate of that substrate (Wijk and
Timmers, 2010; Clague et al., 2015). There are also some E2 enzymes which are
only capable of catalysing ubiquitin addition directly onto the substrate, leading to the
formation of monoubiquitylation only, whereas others can only facilitate polyubiquitin

elongation by only adding ubiquitin onto other moieties (Ye and Rape, 2009).

E3 ligase enzymes can be subdivided into 3 different families which include the HECT
(homologous to EGAP carboxy terminus), the RING (really interesting new gene) and
the RBR (RING between RING) families. HECT and RBR enzymes are able to accept
ubiquitin subunits at a conserved cysteine residue in a similar manner to the E2

enzymes, before then transferring it onto their substrates (Rotin and Kumar, 2009).
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RING E3 ligases however acts as a scaffold to provide specificity by bringing the E2
and the substrate closer together to facilitate direct transfer of ubiquitin from the E2
onto the substrate (Clague et al., 2015; Metzger et al., 2014). This mechanism is
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illustrated in Figure 1.15.
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Figure 1.15 — Ubiquitin as a reversible post translational modification

A. The ubiquitin conjugation cascade is performed by the stepwise activation of 3
enzymes including the E1 ubiquitin activating enzymes, E2 ubiquitin conjugating
enzymes and E3 ubiquitin ligase enzymes. The E1 conjugates first associates with
and activates the ubiquitin moiety before it is passed onto the catalytic cysteine of
the E2 enzyme. The E3 enzymes can then interact with both the substrate and the
E2 to facilitate the transfer of ubiquitin onto lysine residues of its substrates. Mono-
and poly-ubiquitination chains can be made leading to a range of downstream
signals such as degradation, signalling, trafficking and localisation. B.
Deubiquitylase enzymes (DUBs) remove mono- and poly-ubiquitin off their
substrates.
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1.3.3 Ubiquitin signalling
The complexity and diversity that is provided by this PTM has been termed the

ubiquitin code and allows ubiquitin signalling to be involved in many different areas of
cell biology (Komander and Rape, 2012). As mentioned above, polyubiquitin chains
can be made using different lysine residues within the ubiquitin subunits. K48, K63
and K11 are the most abundant within eukaryotic cells (Peng et al., 2003; Clague et
al., 2015), with K48 and K63 being known as the canonical linkage chains (Tracz and
Bialek, 2021). The use of different residues can create chains with different topologies
to increase the plethora of proteins able to interact with them (Dikic et al., 2009). For
example, K48 chains can pack up tightly (Cook et al., 1994) whereas K63 chains
adopt a more linear structure (Komander et al.,, 2009b). To further increase the
complexity, chains can also be made using multiple linkages and branching by the

use of different lysine residues (Kolla et al., 2022).

Chains formed from K48 linkages are well known to be associated with proteasomal
degradation (Lee et al., 1989; Thrower et al., 2000), although most topologies except
K63 chains have now been linked with protein degradation (Xu et al., 2009). The
mechanisms involved in ubiquitin-dependent proteasomal degradation are described
in further detail in section 1.3.5. K63 chains are also commonly found within
eukaryotes, and have been involved in trafficking (D6sa and Csizmadia, 2022), DNA
damage repair (Liu et al.,, 2018) and innate immunity (Madiraju et al., 2022). For
example, it plays a role in IKK activation via interleukin-1 and Toll-like receptor
pathways: TRAFG is recruited upon receptor activation, leading to autoubiquitylation
via K63 chains, which in turn act as a scaffold for the TAK1 kinase complex and hence

further downstream signals (Chen and Sun, 2009; Deng et al., 2000).

Functional roles for non-canonical ubiquitylation chains (K6, K11, K27 K29, K33 and
M1) have also been identified (Tracz and Bialek, 2021). K6 chains have been reported
to regulate the DNA damage response, as BRCA1-BARD1 autoubiquitination leads
to the formation of K6 chains at the site of damage (Wu-Baer et al., 2003).
Additionally, K6 chains, alongside K11 and K63 have been shown to facilitate the
clearance of damaged mitochondria via mitophagy with the DUB USP30 which
opposes this mitophagy signal displaying a strong preference for K6 chains
(Cunningham et al.,, 2015). K11 chains also play a crucial role during mitotic
progression. The E3 ligase APC/C, alongside the E2 enzyme UBEZ2S, catalyses the
addition of K11 chains onto mitotic checkpoint proteins to initiate their degradation

and allow for progression into anaphase (Wu et al., 2010). Finally, monoubiquitylation
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is also able to facilitate a number of downstream signalling responses (Hicke, 2001).
Monoubiquitylation of histone proteins H2A and H2B is involved in regulating gene
expression (Spencer and Davie, 1999), and have also been shown to be required for
meiosis in yeast (Robzyk et al.,, 2000). Endocytosis is also promoted by
monoubiquitylation, with  multiple mono-ubiquitin moieties being sufficient for
internalisation, recycling and degradation of receptor tyrosine kinases (Haglund et al.,
2003). Critically, monoubiquitylation is also involved in the spatial regulation of the
chromosomal passenger complex (section 1.2.4) during mitosis (Maerki et al., 2009;
Sumara and Peter, 2007).

1.3.4 Deubiquitylases and ubiquitin removal

Whilst the E1, E2 and E3 enzymes are responsible for adding ubiquitin moieties to
substrates, deubiquitylase enzymes (DUBs) are required for removing them. These
enzymes are able to cleave the isopeptide bonds between a ubiquitin subunit and its
substrate or between two ubiquitin subunits, either associated to a substrate or within
free ubiquitin chains. They cleave with either an exo or an endo-peptidase action by
cleaving at the end of the chain or within the chain respectively (Figure 1.15). There
are approximately 100 members of the DUB family which can be divided into 7
evolutionarily conserved families. 6 of these 7 families, including USPs, UCHs,
Josephins, OTUs, MINDYs and ZUPI, are cysteine proteases and therefore catalyse
the breakage of isopeptide bonds using a catalytic cysteine residue, whereas the

JAMM family are zinc-dependent metalloproteases (Clague et al., 2019).

1.3.5 Proteasomal degradation

To maintain cellular homeostasis, protein turnover is critical. This involves the whole
life cycle of a protein which spans from synthesis, to folding and trafficking, and finally
degradation (Hipp et al., 2019). The ubiquitin proteasome system is involved in the
degradation of proteins. Tagging of substrates with ubiquitin via E3 ligases can induce
them to be degraded whereas the removal of these ubiquitin subunits by DUBs leads
to substrate stability. Protein turnover is essential for healthy maintenance of the cell
and disruption can lead to a number of neurological diseases (Tai and Schuman,
2008).

The proteasome is a large multi-subunit structure which is involved in the degradation
of proteins. Its main role is to cleave ubiquitylated proteins targeted for degradation

into small peptides. The 26S proteasome is a cylindrical shaped organelle which is
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formed from a 20S catalytic core particle and one or two 19S regulatory complex
which come together to generate a 2.5MDa multi-catalytic protein degrading machine
(Tanaka, 2009). The 19S regulatory complex contains ~ 20 different subunits and
regulates the activity of the catalytic core by recognising the ubiquitin tagged proteins
being targeted there. It is formed from lid and base subcomplexes which assist with
the removal of ubiquitin chains, and protein unfolding and subsequent translocation
into the core of the complex respectively (Bard et al., 2018). There are 6 subunits
within the cap which can hydrolyse ATP, providing the energy for unfolding and
transferring proteins (Martinez-Fonts et al., 2020). Subunits Rpn10, Rpn13 and Rpn1
are able to recognise ubiquitin chains on the surface of the substrate proteins targeted
for degradation (Martinez-Fonts et al., 2020). The Zn?*-dependent metalloprotease,
Rpn11, cleaves the polyubiquitin chains to recycle the ubiquitin subunits (Worden et
al., 2017). The 20S catalytic core consists of 28 subunits, arranged in 4 rings to form
a chamber. The 2 outer rings consist of a subunits and the 2 inner rings contain the £
subunits which contain 3 proteolytic active sites per ring. The o rings regulate protein
entry into the proteolytic chamber where protein cleavage takes place (Kunjappu and
Hochstrasser, 2014). The majority of proteins can be degraded via this organelle due
to the catalytic proteases being able to cleave after basic, acidic and hydrophobic
residues (Arendt and Hochstrasser, 1997). Once proteins have been cleaved into
shorter peptides, these can exit the chamber into the cytosol where complete

cleavage into ‘free’ amino acids for recycling occurs.

Changes in expression levels of E3 ligases and DUBs will therefore alter the
ubiquitylation of their substrates, ultimately affecting their stability. Depletion of E3
ligases will lead to an increase in their substrate expression levels as ubiquitylation
will be reduced and substrates will not be targeted for degradation. On the reverse

side, depletion of a DUB will increase substrate ubiquitylation, decreasing expression.

1.3.6 TRIM family of E3 ligases

The largest family of E3 ligases are those which contain a RING domain. This type of
E3 ligase catalyses the addition of ubiquitin to its substrates by orchestrating the direct
transfer from the E2 conjugating enzyme. They facilitate this via their 2 Zn?* ions which
can interact with the E2 enzyme (Deshaies and Joazeiro, 2009). Tripartite motif
containing proteins (TRIMs) are a large family of RING containing E3 ligase enzymes
(Meroni and Diez-Roux, 2005), with more than 80 members being found within

humans (Hatakeyama, 2017).
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TRIM/RBCC proteins get their name by the presence of their highly conserved
domains which are found in almost all members. These domains include the RING
domain (R), either one or two zinc-binding B-box (B) domain followed by a coiled-coil
(CC) (Torok and Etkin, 2001). The B-box domain is a defining component of the
tripartite motif. Similar to the RING domain, it also utilises Zn?* ions to coordinate
cysteine or histidine residues (Borden et al., 1993). The second coordination residue
involved is what differentiates the B-box 1 from the B-box 2 domain, with the B-box 1
containing a cysteine and the B-box 2 containing a histidine. TRIM members have
been found to contain both B-box domains, however in those that have only one, it is
typically the B-box 2 which is found. The coiled-coil domain which follows is required
for dimerisation (Meroni and Diez-Roux, 2005). These domains are always located at
the N-terminus in this order with the spacing between each domain being highly
conserved across members (Tocchini and Ciosk, 2015). Family members are then
differentiated by the varying domains at their C-terminus, allowing them to be
structurally classified into 11 different subfamilies, as shown in Figure 1.16A. E3 ligase
activity can be facilitated via the RING domain, provided they possess a cysteine
residue followed by a proline required for their catalytic activity (Budhidarmo et al.,
2012). There are however some family members which lack this RING domain, but
do still contain the B-box like domains and the coiled-coil with their highly conserved
spacing (Williams et al., 2019). There are 7 proteins which fit into this classification as

shown in Figure 1.16B.
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Figure 1.16 — TRIM superfamily domain maps

Domain maps of the A. RBCC and B. BCC motif containing TRIM proteins.
Members of each classification are detailed. Adapted from Williams et al., (2019).

Schematics are not to scale.
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TRIM protein members carry out a wide variety of different functions and are active
across all stages of the cell cycle (Venuto and Merla, 2019). Many TRIM proteins are
induced by type | and type Il interferons (IFN) and are therefore involved in the innate
immune response (Ozato et al., 2008). TRIM21 interacts with and ubiquitylates the
IRF8 transcription factor following IFN stimulation, leading to the increased
expression of cytokines (Kong et al.,, 2007). TRIM21 may also be involved in the
activation of T cells, further supporting its role within immunity (Ishii et al., 2003).
TRIM8 has been reported to influence immunity by preventing the attenuation of IFN
induced signalling by interacting with SOCS1 (suppressor of cytokine signalling 1),
thereby promoting prolonged inflammatory responses (Toniato et al., 2002). In
addition to roles in innate immunity, three related TRIM proteins have been reported
to be involved in the turnover of muscle proteins. These are TRIM63, TRIM55 and
TRIM54, also known as MURF1, 2 and 3 (muscle RING finger protein) respectively.
They are expressed in skeletal and cardiac muscle tissues and are involved in
remodelling muscles by inducing degradation of sarcomere muscle proteins such as
troponin | (Kedar et al., 2004; Witt et al., 2005). MURF2 and 3 have also been found
in association with glutamylated microtubules, myosin and titin during the formation

of the sarcomere (Pizon et al., 2002).

Many TRIM proteins have been directly associated with a number of human diseases.
Some TRIM members are involved in the development and progression of cancerous
tumours. p53 stability and regulation is affected by a number of TRIMs including
TRIM13, TRIM19, TRIM24, TRIM28 and TRIM29 (Hatakeyama, 2011). For example,
TRIM13 can directly associate with the negative regulator of p53, MDM2, leading to
its degradation. TRIM13 is known to be downregulated in different cancer types. This
thereby leads to increased levels of MDM2, decreased levels of p53 and hence
tumour progression (Joo et al., 2011). Other diseases have also been connected to
TRIM proteins. Point mutations within different regions of TRIM32 lead to different
disease phenotypes. Those found within the C-terminal NHL domain of TRIM32 have
been associated with limb-girdle muscular dystrophy type 2H (Frosk et al., 2002),
whereas point mutations within the B-Box domain lead to Bardet-Biedl syndrome
(Chiang et al., 2006).
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1.3.7 Ubiquitin specific proteases

The ubiquitin-specific protease (USP) enzymes make up the largest family of DUBs
with ~50 members. They are cysteine proteases which utilise critical amino acid
residues to create their catalytic site, termed either the catalytic diad or triad. This
includes the catalytic cysteine in close proximity to a histidine, and in some cases
either an aspartic acid or an asparagine residue (Komander et al., 2009a). The
cysteine peptidase reaction was investigated in much detail using the papain family.
The mechanism involves the nucleophilic attack of the isopeptide bond from the thiol
group within the catalytic cysteine. This leads to the formation of a covalent acyl
intermediate formed with the cysteine within the DUB and the glycine residue on the
distal ubiquitin. A water molecule is then required to hydrolyse this intermediate and
complete the isopeptide cleavage (Komander et al., 2009a; Cstorer and Ménard,
1994). The histidine residue is required for lowering the pKa of the cysteine, allowing
for it to perform a nucleophilic attack of the isopeptide bond, and an Asp or Asn

residue aligns and polarises this histidine (Clague et al., 2013).

In general, USP DUBs do not display a preference for a specific type of ubiquitin
linkage, with most being able to cleave any type of chain (Faesen et al., 2011). There
are however some exceptions to this statement, with the mitochondrial localising
DUB, USP30, displaying a preference for K6 chains (Cunningham et al., 2015), and
the microtubule localising DUB, CYLD, having a preference for K63 and Met-1 linked
ubiquitin (Hrdinka et al., 2016).

1.3.8 Ubiquitin-associated proteins and microtubules

A number of proteins involved in the ubiquitin machinery have been reported to
localise to microtubules. 9 members of the TRIM family of E3 ligases contain a cos-
box domain which is required for their microtubule localising capabilities (Short and
Cox, 2006). This includes members within the C-I and C-Il subclasses. TRIM42 within
the C-Ill subclass also contains a cos-box domain however microtubule localisation
has not been confirmed. The best studied of these TRIM proteins are MID1 and MID2
(TRIM18 and TRIM1 respectively) which have shown to be involved in cytokinesis.
Astrin, which stabilises kinetochore-microtubule attachments before chromosome
segregation (Dunsch et al., 2011), is ubiquitylated by MID2 during mitotic exit to target
the it for proterasomal degradation and facilitate cytokinesis (Gholkar et al., 2016).
Some deubiquitylase enzymes are also known to localise to microtubules. The first to

be identified was the familial cylindromatosis tumour suppressor, CYLD. It interacts

72



with microtubules via its CAP-Gly domains (detailed in section 1.1.9.2) and regulates
microtubule dynamics and cell migration (Gao et al., 2008). Additionally, CYLD
inhibits the activity of HDACSG, leading to an increase in microtubule acetylation levels
and negatively-regulating cell cycle progression (Wickstrom et al., 2010). USP21 was
the second DUB shown to associate with both microtubules and the centrosome (Urbé
et al., 2012; Heride et al., 2016). This DUB is involved in regulating microtubule
dynamics as its depletion leads to reduced microtubule extension following cold-
induced microtubule depolymerisation. A functional role in primary cilia formation was
also identified (Urbé et al., 2012). Finally, a previous PhD student from my host
laboratory has provided the first characterisation of the 3™ microtubule localising DUB,
USP31 (Bertsoulaki, 2018). Erithelgi Bertsoulaki showed that USP31 decorates
modified microtubules as well as associating with the mitotic spindle and that its
depletion leads to altered microtubule dynamics, a change in the length of the EB1
plus end cap and fragmentation of both the acetylated and detyrosinated microtubule
networks (Bertsoulaki, 2018). Further characterisation of this protein, and its

involvement within mitosis is reported in Chapter 5.

1.4 Proteomics

The term proteomics describes the analysis of the total proteins present in a sample
collected under specified conditions. Over the past 20 years, the technologies
available to facilitate the formation of proteomic data has increased significantly with
key milestones which lead to advancements within this area. Many methods for
detecting gene expression had been developed such as large-scale sequencing and
cDNA microarrays, and as useful as these are, they do not consider regulation of
expression at the protein level. Studies at a genome level therefore omit information
provided from half-lives and post-translational modifications which regulate
expression, highlighting the importance for more research within this area (Gygi et al.,
2000). Despite this, protein identification via its amino acid sequence has only become
possible due to the Human Genome Project and the complete sequencing of the

human genome, as this forms the databases used for peptide identification.

Mass spectrometry (MS) was originally used in protein biology to identify a specific
protein of interest following its association to a certain biological activity (Aebersold,
2003). Being able to quickly identify a protein of interest was a main driver for the

development of these high throughput, high-sensitivity technologies. Further uses for
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MS include looking at protein expression levels, modifications, protein-protein
interactions, subcellular localisation determination and investigation of protein
complexes (Henzel et al., 2003). Proteomics is dependent on the combination of 3
technologies including: a method to separate and fractionate the complex protein
mixtures obtained; mass spectrometry or tandem mass spectrometry machinery to
detect and identify the proteins present; and bioinformatics resources to interpret and
analyse the resulting data. All 3 of these areas have been advanced over the past 20-
30 years so we can now identify proteins of interest in a quantitative, reproducible

manner.

1.4.1 Edman degradation

Typically, to identify a protein or peptide, the primary amino acid sequence must first
be decoded. In the 1980’s the main method for protein identification was Edman
degradation, originally developed by Pehr Edman (Edman, 1949). Identification via
this technique is facilitated by degrading each amino acid in turn from the N-terminal
of a peptide and individually identifying them. The basic method involves 3 steps:
coupling, cleavage and conversion (Edman and Begg, 1967). The first step is to
couple the N-terminal amino acid with a phenyl isothiocyanate to produce a
phenylthiocarbamyl derivative group. Cleavage of this first peptide bond can then be
achieved under acidic conditions to give an anilinothiazolinone molecule and a
shortened peptide. Conversion of this residue to a more stable phenylthiohydantoin
form under aqueous acid conditions is then required to allow for better analysis. This
resulting residue can then be resolved via reverse-phase high-performance liquid
chromatography (HPLC) and identified by comparison to standards. This is repeated
for all amino acids within the peptide to determine the complete sequence (Smith,
2001). This was the standard method at the time and was used to sequence a number
of proteins, including both a- and - tubulin subunits (Ponstingl et al., 1981; Krauhs et
al., 1981). Despite its robustness, this was a time-consuming process, with each
chemical cycle requiring 20 minutes (Smith, 2001). Furthermore, this method often
failed to identify peptides if modifications such as acetylation were present at their

amino terminus (Steen and Mann, 2004).

1.4.2 Advances in protein MS

To allow for the quick identification of multiple proteins, technologies surrounding MS
techniques were developed and eventually displaced the Edman degradation method

in the 1990’s (Steen and Mann, 2004). For successful MS analysis, samples of
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interest are required within the gaseous ionic phase. Methods such as chemical and
electrical ionisation had been developed for this purpose however these were not
compatible with proteins. As proteins are non-volatile and polar structures, they were
susceptible to destruction when subjected to these ionisation techniques (Banerjee
and Mazumdar, 2012). A new ionisation technique called fast atom bombardment
(FAB) was developed in 1981 to combat these problems. lonisation was achieved
however only singly charged analytes were formed, making their high mass to charge
ratios (m/z values) difficult to measure with current analysers. Furthermore, protein
digestion was required to measure those with molecular weights higher than 1000Da
(Barber et al., 1981). In the late 1980’s/early 1990’s, all these problems were
overcome by the development of the ionisation techniques electrospray ionisation
(ESI) (Fenn et al., 1989) and matrix-assisted laser desorption/ionisation (MALDI)
(Karas and Hillenkamp, 1988). ESI gained popularity due to its ability to integrate with
many existing liquid-phase separation techniques already being used and allowed for
production of multiply charged gaseous protein ions for easy identification. MALDI
was also frequently used due to it being simple, sensitive, providing a large mass

range, and its generation of easy-to-interpret data (Aebersold, 2003).

1.4.3 Electrospray ionisation

ESI is a soft ionisation technique that allows the conversion of liquid-phase ions to
gaseous ions of large biomolecules without causing their fragmentation and
destruction (Fenn et al., 1989). The technique was developed by John Bennett Fenn
for which he was awarded a Nobel Prize in Chemistry for in 2002 alongside Koichi
Tanaka for his contribution to MALDI (Grayson, 2011). What made ESI superior to
the FAB ionisation technique was its ability to create multiply charged gaseous ions
which allows their m/z values to drop to a suitable range that can be measured by the
common mass analysers being used in MS machineries (Banerjee and Mazumdar,
2012). Furthermore, it is also capable of retaining native protein structures and
activities, allowing interpretations of their 3D structures, PTM’s and non-covalent
interactions (Ouyang et al., 2003). The basic method of ESI involves samples being
injected into an ioniser at a low flow rate before a comparatively high voltage is
applied, creating a strong electric field. This causes sample dispersion to occur,
forming an electrospray of highly charged droplets of 1-2 uym in diameter which are
directed towards the mass spectrometer. A high vacuum and a high temperature are
then applied to facilitate the release of charged analytes from the droplets and their

complete desolvation into a gas phase (Banerjee and Mazumdar, 2012). These
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charged ions are obtained from doubly protonating the digested peptides within the
sample (Steen and Mann, 2004). These formed multiply charged ions are then
compatible with most common MS analysers, where the peptides are separated
based on their m/z ratio before they are passed to the detector for measuring

(Banerjee and Mazumdar, 2012).

Developments of different electrosprays have been developed since ESI first
emerged, with the most popular today being the nanoelectrospray which was
developed by Matthias Wilm and Matthias Mann (Wilm and Mann, 1996). As
suggested by its name, aspects from ESI have been adapted on a nanoscale. The
flow rate has been reduced from 1-20 pyL/min to 20-50 nL/min, a low sample
concentration of nanomole/ml is required and the droplet diameter is reduced to
<200nm, making them significantly smaller than with ESI (Wilm and Mann, 1996;
Banerjee and Mazumdar, 2012). This development therefore improved the sensitivity
of ESI-MS. Protein samples were therefore obtained and digested using trypsin
before being subjected to ESI-MS and collision activation. The resulting spectra
provided the peptide fingerprints, with the mass differences between fragments being
used to determine the amino acid sequences. Bioinformatic tools are then required to
determine the protein identity from these peptide sequences. The determination of a
protein in a sample from its sequence is known as ‘bottom up’ proteomics (Banerjee
and Mazumdar, 2012).

1.4.4 Tandem Mass Spectrometry

Following on from ESI and the initial determination of the m/z values of each
trypsinised peptide, another round of MS is performed to determine the primary
structure of each peptide. This is referred to as tandem MS or MS/MS. Individual
peptides are separated and subjected to collision-induced dissociation and allowed to
collide with an inert gas such as nitrogen, helium or argon, causing them to fragment
further (Steen and Mann, 2004). Multiple rounds of collisions are performed to create
different fragmented ions corresponding to all different lengths of the peptide which
differ by one amino acid each time (Mitchell Wells and McLuckey, 2005). These
fragmented peptides can then be sent to the detector again to identify their m/z ratios.
The differences in mass between each sequential peptide can then be used to
determine which amino acid has been lost and hence the primary sequence can be
resolved. Manual analysis of these peaks can lead to the incorrect sequence being

determined. For example, the mass of one asparagine residue is equal to the mass
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of two glycine residues, and a very small peak occurring in the middle of two large
peaks may be missed, causing the sequence to be recorded as one amino acid
change rather than two (Steen and Mann, 2004). This problem, along with the ability
to analyse a large amount of data within a short amount of time, can be overcome by

the use of computational analysis to identify the peptide sequence.

1.4.5 Computational advances

A major advancement for the proteomics field was the development of computational
algorithms to allow for quick and reliable analysis of proteomic data. One of the first
programmes developed was named FragFit and was combined with MALDI-MS to
identify proteins using peptide mass fingerprinting. This software was capable of using
the masses of each peptide produced to identify the protein in which it originated from
by searching a database which contained 91,000 different protein sequences (Henzel
et al., 1993). This was one of the first studies that allowed protein identification from
MS. Despite this, as ESI combined with tandem MS had proved more popular than
MALDI, an identification algorithm called SEQUEST was developed by Eng et al.
shortly after to allow identification of peptides by comparing the spectra produced to
a theoretical spectra within the GenPept database (Eng et al., 1994). Further
developments in computer algorithms for protein identification were developed as the
requirement for high-throughput proteomic data increased. The development of
Mascot allowed for the integration of the search criteria used within both FragFit and
SEQUEST, allowing for overall peptide mass and amino acid sequence to both be
used for identification, and included probability-based scoring to reduce false positive
identification (Perkins et al., 1999). Both SEQUEST and Mascot were frequently used
tool for proteomic data analysis however other computer algorithms are also available
including Sonar ms/m, PeptideSearch and ProteinProspector which all require a

sequence database as a reference (Steen and Mann, 2004).

There are a number of computational software platforms available for MS-based
proteomics including MS Quant (Schulze and Mann, 2004) and MaxQuant (Cox and
Mann, 2008) which both allow for peptide identification and quantification. The most
commonly used computational platform today is MaxQuant which was released in
2008 by Jurgen Cox and Matthias Mann (Cox and Mann, 2008). This platform
incorporates a set of algorithms which can extract raw MS data, allowing for
identification of peptides at a high-accuracy rate within a short time. Upon its release

it was shown to identify >4000 proteins at any one time from mammalian cell lysates,
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with the newest release now being capable of recognising >25,000 peptides within
one single run (Wichmann et al., 2019). Originally, the previously developed Mascot
algorithm was integrated within the software to allow for peptide identification,
however it now incorporates its own search engine, Andromeda, which performs
equally as well as Mascot but also accommodates and assigns complex PTM patterns
and allows identification of a greater number of peptides (Cox et al., 2011b).
MaxQuant has been continually developed and displays advanced mass precision
and accuracy (Cox and Mann, 2009; Cox et al., 2011a). It facilitates the analysis of
multiple methods of quantification in addition to SILAC, which was incorporated within
the first release (Cox and Mann, 2008), such as label-free, tandem mass tags (TMT)
and isobaric tags for relative and absolute quantification (iTRAQ). Additionally, it can
also be integrated with a number of other MS platforms, further increasing its usability
(Tyanova et al., 2016). The development of MaxQuant therefore provided a huge
boost to overcome the many challenges faced when analysing data produced from
MS-based ‘bottom-up’ proteomics experiments. There are also a number of other
software which have been developed to assist with proteomic research, many of
which have come from Steven Gygi’'s lab. These include various Smart-TMT
applications such as Real-Time-Search which provides fragment spectra identification
as they are acquired (Schweppe et al., 2020; Erickson et al., 2019) and GoDig which

allows targeted analysis for hypothesis-driven research (Yu et al., 2023).

1.4.6 2D gel electrophoresis

Another important milestone in the proteomics field was the development of 2-
dimensional gel electrophoresis systems (2DE), which was introduced by 2
independent groups in 1975 (Klose, 1975; O’Farrell, 1975). The idea of separating
proteins out using 2 electrophoresis protocols had been proposed prior to these
publications however they did not show resolution of many proteins (Smithies and
Poulik, 1956). Proteins were first separated via their isoelectric point, followed by their
separation via their molecular weight in the second dimension using SDS-PAGE. This
method uses the idea that most proteins will have different physiochemical properties,
and therefore be efficiently separated from each other. Individual proteins were
detected using various visualisation techniques to produce a gel with individual spots
at specific locations, their size proportional to their expression levels. This technique
resolved >1000 proteins from one sample with high resolution, high sensitivity and the
ability to reproduce results (O’Farrell, 1975). It was considered one of the most

valuable tools for separating and visualising proteins (Issaq and Veenstra, 2008).
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1.4.7 Quantitative mass spectrometry

The most important yet challenging area of proteomics was the quantification of
protein expression between 2 or more physiological states. Unfortunately, peak
intensities are not always proportional to the amount of peptide present due to peptide
solubility, protease accessibility and ionisation efficiency for particular peptides, and
therefore peaks cannot be used to directly compare protein expression levels. The
ability to therefore apply quantifiable applications to 2DE was desirable as this was
thought to be the most comprehensive method available for protein detection and
identification. In order to do this, different samples were resolved on individual gels in
parallel and their spots visualised. Alignment methods allow matching of spots and
their intensities can be compared to provide a quantitative measure of their
abundance. All matched spots of interest were labelled, excised from the gels and
subjected to MS to confirm their identification (Issaq and Veenstra, 2008). This
technique was widely used for quantitative proteomic analysis including within
microtubule related studies. For example, the differences in microtubule binding
proteins at Ohr and 12hr of post-diapause development in Artemia franciscana was
determined via this method (O’Connell et al., 2006). The possible issue with this
method however is that running samples on different 2DE gels may induce differences
relating to the separation or the staining. This may affect the intensities observed or
even lead to some spots being incorrectly paired together. In addition, multiple
proteins can be present at the same spot due to their similar properties which may
lead to alterations in spot intensities and hence the quantification of results (Issaq and
Veenstra, 2008; Magdeldin et al., 2014; Gygi et al., 2000).

Advances were made to try and overcome any issues occurring from the use of
individual gels. In 1997, different fluorescent cyanine tags to distinguish between
samples was utilised. This technique was named ‘differential imaging gel
electrophoresis’ and allowed for up to 3 different samples of equal concentration to
be run on one gel and imaged to calculate any differences in protein abundance (Unlii
et al.,, 1997). Scanning of the gel at the 3 different wavelengths allows specific
visualisation of all the proteins in each sample. Images were then merged and
computational analysis matched the spots between samples to measure their
intensities and determine protein expression changes (Unli et al., 1997; Issaq and
Veenstra, 2008). This technique contributed significantly to the advancement of 2DE
as all samples were resolved on the same gel, allowing for better comparison between
them as misalignment errors are reduced, ensuring accurate quantitation (Issaq and
Veenstra, 2008).

79



Despite this technique being powerful at the time, there are some limitations. Proteins
with low abundance are not always detected as there is too little material for spots to
be visualised. This could therefore lead to some proteins of interest not being excised
from the gel and identified via MS. This was observed during an evaluation of its use
for protein detection from total cell yeast lysates: only abundant proteins were
identified. In order to visualise these, large amounts of starting material are required
which is a limitation in itself as resolution is reduced (Gygi et al., 2000). Similarly,
despite much optimisation into the resolving technique, some insoluble proteins or
those high in either basic or acidic amino acids remain difficult to detect as they do
not migrate through the gel successfully (Wilkins et al., 1998). It therefore became
apparent that the use of 2DE in combination with MS was not suitable for detecting

and identifying every protein within a sample (Gygi et al., 2000).

1.4.8 Non-gel-based techniques

As 2DE became too limiting for full analysis of complex samples, alternative
techniques were developed. Isotopic labelling became the new ‘big thing’ for
quantitative analysis of MS data, selected due to their identical chemical and physical
properties to the naturally occurring equivalents (Zhu et al., 2010). Around this time,
isotopic labelling of drug analogues was already being used to measure precise levels
of drugs and their metabolites using quantitative MS techniques (de Leenheer and
Thienpont, 1992; Browne et al., 1981). Isotopic labelling was first introduced to
proteomic investigations in 1999 by 3 independent research groups. The first used
culture media containing 15N isotopes to metabolically label bacterial cells with stable
isotopes (Oda et al., 1999). The second depleted any naturally occurring stable
isotopes from one sample to achieve a similar result (Pasa-Tolic et al., 1999). The 3rd
introduced the idea of isotope-coded affinity tags (ICAT), where tags are
enzymatically labelled and then separated by affinity chromatography before MS
analysis (Gygi et al., 1999). In later years, more approaches utilising stable isotopes
were also developed including Stable Isotope Labelling by Amino Acids in Cell Culture
(SILAC) (Ong et al., 2002), Tandem Mass Tags (TMT) (Thompson et al., 2003),
Isotope Coded Protein Labelling (ICPL) and Isobaric Tags for Relative and Absolute
Quantification (iTRAQ) (Zhu et al., 2010).
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Figure 1.17 - Techniques for relative protein quantification

A: Schematic displaying SILAC (stable isotope labelling of amino acids in cell
culture) labelling. Different conditions are metabolically labelled with either light or
heavy (or medium, not shown) amino acids supplied in the cell culture media. B:
Schematic displaying ICAT (isotope-coded affinity tag) method. Purified proteins
from different conditions are labelled with affinity tags containing either light or
heavy linkers. C: Schematic displaying TMT (tandem mass tags) method. Digested
peptides from different conditions are labelled with either of a pair of tags containing
different isotopic labels and a mass normalisation group to equalise the mass of the
tags, ensuring coelution of peptides.

1.4.8.1 ICAT labelling

ICAT introduces isotope labelled affinity tags into peptides present within a protein
sample of interest (Gygi et al., 1999). The basic method illustrated in Figure 1.17B
includes a tag which contains a biotin affinity moiety for purification of peptides, a thiol-
specific reactive group for labelling reduced cysteine side chains and an isotopically
coded linker binding the 2, which exists in a light and a heavy form. Protein samples

are specifically labelled and combined in a 1:1 ratio, before being enzymatically
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cleaved with trypsin to produce peptide fragments between 5 and 25 residues. Avidin
affinity chromatography is then performed to isolate any biotin-labelled peptides for
MS identification. Quantification is achieved by determining ratios between the
intensities of the same peptides from each condition, allowing a measure of protein
abundance. This method achieves accurate measurement of small changes in protein
levels as the overall complexity of the sample is restricted to those only containing
cysteine residues, increasing their chance of detection (Gygi et al., 1999). This idea
however also poses as a limitation: the frequency of cysteine residues within proteins
is approximately 2% compared to other amino acids such as leucine which has a
frequency of 10% (Ong et al., 2002). Furthermore, some proteins do not contain

cysteine residues, and these therefore cannot be identified or quantified.

1.4.8.2 SILAC labelling

An advancement in the use of stable isotopes for metabolic labelling of proteins was
that developed shortly after in Matthius Mann’s laboratory termed ‘stable isotopic
labelling by amino acids in cell culture, or SILAC (Figure 1.17A) (Ong et al., 2002).
Cell culture media containing either L-lysine or deuterium-labelled L-leucine-5,5,5-D3
were utilised on different samples for incorporation during protein synthesis to
produce ‘light’ and ‘heavy’ peptides respectively. The 2 samples are then differentially
treated as desired, combined in a 1:1 ratio and digested with trypsin prior to
quantitation by MS. The peptides produced in each sample are therefore chemically
identical, however their mass changes can still be detected. Quantification data is
provided by determining the ratios of peak intensities of each peptide between
conditions (Ong et al., 2002). There are numerous advantages to this method, and it
is still widely used today for quantitative MS investigations (Schubert et al., 2017).
Peptide labelling steps are not required as labels are incorporated during protein
synthesis, reducing any differences that may be acquired during this stage. ~ 98%
incorporation of stable isotopes can be achieved following 5 doublings of cells.
Labelling is sequence specific and several peptides from the same protein can be
analysed. Additionally, small changes in protein expression can be detected using
this method, increasing the information obtained (Ong et al., 2002). Today, lysine and
arginine isotopes are typically used due to trypsin digestion occurring adjacent to
these residues, ensuring every peptide fragment contains at least one isotopic label
(Bantscheff et al., 2007; Ong et al., 2003). Although this method is limited by only

having 3 different labels, early combination of samples makes it one of the most
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accurate measurers of protein expression. In addition, all 3 samples can be analysed

at once, reducing experimental time (Bantscheff et al., 2007).

1.4.8.3 TMT labelling

The use of isotope labelling with both ICAT and SILAC methods allows peptides from
different samples to be chemically identical however they carry a different mass,
causing heavier peptides to migrate faster through liquid chromatography columns.
This causes comparable peptides to elute at different times, possibly as different
fractions, and may lead to ionisation suppression during ESI if another peptide were
to coelute with it. The development of tandem mass tags (TMT) (Figure 1.17C) has
provided an additional quantitative method for MS analysis that overcomes this
differential elution issue, whilst also providing additional advantages (Thompson et
al., 2003). TMT was developed in 2003 and uses isobaric labelling to differentiate
between conditions: these labels are identical both chemically and by their mass. TMT
tag pairs are made up of a sensitisation enhancement group, which has guanidino
functionality, attached to an amino acid which is tagged with a deuterium group within
one pair. They then contain a fragmentation enhancement group consisting of a
proline residue, followed by a mass normalisation group. This mass normalisation
group is required to balance out the difference present within the tagged amino acid.
Digested peptides from each condition are tagged with a different label, with
attachment occurring at the a-amino group, before being combined and analysed by
LC-ESI-MS/MS. Collision-induced dissociation is required to fragment the TMT label
and produce a peptide with a specific m/z value which is then detected whilst easily
avoiding the untagged material (Thompson et al., 2003). An advantage this method
has over both ICAT and SILAC labelling is that multiplexing can be performed, with
up to 18 conditions being analysed at the same time, making this method a popular
choice for quantitative proteomic analysis (Li et al., 2021). Different tags can be
produced by changing the fragmentation enhance to aspartic acid, adding a biotin tag
or altering the position of the heavy isotopes incorporated, maintaining the mass and
chemical structure but creating a unique tag (Thompson et al., 2003). A limitation to
this method however is that labelling is not as efficient as metabolic labelling, with

some peptides going undetected (Ong et al., 2002).
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1.4.8.4 The microtubule proteome

Microtubules are known to interact with a large plethora of proteins. Several proteomic
studies have been performed in a variety of species to identify microtubule-associated
proteins, primarily using in-vitro techniques. Over 250 MAPs were identified from early
Drosophila embryos using taxol- and GTP-stabilised endogenous tubulin
preparations, followed by 2D gel electrophoresis (Hughes et al., 2008). In another
study, macrophage extracts were incubated with the microtubule stabilising drug,
taxol, and purified bovine brain tubulin before being eluted for analysis via mass
spectrometry and quantification via spectral counting. This led to the identification of
406 microtubule-binding proteins in macrophages, with 52 of these being up-
regulated upon microtubule stability, and 42 being down-regulated (Patel et al., 2009).
In 2010, 318 proteins from meiotic Xenopus egg extracts were found to bind to taxol-
stabilised bovine brain tubulin (Gache et al., 2010). Another example published in
2011 identified 1155 proteins as binding to the metaphase spindle in Chinese hamster
ovary cells using Multi-dimensional Protein Identification Technology, providing the
first mitotic spindle-associated proteins within these cells. Synchronised cells were
treated with taxol and phalloidin before being lysed and spindles pelleted for analysis
(Bonner et al., 2011). A final example was that performed by Rosas-Salvans et al.
which investigated the proteins involved in driving microtubule self-organisation in
mitotic cells in Xenopus egg extracts (Rosas-Salvans et al., 2018). This study
identified 1262 proteins involved in RanGTP-dependent microtubule assemblies and
also provided a comparison of its proteins identified compared to those found within
other spindle proteomes. This comparison revealed that 431 were exclusively
identified in that proteome providing a greater comprehensive list of spindle

associated proteins than before (Rosas-Salvans et al., 2018).

The majority of these studies preceded major advances in the sensitivity of mass
spectrometry instruments and the adoption of isotopic labelling procedures (Patel et
al., 2009). Additionally, many involve the manipulation of the microtubule network in-
vitro and/or the addition of exogenous tubulin, thereby incompletely capturing the
intracellular architecture and environment. Furthermore, a number of studies have
focused on only spindle associated proteins as opposed to the interphase microtubule
network, where identification of different proteins would occur (Rosas-Salvans et al.,
2018; Bonner et al., 2011; Sauer et al., 2005; Rao et al., 2016). The requirement for
a more comprehensive proteomic analysis of microtubule binding proteins during

interphase is therefore required.
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1.5 Purpose of this study and summary of chapters

Microtubules are an essential component of the cytoskeleton, and their functions and
kinetics are regulated by a plethora of microtubule binding proteins. Identification of a
complete microtubule proteome is therefore required to understand the wide array of
functions performed by microtubules. This work describes a method for identifying
microtubule binding proteins directly from cells and the subsequent characterisation
of novel candidates. It thereby satisfies the unmet need for up-to-date proteomic
analysis of microtubule binding proteins during interphase utilising modern

quantitative mass spectrometry techniques.

In Chapter 3 | optimise a novel method to differentially extract microtubules and their
binding proteins directly from cells. | then conducted quantitative mass spectrometry
proteomics to determine a microtubule proteome and identify novel microtubule

binding proteins.

In Chapter 4 | go on to characterise 3 proteins selected from those identified within
the proteome from Chapter 3. Specifically, | further investigate TRIM3 as a novel
microtubule binding protein. Prior to this study, a number of TRIM proteins have been
reported to localise to microtubules, and | show that TRIM3 is also capable of
microtubule association via an alternative domain. | then describe the effects that
TRIM3 depletion has on the microtubule network and the enzyme responsible for

catalysing microtubule acetylation, ATAT1.

In Chapter 5 | then follow a different line of enquiry which involves characterisation of
another microtubule localising protein: the poorly characterised DUB, USP31. Initial
characterisation of this protein performed by a previous PhD student, Erithelgi
Bertsoulaki revealed USP31 depletion caused mitotic defects. | therefore further
investigate the roles of USP31 in mitosis and provide a functional role in regulating

the chromosomal passenger complex.
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Chapter 2 — Materials and Methods

2.1 Cell biology

2.1.1 Materials and Reagents

Most plasticware for general tissue culture was purchased from Starlabs. p-Dish
35mm (81156) were purchased from Ibidi (Thistle Scientific LTD) and plasticware for
mass spectrometry was purchased from Corning Inc (NY, USA). Cell culture media
was supplied by Gibco (Thermo Fisher Scientific): Dulbecco's Modified Eagle Medium
(DMEM) + GlutaMAX-1 (31966-021); DMEM/F-12 Nutrient Mixture (DMEM/F12) +
GlutaMAX-I (31331-028); Minimum Essential Medium/Non-Essential Amino Acids
(MEM/NEAA) (11140-035); and OptiMEM (409864). Dimethyl sulfoxide (D4540),
Foetal Bovine Serum (FBS, 10437028) and Dulbecco’s Phosphate Buffered Saline
(PBS, 14080055) were also purchased from Gibco (Thermo Fisher Scientific).
Trypsin-EDTA (15400) and the transfection reagents Lipofectamine RNAIMAX
(13778150) and Lipofectamine 2000 (11668019) were obtained from Invitrogen
(Thermo Fisher Scientific). G-418 solution (4727878001) was obtained from Roche
Diagnostics. Thymidine (T1895-5G), Nocodazole (M1404), MG132 (474790),
Paclitaxel (Taxol, T7402), CDK1 inhibitor RO3306 (SML0569), Aurora B inhibitor
ZM447439 (189410), Dimethyl sulfoxide (D4540) and Geneduice transfection reagent
(70697) were purchased from Sigma Aldrich. PLK1 inhibitor BI2536 (S1109) was
purchased from Selleck chem. The lambda protein phosphatase reaction kit (P0753)

was purchased from New England Biolabs (NEB).

2.1.2 Cell lines

U20S osteosarcoma cells were purchased from European Collection of
Authenticated Cell Cultures (ECACC). SK-N-BE2 cells were purchased from
American Type Culture Collection (ATCC). Parental human telomerase reverse
transcriptase-immortalised retinal-pigment epithelial (RnTERT-RPE1) containing the
Flp-in system (hnTERT-RPE1-FRT-TREX) cells were generously donated by Jonathon
Pines (London) (Pagliuca et al., 2011). Hela cells stably expressing mCherry-a-tubulin
were a kind gift from Prof. Anna Akhmanova (Utrecht University, The Netherlands).
U20S cells stably expressing mRFP-H2B, and those expressing mCherry-tubulin and
GFP-CENPA were a kind gift from Dr Helder Maiato (CID/IBMC, Porto). U20S cells
stably expressing GFP-USP31 wild type (WT8, WT9, WT10 and WT13) and a
catalytic inactive mutant (CA1) were made in the laboratory by Erithelgi Bertsoulaki
(Bertsoulaki, 2018). U20S cells with doxycycline inducible VSV-INCENP-GFP
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expression were a kind gift of Dr Susanne Lens (Utrecht University; (van der Horst et
al., 2015). All U20S derived cell lines and Hela cells were grown in Dulbecco's
Modified Eagle Medium (DMEM) whereas RPE1 and SK-N-BE2 cells were cultured
in DMEM-F12 (1:1). Both types of media were supplemented with 10% heat-
inactivated foetal bovine serum and 1x non-essential amino acids. Media for USP31
expressing cell lines and Hela cherry tubulin cells were also supplemented with
0.4mg/ml G418 selection. Cells were cultured in incubators at 37 °C with 5% CO2 and

split every 2-3 days ranging from 1:2 or 1:10 dilutions as needed.

2.1.3 Plasmid DNA transfection

All plasmid DNA transfections were performed the day prior to collection of
experimental data into either a 6-well plate for lysis or a 6-well plate or 35 mm ibidi
dishes for live cell imaging, with cells at 60-80% confluency at the time of transfection.
100 ul OptiMEM was combined with either 3 pl Geneduice or 3 ul Lipofectamine2000,
vortexed and incubated at room temperature for 5 minutes. 1 ug of plasmid DNA was
then added to the OptiMEM solution. This was then incubated at room temperature

for 15 minutes before being added dropwise to each well.

2.1.4 siRNA transfection
All siRNA treatments were performed the day after cell seeding. For USP31

knockdowns, more cells were seeded in comparison to the control treatments due to
slower growth and greater cell death occurring following transfection, to ensure equal
confluency during the experiment. All siRNA protocols were performed using
Lipofectamine RNAIMAX transfection reagent, in accordance with the manufacturer’s
protocol. For treatment of 6-well plate or 35 mm ibidi dishes, 83 yl OptiMEM was
combined with 2 pyl RNAIMAX, vortexed and incubated for 5 minutes at room
temperature. 83 pl OptiMEM was added to 2 pl of 20 uM siRNA stock (40 nM final
concentration) in parallel and also incubated for 5 minutes. Solutions were then
combined, vortexted and incubated at room temperature for 20 minutes. 830 pl fresh
culture media was added to each dish before the siRNA solution was added dropwise
to a final volume of 1 ml. The reaction was added to cells for 24 hours before the
media was exchanged. Reaction volumes were scaled up for use in larger dishes.

Details of oligonucleotides used can be found in Table 2.1.
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Table 2.1 — siRNA oligo sequences

Target Cat. No. Oligo name Sequence
Non-targeting | D-001810-01 NT1 TGGTTTACATGTCGACTAA
ATAT1 L-014510-02 ATAT1 GUAGCUAGGUCCCGAUAUA
GAGUAUAGCUAGAUCCCUU
GGGAAACUCACCAGAACGA
CUUGUGAGAUUGUCGAGAU
RMDN3 J-020973-10 RMDN3-10 | CCUUAGACCUUGCUGAGAU
SVBP J-032124-19 SVBP-19 GGAUAAAUCUGAACUCACU
TRIM3 L-006931-00 TRIM3 GUACAGCACAGGCGGCAAA,
GCACAUAUGAGCUAGUGUA,
GAGCGCCACUGCACACGAA,
GAAUGAAAUUGUAGUAACG
USP31 S100758415 Q1 CCCGAAATATTTAGGCCTGAA
USP31 S100758429 Q4 GAGCGTCATCATCAGCCTCAA

2.1.5 Live cell imaging

Live cell imaging experiments were performed using either a 3i Marianas spinning
disk confocal microscope (3i Intelligent Imaging innovations, Germany) or a NIKON
Ti-Eclipse microscope, as specified in the resultant figure legends. All experiments
took place in a humidified chamber at 37 °C with 5 % CO.. For imaging on the
Marianas spinning disk confocal microscope cells were seeded into 35 mm ibidi
dishes and imaged using either a Plan-Apochromat 40x/1.3NA Qil Objective or a Plan-
Apochromat 63x/1.4NA Qil Objective. For confocal images, the range and step size
used is indicated in individual figures. For imaging on the NIKON TI-Eclipse, cells
were seeded into 6 well plates and imaged using a CFl Plan Fluor ELWD ADM 20x
objective. Perfect Focus System (PFS) was employed to ensure focus was

maintained during long imaging series.

2.1.6 Fixed cell imaging

A NIKON TI-Eclipse microscope was used to acquire fluorescence images using
either a CFI Plan Apo 40x objective or a CFI Plan Apochromat VC 60X objective lens.
Confocal images were acquired using either a Marianas 3i spinning disc confocal
microscope (3i, Intelligent Imaging Innovations, Germany) with a Plan-Apochromat
40x/1.3NA QOil Objective or a Plan-Apochromat 63x/1.4NA Qil Objective M27, or using
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a Zeiss LSM900 with Airyscan confocal laser scanning microscope using a 63x x 1.4

NA Zeiss Plan Apochromat objective.

2.1.7 Drug treatments

All drug treatments were carried out in normal culture medium. Nocodazole was used
at 100 ng/ml for synchronisation and 6 uM for microtubule depolymerisation. Taxol
was used at 6 yM for microtubule stabilisation and 0.5 pg/ml for accumulation of
modifications. All other drugs were used at the following concentrations: 2 mM
thymidine, 5 yM MG132, 10 uM RO3306, 10 yM ZM447439, 100 nM BI2536, 100
pg/ml cycloheximide. The duration of treatments is detailed in respective figure

legends.

2.1.8 Microtubule cold-induced polymerisation

To depolymerise microtubules using cold conditions, cells were incubated on ice on
a metal plate inside the cold room at 4 °C for 1 hour before being fixed with ice cold

methanol for immunofluorescence as described (section 2.4.7).

2.1.9 MitoTracker™ Green FM staining

MitoTracker staining was performed as suggested in the manufacturer’s instructions.
Cells were seeded at the desired density into 35 mm glass-bottomed ibidi dishes and
any prior treatment was carried out. On the day of imaging, fresh medium containing
50nM MitoTracker™ Green FM (Invitrogen, M7514) was added an hour before
imaging. Media was exchanged to fresh DMEM before cells were transferred to the
3i Marianas spinning disk confocal microscope for live cell imaging. See section 2.1.5

for further details.

2.1.10 Cell synchronisation

For experiments requiring cells within a specific period of the cell cycle, cells were
synchronised via 2 different methods. Cells were seeded in 10 cm dishes and
incubated for 2 days until at least ~ 80% confluent before initiating synchronisation.
For collection of cells within G1/S, S or G2 phase, cells were synchronised via double
thymidine block. 2 mM thymidine was added to the cell culture medium and incubated
for 16 hours. Thymidine was released using fresh medium for 8 hours before adding

a further 2 mM for a further 16 hours. Cells were then released again into fresh
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medium and then collected at G1 (0 hours), G1/Early S (2.5 hours), Late S (5.5 hours)
or G2 (7.5 hours) and lysed in 8 M urea as described in section 2.4.2. For collection
of cells in mitosis, with cells being synchronised and held at the prometaphase stage,
cells were treated with 2 mM thymidine for 24 hours followed by release from
thymidine into fresh medium containing 100 ng/ml nocodazole for 16 — 18 hours. To
perform mitotic shake-off the current medium was used to wash the surface of the
plate to detach rounded-up, prometaphase-arrested cells for collection whilst leaving
behind adherent non-dividing cells. Mitotic cells were collected in falcon tubes and
centrifuged at 200 g for 5 minutes to pellet the cells before resuspending in warmed
fresh medium to release from nocodazole. The pellet was washed a further 2X in fresh
medium before a final resuspension in DMEM containing 25 mM HEPES. Samples
were either lysed immediately or incubated in a water bath at 37 °C for specified time

points to allow cells to re-enter into mitosis before being lysed.

2.2 Analysis

2.2.1 Microtubule network density

Microtubule network density was analysed in Fiji by applying a threshold value to the
images based on the control sample. This allows for the microtubule network to be
visualised and the background to be excluded. Individual cells were drawn around
and the area which had no signal (the empty space between microtubule lattices) was

measured.

2.2.2 Corrected total cell fluorescence

The corrected total cell fluorescence (CTCF) of the microtubule network was analysed
using Fiji. Cells were manually drawn around and area, integrated density and the
mean grey value were selected and measured using the ‘analyse’ command. The
same measurements were acquired for the background of each image: 3 separate
background areas were selected, and the mean values calculated. The CTCF was

then calculated using the following equation:

CTCF = integrated density — (area of selected cell x mean fluorescence background)

2.2.3 MiNa plugin analysis
The MiNa (Mitochondrial Network Analysis) plugin (Valente et al., 2017) for Fiji was

utilised to characterise the interconnectivity of both the mitochondria and the
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acetylated microtubule network. Both antibody stains can be recognised by the plugin
as show in Figure 2.1. Individual cells were manually drawn around and the plugin
applied to each individually. A contrast image is first generated before being converted
into a binary image of the morphological skeleton which can then be analysed. Upon
analysis, 9 different parameters are provided which can be used to interpret the
connectivity of both the microtubule and mitochondrial network. Parameters used for
the analysis here include the ‘footprint’ which shows the area of the cell that is
occupied by signal, the ‘mean branch network’ which shows the mean number of

branches per network and the branch length.

Figure 2.1 — MiNa plugin analysis of acetylated tubulin network

Example image. U20S cells were fixed with ice cold MeOH and stained for
acetylated tubulin. Images were acquired using a 3i spinning disc confocal
microscope. The MiNa plugin in Fiji has been used to assess the acetylated tubulin
network connectivity. The original image (left) and the overlayed image mapping
the detected network (right) are shown. Scale bar = 10um.

2.2.4 Colocalisation analysis

The colocalisation of 2 proteins visualised by immunofluorescence was analysed
using the JalCoP plugin in Fiji (Bolte and Cordeliéres, 2006). Individual cells in both
channels being analysed were manually drawn around and the Pearson’s correlation

coefficient was calculated.

2.2.5 Statistical analysis

For western blot quantifications, band intensities were measured using Image Studio
Software. Intensity levels of INCENP expression during live-cell imaging was
measured using Imaged software. All statistical analysis was carried out using
GraphPad Prism. Error bars: meant SD. ns>0.05, *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001).
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2.3 Molecular Biology

2.3.1 Reagents

The HiSpeed Maxiprep kit (12633), HiSpeed Midi kit (12643), Miniprep kit (27106),
QIAquick Gel Extraction Kit (28704), RNeasy Mini kit (74106), QlAshredder (79656)
and the RNAse-free DNase set (79254) were purchased from Qiagen. Molecular
biology grade ethanol and isopropanol were purchased from Sigma Aldrich. All
primers for gPCR and cloning were ordered from Eurofins Scientific. All restriction
digest enzymes, T4 DNA ligase reagents (M0202), 1kb DNA ladder (N3232) and
100bp DNA ladder (N3231) were ordered from New England Biolabs. TAE buffer was
purchased from National Diagnostics. S.0.C. medium (1554-034), DH5a subcloning
efficiency cells (18265-017), One Shot™ TOP10 chemically competent E.coli cells
(C404006) SYBR Safe DNA gel stain (S33102) and electrophoresis grade agarose
were purchased from Invitrogen. XL1-Blue supercompetent cells (200236),
deoxynucleotide mix (PCR-grade, 100nM, 200415), Pfu Ultra Il Fusion HF DNA
polymerase (600670). PCR nucleotide mix (C1441) and RNasin plus RNAse inhibitor
(N2611) were purchased from Promega alongside standard PCR reagents. Reverse
transcriptase (10121360) and Reverse transcriptase buffer (10512703) were
purchased from Fisher Scientific (Loughborough, UK). iTag Universal SYBR Green
Supermix was purchased from Bio-Rad. Nuclease free water (W4502) and all other

required chemicals were purchased from Sigma-Aldrich.

2.3.2 PCR for cloning and subcloning

For this work, | generated EGFP-tagged versions of the proteins RMDN3 and
LGALSL, and EGFP-tagged full length and truncations of TRIM3. The workflow for
this procedure is illustrated in Figure 2.2 using GFP-TRIM3 as an example. The same
steps were performed for all constructs generated. For this, the open reading frames
(ORF) were amplified by PCR using the plasmids containing the construct DNA as a
template. pBluescriptR-LGALSL was purchased from Horizon Discovery, pCMV5D-
RMDN3-HA was purchased from MRC-PPU, Dundee, and the pcDNA3X(+)MyEGFP-
mTRIM3 was a generous gift from Prof. Germana Meroni, Trieste. The primers used
for amplification contained overhangs at the 5’ ends with Bglll being added within the
sense primer, and Sall being added within the anti-sense primer in all instances. The
reaction mix shown in Table 2.2 was prepared and incubated within the thermocycler
for the specified times and temperatures described in Table 2.3. The full PCR
products were then resolved on an agarose gel alongside molecular weight markers

to confirm the product was the expected size. The band was excised and purified
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using a DNA gel extraction before being incorporated into a pCR4-TOPO vector

backbone and transformed into bacteria using the procedures described in section
2.3.5 and 2.3.6. Transformed bacteria pCR4-TOPO vectors were subjected to

miniprep extraction and then analysed for the correct PCR insert product via

diagnostic restriction digestion as described in section 2.3.8 and sequencing at the
DNA Sequencing Service (MRC-PPU, Dundee). Correct products and the pEGFP-C1
or the pEGFP-N3 backbone, as required, were then digested using Bglll and Sall to

generate complementary overhangs before being resolved in an agarose gel for

extraction of corresponding band. Gel extraction purification kit was used to purify the

linearised pieces before being ligated together as described in section 2.3.9 to

generate GFP-tagged constructs. All constructs were fully sequenced at MRC-PPU,

Dundee as mentioned.

Table 2.2 — Reaction mix for PCR-up

Per reaction pl

Water Adjusted
10X Pfu Buffer 5
dNTPs (25 mM) 0.5
Primer Forward (10 mM) 1

Primer Reverse (10 mM) 1

DNA template (50 ng) Adjusted
HS Ultra-1l Pfu fusion 1

DMSO (5% final) 25
Total 50 pl

Table 2.3 — PCR thermocycler programme for PCR-up

No. of cycles Temperature (°C) Time (minutes)
1 95 2
95 0.5
30 55 0.5
72 1
1 72 3
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pcDNA3x(+)MycEGFP-mTRIM3

PCR amplification of TRIM3
Addition of restriction sites to either end

Balll Sall

TOPO TA cloning into
pCR4-TOPO linearised pCR4-TOPO vector

pCR4-TOPO-TRIM3

pEGFP-C1
Destination vector

|
! i TRIM3

l T4 DNA ligation of insert into

Double digest of TOPO vector
and destination vector

destination vector

TRIM3

pEGFP-C1-TRIM3

Figure 2.2 — Schematic for the cloning process for GFP-tagged constructs

The construct of interest (TRIM3 in this case) was amplified by PCR from the
pcDNA3X(+)MycEGFP-mTRIM3 plasmid (gifted from Prof. Germana Meroni).
Designed primers included a Bglll restriction site at the 5’ end and Sall site at the
3’ end. The products were first incorporated into a pCR4-TOPO vector before being
digested and ligated into the pEGFP-C1 vector.

2.3.3 Overlapping PCR

Overlapping PCR was used to make the TRIM3 deletion constructs, where domains
within the middle of the protein where removed. Primers were designed to flank either
side of the region to be deleted. An initial round of PCR was used to amplify two
separate fragments: one for each end of the construct, stopping at either the start of
the end of the region to be deleted. The protocol used is shown in Table 2.4. Products
were then mixed together, and primers were added to allow for amplification of the

full length. The amplified sequence was then inserted into a TOPO vector (2.3.5),
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transformed into bacteria (2.3.6), digested using restriction enzymes incorporated into
the 5’ and 3’ end primers (2.3.8) and finally ligated into the pEGFP-C1 vector (2.3.9).

Table 2.4 — PCR thermocycler programme for overlapping PCR

No. of cycles Temperature (°C) Time (minutes)
1 95 2
95 0.5
25 55 0.5
72 1
1 72 10

2.3.4 Site directed mutagenesis

For introduction of point mutations, site directed mutagenesis (SDM) was performed
using sense and anti-sense primers designed to contain the desired mutation and
where possible, silent mutations to introduce or abolish restriction sites as a
diagnostic. The reaction mix shown in Table 2.5 was prepared and incubated within
the thermocycler for the specified times and temperatures described in Table 2.6. The
reaction was then placed on ice before being treated with 1 ul of Dpnl restriction
enzyme for 1 hour at 37 °C to digest the original plasmid. This original plasmid is
targeted due to it being methylated from being produced in bacterial cells, whereas
the produced product is not. The SDM product was then transformed into XL1-Blue
competent bacterial cells as described in section 2.3.6. Linear PCR products

transformed into bacteria will be repaired to form a circular plasmid.

Table 2.5 — Reaction mix for SDM

Per reaction pl

Water Adjusted
10X Pfu Buffer 5
dNTPs (25 mM) 0.5
Primer Forward (10 mM) 1

Primer Reverse (10 mM) 1

DNA template (50 ng) Adjusted
HS Ultra-1l Pfu fusion 1

DMSO (5% final) 25
Total 50 pl
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Table 2.6 — PCR thermocycler programme for SDM

No. of cycles Temperature (°C) Time (minutes)
1 95 2

95 0.5
18 55 1

72 9

Table 2.7 — Primers used for cloning

Primer = Used for Sequence

no.
TRIM3 3082 PCR-up F- AGATCTGGGGAGCACCGTGAACAC
TRIM3 3083 PCR-up R- GTCGACCTACTGGAGGTATCGATAGGCCTTAAAG
TRIM3 3084 PCR-up F- AGATCTATGGCAAAGAGGGAGGACAGC
TRIM3 3085 PCR-up R- GTCGACCTACCCCAGGTTGAGCACCGA
TRIM3 3086 PCR-up F- AGATCTATGGCAAAGAGGGAGGACAG
TRIM3 3087 PCR-up R- GTCGACCTACTGGGCATTCTCATGTGGC
TRIM3 3150 PCR-up AGATCTATGGCAAAGAGGGAGGACAGCCC
TRIM3 3151 PCR-up GTCGACCTAGGAAGGTGGCAGGTCCCCAG
TRIM3 3152 PCR-up GTCGACCTATTCGTCTTCAATTGGATTGTCCTTC
TRIM3 3157 PCR-up AGATCTGCCCAGCTGGAACTGGTC
TRIM3 3158 PCR-up AGATCTGGGGCACTGCTCACCACCAG
TRIM3 3316 PCR-up AGATCTCTCGTCTTTCGTGTTGGTAGTC
TRIM3 3153 Overlap GATCGGTGCTCAACCTGGGGGCATCCCCAGATGATGTGAAGCG
TRIM3 3154 Overlap CGCTTCACATCATCTGGGGATGCCCCCAGGTTGAGCACCGATC
TRIM3 3155 Overlap CTGGAACTGGTCCTTGAAAACCTGGGGGCACTGCTC
TRIM3 3156 Overlap GAGCAGTGCCCCCAGGTTTTCAAGGACCAGTTCCAG
LGALSL 3088 PCR-up AGATCTATGGCGGGATCAGTGGCCGAC
LGALSL 3089 PCR-up GTCGACTCAGCCAAGCTTGGTGATCTGGAGG
RMDN3 3090 PCR-up AGATCTATGTCTAGACTGGGAGCCCTG
RMDN3 3091 PCR-up GTCGACTCAGTCTCGTAAAATGACTTCCAGTTC
RMDN3 3365 PCR-up AGATCTACCATGTCTAGACTGGGAGCCCTG
RMDN3 3366 PCR-up GTCGACAGCGGCCGCGTCTCGTAAAATGACTTC
RMDN3 3367 PCR-up AGATCTACCATGGGCCGCAGCCAGAGCCTGCCCAAC
USP31 2979 SDM GATTATCATAGACTGTCTGCTCCTACACAAACAGCAGCAAAGC
USP31 2980 SDM GCTTTGCTGCTGTTTGTGTAGGAGCAGACAGTCTATGATAATC
USP31 2981 SDM GATTATCATAGACTGTCTGAACCTACACAAACAGCAGCAAAGC
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USP31 2982 SDM GCTTTGCTGCTGTTTGTGTAGGTTCAGACAGTCTATGATAATC
USP31 2983 SDM CCTGTCTGCAAAGCTGCAGATGCGCTCCAATGCTCCATCCCG
USP31 2984 SDM CGGGATGGAGCATTGGAGCGCATCTGCAGCTTTGCAGACAGG
USP31 2989 SDM GATGCGCTCCAATGAACCATCGCGATTTTCAGG

USP31 2990 SDM CCTGAAAATCGCGATGGTTCATTGGAGCGCATC

USP31 2993 SDM GAGCGACTCCGTCGACAGCGCTCCAGTCAAAGAGG

USP31 2994 SDM CCTCTTTGACTGGAGCGCTGTCGACGGAGTCGCTC

USP31 2997 SDM GAGCGACTCCGTCGACAGCGAACCAGTCAAAGAGG

USP31 2998 SDM CCTCTTTGACTGGTTCGCTGTCGACGGAGTCGCTC

2.3.5 TOPO TA cloning

TOPO TA cloning allows for direct insertion of PCR products into a plasmid vector to
allow for sequencing and easy ‘cut and paste’ into multiple vector backbones. 2 pl of
freshly produced PCR products were combined with salt solution containing 200 mM
NaCl, 10 mM MgCl, and water to make the reaction mix up to 6 pl. 1 ul of the linearised
TOPO vector (pCR4-TOPO) was then added, and the reaction was incubated for 5-
15 minutes at room temperature. This reaction was then transformed into One Shot

Top10 competent cells as described in 2.3.6

2.3.6 Bacterial transformation and glycerol stocks

DH5a Escherichia coli were primarily used for transformation of DNA. For site directed
mutagenesis, XL1-Blue competent cells were used, and One stop TOP10 competent
cells were used when transforming in DNA from TOPO TA cloning procedures or
ligations. Cells were thawed on ice then incubated with 2 pl (~ 100 ng) specified
plasmid for 30 minutes. Heat shock at 42°C was performed for 20-45 seconds in a
water bath (dependent on the cells used, following manufacturers instructions),
followed by 2 minutes incubation on ice. 250 pl of SOC medium was then added and
cells were incubated at 37°C for 1 hour at 250 rpm. Cells were then distributed onto
Luria broth [LB; 1% Bacto™ tryptone, 0.5% yeast extract, 1% NaCl] plates
supplemented with 1.5% agar and either 50 pg/ml kanamycin or 100 pg/ml ampicillin
and grown overnight at 37°C. Single colonies were selected and suspended in 5ml
LB supplemented with antibiotic in sterile falcon tubes and incubated in a shaker at
37°C overnight. A proportion of bacteria was then subjected to DNA extraction via
Qiagen MiniPrep kit for confirmation of plasmid first via restriction digestion, followed
by DNA Sequencing Service (MRC-PPU, Dundee). The remaining culture, if

confirmed positive, was then transferred to larger flasks of 100-250 ml LB
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supplemented with antibiotic and incubated overnight in a shaker at either 30 or 37°C.
500 pl was combined with 500 ul 40% glycerol and stored at -80°C for future use,
whilst the rest of the culture was used for further DNA extraction via Qiagen MiniPrep

or a MaxiPrep Kkit.

2.3.7 Agarose gel electrophoresis

DNA plasmids and fragments were suspended in 1X DNA loading buffer (Bioline: 5%
w/v glycerol, 0.1 mM EDTA, 0.04% w/v bromophenol blue) before being resolved on
agarose gel for their analysis. Electrophoresis grade agarose was suspended in
100ml Tris-acetate-EDTA buffer (TAE; 40 mM Tris-base, 20 mM acetate, 1 mM
EDTA) and heated in the microwave until agarose had dissolved. Upon brief cooling
of the mixture, SYBR™ Safe DNA Gel Stain (1:10,000) dilution was added before
pouring the mixture into a mould and left to set. Samples were loaded alongside
Quick-Load Purple 2-log DNA ladder and resolved at 136 V in horizontal midi
electrophoresis tanks (Fisher Scientific) in TAE buffer for ~ 45 minutes. DNA bands

were visualised using ultraviolet light.

2.3.8 Restriction digestion

Restriction digestion was performed to confirm successful transformation and
purification of plasmids, in addition to cutting out fragments prior to ligations.
Individual reactions were adjusted to accommodate the selected restriction enzyme(s)
but usually consisted of 1 uyg DNA, 1X NEB CutSmart Buffer or 1X NEB 3.1 buffer, 10
units enzyme then incubated for at least 90 minutes at 37 °C. Enzymes used were

purchased from NEB.

2.3.9 Ligation

For ligations, the insert of interest was digested from the pCR4-TOPO vector
backbones they were previously placed in, described in section 2.3.5, and digested
with Bglll and Sall overnight. The pEGFP-C1 and pEGFP-N3 vectors were also
digested overnight with the same restriction enzymes to make complementary
overhangs (see section 2.3.8 for restriction digestion protocol). The linearised pieces
were resolved on agarose gel to confirm successful digestion from the TOPO vectors,
and the desired bands were cut out and subjected to gel extraction protocol following
the manufacturer’s instructions. The inserts of interest were then ligated together with

the backbone using a T4 DNA ligase enzyme and incubated at room temperature for
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10 minutes. Heat inactivation was carried out at 65 °C for 10 minutes before being
transformed into DH5a, TOP10 or XL1 Blue bacterial cells as described in section
2.3.6.

2.3.10 mRNA extraction and reverse transcription

mRNA was extracted from U20S cells using the RNeasy mini kit as per the
manufacturer’s instructions. (RNease Mini kit, Qiagen). DNase incubation was
performed during this procedure to prevent contamination from genomic DNA. The
concentration and quality of the extracted mMRNA was measured using a NanoDrop
Spectrophotometer ND100 at 260 nM. 1 yg of mRNA was then used to carry out
reverse transcriptase reaction to form cDNA. This was combined with 1 pl Oligo DT
primers in a total volume of 11 pl and was incubated at 70 °C for 5 minutes to prime
the mRNA poly(A) tails. Nucleotide mix and RNasin were then added and samples
were incubated at 37 °C for 5 minutes. 1 ul (200 units) of MuL reverse transcriptase
was then added and incubated at 42 °C for 1 hour, followed by 72 °C for 10 minutes.
Samples were then held on ice for 5 minutes before being diluted up to 100 pl with

H>O. Reaction mix is detailed in Table 2.8.

Table 2.8 — Reaction mix for reverse transcriptase

Per reaction ‘ Volume

5x Reverse Transcription buffer 4 ul
PCR nucleotide mix 2 ul
RNasin 0.5 ul
Nuclease free ddH0 1.5 ul

2.3.11 Quantitative real-time polymerase chain reaction (QRT-PCR)

To ensure the designed primers amplified only one amplicon of the desired size,
primers were first tested using end-point PCR. Primers used are detailed in Table 2.9.
Following primer confirmation, a reaction mixture was prepared for each primer set
as described in Table 2.10 and 6 ul was added to each well of a white bottomed gPCR
plate. 4 pl of the cDNA was then added and mixed by pipetting. gPCR was then
performed using a CFX connect Real-time PCR detection system (Bio-rad) following
the protocol as described in Table 2.11. The Ct values were analysed after 40 cycles
by normalising to a house-keeping gene GAPDH to give ACt, transformed to 22t and

then normalised to the control sample.
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Table 2.9 - Primers used for RT-gPCR

Gene Primer no. Fw/Rv Sequence

GAPDH 2100 Fw CAATGACCCCTTCATTGACC
2101 Rv GACAAGCTTCCCGTTCTCAG

ATAT1 3368 Fw GGCCCAGAATCTTTCCGCTC
3369 Rv GATGCAAAGTGGTTCTACCTCAT

TRIM3 3374 Fw GTAGTAACGGACTTCCATAACC
3375 Rv TTCCATTGGAGTCCACAGCTAC

Table 2.10 — Reaction mix for gPCR

Per reaction and set of primers ‘ Volume

H20 0.4 pl
iTaq universal SYBR Green supermix 5ul
Forward primer (10uM) 0.3 ul
Reverse primer (10uM) 0.3 ul

Table 2.11 — Thermocycler programme for gPCR

No. of cycles Temperature (°C) Time

1 95 3 minutes

40 95 10 seconds
60 30 seconds

1 72 10 minutes

2.4 Biochemistry

2.4.1 Materials and Reagents

The majority of chemicals used were purchased from Sigma-Aldrich along with Bovine
IgG (immunoglobulin B), Ponceau stain (P7170), Goat Serum Donor Herd (G6767),
2-mercaptoethanol (M6250) and mammalian protease inhibitors (P8340). BCA
protein assay kit (23225) was ordered from Pierce Biotechnology (Rockford, IL, USA).
Pierce™ 660nm protein assay kit (22662) was purchased from Thermo Fisher
Scientific. NUPAGE Novex 4-12% Bis-Tris Gels (NP0321BOX, NP0322BOX,
WG1402BOX), NuPAGE 3-(N-morpholino)propanesulfonic acid (MOPS) running
buffer, SimplyBlue SafeStain (LC6060), DAPI (4’6-Diamidino-2-Phenylindole
Dihydrochloride) (D1306) were purchased from Invitrogen (Paisley, UK). Amersham
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Protran 0.45 pm nitrocellulose membrane (10600002) was purchased from GE
healthcare. Mowiol (475904) was purchased from Merck Millipore (Darmstadt,
Germany). Unstained broad range marker (P7704) was obtained from New England
Biolabs. Full-range Rainbow™ molecular weight marker (RPN80OE) was purchased

from VWR. Marvel skimmed milk powder was obtained from Premier Brands, UK.

2.4.2 Celllysis

Seeded cells were treated as indicated in figures for the required length of time.
Dishes were then placed on a metal place on ice and washed twice with ice cold PBS.
For lysis with RIPA buffer [150 mM NaCl, 1% Triton-X100, 0.1% SDS, 1% sodium
deoxycholate, 10 mM Tris-HCL pH 7.5], samples were incubated on a rocker on ice
for 15 minutes. RIPA was always supplemented with mammalian protease inhibitors
(1:250 v/v). For lysis with ‘hot SDS lysis buffer’ [1 mM EDTA, 50 mM NaF, 2% SDS],
samples were washed twice at RT with PBS before 110°C preheated buffer was
added to culture cell dishes placed on a 110°C heat block. Cells were harvested using
a cell scraper and collected in screw-top tubes. Samples were then heated to 110 °C
for 10 minutes, vortexing every 2 minutes to ensure complete lysis. For lysis with 8M
urea [8 M Urea, 50 mM Tris-HCI, pH 8], ice cold PBS was added to the plate and the
cells scraped using a rubber policeman and collected into a falcon tube. Samples
were then centrifuged at 200 g for 5 minutes and the pellet resuspended in 100 pl
lysis buffer. Samples were then sonicated using a sonicating probe on ice to break
down the nucleic acids (5 times x 5 seconds with 5 second intervals). For both lysis
methods, samples were then centrifuged at 14,000 rpm at 4 °C for 20 minutes to pellet
any cell debris. For lysis of cells collected via mitotic shake off procedure, samples to
be lysed were centrifuged at 1000g for 1min, washed in ice cold PBS and centrifuged
again. The pellet was then resuspended in 100 ul of either 8 M urea lysis buffer or

RIPA lysis buffer, as stated, depending on the protein of interest.

2.4.3 Protein assay and sample preparation

Protein concentration of lysates was determined using either a BCA protein assay or
a Pierce 660 nm protein assay depending on what lysis buffer was used (for
compatibility reasons), following the manufacturer’s instructions. Both assays were
performed in a 96-well plate. For the BCA, a standard curve was produced using
Millipore water, the corresponding lysis buffer and Bovine IgG (1 mg/ml). Bovine 1gG
was used in 2 ug intervals between 0-10 pg and was carried out in duplicate. Pierce
BCA/CuSOs solution (1:50) was then added and incubated for 30 minutes at 37°C.
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Absorbance was then measured at 562 nm. For the Pierce 660 nm, a standard curve
was produced using the premade standards of Bovine serum albumin (BSA) diluted
in 0.9% sodium chloride with sodium azide at the following pg/ml concentrations: 125,
250, 500, 750, 1000, 1500 and 2000. Pierce 660 nm reagent was then added for 5
minutes and absorbance was measured at 660 nm. Samples were assayed in
triplicate for both assays and measurements were taken using a plate reader
(Multiskan spectrum, Thermo Labsystems). The samples were then adjusted to equal
concentrations using additional lysis buffer before being resuspended in 5X sample
buffer [15 % SDS (w/v), 50 % glycerol, 16 % B-mercaptoethanol, 1.25 % bromophenol
blue, 312.5 mM Tris HCI pH 6.8]. ‘Hot lysis’ samples were resuspended in hot lysis
sample buffer [7 % SDS, 50 % glycerol, 16 % [p-mercaptoethanol, 1.25 %
bromophenol blue, 312.5 mM Tris HCI pH 6.8

2.4.4 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE)
All samples were suspended in 5X sample buffer, boiled (95 °C, 5 minutes) and either
used straight away or retained at -20 °C until required. 10-20 ug protein (unless
stated) was resolved with molecular weight markers on precast NUPAGE Novex 4-
12% Bis-Tris Gels in 3-(N-morpholino)propanesulfonic acid (MOPS) buffer
(Invitrogen). Electrophoresis was performed at 160 V until the bromophenol blue had
just migrated off the gel. Gels were either subjected to western blotting procedures or

Coomassie staining.

2.4.5 Coomassie staining

Samples resolved using SDS-PAGE were stained for 1 hour with SimplyBlue™
SafeStain (Invitrogen) before destaining in either distilled or HPLC water for 1 hour.
Fresh water was then applied and left overnight. Gels were imaged using LI-COR

Odyssey Imaging Software at 700 nm.

2.4.6 Western blotting

Samples resolved using SDS-PAGE were transferred to 0.45 nm nitrocellulose
membrane (0.9A, 1 hour) in transfer buffer [0.2 M Glycine, 25 mM Tris, 20% methanol]
then stained with Ponceau S to confirm successful transfer. Membranes were
incubated in blocking solution (Tris buffered saline [TBS: 150 mM NaCL, 10 mM Tris,
pH 7.5] supplemented with 0.1% Tween-20 [TBST, v/v], and 5% non-fat milk [w/v]) for
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1 hour to prevent non-specific binding of antibodies. For some antibodies, blocking
and antibody incubation was performed using 5% bovine serum albumin (BSA) in
TBST. Membranes were then incubated with primary antibodies at times and
concentrations specified in Table 2.12. Membranes were then washed X3 for 5
minutes in TBST before incubating in IRDye-conjugated secondary antibodies
(detailed in Table 2.13) in blocking solution for 1 hour. Membranes were scanned
using a LI-COR Odyssey Imaging Software at 800 nm or 680 nm for visualisation.

Band intensities were quantitated using Image Studio Lite.

Table 2.12 — Primary antibodies used for western blotting

Protein Species Company Catalogue Conditions
a-tubulin M Sigma Aldrich T5168 1:10,000 1hr
b-tubulin R Abcam ab6046 1:500 o/n
Acetylated tubulin M Sigma Aldrich T6793 1:1000 o/n
Actin M Proteintech 66009-1-1g 1:10,000 1hr
Actin R Proteintech 20536-1-AP 1:10,000 1hr
ATAT1 R Proteintech 28828-1-AP 1:500 o/n
Aurora B M BD Transduction 611083 1:1000 o/n
Borealin M Santa Cruz SC-376635 1:1000 o/n
CDC27 M BD Transduction 610454 1:1000 o/n
Cyclin A2 R Abcam ab32386 1:1000 o/n
Cyclin B1 M Abcam ab05373 1:1000 o/n
Detyrosinated tubulin | R Abcam ab48389 1:1000 o/n
DYNC1LI1 R Atlas HPA035013 1:1000 o/n
EB1 M BD Transduction 610535 1:1000 o/n
EML4 R CST 12156S 1:1000 o/n
GAPDH R Cell Signaling 2118S 1:1000 o/n
GFP Sh Home made n/a 1:1000 o/n
H3-pSerl0 M Millipore 05-806 1:1000 o/n
HDAC6 M Santa Cruz SC-133106 1:500 o/n
INCENP M Santa Cruz SC-376514 1:1000 o/n
KLHL21 R Proteintech 16952-1-AP 1:1000 o/n
MAP4 R Bethyl A301-488A 1:1000 o/n
MKLP1 R Abcam ab174304 1:1000 o/n
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MKLP2 R Bethyl A300-879A 1:1000 o/n
RMDN3 R Atlas HPA009975 1:1000 o/n
SAMMS50 R Abcam ab133709 1:1000 o/n
Survivin R Novus Biologicals | NB500-201 1:1000 o/n
SVBP R Novus Biologicals | NBP1-81071 1:1000 o/n
TRIM3 R Proteintech 28392-1-AP 1:1000 o/n
TTL R Proteintech 13618-1-AP 1:1000 o/n
USP31 M Santa Cruz SC-100634 1:200 o/n

VASH1 M Santa Cruz SC-365541 1:1000 o/n
VASH2 R Abgent AP13956b 1:1000 o/n

Table 2.13 — Secondary antibodies used for Western Blotting

Secondary Antibody Company/ Catalogue Conditions

Donkey anti-mouse IRDye 800CW LICOR, 926-32212 1:10,000, 1h, RT
Donkey anti-mouse IRDye 680LT LICOR, 926-68022 1:10,000, 1h, RT
Donkey anti-rabbit IRDye 800CW LICOR, 926-32213 1:10,000, 1h, RT
Donkey anti-rabbit IRDye 680LT LICOR, 926-68023 1:10,000, 1h, RT
Donkey anti-goat IRDye 800CW LICOR, 926-32214 1:10,000, 1h, RT
Donkey anti-goat IRDye 680LT LICOR, 926-68024 1:10,000, 1h, RT

2.4.7 Immunofluorescence

Cells were seeded onto 22 mm square coverslips in 6-well plates and cultured
overnight under standard cell culture conditions. Cells were then fixed with ice cold
methanol at -20 °C for 5 minutes to permeabilise and fix the cells. Cells were
immediately washed in PBS before non-specific sites were blocked using 10% goat
serum in PBS for 30 minutes. Primary antibodies in 5% goat serum were then applied
at concentrations indicated in Table 2.14 and incubated for 1 hour. Coverslips were
washed X3 for 4 minutes in PBS before incubating in Alexa-Fluor 488- and Alexa-
Fluor 594- conjugated secondary antibodies in 5% goat serum (1:1000, 30 min).
Coverslips were again washed 3X for 4 min in PBS before finally washing in Millipore
water. Mowiol supplemented with DAPI was then used to mount to the coverslips to

glass slides, which were left to dry overnight.
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Table 2.14 — Primary antibodies used for immunofluorescence

Protein Species Company Catalogue Conditions
a-tubulin Rat Bio-Rad MCA77G 1:500
b-tubulin R Abcam ab6046 1:500
Acetylated tubulin M Sigma Aldrich T6793 1:1000
Aurora B M BD Transduction | 611083 1:1000
Borealin M Santa Cruz SC-376635 1:1000
Detyrosinated tubulin | R Abcam ab48389 1:1000
DYNC1LI1 R Atlas HPA035013 | 1:1000
EB1 M BD Transduction | 610535 1:1000
HA M Covance MMS-101P 1:500
HRS R Homemade 958/3 1:1000
INCENP M Santa Cruz Sc-376514 1:50
MAP4 R Bethyl A301-488A 1:1000
Pericentrin R Abcam ab4448 1:1000
Phalloidin-594 - Invitrogen A12381 1:2000
RMDN3 R Atlas HPA009975 | 1:200
TOMM20 M BD Transduction | 612278 1:500
TOMM20 R Sigma Aldrich HPA11562 1:500
Table 2.15 — Secondary antibodies used for immunofluorescence
Secondary Antibody Company/ Catalogue  Conditions
Donkey anti-mouse AF488 Invitrogen 1:1000, 30 min, RT
Donkey anti-mouse AF594 Invitrogen 1:1000, 30 min, RT
Donkey anti-rabbit AF488 Invitrogen 1:1000, 30 min, RT
Donkey anti-rabbit AF594 Invitrogen 1:1000, 30 min, RT
Donkey anti-rat AF594 Invitrogen 1:1000, 30 min, RT

2.4.8 Initial microtubule extraction protocol

Cells were treated with 6 uM of Nocodazole or the equivalent volume of DMSO as a
control and incubated for 30 minutes at 37 °C. The following steps were carried out in
a water bath at 37 °C using buffers which were preheated to 37 °C. Cells were first
washed in phosphate buffered saline (PBS) before being incubated in a microtubule
stabilisation buffer [PM2G: 0.1 mM PIPES pH 6.9, 1 mM MgSO4, 2 M glycerol, 2 mM
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EGTA, 0.1% NP40 (v/v), 0.1% 2-mercaptoethanol (v/v)]. PM2G was added for
specified times to wash away free tubulin and 75% of cell protein, lipid and small
molecules, and was then retained. Excess calcium buffer [0.1 M PIPES pH 6.9, 1 mM
CaCl2] supplemented with 1:250 mammalian protease inhibitor (MPI) was added for
10 minutes to release the cytoskeleton. Release fractions were centrifuged at 13,500
rpm for 10 minutes at 4 °C and the supernatant retained. The remaining cells on the

plates were then subjected to the hot lysis protocol.

2.4.9 Optimised microtubule extraction protocol

Cells were treated with 6 uM of Nocodazole for 1 hour or 6 uM of Taxol for 30 minutes
at 37 °C alongside a DMSO control of equivalent volume. The following steps were
either performed in a water bath at 37 °C using buffers which were preheated to 37
°C, or on ice using buffers precooled to 4 °C. Cells were washed in PBS before being
incubated in Lysis and Microtubule Stabilisation buffer [LMS: 100 mM PIPES pH 6.9,
5 mM MgCl;, 1 mM EGTA, 30% glycerol, 0.1% NP40, 0.1% Triton X-100, 0.1%
Tween-20, 0.1% 2-mercaptoethanol (v/v)] supplemented with MPI (1:250) for 5
minutes and samples were collected. The remaining microtubules on the plates were

then extracted using either hot lysis or 8 M urea.

2.4.10 Analysis of stable microtubules

U20S cells were transfected with siRNA against TRIM3 and aTAT alongside a non-
targeting control (NT1) as described in section 2.1.4 for 72 hr. Cells were then treated
with 6 uM nocodazole for 1 hour to depolymerise the dynamic microtubules whilst
maintaining nocodazole-resistant ones. Cells were then washed twice in a buffer
containing PIPES, HEPES, EGTA and MgSO. [PHEM: 60 mM PIPES, 25 mM
HEPES, 10 mM EGTA and 4 mM Mg SO.] before treating cells with PHEM buffer
containing 0.2% Triton-X 100 for 1 minute. This removes the cytosolic tubulin
(depolymerised microtubules) whilst maintaining the intact stable microtubules. Cells
were then fixed in ice cold MeOH and stained for the specified antibodies as described

in section 2.4.7.

2.4.11 Lambda phosphatase treatment

For lambda phosphatase treatment, samples were lysed in 100 ul 2 % SDS lysis
buffer (2 % SDS, 1 mM EDTA, 50 mM NaF) and sonicated before being subjected to
a buffer exchange into lambda phosphatase buffer (150 mM NaCl, 1 mM EDTA, 1
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mM EGTA, 1% Triton X-100, 20 mM Tris-HCI pH 7.5) using an Amicon® Ultra 0.5 ml
Centrifugal Filter following the manufacturer's instructions. The remaining
concentrated protein was rediluted using this compatible buffer back up to 100 pl and
subjected to a protein assay (section 2.4.3). 20 ug of sample was made up to 40 pl
for phosphatase treated samples and 5 ul NEBuffer for protein MetalloPhosphatases
(PMP) and 5 pl of 10 mM MnCl; was added. 400 units of lambda phosphatase were
then added to each treated sample. Control samples were made up identically but
without the lambda phosphatase. Samples were incubated at 30 °C for 30 minutes

then prepared in sample buffer for SDS-PAGE.

2.5 Mass spectrometry

2.5.1 Materials and reagents

DMEM for SILAC was purchased from Gibco (88364, Thermo Fisher Scientific).
Dialysed Foetal Bovine Serum (FB-1001D/500) was purchased from BioSera. All
amino acids were obtained from Sigma Aldrich. LowBind Eppendorf tubes

(022431081) were purchased from Eppendorf (Hamburg, Germany).

2.5.2 Stable Isotopic Labelling by Amino Acids in cell culture (SILAC)

U20S cells were cultured under standard conditions in DMEM for SILAC
supplemented with 10% dialysed FBS and L-proline, Pro0 [200 ug/ml] to prevent
conversion of arginine to proline. Differentially labelled amino acids were added to the
media to generate 3 separate conditions: Light (L-lysine, LysO; L-arginine, Arg0),
Medium (L-lysine-?Hs, Lys4; L-arginine-"*Cs, Arg6) and Heavy (L-lysine-'3Cs-"°Np,
Lys8; L-arginine-"3Cs-"°N4, Arg10). L-lysine was supplemented at a final concentration
of 146 pg/ml whereas L-arginine was supplemented at a final concentration of 84
pg/ml. Cells were cultured for a minimum of 6 passages and tested to confirm amino

acid incorporation before experiments proceeded.

2.5.3 Cell lysis and sample preparation

Cells were seeded into 15 cm dishes and incubated for 2 days until >80% confluent.
Cells were treated with 6 uM of Nocodazole for 1 hour or 6 uM of Taxol for 30 minutes
at 37 °C alongside a DMSO control of equivalent volume. They were then placed on
a metal plate on ice and washed twice in PBS before being incubated in Lysis and
Microtubule Stabilisation buffer [LMS: 100 mM PIPES pH 6.9, 5 mM MgCl,, 1 mM
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EGTA, 30% glycerol, 0.1% NP40, 0.1% Triton X-100, 0.1% Tween-20, 0.1% 2-
mercaptoethanol (v/v)] supplemented with MPI (1:250) for 5 minutes. LMS buffer was
removed and collected before the remaining microtubules on the plates were
collected using 8M urea. Extracted microtubules from each condition were combined
in a 1:1:1 ratio and filtered through 15ml Amicon ultra centrifugal filters (10,000 MW)

at 4000 g at RT until the minimum volume was retained.

2.5.4 In gel digest

Samples prepared in 2.5.3 were subjected to a Pierce 660 nm protein assay (section
2.4.3) to determine the protein concentration. 125 ug of protein was then resolved via
SDS-PAGE (2.4.4) until proteins migrated 1/3 through the gel, followed by Coomassie

2 cubes

staining (2.4.5). The sample lane was cut into 12 equal slices, then into 1 mm
and destained using 50 mM Ammonium bicarbonate (Ambic) containing 50%
Acetonitrile (ACN, v/v) at 37 °C in an Eppendorf ThermoMixer Compact at 900rpm.
Samples were dehydrated (ACN, 5 minutes) and dried via Speedvac rotary
evaporation. Peptides were reduced in 10 mM dithiothreitol (56 °C, 1 hour), alkylated
in 55mM iodoacetamide (RT, 30 minutes), washed in 100mM Ambic (15 minutes) then
repeated in 50 mM Ambic with 50 % ACN. Samples were dehydrated in ACN, followed
by Speedvac evaporation. Peptides were cleaved with 3 pg trypsin per sample lane
in 40 mM Ambic and 9% ACN (37 °C, overnight) then extracted using ACN (30 °C, 30
minutes), followed by 1 % formic acid (RT, 20 minutes) and then ACN again. Retained
supernatants were dried in the speed vac overnight before freezing at -20 °C until

required.

2.5.5 Mass spectrometry for phospho-proteomics

Dried peptides were resuspended in 1% (v/v) formic acid (FA) and vortexed for 2
minutes to ensure all peptides were obtained. Samples were centrifuged at 13,000
rpm for 10 minutes at 4°C to pellet cell debris. 5 ul of each sample was separated
using a nanoACQUITY UPLC system (Waters), coupled to an LTQ Orbittrap XL mass
spectrometer (Thermo Scientific) containing a Proxeon nanoelectrospray source.
Samples were loaded onto a C18 symmetry trapping column (180 um x 20 mm)
(Waters) in 0.1% (v/v) FA and 1% (v/v) ACN at a flow rate of 10 pl/min for 5 min.
Peptides were then resolved using a 25 cm x 75 uym column (Waters) using a 50-
minute gradient of 7-35%m, 300 nL/min. The mass spectrometer acquired full MS
survey scans in the Orbitrap (R = 30 000; m/z range 350-2000) and performed MSMS
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on the top 6 multiple charged ions in the linear quadrupole ion trap (LQT) after
fragmentation using collision-induced dissociation (30 ms at 35% energy). All spectra
were collected using Xcalibur software (version 2.0.7, Thermo Fisher Scientific) and

analysed using Maxquant version 1.6.17.0 using phosphorylation detection.

2.5.6 Luxembourg facility protocols and procedures

Samples were analysed at Luxembourg Institute of Health at the Quantitative Biology
Unit through a collaboration with Professor Gunnar Dittmar. All sample preparation

and MaxQuant searches were performed by Dr Marta Mendes.

2.5.6.1 Sample resuspension

Samples were desalted using C18 tips (Rappsilber et al., 2003). Briefly, samples were
resuspended in 50 ul 0.1% FA. C18 tips were first activated with Methanol,
equilibrated twice with 0.1% FA, then samples were loaded, and peptides were
washed with 0.1% FA. Samples were then eluted with 80% ACN / 0.1% FA and dried

in the speed vac. Finally, they were reconstituted in 0.1% FA.

2.5.6.2 Peptide fractionation and LC/MS injection

Peptides were fractionated on a QExactive HF Plus column coupled to a nanoHPLC
Ultimate 3000 using a pre-concentration onto a nano-column configuration. An
Acclaim PepMap 100 (75 pm, 2 cm) was used to do the pre-concentration and an
Acclaim PepMap RSLC (Rapid separation liquid chromatography, 75 um, 15 cm) was
used for peptide separation. Total run time was of 118 minutes with a gradient from
4% to 40% Buffer B [Buffer B: 80% ACN / 0.1% FA], in the following steps: 2% for 8
minutes, 2% to 40% in 80 minutes, 90% for 10 minutes and an equilibration step with
2% for 20 minutes. The MS was operated in a data dependent manner using a loop
count of 12. MS1 was acquired in a scan range from 375-1500 m/z, with a resolution
of 120000, an AGC target of 3x106 and a maximum IT (injection time) of 120 ms.
MS2 was acquired at a resolution of 17500, an AGC target of 1x105 and maximum IT
time of 60 ms. Dynamic exclusion was set to 20s and ion with charge states of +1 and

greater than +6 were excluded.
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2.5.6.3 MaxQuant analysis

Searches were performed using MaxQuant, version 1.6.17.0, against the human
database. Carbamidomethylation of cysteines (+57Da) was used as a fixed
modification and oxidation of Methionine (+16Da) and Acetylation of the N-terminal
(+42Da) as variable modifications. Multiplicity was set to 3 and the labels were as

follow: Medium labels - Arg6;Lys4, Heavy labels - Arg10;Lys8.
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Chapter 3 — Determination of the microtubule

proteome

3.1 Introduction

Foundational studies which define the microtubule proteome predate modern
techniques. The advancement of Liquid Chromatography-Tandem Mass
Spectrometry (LC-MS/MS) has made the use of 2D gel electrophoresis as a means
of protein separation redundant, by providing an increase in coverage and sensitivity
of proteins identified via mass spectrometry. Another feature lacking in these prior
attempts to define the microtubule proteome is quantitation: either no quantitative data
is provided, or spectral counting is utilised. This technique is problematic due to the
differences observed in the direct physical properties of each peptide not being
accounted for, and the small dynamic range it achieves (Bantscheff et al., 2007). The
development of quantitative techniques for mass spectrometry such as SILAC (stable
isotope labelling by amino acids in cell culture) (Ong et al., 2002) and TMT (tandem
mass tags) (Thompson et al., 2003), as described in section 1.4.8, have allowed for
major advancements in proteomic studies by enabling direct comparisons of peptide

intensities across conditions.

The aim of this work is therefore to revisit the microtubule proteome by introducing a
modern approach for quantitative mass spectrometry. A new methodology, inspired
by a paper published in 1981 by Ann Duerr, David Pallas and Frank Solomon (Duerr
et al., 1981) will also be introduced. This method utilises differential extraction from
microtubule-enriched and microtubule-depleted conditions to specifically identify
microtubule binding proteins. Not only are prior attempts to establish a microtubule
proteome lacking quantitative data, many are derived by performing rounds of
polymerisation-depolymerisation in the presence of protein lysates (Souphron et al.,
2019). This methodology utilises microtubule networks which have been assembled
in vitro, as opposed to being obtained directly from cells. Furthermore, the use of brain
extracts as a source of tubulin creates a bias towards specific tubulin isoforms, such
as TUBB3 which is neuronal specific (Tischfield and Engle, 2010). Finally, taxol is
frequently employed as a microtubule stabiliser, allowing for conformational changes
within the microtubule lattices which may ultimately alter the binding proteins
associated with them (Arnal and Wade, 1995).
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| have therefore established and optimised a protocol which extracts microtubules and
their binding proteins directly from cells using set criteria. Tubulin and EML4
(echinoderm microtubule-associated protein-like 4), a known microtubule binding
protein (Houtman et al., 2007) were used as readouts of the dynamic range for
successful optimisation. This methodology was then upscaled and mass spectrometry
was performed to identify the microtubule proteome in which a number of novel

microtubule binding proteins have been identified.

3.2 Expression of microtubule modifications across a cell line
panel

Microtubules can be highly modified by various post-translational modifications
(PTMs) as mentioned in section 1.1.10. They are thought to induce a so called ‘tubulin
code’ which can alter the binding proteins which associate with the microtubule
lattices (Gadadhar et al., 2017a). As the eventual goal was to obtain a microtubule
proteome specifically for modified microtubules, a cell line expressing high levels of
various microtubule PTMs was required. The levels of detyrosination and K40
acetylation of a-tubulin were therefore analysed across a variety of different cell lines.
Figure 3.1 shows modification levels are variable across different cell lines, with
acetylation being highest in HEK293T, MCF7, SKN-BE2 and U20S, and
detyrosination highest in U20S and SKN-BE2. U20S cells were selected due to their

easy growth and their large flat nature which is better suited for cell imaging.

3.3 Initial trial of microtubule extraction protocol

The basic procedure used for microtubule extraction is illustrated in Figure 3.2A and
consists of 1 condition being treated with a vehicle (DMSO, i, left panel) and another
condition treated in parallel with a microtubule-depolymerising drug, nocodazole (i,
right panel). This provides a microtubule enriched and a microtubule depleted

condition respectively.
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Figure 3.1 — Expression of tubulin modifications across a panel of cell lines

A: Western blot analysis of a-tubulin, acetylated a-tubulin and detyrosinated a-tubulin
levels in 8 different cell lysates as indicated. GAPDH was used as a loading control.
15ug protein was loaded per well. B&C: Quantification of relative acetylated a-tubulin
and detyrosinated a-tubulin levels respectively.

Lysis and microtubule stabilisation buffer (LMS) is then applied. LMS contains 4M
glycerol for limiting the rates of polymerisation and depolymerisation (Keates, 1980),
5mM MgCl, which plays a critical role in assembly (Grover and Hamel, 1994; O’Brien
et al., 1990), and 1mM EGTA for calcium chelation, as calcium causes loss of tubulin
polymerisation (Sandoval and Weber, 1978). This buffer also contains mild detergent
which allows for extraction of 75% of cytosolic proteins, lipids and small molecules,
whilst maintaining the intact microtubule network and their binding proteins (Figure
3.2A i, cytosol fraction). Microtubules are therefore retained in control cells, whereas
all soluble, depolymerised tubulin is removed in nocodazole-treated cells. A buffer
containing an excess of free calcium ions (1 mM) is then added to depolymerise any
retained and intact microtubules and collect them along with their binding proteins
(Figure 3.2Aiii). Binding proteins extracted following this method must fit 2 criteria: 1)

bind to intact microtubules and 2) dissociate following microtubule depolymerisation.
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Figure 3.2 - Test of the microtubule extraction protocol

A: Schematic. U20S cells were treated with DMSO (control, left) or Nocodazole
(right), then extracted with LMS buffer, maintaining microtubule structures or eluting
them respectively as a ‘Cytosol’ fraction. Free tubulin, cytosolic protein, lipids and
small molecules were also collected. Excess calcium buffer then depolymerises
microtubules in control cells and is retained with any binding proteins as a
‘Microtubule’ fraction along with background polypeptides. B: Microtubule
extraction protocol was performed as described. LMS was applied for 15 minutes
and calcium release for 10 minutes. Western blot analysis of a-tubulin, EML4 and
GAPDH levels. Sample dilutions are as indicated.
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Initially cells were treated with nocodazole for 2 hours, LMS for 15 minutes and excess
calcium for 10 minutes. Buffer additions were performed in a water bath at 37 °C to
maintain physiological conditions and prevent cold-dependent microtubule
depolymerisation. The dynamic range of extraction was determined by
immunoblotting for a-tubulin, EML4 as a microtubule binding protein marker and
GAPDH as a cytosolic marker (Figure 3.2B). Greater levels of a-tubulin and EML4 are
extracted within the control microtubule fraction compared to nocodazole-treated cells
as anticipated. Detyrosinated a-tubulin levels were used to monitor polymerised
microtubules due to its absence on soluble tubulin. Promisingly, the majority of
detyrosinated a-tubulin was observed in the control microtubule fraction, confirming
microtubule retention here and their loss following nocodazole treatment. In contrast,
GAPDH appeared constant across both treatments, confirming nocodazole
specifically acts on microtubules and associated proteins. These results are therefore
promising however, to obtain a greater dynamic range of EML4 enrichment,

optimisation of each step was required.

3.4 Optimisation of the microtubule extraction protocol

3.4.1 Optimisation of nocodazole treatment

To achieve the greatest dynamic range between conditions, nocodazole treatment
had to be optimised. Increasing concentrations between 0 and 12 uM were tested and
microtubule depolymerisation was analysed via immunofluorescence of a-tubulin
(DM1a) (Figure 3.3A). 30 minutes was initially selected to determine whether
complete depolymerisation was possible at a shorter incubation time point, and to
prevent morphological changes induced from extended nocodazole treatment (Lee et
al., 1980). As nocodazole concentration increases, microtubule depolymerisation
increases, causing a disrupted network and an increase in free soluble tubulin. Some
intact microtubules can be observed in all conditions due to some stable microtubules
being resistant to nocodazole depolymerisation. 6 pM nocodazole was selected as a
suitable concentration due to no noticeable increase in depolymerisation occurring
with 12 uM.
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Figure 3.3 — Optimisation of nocodazole treatment

A: U20S cells were treated with indicated concentrations of nocodazole at 37°C for
30 minutes. Cells were fixed with methanol and stained for a-tubulin. B/C/D: U20S
cells were treated with 6 yM Nocodazole for 30 minutes, 1 hour or 2 hours. DMSO
treatment for 2 hours was used as a control. B: Immunofluorescence of the
microtubule network. Scale bars = 20 um. C/D: Microtubule stabilisation buffer LMS
was added for 5 minutes followed by excess calcium for 10 minutes. Hot lysis was
then performed to visualise the remaining proteins. C: Western blot analysis of a-
tubulin, EML4 and GAPDH levels. Dilution of samples is as indicated. D: Ratios of
Microtubule:Cytosol for a-tubulin. Visualisation was performed using a Nikon-TI
eclipse microscope. Statistical analysis confirmed using one-way ANOVA test with
Dunnett’s multiple comparison: ***; p < 0.001
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To determine the optimum incubation time for nocodazole treatment, cells were
treated for indicated time points and the microtubule network visualised (Figure 3.3B).
Significant disruption of the microtubule network is achieved after 30 minutes,
however both longer time points display fewer intact microtubules. Biochemical
analysis and quantitation using the extraction protocol detailed in section 3.3 shows
no difference between extracted a-tubulin levels, with EML4 levels mirroring the same
pattern (Figure 3.3C/D). The original protocol states that only 75% of soluble proteins
are removed with LMS (Duerr et al., 1981). These results suggest this limit is reached
after 30 minutes nocodazole treatment despite seeing greater disruption to the
microtubule network with longer incubation times in Figure 3.3B. Despite no
biochemical differences between timepoints, 1 hour was selected for subsequent

experiments.

3.4.2 Optimisation of removal of cytosolic proteins

To maximise the removal of cytosolic proteins, whilst retaining intact microtubules and
binding proteins, optimisation of LMS incubation time was required. Nocodazole-
treated cells were used to observe maximum cytosol removal, and LMS was applied
for indicated timepoints. Microtubules were then collected using excess calcium and
residual proteins collected using hot SDS lysis buffer. Figure 3.4A shows that more
a-tubulin, EML4 and GAPDH are extracted in the ‘cytosol’ fraction as LMS incubation
time increases. Quantitation of the relative tubulin ratio confirms that maximum
removal of tubulin was achieved after 5 minutes, with no further increase seen after
15 minutes (Figure 3.4B). Interestingly, all protein levels continue to decrease after
15 minutes in the ‘microtubule’ fraction, despite no change in the ‘cytosolic’ fraction.
A similar pattern was observed within the hot lysis fractions. As there is no statistical
difference in the relative tubulin ratio between the 5- and 15-minute incubation times,
5 minutes was selected as optimal. Furthermore, shorter incubation times were
favourable to reduce the extent of microtubule binding protein detachment during

these incubation steps.
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Figure 3.4 - Optimisation of removal of cytosolic proteins

A: U20S cells were treated with 6 uM nocodazole for 30 minutes. Microtubule
stabilisation buffer (LMS) was then added for specified times to collect the ‘cytosol’.
Excess calcium buffer was added for 10 minutes to collect the ‘microtubules’. Hot
lysis then collected the proteins remaining on the plate. Western blot analysis of a-
tubulin, GAPDH and EML4. Sample proportions are as indicated. B: Ratios of
Microtubule:Cytosol for a-tubulin levels: n=3. Statistical analysis confirmed using
one-way ANOVA test with Dunnett’'s multiple comparison: *; p < 0.05.

3.4.3 Optimisation of microtubule collection

To maximise the collection of microtubules and their binding proteins, optimisation of
excess calcium addition was also required. Untreated cells were used to observe
maximum microtubule extraction, and calcium buffer was applied for indicated
timepoints. Figure 3.5A shows all cytosolic fractions achieved the same levels of all
proteins analysed, confirming this previously optimised step provides reproducible
results. For the microtubule fractions an increase in a-tubulin levels is not observed
with greater incubation times as expected, however a slight increase in EML4 can be
seen. GAPDH levels remain unchanged across timepoints. Excess calcium buffer has
been proposed to depolymerise microtubules (Timothy O’brien et al., 1997). However,
as no noticeable difference in o-tubulin is seen between the 0 and 15-minute
timepoints, this raised questions about the efficiency of the excess calcium buffer for
collecting the microtubules. | therefore tested the excess calcium buffer against the
LMS buffer as a control. Figure 3.5B shows that slightly greater levels of a-tubulin are
extracted within the control compared to the nocodazole-treated cells in the ‘cytosol’
fractions as expected. Additionally, a small increase in the extraction of a-tubulin in
control ‘microtubule’ fractions can be seen following the calcium buffer. EML4 levels
remain unchanged with both buffers. Taken together, this indicated that in my hands,
excess calcium does not efficiently depolymerise and collect microtubules and binding

proteins. | thus set out to explore an alternative method.
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Figure 3.5 — Optimisation of microtubule collection

A/B: U20S cells were washed with microtubule stabilisation buffer (LMS) for 5
minutes to remove the cytosolic proteins. A: Excess calcium buffer was then added
for indicated times to extract the microtubules. The remaining cells on the plate
were subjected to hot lysis. B: U20S cells were treated with either DMSO or 6 uM
Nocodazole for 1hr then washed with LMS. LMS or excess calcium buffer (10 min)
was then used to extract microtubules. The remaining proteins on the plate were
subjected to SDS hot lysis.

3.4.4 Alternative method for microtubule extraction

The originally tested protocol for microtubule extraction directly from cells proved to
be unsuccessful as the excess calcium buffer provided inefficient microtubule
collection, thereby reducing the dynamic range across conditions. An alternative
method for microtubule collection was therefore desirable. To address this issue, |
omitted the calcium depolymerisation step, and cells were simply lysed using hot SDS
containing buffer. This therefore removes the requirement for microtubule
depolymerisation and ensures that all retained microtubules and their binding proteins
are collected. This will lead to an increase of background proteins, however labelling
with different stable isotopes for each condition will allow for non-microtubule related

proteins to be ratiometrically separated during subsequent quantitative mass
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spectrometry analysis. Additionally, taxol treatment was added in as an additional
condition. Taxol stabilises microtubules, as described in section 1.1.5, thereby
introducing a microtubule enriched fraction to complement the nocodazole

microtubule depleted fraction. The alternative protocol is illustrated in Figure 3.6.

| also evaluated the temperature for conducting this experiment. This protocol was
performed in parallel at both 37°C and 4°C to determine which achieved the greatest
dynamic range. The rationale for this was based on Taxol-treated microtubules being
cold-stable and could therefore provide a greater dynamic range between control and
taxol conditions. Figure 3.7A shows that successful differential extraction was
achieved across all 3 treatments at both temperatures, with the greatest levels of a-
tubulin and EML4 within the control and taxol ‘microtubule’ fractions at both
temperatures. No a-tubulin was extracted in the cytosolic fraction following Taxol
treatment, suggesting all free tubulin has polymerised. Incubation at 4°C achieved a
greater dynamic range of EML4 suggesting microtubule binding proteins are more
favourably extracted under these conditions. Furthermore, more GAPDH is removed
following LMS incubation at 4°C compared with 37°C. This indicates fewer unwanted
cytosolic proteins are present within the microtubule fraction, allowing for a purer
sample. Although microtubule depolymerisation occurs under cold temperatures
(4°C), immunofluorescence of the microtubule network shows this does not begin until
after 10 minutes at this temperature (Figure 3.7B). The microtubule network is

therefore unaffected after 5 minutes at this temperature.
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Figure 3.6 — Schematic of alternative microtubule extraction protocol

Schematic. U20S cells were treated with DMSO (1 hour, left) or Nocodazole (1
hour, middle), or Taxol (30 minutes, right) then treated with LMS buffer at 4°C for 5
minutes. This was then collected (shown in green) and microtubules and their
associated proteins remain behind whereas the cytosol and any free tubulin are
collected. Hot lysis is then added to the remaining microtubules on the dish to
collect them (shown in purple), alongside any binding proteins.

3.4.5 Immunofluorescence of the microtubule extraction protocol

To visualise the microtubule network during this extraction protocol,
immunofluorescence was performed after treatment with either DMSO, nocodazole
or Taxol, and after LMS addition. Figure 3.7C confirms that control-treated cells retain
their microtubule structures following removal of the cytosol. Treatment with
nocodazole shows consistent loss of the microtubule network as previously seen in
Figure 3.3, and subsequent incubation with LMS leads to a dramatic decrease in the

levels of tubulin present. The remaining intact microtubules are presumed to be
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stable, nocodazole-resistant microtubules (Xu et al., 2017) which may be masked by
the large level of free a-tubulin seen before LMS addition. In addition, the remaining
microtubules display a thicker structure than usual, possibly indicating microtubule
bundling. Co-staining with acetylated a-tubulin, a modification which accumulates on
stable microtubules, confirms this hypothesis. These results therefore show
successful extraction of microtubules within control cells and significant loss following

nocodazole treatment.
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Figure 3.7 — Differential extraction of microtubules and binding proteins

A: U20S cells were treated with either Nocodazole (6 uM, 1 hr), Taxol (6uM, 30min)
or DMSO. Lysis and microtubule stabilisation buffer was then added (5min, 37°C
or 4°C as indicated) to remove cytosolic proteins. Hot SDS lysis was then added to
collect remaining microtubules on the plate. Sample concentrations are as
indicated. B: Cells were incubated on ice for specified time points before being fixed
and stained for a-tubulin. Images were acquired using Zeiss LSM 900 Airyscan
confocal microscope. Scale bar = 10 um. C. Cells were treated as in A, fixed with
ice cold methanol before and after LMS buffer addition, and stained for -tubulin
(red) and acetylated a-tubulin (green) and DAPI (blue). Visualisation was performed
with a 3i spinning disk confocal microscope. Scale bar = 20 ym.
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3.4.6 Immunofluorescence of retained MAPs

To confirm that microtubule binding proteins are retained on the microtubule network
during this protocol, | visualised the localisation of MAP4. MAP4 is a structural
microtubule-associated protein (MAP) which binds along the whole of the microtubule
lattice (section 1.1.9.1). Figure 3.8 confirms that retention of MAP4 is successful:
colocalisation with a-tubulin can clearly be seen in control cells before and after LMS
incubation. In contrast, MAP4 localisation was disrupted in nocodazole-treated cells.

This further confirms this extraction method has been successfully optimised.
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Figure 3.8 — MAP4 is retained on microtubules during the microtubule
extraction protocol

U20S cells were treated with 6 uM Nocodazole for 1 hour alongside a DMSO
control. Lysis and microtubule stabilisation buffer (LMS) was then either added or
not for 5 minutes at 4°C. Cells were then fixed with ice cold methanol and stained
for a-tubulin (red) and MAP4 (green). Visualisation was performed with a 3i spinning
disk confocal microscope. Scale bar = 20 pm.
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3.4.7 Test of alternative lysis buffers for microtubule collection

To ensure extracted samples were compatible for mass spectrometry analysis, the
maximum amount of detergent must be removed from the samples. As there are
several detergents in the LMS buffer, a PBS wash step was incorporated after the
removal of the LMS cytosolic fraction, and before the microtubule fraction was
collected to remove residual LMS buffer. Figure 3.9A confirms this additional step
does not affect the levels of a-tubulin and EML4 within the extracted fraction. GAPDH
levels decrease slightly, indicating more cytosolic proteins can be removed without
affecting the microtubules and binding proteins. This wash step was therefore
incorporated into subsequent experiments. Additionally, as the hot lysis buffer used
for microtubule collection contains high levels of detergent (2% SDS), 8M urea was
tested as an alternative. Figure 3.9B confirm that comparable levels of both a-tubulin
and EML4 are extracted using both buffers. Hot SDS lysis buffer was therefore

substituted with 8M urea in all subsequent experiments.
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Figure 3.9 — 8M urea extraction buffer does not affect microtubule extraction

U20S cells were treated with 6 yM Nocodazole or DMSO control for 1 hour. Lysis
and microtubule stabilisation buffer was then added for 5 minutes at 4°C to remove
cytosolic proteins (cytosol). A: Cells were either washed or not with PBS before hot
lysis buffer was added to collect the remaining microtubules on the dish (MT). B:
Hot lysis buffer (left) or 8M urea (right) was used to collect the remaining
microtubules on the dish. Western blot analysis of a-tubulin, GAPDH and EML4.
Sample concentrations are as indicated.

3.4.8 Microtubule extraction protocol in alternative cell lines

To check whether this protocol was optimal for use on other cell lines, the optimised
protocol was performed on SKN-BE2 and RPE1 FlpIn-TET cells. SKN-BE2 cells were
selected as they displayed comparable levels of acetylated and detyrosinated a-

tubulin, as shown within Figure 3.1, and RPE1 cells were selected as they are
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commonly used within our laboratory. Figure 3.10 confirms this protocol can be
applied to other cells lines and not just U20S cells. For SKN-BE2 cells (Figure 3.10A)
a-tubulin and EML4 and all enriched within the expected fractions. For RPE1 cells
(Figure 3.10B), the dynamic range for a-tubulin levels however was reduced, with
similar levels being seen across all 3 conditions in the microtubule fractions. EML4
however was specifically extracted within both control and Taxol-treated cells
suggesting extraction of microtubule binding proteins can be achieved in this cell line

using this protocol.
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Figure 3.10 - Microtubule extraction is robust across different cell lines

SNKBE2 (A) and RPE1-FlpIn-TET (B) cells were treated with 6 uM Nocodazole for
1 hour or Taxol for 30 minutes alongside a DMSO control. Lysis and microtubule
stabilisation buffer was then added (5min at 4°C) to remove cytosolic proteins.
Remaining microtubules were then collected using 8M urea (MT). Western blot
analysis of a-tubulin, GAPDH and EML4. Sample concentrations are as indicated.

3.5 Identification of the microtubule proteome using SILAC
isotopic labelling

After successfully optimising a protocol for extracting microtubules and binding
proteins, the next step was to identify the microtubule proteome using mass
spectrometry analysis. To allow for a direct quantitative comparison of protein levels
between microtubule fractions, Stable Isotope Labelling with Amino acids in Cell
culture (SILAC) was utilised (section 1.4.8.2). This technique allows for the differential
labelling of the amino acids, lysine and arginine, by incorporating ‘light’, ‘medium’ and

‘heavy’ isotopes into the culture medium, allowing different samples to be labelled
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during protein synthesis. Samples to be compared are then combined in a 1:1:1 ratio
before being subjected to mass spectrometry. This technique works by creating
peptides which share the same amino acid sequence however their mass differs. This
can be detected within the mass spectrometer to provide the relative abundance of
the peptides identified (Ong et al., 2002). The use of SILAC within this research allows
for the unbiased identification of microtubule binding proteins on a global scale directly

from the cells.

3.5.1 Workflow for obtaining the microtubule proteome

A schematic for the workflow carried out is shown in Figure 3.11. The ‘light’ labelled
cells were treated with DMSO for 1 hour, the ‘medium’ labelled cells were treated with
nocodazole for 1 hour and the ‘heavy’ labelled cells were treated with Taxol for 30
minutes prior to performing the optimised microtubule extraction protocol. The details
of the SILAC media composition can be found in section 2.5.2. The differentially
labelled microtubule fractions obtained were combined in a 1:1:1 ratio, subjected to
protein concentration as described in section 2.5.3 before being prepared via in gel
digest for mass spectrometry analysis. Three independent repeats were analysed.
Liquid chromatography and tandem mass spectrometry (LC MS/MS) was performed
in Professor Gunnar Dittmar’s lab in the Luxembourg Institute of Health by Dr Marta
Mendes. To identify the proteins which are differentially enriched in each fraction, the
normalised ratios of Medium/Light and Heavy/Light, which correspond to

Nocodazole/DMSO and Taxol/DMSO respectively, were used.

3.5.2 Quality control

As a quality control measure, the levels of labelled amino acids within each condition
were verified to confirm that sufficient incorporation had occurred in all 3, as unequal
amounts of incorporation could lead to biased and inaccurate results. This check was
performed by Erithelgi Bertsoulaki (former PhD student and post doc within the lab)
as part of her PhD work and confirmed incorporation to be greater than 97%
(Bertsoulaki, 2018). A second quality control measure that was taken was to confirm
that the microtubule extraction protocol was successful for all 3 independent repeats
being analysed. To do this, a small amount of lysate was taken prior to protein
concentration and were analysed via western blotting. The results in Figure 3.12
confirm that the protocol was successful on all 3 cases, therefore proteomic analysis

could proceed.
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Figure 3.11 — Schematic showing SILAC mass spectrometry workflow

Schematic showing the workflow for SILAC mass spectrometry analysis. U20S
cells incubated with light (Lys0, Arg0), medium (Lys4, Arg6) or heavy (Lys8, Arg10)
amino acids were treated with either DMSO, Nocodazole or Taxol respectively.
Microtubule extraction was performed, and the microtubule fractions were mixed at
a 1:1:1 volume ratio before being subjected to gel separation, peptide isolation and
tryptic digestion. Peptides were then separated via liquid chromatography and
analysed via mass spectrometry.
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Figure 3.12 — Quality control of microtubule extraction protocol for MS
analysis

SILAC labelled U20S cells were treated with 6 uM Nocodazole for 1 hour (medium)
or Taxol for 30 minutes (heavy) alongside a DMSO control (light). Lysis and
microtubule stabilisation buffer was then added (5 minutes at 4°C) to remove
cytosolic proteins (cytosol). Microtubules were then collected using 8 M urea lysis
buffer (MT). Western blot analysis of a-tubulin, GAPDH and EML4 were performed
for all 3 repeats. Sample proportions are as indicated.

3.5.3 Data analysis

Analysis of the 3 independent repeats was performed using MaxQuant as described
in section 2.5.5.3. Initial observation of the raw data suggests that comparable
numbers of peptides were identified within all 3 treatments. Looking at the intensity
values, an average of 4189, 4144 and 4113 proteins across all 3 repeats were
identified in the Light/DMSO, Medium/Nocodazole and Heavy/Taxol conditions
respectively. This confirms that amino acid incorporation is equal across all
conditions. As there was expected to have a slight skew to the data, with more
proteins being enriched in the DMSO and Taxol fractions compared to the nocodazole
fraction, the analysis was performed using the normalised ratios of the proteins, to
ensure that the main cloud of unchanged proteins remained centrally distributed. The
ratios are Medium/Light (M/L) and Heavy/Light (H/L) which correspond to
Nocodazole/DMSO and Taxol/DMSO respectively and were used to identify proteins

enriched in DMSO-treated cells compared to nocodazole- and Taxol-treated cells.

Across all 3 repeats, 4930 proteins were identified from a total of 410,788 total
peptides, and 73,117 unique peptides. To obtain a ratio for every protein, each protein
must be identified within all 3 conditions. Therefore, if a protein is missing from one of
these conditions, then a ratio cannot be made against that sample, and that protein
may therefore need to be excluded from the final analysis. After taking this into

account, | noticed that repeat 1 and 3 achieved a similar number of identified proteins
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(3510 in repeat 1 and 3471 in repeat 3), however much fewer proteins were identified
within repeat 2 (2509). To reduce the number of proteins being excluded from the final
analysis, and hence potentially losing proteins which are specifically associated with
microtubules, proteins that were identified within at least 2 repeats in all conditions
were retained for analysis. Any protein that was identified in only one repeat was
excluded from the dataset. This resulted in 3544 of the 4930 proteins being taken
forward for further analysis. To analyse the ratios and extract the quantitative data
from the MaxQuant table, the average of the normalised ratios for M/L and H/L for
each protein identified in at least 2 repeats was determined and then transformed into
a logz. In addition, for each of the ratios calculated, the sum of the intensities for each
protein were also calculated (eg Intensity M + Intensity L). This value was then

transformed log+o. These parameters were then used to plot the data using JMP 13.

3.5.4 Data visualisation

To easily visualise the protein distribution, the average M/L and H/L log, of the
normalised ratios were plotted on a scatter graph, shown in Figure 3.13. On the x-axis,
proteins found to be enriched within the DMSO-treated fraction are shifted towards
the left whereas those enriched in nocodazole-treated fraction are shifted to the right
of the graph. On the y-axis, those found to be enriched in DMSO are shifted towards
the bottom whereas those enriched in Taxol-treated cells are shifted towards the top
of the graph. Most of the outlying proteins are distributed towards the left of the graph
as opposed to the right, showing that fewer proteins are specifically extracted
following nocodazole treatment. Furthermore, as these outlying proteins are not
largely located within either the top left or the bottom left quadrant, it suggests there
is no strong correlation observed between the nocodazole and taxol treatments.

These drugs act independently from each other on a protein-protein bases.
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Figure 3.13 - Proteome distribution of U20S cells following microtubule
extraction protocol compared to nocodazole- or Taxol-treated cells

The logarithmic change (logz) of the proteome composition following microtubule
extraction in DMSO treated cells compared to nocodazole- and Taxol-treated cells.
The average normalised ratios from at least 2 repeats are shown in the graph.
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Figure 3.14 — Fold change of the proteome distribution of U20S cells following
microtubule extraction in 3 different conditions depicted against the sum of the

intensities.

The graph shows the average of at least 2 repeats for the DMSO-treated cells
against the nocodazole- (A) and Taxol- (B) treated cells. The logarithmic change
(logz) of the normalised ratios are plotted against the logarithmic sum (log1o) of the

intensities.
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Figure 3.15 — Volcano plot of the proteome composition of U20S cells following
microtubule extraction compared to the significance (p-value)

The log- fold change of the average ratio is plotted against the negative logarithm
(log10) of the p-value for the DMSO compared to the nocodazole. Proteins which
change significantly with a fold change greater than 2 are highlighted in orange,
those between 1.5 and 2-fold in blue, and those with a fold change less than 1.5
are shown in green.

An additional graph was also plotted to display the log; transformed average ratios
for each condition against the log+ transformed intensities to see the differences of
the enriched proteins compared to their protein abundance (Figure 3.14A/B). Points
shown on the outskirts of the graphs have been labelled. Note, TCEB3 shown to be
the most enriched protein in both taxol and nocodazole fractions (top right quadrant
in Figure 3.13, bottom right in Figure 3.14), did not show consistent results across the
2 repeats it was identified in, with normalised ratios of 5.8 and 1.1 for M/L and 5.5 and
0.74 for H/L. This protein will therefore not be commented on in any further sections.
To analyse the consistency of the ratios obtained across the 3 repeats for
Nocodazole/DMSO, a t-test difference value was generated followed by a p-value of
the t-test difference. This statistical test was performed using Perseus and the log:

fold change for each protein are plotted against the negative logarithm log1o of the p-

132



values, shown in Figure 3.15. Those indicated in colour represent proteins which are
considered statistically significant to a p-value threshold of 5%, with the green ones
showing significant proteins with a fold change between 0.5849 (log.1.5) and -0.5849
(log20.666), blue ones representing a fold change above 0.5849 and orange ones
representing a fold change above 1 (log22). Those with a 2-fold change in orange are
all tubulin proteins except for 1 other and include 10 of the total 12 tubulin isoforms

identified in the dataset.

3.5.5 Initial analysis of outlying proteins

As anticipated, the proteins shown to be most sensitive to nocodazole (those located
to the left of the scatter plot shown in Figure 3.13), and are therefore enriched within
the control fraction, are the tubulin proteins identified (Figure 3.16, labelled in blue).
Of the 12 isoforms that were identified, all except TUBBS8 are also enriched following
taxol treatment. Clustered amongst the tubulin proteins is the structural microtubule
associated protein, MAP4, which is known to localise along microtubule lattices, as
confirmed in Figure 3.8. DPYSL2 (dihydropyrimidinase-related protein 2), also known
as CRMP-2 (collapsin response mediator protein 2), which functions in promoting
tubulin assembly by transporting tubulin heterodimers to the growing plus ends
(Fukata et al., 2002), also clusters here. Other known microtubule binding proteins
also displaying nocodazole sensitivity by at least 2-fold include EML4 CAMSAP2,
MAP7D1, DPYSL3 and MAPRE3. EML4 (echinoderm microtubule associated protein)
is known to stabilise microtubules (Houtman et al., 2007), and has been implicated in
non-small cell lung cancer when expressed as a fusion protein with ALK (anaplastic
lymphoma kinase) (Sasaki et al., 2010). MAP7D1 has functional roles in microtubule
stabilisation (Kikuchi et al., 2022) and kinesin-1 dependent transport of mitochondria
(Hooikaas et al., 2019). CAMSAP2 (calmodulin-regulated spectrin-associated protein
2) is sensitive to nocodazole only and specifically localises to minus-ends of non-
centrosomal microtubules. It is important for maintaining the neuronal microtubule
network and dendrite development (Yau et al., 2014). DPYSLS, also known as CRMP-
4, regulates both the microtubule and actin cytoskeleton within the growth cone
(Khazaei et al., 2014). Finally, MAPRE3 (microtubule associated protein RP/EB family
member 3), more commonly known as end-binding protein 3 (EB3) is part of the core
plus-tip tracking complex which associates with the growing ends of microtubules as
they polymerise (Galjart, 2010). Furthermore, EB3 has been shown to regulate
microtubule minus-ends decorated with CAMSAP2 proteins, causing detachment of
Golgi-tethered microtubules (Yang et al., 2017). DPYSL3 and EB3 are also taxol
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sensitive, with EB3 being the most taxol-sensitive protein in the whole dataset,
indicating they lose their microtubule localisation when either drug is present. From
this analysis of the most nocodazole sensitive proteins, | can confirm that tubulin and

microtubule binding proteins are specifically extracted with this protocol.

Log 2 Average Ratio Taxol/DMSO normalized vs. Log 2 Average Ratio Nocodazole/DMSO normalised
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Figure 3.16 — Tubulin and microtubule binding proteins are enriched >2-fold

The logarithmic change (log2) of the proteome composition following microtubule
extraction in DMSO treated cells compared to nocodazole- and Taxol-treated cells.
The average normalised ratios from at least 2 repeats are shown in the graph.
Tubulin proteins are labelled in blue, known microtubule binding proteins are
labelled in red.
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3.5.6 Data sorting and selection

To select candidates for further analysis as novel microtubule binding proteins, a cut
off threshold for hits of interest had to first be established. For this next section | will
therefore focus on the proteins enriched in DMSO compared to nocodazole, located
towards the left of the scatter plot in Figure 3.13. Ideally, a threshold level of at least a
two-fold change, where the log, value is less than -1 (log20.5) would be used.
However, this would only result in a shortlist of 21 proteins in total, of which 12 are
tubulin proteins (blue), and 7 are already known microtubule binding proteins (red).
This would therefore leave only 2 proteins, Syndecan-4 (SDC4) and Galectin-related
protein (LGALSL) as possible hits for further analysis (black). This is illustrated in
Figure 3.16.

An alternative method for determining the cut-off for the shortlist was therefore
utilised. The Database for Annotation, Visualisation and Integrated Discovery
(DAVID) Bioinformatics Resources is an online resource which provides functional
annotation tools for investigating the biological meaning behind large gene lists
(Huang et al., 2009; Sherman et al., 2022). | used the functional annotation clustering
tool to look for the enrichment score for microtubule or microtubule-binding proteins
between a selection of the top changing proteins. Default settings were used which
include the classification strategy as medium, a similarity term overlap of 3, a similarity
threshold of 0.5 and an enrichment threshold of 1.0. The first 10 (proteins 1 to 10)
were selected and their enrichment score was recorded. The selection then shifted
down by 1 so this next 10 were analysed (proteins 2 to 11) and the score recorded.
This selection process continued down the list of proteins in order starting with the
lowest normalised ratio for nocodazole/DMSO until an enrichment score for either
microtubule, microtubule cytoskeleton or microtubule binding category was not
provided for 10 consecutive sets of 10. Once this was reached, the cut-off for the
shortlisted proteins was made, leading to a nocodazole-specific microtubule proteome
of 64 proteins. A heat map displaying enrichment scores is shown in Figure 3.17A.
The overall enrichment score for all 64 proteins is 13.09, the highest category for
enrichment shown, suggesting this protocol specifically enriches for microtubules and
their binding proteins. Figure 3.17B shows the distribution of these proteins on the

scatter plot displaying Log, Nocodazole/DMSO vs Taxol/DMSO.
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A. Heat map showing the enrichment scores for microtubule related proteins. The
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proteins is shown. Proteins enriched in DMSO compared to nocodazole as defined
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(black). Magnified view of indicated region shown.
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Manual examination of these proteins was performed using uniprot, and the proteins
were sorted into 3 categories: 1) tubulin proteins, 2) known microtubule binding
proteins and 3) potential candidates for microtubule binding. These categories are
illustrated in Figure 3.17B with tubulin proteins, known microtubule binding proteins
and candidate proteins labelled in blue, red and black respectively. 21 proteins
previously known to associate with microtubules, representing 33% of the proteome
identified here, and 40% if tubulin proteins are excluded. This is quite a high proportion
of this proteome, further confirming specific extraction. The remaining 31 proteins also

identified are therefore thought of as novel candidate microtubule binding proteins.

As mentioned in section 3.5.3, proteins identified in at least 2 repeats were taken
forward for analysis. Therefore, to confirm that consistency was seen across the
repeats where values were included from, a heat map was produced to show the
individual log2 Nocodazole/DMSO normalised ratios of the 52 proteins identified as
either known or novel microtubule binding proteins. Figure 3.18 confirms that 22 of
these 52 proteins are only observed in 2 repeats, with blank ratios shown in grey.
Despite this, all are shown to have a negative logz value in all repeats they are present

in with the exception of GHITM in repeat 2 which displayed a logz value of 0.033.
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Figure 3.18 — Heat map of hits identified across the 3 repeats

Heat map showing the Log2 Nocodazole/DMSO normalised ratios of the proteins
shown to be enriched in the DMSO fraction. Tubulin proteins have been excluded and
only known microtubule binding proteins and potential novel binding proteins are
shown. Grey boxes represent where a ratio was not provided within that repeat.
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Figure 3.19 — Comparison with other microtubule proteomes

Schematic diagram showing the 64 proteins of interest in the proteome and their
appearance in previously determined proteomes. Column 1: (Rosas-Salvans et al.,
2018), Column 2: (Rao et al., 2016), Column 3: (Gache et al., 2010), Column 4:
(Bonner et al., 2011).

3.5.7 Comparison with other microtubule proteomes

A series of other microtubules proteomes have been previously identified. | selected
4 of these to compare with the top 64 proteins that were identified as being enriched
for in a nocodazole-sensitive manner (Figure 3.19). Rosas Salvans et al looked at
proteins involved in self-organisation of microtubules in M phase of Xenopus egg

extracts, and had 24 proteins in common (Rosas-Salvans et al., 2018). Rao et al
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performed quantitative proteomic analysis, using dimethyl stable isotopes, to
determine the clathrin dependent spindle proteome, identifying 38 of these proteins
(Rao et al.,, 2016). The third study identified the meiotic microtubule-associated
interactome within Xenopus eggs, of which only 7 proteins were also identified in my
enriched proteome. Finally, | compared my 64 hits with those identified in a mitotic
spindle proteome in Chinese hamster ovary cells, only finding 11 proteins in common
(Bonner et al., 2011). It is interesting to note that some known microtubule binding
proteins identified within my dataset were not observed in some of these other
proteomes. For example, MAPRE3 (EB3) and MAP1A were not identified in any,
whilst EML4 and MAP2 were only identified in Rao et al. These results confirm that
my proteomic approach can identify similar proteins identified in other microtubule

proteomes, whilst also identifying additional novel candidates.

3.5.8 Network visualisation

To see whether any identified hits were already known to be associated with each
other, BioGRID 4.4.202 (The Biological General Repository for Interaction Datasets)
was downloaded and utilised. This is a public dataset which includes protein
interaction data from humans and other model organisms which have been confirmed
using experimental techniques such as yeast-two hybrid, co-purification, FRET and
Affinity Capture-MS. The BioGRID database was therefore filtered to show only
interactions occurring within the 64 proteins of interest in the proteome, illustrated in
Figure 3.17. This information was combined with their Log>. Nocodazole/DMSO
normalised ratios (shown by the colour of the nodes) as an indicator of whether proteins
known to interact with each other were more likely to be enriched in a similar manner. As
expected, all tubulin proteins interact with each other, as represented by the lines linking
them all together. Known microtubule binding proteins such as MAP2, DPYSL2 and
DPYSL3 are also shown to interact with the tubulin proteins identified. There is also a
cluster of proteins shown towards the bottom left of the network which have been seen to
associate with the centrosomal protein CEP170. All of these proteins, except RABL3 has
been previously shown to localise to microtubules. RABL3 is involved in ciliogenesis but
direct binding with microtubules has not been shown (Kobayashi et al., 2022). This result
may therefore provide more evidence which supports RABL3 being a novel microtubule
binding protein. There are however some known interactions which do not appear within
the BioGRID dataset such as the interaction between MAPRE3 and tubulin proteins, and
also MAP4 and tubulin. There may therefore be additional interactions which may facilitate

with the selection of identified hits for further characterisation which are missing here.
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Figure 3.20 — Cytoscape network showing interactions between hits identified in the
proteome

Proteins enriched in the DMSO fraction compared to the nocodazole fraction were
extracted from BioGRID 4.4.202 and any confirmed interactions were mapped
using cytoscape. Nodes are coloured depending on their Log> Nocodazole/DMSO
normalised ratios as indicated in the scale bar.

3.5.9 Selection of hits for further characterisation

Of the proteins identified as being enriched in DMSO compared to nocodazole using
DAVID bioinformatics analysis (shown in Figure 3.17), TRIM3, LGALSL, RMDN3 and
SAMMS50 were identified as proteins of interest. The logo intensities of the unique
peptides identified for these proteins are shown in Figure 3.21 alongside TUBA1A and
EML4 for comparison. As expected, all TUBA1A and EML4 peptides displayed
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greater intensities in DMSO and taxol compared to nocodazole. Similar results are
observed for LGALSL which coincides with the ratio values observed in Figure 3.17B.
TRIM3 showed that all peptides are de-enriched in nocodazole compared to DMSO,
confirming specific extraction alongside microtubules, however the taxol intensities
were somewhat variable. Finally, all peptide intensities for RMDN3 and SAMMS50
coincides with the ratio values shown in Figure 3.17B, confirming their de-enrichment

in both nocodazole and taxol.

TRIMS3 (tripartite motif-containing protein 3) was of interest to me as this is a ubiquitin
E3 ligase protein and my host laboratory has a strong focus on the ubiquitin system.
TRIM proteins are a large family of E3 ligases, with more than 70 members in humans
(Williams et al., 2019). 9 individuals have previously been shown to bind to
microtubules (Williams et al., 2019; Short and Cox, 2006). Furthermore, TRIM3 has
previously been shown to associate with and regulate the kinesin motor protein
KIF21B (Labonté et al., 2013), so it is possible that it also has a direct association with
microtubules. 8 peptides were identified for TRIM3 across 2 repeats. Further

characterisation of TRIM3 will be explored in section 4.4.

LGALSL (Lectin Galactoside-Binding-Like Protein) also stood out as a possible
protein of interest due to it being the biggest outlier of these 32 candidate proteins in
the DMSO compared to Nocodazole fraction (M/L). Furthermore, it was consistently
extracted across all 3 repeats, with a significant change of greater than 2-fold (Figure
3.15). It also displays sensitivity to Taxol treatment, indicating stronger association to
microtubules following Taxol treatment. It was identified in all 3 repeats from 11
peptides and displayed ratio values of 0.322, 0.213 and 0.3. LGALSL, also known as
galectin-related protein (GRP), is related to the galectin family of proteins which are
known to bind carbohydrates (Johannes et al., 2018). LGALSL is highly conserved
across vertebrates, and although it does contain a carbohydrate recognition domain
atits C-terminus, its sequence is altered at 5 of the 7 resides required for carbohydrate
binding. Carbohydrate binding is therefore not facilitated, indicating an alternative role
for this protein which differs from other galectins (Zhou et al., 2008; Walti et al., 2008).
Additionally, LGALSL has been identified as a candidate gene for ALS (Amyotrophic
lateral sclerosis) (Gelfman et al., 2019). This protein will be discussed more in section
4.2
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Figure 3.21 — Intensities of unique peptide of selected proteins in each condition

Log1o of intensity values across the DMSO (light), nocodazole (medium) and taxol
(heavy) conditions for each unique peptide identified for the indicated proteins.

Finally, RMDN3 (Regulator of Microtubule Dynamics protein 3) was also identified as
a potential protein of interest, with 6 peptides being identified. RMDN3, also known
as PTPIP51, localises to the outer mitochondrial membrane (OMM) via its
transmembrane domain and is involved in phospholipid transfer at ER-associated
membranes (Yeo et al., 2021; Stoica et al., 2014). It has been shown to associate
with oxysterol-binding protein (OSBP)-related proteins ORP5 and ORP8 at these
locations (Galmes et al., 2016). It's family member RMDN1 associates with
microtubules in C. elegans embryos, and possible localisation of human HA-RMDN3
to microtubules and the mitotic spindle in Hela cells is also suggested (Oishi et al.,
2007). Despite this, no further evidence connecting RMDN3 and microtubules has

been obtained. This protein will therefore be further characterised in section 4.3.

This data set may also allow us to infer possible interactions between proteins.
SAMMS50 (sorting and assembly machinery component 50 homolog), identified from
17 unique peptides, co-segregates with RMDNS3 across both dimensions. This protein
is also located in the OMM (Ott et al., 2012) and also associates with ORP5/ORP8 at
the ER-associated membranes (Monteiro-Cardoso et al., 2022). This co-segregation
and the sharing of interacting partners with RMDN3 also highlights SAMM50 as a

protein of interest. Additionally, both proteins are 2 of the top 3 most Taxol-sensitive
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hits within the data set: they lose their microtubule binding ability in the presence of

taxol. | was therefore interested in the distribution of other mitochondrial proteins

within the data set, as it is well known that mitochondria are transported along

microtubule tracks (Melkov and Abdu, 2018). To do this, a scatter graph was plotted

highlighting all mitochondrial proteins within the data set. Their distribution is

illustrated in purple (Figure 3.22). Highlighted proteins were identified using the

Human MitoCarta 3.0 and those lying outside the main cloud are labelled.
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Figure 3.22 — Mitochondrial proteins identified in the mass spectrometry dataset

The logarithmic change (log2) of the proteome composition following microtubule
extraction in DMSO treated cells compared to nocodazole- and Taxol-treated cells.
The average normalised ratios from at least 2 repeats are shown in the graph.
Mitochondrial proteins are highlighted in purple. Mitochondrial proteins were
identified using Human MitoCarta 3.0.

These highlighted proteins were identified using the Human MitoCarta 3.0 and

includes 14 localising within the intermembrane space, 175 within the mitochondrial
matrix, 39 at the OMM and 123 at the mitochondrial inner membrane (MIM). The
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specific mitochondrial localisation for the final 15 proteins remains unknown. The
majority of mitochondrial proteins are present within the main proteomic cloud. The
labelled outliers include both NDUFB3 and NDUFB4 which are located within the MIM,
SUPV3L1, C8orf82 and GRPEL1 which reside in the mitochondrial matrix and
BCL2L1 which is at the OMM. This distribution suggests that co-extraction of RMDN3
and SAMMS50 in a nocodazole- and taxol-sensitive manner is specific to these proteins
rather than to mitochondria as a whole, further indicating these proteins may be

specifically involved in microtubule binding.

3.5.10 Taxol enriched proteins

Taxol causes microtubule stabilisation, inducing a conformational change in the
microtubule lattice (Arnal and Wade, 1995). Microtubule modifications such as
acetylation and detyrosination, which accumulate on stable microtubules, have also
been seen to accumulate on artificially stabilised microtubules following taxol
treatment (Verhey and Gaertig, 2007). As microtubule modifications are thought to
influence associations with binding proteins, the taxol condition may therefore identify
novel candidates which specifically bind to or dissociate from modified microtubules.
Interestingly, most known microtubule binding proteins identified did not display much
sensitivity to taxol treatment, with their log. values ranging between 0.39 and -0.43,
with the exception of MAP4 and DPYSL2 which were enriched, and DPYSL3 and EB3
which were de-enriched. The top 20 proteins that were enriched and de-enriched are
highlighted in Figure 3.23.

Those seen to be enriched in taxol-treated cells included LGALSL as mentioned in
section 3.5.9. Other proteins include: PCNT (pericentrin) which plays a major role in
centrosome biogenesis and promoting astral microtubule formation for spindle
orientation in conjunction with CDK5RAP2 (Luo and Pelletier, 2014); SEC31A, a
component of the Coat Protein Complex (COPII) which localises to vesicular
structures (Tang et al., 2000) and is regulated by MAP1B expression levels (Takahara
et al., 2018); RTN4 (Reticulon-4/Nogo-B) which links the microtubule and actin
cytoskeletons in vascular smooth muscle cells and influences their dynamics
(Rodriguez-Feo et al., 2016); and AP3D1, which is part of the adaptor protein-3
complex which is required for microtubule-dependent transport of Iytic granules in

synapses (Clark et al., 2003).
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Those which were de-enriched following taxol treatment include RMDN3 and
SAMMS50 (3.5.9). Proteins also extracted in a similar manner include: the
chromosome cohesion factor MAU2 require for cohesin loading to chromatin (Watrin
et al.,, 2006) which in turn facilitates proper kinetochore-microtubule attachments
during mitosis (Makrantoni and Marston, 2018); SHC1, an adaptor protein involved in
the Raf-1/MAPK cascade (Ravichandran, 2001); and ACIN1, known as Acinus, which
is a caspase-3 activated protein required for condensation of chromatin during
apoptosis (Sahara et al., 1999), and is a substrate of kinases aurora A and aurora B
(Hochegger et al., 2013).
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Figure 3.23 — Proteins enriched and depleted following taxol treatment

The logarithmic change (logz) of the proteome composition following microtubule
extraction in DMSO treated cells compared to nocodazole- and Taxol-treated cells.
The average normalised ratios from at least 2 repeats are shown in the graph.
Proteins enriched (top) and depleted (bottom) in taxol compared to DMSO are labelled
in red.
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3.5.11 Dynein and dynactin are enriched in nocodazole-treated fractions

Dynein is the major microtubule motor which transports cargo in a retrograde fashion
(from the plus-end to the minus-end) (H66k and Vallee, 2006). Dynactin is an
accessory protein required to facilitate this transport and scaffold dynein to its cargo
(McKenney et al., 2014). These proteins displayed an unexpected behaviour as all
were found to be enriched in the nocodazole fraction. The graph in Figure 3.24 shows
the nocodazole-enriched outliers with those known to associate with microtubules
labelled in green. These proteins include; dynactin subunits DCTN1, DCTN2, DCTN5
and DCTNS3; cytoplasmic dynein subunits DYNC1LI1, DYNC1H, DYNLT1, DYNC1I2,
DYNLRB1/DYNLRB2 and DYNLT3; BICD2 which links cargo to dynein motors;
PAFAH1B1 (LIS1) which is required for dynein mediated transport (Splinter et al.,
2012); and ACTR10 (Arp11) and ACTR1A (Arp1) which are both subunits of the

dynactin and are involved in cargo-binding (Schroer, 2004).

To confirm this unexpected result, the log1 intensities of the unique peptides identified
for DYNC1LI1 across each condition is shown in Figure 3.25A. The same pattern is
observed for each peptide, with an enrichment observed following nocodazole
treatment compared with both control and taxol cells. | therefore wanted to confirm
this result by analysing the levels of DYNC1LI1 within each fraction. Figure 3.25B
confirms that dynein proteins are indeed enriched following nocodazole treatment. A
prior study of dynein has shown that nocodazole induces accumulation of dynein to
the nuclear envelope (Gerlitz et al., 2013). This observation was therefore
investigated by observing the localisation of DYNC1LI1 during the microtubule
extraction protocol. Figure 3.25C confirms a relocalisation of dynein to the nuclear
envelope following both nocodazole and taxol treatment, causing a ring to form
around it, as indicated with the arrows. Furthermore, nuclear staining is stronger within

both these conditions following LMS addition, explaining this unexpected result.
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Figure 3.24 — Dynein and dynactin proteins are enriched in nocodazole-treated cells

The logarithmic change (log2) of the proteome composition following microtubule
extraction in DMSO treated cells compared to nocodazole- and Taxol-treated cells.
The average normalised ratios from at least 2 repeats are shown in the graph.
Proteins enriched in nocodazole compared to DMSO are labelled with dynein, dynactin
or their adaptor proteins highlighted in green.
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Figure 3.25 — Confirmation of dynein enrichment following nocodazole
treatment

A. Log1o of intensity values across the DMSO (light), nocodazole (medium) and
taxol (heavy) conditions for each unique peptide for DYNC1LI1. B/C U20S cells
were treated with 6 yM Nocodazole for 1 hour or Taxol for 30 minutes alongside a
DMSO control. B: Lysis and microtubule stabilisation buffer (LMS) was then added
(5 minutes, 4°C) to remove cytosolic proteins (cytosol). Microtubules were then
collected using 8M urea (MT). Western blot analysis of a-tubulin, GAPDH and
EML4. Sample proportions are as indicated. C: LMS buffer was either added or not
(5 minutes, 4°C) before cells were fixed in ice cold methanol and stained for dynein

(DYNC1LI1, green) a-tubulin (red) and DNA (DAPI, blue).
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3.6 Discussion

In the work described in this chapter, | have successfully established and optimised a
new methodology to specifically extract microtubule binding proteins directly from
cells. U20S cells were either treated with nocodazole, taxol or DMSO as a control in
a SILAC configuration. They were then incubated with a lysis and microtubule
stabilisation buffer which allows for the maintenance of intact microtubules and their
binding proteins, whilst removing cytosolic proteins. Remaining microtubule fractions
were then collected and analysed by LC-MS/MS. The independent repeats were
performed that were analysed via MaxQuant. This analysis has allowed for the
generation of quantitative microtubule proteome in an unbiased fashion. 64 of these
identified proteins are specifically enriched for in a nocodazole-sensitive manner, of
which 31 are novel candidate microtubule binding proteins, and some of these will be

further explored in Chapter 4.

Of these 64 proteins found to be enriched, 21 are known microtubule binding proteins,
thereby serving as a control for successful enrichment. It was expected that structural
MAPs such as MAP4 (lida et al., 2002) and EML4 (Houtman et al., 2007), which are
known to bind along the whole microtubule lattice, would be specifically enriched for
in this study. Other types of microtubule binding proteins were also identified including
plus-tip binding proteins, minus-end binding proteins and kinesin motor proteins. EB3
(MAPRES3) is a plus-tip binding protein which tracks the growing end of microtubules
as they polymerise (Galjart, 2010). CDK5RAP2 (CDKS5 regulatory subunit-associated
protein 2) is another plus tip identified which interacts with EB1 via its SxIP sequence
motif (Fong et al., 2017). It has also been shown to associate with the y-tubulin ring
complex (yTuRC) and functions to regulate yTURC-mediated microtubule nucleation
(Choi et al., 2010). Minus-end localising proteins such as CAMSAP2 (Yau et al., 2014)
and TPX2 (Targeting Protein for XkIp2) (Alfaro-Aco and Petry, 2017) are also
extracted in a nocodazole-sensitive manner. Finally, kinesin motor proteins including
KIF2C, also known as mitotic centromere-associated kinesin (MCAK), and KIF11
(Eg5). This methodology can therefore be used to extract a wide range of different

microtubule binding proteins.

There are however known microtubule binding proteins which are absent within this
proteome. EB2 was not present within the dataset, and EB1, although identified, was
not greatly enriched for, only achieving a log. value of -0.27. This may be explained

by EB3 having the highest affinity and binding site density at the plus tip of all three
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EB proteins (Roth et al., 2019). Cytoplasmic linker proteins (CLIP) CLIP170 and
CLIP115 are examples of other known plus tips which are absent from the dataset.
CLIP170 binds to both EB1 and EB3 at the plus tips where they regulate its
dissociation from growing microtubule ends (Komarova et al., 2005). Whereas EB1
can autonomously associate with microtubule plus ends, CLIP170 requires EB1 for
its tracking ability (Bieling et al., 2008) and transiently interacts with the plus tips
(Komarova et al., 2005). This transient association may explain the absence of this
protein. It should therefore be expected that some novel microtubule binding proteins

will be missed using this protocol.

Of these 21 known microtubule binding proteins identified, many function within
mitosis. The kinesin MCAK (KIF2C) is a microtubule depolymerase that regulates the
attachment of microtubules to kinetochores (Ferreira et al., 2020). It functions in
combination with EB3 at plus-ends to generate highly dynamic microtubules
(Montenegro Gouveia et al., 2010). Other mitotic proteins include KIF11 (Eg5) which
is crucial for microtubule sliding, the formation of bipolar spindles and regulation of
spindle length (Kapitein et al., 2005), TPX2 which stimulates nucleation of spindle
microtubules (Alfaro-Aco and Petry, 2017) and MISP (mitotic interactor and substrate
of PLK1) which is an actin cytoskeleton and focal adhesion associated protein which
interacts with EB1 and the dynein/dynactin complex to link with microtubules and
regulate spindle positioning (Maier et al., 2013). Additionally, SPAGS5, also known as
astrin, and KNSTRN (kinastrin) are targeted to plus ends to regulate kinetochore-
microtubule attachments and facilitate chromosome segregation (Dunsch et al., 2011;
Thein et al., 2007). Nocodazole treatment induces an enrichment of mitotic proteins
due to low levels causing cells to arrest in prometaphase: microtubules are
depolymerised, the spindle cannot form, and mitosis cannot progress. Despite there
being an expected increase in mitotic cells following nocodazole treatment, the
extraction protocol will remove these proteins from this fraction whilst retaining them
within the control fraction. Differential analysis will therefore show increased mitotic
proteins in the control compared to nocodazole, making them identifiable outliers.
Additionally, many mitotic proteins display low levels during interphase and elevated
levels during M phase which may further increase the ratios obtained. Both MCAK
(Ganguly et al., 2008) and TPX2 (Neumayer et al., 2014) have been shown to respond
in this manner, further indicating why multiple mitotic proteins have been extracted.
This marked increase in the detection of mitotic proteins suggests that this protocol
could be utilised to investigate spindle binding proteins by combining this with cell

synchronisation protocols to enrich for mitotic cells.
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Taxol is known to induce microtubule stabilisation by inducing polymerisation and
preventing depolymerisation (Horwitz, 1994). These stable microtubules are able to
accumulate multiple tubulin PTMs such as acetylation and detyrosination of the a-
tubulin subunit (Verhey and Gaertig, 2007). Both stability and the presence of
modifications have been implicated in regulating the interactions between
microtubules and associated proteins (Janke and Magiera, 2020). RTN4 was shown
to be enriched following Taxol treatment, but despite being previously linked with
microtubules, it did not display sensitivity to nocodazole. Furthermore, a connection
with microtubule acetylation has also been highlighted with this protein: a reduction in
HDACSG, the major tubulin de-acetylase (Hubbert et al., 2002), combined with an
increase in acetylation is observed when RTN4 is depleted (Rodriguez-Feo et al.,
2016). Since acetylation and RTN4 are both increased following taxol treatment, this
suggests there is a possible inverse relationship occurring between microtubule
dynamics and stability and the expression and/or association of RTN4 and
microtubules. Additionally, the adaptor protein SHC1 is reduced here in response to
taxol treatment. Previous research has shown that taxol increases tyrosine
phosphorylation of SHC1 causing the SHC1-Grb2 complex to form and activate the
MAP kinase pathway (Wolfson et al., 1997). Furthermore, additional effects which are
distinct from microtubule stability, such as altering cytokine synthesis, have been
observed (White et al., 1998). As the majority of these proteins do not display
differential extraction with nocodazole as well, it can therefore be hypothesised that
some proteins which display taxol-sensitivity do so via a distinct pathway unconnected

to microtubule stability.

Dynein is a very large multi-protein subunit, made up from a pair of heavy chains and
multiple accessory proteins termed intermediate, light intermediate and light chains
(Vallee et al., 2004). This motor protein interacts with multiple adaptor proteins, such
as the dynactin complex, which are required to regulate its activation and localisation
(Kardon and Vale, 2009). A number of these proteins including dynein heavy and light
chains, dynactin subunits and BICD2 (Bicaudal D2) were enriched within the
nocodazole-treated fraction. This was intriguing as they are well characterised
microtubule binding proteins. Previous studies have shown that dynein and its
interactors are relocated to the nuclear envelope following nocodazole treatment
(Gerlitz et al., 2013; Raaijmakers et al., 2013) and was confirmed by my data shown
in Figure 3.25. Under physiological conditions, dynein is recruited to the nuclear
envelope in G2/prophase in a BICD2 dependent manner (Raaijmakers et al., 2013;

Splinter et al., 2010). Furthermore, during the transition from interphase into mitosis,
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microtubules undergo a large amount of reorganisation (Petry, 2016). Interphase
microtubules first undergo partial disassembly at the periphery during prophase. Then
when nuclear envelope breakdown occurs, a process which requires cytoplasmic
dynein (Salina et al., 2002), a rapid disassembly in tubulin polymers is seen (Petry,
2016). It is therefore possible that nocodazole-treatment mimics the early stages of
mitosis by inducing the loss of microtubule structures and hence the recruitment of
dynein and its adaptors proteins to the nuclear envelope, explaining this observed
phenotype.

This work presents the first attempt to determine a microtubule proteome directly from
cells in interphase in a quantitative manner. This may then go on to open up new
biology following further confirmation and characterisation of these candidate novel

microtubule binding proteins.
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Chapter 4 — Characterisation of novel microtubule

binding proteins

4.1 Introduction

In the previous chapter | described the successful optimisation of a protocol using a
new methodology to extract and identify potential novel microtubule binding proteins.
In this chapter, | describe my further investigations of these candidates to firstly
confirm their microtubule binding ability, and secondly identify any phenotypic effects
observed on the microtubule network from manipulating these proteins. Microtubule
binding proteins play a crucial role in regulating the differential functions of the
cytoskeleton. As the microtubule network is widespread throughout the cell, it can be
speculated that there is a large and ever-growing list of proteins known to associate
and interact with them to some degree. As it is the binding proteins which regulate the
dynamics and functions of microtubules, identifying and characterising them will help

us to better understand the microtubule network.

Proteins were selected for further characterisation based on available tools and
reagents, as well as those which fit best with the current interests of my host
laboratory. These included LGALSL, RMDN3 and TRIM3. LGALSL was selected as
this was the greatest outlier of novel candidates within the proteome and was
identified to a similar degree in all 3 repeats. RMDN3 was selected for further analysis
as it's gene abbreviation stands for ‘regulator of microtubule dynamics 3’, however a
limited connection to microtubules has been observed, with RMDN3 localising to the
outer mitochondrial membrane (OMM). Furthermore, the fact that it was extracted in
a similar manner to SAMMS50 was interesting to me: both are sensitive to nocodazole
and taxol by a comparable degree. These are both OMM proteins and share common
binding partners including oxysterol-binding protein (OSBP)-related proteins ORP5
and ORP8 (Galmes et al., 2016; Monteiro-Cardoso et al., 2022). Finally, TRIM3 was
selected as this is an E3-ligase enzyme and my host laboratory has an interest within
the ubiquitin system. Furthermore, a selection of other TRIM proteins have been
previously shown to associate with microtubules, making TRIM3 a prime candidate

as a novel binding protein.
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4.2 LGALSL

From the proteomic results displayed in section 3.5.4, LGALSL was enriched in the
control microtubule fraction compared to nocodazole. It was the most significant hit
identified which is not already annotated as a microtubule binding protein.
Furthermore, it is also taxol sensitive, with more LGALSL being extracted following
treatment of taxol compared to the control. As this was the most significant and
consistent novel microtubule binding protein identified, further characterisation of it

was performed in this chapter.

4.2.1 Structure and function of LGALSL
LGALSL, also known as Galectin Related Protein (GRP) and HSPC159, is a member

of the galectin family of proteins which are known to bind carbohydrates on
glycoproteins (Johannes et al., 2018). LGALSL is highly conserved across
vertebrates. It is a relatively small protein consisting of only 172 amino acids and with
a molecular weight of ~ 19kDa. It contains a carbohydrate recognition domain (CRD)
at its C-terminus which is found within galectin family proteins (Figure 4.1A and B),
however its sequence is altered at 5 of the 7 residues required for carbohydrate
binding. Therefore, unlike all other galectin proteins, LGALSL is thought to not
facilitate carbohydrate binding, indicating there may be an alternative role for this
protein (Zhou et al., 2008; Walti et al., 2008). This predicted alternative function
however has not been identified, and no connection of LGALSL/GRP and

microtubules is apparent within the literature.
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Figure 4.1 — LGALSL domain map and structure

A. Schematic diagram of domains in LGALSL. B. AlphaFold structure of LGALSL.:
AF-Q3ZCW2-F1. AlphaFold2 DB version 2022-11-01.
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4.2.2 Cloning and generation of GFP tagged LGALSL

In order to easily visualise the localisation of LGALSL, | generated a GFP-tagged
version, illustrated in Figure 4.1A. The GFP was inserted at the N-terminus of LGALSL
based on the predicted protein structure from alpha fold (Figure 4.1B), to not interfere
with the CRD. The cloning process for generating this construct is detailed within

section 2.3.2.

4.2.3 LGALSL displays microtubule localisation

Having generated the GFP-tagged version, transfection into U20S cells revealed that
LGALSL localisation is largely cytosolic, however some filamentous structures, which
may reflect microtubules, can be seen (Figure 4.2A). In order to verify this, |
transfected GFP-LGALSL into Hela cells which stably express cherry tubulin to
visualise colocalisation with the microtubule network (Figure 4.2B). These results

suggests that overexpressed GFP-LGALSL can interact with microtubules.

A GFP-LGALSL

GFP-LGALSL cherry-tubulin

Figure 4.2 — LGALSL may localise to microtubules

A. U20S cells and B. HeLa cherry-tubulin cells were transfected with 1 ug GFP-
LGALSL plasmid DNA. Images were acquired from live cells in ibidi dishes using a
3i spinning disc confocal microscope. Scale bars = 10 pm.
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Figure 4.3 — GFP-LGALSL shows clear colocalisation with microtubules

U20S cells were transfected with 1 ug DNA of GFP-LGALSL for 21 hours. Cells
were then treated with 6 yM Nocodazole (Noco, 1 hour) or 6 uM taxol (30 minutes)
alongside a DMSO control. Lysis and microtubule stabilisation buffer (LMS) was
then either added or not for 5 minutes at 4°C. Cells were then fixed with ice cold
methanol and stained for a-tubulin. Visualisation was performed with a 3i spinning
disk confocal microscope. Scale bar = 10 pm.

To see whether removal of the cytosol allowed for better visualisation of GFP-LGALSL
on microtubules, | performed the microtubule extraction protocol as detailed in section
2.4.9 on transfected cells and fixed and stained them for a-tubulin. Nocodazole and

taxol treated cells were also visualised alongside for comparison. Figure 4.3 shows
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that when either treatment is added, localisation to microtubules is difficult to detect.
However, when lysis and microtubule stabilisation (LMS) is added, clear microtubule
localisation is seen for both control and taxol treated cells but is lost in nocodazole
treated cells. Under these conditions, the morphology of the microtubule network is
altered, adopting a curlier structure, although the same is not observed under Taxol-
treated conditions. This confirms that LGALSL is a novel microtubule binding protein

successfully identified following differential microtubule extraction.

4.3 RMDN3
From the proteomic results displayed in section 3.5.4, RMDN3 (Regulator of

Microtubule Dynamics protein 3) was enriched in the microtubule fraction compared
to nocodazole. Furthermore, it is also taxol sensitive, with less RMDN3 being
extracted following treatment with taxol. It was the second most taxol sensitive protein
in the whole data set behind MAPRE3 (EB3), a microtubule end-binding protein. As
this was the most taxol sensitive novel candidate protein identified, further

characterisation was performed.
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Figure 4.4 - RMDN3 domain map and structure

A. Schematic diagram of domains in RMDN3. B. Alpha fold structure of RMDNG3.
AF-Q96TC7-F1, AlphaFold2 DB version 2022-11-01.

4.3.1 Structure and function of RMDN3
RMDN3, also known as PTPIP51 (protein tyrosine phosphatase-interacting protein

51) is a transmembrane protein which localises within the outer mitochondrial

membrane (OMM). It is made up of a transmembrane domain and a coiled-coil at its
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N-terminus, and a tetratricopeptide repeat (TPR) domain at its C-terminus (Stoica et
al., 2014). The transmembrane domain facilitates its insertion into the OMM, the
coiled-coil domain may mediate tetramerization and lipid binding activity, and the TPR
domain is required for protein-protein and lipid interactions (Yeo et al., 2021). This
structure is shown in Figure 4.4A and B. It is involved in phospholipid binding and
transfer, of phosphatidic acid in particular, at mitochondria-associated ER membranes
(Yeo et al., 2021). It has been shown to associate with VAPB (vesicle-associated
membrane-associated protein B) to regulate calcium homeostasis, as loss of either
protein reduces the uptake of calcium from released ER stores into the mitochondria
(De vos et al., 2012). An additional role for RMDNS in initiation of apoptosis has also
been shown. RMDM3 overexpression resulted in a decrease in the mitochondrial
membrane potential, release of cytochrome c, caspase-3 activation and PARP
cleavage, eventually leading to mitochondrial-dependent apoptosis (Lv et al., 2006).
This apoptotic initiation is most likely the result of an influx of Ca?" following
upregulated RMDNS (Yeo et al., 2021).

In C. elegans, 5 related proteins have been identified, with RMDN1, 2 and 3 being
conserved in humans. RMDN1 associates with microtubules in C. elegans embryos,
and one figure within this paper shows possible localisation of human HA-RMDN3
and HA-RMDN2 to microtubules and the mitotic spindle in Hela cells (Oishi et al.,
2007). These results seem contradictory to others within the literature which detail
mitochondrial localisation of RMDN3, and also the presence of the transmembrane
domain (De vos et al.,, 2012). RMDN3 was therefore further investigated in this

chapter to confirm these observations.

4.3.2 Alignment of RMDN3 and RMDN1
To identify the similarities between RMDN1 and RMDN3, | performed an alignment of

the human protein sequences (Figure 4.5). RMDN1 is lacking the first 129 amino acids
present in RMDN3, which includes the mitochondrial transmembrane domain and the
coiled-coil region. The greatest sequence similarity between the 2 proteins occurs
towards the end of the protein sequence. This is consistent with the structural data
showing that both RMDN1 and RMDNS3 have tetratricopeptide repeats towards the C-

terminus (Yeo et al., 2021).

RMDNT === == o o o o e e 0
RMDN3 MSRLGALGGARAGLGLLLGTAAGLGFLCLLYSQRWKRTQRHGRSQSLPNSLDYTQTSDPG 60
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RMDN3 RHVMLLRAVPGGAGDASVLPSLPREGQEKVLDRLDFVLTSLVALRREVEELRSSLRGLAG 120

RMDN1 —-===————- MALAAR--LWRLLPFRRGAAP--GSRLP--AGTSGSRGHCGPCRFRGFEVM 45
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Figure 4.5 — Alignment of human RMDN1 and RMDN3

4.3.3 RMDN3 localises to mitochondria

| first wanted to confirm the localisation of endogenous RMDN3. U20S cells were
either fixed with ice cold methanol and co-stained for a-tubulin (Figure 4.6A, top), or
fixed with paraformaldehyde (PFA) and co-stained for the mitochondrial marker
TOMM20 (translocase of outer mitochondrial membrane 20, Figure 4.6A, bottom).
Colocalisation was observed with TOMM20 but not with a-tubulin, confirming that
endogenous RMDNZ3 localises to the mitochondria as previously suggested (Stoica et
al., 2014). It should be noted that staining of RMDN3 differs slightly with different
fixation methods, with PFA providing better visualisation of mitochondrial
colocalisation, but MeOH allowing better tubulin staining. | next wanted to see whether
overexpressed RMDN3 replicates the same localisation pattern as the endogenous
protein. A construct expressing RMDN3 containing a HA tag at the C-terminus
(obtained from MRC PPU as detailed in 2.3.2) was transiently transfected into U20S
cells and fixed and stained for HA and either a-tubulin (MeOH fixation, Figure 4.6B
top) or TOMM20 (PFA fixation, Figure 4.6B bottom). As expected, RMDN3-HA
localises to the mitochondria as clear co-localisation with TOMM20. There are
however some instances which suggest mitochondrial-located RMDN3-HA may be

tracking along microtubules, as highlighted in the enlarged section.
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A a-tubulin RMDN3 Merge

DMSO

TOMM20 RMDN3 Merge

B a-Tubulin RMDN3-HA Merge

TOMM20 RMDN3-HA Merge

Figure 4.6 — RMDN3 colocalises with the mitochondrial network

A. Endogenous RMDN3. U20S cells were fixed with ice cold methanol and stained
for a-tubulin (red, top panel), or fixed with PFA and stained for TOMMZ20 (red,
bottom panel). Both sets were co-stained with RMDN3 (green) and DAPI (blue). B.
Overexpressed RMDN3-HA. U20S cells were transfected with 1 ug of RMDN3-HA
plasmid DNA for 21 hours. Cells were fixed with ice cold methanol and stained for
a-tubulin (red, top panel), or fixed with PFA and stained for TOMM20 (red, bottom
panel). Both sets were co-stained with HA (green) and DAPI (blue). Possible
tracking along microtubules is indicated with an arrow. Images were acquired using
a 3i spinning disc confocal microscope. Scale bars = 10 pm.
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4.3.4 Cloning and generation of GFP tagged RMDN3

In order to more easily visualise the localisation of RMDN3, | decided to generate a
GFP-tagged version. A GFP tagged version allows for easier visualisation as live-cell
imaging can be performed. The cloning process for generating this construct is
detailed within section 2.3.2. As the transmembrane domain for mitochondrial
insertion resides at the N-terminus of the protein, and the TPR domain for protein-
protein interactions is found at the C-terminus, the GFP-tag was incorporated at either
end of the protein so the impact of its presence could be analysed. Furthermore, an
additional construct containing a C-terminally tagged version of RMDN3 lacking the
transmembrane domain (by deleting amino acids 2-41) which targets RMDNS to the

OMM was also generated. These constructs are illustrated in Figure 4.7.

A

4 ™ H Coiled-coil }:( Tetratricopeptide repeat domain H GFP }: 1-470 (FL)

:{ Coiled-coil I:{ Tetratricopeptide repeat domain H GFP }:u 42 - 470 (ATM)

:{GFPH ™ H Coiled-coil }:‘ Tetratricopeptide repeat domain ):. 1-470

Figure 4.7 — Generated GFP-tagged RMDN3 constructs

A. Schematic representation of the full length (FL) and truncated RMDN3 (ATM)
constructs with a C-terminal GFP tag. B. Schematic representation of full length
RMDN3 with an N-terminal GFP tag.

4.3.5 C-terminally tagged RMDN3 localises to mitochondria via the
transmembrane domain

| first wanted to visualise the C-terminally tagged construct to confirm mitochondria
localisation. Additionally, | compared the full-length construct to a truncation lacking
the transmembrane domain (ATM) to visualise its localisation when mitochondrial
targeting was abolished. Figure 4.8A shows that RMDN3-GFP successfully localises
to the mitochondria as colocalisation with TOMMZ20 was observed (top panel). Upon
removing the transmembrane domain however, mitochondrial targeting is obliterated,
and the protein adopts a cytosolic localisation (bottom panel). For comparison, co-
staining of both constructs with a-tubulin was also performed (Figure 4.8B) and

confirms that neither the full-length of the ATM are able to localise to microtubules.
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A TOMM20 RMDN3-GFP Merge

Full length

B a-Tubulin RMDN3-GFP Merge

Full Igngth

C a-Tubulin RMDN3-GFP Merge

LMS
Full length

ATM

Figure 4.8 — Removal of the RMDN3 transmembrane domain prevents mitochondrial
localisation.

U20S cells were transfected with 1 yg of RMDN3-GFP plasmid DNA (full length or
the ATM truncation) for 21 hours. A. Cells were fixed with paraformaldehyde and
stained for TOMM20 (red) and DAPI (blue). B. Cells were fixed with ice cold
methanol and stained for a-tubulin (red) and DAPI (blue). C. Cells were treated with
lysis and microtubule stabilisation buffer (LMS) for 5 minutes at 4°C to wash away
the cytosolic proteins whilst retaining microtubules. Cells were then fixed with ice
cold methanol and stained for a-tubulin (red) and DAPI (blue). Visualisation was
performed with a 3i spinning disk confocal microscope. Scale bar = 10 pym.
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As LGALSL could be visualised on the microtubule network by removing the cytosolic
proteins (shown in Figure 4.3), | performed the microtubule extraction protocol on cells
transfected with the FL or ATM RMDMS3 in a similar manner before fixing and staining
for a-tubulin (Figure 4.8C). Despite reducing the levels of cytosolic proteins,
microtubule localisation was still not observed with either construct. As the TPR
domain resides at the C-terminal end of the protein, it is possible that the addition of
the GFP tag directly interferes with the RMDN3-microtubule interaction, or induces a

conformational change in the structure, preventing their association.

4.3.6 N-terminally tagged RMDN3 localises to microtubules

To further investigate RMDN3 as a novel microtubule binding protein, | confirmed the
localisation of the generated construct with the GFP-tag incorporated at the N-
terminus of the protein. As the transmembrane domain is predicted to occur between
the amino acid positions 20 to 42, the insertion of the GFP tag here may prevent
successful insertion into the OMM. The TPR domain is expected to be unaffected by
the addition of GFP at this end of the protein. Figure 4.9A illustrates that GFP-RMDN3
does not localise to the mitochondria but does in fact localise to what appears to be
the microtubule network. | further confirmed this by visualising its localisation within
Hela cells which stably express cherry-tubulin (Figure 4.9B). Co-localisation is
observed, indicating that tagging RMDN3 at the N-terminus facilitates microtubule
binding. As this construct allowed me to visualise the association of RMDN3 with

microtubules, this was used for all subsequent analysis.

4.3.7 GFP-RMDN3 stabilises microtubules and prevents their
depolymerisation

To confirm that GFP-RMDN3 displays the typical characteristics of a microtubule
binding protein, its localisation following nocodazole-induced microtubule
depolymerisation was analysed. Figure 4.10A shows that unexpectedly, RMDN3
tubular structures persist under these conditions. Interestingly, the microtubules which
are bound by this overexpressed RMDN3 are unable to undergo depolymerisation.
To test whether these decorated microtubules are resistant to depolymerisation in
general, cold treatment was applied. The same result is observed with cold-induced
depolymerisation, as shown in Figure 4.10B. It can therefore be hypothesised that the
overexpression and induced microtubule bundling by GFP-RMDN3 causes
microtubules to resist depolymerisation from nocodazole treatment and cold

temperatures.
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A GFP-RMDN3

B GFP-RMDN3

cherry-tubulin Merge

DMSO

Figure 4.9 — GFP-RMDNS3 localises to microtubules

Cells were transfected with 1 ug of GFP-RMDN3 plasmid DNA for 21 hrs. A. U20S
cells. B. Hela cells expressing stable mCherry-tubulin. Visualisation was performed
live with a 3i spinning disk confocal microscope. Scale bars = 10 ym.

| also noticed that in control cells, clear co-localisation was not fully observed between
the GFP-RMDN3 and the a-tubulin antibody. Overexpressed GFP-RMDN3 induces
significant microtubule bundling when transiently transfected into both U20S cells and
Hela cherry tubulin cells (shown in Figure 4.9). As colocalisation is observed with the
cherry tubulin, it is possible that the high level of protein bound to the microtubule
lattice and the induced bundling may reduce access for the antibody to bind properly.
Following taxol and nocodazole treatment, co-localisation between the GFP tag and
the a-tubulin staining is increased as a greater overlap can be seen. The proteomic
results shown in section 3.5.6 revealed that RMDN3 is also taxol sensitive, with
treatment causing a loss in microtubule binding. Taxol treatment was therefore
expected to reduce colocalisation of RMDN3 with microtubules however this was not

observed.
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Figure 4.10 — GFP-RMDN3 localisation is not lost with nocodazole or cold treatment

U20S cells were transfected with 1 ug of GFP-RMDN3 plasmid DNA for 21 hours.
A. Cells were then treated with nocodazole (6 uM, 1 hour), taxol (6 uM, 30 minutes)
or DMSO (1 hour) before being fixed with ice cold methanol and stained for a-
tubulin. B. Cells were either incubated on ice at 4°C or not for 1 hour before being
fixed with ice cold methanol and stained for a-tubulin. Images were acquired using
a 3i spinning disc confocal microscope. Scale bar = 10 um.
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4.3.8 GFP-RMDN3 localises to modified microtubules

Microtubules are highly decorated in post-translational modifications (PTMs). These
include both common PTMs such as phosphorylation, acetylation and ubiquitylation,
and unique modifications such as detyrosination, glutamylation and glycylation. These
modifications are described in more detail in section 1.1.10.2. It was noticed that
RMDN3 does not localise to the whole microtubule network, as the a-tubulin staining
extends further than the GFP signal in all cells show in Figure 4.10. Furthermore,
localisation is restricted to the perinuclear region, indicating its presence on more
stable microtubules. As modified microtubules are enriched at the perinuclear region
(Akisaka et al., 2011), | therefore wanted to check different microtubule populations
to see whether RMDN3 displayed greater colocalisation with these. Acetylated -
tubulin (AcTub) and detyrosinated (DetyTub) were tested, and RMDN3 can be seen
to localise closely with both (Figure 4.11A). Pearson’s colocalisation coefficient was
calculated for each using the JACoP plugin in Fiji and compared with that of the whole
microtubule network (Figure 4.11B). A relatively low colocalisation coefficient value
was observed for the whole tubulin network, with an average of 0.52. These values
were increased for both acetylated and detyrosinated with values of 0.71 and 0.78
respectively, indicating that RMDN3 has a greater overlap with both modified

microtubule networks.

4.3.9 GFP-RMDN3 does not localise to the centrosome

Most microtubules originate from a microtubule organising centre (MTOC), with the
most dominant one being the centrosome. The centrosome is a complex globular
structure and contains the gamma-tubulin ring complex (y-TuRC), formed from y-
tubulin and several other proteins, which acts as a scaffold for microtubule nucleation
(Liu et al., 2020). As this organelle is rich in growing microtubules, many microtubule-
associated proteins are commonly found here. To determine whether GFP-RMDN3
is among these proteins, colocalisation with the centrosome marker pericentrin was
performed. Figure 4.12 confirms that GFP-RMDN3 is not found at the centrosome as

no overlap with the marker is observed.
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Figure 4.11 — RMDNS3 localises on acetylated and detyrosinated microtubules

A. U20S cells were transfected with 1 pg of either GFP-RMDN3 plasmid DNA for
21 hours. Cells were then fixed with ice cold methanol and stained for acetylated
tubulin (top panel) or detyrosinated tubulin (bottom panel). Scale bar = 10 um. B.
Pearson’s colocalisation coefficient was calculated using JaCoP plugin in Fiji. Mean
and standard deviation is shown. Cell number: Tubulin (36), AcTub (43), DetyTub

(17). Statistical significance was performed via one-way ANOVA using Dunnet’s
multiple comparison: **** = p<0.001.
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GFP-RMDN3

Figure 4.12 — GFP-RMDN3 does not bind to the centrosome

U20S cells were transfected with 1 ug of GFP-RMDN3 plasmid DNA for 21 hours.
Cells were then fixed with ice cold methanol and stained for pericentrin (red) and
DAPI (blue). Images were acquired using a 3i spinning disc confocal microscope.
Scale bar =10 uym.

4.3.10 Taxol affects the mitochondria network

As both RMDN3 and SAMMS50 are mitochondrial associated proteins which were
specifically identified in my proteome to be sensitive to taxol, | speculated that there
may be some interplay between taxol treatment, microtubule stability and the
mitochondrial network. Mitochondrial networks are similar to microtubule networks in
that they are highly dynamic, allowing them to regulate their shape, size and
distribution across the cell (Tilokani et al., 2018). Furthermore, there are processes
called mitochondrial fusion and fission which result in the joining of adjacent
mitochondria and separating of a single mitochondria into two, respectively, which
also occur to regulate the mitochondrial network (Tilokani et al., 2018). To determine
whether taxol influences mitochondrial dynamics, networks labelled with a fluorescent
dye called MitoTracker (detailed in 2.1.9) were visualised before and after treatment.
Figure 4.13A shows that the mitochondrial network can clearly be visualised in U20S
cells using MitoTracker staining. Following taxol treatment this network appears more
fragmented, confirming that taxol does alter mitochondrial dynamics by increasing
fission events. Quantitation using MiNa analysis (described in section 2.2.3) confirms
that taxol treatment decreases both the branch length and the overall network. This
suggests that taxol-induced microtubule stabilisation alters the mitochondrial network
and may thereby reduce the binding ability of RMDN3 to microtubules. On the other
hand, taxol may increase the dynamics of the mitochondrial network by an alternative

action.
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Figure 4.13 — Mitochondrial network is disrupted after Taxol treatment

A. U20S cells were stained with 50nM of MitoTracker™ Green FM for 30 minutes.
Mitochondrial networks were imaged before and after being treated with 6 uM taxol.
Images were acquired using a spinning disc confocal microscope. Scale = 10 ym.
B. Quantification using Mina analysis shows the mean branch length and the
network. 52 cells were analysed before and after taxol treatment. Error bars
represent standard deviation. Statistical significance was performed via student’s t-
test: ** = p<0.01, *** = p<0.001.

4.4 TRIM3

From the proteomic results displayed in section 3.5.6, TRIM3 was shown to be
enriched in the control microtubule fraction compared to nocodazole, identifying it as
a potential novel microtubule binding protein. Furthermore, it also displayed some
sensitivity to taxol compared to control cells, with TRIM3 binding being reduced upon
taxol treatment. Although it was only identified within two out of the three repeats, the
ratios obtained within these repeats were of similar values (Figure 3.18) suggesting it
may be a true hit.
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4.4.1 Introduction to TRIM3

TRIMS, also known as BERP (brain-expressed RING finger protein), is a member of
the tripartite-motif containing protein (TRIM) superfamily (El-Husseini et al., 2000; EI-
Husseini and Vincent, 1999). This family is defined by the presence of the TRIM or
RBCC domain which is formed from a Really Interesting New Gene (RING) domain,
one or two B-box zinc finger domains (BB1, BB2) and a coiled-coil region. Further

details on this E3-ligase family can be found within section 1.3.6.

TRIM3 is a member of the VII sub-class of TRIM family proteins. Along with the family
specific RBCC domains, it also contains a filamin-like domain and an NHL-repeat
domain situated at the C-terminus of the protein (Figure 4.14) (Williams et al., 2019).
The presence of the NHL-domain is what classifies the VIl subfamily and facilitates a
variety of interactions. This domain was given its name due to being first identified in
the three proteins NCL-1, HT2A and LIN-41 (Slack and Ruvkun, 1998). The NHL-
domain is formed from 6 blades which can fold into a B-propellor structure (Tocchini
and Ciosk, 2015; Loedige et al., 2015). Each blade consists of around 40 residues
folded into 4 B-stands to create a barrel-like structure (Tocchini and Ciosk, 2015). This
NHL-repeat is known for inducing protein-protein interactions and has also been
implicated in RNA-binding (Williams et al., 2019), with the positive charge on the
surface of this fold interacting with the negative charge of RNA (Loedige et al., 2014).
The filamin domains adopts an immunoglobulin-like structure, thought to be involved
in dimerisation and to facilitate interactions with the actin cytoskeleton (Ozato et al.,
2008). TRIM3 has been previously shown to display E3 ligase activity in the turnover
of GKAP (Hung et al., 2010), although its activity is significantly lower than its closest
paralogue, TRIM2, and dimerisation is required to restore catalytic activity of TRIM3
(Esposito et al., 2022).

22 10 153 302 318 466
—! RING :{ BB2 Cotled-coil }:Helix: Filamin ': NP repeats -
95 152 283 313 420 743

Figure 4.14 — Structure of TRIM3

Schematic showing domains found within TRIM3. Diagram is not to scale.

TRIMS3 is a relatively understudied protein, although some of its functions have been
identified. It associates with myosin V, actinin-4 and Hrs to form a tetrameric complex

called the CART complex (cytoskeleton-associated recycling or transport), which is
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required for transferrin receptor recycling (Yan et al., 2005). It has also been shown
to regulate hippocampal plasticity, learning and memory by controlling the levels of
synaptic y-actin in a ubiquitin-dependent manner (Schreiber et al., 2015). Additionally,
it directly associates with the motor protein KIF21B and controls its functional motility
(Labonté et al., 2013). Toll-like receptor 3 (TLR3) is also ubiquitinated by TRIM3 to
form K63 chains to mediate trafficking to endolysosomes via the ESCRT (endosomal
sorting complex required for transport) pathway. TRIM3 has therefore been proposed
to provide a positive regulatory mechanism for the innate immune system (Li et al.,
2020). Functional relevance has also been determined for TRIM3 in cancer. TRIM3
acts as a tumour suppressor in glioblastoma by suppressing c-myc expression and
regulating the Musashi-notch pathway (Chen et al., 2014), and ubiquitinating p21 in
vitro, inducing growth arrest (Raheja et al., 2014). It has also been implicated as an
oncogene in breast cancer by promoting p53 degradation (Wang et al., 2020) and
activating and stabilising oestrogen receptor signalling by SUMOylation (Ye et al.,
2021) and K63 polyubiquitination (Zhuang et al., 2022).

A number of TRIM proteins have been confirmed to localise to microtubules.
Alignment and phylogenetic analysis of FN3 domain containing proteins revealed a
region of 67 amino acids positioned from the end of the coiled-coil, first identified in
the C-1 subfamily. This region was termed the COS (C-terminal subgroup One
Signature) box and is found in 10 RBCC proteins across subfamilies C-I, C-Il and C-
lll, and 1 BCC protein, illustrated in Figure 1.16. It was shown that manipulation of 3
conserved amino acids towards the start and end of this region caused loss of
microtubule binding, and insertion of this region into TRIM37 was sufficient to induce
microtubule binding (Short and Cox, 2006). All members of subfamily Cl and C-ll
associate with the microtubule cytoskeleton, however TRIM42, the single member of
the C-lll subfamily remains poorly characterised (Cox, 2012). In the rest of this
Chapter, | will provide the first characterisation of TRIM3 as a novel microtubule

binding protein.

4.4.2 TRIM3 gene and protein

TRIM proteins are conserved across the metazoan kingdom. The number of family
members has rapidly increased during vertebrate evolution (Ozato et al., 2008), with
greater than 70 proteins being found within humans (Williams et al., 2019). Figure
4.15 shows the alignment of human TRIM3 amino acid sequence with chimpanzee,

cow, mouse, rat and zebra fish. TRIM3 is highly conserved across all species with the
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exception of the zebra fish which differs at a number of positions throughout the

sequence.

Human -SPGPEVQPM DKQFLVCSIC LDRYQCPKVL PCLHTFCERC LQONYIPAQSL
Chimp -SPGPEVQPM DKQFLVCSIC LDRYQCPKVL PCLHTFCERC LQONYIPAQSL
Bovine —SPGPEVQPM DKQFLVCSIC LDRYRCPKVL PCLHTFCERC LONYIPAQSL
Mouse -SPGPEVQPM DKQFLVCSIC LDRYRCPKVL PCLHTFCERC LQONYIPPQSL
Rat —----MAKRED -SPGPEVQPM DKQFLVCSIC LDRYRCPKVL PCLHTFCERC LONYIPPQSL
ZebraF MPLTMAKRES GSTSPVVRQI DKQFLVCSIC LEHYHNPKVL PCLHTFCERC LONYIPPQSL
Human MEAMQQAPDG AHDPEDPHPL SVVAGR---P LSCPNHEGKT MEFYCEACET AMCGECRAGE
Chimp MEAMQQAPDG AHDPEDPHPL SVVAGR---P LSCPNHEGKT MEFYCEACET AMCGECRAGE
Bovine MEAMQQAPDG AHDPEDPHPL SAVAGR---P LSCPNHEGKT MEFYCEACET AMCGECRAGE
Mouse MEAMQQAPEG AHDPEDPHPL SAVAGR---P LSCPNHEGKT MEFYCEACET AMCGECRAGE
Rat MEAMQQAPDG AHDPEDPHPL SAVAGR---P LSCPNHEGKT MEFYCEACET AMCGECRAGE
ZebraF MEVLQREQDC TRSEASSGLE SAGAATYAPP LSCPNHEGKV MEFYCESCET AMCLECTEGE
Human LPQLSAATAL VGGISQQLQE RKAEALAQIS AAFEDLEQAL QQRKQALVSD LETICGAKQK
Chimp LPQLSAAIAL VGGISQQLQE RKAEALAQIS AAFEDLEQAL QQRKQALVSD LETICGAKQK
Bovine LPQLSAAIAL VGGISQQLQE RKAEALAQIS SAFEDLEQAL QQRKQALVSD LEAICGAKQK
Mouse LPQLSAATAL VGGISQQLQE RKAEALAQIS AAFEDLEQAL QQRKQALVSD LESICGAKQK
Rat LPQLSAAIAL VGGISQQLQE RKAEALAQIS AAFEDLEQAL QQRKQALVSD LESICGAKQK
ZebraF LPQLTAAIEL VNEISKQLTD RKNEAVTEIS NTFEELEKAL HQRKTTLITD LENICSTKQK
Human SAPEVLLVRK HMRERLAALA AQAFPERPHE NAQLELVLEV DGLRRSVLNL GALLTTSATA
Chimp SAPEVLLVRK HMRERLAALA AQAFPERPHE NAQLELVLEV DGLRRSVLNL GALLTTSATA
Bovine SAPEVLLVRK HMRERLAALA SQAFPERPHE NAQLELVLEV DGLRRSVLNL GALLTTSATA
Mouse SAPEVLLVRK HMRERLAALA AQAFPERPHE NAQLELVLEV DGLRRSVLNL GALLTTSATA
Rat SAPEVLLVRK HMRERLAALA AQAFPERPHE NAQLELVLEV DGLRRSVLNL GALLTTSAAA
ZebraF SPTEVLLVQK QMGERMGALA RHAFPEQPHE NGHLDCQVET EGLRRSIQONL GVLLTTSSVG
Human RLVRTGSAEL RAEITGPDGT RLPVPVVDHK NGTYELVYTA RTEGELLLSV LLYGQPVRGS
Chimp RLVRTGSAEL RAEITGPDGT RLPVPVVDHK NGTYELVYTA RTEGELLLSV LLYGQPVRGS
Bovine RLVRTGSAEL RAEITGPDGT RLPVPVVDHK NGTYELVYTA RTEGELLLSV LLYGQPVRGS
Mouse RLVRTGSAEL CAEITGPDGV RLAVPVVDHK NGTYELVYTA RTEGDLLLSV LLYGQPVRGS
Rat RLVRTGSAEL CAEITGPDGM RLAVPVVDHK NGTYELVYTA RTEGDLLLSV LLYGQPVRGS
ZebraF ELVKTGNAAL RAQISGADGG VTETDVTDNK NGTYEIGYTL RSEGEFSFSV LLYGRHVRGS
Human GPGSHVRQKA VRRPSSMYST GGKRKDNPIE DELVFRVGSR GREKGEFTNL QGVSAASSGR
Chimp GPGSHVRQKA VRRPSSMYST GGKRKDNPIE DELVFRVGSR GREKGEFTNL QGVSAASSGR
Bovine GPGSHVRQKA VRRPSSMYST GGKRKDNPIE DELVFRVGSR GREKGEFTNL QGVSAASSGR
Mouse GPGSHVRQKA VRRPSSMYST GGKRKDNPIE DELVFRVGSR GREKGEFTNL QGVSAASSGR
Rat GPGSHVRQKA VRRPSSMYST GGKRKDNPIV DELVFRVGSR GREKGEFTNL HPLSAASSGR
ZebraF GAGGHVRQKA VRRPSSMYST -TKKKENPIE DELIFRVGTR GRERGEFSNL QGISTTSSGR
Human PGQLORPTGV AVDTNGDIIV ADYDNRWVSI FSPEGKFKTK IGAGRLMGPK GVAVDRNGHI
Chimp PGQLORPTGV AVDTNGDIIV ADYDNRWVSI FSPEGKFKTK IGAGRLMGPK GVAVDRNGHI
Bovine PGQLQRPTGV AVDTNGDIIV ADYDNRWVSI FSPEGKFKTK IGAGRLMGPK GVAVDRNGHI
Mouse PGQLQRPTGV AVDTNGDIIV ADYDNRWVSI FSPEGKFKTK IGAGRLMGPK GVAVDRNGHI
Rat PGQLORPTGV AVDTNGDIIV ADYDNRWVSI FSPEGKFKTK IGAGRLMGPK GVAVDRNGHI
ZebraF PGQLQRPTGV AVDMNGDIIV ADYDNRWLSI FSPDGKFKNK IGAGRLMGPK GVAVDKNGHI
Human VNNKNEIVVT DFHNHSVKVY SADGEFLFKF
Chimp VNNKNEIVVT DFHNHSVKVY SADGEFLFKF
Bovine VNNKNEIVVT DFHNHSVKVY SADGEFLFKF
Mouse VNNKNEIVVT DFHNHSVKVY SADGEFLFKF
Rat VNNKNEIVVT DFHNHSVKVY SADGEFLFKF
ZebraF ROFADKSAPN TPTEPKQSKS GPAFSPHFVA INNKNEIVVT DFHNHSVKVY NADGEFLFKE
Human NSRIQVEFDSS GSFLSYINTS AEPLYGPQGL ALTSDGHVVV ADAGNHCFKA YRYLQ

Chimp NSRIQVEFDSS GSFLSYINTS AEPLYGPQGL ALTSDGHVVV ADAGNHCFKA YRYLQ

Bovine NSRIQVFDSS GSFLSYINTS AEPLYGPQGL ALTSDGHVVV ADAGNHCFKA YRYLQ

Mouse NSRIQVFDSS GSFLSYINTS AEPLYGPQGL ALTSDGHVVV ADAGNHCFKA YRYLQ

Rat NSRIQVFDSS GSFLSYINTS AEPLYGPQGL ALTSDGHVVV ADAGNHCFKA YRYLQ

ZebraF NSRIQVFDSS GSFLSYINTT ADPLYGPQGL ALTSDGHVAV ADSGNHCFKV YRYLQ

Figure 4.15 — Alignment of TRIM3 across species
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4.4.3 TRIM3 expression levels in different cell lines

It was intriguing to me that TRIM3 was extracted within this data set, yet no other
TRIM proteins already shown to bind to microtubules were identified. | therefore
analysed the expression levels of TRIM3 proteins compared to other TRIMs identified
within Hela cells using the proteomic data set published by Bekker-Jensen et al. in
2017 (Bekker-Jensen et al., 2017). This data set provides values for the copy number
of individual proteins, calculated using iBAQ proteomics. Copy numbers for 34 TRIM
family members were identified. Of these, TRIM3 was the 14" most abundant, with
~21,000 copies present per cell. TRIM28 was the most abundant member with
~2,200,000 copies. Of the 10 TRIM proteins known to contain a microtubule-binding
cos box domain (as described in section 4.4.1), only 2 were present within this data
set: TRIM54 and TRIM46 with much lower copy numbers of around 570 each. To put
these numbers into context, the most abundant protein in Hela cells was histone 4
with a copy number of ~60,000,000.

Normalised protein expression
[

Figure 4.16 — Normalised expression levels of TRIM proteins in U20S cells

Expression levels of TRIM proteins in U20S cells were compared to that within a
protein lysate pool from 11 different cell lines. Ratios of normalised protein
expression levels are shown. TRIM3 is highlighted in orange, and TRIM9 (cos-box
containing TRIM protein) is shown in blue. Data obtained from Nusinow et al (2020).
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To analyse the TRIM proteins within U20S cells, another proteomics dataset was
used. This analysis provides ratios of normalised protein expression levels compared
to a pool of protein lysates from 11 different cell lines (Nusinow et al., 2020).
Therefore, rather than providing individual copy numbers, this data gives an idea of
how much a particular protein is expressed in a certain cell line compared to the
‘average’ cell line. The TRIM proteins and their ratio values are shown in Figure 4.16.
TRIM3 is shown to be expressed in higher levels in U20S cells compared to the
average cell line (orange). The data was filtered for microtubule binding cos-box TRIM
proteins, with only TRIM9 being identified (blue). This protein is expressed in lower
levels in U20S in comparison to the control. Taken together, these data suggest that
TRIM3 is more highly enriched compared to other microtubule binding TRIM family
members, possibly suggesting why it was the only one identified in my dataset.
Furthermore, the absence of the other cos-box containing proteins within these 2
datasets may indicate that mass spectrometry detection is difficult for these proteins,

explaining their absence in my proteome.

444 TRIM3 is extracted in a nocodazole-sensitive manner

To show that TRIM3 is a novel hit and does bind to microtubules, | first confirmed its
differential extraction across the control, nocodazole and taxol treated cells. Figure
4.17 shows that more TRIM3 is removed within the nocodazole cytosolic fraction
compared to both the control and taxol fractions. In addition, TRIM3 levels are greater
in both control and taxol microtubule fractions mirroring the same pattern as both a-
tubulin and EML4, indicating that TRIM3 is successfully enriched for in a similar

manner to microtubule proteins.

4.4.5 TRIMS3 localisation
4.4.5.1 TRIMS3 localises to microtubules

To determine whether TRIM3 is able to bind to microtubules, visualisation of its
localisation was required. As the commercially available antibody against TRIM3 did
not provide reliable staining for immunofluorescence (data not shown), the use of a
tagged protein construct was required. Professor Germana Meroni kindly provided
me with 2 constructs expressing a mouse version of TRIM3 tagged with either GFP
or HA at the N-terminus of the protein. In addition to these, she was also kind enough
to supply the same constructs for human TRIMZ2, the closest family member to TRIM3,

as a control.
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Figure 4.17 — Confirmation of TRIM3 extraction in control and taxol treated cells

U20S cells were treated with 6 uM Nocodazole for 1 hour or Taxol for 30 minutes
alongside a DMSO control. Lysis and microtubule stabilisation buffer was then
added (5 minutes at 4°C) to remove cytosolic proteins (cytosol). Remaining
microtubules were then collected using 8M urea (MT). Western blot analysis of a-
tubulin, GAPDH and EML4. Sample concentrations are as indicated.

Using both these HA- and GFP-tagged constructs, | therefore checked TRIM3
subcellular localisation. Figure 4.18A confirms that GFP-mTRIM3 shows clear
colocalisation with o-tubulin (top panel). Furthermore, treatment with nocodazole
shows loss of microtubule localisation in line with their depolymerisation (middle
panel), and treatment with Taxol allows GFP-mTRIM3 colocalisation with
microtubules to remain (bottom panel). To confirm this localisation is specific to TRIM3
and not the attached GFP tag, cells were transfected with HA-mTRIM3 and stained
using either the TRIM3 or the HA antibody alongside the a-tubulin microtubule
marker. As expected, clear microtubule colocalisation can be seen with this construct
using both antibodies in Figure 4.18B. As a final verification that TRIM3 displays
microtubule localisation, microtubule depolymerisation was induced by cold-treating
cells for 1 hour. Figure 4.19 confirms that as microtubule structures are lost, so is the
TRIM3 localisation. TRIM3 is therefore confirmed as a novel microtubule binding

protein identified using my optimised extraction protocol.
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Figure 4.18 — TRIM3 localises to microtubules

A. U20S cells were transfected with 1 ug of GFP-mTRIM3 plasmid DNA for 21
hours. Cells were then treated with nocodazole (6 uM, 1 hour), taxol (6 uM, 30
minutes) or DMSO (1 hour) before being fixed with ice cold methanol and stained
for a-tubulin. B. U20S cells were transfected with 1 yg HA-mTRIM3. Cells were
fixed with ice cold methanol and stained for a-tubulin and either TRIM3 or HA.
Images were acquired using a 3i spinning disc confocal microscope. Scale bars =
10 ym.
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Figure 4.19 - TRIM3 Ilocalisation is lost with cold-induced microtubule
depolymerisation

U20S cells were transfected with 1 ug of GFP-mTRIM3 plasmid DNA for 21 hrs.
Cells were then cold treated to depolymerise microtubules before being fixed with
ice cold methanol and stained for a-tubulin. Images were acquired using a 3i
spinning disc confocal microscope. Scale bars = 10 ym.

4.4.5.2 TRIM2 also colocalises with microtubules

TRIM2 is another tripartite motif containing protein which is classified within the same
subfamily as TRIM3. It is the closest paralogue to TRIM3 out of all other family
members. As | was also gifted tagged constructs for this protein, | wanted to see
whether TRIM2 also possesses the ability to colocalise with microtubules. U20S cells
were therefore transfected with GFP-TRIM2. Figure 4.20 confirms that microtubule
colocalisation can also be observed with TRIM2. Furthermore, treatment with
nocodazole causes microtubule depolymerisation and loss of TRIM2 localisation,
whereas taxol treatment allows its localisation to be retained. These results confirm

that TRIM2 has also been identified as a novel microtubule binding protein.

4.4.5.3 TRIM3 does not bind to the centrosome

To confirm whether TRIM3 localises to the centrosome, colocalisation with pericentrin
was performed. Figure 4.21 confirms that TRIM3 (top panel) is not found at the
centrosome as no overlap with the marker is observed. Similar results are seen for
TRIM2 (bottom panel).
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Figure 4.20 — TRIM2 localises to microtubules

U20S cells were transfected with 1 ug of GFP-TRIM2 plasmid DNA for 21 hours.
Cells were then treated with nocodazole (6 uM, 1 hour), taxol (6 uM, 30 minutes)
or DMSO (1 hour) before being fixed with ice cold methanol and stained for o-
tubulin. Images were acquired using a 3i spinning disc confocal microscope. Scale
bar =10 pm.
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Figure 4.21 — TRIM3 and TRIM2 do not localise to the centrosome
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U20S cells were transfected with 1 ug of either GFP-mTRIM3 or GFP-TRIM2
plasmid DNA for 21 hours. Cells were then fixed with ice cold MeOH and stained
for and pericentrin (red) and DAPI (blue). Images were acquired using a 3i spinning
disc confocal microscope. Scale bar = 10 pm.

4.4.5.4 TRIMS3 colocalises to the whole microtubule network

As mentioned in section 1.1.10.2, microtubules are highly decorated with a number of
PTMs. TRIM3 and TRIM2 both appear to occupy the whole microtubule network
observed when co-staining with a-tubulin. As microtubule modifications have been
implicated in regulating the interactions between microtubule binding proteins and
microtubules, | wanted to confirm that TRIM3 could also bind to these modified
microtubule subsets. Colocalisation of TRIM3 and TRIM2 was performed with
acetylated o-tubulin (AcTub, Figure 4.22A) and detyrosinated a-tubulin (DetyTub,
Figure 4.22B). Both proteins are able to localise to both acetylated and detyrosinated
microtubule subsets. Pearson’s colocalisation coefficient was calculated for each
using the JACoP plugin in Fiji and compared with that of the whole microtubule
network (tubulin). High colocalisation coefficient values were obtained for all, with
TRIM3 giving mean values of 0.81, 0.78 and 0.73, and TRIM2 with 0.82, 0.81 and
0.73, for a-tubulin, AcTub and DetyTub respectively. These results confirm that
TRIM3 has a greater overlap with the whole microtubule network compared to both

modified networks, whereas TRIM2 colocalises least with the detyrosinated network.
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Figure 4.22 — TRIM3 and TRIM3 colocalise with modified microtubules

U20S cells were transfected with 1 ug of either GFP-mTRIM3 or GFP-TRIM2
plasmid DNA for 21 hours. Cells were then fixed with ice cold methanol and stained
for A. acetylated tubulin, or B. detyrosinated tubulin. Scale bar = 10 um. C/D.
Pearson’s colocalisation coefficient was calculated using JACoP plugin in Fiji. Mean
and standard deviation is indicated. Statistical significance was performed via one-
way ANOVA: ns (not significant) = p>0.05, * = p<0.05, **** = p<0.001.
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4.4.5.5 TRIM3 colocalises with the mitotic spindle

Microtubules make up the major structural component of the mitotic spindle. The
spindle is formed from astral microtubules, kinetochore microtubules and interpolar
microtubules and is described in further detail in section 1.2.1. As previous results
have confirmed that overexpressed TRIM3 can colocalise to microtubules within
interphase, | therefore wanted to confirm whether it could also colocalise to the spindle
microtubules as well. GFP-TRIM3 can localise to the mitotic spindle at metaphase
(Figure 4.23A), with this localisation persisting throughout anaphase and telophase
(Figure 4.23B).

GFP-mTRIM3

GFP-mTRIM3

Figure 4.23 — TRIM3 localises to the mitotic spindle

U20S cells were synchronised to prometaphase using thymidine for 24 hours and
nocodazole for 18 hours as described. Transfection with GFP-mTRIM3 was
performed alongside nocodazole addition. Cells were released into fresh DMEM to
allow mitotic progression and Z-stacks were acquired using a 3i spinning disc
confocal microscope. Maximum projections are shown. Scale bars = 10 um. A.
Cells selected at metaphase. B. Cells were imaged every minute as they
progressed through mitosis. Time is hh:mm.
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4.4.5.6 The TRIM family cos box domain

As mentioned previously the cos-box is a sequence motif found within 10 TRIM family
members and has been shown to be required for their localisation to microtubules.
The paper published in 2006 by Short and Cox shows that the cos-box is a 67 amino
acid long sequence motif which occurs just after the coiled-coil domain within TRIM
proteins. Furthermore, if 3 conserved amino acids at both the start (FLQ) and the end
(LDY) of the sequence are mutated then microtubule localisation is lost (Short and
Cox, 2006). With this in mind, | therefore wanted to investigate the sequence of TRIM3
to confirm whether this may also have a cos box sequence which facilitates the
microtubule localisation seen. Figure 4.24A shows a sequence alignment of these 67
amino acids within 9 TRIM proteins which contain the cos box, TRIM2 and TRIM3
proteins, and an additional number of TRIM family members which also share a
similar helical structure at this region. Mafft multiple sequence alignment was utilised
here with L-INS-I to improve the search for one conserved domain. The sequence
alignment reveals that although some sequence similarity is observed, TRIM3 and
TRIM2 do not contain the conserved 3 amino acids at the start and end of the cos-
box sequence, indicated with a * in Figure 4.24A. The confirms what the original
authors found (Short and Cox, 2006): TRIM3 and TRIM2 do not contain a cos box

sequence and must localise to microtubules via an alternative domain.

Using AlphaFold2, | was able to visualise the predicted 3D structures of TRIM proteins
containing a cos box. In all of these proteins, the cos box sequence results in a short
helical turn just after the coiled-coil domain, followed by an unstructured region and
finishes with another short alpha helix structure. This is shown in Figure 4.24B, with
TRIM18 (MID1) used as an example, with the cos box and conserved amino acids
labelled. | was intrigued to see that TRIMS3 also contains this helical region at the same
point. This was intriguing and suggested that this similarly structural region to the cos-
box may still be involved in the localisation of TRIM3 to microtubules. This structure
is illustrated in Figure 4.24C. The term ‘helix’ refers to the short helical region at the
end of the cos-box domain and is labelled in the alpha fold diagram. To determine
which region is responsible for TRIM3 interaction with microtubules, GFP-tagged

truncations and deletions were created.
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Figure 4.24 — TRIM3 does not contain a cos-box domain

A. Alignment of TRIM3 compared to the COS-box containing proteins and other

proteins containing

a similar helical structure. The COS-box sequence was

compared across all selected proteins using MAFFT alignment using L-INS-I

iterative refinement.

Conserved amino acids are indicated with a

Sequences were viewed and the figure created in Jalview.
*. B. AlphaFold2 structure of cos-box

containing protein TRIM18 (MID1, AF-O15344-F1). C. AlphaFold2 structure of
TRIM3 (AF-O75382-F1).

183



4.4.5.7 Generation of TRIM3 truncations and deletion mutations

The cloning process for generating constructs containing the desired truncations and
deletions is detailed within section 2.3.2 and section 2.3.3 respectively. First,
dependence of the N-terminal region was investigated by removing the domains at
this end of the protein sequentially. The RING domain and the B-box 2 domain (BB2)
were first removed to create ARBD. The coiled-coil domain was then also removed to
create ARBDC, followed by the additional removal of the short helix structure to
created ARBDCH. Finally, the filamin domain was also removed to create ARBDCHF.
The same was then done for the domains at the C-terminus of the protein with the
NHL repeats first being removed to give ANHL, then the filamin domain also being
removed to give AFNHL, followed by the additional removal of the helix structure to
give AHFNLH. In addition to the removal of these terminal domains, the filamin
domain (del filamin) and the helix structure (del helix) were also both in turn removed
from the middle of the structure to confirm any independence from them in microtubule
localisation. A schematic of these constructs and the amino acid locations of each of

them are shown in Figure 4.25.

22 110 153 302 318 466
— RING :‘ BB2 Coiled-coil *:Helix: Filamin }: NHL-repeats —
95 152 283 313 420 743
MT
ARBD I HH H = 141744  +
ARBDC IH H —294-744  +
ARBDCH o = F—313-744 +
ARBDCHF d = 472-744
ANHL =] H 1 HTH } 1-427
AFNHL = H H 1-313
AHFNHL = H | | 1-295
del filamin =] H ] H = A315-426  +
del helix = " I H = A302-310 +

Figure 4.25 — Generation of TRIM3 truncations and deletions

Schematic representation of the full length and truncated TRIM3 constructs that
were used for the study and a summary of their localisation. Schematics are not to
scale.
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Figure 4.26 — TRIM3 localises to microtubules via the NHL repeats

A. U20S cells were transfected with 1 ug DNA for 21 hours and lysed in RIPA buffer.
Western blot showing GFP expression levels. B. Representative images of the
differential localisation of the constructs on microtubules. U20S cells were
transfected with 1 ug DNA for 21 hours, fixed with ice-cold MeOH and stained for a-
tubulin. Images were acquired with a 3i spinning disk confocal. Scale bar: 10um
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4.4.5.8 TRIM3 localises to microtubules via the NHL repeats

Upon generation of these constructs, U20S cells were transfected and lysed to
determine successful protein expression. Western blot analysis confirms that a
successful GFP-tagged protein can be expressed from each of the constructs at the
expected size (Figure 4.26A). Maintenance of microtubule localisation was then
analysed in U20S cells by co-staining for a-tubulin. Figure 4.26B shows that
microtubule localisation is retained within constructs lacking the N-terminal domains,
as ARBD, ARBDC and ARBDCH are all still able to colocalise with a-tubulin. The
constructs which lack the C-terminal domains however are unable to retain their
microtubule localisation. Cytosolic GFP staining can be seen for the ANHL, AFNHL
and the AHFNHL, and colocalisation with tubulin is lost. Deletion of either the filamin
or the helix does not disrupt TRIM3 colocalisation with microtubules. Interestingly
however, expression of the NHL repeats on their own (represented by ARDBCHF), is
no longer sufficient to retain microtubule binding. A filamentous localisation is still
observed with this construct however this does not co-localise with a-tubulin so is
predicted to be another cytoskeletal form. Taken together, this indicates that the NHL

repeat is required for microtubule binding of TRIM but is not sufficient on its own.

4.45.9 TRIM3 colocalises with HRS

Earlier studies have suggested that TRIM3 is part of complex which is required for
transferrin receptor recycling (Yan et al., 2005). | therefore wanted to investigate
whether | could reproduce this observation of the CART complex. GFP-mTRIM3 was
transfected into U20S cells and Hrs localisation was visualised (Figure 4.27). In
untransfected cells, Hrs shows no distinct microtubule localisation and appears to be
on early endosomes, however when TRIM3 is overexpressed, Hrs shifts to colocalise
with TRIM3 and microtubules. USP31 is a microtubule binding protein described in
Chapter 5 and was used here as a control. Overexpression shows no microtubule
localisation of Hrs was observed, indicating this result is specific for TRIM3 and not
just microtubule binding proteins. This therefore confirms that TRIM3 is part of the
CART complex. Other components of the CART complex were not tested here due to

lack of reagents.
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Figure 4.27 — TRIM3 colocalises with Hrs

U20S cells were transfected with 1 ug DNA for 21 hours, fixed with ice-cold MeOH
and stained for Hrs (red) and DAPI (blue). Images were acquired with a 3i spinning
disk confocal microscope. Scale bar: 10um

4.4.5.10 TRIM3 may colocalise with actin

As TRIM3 was also shown to associate with myosin V (Yan et al., 2005), it was
hypothesised that TRIM3 may also localise to actin. Furthermore, when microtubules
are depolymerised, some GFP-TRIM3 can be seen to localise to potential flamentous
structures towards the edge of the cell which do not colocalise with a-tubulin. This can
be seen in Figure 4.18 and Figure 4.19 towards the top edges of the cells. To
determine whether this filamentous structure is actin and confirm that TRIM3 can also
bind to the actin cytoskeleton, GFP-mTRIM3 transfected cells were stained with
Phalloidin-594 to visualise filamentous actin. Figure 4.28 shows that TRIM3 displays
clear localisation to microtubules (top panel), however some cells (around 5-10% of
those transfected) also display localisation with actin (second panel), indicating a

possible cross-link between the microtubule and actin cytoskeleton.
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Figure 4.28 — TRIM3 may also colocalise with actin

U20S cells were transfected with 1 pg of either GFP-mTRIM3 or GFP-TRIM2
plasmid DNA for 21 hours. Cells were then fixed with PFA and stained for
Phalloidin-594 (red). Images were acquired using a 3i spinning disc confocal
microscope. Scale bar = 10 ym.

4.4.6 Phenotypic effects of TRIM3 depletion
4.4.6.1 TRIM3 depletion and tubulin levels

Microtubule binding proteins are known to regulate the structure, dynamics and
function of the microtubule network. As TRIM3 localises to microtubules, | therefore
wanted to see whether its depletion affects the global microtubule network. This was
first assessed by analysing the expression levels of tubulin proteins and its
modifications. TRIM3 was depleted for indicated time points using an siRNA pool. As
shown in Figure 4.29A and B, levels of tubulin, acetylated a-tubulin and detyrosinated

a-tubulin are unaffected by TRIM3 depletion at all of the timepoints tested.
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Figure 4.29 — TRIM3 depletion does not affect tubulin levels

A. U20S cells were transfected with 40 nM siRNA against TRIM3 or a non-targeting
control (NT1) for 24, 48 or 72 hours. Samples were lysed and analysed by western
blotting and probed for indicated proteins. Shown is a representative experiment.
B. Quantification of western blots illustrated in A. Graph shows results from 3-4
independent experiments. Mean and standard deviation is shown.

| next checked whether TRIM3 affects the microtubule network density. Observing
immunofluorescent images by eye gave no indication of a denser or sparser
microtubule network following TRIM3 depletion, as shown in Figure 4.30A. To confirm
this conclusion, quantitation using 2 different measurements was performed (Figure
4.30B). First, the corrected total cell fluorescence (CTCF) was determined (left graph)
as described in section 2.2.2. No change in the CTCF was seen following TRIM3
depletion, suggesting microtubule bunding is not altered under these conditions. The
second analysis looked at the density of the network (see section 2.2.1). Control
samples were used to determine a threshold which was applied to all images and the
percentage of the area that was not occupied by a pixel was measured. This analysis
allowed for the percentage of empty space to be calculated and compared. Similar to
the CTCF analysis, no change in the density was observed. Taken together, these
results suggest that TRIM3 does not play a role in regulating the assembly of

microtubules and the density of the network.
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Figure 4.30 — TRIM3 and the microtubule density

A. U20S cells were transfected with 40 nM siRNA against TRIM3 or a non-targeting
control (NT1) for 48 hours then fixed with ice-cold methanol and stained for a-
tubulin. Images were acquired using a 3i spinning disk confocal microscope. Scale
bar = 10 ym. B. Graphs showing quantification of microtubule network by
measuring the corrected total cell fluorescence (CTCF, left) and the % of empty
space (right) from 3 independent repeats. Mean and standard deviation are shown
from the indicated number of cells. Unpaired t-test confirmed the statistical
significance. ns (not significant) = p>0.05.

4.4.6.2 TRIM3 affects the accumulation of acetylation on a-tubulin

Microtubule modifications accumulate on stable microtubules, with acetylation of a-
tubulin being a well-known marker of microtubule stability (Gadadhar et al., 2017a).
Treatment with taxol leads to an increase in both the polymerisation and the stability

of microtubules, as previously described in section 1.1.5. Taxol treatment thereby
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causes an increase in the levels of modifications present along the microtubule lattice.
Although basal levels of both acetylation and detyrosination were not affected by
TRIMS3 depletion, it was possible that their accumulation rate may still be. Cells were
therefore treated with taxol for indicated time points and the levels of acetylation and

detyrosination were monitored.
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Figure 4.31 — TRIM3 depletion prevents accumulation of acetylated a-tubulin

A. U20S cells were transfected with 40nM of either control (NT1) or siRNA targeting
TRIM3 for 72 hours. Transfected cells were treated with 0.5 ug/ml Taxol for
indicated timepoints and expression levels of tubulin and modified tubulin were
analysed. B. Quantification of detyrosinated and acetylated tubulin levels. Mean
and standard deviation is shown for each time point. Significance was determined
using two-way ANOVA, * = p<0.05. n=3 for detyrosination, n=4 for acetylation.

Figure 4.31A shows that for both control and TRIM3 depleted cells, treatment with
taxol causes a decrease in the total levels of a-tubulin. Within the control cells an
increase in both acetylation and detyrosination is observed as expected, with levels
of both continuing to increase right up to the 1-hour timepoint. However, when TRIM3

levels are depleted, whilst an increase in detyrosination is still observed, albeit at a
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slightly decreased rate, acetylation does not accumulate. Acetylation levels remain
comparable to the 0-hour time point after 1 hour taxol treatment. Quantitation of these
levels (Figure 4.31B) confirms that accumulation of acetylation does not occur
following TRIM3 depletion compared to the 50% increase observed under control
conditions. For detyrosination, although a slight delay in the accumulation is
observed, this difference is not statistically significant. Overall, TRIM3 does not affect
the accumulation of microtubule modifications as a whole following taxol treatment,

but specifically regulates the accumulation of acetylated a-tubulin.
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Figure 4.32 — TRIM3 depletion and visualisation of accumulation of acetylated a-
tubulin

U20S cells were transfected with 40 nM siRNA against TRIM3 or a non-targeting
control (NT1) for 72 hours. Transfected cells were treated with 0.5 ug/ml Taxol for
1hr before being fixed with ice-cold methanol and stained for acetylated a-tubulin.
Images were acquired using a 3i spinning disk confocal microscope. Scale bar =
10 um. Quantitation of the acetylated network is shown in the graph. The acetylated
microtubule network was measuring the corrected total cell fluorescence (CTCF).
Mean and standard deviation are shown. Number of cells analysed: 0 hr - NT1
(181), TRIM3 (160); 1 hr — NT1 (224), TRIM3 (226), from 2 independent repeats.

Immunofluorescence was performed to visualise the acetylated microtubule network
before and after treatment with Taxol in TRIM3 depleted cells compared to an NT1
control. Figure 4.32 shows that at the 0-hour timepoint, U20S cells display relatively
high levels of acetylated microtubules, with no differences in the CTCF between

control and TRIM3 depleted cells. Unexpectedly, following taxol treatment, an
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increase in the acetylated microtubule network can be visualised in both control and
depleted cells. This therefore contradicts the observations obtained from western blot
analysis in Figure 4.31, suggesting that only a subset of the acetylated microtubule

network may be affected by TRIM3 activity.

4.4.6.3 TRIMS3 depletion affects the acetylation of stable microtubules

o-tubulin acetylation of lysine 40 (K40) is a marker of microtubule stability. This
modification accumulates on stable microtubules and has been shown to increase
mechanical resilience and prevent breakage, allowing for persistence of long-lived
microtubules (Xu et al., 2017). As the immunofluorescence results observed in Figure
4.32 were contradictory to the results observed in Figure 4.31, it is possible that
TRIM3 may not regulate the whole acetylated microtubule network, but only a subset
of it. As long-lived microtubules represent a small population of the acetylated
microtubule network, | therefore hypothesised that these may be lost when TRIM3

levels are reduced.

To specifically visualise these stable microtubules, cells were first treated with
nocodazole to depolymerise the dynamic microtubules. Cells were then washed using
PHEM buffer to remove the depolymerised microtubules, leaving behind the long-
lived, nocodazole-resistant microtubules. Depletion of ATAT1 (a-tubulin
acetyltransferase), the enzyme responsible for tubulin acetylation (Akella et al., 2010;
Shida et al., 2010), was performed alongside for comparison. In control cells, stable
microtubules are observed and typically display high levels of acetylation and a curvy
morphology (Figure 4.33A, left panels). When ATAT1 was depleted, very few
microtubules remained, and even fewer acetylated microtubules. Those that did
remain displayed short fragments distributed across each cell (right panels). Following
TRIMS3 depletion, the number of acetylated microtubules remaining is reduced, albeit
not to as great an extent as siATAT1 (middle panels). Furthermore, the curvature
observed in control cells appears reduced, with microtubules adopting an overall
straighter configuration. To quantify this result, | employed the MINA plugin in Fiji
(previously described in 2.2.3) to evaluate the overall network size and the branch
length of the acetylated network in each condition. Though this plugin was previously
designed to interpret the mitochondrial network, sufficient mapping of the microtubule

network could also be achieved (Figure 2.1).
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Figure 4.33 — TRIM3 depletion affects the stable acetylated tubulin network

A. U20S cells were transfected with 40nM of either control (NT1) or siRNA targeting
TRIM3 or ATAT1 for 72 hrs. Cells were then treated with nocodazole (6 uM, 1 hr)
before being washed in PHEM buffer to remove the soluble microtubules, leaving
behind only nocodazole-resistant microtubules. Cells were fixed with ice cold
MeOH and stained for B-tubulin (red) and acetylated tubulin (green). BIC.
Quantification using MiNa analysis shows the mean network and branch length of
B. acetylated microtubules and C. the whole microtubule network (B-tubulin). Mean
and standard deviation from 3 independent repeats is shown. Cell number
analysed: NT1 (194), siTRIM3 (219), siATAT1 (167). Significance was determined
using a one-way ANOVA via Dunnet's multiple comparison, ns = not significant
(p>0.05), *** = p<0.005, **** = p<0.001.
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Figure 4.33B shows the results for the acetylated network. For ATAT1 depleted cells,
this analysis showed that the overall network was reduced alongside the length of the
microtubules. For TRIM3 depleted cells, whilst the overall acetylated network was
reduced (top graph), the overall branch length was not affected. To confirm whether
this was specific to acetylation or all the remaining microtubules, the same analysis
was performed on the B-tubulin staining (Figure 4.33C). Although ATAT1 depletion
appeared to cause a slight increase in microtubule branch length, TRIM3 depletion
has no effect on the B-tubulin network or the branch length. Taken together, these
results suggest that TRIM3 specifically reduces the level of acetylation on stable

microtubules.

4.4.6.4 TRIM3 depletion affects ATAT1 expression levels

As TRIM3 depletion regulates the levels of acetylated microtubules, | next
investigated whether the levels of the responsible acetylase enzyme, ATAT1, were
also affected. To confirm the specificity of the ATAT 1 antibody and identify which band
on the western blot is representative, ATAT1 was first depleted using an siRNA pool
and probed for the protein to identify the band of interest. Figure 4.34A (left panel)
shows a band just above the 50 kDa marker which is decreased following ATAT1
depletion. When TRIM3 is depleted (right panel), this same band is also reduced,
indicating that TRIM3 affects the expression levels of ATAT1. Western blot
quantification confirms that ATAT1 expression levels are reduced by half following
TRIMS3 depletion (Figure 4.34B).
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Figure 4.34 — TRIM3 depletion affects ATAT1 expression levels

U20S cells were transfected with 40nM of either control (NT1) or siRNA targeting
TRIM3 or aTAT for 72 hours. Cells were lysed in RIPA buffer and ATAT1 expression
levels were analysed. Graph shows quantification from 7 independent repeats.
Mean and SD is shown. Significance was determined using an unpaired t-test, ****
= p<0.001.
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To confirm whether changes in ATAT1 expression levels occurred at a transcriptional
level, RT-qPCR was performed on extracted mRNA following depletion of both TRIM3
and ATAT1. Figure 4.35 confirms that as expected, both TRIM3 and ATAT1 display
reduced mRNA levels when each are depleted respectively. Upon depletion of ATAT1
however, TRIM3 mRNA levels remain consistent compared to the NT1 control (left
graph). Furthermore, following TRIM3 depletion, ATAT1 mRNA levels are also not
reduced and are comparable to control levels (right graph). These results indicate that
TRIM3 is able to regulate the expression levels of ATAT1 via a post-transcriptional
mechanism.
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Figure 4.35 — TRIM3 regulates ATAT1 levels on a post-transcriptional level

U20S cells were transfected with 40 nM of control or siRNA pools targeting either
TRIM3 of ATAT1 for 72 hours. mMRNA was extracted then reverse transcribed
before qPCR was performed using primers specific for TRIM3 and ATAT1. mRNA
levels are shown relative to those of GAPDH. Error bars: mean, SD. Statistical
analysis was performed using one-way ANOVA with Dunnett's multiple
comparison, n=3, ns (not significant) = p>0.05, **** = p<0.001.

4.4.6.5 TRIM3 does not affect the stability of ATAT1

As TRIMS is an E3-ligase enzyme and has been shown to display catalytic activity, it
is able to regulate the stability of its substrates by altering their ubiquitin status. To
determine whether ATAT1 is a substrate of TRIM3 and is targeted for degradation via
TRIM3-dependent ubiquitination, TRIM3 was depleted from cells for 72 hours before
a cycloheximide chase experiment was performed. Cycloheximide (CHX) inhibits
protein synthesis by binding to the 60S ribosome and blocking the final step of
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translational elongation (Schneider-Poetsch et al., 2010). As protein synthesis has
been inhibited, protein turnover can be monitored by measuring the expression levels
of the protein of interest after increasing incubation times with the inhibitor. Over the
indicated time-course, the expression levels of both ATAT1 and TRIM3 remain
relatively stable in control cells, with only a slight decrease observed after 8 hours
treatment. TRIM3 depletion leads to equivalent turnover kinetics of ATAT1 compared
to the control, indicating that it does not have any control on ATAT1 expression at the
protein level during this time course. As ATAT1 appears to be a relatively long-lived

protein, protein stability is difficult to judge.
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Figure 4.36 — TRIM3 does not change the protein stability of ATAT1

U20S cells were transfected with 40nM of control or siRNA pools targeting TRIM3
for 72 hours. Cells were then treated with 100 pg/ml cycloheximide (CHX) for the
indicated time points then lysed in RIPA buffer. ATAT1 expression levels were
analysed. siRNA against ATAT1 was performed alongside to identify the correct
band representing ATAT1. A. Representative western blot. B. Graph showing the
reduction of ATAT1 in control cells (grey) compared TRIM3 depleted cells (pink).
Mean and standard deviation is shown.
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4.4.6.6 TRIM3 does not affect EB1 distribution on microtubule plus ends

As previously mentioned, acetylation is a well-known marker of microtubule stability
as it has been shown to accumulate on long-lived microtubules. As TRIM3 plays a
role in regulating the levels of a-tubulin acetylation, it could be hypothesised that
TRIMS is involved in microtubule stability and dynamics. Plus-end tracking proteins
are known to decorate the dynamic growing ends of microtubules. EB1 (end-binding
protein 1) is referred to as the master plus-end tracking protein as it is able to
autonomously associate with the growing microtubule end (Akhmanova and
Steinmetz, 2010) and interact with other plus-tip binding proteins to facilitate their
binding (Dixit et al., 2009; Fong et al., 2017). Plus-tip proteins are described in more
detail in section 1.1.9.2. Work carried out in Thomas Surrey’s lab showed that the
abundance of EB1 proteins at microtubule plus tips are indicative of microtubule
dynamics, with larger caps representing greater microtubule stability (Duellberg et al.,
2016). EB1 cap lengths can therefore be used as a readout for changes in microtubule
stability. To determine whether TRIM3 has a role in regulating this stability, the EB1
caps of microtubules within cells depleted of TRIM3 were measured and compared to
control cells. Figure 4.37 shows that cap length does not change following TRIM3
depletion, with the average cap length per cell measuring at 2.86 um for control cells
and 2.92 ym for those treated with siRNA against TRIM3.
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Figure 4.37 — TRIM3 depletion does not affect EB1-cap length

U20S cells were transfected with 40 nM siRNA against TRIM3 or a non-targeting
control (NT1) for 48 hrs then fixed with ice-cold methanol and stained for EB1.
Images were acquired using a 3i spinning disk confocal microscope. Scale bar =
10 um. Quantitation of the average EB1 comet length per cell is shown in the graph.
The length of 30-40 comets per cell was measured manually using the measure
line tool in Fiji. Mean and standard deviation are shown.
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4.4.6.7 TRIM3 and microtubule dynamics

Despite EB1 cap length being unaffected by TRIM3 depletion, | wanted to confirm
whether microtubule dynamics also remained unaffected. Microtubules are constantly
growing and shrinking and remodelling their network to allow for rapid regulation of
their cellular function. Plus-tips can therefore be monitored in real-time, and GFP-EB3
was used as a marker for polymerising microtubule ends to assess the parameters of
microtubule growth. Cells were imaged continuously at 500ms intervals to capture the
plus tip migration. Figure 4.38A shows representative regions of GFP-EB3 at
microtubule ends and their movements across 10 seconds. The acquired time-lapse
videos were analysed using the plusTipTracker add-on in Matlab which is able to
automatically detect and measure the movement of plus-tip proteins (Applegate et al.,
2011). This analysis shows that no changes in the growth speed, growth lifetime or
the growth length are observed following TRIM3 depletion (Figure 4.38B). Taken

together, TRIM3 does not regulate microtubule stability and dynamics.
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Figure 4.38 — TRIM3 depletion does not regulate microtubule dynamics

U20S cells were transfected with 40 nM siRNA against TRIM3 or a non-targeting
control (NT1) for 72 hours. 51 hours after siRNA treatment, cells were transfected
with 1 yg GFP-EB3 plasmid DNA. Cells were then imaged on a 3i spinning disc
confocal microscope at 500ms intervals for 2 minutes. A. Representative regions

199



of EB3 comets are shown. Arrows are used to track selected individual comets.
Scale bar = 5 ym. Time is in mm:ss. B. EB3 comets were tracked using the
plusTipTracker extension on Matlab and parameters are shown in the graphs.
Mean and standard deviation of 3 independent repeats is show with each colour
representing a single repeat.

4.4.6.8 TRIM3 depletion does not affect mitotic progression

TRIM3 was shown to localise with the mitotic spindle from metaphase right through
to telophase (Figure 4.23). | therefore wanted to investigate whether TRIM3 plays a
role within mitosis. To do this, TRIM3 was depleted for 72 hours in U20S cells stably
expressing mRFP-H2B and cells were imaged live to observe their mitotic
progression. Imaging was performed over a 16-hour period, with images being
captured at 5-minute intervals. These were then analysed manually to determine
whether any delays in mitotic progression occurred, and if so, at what stage.
Representative images of cells entering through mitosis, beginning at nuclear
envelope breakdown (NEB) and ending when chromosomes decondense and the
cells ‘sit down’ again, are shown in Figure 4.39A. The time taken for cells to reach
prometaphase, metaphase, anaphase, and to eventually sit back down again, was
analysed. The median time taken to reach each of these stages are shown in Figure
4.39B. No difference in the time taken to reach any of these stages was observed
between the control cells and those depleted from TRIM3. These results therefore

suggest that TRIM3 does not play a role in regulating mitotic progression.

To confirm further that no defects or delays in chromosome segregation are induced
when TRIMS3 is depleted, cells stably expressing GFP-CENP-A and mCherry-tubulin
were utilised. These cells are described in (Barisic et al., 2015). As the centromere is
used to direct the segregation of chromosomes during mitosis, this protein can be
used as a marker for successful chromosome separation. TRIM3 was depleted for 72
hours alongside an NT1 control. Cells at late prometaphase and metaphase were
selected for and imaged at 1-minute intervals. Figure 4.40 shows the progression from
the last stage in metaphase into anaphase, and through to telophase, allowing for
chromosome segregation to be observed. Representative images of control and
TRIM3 depleted cells are shown, with no obvious differences apparent between them.
Cells progress from metaphase into anaphase and late anaphase between the 00:00
and 00:08 time points. Furrow ingression, seen from the mCherry-tubulin marker, then
begins at 00:10, with early and late telophase occurring between the 00:12 and 00:18

time frames. Both cells are seen to have a few lagging centromeres between the
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00:02 and 00:06 time points, however these are corrected at 00:08. Taken together,
these results confirm that TRIM3 does not play a role within mitotic progression, and

its depletion does not affect the chromatid separation.
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Figure 4.39 — TRIM3 depletion does not affect mitotic progression

U20S cells stably expressing mRFP-H2B were transfected with 40 nM of either
control (NT1) or siRNA targeting TRIM3. At 72 hours post-transfection, cells were
imaged live using a Nikon TI-Eclipse microscope with a 20x objective at 5-minute
intervals for 16 hours. A. Representative images of the cells analysed through
mitosis. Time = hh:mm. Scale bar = 10 ym. B. Graphs showing the median time
taken for cells to reach the indicated phases across 2 independent repeats. 323
cells were analysed per condition.
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Figure 4.40 — TRIM3 depletion does not affect chromosome segregation

U20S cells stably expressing GFP-CENPA and mCherry-tubulin were transfected
with 40 nM of either control (NT1) or siRNA targeting TRIM3. At 72 hours post-
transfection, cells at late prometaphase and metaphase were selected for an
imaged using a 3i spinning disc confocal microscope (63x objective). Images were
acquired using a z-stack at 1-minute intervals with a 16 ym range and a step size
of 1 ym. Maximum projections are shown. Time = hh:mm. Scale bars = 10um.
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4.5 Discussion

As microtubules form a network which expands across the whole cell surface area,
and they have a central role in one of the most regulated processes, mitosis, it is
understandable that a large number of proteins are able to interact with them, with
many still yet to be discovered. Identification of further novel microtubule binding
proteins will aid our understanding into microtubule functions. Furthermore, a large
number of already identified proteins are lacking further characterisation past their
ability to associate with microtubules (Bodakuntla et al., 2019). Understanding this
complex picture in greater detail is required to determine the mechanisms, functions
and pathologies associated with microtubules. Within this chapter | have provided the
initial characterisation of 2 novel microtubule binding protein: LGALSL and TRIM3.

These results therefore validate the approach described Chapter 3.

451 LGALSL

LGALSL was identified as the most nocodazole-sensitive non-tubulin protein in the
proteomics dataset and has been confirmed here as a novel microtubule binding
protein. Galectin proteins are primarily known for binding to carbohydrates via their
conserved carbohydrate recognition domains (CRDs), allowing them to associate with
glycosylated proteins (Johannes et al., 2018). Microtubules can be modified by
sialyloligosaccharide groups (Hino et al., 2003) and O-linked p-N-acetylglucosamine
on both tubulin subunits (Ji et al., 2011). Glycosylation may therefore be involved in
protein-protein interactions (Song and Brady, 2015). The galectin-like protein LGALSL

may therefore interact with microtubules via these carbohydrate additions.

LGALSL has been reported to lack conserved resides within its CRD, so its
carbohydrate binding ability may be limited (Zhou et al., 2008; Walti et al., 2008).
Direct microtubule binding could be a possibility as other galectin family members
have been shown to associate with non-galactose-containing partners, such as the
association of galectin-8 with the autophagic receptor NDP52 (Kim et al., 2013).
Additionally, LGALSL is reported to interact with GALNT9 in HCT116 cells (Huttlin et
al., 2021). GALNTY9, also known as GalNAc-T9, is part of the UDP-N acetyl-a-D-
galactosamine:polypeptide N-acetyl-galactosaminyl-transferase family of enzymes
which catalyse the addition of O-glycan carbohydrate chains (Raman et al., 2012).
This association may support a role for LGALSL in glycoprotein association and

regulation.
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4.5.2 RMDN3

RMDN3 was selected as a protein of interest due to it being one of the most Taxol-
sensitive proteins identified within my dataset. Additionally, it was extracted in a
similar manner to the protein SAMMS50 which localises to the same subcellular region
as RMDN3 and shares binding partners (Galmes et al., 2016; Monteiro-Cardoso et
al., 2022) suggesting these are true candidates for microtubule binding. RMDNS, also
known as PTPIP51, is a mitochondrial protein which localises to the outer
mitochondrial membrane (Stoica et al., 2014). | have confirmed this result and shown

that it is driven by its N-terminal transmembrane domain.

During generation of GFP-tagged constructs of RMDN3, a GFP tag was incorporated
at the N-terminus of the protein without considering the transmembrane domain. This
disrupted the mitochondrial targeting, and clear microtubule binding is observed. It
can be hypothesised that the C-terminal tetratricopeptide repeat (TPR) may therefore
be responsible for this microtubule binding. Within RMDNS, this domain is involved in
phospholipid binding and transfer (Yeo et al., 2021), however these repeats are also
able to act as scaffolds to allow for protein-protein interactions with great binding
versatility (Zeytuni and Zarivach, 2012). TPRs are formed from repeating arrays of
34-amino acid motifs to create a coiled-coil structure (Perez-Riba and Itzhaki, 2019).
These have been likened to structural repeats found in Tau proteins for interacting
with microtubules (Butner and Kirschner, 1991; Smith et al., 1995), supporting the
hypothesis that the RMDN3 TPR domain may facilitate microtubule binding. To
confirm the dependence of the TPR domain for microtubule association, an N-
terminally tagged construct lacking the transmembrane domain of RMDN3 needs to

be generated.

RMDN1 associates with microtubules in C elegans, and implications that RMDN3 can
do the same were also previously made (Oishi et al., 2007). Sequence comparisons
between these 2 proteins revealed that RMDN1 lacks the transmembrane domain
and the coiled-coil domain found within the first 129 amino acids present in RMDN3.
RMDN1 is therefore free to associate with microtubules, further supporting the role of
the TPR domain for microtubule interactions. Furthermore, an additional isoform
consisting of 341 amino acids, which also lacks the first 129 amino acids, has been
identified for RMDN3. As all the peptides identified within the proteomics data reside
after residue 129, it is possible it was the detection of this isoform which allowed for

its identification as a microtubule binding protein. Generating a construct of RMDN3
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which has these first 129 amino acids removed would allow us to determine whether

this hypothesis and the dependence on the TPR domain is correct.

GFP-RMDN3 overexpression induced microtubule bundling, indicating a functional
role in microtubule network organisation, stability and dynamics in a similar way to
MAPG65 (Walczak and Shaw, 2010). Additionally, a strong colocalisation with both
acetylated and detyrosinated microtubules was also seen. Recent advances within
the microtubule field have proposed the concept of a ‘tubulin code’ which is the idea
that microtubule PTM’s generate different sub populations of networks which can
influence the plethora of proteins that associate with them (Gadadhar et al., 20173;
Janke and Magiera, 2020). RMDN3 may therefore display a preference for modified
microtubules over unmodified ones. Investigations of additional sub populations such
as polyglycylation and polyglutamylation could also be checked to determine whether
this preference is specific to all modifications or just those analysed here. On the other
hand, acetylation and detyrosination are also known to accumulate on stable
microtubules (Portran et al., 2017; Khawaja et al., 1988; Peris et al., 2009). As
RMDN3 overexpression induces microtubule bundling and hence stability, this could
in turn lead to the accumulation of these modifications. Further research is therefore
required to determine the order of events connecting RMDN3, microtubule bundling
and the accumulation of PTMs. Moreover, determining a role for RMDN3 in
microtubule dynamics via EB3 plus-tip tracking or regrowth following nocodazole

depolymerisation could also be performed under conditions of RMDN3 depletion.

One of the main functions of microtubules is to transport cargo around the cell via
kinesin and dynein motor proteins (Endow et al., 2010). Mitochondria are known to
be transported by Kkinesin-1 with a preference to acetylated microtubules.
Furthermore, endoplasmic reticulum (ER) sliding also preferentially occurs on
acetylated microtubules allowing for increased ER-mitochondrial contacts (Friedman
et al., 2010). RMDN3 may therefore be involved in this transport mechanism by its
ability to specifically recognise acetylated microtubules. It’s interaction with the ER-
associated protein VAPB (Stoica et al., 2014) further supports this hypothesis. As
acetylation alone does not influence kinesin-1 motility and preferences (Balabanian
et al., 2017; Kaul et al., 2014; Walter et al., 2012), specificity to these microtubule
subsets may be provided via an additional mechanism involving RMDN3. This could
be investigated via live cell imaging using MitoTracker and a newly developed stain
for acetylated microtubules (Jansen et al., 2023) in the presence and depletion of

RMDN3. An association between mitochondrial motility and the intracellular Ca?*
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levels has also been proposed (Barlan and Gelfand, 2017). The mitochondrial protein
Miro interacts with the kinesin tail under physiological levels of Ca?*. Elevated levels
of Ca?* induces a conformational change, causing kinesin-1 to switch into an inactive
state and its association with microtubules is prevented (Wang and Schwarz, 2009).
As RMDN@3 is involved in calcium homeostasis (De vos et al., 2012), it is well placed

to be involved within this regulatory mechanism of mitochondrial motility.

4.5.3 TRIM3

The tripartite motif containing E3 ligase enzyme, TRIM3, is relatively poorly
characterised within the literature. My work has confirmed that TRIM3, and its closest
family member TRIM2, clearly localise to microtubules. A number of other TRIM
proteins also associate with microtubule through their cos box domains (Short and
Cox, 2006). Only 2 of these, TRIM54 and TRIM46, were identified within my
proteomics dataset, and neither were specifically extracted in a nocodazole-sensitive
manner. The detection of TRIM3 may be accounted for by its relatively high
expression levels in both Hela and U20S cells. Functional roles relating to
microtubules have been identified for other cos box-containing TRIMs. TRIM46
controls neuronal polarity and regulates microtubule organisation by forming closely-
spaced microtubule bundles (Van Beuningen et al., 2015). TRIM55, also known as
MURF2 (muscle RING finger protein 2) associated with glutamylated microtubules
and functions in the alignment and extension of sarcomeres in muscle cells by
transiently associating with sarcomeric myosin during myogenesis (Pizon et al.,
2002). My work has identified a role for TRIM3 in the regulation of the acetylated

network.

TRIM2 is the closest family member to TRIM3 as they share the same domain
structure throughout, with their RING and B-box domains sharing 71% sequence
homology, and their NHL domain sharing 81% (Esposito et al., 2022). This combined
with my work suggests the TRIM2 NHL repeat is responsible for its microtubule
localisation. TRIM32 and TRIM71 should also be investigated for microtubule
interactions as they both contain an NHL repeat domain (Williams et al., 2019). Both
TRIM2 and TRIM3 have been reported to associate with myosin V (Ohkawa et al.,
2001; Yan et al., 2005), indicating they share binding partners. As heterodimerisation
occurs between these family members (Esposito et al., 2022), co-dependency may
also occur between these 2 proteins. Simultaneous depletion of both proteins should

be investigated to determine whether greater phenotypic responses are achieved.
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Extensive research has been carried out to elucidate the functional roles of the
acetylation of K40 on the a-tubulin subunit which resides within the microtubule lumen
(Fernandez-Barrera and Alonso, 2018). Recently it has been identified to be involved
in the stability of long-lived microtubules, and its absence leads to increased
mechanical breakage (Xu et al., 2017). TRIM3 may therefore play a role in regulating
microtubule stability, and further investigations could be made using in vitro
techniques to determine this. Cilia and flagellar are highly acetylated structures and
its presence is required for the kinetics of their assembly (Shida et al., 2010). TRIM3
may therefore disrupt ciliogenesis by altering the acetylation levels. Axonal transport
is highly dependent on microtubule acetylation and reduced levels have been
associated with various disease phenotypes (Eshun-Wilson et al., 2019). HDAC6
inhibition, which results in an increase in axonal acetylation levels, has been shown
to reverse the transport defects observed in Huntington’s Disease (Dompierre et al.,
2007), Charcot-Marie-Tooth disease (D’Ydewalle et al., 2011), distal hereditary motor
neuropathy (Kim et al., 2016), Parkinson’s disease (Godena et al., 2014) and
Alzheimer's disease (Mao et al.,, 2017). Despite this, the mechanisms for how
acetylation affects axonal growth and transport remains elusive (Eshun-Wilson et al.,
2019). Acetylated microtubules have been shown to enhance bundling which can
increase the processivity of kinesin-1 motors (Balabanian et al., 2017). KIF21B is a
kinesin motor protein which is specifically expressed in spleen and brain tissue.
TRIM3 deletion in mouse hippocampal derived neurons lead to reduced axonal
motility of KIF21B, via an independent method to its E3-ligase activity (Labonté et al.,
2013). Taken together, TRIM3 may therefore indirectly regulate motor function of
KIF21B by altering the levels of acetylated microtubules and reducing microtubule
bundling in neurons. As mutations of this motor protein have been implicated in
neurodevelopmental disorders (Asselin et al., 2020), understanding of this
mechanistic hypothesis may allow for therapeutic treatments for KIF21B-related

neurodevelopmental disorders.

TRIM3 regulates the levels of acetylated microtubules by altering the expression
levels of ATAT1 in a post-transcriptional manner. With TRIM3 being an E3 ligase,
direct ubiquitination of ATAT1 by TRIM3 would result in its destabilisation: ATAT1
levels would decrease in the presence of TRIM3 and increase in its absence. As the
opposite is observed, it suggests that if TRIM3 is regulating the stability of ATAT1, it
does so in an indirect manner, possibly by altering the activity of a deubiquitylase
(DUB) which in turn removes ATAT1 ubiquitination, thereby stabilising it. Further
investigations into the substrates of TRIM3 need to be performed before the full
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mechanistic details can be elucidated. A rescue experiment and the use a catalytic
mutant of TRIM3 would provide further insights into whether this phenotype is
performed by the E3 ligase activity. With TRIM3 and TRIM2 being closely related
family members, interplay has been observed between them. TRIM proteins are
known to dimerise via their coiled-coil domains (Fiorentini et al., 2020) and a recent
study shows that TRIM3 and TRIM2 dimerisation occurs via the coiled-coil and filamin
domain of the respective protein (Esposito et al., 2022). Despite their high sequence
similarity, TRIM3 displays reduced catalytic activity when expressed as a monomer
compared to TRIM2, which was restored by homo- or hetero-dimerisation (Esposito
et al., 2022). The potential co-dependency between these proteins may explain why
basal acetylation levels are unaffected by TRIM3 depletion, and why only a small
decrease in ATAT1 expression levels is observed. Further investigations into the dual
role of TRIM3 and TRIM2 is therefore required.

There are emerging roles for TRIM proteins in RNA-binding, facilitated by the NHL-
repeat domains, or in the case of TRIM25, the PRY-SPRY domain. These TRIM
proteins can associate with mRNA to allow for rapid alterations in protein translation
(Williams et al., 2019). Brat (BRAin Tumour) is the Drosophila orthologue of TRIM3
and TRIM2 and has been shown to associate with several hundred mRNA in
Drosophila embryos via its highly specific RNA-binding motif (Loedige et al., 2015).
As TRIMS is the mammalian orthologue of Brat, RNA binding may occur via its NHL-
repeat domain (Esposito et al., 2022). TRIM3 has been identified in RNA-transporting
granules, supporting the idea of TRIM3-RNA interactions (Kanai et al., 2004). If
TRIM3 RNA-binding occurs for ATAT1 mRNA, to align with the results obtained here,
its association would need to enhance protein expression, with TRIM3 depletion
leading to reduced ATAT1 translation. This would therefore fit with the unaffected
MRNA levels, the ATAT1 downregulation and the unaffected ATAT1 stability seen
following CHX treatment in TRIM3 depleted cells. Although most instances of TRIM-
MRNA binding results in the negative regulation of protein expression via translational
repression (Loedige et al., 2013), the reverse cannot be ruled out. Identifying whether
TRIM3 and TRIM2 are capable of interacting with RNA is crucial to understanding
their functional roles better and may assist with the mechanistic details connecting
TRIM3 and ATAT1.
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Chapter 5 — USP31 and its role in mitosis

5.1 Introduction

In parallel to my discovery-based approach, detailed in Chapter 3, | also decided to
pursue mechanistic studies of a novel microtubule-associated protein previously
discovered in the laboratory. Due to covid restrictions in place within the laboratory,
some of this was carried out as a team effort alongside Erithelgi Bertsoulaki and Joana
Gomes Neto. This research builds on foundational and preliminary observations

made by Erithelgi Bertsoulaki as part of her PhD thesis work (Bertsoulaki, 2018).

USP31 is a deubiquitylase (DUB) which is poorly characterised in the literature.
Erithelgi Bertsoulaki revealed that an overexpressed version of GFP-USP31 displays
clear association with microtubules (Bertsoulaki, 2018). Additionally, she also
observed a dramatic relocalisation of USP31 onto the mitotic spindle during late
anaphase. She showed that depletion of USP31 causes cells to become arrested at
G2/M phase, causing them to take much longer to divide than control cells. These
results indicated that USP31 must play a significant role within mitosis, and this has
been further explored with the work described in this chapter. | have therefore
characterised the dynamics of USP31 during mitosis, showing that it is both
upregulated 2-3-fold and phosphorylated in a CDK1-dependent manner during
mitosis. Analysis of a catalytically inactive version of USP31 shows the formation of
multiple ectopic cleavage furrows. Furthermore, under anaphase-like conditions
USP31 depletion reduces the expression levels of multiple chromosomal passenger
complex components, in particular, INCENP, as well as impairing its translocation
from the centromeres to the central spindle. This data represents the first investigation

into a regulatory role for USP31 during mitosis.

5.2 USP31 expression during mitosis

5.2.1 USP31 levels increase during mitosis

A study which investigated DUB expression levels during the cell cycle did not reveal
any evidence indicating certain DUBs are highly expressed in mitosis compared to
interphase (Darling, 2017). This study also did not include any comprehensive
analysis of USP31. Analysis of the expression levels of this DUB across the cell cycle

was therefore undertaken.
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Figure 5.1 — USP31 expression levels increase during mitosis

A. Schematic showing cell synchronisation protocols, separated by a dashed line. i)
schedules for double thymidine block or single thymidine block followed by
nocodazole treatment are shown. ii) Lysis timing for each stage is shown. B. USP31
expression during the cell cycle. U20S urea cell lysates were collected upon either
synchronisation protocol at the time-points specified in A. Dark blue arrow shows the
unphosphorylated band, light blue arrow shows the phosphorylated. C: Western blot
quantitation of B. Graph shows individual values from 3 (Late S) or 7 (all others)
independent biological repeats. Error bars indicate SD; one-way ANOVA with
Dunnett’s multiple comparisons test, *p<0.05, ***p=<0.001, ****p=<0.0001

To increase the number of cells occupying different phases of the cell cycle, 2
methods of cell synchronisation were adopted as illustrated in Figure 5.1A. Cells were
synchronised either by a double thymidine block to collect cells within G1, Early S,
Late S and G2 phases, whereas synchronisation with thymidine followed by
nocodazole was used to arrest cells during early mitosis (also described as mitotic
shake off). Mitotic shake off refers to the removal of the rounded-up, dividing cells
from the surface of the plate by carefully detaching them using the current cell culture

medium. This therefore enriches for cells which have entered into mitosis and are
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arrested at prometaphase whilst avoiding those in other phases of the cell cycle. Cells
were then lysed at these different time points following release into fresh culture
medium and probed for USP31. The results displayed in Figure 5.1B show that levels
of USP31 are relatively low within asynchronous cells and cell cycle phases between
G1 and G2. However, levels of USP31 are seen to increase significantly during early
mitosis, with levels remaining high as cells progress into late mitosis. Western blot
quantification in Figure 5.1C confirms there is a 2 to 3-fold increase in mitosis
compared to asynchronous cells. Expression levels of USP31 are therefore
significantly increased at mitotic entry. Blots shown were generated by me, with
additional data contributed by Joana Gomes Neto incorporated into the quantitation

for statistical analysis.

5.2.2 USP31 displays a shift in molecular weight during mitosis

In addition to the increase in USP31 expression levels during mitosis, | also observed
an upshift in molecular weight (MW), which persists throughout mitosis. Figure 5.2A
shows the band displayed for asynchronous cells lies just under the 150 kDa marker
(dark blue arrow), whereas the band observed for all the mitotic stages lies just above
the 150 kDa marker (light blue arrow). This same upshift can also be seen for a lower

MW form which runs at ~100 kDa, indicated with the green arrows.

To analyse at what stage upon mitotic entry this higher MW band is first observed,
cells were synchronised using a single thymidine block. Cells were then released from
thymidine into fresh media containing 100ng/ml nocodazole and lysed at specified
time points as they transition into prometaphase. Figure 5.2B indicates the higher MW
band first appears 14 hours after release into nocodazole and continues to increase
in intensity up to the 18-hour timepoint. The presence of this band correlates with
cyclin B expression levels, and phosphorylation of CDC27 and INCENP. To determine
the kinetics of the depletion and presence of the higher MW band as cells exit mitosis,
a mitotic shake off was performed and USP31 was analysed for up to 6 hours
following release from nocodazole. Data presented in Figure 5.2C confirms that after
6 hours, the expression level of USP31 has almost decreased back to that of the
asynchronous cells. This pattern mirrors that of cyclin B, confirming cells are returning
to interphase by this point. Additionally, the observed higher MW band gradually
decreases in MW over time, displaying a stepwise pattern. After 6 hours, the shift in
MW has reverted back to that seen for asynchronous cells, indicated by the blue

arrows. The lower MW isoform of USP31 (green arrows) follows the same pattern.
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Figure 5.2 — USP31 is phosphorylated during mitosis

A. U20S cells were synchronised using a single thymidine block followed by
nocodazole. Samples were released into fresh DMEM and lysed after O (prometa),
30 (meta), 45 (ana) and 60 (telo) minutes. B. U20S cells were treated with
thymidine for 24 h before being released into fresh DMEM containing nocodazole
and incubated for the indicated time points. C. USP31 depletion and MW shift
occurs as cells exit mitosis. U20S cells were synchronised with a single thymidine
block followed by nocodazole to prometaphase and then released into fresh DMEM
to allow cells to proceed through mitosis. D. U20S cells were transfected with either
control (NT1) or an siRNA oligos targeting USP31 (Q4) for 48h and synchronised
using a single thymidine block followed by nocodazole treatment. Cells were lysed
and samples were treated with 400 units of lambda phosphatase for 30 min. Blue
arrows represent full length USP31 whereas green arrows represent a proposed
shorter isoform. Top arrows (light) and bottom arrows (dark) indicate the
phosphorylated and dephosphorylated USP31 species respectively.
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5.3 USP31 is phosphorylated in mitosis

Phosphorylation frequently occurs within mitosis to allow for the fast and controlled
regulation of this highly important process, as discussed in section 1.2.3. Many
proteins such as CDC27, Securin and INCENP are phosphorylated upon entry into
mitosis, and dephosphorylated as cells return to interphase (Agarwal and Cohen-Fix,
2002; Bishop and Schuniacher, 2002; Huang et al., 2007). | speculated that this
upshift in MW may represent a phosphorylated version of USP31. Cells were
therefore synchronised to prometaphase and lysed before being treated with or
without lambda phosphatase. Lambda phosphatase is an enzyme derived from
bacteriophage and is a dual specificity manganese-dependent protein phosphatase
which displays activity towards phosphorylated serine, threonine and tyrosine
residues. Treatment with this phosphatase removes any phosphate groups present
from any proteins within the lysate. As a control, USP31 was depleted using the siRNA
oligo, Q4, to confirm specificity of the USP31 band. Figure 5.2D shows that lambda
phosphatase treatment causes a downward shift in the high MW band for both full
length USP31 (blue arrows) and the isoform (green arrows) in both the NT1 and Q4
samples. Taken together, this confirms that USP31 is phosphorylated during mitosis.

5.3.1 Kinase activity during mitosis

There are a number of kinases known to function within mitosis which could be
responsible for USP31 phosphorylation such as Cyclin-dependent kinases (CDK),
Polo like kinases (PLK) and Aurora kinases. As CDK1, aurora B and PLK1 are highly
active during mitosis (Nigg, 2001), | hypothesised that it could be one of these
performing this role. Cyclin B is an activator of CDK1 and CDC27 is a known substrate
(Huang et al., 2007). USP31 phosphorylation increases at a similar rate to cyclin B
levels and the presence of CDC27 phosphorylation (Figure 5.2B), supporting the
notion that CDK1 may be the responsible kinase. INCENP is a member of the
chromosomal passenger complex (CPC) and plays a role within the spindle assembly
checkpoint and cytokinesis (Aleem et al., 2015). INCENP has been previously shown
to be phosphorylated both by CDK1 (Goto et al., 2005) and aurora B (Bishop and
Schuniacher, 2002) upon mitotic entry. In Figure 5.2B, INCENP phosphorylation
mirrors that of USP31, making either CDK1 or aurora B potential candidates as the

responsible kinase.
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5.3.2 USP31 is phosphorylated by CDK1

Initial experiments using inhibitors were carried out to establish whether CDK1, aurora
B or PLK1 was responsible for USP31 phosphorylation. Firstly, cells were
synchronised using thymidine and nocodazole and arrested at entry to mitosis. The
aurora B inhibitor, ZM477439, was added alongside nocodazole, thereby preventing
its activity as cells enter mitosis. Aurora B inhibition still allows spindle formation
however chromosomes are unable to align at the metaphase plate as kinetochore
attachments cannot be maintained (Doodhi et al., 2021). As aurora B also regulates
cytokinesis, its inhibition causes the cells to exit mitosis prematurely (Keen and Taylor,
2009). Upon release from nocodazole, mitotic cells were incubated for the specified
time points for western blot analysis. Figure 5.3A shows ZM477439 treatment
successfully inhibited aurora B, as histone 3 phosphorylation at serine 10 (H3-
pSer10), a site specific for aurora B phosphorylation (Hirota et al., 2005) was not
observed. USP31 MW does shift downwards slightly in a stepwise fashion over the
analysed time frame. However, as phosphorylated USP31 is observed at the onset of
mitosis (0 minutes) despite the inhibitor being present for 18 hours prior to this, it

suggests that this dephosphorylation observed may be due premature mitotic exit.

This same approach could not be used to test for CDK1 phosphorylation as inhibition
during synchronisation would prevent cells from entering mitosis. Cells were therefore
synchronised to prometaphase prior to treatment with either RO3306, ZM447439 or
B12536 to inhibit CDK1, aurora B or PLK1 respectively upon release from nocodazole.
The results from CDK1 and aurora B inhibition are shown in Figure 5.3B, and PLK1
inhibition in Figure 5.3C. CDK1 inhibition leads to complete loss of phosphorylation
after 30 minutes. A slight downshift is seen after aurora B inhibition, although much
less prominent than CDK1 inhibition. USP31 remained phosphorylated after PLK1
inhibition. These results suggest that either CDK1 or aurora B, or both, may be

responsible for USP31 phosphorylation.
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Figure 5.3 — USP31 is not phosphorylated by PLK1

A. U20S cells were synchronised with single thymidine block followed by treatment
with nocodazole and the aurora B inhibitor ZM447439 (10 uM) or DMSO for 18 hrs.
Samples were released from nocodazole and samples taken after indicated times.
B. U20S cells were synchronised with single thymidine block followed by
nocodazole, then released from nocodazole into fresh DMEM. Samples were
treated with either the aurora B inhibitor ZM447439 (10 uM) or the CDK1 inhibitor
RO3306 (10 uM), or DMSO for the indicated timepoints. C. U20S cells were
synchronised as in B then released from nocodazole into fresh DMEM. Samples
were treated with either PLK1 inhibitor BI2536 (100nM) or DMSO for the indicated
timepoints. Blue and green arrows indicate full length USP31 and a proposed
shorter isoform, respectively. Top arrows (light) and bottom arrows (dark) indicate
the phosphorylated and dephosphorylated USP31 species respectively.

Inhibiting CDK1 or aurora B causes cells to prematurely exit mitosis, allowing for
activation of mitotic phosphatases (Keen and Taylor, 2009). USP31
dephosphorylation may therefore be a result of cells exiting mitosis rather than a direct
response from kinase inhibition. To combat this possible caveat, upon release from

nocodazole, cells were treated with MG132 for 1 hour to inhibit the proteasomal
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degradation pathway. This prevents mitotic regulators such as cyclin B and securin
from being degraded, arresting cells at the metaphase plate and inhibiting anaphase
onset (Afonso et al., 2019). Either RO3306 or ZM447439 were then added, causing
the cytoplasm to enter into an anaphase like state, while maintaining the spindle in a
metaphase conformation. As a control, the MG132 wash-out was performed
alongside, allowing cells to naturally enter into anaphase, albeit taking slightly longer
than usual. This protocol is illustrated in Figure 5.4A. Figure 5.4B shows that when
RO3306 is added, dephosphorylation of USP31 is still observed. This result is not
seen following aurora B inhibition (Figure 5.4C). To further confirm this observation,
synchronised cells were either treated immediately with the inhibitors or pre-treated
with MG132 before inhibitor addition. Figure 5.4D shows that CDK1 inhibition results
in USP31 dephosphorylation whereas no change is observed following aurora B
inhibition. Taken together, these results suggest that CDK1 phosphorylates USP31,
whereas aurora B and PLK1 do not. In vitro investigations could be performed to

further confirm CDK1 as the sole responsible kinase.

5.3.3 GFP-USP31 in the stable cell lines is also phosphorylated during
mitosis
Erithelgi Bertsoulaki generated U20S cell lines which stably overexpress GFP-
USP31 either in its wild-type form (WT13) or a catalytically inactive mutant (CA1)
whereby the catalytic cysteine has been mutated to an alanine (Bertsoulaki, 2018).
To confirm that over expressed GFP-USP31 is also phosphorylated during mitosis,
mitotic cells were treated with lambda phosphatase and the downshift in MW was
analysed. Figure 5.5A confirms that in both WT13 and CA1 cells, the overexpressed
GFP-USP31 is also phosphorylated as the downshift in MW was observed following

lambda phosphatase treatment.

To confirm that CDK1 is responsible for phosphorylation of the GFP-USP31
expressed within these cell lines, cells were arrested at prometaphase and treated
with either RO3306 or ZM447439 directly after release from nocodazole or after a 1-
hour treatment with MG132. Figure 5.5B shows that within both cell lines,
dephosphorylation is observed following RO3306 CDK1 inhibition but not with
ZM443479 aurora B inhibition. These results therefore indicate that GFP-USP31 is

also dephosphorylated upon CDK1 inhibition but not aurora B inhibition.
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Figure 5.4 —-USP31 is phosphorylated by CDK1 during mitosis

A. Schematic diagram for experimental procedure in B and C. B. U20S cells were
synchronised using thymidine and nocodazole then released into fresh DMEM. One
sample was lysed immediately (Prometa). MG132 (MG, 5 uM) was added to all
other samples for 1 hour to arrest cells at metaphase. CDK1 inhibitor (RO3306, RO,
10 uM) was then added for specified times. For control cells, MG132 washout was
performed for specified times to allow re-entry into mitosis. Asy: Asynchronous cell
lysates. C. Same as in B but using aurora B inhibitor (ZM447439, ZM, 10 uM). D.
U20S cells were synchronised as in B and released into fresh DMEM. Samples
were treated immediately with either DMSO, RO (10 uM) or ZM (10 pM) for 30 min,
or were first pre-treated with MG132 (MG, 5uM) for 1 h before RO or ZM addition.
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Blue and green arrows indicate full length USP31 and a proposed shorter isoform,

respectively. Top arrows (light) and bottom arrows (dark) indicate the
phosphorylated and dephosphorylated USP31 species respectively.
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Figure 5.5 — GFP-tagged USP31 in stably expressing cell lines is phosphorylated in
mitosis by CDK1

A. Parental U20S cells and stably expressing GFP-USP31 WT13 and CA1 cells
were synchronised using a single thymidine block followed by nocodazole and
released into fresh DMEM. Cells were lysed and samples were treated with 400
units of lambda phosphatase for 30 minutes. B. WT13 and CA1 cells were
synchronised as in B. Samples were treated immediately with either DMSO,
RO3306 (RO, 10 uM) or ZM447439 (ZM, 10 uM) for 30 minutes, or were first pre-
treated with MG132 (MG, 5uM) for 1 hour before RO or ZM addition.
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5.3.4 USP31 phosphorylation may regulate its localisation to the mitotic
spindle

Previous research performed by Erithelgi Bertsoulaki has shown that transiently
transfected GFP-USP31 is able to localise to the mitotic spindle (Bertsoulaki, 2018).
She observed that during metaphase, USP31 is largely cytosolic however some
localisation can be seen at kinetochore microtubules. As cells transition into anaphase
and telophase there is a rapid relocalisation of USP31 from the cytosol onto the
central spindle which persists as cells enter cytokinesis. | have confirmed this result
using different clones which stably express GFP-USP31 (Figure 5.6). Both WT13 and
WT9 cell lines show slight spindle localisation during metaphase and early anaphase,
with both displaying a clear relocalisation to the kinetochore microtubules and central
spindle after anaphase onset at 9 and 10 minutes respectively. Imaging of WT8 shows
that relocalisation is less dramatic in this clone but can still be observed on the central
spindle microtubules during telophase at 9 minutes. No spindle localisation of GFP-
USP31 can be seen in the WT10 clones.

The expression levels of these clones are shown in Figure 5.7. WT13 and WT9
express the highest levels of GFP-USP31, explaining why spindle localisation is
clearer in these cells compared to WT8. Additionally, GFP-USP31 cannot be detected
with the USP31 antibody in WT10 cells, and GFP staining shows a species which
runs at a slightly lower MW compared to the other clones. As the USP31 antibody
detects the last 98 amino acids at the C-terminal (1254-1352) it is thought this may
express a truncated version of USP31 which lacks the C-terminus. As this is the
region required for microtubule binding (Bertsoulaki, 2018), this would explain the lack
of spindle localisation within this clone. Sequencing would be required to confirm this

hypothesis.
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WT13

WT9

WT8

WT10

Figure 5.6 — GFP-USP31 relocalises to the central spindle during anaphase

U20S cells stably expressing wild-type USP31 (WT13, WT9, WT8 or WT10) were
selected at metaphase and imaged as they progress through mitosis using a 3i-
spinning disk confocal. Z-stacks were acquired every minute (16um range, 1 ym
steps), and the maximum projection for the selected time-points are shown
(hh:mm). Scale bar: 10 ym.
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Figure 5.7 — USP31 expression levels in U20S cells stably expressing GFP-USP31

40 4 VT ——————) | [\ ~{{1\

U20S cells stably expressing GFP-USP31 (WT10, WT8, WT9, WT13) were lysed
at both asynchronous or prometaphase and compared to parental U20S cells (par).
A. All cell lines. B. Cell lines on separate blots for easier visualisation of low
expression bands. Left — Parental and WT10, right — WT8, WT9 and WT10. Black
and green arrows represent endogenous and GFP-tagged USP31 respectively.
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5.3.5 Localisation of USP31 on the mitotic spindle is controlled by CDK1

The rapid relocalisation of USP31 to the spindle microtubules during anaphase
coincides with the loss of CDK1 activity. As USP31 is phosphorylated in a CDK1-
dependent manner as the cells enter mitosis (Figure 5.4), | speculated that
phosphorylation could regulate spindle localisation. To investigate this hypothesis,
stably expressing wild type GFP-USP31 cell lines (WT13) were imaged during
mitosis. Cells were treated with MG132 for 1hr to arrest cells at metaphase (00:00
time point). The CDK1 inhibitor RO3306 was then added to allow the cell to assume
an anaphase-like cytoplasm, whilst maintaining a metaphase plate. Imaging began at
the addition of this inhibitor. A schematic of this protocol is illustrated in Figure 5.8A.
At metaphase, USP31 was not observed on the spindle, and its localisation appears
largely cytosolic (Figure 5.8B). Upon addition of CDK inhibitor, USP31 is rapidly
recruited onto the kinetochore microtubules. These results confirm that USP31
spindle localisation is controlled by CDK1 inactivity, supporting the hypothesis that
phosphorylation prevents microtubule binding of USP31.

A Metaphase spindle with
Anaphase-like cytoplasm
RO3306
MG132 (1h) Image

MG132 (1hr) + RO3306

Figure 5.8 — Localisation of USP31 on the spindle is controlled by CDK1

A. Schematic diagram showing the experimental protocol used in B. B. U20S cells
stably expressing wild-type (WT13) USP31 were arrested in metaphase using
MG132 (5 uM) for 1 h. Cells were imaged immediately after the addition of RO3306
(CDK1 inhibitor; 10 uM) using a 3i-spinning disk confocal. Z-stacks were acquired
every minute (14um range, 1uym steps), and the maximum projection for the
selected time-points are shown (hours:mm). Scale bar: 10 pm.
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5.4 Determination of USP31 phosphorylation sites

5.4.1 Conjugating the GFP nanobody to the beads

In order to determine which residues within USP31 are phosphorylated during mitosis,
| decided to perform mass spectrometry analysis. In order to do this,
immunoprecipitation of USP31-GFP from the WT13 cells using a GFP nano-trap
pulldown assay was required to enrich for the protein. GFP nano-trap protein can be
produced in Rosetta E. coli cells and purified before binding to NHS activated
Sepharose beads. Purified protein was kindly gifted from previous PhD students
within the laboratory, Douglas Grimes and Hannah Elcocks, and was therefore ready
to be conjugated to the Sepharose beads. The GFP nano-trap protein was first

dialysed overnight into the coupling solution before association to the beads was

performed.
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Figure 5.9 — Generation of GFP pulldown beads

WT13 cells were lysed in 8M urea before different protein concentrations were
incubated with the newly prepared GFP nanotrap conjugated NHS Sepharose
beads overnight. Samples were eluted using 2x SB and analysed. A. Western blot
samples of pulled-down protein compared to 40 g input and unbound fraction. B.
Western blot quantification showing the percentage efficiency of the pulldown
compared to the input sample.
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An initial test was done to confirm the new beads could capture the GFP-USP31
protein from the WT13 cells and determine the required concentration to achieve
enrichment. Cells were lysed in 8M urea lysis buffer and incubated with the nano-trap
beads at different concentrations as specified to allow for a titration. Figure 5.9A
shows these beads successfully bind GFP-USP31 as there is a large band visible at
~ 200 kDa. The 800 and 1000 pg concentrations show a high level of enrichment
compared to the lower concentration levels and therefore either concentration would
be suitable for further experiments. Western blot quantification (Figure 5.9B) confirms
that an equal or greater percentage of GFP-USP31 is captured via the beads
compared to the input using these 2 concentrations. The greatest enrichment
achieved was only 133% however actin levels are significantly reduced compared to
the input. This confirms the pulldown was specific for GFP-USP31 and therefore

reduces the background proteins present.

5.4.2 Phosphoproteomics of USP31

In order to identify specific residues phosphorylated during mitosis, WT13 cells were
arrested at prometaphase then treated with either DMSO, RO3306 or ZM447439 for
30 minutes. An asynchronous sample was also collected alongside as a control.
These samples were separated by SDS-PAGE and the bands corresponding to GFP-
USP31 were excised. In-gel digest and tryptic digestion was performed before being
analysed via mass spectrometry. A schematic of this workflow is illustrated in Figure
5.10.

This analysis only managed to identify Ser-433 as a phosphorylation site of USP31.
The peptide containing this residue was only identified within the ZM447439 sample.
It can therefore be concluded that this residue is not phosphorylated by aurora B as it
is still present following aurora B inhibition. The probability score for phosphorylation

at this residue was predicted as 0.741, as shown in Table 5.1.

Table 5.1 — Phospho-proteomics of USP31 during mitosis

Gene Position ~ Asy DMSO RO3306 | ZM44 Amino  Sequence Phospho (STY)

7439 Acid window Probability

0.740671 NLNHLKFGLDYH | LS(0.256)S(0.741)P
RLSSPTQTAAK T(0.003)QTAAK
QGKMDSPT
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Figure 5.10 — GFP-USP31 pulldown workflow

Schematic diagram showing the workflow for mass spectrometry analysis of USP31
phosphorylation sites. Mitotic cells were treated with either DMSO, RO3306 or
ZM447439 for 30 minutes before being lysed. Asynchronous cells were lysed as a
control. A GFP-nano-trap pulldown was performed to extract GFP-USP31. The
band of interest was then subjected to in gel digest for phosphoproteomic analysis.

As CDK1 has been shown to phosphorylate USP31, the CDK1 census sequence can
be used to predict other possible residues. This consensus sequence is S/T*-P, or
more specifically S/T*-P-x-K/R (Holt et al., 2009). Serine 433 is followed by a proline
and would therefore qualify. Other residues which fit within this more specific
consensus sequence include S879 and S1001. These sites are situated at the C-
terminal domain of USP31 which is required for microtubule binding (Bertsoulaki,

2018). Confirmation of these phosphorylation sites using this method of identification
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is not possible due to the length of the peptides created around these regions when
digested with trypsin. The S879 containing peptide is only 6 amino acids long,
rendering it too small for specific identification, whereas the S1001 peptide is 29
amino acids which is too long for analysis. For these predictions to be confirmed, an
alternative protease would need to be utilised. Chymotrypsin which cleaves after
tryptophan, tyrosine and phenylalanine would be a suitable choice to isolate S879,
creating a peptide of 16 amino acids. AspN combined with LysN could also be used,
creating a peptide of 14 amino acids. For S1001 combination of AspN and GluC could

be used to produce a 7 residue peptide (Giansanti et al., 2016).

5.4.3 Generation of USP31 phospho-mutants

In order to test the hypothesis that USP31 phosphorylation regulates microtubule
binding, site directed mutagenesis was used to incorporate point mutations into the
GFP-USP31 plasmid. Single amino acid changes were introduced at the predicted
phosphorylation sites, S433, S879 and S1001. At all 3 positions, the serine residue
was coded for by a TCT codon. Both alanine and glutamate point mutations were
created by mutating this codon to GCT and GAA respectively at each of the 3 points
as illustrated in Figure 5.11A. Alanine (A) is used as it is similar in structure to serine
however it can no longer be phosphorylated, referred to as a phospho-null site, and
glutamate (E) is used to mimic continuous phosphorylation, referred to as a phospho-
mimetic site. Successful mutagenesis, and the absence of undesired mutations was
confirmed via whole construct sequencing. The point mutations created are illustrated
within Figure 5.11B and their expression within U20S cells was confirmed in Figure

5.11C, with all expressing a protein at the expected size of ~180 kDa.

Once these mutated plasmids had been created, | performed an initial analysis to
confirm whether microtubule binding could still be achieved in interphase by
transiently transfecting U20S cells. Figure 5.12 shows that microtubule binding is still
observed for all USP31 mutants: these phosphorylation sites therefore have no effect
on localisation during interphase. To determine whether localisation was affected
during mitosis, cells were synchronised with thymidine and nocodazole treatments
and transfected with all mutated plasmids at the same time as nocodazole addition.
After 16-18 hours, cells were washed to remove the nocodazole and released into
fresh media to allow for cells to re-enter into mitosis. The results in Figure 5.13 confirm
that all phosphorylation mutants are able to localise to the mitotic spindle at

metaphase, anaphase and telophase, confirming that these phosphorylation sites do
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not play arole in the spatial regulation of USP31 during mitosis. Further mutants using
alternative predicted sites for phosphorylation would therefore need to be tested to

confirm this hypothesis.
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Figure 5.11 - Generation of USP31 phospho-mutants

A. Schematic diagram of the domain structure of USP31. Positions of predicted
phosphorylation sites are shown in red. B. Schematic diagram showing the original
amino acid sequence of USP31 (top row) and the changes to be made by site
directed mutagenesis (bottom row). C. U20S cells were transfected with GFP-
USP31 containing each of the generated mutations compared to the wild-type (WT)
for 21 hours and analysed for their expression levels and MW. Arrow indicates band
representing GFP-USP31.
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Figure 5.12 — USP31 phospho-mutants all localise to microtubules

U20S cells were transiently transfected with the wild type (WT) and the GFP-
USP31 phospho-mutants as indicated and fixed with ice cold MeOH before being
stained for a-tubulin. Images were acquired on a 3i spinning disk confocal
microscope. Scale bar: 10 um.
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Figure 5.13 - USP31 phospho-mutants all localise to the spindle

U20S cells were transiently transfected with 1ug of DNA of the wild type (WT) and
the GFP-USP31 phospho-mutants as indicated for 18 hours. Cells were
synchronise using nocodazole, added at the same time as the transfection reagent.
Nocodazole washout into fresh DMEM was performed an hour before imaging, and
cells were selected and imaged live at metaphase, anaphase and telophase.
Images were acquired on a 3i spinning disk confocal microscope. Maximum
projection is shown (range: 15 pm, step size: 1 um). Scale bar: 10 ym.
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5.5 USP31 and the chromosomal passenger complex

5.5.1 USP31 catalytic inactive mutant displays ectopic furrowing during
anaphase-like conditions

When analysing the USP31 localisation in response to the CDK1 inhibitor (Figure
5.8B), the cells expressing a catalytic inactive version of GFP-USP31 (CA1) was also
analysed alongside. Similar results were observed with regards to USP31 localisation
onto the spindle, shown in Figure 5.14. In addition, | also observed a peculiar
phenotype within these catalytically inactive mutant cell lines: CDK1 inhibition leads
to multiple ectopic furrowing points, which is not observed in the WT13 cells. This
phenotype was observed in 38/45 cells for CA1 (84%) whereas only in 6/40 cells for
WT13 (15%). This result suggests that cytokinesis may be disrupted as furrow
ingression occurs at multiple areas in addition to the midbody when USP31 is inactive.
The chromosomal passenger complex (CPC, described in section 1.2.4), plays a role
in the spindle checkpoint and the initiation of furrow ingression for cytokinesis (Aleem
etal., 2015; Carmena et al., 2012). It is this role within cytokinesis that highlighted this

complex and its possible connection to USP31.

MG132 (1hr) + RO3306

Figure 5.14 — USP31 CA1 cells show ectopic furrowing during cytokinesis

U20S cells stably expressing wild-type (WT13) or catalytically inactive (CA1)
USP31 were arrested in metaphase using MG132 (5 uM) for 1 h. Cells were imaged
immediately after the addition of RO3306 (CDK1 inhibitor; 10 uyM) using a 3i-
spinning disk confocal. Z-stacks were acquired every minute (14 um range, 1 ym
step size) and the maximum projection for the selected time-points are shown
(hours:mm). Arrows point to furrow positions in the CA1 cell line. Scale bar: 10 uym.
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5.5.2 USP31 depletion causes reduced levels of the CPC and the
associated motor proteins in mitosis

As USP31 is a DUB, and therefore can prevent proteasomal degradation of its protein
targets via the removal of ubiquitin chains, | speculated that USP31 may lead to
stabilisation of the CPC proteins. USP31 was therefore depleted using 2 separate
oligonucleotides (Q1 and Q4) alongside a non-targeting control (NT 1) and mitotic cells
were collected for analysis of interested proteins. The levels of all 4 monomers of the
CPC tetramer INCENP, aurora B, borealin and survivin (Carmena et al., 2012), were
analysed, alongside the mitotic kinesin-like proteins, MKLP1 (Zhu et al., 2005) and
MKLP2 (Gruneberg et al., 2004), and the Kelch-like protein KLHL21 (Maerki et al.,
2009). These proteins are all described in more detail section 1.2.4. Figure 5.15
shows that following transfection with the Q4 oligonucleotide, all proteins except
survivin and MKLP2 are significantly downregulated. As for Q1, statistical significance
is observed for INCENP, aurora B, KLHL21 and MKLP1. Discrepancy between
oligonucleotides could be accounted for by Q4 causing a greater reduction in both the
full length and isoform of USP31. Overall, these results suggest that USP31 may act
to stabilise some members of the CPC, associated motor proteins and the E3 ligase
which acts upon it. Blots shown were generated by me, with additional data
contributed by Joana Gomes Neto incorporated into the quantitation for statistical

analysis.
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Figure 5.15 — USP31 depletion affects CPC protein levels

A. U20S cells were transfected with siRNA against USP31 (Q1 and Q4) or a non-
targeting control (NT1) for 48 hours. Cells were synchronized to prometaphase
(Prometa) using thymidine and nocodazole and then lysed immediately. Samples
were analysed by western blotting and probed for indicated proteins. Asy:
Asynchronous cell lysates. Shown is a representative experiment. Blue and green
arrows indicate full length USP31 and a proposed shorter isoform, respectively. Top
arrows (light) and bottom arrows (dark) indicate the phosphorylated and
unphosporylated USP31 species respectively. B. Quantification of western blots
illustrated in A. Graph shows results from 4 independent experiments. Statistical
analysis carried out via one-way ANOVA with Dunnett’s multiple comparisons test.
ns=not significant, *p<0.05, **p<0.01, ***p=<0.001, ****p<0.0001.

5.5.3 USP31 depletion causes mislocalisation of the CPC components
in a CDK1 dependent manner

Spatiotemporal regulation of the CPC is crucial for its proper function within mitosis
(Carmena et al., 2012; Aleem et al., 2015). With this in mind, and due to the ectopic
furrowing phenotype observed in Figure 5.14, | therefore speculated whether USP31
may also be involved in the spatiotemporal regulation of the CPC. To investigate this,

USP31 was depleted for 48 hours before treating with MG132 for 1 hour to arrest cells
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in metaphase. To induce an anaphase-like cytoplasm, CDK1 inhibitor, RO3306, was
then added for 8 minutes before cells were fixed for imaging via immunofluorescence.
The localisations of aurora B (top panels) and INCENP (bottom panels) were analysed
(Figure 5.16A). In control cells, localisation of both proteins analysed can be seen at
the spindle midzone as expected. Following USP31 depletion, this localisation is
altered, and the CPC components fail to transition to the midzone. For both
oligonucleotides, the levels at the midzone are visibly reduced, confirming the results
observed in Figure 5.15. For quantification purposes, the cells analysed have been
divided into 3 phenotypes: normal midzone staining, reduced midzone staining and
no midzone staining. Figure 5.16B shows that cells with reduced or no midzone
staining are observed more frequently following USP31 depletion compared to the
NT1 control for both CPC proteins analysed. The same experiment was repeated to
analyse borealin localisation under these same conditions. Similar results are
observed in Figure 5.16C however due to sensitivity of the antibody for
immunofluorescence, this result is less clear. In NT1-treated cells, borealin staining
accumulates more at the midzone as expected. This accumulation is reduced for Q1
and even more so for Q4, confirming that 3 of the CPC components are affected by
USP31 depletion. Analysis of survivin localisation was not achievable due to the
antibody not being sensitive enough for immunofluorescence. Taken together, these
results indicate that USP31 plays a role in not only stabilising the components of the
CPC complex, but also regulating their localisation to the spindle midzone in the
absence of CDK1 activity. Images shown were generated by me, with additional data

contributed by Joana Gomes Neto incorporated into the quantitation.

5.5.4 Aurora B inhibition does not lead to mislocalisation of the CPC
proteins in USP31 depleted cells

To confirm that this mislocalisation observed following USP31 depletion is dependent
on CDK1 inhibition, the same experiment as above was performed whilst inhibiting
aurora B. USP31 depleted cells were treated with MG132 for 1 hour followed by
ZM447439 for either 8 minutes or 40 minutes. Cells were then fixed in ice cold
methanol and stained for INCENP and B-tubulin. Figure 5.17 confirms that following
USP31 depletion, aurora B inhibition does not lead to the same mislocalisation of
INCENP as was previously seen following CDK1 inhibition after either 8 minutes (A)
or 40 minutes (B) incubation. This suggests that this mislocalisation occurs specifically
in a CDK1 dependent manner, possibly indicating a connection to the phosphorylation

status of USP31 at anaphase onset.
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Figure 5.16 — USP31 depletion affects CPC localisation

A. U20S cells were transfected with siRNA against USP31 (Q4, Q1) or a non-
targeting control (NT1) for 48 hours, then treated with MG132 (5 yM) for 1 hour and
subsequently treated with RO3306 (10u M) for 8 minutes. Cells were fixed with
MeOH and stained for the indicated antibodies. Images were acquired with a 3i
spinning disk confocal; a single confocal slice is shown. Scale bar 10 um. B. Bar
graph show the quantification of the frequency of phenotypes observed in A (%
cells showing each phenotype; cells analysed per condition: Aurora B: NT1 (76),
Q1 (83), Q4 (73). INCENP: NT1 (119), Q1 (109), Q4 (160)). C. U20S cells were
treated as in A and stained for borealin. Images were acquired with a 3i spinning
disk confocal; a single confocal slice is shown. Scale bar = 10 ym.
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Figure 5.17 — Aurora B inhibition does not affect the localisation of the CPC in USP31
depleted cells

U20S cells were transfected with siRNA against USP31 (Q4) or a non-targeting
control (NT1) for 48 hours, then treated with MG132 (5 uM) for 1 hour and
subsequently treated with ZM447439 (10 uM) for either 8 minutes (A) or 40 min
(B). Cells were fixed with MeOH and stained for the indicated antibodies. Images
were acquired with a 3i spinning disk confocal; a single confocal slice is shown.
Scale bar =10 ym.

5.5.5 USP31 depletion does not cause this effect on the CPC by
disrupting the detyrosinated or acetylated networks

Previous work from Erithelgi Bertsoulaki showed that USP31 depletion has a dramatic
effect on the detyrosinated and the acetylated microtubule network: both are reduced
and disrupted in the absence of USP31 (Bertsoulaki, 2018). Microtubule post

translational modifications (PTMs) are highly abundant within the mitotic spindle.
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Previous research has shown that if you disrupt the detyrosinated network during
mitosis then chromosome segregation is compromised. CENP-E motor proteins
recognise detyrosinated kinetochore microtubules, whereas dynein motor proteins
recognise tyrosinated astral microtubules (Barisic and Maiato, 2016). Depletion of
tubulin tyrosine ligase (TTL), the enzyme required for restoring the a-tubulin c-
terminal tyrosine detailed in section 1.1.10.3, causes CENP-E to transport
chromosomes away from the spindle poles in random directions, preventing
successful segregation (Barisic et al., 2015). In this model (Figure 5.18A),
detyrosination acts as a guide to navigate motor proteins to the correct localisation
during cell division to allow for precise segregation of chromosomes (Barisic et al.,
2015; Barisic and Maiato, 2016).

| therefore speculated that the CPC mislocalisation observed following siRNA
depletion of USP31 may be due to the defects observed on the detyrosinated and
acetylated networks. This rationale was based on the knowledge that the MKLP2
transports the CPC along microtubules during anaphase onset from the centromeres
to the central spindle midzone to allow for cytokinesis initiation (Adriaans et al., 2020).
Either of these PTMs may play a role in directing this microtubule-dependent
transport. | therefore transfected cells with siRNA corresponding to a-tubulin acetyl
transferase (ATAT1), and the cofactor protein which complexes to VASH1/2, small
vasohibin-binding protein (SVBP). These depletions lead to a reduction in the levels
of K40 acetylated a-tubulin and detyrosinated a-tubulin respectively, as shown in

Figure 5.18B. To confirm whether the CPC is mislocalised following microtubule PTM
disruption, cells were treated with MG132 for 1 hour followed by treatment with CDK1
inhibitor, RO3306, for 8 minutes to recreate the same conditions as in section 5.5.3.
Figure 5.18C and D confirms that INCENP sufficiently transitions to the midzone
under these conditions. This concludes that USP31-dependent mislocalisation of the

CPC is not regulated by microtubule PTMs.
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Figure 5.18 — Disruption of the detyrosinated and acetylated microtubule networks
does not affect CPC mislocalisation

A. Schematic showing spindle organisation with normal levels of detyrosinated
tubulin (left) and enriched levels of detyrosinated tubulin (right). B. U20S cells were
depleted with ATAT1 or SVBP for 48 hours Samples were analysed by western
blotting and probed for indicated proteins. C/D. U20S cells were transfected with
siRNA against a non-targeting control (NT1), ATAT1 (C) or SVBP (D) for 48 hours.
Cells were then treated with MG132 (5 uM) for 1 hour and subsequently treated
with RO3306 (10 uM) for 8 minutes. Cells were fixed with MeOH and stained for
the indicated antibodies. Images were acquired with a 3i spinning disk confocal; a
single confocal slice is shown. Scale bar = 10 ym.
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5.5.6 USP31 affects the CPC expression and localisation during
anaphase but not telophase

USP31-dependent CPC mislocalisation occurs in the presence of the CDK1 inhibitor
RO3306. | therefore wanted to confirm whether the same result can be seen in
physiological anaphase conditions as well. This will allow for better differentiation
between kinetochore- and midzone-localised CPC components, as chromosome
separation will occur normally as opposed to under MG132 treatment where it is
prevented. To investigate this, USP31 depleted cells were synchronised to
prometaphase following thymidine-nocodazole block and released into fresh DMEM
to allow them to re-enter into mitosis. Methanol-fixed cells were then stained for
INCENP to represent the CPC localisation and results are shown in Figure 5.19A.
The CPC transitions from the centromeres to the midzone during anaphase in NT1
control cells (top panel). In some instances, a slight delay in this transport is apparent,
as some residual INCENP staining is observed still on the chromosomes (lower NT1
example). Following USP31 depletion with the Q1 oligonucleotide, reduced INCENP
staining at the midzone is observed alongside incomplete relocalisation from the
centromeres to the midzone. Under these conditions, more residual staining which
overlaps with the chromosome staining is seen. USP31 depletion with Q4 shows that
INCENP levels are significantly reduced at the midzone, however less residual
staining is observed still at the centromeres. This mislocalisation previously observed
with this oligonucleotide is therefore less striking when under this configuration. Taken
together, it can be concluded that USP31 depletion does lead to a reduction of the
CPC levels at the spindle midzone, and a mislocalisation or a delay in transition can

also be observed for at least 1 oligonucleotide.

| next wanted to confirm whether this mislocalisation of the CPC persists into
telophase. During this stage of mitosis, the CPC is expected to localise to the midbody
arms which flank the midbody core and the central spindle microtubules (Carmena et
al., 2012; Capalbo et al., 2019). To investigate this, the same experimental setup as
above was employed. Figure 5.19B confirms that the INCENP does indeed localise
to the midbody arms during telophase in USP31 depleted cells. This therefore
suggests that the absence of CPC staining at the midzone observed in Figure 5.16
and Figure 5.19B suggests this may be a delay in its transition rather than a complete

mislocalisation.
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Figure 5.19 — CPC localisation during anaphase and telophase

U20S cells were transfected with siRNA against USP31 (Q1 or Q4) or a non-
targeting control (NT1) for 48 hours and synchronised to prometaphase with a
single thymidine block followed by nocodazole. Cells were then washed and
released into fresh DMEM for 2-3 hours to allow progression through mitosis. Cells
were fixed with MeOH and stained for the indicated proteins. Images were acquired
with a 3i spinning disk confocal. Scale bar = 10 ym. A. Single confocal slice of
representative cells in anaphase, B. Maximum projection of representative cells in
telophase.
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5.5.7 USP31 does not affect cytokinesis

The CPC plays a critical role in cytokinesis by regulating the timing of the abscission
that leads to the complete separation of the 2 daughter cells (Aleem et al., 2015). As
USP31 regulates both expression levels and subcellular localisation of the CPC
components during prometaphase and anaphase, it is possible that defects in
cytokinesis may also occur. This would correlate with the ectopic furrowing phenotype
observed in the stable cell lines expressing the catalytic inactive version of GFP-
USP31 (CA1) shown in section 5.5.1. To confirm whether USP31 depletion causes
cytokinesis defects, cells were fixed and co-stained for a-tubulin and pericentrin, a
frequently used marker of the centrosome. If cytokinesis was defective in these cells,
an increase in the number of centrosomes per cell would be observed. Centrosome
numbers were therefore counted for each of the 2 oligos used and compared to the
control cells. Representative images of a field of cells for each condition is shown in
Figure 5.20, with selected insets showing the centrosomes. The quantitation of 238,
164 and 164 cells for NT1, Q1 and Q4 respectively is shown in the graph and confirms
that no significant difference if observed in the centrosome numbers following USP31
depletion. A slight increase in the number of cells containing 2 centrosomes is
observed for both oligos, (40% of control cells compared to 45% for both Q1 and Q4).
This could be attributed to the increase in the number of cells seen in G2 phase
following USP31 depletion, as observed by Erithelgi Bertsoulaki (Bertsoulaki, 2018).

This therefore indicates that USP31 does not play a role in cytokinesis.
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Figure 5.20 — USP31 depletion does not affect centrosome number

U20S cells were transfected with siRNA against USP31 (Q1 or Q4) or a non-
targeting control (NT1) for 48 hours. Cells were fixed using ice cold methanol and
stained for o-tubulin (red), pericentrin (green) and DNA (DAPI, blue).
Representative images and insets are shown. Images were acquired using a 3i
spinning disk confocal. 40X objective. Scale bars = 10 ym. The number of
centrosomes per cell is quantitated in the graph.
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5.5.8 USP31 depletion leads to a delay in the transition of INCENP from
the centromeres to the spindle midzone

It is clear that USP31 has a role within the regulation of the CPC expression levels
and its localisation during anaphase onset. This mislocalisation does however appear
to rectify itself during telophase as the CPC proteins are able to successfully localise
to the spindle midbody arms as shown in section 5.5.6. This therefore suggests that
rather than a complete mislocalisation of the CPC during mitosis, USP31 depletion
may cause a delay in the translocation of it from the centromeres to the central spindle
midzone during anaphase onset. To investigate this, | utilised U20S cells which stably
express doxycycline inducible VSV-INCENP-GFP, kindly gifted to us from Professor
Susanna Lens (UMC Utrecht, The Netherlands).

| first confirmed whether USP31 depletion could reduce expression levels of the
induced VSV-INCENP-GFP protein in a similar manner to the endogenous protein.
Cells were therefore synchronised to prometaphase, and INCENP expression was
induced using doxycycline for 3 hours before cells were lysed. Asynchronous samples
were also taken to compare to the expression levels in mitosis. INCENP-GFP can
successfully be induced following 3 hours of doxycycline treatment in both
asynchronous and mitotic cells (Figure 5.21A). Furthermore, the impact of USP31
depletion on INCENP expression levels can be recapitulated with the inducible
INCENP-GFP protein levels, as both oligos lead to a reduction in levels compared to
the NT1 control. This result supports the suggestion that USP31 has a direct role in
stabilising INCENP expression levels and argues against it being a transcriptional

change.

| then went on to follow the kinetics of INCENP translocation from the centromeres at
metaphase, to the spindle midzone during anaphase, and then to the midbody arms
during telophase in real-time. INCENP-GFP expression was induced in asynchronous
cells and live cell imaging was performed. Cells in late prometaphase and metaphase
were selected and a z-stack was acquired every minute throughout anaphase and
telophase. Figure 5.21B shows images from representative cells following USP31
depletion, with the first frame of each starting at metaphase (one frame before
anaphase onset commenced). To complement the results shown in Figure 5.21A, a

decrease in the protein expression is observed with both oligonucleotides.
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Figure 5.21 — USP31 depletion effects the transition of GFP-INCENP

A. U20S cells expressing inducible INCENP-GFP were transfected with siRNA
against USP31 (Q1, Q4) or a non-targeting control (NT1) and synchronised with a
single thymidine block followed by nocodazole to prometaphase. INCENP-GFP
(arrowheads) expression was induced for 3 hours with doxycycline (1 ug/ml) prior
to lysis and processing for western blotting with the indicated antibodies. B. U20S
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cells inducibly expressing INCENP-GFP were transfected with siRNA against
USP31 (Q1, Q4) or a non-targeting control (NT1) for 45 hours, then treated with
doxycycline (1 pg/ml) for 3 hours to induce expression of INCENP-GFP. Cells were
then imaged on a 3i spinning disc confocal microscope as they transition from
metaphase to anaphase. Z-stacks (range 17um, 1um steps) were acquired every
minute. Shown is a sequence of representative Z-stack maximum projections (17
um range, 1 uym step size) starting one frame before anaphase onset. Scale bar =
10 ym. Time is shown in hh:mm. Quantitation of intensity levels of GFP-INCENP
expression. Fiji was used to produce trace graphs across each cell from pole to
pole at each timepoint. C. Quantitation of all cells imaged for B. The percentage of
cells that undergo initiation of furrow ingression at each timepoint is shown in the
graph. NT1 (42 cells), Q1 (27 cells), Q4 (26 cells).

In the NT1 control cells, INCENP-GFP localisation can clearly be seen at the
centromeres at the 00:00 time frame, and as the cells pass through anaphase, the
expected relocalisation to the spindle midzone occurs between 00:02 and 00:04. After
the 00:05 time frame, spindle elongation and cleavage furrow formation occurs at the
equatorial cortex. Furrow ingression and compacting of the central spindle then
occurs after this point, causing INCENP-GFP to accumulate at the spindle midbody.
These timings however are not replicated in USP31 depleted cells. For the cells
treated with Q1, relocalisation from the centromeres to the spindle midzone is not
completed until the 00:06 timepoint, with cleavage furrow formation and spindle
elongation not being initiated until 00:07. Accumulation at the midbody then occurs at
00:10. Similar results are seen with the second Q4 oligonucleotide. Upon anaphase
onset, the INCENP-GFP is released from the centromeres after 00:04 but appears to
dissipate (possibly into the cytoplasm) before faintly relocalising to the spindle
midzone at the 00:06 time frame. Elongation and cleavage furrow ingression occurs
after 00:07 before accumulation at the midbody at 00:10. The expression levels of
GFP-INCENP across the width of the cell (from pole to pole) were analysed and trace
graphs for each timepoint are illustrated (Figure 5.21B). Trace levels illustrate that in
control cells, INCENP levels peak at the equator of the cell throughout the duration of
imaging. Following USP31 depletion however, the peak level at the equator is reduced
during metaphase (00:00). Furthermore, INCENP levels do not display a sharp peak
at the equator as they progress through anaphase but appear more constant across
the width of the cell. This peak at the equator does reappear for both Q1 and Q4 cells
however not until after 00:09 and 00:10 respectively. Quantitation of the timeframe
where initial furrow ingression is observed was performed and is shown in Figure

5.21C, confirming this delay is representative.
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These results confirm that USP31 regulates INCENP expression levels in a post-
transcriptional manner. Furthermore, a delay in the release and redistribution of
INCENP from the centromeres to the spindle midzone during the transition from
metaphase to telophase is observed. Taken together, USP31 therefore regulates both

the abundance and the dynamics of the CPC.

5.6 Discussion

Deubiquitylases (DUBs) play a complex and highly choreographed role within mitosis.
It has been reported that USP44 regulates the spindle assembly checkpoint by
stabilising the Mad2-Cdc20 complex (Stegmeier et al., 2007), USP9X controls
centrosome duplication (Wang et al., 2017b; Li et al., 2017), the spindle assembly
checkpoint (Skowyra et al., 2018) and survivin relocalisation (Vong et al., 2005), whilst
USP35 stabilises aurora B (Park et al., 2018). USP31 is a DUB which is poorly
characterised in the literature. Previous work by Erithelgi Bertsoulaki showed that it
localises to microtubules and to the mitotic spindle, and its depletion leads to mitotic
defects. The work presented in this chapter provides a detailed investigation of the

role of USP31 during cellular division.

5.6.1 USP31 expression levels

The fluctuations in expression levels of deubiquitylases throughout the cell cycle have
been previously investigated, however, no specific DUBs emerged as being highly
expressed in mitosis in comparison to other cell cycle phases (Darling, 2017).
Furthermore, this study did not include any comprehensive analysis of USP31. | have
shown here that USP31 increases its expression levels 2-3-fold during mitosis
compared to asynchronous cells. This therefore makes USP31 the DUB which
changes its expression levels the most over the course of the cell cycle, as no other
DUB has been reported to vary its levels to this degree (Darling, 2017). This is a
typical characteristic seen with other proteins which have a primary and crucial
function in mitosis (Nath et al., 2015). For example, cyclin B, which associates with
CDK1 and allows for the phosphorylation of proteins required for entry into mitosis
and the spindle assembly checkpoint (SAC), is highly upregulated upon entry into
mitosis and reduced as cells progress to mitotic exit (Ding et al., 2020; Fung and
Poon, 2005). Furthermore, members of the CPC such as INCENP also follow this
pattern. As these mentioned proteins are crucial for mitosis, and their
perturbation/depletion leads to delays in mitotic progression, this transcriptional

upregulation is essential for successful chromosome segregation (Himmer and
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Mayer, 2009). From the results shown in this chapter, it is fitting that USP31 would

also undergo an increase in expression and that it is a crucial mitotic regulator.

5.6.2 USP31 phosphorylation

As well as mitotic-induced upregulation of USP31, | also confirmed the
phosphorylation of the whole USP31 population during M-phase. Phosphorylation is
a key regulatory mechanism within mitosis (Nigg, 2001), with 30% of the mitotic
proteome being modified with a phosphate group (Welburn and Jeyaprakash, 2018).
USP31 phosphorylation coincides with its increased expression levels, and therefore
may influence its stabilisation (Nishi et al., 2011), however further research is required
to confirm this hypothesis. This phosphorylation has also been shown to occur in a
CDK1-dependent manner. A possible drawback of this conclusion is the lack of
dephosphorylation observed as the cells enter into anaphase and telophase (Figure
5.1B). However, in conjunction with previous studies (Afonso et al., 2019), complete
degradation of cyclin B has also not occurred at these stages in our hands, indicating
continued CDK1 activation and prolonged USP31 phosphorylation. In vitro
investigations could be performed to confirm CDK1 as the sole kinase. Additionally,
investigations into whether phosphorylation increases the activity levels of USP31

could also be employed.

During metaphase, USP31 localises mainly to the cytosol and its microtubule binding
abilities have been lost. Upon inhibition of CDK1 however, USP31 relocalises onto
the mitotic spindle, leading to the hypothesis that CDK1-dependent phosphorylation
prevents USP31 associating to the spindle microtubules. There are other proteins
which have their microtubule binding ability regulated by the presence of
phosphorylation which would support this hypothesis. For example, Ipl1 aurora kinase
in yeast cells is able to associate with Bim1, the yeast homolog of EB1 when it has
been dephosphorylated at anaphase onset, allowing it to associate with the mitotic
spindle at this point (Zimniak et al., 2012). An additional example is provided by
CLASP2 proteins where phosphorylation at multiple sites inhibits the electrostatic
attractions it forms with EB1 +tip proteins and thereby prevents is association with
microtubules and plus-tip tracking during mitosis (Kumar et al., 2012). As Ipl1,
CLASP2 and USP31 are all thought to be phosphorylated by CDK1, it is therefore
possible that USP31 may act in a similar way, allowing for microtubule association
when it is dephosphorylated. USP31 is therefore subjected to spatiotemporal

regulation and may not perform some functions until spindle localisation is restored.
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USP31 residues S433, S879 and S1001 were mutated to confirm their roles in
phosphorylation and microtubule association, however no evidence for this was
identified. USP31 has been shown to be phosphorylated at other residues in addition
to those analysed in this chapter. A previous study performed large-scale quantitative
phosphoproteomics using small-molecule inhibitors for both aurora B and PLK1 on
cells arrested in mitosis. Phosphorylated residues for USP31 identified here included
S877, S887, S1057, S1060, T1122, Y1123, S1126 and S1221 however none were
shown to meet the cut-off requirement of at least 2.5-fold reduction following inhibitor
treatment (Kettenbach et al., 2011). PhosphoSitePlus® shows 59 residues which
could be phosphorylated. The residue with the most experimental evidence is $S1323,
where immunoaffinity beads to detect phospho-MAPK and CDK substrates have been
utilised (Hornbeck et al., 2015). Of these other identified sites, none of them fit the
specific CDK1 consensus sequence except S690 and S1111 (Sharma et al., 2014;
Klammer et al., 2012; Christensen et al., 2010; Hornbeck et al., 2015). There are also
a further 20 sites which fit the less specific consensus of S/T*-P. Other sites may
therefore be involved in the regulation of USP31 phosphorylation and could be
mutated to confirm the role in spindle association. A caveat to the point mutations
generated here is that there are additional serine residues in close proximity to all 3
predicted positions. Serine residues are also located at position 432, 877, 881 and
1000. It is therefore possible that because phosphorylation cannot occur on 433, 879
and 1001 due to the introduced point mutations, these other surrounding residues
have been phosphorylated to overcome this, thus possibly altering the observed
localisation. In order to eliminate this possibility, additional mutations at these

positions would need to be introduced.

5.6.3 USP31 and the chromosomal passenger complex

| have shown that USP31 plays a significant role in regulating the stability of the
chromosomal passenger complex (CPC) during mitosis. The CPC is a crucial complex
which regulates the attachment of microtubules to kinetochores, activates the spindle
assembly checkpoint and initiates cytokinesis (Carmena et al., 2012; Aleem et al.,
2015). INCENP is the most significantly affected by USP31 depletion, although a
decrease in expression levels is also seen for aurora B and borealin. As the CPC
proteins are involved within the same complex, it is possible that the destabilisation
of only one of these proteins leads to the indirect downregulation of the others (Honda
et al., 2003). Thereby, some or all of the CPC components may be a substrate of
USP31. Tandem Ubiquitin Binding Entities (TUBEs) protein domains which
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specifically bind to polyubiquitin chains (Hjerpe et al., 2009) and could be utilised here
to determine whether CPC components are polyubiquitinated and whether this
changes following USP31 depletion. An alternative approach could be the use of
his10-tagged ubiquitin pulldown experiments (Trulsson et al., 2022). These methods
may identify changes in polyubiquitination following USP31 depletion, providing
evidence that USP31 prevents their targeted degradation. This decrease in protein
expression could also be attributed to reduced transcription. However, as this same
result is recapitulated using the doxycycline-inducible GFP-INCENP cells lines via
both western blot and live cell imaging, this suggestion seems less likely.
Furthermore, unpublished data performed by Joana Gomes Neto has shown that the
cells stably expressing the catalytic inactive form of USP31 display similar reductions
in INCENP levels. This result supports the suggestion that USP31 has a direct role in
stabilising INCENP expression levels and argues against it being a transcriptional

change. This change could be further confirmed by the use of gPCR-RT experiments.

| have shown that cells stably expressing doxycycline-inducible GFP-INCENP exhibit
a transitional delay of the CPC between anaphase onset and telophase. The addition
and removal of ubiquitin is required for the extraction of the CPC from the
chromosomes. Survivin is targeted to the centromeres via K63 ubiquitination,
mediated by the ubiquitin binding protein, Ufd1 (ubiquitin fusion degradation 1).
USP9X-dependent deubiquitylation of survivin is required for release of the CPC from
the kinetochores and subsequent relocalisation to the midzone during anaphase
(Vong et al., 2005). In parallel, aurora B ubiquitination by Cul-3-KLHL9-KLHL13
facilitates its removal from the chromosomes (Sumara et al., 2007), whereas the Cul3-
KLHL21-mediated ubiquitination targets it to the midzone (Maerki et al., 2009). These
cycles of ubiquitination and deubiquitination of the CPC components are present on
multiple levels, thereby controlling its dynamic behaviour and coordinating mitotic
progression. USP31 has been shown here to also play a role in this relocalisation,
suggesting that action from both DUBs may be required for sufficient relocalisation.
As USP9X is involved in survivin release, it could be hypothesised that USP31 activity
is required for the subsequent recruitment to the midzone. USP31 activity may
therefore further add to the numerous mechanisms required for critical spatiotemporal
regulation of the CPC (Van Der Horst and Lens, 2014).

MKLP1 and MKLP2 motor proteins are known to transport the CPC from kinetochores
to the midzone, and regulate spindle midzone formation respectively (Gruneberg et

al., 2004). Disruption of MKLP2 levels, although not statistically significant, was seen
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with 1 oligonucleotide. Transport of the CPC to the midzone via this motor protein
may therefore be impaired, resulting in an indirect effect on CPC localisation. On the
other hand, as MKLP2 processivity increases with CPC expression levels (Adriaans
et al., 2020), CPC destabilisation observed may in turn reduce MKLP2 activity, hence
impairing relocalisation. In addition, INCENP is also required for survivin localisation
(Wheatley et al., 2001), the recruitment of MKLP1 to the midzone and midbody (Zhu
et al., 2005), and the transport of MKLP2 to the ends of stable microtubules in the
spindle midzone (Serena et al., 2020; Himmer and Mayer, 2009). As INCENP is
reduced significantly following USP31 depletion, this loss could also cause an indirect
effect on CPC relocalisation by any of these mechanisms. Due to these multiple layers
of dependence on each other, further investigation is required to determine which of

these proteins are direct substrates of USP31.

In addition to this mechanistic delay observed during the later stages of mitosis,
Erithelgi Bertsoulaki also observed a delay between nuclear envelope breakdown and
anaphase onset. She saw that USP31 depleted cells take on average between 32
and 40 minutes to reach anaphase onset, whereas control cells only take 25 minutes
(Bertsoulaki, 2018). The CPC also has a role during these early mitotic stages by
controlling chromosome alignment and the SAC (Carmena et al., 2012; Aleem et al.,
2015). Following its localisation at the inner centromeres, aurora B activity leads to
the recruitment of a number of proteins to centromeres and kinetochores. This
includes proteins involved in the SAC such as Mad1, Mad2, Bub1, BubR1, Mps1 and
CENP-E (Ditchfield et al., 2003; Kelly and Funabiki, 2009). Additionally, the
attachment and stabilisation of kinetochore microtubules is tightly regulated by aurora
B activity in response to tension defects (Kalantzaki et al., 2015). The CPC therefore
functions to repair incorrect kinetochore-microtubule attachments (Kelly and Funabiki,
2009). Additionally, aurora B regulates the localisation and activity of MCAK (mitotic
centromere associated kinesin), the kinesin-13 microtubule depolymerase (Andrews
et al.,, 2004; Lan et al.,, 2004), allowing for microtubule depolymerisation upon
erroneous kinetochore attachments. USP31 stabilisation and spatiotemporal
regulation of one or more of the CPC components may therefore reduce the
effectiveness of either of these mechanisms, causing a delay in early mitosis.
Furthermore, USP31 depletion disrupts the detyrosinated microtubule network
(Bertsoulaki, 2018). Detyrosination is required for suppressing MCAK activity (Peris
et al., 2009; Sirajuddin et al., 2014) at the centromeres, allowing for stabilisation of
correct kinetochore-microtubule attachments (Ferreira et al., 2020). USP31-

dependent loss of detyrosination may therefore result in the inability to suppress
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MCAK activity, which in turn would prevent stabilisation of correct kinetochore-
microtubule attachments. This hypothesis would correlate with the data from Erithelgi
Bertsoulaki which reveals reduced kinetochore microtubule half-lives in USP31
depleted spindles (Bertsoulaki, 2018). Further investigation of MCAK activity would

be required to confirm this.

5.6.4 Next steps for USP31

This research has provided the first in-depth analysis of the expression, localisation
and mechanistic roles of USP31 during mitosis, and therefore provides a foundation
for further investigations into this DUB. USP31 localisation on the mitotic spindle has
been visualised using overexpressed, GFP-tagged versions of USP31. Although this
provides useful insights into the protein function, the ability to confirm this result with
the endogenous protein is desirable. USP21 is another DUB which displays
microtubule localising abilities when transiently overexpressed (Urbé et al., 2012).
Further studies of this protein however revealed that USP21 primarily localises to the
centrosome (Heride et al., 2016). An endogenously tagged version of USP31 would
therefore provide us with more reliable information to confirm its microtubule
localisation. A caveat of this however is that USP31 protein copy numbers within cells
are low, with an estimate of only ~350 copies in Hela cells (Bekker-Jensen et al.,
2017). Given this, GFP-tagged endogenous USP31 may be expressed at too low
levels to clearly determine the localisation via immunofluorescence. Despite this,
USP31 has been identified in a previous study which performed proteomic analysis
of mitotic spindles within Xenopus egg extracts, suggesting its involvement in self-
organisation of microtubules during M-phase (Rosas-Salvans et al.,, 2018). This
finding further reinforces the claim that USP31 localises to the spindle and is a key

regulator of mitosis.

The next steps will be to fully confirm substrates of USP31 to uncover its mechanistic
roles within mitosis. This can be explored using mass spectrometry analysis of mitotic
cells following siRNA depletion of USP31 to determine proteins stabilised by USP31
activity. Furthermore, biotin proximity labelling (BiolD) (Roux et al., 2012) or TurbolD
(Cho et al., 2020) could be utilised to identify proteins which directly interact with
USP31.
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Chapter 6 - Conclusions

6.1 Novel microtubule binding proteins

In this thesis | have introduced a new protocol for identifying microtubule associated
proteins (MAPs) and shown its ability to identify both LGALSL and TRIM3 as novel
microtubule binding proteins. These results confirm that there are still microtubule
binding proteins to be identified. A number of other proteins were also identified as
potential candidates including 2 members of the syndecan family of transmembrane
proteogylcans, syndecan-1 and syndecan-4. Syndecan proteins are cell surface
receptors that mediate adhesion between the cell and the extracellular matrix (ECM).
They also function as receptors for ECM proteins and growth factors (Morgan et al.,
2007). Syndecan-4 is required for the formation of focal adhesions (Woods and
Couchman, 2001), and microtubules are involved in stimulating focal adhesion
disassembly (Ezratty et al., 2005). Syndecan-1, -2 and -4 have all been reported to
associate with tubulin within the mitotic spindle (Brockstedt et al., 2002). It would
therefore be interesting to see whether syndecan proteins have any further roles

which involve the microtubule network both in interphase and mitosis.

Despite extracting many microtubule binding proteins, not all known MAPs were
identified. EB2 and other plus tip proteins such as CLIP170 and CLIP115 were
missing from the dataset, although EB3 was readily detected. Some proteins with high
off rates which undergo transient microtubule association may therefore be missed
using this method of extraction. It should therefore be expected that some novel
microtubule binding proteins will also go undetected and additional protocol

optimisation may be required to achieve a more complete proteome.

6.2 Future applications for microtubule differential extraction

During the development of this differential extraction protocol, it was envisioned that
it could be utilised for further applications such as investigating readers of the tubulin
code. Additionally, as it was easily applied to RPE1 and SKN-BEZ2 cells, this protocol

could also be utilised within neuronal systems.

6.2.1 The tubulin code

The tubulin code has been described to influence the association and activity of
microtubule binding proteins such as CENP-E favouring detyrosinated microtubules

(Barisic et al., 2015), and spastin activity regulation by polyglutamylation (Lacroix et
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al., 2010; Valenstein and Roll-Mecak, 2016). All instances to date have reported a
direct link between a specific microtubule PTM and individual proteins but are yet to
be performed on a global scale. This novel proteomics method provides a useful tool
to facilitate this investigation in cells with manipulated PTMs. U20S cell lines which
have been deleted for either TTL or VASH1 and VASH2 using CRISPR/Cas9, kindly
gifted from Dr Helder Maiato (Ferreira et al., 2020), display complete or diminished
detyrosination networks respectively (Figure 6.1). Comparisons of the microtubule
fractions within each cell line can be made to parental control cells to determine any
changes. Functional roles for detyrosinated microtubule networks could then be
elucidated following further investigations into identified proteins. This system can be
easily manipulated for investigations into other microtubule PTMs and even
combinations. One potential caveat is that it will only allow for investigations into
proteins which have increased or diminished binding in response to changes in PTM
and will not account for protein activity differences such as motor processivity or

altered directionality.

a-tubulin detyr-tubulin merge

TTL KO Parental

VASH1/2 KO

Figure 6.1 — Detyrosination networks in TTL and VASH1/2 knock-out cell lines

U20S cells deleted from tubulin tyrosine ligase (TTL KO) or Vasohibin 1 and
Vasohibin 2 (VASH1/2 KO) were fixed in ice cold methanol and stained for a-tubulin
(red) and detyrosinated a-tubulin (green) to visualise the differences in
detyrosination network compared to parental U20S cells.
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6.2.2 The neuronal microtubule proteome

Microtubules are critical for neuronal development, maintenance, and function. This
protocol could be applied to neuronal systems allowing for identification of the
neuronal microtubule proteome. Additionally, the tubulin code plays a crucial role
within neurons, and modifications are spatiotemporally regulated during development.
Despite their high presence, their functional relevance remains largely unknown
(Moutin et al., 2020). Manipulation of different aspects of the microtubule code could
be performed via siRNA depletion of the responsible enzymes followed by differential
extraction. Further applications could also be performed in a i3 (isogenic, integrated,
inducible) neuronal system previously developed by Michael Ward and colleagues
(NIH, USA) (Wang et al., 2017a). These cells contain a CRISPRi system for mediated
depletion of target genes and could be used to perturb tubulin modifications and
investigate their affects throughout neuronal development. This tool could be applied
in combination with the differential extraction protocol to specifically identify binding
proteins which associate to particular subsets of neuronal microtubules. Further
optimisation of microtubule extraction will be required within neuronal cells due to their
anticipated increase in nocodazole-resistant stable microtubules. However, a recent
study revealed that 15 minutes nocodazole treatment was sufficient to achieve 50%
depolymerisation of the microtubule network, which could be sufficient (Qiang et al.,
2018).

6.3 TRIMs and microtubules

Of the ~80 TRIM family members present within humans, greater than 10% of them
localise to microtubules via a 67 amino acid sequence motif called the cos-box (Short
and Cox, 2006). This family must have important roles associated with the microtubule

cytoskeleton to explain the large number of family members that localise to them.

Functions have been identified for the C-I subfamily members. MID1 (TRIM18) and
MID2 (TRIM1) are both involved in cytokinesis (Gholkar et al., 2016) and axon
development (Lu et al., 2013), whilst MID1 has also been reported to target PP2Ac
and Alpha4 for degradation (Trockenbacher et al., 2001). TRIM9 is recruited to
microtubule plus ends by EB1 in Drosophila S2 cells and promotes microtubule
growth and prevents catastrophe (Feng et al., 2021) and also regulates synaptic
vesicle exocytosis by binding to SNAP25 and inhibiting SNARE complex assembly (Li
et al., 2001). TRIM36 has been reported to influence cytoskeletal organisation and

assembly in Xenopus egg development (Mascaro et al., 2022), and also interacts with
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the kinetochore protein CENP-H and delays cell cycle progression when
overexpressed (Miyajima et al., 2009). TRIM46 organises parallel microtubules during
initial neuronal polarisation and asissts with the formation of parallel, closely spaced,
microtubule bundles (Van Beuningen et al., 2015). Finally, TRIM67, alongside TRIM9,
interacts with MAP1B and KIF1A and regulates neuronal morphogenesis in response
to netrin-1 axon guidance cues (Menon et al.,, 2021). The C-Il muscle proteins
TRIM63, TRIMSS and TRIM54 are involved in muscle tissue remodelling by mediating
turnover of muscle proteins (Perera et al., 2012). The single family member of the C-
[l subfamily, TRIM42, remains poorly characterised. Despite sharing similar C-
terminal domain architecture, these proteins display a wide array of different functions
(Cox, 2012). It also still remains unclear why so many TRIM proteins are targeted to
microtubules. Microtubule ubiquitylation has been previously reported (Xu et al.,
2010), however its functional role remains unclear. TRIM proteins therefore may
provide a good starting point for further investigations into a- and B- tubulin

ubiquitylation.

TRIM3 differs from other microtubule-associated TRIMs as it does not contain a cos
box domain (Short and Cox, 2006): its microtubule localising region has been mapped
to the NHL-repeats. There is therefore an additional domain capable of targeting more
TRIMs to microtubules. From my data, it can be hypothesised that TRIM2 localises to
microtubules through this same domain, and it will be interesting to see whether any
of the other C-VII family members also contain this ability and if they have

microtubule-related functions.

6.4 TRIM3 in neurons

TRIMS is highly expressed in the brain where some functional relevance has been
identified for it (Esposito et al., 2022), including the regulation of the neuronal kinesin
KIF21B (Labonté et al., 2013). Additionally, the molluscan orthologue of TRIM2/3 has
been implicated in neuronal differentiation as its depletion reduced neurite outgrowth
(Van Diepen et al., 2005). My data has shown that TRIM3 plays a role in regulating
the acetylated microtubule network by altering the expression levels of the
responsible acetylase, ATAT1, in a post-transcriptional manner. Alterations in KIF21B
processivity could be a result of this perturbed microtubule code as motors display
subset preferences. Additionally, the acetylation of microtubules is responsible for
inducing microtubule stabilisation (Eshun-Wilson et al., 2019) and promoting

microtubule bundling (Balabanian et al., 2017), both important features within
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neuronal axons. As loss of acetylation has also been shown to increase axonal and
dendritic branching (Jenkins et al., 2017; Wei et al., 2018), investigations into whether

TRIMS is involved in regulating any of these aspects may lead to interesting findings.

6.5 USP31 in neurons

USP31 expression levels are also high in neuroblastoma cells (Bertsoulaki, 2018) and
may therefore be involved in the development and differentiation of neurons. Yeast
two-hybrid investigations to identify USP31 binding partners have revealed Ankyrin
2/B (AnkB) and Myc binding protein 2 (MYCBP2) as two of the top hits. AnkB has
been shown to link dynein-dynactin motor proteins with their cargoes in primary
hippocampal neurons and its loss resulted in shortened axon tracks (Lorenzo et al.,
2014). Additionally, it can directly associate with microtubules (Davis and Bennett,
1984) and giant AnkB couples axonal microtubules to plasma membranes (Yang et
al., 2019). MYCBP2 is an unconventional E3 ligase enzyme which ubiquitylates
threonine and serine residues (Pao et al., 2018) and mutations have been shown to
alter microtubule morphology in zebrafish forebrain neurons (Hendricks and
Jesuthasan, 2009). USP31 may therefore be involved in these processes if either of
these proteins are confirmed to be a substrate. Further investigations should therefore
be performed using target specific CRISPRi within the i3 iPSC neuronal system
(Wang et al., 2017a).

6.6 Microtubule-related diseases

A number of different diseases have been associated with microtubules and their
binding proteins (Matamoros and Baas, 2016). Microtubule dynamics and post-
translational modifications are highly regulated in neurons to ensure axonal transport
and maintain their polarity (Moutin et al., 2020). Perturbations in these characteristics
have been reported in neurodegenerative diseases such as Alzheimer’s disease
(Fernandez-Valenzuela et al., 2020), Parkinson’s disease (Pellegrini et al., 2017) and
Amyotrophic Lateral Sclerosis (Liu and Henty-Ridilla, 2022). Identifying and
characterising all microtubule binding proteins involved in dynamic regulation may
therefore lead to the development of therapeutics by providing alternative druggable

targets.

Dysregulation of microtubule binding proteins also lead to disease phenotypes.
Dysfunctional tau proteins can aggregate to form fibrillary tangles which are the key

feature in Alzheimer’s disease and other tauopathies (Igbal et al., 2016). Mutations
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within the microtubule binding protein LRRK2 (leucine rich repeat kinase 2) are the
leading genetic cause for Parkinson’s disease. LRRK2 mutants preferentially binds to
dynamic, deacetylated microtubules (Law et al., 2014), inhibiting axonal transport
which can be rescued with HDACG6 inhibitors (Godena et al., 2014). Additionally,
mouse embryonic fibroblasts with deleted LRRK2 have high levels of acetylated
microtubules indicating some interplay between this protein and microtubule
dynamics and modifications. It is proposed that LRRK2 mutations lead to alterations
in microtubule stability which in turn may contribute to the disease phenotype (Law et
al., 2014). This further highlights the importance of identifying all microtubule binding
proteins, their regulatory roles in microtubule dynamics and any associations with
diseases they may have. Furthermore, as alterations within acetylation levels has
been linked with neurodegenerative diseases, it will be interesting to determine
whether TRIMS3 activity or expression levels are altered during disease progression,

and whether further mechanistic understanding can result in alternative therapeutics.

6.7 USP31 as a drug target

Over recent years, DUBs have emerged as attractive targets for small molecule
inhibitors. This is due to many being directly associated with disease phenotypes or
regulating the stability of disease-related substrates. Small molecule inhibitors can
therefore be used to target DUBs to aid the degradation of a protein which may not
usually be druggable (Harrigan et al., 2017). The selection of which DUB to target is
based on there being strong supporting biology and a potential clinical hypothesis.
Inhibitors for USP30 have been developed as it is well established for its role in the
PINK1/Parkin mitophagy pathway and its connections to Parkinson’s disease
(Rusilowicz-Jones et al., 2020; Phu et al., 2020). This comprehensive study on USP31
has significantly contributed to a greater understanding of its functional role within
mitosis and could therefore promote a screening campaign for specific inhibitors. The
mitotic defects observed from USP31 depletion indicate its potential as an enzymatic
target for cancer therapeutics. Aurora B inhibitors have been developed as potential
therapeutic strategies for cancer, however they are all yet to meet the clinic and many
have been shown to display off-target effects (Borah and Reddy, 2021). As USP31
regulates the stability of both aurora B and INCENP, inhibition of USP31 may provide
an alternative therapeutic method as dysregulation and overexpression of aurora B is
frequently observed in cancer (Borah and Reddy, 2021). The use of small molecule
inhibitors can also aid the discovery of new biology. For example, a specific inhibitor

against USP9X facilitated the identification of a role in ribosomal stalling (Clancy et
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al., 2021). The development of a USP31-specific inhibitor will therefore aid further
advances into understanding its mitotic functions and will assist with identifying
specific roles related to USP31 catalytic activity. Additionally, acute inhibition of
USP31 could be applied at any point during the cell cycle to identify more specific

roles.
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